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On the basis of a great number of foreign and Soviet studies and monographs, 
an analysis is given of Che fundamental patterns of cell activity.

The author develops the protein theory of cell injuries and excitation, ana
lytes the membrane theory and outlines the sorption theory of cell permeability 
and bioelectric phenomena.

Particular attention is given to the theory of gradual excitation, in which the 
causes of and conditions for transformation of local bioelectric potentials into 
spreading potentials are considered. The work also deals with the problem of 
excitability of nerve and muscle fibers.

The book is intended for biologists and medical research workers (cytologists, 
physiologists, biochemists, pathophysiologists, toxicologists, pharmacologists, 
e tc .).
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DMITRII NIKOLAEVICH NASONOV

(Short B iography)

D m itr i i  N ikolaevich  Nasonov was born  in  W arsaw  on 10 J u ly  1895, the 
son  of N ikolai V ik to rov ich  Nasonov, a  zoology p ro fe s so r  who la te r  becam e 
an A cadem ician , In 1912 he com pleted  h is  seco n d a ry  school s tu d ie s  in 
P e te rs b u rg  and e n te re d  the F acu lty  of P hysics and M athem atics a t the 
P e te rs b u rg  U n iv e rs ity , w here in  1919 he took h is  deg ree  in  N a tu ra l S c ien ces. 
D uring h is  studen t y e a r s  N asonov, u n d er the  guidance of the w e ll-  
known h is to lo g is t A .S . D ogel1, com pleted  h is  f i r s t  sc ie n tif ic  w ork  
"C yto log ica l S tudies of P lan t C e lls"* , fo rw h ic h h e  w as aw arded  a  golden 
m ed a l.

A fte r  com pleting  h is  u n iv e rs ity  s tu d ie s , he w orked a s  a s s is ta n t  and, 
from  1929, a s  le c tu re r  in  the D epartm en t of H isto logy. D uring th is  period  
he com ple ted  a  n u m b er of o rig in a l s tu d ie s  on the s tru c tu re  and function  of 
the  G olgi a p p a ra tu s . He showed th a t the  Golgi ap p a ra tu s  p lays an  im p o rtan t 
ro le  in  the  s e c re to ry  ac tiv ity  of the c e ll, and th a t c e r ta in  su b s ta n c e s  
w hich e n te r  the  c e ll  from  w ithout, accum ula te  in  the re g io n  of the r e 
t ic u la r  a p p a ra tu s . The w orks of N asonov on the  G olgi a p p a ra tu s  w ere  
c la s s ic s  of th e ir  k ind , and h is  nam e becam e w idely  known in in te rn a tio n a l 
sc ie n tif ic  c i r c le s .

In 1926 D .N . N asonov was g ran ted  a R o ck efe lle r s c h o la rsh ip  w hich 
enabled  him  to v is i t  Colum bia U n iv e rs ity  (New Y ork) w here he w orked  fo r 
one y e a r  in  the  la b o ra to ry  of the  w ell-know n cy to lo g is t E .B . W ilson.

F ro m  the  v e ry  beginning of h is  r e s e a r c h  ac tiv ity  N asonov showed 
a  deep in te r e s t  in  th e  study  of the c e ll physiology. In the e a r ly  30’s, 
he d ire c te d  h is  in v estig a tio n s to  re a c tio n s  of liv ing  c e lls  to  e x te rn a l  in flu 
ences .

In 1932, a t  the in v ita tion  of A. A. Z a v a rz in , he becam e th e  d ire c to r  
of the  C ytologic al L a b o ra to ry  of the  D ep artm en t of G en e ra l and C o m p a ra 
tiv e  M orphology of the A ll-U nion In s titu te  of E x p e rim en ta l M ed ic ine . 
Som ew hat l a te r ,  he w as invited by A. A. U khtom skii to head  th e  L a b o ra to ry  
of C e ll P hysio lo g y  in  the  P h y sio log ica l In s titu te  of the L en in g rad  U n iversity .

* [T sito lo g ich esk ie  iss led o v an iy a  nad r a s t i te l 'n y m i k le tkam i]
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In 1935, D .N . N asonov w as aw arded  the acad em ic  d eg ree  of D octo r of 
B io log ica l S c iences, and the t i t le  of P ro fe s s o r .

T h is period  of h is  life  was sc ie n tif ic a lly  v e ry  p ro d u c tiv e . The team  
headed  by him  su c c e ss fu lly  w orked out im p o rtan t p ro b lem s of c e ll  physio 
logy; they  fo rm ula ted  the "p ro te in  th eo ry " of c e l lu la r  dam age and e x c ita 
tio n , ind icating  the  lead ing  ro le  of p ro te in  in c e l l  physio logy . It w as e s ta b 
lish ed  th a t a s  a  r e s u l t  of v a rio u s  in fluences on the c e ll, n onspecific  o r  sp ec ific  
changes te rm e d  " p a ra n e c ro s is "  o ccu r in  the  p ro to p la sm . T he b a s is  of 
th is  re a c tio n  was a  change in  c e ll  p ro te in s , s im i la r  to  the  in itia l phases of 
p ro te in  dena tu ra tion . At the sam e  tim e , a  q u an tita tiv e  m ethod w as e la b o 
ra te d  fo r  the de te rm in a tio n  of the functional s ta te  of d iffe ren t t is s u e s  by the 
binding p ro p erty  of p ro top lasm  fo r  v ita l s ta in s , a m ethod  w hich found wide 
u se  in biology and m edic ine . All these  w orks w e re  com piled  in  the m ono
g rap h  by D .N . N asonov and V. Ya. A leksandrov  (R eak ts iy a  zhivogo v esh - 
ch estv a  h a  vneshnie v o zd e is tv iy a -T h e  R eaction  of the  L iving O rgan ism  to 
E x te rn a l Influences, 1940) which w as aw arded  a  S ta lin  p r iz e .

The study of c e ll  re a c tio n  to  e x te rn a l s tim u li led  to  the  re v is io n  
of w e ll-e s tab lish ed  concepts in  g e n e ra l physiology, such as  the  m em b ran e  
th eo ry  of p e rm eab ility  and the m em b ran e  th e o ry  of b io e le c tr ic a l  p o ten tia ls . 
N asonov and h is  team  provided  an ex p e rim en ta l b a s is  fo r  a  new ap p ro ach  to  
th ese  phenom ena, w hereby the leading ro le  w as a sc r ib e d  no t to  the  s e m i-  
perm eab le  m em b ran es , but to the cy top lasm ic p ro te in s  (the ph ase  th e o ry  of 
p e rm eab ility  and b io e le c tr ic  po ten tia ls),

D .N . N asonov com bined in tensive  ex p e rim en ta l w ork w ith wide te a c h 
ing ac tiv ity . In the  e a r ly  3 0 's , he estab lish ed  an  o r ig in a l le c tu re  co u rse  
on ce ll physiology, w hich he re a d  a t the L en in g rad  U n iv e rs ity  u n til the  
la s t  y e a r of h is life , and which in v a riab ly  d rew  the a tten tio n  of studen ts and 
s p e c ia lis ts .

In Ju ly  1941, when the G erm an  a rm ie s  ap p ro ach ed  L en ing rad , 
N asonov, then a known sc ie n tis t, v o lun teered  fo r  the R ed A rm y . F o r  
h is  p a rtic ipa tion  in  the b a ttle s  of L en ingrad , he w as aw ard ed  the m edal 
" F o r  Com bat A chievem ents", In the su m m er of 1942 N asonov w as 
wounded, and a f te r  re c o v e ry  he w as d ischarged .

In 1943-1944, D .N . N asonov occupied the C h a ir  of H isto logy  a t the  
M oscow U niversity . In 1943 he w as e lec ted  M em b er-C o rre sp o n d en t of the  
A cadem y of Sciences of the U .S .S .R . and in  1945 he w as e lec ted  to ac tive  
m em b ersh ip  of the A cadem y of S ciences of the U. S. S .R ,

Upon h is  re tu rn  to  L en ing rad  in  1944, D .N . N asonov headed  the 
D epartm ent of G en e ra l and C om para tive  P hysio logy  a t the  L en in g rad  U n iv ersity , 
and continued as d ire c to r  of the  la b o ra to ry  a t the  In s titu te  of E x p erim en ta l 
M edicine. F ro m  1945, a f te r  the death  of A. A. Z a v a rz in , h e  becam e d i r e c 
to r  -of the  Section of G en e ra l M orphology.

In the postw ar period  the sc ien tific  c re a tiv e n e s s  of N asonov was e s 
p ec ia lly  in ten siv e . He continued to  study  the  su b s ta n tia l changes in  p ro to 
p lasm  in re sp o n se  to v a rio u s  in flu en ces, s in ce  it  had b een  shown th a t the 
n o rm a l ac tiv ity  of n e rv o u s , m u sc u la r , g landular, and o th e r t is s u e s  is a lso  
accom panied  by p a ra n e c ro tic  changes. H ow ever, i t  h as  b een  es tab lish ed  
th a t p a ra n e c ro s is  and p a ra b io s is , a s d e s c r ib e d b y N . E . V vedenskii, a r e th e  o r 
ganic and functional a sp e c ts , re sp e c tiv e ly , of re a c tio n s  of living c r e a tu re s  
to  e x te rn a l in fluences.

The v as t m a te r ia l  accum ula ted  by the team  headed  b y  N asonov co n 
ta in ed  convincing ev idence of a  quan tita tive  re la tio n sh ip  betw een  the
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m agnitude of the re sp o n se  reac tio n  of the ce ll and the s tren g th  of the 
stim u lu s ac tin g  on i t .  T hese facts w ere  developed in  the th e o ry  of g rad u a l 
excita tion , on which D .N . Nasonov w orked during  the la s t  decade of h is  
life .

s T h is th e o ry  e s tab lish ed  the id en tica l p ro p e rtie s  of loca l and sp read ing
exc ita tio n . The b asic  fo rm s of nervous ac tiv ity  and th e ir  developm ent d u r 
ing changes in  the functional s ta te  of conducting t is s u e  a re  explained by th is  
theory .

In add ition  to  the theo ry  of g rad u a l excita tion , N asonov in h is 
la s t  y e a r s  solved a  num ber of o th e r g e n e ra l physio logical p ro b lem s 
connected w ith the law s of e le c tr ic a l  s tim u la tio n  of t is su e , and the  effect of 
te m p e ra tu re  on ex c itab ility , e tc . H is postw ar w orks w ere sum m ed up in  a 
new m onograph; M estnaya re a k ts iy a  pro top lazm y i ra sp ro s tra n y a y u sh c h esy a  
vozbuzhdenie (The L o ca l R eaction of P ro to p la sm  and Spreading E x c ita tion , 
1957).

D .N . N asonov w as a  g rea t Soviet s c ie n tis t ,  the  founder of a  new p ro 
g re s s iv e  tre n d  in  cytology and physiology, a  ta len ted  te a c h e r  who tra in e d  a 
la rg e  team  of s p e c ia lis ts  in  cytophy Biology. He was alw ays a t i r e le s s  w o rk 
e r .  F ro m  h is  s tuden t y e a rs  and until the la s t  days of h is  life , he devoted 
daily  a g re a t d ea l of tim e  and energy  to  ex p e rim en ta l s tu d ies .

D m itr ii  N ikolaevich  was a  m ilitan t s c ie n tis t ,  who p a rtic ip a ted  in 
num ero u s d isc u ss io n s  in  a  s p ir i t  of high sc ien tific  p rin c ip les  and p a tr io tism . 
He alw ays defended the p ro g re ss iv e  m a te r ia lis t ic  tren d  in  Soviet biology.

H is sc ien tific  and teaching  a c tiv itie s  w ere  alw ays com bined w ith ex 
ten siv e  so c ia l and o rg an iza tio n a l w ork. F rom  1939 to 1950, he w as a 
D eputy of the V a s il1 ev sk ii Island R egional Soviet of the W o rk e rs ’ D epu ties. 
He w as D ean of the F acu lty  of B iology at L en ing rad  U n iv e rsity  (1940 and 
1941) and D ire c to r  of the  In stitu te  of E x p erim en ta l M edicine of the  A cadem y 
of M edical S ciences of the U. S .S .R . (1948-1950).

In 1957, the P re s id iu m  of the A cadem y of S ciences of the U .S . S .R . 
en tru s ted  him  with the  organ ization  of a  new In s titu te , the In s titu te  of C y to 
logy, m odeled on the  L ab o ra to ry  of Cytology of the  Zoological In s titu te  of 
the A cadem y of S ciences of the U .S . S .R . in  L en ingrad , which w as headed 
by N asonov from  1955. He planned the s t ru c tu re  of the In s titu te , ch o se  a 
highly qualified  s ta ff, and planned i ts  sc ien tific  p ro je c ts . In M arch  1957, 
the In s titu te  of C ytology began to function un d er h is  d irec tio n . D m itr ii 
N ikolaevich  N asonov suddenly  passed  aw ay on 21 D ecem ber 1957, a t the 
he ight of h is  c a r e e r .

A .S . T ro sh in .
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9
FOREWORD

This book con ta in s fu r th e r  developm ents on the  id eas  p re se n te d  in  the 
m onograph "R eaction  of the L iving O rganism  to E x te rn a l In flu en ces", 
(Nasonov and A leksandrov , 1940). In th is  m onograph , o u r conclusions w e re  
based  m ainly on m ic ro sco p ic  o b se rva tions m ade by o u r c o -w o rk e rs , by 
o th e r in v es tig a to rs , and by u s . T hese conclusions w e re  th a t in  the p ro to 
plasm  of various c e llu la r  e lem en ts , a com plex p ro c e s s  of s im ila r  r e v e r s 
ib le  changes o ccu rs  at the s ite  of s tim u la tio n  a s  a r e s u l t  of v a rio u s  ex te rn a l 
fa c to rs . This com plex p ro cess  was nam ed " p a ra n e c ro s is "

A detailed  study  of th is  nonspecific  re a c tio n  led u s  to  th e 'co n e  lus ion 
that it  is  brought about by re v e rs ib le  changes in  the p ro to p lasm ic  p ro te in s , 
s im ila r  in  n a tu re  to d enatu ra tion  of p ro te in s  in  v itro .

At th a t tim e  we tended to  t r e a t  c e llu la r  p a ra n e c ro tic  changes m ain ly  
as re v e rs ib le  in ju r ie s , and we th e re fo re  gave the book the  su b title  "The 
D enaturation  T heory  of Damage and E x c ita tio n " . H ow ever, in  one of the la s t  
ch ap te rs  we e x p re ssed  the  opinion th a t the re v e r s ib le  p ro te in  re a c tio n  is  
m ost probably the  re s u lt  not only of re v e rs ib le  in ju ry  to the p ro to p lasm , 
but a lso  of its physiological excita tion . We w ro te : "At p re se n t, we cannot 
ind ica te  convincingly enough the n a tu ra l re la tio n sh ip s  betw een  the ap p ea ran ce  
and conduction of n e rv e  excita tion , and ap p ea ran ce  and ir ra d ia tio n  of 
the p rim itiv e  p a ran ec ro tic  re a c tio n  of the ce ll to  e x te rn a l in fluences. N e v e r
th e le s s , a  num ber o f 'da ta  fo re c a s t th a t fu r th e r  w ork in  th is  d ire c tio n  w ill 
fo rce  us to re a liz e  the c lose  a sso c ia tio n  of th e se  phenom ena" (Nasonov and 
A leksandrov, 1940, p. 204).

Ln the postw ar y e a rs , the w ork of our team  w as m a in ly  d ire c te d  to 
w ards the confirm ation  of th is  assum ption , and the p re se n t book is  an a t 
tem pt to sum  up th e se  in v estiga tions.

My h e a rtfe lt gratitude· is  h e reb y  e x p re ssed  to  m y  d e a r  co m rad es  a t 
w ork—V. Ya. A leksandrov , A .D . B raun , N .V . G olovina, A .V . Z h irm u n sk ii, 
I .E .  K am nev, M .B . K iro , D .L . R ozen ta l1, S .N . R om anov, I .P . S uzda l'skaya , 
A. S, T rosh in , V. P . T ro sh in a . В . P . U shakov, E . A. S hap iro , and o th e rs , 
whose work form ed the b a s is  of th is  book.

D. N asonov
L en ing rad , D ecem ber 1956.
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11 P a r t  I

L O C A L  R E A C T I O N

C h a p t e r  1. R eaction  of L iving P ro to p lasm
to  E x te rn a l Influences

P a ra n e c ro s is

Any liv ing  c e l l ,  be i t  a u n ice llu la r  o rg an ism  o r  a p a r t  of a  m u lti
c e llu la r  s t ru c tu re ,  is  in  constan t in te rac tio n  w ith the  ex te rn a l en v iro n m en t.

If e n v iro n m en ta l fa c to rs  ( te m p e ra tu re , rad ia tio n , chem ica l c o m p o s i
tion , m ech an ica l e ffec t, b a ro m e tric  p re s s u re ,  e tc .)  fo r  any re a s o n  
rap id ly  change th e ir  in tensity , exceeding the lim its  of p h ysio log ica l 
norm  fo r the  g iven c e ll, then  c h a ra c te r is t ic  re v e rs ib le  changes o c c u r in  the  
c e ll  p ro to p la sm . T h ese  m ay be de tec ted  by d iffe ren t physio logical o r  b io 
ch em ica l m eth o d s, o r  by observ a tio n  of the liv ing  su b s tra te  u n d er the  
m ic ro s c o p e .

Such en v iro n m en ta l changes to  which the living o rgan ism  re a c ts  we 
sh a ll  a r b i t r a r i ly  c a ll  s tim u la n ts . The ab ility  of the living s u b s tra te  to 
re a c t  to  the  s tim u lan ts  by a  c e r ta in  com plex of changes we sh a ll c a l l  e x 
c itab ility .

T he re v e r s ib le  com plex of changes o bserved  a t the s ite  of ac tio n  of 
the  s tim u la n t is  so m e tim e s  given the g en e ra l te rm  " lo ca l change" o r  " lo ca l 
re a c tio n " . N .E . V vedenskii, who stud ied  th ese  changes in  d e ta il, ca lled  
them  "lo ca l s ta b le  e x c ita tio n " , o r  "p a ra b io s is " . T hese te rm s  often  led  to 
d isp u tes  and m isu n d ers tan d in g , and th e re fo re  th e ir  use  re q u ire s  ju s t i f ic a 
tio n . In th is  connection , a t the beginning of th is  t r e a t is e ,  we sh a ll  u se  the  
le s s  defined te rm  " lo c a l reac tio n "  and, subsequen tly , a f te r  giving the n e 
c e s s a ry  fa c tu a l d a ta , we sh a ll e s tab lish  a  b a s is  fo r  the te rm  " lo c a l e x c ita 
tion"

In the  p re se n t book, in o rd e r  to  avoid rep e titio n , we sh a ll s ta te  only 
th e  b a s ic  a ssu m p tio n s  connected  w ith th is  p roblem  and we sh a ll  c o n s id e r  
in  d e ta il only  tho se  s tu d ie s  c a r r ie d  out a f te r  o u r m onograph was published .

The ac tio n  of the  following agen ts on liv ing  c e lls  w as stud ied  and 
rev iew ed  fro m  d a ta  in  the l i te ra tu re :  in c re a se d  te m p e ra tu re  (N asonov, 
1932a; B rau n  and Ivanov, 1933; A izenberg , 1934; M esh ch ersk ay a , 1935); 
m ech an ica l in flu en ces (R aevskaya, 1948);, ra d ia n t energy  (A leksandrov , 
1934); h y d ro s ta tic  p re s s u re ,  the cathode and anode of e le c tr ic  c u r re n t  
(K am nev, 1941, 1948a, 1948b, 1948c, 1949); su b stan ces  acting  a t  the

12 c e l l  s u r f a c e —n a rc o tic s  (M akarov, 1934, 1935, 1936a, 1936b, 1938; 
N asonov and A lek san d ro v , 1937; R aevskaya  and T ro sh in , 1937; S u zd a l'sk ay a , 
1948a)—ac id s (N asonov, 1932a; B raun  and Ivanov, 1933);—a lk a lis  (B raun  
and Ivanov, 1933; N asonov and A leksandrov , 1934); e x cess  and d efic ien cy  
o f n e u tra l  s a l t s —hy p erto n ic ity  and hypotonicity  (B raun  and Ivanov, 1933; 
K am nev, 1934a, 1934b, 1936; M esh ch ersk ay a , 1935; N asonov and 
A lek san d ro v , 1937; R aevskaya and T ro sh in , 1937); s a l ts  of heavy  m e ta ls ,
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oxygen defic iency  (Nasonov, 1930; A leksandrov , 1932, B raun and Ivanov, 
1933; M akarov, 1934; M eshcherskaya , 1935, 1939, T rifonova , 1935, and 
o th ers* ).

R ecently  we have o bserved  and inv estig a ted  the d ire c t e ffect of sonic 
w aves on living p ro to p lasm . In the la b o ra to ry  of G in e ts in sk ii a  m ost i n t e r 
esting  study has been perfo rm ed  on the effect of a c c lim a tiz a tio n  of m ice  to 
oxygen deficiency, by v ita l sta in ing  of th e ir  m u sc le s  (B arb a  she va and 
G inetsinsk ii, 195S). T his effect was studied  in ep ith e lia l, n e rv e , m u sc le , 
connective tis su e , and gonadal c e lls  of v e r te b ra te  a n im a ls ; in n e rv e  and 
o th e r c e llu la r  e lem ents of w orm s, ech inoderm s, c o e le n te ra te s , m o llu sc s , 
c ru s ta c e a n s , in se c ts , and o th e r in v e r te b ra te s , a n d a lso  in  re p re se n ta tiv e s  
of protozoa and in  ce rta in  c e lls  of plant o rg an ism s.

F i r s t  of a ll o u r a tten tion  is  draw n to the fac t th a t th e  m o st v a ried  
physical and chem ical s tim u lan ts , som etim es u tte r ly  d iffe ren t in  n a tu re , 
cau se  the sam e com plex of changes when they  re a c t s in g ly  on the c e ll. 
T h e re fo re , the loca l re sp o n se  re a c tio n  of the  p ro to p lasm  m ay be ca lled  a 
nonspecific  reac tio n .

What a re  the changes appearing  in the "s tim u la te d "  p ro to p lasm ?
It is  apparen t from  m any s tu d ies  that one of the  m a in  effec ts  is  a 

d e c re a se  in the deg ree  of d isp e rs io n  of co llo id s  p re se n t in  the cy top lasm  
and nucleus. T his fact is  best detected  in  a  d a rk  fie ld , w h ere , in  re sp o n se  
to  stim ulation , a ll of the p ro toplasm  f i r s t ly  a c q u ire s  a p a le -b lu e  glow, w ith 
subsequent appearance of b rig h t white s t r u c tu r e s . On in v estig a tio n  with an 
o rd in ary  m icroscope  illum inated  by tra n sm itte d  ligh t, the  d e c re a s e  in  the 
deg ree  of d isp e rs io n  of p ro top lasm ic  co llo id  is  m an ifested  in  the ap p ea ran ce  
of tu rb id ity , and in the detection  of v isib le  s t ru c tu re s  in  the  ce ll. T h is is  
e sp ec ia lly  noticeable in  the nuclei, which in  n o rm a l c e lls  (in the  m a jo r ity  
of c a se s) , may be detected  only with d ifficu lty  by the ligh t con tou r su rro u n d 
ing them . The rem ain ing  p a r t  of the nucleus is  m o re  often  than  not s t r u c 
tu re le s s ,  and as m any o b se rv e rs  say , "o p tica lly  em pty". Follow ing the 
ac tion  of any stim u lan t, s tru c tu re s  which w ere  not p re v io u s ly  v is ib le  so m e 
tim e s  appear in it  even e a r l ie r  than  in  the p ro to p la sm . The n u c le a r  fram ew o rk  
and ch rom atin  p a rtic le s  becom e v is ib le , and the  nucleus a c q u ire s  the a p 
pearance  fa m ilia r  from  fixed p rep a ra tio n s .

A nother gen e ra l fe a tu re  c h a ra c te r iz in g  " s tim u la te d "  p ro to p lasm  is  
the change in  its  v isco sity , w hich m ay in c re a s e  to  a  g re a t extent u n d er the 
influence of various agen ts. The change in v is c o s ity  is  often  b iphasic : a t 
the beginning, a f te r  the action  of sm a ll doses of s tim u la n t, v isc o s ity  m ay 
d e c re a se , and only in c re a se  when stim u la tio n  in c re a s e s .

is The th ird  nonspecific  and unusually  c h a ra c te r is t ic  change in
"s tim u la ted" protoplasm  is  its  in c rea sed  a b ility  to bind v ita l s ta in s . As is 
w ell known, living cytoplasm  and nuclei, u n d e r n o rm a l cond itions, cannot 
be stained by acid  dyes o r  basic  dyes. The dye en te rin g  the  c e ll u su a lly  
co n cen tra tes  in the form  of newly fo rm ed  g ra n u le s  o r  v acu o le s , s e p a ra te  
from  the cy toplasm . The nucleus of a  no rm al c e ll  does not as  a  ru le  a b 
so rb  v ita l sta ins** . H ow ever, th is  p ic tu re  changes d ra s t ic a l ly  as  soon a s

* F o r  the  com plete l i s t  of p ap ers  on th is  p rob lem , published b e fo re  1940, 
s e e  Nasonov and A leksandrov  (1940). H e re  only the m o re  im p o rtan t 
p ap ers  published by o u r team  a re  given.

** N uclei (m acronuclei) of p a ra s it ic  in fu so ria  p re se n t in  the  a lim e n ta ry  
t r a c t  of c e rta in  o rg an ism s a r e  exceptions (N asonov, 1932b).
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the ce ll is  sub jec ted  to a  su ffic ien tly  s tro n g  s tim u lu s . The ab ility  of the 
ce ll to  d eposit the dye in  the form  of g ran u les  s ta r t s  to d e c re a se  and fina lly  
is  a lto g e th e r lost*1.

At the  sam e  tim e  the cy top lasm , and e sp e c ia lly  the nucleus, which 
w ere c o lo r le s s  in  the  n o rm al ce ll, begin to a b so rb  the dye to a g r e a te r  e x 
ten t. C h a ra c te r is t ic ly  the newly app earin g  s tru c tu re s  in  the nucleus s ta in  
m ost s tro n g ly , f i r s t  the ch rom atin  g ran u les  and la te r  the m em brane  of the 
nucleus and n u c leo lus. The p ic tu re  seen  under the m icro sco p e  c lo se ly  
re se m b le s  a fixed and sta in ed  h isto lo g ica l p rep a ra tio n  (F ig u re  1),

Such a p re p a ra tio n , th e re fo re , should be co n sid e red  as a  p ic tu re  of 
c e lls  s tim u la ted  to the  lim it.

Among o th e r nonspecific  changes o c c u rrin g  in the s tim u la ted  c e ll  a re  
two of a m o re  b ioch em ica l n a tu re . F ir s t ly ,  the w ell-know n-acid sh ift in  the  
reac tio n  of the cy top lasm  and nucleus. Secondly, re le a s e  and ex it from  the 
s tim u la ted  c e lls  of v a rio u s su b stan ces , fo r exam ple po tassium  and phos
phate ions, c re a tin e , and som e pigm ents. S im ultaneously  sodium  and 
ch lo rine  e n te r  the c e ll. R e lease  of e le c tro ly te s  causes e lec tro n eg a tiv ity  
on the su rfa c e  of the c e lls .

T he fact that above-m entioned  fe a tu re s  of "excited" p ro to p lasm  a re  
a ll re v e rs ib le  in  the in itia l phase is  highly c h a ra c te r is t ic  and im p o rtan t. 
C essa tio n  of the s tim u lu s  c au se s  an in c re a se  in  colloid d isp e rs io n , 
which leads to the d isap p ea ran ce  of the  v isib le  s tru c tu re s ,  and glowing in 
a d a rk  fie ld . The v isc o s ity  of p ro to p lasm  re tu rn s  to  norm al. T he in 
c re a se d  a b ility  of the living su b s tra te  to bind the dye d isa p p e a rs . The dye 
is  re le a se d  and p a sse s  into the su rround ing  so lu tion , while the cy top lasm  
and the nucleus again  becom e c o lo r le s s . The po tassium  and phosphate ions 
that have le ft the  ce ll a r e  again  ab so rb ed  and fixed by the p ro to p lasm .

14 If the  ac tio n  of the  stim u lan t is  too prolonged, o r  if its  in te n s ity  is  too
g re a t, the changes in th e  p ro top lasm  becom e i r r e v e r s ib le  and th e  c e ll  d ie s . 
A la rg e  dose  of any  of the  known s tim u lan ts  c a u se s  death of the p ro to p la sm . 
In th is  s e n se , any "exc ited" condition of the  p ro top lasm  m ay be c o n s id e red  
as a s tag e  lead ing  to d ea th . T hat is  why in studying the changes induced in 
p ro top lasm  by e x te rn a l fa c to rs , we suggested  the  te rm  " p a ra n e c ro s is " ,  
i .e , ,  a condition  n e a r  to  death , but s t i l l  r e v e r s ib le . . We used  the  te rm  p a r a 
n e c ro s is  as opposed to  "n ec ro sis" , which d es ig n a te s  an a lre a d y  i r r e v e r s ib le  
s ta te  of dying.

V vedenskii (1901) suggested  the te rm  "p a ra b io s is "  to  d esig n a te  r e 
v e rs ib le , functional changes of the n e rv e  in  the a r e a  of app lica tion  of v a rio u s  
s tim u lan ts . T his condition  was c h a ra c te r iz e d  by a  com plex of n o n sp ec ific , 
re v e rs ib le  changes in  excitab ility  and conductiv ity  of n e rv e  f ib e rs . He 
suggested  th a t p a ra b io s is  m ay a lso  occur in  o th e r tis su e s  follow ing the a c 
tion  of v a rio u s s tim u lan ts  on th em .

T hus, if  p a ra b io s is  m eans the sum  of physio logical o r  functional 
changes o c c u rrin g  in  d iffe ren t c e lls  in  the reg io n  of the s tim u la n ts , p a r a 
n e c ro s is  should  d es ig n a te  the sum  of the changes in  the living s u b s tra te  i t 
se lf  and at th e ir  s i te  of applica tion . In o u r opinion p a rab io s is  and p a r a 

is n e c ro s is  a r e  but d iffe ren t a sp ec ts  of the loca l re a c tio n  of the  liv ing  sy s tem

* T h e re  a r e  ind ica tions of a b iphasic  change in the ab ility  of the c e ll  to 
deposit dye g ra n u le s  following the action  of s t im u la n ts . In a w eak dose 
the s tim u la n t so m etim es  enhances g ran u le  fo rm ation ; on in c re a s in g  the 
dose, the  la t te r  in v a riab ly  c e a se s  (Nasonov and A leksandrov , 1940).
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to environm enta l changes, and an outw ard m an ife s ta tio n  of one of the basic  
p ro p e rtie s  of living m a t te r —exc itab ility .

It h as  a lread y  been m entioned that the n o n sp ec ific ity  of the loca l r e 
ac tio n  is  c h a ra c te r is t ic  in  that the  sam e  com plex of changes ap p ea rs  in  the 
c e ll following the action  of the  m ost varied  s tim u la n ts . H ow ever, th is 
s ta tem en t is  not ab so lu te . Follow ing the action  of v a rio u s  s tim u lan ts  th e re  
is  undoubtedly a s im ila r  re sp o n se , but d is tingu ish ing  d e ta ils  s t i l l  rem a in . 
F o r  exam ple, the m ost re v e rs ib le  type of p a ra n e c ro s is  is  caused  by n a r 
co tic s ; c lo se s t to  it  is  p a ra n e c ro s is  due to  te m p e ra tu re . The le a s t  r e v e r 
sib le  is  th a t caused  by u ltra v io le t and ionizing ra d ia tio n .

FIGURE 1. E pithelium  of frog c o rn e a . S tained 
with n e u tra l re d . M agnified 1260 tim e s . (Photo
m ic ro g rap h  by Kamnev)

a —n o rm a l; showing g ran u les  of n e u tra l  re ti , the 
nucle i a re  in v isib le  and unsta ined ; b —effec t of 
d ilu te  R inger solution; s ta in ed  n u c le i a r e  se e n .

T h erm al, e le c tr ic a l  (cathode), and m ech an ica l s tim u la n ts  cau se  the 
ap p earan ce  of p a ra n e c ro s is  im m ed ia te ly  on ap p lica tio n  to  the c e lls . In such 
c a s e s  it  m ay  be concluded th a t the changes o c c u r re d  p r im a r i ly  due to  the
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stim u lan t. In o th e r  c a s e s , a c e r ta in  la te n t p e rio d  m ay e x is t betw een  the 
action  of the agent and the ap p earan ce  of p a ra n e c ro s is , which m ay la s t  
m any days. The la t t e r  is , fo r in stan ce , c h a ra c te r is t ic  of the ra d ia tio n  fac - 
to r . It is  obvious th a t in  th is  c a se  som e o th e r  changes o ccu r p r im a r ily , and 
p a ra n e c ro s is  is  an a fte re ffe c t.

T h is a lso  ap p lie s  to agen ts d ire c tly  in te rfe r in g  w ith m e tab o lism . Thus, 
anoxia quickly c au se s  p a ra n e c ro s is  (Nasonov, 1930; A leksandrov , 1932; 
M akarov, 1934), the la t t e r  being a secondary  change obviously due to a  d i s 
tu rbance of n o rm a l m e tab o lism .

D enatu ra tion  T heory  of E x c ita tio n

The concept of p a ra n e c ro s is  en ab les  many re sp o n se  re a c tio n s  of the 
living su b s tra te  to be c la ss if ie d  under the one heading "excitab ility", and endows 
th is  te rm  w ith  a c o n c re te  m eaning. T h is im p lie s  th a t in a l l  c a se s  the v a rio u s  
s tim u lan ts  cau se  b io log ica lly  and p h y sico -ch em ica lly  s im ila r  re a c tio n s .

What a r e  th e se  re a c tio n s?
In o u r  m onograph (1940) we analyzed  o u r own data  in d e ta il, a s  w ell 

a s  d a ta  from  the l i te r a tu re ,  and cam e to the conclusion  th a t re v e r s ib le  
changes in  p ro to p la sm ic  p ro te in s , w hich a re  s im ila r  to the in itia l p h ase s  of 
d en a tu ra tio n  of native p ro te in s , fo rm  the b a s is  fo r  the p a ra n e e ro tic  re a c tio n . 
It is  not n e c e s s a ry  to  re p e a t in  d e ta il a ll  the evidence in  support of th is  a s -  

16 sum ption, and tho se  in te re s te d  a re  r e fe r re d  to the  m onograph and to  the 
m o re  re c e n t p ap e r by V .Y a. A leksandrov  (1947). The m ain  a rg u m en ts  a re  
a s  follows:

1. The v a s t m a jo r ity  of p ro te in s  in  living p ro to p lasm  can be dena tu - 
ra te d . It is  n a tu ra l th e re fo re  to expect th a t liv ing  p ro to p lasm , a s  a  whole, 
a lso  p o s s e s s e s  th is  p ro p e rty .

2. The e x te rn a l fe a tu re s  of d en a tu ra tio n  of p ro te in s  p roduced  by the 
c e ll  a re  v e ry  s im ila r  to  changes o b served  in  p ro to p lasm  during p a ra n e c ro s is . 
T hese a re  f i r s t ly  lo s s  of p ro te in  so lub ility , w ith a  d e c re a se  in i t s  d isp e rs io n  
and w ith re s u lta n t coagulation ; secondly, in c re a s e  in  v isco s ity  of den a tu ra ted  
p ro te in s ; th ird ly , a s  in  p a ra n e c ro s is  and in  d en a tu ra tio n , a  sh ift of the r e 
action  in  the ac id ic  d ire c tio n ; fourth ly , an in c re a se d  ab ility  of the  p ro te in
to bind acid and b a s ic  d y es . T his p ro p e rty  w as not known in the  e a r l i e r  
l i te r a tu re ,  and w as o b se rv ed  by us during  o u r inv estig a tio n  of the in c re a se  
in  so rp tion  p ro p e r t ie s  of living p ro to p lasm  a f te r  excita tio n  (A leksandrov 
and N asonov, 1939).

The la t t e r  a sp e c t of both p a ra n e c ro s is  and den a tu ra tio n  is , in  o u r 
opinion, im p o rta n t. F ir s t ly ,  on th is  b a s is  we could e lab o ra te  a m ethod to 
e s tim a te  q u an tita tiv e ly  the action  of the s tim u lan t on the t is su e . . Secondly, 
because  a  c lo s e r  study  of th is  phenom enon, as w ill be seen  la te r ,  i l lu s t r a te s  
the  p ro c e s s e s  o c c u rr in g  in  living p ro to p la sm  a f te r  excita tion . T h e re fo re , 
the  in c re a s e  in  so rp tio n  p ro p e r tie s  of liv ing  p ro to p lasm  and native  p ro te in s  
when ac ted  upon by d iffe re n t agents w ill be d isc u sse d  in  d e ta il in  the  fo llow 
ing ch ap te r.

3. It i s  im p o rta n t to  note that ag en ts  causing  den a tu ra tio n  of p ro te in s  
a re , at the sam e  tim e , p ro to p la sm ic  s tim u la n ts . Such s tim u lan ts  include; 
a —in c re a s e  in  te m p e ra tu re ;  b —m ech an ica l ac tio n  (shaking o r  g rin d in g  in  
the dry  s ta te ); c —ra d ia n t energy  (u ltrav io le t and X -ra y s); d —audib le  sound;
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e —in c re a se  in hy d ro sta tic  p re s s u re ;  f —su b stan ces  acting  on the su rfa c e  of 
c e lls ;  g —hyperacid ity ; h —changes in  the ionic co m position  of the m edium , 
e tc .

4. The nonspecificity  of the re a c tio n  h a s  a lre a d y  been d isc u sse d . In 
re g a rd  to denatu ra tion , agents of v a ried  co m position  likew ise  cau se  a s im ila r  
( i .e ,, nonspecific) change in p ro te in . The p ro te in s  of the  living ce ll a re  unique 
in  th e ir  unified re sp o n se  to such v aried  s tim u la n ts . But at the sam e tim e, 
the nonspecificity  of d enatu ra tion  should not be re g a rd e d  as abso lu te . B e 
s id e s  the com m on fe a tu re s  of dena tu ra tion , c e r ta in  d iffe re n c es  m ay be found 
to  be c h a ra c te r is tic  of the given s tim u lan ts.

5. Substances p ro tec ting  p ro te in s  ag a in st d en a tu ra tio n  a lso  p reven t 
the onset of p a ra n e c ro s is ; fo r exam ple, su g a rs , po lyhydric  alcohols 
(g lycero l, m annitol, e tc .), n eu tra l s a lts , and o th e rs .

6. D ehydration and drying in c re a se  the s ta b ility  not only of living 
p ro top lasm , but a lso  of native p ro te in s  in v itro .

7. A very  im p o rtan t a rgum ent in  fav o r of the s im ila r ity  betw een d e 
natu ration  and p a ra n e c ro s is  is  the fac t that p a r t ic u la r  p ro p e r tie s , c h a r a c 
te r is t ic  of a c e rta in  type of denatu ra tion , a re  a lso  c h a ra c te r is t ic  of p a r a 
n e c ro s is  due to the sam e  agent. F o r  exam ple, the sam e high te m p e ra tu re  
coefficien t cau ses  heat den a tu ra tio n  of p ro te in s  as w ell as  th e rm a l p a r a 
n e c ro s is . In d enatu ra tion  of p ro te in s  due to  u ltra v io le t ra y s ,  x - r a y s ,  rad iu m , 
a la ten t period and a fte re ffec t a re  c h a ra c te r is t ic .  The sam e la ten t perio d  
and a fte re ffec t a re  also  seen following the ac tion  o f ra d ia n t en e rg y  on p ro to 
plasm .

A num ber of o th e r com m on fe a tu re s  in  the loca l re a c tio n  of p ro to 
p lasm  to stim u lan ts, and in denatu ra tion  of na tive  p ro te in s  in v itro , w ill be 
d iscu ssed  in  d iffe ren t c h a p te rs  of th is  book.

T here  are  two objections to  com bining th e se  two phenom ena, i .e ., th a t d e 
natu ra tion  of p ro te in s  is  an ir r e v e r s ib le  p ro c e s s , and th a t the physio log ical 
re ac tio n  of living p ro top lasm  to excita tio n  is  in  p rin c ip le  a  re v e r s ib le  p r o 
c e s s .

In o u r m onograph (Nasonov and A leksandrov , 1940), ex tensive  da ta  
from  the l i te ra tu re  show that h e te ro d ro m ous re v e r s ib i l i ty  of d en a tu ra tio n  
is  possib le . In many c a se s , p ro te in s  d en a tu ra ted  by d iffe ren t m eans m ay 
re v e r t  to norm al a f te r  co m p ara tiv e ly  sim ple  tre a tm e n t (fo r exam ple, by a 
sligh t in c rea se  in pH). It ap p ea rs  that as long a s  the c e ll is  alive  and m a in 
ta in s  i ts  c h a ra c te r is t ic  m etabo lism , it m ay " r e p a i r 1' the d en a tu ra tio n  d a m 
age due to excitation . H ow ever, if  the excita tio n  i s  too s tro n g  and the n o r 
m al m etabolic m echanism  is  dam aged, r e p a i r  i s  im p o ss ib le  and the ce ll, 
o r  a p a rt of the p ro to p lasm , d ie s .

Also, th e re  a re  ind ica tions tha t, in many c a s e s , d en a tu ra tio n  of p r o 
te in s  is  re v e rs ib le  even hom odrom ously, i, e . , rem o v a l of the s tim u lu s  is  
suffic ien t to  re tu rn  the p ro te in  to i ts  in itia l s ta te . T hus, acco rd in g  to Anson 
and M irsky  (1934), try p s in , inac tiva ted  and m ade a lm o st inso lub le  by th e rm a l 
dena tu ra tion , spontaneously  re tu rn s  to the so lub le  fo rm  a f te r  cooling, w ith 
re s to ra tio n  of enzym atic  p ro p e rtie s .

Such hom odrom ous re v e rs ib ility  was d e tec ted  by K unitz (1948), in 
re la tio n  to a  try p s in  in h ib ito r p re se n t in  so il. A fte r  being h ea ted  to  a high 
te m p e ra tu re , th is p ro te in  becom es m o re  in so lub le , m o re  a c c e ss ib le  to  d i 
g estion  by pepsin, and lo se s  i ts  ab ility  to com bine sp ec if ic a lly  w ith try p s in . 
By m ere ly  cooling the so lu tion  o f denatured  p ro te in , the la t te r  re tu rn s  
spontaneously  to i ts  native s ta te , in  no way d iffe ren t f ro m  the in itia l
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substance . U rea  c a u se s  hom odrom ous re v e rs ib il i ty  of m any p ro te in s . 
D ialysis of the  u re a  from  solution is  su ffic ien t to  m ake the  p ro te in  r e v e r t  
to its  native s ta te . The sam e hom odrom ous den a tu ra tio n  is caused  by so 
dium sa licy la te  ac tin g  on hem oglobin (B e lits e r , 1950), e tc . T h e re  i s  re a so n  
to a ssu m e  th a t in  the v e ry  e a r ly  s tag es , any den a tu ra tio n  is  hom odrom ously  
re v e rs ib le .

is A ll th e se  d a ta  fo rc e  us to re fu te  ca teg o rica lly  any ob jec tions to  the
d enatu ra tion  th e o ry  of excita tion , which a re  based  on the s ta tem en t th a t any 
d enatu ra tion  is  in p rin c ip le  ir re v e rs ib le .

A nother ob jection  w as that the s tre n g th  o r in tensity  of the e ffec t, of 
a  s tim u lan t, in  optim um  dosage to produce excita tio n  of p ro to p la sm , is  so 
m uch le s s  th an  the in ten sity  of the effect n e c e s s a ry  fo r m inim um  d e n a tu ra 
tion of p ro te in s  in  v itro , that these  two phenom ena a re  in co m p arab le .

In o u r book, the  inconsistency  of th is  ob jection , too, is  po in ted  out. 
The point is  th a t the  m a jo rity  of native  p ro te in s  (a favo rite  m a te r ia l  fo r b io 
ch em ists) a re  quite s tab le . They m ay e x is t fo r a long tim e  at room  te m 
p e ra tu re , and in m o s t c a se s  o rig in a te  not from  c e ll  p ro to p lasm , but from  
e ith er the b a s ic  substance  of the connective t is s u e  (p lasm a), o r  from  c e ll 
se c re tio n s  (egg p ro te in ). A lso in th is  group a re  p ro te in s  such a s  se ru m  
album in o r  se ru m  globu lin , egg album in o r  egg globulin. F o r  th e se  p ro te in s , 
the te m p e ra tu re  of denatu ra tion  (55-60° C) is  co n sid e rab ly  h ig h e r than  the 
te m p e ra tu re  "s tim u la tin g "  living c e lls  (35-40°C ), H ow ever, the  d e n a tu ra 
tion  te m p e ra tu re  fo r  a  c e llu la r  p ro te in  like  m yosin  co incides w ith  the 
"s tim u la tin g "  te m p e ra tu re  of the m u sc le  from  w hich it  w as obtained. T hus, 
M irsky (1938) showed th a t g rad u a l hea ting  of the s a r to r iu s  m u sc le  of the 
frog  caused  it to  c o n tra c t suddenly at 38° C, In h is  opinion, th is  c o n tra c tio n  
w as e n tire ly  physio log ica l, since  it  w as fre e ly  r e v e r s ib le , and should be  
co nsidered  a s  a physio log ica l re sp o n se  re a c tio n  of the  m u sc le  to  th e rm a l 
stim u la tion . At exac tly  th is  te m p e ra tu re  the m an ifes ta tio n s  of p a ra n e c ro s is  
appear (see  below). M irsky  fu r th e r  showed th a t m yosin  from  fro g  m u sc le  
heated to  38° C did no t undergo sharp  e x te rn a l changes but if the te m p e ra tu re  
was kept a t 30 ' C fo r  s e v e ra l  m in u tes , a lm o st a ll  of the m yosin  becam e in 
soluble .

It is  in te re s tin g  to  note th a t in ra b b its , h ea t con trac tion  of m u sc le s  
s ta r ts  only a t 45“C . L ikew ise , the f i r s t  s ig n s of denatu ra tion  of the  e x 
tra c te d  m yosin  a lso  o c c u r  around 45° C*.

F ro m  the  above exam ple it w ill be seen  th a t if c e r ta in  p re c a u tio n s  
a re  taken , p ro to p la sm ic  p ro te in s  m ay be sub jec ted  to  a d en a tu ra tio n  te m 
p e ra tu re  v e ry  c lo se  to  th a t causing excita tio n  of the  ce ll and p a ra n e c ro s is .

The second a rg u m en t (based on the idea  th a t the th re sh o ld  v a lue  fo r 
s tim ulan t d o se s  and th e  th resh o ld  value fo r  d o ses  n e c e s s a ry  fo r  d e n a tu ra 
tion  of na tive  p ro te in s  in v itro  a re  q u an tita tive ly  not com parab le) can  also  
be re je c te d  on the b a s is  of the  above data.

* Kom kovaya and U shakov (1955), and U shakov (1956), su cceed ed  in 
showing th a t the h ea t re s is ta n c e  of c e r ta in  t i s s u e s  is  d e te rm in ed  by 
the h ea t re s is ta n c e  of th e ir  p ro te in s .
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19 C h a p t e r  2. Q uantita tive  E valuation  of the D egree of
A lte ra tio n  of C e lls  by the A ction of S tim uli

In crease  in  Sorption C apacity  of Native P ro te in s  Due to the 
Influence of D enatu rating  A gents

In the prev ious ch ap te r it w as sta ted  th a t one of the m ost c h a r a c te r i s 
t ic  fe a tu re s  of p a ra n e c ro s is  w as the in c rea sed  cap ac ity  of living p ro to p lasm  
and the nucleus to bind v ita l s ta in s . On the b a s is  of a n um ber of fa c ts  i t  
w as concluded that denatu ra tion  of ce ll p ro te in s  w as the foundation of p a r a 
n e c ro s is . However, in  the b iochem ical l i te r a tu re ,  th e re  w ere no ind ica tions 
that the so rp tion  cap ac ities  of native p ro te in s  in c re a se d  on d en a tu ra tio n . In 
o rd e r  to te s t  th is assum ption , A leksandrov and Nasonov (1939) p e rfo rm e d  a 
s e r ie s  of ex perim en ts with native p ro te in s .

Serum  was placed in collodion sacs  w hich re ta in e d  the p ro te in s . The 
sa c s  w ere subm erged in so lu tions of dyes (in R in g e r 's  so lu tion). A fte r d i f 
fusion, equilib rium  w as e s tab lish ed  in each ca se  betw een the sac  co n ten ts  
and the surrounding solution of the dye and the so lu tion  w as poured  from  the sac  
into a  te s t tube. The dye w as ex trac ted  by ac id ified  a lcohol and d e te rm in ed  
co lo rim e trica lly . In th is  m anner, the am ount of dye bound by a unit of d ry  
weight of p ro te in  w as de te rm ined .

FIGURE 2. Binding of v ita l s ta in s  by 
h o rse  se ru m  p ro te in s  p rev io u sly  su b 
je c te d  to h a lf-h o u r tre a tm e n t at d i f 
fe re n t te m p e ra tu re s  (from  A leksandrov  
and Nasonov, 1939)

1—m ethylene blue (basic dye); 2 —cyanol 
(acid dye).

F ig u re  2 i l lu s tra te s  the binding of m ethy lene  blue (0.001 %) by h o rse  
se ru m  pro te ins p rev iously  subjected  to h a lf-h o u r tre a tm e n t at d iffe ren t 
te m p e ra tu re s . Heat denatu ra tion  at 54° C led to  an  in c re a s e  in  so rp tio n  of the
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dyeby40% *. T he so rp tio n  curve  con tinued  to  in c re a s e  and, s ta r t in g  a t 
ap p ro x im ate ly  60°C , ro s e  s teep ly , to  r e a c h  580% of th e  in i t ia l  v a lue  w ithin 
the  ran g e  of 68°C .

It follow s fro m  T able 1, w hich i l lu s t r a te s  da ta  fro m  e x p e r im e n ts  
p e rfo rm e d  by th e  sam e  m ethod, th a t so rp tio n  of m e th y len e  b lue and o ther 
b a s ic  dyes in c re a s e s  co n sid e rab ly  a f te r  d en a tu ra tio n . I n c re a s e  of so rp tio n  
to 200% is  a lso  o b se rv ed  a f te r  d en a tu ra tio n  by a lcoho l, a c e to n e , and u l t r a 
v io le t light. In th is  r e s p e c t , te m p e ra tu re  is  no excep tio n . In nondenatu - 
r a te d  se ru m , p ro te in s  bind the sam e  am ount of ac id  d y e s  (cyano l, try p a n  
blue) as d en a tu ra ted  p ro te in s . T hus on d en a tu ra tio n  th e  so rp tio n  capac ity  
of th e se  p ro te in s  in c re a s e s  only in  re la tio n  to  b a s ic  d y es.

T a b l e  1 
Sorp tion  of dyes by h o rse  s e ru m  p ro te in s  su b je c te d  to  

p r io r  d e n a tu ra tio n  by d iffe ren t m ethods (from  A lek san d ro v
and N asonov, 1939)

M ethod of 
d en a tu ra tio n D y e

S o rp tio n  by de
n a tu ra te d  se ru m  
(% of so rp tio n  by 

n a tiv e  s e ru m )

T e m p e ra tu re  66° C T olu id ine b lue, 0.001 %
(basic) 208

" 63°C B rill ia n t c r e s y l  b lue, 0.001 %
(basic) 174

" 59°C T rypan  b lue, 0.004%  (acid) 101
" 66°C C yanol, 0.002 % (acid) 103

U ltrav io le t ir r a d ia t io n M ethylene b lu e , 0.001%
fo r  65 m in (basic) 105

U ltra v io le t ir r a d ia t io n
fo r  2 h rs  30 m in T he sa m e 135

E thy l a lcoho l ! 1 Pt 197
A cetone Tl IT 191

T a b l e  2
Sorp tion  o f d y es  by ch icken  p ro te in s  sub jec ted  to  h e a t d e n a tu ra tio n

(5 9 °C) (fro m  A leksandrov  and N asonov, 1939)

D y e Sorp tion  b y  d e n a tu ra te d  se ru m  
(%of so rp tio n  by n a tiv e  se ru m )

M ethylene b lue, 0.001%  (b as ic )..................... 139
T oluidine b lue, 0.001%  ( b a s ic ) ..................... 125
C yanol, 0.002%  (a c id ) ....................................... 1228
T ry p an  blue, 0.001%  ( a c id ) ............................ 1643

* It is  in te re s tin g  th a t d en a tu ra tio n  of se ru m  by h e a tin g  fo r  h a lf  an  h o u r  a t  
54° C did not c a u se  any  tu rb id ity . T h u s , b y  in c re a s e  of the  so rp tio n  of dyes, 
a l te ra t io n s  in  n a tiv e  p ro te in s  m ay  b e  d e tec ted  e a r l i e r  th a n  by tu rb id ity .
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T here a re  probably  specific  d iffe ren ces connected with the  sp e c ia l 
p ro p e rtie s  of d iffe ren t p ro te in s . E x p erim en ts p erfo rm ed  on chicken pro* 

21 te in s  using the above technique have shown th a t a f te r  denaturation,, th e ir  
cap ac ity  to bind both b asic  and acid dyes in c re a s e s  (T able 2). The in c re a s e  
in  the la tte r  (1228 and 1S43 %) is m any tim es g re a te r  than  the fo rm e r (139 
and 125%). Chicken pro te in  is a b e tte r  m odel than h o rse  se ru m  p ro te in s  f o r  
rep roducing  the given p ro p erty  of living p ro to p lasm .

The p ro p erty  of p ro te in s  to in c re a se  th e ir  binding cap ac ity  fo r dyes 
a fte r  denaturation  was la te r  confirm ed in o u r la b o ra to ry  by B raun (B raun , 
1948a, 1948b, 1949, 1951; B rau n an d F e ld m an , 1949; B rau n , S avost'yanova, 
and M orozova, 1950) using  pure protein  p re p a ra tio n s . In o rd e r  to d e te r 
m ine the fate of the dye bound by the p ro te in , d iffe ren t m ethods w ere  u sed . 
R esults w ere obtained p a rtly  by m easu ring  the d iffusion  ra te  of f re e  dye 
from  a m ix ture  with the pro te in  in g e la tin  g e l. A m ethod was a lso  e lab o 
ra ted  to determ ine  the affin ity  of the dye to the p ro te in , based  on the a b 
so rp tion  sp ec tra  of (a) so lu tions of dyes, and (b) m ix tu re s  of the dyes with 
p ro te in s . The m ethod was based  on the following o b se rv a tio n s . A bsorp tion  
cu rv es of Congo red , Nile blue, and o ther dyes in s a lt  so lu tions (in c o n tra 
d istinc tion  to aqueous solutions of the sam e dyes) a re  sh ifted  by 10-40 m μ 
Ln the d irection  of the sho rt waves, and the a b so rp tio n  in ten s ity  is  d im in ished , 
if a protein is added to  a solution of dye whose a b so rp tio n -sp e c tru m  is 
changed by the addition of a n eu tra l sa lt so lu tion , the ab so rp tio n  sp ec tru m  
sh ifts  in the d irec tion  of the long w aves, and the a b so rp tio n  in ten sity  in 
c re a se s . Thus, the absorp tion  curve  is , a s  it  w ere , l ,c o r r e c te d ' , , a p p ro a c h 
ing the curve of the aqueous solution of the dye. T h is  phenom enon is  explained 
by in teraction  between the pro te in  and the ag g reg a ted  fo rm s of the dye, by 
binding the re leased  valencies of the dye to the p ro te in . The d eg ree  of "the 
co rrec tiv e  effect" is a m easu re  of reac tiv ity  of the p ro te in s . The " c o r r e c 
tiv ee ffec t"  of denaturated  p ro te in s  is invariab ly  m an ife s ted  to  a m uch h ig h er 
degree  than that of native p ro te ins (F ig u re  3). U sing th is  m ethod, i t  can  be 
quickly and convincingly shown that p rotein  re a c tiv ity  in c re a s e s  d e n a tu ra tio n .

FIGURE 3, E ffect of native  and h ea t-d e n a tu ra te d  egg album in  
on the abso rp tion  of sp ec tru m  of Congo red , m odified by 
the addition of a n eu tra l sa lt solution (from  B raun, 1949) 
1. 2 -a b so rp tio n  of Congo red  so lu tions (3-10’ 5 M) in (1) 
w ater and (2) in 0.5 M KC1; 3 -6 —ab so rp tio n  of Congo red  
solutions in 0.5 M KC1 upon addition  of egg album in (0.4%); 
(3), native, (4), heated  at 45= C, (5) at 59° C and (6) a t 63°C .’
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In s tu d ie s  of th e  in te ra c t io n  betw een  p ro te in s  and t r i  phen y lm eth an e  
dyes (m a lach ite  g re e n , c r y s ta l  v io le t, and o th e r s ) ,  it  w as o b s e rv e d  th a t 
th ese  dyes tu rn ed  c o lo r le s s  in  the  p re se n c e  of m y o sin  and c e r ta in  o th e r  

гг native p ro te in s . It h a s  been  show n th a t th e  d is c o lo ra tio n  w as acc o m p a n ied  
by binding of the d y es to  the p ro te in s  th rough  the  su lfh y d ry l g ro u p s  of th e  
la t te r .  T h is m e c h a n ism  is  s im i la r  to  the c a rb o n y l t ra n s fo rm a tio n  of d y e s , 
and ind ica ted  the  p o s s ib le  fo rm a tio n  of co v a len t bonds betw een  p ro te in s  and 
dyes. A fte r d e n a tu ra tio n  of p ro te in , its  a b ility  to  d e c o lo r iz e  t r ip h e n y l
m ethane dyes in c re a s e d  c o n s id e ra b ly .

F in a lly , the  r e s u l t s  of e x p e r im e n ts  with m y o sin  f ib e r s  fro m  ra b b it 
m uscle  a re  e s p e c ia lly  in s t ru c t iv e .  T h e  f ib e r s  w e re  s ta in e d  by b a s ic  and 
acid dye so lu tions in  both th e i r  n a tiv e  s ta te  and a f te r  d e n a tu ra tio n  by h igh  
te m p e ra tu re  o r  u r e a .  It w as obvious even  to  the  naked  eye th a t a f t e r  d e 
n a tu ra tio n  the so rp tio n  of the dye in c re a s e d  c o n s id e ra b ly . T h is  w as e s p e 
c ia lly  no ticeab le  w ith th e  c e n tra l  p o rtio n s of the f ib e r s  h ea ted  fo r  3 m in u te s  
to 45° C (F ig u re  4, A). On s ta in in g  with trip h e n y lm e th a n e  d y es , the  h ea ted  
p a r ts  of the  f ib e r  b e c a m e  c o lo r le s s  (F ig u re  4, B), In o rd e r  to  o b ta in  a 
quan tita tive  e s tim a te  of the  in c re a s e  in  so rp tio n , the dye was e x tra c te d  
from  f ib e rs  s ta in ed  u n d e r  s ta n d a rd  c o n d itio n s ,w ith  ac id ified  a lc o h o l. T he  
ex tra c t was m e a s u re d  in  the  p h o to m e te r . The am o u n t 'of dye bound by the 
denatured  f ib e rs  w as e x p re s s e d  a s  a p e rc e n t of the  am ount of dye bound by 
untreated  f ib e rs  (T ab le  3),

FIG U R E  4. M yosin  f ib e r s  s ta in e d  w ith  (A) C ongo 
red  and (B) lig h t g re e n . T he c e n t r a l  p a r t  w a s  d e -  
n a tu ra te d  by h ea tin g  p r io r  to  s ta in in g . (A—fro m  
B rau n , 1949; B —fro m  B rau n , 1948b).

The ab ility  o f v a r io u s  p ro te in s  to  b ind  b a s ic  and ac id  d y e s  in 
so lu tions w as s tu d ie d . A s e r i e s  of n a tiv e  p ro te in s  w as a ls o  s tu d ie d  in 
th is  re sp e c t. F ig u re s  5 and 6 show th a t  p r io r  h e a t t r e a tm e n t of p ro te in s  
co nsiderab ly  in c re a s e d  the  s o rp tio n  o f bo th  a c id  and b a s ic  d y e s . H ow ever, 

23 th is  in c re a se  m ay p ro c e e d  a t unequal r a t e s .  It fo llo w s fro m  F ig u re  6 th a t 
in c re a se  in te m p e ra tu re  (to a p p ro x im a te ly  30°C ) c a u se d  an  in c r e a s e  of s o r p 
tion  o f the basic  dye (m ethy l v io le t) . L a te r ,  s ta r t in g  fro m  38 е C, th e  s o rp tio n  
of the acid dye (cyanol) in c re a s e d .

The affin ity  o f p ro te in s  to  d y es  and the  am ount o f su lfh y d ry l g ro u p s  
lib e ra te d  upon d e n a tu ra tio n  w e re  m e a s u re d . T he a p p e a ra n c e  o f  tu rb id i ty
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in  the so lu tions and th e ir  v isco s ity  w ere  o b se rv ed . It w as found that the 
in c re a s e  in  the so rp tio n  capacity  of p ro te in , a s  c o n tra s te d  w ith the in c re a se  
in  the num ber of SH -groups and changes in  tu rb id ity  and v isc o s ity , o c c u rre d  
w ith  a w eaker denatu ra ting  effect. This re s u lt  co n firm ed  th a t not a ll  the r e 
su lts  of d enatu ra tion  do ap p ear s im u ltaneously . The in c re a s e  in the non 
sp ec ific  re a c tiv ity  of p ro te in  m ay be noticed at the e a r ly  s ta g e s  of d e n a tu ra 
tion ; it  is  a  sensitive  index of the changes taking p lace in  the p ro te in .

T a b l e  3

Effect of denatu ra tion  on binding of dyes by n a tiv e  and den a tu ra ted  
m yosin  f ib e rs  (from  B raun, 1948b)

Amount of dye bound by the denatu red  
f ib e rs  (% of the am ount of dye bound by 

native  f ib e rs )D enaturated  by

N eutral 
red

Methyl
ene blue

Nile 
blue

Congo 
red C yanol

37°C 119 126 139 156 136
Heating fo r 10 min at: 45° C 134 158 170 204 154

60° C 144 168 186 210 164

Î2 m in 116 124 122 134 106
Action of u rea : m i n 153 160 151 179 139

Concentration of free dye (mg/m l)

FIGURE 5. Binding of dyes by n a tiv e  and d en a tu ra ted  
p ro te in s (from  B raun, 1948b)

A —binding of (1) m ethyl v io le t and (2) try p a n  b lue by 
album in (native, and denatu ra ted  by p r io r  heating);
B —binding of m ethyl v io le t by egg globulin  (na tive , 
and denatu rated  by p r io r  heating); C —binding of m ethy l 
v io le t by m yosin  (native, and d en a tu ra ted  by p r io r  heating).

H aurow itz, D i-M oia, and T ekm an (1952) l a t e r  d e sc r ib e d  an in c re a se  
in  the  binding of an  ac id  dye (Congo red ) by egg a lbum in , d en a tu ra ted  by high 

24 tem p era tu re* . Congo red , a t pH 2, h as  a  d a rk -b lu e  co lo r. In the  p re se n c e

* T h ese  au th o rs  w e re  probably  not fa m ilia r  w ith  o u r w ork .
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of n a tiv e  p ro te in s , th is  c o lo r  is  re ta in e d . In the  p re se n c e  of d en a tu ra ted  
p ro te in s  it  tu rn s  re d , the  c o lo r  of a d so rb ed  Congo re d  m o le c u le s . T h is  
e n a b le s  d e n a tu ra tio n  to  be d e te rm in ed  by a sp e c tro m e te r . I t h a s  Jaeen shown 
th a t  b inding of Congo re d  a f te r  d en a tu ra tio n  of egg a lbum in  a t  40c'C  andlOO°C 
c o n s id e ra b ly  in c re a s e s . The peak of the ab so rp tio n  sp e c tru m  sh if ts  to  the 
r ig h t fro m  496 to  510 mji). H ow ever, not only dyes a r e  m o re  s tro n g ly  bound 
by d e n a tu ra te d  p ro te in s , F is c h e r  (1S35) h as  found th a t d e n a tu ra te d  ch icken  
p ro te in  show s in c re a se d  binding of h e p a rin , a  m onobasic  o rg an ic  ac id . F ig u re  
7 show show  in c re a s e  in te m p e ra tu re  enhances th is  p ro c e s s  in  s te p lik e  fash ion .

FIG U R E 6. B ind
ing of (1) m e th y l 
v io le t and (2) cy - 
ano l, by m yosin  d e 
n a tu ra te d  by  h e a t 
ing (fro m  B rau n , 
1948 a)

Jr я г  to *  w ’r 
_________________И ■ h 

0 fff 2ΰ Jfl «0 Μ  M  П  tff 90 Ю0 f#> tfQ 
Time of heating (in min)

FIGURE 7, E ffec t of h ea t de
n a tu ra tio n  on binding of h ep a rin  
by p ro te in  (acco rd in g  to  F is c h e r ,  
1935)

T e m p e ra tu re  changes a r e  m a r k 
ed by a rro w s

P a sy n sk ii , V olkova, and B lokhina (1955), and P av lo v sk ay a , V olkova, 
and P a s y n s k ii  (1955), co n firm ed  o u r data  on the  in c re a s e  in  so rp tio n  c a p a 
c i ty  of p ro te in s  a f te r  d en a tu ra tio n . T hey in v es tig a ted  the  b ind ing  of lab e led  
m e th io n in e  by p u re  p re p a ra t io n s  of hum an se ru m  a lbum in , w hole ch icken  egg 
w h ite , and w hole s e r um D en a tu ra tio n  w as p e rfo rm e d  by the  fo llow ing m e th 
o d s: h igh  te m p e ra tu re ,  shak ing , e thy l a lcohol a d m in is tra tio n , and u ltra v io le t 
and x - r a y  ir r a d ia t io n . T he r e s u l ts  a r e  shown in T ab le  4,

T he d a ta  in  T ab le  4 in d ica te  th a t a l l  the  d en a tu ra tio n  m e th o d s  te s te d  
b y  th e  a u th o rs  r e s u lte d  in  a  s ig n ific an t in c re a s e  in b ind ing  of m e th io n in e .

We have e a r l i e r  o b se rv ed  (N asonov and A lek san d ro v , 1940, p, 160), 
th a t  the  so rp tio n  m ethod  is  s u p e r io r  to  o th e rs , s in ce  by i t s  u se  d e n a tu ra tio n  
by w eak  a g e n ts  can  be d e te c te d . T h is w as co n firm ed  by  P a s y n s k ii  e t  al. 
(P a s y n s k ii , V olkova, and B lokhina, 1955, p. 319): "In  th is  m a n n e r  ( i .e . ,  

as so rp tio n ), v e ry  s lig h t d en a tu ra tio n  ch an g es, fo r  ex am p le  due to  hea tin g  
f o r  20 m in u te s  a t 37° C, u ltra v io le t  i r ra d ia t io n  fo r  1 m in u te , x - r a y  i r r a d ia 
tio n  w ith  a  d o se  of 2,000 r ,  and o th e r m ethods, m ay b e  d e tec ted .
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The rea so n  fo r in c rea sed  so rp tion  (by d en a tu ra ted  p ro te in s )  of o rg an ic  
e lec tro ly te s , e .g . dyes, am inoacids, and h ep arin , is  not fully  u n d ersto o d .

A ccording to con tem porary  th eo rie s  (B e litse r , 1950; P u tnam , 1953, 
and o thers), no sp litting  of the protein  m o lecu les  o r  add ition  to them  of any 
new rad ica ls  o r  groups tak es  place on d en a tu ra tio n . The b a s is  of d e n a tu ra 
tion  is  unfolding of the polypeptide chain fo rm ing  the  p ro te in  m o lecu le . A s a  
re su lt of this the pro te in  m olecule lo ses  the u su a l sp a tia l co n fig u ra tio n  
of the c h a ra c te r is tic  p a r ts  of the com plex chain, w hich d e te rm in e s  i t s  s p e 
cific  p ro p erties* . A fter unfolding of the globule, a c tiv e  chem ica l g ro u p s 
appear at the su rface  of the m olecule, w hich in  the na tive  p ro te in  w e re  i n 
side the globule in  a la ten t and inactive condition.

With form ation of these  groups, p ro te in  m o lecu le s  in te ra c t. L a rg e  
aggregates fo rm , which p rec ip ita te  from  so lu tion  (H aurow itz, 1936). T h is  
explains the d ec rease  in  the degree  of d isp e rs io n  of p ro te in  so lu tions a f te r  
denaturation, and the in c rea se  in th e ir  v isc o s ity  cau sed  by d e fo rm a tio n  of 
globular m olecules. These form  elongated o r  even th re a d lik e  s t ru c tu re s  
(the appearance of stream ing  b ire fringence). On d en a tu ra tio n , the ac tiv e  
groups on the su rface  of p ro te in  m olecu les, p o sitiv e ly  o r  negative ly  charged , 
may bind acid and basic dyes, am inoacids and o th e r  com pounds, a lso  b e a r 
ing positive o r  negative charges (Haurowitz, 1936).

26 The groups appearing at the su rface  o f the m o lecu le  a re  p o la r , and
re p re se n t ends of side chains (Putnam , 1953). The b e s t  in v estig a ted  a re  
the easily-detected sulfhydryl g roups (SH), It does not follow , how ever, 
that the appearance of these  g roups is  of g r e a te r  im p o rtan ce  than the fo rm a 
tion  of o ther rad ica ls  a fte r denaturation . N e v e rth e le ss , an  in c re a se d  n u m 
b e r of SH-groups is  often  considered  an index of d en a tu ra tio n .

T a b l e  4

Effect of denatu ra tion  of se ru m  album in on a d so rp tio n  of 
labeled  m ethionine

(according to P asynsk ii, Volkova, and B lokhina, 1955)

T rea tm en t of p rep a ra tio n
A ctiv ity  (c. p . m . 

p e r  10 m g of p ro te in  
p re c ip ita te )

Initial protein  
Denaturation:

50

by heating at 37° C (20 min)
" " a t 100°C (20 min)

150-200
400-650

by shaking (18 h rs) 250
by ethyl a lcohol adm in is tra tio n  (5:1) 120
by u ltrav io let light (1 h r) 300
II 1’ 11 - *(1 IHLIl) 86
by x -ra y s  (10,000 r) 160
" " (2,000 r) 70

* C erta in  in v estig a to rs  recen tly  broached the idea th a t no g re a t  ch an g es 
take place in  the configuration  of p ro te in  m o le c u le s  a f te r  d e n a tu ra tio n  
(B e litse r , 1955; P asynsk ii, 1955).
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Since the d isco v ery  of the appearance  of sulfhydryl g roups a f te r  d e 
n a tu ra tio n  of egg album in (H effter, 1907; A rnold, 1911), m any suggestions 
have been m ade a s  to the nature  of th is reac tio n . The point is  th a t m any 
p ro te in s  show the p re se n c e  of reac tiv e  SH- o r  o th e r po lar s id e -g ro u p s , the 
num ber of w hich does not co rrespond  to th e ir  analy tica l com position . How
ev er, a f te r  d en a tu ra tio n , the num ber of th ese  g roups in c re a se s  considerably . 
T h ere fo re , the g roups w ere  called  "hidden", "m asked", " in access ib le " , etc. 
It is  not c le a r  w hether they w ere m asked only by a  spatia lly  folded chain  of 
native p ro te in , by in tra m o le c u la r  hydrogen bonds, o r  in  any o th e r way. 
T heir ap p ea ran ce  a f te r  denatu ra tion  is  g radual, not sudden, and ta k e s  place 
not n e c e ssa r ily  p a ra lle l to  an in c re a se  in  v isc o s ity  (Putnam , 1953, p. 831). 
The ap p earan ce  of th e se  g roups is  of specia l in te re s t  in connection with the 
work of K oshtoyants et a l. (1951, 1953).

Among o th e r re a c tiv e  g roups fo rm ed  a f te r  denatu ra tion  of p ro te in s  
a re  the d isu lfid es  (S-S) d iscovered  by W alker (1925), and phenol and indole 
which, like SH -groups, may ex ist in a m asked  s ta te  in native p ro te in , and 
be detected  only a f te r  denatu ration .

F in a lly , of sp ec ia l in te re s t  is  the appearance  of carboxyl and am ino - 
g roups. A ccording to  o u r  theory , the in c re a se  in  binding of dyes is  due to 
these  ra d ic a ls .

Until re c e n tly  it  w as thought that on denatu ra tion  no unm asking of 
NHg- and C O O H -groups o ccu rs , since  the t i tra tio n  cu rv es of native p ro 
te ins do not d iffe r  fro m  those of denatured  ones. In the c a se  of carbonyl 
hem oglobin (S teinhard t and Z a is e r , 1951a and 1951b), NH^-groups in  serum  
globulins, and be ta -lac to g lo b u lin  (P o rte r , 1948) it  may also  be p o ssib le  to 
detect carboxy l group . P o r te r  showed th a t if NHg- groups in  th ese  p ro te in s 
a re  d e te rm in ed  by ace ty la tio n  with ace tic  anhydride , o r  by re a c tio n  w ith 
ketene, th ese  g roups can  be fully  detected . If, how ever, they a re  determ ined  
by the use of the FDNB reag en t (1:2:4 fluorod in itrobenzene), th is reag en t d e 
tec ts  only a  p a r t  of the  NH^- g roups in native p ro te in s . A fter denatu ration , 
all th ese  g roups can be detected  by the  use  of the sam e reagen t. P o r te r 's  
explanation is  th a t in  the  native s ta te , p a r ts  of the NHg-groups e x is t w ithin 
a densely  folded peptide chain, and a re  in access ib le  to such la rg e  m o lecu la r 
com pounds a s  FDNB, although acc e ss ib le  to  sm a lle r  m olecules.

H aurow itz and h is  co -w o rk e rs  (H aurow itz, D i-M oia, and Tekm an, 
1952) lik ew ise  explained the in c re a se  in  staining pow er of p ro te in s by 
Congo red . In th e ir  opinion, the low reac tiv ity  of native p ro te in s  is  due to 

27 the inab ility  of c e r ta in  g ro u p s to re a c t  w ithin the densely  folded th read lik e  
chain.

A ccording to the above au tho rs, the question  of w hether o r  not d e n a 
tu ra tio n  c au se s  an  in c re a s e  in  the ac tiv ity  o f cation ic  groups cannot be 
solved by the  u se  of e le c tro m e tric  t itra tio n , since  a ll p ro te in  g roups a re  
access ib le  to  such sm a ll ions a s  hydrogen. H ow ever, la rg e  ions, such as 
those of the dye, cannot pen e tra te  the m olecule of native p ro te in , due to the 
densely  folded peptide chain . T h ere fo re  it may re a c t  only with the m ore 
access ib le  g ro u p s  on the su rface  of the m o lecu les .

In o u r opinion, a ll  the p o la r g roups of p ro te in  m olecu les r e le a s e d  by 
denatu ra tion  m ay s tren g th en  the binding of dyes, am inoacids and o th e r  o r 
ganic e le c tro ly te s . T h e re fo re  we do not a g re e  w ith  P asynsk ii, in  whose 
opinion in  th is  re s p e c t the SH -groups a re  m o re  im portan t, on the g rounds 
that addition  of cy ste in e  w eakens the effect of in c re a se d  binding upon d e n a 
tu ra tio n . T he point i s  th a t cyste ine , a s  an  am inoacid , m ay not only
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sp ecifica lly  block SH -groups, but a lso  com bines w ith o th e r  ac tive  g ro u p s, 
thus in te rfe rin g  with the binding of labeled  m eth ion ine . F u r th e rm o re , a f te r  
denaturation , not only does the binding of b asic  dyes in c re a s e , but a lso  th a t 
of acid dyes. Both these  reac tio n s  cannot be due to S H -groups.

All these  b iochem ical investiga tions a r e  e sp e c ia lly  in te re s tin g  to  p h y 
sio lo g is ts , since they give a c le a r  p ic tu re  of the changes o c c u rrin g  in  liv ing  
p ro toplasm  when acted  on by stim u lan ts. They a lso  exp la in  the In c re a se  in  
staining power a fte r  excita tion  and dam age.

Method for D eterm ining the E xtent of A lte ra tio n  of 
Living P ro top lasm  by the A ction of S tim uli

The previous chap ter review ed the nonspecific  changes in p ro to p lasm  
which occurred  a fte r  ce llu la r excita tion , as d e tec ted  by an  in c re a se d  c a p a 
c ity  to  bind v ita l s ta in s . T hese changes w ere  te rm e d  p a ra n e c ro s is  (N asonov 
and A leksandrov, 1940). However, the m ethod of v i ta l  s ta in in g  led to  a 
fa lse  qualitative d istinction  betw een the n o rm a l and the  "exc ited" ce ll.

L a te r , using the m ethod of quantitative c o lo r im e tr ic  d e te rm in a tio n  of 
the degree and sev e rity  of p a ra n e c ro s is , evolved in  o u r la b o ra to ry  by B raun  
and Ivanov (1933), it  was found that th e re  w e re  not two se p a ra te  s ta te s  (n o r 
m a l and pa ran ec ro tic ) and that fu rth e rm o re  the re a c tio n  of liv ing  p ro to p lasm  
to stim ulants was v e ry  g radual, i . e . ,  the s tre n g th  of ex c ita tio n  w as p ro p o r -  

2S tional to  the change in  the p ro top lasm . It was tru e  th a t in  c e r ta in  c a s e s , 
th e re  was a sharp  in c rease  in the re sp o n se , w hich app roached  m o re  of a 
th resho ld  value. However, under these  conditions, we had n e v e r o b serv ed  
a  sudden change sufficient to  ju stify  the te rm  " a l l  o r  none" re sp o n se* .

O ur method of investigating  the deg ree  of change of p ro top lasm  was to  
study its ab ility  to bind s tro n g e r dyes a fte r  ex c ita tio n . T he m ethod w as as 
follows: con tro l and experim en ta l t is s u e s  w ere p laced , fo r the sa m e  length  
of tim e, in dyes diluted with R in g e r 's  so lu tion , the ex p e rim en ta l t is s u e  being  
subjected  to various s tim u lan ts . Both sec tio n s  of t is s u e  w ere  .then rem oved  
from  the solution , r in sed  in  d is tilled  w a te r, and p laced  in to  s e p a ra te  te s t

* Jn  the biochem ical l i te ra tu re  opinions a re  divided w hether the change in 
pro te in  is  sudden or not. Some au thors believe th a t the p ro te in  m o lecu les 
may ex ist only in two ex trem e s ta te s , native o r  co m p le te ly  d en a tu ra ted . The 
proponents of the " a ll  o r none" theory  explain the tra n s it io n  of -the p ro te in  
by the p resence  in solution of a v ariab le  p e rcen tag e  of co m p le te ly  dena- 
tu ra te d m o Ie c u le s ts e e B e lits e r , 1950). O th e rs  b e liev e  th a t in each  p ro te in  
m olecule the unfolding of the m olecu lar con figu ra tion  m ay take p lace  g ra d 
ually after denaturation , passin g  through a  num ber of in te rm e d ia ry  
stages (for re c e n t lite ra tu re , see Putnam , 1953), T his p ro b lem  h a s  not 
ye t been com pletely  solved, how ever the m a jo r ity  of au th o rs  a re  ag a in st 
the "a ll or none" p rincip le . To the p h y sio lo g is t studying the p ro c e s s e s  
of excitation, the exact explanation of the change is  inconsequen tia l.
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tubes contain ing  a  sm a ll, a ccu ra te ly  m easu red  am ount of 70% ethy l alcohol, 
ac id ified  w ith  2% su lfu ric  acid. A fte r 24 h o u rs  p ra c tic a lly  a ll  of the  dye had 
been  e x tra c te d  by the  ac id ified  alcohol, a f te r  w hich the  sta ined  a lco h o l fro m  
the  ex p e rim en ta l and co n tro l t is s u e s  w as exam ined  e ith e r  ph o to m etrica lly  
(using a  P u lfr ic h  com para tive  photom eter) a r  w ith a  sensitive  e lec tro p h o to 
m e te r , The am ount of bound dye from  the ex p e rim en ta l tis su e  w as u su a lly  
e x p re ssed  as a  p ercen tag e  of th a t from  the con tro l.

To obtain re lia b le  re s u lts  by th is  m ethod, the a rith m etic  m ean  of not 
le s s  than 10 sing le  ex p erim en ts  was used. The data w ere  co n sid e red  s ta 
t is t ic a lly  sign ifican t only when the a rith m e tic  m ean  w as th re e  t im e s  h ig h e r 
than  the sq u a re  of the m ean  e r r o r .

If the ex p e rim en ta l and con tro l t is s u e  sec tio n s w ere of d iffe ren t d i
m en sio n s, c o rre c tio n s  w ere m ade fo r weight. A fte r ex trac tio n  of the dye 
with alcohol, the  sec tio n s  w ere d ried  to  constan t w eight.

F o r  v ita l s ta in ing  d ifferen t s ta in s  w ere  used. The b a s ic  dyes m ost 
often used  w e re  n e u tra l  red  and so m etim es m ethylene b lue. The la t te r  w as 
le s s  convenient since  a t low pH m ethylene blue m ay be reduced  in  the  t is s u e s , 
giving the c o lo r le s s  leukoform .

29 A s shown by T ro sh in  (1951c), co n cen tra ted  so lu tions of n e u tra l  re d  
(F ig u re  8) a r e  m o st convenient to  de tec t d iffe ren ces  betw een living and 
dam aged t is s u e s . H ow ever, concen tra ted  so lu tions m ay be toxic fo r  the  
t is s u e s , th e re fo re  so lu tions of n e u tra l re d  som ew hat below the th re sh o ld  
of tox icity  a re  recom m ended . We n o rm ally  used  so lu tions of 0.1 to  0.01%

N e u tra l re d  e a s ily  p re c ip ita te s  from  solu tion  in  the p re se n c e  of c a r 
bonate. R in g e r’s so lu tio n  without ca rb o n a te  w as used .

The s ta in ing  tim e  v a rie d  from  10 to  30 m inu tes, depending on the  s ize  
of the  t is su e . Staining of t is s u e s  from  cold-b looded  o r  w arm -b looded  a n i
m als  w as u su a lly  p e rfo rm ed  a t room  te m p e ra tu re  (18-20° C), s in ce  d e s tru c 
tion and death  of t is s u e s  of w arm -b looded  an im a ls  in  the iso la ted  s ta te  ta k e s  
place m o re  ra p id ly  a t body te m p e ra tu re  (37-40° C). With an  a lka line  sh ift in  
the m edium , th e re  ought to  be an in c re a se  in  sta in ing  pow er w ith b a s ic  dyes 
and a  d e c re a se  w ith  acid  dyes. H ow ever, following excita tion , an  in c re a se d  
sta in ing  pow er w ith  both basic  and ac id  dyes w as observed . Thus in  s tu d ies  
of th is  kind, the  u se  of both g roups of dyes is  recom m ended .

The ac id  dyes n o rm a lly  used  w ere  a 1% solution of cyanol, o r  a  0,03% 
solution of phenol re d . L iving t is s u e s  s ta in  m uch w eaker w ith a c id  th an  w ith 
b asic  dyes. The a lcoho lic  ex trac ts*  a re  th e re fo re  v e ry  pa le  and have to  be  
m easu red  in  h o riz o n ta l m icro cu v e ttes .

H ow ever, in  the  ca se  of tis su e s  dam aged by v a rio u s  agen ts, the ac id  
dyes have a g r e a te r  s ta in ing  pow er than  b a s ic  dyes. O bviously, the  num ber 
of fre e  p o s itiv e ly  ch a rg ed  ra d ic a ls  a t the  su rfa c e  oï the m o lecu les  of living 
p ro top lasm  w hich m ay fix ac id  dyes is  ex trem e ly  sm a ll, and they  ap p e a r 
only upon ex c ita tio n  and dam age of the t is s u e s  (F ig u re  8).

The m ain  d raw back  to  our m ethod is  that the  dyes d iffuse v e ry  slow ly 
into living t is s u e s .  D iffusion equ ilib rium  is  not com pleted  w ithin the  s ta in 
ing tim e  (10 to  30 m in u tes).

30 F ig u re s  88 and 89 (seep ag e  131), fro m  the p a p e r by T ro sh in  (1956), 
show th a t d iffusion equ ilib rium  betw een the  m edium  and the  s a r to r iu s  m u sc le s  
ofthe  frog  is  e s ta b lish e d  a f te r tw o to  th re e  h o u rs . Only in a  few c a s e s  w here

* F o r  e x tra c tio n  of phenol re d , 70% alcoho l is  used , 5 m l of co n cen tra ted  
H2SO4 being added to  100 m l of the a lcoho l solution .
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diffusion equilibrium  is  quickly reached  can  the binding of dye be e x p re s s e d  
per unit of tissu e  weight. In the m a jo rity  of c a s e s  th is  formuLa is  no t v a lid .

FIGURE 3, R elationship  betw een the s ta in ing  
power of dead and living frog  m u sc le s  (R), 
and the concentration  of dye in  the su rro u n d 
ing solution (C s ). (According to  T ro sh in , 1951c)

1—phenol red; 2—n eu tra l re d ; 3—rhodam in .

The m ost su itable m a te ria ls  fo r th is  m ethod  a r e  t is s u e  su sp en sio n s 
where the equilib rium  between the dye in the m edium  and the  dye in  the c e ll 
is  reached within 5-10 m inu tes. R aevskaya and T ro sh in  (1937) u sed  a  s u s 
pension of sperm atozoa , and Romanov (1951) a  su sp en sio n  of y e a s t c e l ls .

W henusedwith ce ll suspensions, th is  m ethod is  applied  by the follow ing 
p rocedure . The ce ll suspension  is a c cu ra te ly  divided in to  two equal p a r ts ,  
and placed in sep a ra te  te s t  tu b es. Both tubes a r e  s im u ltan eo u sly  c e n t r i 
fuged and decanted, and equal am ounts of the dye in  R in g e r 's  so lu tio n  added. 
Both te s t  tubes a re  then shaken. The conten ts of one tube is  used  as a  co n 
tro l, the o ther is  te s ted  against various ag en ts . The te s t  tubes a r e  again 
centrifuged, the cen trifugate  is  washed with d is tille d  w a te r  and again  cen 
trifuged. A fter decantation , ac id ified  a lcohol is  added in  o rd e r  to  e x tra c t 
the dye. The ex trac ts  obtained a re  m easu red  c o lo r im e tr ic  a lly . H e re , too, 
the re su lts  may be exp ressed  e ith e r  as a  p ercen tag e  of the  co n tro l o r  in  a b 
solute num bers re la tin g  the dye to a unit of d ry  w eight. In the  la t te r  c a se , 
a f te r  ex traction  of the dye, the p rec ip ita te  should be d rie d  and w eighed.

Som etim es suspensions of tissu e  frag m en ts  o r  even whole o rg an s  a re  
u sed . In this c a se , it is  advisab le  to use  p a ired  o rg a n s , w hich a r e  e a s ily  
access ib le  and taken  from  the sam e an im al, so  th a t one m ay se rv e  
a s  a con tro l for the o th e r. F o r th is purpose the  s a r to r iu s  m u sc le s  of the 
frog , sem itendinosus m usc les  of m am m als, sp in a l gang lia  of the fro g  and 
of lab o ra to ry  m am m als, pa ired  n e rv es  (sc ia tic ) , fro g  k idneys, e tc . a re  
v e ry  convenient.
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In the p re p a ra tio n  of o rgans c a re  should be taken  to rem ove a l l  f r a g 
m ents of dam aged t is s u e s ,  since  they s ta in  s tro n g ly  and m ay lead to  c o n 
sid e rab le  e r r o r s .

In s tu d ies  using the sa r to r iu s  m u sc le s  of the frog, th re a d s  a re  tied  to 
th e ir  ends (to the tendon and to  the pelvic bone to  which the m u sc le  is  a t 
tached), and the m u sc le s  a re  thus tied  to  a bent g la s s  rod  (F ig u re  9). The 
m usc les  should be s tra ig h ten ed  but not s tre tc h e d . A ll p ro c e d u re s , in c lu d 
ing sta in ing , a re  p e rfo rm ed  with the m u sc le  tied  to  the ro d . A fte r s ta in in g , 
the tendon and bone a r e  excised  and the re le a se d  m u sc le  is  placed in a c id 
ified  a lcohol to  e x tra c t the dye.

FIGURE 9. S a rto riu s  
m uscle  of the fro g  tied 
to a g la ss  rod

In th is  ex p erim en t it  was difficult to decide how long to  expose the  
tis su e  to  the  v a rio u s  s tim u lan ts . T h eo re tica lly  the tissu e  should be s ta in ed  
during exc ita tio n , but th is  is  frequen tly  im p o ss ib le , since  the  m a jo r ity  of 
stim u lan ts th em se lv es  m odify the s ta in ing  p ro c e s s .

The following fa c to rs  m odify the s ta in ing  of living o r  dead t is s u e s ;  
te m p e ra tu re ; change in  pH of the m edium ; addition  of various su b s ta n c e s  
to the so lu tion , e sp e c ia lly  of e le c tro ly te s . In the la t te r  c a se  the g re a te s t  
d e c re a se  in  sta in in g  o c c u rs  in  the reg io n  of b io log ica lly  ac tiv e  concen 
tra tio n s  of the added su b stan ce  (Nasonov and A leksandrov , 1937). In s tu d y 
ing the action  of te m p e ra tu re  o r  chem ical su b s ta n c e s , it  is  only p o ssib le  to 
u se  the sta in in g  m ethod im m ed ia te ly  a f te r  rem ov ing  the stim u lu s (cooling , 
rin sing , e tc .) . C onsequently , in  a num ber of c a s e s  it w as not the  d ire c t  
action  of the agen ts w hich w as studied , but the  re su ltin g  changes o c c u rr in g  
a fte r  th e ir  ac tio n  ceased .

The re s u l ts  of such  a  s e r ie s  of ex p erim en ts  a r e  I llu s tra te d  in  F ig u re  
10. The a b s c is s a  show s the lo g arith m s of the  m o la r  co ncen tra tions of d if f e r 
ent su b s ta n c e s . L iving frog  m usc les  w ere  kept in  so lu tions of th e se  (in 
R in g e r 's  so lu tion) fo r  one hour and 30 m in u tes , a f te r  which tim e  th ey  w ere  
thoroughly w ashed in  R in g e r 's  so lu tion  fo r one hour and sta ined  fo r  one and 
a half hours in  0.01 % m ethylene b lue. Subsequently  the  dye w as e x tra c te d  w ith 
ac id ified  a lcoho l, and the ex tra c t m e a su re d  c o lo r im e tr ic a lly . T he o rd in a te  
shows th e  s ta in in g  in te n s ity  of the ex p erim en ta l m u sc le s  as co m p ared  with 
the c o n tro ls , the sta in ing  of which is  co n sid e red  a s  100%, The n a rc o tic  
concen tra tions a r e  given in  v e r tic a l s tra ig h t lin e s . N oticeable in c re a s e  in 
staining s ta r t s  a t tho se  concen tra tions of the  investiga ted  su b stan ces  w hich 
cause n a rc o s is  in  the m u sc le s .
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T here  a r e  stim u lan ts  which, when applied  to  non-liv ing  o b jec ts , do not 
them selves affect the degree of sta in ing , fo r exam ple high p re s s u re ,  sonic 
w aves, irra d ia tio n , e tc . T h e ir effect on p ro top lasm  m ay be stud ied  by th e  
method of v ita l s ta in ing . T his group m ay a lso  include physio log ica l s t im u 
lation  of nerve ce lls  and nerve  and m uscle  f ib e rs .

log of molar concentrations

FIGURE 10. E ffect of v a rio u s su b stan ces  on the 
sta in ing  power of living frog  m u sc le s  (accord ing  
to Nasonov and A leksandrov, 1937) .

A: 1—m ethyl alcohol; 2 —ethyl a lcoho l; 3 —propyl 
alcohol; 4—butyl alcohol; 5—c h lo ra l h y d ra te ;
6—caffeine; 7—saponin. B: 8—u re a ; 9—acetone;
10—glucose; 11—sa cch a ro se ; 12—quin ine; 13 — 
optaquine. C: 14—gly cero l; 15—ethyl alcohol;
16—urethane; 17—carbon d isu lfid e . The n a rco tic  
lim it concentrations of th ese  su b stan ces  a r e  given 
in  v e rtic a l lines.

Another draw back to the use  of the above m ethod i s  the fo rm atio n  of 
g ran u les . It has a lread y  been m entioned th a t in  n o rm a l, liv ing  c e lls  the 
protoplasm  and nucleus h a rd ly  sta in  a t a l l .  The dye th a t p e n e tra te s  the c e ll 
accum ulates in the reg ion  of the in tra c e llu la r  Golgi a p p a ra tu s  in  the form  of 
g ranu les (Nasonov and A leksandrov, 1940). In a  num ber of convincing s tud 
ies, it has been shown (Feldm an, 1948a, 1948b, 1950, 1953 ) th a t the p ro 
c e ss  of granule fo rm ation  m ay be looked upon as a  com plex co ace rv atio n  of 
two co llo id s—of a c e r ta in  pro te in  com ponent of the p ro to p lasm , and the  dye 
so lu tion . A fter protein  dena tu ra tion , the p ro c e ss  of co ace rv a tio n  is
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d is tu rb e d , w hich is  m ost p robab ly  the r e a s o n  why g ran u le  fo rm a tio n  stops 
in  ex c ited  c e l l s .

H ow ever, a f te r  e x tra c tin g  the dye w ith a lcoho l, no t only  the  d iffused  
dye, but a lso  th a t deposited  in g ra n u le s  is  e x tra c te d  from  the  c e l ls .

T he la t te r  p red o m in a tes  in  re s tin g  c e l ls ,  the fo rm e r  in  "ex c ited "  
c e l l s .  In ten siv e  g ran u le  fo rm a tio n  w as a  so u rc e  of e r r o r  in  the  r e s u l t s  o b 
ta in ed  b y  K ras iln ik o v a  (1954). To avoid th is  so u rce  of e r r o r ,  s ta in in g  tim e  
should  be s h o r te r  and s tro n g e r  so lu tions of dyes should be u sed . In m u s c le s , fo r  
ex am p le , s ta in ed  w ith  0 .1% n e u tra l  red  fo r  10-30 m in u tes , th e r e  i s  p ra c tic a lly  
no g ra n u le  fo rm a tio n , and on m ic ro sc o p y  only diffused s ta in in g  is  o b se rv ed . 
H ow ever, when the  m u sc le  f ib e rs  a re  kept in  the  dye o v e r  1-2 h o u rs , v e ry  
s m a ll  and la te r  in c re a s in g ly  la rg e r  g ran u les  of dye a p p e a r .

A cid dyes a re  not d ep o sited  as g ra n u le s  un d er the above co n d itio n s , 
and th e re fo re  do no t cau se  th is  so u rce  of e r r o r

T he d ire c t  e ffec ts  of sound w aves and high h y d ro s ta tic  p r e s s u r e  on 
liv ing  c e l ls  w ill now be co n s id e re d . T hese  effec ts  a re  of sp e c ia l  in te r e s t ,  
s in c e  th e y  a r e  cau sed  by the  few agen ts w hose e ffec t on the  p ro to p la sm , as 
a lr e a d y  m entioned , m ay  be s tud ied  by v ita l s ta in ing  d u rin g  the  ap p lica tio n  
of th e  s t im u lu s .

A udible Sounds as D ire c t S tim uli of C e llu la r  P ro to p la sm

We a re  no t aw a re  of any re p o r ts  in  the physio log ica l l i te r a tu r e  w here  
the  e ffe c ts  of such s tim u li have been  s tud ied . It is  u su a lly  a s su m e d  th a t the 
sound s tim u lu s  is  p e rc e iv e d  ex c lu siv e ly  by the  e a r s ,  and th a t in  the  o rg an  
of C o r t i  sound is  fo rm ed , in  som e m an n e r, from  v ib ra tio n s  of the  tym pan ic  
m e m b ra n e  ac tin g  on the  c e lls  of the  a u d ito ry  epithelium  a s  m e c h a n ic a l 
s t im u lu s . H ow ever, it  m ay  be assu m ed  th a t p ro to p lasm  a lso  re c e iv e s  
sound v ib ra tio n s  d ire c tly , w ithout the p a rtic ip a tio n  of the  a u d ito ry  o rg a n s  
o r  the  n e rv o u s  sy s te m . We reach ed  th is  conclusion  on the  b a s is  of th e  d e 
n a tu ra tio n  th e o ry  of ex c ita tio n .

A s a lre a d y  m entioned , agen ts causing  d en a tu ra tio n  of p ro te in s  ought 
to  be s tim u lan ts  of liv ing  p ro to p la sm . F ro m  th is  point of view  the  in te r e s t 
ing p a p e r by C h am b ers  and F lo sd o rf  (1936) d e se rv e s  a tte n tio n . T h e se  w o rk 
e r s  show ed th a t sound w aves of high in te n s ity  (given off by s i r e n s  fo r  u n d e r 
w a te r  s ig n a llin g ) m ay cau se  d en a tu ra tio n  of n a tiv e  p ro te in s  in  v i tro . A c c o rd 
ing to  th e i r  d a ta , a d ire c t  tra n s fo rm a tio n  of sound en e rg y  in to  ch e m ic a l 
e n e rg y  o c c u r re d . It m ay th e re fo re  be ju s tif ia b le  to a s su m e  th a t sound waves 
m a y  be a lso  d ire c t ly  re c e iv e d  as a s tim u lu s  by liv ing  p ro to p la sm  w ithout 
be ing  tra n s fo rm e d  in to  a  m ech an ica l o r  ta c t i le  s tim u la tio n  v ia  the  o rg an  of 
C o r ti .

T h ese  c o n s id e ra tio n s  w ere  the b a s is  of a study  p e rfo rm e d  in  o u r 
la b o ra to ry  (N asonov and R avdonik, 1947), The so u rce  of sound w as an 
e le c tro -a c o u m e tr ic  device w hich  produced sounds of d iffe re n t fre q u e n c ie s , 
f ro m  10Û to 10,000 c p s , with v a rio u s  lev e ls  of sound in te n s ity  fro m  0 db to 
120 db.

T he s a r to r iu s  m u sc le  of fro g  w as u se d . The am ount of dye bound by 
the  m u sc le  w as d e te rm in ed  by a  c o lo r im e te r . P a ire d  m u sc le s  w e re  a ttached  
to  b en t g la ss  ro d s by tig h t th re a d s  (F ig u re  9) and subm erged  in  two P e t r i  
d ish e s  conta in ing  the  dye, p re p a re d  in  R in g e r 's  so lu tion . One m u sc le  se rv ed
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as a co n tro l; the o th e r  was placed on a soft pad, and co v ered  by the  sound  
d iffusor in such a m a n n e r th a t the c e n te r  of the d iffusor w as 15 c e n t im e te r s  
from  the m u sc le . T he P e tr i  dish did not d ire c t ly  touch the r e p ro d u c to r .  A 
sound was in itia ted , and continued during  the whole tim e  of s ta in in g , i . e .
20 m inu tes. The two m u sc le s  w ere s im u ltan eo u sly  rem oved fro m  th e  dye 
solution, r in se d  in  f r e s h  R in g e r 's  so lu tio n , exam ined u n d er the m ic ro s c o p e , 
and tr a n s fe r r e d  to two te s t  tubes with 5-10 m l of 70% alcohol in e a c h , a c id 
ified  with 2% su lfu ric  ac id . The e x tra c ts  of the ex p e rim en ta l and c o n tro l  
m usc les  w ere m e a su re d  c o io r im e tr ic a liy , the s ta in in g  in te n s ity  of th e  e x 
p e rim en ta l m u sc le  be ing  s ta ted  a s  a p ercen tag e  of the co n tro l.

The effect of sound on the v ita l s ta in in g  of m u sc les  by a b a s ic  dye  — 
0.1 % so lu tion  of n e u tra l  re d , and by an ac id  dye —1 % so lu tion  of cy an o  1, was 
stud ied .

The e x p e rim en ta l e r r o r  of the m ethod was f i r s t  e s tab lish ed  e m p i r i c a l 
ly . T his depended on the in a c c u ra cy  of m e a su re m e n ts  and on in d iv id u a l 
d iffe ren ces between two p a ired  m u sc le s . F o r  th is  pu rpose , p a ire d  m u s c le s  
w ere sta in ed  without sonic  s tim u li; the  m u sc le  of the r ig h t s ide  w as a lw ay s  
the ex p erim en ta l, and the left the  co n tro l. The re s u lts  obtained a r e  g iv en  
in T able 5, from  w hich it follows that m ax im al individual dev ia tio n s re a c h e d  
9%, while the a r ith m e tic a l  m ean  of dev ia tions from  10 e x p e rim e n ts  e q u a lle d  
2.4 ± 1.0% . C onsequently , the m ethod used  allow ed fo r an  e r r o r  w ith in  the 

34 indicated l im its , if  fo r  each point of the cu rv e  an a rith m e tic  m ean  o f 10 
sep a ra te  ex p e rim en ts  was u sed .

T a b l e  5
Staining d iffe ren ces  betw een the r ig h t and left 

s a r to r iu s  m u sc le s  of a fro g  (acco rd in g  to  N aso 
nov and R avdonik, 1947)

E x p erim en t Change in 
sta in in g , %

1 + 3.0
2 - 3.0
3 -  1.0
4 + 4.4
5 - 1.6
6 - 4.7
7 + 4.0
8 + 8.0
9 + 9.0

10 T 6.0

A rith m e tic  m ean + 2 .4  ± 1.0

L a te r  the effect of sound on nonliving s u b s tra te  was s tud ied . P a i r e d  
m uscles w ere  k illed by im m ers io n  fo r  5 m in u tes  in R in g e r 's  so lu tio n  h e a te d  
to 90°C , O n e w a su se d  as a  c o n tro l, and the o th e r exposed to sound o f 3 ,0 0 0  
cps a t an in ten s ity  le v e l of 94 db. Both w ere  then  s ta in ed . The r e s u l t s  a r e  
given in  T able 6, from  which it w ill be seen  th a t even if  sound h as  an  e f fe c t 
of staining of dead s u b s tra te , th is  e ffec t i s  v e ry  sm a ll  (+3.3%). T h is  w eak  p o s i 
tive re su lt m ay be exp lained  by the fact th a t t r e a tm e n t of m u sc le  w ith  ho t (90° C } 
R in g e r 's  so lu tion  fo r  5 m in u tes  did no t co m p le te ly  d en a tu ra te  the  m u s c le  p ro te in .
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T a b l e  6

C hanges in s ta in in g  pow er of s a r to r iu s  m u sc le s  following stim u la tio n  
by sound (in fro g s k illed  by high tem pera tu re) 
(acco rd ing  to N asonov and Ravdonik, 1947)

E x p erim en t Change in 
s ta in in g ,%

1 - 1.0
2 + 5.2
3 + 4.0
4 + 1.0
5 - 2.0
6 + 0.7
7 + 2.4
8 + 7.0
9 + 10.0

10 + 6.0

A rith m e tic  m ean + 3.3 + 1.1

A fte r th ese  p re lim in a ry  e x p e rim e n ts , the effect of sound w aves of 200, 
500, 1,000, 2,000, 3,000, 4,000, 5,000, 7,000 and 10,000 cps w as stud ied  in 
ex p e rim en ts  w ith n e u tra l  red , and th a t of 100, 3,000 and 10,000 cps in  e x 
p e r im e n ts  w ith  cyano l in a ll  c a se s  of liv ing  m u sc le s . All the sounds w ere  of 
s im ila r  in ten s ity , about 94 db=*. E ach  s e r ie s  co n sis ted  of 10 ex p e rim en ts . 
In T ab les  7 and 8 only  the a r ith m e tic  m ean  of each  ten ex p e rim en ts  and the 
ca lcu la ted  m ean  s q u a re  e r r o r s  a r e  g iven . It w ill be seen that the m ean 
d iffe ren ces  a re  m o re  than  3 tim e s  g r e a te r  than  the m ean sq u are  e r r o r s .  In 
c e r ta in  c a s e s ,  they  a r e  m ore  than  5 t im e s  g re a te r .  Thus, the d a ta  a re  
s ta t is t ic a lly  s ig n ifican t.

T a b l e  7

In c re a se  in  sta in in g  pow er (with n e u tra l  red ) of s a r to r iu s  m u sc le s  of frog , 
s tim u la ted  by sounds of d iffe ren t freq u en cy , a t the sam e leve l of in te n s ity — 

94 db (acco rd ing  to  N asonov and Ravdonik, 1947)

F re q u e n c y
(cps)

A rith m e tic  m ean  
and m ean  sq u are  

e r r o r  (%)
F req u en cy  

(cps)

A rith m e tic  m ean  
and m ean  sq u are  

e r r o r  (%)

0 + 2.4 ± 1.0 3,000 + 28.3 ± 5.0
200 + 10.8 ± 2.5 4,000 + 20.5 ± 4.1
500 + 17.3 ± 3.3 5,000 + 19.0 ± 3.6

1,000 +19.7 ± 6.2 7,000 + 17.0 ± 3.2
2,000 +22.8 ± 4.0 10,000 + 13.9 ± 3.3

* The le v e l of sound in tensity  d e c re a s e d  co n sid e rab ly  on passin g  fro m  a i r  
to R in g e r 's  so lu tio n .
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T he d a ta  fro m  T a b le s  7 and 8 a r e  show n in F ig u re  11, 2, 3, from  w hich 
it fo llow s th a t the  so u n d s a t a l l  f re q u e n c ie s  u s e d  caused  a n o ticeab le  re a c tio n  
in  m u sc le  p ro to p la sm , w ith  an in c re a s e  in  s ta in in g  of both  b a s ic  and ac id  dyes, 

ï5 H ow ever, the  m agn itude  of th is  re a c t io n  was no t a lw ays the  sam e . At 200 c p s i t  
w as m in im a l (10, 8% fo r  n e u tra l  re d  and 12, 7% f o r  cyanol), bu t g rad u a lly  in 
c re a s e d  up to  3, 000 cp s. H e re  a  m ax im um  w as c le a r ly  o b se rv e d , a f te r  w hich th e  
in te n s ity  of s ta in in g  pow er g ra d u a lly  d e c re a s e d  w ith  in c re a s e  in  frequency .

T a b l e  8
In c re a s e  in  s ta in in g  pow er (w ith  cyanol) of s a r -  
to r iu s  m u sc le s  of f ro g , s tim u la te d  by sounds 
of d iffe ren t f re q u e n c ie s  a t  th e  sam e  le v e l of 

in te n s ity —94 db (a c c o rd in g  to  N asonov
and R avdonik, 1947)

F re q u e n c y  
(cps)

A rith m e tic  m ean  and 
m ean  s q u a re  e r r o r  (%)

0 0
200 + 12.7 ± 1.7

3,090 + 39.0 ± 4.5
10,000 + 15.1 ± 2.4

C urve  3 (1 % cyanol) is  g e n e ra lly  s im i la r  to  c u rv e  2 (basic  dye) but 
a ll i t s  points a r e  s itu a ted  h ig h e r.

The e ffec t of sounds of d iffe re n t fre q u e n c y  on m u s c le  so rp tio n  is  
e a s ily  show n. At f i r s t ,  cu rv e  2 w as o b ta ined . Using s p r in g -s u m m e r  fro g s  
in  1948, Ravdonik (1949) re p e a te d  the  e x p e r im e n t, u sing  the  sam e m ethod 
w ith au tu m n -w in te r f ro g s . He o b ta in ed  c u rv e  1 (F ig u re  11), w hich w as a 
rep ro d u c tio n  of cu rv e  2, but w ith  a ll  i ts  p o in ts  loca ted  below  tho se  of the 
la t te r ,  p ro b ab ly  due to  lo w er re a c t iv i ty  of au tu m n  f r o g 's  m u sc le .

Thorough m ic ro sco p y  of s ta in e d  m u s c le , s tim u la ted  by sound r e p r o 
ducing a m ax im al re a c tio n  (3,000 cp s), did no t d is c lo se  any  no ticeab le  
s t ru c tu ra l  changes o r  v ita l s ta in in g  of n u c le i, excep t fo r  an  evenly  d iffused  
s ta in ing  of the  p ro to p la sm , d iffe rin g  fro m  th e  co n tro l only  in  in te n s ity . As 
in  the ex p erim en t, no g ra n u la r  d e p o s its  w e re  o b se rv ed  in  the c o n tro l.

The e ffec ts  o f sound as  a m u sc le  s tim u la n t w e re  fu r th e r  s tud ied  by 
the following m ethod; an  iso la te d  s a r to r iu s  f ro g  m u sc le  w as connected  by 

3 6 a  th read  to the  re c o rd in g  le v e r  of a  m y o g rap h . The d iffu so r of the sound 
ap p a ra tu s  w as p laced  15 c e n tim e te rs  aw ay. T he sound s tim u lu s  la s te d  5 -10  
m in u tes . The end of the  tim e  in te rv a l  w as re c o rd e d  by a  m a rk e r .

Sixty e x p e rim e n ts  w e re  p e rfo rm e d . No c o n tra c tio n  w as o b se rv ed  in 
22 e x p e rim e n ts  using  f re q u e n c ie s  of 200, 500, 1,000, and 1,500 cp s. On 
fu r th e r  in c re a s e  o f freq u en cy  to 2 ,000, 2 ,500 , and 3,000 cp s, the  m u s c le s  
showed a  sm a ll c o n tra c tio n  in  a l l  c a s e s  w ith  no exception  (17 e x p e rim e n ts ) . 
F u r th e r , a t 3,500 c p s , c o n tra c tio n  w as o b ta in ed  only in  two e x p e rim e n ts  o u t 
of fiv e , and at s t i l l  h ig h e r f re q u e n c ie s  — 4 ,000 , 5,000, 7,000, and 10,000 
cps, co n trac tio n  w as not o b se rv e d  in  any one  o f  16 e x p e rim e n ts . T hus, of 
the whole sca le  of sounds te s te d  (200 to  10,000 cps), only a  v e ry  n a rro w  z o n e  
of f re q u e n c ie s  (2,000 to  3,500 cps) cau sed  m u s c le  c o n tra c tio n  (shaded  r e g io n  
of F ig u re  11). The m idd le  o f th is  re g io n  c o in c id e s  e x a c tly  w ith  the m a x i
m um  reg io n  of v ita l s ta in in g , w hile  i ts  r ig h t and  le ft b o rd e r s  c o rre sp o n d  to 
a lm o s t id e n tic a l le v e ls  of in c re a s e  in  s ta in in g  pow er (20 .5 -22 .8% ). It a p 
p e a rs  th a t d en a tu ra tio n  changes o f p ro to p la sm  p ro te in s  s e rv e  a s  a  s tim u lu s  
fo r those b io ch em ica l p ro c e s s e s  w hich c a u se  m u sc le  c o n trac tio n .
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F ig u re  12 show s se v e ra l ky m og ra m s  of co n trac tio n s  caused  by sounds 
of d iffe ren t f re q u e n c ie s . The re la t iv e ly  long la ten t period  betw een the onset 
of s tim u la tio n  and the  re sp o n se  re a c tio n  (from  1 to 5 m inutes) is  notew orthy 
C o n trac tio n s  qu ick ly  reach ed  a  m ax im um , a fte r which a slow  re lax a tio n  of 
the m u sc le  began . A fte r  2-5 m in u te s , the m u sc le  re v e r te d  to its  in itia l 
leng th , although the  ac tio n  of the  sound continued.

FIG U R E 11, E n hancem en t of v ita l sta in ing  and 
a p p e a ra n c e  of c o n tra c tio n s  in the s a r to r iu s  m u sc les  
of fro g  exposed to  aud ib le  sounds of d iffe ren t f r e 
q u e n c ie s  a t a  co n stan t le v e l of in tensity  (94 db)

1, 2—n e u tr a l r e d  (b asic  dye); 3—cyanol (acid dye). 
The shaded  zone is  the  reg io n  of ap p earan ce  of 
son ic  c o n tra c tio n s . The freq u en c ies  a r e  given on a 
lo g a rith m ic  sc a le  (1—acco rd in g to R av d o n ik , 1949;
2, 3—acco rd in g to N aso n o v an d R av d o n ik , 1947),

The ab ove-m en tioned  son ic  c o n tra c tio n s  a re  ea s ily  obtained with 
sp r in g -s u m m e r  f ro g s  (Nasonov and Ravdonik, 1947), co n sid e rab ly  le s s  
ea s ily  w ith  a u tu m n -w in te r  ones (Ravdonik, 1949), and w ith g re a t d ifficu lty  
with w in te r  f ro g s , the  m u sc le  ex c itab ility  of which is  known to be low er 
than th a t of su m m e r fro g s . T h e re  is  good re a so n  to  believe that in  th is  
case  it  i s  not a  c o n tra c tio n  but a rh y th m ic  ac tiv ity  of individual f ib e rs  taking 
p lace. T his i s  o ften  o b se rv ed  at the  v e ry  beginning of the s tim u lu s , and is  
connected  w ith the  in itia l in c re a s e  in  excitab ility , only to  be la te r  rep laced  
by a d e c re a s e  in  e x c ita b ility . H ow ever, the n a tu re  of son ic  co n trac tio n s  is  
a p ro b lem  re q u ir in g  fu r th e r  study.

ï7 In add ition  to  e x p e rim e n ts  w ith  s a r to r iu s  m u sc le , a sm a ll s e r ie s  ( 16 ex 
p e r im e n ts )  w as p e rfo rm e d  w ith  the  s tra ig h t abdom inal m u sc le  of the  frog . The 
ex p erim en ta l co n d itions w e re  ex ac tly  the sam e a s  in  p rev ious c a s e s . The 
r e s u l ts  w e re  v e ry  s im ila r .  H ere , too , co n trac tio n s  appeared  only w ith in  
a n a rro w  ran g e  of sounds of in te rm e d ia te  freq u en c ies  (2,500 to 3,500 cp s). 
As in  the e x p e rim e n ts  w ith the s a r to r iu s ,  th e re  w as a  p e c u lia r  " re so n an ce"  
of the m u sc le s  to  a  d efin itive  freq u en cy  ran g e .
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Ravdonik (1949), by u sing  p re c is e ly  th e  sam e  m eth o d s, f u r th e r  
in v estig a ted  the d ire c t  re a c t io n  of m u sc le s  to  sounds, w hen only  the i n t e n 
s ity  of the s tim u lu s  v a r ie d , and the freq u en cy  of v ib ra tio n s  w as 3,000 c p s .  
He studied  the effect of sounds of the follow ing in te n s i t ie s :  70-75, 8 0 -8  5, 
90-95, and 120 db. The r e s u l ts  ob tained a r e  i l lu s tra te d  in F ig u re  13, w h ich  
show s the th re sh o ld  n a tu re  of the sound s tim u lu s . F o r  the freq u en cy  o f  3,000 
cp s, a c le a rc u t in c re a s e  in  sta in in g  pow er began at 90 db, w hile in  th e  re g io n  
o f 96 db the leve l of the re a c tio n  ap p ro ach ed  a  co n stan t value. Sonic c o n 
tra c tio n s  ap p ea red  a t 95 db (shaded re g io n  o f the g rap h ). T hus, h e re  to o , 
c o n tra c tio n s  begin  s im u ltan eo u sly  w ith p a ra n e c ro tic  chan g es in  p ro to p la s m .

1

$ min
а г

j

3
1Û min

FIG U RE 12. M yogram s of son ic  c o n tra c tio n s  
(acco rd in g  to N asonov and R avdonik, 1947}

A --1,500 cps; B —2,000 cps; C —-2,500 cps; 
D —3,000 cps; E  — 3,500 cps; F —4,000 cp s . 
1 —m u sc le  co n trac tio n ; 2 —d u ra tio n  of s t im u 
lu s ; 3 —tim e  m a rk e r .

N asonov and Ravdonik (1950), using sp in a l g an g lia  n e rv e  c e lls  o f r a b -  
b itsan d R o m an o v (1 9 5 4 ), u sing  sy m p a th e tic  g a n g lia  of ra b b its ,  l a t e r  i n v e s t i 
gated  the ac tio n  of sound on th e se  o rg a n s  by the  s ta in in g  techn ique . T h e  
gang lia  of the lu m b a r re g io n  of the ra b b it w e re  iso la te d  to g e th e r  w ith  th e  

3g nerve  ro o ts , fro m  w hich the  connective  t i s s u e  sh e a th  w as rem o v ed . T h e s e  
w ere  sta ined  fo r  20 m in u te s  w ith  0.1 n e u tra l  re d , p re p a re d  in  R in g e r 's  s o lu 
tion . The gang lia  on one side  w e re  exposed  to  so u n d s of 120 db d u rin g  
sta in ing , w hile the c o n tra la te ra l  g an g lia  s e rv e d  a s  c o n tro ls . A fte r  s ta in in g  
the ganglia , the n e rv e  t ip s  w e re  cut off and the  dye w as e x tra c te d  w ith  
ac id ified  70% a lcoho l. S ubsequently , the  e x t r a c t s  w e re  m e a su re d  c o l o r i -  
m e tr ic a lly , and the  in te n s ity  of s ta in in g  of th e  e x p e rim e n ta l g an g lia  w a s  e x 
p re s s e d  a s  a  p e rc e n ta g e  of the c o n tro ls . T he r e s u l t s  a r e  show n in F ig u r e  14. 
It w as shown th a t n e rv e  c e lls , too, r e a c t  to  sound and, like  m u sc le  f i b e r s ,  
show a  m axim um  a r e a  of re c e p tio n  in  the  re g io n  o f 3,000 cp s .

F in a lly , N asonov and R o z e n ta l’ ( 1950) d isc o v e re d  a  s im i la r  r e a c t io n
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to  sound by c e l ls  of fro g  kidney ep ithe lium *  (F ig u re  15), C om paring the 
changes in m u s c le s , n e rv e  c e lls , and kidney epithelium  (F ig u re s  11, 14, 
and 15), i t  w ill be se e n  th a t in  a ll th e se  t is s u e s  the sam e m axim um  r e a c 
tion  o c c u rre d  a t 3,000 cps.

FIG U R E 13. In c re a se  in  so rp tio n  of n eu tra l red  
by S a r to r iu s  frog  m u sc le s  exposed  to audible 
sounds, of v a r io u s  in te n s it ie s , a t a frequency  
of 3,000 c p s . The shaded  a r e a  is  that of in te n 
s i t ie s  cau s in g  co n trac tio n  (accord ing  to Ravdonik, 
1949),

FIG U R E 14, Staining p ow er of n eu tra l red  of-
1 — n e rv e  c e lls  of sp in a l g an g lia  of the rabb it;
2 — fro g  m u sc le s , u n d er the  influence of sounds 
o f d iffe re n t f re q u e n c ie s  a t the  sam e in ten sity  
(120 db). F re q u e n c ie s  a r e  g iven  on a lo g a r i th 
m ic sc a le  (1 —acco rd in g  to  N asonov and Ravdonik, 
1950; 2 —acco rd in g  to  N asonov and Ravdonik, 1947).

* K idney ep ith e liu m  w as s ta in ed  only w ith  an  acid ic dye (0.08%  phenol red ), 
s in ce  b a s ic  d y e s  ca u se  m ark ed  g ra n u le  fo rm atio n  in  k idneys.
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O n th is  b a s is ,  i t  m ay be concluded th a t sounds in  the  reg io n  of a c o u s tic  
39 re c e p tio n  m ay ac t a s  d ire c t  p h y sio lo g ica l s tim u la n ts  on ce ll p ro to p la sm , 

w ithout the  p a r tic ip a tio n  o f the au d ito ry  o rg a n  o r  the n e rv o u s  sy s tem .
T he q u e s tio n  th en  a r is e s :  in  what m a n n e r is  son ic  en e rg y  re g is te re d  by 

th e  p ro to p la sm ?
O u r h y p o th es is  is  based  on the d en a tu ra tio n  th e o ry  of dam age and e x 

c ita tio n . In o u r opinion, any agent causing  d en a tu ra tio n  of native p ro te in s  
in  v itro  m ay s e rv e  as  a  s tim u lan t, s in ce  p ro to p la sm ic  p ro te in  (which can be  
e a s ily  d e n a tu ra te d ) is  the com ponent w hich f i r s t  r e c e iv e s  the ac tio n  of any 
s tim u la n t. The cap ac ity  of sound to  d e n a tu ra te  native  p ro te in s  h as  a lre a d y  
been e s ta b lish e d  (C h am b ers  and F lo sd o rf , 1936). The in tim a te  m ech an ism  
of th is  p ro c e s s  is  as  ye t unknown. Its  e lu c id a tio n  is  a  ta sk  fo r  o rgan ic  
c h e m is ts .

FIG U RE 15. C hanges in  sta in in g  of frog  kidneys 
w ith  phenol red  a f te r  ex c ita tio n  by sounds of d if 
fe re n t f re q u e n c ie s  (acco rd ing  to N asonov and 
R o z e n ta l’, 1950),

The do tted  lin e  d e s ig n a te s  the in te n s ity  o f s t im u 
la tio n  u s e d —120 db.

D uring  the p ro p ag a tio n  of sound w av es  th rough  any  m edium  w h a tso 
ev e r, p e rio d ic  in c re a s e  and d e c re a se  in  p r e s s u r e  tak e  p lace . Rhythm ic 
v ib ra tio n s  of the p a r t ic le s  o c c u r  p a ra lle l  to  the  d ire c tio n  of the w ave m o tio n , 
and th e re  is  som e in c re a s e  in  te m p e ra tu re . It could be assu m ed  that each  
of th e se  changes m ay ex c ite  liv ing  p ro to p la sm . But the  changes in  these  
m e a su re m e n ts  (in ab so lu te  va lues) a r e  v e ry  sm a ll. F o r  exam ple , the  a m 
p litu d e s  o f o sc il la tio n  of a i r  p a r t ic le s  w e re  m e a su re d  in  m ic ra ; and on 
p a s s in g  sound th ro u g h  liq u id , as in  o u r e x p e rim e n ts  o n  v ita l s ta in in g , o r  
th ro u g h  p ro to p la sm , the  ac tu a l sh ift of the  p a r t ic le s  w ould need to  be m e a 
su re d  in  A.

M echan ica l (ta c tile )  s tim u la tio n  i s  fe a s ib le  only if  p ro to p la sm  is  to 
so m e ex ten t defo rm ed , i .e . ,  if d isp la c e m e n t of the  p ro to p la sm ic  p a r t ic le s  i n  
r e la t io n to  each  o th e r o c c u rs . H ow ever, the  length of th e  sound w ave in  l i q u i d  
(about 0.5 m e te r  a t 3,000 cps) ex ceed s to  such  ex ten t the  d im en sio n s of th e  
m u sc le  f ib e r  th a t the re la tiv e  d isp la c e m e n ts  of the p a r t ic le s  of the la t te r  
w ill s t i l l  be m any  tim e s  l e s s  th an  the am plitude  of the  fo rm e r . It is  s e l f -  
ev id en t th a t such sm a ll d e fo rm atio n s  can n o t cau se  a ta c t i le  s tim u la tio n  of 
p ro to p la sm .
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P r e s s u r e  in c re a s e s  only by m illio n th s  of f ra c tio n s  of an a tm osphere  
upon p ro p ag a tio n  o f sound o f the s tre n g th  used  by us. It is  quite  im probable 
that such changes could  influence p ro to p la sm . It w ill be shown la te r  that 
sk e le ta l m u sc le s  o f fro g  r e g is te r  h y d ro s ta tic  p re s s u re  s ta rtin g  from  100 
a tm o sp h e re s , i .e . ,  f ro m  v alues exceeding one hundred m illion  tim e s  the 
p re s s u re  of sound of the s tre n g th  used in  o u r  ex p erim en ts .

The sam e is  a lso  tru e  of te m p e ra tu re  w hich, following the action  of 
sound, in c re a s e s  by only 0.00001 d e g re e s . But th a t c e ll  p ro toplasm  re a c ts  
to sound is  beyond any doubt.

Sm all p r e s s u r e  changes m ay be m agnified  when the rhy thm  of the 
v ib ra tin g  p a r t ic le s  i s  in  re so n an ce  w ith  o th e r  s tru c tu re s .  It may be a s 
sum ed th a t it is  the p ro te in  m o lecu les  in  the  c e lls , possib ly  den a tu ra ted  by 
sounds of c e r ta in  f re q u e n c ie s , which o sc i l la te . In th is  re sp ec t, the m ax i
m al re a c tio n  of 3,000 cp s on the s ta in ing  pow er (cu rves 11, 14, and 15) and 
the c o rre sp o n d in g  zone of c o n tra c tio n s  a r e  of sp ec ia l in te re s t. T hese  p h e
nom ena m ay be due to  re so n an ce . A no ther explanation , given by the p h y s i
c is t  F re n k e l (1948), w as th a t of re la x a tio n  o sc illa tio n . N either th e o ry  is  
fully  co n firm ed .

It is  in te re s t in g  to note that sound w aves which a re  m ost e a s ily  p e r 
ceived by the hum an  e a r  a r e  s im ila r ly  p e rce iv ed  by m u sc les . In F ig u re  16, 
the se n s itiv ity  cu rv e  o f frog  m u sc le s  to sound of d iffe ren t freq u en c ies  and 
the s e n s itiv ity  cu rv e  o f the hum an e a r  ( th resh o ld  of sound pe rcep tio n  in a 
fre e  sonic fie ld ) a r e  co m p ared  by the m ethod of v ita l staining accord ing  to 
the d a ta  of S iv ian  and W hite (1933). The s im ila r i ty  of the two cu rv es  can  
h a rd ly  be exp lained  by sim p le  co incidence.

FIG U R E 16. A ction of sound of d ifferen t 
f re q u e n c ie s  on (A) so rp tio n  p ro p e r t ie s  of frog 
m u s c le s , (B) th re sh o ld s  of aud ib ility  of the 
hum an  e a r  (acco rd ing  to  N asonov and Radvonik, 
1947). Sorp tion  of the  dye i s  g iven  on a 
lo g a r ith m ic  sc a le . In the  c a lcu la tio n s , one 
b a r  w as co n s id e re d  a s  z e ro  db.

T he ch an g es  in  m u sc le s  o c c u r r in g  a f te r  o p tim al o sc illa tio n s  of 3, 000 
cps a r e  p ro b ab ly  c h a ra c te r is t ic  of chan g es in  c e lls  of many o th e r o rg an ism s.

It is  h ig h ly  lik e ly , th e re fo re , th a t the cap ac ity  of p ro to p lasm  to rece iv e  
d ire c t sound s tim u li  is  a ccen tu a ted  by the developm ent of the au d ito ry  
ap p a ra tu s , w hose re c e p to r  c e lls  m ay con ta in  p ro to p la sm  with d iffe ren t
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41 s e n s i t iv i t ie s  to  f re q u e n c ie s  w ithin the n o rm a l ran g e  of h ea rin g * . In th is  case., 
the w hole co m p lica ted  s tru c tu re  of the  o rg an  of C o r ti  and the tra n s m itt in g  
m e c h a n ism  of the m iddle  e a r  could be co n s id e re d  a s  an ad d itio n a l a p p a ra tu s , 
w hich ap p ea red  in  the p ro c e ss  of evolution, ac tin g  m ainly a s  a  potent sound 
a m p lif ie r , while the  function of the p e r ip h e ra l  a n a ly s is  of ton es is  p e rfo rm e d  
m ain ly  by the a u d ito ry  ep ith e lia l c e lls  th e m se lv e s , the p ro to p la sm ic  p ro 
te in s  of w hich m a y b e  ’'tuned" to  d iffe ren t to n e s .

T h is  th eo ry  ex p la in s  the m ech an ism  of sound p e rc e p tio n  by a n im a ls  
w hich do not p o s s e s s  an organ  of C o rti, but a r e  n e v e rth e le ss  ab le  to d i s 
tin g u ish  to n es  (e. g. f ish e s ) , It a lso  ex p la in s  c e r ta in  d iff ic u ltie s  connected  
w ith  the  reso n an ce  th e o ry  of H elm holtz .

R eaction of P ro to p la sm  to H igh H y d ro sta tic  P r e s s u r e

T h is  re a c tio n  is  of sp ec ia l in te re s t .  S ince high p re s s u r e  does not 
a ffect the p ro c e s s , v ita l sta in ing  can be p e rfo rm e d  during  the ac tio n  o f the 
s tim u lan t. This s tim u lan t has an o th e r advan tage co m p ared  w ith  o th e r  
agen ts, in  that it m ay be applied in stan tan eo u sly , and be co m p le te ly  r e 
m oved. F u r th e rm o re , it a c ts  s im u ltan eo u sly  on the  w hole o b jec t, in c lu d 
ing i ts  v e ry  d eep es t p a r ts .  F o r  u s, it  is  o f in te re s t  a lso  b ecau se  th e re  a r e  
quite  convincing d a ta  in  fav o r of the  co n ten tio n  th a t the re a c tio n  of liv ing  
p ro to p la sm  to h y d ro s ta tic  p re s s u re  is  exp la ined  by the d e n a tu ra tin g  e ffe c t o f 
th is  agent on native  p ro te in s .

In e x p e rim e n ts  of th is  kind, it  is  e s s e n tia l  to  rem o v e  g a se s  f ro m  the 
sy s tem , s in ce  an  in c re a s e  in p re s s u re  m ay in c re a s e  the so lu b ility  of g a s e s .  
On d eco m p ress io n , g a se s  in the fo rm  of bubbles m ay dam age the p ro to p la s m . 
In add ition , even g a s e s  like  n itro g en  m ay a c q u ire  toxic p ro p e r t ie s  u n d e r 
p r e s s u re  (for fu r th e r  d e ta ils , see  L a z a re v , 1941).

T h e re  a re  m any  p ap e rs  on the in fluence  of p r e s s u r e ,  and th e re  a re  
co m p reh en siv e  re v ie w s  of the l i te r a tu re  up to  1948 (C a tte ll, 1936; Ebbe eke , 
1944; T ongur, 1947; B ridgem an , 1948).

T he g e n e ra l conclusion  w hich m ay b e  d raw n  from  the  la t te r  is  th a t  
p r e s s u re  of a su ffic ien t m agnitude (of the  o rd e r  of s e v e ra l  hundred  a tm o 
sp h e re s )  c a u se s  inh ib ition  and re v e r s ib le  su p p re ss io n  of v a r io u s  v ita l fu n c 
tio n s  (e .g ., c e ssa tio n  of m otion of a n im a ls , co n trac tio n  of s t r ia te d  m u s c le s ,  
c a rd ia c  a r r e s t ,  c o n tra c tio n  of h e a r t  m u sc le , su p p re ss io n  of the  rh y th m ic  
ac tiv ity  and co n tra c tio n  of sm ooth  m u sc le s , d e c re a s e  o r a r r e s t  of n e rv e  
e x c ita b ility , e tc .) . In a num ber of c a s e s , a t a  low er p re s s u re  a  s ta g e  of 
functional a c tiv a tio n  m ay be o bserved  ( in c re a se d  m o to r a c tiv ity , an  a c c e le 
ra tio n  and in c re a se d  am plitude of h e a r t  m u sc le  co n trac tio n  and of th a t  of 
sm oo th  m u sc le s ; a  low ering  of the  n e rv e  th re sh o ld  re sp o n se , and m u ltip le  
re a c tio n s  to  a  s in g le  stim u lu s of the  n e rv e ) .

42 T he ac tio n  of p r e s s u re  on s t r ia te d  m u sc le s  w as s tud ied  in  g r e a t  d e ta i l  
(E bbecke , 1914, 1923, 1935a, 1935b, 1936, 1935; F o n ta in e , 1928a, 192Sb, 1929; 
C a tte lla .E d w a rd s , 1928, 1932; E d w ard s a .C a tte ll , 1932; B row n a. E d w a rd s , 
1932; B ro w n ,1934, 1935, 1936a, 1936b; E bbecke u. H asenbring , 1935, 1936; 
E bbecke u. S ch ae fe r, 1935; H asenbring , 1940).

* T h e re  i s  a s tro n g  b a s is  fo r  the  a ssu m p tio n  th a t the th re sh o ld s  of p e r c e p 
tio n  o f sonic s tim u li by the p ro to p la sm  a re  c o n sid e rab ly  lo w er than  the 
th re sh o ld s  of ac tio n  of sounds on p ro te in  in  v itro .
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p re s s u r e  of 500 a tm o sp h e re s ) .

A

Ï
в

FIGURE 17. C o n tra c tio n  of m u sc le
a f te r  p r e s s u re  of v e ry  sh o rt d u r a 
tion  ( " p re s s u re  shock") (accord ing  
to  E bbecke and H asen b rin g , 1935)

A —p re s s u r e  of 350, 400, 500 and 
600 a tm o sp h e re s ; B —p re s s u re  of 
700 a tm o sp h e re s ; tim e  in  seconds

FIGURE 18. C o n tra c tio n  of m uscle  
a f te r  p r e s s u r e  o f d iffe ren t s tre n g th s  
and a  d u ra tio n  of one second (a c c o rd 
ing to E bbecke a n d H a se n b rin g , 1935). 
The n u m b ers  in d ica te  p r e s s u re ,  in 
a tm o sp h e re s

It w as found th a t  the  f i r s t  f lic k e r  of co n trac tio n  of frog  m uscle  m ay som e
tim e s  be o b se rv e d  at 150-180 a tm o sp h e re s , but in g e n e ra l con trac tio n  took place 
on in c re a s e  of p r e s s u r e  to  200-300 a tm o sp h e re s . The m uscle  re sp o n se  to  s tim u 
la tio n  by p re s s u re  is  of an obviously  g ra d u a l n a tu re ; h ig h e r p re s s u re  caused 
g r e a te r  c o n tra c tio n  of the  m u sc le  (F ig u re s  17 and 18). Such co n trac tion  was 
f re e ly  r e v e r s ib le  : on d eco m p re ss io n  the  m u sc le  re tu rn e d  to its  initial· length, 
and only a t p r e s s u r e s  above 450 a tm o sp h e re s  o r upon prolonged action  of low er 
p r e s s u r e s ,  d id th e  c o n tra c tio n  re m a in  a f te r  the p re s s u re  ceased  (F ig u re  18,

E bbecke draw s an analogy with 
co n trac tio n s  caused  by d iffe ren t 
chem ica l and physical s tim u li, and 
he u se s  the  te rm  ' 'me chano n a rco s  is"  
in  the ca se  of p re s s u re .  In h is 
opinion p re s s u r e  as  a  stim u lus 
is  c lo se s t in  i ts  p ro p e r tie s  to  e le c 
tr ic  s tim u la tio n , and co n trac tio n  
due to  p re s s u re  is  v e ry  s im ila r  to 
m u sc le  co n trac tio n  under the cathode 
(the s o -c a l le d  "cathodic b a rra g e " ) . 
The only d iffe ren ce  is  that in the 
la t te r  c a se  lo ca l co n trac tio n  takes 
p lace, w hile  p re s s u re  s im u lta n e o u s
ly  in fluences the whole m usc le . 
Ebbecke a lso  points out th a t c o n tra c 
tion  by p re s s u re  is  fully  analogous 
in  i ts  he igh t and c o u rse  to a single 
co n trac tio n  and a  sh o rt te tanus. 
T his analogy is  a lso  con firm ed  by 
the fac t th a t, a s  w ill be seen  la te r ,  
the sam e b iochem ical p ro c e s s e s  
take p lace  a s  w ith a n o rm a l m uscle  
co n trac tio n  caused  by a  s tim u lu s 
conducted by the n erv e .

In o u r lab o ra to ry , the reac tio n  
of m u sc le  to changes in  h y d ro sta tic  

p re s s u re  w as in v es tig a ted  by G olovina (1955a). In o rd e r  to d e te rm in e  the 
deg ree  of p a ra n e c ro s is ,  the  q u an tita tiv e  m ethod of v ita l s ta in ing  w as e m 
ployed .

In o r d e r  to  c r e a te  h igh h y d ro s ta tic  p re s s u re ,  a hydrau lic  p r e s s  and 
sp ec ia l r e a c to r s  w e re  used, i. e. th ick -w a lled  s te e l  cy lin d e rs  w ith  a  narrow  

43ch am b er in  the  m id d le . The ch am b er w as filled  w ith  liquid , and the a p e r 
tu re  w as c lo se d  w ith  a  s te e l  punch. A ru b b e r  (tightening) g ask e t w as used.

A s a r to r iu s  fro g  m u sc le  w as p laced  in side  the  ch am b er, in  a  g la s s  
te s t  tube filled  to  the  b rim  w ith  the dye solution and stoppered  w ith  a  ru b b er 
s to p p e r, th ro u g h  w hich  p re s s u re  w as tra n sm itte d  to  the tube, In a ll the e x 
p e r im e n ts , s p e c ia l  a tten tio n  w as paid to  avoid a i r  bubbles.

T he s ta in in g , e x tra c tio n  of the dye and co m p a riso n  of so rp tio n  by the 
ex p e rim en ta l and c o n tro l m u sc le s  w e re  p e rfo rm ed  a s  d e sc rib e d  in  the e x 
p e r im e n ts  w ith sound. The action  of p re s s u re  w ith  s im u ltaneous sta in ing  
la s te d  30 m in u te s . N e u tra l re d  and phenol red  dyes w ere  used in d ilu tions 
of 0,01=%, p repatted  in  R in g e r’s so lu tion .
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F ir s t ly  it w as shown that in c re a s e  in  h y d ro s ta tic  p r e s s u r e  had no 
e ffec t on the  s ta in in g  of dead  t i s s u e s .  M u sc le s  p re v io u s ly  k illed  by alcohol 
did not show d iffe re n c e s  in  so rp tio n  s ta in in g  under a  p r e s s u re  of 1,000 a t 
m o sp h e re s , a s  co m p ared  w ith  c o n tro ls  s ta in ed  un d er n o rm a l p re s s u re .  
H ow ever, in liv ing  m u sc le s  a d iffe re n c e  w as in v a ria b ly  seen  in  stain ing 
when p re s s u r iz e d  and n o n p re s su riz e d  m u s c le s  w e re  co m p ared .

T ab le  9 and F ig u re  20 give d a ta  on s ta in in g  of m u sc le s  w ith  n eu tra l 
re d . In the c o u rs e  of e x p e rim e n ts , a  d iffe re n c e  w as o b se rv ed  in the  r e a c 
tio n s  of m u sc le s  of w in te r  and sp rin g  f ro g s ,  the m u sc le s  of the  la t te r  being 
m o re  se n s itiv e  to p r e s s u re .  At 100 a tm o s p h e re s , they  a lre a d y  showed a 
d e c re a s e  in  so rp tio n  of 15,3 %, w hile the  so rp tio n  p ro p e r t ie s  of the  fo rm e r 
w e re  not a ffec ted . Only at a  p r e s s u r e  of 200 a tm o sp h e re s  w as a d ec re a se  
in  sta in in g  o f m u sc le s  from  w in te r  fro g s  se e n  (-22.2% ).

P r e s s u r e s  of 100 and 200

FIGURE 19. D raw ing  of h igh - 
p r e s s u r e  c h a m b e r  (acco rd in g  to 
G olovina, 1955a)

1—ste e l c y lin d e r ;  2—punch;
3—g ask e t; 4 —dye so lu tion ; 5 — 
m u sc le ; 6—te s t  tube; 7—p r e s s  
su rfa c e .

a tm o sp h e re s  w ere  below the th re sh 
o ld . H ow ever, in v es tig a tio n s  of 
the  effect of p r e s s u re  w hich causes 
c o n tra c tio n  show a  d iffe ren t p ic 
tu re .  At a  p r e s s u re  of 400 a tm o 
sp h e re s , the  p re s s u r iz e d  m uscle  
sta in ed  m o re  s tro n g ly  th a n  the 
c o n tro l. The s ig n ific an t difference 
in  s ta in in g  w as + 39.2% . T his d if
fe re n c e  w as even g r e a te r  with i n 
c re a s e  in  p r e s s u re .  At a  p re ssu re  
o f 1,000 a tm o sp h e re s , it  reached  
+ 60.4%.

T hus, the  re la tio n sh ip  of dye 
so rp tio n  to  the m agnitude  of p r e s 
s u re  is  b ip h as ic ; d e c re a se d  s o rp 
tio n  a t a  " su b th re sh o ld "  value of 
p r e s s u re  is  re p la c e d  by in c re a se d  
so rp tio n  a t a  h ig h e r p re s s u re  
(F ig u re  20).

In o r d e r  to e lu c id a te  w hether 
the  changes obtained in  so rp tio n  
w e re  not a  r e s u l t  of sh if t in  pH un

d e r  the  in fluence  of p r e s s u re  o r  g ra n u le  fo rm a tio n , G olovina p erfo rm ed  e x 
p e r im e n ts  w ith  the  d iffusab le  a c id  d y e —phenol re d .

45 The r e s u l ts  of th e se  e x p e rim e n ts  a r e  g iven in  T ab le  9 and in  F ig u re
21. At 100 a tm o sp h e re s  a  d e c re a s e  in  so rp tio n  of 9.7% w as o b se rv ed ; a t 
400 a tm o s p h e re s —an in c re a s e  o f 36% ; and at 1,000 a tm o s p h e re s —an in 
c r e a s e  of 76.9 %.

T hus, a  b ip h as ic  c u rv e  w as a lso  o b se rv e d  upon s ta in in g  w ith  a  dif
fu s ib le  ac id  dye. T h is  p ro v es  th a t n e i th e r  pH chan g es n o r  the  in fluence of 
g ra n u le  fo rm a tio n  cau se  the  r e s u l t s  o b ta ined . S o rp tion  of the  dyes by 
m u sc le s  p ro to p la sm  un d er the  in flu en ce  of high p r e s s u r e  i s  a  genuine pheno
m enon.

W hen m u sc le s  w e re  rem o v ed  f ro m  the c h a m b e r  during  the phase of 
lo w ered  a b so rp tio n , in  the  m a jo r i ty  of c a s e s  they  did not d if fe r  f ro m  the 
c o n tro ls , a lthough so m e tim e s  th ey  w e re  som ew hat s h o r te r .  P ro b ab ly  a 
200-a tm o s p h e re  fo r  30 m in u te s  w as fo r  c e r ta in  m u sc le s  a lre a d y  a  th r e s h 
old l im it. C o n trac tio n  p ro b ab ly  o c c u r re d  at the end of the  s tim u lu s , since
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a  lü -m in u te  p r e s s u r e  did not c a u se  c o n tra c tio n . M uscle excitab ility , as 
m easu red  by the  d is c h a rg e s  of a c o n d en so r of 30 m ic ro fa rad s  im m ediately  
a fte r  d e c o m p re ss io n , w as som ew hat in c re a se d , and continued to  r is e  fo r 
se v e ra l m in u te s . In a  num ber of c a s e s ,  the  m uscle  con trac ted  fo r 3-12 
m inu tes. A fte r 10-15 m inutes, e x c ita b ility  began to d ec rea se , som etim es 
down to the in it ia l  lev e l, o r below it. The re s u l ts  of an experim ent of th is  
type a re  i l lu s tra te d  in  .Figure 22.

FIG U R E 20. B inding of n e u tra l red  by S arto riu s  
frog  m u sc le  during  the ac tio n  of p re s s u re  (a c 
co rd in g  to  G olovina, 1955a)

1—w in te r  frogs; 2 —sp rin g  fro g s .

T a b l e  9

C hanges in  so rp tio n  p ro p e r t ie s  of s a r to r iu s  frog m uscle during 
the ac tio n  of in c re a se d  h y d ro s ta tic  p r e s s u re  (stain ing as a  p e r 

cen t of dye contro l) (acco rd in g  to Golovina, 1955a)

Dye Season
P re s s u re ,  atm .

100 200 400 1,000

N eu tra l red W in te r + 2.5 ± 5.2 -2 2 ,2  ±3.9 + 39.2 ±9.6 + 60.4 ±7.1
N e u tra l re d S pring -15.3 ± 3.4 - — —
Phenol red Spring - 9.7 ± 2 .0 + 3.6±12.7 + 36.0 ±9.8 + 76.9±13.0

too toe mo too two
P re ssu re . a tm

FIG U R E 21. B inding of phenol red  by the s a r to r iu s  
m u sc le  of sp ring  fro g  during  the action  of p re ssu re  
(acco rd in g  to G olovina, 1955a)

A 5 -m inu te  sta in in g  of the m u sc le , one m inute a fte r  deco m p ressio n  
(in the p e rio d  of the  g re a te s t  in c re a s e  in  excitab ility ) led to d e c re a se  in 
so rp tio n  of 17.8% . T h is condition  of low ered  staining power probably  d is 
appeared  as  qu ick ly  a s  the condition  of in c re a se d  excitab ility , since  a
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46 2 0 -m inu te  s ta in ing  gave a  c o n sid e rab ly  s m a l le r  and s ta tis tic a lly  in s ig n if i
can t r e s u l t :  ± 3.3 ± 4.4 % (Golovina, 1958a).

G olovina (1958b) a lso  inv estig a ted  the  b ra in s  of white m ice .

ю jo «  и  и
Time, min

FIGURE 22. Influence of 2 0 0 -a tm o - 
sp h e re  p re s s u r e  on ex c itab ility  t h r e s 
ho lds of the  s a r to r iu s  m u sc le  of the 
fro g  (acco rd ing  to G olovina, 1958a) 

The rhy thm ic  c o n tra c tio n s  of the m u s 
c le  a re  show n by diagonal shading. 
The shaded  a r e a  d es ig n a te s  the d u r a 
tio n  of p r e s s u r e  action  on the e x p e r i 
m e n ta l m u sc le .

FIG U RE 2 3 .Change of so rp tio n  
p ro p e r t ie s  of the b ra in  of a w hite 
m ouse  un d er the influence of h igh  
h y d ro s ta tic  p re s s u re  (accord ing  
to G olovina, 1953b). 1—so rp tio n
of n e u tra l re d ; 2 --so rp tio n  of 
pheno l re d .

Such a b ra in , fro m  w hich the m e m b ra n e s  w e re  rem oved , w as s ta in ed  
w hile un d er p re s s u re  fo r  10 m in u tes  a t 1 7 -20°C , A nother b ra in  from  an 
an im al of the  sam e  batch  se rv ed  a s  a c o n tro l. The dyes used w ere  n e u tra l 
red  (0.1%  so lu tion) and phenol red  (s a tu ra te d  so lu tion). The re s u lts  a re  
i l lu s tra te d  in  F ig u re  23, from  w hich it w ill be seen  th a t the b asic  dye (n e u tra l  
red ) cau sed  a  c lea rcu t in c re a s e  in  s ta in in g , s ta r t in g  from  a p re s s u re  of 400 
a tm o sp h e re s . Staining w ith  phenol red  show s a  g re a te r  in c re a se  in so rp tio n  
at a ll  p o in ts , w hich at 400 a tm o sp h e re s  re a c h e d  22 %, and at 2,000 atm o - 
s p h e re s  108%. Thus the action  of high p r e s s u r e  on the b ra in  c le a r ly  in 
c re a s e d  th e  so rp tio n  of b o th  acid and b a s ic  d y es , and, a s  in the  c a se  of th e  
m u sc le s , in c re a s e  w as no t due to  any change in  pH.

On co m p arin g  the re a c tio n  o f the b ra in  w ith  th a t of the m u sc le s , no 
s tag e  of d e c re a se d  so rp tio n  i s  d e tec ted  in  the  fo rm e r , w hile it is  w ell m a rk e d  in  
the la t te r .  It is  quite  p o ss ib le  th a t th is  i s  a s so c ia te d  w ith the w o rse  c o n d i
tio n  of the "su rv iv in g "  b ra in  as  co m p ared  w ith  the su rv iv in g  m u sc le s .

F in a lly , S u zd a l'sk ay a  (1955) s tu d ied  in  o u r la b o ra to ry  the  effect of 
h igh p re s s u re  on the in  vivo binding of b a s ic  and ac id  dyes by the p a n c re a s  
and sa liv a ry  g lands of the  m o u se . H er d a ta  a r e  i l lu s tra te d  in F ig u re s  24, 
25, and 26. T hese  show th a t the c e l ls  of s a l iv a ry  ep ithe lium  w ere  m uch le s s  
s e n s itiv e  to p re s s u re  th an  m u sc le  and n e rv e  t is s u e  c e lls . Only a  p r e s s u r e  
o f 1,000 a tm o sp h e re s  cau sed  an  in c re a s e  in  sta in in g , g r e a te r  w ith  ac id  th a n  
w ith  b a s ic  dye. Subthreshold  p re s s u re  ap p lied  to g lands and m u sc le s  le d  to 
a sm a ll d e c re a s e  in  sta in in g  of s a liv a ry  ep ith e liu m .

The ac tio n  of p re s s u re  on a  liv ing  sy s te m  h as not been fully  ex p la in ed , 
and v a r io u s  a u th o rs  have app roached  it f ro m  d iffe ren t po in ts of view.
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T hus, C a tte l (1936), a sc r ib e d  a  g r e a te r  im portance  to co llo id  changes 
in p ro to p la sm , and hence to  change in  v isc o s ity  and in v isc o u s-e la s tic  p ro p 
e r t ie s .  E bbecke  (1937, 1944), as  a lre a d y  ind ica ted , held that p re s s u re  ac ts  
as any n a rc o tic  d o es , and p roposed  th e  te rm  "m ech an o n arco sis1'.

Jo hnson , M a rs la n d , and o th e r a u th o rs  (Brown, Johnson and M arsland , 
1941; Jo hnson , B row n and M ars lan d , 1942a, 1942b; Johnson, E y ring , and 
W illiam s, 1942; Jo h n so n  and E yring , 1948; B ronk, H arvey and Johnson, 
1952) concluded th a t the  effect of p r e s s u r e  on the in tensity  of b a c te r ia l  lu m i
nescence  is  exp la ined  by i ts  e ffect on the p ro te in  s tru c tu re  of the enzym e, 
lu c ife ra se . U nder v a r io u s  conditions of equ ilib riu m  betw een the denatu ra ted  
and native  fo rm s  of lu c ife ra se , the  eq u ilib riu m  shifted in ce rta in  ca.ses to 
w ards a d e n a tu ra te d  fo rm , w ith d e c re a s e  in lum inescence , o r, a lte rn a tiv e ly , 
in the  d ire c tio n  of the  native  fo rm , lead ing  to  in c rea sed  lum inescence . In 
the opinion of th e se  a u th o rs , the e s se n c e  of p re s s u re  action  is  its  in te r f e r 
ence w ith  d e n a tu ra tio n  o ccu rrin g  w ith  in c re a s e  in volum e, and. in a shift in 
equ ilib rium  in th e  d ire c tio n  of a g r e a te r  am ount of the native form  of lu c ife r 
ase .

FIGURE 24. B inding of dyes by the 
p an c rea s , depending on the leve l of 
h y d ro s ta tic  p r e s s u r e  (acco rd ing  to 
S u zd a l'sk ay a , 1955)

1—n e u tra l re d ; 2—phenol red .

Although not a ll  the po in ts of the 
above a u th o rs ’ concepts have been  con
f irm e d , the  p resen ta tio n  of the problem  
is  highly in te re s tin g  and p rom ising .

The data obtained in o u r la b o ra 
to ry  by G olovina (1955a, 1958a, 1958b) 
and by S uzdal'skaya  (1955) on in c re a se d  
so rp tio n  p ro p e rtie s  of p ro to p lasm  due 
to  h igh p re s s u re  a lso  prove th a t c e ll  
p ro te in s  under th ese  conditions u n d e r
go changes s im ila r  to denatu ra tion . 
A  fu r th e r  proof is  the o b se rv a tio n  of 
D euticke and Ebbecke (1937) on the de
c r e a s e  in  so lubility  of m u sc le  p ro te in s  
follow ing p re s s u re .

T h e re  is  a lso  d ire c t evidence of 
the  su scep tib ility  of p ro te in s  to  p r e s 
s u re  in v itro . B ridgm an (1914), using 
egg album in, observed  a  co n sid erab le  
in c re a s e  in density  at 5,000 a tm o 
sp h e re s , and com plete coagu lation  at 
7,000 a tm o sp h eres . L a te r , curd ling  
and coagulation  w ere o bserved  by 

B a sse t, M acheboeuf and Sandor (1933); Dow e t a l. (Dow and M atthew s, 1939); 
Lauf le г  and Dow, 1941); and fin a lly  by Tongur (1948, 1949).

Many a u th o rs  have d esc rib ed  th e  inh ib ito ry  effect of p re s s u re  on p ro 
te in  denaturation , by d iffe ren t ag en ts  (Johnson  and C am pbell, 1945, 1946; 
Johnson and  W right, 1946).

48 T ongur and c o -w o rk e rs  s tud ied  the  r e s to ra tio n  of p ro te in s  by high
h y d ro s ta tic  p r e s s u r e  (T ongur, 1947, 1948; T ongur and K asatochkin , 1950; 
1952; T ongur and K azm ina , 1950; T o n g u r and T ongur, 1951). The au tho rs 
observed  a  r e tu rn  of den a tu ra ted  p ro te in  to  i ts  native condition u n d er th e  in 
fluence of p r e s s u r e .  P r e s s u r e s  cau s in g  such re s to ra tio n  a re  low er than 
those capab le  of cau s in g  den a tu ra tio n  of p ro te in s  (the la t te r  s ta r t in g  from  
700 a tm o sp h e re s ) .
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FIGURE 25. Binding of dyes by the 
subm ax illa ry  g land , depending on 
the level of h y d ro s ta tic  p r e s s u re  
(according to S u z d a l'sk a y a , 1955)

Legend as in F ig u re  24.

FIG U R E 26. B inding of dyes by the 
p a ro tid  g land , depending on the lev e l 
of h y d ro s ta tic  p re s s u re  (accord ing  
to  S u z d a l'sk a y a , 1955)

L egend a s  in F ig u re  24.

T hus, a  su ffic ien tly  high h y d ro s ta tic  p r e s s u r e  is  capable of d e n a tu ra -  
ting native p ro te in s  in v i tro , w hile low p r e s s u r e  m ay re s to re  them . T h e se  
data aid g re a tly  in e luc idating  the r e s u l ts  ob tained by the m ethod of v i ta l  
stain ing .

C h a  p t  e r  3. L ocal R eac tio n  and S tim ula tion

E x c ita tio n  and D am age

To date , th e re  is  no g e n e ra lly  a c c e p ted  and e s tab lish ed  defin ition  in 
physiology of the  te rm  " e x c i t a t i o n " T h e r e f o r e  e v e ry  physio lo g is t, in  using  
the te rm , should  c le a r ly  define h is  in te rp re ta t io n  of it.

The p re se n t book d ea ls  only w ith  c e l lu la r  ex c ita tio n  and not w ith  s t im u 
lation of the whole o rg a n ism , w hich m e a n s  so m eth ing  quite  d iffe ren t. " C e llu 
la r  exc ita tio n "  im p lie s  re v e r s ib le  ch an g es  in  p ro to p la sm  o c c u rrin g  u n d e r  the  
influence of changing e x te rn a l  cond itions.

On the  b a s is  of a  s e r ie s  of da ta , it is  a s su m e d  th a t excita tio n  of p ro to 
p lasm  is  c h a ra c te r iz e d  by sp ec ific  p h y s io c h e m ic a l and b io ch em ica l p r o p e r 
tie s , and th a t the  phenom enon h as  developed  in the p ro c e s s  of evo lu tion , a s  
a condition e s s e n tia l  fo r  the  ex is te n c e  of any living o rg an ism .

T his defin ition  of the  te rm  "e x c ita tio n "  c o rre sp o n d s  to the  h ig h e s t 
known fo rm  of ex c ita tio n  of p ro to p la sm  re s u lt in g  from  an im pulse  t r a v e l l in g  
along a n e rv e  o r m u sc le  f ib e r .

The sam e  m ay  a lso  b e  sa id  of e x c ita tio n  of s e c re to ry  c e lls , v a r io u s  
re c e p to r  e le m e n ts  in se n so ry  o rg a n s , m a tu re  egg c e lls  a f te r  f e r t i l iz a t io n  b y  
sp e rm ato zo a  (o r  p a rth e n o g e n e s is  in  c a s e s  of a r t i f ic ia l  p a rth e n o g e n e s is ) , 
connective t is s u e  and e p ith e lia l c e lls  w hich, due to  stim u la tio n , p a s s  f ro m  
the in ac tiv e  to  an  ac tiv e  s ta te , o r  p ro l i f e r a te ,  e tc . It should be po in ted  out 
that the la s t of th e se  ex am p le s  has been  l i t t le  s tu d ied  a s  y e t. T hus, d a ta  on 
excita tion  is  ob tained  m ain ly  from  the study  of n e rv e  o r m u sc le  t i s s u e s .

In th is  connection  a r i s e s  the p ro b lem  of how to c o n s id e r the lo c a l c e l l  
re a c tio n s  due to  a l te ra t io n s  of p ro te in  m o le c u le s  ( s im ila r  in n a tu re  to  th e  
in it ia l  s ta g e s  of d en a tu ra tio n  of native  p ro te in s  in v itro )  e x p re sse d  by p a r a -  
n ec ro tic  changes in the  p ro to p la sm .

* A rev iew  of the l i te r a tu r e  and a tte m p ts  to  ana lyze  the te rm  "e x c ita tio n "  
m ay be found in the p a p e rs  by M angold (1925) and F ré d é r ic q  (1928).
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We tr e a te d  th e se  changes in  p ro to p la sm  m ain ly  as " re v e r s ib le  dam 
a g e 1;  a  te rm  w hich m e t w ith no o pposition  (Nasonov and A leksandrov , 1940). 
O b jec tio n s a p p e a re d  only when the p ro b lem  at hand w as defined as  "the r e 
ac tio n  of living su b s ta n c e  to  e x te rn a l in flu en ces" . We w ere  to ld , and at 
f i r s t  s ig h t w ith  good re a so n , that s im p le  dam age of a lte ra tio n  is  not yet a 
" re a c t io n " , s in ce  by i t s  m eaning th is  w o rd  (re a c tio n —-re v e rse  action) should 
d e s ig n a te  a p ro c e s s  cau sed  by the ac tio n  of the  agent and d irec ted  aga in st it. 
If su ch  a  p ro c e s s  does no t take p lace , but th e re  is  only a  passive  change of 
the sy s te m  u n d e r  the  influence of e x te rn a l fo rc e , we a re  ju stified  in  speaking 
only of "d am ag e" o r  " a lte ra tio n " . In d isc u ss in g  p a ran ec ro tic  changes in 
p ro to p la sm , only re v e r s ib le  change, re p a ira b le  by the ce ll itse lf , is  im plied . 
It is  a s su m e d  th a t  th is  r e p a ir  m ay be ach ieved  only by ac tive  p a rtic ip a tio n  
of c e l l  m e ta b o lism . C onsequently , p a ra n e c ro s is  is  not only a p assiv e  "d e 
n a tu ra tio n "  of p ro to p la sm  p ro te in s , b u t a lso  a m echan ism  in itia ting  a chain 
of m e tab o lic  re a c t io n s  d ire c te d  to  i ts  r e p a i r .  T h is being so, p a ra n e c ro s is  
m ay no t only be te rm e d  " re a c tio n " , bu t a lso  by our definition "ex c ita tio n " .

U n fo rtu n a te ly , th e re  a re  no c o n c re te  da ta  from  which the p ro p e rtie s  
c h a r a c te r is t ic  of th e  p r im o rd ia l  p r im itiv e  o rg an ism s can be deduced. P r i 
m itiv e  o rg a n ism s , be ing  only fra g m e n ts  of p ro to p lasm , should be able to 
r e p a i r  such  dam age to  p ro te in  s t ru c tu re  w hich re s u lts  from  d ra s tic  env iron
m e n ta l ch an g es. W ithout th is , the e x is te n c e  of th ese  o rg an ism s would not be 
fe a s ib le . T h is  p ro p e r ty  of ce ll r e p a i r  is  p robab ly  as b asic  and as old a s  tha t 
of m e ta b o lism , c e l l  d iv is io n , and g row th . F ro m  th is  point of view  the r e 
v e rs ib le  dam ag es of p ro to p lasm  m ay  b e  re g a rd e d  as the m ost p rim itiv e  fo rm  
of ex c ita tio n . T h is  b e in g  so, p a ra n e c ro s is  is  not only the s im p le s t and m o st 
com m on, bu t phy logene tic  a lly  the m o s t an c ien t, fo rm  of excita tion .

If the f i r s t  s tep  in the evolution of excita tio n  w as the  ab ility  to  r e p a ir  
dam age w hich i ts e lf  w as a s tim u lu s  fo r  r e p a ir ,  the next step  should have 
been p ro te c tio n . D am age itse lf  shou ld  have becom e a re le a se  m echan ism , 
not only of b io c h e m ic a l p ro c e s s e s  lead in g  to  r e p a ir ,  but a lso  of such p ro 
c e s s e s  w hich co n d itioned  e ith e r  d e fen se  a g a in s t danger o r  its  avoidance (e.g. 
w ith d raw al of pseudopod ia , m ovem ent of the  o rgan ism  away from  the h a rm 
ful agen t, i .e . ,  v a r io u s  tro p ism s* , o r  b y  se c re tio n  of p ro tec ting  su b stan ces, 
e tc .).

so H ig h er in the  evo lu tio n ary  s c a le , w ith  developm ent of the  nervous
sy s te m , the  m o st p e r fe c t  form  of e x c ita tio n  ap p ea red —the sp read ing  ex 
c ita tio n . T h is  enab led  tra n s m is s io n  of s ig n a ls  from  the p a r t  of the  o rg an 
ism  su b jec ted  to  e n v iro n m en ta l change (the re c e p to r) , to  ano ther p a r t  of 
the o rg a n ism  w hich w as the e ffec to r  m ech an ism . T h is sp read in g  excita tion  
not only  m odified  the  b eh av io r of the  o rg a n ism  in re la tio n  to the  su rround ing  
en v iro n m en t, b u t a lso  coord inated  the  a c tiv ity  of d iffe ren t p a r ts  of the o r 
g an ism  w ith  r e s p e c t  to  each  o th e r.

* T h is  th e o ry  ex p la in s  only neg a tiv e  ta x is  and tro p ism . The positive  
o n es , m a n ife s te d  no t in  avoiding h a rm  but in  s triv ing  tow ard  som ething 
exp ed ien t, r e q u ir e  an o th er exp lanation . H ow ever, ta x is  and tro p is m s  
a r e  a lw ays e x p re s s e d  in m otion o r  g ro w th  along a c e r ta in  g ra d ie n t, and 
th e re fo re  w ith d raw a l from  h a rm  is  a lso  a  s tr iv in g  to w ard s the  expedient. 
T h u s , if an  o rg a n ism  m oves aw ay fro m  low te m p e ra tu re , th is  is  equiva
le n t to  an  a tte m p t to  re a c h  a  h ig h e r  te m p e ra tu re . L a te r , in  the  co u rse  
of evo lu tio n  f ro m  th e s e  p r im itiv e  fo rm s , m o re  sp ec ia lized  ty p es  of ta x is  
developed , su ch  a s  chem otax is.
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I r ra d ia tio nFIGURE 27, 
of a  loca l re a c tio n  th ro u g h  
p ro to p la sm ic  b r id g e s  in 
sp e rm ato g o n ia  of a g r a s s 
h o p p er p rick ed  w ith  a m i
c ro n e e d le  (acco rd ing  to 
C h am b ers , 1925)

A —ro s e tte  of 5 in te rc o n 
n ec ted  sp erm ato g o n ia ; 
B —coagu lation  of n u c le i 
a f te r  p rick ing  one of them  
w ith  a  m ic ro n eed le .

In o u r 1940 m onograph, th e re  w as m uch 
evidence that loca l re a c tio n  is  c a p a b le  of s p re a d "  
ing not only in the n e rv e  e lem en ts , a lb e i t  s lo w ly  
and with g radual fading. As an e x a m p le  we m e n "  
tioned the old observ a tio n  of V e rw o rn  (1896a, 
1896b) on ir ra d ia tio n  of dam age c a u s e d  by p r ic k "  
ling the pseudopodium  of a rh izo p o d  (H yalopus) 
with a needle. T his dam age w as r e v e r s ib le ,  
m anifested  as a sp read in g  tu rb id ity  o f the p r o to -  
p lasm  and co n trac tio n  and w ith d ra w a l of the 
pseudopodia. A nother exam ple w as taken  fro m  
a paper by C h am b ers  and Renyi (192 5). T h ese  
in v es tig a to rs  p rick ed  liv ing  c e lls  of th e  m u lti
lay e red  squam ous ep ithe lium  of m a m m a ls  w ith 
a  m icro m an ip u la to r need le . T hese  c e l l s  a re  
in terconnected  by p ro to p la sm ic  b r id g e s .  Soon 
a fte r p rick in g  one of the c e lls , s ig n s  of p a ra 
n ec ro s is  appeared  in its  p ro to p la sm  and n u c le u s .  
A fter som e tim e, s im ila r  changes a p p e a re d  in  
neighboring nonpricked c e lls  and l a t e r  p a r a 
ir ra d ia te  fro m  the dam aged a r e a  a lo n g  the

In
n e c ro tic  changes began to 
in tra c e llu la r  b rid g es to  involve e v e r - in c re a s in g  se c tio n s  of t i s s u e ,  
ep ith e lia  w ithout in tra c e llu la r  b rid g es , no ir ra d ia tio n  of d am age w a s  ob
se rv ed . Such an  ir ra d ia tio n  of loca l re a c tio n  w as o b se rv ed  by C h a m b e rs  
(1925) upon p rick ing  one of the sperm atogon ia  of a g ra s sh o p p e r , c o n n e c te d  
w ith o th e rs  by p ro to p la sm ic  appendages. N u c lea r changes w e re  f i r s t  s e e n  
in the  p rick ed  c e ll  and la te r  in a ll  the o th e rs  connected  w ith  it  b y  p la s m o -  
d esm ata  (F igu re  27). L a te r , Chakhotin (1935) d e sc r ib e d  i r r a d ia t io n  of 
dam age caused  by ra d ia l  p rick ing  of a  segm en t of e ry th ro c y te  p ro to p la s m .

F in a lly , a good exam ple of the  sp re a d  of lo ca l p ro to p la s m ic  re a c t io n  
m a y b e  o bserved  on lo ca l damage of a s t r ia te d  m u sc le  f ib e r . C u ttin g  of, o r  
p r e s s u re  applied  to , such  a fib e r, produced a  sw elling  in  the  d a m a g e d  z o n e , 

si The la t te r  s trong ly  r e f r a c t s  light, and s ta in s  in ten se ly  w ith.vital s t a in s .  H ow 
ev er, the b o rd e rs  of th is  dam age n ev er re m a in  fixed. They s o o n  begin  
to m ove along the  f ib e r , involving la rg e  s e c to rs  of living p ro to p la s m , a s  if  
the dam aged p ro to p la sm  caused  the d eath  of ne ighboring  in tac t r e g io n s .  In  
o u r lab o ra to ry  th is  phenom enon w as s tud ied  in  d e ta il by R a e v s k a y a  (1948), 
using  the  m ethod of " tim e-s to p "  pho tom icrog raphy . Among o th e r  th in g s , s i t e  
showed th a t in the  ab sen ce  of calcium  ions, the dam age in  the m u s c le s  p r a c 
tic a lly  did not sp read . F u r th e r  study show ed th a t sp re a d  of d a m a g e  a long  a  
healthy  f ib e r  is  due to  an  e le c tr ic  m echan ism  (R o zen ta l1, 1946, N a so n o v  a n d  
R o zen ta l1, 1947).

The b as is  fo r  th is  assum ption  w as an  o b se rv a tio n  th a t the  v e lo c ity  of 
sp read  of the dam age is  v e ry  sm a ll, i ,e .  about 0.04 m m  p e r  h o u r ,  in a  m u s c l e  
located  in  a m edium  of low e lec troconductiv ity  (for exam ple , in  a  m o is t  
ch am b er), while in  m ed ia  which a re  good co n d u c to rs  of e le c tr ic  c u r r e n t  
(e .g . R in g e r 's  so lu tion), th is  p ro c e ss  is  m uch  f a s te r  (about 0.3 m m  p e r  h o u r- ) . 
It w as suggested  th a t the  rea so n  fo r change in  the p ro to p la sm ic  s e c t o r  a d 
jacen t to  the dam aged one w as a  re s tin g  c u r re n t , w hich w as c lo s e d  th ro u g h  
the surround ing  m edium , as shown in F ig u re  28. In o th e r w o rd s ,  it  w as  
assu m ed  that the m ech an ism  of dam age i r ra d ia t io n  w as s im ila r  i n  n a tu re  t o  
the m echanism  of i r ra d ia tio n  stim ulus in  conducting f ib e rs .
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FIGURE 28. Schem atic  d e s c r ip 
tion  of " s m a ll  c u r re n ts "  of the 
m u sc le  f ib e r  (acco rd in g  to 
G erm an) in  the reg io n  of the cut 
(acco rd ing  to  N asonov and 
R o zen ta l’, 1947)

In o rd e r  to  confirm  the above a s 
sum p tio n  it w as n e c e ssa ry  to c re a te  an 
en v iro n m en t in  which two m u sc les  w ere 
kept un d er exac tly  the sam e life  condi
t io n s , but fo r  one of them , the r e s i s t 
an ce  to  c lo su re  of the re s tin g  c u rre n t 
th ro u g h  the surround ing  m edium  w as 
g r e a te r  than fo r the o th e r. F o r  th is  
p u rp o se  one of the m u sc les  w as p laced 
on an  a g a r -a g a r  layer 2 mm th ick , d i
lu ted  w ith  R in g e r 's  so lu tion , w hile the 
o th e r  w as p laced  on a la y e r  of ag a r ap 
p ro x im a te ly  0.08 mm th ick . The r e s u lts  
of the  ex p e rim en ts  (see  F ig u re  29) com 
p le te ly  confirm  the theo ry  of the  e le c tr ic

m echan ism  of ir ra d ia tio n . The sp re a d  of dam age w as fa s te r  on the  th ick  
ag a r la y e r, s lo w er on the  th in  one, and  h a rd ly  o b se rv ed  at a l l  on g la ss .

L a te r , S .N . A leksandrov  in v e s tig a te d  the  ve lo c ity  of sp re a d  of dam age 
in m u sc le s  in re la tio n  to  the f ib e r  d ia m e te r  (1948a), and te m p e ra tu re  (1949), 
He a lso  s tud ied  the sp e c ia l n a tu re  of sp re a d  of dam age in  tonic m u sc le s  
(1955). It is  w ell known th a t the v e lo c ity  of sp read  of a  stim u lu s along nerve  
f ib e rs  is  d ire c tly  p ro p o rtio n a l to  th e i r  d ia m e te r . The sam e re la tio n sh ip  
w as found by A leksandrov  fo r  the v e lo c ity  of sp re a d  of dam age in  m u sc les . 
Thus th e re  is  ano ther fe a tu re  com m on to  sp read  of dam age and to ex 
cita tion .

T he sam e  co n c lusions on the m ech an ism  of i r ra d ia tio n  in  m u sc le s  
w ere re a c h e d  independently  by R o tsch u h  (1955), in  a  paper th a t ap p eared  
co n sid e rab ly  la te r  than  o u rs , and th is  a u th o r, too, c o r re la te d  the  pheno
menon w ith  sp read in g  of p h y sio lo g ica l ex c ita tio n  in  nerve  f ib e rs*

It is  qu ite  p o ssib le  th a t the a b ility  to  t r a n s m it  local ex c ita tio n  rap id ly  
along n e rv e  f ib e rs  o v e r  a  long d is tan ce  evolved from  those p r im itiv e  pheno
m ena of i r ra d ia t io n  of loca l re a c tio n s  of p ro to p la sm , which m ay even now be  
observed  in  v a rio u s  c e llu la r  e le m e n ts  no t sp ec ia lized  to  tr a n s m it  im p u lses .

A ll th e s e  o b se rv a tio n s  fo rm  a  b a s i s  fo r  the  th eo ry  th a t r e v e rs ib le  
change in  p ro to p la sm  o c c u rrin g  a s  a re a c t io n  to  changes in  env ironm en t is 
the m ost an c ien t fo rm  of excita tion . On the  b a s is  of th is  ex c ita tio n  th e re  
evolved the  p e rfe c t fo rm  of n e u ra l t r a n s m is s io n  fo r  the w hole an im a l king
dom. T h is  does not im ply  th a t on p a s sa g e  of a  s tim u la tion  wave along the 
nerve  f ib e r , the  sam e  p ro c e s s e s  o c c u r  in  the p ro to p lasm  of the la t te r  as 
following th e  ac tion  of any s tim u lan t on an  e p ith e lia l o r  connective tis su e  
ce ll. U ndoubtedly, in  the  p ro c e s s  of evo lu tion , the  denatu ra tion  changes 
of p ro to p lasm  p ro te in s  seen  in o rd in a ry  p a ra n e c ro s is  m ight have acq u ired  
a sp ec ia l c h a ra c te r  adapted  to  ra p id  ap p ea ran ce  during  s h o r t- l iv e d  e le c tr ic  
stim u lu s, and s im ila r  rap id  r e p a i r .  H ow ever, i t  is  a lso  beyond doubt 
th a t such a p p a re n tly  d iffe ren t phenom ena a s  n erv o u s and m u sc u la r  s tim u la 
tion  on the  one hand and re v e r s ib le  d am ag e , on the  o th e r, have m any com 
mon fe a tu re s . T his is  e sp ec ia lly  w e ll seen  in  the so -c a lle d  m u sc u la r  con
tra c tio n s  w hich w ill be p re se n tly  d is c u s se d .

* R otschuh, who w as ev idently  u n aw are  of o u r w ork, does not c ite  it, and 
c la im s th a t he w as the  f i r s t  to  p ro p o se  the  th e o ry  of e le c tr ic  m echan ism  
of dam age sp read .
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E x cita tio n , D am age and N a rc o s is  of S ke le ta l M uscles

The idea  of a  re la tio n sh ip  betw een p ro to p la sm  dam age and p ro top lasm  
ex c ita tio n  is  v e ry  old, and it  is  d ifficu lt to e s ta b lis h  w hich p h y sio log ist f i r s t  
fo rm u la ted  it. It is  based  on the obvious fa c t th a t a ll  the agents causing  
ex c ita tio n  m ay a lso  cau se  p ro to p la sm  d am age if they exceed a c e r ta in  level. 
A lso, m any m a n ife s ta tio n s  of ex c ita tio n , su ch  as e lec tro n eg a tiv ity , re le a se  
and ex it f ro m  the p ro to p la sm  of c e r ta in  e le c tro ly te s  and a  d e c re a se  in e x 
c itab ility  ( re fra c tiv ity ) , a re  c h a ra c te r is t ic  of dam aged p ro to p lasm .

On the b a s is  of in vivo s tu d ie s  of the c y to p la sm  and nucleus of d if
fe re n t ce lls , we freq u en tly  c o r re la te d  th e se  two cond itions (Nasonov and 
A leksandrov , 1940; N asonov and R o zen ta l', 1947; N asonov and Ravdonik, 
1947; Kiro, 1948). L a te r , in a s e r ie s  of sp e c ia l  e x p e rim e n ts  on m u sc les , 
we tr ie d  to d e te rm in e  the sequence of a p p e a ra n c e  of m an ife s ta tio n s  of e x 
c ita tio n  and dam age on in c re a s in g  the s tre n g th  of the s tim u lu s .

In the m a jo r ity  of th ese  s tu d ie s  the S a r to r iu s  fro g  m u sc le  w as used, 
because of i ts  hom ogeneous s tru c tu re . In c e r ta in  c a s e s  only, the s tra ig h t  
abdom inal m u sc le  w as u sed . D iffe ren t s t im u la n ts  w e re  used, and the co n 
tra c tio n s  stud ied .

The n a tu ra l  c o n tra c tio n  of sk e le ta l m u sc le s  is  the so -c a lle d  te tanus. 
A s in the c a se  of n e rv e  f ib e rs , an e le c tr ic  m e c h a n ism  is  the m eans by 
which the s tim u la tio n  wave tra v e ls  along the  m u sc le , (F o r fu r th e r  d e ta ils , 
see  P a r t  IV of th is  book). P u re  c o n tra c tio n s , i.e ., c o n tra c tio n s  of long 
duration , no t te tan ic , but of a  s tab le , n o n o sc illa tin g  n a tu re , a re  not seen  
under n a tu ra l cond itions. A s shown by Zhukov and h is  co -w o rk e rs , p ro 
longed tonic co n trac tio n s , as o b se rv ed  in  d if fe re n t pa tho log ica l conditions, 
a re  som ething betw een n a tu ra l te tan u s  and a  s ta b le  nonfluctuating c o n tra c 
tion, as in  h ea lin g  f r a c tu re s  of e x tre m it ie s , o r in  c e r ta in  sp ec ia l c a se s  
(tonus of the e x tre m itie s  of the frog  in the m a tin g  period , c o n s tr ic to r  
m u sc les  of the m o llu sk  shell, e tc .) (Zhukov, 1956).

N e v e rth e le ss , the study  of c o n tra c tio n s  is  of g re a t  in te re s t  to the 
p h y sio log ist s in ce  n a tu ra l te tan u s  m ay be c o n s id e re d  as  a  s e r ie s  of co n 
secutive co n trac tio n s , caused  by a  ca th o d e  c u r re n t .

M ost of the l i te r a tu r e  ava ilab le  on m u sc u la r  c o n tra c tio n s  w as c o l
lec ted  and analyzed  in the beau tifu lly  co m p iled  re v ie w  by G a sse r  (1930), 
a fte r which no fund am en ta lly  new r e s e a r c h  h as  been  done in  th is  field* .

Follow ing, to som e ex ten t, h is  a r b i t r a r y  c la ss if ic a tio n , m u sc u la r  
co n trac tio n s  a re  d iv ided  in to  th re e  g ro u p s: 1) v e ra tr in e - l ik e  c o n trac tio n s ; 
2) co n trac tio n s  of the ace ty lcho line  type o c c u r r in g  under the influence of 
agents sp e c if ic a lly  ac ting  on the r e c e p to r s ;  3) n onspecific  c o n tra c tio n s  
appearing  in  any m u sc le  u n d er the in flu en ce  of v a r io u s  p h y sica l and c h e m ic 
al stim uli.

54 We only in v es tig a ted  the la t te r  g roup  in  r e la t io n  to  v a ried  agen ts 
used  in  a  su ffic ien tly  la rg e  döse, e .g . te m p e ra tu re , ra d ia n t  energy , e le c t r ic  
c u rre n t, h y d ro s ta tic  p r e s s u re ,  m e c h a n ic a l action , audib le  sounds, acids, 
a lka lis , s a lts , n a rc o tic s , a lka lo ids, e tc . In th is  c a se , the c o n tra c tio n  m ay  
be co n sid e red  as  the m o s t typ ical, n o n sp ec if ic  re sp o n se  re a c tio n  of the  
liv ing  ce ll to  any change in  the e x te rn a l en v iro n m en t.

* F o r  m o re  r e c e n t  l i te r a tu re ,  see  C u ffle r, 1946.
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G a s s e r  re a c h e d  the  sam e  conclusion , on the  b a s is  of ex tensive  l i t e r a 
tu re . In h is  opinion, c o n tra c tio n s  p o s s e s s  a ll  the  a ttr ib u te s  of stim ula tion  
of m u sc le  t is s u e . Indeed, c o n tra c tio n s  a re  accom panied  by tension  with 
which m e c h a n ic a l w ork , c h a ra c te r is t ic  of th e  m u sc le s , m ay be p e rfo rm ed . 
C o n trac tio n s  a re  accom panied  by h e a t fo rm a tio n . The a re a  of m u scu la r 
co n trac tio n  is  e le c tro n e g a tiv e  in re la tio n  to  the re s tin g  p a r t . F in a lly , in 
c o n tra c tio n s , a ll  the  e le m e n ts  of m e ta b o lism  of m uscle  at w ork w ere  found 
(see  below ). A b a s ic  d iffe ren ce  betw een  the co n tra c tile  and te tan ic  sh o rten -
ing of m u sc le s  is the  fa c t th a t the  la t te r  a re  not due to  continuous w aves of 
s tim u la tio n , bu t to  s ta b le , n o n o sc illa tin g  s tim u la tio n . The m agnitude of 
th is , a s  e x p re s se d  by the  h e ig h t o r  fo rc e  of the  con traction , is  d ire o tly  
p ro p o rtio n a l to  the s tre n g th  of the s tim u lu s .
and the  " a ll  o r none" law

T im e, hrs

FIGURE 29. S p re a d 
r i n g  of dam age in  m u sc le  

f ib e r s ,  depending on 
e le c tr ic  con d u c tiv ity  of 
the m edium  (acco rd in g  
to N asonov and 
R o zen ta l’, 1947)

1—on an  a g a r  la y e r , 2 m m  
thick; 3—th e  sa m e , 0.08 
mm th ick ; 3—on g la ss .

In o ther w ords, it is  gradual 
does not apply to i t  (F ig u re  30).

A s w ill be seen  la te r ,  the  m a jo rity  of 
s tim u li p o s s e s s  th e i r  own th resh o ld  of action. 
On g rad u a lly  in c re a s in g  the s tren g th  of the 
s tim u lu s , a n a rro w  zone m ay 'a lw ays be found, 
w h ere  the  re sp o n se  re a c tio n  f i r s t  ap p e a rs  in 
the  fo rm  of w eak c o n trac tio n s . With the d e te r 
m in a tio n  of th e se  th resh o ld s , the lo w estin ten s ity  
of the g iven agent su ffic ien t to a c t as a physio
lo g ic a l s tim u lu s  can  be e stab lished .

We a lso  t r i e d  to  e s ta b lish  at w hat in tensity  
th is  agent a c ts  a s  a dam aging fa c to r . F o r  the 
d e te rm in a tio n  of th is  th resh o ld , and fo r ob jec t
ive ev a lua tion  of the  degree o r  depth of p ro to 
p la sm ic  dam age in  m u sc le  f ib e rs , the  above
d e sc r ib e d  c o lo r im e tr ic  m ethod w as used.

It has a lre a d y  been  m entioned th a t fo r  
m any  y e a r s  we s tu d ied  these  nonspecific  changes 
in  liv in g  p ro to p la sm  of v a rio u s c e lls  following 
the  ac tio n  of any stim u lan t (Nasonov and 
A lek san d ro v , 1940). We concluded that these  
ch an g es  a r e  a lw ays s im ila r , r e g a rd le s s  of 
w h e th e r they  a re  caused  by ap h y sica l o r a  chem ical 
agent. A d e ta iled  investiga tion  led  u s  to believe

th a t th e se  chan g es depend on a lte ra tio n s  in  p ro to p la sm ic  p ro te in s  in  v itro , 
te rm e d  p a ra n e c ro s is .  T his w as a lso  co n firm ed  by M akarov (1938), 
who, u s in g  d iffe re n t m a te r ia ls ,  fro m  p ro to zo a  to  m uscle  and n e rv e  ce lls  
of v e r te b ra te s ,  found th a t p a ra n e c ro tic  chan g es o ccu r a lm o st s im u ltaneously  
w ith c e l l  n a rc o s is ,  w hich is  a  s o r t  of functional e x p re ss io n  of p ro top lasm  
dam age* .

T hus th e re  a r e  two q u an tita tiv e  m ethods of evaluation  of c e ll  dam age. 
D am age of liv ing  s u b s tra te  w as m e a su re d  c o lo r im e tr ic  a lly  (cu rv es  В in 
F ig u re s  33-35). T he fu n c tio n a l dam age w as m e a su re d  by the appearance  
of c e l l  n a rc o s is  (com ple te  lo s s  of e le c tr ic  ex c itab ility  of m u s c le s —curves 
A in F ig u r e s  33-35). B oth th e s e  v a lu e s  a r e  in  d ire c t , quan tita tive  depend
ence o n  the  s tre n g th  of the  s tim u lu s .

* H e re  and la te r  the  te rm  " c e l l  n a rc o s is "  w ill be used  in  the  w idest sen se , 
desig n a tin g  re v e r s ib le  lo s s  of e x c ita b ility  cau sed  by any agen t w hatsoever.
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We a ttem p ted  a co m p ariso n  betw een  th e  in te n s ity  of the s tim u li 
causing  lo ca l s tim u la tio n  (co n trac tio n ) with, the  in te n s it ie s  causing  dam age 
(n a rc o s is , p a ra n e c ro s is ) .  When th is  w o rk  b eg an  we an tic ip a ted  obtain ing 
r e s u l ts  acco rd in g  to the A rn d t-S ch u lz  ru le  ( i.e . an  in c re a se d  dose of the  
agent f i r s t  a c ts  as a physio lo g ica l s tim u la n t, and la te r  a s  a dam aging f a c 
to r ,  causing su p p re ss io n  of function, n a rc o s is ,  and death). H owever, 
o u r conclusions w e re  d iffe ren t and app lied  to  any of the chosen  s tim u la n ts .

FIGURE 30. R e la tio n sh ip  b e tw een  the  fo rce  
of m u sc u la r  c o n tra c tio n s  and the  c o n c e n tra 
tio n  of the su b stan ce  u sed

A—ethy l alcohol; B—quin ine h y d ro ch lo rid e ; 
(A—fro m  N asonov and S u zd a l1 sk ay a , 1948; 
B— from  N asonov and R o z e n ta l’, 1948).

In o rd e r  to  study the n a rc o tic  ac tio n  of c h e m ic a l agen ts causing  
m u sc le  c o n tra c tio n s , a  s e r ie s  of d ilu tio n s of the su b stan ces  in  R in g e r 's  
so lu tion  w e re  u sed . E ach  so lu tion  w as tw ice  a s  s tro n g  a s  th a t p reced in g  
it. The n a rc o tic  action  of each  C oncen tra tion  w as determ in& d by the t im e  
of onse t of com plete  c e ll  n a rc o s is ,  i .e . ,  a  cond itio n  of the  m u sc le  w hen i t  
did not resp o n d  to  d ire c t  s tim u la tio n  hy induc tio n  c u r re n t even by lo c a liz e d , 
h a rd ly  no ticeab le  c o n tra c tio n s . The c u r r e n t  w a s  supp lied  by the c o ils  of a  
D uB ois-R eym ond sledge a p p a ra tu s , co m p le te ly  d raw n  to g e th e r  and fed  by  
a  4 -vo lt b a tte ry . When c e l l  n a rc o s is  o c c u r r e d , the tim e  of im m e rs io n  in  
the so lu tion  u n d e r te s t  w as m e a su re d . T he m u sc le  w as im m ed ia te ly  t r a n s 
f e r r e d  to  pu re  R in g e r’s so lu tion  in  o rd e r  to  d e te rm in e  the re v e r s ib i l i ty  of 
n a rc o s is . The r e s u l ts  w e re  i l lu s t r a te d  in  th e  fo rm  of lo g a rith m ic  g ra p h s  
(F ig u re s  31-35).

56 It h as  b een  show n th a t the tim e  c u rv e s  c h a r a c te r is t ic  of the n a rc o t ic
cap ac ity  of a  su b stan ce  can  be d iv ided  in to  tw o c a te g o r ie s .

The c u rv e s  of the f i r s t  c a teg o ry  a r e  i l lu s t r a te d  in  F ig u re  31. T he  
line  ab c o rre sp o n d s  to  the  d u ra tio n  of tim e  w hich  fro g  m u sc le s  su rv iv e d  in  
R in g e r 's  so lu tion . At ro o m  te m p e ra tu re , th is  w as 2-3  days (3 ,000-4 ,000  
m in u tes). N asonov (1949a) and U shakov et a l. (I l 'in sk a y a  and U shakov, 1 9 5 2 ; 
U shakov, 1953a, 1953b; L opatina , U shakov and S h ap iro , 1953; U shakov 
and D zham usova, 1954; U shakov and K ro len k o , 1954) have shown th a t 
p ro g re s s iv e  in c re a s e  in  the  c o n cen tra tio n  of th e se  su b s ta n c e s , s ta r t in g
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f ro m  a v e ry  low value, sh o rten s  the su rv iv a l tim e  of frog m u sc le s  v e ry  
g ra d u a lly . A s tra ig h t line  is  obtained, having a  co m p ara tiv e ly  acu te  angle 
( e  ) to  th e  h o riz o n ta l (F ig u re  31). T h is m ean s th a t with in c re a se d  con
c e n tra tio n  of the su b stan ce  (C) in R in g e r 's  so lu tio n , the tim e  of o n se t of 
co m p le te  n a rc o s is  (t) is  alw ays sho rtened  in com pliance  w ith the  sam e law 

a
w hich  m ay be e x p re s se d  by the e m p ir ic a l  fo rm u la  t = — (at su ffic ien tly

'-n
h igh  v a lu e s  of C*).

Concentration, *S Concentration, К

Concentration, Concentration, %

FIGURE 31. N onihreshoid  re la tio n sh ip  betw een 
the  c o n cen tra tio n  of the su b stan ce  te s te d , and 
the  o n se t of m u scu la r n o n ex c itab ility  (n a rco sis) 

A—cadm ium  su lfa te ; B -m a la c h ite  g reen ; 
C—m onoiodo ace tic  acid ; D -sod ium  fluo ride . 
(A, B, D- а с  cording to  U shakov, 1953a, b; 
C—acco rd in g  to  U shakov and K ro lenko , 1954). 
F o r  fu r th e r  d e ta ils , see  tex t.

Am ong th is  g roup , accord ing  to U shakov, a r e  m etabolic  in h ib ito rs , 
th io l  p o iso n s , and te m p e ra tu re . L o z in -L o z in sk ii (1955), a lso  inc ludes 
su b s ta n c e s  causing  a  photodynam ic effec t. F o r  the  m a jo rity  of su b stan ces , 
a n o th e r, m o re  co m p lica ted  ru le  e x is ts , i l lu s t r a te d  in  F ig u re s  32- 35. T h is 
w ill  be d is c u s se d , tak in g  the effect of MgClg on frog  m u sc les  as an  exam ple.

* The lo g a rith m  of the  fo rm u la  t = — is :  lo g t = loga-n logC . T h is  is  an 
c n

equa tion  of the s tr a ig h t  line, w here n d e te rm in e s  the slope of the  line 
w ith  the  a b s c is s a  ax is, and lo g e  g ives the p o s itio n  of the lin e  in  the 
c o o rd in a te  sy s te m .
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FIGURE 32. Threshold  
re la tionsh ip  between the 
concentration of MgC12 
and the onset of m u scu la r 
narcosis  (according to 
Rozental', 1948).

The shaded a re a  r e p r e 
sents concentrations 
causing con trac tions. F o r  
fu rth e r deta ils, see  text.

Addition of th is  su b stan ce  to  R in g e r 's  
solution at f i r s t  had no effect on the m u s c le .  
Increasing  the  co n cen tra tio n  above 1% c a u s e d  
a rap id  d e c re a se  in the tim e  n e c e s s a ry  to  p r o 
duce com plete  n a rc o s is  (F ig u re  32). T he c u r v e  
drops at a lm o st a r ig h t angle and b re a k s  a t  
point c, a f te r  w hich fu r th e r  sho rten ing  of t h e  
tim e of n a rc o tiz a tio n  is  slow ed down. At th e  
point of the b re a k  (4% MgCLg), com plete  n a r 
co s is  o c c u rre d  a f te r  20 m in u tes , while a t a  
1% co n cen tra tion  the m u sc le  surv ived , a s  d id  
the contro l, fo r  about th re e  days. In o th e r  
w ords, with a g ra d u a l in c re a se  in  c o n c e n t r a t io n  
of MgCl^, i ts  n a rc o tic  e ffec t in c re a se d  s u d d e n ly ,  
and not, as  in the su b stan ces  i l lu s tra te d  in  F i g 
u re  31, g rad u a lly . The cu rv e  re la tin g  th e  t i m e  
of onset of n a rc o s is  to  co n cen tra tio n  w as o f  t h e  
sam e n a tu re  fo r a ll  the 13 chem ica l a g e n ts  
studied (F ig u re s  33-35). The low er po in t o f 
i ts  in flection  (c in F ig u re  32) at w hich n a r c o s i s  
of the m u sc le  f i r s t  s ta r te d  is  of sp e c ia l i n t e r e s t .  
We sh a ll c a ll  th is  point the  th re sh o ld  c o n c e n t r a 
tion, and the n a rc o tic  ac tio n  of th is  type w e  
sh a ll ca ll the  th re sh o ld  ac tion , as  d is t in c t  f r o m  
the non th resho ld , g ra d u a l one i l lu s tra te d  in  
F ig u re  31,

Ushakov, studying th ese  two typ es of c e ll  n a rc o s is ,  s t r e s s e d  th e  f a c t  
that the nonthreshold  type is  alw ays o b se rv ed  when the  ch em ica l agen t 
concerned is  a m etabolic  inh ib ito r, pa ra ly z in g  som e link of in t r a c e l lu la r  
m etabolism . H is theo ry  w as that in  the case  of th re sh o ld  ac tion , m e ta b o l i c  
reac tions d irec ted  tow ards r e p a ir  of dam age cau sed  by the po ison  s t a r t e d

58 im m ediately when the n a rc o tic  en te red  the  p ro to p la sm , th e se  r e a c t io n s  b e 
ing f i r s t  of a ll  d irec ted  to w ard s r e p a ir  of d en a tu ra tio n  changes in  n a t iv e  
pro teins. As long as the concen tra tions of the  p o isons w e re  not too h ig h , 
the ce ll m etabolism  could cope with them . The c e ll could adapt to  th e  a c 
tion of the poison, and the m u sc le  f ib e rs  did not lo se  th e ir  e x c ita b ility  in  
its p resence. When the co n cen tra tion  of th e  po ison  reach ed  a c e r ta in  c r i 
tic a l level, adaptation  of the ce ll becam e im p o ss ib le ; m e tab o lism  c o u ld
not ’’co rrec t"  the p ro te in  dam age caused  by the  poison , and the  c u rv e  o f  
tim e of onset of n a rco s is  dropped steep ly , N о nexc it  ab ility  of the  m u s c le  
fiber began to develop quickly, a t f i r s t  being re v e r s ib le  and la te r  i r r e v e r s i b l e .

59 Ushakov n ice ly  explained the th re sh o ld  n a tu re  of the n a rc o tic  a c t i o n ,  
whereby th is  value ought to  b e  de term ined  by the  lim it of adap ta tion  of 
protoplasm  to the poison*.

* Ushakov (Lopatina, Ushakov, Shapiro, 1953) put fo rw ard  the  th e o ry  t h a t  a t  
concentrations above the lim it of adap ta tion  (shaded  a r e a  in  F ig u re  3 2 ) , th e  
velocity  of onset of non ex c itab ility  is  d e te rm in ed  only by d e n a tu ra tio n  o f  
protoplasm  p ro te in s . The re la tio n sh ip  betw een  th is  and the po ison  c o n t e n t  
of the solution is  given by the se c to r  cd in  F ig u re  32. A ccord ing  to U sh a lc o v , 
if m etabolism  cea se s  com pletely , the th re sh o ld  c u rv e  should t r a n s f o r m  
into the stra ig h t line acd, and thus becom e s im ila r  to  the  o th e r n o n th r e s h o l :  
curves in F ig u re  31,
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FIGURE 33. R e la tio n sh ip  betw een  co n cen tra tio n  
of the su b stan ce  and (a) onse t of nonexcitab ility ;
(b) change in  s ta in in g  pow er of frog  m u sc le s

А-K C l;  B -N a C l; C -C a C l2 ; D -B aC lg .
The shaded a r e a  r e p r e s e n ts  co n cen tra tio n s causing  
co n trac tio n s  (A , B—acco rd in g  to  N asonov and 
Suzdal'skaya, 1948, C ,D —acco rd in g  to  R o sen ta l1, 
1948)

If, how ever, the po iso n  a c ts  a s  a specific  in h ib ito r, su p p ress in g  
m etab o lism  a lread y  a t low co n c e n tra tio n s , r e p a ir  of p ro to p lasm  dam age 
does not take  p lace, and a g ra d u a l in c re a se  in  dam age is  o bserved  with 
the  in c re a se  in  the dose of po iso n  (F ig u re  31).

so Since our a im  w as to  co m p are  c e ll dam age and the o n se t of excita tion ,
it  w as m uch m o re  convenien t to  u se  su b stan ces  of th re sh o ld  ac tio n  fo r th is  
p u rp o se  than  su b stan ces  showing g ra d u a l action . With the  th re sh o ld  m e c h a 
n ism , the  d iffe ren tia tio n  betw een  the  co n cen tra tio n s  w here  no dam ages o ccu r 
and those at w hich they  do a p p e a r can  be seen  w ith  c e rta in ty .

The effect of c e r ta in  th re sh o ld  su b stan ces w ill be d is c u s se d  in  g r e a te r  
d e ta il. T able 10 and F ig u re  35 (A) show the  co n cen tra tion  of e thy l alcohol 
w ithin the  th resh o ld  re g io n  of n a rc o s is  to  be 9%. Above th is  lev e l, a lcoho l 
a c ts  a s  a  n a rc o tic , i  .e._, it  re d u c e s  the  m u sc le  in  a  sh o rt t im e  to  a  com plete  
s ta te  of nonexcitab ility .
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FIG U RE 34. R e la tio n sh ip  be tw een  c o n c e n tra tio n  
of the su b s ta n c e  and (a) onse t of n o n e x c ita b ility ;
(b) change in  s ta in in g  of fro g  m u sc le

A—HCl; B —NaOH; C—dilu tion  of R in g e r 's  so lu tion  
w ith w a te r ;  D—quin ine h y d ro c h lo r id e . R em ain ing  
legend—a s  in  F ig u re  33.
(A—a c c o rd in g  to  N asonov and S u z d a l 'sk a y a , 1948;
B —a cco rd in g  to  S u z d a l 'sk a y a , 1948; C—acc o rd in g  
to G av rilo v a , 1948; D —acco rd in g  to  N asonov  and 
R o z e n ta l1, 1948).

Indeed, 72% a lco h o l c a u se s  n a rc o s is  a f te r  an  a v e ra g e  of 3.3 m in u te s , 
61 D ec rea s in g  the a lcohol c o n c e n tra tio n  by h a lf  (36%) c a u se s  an in c re a se  in 

n a rc o tiz a tio n  tim e  by only 1.73 (5.7 m in u tes). On fu r th e r  halv ing  of the 
c o n cen tra tio n  (18%), the tim e  of o n se t of n a r c o s is  (9 m inu tes) in c re a s e s  
1.6 tim e s . On ad d itio n a l tw ofold d ilu tion  (9%), t im e  of n a rc o tiz a tio n  (68 
m in u tes) in c re a s e s  a p p ro x im a te ly  seven fo ld , b u t upon su b seq u en t tw ofold 
d ilu tion  th e re  is  a  g r e a t  in c re a s e  in  the  t im e  n e c e s s a r y  fo r  com ple te  lo ss  
of ex c itab ility . At th is  c o n c e n tra tio n  (4.5%), th e  m u s c le s  su rv ived  on the 
av e rag e  7,632 m in u te s  (127 h o u rs ) , i. e ., m o re  th an  100 t im e s  lo n g er th an  
in  the p rev io u s c o n c e n tra tio n s , and som ew hat l e s s  th an  the  co n tro ls .

F ig u re  35, A, show s v e ry  c le a r ly  th is  s te e p  th re sh o ld  p ro je c tio n  of th e  
n a rc o tiz a tio n  cu rv e  from  4.5% a lco h o l to  9% alcoho l* .

* It is  not d ifficult to  u n d e rs ta n d  th a t th e  th re s h o ld  n a tu re  of the e ffec t of 
m a c ro m o le c u la r  su b s ta n c e s  slow ly d iffusing  in to  the  depth  of the m u sc le  
w ill be m ask ed  w hen w hole m u s c le s  a r e  u se d . In th e s e  c a s e s  e ith e r  i s o 
la ted  f ib e rs  o r  v e ry  th in  m u s c le s  c o n s is tin g  of two ro w s of f ib e rs  sh o u ld  
be used.
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FIG U R E 35. R ela tionsh ip  betw een  the co n 
c e n tra tio n  of the  substance  and (a) tim e  of 
onse t of nonex c itab ility ; (b) change in  s ta in 
ing pow er of fro g  m u sc le s

A—eth y l a lco h o l; B —Iso -a m y l a lcohol; C—eth y l 
e th e r ;  D —c h lo ra l  h y d ra te ; re m a in in g  legend 
a s  in  F ig u re  33. (A, C—acco rd in g  to  N asonov 
and S u z d a l 'sk a y a , 1948; B—acco rd in g  to 
N asonov, 1948a; D—acco rd in g  to  Z elenkova, 
1949).

The c o n c e n tra tio n  of 9% co rre sp o n d s  to  the  th re sh o ld  of the  lim it of 
adap ta tion . T h is  is  fo llow ed by a c o n cen tra tio n  a r e a  in  w hich n a rc o s is  
o c c u rs  v e ry  ra p id ly  and i s  p robably  d e te rm in ed  only by the  v e lo c ity  of d e 
n a tu ra tio n  of p ro to p la sm  p ro te in s .

The su b th re sh o ld  c o n cen tra tio n  of a lcoho l (4.5%) lo ca ted  on the v e ry  
b o rd e r  of ra p id  d e c re a s e  in  ex c itab ility  is  of sp e c ia l  in te r e s t .  In o u r e x 
p e r im e n ts  the u se  of th is  c o n cen tra tio n  re s u lte d  in an  a p p ro x im a te ly  s im ila r  
s u rv iv a l tim e  of m u sc le s  a s  in  the c o n tro ls . K iro  (1954) who s tud ied  th is  
zone, fu r th e r  o b se rv e d  th a t  when m u sc le s  w e re  taken  from  f r e s h  fro g s and 
im m e rse d  in su b th re sh o ld  co n cen tra tio n s  of c e r ta in  n a rc o tic s  (a lcoho l, 
u re th an e , c h lo ra l  h y d ra te , and o th e rs)  added to  R in g e r’s so lu tio n , they 
lived  longer th a n  in  p u re  R in g e r 's  so lu tion . T he su rv iv a l tim e  of m u sc le s  
in a  su b th resh o ld  c o n c e n tra tio n  of a lcoho l in c re a se d  tw ofold a s  co m p ared
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to the co n tro l (F ig u re  36). T he re a so n  fo r th is  in c re a s e d  su rv iv a l tim e 
is  not ye t c le a r . T he in v es tig a tio n  show ed th a t the  n a rc o tic  action  of a ll 
the a lcohol co n cen tra tio n s  (ex cep t 72%) w as r e v e r s ib le .  T hus, if the dam 
aging effect w e re  a s s e s s e d  by the speed  of o n se t o f com ple te  n a rc o s is , 
ethyl alcohol a c ts  a s  a dam aging agent, s ta r t in g  from  co n cen tra tio n s  above 
9%.

E ffec t of e th y l a lco h o l on frog  m u sc le s  (acco rd in g  to  
N asonov and S u zd a l1 skay a, 1948)

T a b l e  10

C oncentration  
p e r  volum e, %

T im e  of onse t of 
n on ex c itab  i lity  - 
n a rc o s is ,  m in

M agnitude of 
c o n tra c tio n , m m

In c re a se  in s ta in 
in g -p a ra n e c ro s is , 

(% of con tro l)

0 7962 0 0
4.5 7632 0 - 5.5
9.0 68 3.1 + 29.1

18.0 9.0 9.5 + 63.6
36.0 5.7 21.6 + 172.3
72.0 3.3 22.2 + 430.3

R em ark : E ach n u m b er in  th is  and in  the su b seq u en t ta b le s  r e p re s e n ts  an  
a rith m e tic  m ean  of the  r e s u l t s  of 5 -12  e x p e rim e n ts .

An a ttem p t w as m ade to  a s s e s s  the d e g re e  of p a ra n e c ro s is  due to  
vary ing  co n cen tra tio n s  of e th y l a lco h o l by th e  so rp tio n  m ethod  of dyes. 
This w as not p o ss ib le  b e c a u se  a lco h o l in te r f e r e s  w ith  the s ta in in g  of liv ing

62 and dead su b s tra te , a t p re c is e ly  tho se  c o n c e n tra tio n s  a t w hich th e se  ag en ts  
begin  to ac t a s  n a rc o tic s  (N asonov and A lek san d ro v , 1937). We w ere  
th e re fo re  fo rced  to  exam ine  m u sc le s  t r e a te d  w ith  the  a lcoho l so lu tion , and  
subsequently  rap id ly  r in se d  w ith  R in g e r 's  so lu tio n . U nder th e se  cond itions 
p a r tia l  r e p a ir  m ight have tak en  p lace , w hich had to  h e  ig n o red , a ssu m in g  
that during th is  s h o r t  in te rv a l  the  r e p a i r  w as m in im a l.

The re s u lts  of th e se  e x p e rim e n ts  a re  show n in T ab le  10 and in  F ig u re  
35, A (cu rve  b). E thyl a lcoho l in  c o n c e n tra tio n s  up to  4.5% did not a ffe c t 
the binding of the dye to  any c o n s id e ra b le  ex ten t (a  c e r ta in  d e c re a se  in  
sta in ing  at 5.5% w as o b se rv e d , w hich w as h o w ev er w ith in  the  lim it of e r r o r  
of the m ethod). S ta rtin g  a t 9%, a  p ro g re s s iv e  in c re a s e  in  s ta in ing  o c c u rs , 
ind icating  in c re a s in g  d am age of p ro to p la sm  w ith  in c re a s e d  co n cen tra tio n  
of the solution.

T hus, if dam age to  liv ing  s u b s tra te  w e re  a s s e s s e d  by in c re a se d  
s ta in ing  pow er, e th y l a lco h o l w ould be c o n s id e re d  a s  a  dam aging agen t and  
as a n a rc o tic , s ta r t in g  fro m  th e  sam e  c o n c e n tra tio n  (9%).

In o rd e r  to  find  the  c o n cen tra tio n  of e th y l a lco h o l a t w hich it b e c o m e s
63 a physio log ica l s tim u la n t, e x p e rim e n ts  w e re  p e r fo rm e d  on m u sc le s  on th e  

b a s is  th a t m u sc u la r  c o n tra c tio n s  m ay be c o n s id e re d  a s  a  sum m ation  of 
s tab le , nonfluctuating lo c a l ex c ita tio n .
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FIGURE 36. R e la tio n 
ship betw een  the co n 
c e n tra tio n  of e thy l a l 
cohol and on se t of non 
ex c itab ility  (acco rd in g  
to  K iro , 1954).

The shaded  a r e a  r e 
p re s e n ts  c o n c e n tra 
tio n s  causing  co n 
tra c t io n . A ll the d a ta  
a re  g iven in  lo g a r ith 
m ic s c a le s

Λ

FIGURE 37. A c
tion  of v a rio u s  
con cen tra tio n s 
of ethyl alcohol 
on m yogram s of 
the  s a r to r iu s  
m u sc le  of the 
frog  (accord ing  
to  N asonov and 
Suzdal 'skaya , 
1948)

A—4.5%; B-e%; 
C—18%; D—36%; 
E—72%.

A s in the  e x p e rim e n ts  on binding of dye, a lcoho l of le s s  th an  4.5% 
did no t cause  any c o n tra c tio n s . T he f i r s t ,  v e ry  w eak, but defin ite ly  c le a r 
cu t c o n tra c tio n s  appeared  in  a ll the e x p e rim e n ts  only a t a 9% co n cen tra tio n  
(T ab le  10, F ig u re  37). T h e ir  m ean  m axim um  heigh t, m easu red  on the 
m y o g ram , w as 3.1 m m  (a t a  ra t io  be tw een  the  a rm s  of the m yograph lev e r 
of 1:5). E igh teen  p e rc e n t a lco h o l a lso  cau se d  c o n tra c tio n s  in a ll  c a se s , 
b u t th e i r  av e rag e  he ight w as 9.5 m m . W ith 36% alcoho l, the average  height 
w as 21.6 m m , and, fin a lly , w ith  72% a lco h o l, 22.2 m m  (F ig u re  37). The 
conclusions on co m p arin g  th e s e  d a ta  w ith  th o s e  ob tained in studying n a r 
c o s is  w ere  th a t :  on p ro g re s s iv e  in c re a s e  in  the  co n cen tra tio n  of e th y l 
a lcoho l, the th re sh o ld  of i t s  n a rc o tic  e ffec t co inc ides exac tly  w ith  the 
th re s h o ld  of i ts  e ffec t as a  s tim u la n t cau s in g  co n trac tio n . W ith fu r th e r  
in c re a s e  in co n cen tra tio n , th e  r a te  of o n se t of com plete  n a rc o s is  and 
the  m agnitude of c o n tra c tio n s  in c re a s e  in  a  p a ra l le l  fashion. S ta rtin g  
fro m  the  sam e th re sh o ld , a  p ro g re s s iv e  in c re a s e  in p a ra n e c ro s is  of 
th e  living s u b s tra te  w as a ls o  seen.
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FIGURE 38. E ffec t of d if
fe re n t co n cen tra tio n s  of 
e thy l e th e r  on m y o g ram s 
of the  s a r to r iu s  m u sc le  of 
frog  (acco rd ing  to  N asonov

64  and S u zd a l'sk ay a , 1948)

A—2.5%; B~5%; C -10% .

F u r th e r  e x p e r im e n ts  w e re  p e rfo rm ed  
by the sam e  techn ic , u s in g  ethy l e th e r . C on
c e n tra tio n s  of 10, 5, and 2.5% p e r  volum e 
(e th e r  is  in so lu b le  above 10%) w ere  u sed . 
The r e s u l t s  a r e  g iven  in T ab le  11 and in 
F ig u re  35, C.

By o b se rv in g  the onse t of nonexcitab ility , 
the  th re sh o ld  c o n c e n tra tio n  (5%) w as found. 
At th is  co n cen tra tio n , co m p le te  n a rc o s is  o c 
c u r r e d  on the a v e ra g e  a f te r  BO m in u te s  (six  
t im e s  s lo w er th an  in  the  next two h ig h e r co n 
c e n tra tio n s ) . H o w ev er, a t a co n cen tra tio n  
Ξ.5 t im e s  lo w er the  m u s c le s  lo s t e x c itab ility  
a f te r  5,550 m in u te s , i .e . ,  a f te r  a tim e  perio d  
a lm o s t 100 tim e s  lo n g e r. N a rc o s is  w as free ly  
r e v e r s ib le  a t a ll  c o n c e n tra tio n s . A s in  the 
c a se  of a lcoho l, no d is t in c t  c o n tra c tio n s  
w e re  o b se rv ed  below  th e  th re sh o ld  co n cen 
tr a t io n s ,  bu t in  a l l  c a s e s  5% e th e r  cau sed  
c le a r  c o n tra c tio n s  w ith  no la te n t p erio d , 
re a c h in g  a m ax im um  a f te r  10-20 m in u tes  
(F ig u re  38).

T h u s , e th y l e th e r  a c te d  on m u sc le s  
w ith  the sam e  r e g u la r i ty  a s  a lcoho l. In bo th  

c a s e s  the  th re sh o ld  fo r  n a rc o s is  co in c id ed  w ith th a t  of c o n tra c tio n s .
E x p e rim e n ts  on s ta in in g  a f te r  n a rc o s is  w ith  e th y l e th e r  w e re  p e r 

fo rm ed  in  exactly  the  sa m e  m a n n e r a s  w ith a lco h o l (T ab le  11). A s tro n g  
in c re a se  in  s ta in ing  pow er (178.2%) w as again  o b se rv e d  at the  th re sh o ld  
c o n cen tra tio n  (5%). T he next c o n c e n tra tio n  (10%) g av e  a p p ro x im a te ly  the  
sam e e ffec t. H ow ever, in th e  c a se  of e th e r , th e  su b th re sh o ld  c o n c e n tra 
tio n  (2.5%) a lso  cau sed  a  n o tic e a b le , a lthough m u ch  w eak er, in c re a s e  in 
s ta in in g  (43.1%).

To sum  up, e th y l a lco h o l c a u s e s  p a ra n e c ro s is  of the s u b s tra te  even 
at su b th resh o ld  c o n c e n tra tio n s , bu t a  sh a rp  in c re a s e  in  p a ra n e c ro s is  is  
o b se rv ed  on ap p ro ach in g  the  th re s h o ld  c o n c e n tra tio n  o r  exceed ing  it.

T he effect of a  n e u tra l  s a l t  (NaCl) w ill now b e  c o n s id e re d . T he e x 
p e r im e n ts  w ere  s im i la r  to  th o se  p e rfo rm e d  above. R in g e r 's  so lu tion  
w ith an  in c re a se d  c o n cen tra tio n  of N aC l s e rv e d  a s  th e  s tim u la n t; the  r e 
m ain ing  com ponents of the  so lu tion  w e re  not changed . Solu tions c o n ta in 
ing th e  following c o n c e n tra tio n s  of N aC l w e re  e m p lo y ed : 0.65% (R in g e r 's  
so lu tion  (1R), co n tro l), 1.3% (2R), 2.6% (4R), and 5.2% (8R). T he r e s u l ts  
a r e  show n in T ab le  12 and in  F ig u re  33B ,

F ro m  the  data  in  T ab le  12, it  w ill be seen  th a t  th e  th re s h o ld  n a rc o tic  
co n cen tra tio n  w ithin the  ra n g e  em ployed  w as 2.6% N aC l (4R), C om ple te  
n o n ex c itab ility  se t in  on the  a v e ra g e  a f te r  48 m in u te s , w hile  a t a  su b th re sh -  
old c o n cen tra tio n , the  m u sc le s  lo s t  th e i r  e x c ita b ility  only  a f te r  1,235 m in 
u tes, i.e ., 26 tim e s  m o re  slow ly. The n a rc o tic  e f fe c t of a ll  the  so lu tio n s  
w as e a s ily  r e v e r s ib le .

A s in  th e  c a se  of a lco h o l and e th e r , the  su b th re sh o ld  n a rc o tic  c o n 
c e n tra tio n  of N aC l (1.3%) n e v e r  cau se d  c o n tra c tio n , w h ile  a t the  th re sh o ld  
co n cen tra tio n  (2.6%) a  weak, b u t n e v e r th e le s s  c le a rc u t  c o n tra c tio n  (4 m m
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av erag e ) w as o b se rv ed  in  a l l  the  e x p e rim en ts . An eigh tfo ld  co n cen tra tio n  
a lw ays led to  pow erfu l co n tra c tio n , on the  a v e rag e  e leven  tim e s  g re a te r  
th an  the  th resh o ld .

E ffec t of e thy l e th e r  on frog  m u sc le s  (acco rd in g  to 
N asonov and S u zd a l'sk ay a , 1948)

T a b l e  11

C one e nt ra t  i on 
p e r  volum e, %

T im e of o n se t of 
non ex c itab  ility  -  
n a rc o s is ,  m in

M agnitude of 
co n trac tio n , m m

In c re a se  in s ta in 
in g -p a ra n e c ro s is , 

(% of con tro l)

0 5880 0 0
2.5 5550 0 + 43.1
5.0 60 59.5 + 178.2

10.0 10 106.5 + 178.7

E ffec t of N aC l on fro g  m u sc le s  (acco rd in g  to
N asonov and S u zd a l'sk ay a , 1948)

T a b l e  12

W eight concen
tra tio n , %

T im e of onse t of 
non ex c itab  i lity  -  
n a rc o s is ,  m in

M agnitude of 
co n trac tio n , m m

In c re a se  in  s ta in 
in g -p a ra n e c ro s is , 

(% of con tro l)

0.65 (1R) 5867 0 0
1.3 (2R) 1235 0 + 10.6
2.6 (4R) 48 4.0 + 32.1
5.2 (8R) 6 45.0 + 122.4

65 The specific  fe a tu re  of the  co n trac tio n s  cau sed  by NaCL w as th a t w ith
th e ir  ap p earan ce , a  v a r ia b le  num ber of ind iv idual tw ich ln g s w e re  o b se rv ed  
w hich la te r  d isap p ea red . D zham usova and P onom arenko  (1954) showed 
th a t th e se  tw itch ings a r e  th e  r e s u l t s  of ind iv idual im p u lse s  rem a in in g  in 
n e rv e  f ib e rs . If the  fro g  m u sc le s  w e re  p rev io u sly  d en erv a ted  and p e r i 
p h e ra l  s e c to rs  of the  m o to r n e rv e  w e re  allow ed to  d e g e n e ra te , th e re  w e re  
no iso la ted  tw itch ings on the  m y o g ram s, although the  sm ooth  c o n tra c tio n s  
ap p ea red  at the  sa m e  co n c e n tra tio n s  w ithout a  la ten t p e rio d * . E x p e rim e n ts  
w ith  sta in ing  have shown (T ab le  12 and F ig u re  33B ) th a t v e ry  w eak  p a ra n e -  
e ro tic  changes (av e rag e  in c re a s e  in  sta in ing  of 10.6%) w e re  p re s e n t  a t the

* C onsequently, in  c a s e s  w h e re  the  agen t used  c a u se s  fre q u e n t s e p a ra te  
tw itchings of m u sc le s  it  is  im p o rta n t to  e lu c id a te  w heth er th e se  depend 
upon d ire c t co n tra c tio n  of m u sc le  f ib e rs , o r  on s tim u la tio n  of th e  r e 
m ain ing  n e rv e  f ib e r s .
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su b th resho ld  c o n c e n tra tio n , w hile a  s tro n g  in c re a s e  in s ta in in g  pow er 
began a t the  th re sh o ld  (+32,1% ) and in c re a se d  to  122,4% at a  co n cen tra tio n  
of 5.2%—8R.

T hus, a s  in  the  p re v io u s  c a s e s ,  the  th re sh o ld  of the  n a rc o tic  e ffec t 
of NaCl co incided  ex ac tly  w ith the  th re sh o ld  a p p e a ra n c e  of c o n tra c tio n s , 
i, e ., w ith tho se  c o n c e n tra tio n s  a t w hich N aC l began  to  a c t a s  a p h y sio 
logical s tim u lan t, causing  a  s ta te  of s tab le  e x c ita tio n  in  the m u sc le s , 
P a ra n e c ro tic  changes of the  s u b s tra te  a lso  a p p e a re d  at su b th re sh o ld  co n 
ce n tra tio n s , in c re a s in g  p ro g re s s iv e ly  w ith  h ig h e r  N aC l c o n c e n tra tio n s .

KC1 is  a f in a l exam ple  of the  ac tio n  of a n e u t ia l  s a l t .  It is  of in te r e s t  
because, like NaCl, it  i s  an  in g re d ie n t of R in g e r 's  so lu tio n , although in m uch 
low er co n cen tra tio n . I ts  th re sh o ld  c o n c e n tra tio n s  a r e  c o rre sp o n d in g ly  
low er. In o rd e r  to  study the  e ffec t of KC1, the sa m e  m ethod  w as u sed  a s  
in the above s e r ie s ,  R in g e r ’s so lu tio n  in w hich only  th e  c o n cen tra tio n  of 
KC1 was in c re a se d  w as em ployed  a s  s tim u la n t. T he fo llow ing s e r ie s  of 
co n cen tra tio n s w as u sed : 0,15, 0.3, 0,6, 1.2, and 2.4%, T he ~ esu its  a re  
illu s tra te d  in  Table 13 and in  F ig u re  33 A, fro m  w hich  i t  w ill be seen  th a t 
in the case  of KC1, th e re  w as a  c l e a r  th re sh o ld  of n a rc o tic  ac tio n  a t a 
co n cen tra tion  of 0.3%.

The n a rc o tic  e ffec t of p o tass iu m  c h lo r id e  w as re v e r s ib le  a t a ll  th e  
dilu tions stud ied . H e re , too , c o n tra c tio n s  a p p e a re d , beg inn ing  w ith the  
n a rco tic  th re sh o ld  d o se , in c re a s in g  p ro g re s s iv e ly  w ith  h ig h e r  co n cen tra tio n . 
It was c h a ra c te r is t ic  of p o tassiu m -in d u ced  c o n tra c tio n s  th a t th ey  o c c u r re d  
instan taneously , re a c h in g  a  m ax im um  a f te r  1-2 m in u te s , and subsequen tly  
d ec rea s in g , so m e tim es  to  the  in i t ia l  lev e l (F ig u re  40). A s in p rev io u s  
c a s e s , p a ra n e c ro tic  changes w e re  p re s e n t  to  a s m a l l  ex ten t a t the  sub
th re sh o ld  dose ( in c re a s e  in  sta in in g  of 11% on th e  a v e ra g e ), b u t re a c h e d  
a co n sid e rab le  v a lue  (+27%) at th e  th re sh o ld  c o n c e n tra tio n  (0,3%).

T hus, KC1 ac ted  lik e  th e  o th e r  ag en ts . It w a s  a  p h y sio lo g ica l s t im u 
lant, a  n a rc o tic , and an  agen t cau s in g  a l te ra t io n s  in  p ro te in s , s ta r tin g  
from  the  sam e  c o n c e n tra tio n s . F in a lly , h y d ro c h lo r ic  ac id  w as d ilu ted  w ith  

66R in g e r 's  so lu tion , b e in g  p a r t ia l ly  n e u tra liz e d  by c a rb o n a te . So lu tions of 
0,02, 0.01, 0.005, and 0.0025 N c o n c e n tra tio n s  w e re  em ployed  (T able 14 
and F ig u re  34 A).

U nder the  g iven  co n d itions of d ilu tion  the  n a rc o tic  th re sh o ld  of HC1 
w as 0.005 N. C o n tra c tio n s  o b se rv e d  a t th is  c o n c e n tra tio n  w e re  of quite 
co n sid e rab le  he ight (33 m m  a v e ra g e )  and re a c h e d  88 m m  on the  av e rag e  
in 0.02 N so lu tio n s. F ig u re  41 c le a r ly  show s th a t  a l l  th e  c o n tra c tio n s  
caused  b y  HC1 show ed tw o p eak s .

T he e x p e rim e n ts  show ed th a t a  sm a ll  in c re a s e  in  s ta in in g  (+ 7.2%) 
w as seen  a t su b th resh o ld  c o n c e n tra tio n s  of HC1 (0.0025 N), w hile the  
th resh o ld  co n cen tra tio n  cau se d  an  in c re a s e  of 87,8%.

T hus, the  law s ap p licab le  to  the  ac tio n  of e th y l a lco h o l, e th e r , N aC l 
and KC1 on m u sc le s , a lso  apply  to  h y d ro c h lo r ic  ac id .

In addition to  th e se  su b s ta n c e s , a  fu r th e r  s e r i e s  of ag e n ts  having a  
th resh o ld  effect w e re  in v e s tig a te d . T h e se  inc luded  th r e e  b iv a le n t c h lo r id e s - 
C aC l„, B aC l2 , and MgCL-, (R o zen ta l’, 1948); an  a lk a l i—NaOH (Suzdal1 sk ay a , 
1948b); sodium  s a l ts  of B r  and SO^; and c h lo r id e s  of R b, C s , and Li 
(Suzdal1 skaya , 1952); hypo ton ic ity , i .e . ,  R in g e r’s so lu tio n  d e fic ien t in  so d 
ium ch lo rid e  (G av rilo v a , 1948); qu in ine h y d ro c h lo rid e  (N asonov and 
R o zen ta l’, 1948); iso a m y l a lco h o l (N asonov, 1948a), and  c h lo ra l  h y d ra te
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(Z elenkova, 1949). A ll th e s e  agen ts w e re  of a  d iffe ren t n a tu re , and so m e
t im e s  even of opposite  p h y sico ch em ica l c h a ra c te r  (as, fo r exam ple, a lka li 
and ac id , ex cess  of N aC l and lack  of it). But, as  w ill be seen  f ro m  F ig u re s  
32-35, the e f f e c t is th e  sam e ; p a ra n e c ro s is ,  n a rc o s is , and s tim u la tio n  take 
p lace  in m usc les w ith  the sam e  o r  v e ry  s im i la r  d o ses.

E ffec t of KC1 on frog  m u s c le s  (acco rd ing  to 
N asonov  and S u z d a l'sk a y a , 1948)

T a b l e  13

W eight concen
tra tio n , %

T im e of onse t of 
no nex c it  ab i lity  - 
n a rc o s is ,  m in

M agnitude of 
c o n tra c tio n , mm

In c re a se  in  s ta in 
in g -p a ra n e c ro s is , 

(% of con tro l)

0 2760 0 0
0.15 1128 0 + 11
0.30 38 28 + 27
0.60 17 56 + 30
1.20 7 94 + 40
2.40 4 98 + 42

E ffec t of HC1 on frog  m u s c le s  (acco rd ing  to  
N asonov and S u zd a l’sk ay a , 1948)

T a b l e  14

C oncen tra tion  in 
g equiv / 1

T im e of onse t of 
nonexc itab  ility  - 
n a rc o s is ,  m in

M agnitude of 
c o n tra c tio n , m m

In c re a se  in  s ta in 
in g -p a ra n e c ro s is , 

(% of con tro l)

0 5817 0 0
0.0025 977 0 + 7.2
0.005 66 33 + 87.8
0.01 31 55 + 85.5
0.02 16 88 + 77.7

N o te s : 1—In the  p re s e n t  ta b le , the c o n c e n tra tio n s  of the ac id  a r e  given 
without tak ing  in to  accoun t n e u tra liz a tio n  b y  ca rb o n a te .
2—F o r  the  d e te rm in a tio n  of the  m agn itude  of co n trac tio n , the f i r s t  
peak w as m e a su re d .

The ru le  ap p lie s  no t only to  c h e m ic a l s tim u la n ts  but to  so m e ex ten t 
to  such ph y sica l ag en ts  a s  h igh h y d ro s ta tic  p r e s s u r e  and sound. T h is is  
w e ll seen  in  F ig u re  13, w h e re  th e re  i s  a  sh a rp  in c re a s e  in  v i ta l  s ta in ing  
of m u sc le s  in the  re g io n  of 85-100 db, w h ile  sonic  c o n tra c tio n s  a p p e a r a t 
90 db.
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67 A ccord ing  to G olovina (1955a), c o n s id e ra b le  in c re a s e  in  s ta in ing  of
m u sc le s  ta k e s  p lace in the  zone of p r e s s u r e s  of 400 a tm o sp h e re s . A c
co rd ing  to Ebbecke and H asen b rin g  (1935) m u sc le  c o n tra c tio n s  a lso  a p p ea r 
a t th is  p re s s u re .

FIGURE 39. E ffect 
of v a rio u s  concen
tra t io n s  of NaCl on 
m y o g ram s of the 
s a r to r iu s  m u sc le  
of the  fro g  (acco rd 
ing to  N asonov and 
S u zd a l'sk ay a , 1948)

A—1.3% (2R); 
B—2.6% (4R); 
C—5.2% (8R).

V ery  in te re s tin g  data  w e re  ob tained  by Butkevich 
(1948), who t re a te d  frog  m u s c le s  w ith in c re a se d  
te m p e ra tu re . She o b se rv e d  th a t m u sc le  im m e rse d  
in  R in g e r 's  so lu tion  a t 33° C show ed no t r a c e s  of 
co n tra c tio n  (F ig u re  42). O nly at 34°C did con trac tions 
a p p e a r , a t f i r s t  v e ry  w eak, and la te r  grow ing in  in 
te n s ity . F ig u re  43 show s ra p id  red u c tio n  in  the tim e  
of o n se t of n o n ex c itab ility  of m u s c le s  in th is  zone, 
i .e .  a  ra p id  developm ent of th e rm o n a rc o s is  ( r e 
fra c tiv ity )  and an  upw ard  t re n d  of the  sta in ing  cu rv e , 
in d ica ting  p a ra n e c ro tic  change in the  p ro to p la sm ic  
p ro te in s .

In p a r a l le l  e x p e r im e n ts , B u tkev ich  d e te rm in ed  
the  d iffe re n c e  be tw een  th e  e le c t r ic  p o ten tia ls  of the  
hea ted  and nonheated  p a r ts  of the  m u sc le . The r e 
s u lts  a r e  i l lu s t r a te d  in  F ig u re  44, fro m  w hich it can  
be seen  th a t hea ting  to  a p p ro x im a te ly  30° C did not 
c a u se  any n o ticeab le  d iffe re n c e  in  po ten tia l. L a te r ,  
a  c e r ta in  sh ift in  the  d ire c tio n  of p o s itiv e  p o ten tia l 
w as o b se rv ed  in  the h ea ted  p a r t ,  w hich m ay be e x 
p la ined  by p u re ly  p h y s ic a l co n d itio n s  of the  e x p e r i
m en t. S till  l a te r ,  s ta r t in g  f ro m  35° C, a  steep  r i s e  
of the  cu rv e  i s  seen , c o m p le te ly  co rre sp o n d in g  to  
th e  re g io n  of m u sc u la r  c o n tra c tio n s  and to  the re g io n  
of on se t of r e f ra c tiv ity .

The d iffe re n c e  in  p o te n tia l m igh t be c o n s id e red  
a s  the  in ju ry  po ten tia l, and as  the n ega tiv ity  of th e  
s tim u la te d  s e c to r .

D uring  an in c re a s e  in  in te n s ity  of a  g iven s tim u 
lu s  acting  on liv ing  s u b s tr a te ,  f i r s t ly  the  th re sh o ld  

reg io n  w ill be re a c h e d  a t w hich the agent s t a r t s  to  a c t a s  a  p h y sio log ica l 
s tim u lan t. T h is c a u se s  m u sc le  c o n tra c tio n s . N o n ex c itab ility  o r  n a rc o s is  
th en  a p p e a rs , accom pan ied  by p a ra n e c ro s is  in  the  p ro to p la sm  and e le c t r o 
negativ ity* . On fu r th e r  in c re a s e  in  the  in te n s ity , th e re  is  g ra d u a l in c re a s e  
in  the  m agnitude of the  c o n tra c tio n  and of the  v e lo c ity  of o n se t of n a rc o s is ,  
likew ise  in the deg ree  of p a ra n e c ro s is  and p o te n tia l  d iffe ren ce .

At f i r s t  s igh t th e se  co n c lu sio n s m ay  se e m  p a ra d o x ic a l. Instead  of 
the expected  sequence of exc ita tio n , n a rc o s is , and d am ag e  (the ru le  of 
A rndt-Schulz), th e re  is  an a lm o s t s im u ltan eo u s  a p p e a ra n c e  of dam age of 
the  su b s tra te , n a rc o s is , and s tab le  ex c ita tio n  in c re a s in g  in  d ire c t  p ro 
p o rtio n  to  the s tre n g th  of the  s tim u lu s . In o th e r w o rd s, excita tion .

* D zham usova (1957), in  our la b o ra to ry , s im i la r ly  analyzed  the e ffec t of 
v a r io u s  su b s ta n c e s  on sk e le ta l  m u sc le s , tak in g  in to  accoun t not only th e  
co n cen tra tio n s  of th e  su b s ta n c e s  w ith  the sa m e  d u ra tio n  of ac tion , but 
a lso  the tim e  the  m u sc le s  w e re  im m e rs e d  in  th e  so lu tio n s . She o b se rv ed  
th e  sam e  re a c tio n s  e x p re s se d  in  even  c le a r e r  fo rm .
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FIGURE 40. E ffec t of v a r 
ious co n cen tra tio n s  of KC1 
on m y o g ram s of the  S a r to r 
ius m u sc le  of the fro g  (a c 
co rd ing  to  N asonov and 
S uzdal1 skaya, 1948)

70
A—0,15%; B —0.3%; C -0 .6 % ; 
D—1.2%; E —2.4%.

dam age and n a rc o s is  a r e  only outw ard m an ife s ta tio n s  of one and the sam e  
condition  of the c e ll. T hey a r e  not co nsecu tive  p h ases .

H ow ever, a  ty p ic a l excita tion  wave 
of m u sc le  o r  n e rv e  f ib e r  is  in tim ate ly  linked 
w ith  the wave of re f ra c tiv ity . If the e x c ita 
tio n  wave could  be h a lted  and the f ib e r  stud ied  
s im u ltan eo u sly , it  would be found in deep n a r 
c o s is . T hus ex c ita tio n  and n a rc o s is  a re  
not m u tu a lly  e x c lu s iv e . On the c o n tra ry , they 
a re  in sep a rab ly  linked as a lte rn a tiv e s  of the 
sam e  phenom enon. G en era lly , when m u sc le  
is  n a rc o tise d  it  c o n tra c ts . During m u sc le  
stim u la tio n  c o n tra c tio n s  o ccu r under the in 
fluence  of e le c tr ic  c u rre n t. S im ultaneously  
a t th is  point, n o n ex c itab ility  develops, o r  
n a rc o s is  in  the  b ro ad  sen se  of th is  w ord ( c a 
thodic  d ep re ss io n ).

C u s to m arily  n a rc o s is  and ex cita tion  
a r e  re g a rd e d  as oppo sites , since  ac tiv ity  in  
any o rg an ism  i s  thought to  be due to  a l te r n a 
tio n  betw een  the  two. If a  s tab le , n o n o sc il
la tin g  s tim u lu s  (n a rc o s is )  is  in itia ted  w ith in  
any n e rv e  o r  m u sc le  f ib e r  o r  c e ll, the la t te r  
b ecom e nonconductive.

E xcita tio n  m a y p re c e d e  n a rc o s is , th is  be
ing the  b a s is  of th e  A rnd t-S chu lz  law. How
ev er, in re la t io n  to  ce ll n a rc o s is  the te rm  
" in c re a s e d  ex c itab ility "  should be used  in 
s te a d  of "s tim u la tio n "  o r  "ex c ita tio n " .

T hus, we c o n s id e r  th a t m u sc le  n a rc o s is  is  caused  not only by ty p ic a l 
n a rc o tic s , but a lso  by any n onspecific  s tim u la n ts , like  re fra c tiv ity  of a 
nonoscilla ting  s ta b le  s tim u lu s , e x p re sse d  e x te rn a lly  by con trac tion .

O ur co n c lusions re g a rd in g  m u sc le  c o n tra c tio n s  a r e  v e ry  s im ila r  to , 
if not id en tica l w ith , tho se  on ex c ita tio n  and n a rc o s is , fo rm ula ted  by 
the  au th o r of the th e o ry  of p a ra b io s is , b a sed  on s tu d ie s  m ain ly  of n e rv e  
conduction. V vedensk ii (1901) and la te r  U khtonaskii (1904) and R usinov 
(1936) a ttem pted  to  re la te  c e r ta in  ty p es  of m u sc le  co n trac tio n  (i.e . id io 
path ic , e tc .)  w ith  p a ra b io s is  of the  n e rv e . T h e se  concep ts w ere  n e ith e r  
developed n o r co n firm ed . M ore re c e n tly  d a ta  supporting  such a  r e la t io n 
ship w ere  p roduced  by K vasov (1949), U shakov (1952a, 1952b), U shakov 
and C herepanova (1952), and Zhukov (1956).

V v d en sk ii's  id e a s  have h ith e r to  not b een  un d ersto o d  e ith e r  ab ro ad , 
o r in the U .S.S.R ,, p ro b ab ly  b ecau se  h is  s tu d ie s  w e re  based  on a  n e rv e  
w hich upon ex c ita tio n  did no t p ro d u ce  any ap p a ren t e x te rn a l activ ity .

It is  not so ea sy  to  ag ree  th a t the p a ra b io tic  seg m en t of the nerve, 
seem ing ly  c h a ra c te r iz e d  only by negative  a t tr ib u te s  ( lo ss  of exc itab ility , 
lo s s  of ab ility  to  conduct im p u lse s , e tc .) , is  a  s tim u la te d  s e c to r . M any 
o b s e rv e rs , even am ong the  s u p p o r te rs  of V v ed en sk ii1 s th e o ry , accep t th is  
b a s ic  th e s is  in  i t s  r e la t iv e  s e n se , em p hasiz ing  th a t p a ra b io s is  i s  e i th e r  
"s tim u la tio n  of a  sp e c ia l k ind", o r  "o v e rs tim u la tio n " .

The a s s e r t io n  th a t th e  n a rc o tiz e d  s e c to r  of m u sc le  i s  in a s ta te  of 
s tab le  excita tio n  is  m uch m o re  obvious. Indeed, if the o bserved  ru le  is
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FIGURE 41. E ffect 
of v a r io u s  c o n c e n tra 
tio n s  of HC1 on the 
m y o g ram s of the S a r
to r iu s  m u sc le  of the 
fro g  (acco rd ing  to 
N asonov and 
S u zd a l1 skaya, 1948)

A—0.0025 N; B -0 .0 0 5 N ; 
C -0 .0 1  N; D—0,02 N.

t r u e ,  any attem pt to  cau se  co n tra c tio n  of the  m u sc le  by any agent w hatso 
e v e r w ill r e s u l t  in  a s ta te  of b lock . H ow ever, U shakov  (1949) has shown 
th a t if conduction of im p u lses  th rough a n a rc o tiz e d  se g m e n t of the m u sc le  is 
s tu d ied , a ll  the ty p ic a l s ta g e s  of change in  conduction  c h a ra c te r is t ic  of 
n e rv e  p a ra b io s is  can be o b se rv ed .

The ob jec tio n  to  V v e d e n sk ii 's  w ork ( e s 
p e c ia lly  from  a  p h a rm a c o lo g ic a l view point) is 
th a t w hile d e m o n s tra tin g  the  sam e  re a c tio n  of 
the  n e rv e  to  e n tire ly  d iffe re n t a g e n ts , he d is 
re g a rd e d  th e i r  sp e c if ic  p ro p e r t ie s .  In the case  
of m u s c le s , th is  sp e c if ic ity  of s tim u la n ts  is  
c le a r ly  m a n ife s te d . T h e  m u sc le  r e a c ts  to a ll 
the  a g e n ts , and a lw ay s  obeys th e  sam e  law, ac 
co rd ing  to  w hich th e  th re s h o ld  re g io n  of e x c ita 
tio n  c o in c id es  w ith  the  th re s h o ld  re g io n  of n a r 
c o s is  and p a ra n e c ro s is .

T he m y o g ra m s show  th a t  e a c h  agent h a s  
a c h a r a c te r is t ic  r e c o rd ;  a  ra p id  and low co n 
tra c t io n  w ith  no la te n t p e r io d , cau sed  by alcohol; 
a  pow erfu l, slow ly in c re a s in g  co n trac tio n  w ith 
a  la ten t p e rio d  cau se d  by e th e r ;  a double-peaked  
co n tra c tio n  cu rv e  c a u se d  by ac id ; frequen t tw itch - 
ings due to  N aC l; ra p id  m ax im um  c o n trac tio n  
w ith  su b seq u en t ra p id  d ro p  c a u se d  by KC1, e tc , 
(F ig u re s  37-41). I t i s  not th e  a im  of th is  w ork 
to  s e a rc h  fo r  the  s o u rc e s  of th e se  specific  p ro 
p e r t ie s  o r  the  g e n e ra l  n o n sp ec if ic  background. 
The r e a d e r  i s  r e f e r r e d  to  th e  w o rk  of A leksandrov  
(1948). A p art fro m  th e  i r r e v e r s ib le  changes 
m en tioned , the  w hole cy c le  cou ld  p ro ceed  t i l l  the 
d eath  of the  t i s s u e s  invo lved  w ithout specific  
d iffe re n c e s .

At f i r s t  we co n s id e re d  p a ra n e c ro tic  c h a n g e s  of liv ing  su b s tra te  a s  
re v e r s ib le  dam age. L a te r , we w e re  convinced  th a t  p a ra n e c ro tic  changes 
m ay be de tec ted  even a t su b th resh o ld  s tre n g th s  of th e  s tim u la n t, in c re a s in g  
ra p id ly  w ith an  in c re a s e d  dose. At the  sa m e  t im e , th e  n a tu ra l  p h ysio log ica l 
co n trac tio n  of m u sc le s , acco rd in g  to  c o n te m p o ra ry  th e o r ie s ,  m ay be co n 
s id e re d  a s  a t ra n s ie n t  e le c tr ic  (cathod ic) c o n tra c tio n , w hich , like  o th e r  
fo rm s  of co n trac tio n , ought to  b e  acco m p an ied , a t  le a s t  in itia lly , by p a r a 
n e c ro s is .

Is  it c o r re c t ,  th en , to  define p a ra n e c ro s is  a s  r e v e r s ib le  p ro to p lasm ic  
dam age ?

D am age u sua lly  im p lie s  a  p a th o lo g ica l p ro c e s s .  In th is  se n se , any 
lo c a l s tim u la tio n  of m u sc le  f ib e r s ,  includ ing  e le c t r ic  s tim u la tio n , would 
be a  pa tho log ica l phenom enon, w hich of c o u rse  i s  no t so . T h e re fo re  p a r a 
n e c ro s is  is  b e s t d e sc r ib e d  by the  m o re  n e u t r a l  te r m ,  " r e v e r s ib le  a l t e r a 
tio n s ' '.

W hat is  the re la tio n sh ip  be tw een  p a ra n e c ro tic  ch an g es  of the  liv ing 
s u b s tra te  and co n trac tio n  ?

P a ra n e c ro s is  a p p e a rs  in  any c e ll  fo llow ing ap p lica tio n  of v a ried  s tim u 
la n ts . T here  is som e bas is  fo r  be liev ing  th a t th e se  ch an g es  a re  due to  r e v e r s ib le  
d e n a tu ra tio n  of p ro to p la sm ic  p ro te in s , the la t t e r  be ing  a  fundam ental r e s u l t
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of in te rac tio n  be tw een  the s tim u la n ts  and the ce ll. In a phylogenetic se n se  
th is  is  probably  one of the m o st ancien t p ro p e r t ie s  of the ce lls . B ut th e se  
changes se rv e  as a  r e le a s e  m echan ism  fo r  a chain  of com plex b iochem ica l 
p ro c e s s e s , re su lt in g  in c e l lu la r  ac tiv ity . In the ca se  of m uscle  f ib e rs , 
th is  ac tiv ity  is  e x p re s s e d  a s  m ech an ica l w ork.

FIGURE 43. E ffec t of high te m 
p e ra tu re s  on s a r to r iu s  m u sc le s  
of the frog  (acco rd in g  to  B utkevich , 
1948)
1— T im e of onse t of nonexcitab ility ;
2— S orption of dye. The shaded  
a r e a  d es ig n a te s  the  ra n g e  of te m 
p e ra tu re  causing  c o n trac tio n .
T he data in  both  o rd in a te s  a r e  
in  lo g arith m ic  s c a le s .

FIGURE 42. C on trac tions 
of the  s a r to r iu s  m u sc le s  
of the  frog  due to  high te m 
p e ra tu re s  (acco rd ing  to 
B utkevich, 1948)
A --32°C ; B—33°C; C --34’ C; 
D -3 5 ° C ; E -3 6 ° C ;  F -3 7 ° C ;  
G—39°C.

a —co n trac tio n  of m uscle ; 
b —m a rk  of stim ula tion . 
The n u m b ers  d esigna te  the 
sequence in  reco rd in g  the 
c o n tra c tio n s .

mvolt
■■

-17
-15 
-13· 
- n  ■

-?■ 
-J ' 
-3

2Û ÄJ 5?
-1

FIGURE 44. P o 
te n tia l  d ifference  
be tw een  hea ted  
and nonheated  s u r 
fa c e s  of m uscle  
due to  te m p e ra tu re  
(acco rd in g  to 
B utkevich, 1948) 
T he shaded  a re a  
d e s ig n a te s  the te m 
p e ra tu re  range  
causing  co n trac tio n s .
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72 L o ca l E x c ita tio n  and C o n trac tio n  of C onnective  T is s u e  C ells

The ab ility  of connective  t is s u e  c e lls  to  c o n tra c t  u n d e r the  influence 
of d iffe ren t s tim u lan ts  w a s  d isc o v e re d  by Kühne (1864), who stud ied  the 
f ib ro c y te s  of the c o rn e a . He o b se rv ed  a  r e v e r s ib le  r e t r a c t io n  of appendages, 
and a rounding-off of c e ll  bod ies and th e i r  n u c le i fo llow ing  the  action  of 
m ech an ica l fa c to rs , e .g . e le c tr ic  c u r r e n t  and n e rv o u s  s tim u la tio n .

M öllendorff e t a l, (M öllendorff and M öllendorff, 1926; Μ. M öllendorff, 
1927; W. M öllendorff, 1927; K nake, 1927; S to ck in g e r, 1927) in vestiga ted  
f ib ro c y te s  of loose connective  t is s u e  and sk in  fo llow ing the  ac tio n  of u l t r a 
v io le t ra y s ,  in jec tion  of fo re ig n  s e ru m , try p a n  b lu e , su sp e n s io n  of china 
ink, e tc . A ccording to  th e se  a u th o rs , the  n u c le a r -c y to p la s m a tic  s e c to rs  
of the  fib rocy te  re ticu lu m  w ithdraw  th e i r  app en d ag es and iso la te  th em se lv es  
from  the re ticu lu m . They lo se  th e i r  connection  w ith  th e  neighboring  e le 
m en ts , w hich they tran sfo rm , in to  h is tio c y te s , o r m a c ro p h a g e s  and 
g ranu locy tes.

L a te r , Y asvoin  (1930) o b se rv e d  rounded  f ib ro b la s ts  of sk in  in  the 
reg io n  of asep tic  in flam m ation  cau sed  by b u rn s  and  in tro d u c tio n  of fo re ign  
bod ies. See lieh and S tock inger (1953) u sing  f ib ro b la s t  c u l tu re s  observed  
a rounding off and c o n tra c tio n  of c e lls  follow ing th e  ac tio n  of tann in , a n ti
se ru m , and Ja n u s  g reen .

The ex p e rim en ts  of V o l'fen zo n  (1954) and of A lek san d ro v  and 
V ol’fenzon (1956) on f ib ro b la s ts  of the  subcu tan eo u s loo se  connective tis su e , 
a r e  of sp ec ia l in te re s t .  V o l'fenzon  (1954) s tu d ied  th e  e ffec t of novocaine 
on v i ta l  staining of c e l ls  fro m  v a r io u s  t is s u e s .  T he dye u sed  w as an 0.025% 
solution of n e u tra l  re d  in  R in g e r’s so lu tion . In a l l  the  c e l l s  s tud ied  (nerve 
c e l ls ,  g landu lar c e lls  of the  p a n c re a s , ep ith e liu m  of k idney  tu b u les , and 
f ib ro b la s ts )  p a ra n e c ro s is  took p lace -a t a p p ro x im a te ly  th e  sam e  co n cen tra tio n  
of novocaine (from  0.5 to  2%), a s  th a t u sed  fo r  lo c a l a n e s th e s ia  in  m ed ica l 
p ra c tic e  (0.25-2%).

T h is co n cen tra tio n  of novocaine a lso  cau se d  an  e a s i ly  re v e r s ib le  con
tra c tio n  of f ib ro c y te s . T hus, a f te r  a o n e -h o u r e x p o su re  to  1% novocaine 
(in R in g e r 's  solu tion), the  c e l ls  r e t r a c te d  th e ir  app en d ag es and rounded 
th em se lv es  off, re tu rn in g  to  th e i r  in i t ia l  fo rm  a f te r  re m o v a l of the novo
caine (F ig u re  45, B). T hus, w ith  novocaine too , the  c o n c e n tra tio n s  causing  
con trac tio n  (lo ca l s tim u la tio n ) and p a ra n e c ro s is  a r e  m o re  o r  le s s  the  sam e .

In o th e r s tu d ies  by A lek san d ro v  and V o l’fenzon  (1956), a  quantita tive  
m ethod of m e a su rin g  c e l l  c o n tra c tio n  w as u se d . T h e  a u th o rs  show ed th a t 
like  m u sc le  co n trac tio n , th is  is  n o n sp ec ific , and m ay  be cau sed  by v a r ie d  
ch em ica l agents. In ra b b its  k illed  b y  a i r  em b o li, se c tio n s  of subcu taneous 
c e llu la r  tis su e  from  the  sp in a l re g io n  w ere  p laced  in  P e t r i  d ish e s  fo r  20-30 
m in u tes  w ith R in g e r 's  so lu tio n  a t 37° C. S ubsequen tly , one p a r t  of the s e c 
tio n  w as t r a n s fe r r e d  to  v e s s e ls  conta in ing  so lu tio n s  of o th e r  su b stan ces  
p re p a re d  in  R in g e r 's  so lu tio n , w hile  the  c o n tro l w as le f t in  p u re  R in g e r 's  
so lu tion . A fte r 30 m in u te s , the e x p e rim e n ta l and c o n tro l f i lm s  w ere  c a r e 
fu lly  sp re a d  on sm a ll  p ie c e s  of c a rd b o a rd , fixed  in  10% fo rm a lin , r in se d  

73 and sta in ed  w ith hem ato x y lin  la c q u e r  acco rd in g  to  Y asvo in , and m ounted 
w ith  C anada b a lsa m . T he d e c re a s e  in  the  m ax im um  leng th  of the  c e lls  w as 
m e a su re d . F o r  th is  p u rp o se , a  c e r ta in  n u m b er of c e l ls  in  the  p re p a ra tio n  
w e re  d raw n on p a p e r, and the  g r e a te s t  d is ta n c e  b e tw een  the  t ip s  of the c e l l  
b o d ie s  w as m e a su re d  on the  d raw ing  by a  r u le r .
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FIGURE 45. A ction of 1% novocaine on connective t is s u e  c e lls  of ra b b it (subcutaneous 
c e llu la r  t i s s u e —acco rd in g  to  V ol'fenzon , 1954)

A—C ontro l; B —O n e-h o u r ex p o su re  to  novocaine (a t 37°C); C— T h re e -h o u r  r in s in g  in 
R in g e r’s  so lu tion  a f te r  the  ac tio n  of novocaine (a t 37° C), F ix a tio n  w ith  10% fo rm alin . 
S tain ing w ith  hem atoxy lin  la cq u e r, acco rd in g  to  Y asvoin . P h ase  c o n tra s t  m ic ro sco p e  
(ob jec tive  X 60, o c u la r  X 5).



FIGURE 46. A ction of 5% ethyl a lcoho l on a sec tio n  of subcutaneous c e llu la r  tis su e  of ra b b it 
(acco rd ing  to  A leksandrov  and V ol'fenzon , 1956)

A—C ontro l; B—30-m inute ac tio n  of alcohol; C— 2 -h o u r w ashing in  R in g e r’s so lu tion  a f te r  the 
action  of alcohol. F ix a tio n  w ith  10% fo rm alin . S tain ing w ith  hem atoxy lin  la cq u e r acco rd in g  
to  Y asvoin . P h ase  c o n tra s t  m ic ro sco p e  (ob jec tive  X 20, o c u la r  X 15).



T a b l e  15

Change in length of f ib ro c y te s  a f te r  ex p o su re  to e th y l-a lco h o l so lu tions 
of d iffe ren t co n cen tra tio n s  (acco rd in g  to  A leksandrov  

and V ol'fenzon , 1956)

E x 
p e r i 
m en t
No,

T re a tm e n t N um ber 
of c e lls

Length, 
И

Length 
(% of 

con tro l)

M ean 
e r r o r ,

%

1 C ontro l 359 25.9 100 ± 2,0
A lcohol 10%— 418 19.7 76 ± 1.6

2 C ontro l 274 33.4 100 ± 0,7
A lcohol 10% — 372 16.4 49 ± 0,7

3 C ontro l 53 36.2 100 ± 5.7
A lcohol 5%— 46 25,5 71 ± 4.0

" 1 0 % - 72 20,9 58 ± 1.6
" 30% - 111 34.9 96 ± 3.6

4 C on tro l 447 27.9 100 ± 2.1
A lcohol 5% —
2 h o u rs  in  R in g e r 's  so lu tion  

a f te r  the  ac tio n  of 5% a l-

120 24.8 89 ± 3.3

cohol ( re v e rs ib il i ty ) 180 26.3 94 ± 2.7
5 C o n tro l 174 36.6 100 3.2

A lcohol 5%—
2 h o u rs  in  R in g e r 's  so lu tion  

a f te r  the  ac tio n  of 5% a l -

174 19.5 53 ± 1.0

cohol ( re v e rs ib il i ty ) 174 31.3 86 ± 2.0
A lcohol 10%—
2 h o u rs  in  R in g e r 's  so lu tion  

a f te r  the  action  of 10% a l-

250 16.1 44 ± 0.6

cohol ( re v e rs ib il i ty ) 226 25.3 69 ± 1.8

F ig u re  46 В show s f ib ro c y te  c o n tra c tio n s  cau sed  by 5% a lcoho l, and 
th e i r  r e tu rn  to  n o rm a l a f te r  re m o v a l of th e  agent (F ig u re  46 C), T ab le  15 
g iv e s  the n u m e ric a l r e s u l t s  of the  e x p e rim e n ts  in  the  fo rm  of a r i th m e tic  
m ean s, the p ro b ab le  e r r o r s  be ing  ca lc u la ted  on the  b a s is  of h u n d red s  of 
m e a su re m e n ts .

F ro m  the  d a ta  in  T ab le  15 it  w ill be seen  th a t a s  in  the c a s e  of m u s
c u la r  c o n tra c tio n s , the  e ffec t is  g rad u a l, i .e . ,  the  m agnitude of c o n trac tio n  
is  q u an tita tive ly  dependent on the co n cen tra tio n  of the  su b stan ce  (ex p erim en ts  
no, 3 and 5), In ex p e rim en t no, 3 how ever, th is  w as only t ru e  fo r  a lcoho l 
co n cen tra tio n s below  10%. A c o n cen tra tio n  of 30% cau sed  s m a lle r  c o n tra c 
tio n s , p ro b ab ly  b ecau se  i r r e v e r s ib le  fixa tion  of the  t is s u e  developed  e a r l ie r  
th a n  the physio log ica l re sp o n se  re a c tio n . In  5% and 10% d ilu tio n s, the c e ll 
co n trac tio n s  w e re  r e v e r s ib le ,  m o re  co m p le te ly  so in  the  fo rm e r  d ilu tion  
(ex p erim en ts  no, 4 and 5).

S im ila r  e x p e rim e n ts  w ere  p e rfo rm e d  by th e  a u th o rs  w ith  novocaine, 
C aC l^, KC1, a d re n a lin  and try p an  blue. The th resh o ld  c o n cen tra tio n s  
w e re : a lcohol 5%, novocaine 0.5%, C aC lg 0,25%, KC1 0.5%, and a d re n a lin — 
1:100,000, In addition , d u rin g  the c o u rse  of the  e x p e rim en ts , it  w as shown
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74 th a t  s im p le  im m e rs io n  of the  t is s u e  in  R in g e r 's  so lu tio n  cau se d  contraction . 
Such c o n tra c tio n  w as a lso  o b se rv e d  in  m u s c le s  kept o u ts id e  the  organ ism  
(U shakov and  D zham  u so v a , 1954).

C o n tra c tio n  of co n n ec tiv e  t is s u e  c e lls  w as a lso  acco m p an ied  by round
ing of th e i r  n u c le i. T h is  fa c t w as d e sc r ib e d  by Kühne (1864), who, how ever, 
c o n s id e re d  it  a s  a  p u re ly  p a s s iv e  phenom enon.

T h e  fa c ts  re g a rd in g  c o n tra c tio n  of f ib ro c y te s  show  a g re a t s im ila r ity  
to  the d a ta  on m u s c u la r  c o n tra c tio n s . Indeed , in  both  c a s e s ,  th e re  is  f i r s t 
ly  a m e c h a n ic a l c o n tra c tio n  of s tre tc h -o u t  fo rm a tio n s , and secondly  a  non
sp e c if ic  re sp o n se  re a c tio n , in  w hich d iffe re n t ag en ts  in  th e ir  v a r io u s  phy
s ic a l  and  c h e m ic a l ag en ts  c a u se  the  sa m e  p h y s io lo g ic a l re sp o n se  of the cell. 
F in a l ly , in  b o th  c a s e s , th e s e  re s p o n s e s  a p p e a r  s im u ltan eo u s ly  w ith  p a ra 
n e c r o s is  of the  p ro to p la sm .

C o n tra c tio n  is  a  fu n c tio n  c h a r a c te r is t ic  of m ese n c h y m a l t is s u e s , to 
w hich g ro u p  be long  no t only the  d iffe ren t ty p e s  of co nnec tive  t is s u e , but 
a ls o  sm oo th  m u s c le s . In f ib ro c y te s , h ow ever, m uch m o re  p r im itiv e  and 
a n c ie n t fo rm s  of c o n tra c tio n  tak e  p lace . T h is  is  seen  by com paring  the 
v e lo c ity  of c o n tra c tio n . In sk e le ta l  m u s c le s , th is  i s  m e a s u re d  in  frac tio n s  
of a  seco n d . In f ib ro c y te s , acco rd in g  to  W. M ö llendorff (1927), a com plete 
round ing  of the  c e l ls  i s  o b se rv e d  in  the  v ic in ity  of the  s i te  of in jec tio n  only 
15 m in u te s  a f te r  re p e a te d  in tro d u c tio n  of fo re ig n  s e ru m . H ow ever, Kühne 
ob ta ined  s tro n g  c o m p re s s io n  of c o rn e a  c e l ls  only 2 m in u te s  a f te r  s tim u la tio n  
w ith  e le c tr ic  c u r re n t .

T h e re  i s  no doubt th a t  the  re a c tiv e  c o n tra c tio n s  of f ib ro c y te s  m ust 
be c o n s id e re d  a s  a  v e ry  p r im itiv e  fo rm  of lo c a l  c e l lu la r  s tim u la tio n , s im i
l a r  to both  am eboid and m u sc le  c o n tra c tio n s .

M etab o lism  during  L o ca l E x c ita tio n

In the  p re v io u s  su b c h a p te rs , we t r i e d  to  show th a t  s tim u la ted  
t i s s u e s  e n te r  a  s ta te  w hich  m ay  be re g a rd e d  a s  lo c a l s tab le  ex cita tion  
(V v ed en sk ii 's  p a ra b io s is ) . In  th is  r e s p e c t  in te re s tin g  e ffe c ts  a r e  o b serv ed  
in  s k e le ta l  m u sc le s  a t the  s i te  of ac tio n  of th e  s tim u li. T he m u sc le  begins 
to  lo se  i t s  e x c ita b ility  (n a rc o s is ,  re f ra c t iv i ty )  and at th e  sa m e  t im e , a  lo ca l 
s tab le  c o n tra c tio n  ta k e s  p la c e . In o rd e r  to  p ro v e  th a t in  the  given ca se , 
th e  " lo c a l re a c tio n "  m ay  re a l ly  b e  c o n s id e re d  a s  " lo c a l ex c ita tio n " , i t  
would b e  of in te r e s t  to  co m p are  the  m e ta b o lism  d u rin g  te ta n ic  co n trac tio n  
of m u sc le  (when it  is  undoubted ly  in  a  s tim u la te d  cond ition), w ith  the m e ta 
b o lism  of th e  m u sc le  d u rin g  n o rm a l c o n tra c tio n .

G a s s e r  (1930), c i te s  th e  l i te r a tu r e  on th is  p ro b le m , but th is  re p o r t  
i s  som ew hat da ted , s in c e  i t  p re c e d e s  the  w o rk  of L u n d sg aa rd  (1930a-1930c, 

7S 1934). At th a t  tim e  th e  im p o rta n c e  of p h o sp h o ru s-co n ta in in g  h ig h -en e rg y  
com pounds w hich s p li t  d u rin g  m u sc u la r  m e ta b o lism  w as not ye t u n derstood  
by  b io c h e m is ts . T h is  l i te r a tu r e  m a in ly  d e a ls  w ith  g lycogen  ca tab o lism , 
accu m u la tio n  of la c tic  a c id , and r e le a s e  of h ea t. N e v e r th e le s s , on the  
b a s is  of th e  r e p o r ts  a t h is  d isp o sa l, G a s s e r  concluded  th a t  in  m u sc u la r  
c o n tra c tio n s  h e a t p ro d u c tio n  and  so m e a s p e c ts  of m e ta b o lism  w ere  s im ila r  
to  te ta n u s .

M o re  r e c e n t  in v e s tig a tio n s  on th e s e  p ro b le m s  w e re  c a r r ie d  out by 
D eu tick e  and E bbecke (1937), and  P a n te le e v a  (1953). T h e  fo rm e r  m ade a

66



thorough inv estig a tio n  of m e tab o lism  during  m u sc u la r  co n trac tio n s caused 
by high p re s s u re .  The study of m etab o lism  in th is  type of co n trac tions is  
of sp e c ia l value b ecau se  u n d e r high p re s s u re ,  no ex tran eo u s substances a re  
in tro d u ced  which m ay d is to r t  the  n o rm a l c o u rse  of m etabo lic  reac tio n s .

The au th o rs  of the above-m en tioned  p ap er co n sid e red  th ese  con trac tions 
to be the m ost physio log ica l of a ll . They e sp e c ia lly  em phasized  that hy
d ro s ta tic  p r e s s u re  as a s tim u lan t a c ts  s im u ltan eo u sly  and uniform ly  on the 
whole m uscle  f ib e r , w hich is  not tru e  fo r such s tim u lan ts  a s  m echanical, 
th e rm a l, ch em ica l, o r o sm otic .

The th resh o ld  p re s s u re  is  200-250 a tm o sp h e re s . A fte r fu r th e r  in 
c r e a s e  of p re s s u re  the m agnitude  of c o n tra c tio n s  is  quan tita tively  p ro p o r
tio n a l to  the p re s s u re .  D euticke and Ebbecke investiga ted  m etabolism  un
d e r 300 and 500 a tm o sp h e re s . M uscles w e re  sub jec ted  to  p re s su re  fo r 
v a r io u s  lengths of tim e  from  0.5 to  30 m in u te s , a f te r  which they w ere r a 
pidly rem oved  from  the p r e s s u r e  ch am b er, and tr a n s fe r r e d  to  liquid a ir  
fo r  freez in g . T h is  p ro c e d u re  la s te d  25-50 seconds. Subsequently, the 
m u sc le s  w ere  m inced , and the  m ince  w as analyzed  by o rd in a ry  m ethods 
fo r  p h o sp h o crea tin e , glycogen, la c tic  ac id  and inorgan ic  phosphates. The 
r e s u l ts  of th ese  s tu d ie s  a r e  d e sc r ib e d  in F ig u re s  47 and 48.

F ro g  m u sc le  alw ays re sp o n d ed  to  a p r e s s u re  of 300 a tm o sp h eres  by 
co n trac tio n . A fte r  rem ov ing  the  m u sc le  from  the  p re s s u re  cham ber, it 
re se m b le d  the e x te rn a l ap p ea ran ce  of the c o n tro l and showed no tra c e s  of 
re s id u a l co n trac tio n .

The c re a tin e  phosphate conten t of the m u sc le  d e c re a sed  noticeably, 
as in  the ca se  of n o rm a l te ta n ic  co n trac tio n  (F ig u re  47), w ith the exception 
of the  f i r s t  30 seconds of ac tio n , during w hich c re a tin e  phosphate d e c re a se  
w as not o b se rv ed . H ow ever, i t  is  possib le  th a t a f te r  such a  sho rtlived  
stim u la tio n , re s y n th e s is  of th is  su b stan ce  took p lace during rem o v a l of the 
m u sc le  from  the  p re s s u re  c h a m b e r , a  sy n th es is  w hich can a lso  take place 
un d er an aero b ic  conditions. A fte r  3-4 m in u te s , o n e - th ird  of the to ta l 
c re a tin e  phosphate w as sp lit, w hile a fte r  30 m in u tes  the am ount of th is  
substance  d e c re a se d  twofold.

U nder 5 0 0 -a tm o sp h e re  p re s s u re ,  the m u sc le  alw ays re a c te d  by s tro n g  
co n trac tio n s , te rm in a tin g  only a f te r  re m o v a l of p r e s s u re ,  when re s id u a l 
shorten ing  w as so m e tim e s  o b se rv ed . In th is  c a se , a f te r  5 seconds, one- 
th ird  of the  am ount of c re a tin e  phosphate had d isap p ea red , i.e ,, som ew hat

76 le s s  than  a f te r  iso to n ic  te ta n u s  of a  2 -4  second  du ra tion . In th is  case , a s  
in the  case  of a  300-a tm o sp h e re  p re s s u re ,  a f te r  the p e rio d  of in itia l rap id  
decom position , th e  p ro c e s s  is  som ew hat slow ed down, D euticke and 
Ebbecke a re  of the  opinion th a t th is  phenom enon m ay be com pared  with 
te tan ic  co n trac tio n  of m u sc le s .

During n o rm a l m u sc le  co n trac tio n  tra n s fo rm a tio n  of glycogen and 
la c tic  ac id  is c lo se ly  linked to  th e  r e  sy n th es is  of c re a tin e  phosphate. F ig 
u re  47 shows th a t at a p r e s s u r e  of 300 a tm o sp h e re s , the  am ount of glycogen

77 a f te r  20 m in u tes  changed v e ry  l i t t le . T he am ount of la c tic  acid , how ever, 
in v ariab ly  in c re a se d , although no t s trik in g ly . A s tro n g e r  p re s s u re  (500 
a tm o sp h eres) led to  a c o n s id e ra b le  d e c re a s e  in  the  am ount of glycogen 
a f te r  10-30 m in u te s , and to  an  in c re a se  in  the la c tic  ac id  content (F igu re  48).

V ery  in te re s tin g  data  w e re  obtained on the  am ount of insoluble p ro 
te in s . In h is  e a r l i e r  s tu d ie s , D euticke (1930-1932) showed that a f te r  in 
d ire c t te tan ic  s tim u la tio n  of m u sc le  un d er a e ro b ic  conditions, the so lub ility  
of the  ex trac ted  p ro te in s  d e c re a se d  in  re la tio n  to the in ten s ity  of work
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p e rfo rm e d . T h is  d e c re a s e  w as e a r l ie r  ex p la in ed  by the au th o rs  as an e x 
p re s s io n  of p h y sico ch em ica l p ro c e s s e s  in  p ro te in s  of the  m yosin  fra c tio n . 
T h e se  o b se rv a tio n s  a r e  of sp ec ia l in te r e s t ,  s in c e  th e  in so lu b ility  of p r o te in s ,  
due to  the  in fluence  of v a r io u s  ag en ts , is  one of the  m o st c h a ra c te r is t ic  
sym ptom s of th e i r  d en a tu ra tio n , D eu tick e ’s f in d in g s m ay th u s  se rv e  a s  
ad d itio n a l p roo f of the den a tu ra tio n  th e o ry  of ex c ita tio n , and co m p arab le  
w ith  o u r  d a ta  on the in c re a s e  in v i ta l  s ta in in g .

T he sam e  d e c re a s e  in  so lu b ility  of p ro te in s  ta k e s  p lace  on c o n tr a c t io n  
due to  c o m p re s s io n , a s  in n o rm a l te ta n u s . T h is  is  o b se rv ed  20 m inu tes 
a f te r  e x p o su re  to  p r e s s u r e  of 300 a tm o s p h e re s , w hile  a t 500 a tm o sp h e re s , 
the  so lu b ility  d e c re a s e d  by 20% in 5 m in u te s ,

D eu tick e  and E bbecke in v es tig a ted  the  in o rg an ic  phosphates and o t h e r  
ph o sp h o ru s com pounds a fte r  m u sc u la r  co n trac tio n , in co m p ariso n  w ith  
the  c o rre sp o n d in g  re a c tio n s  in  te ta n u s  a s  se e n  in  th e i r  own data  and th a t  i n  
the  l i t e r a tu r e .  T h e  co m p ariso n  show ed th a t the  re a c tio n s  follow ing m u s 
c u la r  c o n tra c tio n  a re  th e  sam e w hether the  s tim u lu s  is  v ia  the  n e rv e , o r  
b y  c o m p re ss io n .

D eu ticke  and E bbecke th e re fo re  concluded  th a t th e re  is  no s u b s ta n t i a l  
d iffe re n c e  b e tw een  m u sc u la r  c o n tra c tio n  ca u se d  by  high h y d ro s ta tic  p r e s s u r e ,  
and n o rm a l te ta n ic  co n trac tio n . T he d iffe re n c e  i s  s im p ly  th a t in  te ta n u s  
a num ber of s e p a ra te  s tim u li, w ith th e i r  r e s u l ta n t  re a c tio n s , a r e  c o n s e c u 
tive , w hile  on c o m p re ss io n  the  m u sc le  is  su b jec ted  to  continuous s t i m u l a 
tio n . T h e re fo re  it  e n te rs  a s ta te  of p ro lo n g ed  n o n o sc illa tin g  ex c ita tio n  
and ac tiv ity .

It is  in te re s tin g  th a t the  " a l l  o r  none" law i s  not app licab le  to  c o n 
tra c t io n , b u t th e re  is  a  q u an tita tive  re la tio n sh ip  be tw een  the  s tre n g th  of t h e  
s tim u lu s  and the  m e c h a n ic a l effec t, a s  w e ll a s  b e tw een  the  la t te r  and th e  
in ten s ity  of the  b io ch em ica l p ro c e s s e s  (see  F ig u re s  47 and 48).

FIGURE 47. E ffec t of 300 a tm o sp h e re  
p re s s u re  on the  conten t of (1) c re a t in e  
phosphate , (2) la c tic  a c id , (3) so luble  
p ro te in s , and (4) g lycogen  in frog  
m u sc le  (acco rd in g  to  D eu ticke  and 
E bbecke , 1937)
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FIGURE 48. E ffec t of 500-a tm o sp h e re  
p re s s u re  on the  content of (1) c re a tin e  
phospha te , (2) la c tic  ac id , (3) so luble  
p ro te in s , and (4) g lycogen in frog  
m u sc le  (acco rd in g  to  D euticke and 
E b becke , 1937)

P an te leev a  (1953) s tud ied  the m e tab o lism  of phosphorus com pounds 
in  te tan u s , to n u s , and c o n tra c tio n s  of s k e le ta l  fro g  m u sc le s* . T e tan ic  

78 co n trac tio n s  w e re  cau sed  by stim u la tio n  of the  n e rv e  w ith  induction c u rre n t. 
T o n u s-lik e  co n tra c tio n  of the  m u sc le  w as ach iev ed  by Z hukov 's m ethod 
(1936b, 1947), of s tim u la tio n  of the  n e rv e  w ith  s im u ltan eo u s blocking by 
c o n s ta n t c u rre n t. A ccord ing  to  Zhukov, at a  c e r ta in  stag e  of p o la riza tio n , 
only the te tan ic  re sp o n se  is  b locked  and th e  m u sc le  re sp o n d s  to  a s e r ie s  
of im p u lses , p a sse d  th ro u g h  the  n e rv e  by a  pro longed  "v isco u s" co n trac tio n  
w ith  no signs of fa tigue . F in a lly , m u sc le s  w e re  im m ersed  in so lu tions 
of ace ty lcho line , c h lo ra l  h y d ra te , quinine su lfa te , and u re a , a s  w as de
sc r ib e d  e a r l ie r  fo r  the  s a r to r iu s  m u sc le  (N asonov and S uzdal1 skaya, 1948). 
A fte r  s tim u la tio n , the  m u sc le s  w e re  f ro z e n  in  liquid a i r  and ground in to  a 
fin e  pow der. T he in o rg an ic  phosphorus, c re a tin e  phosphate  and adenosine 
trip h o sp h o ric  ac id  (A TP) conten t w e re  d e te rm in e d  by the  u su a l m ethods. 
F if te e n  to  s ix ty  seco n d s a f te r  s tim u la tio n  th ro u g h  the  n e rv e , the  am ount of 
c re a tin e  phosphate d e c re a se d  by an  av e rag e  of 32%, T h ese  re s u l ts  w ere  
in  acco rd an ce  w ith  th o se  fro m  the  l i te ra tu re .

H ow ever, an  e n tire ly  d iffe ren t p ic tu re  w as o b se rv ed  in  tonic con
tra c t io n , H e re , the  c re a t in e  phosphate  conten t v a r ie d  in  e ith e r  d irec tio n , 
notw ithstanding th e  fact th a t som e e x p e rim e n ts  continued fo r  1,000 seconds. 
T he a rith m e tic  m ean  of e x p e rim e n ts  w as e x p re s s e d  by a s ta t is t ic a lly  in 
s ign ifican t n u m b er (+4,9). T he sam e  r e s u l ts  w e re  ob tained  fo r  the  decom position  
of c re a tin e  phosphate  in  ace ty lch o lin e  co n trac tio n . T he p rob lem  of w here  
th e  m u sc le s  d e riv e  en e rg y  fo r  th e se  fo rm s  of co n trac tio n  w as not in v e s ti
ga ted .

P a n te le e v a 's  d a ta  on m e tab o lism  in n onspecific  c o n tra c tio n s  cau sed  
by ch lo ra l h y d ra te , qu in ine su lfa te , and u re a  a re  v e ry  s im ila r  to  th o se  
ob tained in n a tu ra l  te tan ic  co n trac tio n . In  a ll  th e se  c a se s , c re a tin e

* T he w ork of D eu ticke  and Ebbecke (1937) w as obviously  unknown to  
P an te leev a , s in ce  th is  au th o r did not m en tion  it.
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p h o sp h a tes  s p lit , w ith  an  in ten s ity  d ire c tly  p ro p o rtio n a l to the  concen 
tra t io n  of th e  s tim u la n t and i ts  tim e  of ac tion , i.e . the  sam e p a tte rn  a s  in 
c o n tra c tio n s  due to h y d ro s ta tic  p re s s u re .

T h u s , in  te r m s  of m e tab o lism  of phosphorus com pounds, nonspecific 
c o n tra c tio n s  a r e  m o st c lo se ly  re la te d  to  n o rm a l te tan u s . T h is  ought to  have 
b e e n  the conclusion  follow ing the  da ta  given by P an te leev a . B ut in  fact 
she w r i te s  as fo llow s: "C o n trac tio n s  caused  by the action  of c h lo ra l  hydrate  
and quin ine su lfa te  on m u sc le s  a r e  accom panied  by a  c le a r ly  e x p re s se d  
sp littin g  of c re a tin e  phosphate  and adenosine trip h o sp h o ric  ac id , and an 
in c re a s e  in  th e  am ount of in o rgan ic  phosphorus" (page 129). H ow ever, 
la te r  on, th e  au tho r m ak es a  re s e rv a tio n , w hich in o u r opinion does not 
follow  f ro m  the  da ta  g iven : "T h is  sp litting  is  the r e s u l t  of a  pa tho log ica l 
e ffec t of the  ab ove-m en tioned  agen ts on the m u sc le , and is  not a  so u rce  of 
en e rg y  fo r  the  m ain ten an ce  of co n trac tio n " . The a rg u m en ts  c ited  by 
P a n te le e v a  to  su p p o rt th is  point of view  a re  unconvincing.

In g e n e ra l, h e r  w ork  is  of in te re s t ,  the m o re  so  s in ce  it  is  in  com 
p le te  a g re e m e n t with the data  of D euticke and E bbecke.

F in a lly , we sh a ll d isc u ss  the  w ork of K ondrasheva  (1954) on m e ta 
b o lism  of m u sc le s  in a s ta te  of p a ra b io s is  due to  the  ac tio n  of v a r io u s  local 
s tim u la n ts . I t m ust be no ted , how ever, th a t K ondrasheva w as obviously 
not f a m il ia r  w ith  the  data  of D euticke and E bbecke, n o r w ith  th a t of 
P a n te le e v a . N e v e rth e le ss , she reach ed  the sam e conc lusions.

H er s tu d ies  w ere  m ade on ca t m u sc le s , the v e s s e ls  of w hich w ere  
79 p e rfu sed  w ith  T yrode so lu tion  contain ing  d iffe ren t co n cen tra tio n s  of the 

in v es tig a ted  su b stan ces . Some of th e se  (phenam ine, caffe ine, ad ren a lin , 
sodium  b ica rb o n a te , sodium  hydrox ide , and o th e rs)  cau sed  a b iphasic  
change in m u sc le  ex c itab ility . At f i r s t ,  th is  in c re a se d  (phase  one); sub
sequen tly  it  a lm o st d isap p ea red  (phase  two). O th er su b stan ces  like  2, 
4 -d in itro p h en o l, m ethylene b lue, sodium  azide, sodium  ch lo rid e , and 
h y d ro ch lo ric  ac id  caused  an im m ed ia te  d e c re a se  in  e x c itab ility .

The content of ino rg an ic  p h o sp h o ru s, c re a tin e  phosphate , A T P, and 
adenosine  diphosphate (ADP) of the m u sc le s  w as studied . The re s u l ts  a re  
g iven in F ig u re  49 and in  T ab le  16.

F ro m  the  da ta  in  T ab le  16, it  w ill be seen  th a t during th e  f i r s t  phase 
( in c re a se d  ex c itab ility ), a c le a rc u t in c re a s e  in  o rgan ic  phosphorus com 
pounds (c re a tin e  phosphate and A TP) i s  seen  re la tiv e  to  in o rg an ic  p h o s
p h o ru s . T h is  in d ica te s  a p red o m in an t sy n th esis  of h igh en e rg y  phosphorus 
com pounds. In the second  p h ase  (d ec reased  excitab ility ) sp littin g  of th e se  
com pounds p red o m in a tes .

T hus, a f te r  s tim u la tio n  of sk e le ta l m u sc les  w ith n o n sp ec ific , and 
e n tire ly  fo re ig n  ag en ts , a s tab le  co n trac tio n  (p a ra b io s is ) , o c c u rre d  at the  
s ite  of ap p lica tio n  of the s tim u lan t, w ith  the sam e chain  of b io ch em ica l 
t ra n s fo rm a tio n s  as in  the  n a tu ra l  te ta n ic  co n trac tio n  of m u sc le s .

The questio n  a r i s e s  as to  what happens to  the  s e c to r  of the  n e rv e  
w hich is  s tim u la ted , b rin g in g  the  n e rv e  to  a s ta te  of p a ra b io tic  b lock .

so M any p a p e rs  h av e  b een  devoted to  the m e tab o lism  of the  physio log ically
s tim u la te d  n e rv e , s tu d ie s  of i ts  r e s p ir a to ry  m e tab o lism , a s  w ell a s  i ts  
c a rbohy  d r  a te -p h o sp h o r ous m e tab o lism . The g e n e ra l l i te r a tu re  p erta in in g  
to  th is  p ro b lem  w ill not be rev iew ed  h e re . B ut it should be no ted  that in 
the  s tim u la te d  n e rv e , the  sam e  b a s ic  b io ch em ica l p ro c e s s e s  a r e  o b serv ed  
as in  m u s c le s , although on a m uch sm a lle r  sca le . T hus, G e ra rd  (1932), 
in  h is  re v ie w  sta ted  th a t if a t th e  m om ent of s tim u la tio n , m u sc le  in c re a se d
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i t s  m etab o lism  1,000-fold , the n e rv e  in c re a se d  its  m etabo lism  only tw o
fo ld , N e v e rth e le ss , during the  ac tiv ity  of the n e rv e , the sam e even ts oc
c u r re d  as in m u sc le . The oxygen uptake and p roduction  of carbon  dioxide 
in c re a s e d , lac tic  ac id  accu m u la ted , the am ount of c re a tin e  phosphate , and 
to  so m e extent of A TP d e c re a se d , while the am ount of inorgan ic  phosphates 
in c re a se d .

П Phase

FIG U RE 49. C ontent of
(1) c re a tin e  phosphate,
(2) A T P , and (3) ADP of 
m u s c le s  of the c a t a t 
v a r io u s  s tag es  of p a r a 
b io s is  (in m ic ro m o le s  
p e r  g ra m  of w et w eight) 
(acco rd in g  to K ondrasheva , 
1954)

T hat th ese  changes a re  sm a ll by c o m p a ri
son w ith m u sc le  is  explained by the fac t that 
conduction  in  the n e rv e  p roduces a v e ry  sm a ll 
am ount of e le c tr ic i ty , w hile the ac tive  m uscle , 
in  addition  to th is  re la tiv e ly  sm a ll expend itu re  
o f energy , p ro d u ces a g re a t am ount of m echan ical 
w ork. A ccord ing  to G e ra rd  and Tupikova (1938- 
1939), only 15% m o re  inorgan ic  phosphate can be 
d e tec ted  in the s tim u la ted  n e rv e  than in  the re s tin g  
one; the c re a tin e  phosphate content d ro p s on 
the  av e rag e  by 5%, w hile in the m a jo r ity  of 
c a s e s  the am ount of A TP d e c re a se s  only a  little . 
B ut th e re  can be no doubt th a t sp littin g  of phos - 
p h o ru s-co n ta in in g  com pounds is  the d ire c t  
so u rc e  of en e rg y  fo r  the  s tim u la ted  n e rv e . 
T h u s , acco rd in g  to  R onzoni (1931), on com plete 
ex c lu sio n  of g ly co ly s is  w ith  fre e  a c c e ss  to 
oxygen, the  n e rv e  m a in ta in s  i t s  a b ility  to  con
duct (at the  expense of sp littin g  c re a tin e  phos
phate), w h ereas  th is  p ro p e rty  d isa p p e a rs  a s  
soon a s  the  c re a tin e  phosphate i s  exhausted .

T hus, two d iffe ren t fo rm s  of c e llu la r  
a c tiv ity  have the sam e  energy  so u rce  and s im i
l a r  b io ch em ica l re a c tio n s . T here  is  c o n s id e r
ab le  ev idence to support the conten tion  th a t in 
add ition  to  m u sc le s  and n e rv e s , o th e r t is s u e s ,  
such  a s  liv e r , kidney, b ra in , have sa m e  b asic  

Q uite co n sid e rab le  am ounts of phosphogen, fo rre a c tio n s  (Bolduin, 1949).
exam ple, a re  found in sp e rm a to z o a . T h ere  a re  ind ica tions th a t th ese  ce lls , 
a s  w e ll as  c ilia ry  ep ith e liu m , ob tain  energy  n e c e s s a ry  fo r  m otion from  a 
ty p ic a l g lycolytic re a c tio n  w ith the  p a r tic ip a tio n  of A TP and c re a tin e  phos
phate (A leksandrov  and A rro n e t, 1956). I t is  h igh ly  p robable  th a t the  b a s is  
fo r v ita l ac tiv ity  of m o st d iffe re n t c e llu la r  e lem en ts  is  a  v a r ia tio n  of the 
sam e  nonspecific  chain  of b io c h e m ic a l tra n s fo rm a tio n s , used  by d iffe ren t 
c e lls  a s  an energy  so u rce  fo r  v a r io u s  ty p es of ac tiv ity .

A fte r loca l s tim u la tio n  of the n e rv e , the questio n s a r is e  f i r s t ly  w hether 
it  e n te r s  a  s ta te  of nonconductiv ity , i.e ., of lo ca l n a rc o s is ;  secondly , w heth
e r  
ly , 
t ic

b iochem ica l re a c tio n s  a r e  inh ib ited , a s  in  n e rv e  excitab ility , and th ird -  
w hether the loca l e ffec t of n onspecific  s tim u lan ts  r e le a s e s  a c h a ra c te r is -  
chain  of ch em ica l tra n s fo rm a tio n s , as in m u sc le s .

Few  stud ies of th e se  p ro b le m s have b een  m ade. M isheneva (1955) 
thorough ly  investig a ted  c a rb o h y d ra te -p h o sp h o ru s  m e tab o lism  in a nerv e  
seg m en t brought in to  a condition  of nonconductiv ity  by ag en ts  such  a s  high 

31 o r  low tem p era tu re  and so lu tio n s of e th e r  and ch lo ro fo rm . In a l l  c a se s , 
the  effect of the agen ts w as r e v e r s ib le .  T h is fa c t w as checked not only by
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re s to ra t io n  of conductiv ity  to  the n a rc o tiz e d  s e c to r  of the n e rv e , but a lso  
by b io ch em ica l indexes.

A ccord ing  to  M isheneva, te m p e ra tu re s  up to  36°C do not substan tia lly  
a ffec t the  conten t of ph o sp h a tes  and lac tic  ac id  of the  n e rv e . H ow ever, 
h ig h e r te m p e ra tu re s  cau se  sh a rp  b io c h e m ic a l ch an g es  (T ab le  17).

T a b l e  IE

Ratio of the to ta l o rg an ic  p h o sp h o ru s conten t of the  ac id  so lub le  frac tio n , 
to  the  conten t of in o rgan ic  ph o sp h o ru s a t d if fe re n t s ta g e s  of p a ra b io s is  

in m u sc le s  (acco rd in g  to  K o n d rash ev a , 1954)

F o rm  of 
ex p erim en t N orm P h a se  I

P h a se  II

E q u a liz in g  
phase

P a ra d o x i
ca l phase

Inhibitory  
phase

With n e rv e  
sec tio n O.98± 0.11 1 .55±  0.18 0,6S±  0.05 0,59 ± 0,02 0.16 - 0 .3 1

W ithout n e rv e  
sec tion

2.5 ± 0.07 4 .3 ±  0.35 1 .8±  0.15 1.07±  0.08 0.35 -  0.88

T ab le  17 show s the e ffe c ts  of a  n e rv e  block cau sed  by app ly ing  a  te m p e ra 
tu re  of 45° C fo r  30-60 seco n d s . C re a tin e  phosphate  s p l i t  to  an e x te n t of 38,3%, 
The am ount of ino rg an ic  phospha te  in c re a s e d  by 36%. T he A TP content 
re m a in e d  unchanged. D uring a  b lo ck  of 2-3  m in u te s , th e  la c tic  a c id  content 
in c re a se d  by 18,3%, W ith a  b lo ck  of 5 -6  m in u te s , the  am ount of la c tic  acid 
in c re a se d  twofold. T h is fa c t in d ic a te s  th a t the  fo rm a tio n  of la c t ic  acid 
took p lace  during the b lo ck ed  cond ition , and w as no t linked  w ith  any e a r l ie r  
s tag es  of p a ra b io s is .

82 D uring re c o v e ry  of the  n e rv e  s e c to r  f ro m  a  h e a t b lo ck , i t s  phosphate
and la c tic  acid  conten t re tu rn e d  to  th e  in it ia l  lev e l, in d ica tin g  re v e rs ib il i ty  
of the phenom ena stud ied .

T hus, com ple te  b io c h e m ic a l re c o v e ry  took  p la c e . A s m a ll  d ifference  
( s e v e ra l  p e rcen t)  be tw een  the in i t ia l  and the  f in a l c o n d itio n s  lay  w ith in  the 
ran g e  of e r r o r  of the m ethod  of study  used .

M isheneva s tud ied  the  m e ta b o lism  of a n e rv e  s e g m e n t b ro u g h t to  a 
s ta te  of nonconductiv ity  b y  d e c re a s e  of te m p e ra tu re  fro m  —8 to —14“ C 
(Table 17). The b io c h e m ic a l e ffe c t, in  co ld  p a ra b io s is  (b lock) of the  nerve, 
w as the sa m e  a s  in  h ea t p a ra b io s is . T he in o rg an ic  phosphate  con ten t in 
c re a s e d  by 40%, The c re a t in e  phosphate  con ten t d ro p p ed  b y  27,9% , and 
ATP by 19%, due to  sp littin g . T he sa m e  w as t r u e  of la c tic  a c id . A s in 
heat p a ra b io s is , the  am ount of la c tic  ac id  in c re a s e d  c o n s id e ra b ly , and a f te r  
the  n e rv e  re v e r te d  from  nonconductiv ity , i t s  in i t ia l  co n ten t of la c t ic  ac id  
w as re s to re d ,

M isheneva stud ied  the  b io c h e m ic a l chan g es ta k in g  p lace  in  a  nerve  
s e c to r  n a rc o tiz e d  (by e th e r  d ilu ted  l ;2 0 )  to  a  s ta te  of co m p le te  nonconduc
tiv ity  (T able 17).

In th is  c a se  too , in  a s ta te  of deep  n a rc o s is ,  the  sa m e  s h if ts  in phos
phate  con ten t took p lace , a s  in  b lo ck s  due to  h igh o r  low te m p e r a tu r e .  The 
ino rg an ic  phosphorus conten t in c re a s e d  by 32%, w hile  c re a t in e  phosphate
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T a b l e  17

P hosphate  and la c tic  ac id  conten t (in mg p e rc e n t of w et w eight) of tw in n e rv e s  of frog , (a) under n o rm a l 
cond itions and (b) during  b lock  cau sed  by d iffe ren t fa c to rs . A rith m e tic  m ean s from  

5-8 e x p e rim e n ts  (acco rd in g  to  M isheneva, 1955)
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Ino rgan ic  phos
ph o ru s 5.5 7.5 + 36.0 4.9 4.9 4.7 6.6 + 40,0 4.7 6.2 + 32.0 6,3 8.2 + 30.0

C re a tin e  p h o s
phate 4.7 2.9 - 3 8 .3 5.2 4.8 5.6 4.1 -2 7 .9 4.2 2. -3 0 .0 4.7 2.6 + 44,7

ATP 3.0 3.0 0 2.5 2.4 2.1 1.7 -1 9 .0 2.9 2.9 0 2.3 2,2 -  5.0
L ac tic  a c id . 35.8 42.8 + 18.3 38.8 39.3 35.6 46.2 + 31.3 38.9 48.2 + 26.9 38.5 52.2 + 37.2

L a c tic  acid 32.7

(block in 
2-3  m in)

45.7 
(block in 
5-6 m in)

+ 40,2



dropped  by 30%. The am ount of Lactic ac id  in c re a s e d  to  the  sam e  extent as 
in  the n a rc o tic  action  of high and low te m p e ra tu re s .

The sam e phenom ena o c c u rre d  on b locking  con d u c tiv ity  by ch loroform , 
d ilu ted  1:40 (in R in g e r 's  so lu tion ), acting  fo r 30-70 se c . A s in  a ll  the p re 
vious c a s e s  of s tim ulan t ac tion , the am ount of in o rg a n ic  phosphate  in the  
n e rv e  in c re a se d , the  c re a tin e  phosphate  conten t d e c re a s e d , and lac tic  acid  
accum ula ted . All th e se  chan g es w e re  r e v e r s ib le .  A fte r  re s to ra t io n  of 
n e rv e  conductivity , the conten t of a l l  the  su b s ta n c e s  re tu rn e d  to  no rm al.

T hese  data a r e  of ex cep tio n a l in te re s t .  T hey  show  th a t in  the c a se  of 
the  n e rv e  too, such v a r ie d  s tim u la n ts  a s  high and low te m p e ra tu re , and 
n a rc o tic s , re le a s e  the  sam e  chain  of b io c h e m ic a l r e a c t io n s  a s  in  n o rm a l 
physio log ica l ac tiv ity  of the n e rv e . It is  e sp e c ia lly  in te re s t in g  th a t am ong 
the  agen ts stim u la tin g  m e ta b o lism , the ty p ic a l n a rc o t ic s  m u st a lso  be in 
cluded.

It used  to  be thought th a t n a rc o tic s  n e c e s s a r i ly  in h ib it a ll  v ita l functions, 
including m etab o lism . T h e re fo re  the  a ssu m p tio n  th a t a  ty p ic a l n a rco tic  
given in  a dose leading to  deep n a rc o s is  s t im u la te s  m e ta b o lism , may seen l 
p arad o x ica l. It a p p e a rs , how ever, th a t n a rc o tic s  do not d iffe r  from  o th e r 

83 tru e  s tim u lan ts , e.g . high te m p e ra tu re , in  th e ir  a b ility  to  s tim u la te  g ly 
co ly tic  ca tab o lism . In th e ir  a b ility  to  inh ib it e x c ita b ility  of n e rv e s , n a r 
c o tic s , in  th is  re sp e c t, re se m b le  o th e r s tim u la n ts , s in c e  any one of th em , 
a t the  s ite  of i ts  sp p lica tion , c a u se s  nonconductiv ity  of th e  n e rv e  o r  the 
m u sc le  f ib e r  ( re f ra c tiv ity , n a rc o s is ) .

It m ay be assum ed  th a t p a r t ia l ly  s tim u la te d  c a ta b o lism  m ay  c o r re c t  
the  changes in p ro top lasm  caused  by the  s tim u lu s , and seco n d ly  the low ered  
ex c itab ility  of the n e rv e  f ib e r . T h is  is  in  a c c o rd a n ce  w ith  the  h y po thesis  
th a t re v e rs ib le  dam age m ay be co n s id e re d  a s  th e  m o s t an c ien t and g e n e ra l 
fo rm  of excita tion .

B iochem ical s tu d ie s  of c a ta b o lism  a t the  s ite  of ap p lica tio n  of a  s t im 
u lus in nonconducting t is s u e s  a re  v e ry  s c a rc e .  T h e re  is  som e in te re s tin g  
w ork  by Sm oilovskaya (1938), but som ew hat d iffe re n tly  d esig n ed . She 
s ta in ed  v a rio u s  su rv iv ing  t is s u e s  of m am m a ls  ( l iv e r ,  k id n ey s, and lungs 
of r a t ,  rab b it, and gu inea pig) w ith  n e u tra l  red . W hen th e se  t is s u e s  w e re  
kept in  R in g e r 's  so lu tion , the  au th o r o b se rv e d  the  a p p e a ra n c e  of g ra n u le s  
on the  background of the u n sta in ed  cy to p lasm , and an  o p tica lly  em pty nu
c le u s . R in g e r’s so lu tion  w ith a low ered  N aC l co n ten t w as u sed  as a s t im u 
lan t (o r r e v e rs ib ly  dam aging agent). (It w as m en tio n ed  above th a t h a lf - s tre n g th  
R in g e r 's  solution did not cau se  c o n tra c tio n  of fro g  m u s c le , and th a t only  a t  
q u a r te r - s tr e n g th  w as it  a  s tim u lan t. T h is  d ilu tion , th e re fo re ,  w as the  
th re sh o ld  one).

In S m oilovskaya1 s e x p e rim e n ts  w ith e p ith e lia  of m a m m a ls , twofold 
d ilu tion  of the sa lt so lu tion  a lso  did not change the  n o rm a l  c h a ra c te r  of 
sta in ing . A fte r fu r th e r  d ilu tion , g ran u le  fo rm a tio n  d isa p p e a re d , and th e  
cy toplasm  and the  n u c lea r  s t ru c tu re s  began  to  be s ta in e d . T he p ro c e s s  
w as e a s i ly  re v e rs ib le  if the t is s u e  w as no t kept too long in  the  hypotonic 
solution .

S im ultaneously , Sm oilovskaya in v es tig a ted  th e  leak ag e  of p h ospha tes 
fro m  the  t i s s u e s .  It w as shown th a t w ith  h a lf - s t r e n g th  so lu tio n  leakage of 
p h o sp h a tes  w as v e ry  sm a ll  and only upon h ig h e r d ilu tio n  did it  in c re a s e . 
I t i s  h igh ly  p robable  th a t in e p ith e lia l t is s u e s  to o , n o n sp ec if ic  s tim u la n ts  
a t th re sh o ld  doses s tim u la te  sp littin g .o f  h ig h -e n e rg y  p h o sp h o ru s  com 
pounds.
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R ecently , B rau n  (1955, 1958) investig a ted  the  leakage of a  num ber 
of su b s ta n c e s  from  t is s u e s  in to  the  su rround ing  m edium  follow ing the a c 
tio n  of v a rio u s  ag en ts . He s tu d ied  in g re a te r  d e ta il the leakage of c rea tin e  
f ro m  m u sc le s  and te s te s .  The e x p e rim e n ts  show ed that follow ing the a c 
tio n  of te m p e ra tu re , m ech an ica l, ch em ica l, and ra d ia tio n  s tim u lan ts , 
m e tab o lic  po isons, and asphyx ia  co rresp o n d in g  to  the s tre n g th  of s tim u la 
tio n , a g re a te r  o r  a  l e s s e r  am ount of c re a tin e  leaked  out from  the  t is s u e s  
in to  th e  su rround ing  so lu tion . T o g e th e r w ith o th e r s ig n s of ex cita tion  
( in c re a s e d  affinity  to  dyes, e tc .)  the leakage is  a sen s itiv e  index and a 
m e a s u re  of the change in  p ro to p la sm .

T hus, the few p a p e rs  av a ilab le  so  f a r  on the  b io c h e m is try  of loca l 
e x c ita tio n  confirm  the a ssu m p tio n  th a t at the s ite  of ap p lica tio n  the vario u s 
s tim u la n ts  cause, on the one hand, a nonspecific , re p e titiv e  com plex of 

84 v is ib le  changes in  the  living p ro te in  su b s tra te  (p a ra n e c ro s is ) , and, on the  
o th e r  hand, se rv e  a s  a  s tim u lu s  to  a slig h tly  sp ec if ic , c a tab o lic , and g ly 
co ly tic  phosphorus m e tab o lism . It is  a ssu m ed  th a t one is  c lo se ly  linked 
w ith  the  o th e r, th a t p a ra n e c ro tic  changes in  the p ro te in  s u b s tra te  a re  p r i 
m a ry , and that th ey  se rv e  a s  a  s tim u lu s  fo r  the  b io c h e m ic a l re a c tio n . In 
the  c h a p te r  dealing w ith c e l l  p e rm e a b ility , ev idence w ill be b rough t fo rw ard  
to  su b s ta n tia te  th is  h y p o th esis .

C e r ta in  F e a tu r e s  of P a ra n e c ro s is  during  
P h y s io lo g ic a l S tim u la tion  of C e lls

So fa r ,  the re a c tio n  of p ro to p la sm  to the  s tim u la n ts  at the  s ite  of 
th e ir  app lication  has been  d isc u sse d . In the m a jo r ity  of c a s e s  th ese  s tim u 
la n ts  w e re  nonphysio logical. Am ong the re a c tio n s  w ere  the  b ip h asic  change 
in  v is c o s ity  of the  p ro to p la sm , d e c re a s e  in the  d eg ree  of i ts  d isp e rs io n , 
and in c re a s e  of i ts  ab ility  to  b ind  b a s ic  and acid dyes. The la t te r  was 
one of the  m ost c h a ra c te r is t ic  and in te re s tin g  p ro p e r t ie s ,  s in c e  it ind ica ted  
deep changes in the  s tru c tu re  of p ro te in  m o lecu le s  com posing  living p ro to 
p la sm . A num ber of fa c ts  su p p o rted  the conten tion  th a t a t th e  b a s is  of th e se  
changes w ere  re a c tio n s  s im ila r  to  the  in it ia l  p h ase s  of d en a tu ra tio n  of n a 
tiv e  p ro te in s . T h is loca l r e a c t io n  of p ro to p la sm  a t the s ite  of application  
of the  stim u lan t w as co n sid e red  as  loca l s tab le  s tim u la tio n . T his po in t 
of view  is by no m e a n s  g e n e ra lly  accep ted  and r e q u ir e s  s p e c ia l  d iscu ssio n . 
T he point is  that " s tim u la tio n " , in  the  n a rro w  sen se  of th is  w ord , usually  
in d ic a te s  an active condition , m ain ly  of the conducting t i s s u e s —n erv e , 
m u sc le , and p a r tly  g lan d u la r ep ith e liu m . V ery  little  is  known a s  ye t r e 
g a rd in g  o th e r e p ith e lia l e le m e n ts . T h e re fo re , to  show th a t p a ra n e c ro s is  
m ay indeed  be re g a rd e d  a s  lo c a l s tim u la tio n , it  m u st be a s c e r ta in e d  w hether 
the  com ponents of the  conducting t is s u e s  th e m se lv e s  undergo  p a ra n e c ro s is  
d u rin g  stim ula tion .

The difficulty  in  th is  type of co m p ariso n  is  th a t ex c ita tio n  in  con
ducting tis su e s  is  rh y th m ic , th e  excita tio n  w aves be ing  ra p id ly  rep laced  
by re s to ra tio n  of th e  in it ia l , non s tim u la ted  condition . T h is re s to ra t io n  
m ay be incom plete , and in  th a t c a se  r e s id u a l  changes w ill re m a in . O r, 
the  p ro c e s s  of re s to ra t io n  m ay b e  overdone and the  r e s id u a l  changes w ill 
th en  be to ta lly  d iffe ren t from, exc ita tio n . I t is  known th a t changes of th is  
kind a re  observed  a f te r  p a ssa g e  of a  wave of ex c ita tio n , in  the  fo rm  of 
in c re a s e d  ex c itab ility  (ex a lta tio n  o r  su p e rn o rm a l p hase).
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T a b l e  18
Change in  binding of dyes by living p ro to p lasm  during physio log ica l s tim u la tio n

O bject

Φ

S tim ulation

©

Dye

©

Dye co n 
c e n t r a 
tion, %

®

Change in 
so rp tio n  (%) 
o r  r e s u l t  of 
m ic ro sco p ic  
exam ination  

©

A uthor

N erv es  of Anodonta S ep ara te  shocks by N eu tra l re d 0.1 + 36.4 + 8.3
cygnea  (the c e re b ro - re c ta n g u la r  pulse M ethylene blue 0.1 + 36.8 + 13.0 1 955 i 6
v is c e ra )  connective). C yano1 0.5 + 54.3 + 10,0

C rab  n e rv e s Induction c u rre n t. N eu tra l re d 0.005 + 15.5 + 3.4 U shakov, 1950.
88 cps

[ Induction c u rre n t 11 I I 0.02 0 S m itten , 1949.
F ro g  n e rv e s  1 S inuso ida l a lte rn a tin g 1 t H 0.2 + 58.0 + 7.2 N asonov and

1 c u r re n t , 100 cps Suzdal’skaya,
1957.

R at n e rv e s R ec tan g u la r p u lse s , 11 li 0.1 + 19.2+ 4.9 R o zen ta l1, 1958.
50 cps

P a ra sy m p a th e tic  gang lia Induction c u r re n t th rough ri 11 0.05 D iffuse Kot Iyar evskaya
of fro g  h e a r t the nerve sta in ing and B oldyrev ,

1939.

Sym pathetic  gang lia  of The sam e n II 0.1 + 4 8 .3 + 1 6 ,0 Z arak o v sk ii and
ca t and rab b it L evin , 1953.

и  и 11 1 1 0.005 + 29.7 U shakov, 1949.
Г» 11 11 II 0.02 + 56.7 S m itten , 1949.

Spinal gang lia  of frog R ectan g u la r p u lse s , I I I I 0.1 —29.6+  5.8 Lev and
100 cp s, th rough the R o zen ta l', 1958.
nerve

Spinal ganglia  of r a t The sam e 1Î I I 0.1 + 21 .6+  5.8 R o z e n ta l ' ,  1958 .
C onditioned re flex I I 1 1 0.1 + 20.5+  5.5 R om anov, 195 3b.

stim u la tio n 1 .



Spinal gang lia  of rab b it

®

T hrough  the  n e rv e , 
m e c h a n ic a l tra u m a  
of the  lim b

T hrough  the  n e rv e , 
induction  c u r re n t

The sam e
I I  11

Spinal gang lia  of ca t 
and rab b it

T hrough the  n e rv e , 
induction c u rre n t

- J  
- J

B ra in  c o rte x  of w hite 
m ouse

S tim u la tion  of 
m echano- 
r e c e p to rs

of the 
s to m ach  f 
and in -  1 
te  s tin e s  
of the
e so 
phagus 

S tim u la tion  of the 
s c ia tic  n e rv e  by 
induction c u r re n t

B ra in  c o rte x  of white 
r a t

C onditioned re flex
stim u la tio n

M otor n e rv e  endings 
in  fro g  m u sc le

T hrough  the n e rv e , 
induction  c u r re n t



® ® ®
N e u tra l re d Û.Û1 + 20,0 R om anov, 1949b.

IT n 0.1 + 40.0 R om anov, 1948a.
11 11 0.05 + 36.7 + 3.2 R om anov, 1948b,C yano1 1.0 + 59,9 + 8.2

N e u tra l re d 1.0 + 4 6 .3 + 1 1 .0 Z a rak o v sk ii and
L evin , 1953.

ft <1 0.05 + 64,0 1
■ 1 ti 0.05 + 46.0 L ev in , 1952.

P h en o l re d 0.04 + 23,5 )
N e u tra l re d 0.1 + 11.7+  1.8 R om anov, 1953a.

il il 0.1 + 35.9+  7.1 R om anov, 1953b,

M ethylene blue 0.02 In c re a se  in 
n um ber of 
s ta in ed  

" ta s s e ls "  
by 162.2 + 
28.3%

S hap iro , 1953.

>■ It 2.0 P re v a le n c e  
of s ta ined  
endings in 
the  e x p e r i
m ent

C h etverikov , 195 3
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©
D ire c t s tim u la tio n

by induction  c u rre n t

S a r to r iu s  fro g  m uscle

S tra ig h t abdom inal

T hrough the n e rv e , 
induction c u rre n t, 
25 cps

The sam e , 150 cps 
A cety lcholine 

1 :35,000
m u sc le  of the frog T hrough the IVth, Vth, 

V lth  sp in a l n e rv e s , 
induction c u rre n t

T hrough  the  IXth ro o t
I lio fib u la r  fro g  m u sc le (tonus), induction 

c u rre n t
T hrough the VUIth ro o t 

(te tanus), induction 
c u rre n t

D enervated  r a t  m u sc le s
E m b ry o n a l r a t  m u sc le s
M ouse p a n c re a s

A cetylcholine
11

Reflex

R eflex

12 hou rs  
a f te r  b u rn 
ing the twin

E p ithe lium  of r a t s tim u la tion . eye.
On the  s e -

c o rn ea R e p e rc u s 
sion  changes. cond day 

a f te r  cutting  
the sc ia tic  
n e rv e .



® ® ®
N e u tra l re d  f 0.2 + 21.9 + 5.4
C yano1 I 1.0 -  2 .9±  6.0 K i r o ,1948.
Indigo ca rm in e 1.0 + 1.3 + 4.0
N eu tra l re d 0.05 + 21.1 + 5.6

S hap iro , 1958.
1 1 I I 0.05 + 22.9 + 3.1
11 11 0.2 + 5 1 .4+ 12 .0 } K iro  1948.

C yanol 0.5 — 9 .0+  2.7
N eu tra l re d 0.2 + 14.0+ 1,0

V eresh ch ag in ,
n II 0.2 + 15.0+ 2.0 1949.

τι H 0.2 + 8 .7±  1.7

11 0.2 + 150.0 ' G enni, 1947.
0.2 + 120.0

11 IT 0.1 + 20.9+  3.7 N asonov and 
Suzdal’skaya, 
1953.

11 r i 0.01 + 30.0

On the o p e r-

Zhinkin and
K orsakova, 1951

и 1 1 0.01 ated  side,
+ 30.0 + 2.2, 

on the oppo
s ite  s id e ,
+ 55.0 + 2.7

Z h irm u n sk ii, 
1955.



Since v ita l s ta in in g  is  a co m p ara tiv e ly  slow p ro c e s s , it could be a n 
tic ip a te d  that th e se  r e s id u a l  chan g es could be de tec ted  w hile studying a l 
te ra t io n s  in  binding pow er.

R ecen tly , in o u r lab o ra to ry  a s  w ell as  in o th e rs , m any stud ies of 
th is  ty p e  have been p e rfo rm e d , and m uch data  accu m u la ted  (Table 18).

T ab le  18 shows an in c re a s e  in the so rp tio n  p ro p e r tie s  of dyes by 
p ro to p la s m  following s tim u la tio n . T hese  w ere  noted by d iffe ren t au thors 
in  nonm edulla ted  and m ed u lla ted  n e rv e s ;  nerve  c e lls  of sp inal, sym pathetic 
and p a ra sy m p a th e tic  gang lia ; c e r e b ra l  co rtex ; m o to r endings of n e rv es ; 
s k e le ta l  m u sc le s ; the  p a n c re a s , and c o rn e a l ep ith e liu m . The g re a te s t  
in c re a s e  in  sta in ing  o c c u rre d  a f te r  ace tycho line  s tim u la tio n  of m u sc le s , 
w hich, s in ce  th is  s tim u lu s  is  ap p aren tly  no n o sc illa tin g , is  log ical.

In c re a se  in  sta in in g  pow er of s tim u la ted  n e rv e s  w as o bserved  fo r the 
f i r s t  t im e  in  the c e r e b r o - v is c e r a l  connections of f r e s h -w a te r  m u sse ls  
(A nodonta cygnea), (G olovina, 1949, 1955b), and in  c ra b  n e rv e  (Ushakov, 
1950). Conduction in  the  fo rm e r  is  c h a ra c te r is t ic a l ly  slow , w ith a  p ro 
longed re s to ra t io n  p h ase  (F ick , 1863, Zhukov, 1936a, 1936b, 1946; Kan 
and K uznetsov , 1938; Z h irm u n sk ay a , 1940; Zhukov and S tre ltso v a , 1943). 
T h e se  conditions fa c il i ta te  the  d e tec tio n  of in c re a se d  binding of the dye. 
T ab le  18 shows in c re a se d  sta in in g  following s tim u la tio n  of the nerve  with 
b a s ic  d y es (n eu tra l r e d  and m ethy lene  b lue), and an acid dye—cyanol. 
T h is  show s that in the given c a s e , the  in c re a se  cannot be explained e ith e r  
by sh if t in  in tra c e l lu la r  pH o r  by r e le a s e  of nuc le ic  a c id s . Zhukov (1946), 
te s te d  the  conduction of an im p u lse  in  the  n e rv e  of f r e s h -w a te r  m u sse l 
(A nodonta cygnea). On in c re a s in g  the d istance  betw een  the stim ula ting  
and re c o rd in g  e le c tro d e s , a d e c re a s e  in  the am plitude  of the ac tion  poten
t ia l  w a s  seen . T h is m ay have been  due e ith e r  to in c re a s e  in d isp e rs io n , 
o r  to  d e c re a s e  in the a r e a  of the  sum m ation  cu rv e  of ac tion  c u rre n t. 
G olovina te s te d  the s ta in in g  pow er of the  n e rv e  of f r e s h -w a te r  m u sse l 
(A nodonta cygnea), in  the  v ic in ity  of the stim u la tin g  e le c tro d e s  (0.5 cm) 
and a t a  c e r ta in  d is tan ce  from  th em  (1,5 cm  and m o re ). T ab le  19 show s 
the  r e s u l t s  of s ta in in g  te n  p a ir s  of such  n e rv e s , the  sta in ing  of the p ro x i
m a l s e c to r  being alw ays taken  a s  100%.

89 T ab le  19 show s th a t a t a  d is tan ce  of 1.5 cm from  the  e lec tro d e , the
n e rv e  s e c to r  b inds n e u tra l  re d  by an  a v e rag e  of 14% le s s  than  the p rox im al 
s e c to r .  F u r th e r  fro m  the  e le c tro d e s , th is  d iffe ren ce  in c re a s e s  even m o re  
(e x p e rim en ts  no. 8 -10), in  c e r ta in  c a s e s  m o re  than  40%.

U shakov (1950) stud ied  in c re a se d  s ta in ing  following stim u la tio n  of 
an o th e r nonm edulla ted  n e rv e  ( i .e .o f  c ra b ). T h is  au th o r u sed  induction 
shocks from  a D uB ois-R eym ond co il, in the p r im a ry  c ir c u it  of w hich a 
B e rn s te in  b re a k e r , c a lib ra te d  on an  o sc illo g rap h , w as in troduced . The 
c ra b  n e rv e  is  p h y sio log ica lly  s im i la r  in  m any r e s p e c ts  to  v e r te b ra te  n erve , 
but d if fe rs  in longer d u ra tio n  of the  re s to ra t io n  p ro c e s s e s . A sign ifican t 
in c re a s e  in  sta in ing  pow er (M = + 15.5 ± 3,4%) w as obtained only a t a f r e 
quency of 88 cps (F ig u re  50).

At f i r s t ,  no in c re a s e  in  s ta in in g  pow er of a s tim u la ted  m edulla ted  
n e rv e  could  be o b se rv ed  (S m itten , 1949). T h is w as exp lained  e ith e r  by the  
p re se n c e  of m yelin , in te r fe r in g  w ith  p en e tra tio n  of the  dye, o r by the fac t 
th a t in  m edu lla ted  n e rv e , com ple te  re s to ra tio n  of the  p ro p e r tie s  of the  
re s t in g  n e rv e  f ib e r  o c c u r re d  ra p id ly . Subsequently  it t r a n s p ire d  that the 
fa ilu re  to  detect the in c re a s e  in  sta in in g  w as due to  the  fac t th a t upon s tim u 
la tio n  w ith  induction c u r re n t , the  freq u en cy  dosage fo r  excita tio n  w as not
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p r e c is e  (the in c re a s e  in s ta in in g  depended to  a  g re a t  extent on the f re q u e n 
c ie s  of the im p u lse s , as  follow ing e x p e rim e n ts  c le a r ly  showed). The 
s c ia tic  n e rv e  of the fro g  w as ex c ited  by su p e r th re sh o ld  s tim u li of s in u so id a l 
c u r re n t*  f ro m  a  sound g e n e ra to r , and s im u ltan eo u sly  sta in ed  with 0.1% 
n e u tra l  r e d  (in R in g e r 's  so lu tion) fo r 15 m in u te s . F ig u re  51 shows the r e 
s u lts .  E ach  po in t r e p re s e n ts  a s ta t is t ic a l ly  sig n ifican t m ean  of 10 e x p e r i 
m e n ts  (N asonov and S u zd a l'sk ay a , 1957). An optim um  in c re a se  in  s o rp t io n  

so is  se e n , re a c h in g  58% at 100 cps. H ow ever, th is  r e s u l t  was obtained on ly  
d u rin g  w in te r  m o n th s. W ith su m m e r fro g s , the p e rcen tag e  of in c re a se  in  
s ta in in g  w as low er.

T a b l e  19

D e c re a se  in  s ta in in g  pow er of the n e rv e  of f r e s h -w a te r  m u sse l 
(A nodonta cygnea) b y  0.1% n e u tra l  r e d  follow ing stim ula tion  

(acco rd in g  to  G olovina, 1955b)
------------------------------ !

E x p e rim e n t No,
D is tan ce  from  

e le c tro d e s  
in  cm

Staining (in % of 
s ta in ing  of the  
n e rv e  s e c to r  
c lo s e s t  to  the  

e le c tro d e s )

D ifference  in  
sta in ing  (%)

1 0.5 100.0 — 15.21.5 84.8
2 0.5 100.0 + 1.4

1.5 101.4
3 0.5 100.0 -  13.01.5 87.0
4 0.5 100.0 - 2 1 , 71.5 78.3
5 0.5 100.0 — 4.01.5 96.0
6 0.5 100.0 - 3 6 .01.5 64.0
7 0.5 100.0 -  10.41.5 89.6

A rith m e tic  m ean — 14 .1±  4 .6

8 0.5 100.0 -  19.9
3.0 80.1

9 0.5 100.0 -  10.4
1.5 89.6 -  34.2
3,5 65.8

10 0.5 100.0 - 4 4 . 0
3.5 56.0

* The th re s h o ld s  w e re  d e te rm in e d  by c o n tra c tio n  of the ca lf  m u sc le  c o n 
nected  to  the n e rv e .
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FIG U RE 50. Sorp tion  of n e u tra l  re d  
by c ra b  nerve  follow ing s tim u la tio n  
w ith  induction c u r re n t  a t d iffe ren t 
f re q u e n c ie s  (acco rd in g  to  U shakov, 
1950)

T h e re  a r e  ind ications that in 
s tim u la ted  n e rv e s , p a ra n e c ro s is  is 
o b se rv ed  in addition  to the above 
changes. T hus, K ornakova, F ran k , 
and S teinhaus (1947) o bserved  a slow 
in c re a se  in v isc o s ity  of the sc ia tic  
n e rv e  of frog , following a tetan ic  
s tim u lu s . F la ig  (1947) observed  a 
d e c re a se d  ra te  of outflow of axo
p lasm  from  the cut end of the giant 
axon of the c u ttle f ish  following its  
exc ita tio n . T h is undoubtedly in 
d ica ted  an  in c re a se  in  v isc o s ity  of
its  p ro to p lasm . L a te r , Lyudkovskaya 
(1952) d e sc r ib e d  a  sh a rp  d ec rea se  
in tra n sp a re n c y  of the f re sh -w a te r  
m u sse l (A nodonta cygnea) nerve  a f te r  

s tim u la tio n , ind ica ting  a d e c re a s e  in the deg ree  of p ro to p lasm  colloid*  
d isp e rs io n .

* C o n tra ry  to  th is , Lyudkovskaya and F ra n k  (1952) d esc rib ed  in c re a se  
in  tra n sp a re n c y  in  the  m ed u lla ted  frog  n e rv e  a f te r  excita tion . 
In  c e r ta in  c a s e s ,  how ever, in c re a se d  opacity  of the  s tim u la ted  nerve 
w as a lso  o b se rv e d ,

** T hus, the a u th o rs  co n firm ed  the re s u l ts  pub lished  in  o u r m onograph 
"D én a tu ra is io n n ay a teоr iy a  pov rezhden iya  i ra z d ra zh e n iy a "  (D enatu ra

tio n  T heory  of D am age and E xc ita tion ), N asonov and A leksandrov, 
1940), The b a s ic  a ssu m p tio n s  of th is  th e o ry  w e re  published in  G erm an  
("A cta Z oo lo g ica", N asonov  and  A leksandrov , 1943b) and la te r  in  F ren ch , 
("T ra n sa c tio n s  of the  13th In te rn a tio n a l C o n g re ss  of Z oo log ists  in  F a r is " ,  
N asonov, 1949b). E v id en tly , the au th o rs  w e re  not fa m ilia r  w ith a ll 
th e se  p a p e rs , s in ce  they  r e f e r  only to  o u r  p a p e r pub lished  in "Izv estiy a  
A kadem ii Nauk SSSR, S e r iy a  B io log icheskaya  (News of the A cadem y of 
Sciences of the USSR, B io lo g ica l S e r ie s ) , in  1948, in  w hich, by the way, 
denatu ra tion  of p ro to p la sm  p ro te in s  w as not m entioned . On th is  b a s is , 
the au tho rs s ta te  th a t we fu rn ish ed  no e x p e rim e n ta l proof of the th eo ry  
of excitation, and th a t they  a r e  supposedly  the f i r s t  to  have done so.

F in a lly , in an  in te re s tin g  p a p e r by U ngar, A schheim , Psychoyos and 
R om ano (1957) it  w as show n th a t in  p ro te in s  ex c re te d  from  stim ula ted  frog  
and r a t  n e rv es , and p ro te in s , the  s tim u la ted  c e re b ra l  co rtex  of c a ts , the 
sa m e  sh ifts  in the u ltra v io le t  a b so rp tio n  sp e c tru m  o c c u rre d  as in denatu ra ted  
p ro te in s* *.

A nother g roup  of e x p e rim e n ts  on the  in c re a s e  in so rp tio n  of dyes by 
s tim u la te d  p ro to p lasm  w as c a r r ie d  out on n e rv e  c e lls  of sp inal ganglia  of 
f ro g s  and m am m als . T h ese  n e rv e  c e lls  have an  unusual s tru c tu re  in tha t 
th ey  connect w ith the  n e rv e  f ib e r  by a  la te ra l  (T -sh ap ed ) appendage, and 
th a t im p u lses  m ay th e re fo re  p a s s  in  the d ire c tio n  of the  sp inal co rd  even 
when the  ganglia a r e  co m p le te ly  ex c ised . T hus, th e re  a re  no d ire c t in 
d ica tio n s  of im p u lses  en te rin g  the  ganglia  and reach in g  the nerve  ce lls .
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Frequency o f s tim ulation  (per sec

FIG U RE 51, In c re a s e  in 
so rp tio n  of n e u tra l  re d  
by the  s c ia tic  n e rv e  of 
fro g , a f te r  e x c ita tio n  by 
s in u so id a l c u r r e n t  of 
d iffe re n t fre q u e n c ie s  
(acco rd in g  to  N asonov 
and S u z d a l'sk a y a , 1957) On n a rc o tis in g  the an im al, shock d id

The re a c tio n  to s tim u la tio n  of sensory  
n e rv e  celLs of sp in a l g an g lia  w as f i r s t  d e te c te d  
by Romanov (1949c) using  v i ta l  s ta in ing  in a 
ra b b it  given an e x p e rim e n ta l shock. Shock w a s  
induced by the m ethod  of C annon, i.e . sm a sh in g  
the  m u sc le s  of the ra b b it leg , using  a h a m m e r . 
In c re a se d  s ta in ing  pow er of c e l ls ,  a s  w ell a s  
c e r ta in  signs of p a ra n e c ro s is , could be ob
se rv e d  not only in gang lia  d ire c tly  co n n ec ted  
w ith the s tim u la ted  f ib e rs , but a lso  in g an g lia  
loca ted  h igher. T h is in d ica ted  a sp read  of th e  
s tim u lu s  along the  n erv o u s sy stem  of the a n im a l .  
W hen the n e rv e  w as tie d , o r  b locked by the u s e  
of novocaine, no shock  w as o b se rv ed . C o r r e s 
pondingly, no in c re a s e  in  sta in in g  pow er w as 
o b se rv ed , 
not o ccu r, and in c re a s e  in sta in in g  w as o b s e rv e d  
only in the c e lls  of gang lia  d ire c tly  connected  to  

the s tim u la ted  n e rv e s . T h e se  ex p e rim en ts  w e re  p e rfo rm e d  on the*w hole 
an im a l, in w hich the  blood c irc u la tio n  w as p re s e rv e d  in tac t. Only the 
sta in in g  of n e rv e  e le m e n ts  w as p erfo rm ed  on iso la ted  gang lia .

O th e r e x p e rim e n ts  w e re  p e rfo rm e d  w ith  gang lia  iso la te d  to g e th e r 
w ith  the  sc ia tic  n e rv e . One end of such a n e rv e , w ith gang lia  a ttached , 
w as su b m erg ed  in n e u tra l  r e d  p re p a re d  in R in g e r 's  so lu tion . The o th e r  
end w as p laced  on the  s tim u la tin g  e le c tro d e s . The c o n tro l p re p a ra tio n  w a s  
s im u ltan eo u sly  s ta in e d  w ithout stim u la tio n . The e x p e rim e n ta l ganglia 
s ta in e d  d eep e r th an  d id  th e  c o n tro ls .

U shakov (1949) p e rfo rm e d  s im ila r  e x p e rim e n ts  w ith  fro g  ganglia . 
S ince th e i r  d im en sio n s  a r e  v e ry  sm all, the  a u th o r had to  p lace  20-40 g a n g l i a  
in the  sam e  te s t  tube in  o r d e r  to  e x tra c t the dye w ith a lcoho l. On c o l o r i 
m e tr ic  a n a ly s is  of such  an  e x tra c t ,  a r e s u l t  w as obtained c o rre sp o n d in g  
to  an a r ith m e tic  m ean  of m o re  than  20 e x p e rim e n ts  (T ab le  20). In o r d e r  
to  d e te rm in e  th e  e x p e r im e n ta l  e r r o r ,  U shakov p e rfo rm e d  co n tro l e x p e r i 
m e n ts . T h ese  show ed th a t the  d ifference  (in  the  am ount of bound dye) b e 
tw een  two s e r ie s  of tw in  g an g lia  (18 gang lia  in  each), s ta in ed  with 0.005%  
n e u tra l  re d  u n d e r s im i la r  co n d itions, w as ± 4.6%.

T ab le  20 show s th a t a f te r  s tim u la tio n  fo r  40-60 m in u te s , the i n c r e a s e  
in sta in in g  of th e  s tim u la te d  g ang lia , as  co m p ared  w ith  the  co n tro l, m a y  
re a c h  30%.

S im ila r  e x p e r im e n ts  w e re  p erfo rm ed  by S m itten  (1949), who s u c c e e d e d  
in  in c re a s in g  s ta in in g  of th e  e x p e rim e n ta l g an g lia  by  56.7% m o re  than  t h e  
c o n tro ls . It is  in te re s tin g  th a t Sm itten  ob tained c o n s id e ra b le  in c re a se  n o t  
only by s tim u la tio n  of the  n e rv e  end by e le c tr ic  shocks, bu t a lso  by su c h  
s tim u la n ts  as b u rn s  o r  cu ts  fo r  30 m in u tes , w hich co m p le te ly  excluded 
the p o s s ib il i ty  of e x c ita tio n  of the  c e lls  by c u r re n t  loops p a ss in g  th ro u g h  
th e  n e rv e .

H ow ever, in c re a s e d  s ta in in g  of ganglia  does not alw ays o c c u r a f t e r  
s tim u la tio n  of th e  n e rv e . L ev  and RozentaT (1958) s tim u la te d  the s c i a t i c

э г n e rv e  of a fro g  w ith  re c ta n g u la r  im pulses of 0,05 m illise c o n d  d u ra tio n  a t  
a  freq u en cy  of 100 cps. T he so rp tion  v a lu e s  of the  e x p e rim e n ta l g a n g l i a  
a s  c o m p ared  w ith  the  c o n tro ls  d iffe red  w idely in the  v a r io u s  e x p e r im e n ta l  
s e r i e s ,  an  in c re a s e  a s  w ell a s  a  d e c re a se  in  so rp tio n  be ing  o b serv ed .
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T he m ean  so rp tion  v a lu e s , e x p re sse d  as a p e rcen t of the  co n tro l, w ere  a s  
fo llo w s; — 2 0 .9 ± 4 ,3 ; + 2 6 .6 1 1 1 .2 ; + 1 6 1 7 .5 ;  - 1 1 . 8 1 3 . 6 ;  - 0 , 3 1 8 . 6 ;  
and — 2 9 .6 1  5.8. It w as o b se rv e d  th a t the  r e s u l t  depended on th e  in it ia l  
fu n c tio n a l condition of the p re p a ra tio n , as shown by the  deg ree  of so rp tio n  
of v i ta l  s ta in  by the c o n tro l gang lia .

V ita l s ta in ing  of sp in a l gang lia  of frog  a f te r  s tim u la tio n  of 
the  n e rv e  (acco rd in g  to  U shakov, 1949)

T a b l e  20

E x p e rim e n ta l 
s e r ie s

N um ber of 
g ang lia

S tren g th  of 
s tim u la tio n  

in cm

Int e n s ific a tio n  
of s ta in in g  of 

s tim u la ted  
gang lia  (%)

1st 24 25 123.0
2nd 47 20 129.7
3rd 22 15 113.6

On stim u la tio n  of r a t  n e rv e s  by re c ta n g u la r  im p u lse s  of the  sam e 
fre q u e n c y  and d u ra tio n , R o z e n ta l1 (1958) showed th a t in c re a se d  sta in in g  of 
the sp in a l ganglia  a lw ays o c c u r re d , a s  co m p ared  w ith the  c o n tro ls . The 
m ean  so rp tio n  value fro m  21 e x p e rim e n ts  w as + 2 1 .6 1  5.8%. The leve l of 
so rp tio n  of dye by the  c o n tro l g an g lia  in  the r a t  w as v e ry  s tab le  and v a ried  
fro m  one s e r ie s  to  a n o th e r by no t m o re  th an  1 10%. In th e  fro g , th e se  
changes reach ed  200%.

Rom anov (1948b) show ed th a t  a f te r  p h y sio lo g ica l s tim u la tio n  of nerve  
c e lls  of ra b b it g ang lia , in c re a s e d  so rp tio n  o c c u rre d  of both b a s ic  dyes 
(n e u tra l red ) and acid dyes (cyanol). A s in  e x p e rim e n ts  w ith the  n e rv e , 
th is  show ed that in c re a s e d  s ta in in g  pow er w as not due to  sh ifts  in  pH, r e 
le a se  of nucleic  ac id s , o r  low ered  g ran u le  fo rm atio n .

In an o th er p a p e r , Rom anov (1948a) s tud ied  the  chan g es in  sta in in g  of 
n e rv e  c e lls  of sp in a l g an g lia  of the ra b b it, a t d iffe ren t p e r io d s  a f te r  c e s s a 
tio n  of a 20-m inute ex c ita tio n  th ro u g h  the  n e rv e . Im m ed ia te ly  a f te r  the im 
p u lse s  ceased , the s ta in in g  of the  exc ited  gang lia  w as m o re  th an  40% g r e a te r  
than  the co n tro l. Subsequently  th is  d e c re a se d , reach in g  n o rm a l a f te r  30 
m in u te s  of " r e s t " .  F o r ty  m in u te s  a f te r  c e ssa tio n  of the  s tim u lu s , sta in ing  
pow er w as 25% lo w er th an  the  c o n tro l. A fte r  80 m in u te s , the  s ta in in g  r e 
tu rn e d  to  its  in itia l level.

In addition to  in c re a se d  s ta in in g  pow er, c e r ta in  o th e r s ig n s  of 
p a ra n e c ro s is  w e re  o b se rv e d  in  the  p ro to p la sm  of exc ited  n e rv e  c e lls . 
T hus, K otlyarevskaya  and B o ld y rev  (1939) d e sc r ib e d  an  ac id  sh if t in  the 
in tra c e llu la r  re a c tio n  of p a ra sy m p a th e tic  n e rv e  c e l ls  of fro g  h e a r t ,  w hile 
Stepanova and K rokh ina  (1941) o b se rv ed  an in c re a s e  in  glow in the  d a rk  
f ie ld  of th e se  c e lls  a f te r  s tim u la tio n  of the vagi and sy m p ath e tic  n e rv e  f i 
b e r s .  F in a lly , M akarov  (1948a), u sing  p re p a ra tio n s  fixed  in  o sm ic  acid , 
d e sc rib e d  the n u c le a r  s t r u c tu r e s  of se n so ry  n e rv e  c e lls  of sp in a l gang lia  
of th e  frog  a f te r  s tim u la tio n  of th e  n e rv e . In n o n stim u la ted  c e lls , the  n u 
c le i in  the  osm ic  ac id  p re p a ra t io n s  w e re  s t ru c tu re le s s .
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Days after denervation

FIG U RE 52. S o rp tio n  
of n e u tra l  r e d  b y  d e -  
n e rv a te d  r a t  m u sc le  
(e x p re sse d  a s  a  p e r 
centage of the  am oun t 
of dye so rb e d  by 1 m g 
of n o rm a l m u sc le  t i s 
sue fro m  the  opposite  
side). T h e  m u sc le s  
w ere  s ta in e d  in  the  
p re se n c e  of a c e ty l
choline (acco rd in g  to  
G enni, 1947)

123*56 7SS№ 
Days of postnatal life

FIG U R E 53. E f 
fe c t  of a c e ty lc h o 
line  on so rp tio n  
of n e u t r a l  re d  by 
m u s c le  of a  new 
b o rn  r a b b i t  (as a  
p e rc e n ta g e  of th e  
m e a n  v a lu e  of the  
am o u n t so rb e d  un
d e r  the  sa m e  con
d itio n s  by m u sc le  
of an  a d u lt  an im a l) 
(a c c o rd in g  to 
G enni, 1947)

T he follow ing s tu d ie s  w e re  p e r fo rm e d  on th e  c e r e b r a l  co rtex  of 
m a m m a ls . S ta in ing  w as c a r r i e d  out e i th e r  a f te r  r e m o v a l  of the  m e m b ra n e s  
fro m  the  iso la ted  b ra in  o r  on the  w hole o rg a n is m  by th e  m ethod  of L ev in  
(1952). In the  la t t e r  c a se , p a r t  of the  sk u ll and  the  c e r e b r a l  m en in g es 
of a w hite m o u se  w e re  re m o v e d  u n d er ligh t n a r c o s is .  U n d e r su ch  c o n d i
tio n s  the  a n im a l m ay  live  fo r  som e tim e , re ta in in g  n o rm a l m o b ility  and  
cap ac ity  to  p a r ta k e  of food. V ita l s ta in in g  w as p e r fo rm e d  a f te r  a tta c h in g  th e  

93b ra in  to  a  th e rm o s ta t  and su b m erg in g  the  e x p o sed  s u r fa c e  of th e  b ra in  t o  
the  dye, h ea ted  to  body te m p e ra tu re .  M ic ro sc o p ic  ex am in a tio n  of the l iv in g  
b ra in  a f te r  such  s ta in in g  show ed u n ifo rm  d iffu sion  s ta in in g  of c e l l s  and  f i 
b e r s .  A fte r s ta in in g , a  seg m en t of a g iven  a r e a  w as e x c ise d  by a  s p e c ia l  
s tam p , th is  se c tio n  be ing  su b m erg ed  in a c id if ie d  a lco h o l to  e x tr a c t  th e  d y e .  
The e x tra c t w as m e a s u re d  c o lo r im e tr ic a l ly  in  the  u s u a l w ay, and  the i n t e n 
sity  of s ta in ing  of the  " s tim u la te d "  b ra in  w a s  d e te rm in e d  a s  a  p e rc e n ta g e  
of the "co n tro l"  b ra in .

Levin (1952), in  h is  e x p e r im e n ts , e x c ite d  the  m e c h a n o re c e p to rs  o f  
the s to m ach  and th e  eso p h ag u s, w hich g av e  a  c o n s id e ra b le  in c re a s e  in  
sta in in g  of the " s tim u la te d "  b ra in  o v e r th a t  of th e  c o n tro l.  In the  c a se  o f  
the  b a s ic  dye (n e u tra l  re d ) , th is  in c re a s e  w as 46-64% , and  w ith  an  a c id  
dye (phenol red ), 23;5%.

Rom anov (1953b), u s in g  w hite r a t s  u n d e r  the  in flu en ce  of a  c o n d i t io n e d  
re f le x  s tim u lu s , found an  in c re a s e  in  s ta in in g  pow er of th e  c e r e b r a l  c o r t e x  
and sp in a l gang lia . T he r a t s  w e re  p laced  in  a  s p e c ia l  c a g e , the  b a se  of 
which w as a  ne t of p a r a l le l  m e ta l  ro d s . A lte rn a tin g  c u r r e n t  of 30 v o lts  
w as p a s se d  th ro u g h  the  ro d s . E ach  tim e , a p p ro x im a te ly  2 seco n d s  b e f o r e  
the c u r re n t  w as in tro d u ced , an  e le c tr ic  lam p  of 100 w a tt, m ounted  in  th e
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cage , w as sw itched on. A s a ru le ,  by the 8 th -9 th  day, a defense reflex  
ap p ea red  in  the r a ts .  A fte r be ing  p laced in the cage and a fte r  the lamp 
w as lit ,  a  s trong  s tim u la tio n  ap p ea red  in  the r a ts .

A day a fte r  such a s e r i a l  com bination, the  r a t  w as p laced in  the cage 
and su b jec ted  to  the ac tio n  of the  env ironm en t, w ithout re in fo rcem en t. 
The an im a l w as then  k illed  by decap ita tio n . The b ra in  and ganglia  w ere 
im m ed ia te ly  iso la ted  fo r  subsequen t sta in ing . T he c o n tro ls  w e re  r a ts  
w hich e lab o ra ted  the defense  conditioned re flex  but which, on the day of 
the  ex p e rim en t, w ere  not su b jec ted  to  a nonconditioned o r  to  a  conditioned 
s tim u la tio n . The sta in in g  of the  e x p e rim e n ta l b ra in  exceeded th a t of the 
c o n tro l b y  35,9± 7.1% (av e rag e  of 19 ex p e rim e n ts ) , and the staining of the 
e x p e rim e n ta l sp in a l gang lia  exceeded  that of the co n tro l by 20.6± 5.5%, 

S hapiro  (1953) f i r s t  o b se rv ed  that the  sta in in g  pow er of m o to r nerve 
endings of the  frog  by m ethy lene  blue (0.02%) in c re a se d  a f te r  s tim ulation . 
The e x p e rim e n ts  w e re  p e rfo rm e d  a s  fo llow s, using  twin m u sc les  (m . S a r
to r iu s ) . One w as s ta in ed  a f te r  s tim u la tio n  v ia  the  n e rv e , the  con tro l was 
sta in ed  w ithout s tim u la tio n . T he s ta in ing  la s te d  4 m in u tes , a f te r  which 
the m u sc le s  w ere  r in se d  in R in g e r 's  so lu tion  and kept fo r  4 -5  m inu tes on 
a g la s s  s lid e  w ith f r e e  a c c e s s  of a i r .  Subsequently , the sta in ed  nerve 
endings w e re  counted u n d er the  m ic ro sco p e  in  the  ex p e rim en ta l and contro l 
m u sc le s . At a freq u en cy  of s tim u la tio n  of 25 cp s, the count in the ex 
p e r im e n ta l m u sc le  exceeded  the  c o n tro l by an av e rag e  of 162.2% (m = ± 28). 
T h ese  ex p e rim en ts  w ere  re p e a te d  and co n firm ed  by C hetverikov  (1953) on 
m . ile o f ib u ia r is  of the  fro g .

F in a lly , th e re  a re  s tu d ie s  d em o n stra tin g  in c re a se d  v ita l staining of 
sk e le ta l m u sc le s  a f te r  s tim u la tio n . T h is w as f i r s t  shown by K iro (1948), 
on d ire c t  s tim u la tio n  of fro g  s a r to r iu s  m u sc le s  w ith induction cu rren t.

94 The r e s u l ts  showed a  s ta t is t ic a l ly  s ign ifican t in c re a s e  in  sta in ing  with 
n e u tra l r e d — H21.9± 5.4%. It is  in te re s tin g  th a t in c o n tra s t to  nerve  ce lls , 
th is  in c re a s e  w as o b se rv ed  only w ith  b asic  dyes. Acid dyes (cyanol and 
in d ig o -ca rm in e ) showed no in c re a s e .

A fte r s tim u la ting  the  s tr a ig h t  abdom inal m u sc le  w ith acetylcholine 
(d ilu tion  of 1 :25,000 in  a  so lu tio n  of n e u tra l  red ) an in c re a se d  staining of 
51.4±  12% w as o b se rv ed , w hile in  an acid dye (0.5% cyanol) o r on e le c tr ic  
stim u la tio n , no in c re a s e  w as o b se rv ed . E v iden tly , a f te r  stim u la tion , the 
d iffe ren ce  betw een th e  p ro to p la sm  of n e rv e  e lem en ts  and m u sc le s  consisted  
in  the fac t th a t in  the la t te r ,  m ain ly  negative ly  ch arg ed  sp o ts  of p ro te in  
m o lecu les  w ere ac tiva ted .

E x tre m e ly  in te re s tin g  d a ta  on the in c re a s e  in  v ita l sta in ing  of m u sc les  
of m am m als  follow ing the ac tio n  of ace ty lch o lin e  w e re  p roduced  by Genni 
(1947).

The capacity  to  be s tim u la te d  ( i.e . to  c o n tra c t)  in  re sp o n se  to ace ty l
choline is c h a ra c te r is t ic  of em b ry o n ic  m u sc le s . In the p o stn a ta l period , 
th is  p ro p e rty  b e c o m e s  d a ily  w ea k e r, d isap p ea rin g  a lto g e th e r on ap p ro x i
m ate ly  the lO thday, w ith a c o r re s p o n d in g d e c re a s e  in  the ab ility  to  bind dye. 
H ow ever, on the  8 th -9 th  day a f te r  d en e rv a tio n  of the  m u sc le s , th e ir  ability  
to  re a c t  to  ace ty lcho line  is  r e s to re d  w ith  a s im u ltan eo u s in c re a se  in s ta in 
ing pow er by n e u tra l  re d . T he la t te r  fac t is  c h a ra c te r is t ic  of p ro top lasm ic  
excita tion .

The w ork of V e re sh c h a g in  (1949) c a r r ie d  out in  Z hukov 's lab o ra to ry  
con firm ed  th ese  o b se rv a tio n s . He studied  the m . ile o fib u ia ris  of the frog. 
T h is m u sc le  c o n s is ts  of b u n d les  of te tan ic  f ib e rs  in n e rv a ted  by the eighth
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95 ro o t, and ton ic  f ib e r s  in n e rv a te d  by the n in th  ro o t. A fte r  s ta in ing  during 
s tim u la tio n  of the  la t te r ,  an in c re a s e  in dye so rp tio n  of 15% (± 2) w as seen. 
A fte r  s tim u la tio n  of th e  f o rm e r ,  so rp tio n  in c re a s e d  only by 8.7% (± 1.7). 
T h u s , tonic c o n tra c tio n  cau se d  a so rp tio n  e ffec t tw ice  a s  s tro n g  as tetan ic  
co n trac tio n . T h is  r e s u l t  m ight have b een  ex p ec ted  a p r io r i .  S tim ulation 
(v ia the  n e rv e ) of the  s tr a ig h t  abdom inal m u s c le , c o n s is tin g  m ain ly  of tonic 
e le m e n ts , gave the  sa m e  r e s u l ts .

P a r a n e c r o s is  and S tim u la tio n  of G land C e lls

T h e re  is  an e x ten s iv e  l i te r a tu re  on the  n a tu re  of m u sc le  co n trac tio n s  
and conduction of n e rv e  im p u lse , but the  m ech an ism  of ac tio n  of the  se 
c re to ry  g land c e l ls  is  as ye t l i t t le  known.

A lm ost nothing is  known of the b io c h e m ic a l p ro c e s s e s  underly ing 
se c re tio n . L ittle  is  known about the  m e c h a n ism  of w a te r  f i l tra tio n  through 
the  s e c re to ry  c e l l ,  so m e tim e s  tak ing  p lace  a g a in s t o s m o s is , w ith the s e 
c re tio n  developing a  p r e s s u r e  g r e a te r  than  th a t  of b lood. L ikew ise the 
m ech an ism  by w hich s e c re to ry  g ra n u le s  a r e  d ep o sited  in  the  pro top lasm  
of g lan d u la r  e le m e n ts  is  not known, n o r  how th e s e  g ra n u le s  d isso lv e  ra p id ly  
a f te r  s tim u la tio n  of th e  g land  and a r e  e x c re te d  into i ts  lum en in  the  form  
of a liqu id  s e c re tio n .

T h ese  p ro b le m s  of s e c re t io n  and f i l t r a t io n  ought to be so lved  by p r e 
dom inan tly  b io c h e m ic a l and b io p h y s ic a l m e th o d s . T he p ro b le m s of a c 
cum u la tio n  and re m o v a l of th e  p ro  s e c re tio n  g ra n u le s  can  be solved by a 
com bined  m ethod , u s in g  p h y sio lo g ica l e x p e r im e n ts , study  of fixed h is to 
lo g ic a l p re p a ra t io n s , and in  v ivo m ic ro s c o p ic  o b se rv a tio n s . One exam ple  
of th is  type of study  is  the  old c la s s ic a l  w ork  fro m  the la b o ra to ry  of I. P . 
P av lo v , pub lished  b y  th e  p h y s io lo g is ts  B abk in  and S av ich , to g e th e r  with 
the  h is to lo g is t R ubashk in  (1909).

A s e r ie s  of s tu d ie s  p e rfo rm e d  a p p ro x im a te ly  30 y e a r s  ago showed 
th a t the  s e c re t io n  g ra n u le s  in  th e  c e lls  of v a r io u s  g lan d s ap p ea r in  the r e 
g ion  of the  s o -c a l le d  r e t ic u la r  a p p a ra tu s  of G olg i, fro m  w hence they  s p r e a d  
to  th e  w hole c e l l  (N asonov, 1924, 1926). T h e  G olg i a p p a ra tu s  is  th u s  the  
e x c re to ry  o rg an  of the  c e l l .  I t should  h o w ev e r be noted  th a t th e se  s tu d ie s  

v re r e  p red o m in an tly  m o rp h o lo g ica l, and the  p ro b lem  of the  ap p ea ran ce  of 
g ra n u le s  in  c e lls  w as ex am in ed  to p o g ra p h ic a lly . No a tte m p ts  w e re  m ad e  
to  exam ine  th e  p h y s ic o c h e m ic a l a sp e c t of th e  p ro c e s s . How the  ac c u m u 
la ted  g ra n u le s  m oved fro m  the  c e l ls  in to  th e  lum en  of the  gland w as not 
d ea lt w ith  a t a ll .

I t w as s ta te d  a t the  beginning  of th is  book th a t p h y s io lo g is ts  o ften  
u se  the te rm  "e x c ite d  c e l ls "  to  d e s c r ib e  the  ac tiv e  condition  of d iffe re n t 
t i s s u e s  ( i.e , m u sc le , n e rv e , and s e c re to ry  c e l ls ) .  T h is  is  to  em p h asize  
th a t  th e re  i s  so m eth ing  in  com m on  be tw een  a p p a re n tly  d iffe ren t m a n if e s ta -  

g g t io n s  of p h y sio lo g ica l a c tiv ity , such  a s  m e c h a n ic a l w o rk  of m u sc le s , c o n 
duction  of an  e le c tro n e g a tiv e  w ave th ro u g h  th e  n e rv e  f ib e r , and  e x c re t io n  
of su b s ta n c e s  by  g land  c e l ls .

One of the  m o s t im p o r ta n t ta s k s  of g e n e ra l  physio logy  is  to  find  th e  
d is tin g u ish in g  p ro p e r t ie s  in  a  " s t im u la te d  co n d itio n "  of d iffe ren t t i s s u e s .

D ata  from  the  l i t e r a tu r e  show th a t " s tim u la te d "  p ro to p la sm  b inds 
m o re  v i ta l  s ta in  th an  re s t in g  p ro to p la sm . T h is  in c re a s e  m ay be due to
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activ a tio n  of ionized g roups in live p ro to p la sm . It is  assu m ed  that these  
changes a re  s im ila r  to  p a ra n e c ro s is . If s e c re tin g  gland c e lls  re a lly  e n te r  
a s ta te  s im ila r  to excited  n e rv e  and m u sc le  ce lts , th en  it is  n a tu ra l to 
assum e that th e ir  p ro to p lasm  should  change acco rd ing ly . In p a r tic u la r , 
an in c re a se d  so rp tion  of dyes m ight be expected .

To te s t th is  assum ption , e x p e rim e n ts  w ere  p e rfo rm e d  on v ita l s ta in 
ing of the p ancreas in fully  fed and in s ta rv e d  white m ice . It w as f i r s t  
n e c e s s a ry  to e s ta b lish  the tim e  p e r io d s  of m ild  hunger when the  p an creas  
ce lls  w ere  m axim ally  loaded w ith  prozym ogen  g ra n u le s , s in ce  a  too p ro 
longed hunger m ay cau se  em ptying of the gland. The sta in in g  w as p e r 
fo rm ed  in the following m anner: the m ouse  w as decap ita ted , rap id ly  d i s 
sected , and the ca re fu lly  iso la ted  p a n c re a s  im m e rse d  fo r  30 m in u tes  at 
room  tem p era tu re  in R in g e r 's  so lu tion  (without sodium  carbona te ) con ta in 
ing 0,1% n eu tra l red. A sec tio n  of the gland was exam ined m ic ro sc o p ic a lly  
before  staining, to check  w heth er th e re  w ere g ran u les  in  the c e lls . A fter 
s ta in ing , the glands w ere r in se d  in w a te r  and the dye e x tra c te d  w ith a c id 
ified alcohol. The glands w ere  th en  d r ie d  and w eighed. The ra tio  of s ta in 
ing in ten s ity  to  dry  weight of the g land w as d e te rm in ed , follow ed by the 
de te rm in a tio n  of the p ercen tag e  ra t io  of s ta in ing  of the ex p e rim en ta l glands 
(from  fed m ice) to  the co n tro ls  (fro m  s ta rv e d  m ice).

In the 8 ex p erim en ta l s e r ie s  p e rfo rm ed , g lands fro m  40 fed m ice  
and fro m  40 s ta rv ed  ones w ere  exam ined  (T ab le  21),

T a b l e  21

In tensity  of v ita l s ta in in g  of m ouse  p a n c re a s  (acco rd in g  to  
N asonov and S u zdal'skaya , 1953)

A rith m e tic  m ean

D ry  weight of m ice glands, m g
R atio  betw een v ita l s ta in ing  

in ten s ity  of g lands from  fed and 
from  s ta rv e d  m ice (%)

fed s ta rv e d

66 78 122.1
72 80 116.5
45 57 112.2
53 53 112.35
40 50 122.9
31 33 139.1
26 42 132.8
36 34 118.9

46 53 122 .1± 3.74

57 Table 21 shows that in a ll  8 s e r ie s ,  g lands of the fed m ice  (s tim u la ted )
bound the v ita l s ta in  by an av e rag e  of 22.1% m o re  than  g lands fro m  the
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FIGURE 54, E ffec t of high h y d ro s ta tic  p r e s s u re  on c e lls  of m o u se  
p a n c re a s  (acco rd in g to N aso n o v  and S u zd a l'sk ay a , 1953)

A—p aran ec ro tic  c e lls  of a  m ouse  s ta rv e d  fo r  5 h o u rs . P ro z y 
m ogen g ran u les  and ch o n d rio so m es a re  seen ; the n u c le i a re  
weakly sta ined  and show w eakly  developed s t r u c tu r e s .  B —c e lls  
of the sam e gland, sub jec ted  to  a stim u la tin g  e ffe c t of 15% eth y l 
alcohol (in R inger’s solution) fo r  20 m in u tes  b e fo re  fix a tio n . 
The prozym ogen g ra n u le s  d isap p ea red  co m p le te ly , the n u m b er 
of chondriosom es d ec rea sed , the nucle i w e re  p a ra n e c ro tic  and 
som ew hat sm a lle r  in volum e, w ith w e ll-m a rk e d  s t ru c tu re s .  
C — p a ran ec ro tic  c e lls  of a  m ouse s ta rv e d  fo r 5 h o u rs . P ro z y 
m ogen g ranu les, th read lik e  ch o n d rio so m es, and n u c le i w ith 
ind istinc t s tru c tu re s  a re  seen . D -c e lls  of th e  sa m e  g land , 
a f te r  hy d ro sta tic  p r e s s u r e  of 2,000 a tm o sp h e re s  fo r  10 
m inu tes. The prozym ogen  g ra n u le s  d isa p p e a re d  co m p le te ly , 
the nuclei showed d is tin c t s tru c tu re s , the c h o n d rio so m e s  r e 
m ained unchanged. T rea tm en t: fixa tion  a c c o rd in g  to  C iam p i 
(s tro n g  m ix tu re), m ounted in  pa ra ff in , s ta in ed  a c c o rd in g  to  K u l'. 
The draw ing device w as a t the lev e l of the w ork ing  tab le . 
M agnified: 90 x 20.
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s ta rv e d  m ice  (nonstim ulated  g lands), (N ote: the d ry  w eight of g lands 
from  s ta rv e d  m ice is som ew hat h ig h e r, on the a v e rag e , than th a t of glands 
from  fed  anim als, due to e x c re tio n  of g ra n u le s  of p ro - s e c re t io n  from  the 
ce lls , and rem oval of the s e c re t io n  from  the lam ina. H ow ever, th is  could 
only red u ce  the obtained in c re a s e  in  sta in ing , s in ce  the  la t te r  w as re la ted  
to a  un it of d ry  weight; and the g ra n u le s  of se c re tio n , a s  show n by in  situ  
m ic ro sc o p ic  observation , a r e  s ta in ed  som ew hat s tro n g e r  than  the p ro to 
p lasm . T herefo re  re m o v a l of a  s tro n g e r  sta in ing  su b stan ce  from  the ce ll 
ought to  d ec rease  so rp tio n  of the dye).

In the exp erim en ta l and co n tro l g lands, a f te r  30 m in u tes  of s ta in ing  
w ith 0.1% neu tra l red, g ra n u le s  of the  s ta in  could be seen  on m icroscopy . 
T hese g ra n u le s  w ere r e la t iv e ly  s c a rc e ,  and the m ain  p a r t  of dye binding 
was a ttr ib u te d  to d iffusion s ta in in g  of the p ro to p lasm , thus accounting fo r 
the in c re a s e  in sta in ing  of s tim u la te d  ("fed") g lands, as  co m p ared  to r e s t 
ing ( " s ta rv e d " ) ones.

Thus, the excited  g la n d u la r  c e ll of the p a n c re a s  is  s im ila r  in  one 
re s p e c t to  stim ula ted  m u sc le  and n e rv e  e lem en ts: it b inds m o re  dye than 
ce lls  in  the  resting  s ta te . Since follow ing the  ac tio n  of s tim u lan ts , an in 
c re a s e  in  so rp tion  of dye in  g e n e ra l  is  c h a ra c te r is t ic  of a ll  the  ce lls  of 
v a rio u s  an im al and p lan t o rg a n ism s , the  question  a ro s e  w hether it was 
p o ss ib le  to  cause ex p e rim e n ta lly  the  d isso lu tio n  and d isap p ea ran ce  of 
g ra n u le s  from  glandular c e lls  in  an  iso la te d  gland, by the d ire c t action  of 
nonspecific  stim u lan ts. In o th e rw o rd s ,  w heth er o r  not it w as p o ssib le  to make 
the g land re a c t by so m eth ing  s im i la r  to  s e c re to ry  ac tiv ity , in  the sam e 
way a s  d iffe ren t s tim u lan ts  m ay ca u se  co n trac tio n  of m u sc le s  o r  p a rab io s is  
in  n e rv e  conductors. In o r d e r  to  so lv e  th is  p rob lem , the follow ing s e r ie s  
of ex p e rim en ts  was p e rfo rm ed .

M ice, in a condition of m ild  hunger ( i.e . w ith p an c rea tic  c e lls  filled  
w ith prozym ogen g ran u les), w e re  decap ita ted , and the  p a n c re a s  excised . 
One sec tio n  of the gland w as exam ined  in  v itro  un d er the  m ic ro sco p e , while 
an o th er w as fixed acco rd in g  to  C iam pi. The rem a in in g  p a r t  of the pan creas  
w as used  fo r ex p erim en ts  w ith d iffe re n t s tim u la n ts . D iffe ren t tim e  in te r 
va ls  and different doses w ere  used , a f te r  w hich a fu r th e r  sec tio n  w as r e 
m oved fo r  control and a n o th e r fo r  fixation .

The effect of the fo llow ing ch em ica l and p h y sica l s tim u lan ts  was in 
vestig a ted ; ethyl a lcohol, iso a m y l a lcoho l, e thy l e th e r , p o tassiu m  choride, 
ca lc ium  chloride, a ce tic  ac id , h y d ro ch lo ric  acid, sodium  hydroxide*, h y 
p e rto n ic  sodium  ch lo ride  in  R in g e r 's  so lu tion , e lev a ted  te m p e ra tu re  and 
high hy d ro sta tic  p re s s u re ,  m ain ta in in g  constancy  of the g as  com position . 
The m a jo rity  of th ese  ag en ts , in  c e r ta in  co n cen tra tio n s , caused  com plete 
evacuation  of prozym ogen g ra n u le s  from  the  gland c e l ls  (T ab le  22 and F ig 
u re  54).

T he fourth colum n of T ab le  22 show s the co n cen tra tio n s , o r  the in 
te n s it ie s , of the agen ts causing  co n trac tio n  of sk e le ta l m u sc le s  and n o tic e 
ab le  p a ran ec ro tic  changes in  o th e r t is s u e s  a f te r  1 hour.

In m ost cases  the d o se s  a r e  s im i la r  to tho se  causing  em ptying of 
g ran u les  from  g lan d u la r c e l ls  (in  v itro ) . P o ta ss iu m  ch lo rid e , calcium  
ch lo ride  and sodium ch lo rid e  (hypo- and hyperton ic) a r e  exceptions. The 
f i r s t  tw o cause em ptying only a t v e ry  high co n cen tra tio n s  a s  com pared  with 
the pa ran ec ro tic  ones, w hile  sodium  ch lo rid e  c a u se s  no em ptying a f te r  any

* A ll the  above-m entioned  su b s ta n c e s  w ere  added to  R in g e r 's  so lu tion  fo r  
w arm -blooded  an im a ls .
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changes of its  norm al co n cen tra tion  in R in g e r 's  so lu tio n . It is  highly  
p robab le  that the rea so n  fo r th is  is , th a t w ith n a tu ra l  se c re tio n , the  sa lt 
co n cen tra tio n  of the se c re tio n  m ay change w ithin a  v e ry  w ide ran g e , and 
the g lan d u la r c e lls  may be w ell adapted to th is  fa c to r .

T a b l e  22

D oses of d iffe ren t agen ts n e c e s s a ry  fo r  re m o v a l o f s e c re t io n  
g ran u les  from  p a n c re a tic  g lan d u la r  c e lls  (a c c o rd in g  

to  Nasonov and Suzdal’ ska ya, 1953)

Agent C oncen tra tion  
o r  in te n s ity

T im e of 
ac tion , 

m in

T h re sh o ld  con
c e n tra tio n  o r  

in te n s ity  of the 
agent, n e c e s s a ry  
to  c a u se  c o n tra c 
tio n  of m u sc le s  
o r  p a ra n e c ro s is  
of o th e r  t is s u e s , 
w ith in  one hour

E thyl alcohol 15-20% 30-45 16.0%
Iso am y l a lcoho l 1% 45 0.5%
E thyl e th e r 2.5% 100 5.0%
P o ta ss iu m  chloride 9-0% 155 0.2%
C alcium  chloride 8% 145 1.5%
A cetic  acid 0.2% 15-55 0.06%
H ydroch lo ric  acid 0.01 N. 10 0.01 N.
Sodium hydroxide 0.03 N. 13 0.01 N.
T em p e ra tu re 50’ C 70 3 7 -4 0 °C
H ydrosta tic  p re s s u re 1500-2000 atm . 30 —

F ig u re  54 A i l lu s tra te s  a  g roup  of g lan d u la r  c e l ls  f ro m  a  p a n c re a s  of 
a  m o d e ra te ly  s ta rv e d  m ouse. C o nsiderab le  accu m u la tio n  of p ro zy m o g en  
g ra n u le s  at the a lv eo la r lum en of each  c e ll  is  seen . T he th re a d lik e  and  
g ra n u la r  chondr io som es ty p ica l of the p a n c re a s  a r e  o r ie n ta te d  a long  the axis 

99of the ce ll. The nucle i a re  h a rd ly  no ticeab le  and a lm o s t e n t i r e ly  s t r u c tu r e 
le s s , c h a ra c te r is t ic  of p re p a ra tio n s  fixed  w ith good f ix a tiv e s  c o n ta in in g  o s- 
m ic ac id s . As shown b y  M akarov  ( 1948a, 1948b), th e s e  f ix a tiv e s  c le a r ly  
re f le c t the  condition of the  n o rm a l n uc le i.

F ig u re  54 В il lu s tra te s  a  p re p a ra tio n  of the  sa m e  gland, a f te r  20 m in 
u tes in  15% alcohol (in R in g e r 's  so lu tion). H ere , the  g la n d u la r  c e l l s  a r e  
com ple te ly  f re e  of prozym ogen g ra n u le s . The c h o n d rio so m e s  a r e  p re se rv e d , 
but a r e  m o re  g ran u la r. The n u c le i have a ty p ic a l p a ra n e c ro tic  a p p e a ra n c e . 
T hey show w ell-defined  s tru c tu re s , som ew hat w rink led , and th e i r  c h r o 
m atin  s ta in s  in tensely . M akarov  ( 1948a, 1948b), u sing  m any  t i s s u e s ,  co n 
v incing ly  showed th a t o sm ic  f ix a tiv e s  p re s e rv e d  the  d if fe re n c e s  e x is t in g  in 
vivo betw een no rm al and p a ra n e c ro tic  c e lls . T h ese  d if fe re n c e s  a r e  b e a u ti
fu lly  shown in F ig u re  54 B. T h e re  can be no doubt w h a tso e v e r  th a t  th e  ce lls  
a re  in a  condition of m ark ed  p a ra n e c ro s is , c le a r ly  s e e n  on e x a m in a tio n  
in situ .

F ig u re  54 C shows an  ac inus of a n o rm a l p a n c re a s . A s in F ig u r e  54 A, 
a c o n s id e ra b le  accum ula tion  of s e c re t io n g ra n u le s  is  seen , and m a rk e d ly
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elonga ted , thread like ch o n d rio so m es w ith v e ry  in d is tin c t s tru c tu re s ,  and a l
m o st unsta ined  nuclei. F ig u re  54 D show s the sam e  gland, a f te r  10 m in 
u te s  o f  a hydrosta tic  p re s s u re  of 2,000 a tm o sp h e re s  (the conten t of the 
g a s e s  d isso lved  in R in g e r 's  so lu tion  did not change d u rin g  the experim ent). 
A lthough in  this case the n a tu re  of the s tim u lu s  w as quite  d iffe ren t, the 
r e s u l t s  w ere  s im ila r  in g en e ra l to  tho se  obtained in  the  p rev io u s  experim en t 
in  w hich  alcohol was used. H ow ever, one d iffe ren ce  w as th a t the chondrio - 
so m e s  did not lose th e ir  th read lik e  ap p ea ran ce  and the p ro to p la sm  was 
b e t te r  p rese rv ed .

In o rd e r to show th a t under the p re s s u re  used  the p a n c re a s  re a lly  
b e c a m e  pa ran ec ro tic , the gland w as p laced  in R in g e r 's  so lu tio n  to  which 
0.1% n e u tra l  red  was added, and sub jec ted  to  p r e s s u r e s  of v a ry in g  fo rce . 
The s ta in  w as ex trac ted  w ith acid  a lcoho l as d e sc r ib e d  above, and m easu red  
c o lo r  im e trica lly . Table 23 show s the  e x p e rim e n ta l r e s u l t s .

C o n tro l e x p e rim e n ts  to  e s ta b -
T a b l e  23 

Increase*"in v ital s ta in ing  of m ouse  
p a n c re a s  under high h y d ro s ta tic  
p r e s s u r e  (according to  N asonov 

and Suzdal'skaya, 1953)

loo P r e s s u r e ,  atm.

In c re a se  in 
s ta in in g  of e x 

p e rim e n ta l 
g lan d s in  r e l a 
tio n  to  the  con

t r o l  ones (%)

1000 + 35.2
2000 + 57.4

R em ark ; The staining w as re la te d  
to  d r y  weight.

lish  the  d e g re e  of s ta in in g  of fixed 
t is s u e s  have show n th a t p re s s u re  
e x e r ts  no e ffec t on s ta in in g  of dead 
s u b s tra te .

Thus, a f te r  n a tu ra l  ex c re tio n  
f ro m  p a n c re a s  c e lls  the la t te r  show 
in c re a se d  so rp tio n  to  dyes. T h is is  
a lso  c h a ra c te r is t ic  of o th e r  ce lls  
sub jec ted  to  s tim u la tio n .

C onsequently , th e se  e x p e r i
m en ts  d e m o n s tra te  t ru e  p a ra n e c ro s is , 
o r  p a ra b io s is  in  i ts  w id est sen se .

The q u es tio n  how ever a r is e s  
w h e th e r p a ra n e c ro s is  can, in  som e 
way, cau se  the  re m o v a l of se c re tio n  
g ra n u le s  f ro m  the  c e l ls .

At th e  m o m en t it  is  only p o s
s ib le  to  m ake o b se rv a tio n s  on d ep o si
tio n  of v ita l s ta in s  and to  d raw  a  few 
co n c lusions. V ita l s ta in s  a r e  d e 

p o s ite d  in  ce lls  in the fo rm  of g ra n u le s . T h is p ro c e s s  re s e m b le s  the  d e 
p o s itio n  of secre tion  g ran u les  in so fa r  a s  both  g ra n u le s  a re  deposited  in  the 
loops of the Golgi ap p ara tu s . It is  a lso  known th a t in  p a ra n e c ro s is  the 
c e l l s  lose th e ir  ab ility  to  fo rm  g ra n u le s , and the dye d iffu se ly  s ta in s  both 
p ro to p la sm  and nucleus. In th is  connection, a  new questio n  a r is e s :  w hether 
the  dye g ranu les can re tu rn  to  a so luble  s ta te  u n d e r the  in fluence of p a ra 
n e c ro s is .  If this w ere  so, som e in fo rm a tio n  on the  p ro c e s s  of ex c re tio n  of 
g ra n u le s  from  the ce ll m ight be obtained.

A study of th is  s o r t  w as p e rfo rm e d  in  o u r la b o ra to ry  by Shtutina (1939). 
T h is  au tho r caused d ep osition  of n e u tra l  re d  g ra n u le s  in  c e l l s  of fro g  in 
te s t in e s  and in the s a liv a ry  g lands of la rv a e  of the C hyronom us m osquito . 
Subsequently, a fte r v a rio u s  tim e  in te rv a ls , she tr e a te d  th e se  c e lls  w ith 
p a ra n e c ro tic  agents (hypotonicity , a c id , asphyx ia). The re s u l ts  showed 
th a t to  a c e rta in  degree , the  p ro c e s s  of g ran u le  fo rm a tio n  of the  dye was 
re v e r s ib le  if the g ran u les  a p p ea red  in  the ce ll re la t iv e ly  e a r ly . Dye g ra n 
u le s  not o lder than s e v e ra l  h o u rs  e a s ily  re tu rn e d  to  the  d iffuse  s ta te  under 
the  influence of any p a ra n e c ro tic  agen t te s te d . O ld e r g ra n u le s  (24 hours
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and m o re ) did not d isap p ea r even a s  a r e s u l t  of the ac tio n  of the s tro n g e s t 
agent. The rea so n  fo r th is  b eh av io r, acco rd in g  to  S h tu tina, w as th a t a s  
pointed out by Khlopin (1927), the dye g ra n u le s  in the c e l l  show ed c e r ta in  
changes with tim e , nam ely : a c e r ta in  s c a rc e ly  so luble  p ro te in  su b s tra te , 
w hich Khlopin ca lled  c rinom a, com bined w ith th e se  g ra n u le s . Y ounger 
g ra n u le s  of dye not yet bound to  the c rin o m a  could be re m o v e d  from  the 
c e lls . They se rv ed  as a good physio lo g ica l m odel of e x c re tio n  of sec re tio n  
g ran u les  by excited  g lan d u la r c e lls  w hich w ere  po ssib ly  in  the  in i t ia l  stage 
of p a ra n e c ro s is .

F u r th e r  stud ies in th is  d ire c tio n  w ill no doubt show w hat changes a s s o 
c ia ted  w ith p a ra n e c ro s is  of the  c e l l  cau se  d isso lu tio n  of the  s e c re tio n  
g ran u les  a lread y  form ed.

T his ends the rev iew  of the  l i te ra tu re  on chan g es in  c e l l  p ro to p lasm  
a f te r  physio logical stim u la tion . In o u r opinion th is  re v ie w  ju s t i f ie s  the 
assum ption  that c e r ta in  id en tica l o r  v e ry  s im ila r  p a ra n e c ro tic  ch an g es 
take p lace in  the p ro top lasm  not only a f te r  s tim u la tio n  by inadequate  s tim u 
lants such as high te m p e ra tu re , m ech an ica l fa c to rs , h y d ro s ta tic  p re s s u re ,  
sound, rad ian t energy  and ch em ica l ag en ts , bu t a lso  a f te r  p h y sio lo g ica l 
s tim u lan ts  (e .g . ace ty lcho line , o r  im p u lses  along n e rv e  o r  m u sc le  f ib e rs .

101 The above fac ts  support our th e s is  th a t th e se  changes re s e m b le  re v e rs ib le  
denatu ra tion  changes in the p ro te in s  of living p ro to p la sm .

D ec rea se  in  V ita l S taining of P ro to p la sm

So fa r ,  only an  in c re a se  in v ita l s ta in ing  of liv ing  c e l ls  u n d e r th e  in 
fluence of v a rio u s agen ts h as  b een  d isc u sse d . In m any  c a s e s  h o w ev er, a 
d e c re a se  h as  been  d esc rib ed . T hese  o b se rv a tio n s  a r e  of s p e c ia l  in te re s t  
and re q u ire  som e d iscu ssio n .

F i r s t  of a ll , d ec rea sed  v ita l s ta in ing  is  o b se rv ed  in  c a s e s  of r e v e r s i 
b le  change in  p ro top lasm . If, under the influence of a  s tim u lu s  the con
dition of an  o rgan ism  changes, th e re b y  causing  in c re a s e d  so rp tio n  of the 
dye, rem o v a l of th is  agent w ill lead  to  d e c re a s e  in  v i ta l  s ta in in g . T h is  
p ro c e ss  m ay be co n sid e red  a s  re s to ra t io n  of the living sy s te m  a f te r  e x 
c ita tio n . Many o b se rva tions of th is  kind ind ica te  th a t th e re  a r e  d iffe ren t 
leve ls  in  the s ta te  of live p ro to p lasm , w ith  very  g ra d u a l t ra n s i t io n s  betw een 
them . T hese  levels a re  u su a lly  ca lle d  "p h y sio lo g ica l co n d itio n " , a  v e ry  
loose te rm . The im p o rtan t point in  th is  c a se  is  th a t th e  le v e l of th e  phy
sio lo g ica l s ta tu s  of the p ro to p lasm  m ay change sm o o th ly  from  a  h ig h e r  :o 
a low er one and v ice  v e r s a . The d eg ree  of v ita l s ta in in g , to g e th e r  w ith  
o th e r indexes, e.g . the value of e lec tro n eg a tiv ity ,·  e tc . m ay  s e rv e  a s  a 
guide to th is  level.

F ig u re  55 i l lu s tra te s  the sta in in g  pow er of sp in a l g an g lia  of r a b b its ,  
a f te r  excita tio n  through the n e rv e  fo r  20 m in u te s . Im m e d ia te ly  a f te r  c e s s a 
tio n  of the  stim ulus, sta in ing  of the gang lia  in c re a s e d  b y  40%. L a te r ,  th is  
d ec rea sed , reach ing  the in i t ia l  lev e l (100%) a f te r  35 m in u te s . H ow ever, 
the d e c re a se  in  sta in ing  pow er did no t c e a se ; it  con tinued  up to  40 m in u te s , 
when the  value of sta in ing  w as 75% of n o rm a l. L a te r , i t  ag a in  in c re a s e d  
slow ly, reach ing  the in it ia l  in ten s ity  80 m in u tes  a f te r  c e s s a t io n  o f th e
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s tim u lu s*.  T h is  p e c u lia r  h y p e r - re p a ir  of p ro to p la sm  follow ing the a c tio n  
of a  s tim u la n t w as la te r  d e sc r ib e d  by Rom anov in a  n um ber of o b jec ts : 
b ra in  of m o u se  a f te r  a  s tro n g  stim u la tio n  by e le c tr ic  ex c ita tio n  of the  s c ia t ic  
n e rv e ; s p in a l and  sy m p a th e tic  gang lia  of the ra b b it  a f te r  p r io r  s t im u la tio n  
by s tro n g  sounds of an  ex p lo siv e  n a tu re  (1954) and by e th y l a lco h o l (1949b), 
and frog  m u sc le s  s tim u la te d  by high te m p e ra tu re  (1949a). It is  in te re s t in g  
th a t a c c o rd in g  to  the  d a ta  of Rom anov (1953a) and o th e rs , p ro to p la sm , a f te r  
r e c o v e ry  fro m  s tim u la tio n , p o s s e s s e s  a low er sta in in g  pow er a s  co m p ared  
w ith the in itia l le v e l (i.e ., in c rea sed  nativ ity), and a c q u ire s  a h ig h e r r e -  

r e s i s ta n c e  to  v a r io u s  h a rm fu l agen ts (e ,g . s try ch n in e ). A ccord ing  to  G olovina 
(1958a) th is  cond itio n  i s  a lso  c h a ra c te r is e d  by in c re a se d  e x c itab ility .

* R om anov  (1948a) exp la ined  the d e c re a s e  in  s ta in ing  pow er a f te r  s t im u 
la tio n  by the  tox ic  e ffec t of a  s tro n g  dye so lu tion , s tro n g e r  fo r  th e  
c o n tro l  th a n  f o r  th e  e x p e rim e n ta l ob jec t. T h is  a ssu m p tio n , h o w ev er, 
h a s  no t b e e n  c o n firm e d  (Z arak o v sk ii and  Levin, 1953).

** T he a u th o rs  ex p la in  the effect of s tro n g  and w eak excita tio n  upon 
s p re a d in g  s tim u la tio n  by the g rad u a l d e c re a s e  in  sp re a d in g  of the
w eak  su b th re sh o ld  im p u lse s , which could be o bserved  w ith e le c tro d e s  
lo c a te d  n e a r  the  gan g lia . 
T h e  a u th o rs  h av e  show n on th e  b a s is  of ex ten siv e  data th a t a  co m b in a
tio n  of tw o h a rm fu l  a g e n ts , am ong w hich at le a s t one i s  used  in  a sm a ll 
(su b th re sh o ld )  d o se , does not lead to  sum m ation  of th e ir  h a rm fu l e f
f e c ts ,  b u t to  th e i r  d e c re a s e . E v iden tly  th is  explains m an y  fa c ts  con
n ec ted  w ith  th e  an tag o n is tic  a c tio n  of the  ag en ts .

T h u s , th e  s ta in in g  pow er of p ro to p la sm  can  be low ered  by re m o v a l  
of the  s tim u la tin g  fa c to r ,  w ith  r e s to ra tio n  of th e  s ta tu s  quo, a s  w e ll a s  by  
o th e r m e th o d s . In a n u m b e r of s tu d ie s , th is  w as o bserved  during  the  a c 

tio n  of w eak d o se s  of v a r io u s  agen ts, w hich, on fu r th e r  in c re a s e , led to  
g r e a te r  s ta in in g  p ow er of the  p ro to p lasm .

T h e re  is  th u s  a  b ip h as ic  effec t. A good exam ple of th is  is  the  change 
in v i ta l  s ta in in g  of p ro to p la sm  following in c re a s e  of h y d ro s ta tic  p r e s s u r e ,  
ob tained  by G o lov ina  (1955a). F ig u re s  20 and 21 show th a t w ith  in c re a s e  
of p r e s s u r e  to  200 a tm o s p h e re s , s ta in ing  of m u sc le s  d e c re a se d  by 22%, 
w hile on f u r th e r  in c re a s e  of p re s s u re ,  binding of the dye in c re a se d , r e a c h 
ing + 60% a t 1,000 a tm o s p h e re s . T h ese  data a r e  of sp ec ia l in te r e s t ,  s in c e  
th ey  w e re  ob ta ined  b y  the  u se  of basic  as w ell as  acid dyes, exclud ing  
the  p o s s ib le  e ffe c t of a  pH sh ift.

A s im i la r  b ip h a s ic  b eh av io r of v i ta l  s ta in in g  w as o b se rv ed  by 
Z a ra k o v sk ii  and  L ev in  (1953) who stud ied  the  change in  so rp tio n  p ro p e r t ie s  
of c e l ls  of sp in a l and  sy m p a th e tic  g an g lia  of m am m als  a f te r  s tim u la tio n  of 
the  n e rv e  by in d u c tio n  c u r r e n t .  F ig u re  56 show s th a t a w eak su b th re sh o ld  
s tim u la tio n  c a u se d  a  d e c re a s e  in  sta in in g  of th e  ganglia  c e lls  by m o re  than  
30%, w hile  s t ro n g e r  s tim u la tio n  caused  an in c re a s e  of a lm o st 50%**.

In e x p e r im e n ts  p e rfo rm e d  by Z h irm u n sk ii (1954, 1958) w ith  d en e rv a ted  
le g  m u sc le s  of a  r a t ,  a  s im i la r  b ip h asic  n a tu re  of v i ta l  s ta in ing  w as found 
(d e c re a s e  of 61% tw o d ay s  a f te r  cu tting  the  s c ia tic  n e rv e , and in c re a s e  of 

10J 102% th ir ty  days a f te rw a rd s ) . T hese  changes w ere  co m p ared  by the  au th o r 
w ith  the  d ev e lo p m en t of p a ra b io s is  of the  d en erv a ted  m u sc le s .

E v id en tly , th e  p h ase  of d e c re a s e  in  sta in in g  pow er is  connected  w ith  
in c re a s e d  e x c ita b il i ty  a s  d e sc r ib e d  by V vedensk ii (1901); in c re a se  in  r e 
s is ta n c e  to  h a rm fu l  a g e n ts  (C herepanova and S u zd a l1 skaya (1954***);  and  
w ith  th e  c a p a c ity  of lo n g e r su rv iv a l  o u tside  the  o rg an ism  (K iro , 1954).
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T his phase of d e c re a se  in sta in in g  of the  p ro to p la sm , as  co m p ared  to the normal, 
is  a lso  o b served  a f te r  the c e s sa tio n  of ac tio n  of a  s tro n g  s tim u lu s . In this r e s 
pect it h as  been shown by G olovina, 1958a, th a t an  in c re a s e  in exc liab ility  occurs, 
and (by Romanov, 1953a) th a t an  in c re a s e  in r e s is ta n c e  to  h a rm fu l agents also 
o c c u rs .

z/ zs из гч z i zz iiï zu
Distance between spools, cm

FIGURE 55. V ital 
sta in ing  of spinal 
ganglia of the  r a b 
bit with 0. 1% n e u tra l 
red , a t d iffe ren t 
tim es  a f te r  c e ssa tio n  
of the s tim u lu s  ( a c 
cording to  Romanov, 
1948a)

FIG U RE 55. Binding 
of 0. 1% n e u tra l  re d  by 
the u p p er sym pathetic  
gang lia  of the  neck of 
a  c a t ,  during  a  30- 
m inu te  s tim u la tio n  
w ith  induction c u rre n t 
a t a  frequency  of 25 
cp s, (acco rd in g  to 
Z a ra k o v sk ii and Levin, 
1953)

The in c re a s e  in  ex c itab ility  of the  n e rv e  in  the  p re se n c e  of sm a ll doses 
of ag en ts  which subseq u en tly  lead  to  su p p re ss io n  of e x c ita b ility , w as ca lled  by 
V vedenskii (1901) "the p ro d ro m ic  stag e  of p a ra b io s is " .  T h is  au th o r w as the  
f i r s t  to  d e sc rib e  th e  in c re a s e  in n e rv e  e x c ita b ility  above the  in i t ia l  leve l a f te r  
p a ssag e  of a  s tim u la tio n  w ave* .

The question  a r i s e s :  how can  th is  m u ltip h as ic  change be explained, firs t 
in  the living s u b s tra te , and second in  the  p h y sio lo g ica l cond ition  of c e lls  a f te r  
the ac tio n  of s tim u la n ts . T h is  q u es tio n  is  of ex cep tio n a l in te r e s t ,  since it  deals 
w ith a w idesp read  phenom enon. So f a r ,  too l i t t le  d a ta  is  a t o u r d isp o sa  Ito justify 
a f irm  opinion. O nly c e r ta in  p re l im in a ry  fa c ts  can be c o n s id e re d .

It is  a ssu m ed  th a t a f te r  the  ac tio n  of s t im u la n ts , changes in  pro top lasm  
p ro te in s  take  p lace , s im ila r  to  the  in it ia l  s ta g e s  of d en a tu ra tio n . T hese  changes 
should s tim u la te  b io c h e m ic a l m etab o lic  p ro c e s s e s  d ire c te d  to w a rd s  th e ir  r e 
p a ir . H ow ever, th e re  is  no b a s is  fo r  the  a ssu m p tio n  th a t th e se  p ro c e s s e s  w ill 
a lw ays n e c e s s a r i ly  r e s to r e  the o rg a n ism  to i t s  in i t ia l  condition . It is  highly 
p robab le  th a t follow ing excita tio n  th e se  r e s to ra t iv e  p ro c e s s e s  lead  to  re n a tu ra 
tion  of a lte red  p ro te in s , the lev e l of w hich does no t r e a c h  th a t which ex isted  
b efo re  th e ir  action, o r exceeds it. I t is  p o ss ib le  th a t th is  in c re a s e  above no r
m a l l im its  o ccu rs  in  the in itia l period  of ac tio n  of a  w eak s tim u lan t.

Som ething s im ila rm a y  a lso  be a ssu m ed  a f te r  c e s s a t io n  of a  s trong  s tim u 
lu s . A p e c u lia r  h y p e rn a tiv a tio n  i s  th en  ob ta ined , a c c o m p an ied b y  an  in c re a se  of 
a l l th e  physio lo g ica l indexes connected  w ith it , e .g . ex c itab ility , r e s is ta n c e , etc.

It is  em p h asized  th a t the  above exp lanation  i s  f a r  from  being  defin itive .

* T h is  stag e  w as ca lle d  by V vedensk ii the s ta g e  of "exa lta tio n " , fo r  w hich the 
te r m  11 su p e rn o rm a l phase" w as la te r  su g g ested  by B r it is h  p h y sio lo g is ts .
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104 P a r t  II

E X C I T A T I O N  A N D  P E R M E A B I L I T Y

C h a p t e r  1, The M em brane T h e o ry  of C ell P e rm e a b ili ty  
and i ts  C r it ic a l  A p p ra isa l

C e ll  P e rm e a b ility  and the T h eo ry  of E x c ita tio n

T he study  of the n a tu re  of c e ll  excita tio n  is  c lo se ly  a s so c ia te d  w ith 
th e  p ro b lem  of c e llu la r  p e rm eab ility . Follow ing s tim u la tio n  of c e lls , 
c h a r a c te r is t ic  changes o ccu r, w ith  co n sid e rab le  in c re a se  in  p e rm e a b ility  
to w ard  a ll  su b s ta n c e s  en te rin g  the ce ll, a s  w ell a s  to  su b stan ces  e x c re te d  
by them . T hus, the  th e o re tic a l  c o n sid e ra tio n s  w hich at the  end of th e  la s t  
c e n tu ry  fo rm e d  th e  b a s is  of the th eo ry  of c e llu la r  p e rm e a b ility , a lso  fo rm ed  
the b a s is  fo r  th e  th e o ry  of exc ita tion .

T he p o stu la tio n  of the so -c a lle d  m em b ran e  th eo ry  of p e rm e a b ility  
led  to  the  m e m b ra n e  th e o ry  of exc ita tio n . It follow s that any a ttem p t to 
re v is e  the  fo rm e r  should inev itab ly  lead to  re v is io n  of the la t te r ,  w hich is  
now f irm ly  e s ta b lish e d  in  physiology.

F o r  m any y e a rs  we and o u r c o -w o rk e rs  studied  v i ta l  s ta in in g  of 
t is s u e s  and c e l lu la r  p e rm e a b ility . On the  b a s is  of o u r d a ta  and on the b a s is  
of a n a ly s is  of p a p e rs  published by o th e r au th o rs , we concluded th a t th is  
m em b ran e  th e o ry  p re s e n ts  a fa ls e  concept of c e llu la r  s t ru c tu re  and  of 
the  cond ition  of m any su b stan ces  con tained  in  the p ro to p la sm . At the  sam e 
tim e  the  m e m b ra n e  th eo ry , due to  i ts  ap p a ren t s im p lic ity , and i ts  a p p lic a 
tio n  in  the  exp lanation  of v a r io u s  baffling  phenom ena, a cq u ired  g re a t  popu
la r i ty  am ong p h y sio lo g is ts , but led to  m any ill-d ire c te d  r e s e a r c h e s .

T he ap p ea ran ce  of o u r p a p e rs  on p e rm e a b ility  cau sed  som e c o n tro 
v e rs y * . T hat is  why in  the  p re se n t book devoted  to  the  p ro b lem  of ex c ita tio n , 
o u r concep t of p e rm e a b ility  w ill be s ta te d  in  d e ta il. T h is ta s k  is  m ade 
c o n s id e ra b ly  e a s ie r  by the ap p ea ran ce  of T ro sh in ’s  b a s ic  book "T he P ro b le m  
of C e R u la r  P e rm e a b ili ty "  (1956). In it  th e  l i te ra tu re  on th is  p ro b lem  w as 
co lla ted  and th e  m em b ran e  th eo ry  su b jec ted  to  c r i t ic is m . T he id e a s  d e -  

IQ Sveloped  by  u s  fo r  m any y e a r s —w hich we ca lled  "The Sorp tion  T h e o ry  of 
P e rm e a b il i ty " , a r e  a lso  p re se n te d . T hanks to  th is , d isc u ss io n  can  be  
lim ite d  h e re  to  b a s ic  p rin c ip le s .

* See c o llec tio n ; " P ro b le m s  p ro n itsa e m o s ti" . T rudy  K o n fe re n ts ii  M os - 
kovskogo o b sh ch estv a  fi2iologov ("The P ro b le m  of P e rm e a b ili ty " . 
T ra n sa c tio n s  of the  C onference  of the M oscow S ocie ty  of P h y s io lo g is ts , 
1939); the  book by N asonov and A leksandrov  (1940) and p a p e rs  by 
N asonov and A leksandrov  (1943a, 1944).
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O rig in  and D evelopm ent of the M em brane  T h e o ry  of P e rm e a b ili ty

The th eo ry  that the p ro to p la sm ,of c e lls  is  su rro u n d ed  by a  v e ry  thin 
m em brane which is  insoluble in w a te r  w as e x p re s se d  for the f i r s t  tim e  
by Schultze (1863) and Kuhne (1864). A cco rd ing  to th e se  a u th o rs , the p ro to 
p lasm  should be re g a rd e d  as a s im p le  aqueous solu tion  of o rg an ic  (m ain ly  
pro tein) and m in e ra l su b stan ces. H ow ever, the  im m isc ib ility  o f p ro to p la sm  
with the su rround ing  w a te r  re q u ire d  a s p e c ia l  explanation , and th e re fo re  
K uhne's  hypo thesis  envisaged  a m em b ran e  of coagu la ted  p ro te in s , w hile 
Shultze d esc rib ed  a sp ec ia lly  dense la y e r  of p ro to p la sm  in te r fe r in g  w ith 
its  solution in the su rround ing  w a te r

L a te r , P fe ffe r  (1877) and de V r ie s  (1884, 1885, 1888) o b se rv e d  that 
plant c e lls  p o sse ss in g  a c e n tra l vacuole  behave  like o sm o m e te rs  w hen 
p laced in hyperton ic  so lu tions of su b s ta n c e s  w hich do not p e rm e a te  the 
vacuole of the ce ll. T hese  au th o rs  th e re fo re  a ssu m e d  the p re se n c e  of a 
very  thin m em brane  on the o u te r  su rfa c e  of c e l ls ,  p e rm eab le  to w a te r  but 
im perm eab le  to  c e r ta in  su b stan ces  in  so lu tion , P fe ffe r  co m p ared  th e se  
m em b ran es with the sed im en ta ry  m e m b ra n e s  of T ra u b e . He a s c r ib e d  them  
an im portan t ro le  in the p ro c e s s  of m e ta b o lism .

T hus, the  idea  of se m ip e rm e a b le  m e m b ra n e s  on the s u r fa c e  of c e lls  
a ro se  during  a ttem p ts  to  explain two p ro p e r t ie s  of p ro to p lasm  d e s c r ib e d  
by cy to lo g is ts : (1) im m isc ib ility  of p ro to p la sm  w ith  w a te r, and (2) r e v e r 
sib le  reduction  of the c e ll  volum e in c o n c e n tra te d  so lu tions of su b s ta n c e s  
which probably  do not p e rm ea te  into the c e ll.

De V rie s  and o th e r  au th o rs  u sed  th is  p ro p e r ty  to  d e te rm in e  the  de
g ree  of p en e tra tio n  of v a rio u s  su b s ta n c e s  in to  the  c e ll. T hus, th e  f i r s t  
m ethod for the  study of c e llu la r  p e rm e a b ility  w as suggested , i. e . the  o s 
m otic m ethod.

L a te r  O verton  (1895, 1896, 1902) o b se rv ed  th a t not only v acu o la ted  
plant c e lls  change th e ir  volum e in  h y p erto n ic  and hypotonic so lu tio n s  of 
im perm eab le  su b stan ces , but th a t an im a l c e lls  a lso  have th is  p ro p e r ty . 
Thus the hypo thesis  of se m ip e rm e a b le  c e l l  m e m b ra n e s  a lso  ap p lied  to 
an im al c e lls .

O verton , and la te r  a lso  o th e r in v e s t ig a to rs , used  the o sm o tic  m ethod  
to  study p e rm ea tio n  of v a r io u s  su b s ta n c e s  into p lant and an im al c e l l s .  On 
the b a s is  of m any o b se rv a tio n s  O v erto n  d e te rm in e d  a  sequen tia l s e r i e s  of 
su b stan ces acco rd in g  to  th e ir  cap ac ity  to  p e n e tra te  the c e ll  and h e  no ted  
c e r ta in  g e n e ra l ru le s  to  be ad h ered  to . T h is  s e r i e s  w as as fo llo w s;

1) H ydrocarbons (s a tu ra te d , u n sa tu ra te d  and cy c lic ) and t h e i r  h a lo id  
d e riv a tiv e s ; m onobasic a lcoho ls; a ld eh y d es; ke tones; n i tr i te s ;  e th e r s ;  
many o rgan ic  ac id s  and a lk a lis . A ll p e n e tra te  ra p id ly  into the c e l l s .

»  2) D ibasic  a lcohols and am id es  of m o nobasic  ac id s  p e rm e a te  rap id ly .
3) G lycero l, u re a , th io u re a  and  o th e rs  p e rm e a te  le s s  ra p id ly .
4) T e tra b a s ic  a lcohols p e rm e a te  slow ly.
5) H exabasic  a lcoho ls; s u g a rs  (p e n to se s , h ex o ses , d is a c c h a rid e s ); 

v a rio u s am inoacids; m any n e u tra l  s a l t s  of o rg a n ic  ac id s ; s tro n g  m in e ra l  
ac id s , a s  w ell a s  s a lts  of s tro n g  m in e ra l  a c id s  and a lk a lis ; a ll  p e rm e a te  
very  slow ly o r  not a t a ll.

A nalyzing the d a ta  obtained, O v erto n  re a c h e d  the conclusion  th a t 
com pounds fre e ly  soluble in  fa t- l ik e , lipo id  su b s ta n c e s  p e n e tra te  th e  c e lls  
with g re a te r  e a se . On th is  b a s is  he w as the  f i r s t  to  propose the lip o id
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theory  of p e rm e a b ility , based  on the observ a tio n s of Quincke (1898) that 
each liv ing  ce ll has  a lip id  m em b ran e  on its su rfa c e , due to  w hich its  p ro to - 
pLasm is  im m isc ib le  w ith w ate r.

O v e rto n ’s s e r ie s  is  a  paradox  from  the physiological point of view. 
A ccord ing  to  h is  th e o ry  u n n e c e ssa ry  o r  even toxic substances such as a l
cohol, e th e r s , a ld eh y d es, ketones and o th ers  perm eate  very  free ly  into 
the ce ll, w hile v ita lly  im portan t sub s ta n c e s—without which the c e ll  could 
not e x is t—s u g a rs , am inoac ids and m in e ra l s a l t s —eith e r do not p e rm ea te  
or p e rm e a te  v e ry  l i t t le . T h is  fac t is  an  enigm a to  many in v es tig a to rs . 
It even cau sed  H öben (1926) to  suggest a sp ec ia l theory  of "physiological 
p e rm e a b ility " , acco rd in g  to  which p e rm eab ility  studied by o rd in ary  rough 
m ethods e lu c id a te s  only the p h y sica l p ro p e r tie s  of the m em brane. In ad 
dition, acco rd in g  to  H dber, som e unknown m echan ism s ex is t fo r  the p e r 
m eation of su b s ta n c e s  a c ro s s  the c e ll  m em brane , causing physiological 
p e rm e a b ility . But th is  th eo ry  sim ply  su b stitu te s  one unknown fo r ano ther.

T he c o n trad ic tio n  in O v e rto n 's  s e r ie s  is  due to an in c o rre c t and in 
d ire c t m ethod  u sed  to  study p e rm e a b ility  (i. e. the "osm otic effect"). 
A ctually , a l l  the  su b s ta n c e s  l is te d  at the end of h is  s e r ie s  pen e tra te  the 
ce ll at about the  sa m e  ra te .  The d ifference is  only in the equilib rium  level 
of co n cen tra tio n  w ith in  the ce ll.

In the c o u rs e  of i ts  developm ent, the m em brane theory  w as often 
c r i t ic is e d  w ith v a ry in g  se v e rity . One of the f i r s t  c r i t ic s  was F is c h e r  and 
h is  c o -w o rk e rs  (F is c h e r  and M oore, 1907; Roaf and A lderson , 1907; 
M oore and R oaf, 1908, 1913; M oore, Roaf and W ebster, 1912; F is c h e r  
and S u er, 1935, 1938, 1939), and a lso  Lepeshkina (1924, 1928, 1930, 1936). 
But to  da te  the m e m b ra n e  th eo ry  of p erm eab ility  is considered  p re -em in en t 
in c o n tem p o ra ry  physiology.

The H ypothetic C e ll M em brane and i ts  Suggested 
C hem ica l C om position  and S tru c tu re

C e ll p ro to p la sm  w as th u s co n sid e red  as a sim ple aqueous solution, 
enclosed  w ith in  a m em b ran e  p e rm eab le  to w ater, but im perm eab le  to  m any 
su b stan ces  d isso lv ed  in  it (su g a rs , s a lts ,  am inoacids, and o th e rs). This 
point of view  is  sh a re d  by a lm o st a ll  co n tem p o rary  physiologists.

H ow ever, th e o r ie s  on the  s tru c tu re  and chem ical com position of the 
c e llu la r  m e m b ra n e  have constan tly  been m odified according to new ly- 
obtained but inco m p atib le  data.

107 F i r s t ly  it  shou ld  be pointed out th a t d ire c t proof of the ex is ten ce  of
a se m ip e rm e a b le  m em b ran e  on the su rface  of c e lls  is s till  lacking. A ll 
the a rg u m e n ts  in  i t s  fav o r a r e  in d ire c t. The ex istence of such a m em brane 
is  p u re ly  hy p o th e tica l. A ll tho se  who recogn ize  th is  ag ree  th a t the m em 
b ran e  is  not a m o rp h o lo g ica l en tity  but a physiological one, and that it 
should no t be confused  with s tru c tu re s  read ily  identifiable under the m ic ro 
scope, such a s  th e  m em b ran e  of the ovum, cu ticu la r m em b ran es of a ll 
k inds, and p e ll ic le s  of ep ith e lia l c e lls  o r the sa rco lem m a of m u sc le  f ib e rs , 
e tc . A cco rd in g  to  som e a u th o rs , th e se  fo rm atio n s a re  not endowed with 
se m ip e rm e a b ility  (O verton , 1902; H öber, 1926, 1945; H arvey and D anielli, 
1939, and o th e rs ) . It is  a ssu m ed  that c e ll  m em branes a re  so  th in  that
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they cannot be seen  under the m ic ro sc o p e . A ccord ing  to  v a rio u s frag m en ts  
of in d ire c t evidence, th ese  m e m b ra n e s  a r e  though t to co n sis t of s e v e ra l  
la y e rs  of m o lecu les  of a th ick n ess  of 30-200 A (F ric k e , 1925; D anielli, 
1936; Schm itt, B ear and P onder, 1938; F r ic k e , P a rk e r  and P o n d e r, 1939; 
D ziem ian, 1939, 1942 and o th e rs ) .

As a lread y  m entioned, Q uincke (1898) a ssu m ed  th a t the m em b ran e  is  
m ade of fa t or oil, thus explain ing  the in so lu b ility  of p ro to p lasm  in w ater. 
L a te r , O verton, on the b a s is  of s tu d ie s  on a  p e rm e a b il i ty  s e r ie s , a sc rib ed  
to  th e  m em b ran e  a  lipoid co m position . H ow ever, while the la t te r  m ay  ex
p la in  the p e rm ea tio n  of c e r ta in  su b s ta n c e s , i t  d o es  not explain  the f re e  
en tran ce  of w ater into the ce ll. In o rd e r  to  o v e rco m e  th ese  d ifficu ltie s , 
N athansohn 's (1904a, 1904b) h y p o th es is  a s su m e d  that the  lipoid la y e r  on the  
su rfa c e  of the c e ll is  not so lid  but p o ro u s . T hrough  th is la y e r , w a te r  
and c e r ta in  lipo id -in so lu b le  su b s ta n c e s  d isso lv e d  in  w a te r m ay p a s s  (the 
m o sa ic  theory). This a rb i t r a ry  m o d ifica tio n  of the hypo thesis m ade i t  much 
m o re  flex ib le  and th e re fo re  m o re  a c c e p tab le  to  phy sio lo g is ts .

A ttem pts to  explain  all p e rm e a b ili ty  p henom ena by porous f i l t r a t io n  (the 
u l tr a f i l te r  theo ry  of Ruhland, 1908, 1909a, 1909b, 1911, 1912a, 1912b, 
1913; Ruhland and Hoffman, 1925) have not ga in ed  recogn ition . The con
nection  betw een the m o lecu la r volum e and the  a b ility  to  p e n e tra te  the  cell 
only ex is ted  fo r  c e r ta in  su b stan ces  (of v e ry  l i t t le  su rfa c e  activ ity), pene
tra tin g  the p ro to p la sm  of the su lp h u r b a c tr iu m  B egg ia toa  m ira b il is .

The lip o id -so lu b le , s u r fa c e -a c t iv e  s u b s ta n c e s  p e n e tra te  the c e lls  
v e ry  read ily , notw ithstanding the la rg e  d im e n s io n s  of th e ir  m o lecu les . 
The m o sa ic  th eo ry  of N athansohn exp lained  the  p e n e tra tio n  of all substances, 
so luble and in so lub le  in  lip o id s . The fo rm e r  e n te r  the ce ll, d isso lv in g  in 
the lipoid m em brane , while the l a t t e r  p a s s  th ro u g h  the p o re s . W ater, too, 
p e n e tra te s  by p a ss in g  through the p o re s . The se le c tiv e  p e rm e a b ility  of 
ions rem ain ed  unexplained. It w as n e c e s s a ry  to  explain  why c e r ta in  cations 
p en e tra ted  the ce ll, while anions seem in g ly  did p o t p en e tra te  at a ll. An 
answ er to th is  questio n  was g iven by M ich ae lis  (1925, 1926; M ichae lis , 
F u jita  and Dokan, 1925; M ich ae lis , E lls w o r th  and W eech, 1927; M ichaelis  
and P e rizw e ig , 1927; M ichaelis , W eech and Y am ato ri, 1927), He assum ed 
th a t the w alls of the c e ll  m e m b ra n e  p o re s  w e re  n ega tive ly  charged , as  a 
r e s u l t  of w hich p en e tra tio n  of n eg a tiv e ly  c h a rg e d  anions was not p o ss ib le . 
M ichaelis  i l lu s tra te d  h is  th e o ry  by e x p e r im e n ts  w ith a r t if ic ia l  m e m b ra n e s . 
L a te r  the th eo ry  w as e lab o ra ted  on and p e r fe c te d  by T e o re ll (1935a, 1935b, 
1936), and a lso  by M eyer and S ie v e rs  (1936),

With th ese  add itions and e la b o ra tio n s , the  m em b ran e  hyp o th esis  is 
accep ted  by m any in v e s tig a to rs  ev en  now (H öber, 1936, 1945; W ilbrandt, 
1938a, 1938b; R ubinshtein, 1947 and o th e rs ) .

But even in  th is  fo rm  th is  h y p o th es is  d o e s  not s a tis fa c to r ily  ex p la in  
m any fa c ts . F i r s t  of all, c e ll  p ro to p la sm  c o n ta in s  p o tassiu m  and phosphates 
a t a co n sid e rab ly  h ig h e r c o n cen tra tio n  than  in  the  su rround ing  aqueous 
solution , w hile in the  la t te r  the c o n c e n tra tio n  of sodium  and ch lo rid e  ions 
is  co n sid e rab ly  g re a te r  than th a t in  p ro to p la sm . At the sam e tim e , the 
m em b ran e  th e o ry  a ssu m e s  th a t p ro to p la sm ic  e le c tro ly te s  all e x is t  in  a  
f re e  d isso lv ed  s ta te , b ecau se  if th is  w e re  no t so, the c e lls  could no t func
tion  as o sm o m e te rs . In the o r ig in a l v a r ia tio n  of the m em brane  th e o ry  it 
w as assum ed  th a t sodium , c h lo r id e  ions and ph o sp h a tes  did not p e n e tra te  
at a ll  th rough  the m em b ran e  p o re s , w hile  p o ta ss iu m , although it  p e n e tra ted ,
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could  not le av e  the  ce ll since  it  was bound to phosphates by e le c tro s ta tic  
fo rc e s .

It is  now known th a t such abso lu te  im p erm eab ility  does not ex ist. 
We know th a t upon stim u la tio n  and excita tion  of ce lls , po tassiu m  and p h o s
p h a te s  a r e  r e le a s e d , while sodium  and chloride ions p a rtia lly  p en e tra te  
the c e l ls  (see  Fenn , 1936, 1937b, 1938a, 1939). During " r e s t"  an opposite 
m o tio n  of th e se  ions is  seen, as  if  against the concentration  grad ien t, if it 
is  a s su m e d  th a t the e le c tro ly te s  a re  sim ply  dissolved in the p ro top lasm . 
In add ition , it  can  be shown by m eans of ''tagged 11 atom s, th a t po tassium , 
sod ium  and ch lo rid e  ions may both p en e tra te  the ce lls  suffic ien tly  rap id ly , 
and leav e  th em  w hile the co n cen tra tio n  d iffe rences inside the ce ll and out
side  i t  a r e  m a in ta ined .

A ll th e se  f a c ts  could not be explained by the m em brane th eo ry  in its  
o r ig in a l fo rm . I t  w as n e c e s s a ry  to a ssu m e  the ex istence of a  c e r ta in  pum p
ing m e c h a n ism  which, at the expense of energy, pumped po tassium  into 
the c e l l  and fo rc e d  sodium  and ch lo ride  ions outside. These assum ptions 
w e re  m ad e  by c e r ta in  in v e s tig a to rs  and of necessity  made the proposed 
s t r u c tu r e  of the m em b ran e  even m o re  com plicated . Thus, L undegardh 
(1940) pu t fo rw a rd  the hypo thesis that the ce ll su rface  was lined by long 
m o le c u le s  o r m ic e lle s  in  the fo rm  of a pa lisade (F igu re  57} consisting  of 
one o r  tw o la y e r s .  A p a r t  of th ese  m olecu les had positive ch a rg es  and the 
o th e r, n eg a tiv e  ch a rg e s , th ese  being a rran g ed  on the su rface  in a  m osaic  
fa sh io n . The m ech an ism  of p e rm ea tio n  of ions into the ce ll w as thought 
to  be as fo llow s. F i r s t  the ion com bined with the end of the m ice lle  which 
w as p a r t  of the  m em b ran e , and the m ice lle  then ro ta ted  through 180°; in 
th is  m a n n e r  the  a ttach ed  ion w as then at the o ther side of the m em brane.

109 T h is m e c h a n ism  m ay thus e ith e r  pump in o r rem ove from  the ce ll these  
o r o th e r  ions, w ith  an  expend itu re  of energy .

K rogh (1943) co n sid e red  L u n d e rg a rd h 's  theory  highly specu la tive . 
N e v e r th e le s s  he accep ted  it not only as the only sa tis fac to ry  one, in  h is 
opinion, but even  co m plica ted  it  by assu m in g  that the fre e  ends of the r o 
ta tin g  m ic e l le s  p o s se s se d  an affinity  e ith e r  fo r po tassium  o r for sodium . 
M aking a  180° tu rn  the m em b ran e  m olecu les m aintained the n e c e ssa ry  
ra t io  b e tw een  the co n cen tra tio n s  of these  ions inside and outside the cell. 
But the  n a tu re  of the fo rc e s  ro ta tin g  the m em brane  m olecules, and the 
n a tu re  of the re g u la tin g  m ech an ism s secu rin g  the constant ra t io s  between 
the ion ic  c o n c e n tra tio n s  of the p ro top lasm , rem ained  unknown.

A no ther hyp o th esis  w as fo rm u la ted  by R osenberg and W ilbrandt (1 952). 
T h is d e a l t  w ith  the  p en e tra tio n  of g lucose in to  ce lls . A ccording to the 
c la s s ic a l  c o n s id e ra tio n s  of the m em brane  theory , sugars do not p en e tra te  
c e ll  m e m b ra n e s  s in c e  in  a  hyp erto n ic  solution  they cause  a  s tab le  d e c re a se  
in  the vo lum e of the c e lls . Yet, g lucose is  one of the m ain so u rce s  of 
n u tr i t io n  fo r  the  c e lls .

How can  th e se  two m utually  exclusive fac ts  be reco n c iled ?
The a u th o rs  of th is  th e o ry  assum ed  th a t glucose was tra n sp o rte d  into 

c e lls  by m e a n s  of enzym es. In th e ir  opinion, two enzym es located  at op
p o s ite  s id e s  of th e  c e ll  m em brane  acted  conjointly . The sugar w as te m p o ra r ily  
t ra n s fo rm e d  in to  a  so luble  fo rm  in the substance of the m em brane  and thus 
a c q u ire d  the  a b ility  to  d iffuse th rough  the m em branes. This 't ra n sp o r ta b le '1 
fo rm  of su g a r  e x is te d  only w ithin the m em brane . The au tho rs of the th eo ry  
a ssu m e d  th a t  the p e rm e a tin g  su b stan ce  becam e " tra n sp o rta b le "  as a  r e s u lt  
of co m b in a tio n  w ith  ano ther su b stan ce  (or substances) w hichm ay be called  
"m e m b ra n e  c a r r i e r s " .
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FIGURE 57. S tru c tu re  of the 
p ro to p la sm a tic  m em brane 
(acco rd ing  to L undergardh , 
1940)

1 -m ic e lle s ;  2 —th e ir  rad ica ls ; 
R+  and R_ - th e  p o s itiv e ly  and 
negative ly  charged  ra d ic a ls , 
re sp ec tiv e ly ; OH -  and H4 --  
com p en sa to ry  ions; A~ and 
M+ -ex ch an g in g  ions.

The th e o ry  of R osenberg  and Wilbrandt 
s e e m s  to  u s  a s  a r b i t r a r y  and poorly b a se d  
as  th a t of L u n d e rg a rd h . It is  known tha t 
en zy m atic  p ro c e s s e s  a re  specific . C on
seq u en tly , fo r  each  su b stan ce  p en e tra tin g  
the c e ll  th e re  w ould have to  be at le a s t 
th re e  sp ec if ic  su b s ta n c e s  in  the m e m b ra n e -  
two en zy m es and one " c a r r ie r " .  T h e re fo re  
the m e m b ra n e s  w ould have to be s a tu ra te d  
w ith th e se  ad d itio n a l su b stan ces. T h is  is  
not v e ry  p ro b a b le , a ssu m in g  the th in  s t ru c 
tu re  of the m e m b ra n e .

T h ese  a re  th e  com plicated , a rb i t r a ry  
and hypo the tic  c o n s id e ra tio n s  re su ltin g  
f ro m  the  m e m b ra n e  th eo ry  of p e rm eab ility . 
C o m p ara tiv e ly  s im p le  when it o rig in a ted , 
it  b e c a m e  m o re  and  m o re  com plex a s  a 
r e s u l t  of con tinuous new d a ta  which could
not be re c o n c ile d  w ith  the o rig in a l th e o ry . 

F o r  m any p h y sio lo g is ts  who a re  not e sp e c ia lly  a b so rb e d  in  the p ro b lem s 
of c e llu la r  physiology, the te rm  " s e m ip e rm e a b le  c e l l  m em brane" a cq u ire s  
a  som ew hat re la tiv e  sym bolic m ean ing , w hich th ey  p re f e r  not to in v e s t with 
any co n cre te  s ign ificance  (Kan, 1939}.

The O sm otic  P ro p e r t ie s  of th e  C ell

One of the s tro n g e s t a rg u m e n ts  in  fav o r of th e  m em b ran e  th e o ry  of 
p e rm e a b ility  h as  a lw ays been  th a t in  s tro n g  so lu tio n s  of sub stan ces w hich  
apparen tly  do not p e rm e a te  in to  the  c e ll, the  c e l ls  behave a s  tiny o sm o m ete rs  

I 1 0 On m easu rin g  the o sm otic  p r e s s u r e  of the  e n v iro n m en t (P ), the vo lum e o f 
the c e lls  (V) should  change in in v e rse  p ro p o rtio n  to  th is  p re s s u re  (PV  = 
const).

In th is  r e s p e c t  the m a te r ia l  f i r s t  u sed  in the  study  of p e rm e a b ility  
w ill be co n s id e re d , as in  p lant c e l ls  w ith a la rg e  c e n tra l  vacuole. A s 
shown by P fe ffe r (1877) and by de V rie s  (1884), the volum e of th e s e  
ce lls  in  so lu tions of d iffe ren t o sm o tic  p r e s s u r e s  r e a l ly  obeys the law  P V  - 
const. H ow ever, on the b a s is  of th e s e  old e x p e rim e n ts  it  cannot be s ta te d  
w here in the c e lls  "the e le m e n ta ry  o s m o m e te r s " ,  i.e . the m e m b ra n e , is  
located . P fe ffe r  and de V rie s  a ssu m ed  th a t the m e m b ra n e s  a re  lo c a te d  
outside the c e lls  a t the b o rd e r  be tw een  the  p ro to p la sm  and the e n v iro n m e n t 
In th is  c a se  the te rm  c e ll p e rm e a b ili ty  could  re a l ly  be u sed . H ow ever, 
re s u lts  su p e rfic ia lly  s im ila r  to  th e se  could  have b een  obtained if the  s e m i-  
p e rm eab le  m em b ran es  w ere  lo ca ted  a t the  su rfa c e  of the vacuole w ith in  a 
sp ec ia l m em b ran e , se p a ra b le  from  the  p ro to p la sm  and ca lled  " to n o p la s t" . 
If th is  w e re  so, th en  a ll  the o sm o tic  e x p e rim e n ts  would give data applicab le  
only to  the p e rm e a b ility  of the to n o p la s t, w hich w ould re g u la te  the p e r 
m eatio n  of su b stan ces  into the v acuo le  bu t not in to  the cy top lasm .

An an sw er to  th is  p rob lem  m ay  be found in  the  v e ry  thorough s tu d ie s  
of H öfler (1918, 1930-1934, 1939; H u b e r and H ö f le r , 1930). T hese  au thors
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e la b o ra te d  a  m eth o d  of d iffe ren tia l d e te rm in a tio n  of the v o lu m e s  of the  
p ro to p la s m  and v acuo le  of p lant c e lls . With th is  they show ed th a t, fo llow 
ing chan g es in  o sm o tic  p r e s s u re  of the environm ent, only th e  volum e of 
the  v acuo le  obeyed  the  law of o sm o sis . In addition, H öfler found th a t m any 
of the  s u b s ta n c e s  w hich did not p en e tra te  th rough the to n o p la s t into the  
vacuole e a s ily  p e n e tra te d  into the p ro to p lasm . C onsequently  the  c o n c lu 
sions on p e rm e a b ili ty  b a sed  on so -c a lle d  osm otic  e x p e rim e n ts  can in  no 
way be r e la te d  to  p e rm e a b ility  of the  p ro toplasm  of plant c e l l s .

S u p p lem en ta ry  to  th ese  da ta , H öfler, to g e th e r with th e  noted  in ven to r 
of the  m ic ro m a n ip u la to r  C h am b ers  (C ham bers and H öfler, 1931), show ed 
th a t the  p lan t v acuo le  su rro u n d ed  by the tonop last may be e a s ily  i s o 
la ted  fro m  the  su rro u n d in g  p ro to p la sm , and th a t such an is o la te d  vacuo le  
changes i ts  vo lum e in  d iffe ren t so lu tions, obeying the law of o s m o s is . 
A ll th is  su p p o rts  the conten tion  th a t the r e s u l ts  of the c la s s ic a l  ex p e rim en ts  
on p la sm o ly s is  of p lan t c e l ls  m ay be re la te d  m ainly to  the p ro p e r t ie s  of 
the  to n o p la s t and the  vacuo le , but not to th o se  of the p ro to p la sm .

The in te re s t in g  d a ta  given by M aksim ov (1946) also  su p p o rts  th is  c o n te n 
tion . F ro m  the  d a ta  in  the tab le  com piled  by him  (Table 24) it  w ill be se e n  that 
the o sm o tic  p r e s s u r e  of the p ro to p lasm ic  sap  is  2-5 tim es g r e a te r  than th a t  of 
the  v a c u o la r  sap . I t is  d ifficu lt to  u n d erstan d  why w ater d o es not flow 
from  th e  v acu o le  in to  the  p ro to p la sm . O bviously in the p ro to p la sm  o f p lan t 
c e l ls  th e  am ount of w a te r  is  not reg u la ted  by osm otic fo rc e s . M aksim ov 
and o th e r  a u th o rs  (M aksim ov and M ozhaeva, 1944a, 1944b; M ozhaeva, 1947, 
1950a, 1950b; S hcherbakov  and Sem io trocheva , 1953 and o th e rs )  re a c h e d  
s im i la r  c o n c lu s io n s .

In th is  connec tion  it  w as of in te re s t  to  e lucidate w h e th e r p lan t c e l ls  
devoid of v a c u o le s  obeyed the law s of o sm o sis .

Such a  study  w as p e rfo rm e d  by W alter (1923) using  v a c u o le le s s  c e lls  
of sp o ro g en ic  th re a d s  of the a lga L e m an ea . The re su lts  show ed th a t th e  
chan g es in  vo lum e of th e se  c e lls  in  su g a r  so lu tions did not c o rre sp o n d  with 

in  th o se  w hich  w ould be expected  if  the c e lls  w ere  surrounded  b y  s e m ip e r -  
m eab le  m e m b ra n e s . C o m p ariso n  of th is  a u th o r 's  re su lts  w ith  data  on 
ch an g es  in  vo lum e o f nonliv ing  m odels led W alte r to the  co n c lu s io n  th a t 
the  lo s s  of w a te r  by c e ll  p ro to p la sm  w as a  r e s u l t  not of o sm o tic  p ro c e s s e s , 
bu t of d e h y d ra tio n  of lyophilic  co llo id s , w hich a re  com ponents of p ro to p la sm . 
T he p r in c ip a l d iffe re n c e  be tw een  th e se  two phenom ena is  th a t  o sm o s is  is  
p o ss ib le  only  u n d e r  cond itions of im p erm eab ility  of the su b s ta n c e  in r e la tio n  
to  the  c e ll, w hile  d eh y d ra tio n  is  p o ss ib le  under conditions o f p e rm e a tio n . 
C o n sequen tly , a  d e c re a s e ,  fo r  exam ple, of the volum e of th e  v acuo le  in  a 
h y p e rto n ic  so lu tio n  w ould be a  proof th a t the substance did no t e n te r  in to  
the  v acu o le . A d e c re a s e  of the  p ro top lasm  volume would show  th a t th e  
su b s ta n c e  did p e n e tra te  the  p ro to p lasm .

T o g e th e r  th e s e  fa c ts  fo rc e  us to adopt a v e ry  c a re fu l a ttitu d e  to  a l l  
the  d a ta  on p e rm e a b il i ty  ob tained  by the p lasm oly tic  m ethod  o f v acuo la ted  
p lan t c e l ls .

R u b in sh te in , who is  the lead ing  advocate of the m e m b ra n e  th e o ry , 
w as fo rc e d  to  b e g in  h is  a d d re s s  a t the d iscussion  on p e rm e a b ili ty  in  M oscow 
in 1935 w ith  the  fo llow ing s ta te m e n t: "We a re  forced  to  abandon  co m p le te ly  
a l l  the  r e s u l t s  o b ta ined  in  s tu d ie s  of p lant c e lls  by the u se  o f th e  o sm o tic  
m ethod . A s  is w e ll known, th e se  w e re  h is to ric a lly  the b a s is  o f the c o n 
te m p o ra ry  th e o ry  of the  se m ip e rm e a b le  p lasm atic  m em b ran e"  (R ubinsh tein , 
1939, p. 9).
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The position  is m uch the sam e re g a rd in g  the " o s m o tic "  p ro p e r t ie s  
of an im al c e lls .

O verton (1902) drew  a tten tion  to  the  fac t th a t a n im a l c e l ls  w e re  capable 
of losing w a te r  o r sw elling  in  so lu tions o f .d iffe ren t su b s ta n c e s .

At the sam e tim e , un d er the in fluence of the s tu d ie s  of P f e f f e r  and 
de V rie s , the opinion w as f irm ly  e s ta b lish e d  th a t p la n t c e l l s  m ay b e  con
s id e re d  as o sm o m ete rs , with the se m ip e rm e a b le  m e m b ra n e  lo c a te d  at th e  
ex te rn a l su rface  of the ce ll. We have a lre a d y  m e n tio n e d  th a t th is  point o f 
view tu rned  out to be in c o rre c t and th a t only the v acu o le  in  p lant c e l l s  w orks 
a s  an osm om eter. T his vacuole does not e x is t in  a n im a l c e l ls .  H o w ev er, 
in O verton 's  tim e s  th is w as not known, and it  w as th e re fo re  n a tu r a l  for h im  
to t r a n s fe r  the idea of "osm o tic"  p ro p e r t ie s  of p lan t c e l l s  to  a n im a l  ones. 
T hat is  why the changes in  volum e of an im a l c e l ls  o b s e rv e d  b y  O v e rto n  in  
various so lu tions w ere  co n sid e red  by him  a s  o sm o tic  phenom ena cau sed  
by the p re sen ce  of sem ip erm eab le  m e m b ra n e s  a t th e  p ro to p la s m ic  su rface .

T a b l e  24

Osm otic p re s s u re  (in a tm o sp h e re s)  in c e lls  of le a v e s  of d if fe re n t  p lants 
(acco rd ing  to  M aksim ov, 1946)

Sap B eech W ild v ine C o tto n -p la n t

P ro to p lasm ic 18-24 25 17-18
V acuo lar 5-8 5 -7 9-10

■ As a re s u lt  of th is  e r r o r  by O verton , la te r  r e s e a r c h e s  w e re  no t va lid .
The e r r o r  w as augm ented by the g re a t a u th o rity  of the  b o ta n is ts  P fe f fe r  
and de V rie s , and by the im p re ss iv e  th o ro u g h n ess  o f O v e rto n , in  w hose 
w orks the p e rm eab ility  of m o re  than  500 highly  v a r ie d  s u b s ta n c e s  w as  
studied. In addition, a concept w as put fo rw a rd  w hich  n ice ly  u n if ie d  the 
phenom ena o ccu rrin g  in  p lan ts  a s  w ell a s  in  a n im a ls . M o reo v e r, such  
im portan t points in c e llu la r  m etab o lism  a s  the  e n tra n c e  a n d 'e x it o f sub
stances ipto the su rround ing  m edium  w ere  red u ced  to  a  r e la t iv e ly  s im p le  
physica l phenom enon-diffusion through the m e m b ra n e .

The m ain  sub jec ts  of O v erto n ’s s tu d ie s  w e re  th e  s k e le ta l  m u s c le s  of 
the frog, and the m ain  m ethod w as to  w eigh the  m u s c le s  b e fo re  a n d  a fte r  
they  w ere “kept in  one o r  an o th er so lu tion . On the  b a s i s  of th is  d a ta ,  
O verton drew  conclusions re la tin g  to  the  p e rm e a b ili ty  of v a r io u s  s u b s ta n c e s  
into the m uscle  f ib e rs , and he checked the  a p p lic a b ility  of th e  law o f  o sm o sis  
to  an im al c e lls .

The lo ss  of w a te r by m u sc le s  in  hy p erto n ic  so lu tio n s , and t h e i r  sw e l
ling in hypotonic so lu tions, w ere  le s s  th an  ex p ec ted  fro m  the  e q u a tio n  PV = 
const. O verton m ade an a rb i t r a ry  a ssu m p tio n  th a t 35% of the  w a te r  in th e  
c e ll  w a s  bound by p ro to p lasm ic  co llo ids and th e re fo re  d id  not p a r t ic ip a te  
in osm otic phenom ena. A ssum ing th is , the  o b ta ined  e x p e r im e n ta l  d a ta  
w ere  seen to  be c lose  to  the  th e o re tic a l  ones.

L a te r , H ill (1930) a ttem pted  to  d e te rm in e  the  am o u n t of b o u n d  w a te r  
in the p ro to p lasm  of m u sc le  f ib e rs  by the  u s e  of a  th e rm o e le c t r ic  b a t te ry
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which he c o n s tru c te d , obtain ing a quite  unexpected re su lt. A c c o rd in g  to  h is 
data, 95% of the  w a te r  in  m u sc le  f ib e rs  w as in f re e  form  and only  5% bound*. 
U nder such  co n d itio n s , osm otic  e x p e rim e n ts  w ith m u sc les  shou ld  n o t have 
re su lte d  in  d ev ia tio n s  fro m  the  law of o sm o sis . However H ill h im s e lf ,  
(1930), u s in g  th e  sa m e  t i s s u e - f r o g  m u s c le s -o b ta in e d  a 100% d ev ia tio n  
from  the o sm o tic  law . T h is  deviation  the au tho r explained not by th e  p r e s 
ence of bound w a te r  (acco rd in g  to  h is  data  th e re  w as no such bound w a te r  
in m u sc le s ) , but by the fac t th a t the m u sc le s  w ere  supposedly d am ag ed  
during p re p a ra t io n  and th a t 25% of the f ib e rs  had lost th e ir  o sm o tic  p ro 
p e r tie s . T h is  a s su m p tio n  w as not co n firm ed  and w as as a r b i t r a r y  a s  tha t 
of O v erto n  w ith  h is  co n cep t of 35% of bound w ate r.

L a te r  a u th o rs , who proved  the  app licab ility  of osm otic  law s to  an im a l 
ce lls , held  m uch the  sa m e  v iew s. They stud ied  the  change in  c e l l  vo lum e 
in hypo- and h y p e rto n ic  m ed ia , th e se  changes u sua lly  being s m a l le r  than  
se t out th e o re t ic a l ly . A c e r ta in  p ercen tag e  of bound w ater w as a ssu m e d  
and th u s the gap betw een  the data  ob tained and the  th e o re tic a l r e q u ire m e n ts  
was f i l le d . It w ould se e m  th a t the sam e  am ount of bound w a te r  w ould  be 
ob tained no m a tte r  w hat so lu tio n  of im p erm eab le  substance w as u se d . In 
h is book, P o n d e r (1934, p. 119) gave da ta  on the in c re a se  of vo lu m e of r a b 
bit e ry th ro c y te s  when su b m erg ed  in d iffe ren t hypotonic m ed ia . T he au th o r 
ca lcu la ted  f ro m  th e se  d a ta  the am ount of bound w a te r  which se e m e d  to  v a ry , 
depending on w hich su b s ta n c e  w as used  fo r its  de te rm in a tio n . If th e  e x 
p e rim e n t w as p e rfo rm e d  w ith  a  so lu tio n  of NaCl, the re su lts  w e re  30-50%; 
how ever, w hen g lucose  w as used, the figu re  was 20-36%. It is  e x tre m e ly  
d ifficu lt to  u n d e rs ta n d  th e se  r e s u l ts  fro m  the point of view of th e  o sm o tic  
th eo ry .

из On the  b a s is  o f o sm o tic  e x p e rim en ts , Ege (1921a) p ro v ed  the  c o m 
plete im p e rm e a b ili ty  o f ra b b it  e ry th ro c y te s  to g lucose , sod ium  c h lo r id e  
and sod ium  su lfa te . H ow ever, in iso ton ic  so lu tions of these  su b s ta n c e s  
the v a lue  of the e ry th ro c y te  vo lum es d iffered . T he re su lts  of E g e 's  e x 
p e r im e n ts  c le a r ly  c o n tra d ic t  the o sm otic  theory .

A cco rd in g  to  th e  d a ta  of Schiÿdt (1931), obtained with e ry th ro c y te s  
of dogs, and O rsk o v  (1946) w ith  hum an e ry th ro c y te s , the c o r r e c t io n  (b) 
which h as  to  be in tro d u ced  into the  o sm o tic  fo rm u la  P  (V-b) = c o n s t . ,  and 
which su p p o sed ly  c o r re s p o n d s  to  the am ount of bound w a te r in  th e  p ro to 
p lasm  (plus the  d ry  re s id u e ) , i ts e lf  changes in re la tio n  to  the  o sm o tic  p r e s 
su re  o f the  m ed iu m . T hus, a t low co n cen tra tio n s of NaCl, a lm o s t a l l  the  
w a te r of th e  c e ll  is  o sm o tic a lly  active ; at h ig h e r co n cen tra tio n s , h o w ev e r, 
half of the w a te r  is  in  the  bound fo rm . T hese  phenom ena a r e  a lso  d ifficu lt 
to exp la in  f ro m  the po in t of view  of the o sm otic  th eo ry .

M any " o s m o tic "  e x p e rim e n ts  w ere  p e rfo rm ed  with ova c e l ls  of m a rin e  
an im a ls  (M cC utcheon and L u ck é , 1927, 1932; L ucke and M cC utcheon , 1927, 
Page, 1927; E p h ru s s i  e t Neukom m , 1927; B ia laszew icz, 1929, 1933; Lucke, 
1931, 1940; S te w a rt, 1931a, 1931b; S tew art and Jaco b s , 1932, 1936; 
D orfm an, 1933; L ucke, L a r ra b e e  and H artlin e , 1935/36; Lucke*, R icca  
and H a r tl in e , 1936; L ucke , H a rtlin e  and R icca , 1939, and o th e r s ) .

H ow ever, th e re  a r e  no data  showing th a t the w a te r b a la n c e  o f the  ovum  
cells  is  re g u la te d  by  o sm o tic  fa c to rs . In a lm o st a ll  the e x p e r im e n ts  c ited , 
and in  the a b o v e -m en tio n ed  s tu d ies  w ith m u sc les  and e ry th ro c y te s , the  
au tho rs u se d  th e  fo rm u la  (V -b)P  = const, being a  c o rre c tio n  c o rre sp o n d in g , 
in th e ir  opin ion , to  th e  o sm o tic a lly  inac tive , bound w a te r . S ince  th e  value

* T ro sh in  in  h is  book (1956) points out the so u rce  of H ill’s e r r o r .
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value of th is  c o rre c tio n  w as a r b i t r a r i ly  c h o se n  by the  au th o r h im se lf , the 
ag reem en t betw een the th e o ry  and the e x p e r im e n t is no m o re  convincing. 

F in a lly , the  in te re s tin g  w ork  of V a s i l 'e v  (1922) should be m entioned. 
He dete rm in ed  the changes in the  n e rv e  d ia m e te r  in iso ton ic  so lu tio n s of 
m in e ra l  s a lts ,  a c id s  and a lk a l is ,  using  an  o c u la r  m ic ro m e te r . T h e  results 
showed th a t the volum e of the n e rv e  changed  to  d iffe re n t ex ten ts in these 
so lu tions. In ac id s  and in a lk a lis  it in c re a s e d , w hile  in  s a lt  so lu tio n s it 
d ec rea sed . The w a te r- re d u c in g  e ffec t of s a l t s  v a r ie s  w ithin the s e r ie s  
K C K N aC K C aC lj, It is  qu ite  obvious th a t th e s e  phenom ena canno t be ex
plained by osm otic  phenom ena bu t they a r e  w e ll ex p la in ed  by the assum ption 
of the c o llo id a l-ch em ica l phenom enon of sw e llin g  and sh rink ing . T he author 
h im se lf reach ed  the sam e conclusion .

A s seen from  th is  sh o r t  rev iew  of l i t e r a tu r e  co n cern in g  the  w ater 
balance of d iffe ren t an im a l c e l ls ,  it is  doubtfu l w h e th e r the  w a te r equ ilib rium  
betw een the p ro to p lasm  of such  c e lls  and the  su rro u n d in g  en v iro n m en t is 
d e te rm ined  by osm otic  fo rc e s  b a sed  on the  c e l l  envelope  of sem ip erm eab le  
m em b ran e . T h is fa c t em p h a s ise d  the n e c e s s i ty  to  check  again  th e  applica
b ility  of the law of o sm o s is  to  an im a l c e l ls  (N asonov  and A izen b e rg , 1937).

At f i r s t  we chose c a lf  m u sc le s  of the  f ro g  f o r  study . The change in 
the w a te r conten t w as d e te rm in e d  not by th e  d e c re a s e  o r  in c re a s e  in  weight, 
a s  w as done by O verton  (1902), bu t d ire c t ly  by  c h a n g e s  in  vo lum e. The 
volum e w as d e te rm in ed  by the co lum n of liq u id  d isp la c e d  a f te r  im m ers io n  
of a g re a t n um ber of m u sc le s  in  long, n a r ro w  c h e m ic a l b u re t te s . By doing 
th is  we rem oved a so u rce  of e r r o r  co n n ec ted  w ith  the  d ry ing  of th e  m uscles 
befo re  weighing, and w ith c o r re c t io n s  fo r  th e  sp e c if ic  g ra v ity  of th e  dis
solved su b stan ces . The m u sc le s  w e re  p la c e d  in  so lu tio n s  of the substances 

114 studied  at d iffe ren t co n c e n tra tio n s  (p re p a re d  in  R in g e r 's  so lu tion) and their 
vo lum es m e a su re d  at g iven  tim e  in te rv a ls  u n til  f in a l eq u ilib riu m  o ccu rred , 
i . e ,  a f te r  2 to  3 h o u rs . A fte r  the  e x p e r im e n t, the e x c ita b ility  of th e  muscles 
w as alw ays checked by e le c tr ic  s tim u la tio n .

In the choice of su b s ta n c e s  we w ere  gu ided  m a in ly  by the c la s s ic a l  
w ork of O verton, T hus, a lm o s t a ll  the s u b s ta n c e s  s tu d ied  by us w e re  p re 
viously  stud ied  by h im . O verton  e s ta b lis h e d  th e  fam ous s e r ie s  o f p e rm ea
b ility , a t the  end of which s u g a rs  and p o ly h y d ro x y  a lco h o ls  w ere  l is te d  as 
substances which ab so lu te ly  do not p e n e tra te  th e  c e l l ,  O verton  w a s  quite 
c o r re c t  in  in s is tin g  on co m p le te  im p e rm e a b ili ty  o f s u g a rs , from  th e  point 
of view of osm otic  c o n s id e ra tio n s , s in c e  in  h is  e x p e r im e n ts  the m u sc le s  
w ere  not dep lasm olyzed  in  s u g a r  so lu tio n s  w ith in  s ix  d ay s . In o r d e r  to 
obtain  an osm otic  e ffec t of eq u a l s tre n g th , m an y  o th e r  su b s ta n c e s  had  to 
b e  studied a t h ig h e r c o n c e n tra tio n s , w hich  a c c o rd in g  to  O verton , explained 
th e ir  p a r tia l  p e rm e a b ility , a lthough th e se  s u b s ta n c e s  a lso  did no t cause 
d ep la sm o ly s is , The e ffec t of the  fo llow ing s u b s ta n c e s  w as s tu d ie d ; among 
the m ac ro m o lecu la r  co llo id  s u b s ta n c e s —egg a lb u m in , gum a ra b le , and 
peptone; am ong the d is a c c h a r id e s —s a c c h a ro s e  and la c to se ; am ong  the 
m o n o sacch a rid es—g lucose  and g a la c to se ; am o n g  a m in o a c id s—a la n in e , 
follow ed by u re a  and g ly c e ro l. A cco rd in g  to  O v e rto n , only the tw o  la tte r 
substances am ong those s tud ied  p e n e tra te d  th e  m u s c le  f ib e rs .

U sing the  above m ethod  of m e a s u r in g  v o lu m e s , we w ere  a b le  to  con
s tru c t  a  g raph  of changes in  vo lum e of m u s c le s  w ith  tim e  fo r  e a c h  con
cen tra tio n  of the su b stan ces  s tu d ied . A s s e e n  fro m  F ig u re s  58 an d  59, 
during the f i r s t  h o u r a  c o m p a ra tiv e ly  r a p id  lo s s  of w a te r  o c c u r re d , followed
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by  a slow a tta in m e n t of th e  f in a l eq u ilib riu m  by the m uscle . F o r  th e  c o m 
p a riso n  of the r e la t iv e  e ffec t of su b s ta n c e s  on the  volumes., we ch o se  th e  
t im e  of 2 h o u rs  and 30 m in u te s .

a r  to  t5 20 a.5 to  ls г л  z s
i izne, hrs

FIG U R E 58. Change in the re la tiv e  volum es of 
(A) liv ing  and  (B) k illed  m u sc le s  in  the p re sen ce  
of n o n e le c tro ly te s  (acco rd in g  to Nasonov and 
A iz e n b e rg , 1937)

1— gum a ra b ic ;  2 —egg a lbum in ; 3—dextrin ;
4 —s a c c h a ro s e ;  5 —lac to se ; 6—glucose;
7—g a la c to s e ;  8 —alan ine; 9—g ly c e ro l.

n s  F ig u re  60 show s a  s e r i e s  of c u rv e s  co rrespond ing  to e a c h  of th e  su b 
s ta n c e s  s tu d ie d . T he a b s c is s a  show s the log arith m s of the m o la r  c o n c e n 
tra tio n s  of th e se  s u b s ta n c e s , in  o rd e r  to  fa c ilita te  co m p ariso n , w h ile  th e  
o rd in a te  g iv e s  th e  vo lu m e of the m u sc le s , m easu red  a fte r 2 h o u r s  and  30 
m in u tes , in  one o r  a n o th e r  so lu tio n . In a l l  c a se s  the in itia l v o lu m e  m e a s 
u re d  b e fo re  im m e rs io n  in  the te s t  so lu tion  w as accep ted  as 100%, In th e  
following s e r i e s  the  c u r v e s  a r e  d is tr ib u te d  accord ing  to  the s t r e n g th  o f  
w a te r  re m o v a l f ro m  the  m u s c le s :  u rea< g ly ce ro l< a lan in e<  g lu c o se , g a la c t-  
o s e < s a c c h a ro s e , la c to se < d e x tr in < g u m  a rab ic< eg g  album in. In a  g ro u p  of 
cu rv es  from  s u g a rs  to u r e a ,  the  s e r ie s  co rresp o n d ed  to  O v e r to n ’s  p e r 
m eab ility  s e r i e s ,  a c c o rd in g  to  w hich su g a rs  and am inoacids did not p e n e 
t r a te  at a l l  in to  liv ing  m u sc le  f ib e rs . The rem ain ing  s u b s ta n c e s  in flu en ced  
the  m u sc le  vo lu m e in  a  d e g re e  in v e rse ly  p ro p o rtio n a l to  the  e a s e  w ith  w hich 
th ey  p e rm e a te d  the  m e m b ra n e .

It i s  w e ll known th a t  liv ing  m u sc le s  contain  80% w a te r . A n 8% so lu tio n  
of sa c c h a ro se  (0 .25 M fo r  am phib ian  m u sc le s) added t э an  iso to n ic  so lu tio n
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FIGURE 59. Change in  r e l a 
tive  volume of living m uscle  
in peptone solutions (acco rd 
ing to Nasonov and A izenberg , 
1937)

solution of dex trin  and 0,002 M

of R inger (0.23M), in c rea sed  the osm otic  p r e s s u re  of the  m edium  a p p ro x i
m ately  twofold. If the sem ip erm eab le  m e m b ra n e s  of the  m uscle f i b e r s  
w ere  rea lly  im perm eab le  to su g a rs  and s a l t s ,  the m u sc le  f ib e rs  w o u ld  
lose 40% of th e ir  volum e. In re a lity , how ever, m u s c le s , while a l iv e , 
lo s t only 16.7%, i. e ., 2.4 tim es le s s  th an  re q u ire d  by the  m em b ran e  theory. 
We have a lready  m entioned that O verton, in  o rd e r  to  overcom e th is  d if 
ficu lty , assum ed  that 35% of the w a te r in  the m u sc le  f ib e rs  was b o und  and 
th e re fo re  osm otica lly  inactive. We have a lso  seen  th a t o th e r in v es tig a to rs , 
too, who worked w ith  e ry th ro cy te s , ovum c e lls  e t c . ,  explained the  d i s 
c rep an c ies  betw een the ex p erim en ta l fa c ts  and the  re q u ire m e n ts  of th e  
theo ry  in th is way. H ow ever, th e re  is a p o s s ib i l i ty fo r th e o b je c t iv e  solution 
of the problem  of w hether w ater is  re a lly  bound.

If su g a r  does not p en e tra te  th e  
m u sc le s , and if  the  rem o v a l of w a te r  is 
due to  o sm o s is , it  is  u n d e rs tan d ab le  that 
th e re  can be no o th e r  substance  w h ic h  at 
co n cen tra tio n s  iso to n ic  w ith su g ar w ould 
rem ove m o re  w a te r  th a n  it  does. H o w 
ev e r, i t  fo llow s fro m  F ig u re  60 th a t  the 
cu rv es  of w a te r  re m o v a l fo r d e x tr in , a l
bum in and gum a ra b ic  a r e  located c o n 
s id e ra b ly  to  the  left of th a t of s u g a r . 
T his in d ic a te s  th a t the  m u sc le s  lo s t  a p 
p ro x im ate ly  s im i la r  am ounts of w a te r  in 
0.25 M so lu tion  of sa c c h a ro se , 0 .04 M 

solution of egg a lbum in  and gum a r a b ic .
In o ther w ords, in o rd e r  to  obtain  the sam e red u c tio n  in  volum e of liv in g  
m u sc les , it was n e c e ssa ry  to  u se  a d e x tr in  so lu tio n  s ix  tim e s  w e a k e r  than 
the sugar solution, while egg album in o r  gum a ra b ic  cau sed  the s a m e  r e 
duction of w ater at concen tra tions 125 w e a k e r than  th a t of sugar.

It is  c le a r  th a t such an ex cess iv e  w a te r  re m o v a l cannot be c a u s e d  by 
osm o sis . Indeed, an isotonic co n cen tra tio n  fo r m u sc le s  c o r re s p o n d s  ap 
proxim ately  to that of a 0.23 M solution. An 0.003 M so lu tion  of eg g  a l 
bumin in  an isotonic R in g e r’s so lu tion  h as  an  o sm o tic  p re s s u re  c o r re s p o n d 
ing to  0.23 + 0.003, i. e. 0.233 M so lu tion . C onsequen tly , even if i t  i s  a s 
sum ed that the osm otica lly  ac tive  w a te r in m u sc le  c o m p r is e s  100% o f  i ts  
volum e, the volum e of the m uscle  in such  a  so lu tion  shou ld  d e c re a s e  0.233/ 
0.230 (= 1.013 tim es), i. e ., by 1.3%. A c tua lly , h o w ev er, it d e c r e a s e d  by 
21%, as can be seen from  F ig u re  60.

Thus, if in so lu tions of sa c c h a ro se , m u sc le s  lo se  le s s  w a te r th a n  
req u ired  by the m em brane  theo ry , in  so lu tio n s of a lbum in , gum a r a b i c  
and dextrin , they lose m o re  than th e o re tic a lly  ex p ec ted . O bviously i t  i s  
not possib le  to  explain both deviations from  the  th e o re t ic a l  r e q u ir e m e n ts  
by assum ing the p resen ce  of bound w a te r.

It is  in te re s tin g  that the  fa c ts  (of c o n s id e ra b le  red u c tio n  in v o lu m e  
of m uscles in dex trin  and album in so lu tio n s) w e re  known to  O verton , although 
he m entioned album in only in d irec tly , giving no n u m e r ic a l va lues. " T h e s e  
apparen t con trad ic tions caused  m e m any h e ad ach es  fo r  a  long t im e " * .

* "D iese scheinbare  W idersprüche  die m ir  ze itlan g  v ie l K o p fz e rb re c h e n  
veru rsach ten " (O verton, 1902, S. 237).
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In o rd e r to  sav e  the  m e m b ra n e  th eo ry , O vertort p ro p o sed  the fo llo w in g  e x 
p lanation : in  h is  opinion co llo id  so lu tions do not p e n e tra te  th ro u g h  c e l l  
m em b ran es , n o r  even  th ro u g h  the  connective  tis s u e  m e m b ra n e  (p e r im y s iu m )  
enveloping a l l  th e  m u s c le , w hile  s a l ts  d iffuse  f re e ly  th rough  th is  m e m b ra n e . 
On the b a s is  of th is  a s su m p tio n  it m ay be deduced th a t a lthough th e  e x te rn a l  
colloid so lu tio n  m ay be w eak , it  can  e x tra c t a ll  the  liqu id  fro m  th e  i n te r 
c e llu la r  sp ace  of th e  m u sc le .

FIG U R E 60. E ffec t of n o n e le c tro ly te s  on the v o l 
um e of liv ing  m u sc le s  (acco rd in g  to  N asonov and  
A izen b e rg , 1937)

I — u re a ;  2—g ly c e ro l; 3—alan in e ; 4 —g lucose ;
5 —g a la c to se ; S—s a c c h a ro s e ; 7—la c to se ;
8 —peptone; 9 —d e x tr in ; 10—egg a lbum in ;
I I — gum  a r a b ic .  T he c o n c e n tra tio n  re g io n s  in 
w hich the m u s c le s  s t i l l  m a in ta in  th e i r  ex c ita b ility  
a r e  d e s ig n a te d  by so lid  lin e s .

FIG U R E 61, E ffec t of n o n e le c tro ly te s  on the 
v o lu m e o f k ille d  m u sc le s  (acco rd in g  to  N asonov 
and A iz e n b e rg , 1937)

h e g e n d  a s  in  F ig u re  60,
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In o rd e r  to  check  the c o r r e c tn e s s  of O v e rto n 's  explanation , analoges: 
e x p e rim e n ts  w e re  p erfo rm ed  w ith  ova w hich develop in  s e a -w a te r , where 
o sm o tic  "su c tio n "  of w a te r from  the  in te r c e l lu la r  sp a c e s  does not apply 
(A izenberg , 1939). N o n fe rtilized  egg c e l ls  of the s ta r f is h  (A s te r ia s  ruber.: 
and the sea  w orm  ( P e c tin a ria  h y p e rb o re a ) w e re  u sed  in  th e se  s tu d ie s . 
T h e ir  changes in volum e w ere s tu d ied  by m e a su rin g  th e ir  d ia m e te rs  under 
the  m ic ro sc o p e . The w a te r-rem o v in g  e ffec t o f so lu tions of g ly c e ro l, mor.: 
sa c c h a r id e s , d isa c c h a rid e s  and d e x tr in  d isso lv ed  in  s e a -w a te r  w as Studie: 
The re s u lts  of ex p erim en ts  p e rfo rm e d  acco rd in g  to  the sam e  schem e as 
th o se  w ith m u sc le s , a re  i l lu s t r a te d  in F ig u re s  62-64.

F ig u re  62 i l lu s t r a te s  the  g ra d u a l ap p ro ach  of the  vo lum e of egg  cells 
to  the equ ilib rium  s ta te  a fte r  im m e rs io n  in  n o n e lec tro ly te  so lu tions of 
v a rio u s  co n cen tra tio n s. H ere , too, a ll  the  so lu tions cau se d  a re m o v a l oi 
w a te r , the equ ilib riu m  being a tta in e d  so o n e r th an  in  m u sc le s  (a f te r  0.5-1 
hou r). A s in  m u sc le s , d ep la sm o ly s is  w as not o b se rv ed  w hile the egg  cels 

i ie w e r e  s u bm erged . F ro m  th is  it w ould be concluded, a c c o rd in g to  the  mem
b ran e  th eo ry  that these  ova w e re  co m p le te ly  im p e rm eab le  to  a ll  th e  sub
s ta n c e s  stud ied . U nder such co n d itio n s a l l  th e se  su b stan ces  in  iso m o la r 
co n cen tra tio n s  should have rem o v ed  w a te r  to  the  sam e  ex ten t.

H ow ever, as  seen  from  F ig u re s  63 and 64, the su b s ta n c e s  u se d  fom 
a  s e r ie s  in re la tio n  to th e ir  s tre n g th  of w a te r  re m o v a l: d ex tr in > lac to se , 
sacch a ro se > g lu c o se , g a la c to se > g ly c e ro l. H e re , as  in the c a se  of muscle: 
the  su b stan ces  in  the righ thand  p a r t  of the  s e r ie s  (for ex am p le  d ex trin ) 
rem o v e  w a te r in g re a te r  am ounts th an  re q u ire d  by the th e o ry . The exce=? 
ive rem o v a l of w a te r  in  th is c a se  canno t be exp lained  by osm otic, fo rc e s , 
s in ce  th e re  a re  no in te rc e llu la r  s p a c e s  h e re , about w hich O verton  w ro te  
w hile a ttem pting  to  explain  the  e x c e s s iv e  re m o v a l of w a te r  fro m  m u sc les  
by so lu tions of m a c ro m o le c u la r  com pounds. At the sam e tim e , th e r e  is 
no doubt th a t the c e lls  used  w e re  fu lly  a liv e . T h is  w as p ro v ed  by the  fac: 
th a t a f te r  being r in se d  in pu re  s e a -w a te r ,  the  egg c e lls  u sed  in  the experi
m e n ts  w ere  fe r t i l iz e d  and w ere  show n to be capab le  of n o rm a l fragm ental::

T hus, iso m o la r  so lu tions of the  in v e s tig a te d  s u r fa c e -a c tiv e  n o n 
e le c tro ly te s  fo rm ed  the sam e s e r i e s  in re la t io n  to  th e ir  w a te r-re m o v in g  
fo rc e  in  re s p e c t to m u sc le s  and egg c e lls  a s  the s e r ie s  in  r e s p e c t  to  their 
m o lecu la r w eight: gum a rab ic  (37,037), egg a lbum in  (34 ,000)> dex trin  

119 (2 ,7 3 6 )> sacch aro se  (342), la c to se  (3 4 2 )> g a lac to se  (198), g lucose  (198)>  
g ly ce ro l (92), a lan ine (89 )> urea  (60). I t h a s  b een  shown th a t th ese  s u b 
s ta n c e s  a lso  give the  sam e  s e r i e s  in  r e s p e c t  to  the s tre n g th  of w a te r  r e 
m oval from  m u sc le s  k illed  by 96° e thy l a lco h o l o r  by 0.2% NaOH. T h e  re
su lts  of the ex p e rim en ts  w ith k illed  m u s c le s , p e rfo rm e d  s im ila r ly  to  those 
w ith  living ones, a re  i l lu s tra te d  in  F ig u re  61. K illed  m u sc le s , subm erge: 
in  n o n e lec tro ly te  so lu tio n s , lo s t a p p ro x im a te ly  the sam e  p e rc e n ta g e  of 
w a te r , m o re  o r  le s s  a t the  sam e  r a te  a s  liv ing  m u sc le s , and they  showed 
no d ep lasm o ly sis .

C om p ariso n  of F ig u re s  60 and  61 show s the e x tra o rd in a ry  resem blar.:1 
betw een  the dehydra tion  c u rv e s  of the  n o n e le c tro ly te  s e r ie s  fo r liv e  and 
k illed  m u sc le s . H ow ever, the la t te r  c o m p rise  a w ell-know n m em braneles: 
co llo id  sy s tem , and th e re fo re  can n o t be co n s id e re d  as tiny  o sm o m e te rs . 
It is  quite obvious th a t th is  is  a c o llo id -c h e m ic a l dehydra tion  and not an  
osm otic  rem o v a l of w a te r . T h is  i s  co n firm ed  by the fac t th a t in  r e s p e c t  
to  the dehydrating  cap ac ity  of m any n o n su rfa c e -a c tiv e  n o n e lect r o ly te s ,  
the sam e  s e r ie s  w as obtained fo r  such  a s im p le  and w ell-know n co llo id  
sy stem  a s  sw ollen  g e la tin e , by W eber and L e d e re r  (1936) and by Nasonov, 
1938.
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T im e, hrs

FIG U RE 62. C hange in 
vo lum e of ova of se a  
a n im a ls , in re la t io n  to  
the c o n c e n tra tio n  of the 
n o n e le c tro ly te s  in. the  
m edium  (a c c o rd in g  to 
A izen b e rg , 1939) 
C o n cen tra tio n  of n o n 
e le c tro ly te s :  (1) 2.5% ; 
(2) 5%; (3) 10%.

accep ted  concep t "iso to n ic

A ll the above data  lead to  only one conclu 
Sion: rem o v a l of w a te r from  anim al c e lls  by 
so lu tions of d iffe ren t nonelec tro ly tes is  not an 
o sm otic  p ro c e ss  but a co llo id -ch em ical dehy
d ra tio n . F ro m  th is  follows a very  im portan t 
conclusion  fo r the theo ry  of ce ll perm eab ility : 
d e c re a se  in volume of an im al c e lls  on im m ersion  
in so lu tions of these  o r  o ther substances shows 
th a t th e s e  substances penetra ted  the c e lls , b e 
cau se  co llo id  dehydration  may occur only under 
the condition  of soaking the colloid sy stem  by 
the dehydra ting  solution . Thus, from  the point 
of view  of the osm otic  theory , the sam e pheno
m e n o n -d e c re a s e  in vo lum e—indica tes that the 
su b stan ce  did  not pen e tra te , while from  the 
point of view of the colloid theo ry  the opposite 
is  tru e .

If our data a re  c o rre c t, a s  is  e a s ily  
checked , it then follows that a ll the substances 
stud ied  p en e tra te  com para tive ly  rapidly  into 
the an im a l c e lls  independently of the size  of 
th e ir  m o lecu le s , s ta rtin g  from  u re a  (m o lecu lar 
weight of 60) up to such substances as egg album in, 
(m o lecu la r weight of 34,000*),  the en tran ce  of 
the su b stan ces  being accom panied by exit of 
w a te r from  the p ro top lasm . T h is w as proved 
by T ro sh in  (1953) by d irec t an a ly ses  of a num ber 
of su b stan ces . F ig u re  65 illu s tra te s  pe rm ea tio n  
of g a lac to se  in to  e ry th ro cy tes  (b) w ith s im u ltan 
eous lo ss  of th e ir  w a te r (a). Both p ro c e s se s  
a re  p a ra l le l  to  one ano ther and th e re fo re  the 
p ro c e s s  is  not osm otic . T here  is a lso  no d ep la s- 
m o ly s is . The sam e is  seen in F ig u re s  66 and 67.

* Many o th e r  p ro o fs  a re  now ava ilab le  fo r the penetra tion  of p ro te in m o lecu le s  
into a n im a l c e l l s  (M esh ch ersk ay a , 1931; O parin  and Y urkevich, 1949; 
Y u rk ev ich , 1954, and o th e rs),

** It w ill be show n la te r  that th is  a ssum ption  is  e rro n eo u s.

In connection w ith the above, the w idely 
so lu tion" used in  con tem porary  physiology 

should  be re v is e d . T h is  te rm  deno tes a  solu tion  the to ta l m o la r co n cen tra 
tio n  of w hich  e q u a ls  the sum  of m o la r co n cen tra tions of a ll  su b s tan ces  d is 
so lved  in  the  c e ll. T h is  te rm  h as a m eaning only under the condition  tha t 
the  su b s ta n c e s  co n ta in ed  in  the so lu tion  surround ing  the c e ll do not p a ss  
th ro u g h  the s e m ip e rm e a b le  c e l l  m em b ran e , th e re fo re  crea tin g  an o sm otic  
p r e s s u r e  w hich te n d s  to  rem o v e  w a te r  from  the p ro top lasm . It is  a lso  
a ssu m e d  th a t th e  su b s ta n c e s  in  the c e lls  a re  in  a free  d isso lved  s ta te  and 
a lso  do not p a s s  th ro u g h  the c e ll m em brane  to  the outside, with a re su lta n t 
o sm o tic  p r e s s u r e  in s id e  the  c e ll, tending to draw  w a te r from  the su rround ing  
flu id* * . T he e q u a lity  of the osm otic  p re s s u re s  inside and outside the ce ll sup
p o sed ly  e n s u re s  the  w a te r  eq u ilib rium .
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log  o f  m olar concentrations

FIGURE 63. Change in v o l
um es o f  ova of P e c tin a r ia  hy - 
p e rb o re a , in  re la tio n  to  the 
co n cen tra tion  of n o n e le c tro 
ly tes  in the m edium  (a c c o rd 
ing to  A izenberg , 1939) 

a —d ex trin ; b —lac to se  (1) 
and (2)—sac c h a ro se ;
c —glucose (3) and (4) g a la c t
o se ; d —g ly c e ro l.

log  o f  m olar concentrations

FIG U R E 64. Change 
in  v o lu m es of ova of 
A s te r ia s  rubens in 
r e la t io n  to  the con
c e n tra t io n  of non
e le c tro ly te s  in the 
m ed iu m  (according 
to  A izenberg , 1939) 
L eg en d  as in F ig u re  
S3.

FIGURE 65. C hange in  w a te r  and  
g a la c to se  conten t in ra b b it  e r y th r o 
cy te s , p laced  in  a  2% so lu tio n  of 
g a la c to se  p re p a re d  in  R in g e r 's  
so lu tion  (acco rd in g  to  T ro sh in , 
1953)

a —d e c re a se  in  w a te r  in  the  e r y 
th ro c y te s  (p e rcen t of c o n tro l) ; 
b —uptake of g a la c to se  by e r y th r o 
cy te s  (in p e rc e n t p e r  100 g o f  c e l 
lu la r  w ater); c —d e c re a s e  in  g a la c t
o se  in  the  m edium  (p e rc e n t) .
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FIG U R E 66. Change in 
vo lum e of f ro g  m u s c le s  
in a  2% so lu tio n  of u re a

a —d e h y d ra tio n  o f m u sc le s  
(p e rc e n t of c o n tro l) ; 
b —a c c u m u la tio n  of u re a  
in m u s c le s  (in p e rc e n t  p e r  
100 g of t i s s u e  w a te r ; 
c o n c e n tra tio n  of in itia l 
u r e a  so lu tio n —4%).
( a —a c c o rd in g  to  N asonov 
and  A iz e n b e rg , 1937;
b —a c c o rd in g  to  T ru sh in , 
1953).

FIGURE 67. Change in 
volum e of m u sc le s  in  a 
1.69% solution of a lan in e  
(accord ing  to T ro sh in , 
1956)

a —dehydration  of m u s c le s  
(p e rcen t of con tro l);
b —accum ula tion  of a lan in e  
in  m u sc les  (in  p e rc e n t p e r  
100 g of tis su e  w a te r ;  con
cen tra tio n  of in itia l a lan in e  
so lu tion—2%).

u i  We re c e n tly  reached , the  co n c lusion  that th is  concept is  in c o r r e c t ;  th a t
a ll  the s u b s ta n c e s  do p e n e tra te  into the  c e lls  and that the w a te r  eq u ilib riu m  
is  e s ta b lis h e d  no t o sm o tic a lly , but by chem ica l fo rc e s  w hich c a u se  co llo id  
sw elling . C o n seq u en tly , the  e x p re ss io n  ''a  solution iso tonic  fo r  c e l ls "  h a s  
no sc ie n tif ic  v a lue  and m ay , in m any c a se s , m islead  the in v e s tig a to r .

C h a p t e r  2 . B a s is  of the S orption T heory  of C ell P e rm e a b il i ty

P e n e tra t io n  of N o n e lec tro ly te s  into the C e lls  from  the  P o in t 
of V iew of D iffusion and D istrib u tio n  Phenom ena

In t e r m s  of the  m e m b ra n e  th eo ry  of p erm eab ility , p ro to p la sm  m ay  
be c o n s id e re d  a s  an  aqueous so lu tion  of d iffe ren t sub stan ces su rro u n d e d  by 
a s e m ip e rm e a b le  m e m b ra n e . If the c e l l  is  su rrounded  by a  so lu tio n  o f any 
su b s ta n c e  no t p re s e n t  in  i t s  p ro to p la sm , o r w hich is p re se n t th e r e  a t a 
low er c o n c e n tra tio n , th is  su b stan ce  w ill tend to  diffuse into the  c e l l  due to 
the p re s e n c e  of a  c o n c e n tra tio n  g rad ien t. A m em brane  l ie s  in  th e  p a th  of 
th is  d iffu sio n , w hich e i th e r  does not le t the  substance  th ro u g h  a t  a l l  o r  
slow s down i t s  d iffu sio n  to  a  g r e a te r  o r  l e s s e r  degree . The p e rm e a b i l i ty  
of s u b s ta n c e s  th ro u g h  the  m em b ran e  should be d e te rm in ed  by th e  v e lo c ity  
of i ts  d iffu sio n . F in a lly , the  co n cen tra tio n  of the su b stan ce  in s id e  and  
ou tside th e  c e l l  shou ld  becom e equal. F ig u re  68 A i l lu s t r a te s  c u rv e s  
showing the  in c r e a s e  in  co n c e n tra tio n s  of the su b stan ces  p e rm e a tin g  in to  
the c e ll, r e la te d  to  tim e . The final leve l should in  a ll  c a s e s  be th e  sam e  (eq u a l 
to  the  e x te r n a l  c o n c e n tra tio n ), but the  ra te  of a tta in m en t of th is  le v e l m ay  
d iffe r. T h is  m ay  b e  checked  by analyzing  the c e ll  conten t a t d if fe re n t tim e  
in te rv a ls  a f t e r  p lac in g  the c e lls  into v a r io u s  so lu tions.
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U nfortunate ly , the o rig ina l in v es tig a to rs  m ade very  little  use  of 
such  a d ire c t  but quite com plicated  m ethod of study of p e rm e a b ility  and, 
follow ing the exam ple of O verton, they m ainly  used the s im p le r  but in 
d ire c t  o sm o tic  m ethod. L a te r , the m ethod of d ire c t an a lysis  becam e  
m o re  g e n e ra lly  used, the sub jec ts being m ainly ce ll su sp en sio n s , su ch as  
e ry th ro c y te s , y e a s ts , e tc . It becam e g radua lly  c le a r  that a s im p le  picture 
such  as the one d esc rib ed  in F ig u re  68 A was never ac tua lly  o b se rv e d , 
but the re a c tio n  taking place was ra th e r  that illu s tra te d  in F ig u re  68 B. 
The m a jo r ity  of the substances studied  p en e tra ted  the ce ll at approx im ate ly  
the  sam e  ra te , but the in tra c e llu la r  equ ilib rium  concen tration  only ra re ly  
co incided  with the e x te rn a l one (F ig u re  68 B, 3), F o r som e su b s ta n c e s  
th is  equ ilib riu m  concentration  was low er than the ex te rn a l one (F ig u re  
68 В, 1, 3), while fo r o th ers  it was h igher (F ig u re  68 B, 4). T h u s , the 
d iffe ren ce  in the n a tu re  of pene tra tio n  of a  substance was d e te rm in e d  not 
by the  r a te  of pene tra tio n  but by quite ano ther index—the e s ta b lish e d  level.

A gain in te rm s  of the m em brane  theo ry , an  equ ilib rium  le v e l ex 
ceeding the  e x te rn a l concentration, m ight be explained by a b so rp tio n  of the 
p en e tra tin g  susbstance  onto su rface s  of c e ll co llo ids. But a le v e l low er 
than  the e x te rn a l concen tration  was quite  inexplicable in th is  w ay. It 
re q u ire d  sp e c ia l explanations, esp ec ia lly  in c a s e s  w here the p en e tra tin g  
su b stan ce  w as not decom posed and did not e n te r  into any co m bina tions 
w ithin the  ce ll. T h is low er leve l could be explained by the fact th a t a part 

I Z 2 of the w a te r  in  the ce ll w as bound and did not th e re fo re  se rv e  a s  a  solvent. 
H ow ever, the p ercen tage  of the e x cess  of the e x te rn a l co n cen tra tio n  of the 
substance  above the in tra c e llu la r  one should alw ays have been  the sam e, 
independently  of the substance w hose penetration, is  studied.

In view  of the fundam ental im p o rtan ce  of th ese  phenom ena fo r  the 
u n derstand ing  of perm eab ility , a num ber of exam ples w ill be d isc u sse d  
and ana lysed . F i r s t ,  the sim p lest, i . e .  p e rm eab ility  of c e lls  in  re sp e c t 
to su rfa c e - in a c tiv e  n o n e lec tro ly te s . L a te r , th o se  ex p erim en ts  in which 
the  d ire c t m ethod of chem ical an a ly s is  w as em ployed w ill be co n sid e red .

M any experim en ts  w ere  p e rfo rm ed  on the  p e rm eab ility  of e ry th ro 
cy te s . O rig in a lly , the in v es tig a to rs  m ain ly  used  the osm otic  m eth o d , a s 
sum ing th a t m on o sacch arid es , d isa c c h a rid e s , and p o ly sacch a rid es  did not 
p e n e tra te  a t a ll  into e ry th ro c y te s  (G rijn s , 1896; Hedin, 1897, 1898; 
M asing, 1913, 1914a, 1914b; Kozawa, 1913, 1914; Ege, 1920a, 1921b; 
Mond and Hoffm ann, 1928; F le isch m an n , 1928; Mond, 1930, and  o thers). 
H ow ever, the u se  of the d irec t ch em ica l an a ly s is  often led to c o n tra d ic to ry  
re s u l ts .  The proponents of the m em brane  th eo ry  objected to the  chem ical 
m ethod w hich supposedly gave d is to rte d  re s u lts  since su b stan ces  adso rbed  
on the su rfa c e  of c e lls  were, acco rd in g  to  th is  m ethod, c o n s id e re d  as 
having  p e n e tra te d  the p ro toplasm  (F le ischm ann , 1928, Mond and Hoffmann, 
1928; Mond, 1930; Ge Ihorn, 1932; R ubinsh tein , 1947, and o th e rs ) . 
H ow ever, aga in st th is  assum ption  is  the fact th a t the in c re a se  in  p e rm e a b il
ity  to  fe rm en tab le  sugar detected  by the chem ica l method is  a lw ay s  a c 
com panied  by a co rrespond ing  in c re a se  in g lyco lysis , and such a  co m plica ted  
p ro c e s s  cannot be p e rfo rm ed  only on the ce ll su rfa c e  (K olotilova and  
E n g e lh a rd t, 1937; B rooks, 1947, and o th e rs) . In addition, the  p ro c e s s  of 
a d so rp tio n  on su rfa c e s  of suspended p a r tic le s  should be com ple ted  in  a 
m a t te r  of seco n d s. As f a r  as the e ry th ro cy te s  a re  concerned , th e  equ i
lib riu m  betw een  the e x te rn a l co n cen tra tion  and the  content of the  substance
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in  the c e lls  is  e s ta b lish e d  w ith in  se v e ra l h o u rs  (F igu re  69), c o m p le te ly  
excluding the phenom enon of ad so rp tio n  to ex te rn a l su rface s  of e ry th ro c y te s , 

из T hus, the  d ire c t  c h e m ic a l a n a ly s is  is  a f te r  a ll  the b e s t of a l l  know n m ethods 
u sed  in the  study  of p e rm e a b ili ty  of an im al ce lls .

F ig u re  68. S ch em atic  
p re se n ta tio n  of p e n e tra 
tio n  of v a r io u s  su b s ta n c e s  
(1- 4) into the  c e ll

A —w ith  the m e m b ra n e  m e 
ch an ism ; B —w ith  the s o r p 
tio n  m e c h a n ism . The c o n 
c e n tra tio n  le v e l of the su b 
stance  in  the su rro u n d in g  
m edium  is  in d ica ted  by the 
b roken  lin e .

с Ё а

FIGURE 69. U ptake of g lu 
cose  by ra b b it  e ry th ro c y te s  
in  the  p re s e n c e  of enzym e 
p o isons (acco rd in g  to K olo- 
tilo v a  and E n g e lh a rd t, 1937)

A -flu o rid e  sa rn p le ;B —io d o 
a c e ta te  sam p le . I - s u g a r i n  
the liqu id  p a r t  (in  the  m e d 
ium ) 2 - s u g a r  in su sp en sio n ;
3—su g ar in  e ry th ro c y te s .

û U  > r /  j m i
T im e , hrs

We have a lread y  m entioned th a t  on 
p en e tra tin g  into e ry th ro cy tes , s u g a r s  re a c h  
a defin ite  concen tra tion  level in  the  p ro to 
p lasm  which is  alw ays low er th a n  th a t  in the 
e x te rn a l solution. The ra tio  b e tw e e n  the  in 
te rn a l leve l estab lished  (Cc ), to  the  e x te rn a l 
one (Cg), w as designated  as th e  d is tr ib u tio n  
coeffic ien t (Q) and was used by  c e r ta in  in 
v e s tig a to rs  as a m easu re  of p e rm e a b il i ty , 
although it is  quite obvious th a t th e  d is tr ib u tio n  
coeffic ien t has nothing in com m on w ith  p e r 
m eab ility  and diffusion ra te  th ro u g h  th e  m em 
b ran e .

E xam ples w ill be given of th e  v a lu e s  of 
Cc-  = Q fo r v a rio u s su b stan ces and  o b jec ts .
u s

T hus, M asing (1914a) found in  the  c a s e  of 
p e n e tra tio n  of dex tro se  into h u m an  e ry th ro 
cy tes  that Q equals 0 .52-0 .70. A cco rd in g  
to  E ge (1920a, 1921a, 1921b) the  p e n e tra tio n  
of g lucose into dog e ry th ro cy te s  is  c h a r a c te r 
ized  a s  Q - 0.33; in human e ry th ro c y te s ,  Q=0,75. 
F o lin  and B erglund (1922a) and Wu (1922) 
found th is  coefficient for hum an e ry th ro c y te s  
to  be c lo se  to  unity (Q = 1.0). S w ed b erg  (1933), 
using the m ethod of d ire c t c h e m ic a l a n a ly s is , 
d e te rm in ed  the  su g ar content in  p la s m a  and 
e ry th ro c y te s  of d ifferent a n im a ls . He gave 
the following ra tio s  of th ese  tw o v a lu e s :  for 
the dog—0.21, guinea pig—0.23, o x —0.26, 
ra b b i t—0.15, m onkey—0,54.

S im ila r  re s u lts  w ere  o b ta ined  by Wood- 
haus and P ickw orth  (1932), who show ed tha t 
the fina l concen trations of g lu co se  and u re a  
in e ry th ro c y te s  w ere c o n sid e rab ly  lo w e r  than 
tho se  in  the surrounding m edium . T he d is 
trib u tio n  coefficien t for u rea  w as a p p ro x im a te -  
lyO.SO and fo r g lu co se-0 .4 0 . A c c o rd in g  to  th e se  
au th o rs , such d istribu tion  of s u b s ta n c e s  de
pended to  a considerab le  d e g re e  on the  s e le c t 
iv ity  of the  pro te in  su b s tra te  of th e  e r y 
th ro c y te s .

T h e re  a re  many s im ila r  s tu d ie s  in  the 
l i te r a tu re .  In a h  of them  the  c o e ff ic ie n t of

d is tr ib u tio n  of s u g a rs  be tw een  the p ro to p lasm  and the e n v iro n m e n t is  a l 
w ays g iven a s  l e s s  th a n  unity . We have a lread y  said  th a t in  r e la t io n  to 
fe rm en tab le  s u g a rs , th is  m ay be explained by the fac t th a t th e  d e c re a s e
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su g a r within the c e lls  (as a re su lt of sp littin g ) is  not su ffic ien tly  rap id ly  
rep len ish ed  by diffusion  from  the e x te rn a l m ed ium . H ow ever, for non- 
fe rm en tab le  su g a rs , too, the value of Q is  a lw ays le s s  than unity. In a d 
dition , in the w o rk s of E nge lhard t and K olo tilova (1936), Kolotilova and 
E ngelhard t (1937) and K olotilova (1937), it  w as show n th a t on trea tin g  e r y 
th ro cy te s  w ith fluoride o r m onoiodacetate  (w hich stop glycolysis), p e n e tra 
tion  of sugar into the  ce ll p roceeded  quite  rap id ly .

F ig u re  69 show s th a t a f te r  2-4 h o u rs  the  e n tra n c e  of glucose in to  the  
c e lls  ceased , and the  su g a r  co n cen tra tio n  e s ta b lish e d  in the ce ll w as ha lf 
th a t of the m edium . A ccording to  the a u th o r s ’ d a ta  such  nonferm entab le  
su g a rs  as g a lac to se , a rab in o se , and x y lo se  a lso  p en e tra ted  the e ry th ro 
cy tes and in th ese  c a s e s  the ex te rn a l c o n cen tra tio n  w as alw ays h igher th an  
the  in tra c e llu la r  one. F in a lly , th e re  a re  p a p e rs  in  w hich penetra tion  of 
su g a rs  into e ry th ro c y te s  h as  been conv incing ly  e s ta b lish e d . Keth and 
Pow er (1937) in troduced  sa c c h a ro se  in to  hum an blood and they o b se rv e d  
th a t a f te r  6 hours the  co n cen tra tion  of the  su g a r  in  the p lasm a was 3 t im e s  
a s  high than that in the c e lls . S im ila r  r e s u l t s  w e re  obtained by V o ro b 'ev  
(1939), who studied  the p e rm eab ility  of s to re d  hum an e ry th ro cy tes  in  r e 
spect to sa c c h a ro se .

It is  w ell known th a t the m ain  so u rce  of e n e rg y  fo r the work of m u sc le : 
i s  the sp litting  of c a rb o h y d ra tes ; th e re fo re  su g a r  should  free ly  p e n e tra te  
the  working m u sc le . H ow ever, O verton  (1902), on the b a s is  of his o sm o tic  
ex p erim en ts , re ach ed  the conclusion th a t m u sc le s  a r e  com pletely  im p e r 
m eable  to  su g a rs . O v e rto n 's  point of view  w as sh a re d  by H ill (1930, 1935) 
and by H öber (1945). S tr ic tly  speak ing , a ll  the a d h e re n ts  of the m em b ran e  
th e o ry  should sh a re  th is  point of view . O v erto n  d rew  h is  conclusions f ro m  
the  fact that in hyperton ic  su g a r  so lu tions m u sc le s  lo se  w a te r and do not 
re tu rn  to th e ir  in it ia l  volum e b e fo re  dea th . In sp ite  of th is , d irec t c h e m ic a l 
an a ly s is  in d ica tes  p en e tra tio n  of su g a rs  in to  s k e le ta l  m u sc le  fib ers  an d  i n 
to  the h ea rt m u sc le . In th e se  c a s e s , too, an  eq u ilib riu m  concen tra tion  
low er than th a t of the  su rround ing  m edium  is  e s ta b lish e d . Thus, S ch u lze  
(1927) observed  that the in tra m u sc u la r  c o n c e n tra tio n  of glucose re a c h e d  
36% of the e x te rn a l one, w hile E gg le ton ’s (1935) f ig u re s  w ere 16-27%. I t  
i s  tru e  that both  au th o rs  assum ed  th a t the  su g a r  p e n e tra te d  on ly ’into the 
in te rc e llu la r  sp aces ; how ever, th is  a ssu m p tio n  w as ce rta in ly  in c o r r e c t ,  
s in ce  according to  re c e n t da ta , th ese  s p a c e s  in  m u sc le s  do not exceed  9% 
of the to ta l volum e of m u sc le s . The p e rm e a b ili ty  of m u sc le s  to  m ono-, 
d i - ,  and p o ly sacch a rid es  w as a lso  d e m o n s tra te d  in  the  s tu d ies  of K rogh  
and Lindberg (1944), G zha tsk ii and V andokanti (1947); H etenyi, I s s e k u tz  
e t a l. (1953). In a ll  th e se  ex p e rim en ts , d ir e c t  c h e m ic a l an a lysis  of th e  
m edium  and of the m u sc le  c e lls  w as the  m ethod  u sed .

Kam nev (1938), in a v e ry  thorough  rev iew  of th e  p e rm eab ility  of 
sk e le ta l m u sc le s , s tud ied  the p en e tra tio n  of n o n fe rm en tab le  su g a rs— 
g a lac to se  and sa c c h a ro se . He p laced fro g  m u s c le s  in  a  re la tiv e ly  s m a l l  
am ount of su g a r so lu tion  in R in g e r 's  liquid , and a s s e s s e d  pene tra tio n  in to  
the  m usc les  by the d e c re a se d  co n cen tra tio n  in  th e  su rro u n d in g  so lu tion . 
T he penetra tion  of sa c c h a ro se  from  a 1% and a 4% so lu tion , and of g a la c to s e  
from  a  2% solution, w ere  studied . The r e s u l t s  of th e  ex perim en ts a r e  d e 
sc r ib e d  in F ig u re  70A, w hich shows the  in c re a s e  in  co n cen tra tion  of th e  
su g a rs  w ithin the c e l l  w ith (a) i ts  d e c re a s e  in  the  su rro u n d in g  so lu tion , a n d  
(b) tim e . It can  be seen  that both su g a rs  p e n e tra te d  equally  rap id ly  in to
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FIGURE 70. E n tra n c e  of 
su g a rs  from  th e  s u r ro u n d 
ing m edium  in to  (A) liv ing  
and (B) k ille d  s k e le ta l  
m u sc le s  of the  fro g  (a c 
cord ing  to  d a ta  of K am nev , 
1938; from  T ro s h in , 1955)

the  ce ll and re a c h e d  a c e r ta in  c o n cen tra tio n  leve l in  the p ro to p la sm  a f te r  
2 -3  h o u rs  (b). T h is  c o n c e n tra tio n  n e v e r  approached  the lev e l of the  ex - 

1 Z 5 te rn a l  so lu tion  (a), and c o m p rise d  only a  c e r ta in  frac tio n  of it. F o r  g a la c 
to se  th is  w as 42.1% of th e  e x te rn a l c o n cen tra tio n , fo r  1% s a c c h a ro s e —32.7%, 
and for 4% s a c c h a r o s e —28,4%. T h e re  is  no doubt th a t the s u g a rs  p e n e tra te d  
into the p ro to p la sm  of the  f ib e r s  sin ce  the in te rc e llu la r  sp aces  in  m u s c le s  
c o m p rise  only 9% of th e  to ta l  vo lum e of m u sc le . The low c o n c e n tra tio n  lev e l 
a lso  cannot b e  ex p la in ed  by d ecom position  of the  su g a r  m o le c u le s  in  the  
f ib e rs  b ecau se  the s u g a rs  u se d  w e re  non ferm en tab le . T h is low le v e l cannot 
b e  explained by the  p re s e n c e  of bound w a te r  b ecau se  in th a t c a s e  the p e rc e n t 
of d e c re a se  shou ld  a lw ay s have b e e n  the  sam e. The au tho r h im s e lf  c o n 
cluded  th a t th e  am ount of s u g a rs  in  the  f ib e r  w as d e te rm in ed  not by a  m e m 
b ra n e  m echan ism  bu t b y  the  so lu b ility  of th e se  su b stan ces  in  the  p ro to p la sm  
of m u sc le s . T he la t t e r  th e  a u th o r c o n s id e re d  a s  p o sse ss in g  a d isso lv in g  
capacity  d iffe re n t fro m  th a t of the  w a te r  in  the  su rround ing  so lu tion .

F  ig u re  70B shows th a t p e n e tra tio n  of th e s e  
su g a r so lu tio n s in to  k illed  m u sc le  s p r e s e n ts  a 
fu n d am en ta lly d iffe ren t p ic tu re . T he s u g a rs  
p e n e tra te d  the k illed  m u sc le s  a t a p p ro x im a te ly  
the  sam e  ra te  a s  in to  liv ing  ones*; h o w ev er, the  
f in a l c o n c e n tra tio n  le v e ls  of the  s u g a rs  in s id e  
and o u tside  the  c e ll  becam e equal in  a l l  c a s e s  
(the s lig h t e x c e ss  of co n cen tra tio n  in s id e  th e  
dead  m u sc le s  m ay be exp la ined  by a  s lig h t a d 
so rp tio n  of the su g a rs  onto m ic e lle s  o f th e  
dead  p ro to p la sm ).

W hile in the  case  of s u r fa c e - in a c tiv e  
su b s ta n c e s , a s  fo r  exam ple su g a rs  o r  m o n o 
hydroxy  a lco h o ls , the eq u ilib riu m  in  the  c e l ls  
i s  e s ta b lish e d  at a  h ig h e r c o n c e n tra tio n  of 
th e se  su b s ta n c e s  in  the m edium  (Q = C p r o to p la sm  
^ m e d iu m  < 1 ); in  c a s e  of s u r fa c e -a c t iv e  
su b s ta n c e s  w hich O verton  c o n s id e re d  to  be 
re a d ily  p e rm e a b le , an in v e rse  re la t io n s h ip  
e x is ts .  T he c o n cen tra tio n  in s id e  th e  c e l l  m ay  
b e  h ig h e r  th an  th a t in  the  m edium  (Q >1). T h u s , 
L a z a re v  and N u se l 'm a n  (1932) a nd B ru s i lo v s k a y a  
(1939, 1947) show ed th a t e th e r , c h lo ro fo rm , 
and o th e r  n a rc o tic s ,  on en te rin g  th e  c e l l  ( e r y 
th ro c y te s )  m ay  re a c h  c o n c e n tra tio n s  c o n s id e r 
ab ly  h ig h e r than  the e x te rn a l ones. F a b r e  and  
F re d e t  (1925) found th a t on in jec tio n  of v e ro n a l  
in to  the  blood a  r a t io  of 1.88 of v e ro n a l  c o n 
c e n tra tio n s  in e ry th ro c y te s  and in  s e ru m  
w as e s ta b lish e d .

a —d ec rea se  of s u g a r  in  
the  m edium ; b —uptak e  o f  
su g a r  by m u s c le s . In i t ia l  
co n cen tra tio n s  of s u g a rs  
in  so lu tion : 1—1% so lu tio n  
of s a c c h a ro se ; 11—4% so lu 
tio n  of s a c c h a ro s e ;  Ш —2% 
so lu tion  o f g a la c to se .

* If p e rm e a b ility  d en o te s  th e  r a te  of p e n e tra tio n  of a  su b s ta n c e  in to  th e  c e l ls ,  
then, on th e  b a s is  of th e  above sa id  one would d raw  the  u n te n a b le  co n c lu s io r 
that p e rm e a b ili ty  of liv ing  and dead  m u sc le  is  v e ry  s im ila r.
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Obviously, on en te ring  the ce ll, the s u r f a c e -a c t iv e  substances a re  
adso rbed  onto m ic e lla r  su rfa c e s , due to w hich a  high concen tration  of 
th e se  substances is  e s tab lish ed  in the p ro to p la sm .

A nalysis of D istribu tion  C u rv e . S tud ies by 
T ro sh in  with N o n e lec tro ly te s

A thorough study of the effect of v a r io u s  s u b s ta n c e s , and e sp ec ia lly  
of none lec tro ly tes, on the w ater content of a n im a l c e l l s ,  led us to th e  
conclusion that th is  phenom enon is not b a sed  on o sm o s is  bu t on co llo id a l-  
chem ical phenom ena of sw elling. T his in i ts  tu rn  led  the  so -ca lled  osm otic 
m ethod of study of p e rm eab ility  to be abandoned on the  g rounds that i t  was 
based  on fa lse  assum ptions and gave e r ro n e o u s  r e s u l ts .

126 In th is  re sp e c t, the m ost re lia b le  m ethod  is  the  d ire c t chem ical
analy sis  of the ce lls  and th e ir  environm ent. H o w ev er, the  few s tu d ie s  of 
th is  kind, as can be seen from  the above re v ie w , su ffe r  from  se r io u s  sh o rt
com ings. The au tho rs n ev e r gave any proof th a t  th ey  d ea lt with e stab lish ed  
eq u ilib ria . A nother even m o re  se rio u s  sh o rtc o m in g  of th e se  s tu d ies  is  
the fact that they used iso lated , so m etim es a r b i t r a r i l y  chosen , co n cen tra tion : 
of substances, while in o rd e r  to  a s s e s s  the  n a tu re  of the  p e rm e a b ility  p ro 
c e s s  it is  n e c e ssa ry  to  study a s e r ie s  of c o n c e n tra tio n s . T his p e rm its  
the  construction  of a d is trib u tio n  curve  fo r th e  su b s ta n c e  betw een th e  ce ll 
and its environm ent

Studies of th is kind w ere  perfo rm ed  by T ro s h in , in  a ll  c a se s  by  a 
s im ila r  method. At f i r s t  he de term ined  the in te r c e l lu la r  co n cen tra tio n  
of the investigated  substance in re la tio n  to  th e  e n v iro n m e n t, a f te r  e q u i l i 
b rium  w as estab lished  following a tim e  in te rv a l .  T h is  w as done w ith  a  
s e r ie s  of increasin g  co n cen tra tions, s ta r t in g  w ith  v e ry  w eak ones, a n d  
ending with the s tro n g est so lu tions not yet h a rm fu l  to  p ro to p lasm . S ub
sequently , on the b a s is  of the data obtained, a  c u rv e  w as draw n show ing 
th e  re la tionsh ip  of the in te rc e llu la r  c o n cen tra tio n  of the  substance (C c  
ca lcu la ted  for the in tra c e llu la r  w ater) to  i t s  c o n c e n tra tio n  in  the su rro u n d 
ing m edium  (C s ).

F ig u re  71 i l lu s tra te s  the p en e tra tio n  of a  n o n fe rm en tab le  s u g a r— 
g a lac to se—into rabb it e ry th ro cy te s . E q u ilib riu m  co n cen tra tio n  w as reached  
in  the e ry th ro cy tes  in 2-3 h o u rs . O bviously th is  w as not due to  a d so rp tio n  
onto the c e ll  su rface  because  th is  would have b e e n  e s ta b lish e d  w ithin a  
few seconds. H ow ever, the ra tio  betw een th is  e q u ilib riu m  co n cen tra tio n  
(C c ) and the surrounding  one (C s ) c le a rly  depended  on the  co n cen tra tio n  
of the surrounding solution. In a weak so lu tio n  (F ig u re  71, A), the c o n 
cen tra tio n  in the p ro toplasm  w as h igher than  in  th e  env ironm en t, w h ile  in 
a  strong  solution (F igu re  71 ,B ), the r e v e r s e  w a s  t ru e .

T his is  espec ia lly  w ell seen from  the d a ta  in T ab le  25, w here w ith  
in c rea se  in concen tration  of ga lac tose  the c o e ffic ien t Q = - ^ - d e c r e a s e d  to

Cs 
le s s  than 1. F igure  72 was co n stru c ted  a c c o rd in g  to the  d a ta  in T a b le  25. 
The curve ob d e sc rib e s  the re la tio n sh ip  of th e  s u g a r  con ten t of the e r y th r o 
cy tes  to  i ts  concentration  in the ex te rn a l m ed iu m .

If a sim ple aqueous solution w ere p re s e n t  w ith in  the  c e lls , the c o n cen 
tra tio n  of sugar in the e ry th ro cy te s  would c o r re s p o n d  to  the  s tra ig h t l in e  oa
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(at an angle of 45° to  the a b s c is s a ) . H ow ever, the  cu rv e  ob is  fa r fro m
127 re p re se n tin g  a sim p le  dependence, a s  postu la ted  by the m em brane  h y p o th e s is . 

At f i r s t  the  cu rve  r i s e s  s te ep ly , be ing  loca ted  above the b is e c tr ix  oa. T h is  
m e a n s  th a t the c e ils  take  up th e  su g a r  from  w eak  so lu tions a t a h ig h e r c o n 
c e n tra tio n  of the m edium . F u r th e r ,  th e  cu rv e  ob in te r s e c ts  with the b i 
s e c tr ix  and ru n s p a ra l le l  to  it. T h is  m ean s th a t the  su g a r  diffusing fro m  
s tro n g e r  so lu tions e n te rs  the c e l l  a t a low er c o n cen tra tio n  than  th a t in  th e  
su rro u n d in g  m edium . The c u rv e  i ts e lf  s tra ig h te n s  out in th is  reg io n , and 
con tinues at an angle to the a b s c is s a  s m a lle r  th an  45° , If in the in itia l 
p a r t  the cu rve  ob is  s im ila r  to  an  a d so rp tio n  c u rv e , in  the  m o re  d is ta l  
re g io n s  it is  a s tra ig h t line  s im i la r  to  the  d is tr ib u tio n  cu rv e  betw een tw o 
so lv en ts , accord ing  to  the  law of H enry .

FIGURE 71. D isa p p e a r
ance of g a lac to se  in the  
m ed ium , and i t s  uptake 
by  ra b b it  e ry th ro c y te s , 
(a cco rd in g  to T ro sh in , 
1956)

128

T ro sh in  analyzed  the cu rv e  and show ed 
th a t  it  in d ic a te s  two p ro c e s s e s  taking p lace  in  
th e  c e l l s :  f i r s t ,  so lu tion  of the  p erm eatin g  
su b s ta n c e  in the d isp e rs io n  m edium  of th e  
p ro to p la sm , and second , i ts  adso rp tion  onto 
s u r fa c e s  of co llo id  p a r t ic le s .  At the beg inn ing  
a d so rp tio n  p re v a ils .  L a te r  how ever, w hen th e  
s u r fa c e s  of the m ic e lle s  a re  sa tu ra te d  by the 
su b s ta n c e , a d so rp tio n  g rad u a lly  ends, and d i s 
so lu tio n  b eg ins.

In so fa r  a s  th e  slope of the s tra ig h t lin e  
c o rre sp o n d in g  to  the  p ro c e s s  of solution is  l e s s  
th an  45 0 , i t  m ay be concluded that the so lu b ility  
of the  su b stan ce  in  p ro to p lasm  is  low er th a n  i t s  
so lu b il i ty in w a te r* . The com bination of th e s e  
tw o f a c to r s —a d so rp tio n  and low so lu b ility —c a u se d  
th e  d is tr ib u tio n  of the  su b stan ces  betw een  th e  c e l l  
and the  env iro n m en t (Q), as o b served  in  th e  e x 
p e r im e n t. I t fo llow s th a t the  to ta l am ount o f  su g a r  
in  the  p ro to p la sm  (C c ) c o n s is ts  of su g a r d is so lv e d  
in the  p ro to p la sm  w a te r  (C) and of su g a r a d s o rb e d  
(A), o r

A —w eak in itia l concen-
C c = C + A (1)tra t io n  in  the m edium ; 

B —stro n g  in itia l con
c e n tra tio n  in  the  m edium , 
a —d isap p ea ran ce  of the  
su g a r  from  the m edium ; 
b —uptake of su g a r by 
e ry th ro c y te s .

It m ay b e  a ssu m e d  th a t the  p ro p e r t ie s  of 
th e  p ro to p la sm  w a te r  a s  a  so lven t (w ith in  th e  
c o n c e n tra tio n  ra n g e  of the  su g a r  em ployed) do 
no t change in  the  su rro u n d in g  liquid. К  d e s ig 
n a te s  the . d is tr ib u tio n  co e ffic ien t, in the  eq u a tio n  
of H en ry , betw een  the  su rro u n d in g  w a te r  an d  
th e  w a te r  of the  p ro to p la sm . C d e s ig n a te s  th e  

co n cen tra tio n  of the su g a r  in  th e  su rro u n d in g  m edium . T he equation of 
H enry  is  then obtained

C = C S K (2)

* It w ill be shown la te r  th a t w a te r  of c o a c e rv a te  s y s te m s  show s ju s t  su c h  
a low capacity  fo r  so lu tion .

117



(3)

Substituting in equation (1) the v a lue  of C f ro m  equation (2), w e  ob
ta in  the equation:

С =C K + A c s
In th is  equation, A (adsorbed  sugar) is  not a co n stan t value, bu t depends 

on the concen tra tion  of su g a r  d isso lv ed  in  the  p ro to p la sm  w ater (C ), which 
according to equation (2), equals Cg K, The dependence of A on C S K  may 
be ex p ressed  by the L angm uir equation fo r  a  no n p o la r adsorp tion ;

A = Apj C S K
C s K + a

(4)

w here A K  is  the lim it of adsorp tion , a n d a is  a co n stan t c h a ra c te r iz in g  the 
slope of the adso rp tion  curve.

Substituting fo r A in fo rm u la  (3) i ts  v a lue  fro m  equation (4) w e  get:

с е‘с
а
к (1 + с Г ^ )  151

At a suffic ien tly  high co n cen tra tio n  of su g a r  in  the equ ilib riu m  liquid, 
when a  b ecom es so sm a ll in  com p ariso n  w ith  C S K th a t it can  be n eg lec ted , 
equation (5) acq u ire s  the following fo rm ;

C c  = C s K + A «  (6)

T his is  the  equation of the  s tra ig h t lin e  db (F ig u re  72) inc lin ed  a t a 
c e rta in  angle to  the a b sc is sa . T h is s tra ig h t line  in te r s e c ts  with th e  co 
o rd inate  ax is  at the  point d, the s e c to r  od eq u a llin g  . In th is  w a y  the 
adsorp tion  lim it fo r  the substance  un d er study  can  b e  g raph ica lly  de term inec  
on m ice lla r  su rfa c e s  of p ro top lasm .

F o r  th is  pu rpose  the  rig h t-h an d  s t r a ig h t  lin e  p a r t  of the cu rv e  ob 
m ust be continued to  the  in te rse c tio n  w ith  the  o rd in a te  ax is . The s e c to r  
od w ill n u m erica lly  equal the  ad so rp tio n  lim it  А и , In the  ca se  d isc u sse d , 
the lim it of the am ount of su g a r a d so rb ed  by e ry th ro c y te s  (Aw  ), c o r r e 
sponding to the se c to r  od, equalled  0.028 g p e r  55 g of d ry  re s id u e  o f  e r y 
th rocy tes o r  p e r  100 m l of c e llu la r  w a te r .

A nother c h a ra c te r is t ic  p e rm e a b ility  c o n s ta n t—-K (d is trib u tio n  co e ffic 
ient of the substance  betw een p ro to p lasm  w a te r  and the  m edium )—w a s  a lso  
g raphically  de term ined .

129 The s tra ig h t line  oc p a ra lle l  to  db d eno tes the  re la tio n sh ip  b e tw een
the am ount of su g a r  d isso lv ed  in the p ro to p la sm  (C c —A M ) and its  c o n c e n 
tra tio n  in the equ ilib rium  liquid , w hich is  in  a g re e m e n t w ith H e n ry 's  Law 
(equation 2). D eterm in ing  from  the g rap h  the  v a lu e  of C a t a c e r ta in  value 
of C s  from  fo rm ula  (2), the value of the  d is tr ib u tio n  coeffic ien t is  found. 
In the case  of g a lac to se  d is trib u tio n  be tw een  the  su rro u n d in g  w a te r an d  the 
w a te r of the e ry th ro c y te s , K= 0.42.

F ro m  the data  in T able 25 an a d so rp tio n  g ra p h  can  be c o n s tru c te d , 
excluding the p a rt of the substance  w hich is  d isso lv ed . F ig u re  73 sh o w s 
such a  cu rve . It has the ty p ic a l fo rm  of a  L an g m u ir  c u rv e . The d a ta  c a l 
culated  from  the  L angm uir fo rm u la  a re  p re s e n te d  in  the  form  of c r o s s e s ,  
while those obtained ex p erim en ta lly  a r e  r e p re s e n te d  by c irc le s . A s  is  
seen , the ca lcu la ted  and ex p e rim en ta l d a ta  a g re e  f a i r ly  w ell.
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FIGURE 72, R e la tio n 
ship betw een g a la c to se  
co n cen tra tion  in r a b b it  
e ry th ro c y te s  (C c  in  g 
p e r 100 m l of in t r a c e l 
lu la r  w a te r) , and th e  c o n 
c e n tra tio n  of the s u g a r  in 
the equ ilib riu m  liqu id  of 
the m edium  (C s , %) . 
A ccord ing  to T ro sh in  
(1951b)

oa—b is e c tr ix  (Cc  = C s ); 
ob—d is tr ib u tio n  c u rv e ; 
oc—re la tio n sh ip  b e tw een  
the co n cen tra tio n  o f the 
fra c tio n  of the  su b stan ce  
d isso lv ed  in the p ro to 
p lasm , and i ts  c o n c e n tra 
tion  in  the m edium ; 
od—ad so rp tio n  lim it.

А

FIG U RE 73. A d so rp tio n  is o th e rm  
of g a la c to se  by ra b b it e r y th r o c y te s  
A cco rd in g  to  T ro sh in  (1956)

T he a b s c is s a  show s th e  c o n c e n tr a 
tio n  of g a la c to se  in  th e  w a te r  of 
e ry th ro c y te s  (in%); th e  o r d in a te  
show s the am ount of th e  a d 
so rb e d  g a la c to se  (in g  p e r  55 g  
d ry  re s id u e  o r  p e r 100 m l c e l 
lu la r  w a te r) . A M —a d s o rp tio n  l im it;  
a —the  co n stan t of the s lo p e  of th e  
a d so rp tio n  iso th e rm .

T a b l e  25

T he am ount of a d so rb e d  and d isso lv e d  g a la c to se  in  ra b b it e r y th r o c y te s  
(in g p e r  100 m l of w a te r) , a t d if fe re n t co n c e n tra tio n s  o f th e  s u g a r  

in  the e q u ilib r iu m  liq u id . A cco rd in g  to  T ro sh in  (1951b)

Am ount of 
w a te r in 

e ry th ro c y te s
( Я

C o n c e n tra tio n  of 
g a la c to se

F ra c t io n  of to ta l g a la c to s e  
p r e s e n t  in e ry th ro c y te s C c

Q - q "in m ed 
ium (C s )

in  e ry th ro 
c y te s  (C c ) d isso lv e d

C = C S  X 0.42
a d so rb e d
A = Cc -  C

65 0.003 0.011 0.001 0.010 3.67
66 0.007 0.015 0,003 0.012 2.14
65 0.015 0.026 0,006 0.020 1.74
65 0.032 0,041 0.013 0.028 1.29
64 0.071 0.056 0.029 0.027 0 .7 7
64 0.143 0.087 0.060 0.027 0 .5 8
65 0.322 0.159 0.132 0.027 0 .47
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A num ber of au th o rs  point out the  fa c t th a t w ith  in c re a se  in the concen
tra tio n  of the su g a r  in  the m ed ium , i ts  r e la t iv e  concentration  in  the 
e ry th ro cy tes  d e c re a s e s  (M asing, 1914a; E ge, 1920c, 1921b; H ausler, 
1925a, 1925b; W oodhaus and P ick w o rth , 1932, and o th e rs). The th e o ry  
of T rosh in  g iv es  a good explanation  of th e se  fa c ts .

In g en e ra l th e se  w ere the m ain  lin e s  of though t w hich led T rosh in  (1951ei 
to divide the phenom ena of p e rm e a b ility  in to  two com ponents—adsorp tion  
and solution . U sing the sam e  m ethod fo r  o th e r  o b jec ts  and other substances 
T rosh in  showed that the d is tr ib u tio n  cu rv e  (F ig u re  72) is  a graphic d escrip 
tion of a v e ry  com m on ru le , applying to  n o n e le c tro ly te s  and e lec tro ly te s . 
Exam ples of th is  w ill be given.

F ig u re  74 show s the  d is trib u tio n  of 3 s u g a rs  (a ra b in o se , ga lac tose  and 
sacch aro se ) betw een s tr ia te d  m u sc le s  and the  su rro u n d in g  medium. For 
each of th ese  c u rv e s , the sam e g ra p h ic a l a n a ly s is  m ay be made as th a t 
perfo rm ed  fo r the d is trib u tio n  of g a la c to se  betw een  ery th rocy tes and  the 
m edium  (F ig u re  72). The in ten sity  of a d so rp tio n  (Α-Λ ) on the pro top lasm  
m ice lle s  of each of th ese  su b stan ces , and the  d is tr ib u tio n  coeffic ien ts , ma;, 
be de term ined .

A rabinose w as shown to be the m o st s tro n g ly  ad so rb ed  sugar (A M  = 0,09;; 
ga lac to se  w as som ew hat le s s  a d so rb e d  (A M = 0.02) and sacch aro se  was 
adsorbed  to  the sm a lle s t  extent (A = 0.01). T h e se  su b stan ces  a re  a r ra n g e :  
in the sam e o rd e r , a lso  in re la tio n  to th e i r  a b ility  to  d isso lve in the  p ro to 
p lasm  of m u sc le s . The h ighest d is tr ib u tio n  co e ffic ien t was that of a rab in is i 
(0.43), followed by g a lac to se  (0,32), and fin a lly  by sacch a ro se  (0.29). This 
s e r ie s  of su g a rs  co rre sp o n d s  to th a t of in c re a s in g  m o lecu la r weight.

The concensus of firm  opinion in the  l i te r a tu r e  is  based  m ainly o n  o s 
m otic  ex p e rim en ts , accord ing  to w hich u re a  p e n e tra te s  w ell into p la n t and 

130 an im al c e lls  (H am burger, 1889, 1891; O v erto n , 1895; G rijns, 1896;
Hedin, 1898; R oncato, 1923; Mond and H offm ann, 1928; G ellhorn, 1932; 
H ill, 1935; W ilbrandt, 1938a; HÖber, 1945; and o th e rs) . These d a ta  
w ere usually  t re a te d  from  the point of v iew  of the  m em brane  theory . 
M eanwhile, m any fa c ts  accum ula ted  w hich did no t a g re e  too well w ith  th is  
theory . Many au th o rs  have o b se rv ed  th a t when u r e a  p en e tra tes  into p ro to 
p lasm  it re a c h e s  a ce rta in  c o n cen tra tio n  le v e l d iffe ren t from  that in  the  en
v ironm ent. Such r e s u l ts  w ere  ob tained  by Wu (1922), F o lin  and B erg lund  
(1922b), L undsgaard  and H olböll (1926), F o lin  and Sw edberg (1930), 
Woodhaus and P ick w o rth  (1932), Conway and K ane (1934), P a rp a r t an d  
Shull (1935a, 1935b), W illiam s and Kay (1945), and  o th e rs . A ccord ing  to 
th ese  au th o rs ' d a ta , the  in te rc e l lu la r  c o n c e n tra tio n  of u re a  was so m etim es 
low er than  the e x te rn a l one, so m e tim e s  equal to  it , and in  ce rta in  c a s e s  
g re a te r . The au th o rs  of th ese  s tu d ie s  m o s tly  u sed  single co n cen tra tio n s 
of u re a , so m etim es  chosen  w ithout su ffic ien t foundation, probably assu m in g  
that the co n cen tra tion  i ts e lf  should  not a ffec t the  d is trib u tio n  coeffic ien t 
betw een the p ro to p lasm  and the m ed ium . In r e a l i ty ,  th is  is  not so. In the 
c a se  of u re a , a s  in  the  ca se  of o th e r su b s ta n c e s , the  equilib rium  d is tr ib u ti:: 
coefficien t (Q) v a r ie s , depending on the  c o n c e n tra tio n  employed*. T h is

* The coeffic ien t (Q) should not be co n fused  w ith  the  d istribu tion  coefficier.: 
К in T ro s h in 's  fo rm u la  (3). T he fo rm e r  is  th e  d is trib u tio n  co e ffic ien t cf 
the to ta l sub stan ce , the ad so rb ed  and the  d isso lv e d  one: the la t te r  is  the 
d istribu tion  coeffic ien t only of the  d isso lv e d  fra c tio n  of the su b stan ce  
which h as  en te red  the  ce ll.
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was show n b y  T ro s h in  u s in g  h is  o rd in a ry  m ethod of finding e q u ilib r iu m  
c o n c e n tra tio n s . F ig u re  75 В, C show s th a t from  re la tiv e ly  w eak so lu tio n s , 
m u sc le  f ib e r s  tak e  up u r e a  at a  co n cen tra tio n  exceeding that of th e  su rro u n d 
ing m ed iu m . A s f a r  a s  s tro n g e r  so lu tions a re  concerned, the c o n c e n tra tio n s  
inside and o u ts id e  the c e l l s  a r e  a lm o st s im ila r , the  coefficient (Q) h e re  
app roach ing  u n ity  (F ig u re  75 A).

lai

FIGURE 74. R e la tio n sh ip  betw een the 
c o n c e n tra tio n  of s u g a r s  in  m u sc le  f i-  
f ib e rs , (C c ) in g p e r  100 m l of in 
t r a c e l lu la r  w a te r ) , an d  th e i r  concen 
tra tio n  in th e  m ed ium  (C s , in %) 
(acco rd in g  to  T ro sh in , 1951e)

Sorp tion  by m u sc le  f ib e r s :  o a —of 
a ra b in o se ; ob—of g a la c to se ; o c -o f 
sa c c h a ro se . T he am o u n t of su g a rs  
p re se n t in  th e  m u s c le s  in  the d isso lved  
s ta te  : o a j  —a ra b in o se ; ob j —g a lac to se ; 
oc 1 —s a c c h a ro s e .

F ig u re  76 i l lu s t r a te s  the 
d is trib u tio n  of u re a  in  th e  c a se  of 
m u sc les . The f ir s t  p a r t  of the 
cu rve  ob is  the sam e a s  in  the 
case  of o th e r n o n e le c tro ly te s . 
H ere  adsorp tion  p re v a ils ;  th e r e 
fo re  the concen tra tion  in  th e  
p ro top lasm  is  h igher th a n  in  the 
m edium . L a te r  the c u rv e  a p 
p ro ach es the b ise c tr ix , and  in te r 
s e c ts  it a t the point c . B y analogy 
w ith o th e r substances, i t  m igh t 
have been  thought th a t fu r th e r  on, 
cu rve  ob would acq u ire  a  s tra ig h t 
lin e a r  co u rse  at a c e r ta in  acute 
angle to  the a b sc issa , c o r r e 
sponding to the so lu tio n  o f the 
u re a  in the p ro to p lasm  w a te r . 
However, in the p re se n t c a se  the 
o rd in a ry  course  of the  c u rv e  is  
m arked ly  d isturbed. T he cu rve  
bends upw ards, and in te rs e c tin g  
the b ise c tr ix  for the seco n d  tim e 
(a t point d), steeply  r i s e s .  T h is 
is  explained by the fac t th a t  con-

T h is fa c t does not perm it e x a c t d e te r -
c e n tra tio n s  of u r e a  h ig h e r  th an  2% dam age the p ro top lasm , c a u s in g  de
n a tu ra tio n  (p a ra n e c ro tic )  changes.
m in a tio n  of th e  c o e ff ic ie n ts  К and Α χ  fo r  u re a .

T h e  d is tr ib u tio n  of c re a tin in e  betw een  hum an blood p la sm a  and  e r y 
th ro c y te s  w a s  s tu d ied  b y  Wu (1922) and by Folin  and Swedberg (1930), 
A ccord ing  to  Wu, Q = 2. A cco rd ing  to  F o lin  and Sw edberg, Q = 0 .5 8 -0 .9 0 .

In th e  c a se  of m u s c le s , the d is trib u tio n  of c rea tin ine  be tw een  the 
f ib e rs  and th e  m ed ium  w as s tud ied  by F enn  (1936) and by Egg le t  on (1930). 
A cco rd ing  to  th e s e  a u th o rs ' data, Q fo r c rea tin in e  is  close to 1.

T ro s h in  (1952) s tu d ie d  the d is tr ib u tio n  of c rea tin in e  in  fro g  m u sc le s  
in a la rg e  n u m b e r  of eq u ilib riu m  co n cen tra tions. As alw ays, th e  e q u i
lib riu m  c o n c e n tra tio n  le v e ls  (F ig u re  77) w ere  f i r s t  de term ined  fo r  a  num 
b e r  of so lu tio n s . S ubsequen tly , on the  b a s is  of the data  ob ta ined , a  d is 
tr ib u tio n  c u rv e  w as p lo tte d  (F ig u re  78). In p rinc ip le  th is  cu rv e  d id  not 

t  d iffe r f ro m  o th e rs  o b ta in ed  fo r the  p e rm eab ility  of n o n e le c tro ly te s . At 
f i r s t  the  m u s c le s  took  up c re a tin in e  from  weak so lu tions, to  a c o n c e n tra tio n  
h ig h e r th a n  th e  e x te rn a l  one. T h is  is  the  predom inant reg ion  of ad so rp tio n . 
S ubsequen tly , a f te r  a d so rp tio n  sa tu ra tio n  w as com plete , the in t r a c e l lu la r  
c o n c e n tra tio n  of c re a t in in e  in c re a se d  in a  re c tilin e a r  fash ion  a t  an  
acute ang le  to  the  a b s ic s s a .  In th is  reg ion  solu tion  of the s u b s ta n c e s  in
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p ro to p la sm ic  w a te r  p red o m in a ted , and the  d is tr ib u tio n  of the  substance 
obeyed the  law of H en ry , The acu te  angle of the  slope of the s tra ig h t line 
in d ic a te s  th a t the so lu b ility  of c re a tin in e  in  p ro to p la sm  w a te r  w as lower 
th an  in  the su rro u n d in g  w a te r . On the b a s is  of th e se  d a ta , and by the u se  
of the a b o v e -d e sc rib ed  m ethod , both b a s ic  p e rm e a b ili ty  c o n s ta n ts— , К  
w ere  d e te rm in ed . In case  of p en e tra tio n  of c re a tin in e  in to  frog  m uscle A.& 
- 0.007 g p e r 100 g of in tra c e llu la r  w a te r  and K = 0.38, C onsequently , s o lu 
b ility  of c re a tin in e  in  the sa rc o p la sm  w as 62% lo w er th a n  in the w a te r of 
the  su rround ing  m edium , independently  of i ts  c o n c e n tra tio n  in  the  la tte r.

FIGURE 75. U ptake of 
u re a  by fro g  m u sc le s  
from  the su rro u n d in g  
solution  (acco rd in g  
to  T ro sh in , 1954)

FIG U RE 76. R e la tio n 
sh ip  be tw een  the  co n cen 
tra t io n  of u re a  in  m u sc le  
f ib e r s  of the  fro g  (C c , in 
g p e r  100 m l of i n t r a 
c e l lu la r  w a te r), and its  
c o n c e n tra tio n  in  the  m e d 
ium  (C s  in  %) u n d e r co n 
d itions of d iffusion  e q u i
lib r iu m  (a c c o rd in g  to 
T ro sh in , 1954). F o r  
d e ta ils  s e e  tex t.

A ,B ,C - d iffe ren t in itia l 
co n cen tra tio n s  of u rea ; 
a —d isa p p e a ra n ce  of 
u re a  from  the  m edium ; 
b —uptake of u re a  by the 
m u sc le s .

It h as  a lre a d y  b een  m entioned  th a t p e rm e a b ili ty  of p lan t c e l ls  as 
d e te rm in ed  by th e i r  p la sm o ly s is  is  a  fu n d am en ta lly  d iffe re n t p h enom enon  
from  the p e n e tra tio n  of su b stan ces  into nonvacuo la ted  an im a l c e l ls ,  as 
d e te rm in ed  by d i r e c t  c h em ica l a n a ly s is* . In the  fo rm e r  c a se  the  d iffu s io n  
r a te  of the su b stan ce  th rough  a  la y e r  o f p ro to p la sm  and to n o p la s t is  s tu d ie d , 
in  the  la t te r  the  ru le s  of d is tr ib u tio n  of the  d is so lv e d  su b s ta n c e  b e tw een  

i3 3 pro to p lasm  and th e  m ed ium . U ndoubtedly a  connec tion  e x is ts  betw een  th e s e  
two se ts  of phenom ena, bu t th is  connection  i s  not a s  s im p le  a s  m a y  s e e m  a t

* The p rob lem  of accu m u la tio n  of su b s ta n c e s  in  p lan t v a c u o le s  i s  of s p e c ia l  
in te re s t  and w ill no t be d ea lt w ith h e re . T h o se  in te re s te d  in  th is  p ro b le m  
a re  r e f e r r e d  to  the  book by T ro sh in , 1956.
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at f i r s t  sigh t. O nly by experim en tin g  with nonvacuolated plant c e lls  can  
th e ir  p e rm eab ility  to  be com pared  with anim al ce lls , when the sam e  m eth o d - 
d irec t chem ical a n a ly s is -  is  applied.

The s tu d ie s  of T ro sh in  (1948a) on p e rm eab ility  of yeast c e lls  a re  
of g rea t in te re s t  in  th is  re s p e c t. B efo re  h is  s tud ies such investigations 
w ere m ainly p e rfo rm e d  by the use  of the  osm otic, g ra v im e tric  and vo lu 
m etric  m ethods (S w ellengrebel, 1905; Paine, 1911; Sohngen and W ieringa , 
1926; R ubinshtein  and V erkhovskaya, 1935). T hese led to c o n trad ic to ry  
re su lts . As se e n  f ro m  F ig u re  79, illu s tra tin g  the e stab lishm en t of 
equilib rium  in the d is tr ib u tio n  of la c to se  between y eas ts  and the  m edium , 
the sam e ru le s  of p e rm e a b ili ty  a re  o b se rv ed  as w ith an im al c e lls . A low 
concentration  o f la c to se  (2.3%) re su lte d  in high in tra c e llu la r  co n cen tra tio n  
a s  com pared  w ith  th e  su rro u n d in g  solution  (F igu re  79, C). A c e r ta in  i n te r 
m ediate  s tre n g th  of so lu tio n  (8.1%) led  to  an approx im ate  equilib rium  of th e  
concen trations in s id e  and ou tside (F ig u re  79, B). F in a lly , in s trong  so lu 
tions (F ig u re  79 A), th e  co n cen tra tio n  of lactose  in y e à s t  c e lls  w as low er 
than  in the su rro u n d in g  m edium .

T his is show n even  m o re  c le a r ly  by the d is trib u tio n  curve  (F ig u re  
80). H ere  the  in i t ia l  zone co rrespond ing  to the predom inance of a d so rp 
tion is quite e x te n s iv e . L a te r , the  curve c ro s s e s  the b ise c tr ix  a t a 
point w here the  e x te rn a l  and in te rn a l concen trations a r e  equal and p a s s e s  
into a reg ion  w h e re  the  e x te rn a l equ ilib rium  concen tration  p red o m in a tes . 
In the given c a se  th e  ad so rp tio n  constan t is  v e ry  high (Acc=2.2g p e r 100 m l 
of w ater). The so lu b ility  constan t К =0.55. This m eans that in  the  p ro to 
p lasm  w a te r  of y e a s ts , so lu tion  of th is  nonelectro ly te  is  45% low er th a n  
in the w a te r  of the su rro u n d in g  m edium .

F ig u re  81 show s an adso rp tion  i s o 
th e rm  of lac tose  in  y e a s t p ro top lasm . 
T h is cu rve  m ay be obtained by su b tra c tio n  
from  each  point of the  d is trib u tio n  cu rve  
(F ig u re  80) of the co rrespond ing  concen 
tra tio n  of d issolved lac to se , as d e te rm in ed  
by the s tra ig h t line  oc. On th is  cu rv e  th e  
c i r c le s  designate  the  a rith m e tic  m ean s 
from  a  la rg e  num ber of ex p erim en ts , 
w hile the c ro s s e s  re p re se n t the po in ts Of 
the th e o re tic a l L angm uir curve fo r  n o n p o la r 
ad so rp tio n  accord ing  to  the fo rm ulaTime j hrs

FIGURE 77, E n tra n c e  in 
to  frog m u sc le s  o f c r e a t in 
ine from  the su rro u n d in g  
medium  (acco rd in g  to  T r o 
shin, 1952)

A - AA  “ C + a

A, B, C -v a rio u s  in i t ia l  c o n 
cen tra tions of c re a tin in e ; 
a -d e c rea se  in  c re a tin in e  
in the m edium ; b -u p ta k e  
of c rea tin in e  by  m u s c le s .

w h ere  A « equals 2.2 and a equals  0.07, 
The fig u re  i l lu s tra te s  w ell the  a g re e m e n t 
betw een the th e o re tic a l and the e x p e r im e n t
a l d a ta .
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FIGURE 78. R ela tio n sh ip  be tw een  c re a tin in e  
co n cen tra tion  in  m u sc le  f ib e rs  of th e  fro g  
(Cc , in g ra m s  p e r 100 m l of in t r a c e l lu la r  
w ater), and its c o n c e n tra tio n  in th e  s u r ro u n d 
ing equ ilib rium  liquid (C s , in p e rc e n t)  
(accord ing  to T ro sh in , 1952)

Legend the sam e a s  in  F ig u re  72.

FIGURE 79. Up
take  of la c to se  by 
y e a s ts  (accord ing  
to  T ro sh in , 1951e)

FIG U R E  80. R e la tio n 
sh ip  be tw een  lac to se  
c o n c e n tra tio n  in  y e a s t s  
(C c , in  g ra m s  per 100 
m l of in tra c e llu la r  
w a te r ) ,  and i ts  c o n cen 
t r a t io n  in  the  m edium  
(C s , in  p e rc e n t)  
(a c c o rd in g  to  T ro sh in , 
195 le ) .  Legend the 
sa m e  a s  in  F ig u re  72.

A, B ,C -v a rio u s  in itia l 
co n cen tra tio n s of 
la c to se , a —concen
tra tio n  of la c to se  in 
m edium ; b —concen
tra tio n  of lac to se  in 
y e a s ts .
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Sugars infiltrated

FIGURE 82. R e la 
tionsh ip  betw een  (1) 
the ra te  of h y d ro ly s is  
and (2, 3) sy n th e s is  
(in m g of in v e r te d  su 
g a r), and  the concen 
tra t io n  o f in f il tra te d  
su g a rs  (in  mg p e r  1 g 
dry  w eigh t of le a f) , in 
(1, 2), c y c la m e n  le a v e s ; 
(3) c h ic o ry  le a v e s  (ac 
cord ing  to  K ursanov , 
1935)

FIG U RE 81. Is o th e rm  of 
a d so rp tio n  o f la c to se  by 
y e a s t c e l ls  (a cco rd in g  
to  T ro sh in , 19 56)

A b s c is s a  show s concen
tr a t io n s  of la c to s e  d is 
so lved  in  y e a s t  w a te r  (in 
p e rc e n t) ; o rd in a te  show s 
am ount of a d so rb e d  la c 
to se  (in g p e r  m l in tra 
c e l lu la r  w a te r  of p e r  48- 
49 g d ry  y e a s t  r e s id u e . 
F o r  o th e r  d e ta i ls  se e  
legend  to  F ig u re  73.

T h u s , the  ex am p le  of p e rm e a b ility  of y e a s t c e l l s  to  a  n o n fe rm en tab le  
s u g a r—la c to s e —show s w ith  sp e c ia l c la r i ty  the sam e p h y s ic o -c h e m ic a l 
d is tr ib u tio n  of n o n e le c tro ly te s  betw een  the c e lls  and the  m ed iu m . The 
e sse n c e  of th is  h a s  b e e n  show n to  c o n s is t in  the com bination  of two f a c to r s — 
(1) low so lu b ility  o f th e  su b s ta n c e s  in  the p ro to p lasm  w a te r , and  (2) th e i r  
a d so rp tio n  on m ic e l la r  s u r fa c e s .

E v id en tly , a d so rp tio n  is  of g re a te s t  b io log ica l im p o rta n c e . I ts  
m a in  ro le  is  a t r e la t iv e ly  w eak  e x te rn a l co n c e n tra tio n s  of th e  su b s ta n c e , 
i . e . ,  u n d e r co n d itio n s  c lo s e s t  to physio log ica l. W ith a  h ig h e r  c o n c e n tra tio n  
in the  m ed iu m , a d so rp tio n  c e a s e s . Subsequently  th e re  is  on ly  an  in c re a s e  
in the c o n c e n tra tio n  o f th e  su b stan ce  d isso lv ed  in  th e  p ro to p la sm , w hich  
b io lo g ica lly  i s  a p p a re n tly  le s s  im p o rtan t. T ro sh in  c i te s  the  fo llow ing  qu ite  
convincing c o n s id e ra t io n s  in  fav o r of th is  point of v iew . He p o in ts  ou t the  
w ell-know n fa c t th a t  th e  a c tiv ity  of en zy m es depends to  a  c e r ta in  ex ten t on 
the c o n c e n tra tio n  of th e  s u b s tra te .  W ith in c re a se  in  th e  s u b s t r a te  co n cen - 135t r a t  ion the  v e lo c ity  o f th e  en zy m atic  re a c tio n  in c re a s e s ,  bu t no t w ithou t a 
c e r ta in  l im it .  I t r e a c h e s  a c e r ta in  le v e l w hich it does not e x ceed . C u rv e s  of 
th is  type (F ig u re  82) a r e  v e ry  s im ila r  to  L an g m u ir 's  a d so rp tio n  is o th e rm s .

M any in v e s t ig a to r s  a s su m e  th a t th is  s im ila r ity  i s  b a s e d  on the  fac t 
th a t h e te ro g e n e o u s  c a ta ly s is ,  w hich p lay s an  im p o rta n t ro le  in  m e ta b o lism , 
re q u ire s  c o n ta c t b e tw een  the  enzym e and the  s u b s tr a te .  T he s im i la r i ty  of 
th e se  phenom ena is  i l lu s t r a te d  by T ro sh in  in  an in te re s t in g  d ia g ra m , in w hich  
he t ra c e d  h is  c u rv e  of la c to s e  a d so rp tio n  to  m ic e lla r  s u r fa c e s  o f y e a s t  c e lls  
p ro to p la sm  (F ig u re  83, 1), the  ac tiv ity  of in v e r ta se  (F ig u re  83, 2), and the 
ra te  of g lu co se  fe rm e n ta tio n  (F ig u re  83, 3).
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The c o rre la tio n  betw een th e se  d a ta  cannot be acc id en ta l. It seem s to 
u s  th a t it re fu te s  the assum ption  often m ade by a d h e re n ts  of the membrane 
th e o ry , th a t the m ethod of d irec t c h e m ic a l a n a ly s is  supposedly  detects sub
s ta n c e s  w hich do not e n te r  the ce ll, but a re  only  a d so rb e d  to its  outer surfat

D istrib u tio n  of A m inoacids be tw een  the  C e lls  and the Medium

The study  of p e rm e a b ility  of c e lls  to  a m in o a c id s  is associated  with οΰ 
of the g re a te s t  paradoxes in th is  fie ld  of s tudy . A m in o ac id s-su b stan ces  ah' 
so lu te ly  e s s e n tia l  fo r p ro te in  m e tab o lism  of c e l l s -  supposed ly  do not pene
t r a te  a t a l l  into the c e lls , accord ing  to  m any  s u p p o r te r s  of the m em brane 
h y p o th es is . T h is  opinion w as held  by O v erto n  and H ö b e r in  re la tion  to 
m u sc le  f ib e rs  and th is  w as a lso  the  opinion of a  n u m b e r  of au thors in r e 
la tio n  to  e ry th ro c y te s  (G rijn s , 1896; K ozaw a, 1914; H irum a, 1923 and 
o th e rs ) . A t th e  sam e tim e , it h as  b een  e s ta b lis h e d  by  the use  of d irec t 
ch em ica l a n a ly s is  that in e ry th ro c y te s  (Wu, 1922; F o lin  and Berglund, 
1922; Z b a rsk ii , 1925a; 1925b; 1936; B a rk h a sh , 1934; Y am pol'skaya, 

136 1938; K ulakova, 1939; F rie d la n d , 1939; G u r’ev a , 1940; Saichuk, 1941;
D em in, 1941a, 1941b; H am ilton  and V an Slyke, 1943; C hristiansen  and 
Lynch, 1946 and o th e rs) , and in  f ib e rs  of s k e le ta l  m u s c le s  (Van Slyke and  
M eyer, 1913) and in o th e r c e llu la r  e le m e n ts  (M iro p o l’sk ii, 1950), th e re  is 
a h ig h e r co n cen tra tio n  of am inoacids th an  in  the  su rro u n d in g  medium. The 
d is tr ib u tio n  coeffic ien t (Q) fo r e ry th ro c y te s  f lu c tu a te s  betw een  1.5 and 4.5, 
w hile  fo r m u sc le s  it is  from  5 to  10, D ire c t  a n a ly s is  of the  content of th e  
axop lasm  of the  giant n e rv e  f ib e rs  of the  cephalopod  m o llu sc s  h as  shown 
th a t the co n cen tra tio n  of am inoac ids in  it  i s  s e v e r a l  t im e s  h igher than in 
th e i r  blood p la sm a  (Schm itt, B e a r and S ilb e r , 1939; S ilb e r  and Schmitt, 
1940, S ilb e r , 1941, and o th e rs ) . The la t te r  c a se  i s  e sp e c ia lly  in te restin g  
s in ce  it  com ple te ly  excludes the p o ss ib ility  th a t a m in o a c id s  a re  only ad 
so rb e d  to  the c e ll  su rfa c e  (H öber, 1926).

F in a lly , it  has been proven  th a t the  p ro c e s s  o f accum ula tion  of am ine- 
ac id s  in th e  p ro to p lasm  m ay be a re v e r s ib le  one. T h is  h as  been shown by  
Z b a rsk ii  and Zubkova (1934) with dog e ry th ro c y te s  and by Saichuk (1941) 
w ith  h o rse  blood.

T ro sh in  (1951d), s tud ied  in d e ta i l  the  d is tr ib u tio n  of a lpha-alan ine 
be tw een  th e  ca lf  m u sc le s  of the fro g  and  the  su rro u n d in g  flu id , by d e te r 
m in ing  the  e s tab lish ed  equ ilib rium  c o n c e n tra tio n s  of th e  substance. P a r a l 
le l  e x p e rim e n ts  w ere  p e rfo rm e d  w ith  m u s c le s  p re v io u s ly  k illed  with 96° 
a lco h o l and thorough ly  r in se d  in  R in g e r’s  so lu tion .

The p ro c e s s  of e s tab lish in g  the d iffu sion  e q u ilib r iu m  fo r alanine in  
e x p e rim e n ts  w ith  living m u sc le s  is  i l lu s t r a te d  in  F ig u r e  84. A s in the ca se  
of o th e r  su b stan ces  stud ied , the eq u ilib riu m  b e tw e e n  the  in te rn a l and e x -  

i3 7 t e r n a l  co n cen tra tio n s  w as reach ed  a f te r  1 .5 -2  h o u rs ,  w hereby  the  sam e 
r u le s  seem  to apply. A t w eak co n c e n tra tio n s  of a la n in e  (F ig u re  84 B) th e  
c o n c e n tra tio n  lev e l of th is  su b stan ce  in  th e  p ro to p la sm  w as h igher than  th e  
su rro u n d in g  flu id . However, in  the  c a se  of s tro n g  so lu tio n s (F igu re  84A ) tit 
in t r a c e l lu la r  co n cen tra tio n  lev e l lagged  beh ind  the e x te rn a l  one.

F ig u re  85 d e sc r ib e s  p en e tra tio n  o f a lan in e  in to  k illed  m uscles, and  
show s th a t th e re  is  no b a s ic  d ifference  be tw een  the  r a t e  o f pene tra tio n  of a lan in e
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into living and d ead  m u s c le s . N e v e rth e le ss , th e re  a re  b a s ic  d iffe re n c e s  
in re sp e c t to  e s ta b lis h m e n t of eq u ü ib riu m  le v e ls . In k illed  m u sc le s , a lan ine  
p en e tra ted  a s  long a s  th e  in tra  and e x tra -c e l lu la r  co n cen tra tio n s  d id  not 
becom e equa l. T h e  p ic tu re  re s e m b le s  th a t fo r  fre e  diffusion in w a te r .

la c to s e  by  y e a s ts ,  and the  re la tio n sh ip  
b e tw e e n  th e  en zy m atic  ac tiv ity  and the 
c o n c e n tra tio n  of the  su b s tra te  in  the 
m e d iu m .

T h e  a b s c is s a  show s co n cen tra tio n s  of 
la c to s e  (in  %) in  the  y e a s t  w a te r  (or the 
c o rre sp o n d in g  c o n cen tra tio n  of su g a rs  
in  th e  m ed ium ); the  o rd in a te  shows the 
am o u n t of la c to se  adso rbed  by the y easts  
(A, in g  p e r 48-49  d ry  w eight of y easts), 

dVthe  a c tiv ity  of in v e r ta se  (— acco rd in g  to 
A fa n a s 'e v  and I l 'in a , 1949) and the ra te  
of g lu c o se  fe rm e n ta tio n  (in ml, accord ing  
to  S la to r , 1906)

1—a d so rp tio n  of la c to se ; 2—activ ity  of 
in v e r ta s e ;  3—ra te  of g lucose fe rm e n ta 
tio n  (acco rd in g  to  T ro sh in , 1956).

The d is tr ib u tio n  c u rv e  of a lan in e  (F ig u re  86) does not b a s ic a lly  d iffe r 
from  th is  ty p e  of c u rv e  fo r  o th e r  su b s ta n c e s . In the  in itia l p a r t  th e  cu rve  
p a s s e s  above the  b i s e c t r ix ,  1. e. the  equ ilib riu m  co n cen tra tio n  in  the p ro to 
p lasm  is  h ig h e r  th a n  in  th e  m edium . T h is is  the reg ion  of p re v a le n c e  of 
ad so rp tio n . S ubseq u en tly  th e  cu rv e  c r o s s e s  the b is e c tr ix  and con tin u es 
r e c t i  l in e a r ly . T h is  i s  th e  re g io n  of p red o m in an t so lu tion . T h e  con
stan t, c h a ra c te r iz in g  a b so rp tio n  in  th e  ca se  of p e rm e a b ility  of a lan in e  into 
m u sc le s , Аи= 0.029 gm  p e r  100 m l of in tra c e llu la r  w a te r . F o r  th is  sub
stance  K= 0.40. T h is  m e a n s  th a t  th e re  is  60% le s s  f re e  d isso lv e d  a lan ine  
in  the w a te r  of m u s c le  f ib e r s  th a n  in  the  m edium .

T he d is tr ib u tio n  c u rv e  fo r  a lan in e  in  dead m u sc le s  i s  e n t i r e ly  d iffe re n t 
(F ig u re  87, ob). It h a s  th e  ap p e a ra n ce  of a  s tra ig h t line a lm o s t co incid ing  
w ith  the  b is e c t r ix  (oa). H e re , A M = 0 and K= 0.95. T h is m e a n s  th a t  in
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k illed  m u sc le s  a lan ine is  not adso rbed  by fixed  p ro to p la sm  and its  solubility 
in  the  p ro to p lasm  is  only 5% low er than  in the  su rro u n d in g  medium. This 
sm a ll  d e c re a se  m ay be exp la ined  by the fac t th a t 5% of the  w a te r in fixed 
m u sc le s  m ay be bound.

A
a

U

ы 
и

b

FIGURE 84, E n tra n c e  
of a lp h a -a lan in e  from  
the  m edium  into m u sc le  
f ib e rs  of the  fro g  ( a c 
co rd ing  to T ro sh in , 
1951d)

FIG U RE 85. E ntrance  
of a lan in e  in to  k illed  
fro g  m u s c le s  (acco rd 
ing  to  T ro sh in , 1951d) 

A , E —d iffe re n t in itia l 
c o n c e n tra tio n s  of alan
in e . a —d e c re a s e  of 
a lan in e  in  the  m edium ; 
b —uptake of a lan ine b y , 
th e  m u s c le s .

A -C —d iffe ren t co n cen 
tra t io n s  of a lan ine so lu 
tio n s . a —d e c re a s e  in  
a lan ine  in the m ed ium , 
b —uptake of a lan ine  by  
th e  m u sc le s .

Thus acco rd in g  to  T ro s h in 's  data  the am in o ac id  a lan ine rapidly 
p e n e tra te s  the m u sc le s  and re a c h e s  a c o n s id e ra b le  co n cen tra tio n  there, 
e sp ec ia lly  when the  up take of th is  substance  i s  from  w eak  solutions. Ten 
y e a r s  ago, th e se  d a ta  m igh t have been  re g a rd e d  a s  c o n tra ry  to  the then 
accep ted  th e o rie s  of im p e rm e a b ility  of c e lls  to  a m in o a c id s . At present 
how ever, th e se  fa c ts  a r e  in  fu ll ag reem en t w ith  a  g r e a t  n um ber of studies 
re c e n tly  p e rfo rm ed  by th e  u s e  of labeled  a to m s* .

P ro te in  tu rn o v e r  of th e  in tac t o rg a n ism  a s  d e te rm in e d  by the in tro 
duction of rad io ac tiv e  am ino a c id s , tu rn ed  out to  be astound ing ly  rapid. 
T hus, accord ing  to  the  d a ta  of T a rv e r  and R e in h a rd t (1947), the amino
ac id  S35— m eth ion ine , in tro d u ced  into the  blood of th e  dog w as detected in  
a ll  the in te rn a l  o rg an s  a f te r  two h o u rs , w hile  a f te r  fiv e  h o u rs  only a very  
sm a ll add itional in c re a s e  in  i t s  content w as o b se rv e d . A ccord ing  to the

* F o r  a  rev iew  of th e  l i te r a tu r e  see  p a p e rs  b y  S ch o n h e im er (1942), 
K onikova (1948), B o rso o k  (1950), and o th e rs .
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data  of B o rso o k  (1950), on in troduction  into r a t s  of C ^ —lab e led  a m in o 
ac id s , an e q u ilib riu m  b e tw een  in tr a -  and e x tr a - c e l lu la r  am in o ac id s  w as 
e s ta b lish e d  a f te r  30-60 m in u te s . E v iden tly , the  labe led  am in o ac id s  e n 
te re d  the d iffe re n t o rg a n s  at the sam e  ra te  (B orsook, D easy, H a a g e n - 
Sm it, K eighley and Lowy, 1949),

FIG U RE 86. R e la tio n 
sh ip  betw een  the  a lan in e  
c o n c e n tra tio n  in  m u sc le  
f ib e r s  (C c ) and i ts  c o n 
c e n tra tio n  in  th e  e q u i
lib r iu m  m edium  (C s ), 
(acco rd in g  to  T ro sh in , 
1951d). L egend  th e  
sam e  as in F ig u re  72,

FIGURE 87, R e la 
tionsh ip  betw een 
a lan ine  co n cen tra 
tio n  in dead m u sc le s  
(C c ) and i ts  concen
tra t io n  in  the su r - 
rounding  equ ilib rium  
so lu tion  (C s ). (a c 
co rd ing  to  T ro sh in , 
1951d), Legend the 
sam e  a s  in F ig u re  72.

T he above d a ta  show  th a t  a l l  the c e lls  a r e  w ell p erm eab le  to  a m in o 
ac id s , C onsequen tly , the  b e lie f  th a t c e lls  a r e  not p erm eab le  to  th e s e  sub
s tan ces  is  one of th o se  e r ro n e o u s  id eas  b a sed  on the fau lty  p re m is e  of the 
c e ll as  an  o sm o m e te r  su rro u n d e d  by a  se m ip e rm e a b le  m em b ran e .

D is tr ib u tio n  of V ita l S ta in s  be tw een  the  C e lls  
and the  E n v iro n m en t

In th e  study  of p e rm e a b ility  sp e c ia l  a tten tio n  w as alw ays p a id  to  the  
p e n e tra tio n  of v i ta l  s ta in s  in to  the  c e lls . T he su p p o rte rs  of the m em b ran e  
th eo ry  exp la ined  the  g r e a te r  o r  l e s s e r  p e n e tra tio n  of s ta in s  into c e l l s  fro m  
the  point of v iew  of th e i r  d iffusion  th rough  c e ll  m em b ran es . T he a b ility  of 
the m o re  p e n e tra tin g  s ta in s  to  b e t te r  d isso lv e  in  lipo ids u su a lly  se rv e d  
a s  one of the  b a s ic  a rg u m e n ts  in  favor of the  lipoid n a tu re  of th e  c e l l  m em 
b ra n e s  (H öber, 1909, 1926, 1945; G elho rn , 1932; G utste in , 1932 and 
o th e rs).

H ow ever, th e re  a r e  m any  ob jec tio n s to th is  concept of the m e c h a n ism  
of p e n e tra tio n  of d y es in to  c e l ls .  T he ex is tin g  data  ind ica te  th a t th e  b a s ic  
ru le s  of v i ta l  s ta in in g  a r e  connected  w ith  the phenom ena of s o rp tio n  of the  
dyes by p ro to p la sm . T hus fo r  exam ple, only by so rp tio n  p henom ena can  
the  h ig h e r c o n c e n tra tio n  of b a s ic  dyes in s id e  c e lls  b e  explained a s  co m p a re d
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w ith  the co n cen tra tio n  in the  m edium  (Q >1). F u r th e r , ,  th e re  a re  c a s e s  
w h e re  under the action  of d iffe ren t s t im u la n ts , c o n s id e ra b le  staining of 
th e  c e ll nucleus is  seen  at f i r s t  and only la te r  d o es  the  protoplasm  s ta in in g  
b eco m e  n o ticeab le . F in a lly , the m o st co n v in c in g  a rg u m e n ts  against 
"m em b ran e"  exp lanations a re  the fa c ts  co n n ec ted  w ith  the  transition  of 
v ita lly  sta in ed  living c e lls  from  the s tim u la te d  cond itio n  back to the r e s t in g  
s ta te . An exam ple w ill be given w hich h a s  a lre a d y  b een  mentioned in th e  
p rev io u s  ch ap te r.

Two tw in m u sc le s  w ere  s ta in ed  w ith  n e u tra l  r e d , diluted not w ith 
R in g e r 's  so lu tion , but w ith d is tille d  w a te r  w h ich  is  a m u sc le  stim ulan t. 
T h e  m u sc le s  thus sta in ed  bind c o n s id e ra b ly  m o re  dye th a n  m uscles s ta in e d  
w ith  a R in g e r 's  so lu tion  of the dye. In t e r m s  o f the  m em brane  concept 

l j g th is  is  explained by the fact that d is tille d  w a te r  dam aged  the m em brane 
("loosened  it  up"), m aking it  m o re  p e rm e a b le  to  the dye. In te rm s o f o u r  
th e o ry , the so rp tio n  p ro p e r tie s  of the p ro te in s  b ec a m e  stro n g e r under th e  
in fluence of the  stim u lan t. The c o r r e c tn e s s  of o u r  explanation  and th e  
e r ro n e o u sn e s s  of the "m em b ran e"  one is  show n by the  following e x p e rim en t.

A p a ir  of m u sc le s  w as s tro n g ly  s ta in e d  in  d is ti l le d  w ater. One w a s  
subm erged  in  p u re  R in g e r 's  so lu tion , w hile  the  o th e r  w as placed in p u r e  
d is tille d  w a te r , both  so lu tions w ithout dye . T h e  q u e s tio n  is-w here the  d i s 
c o lo ra tio n  of the t is s u e  would be q u ick e r if  the  a l te ra t io n  caused by d is t i l le d  
w a te r  is  r e v e r s ib le ?  A ccord ing  to  the  m e m b ra n e  th e o ry , conditions w h ic h  
dam age the m em brane  a re  m ain ta in ed  in  d is t i l le d  w a te r , and the p e r m e a 
b ility  of the m em b ran e  re m a in s  h ig h e r. T h e re fo re  the  conditions w ill b e  
m o re  fav o rab le  fo r ex it of the dye than  in  m u s c le s  p laced  in R inger’s s o lu 
tio n . H ere  conditions a re  c re a te d  fo r  th e  r e s to r a t io n  of low p e rm e a b ility  
o f the  m em brane  and diffusion of the dye th a t  h a s  e n te re d  the muscle f i b e r s  
should be re ta rd e d  by the m em b ran e  w hich r e g a in s  i ts  in itia l p ro p e r t ie s . 
I t w as easy  to show ex p e rim en ta lly  th a t in  d is ti l le d  w a te r , p ra c tic a lly  
a l l  the  dye rem ain ed  in  the m u sc le , w hile  in  R in g e r ’s solution, the d y e  
ra p id ly  left the  m u sc le  in  the fo rm  of a s ta in  c loud .

O bviously th is  r e s u l t  cannot be ex p la in ed  b y  d e c re a s in g  o r  in c re a s in g  
the  density  of the  m em b ran e . S im ila r  e x p e r im e n ts  can  b e  perform ed a f t e r  
dye h as  le ft the c e lls , i , e , , a f te r  r e s to r in g  th e i r  n o rm a l sorption p ro p e r t ie s  
w hich w ere  te m p o ra r ily  a lte re d  by a  c e r ta in  s t im u la n t.

F o r  u s , the  p rob lem  of p e n e tra tio n  of d y e s  in to  c e lls  is  of sp e c ia l 
in te re s t  fo r a  n u m b er of re a so n s . F i r s t  of a l l ,  the  in te n s ity  of v ital so rp tio n  
i s  an  index of the physio lo g ica l s ta tu s  of p ro to p la sm . S tim ulants m ay i n 
c r e a s e  th is  so rp tio n  leve l co n sid e rab ly .

It is  w ell known th a t the  m a jo r ity  o f d y es  a r e  com ple te ly  d is s o c ia te d  
m a c ro m o le c u la r  o rg an ic  e le c tro ly te s . T h e  b a s ic  dyes have a sta ined  c a tio n , 
w hile  the ac id  ones have a  sta in ed  an ion . A s w ill be seen  la te r , th e  d i s 
tr ib u tio n  of b a s ic  and ac id  dyes c lo se ly  r e s e m b le s  the  d is trib u tio n  of m in era l 
c a tio n s  and an ions betw een  the c e lls  and th e i r  e n v iro n m e n t. A very  im p o r 
tan tad v an tag e  of the  v i ta l  s ta in in g  m ethod  is  th a t  by i ts  u se , the d is tr ib u tio n  
o f the ions th rough  the  com ponents of th e  c e l l  c a n  be stud ied .

T ro sh in  (1951 c) u sed  th is  m ethod  to  s tu d y  th e  d is trib u tio n  of b a s ic  
and ac id  dyes in sk e le ta l fro g  m u sc le s . T he fo llow ing w e re  studied: 
(1) n e u tra l  r e d  (a b a s ic  dye causing  w eak  g ra n u le  fo rm a tio n  in the s a r c o 
p la sm  of m u sc le s ); (2) rhodam ine  (a b a s ic  dye s ta in in g  protoplasm  o n ly  
d iffu se ly ) and (3) phenol re d  (an ac id  dye a ls o  cau s in g  diffuse vital 
s ta in in g  of p ro to p lasm ).
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FIGURE 89. Uptake 
of v ita l s ta in s  from  
the  m edium  by dead 
s a r to r iu s  m u sc les  
of the frog  (acco rd 
ing to T rosh in , 1956). 
Legend as in  F ig u re  88.
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FIGURE 88. U ptake of v i ta l  s ta in s  
from  the m ed ium  by liv ing  s a r to r iu s  
m u sc les  of the  fro g  (a c c o rd in g  to 
T ro sh in , 1956)

A —phenol re d ; B —n e u tra l  re d ;
C —rhodam ine . T he n u m b e rs  above 
the c u rv e s  d e s ig n a te  c o n c e n tra tio n s  
of the dyes in  th e  su rro u n d in g  so lu tion .

140 T he e s ta b lish m e n t o f eq u ilib riu m  betw een dye outside and in s id e  the 
m u sc le s  w as f i r s t  s tu d ied  on liv ing  and k illed  m u sc le s , using  d iffe re n t 
co n cen tra tio n s of the  dye. T he m u sc le s  w ere  kept fo r  d ifferen t p e r io d s  of 
tim e  in  so lu tions of th e  dye d ilu ted  w ith  R in g e r 's  so lu tion , a f te r  w h ich  they 
w e re  quick ly  w iped and d r ie d  on t is s u e  paper and p laced in  ac id ified  a lcoho l 
to  e x tra c t the  dye fro m  th e  p ro to p la sm . The re su lta n t ex tra c t w as m e a s 
u red  c o lo r im e tr ic a l ly  in  a  P u lf r ic h  p h o to m ete r, and the re s u lt  s ta te d  in 
te rm s  of 100 m l of m u s c le  w a te r . The re s u l ts  of th is  s e r ie s  of e x p e r im e n ts  
a re  given in  F ig u re s  88 (liv e  m u sc le s ) , and 89 (k illed  m u sc les). T h e se  
fig u re s  show th a t th e  d iffu sio n  eq u ilib riu m  w as reach ed  m o re  ra p id ly  w ith 
live  m u sc le s  th an  w ith  d ead  ones; in  the  fo rm e r ca se , a f te r  1-3 h o u rs , 
and in  the  la t te r ,  a f te r  5 -1 0  h o u rs . If p e rm eab ility  w ere  a s s e s s e d  b y  the 
ra te  of e s ta b lish m e n t of d iffu sio n  eq u ilib riu m , the conclusion w ould th u s  
be th a t p e rm e a b ility  o f liv ing  m u sc le s  is  h ig h e r than  th a t of dead o n es , 
w hich is , of c o u rs e ,  an  u t te r  p arad o x . In re a lity , dead m u sc le s  b in d  in 
com parab ly  m o re  dye th a n  live  m u sc le s  and tra n s p o r t  of a m uch g r e a te r  
am ount of dye in to  th e  c e l l  is  r e q u ire d  in  o rd e r  to  re a liz e  so rp tio n a l s a tu r a 
tion , than  in  th e  c a s e  of liv ing  m u sc le  f ib e rs .

T h e re  is  a  n o tab le  d iffe re n c e  in  d is trib u tio n  of acid and b a s ic  dyes 
in  living m u sc le s . At e q u ilib r iu m , th e re  is  app rox im ate ly  2-2 .5  t im e s  
le s s  phenol r e d  in  liv in g  m u s c le s  th a n  in  the m edium , while the  e q u ilib r iu m  
concen tra tion  of n e u tra l  r e d  and of rhodam ine, on the o ther hand, is  m any 
tim es  h igher. T h is  is  ex p la in ed  by the fac t th a t the p ro te in s  of liv in g  and 
k illed  p ro to p la sm  a re  n e g a tiv e ly  ch a rg ed . The so rp tio n  of dyes ta k e s  p lace  
e ith e r  in  the fo rm  of e le c tro -a d  so rp tio n  upon w hich, f i r s t  of a ll , th e  p o s i
tively  ch arg ed  s ta in e d  c a tio n s  of b a s ic  dyes a re  ad so rbed , o r  in  th e  fo rm  
of a sim ple  exchange r e a c t io n  betw een  the m in e ra l ca tio n s of the p ro te in  and the 
cations of the dye. In e i th e r  c a se , the p ro te in s  should m ain ly  bind the  b a s ic  dye.
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On the  b a s is  of data  on e s ta b lish m e n t of e q u ilib r ia  ( F ig u re s  88 and 
89), d is trib u tio n  c u rv e s  of the dyes be tw een  th e  c e l ls  and the  m ed ium  w ere 
draw n (F ig u re  90 and 91). F ig u re  90 show s such  a  g rap h  fo r liv e  muscles 
On com paring  th is  fig u re  w ith tho se  c o rre sp o n d in g  to  the d is tr ib u tio n  of 
o th e r su b stan ces (F ig u re s  72, 74, 78, 80, and 86), it w ill be s e e n  that 
th e re  a re  no b a s ic  d iffe re n c es . In o th e r  c a s e s  two s ta g e s  of d is tr ib u tio n  
could alw ays be d is tin g u ish ed . The f i r s t  s ta g e —d is tr ib u tio n  fro m  w eaker 
su rround ing  so lu tio n s—w as c h a ra c te r iz e d  by p re v a le n c e  of s o rp tio n . On 
the  g rap h s , th is  w as e x p re sse d  by the  lo c a tio n  of the  in i t ia l  c u rv ilin e a r  
sec tio n  of the cu rv e  above the b is e c tr ix .  In the  second  s ta g e , a f t e r  the 
sorb ing  su rfa c e s  w e re  s a tu ra te d  w ith the  su b s ta n c e , th e  d is tr ib u tio n  was 
e x p re ssed  by a s tra ig h t line , passin g  below  th e  b is e c tr ix  and correspond ing  
to  solution in  the  p ro to p la sm  acco rd in g  to  th e  law  of H enry . Both these 
s tag es  a re  w ell seen  in the d is tr ib u tio n  o f n o n e le c tro ly te s  b e tw een  the 
m edium  and the p ro to p lasm  of e ry th ro c y te s , m u sc le  f ib e r s  and y e a s t  ce lls.

F ig u re  90 show s d is tr ib u tio n  c u rv e s  of tw o  b a s ic  dyes (oa and ob) 
which r i s e  steep ly  c o n sid e rab ly  above the  b i s e c t r ix  (od) and th e  c u rv e  of 
the acid dye (oc) which is  loca ted  a lm o st to ta lly  below  the b ix e c tr ix ,  in the  
fo rm  of a  s tra ig h t lin e  at an acu te  angle to  th e  a b s c is s a .  B asic  d y es  a re  so 
s trong ly  ab so rb ed  by p ro to p lasm  th a t the  s a tu ra t io n  lim it can n o t b e  reachec 
w ithout dam aging the  living p ro to p la sm . T h e re fo re , the  value o f th is  lim it 
cannot be g ra p h ic a lly  d e te rm in ed . L ik ew ise , the  d is tr ib u tio n  co e ffic ien t 
of the d isso lved  fra c tio n  of the b a s ic  s ta in s  co u ld  no t be d e te rm in e d  since 
th e ir  d is trib u tio n  c u rv e s  w e re  fa r  from  b e in g  r e c t i l in e a r  and did n o t c ro ss  
the b ise c tr ix . A s f a r  as ac id  dyes a r e  c o n c e rn e d , th e i r  c u rv e s  a lm ost 
do not p o s s e s s  an in it ia l  c u rv il in e a r  se c tio n  and th ey  a r e  d e s c r ib e d  in the  
fo rm  of a s tra ig h t line  (F ig u re  90, oc). T h is  m e a n s  th a t acid d y e s  are 
a lm o st not so rb ed  by liv ing  p ro to p lasm  and  th e i r  m a jo r  p a r t  is  p re se n t in  
the  c e lls  in  a f re e  d isso lv ed  s ta te , th e ir  so lu b ili ty  in  p ro to p la sm  w ater 
being v e ry  low. F o r  phenol red  the  a d so rp tio n  lim it  (А и ), d e te rm in e d  
g rap h ica lly , equals  0.001 g of dye p e r  100 m l of w a te r , and the d is tr ib u 
tion  coefficien t (K) eq u a ls  0.25, B oth  th e s e  v a lu e s  fo r  ac id  d y es a re  
ex trem ely  low as co m p ared  w ith  o th e r s u b s ta n c e s  stu d ied .

T hus, T ro sh in  h a s  shown th a t v ita l s ta in s  p e n e tra tin g  l iv in g  p ro to 
p lasm , m ay e x is t th e re  in  two s ta te s —the so rb e d  and the d is so lv e d  one. 
We have a lread y  m en tioned  th a t in  th is  in s ta n c e , so rp tio n  m e a n s  e ith e r 
e le c tro -a d  so rp tio n  on m ic e lla r  su rfa c e s , o r  a  c h e m ic a l exchange re a c tio n  
betw een the m in e ra l ion of the  p ro te in  and th e  s ta in e d  ion of the  dye  of th e  
sam e charge . In e i th e r  c a se , the  b inding be tw een  the  dye and th e  su b stra te  
is  re v e rs ib le .

T here  is  a lso  a th ird  p o ss ib le  fo rm  of e x is te n c e  of the  dye in  p ro to 
p lasm , i. e . , th e  s tab le  i r r e v e r s ib le ,  o r  m o re  c o r r e c t ,  s lig h tly  r e v e r s ib le  
binding by the s u b s tra te . T hat is  to  say , th e  d ep o sitio n  of g r a n u le s  of 
basic  and acid  dyes in  c eB s. It is  known th a t  hav ing  once a p p ea red , 
the dye g ran u les  m ay e x is t  in the  c e lls  f o r  w e e k s  and  even m o n th s , as 
long as the c e lls  liv e . On the  d eath  of the  l a t t e r ,  th e  s ta in e d  g ra n u le s  
d isso lve .

142 As w ill be seen  la te r ,  the  n a tu re  of d is tr ib u tio n  and b in d ing  o f basic
and acid dyes by liv ing  p ro to p la sm  c lo se ly  r e s e m b le s  the  d is tr ib u tio n  
and binding of the  m in e ra l  ions and c e l ls .  In bo th  c a s e s , th e re  a r e  th ree  
fo rm s of ex is ten ce  of the  su b stan ce  in liv ing  p ro to p la s m : f r e e  so lu tion , 
e a s ily  re v e rs ib le  so rp tio n , and slig h tly  r e v e r s ib le  s ta b le  b ind ing .
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FIGURE 91. R e
la tio n sh ip  betw een 
the  concen tra tion  
of v ita l s ta in s  in 
k illed  frog  m u sc le s , 
and th e ir  concen
tra tio n  in  the m edium  
(acco rd in g  to  T ro sh in , 
1956).
Legend a s  in F ig u re  90.

FIGURE 90. R e la tio n sh ip  betw een 
the c o n cen tra tio n  of v i ta l  s ta in s  in 
m uscle f ib e r s  (C c  in  g p e r  100 m l 
of in tra c e l lu la r  w a te r ) , and th e ir  
concen tration  in the m edium  (C s , 
in %) a t 19-20°C (a c c o rd in g  to 
T roshin , 1956}

a—n eu tra l re d ; b —rh o d am in e ; 
c—phenol re d . F o r  exp lan a tio n  see  
text.

F ig u re  91 show s d is tr ib u tio n  c u rv e s  of b a s ic  and ac id  dyes on 
staining of k illed  m u s c le s . The so rp tio n  of both by dead p ro to p lasm  in 
c reased  to  su ch  an  ex ten t th a t it  w as im p o ssib le  to  draw  the  g rap h  on the 
sam e s c a le , and  the  s c a le  of co n cen tra tio n s  in the c e l l  on the o rd in a te  had 
to be in c re a s e d . T h u s , th e  b is e c tr ix  od, w hich in  F ig u re  90 in d ica ted  a 
s im ila r d is tr ib u tio n  of th e  s ta in  in the  c e ll and in the  m edium , w as lo ca te  
in F ig u re  91 a t a v e ry  acu te  angle . T he c u rv e s  of b asic  and ac id  s ta in s  
are  located  c o n s id e ra b ly  above the b is e c tr ix . T h is  in c re a se  in  so rp tio n  
as a re s u lt  of k illin g  the  c e l l s  i s  not s u rp r is in g . In the p rev ious ch a p te r , 
it was show n th a t in c re a s e d  so rp tio n  of dyes w as c h a ra c te r is t ic  not only 
of death of th e  p ro to p la sm , bu t a lso  of re v e rs ib le  dam age in flic ted  on it. 
In our s tu d ie s , a s  in T r o s h in 's ,  in c re a se d  so rp tio n  on death  of the  p ro to 
plasm  w as m uch  s t ro n g e r  w ith ac id  s ta in s  than  w ith b asic  o n es . F ro m  
this point of v iew , it  i s  m uch  m o re  convenien t to  u se  acid dyes (phenol 
red) fo r the d e te c tio n  and  q u an tita tiv e  study  of p a ra n e c ro s is .

из N o n equ ilib rium  of E le c tro ly te  C om position
of C e lls  and E nv ironm ent

The in te rc h a n g e  of e le c tro ly te s  betw een  c e lls  and the  su rro u n d in g  m e 
dium is  a  c e n t r a l  c o n s id e ra tio n  in  the  th e o ry  of c e llu la r  p e rm e a b ility . I t is  
specific fo r  d iffe re n t ty p e s  o f c e ll, and changes m ark ed ly  when the  c e ll  d ie s . 
The cation  p r e s e n t  in  liv ing  p ro to p la sm  is  m o stly  p o ta ss iu m , and th e  an ions 
m ostly p h o sp h a te s . In th e  su rro u n d in g  m edium  th e  p red o m in an t ca tio n  is
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sodium , and the p redom inan t anion c h lo rin e . A fte r  death  the c e lls  lo se  
po tassium  and phospha tes, and gain  sod ium  and ch lo rin e . T h is  p ro c e s s  
continues as long a s  a d iffusion eq u ilib riu m  is  no t e s tab lish ed .

T a b le  26

Concentration of mineral ions in plasma, sciatic nerve, and muscles of frog (in m/moler per 
1Q0 gram of tissue or plasma; water in percent of wet weight of tissue). According to 

Ferns, 1936; Fean, Cobb, Hegnauer and Marsh, 1934/1935; from Troshin, 19S6

lûn Plasma Nerve Muscle

Na+ 10.38 6.20 2.45
K+ 0,25 4 ,SO 8.30
C a^ 0,20 0,36 0,25
Mg++ 0-30 0,80 0,83
СГ 7.43 3-70 1.09
Г О Г ’ 0,31 1,00 1,28
hcoJ 2.54 1,08 1,07

H2 O 90,00 75.00 80.00

" N onequilibrium  in the d is tr ib u tio n  of e le c tro ly te s , a s  th is  p h en o 
m enon is u sua lly  te rm e d , is  found in the  living s ta te . The exp lanation  of 
the problem  is  an  old te s t  of the  th e o ry  of c e ll  p e rm e a b ility , and its  s o lu 
tion  should p rov ide  a  m ean s of u n d ers tan d in g  one of the  sp ec ific  p ro p e rtie s  
of living m a tte r .

The exp lanation  of b io e le c tr ic a l  phenom ena is  c lose ly  re la te d  to  the  
p roblem  of "nonequ ilib rium " in the  d is tr ib u tio n  of ions in p ro to p la sm , 
and consequently , a  v i ta l  a sp ec t of the  c o n te m p o ra ry  study of physiology, 
i. e. e lec trophysio logy , is  re la te d  to  it. T he p a p e rs  by F enn  (1930), 
Irv ing  and M anery  (1936), K ap lansk ii (1938), K rogh (1946), Hodgkin (1951), 
T ro sh in  (1956) and o th e rs  give a lm o st co m p le te  data  on the d is tr ib u tio n  of 
ions betw een the p ro to p lasm  and th e  m ed iu m . It follow s from  these  s tud ies 
th a t the a s sy m e tr ic  d is tr ib u tio n  of io n s fo llow s a v e ry  g e n e ra l law, p ro b 
ably without ex cep tio n s, and is  ap p licab le  to  the  p ro top lasm  of a ll  m u lt i 
c e llu la r  and m o n o ce llu la r  an im a ls  and p la n ts . A s an  exam ple , Table 26 
g ives an a ly ses  of the  p ro to p la sm ic  and p la sm a  conten t of the m o re  im p o r t
ant ca tions and anions in n e rv es  and m u sc le s  of th e  frog.

F ro m  the d a ta  given (T able 26) it  w ill be seen  that th e  m in e ra l  
com position  of the  c e ll  d if fe rs  sh a rp ly  fro m  th a t of the  surround ing  flu id . 
The explanation of the  m echan ism  m a in ta in in g  th is  h e te ro g en e ity  is  of 
param ount in te re s t  to the ph y sio lo g is t.

The m em b ran e  th e o ry  in  its  o r ig in a l fo rm  solved th is  p rob lem  v e ry  
sim ply . I t w as a t f i r s t  a ssu m ed  th a t a l l  th e  e le c tro ly te s  de tec ted  in th e  
living p ro to p lasm  by ch em ica l a n a ly s is  e x is te d  th e re  in  the fo rm  of a  sim ple 
aqueous solution . It w as a lso  a ssu m ed  th a t  m e m b ra n e s  of the  m a jo r ity  of 
c e lls  w ere  p e rm eab le  only to  p o ta ss iu m  io n s , to  ca tio n s  equal o r  s m a l le r  
in d iam e te r (NH+ ^ H+ ), and co m p le te ly  im p e rm e a b le  to  an ions. M e m 
b ra n e s  of e ry th ro c y te s , how ever, a r e  to ta lly  im p erm eab le  to  ca tio n s  an d  
sem ip erm eab le  to  an ions. U nder such  co n d itions the e le c tro ly te  as a  whole
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(anion + ca tion) cannot d iffuse  out free ly  from  the ce ll. This e lec tro ly tic  
"clogging" a p p e a rs  in  p ro to p lasm  during grow th and division of c e lls , as 
a  re s u lt  of in c re a s e d  m e tab o lism . A fte r being dam aged, the m em brane 
beco m es p e rm e a b le  to  a ll  ions and the ce ll e lec tro ly te s  p ass  free ly  to the 
o u tside , w hile  th e  e le c tro ly te s  of the m edium  en te red  the ce ll by diffusion.

H ow ever, th is  old and unfortunately  p rev a len t concept also  ap p ea rs  
in  co m p ara tiv e ly  new tex tb o o k s, and should now be recognized  as com pletely  
e rro n e o u s . T h is  e r r o r  o r ig in a lly  a ro se  because previous au th o rs  drew  
th e ir  co n c lu sio n s m a in ly  on the b a s is  of the in d irec t "osm otic" method. 
T h is w as b a se d  on th e  concept of the ce ll a s  an osm om eter surrounded  by 
a  se m ip e rm e a b le  m e m b ra n e . R ecently , how ever, it has been estab lished , 
m ain ly  on the  b a s is  of d ire c t  data  obtained by the m ethod of labe led  a tom s, 
th a t both  an io n s and c a tio n s  f re e ly  e n te r  the  ce lls  from  the m edium ; how
ev e r, the in te r c e l lu la r  co n cen tra tio n  n ev er equals the la tte r.

E x am p le s  of th is  w ill be given in  the th ree  following ch ap te rs .

P e rm e a b il i ty  of E ry th ro c y te s  to E lec tro ly te s

On the  b a s is  of e x p e rim e n ts  w ith o sm o sis , e a r l ie r  au tho rs m aintained 
th a t the m e m b ra n e s  of e ry th ro c y te s  a re  com pletely  im perm eable  to cations 
and only p a r t ia l ly  so  to  an ions (H am burger, 1891; G rijns, 1896; Hedin, 
1897, 1898; K oeppe, 1897; Kozawa, 1914, and o th e rs) . P e rm eab ility  
s e r ie s  w e re  e s ta b lis h e d  fo r  polyvalent anions on the  b as is  of ce ll shrinkage 
in  hy p erto n ic  so lu tio n s (H öher, 1945). The ready p e rm eab ility  of e ry th ro 
cy tes to  m any an io n s h a s  often been  confirm ed by using  labeled  atom s 
(Hahn and H ev esy , 1942; V lad im irov , P elishchenko and U rinson, 1947, 
1948; H evesy , 1950, 1951; M ueller and H astings, 1951, and o th ers).

H ow ever, m an y  d a ta  w e re  re c e n tly  accum ulated , on the  b as is  of which 
p e rm e a b ility  of e ry th ro c y te s , not only to  anions b u t also to ca tions, m ay be 
co n sid e red  to  be a f i rm ly  e s tab lish ed  fact. Thus, Davson (1934) has shown 
th a t ox e ry th ro c y te s  w ash ed  w ith po tassium  ch lo ride  a re  en riched  w ith po
ta ss iu m  at the  expense  of the sodium  ion. The opposite may be observed  
in  the p re s e n c e  of an  e x c e s s  of e x te rn a l sodium ch lo ride . In a  solu tion  of 
g lu co se , sod ium  le a v e s  the  e ry th ro c y te s  m o re  rap id ly  than po tassiu m . 
In the a u th o r s 1 opinion a l l  th e se  fa c ts  a re  difficult to  understand  in te rm s  
of the m em b ran e  th e o ry . It is  m uch e a s ie r  to explain them  by sorption 
m ech an ism s.

N u m ero u s s tu d ie s  u s in g  labeled  atom s support the concept of free  
p en e tra tio n  of p o ta ss iu m  and sodium  into e ry th ro cy te s . Such a re  the data 
of Hahn, H evesy  and  R ebbe (1939a, 1939b), Cohn and Cohn (1939), H evesy 
and Hahn (1941), M an ery  and B ale  (1941) and o th e rs . It is  a lso  in te re s tin g  
th a t the  r e s u l t s  o b ta in ed  by th e se  au th o rs  in  re la tio n  to  the r a te  of p e n e tra 
tio n  of sodium  in to  e ry th ro c y te s , both in  the organism  and in  v itro , w as 
app ro x im ate ly  th e  s a m e . A ccording to  Hahn and H evesy (1942), the  ra te  
of exchange of a l l  th e  sodium  of e ry th ro cy te s  w ith labeled  sodium  of the 

i4splasm a is  a s tound ing . In ra b b its  th is  exchange o ccu rs  within 15 m inu tes, 
in  dogs, i n 40 m in u te s , and in c a ts , in  5 to 6 h o u rs . A ccording to  th e ir  
data, only a s m a ll  p a r t  of the in te rc e llu la r  po tassium  is  exchanged with 
po tassium  fro m  th e  e x te rn a l  environm ent; how ever, the ra te  of th is  exchange 
is  h igher th an  th a t of sod ium .
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F enn  and c o -w o rk e rs  (D ean , Noonan, H aege and F enn , 1941; Noonan, 
F enn  and Haege, 1941a; M ullins, F enn , Noonan and H aege, 1941; Fenn, 
Noonan, M ullins and H aege, 1941) u sed  labeled  a to m s and a lso  observed 
the  fre e  penetra tion  of ra d io a c tiv e  p o tass iu m  into e ry th ro c y te s , and  its  ex
change with p lasm a po tassiu m . T he ra te  of th is  exchange d iffe red  in  v ar
ious an im als. On the b a s is  of th e i r  e x p e rim en ts , the a u th o rs  re a c h e d  the 
conclusion that the  fo rm e r co n cep ts  of p h y sio lo g is ts  on the  im perm eab ility  
of e ry th ro cy tes  to  ca tions w e re  e r ro n e o u s , and th a t it is  im p o s s ib le  to  ex
plain the observed phenom ena by th e  m em b ran e  th e o ry . T he sa m e  conclu
sion w as reached by Hahn and H ev esy  (1942), H evesy (1950), and a ls o  by 
Kam en and Spiegelm an (1948).

F in a lly , the w orks of Solom on and Gold (1952; Gold and Solom on, 
1955) should be m entioned. By th e  u se  of rad io ac tiv e  iso to p e s  th e y  demon
s tra te d  the perm eab ility  of hum an e ry th ro c y te s  to p o ta ss iu m  and sodium . 
L ikew ise the group of s tu d ie s  by  M aize ls  and H a rr is  (M a ize ls , 1943, 1945, 
1949, 1951, 1954; Feynn and M a ize ls , 1949; H a r r is  and M a iz e ls , 1951, 
1952; H a r r is  and P ra n k e rd , 1953) p e rfo rm e d  by d ire c t c h e m ic a l analysis  
and by the use of rad io ac tiv e  iso to p e s  w ith  hum an e ry th ro c y te s 'a n d  those 
of c e r ta in  an im als. T hese  a u th o rs  a lso  e s tab lish ed  the p e rm e a b il i ty  of 
e ry th ro cy te s  to sodium  and p o ta ss iu m  and they  showed th a t u n d e r  any  con
ditions deviating from  the  n o rm , p o ta ss iu m  leaves the c e ll, w h ile  sodium 
e n te rs  it . A fter re tu rn  of th e  e ry th ro c y te s  to  n o rm a l co n d itio n s , sodium 
d iffuses out of th e 1 e ry th ro c y te s  w hile  p o tassiu m  d iffuse s in to  th e m .

P e rm e a b ility  of M u sc le  F ib e r s  to  E le c tro ly te s

O rig inally  the p ro p o n en ts  of the  m em brane  th e o ry  a s s u m e d  th a t  the 
m em brane of m u sc le  f ib e r s  w as im p e rm eab le  to  a ll  a n io n s , im p e rm e a b le  
to  sodium , lithium  and ca lc iu m  c a tio n s , and p e rm eab le  to  s m a l l e r  c a tio n s , 
nam ely , po tassium , ru b id iu m , c e s iu m , am m onium , and h y d ro g e n . T h u s, 
the se lec tiv e  p e rm eab ility  to  io n s w as explained on the  b a s i s  of th e  " s ie v e  
th eo ry " , the dim ensions of th e  p o re s  of th is  sieve b e in g  d e te rm in e d  not on ly  
by th e ir  actual d iam e te r bu t a lso  b y  the  ch arg e  of the  m e m b ra n e  (M ond a n d  
Am son, 1928; N e tte r, 1928; M ond and N e tte r , 1930, 1932; H ö b e r ,  1936, 
1945; and o thers). On the  b a s is  of th e se  a ssu m p tio n s , an  a t te m p t  w as m ade 
to explain the asy m m etry  and  d is tr ib u tio n  of ions in the  f ib e r s  b y  th e  Donnan 
equ ilib rium  (N etter, 1928; M ond and N e tte r , 1930, 1932; H ö b e r , 1935). 
H ow ever, th is  explanation  w as co m p le te ly  re fu ted  b y  the  th o ro u g h  e x p e r i 
m en ts  of Fenn and Cobb (1935a).

M ore recen t s tu d ies  p e rfo rm e d  by the  use  of d i r e c t  c h e m ic a l  a n a ly se s , 
and in m any c a s e s  by the u se  of rad io ac tiv e  iso to p es, have show n th a t  n o t  
only m ay potassium  and am m onium  fre e ly  e n te r  m u sc le  f ib e r s  a n d  r e p la c e  
each o th e r, although no t in  eq u iva len t r a t io s  (Fenn, H aege , S h e r id a n  an d  
F lic k , 1944), bu t that sod ium , too , m ay rap id ly  e n te r  in to  th e  p r o to p la s m  
and diffuse to the ou tside . I t w as o rig in a lly  a ssu m ed  th a t a l l  th e  so d iu m  

u s  and ch lo rine found in m u sc le s  is  p re se n t not in the c e l ls  b u t in  th e  i n te r 
c e llu la r  spaces. H ow ever, th is  a ssu m p tio n  was not c o n firm e d . I f  th is  h a d  
been  proved, then  the r a t io  in  p la sm a  would be the  sa m e  a s  in  m u s c le s .
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In r e a li ty  th is  is  not so. In m an the ra tio  is  1,37 in p lasm a, and 1.76 

in  m u sc le s . A ccording to  the  da ta  of Fenn , Cobb and M arsh  (1934), ip  the 
Na

fro g  the  ra tio  of is  1,47 in  p la sm a  and 2.14 in m u sc le s . E v iden tly , th is  

p a r t  of the sodium  is  con tained  in  the m u sc le  f ib e rs . H ow ever, th e se  a re  
only  in d ire c t frag m en ts  of ev idence. In addition, th e re  a re  a lso  d ire c t  
in d ica tio n s of sodium  p e n e tra tio n  into m uscle  f ib e rs  (Wu and Y ang, 1931). 
The investiga tions of K ap lansk ii and B oldyreva (1933, 1934) should  a lso  be 
m entioned . T hese  au th o rs  show ed th a t on b reed ing  f ish  in a  m edium  with 
a  high sodium  content, the  co n cen tra tio n  of th is  ca tio n  in the b lood  re m a in s  
co n stan t, while in  the m u sc le s  i ts  content in c re a se s  from  51.5 to  83.4 mg 
p e rc e n t. K aplanskii and B oldyreva  reach ed  the  conclusion  that when sodium  
p e n e tra te s  into the m u sc le s , it  fo rm s  a weakly d isso c ia tin g  com pound with 
p ro te in s .

A num ber of d ire c t  o b se rv a tio n s  on the sodium  p en e tra tio n  of m u sc le s  
and i t s  substitu tion  fo r p o ta ss iu m  w ere  m ade w ith the  use  of rad io ac tiv e  is o 
to p e s  (Heppel, 1939, 1940).

T his in v es tig a to r  fed r a ts  on food with a  low po tassium  conten t, a fte r 
w hich the po tassium  con ten t in  the blood of the  an im a ls  d e c re a sed  alm ost 
th re e fo ld , and in the m u sc le s  twofold. At the  sam e tim e  the sodium  content 
of the  m u sc les  in c re a se d  th ree fo ld . H eppel (1940) in troduced  lab e led  so 
dium into the peritoneum  of th e se  r a ts .  Subsequently  he e s tim a te d  i ts  pene
t ra t io n  into m u sc le s . The re s u l ts  w e re  re m a rk a b le . A ll the sodium  in 
th e  m u sc les  w as exchanged fo r labe led  sodium  ions from  the p la sm a  in 
l e s s  than  1 hour. T hus, the  p en e tra tio n  of sodium  into the m u sc le s  of 
w arm -b looded  an im a ls  is  seen  to  o ccu r v e ry  rap id ly .

Keynes (1954) u sed  rad io ac tiv e  iso topes and stud ied  quan tita tive ly  
th e  ra te  of in terchange of p o tassiu m  and sodium  in iso la ted  frog  m u sc le s . 
T h is  ra te , accord ing  to  h is  d a ta , w as quite co n sid e rab le  (4.5 p ikom oles 
p e r  square  ce n tim e te r  of f ib e r  a r e a  p e r second). The exit of p o tassiu m  
fro m  m u sc les  is  som ew hat f a s te r .  In c reasin g  the co n cen tra tion  in  the m e 
dium  in c re a s e s th e  ra te  of its  pen e tra tio n . E x it of sodium  from  the f ib e rs  
o c c u rs  at the  sam e ra te  a s  the pene tra tio n  of po tassiu m .

P e n e tra tio n  of ra d io a c tiv e  sodium  into m u sc le  f ib e rs  w as a lso  con
f irm e d  by the  s tu d ies  of M anery  and B ale (1941), U ssing  (1947), G re e se  
(1954) and o th e rs . T h is  w as a lso  investig a ted  in  h e a r t  m uscle  b y  K rogh 
and c o -w o rk e rs  (K rogh and L indberg , 1944; K rogh, L indberg and Schm idt- 
N ie lsen , 1944). A ccord ing  to  th e se  au th o rs  the sy ncy tia l f ib e rs  of the i s o 
la te d  frog h e a r t  a re  p e rm e a b le  to  po tassiu m , sodium , ca lc iu m , g lucose 
and sa c c h a ro se . D epending on the co n cen tra tion  of ions in the  m edium , 
po tassium  and sodium  m ay move fre e ly  in  the d irec tio n  of the syncytium  
o r  away from  it, th e se  m ovem en ts o ccu rrin g  a s  if  against a  co n cen tra tio n  
g rad ien t. The above a u th o rs  be ing  su p p o rte rs  of the m em b ran e  theory , 
w e re  fo rced  to  a ssu m e  the  ex is ten ce  of a  c e r ta in  m echan ism  w ith in  the 
m em brane , w hich w as ab le  to  pump ions in both d irec tio n s  w ith  expend i
tu r e  of energy . The p re se n c e  of such a hypothetic  ''ionic pum p" in  the 
m em brane  w as a lso  a ssu m ed  by K rogh (1946), Hodgkin (1951), K eynes and 
M aize l (1954) and o th e rs . H ow ever, Hodgkin em phasized  th a t the r e a l  m e 
chanism  of "pum ping off" of sodium  from  the p ro to p lasm  i s  s t i l l  no t c le a r .
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It h a s  a lre a d y  been  m entioned  th a t the o rig in a l s u p p o r te r s  of the 
m e m b ra n e  th e o ry  be liev ed  th a t no anions p e n e tra te  the  m e m b ra n e  of non
s tim u la te d  m u sc le  f ib e rs  (H öber, 1926; Mond and A m son, 1928; 
R u b in sh te in , 1947). H ow ever, th is  b a s ic  a ssu m p tio n  p ro v e d  to  be in co rrec t. 
If the  ch lo rin e  ion indeed d id  not p en e tra te  the  f ib e rs , and in  the m u sc les  
w as found only in  the  in te rc e llu la r  sp aces , then  the in te r c e l lu la r  space 
d e te rm in e d  by the  ch lo rin e  p re se n t should be equal to  th a t  d e te rm in e d  by 
th e  u se  of o th e r an ions, o r  w ith su b stan ces  w hich do not p e n e tra te  the ce ll. 
In fa c t, th is  p roved  not to  be so . A ccord ing  to  the da ta  of B oy le , Conway, 
K ane, and O ’R e ily  (1941) the  "c h lo rin e  in te rc e l lu la r  sp a c e "  of frog  m uscle 
c o m p rise d  14% o f the  to ta l m u sc le , while the "m ag n esiu m " o r  "inulin" 
sp a c e  co m p rise d  9%. C lea rly , a  co n sid e rab le  p a r t  of the  c h lo r in e  should 
b e  w ith in  the  f ib e rs . The above-m en tioned  au th o rs  w e re  fo rc e d  to  com e.to 
th is  conclusion , although th ey  w ere  p roponen ts of the m e m b ra n e  th eo ry .

F enn  and c o -w o rk e rs  (Fenn  and Cobb, 1935a; F en n , Cobb and M arsh, 
1934) in v estig a ted  in  d e ta il the  "ch lo rin e"  and "sod ium " s p a c e s  of m u sc le s  
im m e rse d  in  R in g e r 's  so lu tion . It w as found th a t th e se  s p a c e s  in c re a se d  
fro m  14.7 to  31% of the  to ta l m u sc le  volum e a s  the m u s c le s  w e re  kept ou t
side  the  o rg an ism . O rig in a lly  th e se  in v e s tig a to rs  a s su m e d  th a t ch lo rin e  
w as p re se n t ex c lusive ly  in the  in te rc e llu la r  sp a c e s , and th a t  th e se  spaces 
a c tu a lly  in c re a se d  when th e  m u sc le s  w ere kep t in R in g e r 's  so lu tio n . Sub
sequen tly , how ever, F enn  and H aege (1942) w e re  fo rced  to  a d m it th a t c h lo r
ine  p a r tia lly  p e n e tra te d  the p ro to p la sm  of m u sc le  f ib e rs . D ire c t  proof of 
th e  p re se n c e  of ch lo rin e  in  m u sc le  f ib e r  p ro to p la sm  w as a l s o  obtained, 
H eilb runn  and H am ilton (1942) succeeded  in analyzing  is o la te d  m u sc le  f ib e rs  
in  f ro g s . R esu lts  showed th a t only 20% of th e  ch lo rin e  in  th e  m u sc le  a p 
p e a re d  in the  in te rc e llu la r  sp a c e s , while 80% a p p ea red  in  th e  m u sc le  f ib e rs . 
T hey ca lcu la ted  th a t the eq u ilib riu m  c o n cen tra tio n  of c h lo r in e  in  the fib e r 
w as 30% of i ts  co n cen tra tio n  in p la sm a . R e su lts  s im ila r  to  th e s e  w ere  ob
ta in ed  by H ess  and Chu (1952) fo r  iso la ted  n e rv e  f ib e rs  of v e r te b r a te s ,  
and by  Dean (1941a, 1941b) fo r  m u sc le  f ib e rs . S te inbach  (1937) dem on
s tr a te d  a h igh d eg ree  of p e rm e a b ility  of H o lo thu rio idea  m u s c le s  to  ch lo rine  
and p o ta ss iu m . F in a lly , Boyle and Conway (1941), W ilde (1945) and o th e rs  
re a c h e d  the  conclusion  th a t ch lo rin e  m ay d iffuse  into the  m u s c le  f ib e r  and  
leave it com pletely  w ithin a  sh o rt tim e  period  if  the  m u sc le  w as im m e rse d  
in  a c h lo r in e -f re e  m edium .

The m ain  anion in  the  p ro to p la sm  of d iffe ren t c e l l  e le m e n ts  is  th a t 
of phosphoric  acid . A ccord ing  to  the  s u p p o r te rs  of the m e m b ra n e  th eo ry , 
com pounds contain ing th is  anion e x is t in  p ro to p la sm  in the d is so lv e d  s ta te , 
and cannot d iffuse  out owing to  the com plete im p e rm e a b ility  of th e  c e l l  
m em b ran e  to  anions (H öher, 1926; H ill, 1930; F en n , 1936; B oyle and 
Conway, 1941 and o th e rs ) . H ow ever, Em bden and h is  c o -w o rk e rs  (E m bden 
and A d ler, 1922) showed th a t phosphoric  ac id  m ay leav e  is o la te d  fro g  
m u sc le s  at r e s t ,  but e sp ec ia lly  a f te r  ex c ita tio n . T hese  a u th o rs  a s c r ib e d  
th e  ex it of phosphates which they  o b se rv ed  e i th e r  to d am ag e  o r  to  a  s ta te  
of excita tio n  of the  ce ll m e m b ra n e s . F en n  (1931, 1936) a ls o  o b se rv ed  
the  ex it of phosphates from  m u sc le s , and he a ssu m ed  th a t p h o sp h o ru s  le ft 
the  c e l l  in the  form  of som e u n d isso c ia ted  o rg an ic  m o le c u le s . E x it of p h o s
p h o ru s  from  m u sc le s  w as s tud ied  in  g re a te r  d e ta il  by I l 'in  and  T ik h a l 'sk a y a  
(1931), who a r r iv e d  at som ew hat d iffe ren t co n c lu s io n s . A cco rd in g  to  th e ir  
d a ta , re s tin g  m u sc le  c e lls  a re  p e rm eab le  to  p h o sp h o ru s b u t p e rm e a b ility
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in c re a s e s  a f te r  ex c ita tio n . T hey a ssu m ed  th a t th is  in c re a s e  w as due not 
to  in c re a s e d  m em b ran e  p e rm e a b ility , but to  the  fo rm a tio n  of th is  an ion  
de novo during  m u sc le  ac tiv ity .

T he h igh cap ac ity  of phosphoric  ac id  com pounds to  p e n e tra te  m u sc le  
w a s  re c e n tly  d em o n stra ted  b y  H evesy  and Rebbe (1940). They in troduced  
ra d io a c tiv e  sodium  and phosphorus in to  fro g s , and a f te r  v a r io u s  t im e  in 
te r v a l s  d e te rm in ed  th e ir  c o n cen tra tio n  in  the  calf m u sc le s . A fte r only 1 
to  2 h o u rs  th e se  an ions reach ed  ap p ro x im ate ly  20% of th e ir  co n cen tra tio n  
in  p la s m a . W ith tim e  the  lev e l of rad io ac tiv e  phosphorus in c re a se d , and 
a f te r  3 days exceeded i t s  p la sm a  co n cen tra tio n  2.4 t im e s . T hus, phosphorus 
not on ly  e n te re d  p ro to p la sm  bu t i ts  d iffusion  o c c u rre d  a s  if  ag a in s t a  con
c e n tra tio n  g rad ien t. A cco rd ing  to  the  a u th o rs ’ da ta , a l l  the sodium  p re se n t 
in  th e  m u sc le s  w as exchanged w ith p la sm a  sodium  during  the f i r s t  2 ho u rs .

P e n e tra tio n  of p h o sp h o ru s into v a r io u s  o rg a n s  in m am m als  w as dem on
s t r a t e d  by the sam e m ethod  of ra d io a c tiv e  iso to p es  (Gaunt, G riffith  and 
I rv in g  (1941); M anery  and B a le , 1941; H evesy  and O tte  sen , 1943 and o th e rs) 
F u rc h g o tt  and S h o rr (1943) u sed  th is  m ethod  to  in v estig a te  phosphorus ex 
ch an g e  in  the  h e a r t  m u sc le  of a  dog. T hey o b se rv ed  th a t the e x tra -  and 
in t r a c e l lu la r  inorgan ic  ph o sp h a tes  w e re  exchanged w ithout the m ed ia tion  
of o rg a n ic  phosphorus com pounds. T h is  o b se rv a tio n  is  of sp e c ia l in te re s t ,  
s in c e  it  is  in  opposition  to  the  m em b ran e  th e o ry , w hich postu la ted  that 
p h o sp h o ru s  p a sse d  th rough  the  c e l l  m em b ran e  only in  the form  of som e 
o rg a n ic  com pound (Fenn, 1936).

To sum  up, the  co n cep ts  of the  m em b ran e  th e o ry  of p e rm e a b ility , 
a c c o rd in g  to  w hich m u sc le  f ib e r s  a r e  im p e rm eab le  to  an ions, w ere  d is 
p ro v e d  by m o re  re c e n t s tu d ie s , m a in ly  w ith rad io ac tiv e  iso topes. I t has 
b e e n  shown th a t m u sc le s  a r e  p e rm e a b le  to  a ll  the ca tio n s  and anions.

P e rm e a b ili ty  of N e rv e  F ib e r s  to  E le c tro ly te s

The c la s s ic a l  m e m b ra n e  th e o ry  co n sid e red  n e rv e  f ib e rs , like  m u sc le  
f ib e r s ,  to  b e  co m p le te ly  im p e rm e a b le  to  anions and se lec tiv e ly  p e rm eab le  
to  c a tio n s . The sam e co n c lusion  w as d raw n by N e tte r  (1927), on the  b a s is  

149 of in d ire c t da ta  from  the  ac tio n  of v a r io u s  s a l ts  on the  re s tin g  c u r re n ts  in 
m ed u lla ted  n e rv e s  in  f ro g s .

L a te r ,  F enn  and c o -w o rk e rs  (F enn , Cobb, H egnauer and M arsh , 
1934-1935) stud ied  the e le c tro ly te  co m position  of the  sc ia tic  n e rv e  in fro g s . 
T hey  com piled  a  tab le  of in te rch an g e  of ions betw een  p la sm a  and nerve  
f ib e r s ,  b a sed  on an a r b i t r a r y  a ssu m p tio n  th a t the  ch lo rin e  found w as a l l  
in  th e  in te rc e llu la r  sp ace , to  w hich unbelievab ly  la rg e  d im ensions had to 
b e  a sc r ib e d , i.e . 50% of th e  to ta l  vo lum e of the  n e rv e . T h is assu m p tio n  
w a s  m ade in  te rm s  of the  re q u ire m e n ts  of the  m em b ran e  th eo ry . A nother 
a s p e c t  of th is  th e o ry —im p e rm e a b ility  to  sod iu m —proved  im p ra c tic a l since 
th e  "sod ium  space" ex ceed ed  c o n sid e rab ly  the  d im ensions of the  "ch lo rin e  
sp a c e " . A ccord ing  to  the  d a ta  of F en n  e t a l. a ll  the  sodium  and ch lo rine  
in  a  g lucose solu tion  ra p id ly  le ft the  n e rv e ; one p a r t  of the  p o tassiu m  dif
fu sed  to  the outside and th e  o th e r  le ft the n e rv e  only a f te r  i ts  death . Thus, 
a cco rd in g  to  F enn , sodium  and  p o tass iu m  m ay  f re e ly  p e n e tra te  n e rv e  f ib e rs .
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Im perm eab ility  of n e rv e  f ib e r s  to  c h lo r in e  m ay be a ssu m e d , if  it is 
im plied  that th is ion is confined to  the  s p a c e s  betw een  the f ib e r s .  It 
is  very  difficult to prove th is  in  an in ta c t n e rv e . H ow ever, th is  p ro b lem  
h a s  recen tly  been solved by d ire c t  c h e m ic a l a n a ly s is  of iso la te d  g ia n t 
n e rv e  fib ers  of c e r ta in  cephalopod m o llu sk s . The p o ss ib ility  of im purities 
o rig inating  in the tis su e  flu id  o r  in  s e a -w a te r  w as excluded  in  th e s e  experi
m en ts .

On the b as is  of such  a n a ly se s . B e a r  and  Schm idt (1939) show ed  that 
the  protoplasm  of g igantic  f ib e r s  of T en th o id ea  contains p o ta s s iu m , sodium 
and chlorine, the sodium  conten t being h a lf  th a t, and the  c h lo r in e  a  quarter 
that in the p lasm a. T hus, the p re se n c e  of ch lo rin e  in  p ro to p la sm  i s  b e 
yond doubt, but a c e r ta in  equ ilib riu m  c o n c e n tra tio n  e x is ts  be tw een  the 
protoplasm  and the su rround ing  fluid.

Steinbach (1940b; S te inbach  and S peigelm an , 1943) an a ly zed  th e  axo
p lasm  of the sam e tis su e  u sing  the  sam e  m ethod , and th ey  found 369 m illi
m oles potassium , 4 4 m illim o le s  sod ium , an d 3 6  m illim o le s  c h lo r in e  p e r  kg 
body weight. A fte r iso la tin g  the n e rv e  and keeping  it  in  s e a -w a te r ,  the 
am ount of po tassium  in it  d e c re a se d , w hile  the  ch lo rin e  and  sod ium  in 
c rea sed . However, the con ten t of th e se  io n s  did not r e a c h  th a t  in  s e a 
w ater*. When the n e rv e  w as p laced  in  iso to n ic  g lu co se , a ll  the  sodium  and 
chlorine left rap id ly . A fte r re p la c in g  the  n e rv e  in s e a -w a te r  th ey  again  
diffused into the fib e r, re ach in g  fo rm e r  c o n c e n tra tio n s . T he a u th o rs  con
cluded that nerve  f ib e rs  of the  squid  a r e  h igh ly  p e rm eab le  to  so d iu m  and 
chlorine, and th a t the p roved  d isc re p a n c y  in  c o n cen tra tio n  of th e s e  ions 
outside and inside the f ib e r  could  in  no way b e  exp lained  by th e  "m em brane" 
theory .

P e rm eab ility  of n e rv e  f ib e r s  of cephalopod  m o llu sk s  to  c h lo r in e  and 
sodium was confirm ed by the  w ork  of W ebb and  Young (1940) and by  Keynes 

150 and Lewis (1959a). K eynes (1951b) s tu d ied  th e  ra te  of p e n e tra tio n  o f radio
active isotopes of po tassium  and sodium  into  the  g ian t f ib e r s  of cuttlefish . 
R esu lts  showed th a t po tassiu m  e n te re d  th e  f ib e r s  a t a r a te  of 17, w h ile  
sodium left at a ra te  of 61 p ikom oles p e r  seco n d  p e r cm ^ of th e  f ib e r  area. 
The diffusion ra te  of po tassium  to the  o u ts id e  w as 58 p ik o m o le s , w h ile  that 
of sodium was 33 pikom oles.

The above data confirm  the  o b se rv a tio n  th a t n e rv e  f ib e r s  a r e  highly 
perm eab le  to  a ll cations and an ions.

E lec tro ly te s  in the  P ro to p la sm  of N on stim u la ted  C e lls

The above exam ples a re  su ffic ien t to  d isp ro v e  the  c la s s ic a l  membrane 
theo ry . A rich  co llection  of d a ta  h a s  now accu m u la ted , m a in ly  by  th e  meth
od of labeled  a tom s. A n a ly sis  of the c o n te n ts  of iso la te d  m u sc le  and 
nerve  fib ers  p ro v es th a t a ll  the ions can  p a s s  c o m p a ra tiv e ly  r a p id ly  into

* Im m ediately a f te r  iso la tio n  th e re  w ere  36 m illim o le s  p e r  l i t e r  o f chlorine 
in the axoplasm . A fter 30 m in  in s e a -w a te r ,  th is  ro s e  to  75 m in im o les  
p e r l ite r , th is  concen tra tion  be ing  m a in ta in e d  fo r  a long t im e , no tw ith 
standing the fact th a t the  c o n c e n tra tio n  of ch lo rin e  in  s e a -w a te r  i s  540 
m illim oles p e r l i te r .
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p ro to p la sm  and leave i t  fo r  th e  o u tside . T h is  h as  b een  d e m o n s tra te d  m any 
t im e s  in  in v itro  e x p e rim e n ts  and in  the  in ta c t o rg a n ism .

Why th en  does the  c o n cen tra tio n  of e le c tro ly te s  ou tside and in s id e  
th e  c e l ls  not becom e eq u a l?  Why, w hile the  c e lls  liv e s , do not p o ta ss iu m  
and  ph o sp h a tes  leave fo r  the  o u tside , w here  th e ir  co n cen tra tio n  i s  m uch 
lo w e r, and why do sodium  and ch lo rin e  not e n te r  the  p ro to p lasm  ? What 
fo r c e s  keep  them  from  m oving in  the  d ire c tio n  of the co n cen tra tio n  g ra d 
ie n t?  Why, in  c e r ta in  c a s e s ,  fo r  exam ple during  re s to ra t io n  a f te r  e x 
c ita tio n  o r  dam age, do the ions begin  to  m ove as if aga in st the  c o n c e n tra 
tio n  g ra d ie n t, (po tassium  and phosphorus being d ire c te d  into the c e l l  and 
so d iu m  and ch lo rin e  to the  o u ts id e )?

On th e  b a s is  of new d a ta , we w ere  convinced of the  e rro n e o u s  ex 
p la n a tio n  of "noneq u ilib riu m " by the  m em b ran e  th e o ry . A s we have seen, 
c e r ta in  in v e s tig a to rs , in  o r d e r  to  exp la in  the  non equ ilib riu m  of ionic com 
p o s itio n  of p ro to p la sm , and s t i l l  re ta in in g  the  old concept th a t in tra c e l lu la r  
e le c tro ly te s  a l l  ex is t in  a d isso lv ed , f r e e  condition , p roposed  a new hy
p o th e s is . A ccord ing  to  th is , the c e ll  m e m b ra n e  supposedly  p o s s e s s e s  a 
c e r ta in  m ech an ism  w hich con tinuously  pum ps out sodium  ions fro m  the 
c e l l s ,  due to  w hich th e ir  c o n cen tra tio n  a t any given t im e  is  lo w er in  p ro to 
p la sm  th an  o u tside  it. T h is  c r e a te s  cond itions fo r  the  co n cen tra tio n  of 
o th e r  ions in  the  c e ils , due to  the  Donnan eq u ilib riu m . It is  se lf-e v id e n t 
th a t th e  w ork  of such a  hypo thetic  "sod ium  pum p" (Hodgkin, 1951), n e c e s 
s i ta te s  a  co n stan t ex p en d itu re  of en e rg y  a t the  expense  of in tra c e l lu la r  
m e ta b o lism .

A s a  p u re  sp ecu la tion , th is  hypo th esis  would be accep tab le . H ow ever, 
to  u s  it  se e m s  im probab le . If such  a  m ech an ism  ex is ted , why th en  should 
it  be connected  w ith the  c e l l  m em b ran e  w hich, acco rd in g  to  the  m em b ran e  
th e o ry , should  not exceed  a  few m o le c u la r  la y e rs  in th ic k n e ss  ? T he pum p
ing  off m ech an ism  could a lso  be lo ca lized  w ith in  the p ro to p lasm .

R ecen t l i te ra tu re  in d ic a te s  th a t m any known fa c ts  a re  incom patib le  
w ith  the  th e o ry  of the "sod ium  pum p" (Shaw and Sim on, 1955; T ro sh in , 
1956). The th e o ry  r e q u ir e s  th a t a l l  the  p o tassiu m  and sodium  in p ro to p lasm  
e x is t  in  the  fo rm  of a  f re e  so lu tio n . It w ill be shown la te r  th a t th is  r e 
q u ire m e n t c o n tra d ic ts  m any  c o n te m p o ra ry  s tu d ie s  w hich ind ica te  th a t a

151 c o n s id e ra b le  f ra c tio n  of the  c e ll  p o tass iu m  (60-80%), and a  p a r t  of the 
sod ium , is  ch em ica lly  bound by p ro to p lasm  and is  no t ionized. T ro sh in  
(1957) and T ro sh in  and P is a r e v a  (1958), e lic ite d  d a ta  w hich a r e  e sp e c ia lly  
convincing  in  th is  r e s p e c t , by  d e te rm in a tio n  of specific  rad io ac tiv ity . They 
show ed th a t only a  sm a ll f ra c tio n  of p o ta ss iu m , and a  c e r ta in  p a r t  of the 
c e l l  sod ium , m ay be f re e ly  exchanged by rad io ac tiv e  iso to p es. T he r e 
m ain ing  p o tass iu m  and sodium  is  not exchanged fo r  long p e rio d s  of tim e . 
T hus the  "pum p" th e o ry  w ould be accep tab le  only a f te r  assum ing  th a t th is  
"pum p" is  capab le  of s e le c tiv e ly  d is tingu ish ing  lab e led  e lem en ts  f ro m  u n 
la b e le d  ones. T h is is  co m p le te ly  out of the  question·. In o u r opinion, 
th e se  fac ts  com ple te ly  re fu te  the  th e o ry  of the  "sodium  pum p".

An e a r l i e r  exp lanation  (N asonov and A leksandrov , 1943a) seem s to 
us m uch  m o re  p robab le . T h is  w as th a t the  m em b ran e  th eo ry  w as b a se d  on 
th e  a ssu m p tio n  th a t a l l  the  p ro to p la sm ic  e le c tro ly te s  ex is ted  in a  f re e  d is 
so lv ed  s ta te . T h is  a ssu m p tio n  i s  v ita lly  im p o rta n t to  the  m e m b ra n e  th eo ry  
in  o rd e r  to  exp la in  the  eq u a lity  of osm otic  p r e s s u re s  in sid e  and ou tside  
th e  ce ll. M any re c e n t a n a ly se s  in d ica te  th a t a  co n sid e rab le  p ro p o rtio n  of
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the  e le c tro ly te s  in living p ro to p la sm  (m o stly  p o tassiu m  and p h o sp h a te s )  
e x is t th e re  not as a sim p le  aqueous so lu tion , but f irm ly  bound to  p ro te in s . 
T hese  a re  not ionized, and a r e  not c ap ab le  of fre e  d iffusion . In add ition , 
p ro to p lasm  is  a le s s  e ffec tive  so lv en t of s e v e ra l  non e le c tro ly te s  th a n  the 
w a te r  surrounding it. T he sam e  is  t ru e  of e le c tro ly te s . T h e re fo re  the  
d isso lved  frac tion  of e le c tro ly te s  is  in  eq u ilib riu m  w ith  th e i r  m o re  co n 
cen tra ted  solution w hich su rro u n d  the  c e ll.

These a re  the two fa c to r s  w hich cannot be igno red  w hile a t te m p ts  
a re  m ade to  explain the none qui lib riu m  of ionic co m p o sitio n  of p ro to p la sm , 
and which actually  m ake it  p o ss ib le  to  ex p la in  th is  phenom enon. T h e r e  is 
no need, th e re fo re , to r e ly  on th e  h y p o th es is  of the  "sod ium  p u m p ", which 
to  our m ind, is  not a  v e ry  p ro b ab le  one.

The following a re  the  im p o rta n t p o in ts  supporting  the  th e o ry  th a t  
p a r t  of the m in e ra l su b stan ce  is  bound to  p ro to p la sm ic  p ro te in s .

1) D eficiency of an io n s. On e s tim a tin g  the m in e ra l  c o m p o s itio n  of 
p ro top lasm , a ll  in v e s tig a to rs  have found a  g re a t  p red o m in an ce  of c a tio n s  
over anions. Thus, it h a s  b een  o b se rv e d  th a t 17% of the  c a tio n s  fo u n d  in 
hum an e ry th ro cy tes  a re  not co m p en sa ted  fo r  by m in e ra l an io n s. I t  h a s  
been  assum ed that th is  e x c e ss  of c a tio n s  i s  bound to  p ro te in  a n io n s  (K ram er 
and T isdall, 1922).

A ccording to the d a ta  of P ag e  (1927) the  num ber of c a tio n s  in  u n 
fe r tiliz e d  se a -u rc h in  eggs i s  6 t im e s  g r e a te r  th an  the  eq u iv a len t a m o u n t 
of anions.

A considerab le  p re v a le n c e  of ca tio n s  over anions in  fro g  m u s c le s  
w as detected  by F enn  (1936, 1938a) and a lso  by H ill and K upalov (1930). 
In the sc ia tic  nerve of fro g , F e n n  e t a l. (F enn , Cobb, H eg n au er and  M arsh , 
1934) found that the am ount of c a tio n s  w as tw ice  as g re a t  a s  th e  e q u iv a len t 
am ount of anions. The d efic iency  of an ions w as d e tec ted  by B e a r  a n d  
Schm itt (1939) in the axop lasm  of g ian t n e rv e  f ib e rs  of the  squ id  
Tenthoidea. A ccording to  th e i r  d a ta  the  e x c e s s  of c a tio n s  in  th is  t i s s u e  
is  not covered  by the an ions C l , HCOg , OH , SO 4 and H PO 4 p r e s e n t .

152 F inally  the w ork of E p sh te in  (1947) m u st be m entioned . He o b se rv e d
th a t in the b ra in  tissu e  of r a t s ,  in o rg an ic  b a s e s  w ere  sev en  t im e s  g r e a t e r  
th a n  the am ount of known in o rg an ic  ac id s . In the a u th o r 's  op in ion  th e  ex 
c e s s  of cations w as bound to  lip o id s , p ro te in s , am in o ac id s  and o th e r  su b 
stan ces.

A ll th e se  data, how ever, m ay  s e rv e  only as an in d ire c t in d ic a t io n  of 
the  p ossib le  bond betw een ca tio n s  and p ro te in s , s in ce  m any  a u th o r s  su spec t 
the  p resen ce  of c e rta in  s t i l l  unknown a c id  r e s id u e s  in  p ro to p la sm . T h e  
n a tu re  of the bonds th em se lv es  is  a lso  unknown. Ion ized  c a tio n s  sh o u ld  be 
exchanged with excess ca tio n s in  p ro to p la sm . As a r e s u l t ,  e q u il ib r iu m  
betw een in tra -  and e x tra c e l lu la r  sodium  and p o tassiu m  shou ld  b e  a t ta in e d . 
H ow ever, the p revalence of c a tio n s  in  th e  c e lls  is  so m e tim e s  so g r e a t  th a t 
the  ex cess  obviously cannot be bound to  p ro to p la sm ic  p ro te in s . In  s u c h  
c a se s  f irm e r  bonds would have to  e x is t.

2) Binding of p ro te in s  e x c re te d  f ro m  p ro to p la sm , to  p o ta s s iu m , 
ca lc ium  and m agnesium . It is  now an e s ta b lish e d  fac t th a t w hen c e r t a i n  
conditions p revail, the p ro te in s  e x c re te d  from  the p ro to p la sm  c o n ta in  
chem ica lly  bound p o tassium . The f i r s t  to  d raw  a tten tio n  to  th is  f a c t  w e re  
N eusch losz  e t al.(1923, 1925a-1926c; N eu sch lo sz  and T r e l le s ,  1924; 
N euschlosz and W alter, 1926). T h e re  have b een  s e v e ra l  ju s t if ie d  o b je c tio n s
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to  the m ethod  u se d  by th e se  a u th o rs  (Sim on and Szelöczey, 1928; G a lliso n , 
1931 and o th e rs ) . Subsequently , how ever, m any in v e s tig a to rs , u sing  a 
m e ticu lo u s  te c h n ic , have show n th a t a co n sid e rab le  p a r t  of the  c e ll  p o ta s 
sium  is  re a lly  pro tein -bound  and nonionized (E rn s t and F r ic k e r /  1934 a).

F ro z e n  fro g  m u sc le s  w e re  ground, and acetone e x tra c ts  p re p a re d ; 
1 /3 —1/5  of the to ta l  c e ll  p o ta ss iu m  p a sse d  in to  the f i l t r a te ,  the  rem ain in g  
p o ta ss iu m  being f irm ly  bound to  the  p ro te in  re s id u e . T hese  data  w ere  
co m p le te ly  co n firm ed  in  the w o rk s of R e g in s te r  (1937), who u sed  a  s im ila r  
m ethod  and show ed th a t fo u r t im e s  m o re  bound po tassium  is found in  the 
m u sc le s  than  f re e  p o ta ss iu m . S im ila r  r e s u l ts  w ere  obtained by K om etiani 
e t a l.iK o m etian i, D olidze and K lein , 1944; K om etiani, K lein , and D olidze, 
1946; K om etian i, 1947, 1948a, 1949). A ccording to th e ir  da ta , 70-85% 
of the p o ta ss iu m  e x is ts  in m u sc le s  in  a form  p a rtly  bound to p ro te in s  
(m yogen, m yoalbum in , and g lobulin  X) and p a r tly  in a nonionized s ta te . 
The binding of c e l l  po tassiu m  by p ro to p la sm ic  p ro te in s  w as con firm ed  by 
Szent G yorgyi (1947), who u sed  h is  r e s u l t s  to  e s tab lish  the  th eo ry  of m uscle  
co n trac tio n . It h a s  been  shown th a t the m yosin  ex cre ted  from  the  m u sc le s  
m ay be re v e rs ib ly  bound to  p o ta ss iu m , ca lc ium  and m agnesium .

It i s  of sp e c ia l  in te r e s t  to  us th a t in  the ex p erim en ts  p e rfo rm ed  in 
Szent G y ö rg y i's  la b o ra to ry , p o ta ss iu m  sp lit off from  the  p ro te in  and p assed  
into so lu tion  a f te r  d en a tu ra tio n  of a  m yosin  solution  w ith  a lcohol in the  p r e 
sence  of an ions. When the  m y o sin  re m a in e d  fo r  48 h o u rs  at 0e C, h a lf of 
the bound p o tass iu m  w as re le a s e d  and p a sse d  into the su rround ing  solution.

M ullins (1942a) show ed th a t p u rified  m yosin  gel, p laced in  a so lu tion  
contain ing  sodium  and p o tass iu m  in the sam e co n cen tra tio n s, took up and 
bound a lm o s t 4 t im e s  the am ount of p o ta ss iu m  in the m edium , w hile sodium  
was evenly  d is tr ib u te d . M yosin  d en a tu ra ted  at a te m p e ra tu re  h ig h e r than 
37° C lo s t  th is  a b ility  to  a b so rb  po tassiu m  se lec tiv e ly .

A ccord ing  to  the da ta  of T a ru so v a  and B urlakova (1939), p o tassium  
did not leave the c e lls  a f te r  h e m o ly s is  of e ry th ro c y te s  w ith d is tille d  w a te r , 
w hile on h em o ly s is  w ith sapon in , it  d iffused ou tside . It is  se lf-ev id en t 
th a t th e se  da ta  exclude the  p o s s ib il i ty  of in tra c e llu la r  p o tassiu m  ex isting  
in  a  f r e e  s ta te  and  being re ta in e d  by the m em brane . The au th o rs  th em se lv es , 
as  w ell a s  W ilde (1945) and S te inbach  (1940a, 1940b, 1944), a r r iv e d  a t the  
sam e conclusion . The la t te r  a s su m e d  th a t app rox im ate ly  50% of the  p ro to 
p la sm ic  po tassiu m  w as bound to  p ro te in s  and w as o sm o tica lly  in ac tive .

F in a lly  th e re  a re  in d ica tio n s  th a t a consid erab le  p a r t  of the Ca and 
Mg in the  c e lls  i s  a lso  bound to  p ro to p la sm ic  p ro te in s  (D ubuisson, 1942; 
B erw ick , 1951). A ccord ing  to  B erw ick , p a r t  of the bound calcium  p a sse d  
into solu tion  a f te r  the  ac tio n  of e th e r , cocaine and ch lo ro fo rm .

3) D e te rm in a tio n  of sp ec if ic  ra d io a c tiv ity . T his m ethod  m e r i ts  
sp ec ia l a tten tion  s in ce  the  d a ta  w e re  ob tained with in tac t a n im a ls , the 
n o rm a l functions of w hich w e re  in  no way d is tu rb ed . The m ethod w as as 
follow s; p o ta ss iu m  ch lo rid e , o r  an o th e r compound containing th is  e lem ent 
at a known sp ec ific  ra d io a c tiv ity , w as in troduced  into the blood of the  an i
m al. The sp ec ific  ra d io a c tiv ity  of v a rio u s  o rg an s w as d e te rm in ed  a t dif
fe ren t tim e  in te rv a ls , and fro m  the  r e s u l ts  it  w as concluded w hat f ra c tio n  
of the p o tass iu m  of the g iven  o rg an  w as su b stitu ted  by p o ta ss iu m  fro m  
w ithout. In com ple te  a g re e m e n t w ith d a ta  from  p ro te in s  e x tra c te d  from  
tis su e s , it w as shown (in the  in ta c t o rg an ism ), that only a sm a ll p a r t  of 
the ce ll p o tassiu m  w as capab le  of being exchanged fo r se ru m  po tassiu m .
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P ro b ab ly  an o th er p a r t  w as f irm ly  bound to  p ro to p la sm , w as not io n ized  and 
could not be exchanged. By the u se  of th is  m ethod  M ullins, F en n , Noonane 
and Haege (1941) showed th a t in  f ro g , r a t ,  and dog e ry th ro c y te s  20% o f the 
p o tassiu m  m ay b e  exchanged fo r  ra d io a c tiv e  se ru m  p o ta ss iu m . In g u in e a  
pig, rabb it, and ox e ry th ro c y te s  40% of th e  po tassiu m  m ay be ex changed , 
and only in c a t e ry th ro c y te s  w as a ll  the  p o ta ss iu m  exchanged. T h is  w a s  
probably  due to  the  fac t th a t the  la t te r  a r e  a lm o s t devoid of p o ta s s iu m . 

Hevesy and H ahn, 1941; Hahn and H ev esy , 1941a, 1941b, 1942, 
using  th is  m ethod, s tud ied  the  p o tass iu m  exchange of s k e le ta l  m u s c le s ,  
e ry th ro cy tes , b ra in  and liv e r . A cco rd in g  to  th e i r  da ta , about 60-70%  of 
the in tra c e llu la r  p o tassiu m  w as bound and no t exchanged. H ow ever, a l l  
the sodium and ch lo rin e  m ay ra p id ly  be exchanged  w ith the m edium . 
T ro sh in  (1956), studying exchange of m u sc le  po tassiu m  w ith  ra d io a c tiv e  
po tassium  (K1 2 ) of the  m edium  (the r e s u l t s  of which a r e  d e s c r ib e d  in  
F ig u re  92), co n firm ed  th is  o b se rv a tio n .

The am ount of po tassiu m  in m u sc le  p ro to p la sm  w hich took p a r t  in  
the exchange c o m p rise d  only 30% of the  to ta l. C onsequently , 70% of 
m u sc le  po tassium  w as bound and no t capab le  of exchange.

In our la b o ra to ry  T ro sh in  (1957) and P is a re v a  (T ro sh in  and P is a r e v a ,  
1958) studied in d e ta il the s ta te  of p o ta ss iu m  and sodium  in fro g  m u s c le s .  
T h e ir re su lts  con firm ed  th a t the o r ig in a l accep tance  of the  "sod ium  p u m p  
hypothesis w as w rong,

154 In th e ir  e x p e rim e n ts  th ey  p la c e d  iso la te d  s a r to r iu s  m u sc le s  of f ro g  
in  R in g er’s so lu tion  fo r  v a r io u s  tim e  p e r io d s . Subsequently , by a  c h e m ic a l 
m ethod, they d e te rm in ed  the chan g es in  p o ta ss iu m  and sodium  c o n c e n tra tio n . 
The ra te  of exchange of p o ta ss iu m  and sodium  in the m u sc le s  w ith  c o r r e 
sponding labe led  cations from  R in g e r 's  so lu tio n  w as m e a su re d  u n d e r th e  
sam e  conditions using  rad io ac tiv e  N a2 4  and  K4 2 . It w as found th a t  n o r m a l  
m u sc le  (before im m e rs io n  in R in g e r 's  so lu tion) contained 2,29 ± 0 .17  m  e q u iv . 
of sodium  pier 100 g of wet w eight of t is s u e ;  a f te r  10 m in u te s  in  R i n g e r 's  
solution, the m u sc le  contained 2.30 ± 0.34; a f te r  30 m in u te s - 2.67 ±  0 .25 ; 
a fte r  2 h o u r s - 3,38 ± 0.33; a f te r  3 h o u r s - 3.53 ± 0.55; and a f te r  5 h o u r s -  
3,85 ± 0 .55m  equiv, p e rcen t. The c o n cen tra tio n  of p o ta ss iu m  in m u s c le s  
kept under the sam e  conditions w as su b s ta n tia lly  n o rm a l (8.7 m  e q u iv . 
percen t) during  th e  f i r s t  day, and only  to w ard  the end of the  second  d a y  d e 
c re a se d  to 5.56 m  equiv. p e rc e n t. T he am ount of w a te r  in  m u sc le s  a l s o  r e 
m ained constant a t 79- 81 %,

L a te r , w hile  studying the  change in  ra d io a c tiv ity  of m u s c le s  k e p t  fo r  
d iffe ren t p e rio d s  in  R in g e r 's  so lu tions conta in ing  N a2 4  o r  K4 2 , T r o s h in  a n d  
P is a re v a  showed th a t both p o ta ss iu m  and sodium  w ere  p re se n t in  m u s c le s  
in  th re e  f ra c tio n s , w hich d iffe red  sh a rp ly  fro m  each  o th e r  in  th e i r  r a t e s  of 
exchange w ith the  m edium . They show ed th a t the  exchange re a c t io n  of 
m u sc le  sodium  and p o tass iu m  w ith  lab e led  sodium  and p o ta s s iu m  o f  
R in g e r 's  so lu tion , re sp e c tiv e ly , obeyed th e  following equation :

C t - a e ~ k l t + b e ~ k 2 t  +  c e “ k 3t ,

w here  C | is  th e  co n cen tra tio n  of th e  unexchanged  sodium o r  p o ta s s iu m  in  
tim e  t; a, b, and c a re  the in i t ia l  c o n c e n tra tio n s  of sodium  o r  p o ta s s iu m  
in  m u sc les  (t = 0) of the  f i r s t ,  second  and th ird  f ra c tio n s  r e s p e c tiv e ly ;  
k j ,  k 2 , and kg a r e  r a te  co n stan ts  of sodium  o r  po tassium  exchange f o r  
f ra c tio n s  a , b , and c re sp e c tiv e ly .
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A fte r  2 j h o u rs  in R in g e r’s so lu tion  the  c o n cen tra tio n  of sodium  in 
the  m u s c le s  w as 3.5 m equiv. (C o  a t t = 0), a —1.05 (30%), b —1.75(50% ), 
and  c —0.70 (20%) m equiv  p e r  100 g  of w et w eight of t is s u e , and the  r a te  
c o n s ta n ts  of exchange w ere  (in  h o u r - 1 ): kq—23.8; kg—3.89; kg —0.032. 
It fo llow ed th a t the  sodium  in f ra c tio n  c w as exchanged w ith lab e led  sod ium  
in R in g e r ’s so lu tion  a t a  ra te  a p p ro x im a te ly  700 tim e s  lo w er th an  the sodium  
in f ra c tio n  a, and 100 tim e s  lo w er th an  the  sodium  in fra c tio n  b.

O n the  b a s is  of the above d a ta , T ro sh in  and P is a r e v a  concluded tha t 
f r a c t io n  a c o n s titu ted  the  sodium  of the  in te rc e l lu la r  sp a c e s , f ra c tio n  b 
th e  so d iu m  of m u sc le  f ib e rs , and f ra c tio n  c —bound (nonionized) sodium . 
The c a lc u la tio n , fro m  the sodium  of f ra c tio n  a, of the d im en sio n s of th e  
in te r c e l lu la r  sp ace  of the s a r to r iu s  m u sc le , gave a re s u lt  of 9.5% of th e  

155 to ta l  vo lum e of m u sc le . The d im en sio n s  of th is  sp ace , a s  e s tim a te d  by  
o th e r  m ethods (" in u lin  sp ace" , " s u lfa te  sp a c e ” , e tc .)  by a n u m b er of a u th o rs , 
gave a  v a lue  c lo se  to  th is —9 to 12%. L a te r  T ro sh in  (1957), show ed th a t 
in c re a s e d  sodium  co n cen tra tio n  in m u sc le s , when the la t te r  w e re  kept in 
R in g e r 's  so lu tion , w as due to  in c re a s e  in the  f re e  sodium  fra c tio n  (fra c tio n  
b). U nder cond itions of d iffusion  e q u ilib riu m  the  ra tio  betw een  the  sodium  
c o n cen tra tio n  in  th is  frac tio n  to th a t in  the  m edium  (K) equ a lled  0.31.
W ith in  a  wide range  of sodium  c o n c e n tra tio n  in  the m edium , the co e ffic ien t 
К d id  no t change, i .e . ,  the  c o n c e n tra tio n  of sodium  d isso lv ed  in  the  w a te r  
of th e  m u sc le  f ib e r  (C, fra c tio n  b) changed depending on i t s  co n c e n tra tio n  
in. th e  m edium  (Cg) acco rd in g  to  H e n ry 's  law : C = CgK. The sa m e  v a lu e  
of К  fo r  sodium  and ch lo rine  w as o b ta ined  by T ro sh in  (1956) by the u se  of 
a  c h e m ic a l m ethod,

T ro sh in  and P is a r e v a  o b ta ined  the

ЯГ

о г к a
Time, hrs

FIGURE 92, Exchange of p o ta s -  
sium  in s a r to r iu s  fro g  m u sc le s  
w ith  po tassium  fro m  R in g e r’s 
so lu tion  (acco rd ing  to  T ro sh in , 
1956)

follow ing co n stan t v a lu es  fo r  p o ta ss iu m  
in the  above equation. At the beginning 
th e  c o n c e n tra tio n  of p o ta ss iu m  in m u sc le s  
C Q (a t t  = 0) equalled  8.7 m  equiv . a  w as 
2.0 (3.1%), b w as 1.3 (15.6%) and c w as 
7.2 (81.3%) m equiv. p e r  100 g  of w et 
w eight of t is s u e . T he ra te  c o n s ta n ts  fo r  
m u sc le  p o tass iu m  exchange in  the c o r r e s 
ponding f ra c tio n s  a r e  (in h o u r - 1 ): 
k j —4.4 , k g —0,24, kg—0,02, In o th e rw o rd s  
f ra c tio n  a  exchanged a t r a te  220 t im e s  
f a s te r  th an  fra c tio n  c and ap p ro x im a te ly  
20 t im e s  f a s te r  th an  f ra c tio n  b. I t m ay
be a s su m e d  th a t the p o ta ss iu m  of f ra c tio n  

a w as th a t of the  in te rc e l lu la r  s p a c e s . H ow ever, if it is  ta k e n  in to  acco u n t 
that the  d im ensions of th e se  s p a c e s  a r e  ap p ro x im a te ly  10% of th e  m u sc le  
volum e, knowing the  co n cen tra tio n  of p o ta ss iu m  in the  m ed iu m , it  m ay  be  
ca lcu la ted  th a t in the  in te rc e l lu la r  sp a c e s  about 0.4 m equiv. of p o ta ss iu m  
w as found. The rem ain in g  p a r t  of the  p o ta ss iu m  in f ra c tio n  a  (0.16 m  equiv.) 
c o m p rise d  d isso lv ed  (free ) p o ta ss iu m  of the  m u sc le  f ib e rs . T h e  f ra c t io n  
of the m uscle  p o tassiu m  b w as in a ll  p ro b a b ility  lab ile  bound p o ta ss iu m  
(adsorbed), w hile frac tio n  c w as s ta b le  ch e m ic a lly  bound p o ta s s iu m . 
The sam e d is tr ib u tio n  of m u sc le  p o ta ss iu m  in f ra c tio n s , and th e  d im en sio n s  
of th e se  f ra c tio n s , w ere  e a r l i e r  found by T ro sh in  (1956) on the  b a s is  of 
ap p ro p ria te  tre a tm e n t (by o th e r  m eth o d s) of the  d a ta  of c e r ta in  a u th o rs . 
A s a lread y  s ta ted , th ese  da ta  co m p le te ly  c o n tra d ic t  the  "p u m p ” th e o ry .
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Hodgkin (1951) and K eynes and L ew is (1951a, 1951b; K eynes, 1951a, 
1951b) reach ed  d iffe ren t conclu sio n s. In th e i r  opinion a ll  th e  p o ta ss iu m  in 
p ro to p la sm  e x is ts  in  the f re e  s ta te . It is  h igh ly  p ro b ab le  th a t  th is  c o n tra 
d ic tio n  w as due to  the fact th a t the au th o rs  s tud ied  the s p e c if ic  rad io ac tiv ity  
of iso la ted  g ian t n e rv e  f ib e rs  of cephalopod m o llu sk s (K eynes, 1951a, 1951b) 
and of iso la ted  bundles of n e rv e  f ib e r s  of the c ra b  (K eynes and L ew is , 1951a, 
1951b). T hese  two tis s u e s  su rv iv e  fo r  c o m p a ra tiv e ly  s h o r t  p e r io d s  of tim e 
in  a r t i f ic ia l  sa lin e  m edium . A ccord ing  to  the  av a ilab le  d a ta , th e ir  ex c ita 
b ility , and the m agnitude of the peak, d e c re a s e d  c o n s id e ra b ly  a f te r  20 m in
u te s  in  th ese  m ed ia  (P ro s s e r  and C h am b ers , 1938), bu t u n d e r  the  e x p e r i
m en ta l conditions em ployed, the f ib e rs  of Sepia (c u ttle f ish )  had  to  be kept 
in  th is  m edium  up to 4 hou rs, w hile  c ra b  f ib e rs  w ere  k ep t up to  15 hours. 
I t is  p o ss ib le  that during  th is tim e  the  p ro to p la sm  of the  f ib e r s  becam e 
dam aged.

As s ta ted , the to ta l in tra c e llu la r  co n cen tra tio n  of p h o sp h o ru s  is  con
s id e ra b ly  h igher than in the su rro u n d in g  m ed ium . A cco rd in g  to  F e n n  (1936) 
the to ta l phosphorus co n cen tra tio n  in  m u sc le s  is  ten  t im e s  g r e a t e r  than 
th a t of se ru m . The m ajo r p a r t  of th is  phosphorus e n te r s  in to  the  com posi
tio n  of o rgan ic  com pounds (n u c leop ro te in s, lip id s , and o th e rs )  and is  thus 

iss fixed  in  p ro to p lasm . However, ino rg an ic  phosphorus is  p a r t ia l ly  bound. 
E x p e rim en ts  p e rfo rm ed  by the d e te rm in a tio n  of sp ec if ic  r a d io a c t iv i ty  of 
phosphorus in  the m edium  and in c e lls  c o n firm  th is  h y p o th e s is . A g re a t 
m any s tu d ies  using  th is  m ethod d e m o n s tra te  th a t in  a  n u m b e r of tis su e s  
and c e lls  (e ry th ro cy te s , m u sc le s , y e a s t  c e lls  and o th e rs )  a f te r  equ ilib rium  
h as been e s tab lish ed , the sp ec if ic  ra d io a c tiv ity  of in o rg a n ic  p h o sp h a te s  of 
the m edium  is  h ig h e r than th a t of the inorgan ic  p h o sp h a tes  e x c re te d  fro m  
c e ll  p ro to p la sm  (H evesy a. Aten, 1939; Hahn a. H evesy, 1942; M ullins, 
1942b; F u rc h g o tt a. Shorr, 1943; Juni, K am en, S p iege lm an  a. W iam e, 
1947; M ueller a. H astings, 1951; E ic h le r  u, S c h m e ise r , 1951; and o th ers). 
T hese  d a ta  w e re  d iffe ren tly  in te rp re te d  by d iffe ren t in v e s t ig a to r s .  Some 
of th em  (Sacks, 1944, 1948; K am en a. Spiegelm an, 1948; K am en, 1949; 
L indberg , 1950; E ic h le r  u. S ch m eise r, 1951, and o th e rs )  m a in ta in  tha t 
o rthophosphate , as such, does no t p e n e tra te  the ce lls , bu t i s  e s te r i f ie d  at 
the su rfa c e  of the ce ll m em brane , and only su b seq u en tly  e n te r s  the p ro to 
p la sm . W ith re g a rd  to  c e llu la r  o rthophosphate , th is  is  su p p o se d ly  form ed 
in  p ro to p la sm  as a r e s u l t  of the d eco m p o sitio n  of o rg an ic  com pounds. Con
t r a r y  to  th is  opinion, o ther au th o rs  a s s e r t  th a t o rth o p h o sp h a te s  m ay pene
t r a te  the c e l ls  d ire c t ly  (E llio tt and H evesy, 1950; B ro o k s  and C h am b ers , 
1954). C h am b ers  and W hite (1954), studying the a c c u m u la tio n  of p h ospha tes 
in  s e a  u rc h in  eggs, reach ed  the conclusion  th a t the in o rg a n ic  p h o spha te  
found on a n a ly s is  of p ro to p la sm  w as an  a r t i f a c t  o r ig in a tin g  f r o m  d eco m p o si
tio n  of som e lab ile  o rgan ic  com pound d u rin g  i ts  e x tra c tio n  f ro m  the  ce lls . 
A ccord ing  to  Soreni and C hepinoga (1946), K om etian i (1948a, 1948b), 
V e lick  (1949) and Klotz and U rq u h art (1949), o rth o p h o sp h a te  and o th e r  an 
ions m ay be som ehow  bound to p ro te in s  e x c re te d  f ro m  the  c e l ls ,  w hich  
would seem  to co n firm  the o b serva tion .

4) L eaching  of m in e ra l su b stan ces  f ro m  t is s u e s . N u m e ro u s  e x p e ri
m e n ts  w ith  w ashing  of p o tass iu m  out of cu t t is s u e s  by p o ta s s iu m - f r e e  so lu 
tio n s , and a lso  p e rfu sio n  of whole o rg an s  by s im ila r  so lu tio n s , co n firm ed  
the h y p o th es is  th a t a  co n s id e ra b le  p a r t  of c e ll  p o ta ss iu m  is  bound. Many 
s tu d ie s  have been devoted to  the in v es tig a tio n  of the sp eed  and seq u en ce  of 
e x it of e le c tro ly te s  fro m  iso la ted  m u sc le s  and n e rv e s  su b m e rg e d  in  iso to n ic

146



g lu co se  (U ran o , 1908; F a h r , 1909; F enn , Cobb, H egnauer and M arsh , 
1934/1935; B oyle, Conway and o th e rs , 1941). Thus, F en n  and c o -w o rk e rs  
(F enn , Cobb, H egnauer and M a rsh , 1934/1935) have shown th a t sodium , 
ch lo rin e  and p a r t  of the p o tass iu m  w ere  the  f i r s t  to  leave a  frog  n e rv e  su b 
m e rg e d  in  a  4.5% solution of d e x tro se . The balance of p o tassiu m  only left 
a f te r  th e  death  of the c e lls  (F ig u re  93). T he sam e re s u l ts  w e re  obtained 
b y  a u th o rs  u sing  single g ian t n e rv e  f ib e rs  of cephalopod m o llu sk s (Steinbach, 
1941; S te inbach  and Spiegelm an, 1943, and o th e rs). T h e ir  da ta  a re  e sp e c 
ia lly  convincing, since in  th e i r  s tu d ie s  the p o ss ib ility  of e le c tro ly te s  being 
w ash ed  ou t of the  in te rc e llu la r  sp a c e s  w as excluded.

FIGURE 94, D e c rea se  
in  ca lc ium  in fro g  calf 
m u sc le s  kept in  ca lc iu m - 
f re e  R in g e r’s so lu tion , 
(accord ing  to  T ro sh in , 
1956)

1—d e c re a se  in  calc ium  
in m u sc le s ; 2—in c re a se  
in  calc ium  co n cen tra tio n  
in  R in g e r 's  so lu tion .

T im e, hrs

FIG U RE 93, D e c re a se  
in  the am ount of p o ta s 
s iu m , sodium , and 
c h lo r in e  ions in  frog 
n e rv e  kept in  a 4.5% 
d e x tro se  solu tion  (C c , 
in  m equiv p e r 190 g 
of n e rv e )(a c c o rd in g  
to  F enn , Cobb, H egnauer 
and M arsh , 1934)

S im ila r  re s u lts  w e re  ob tained  by E rn s t  et a l. (E rn s t and Schaffer, 
1928; E rn s t  and T ak acs, 1931) who p erfu sed  p o ta ss iu m -fre e  R in g e r 's  
so lu tion , o r iso ton ic  s a c c h a ro se , th rough frog m u sc le s . In the fo rm e r  
c a se , only  a  frac tio n  of the  p o tass iu m  p assed  into the  p e rfu sa te , w hile the 
m ain  p a r t  left the m u sc le  only a f te r  i ts  death . Sodium , ch lo rin e  and a 
fra c tio n  of po tassium  re a d ily  e n te re d  the  su g a r solution . T he m a jo r p a r t 
of p o tassiu m  and p hosphorus, h ow ever, did not leave the  m u sc le s  a s  long 
as  th e se  w ere  not dam aged.

157 R egard ing  ca lc iu m , i t  m ay  be s ta ted , a p r io r i ,  th a t not a ll of it  m ay
ex is t in  the c e l l  in  the f r e e  s ta te  if i t  is' a ssum ed  th a t phosphates a re  a lso  
f re e  in  the ce ll, b ecau se  in  th e  p re se n c e  of the la t te r ,  ca lc ium  would form  
a p re c ip ita te . T h e re  a r e ,  h ow ever, d ire c t  ind ica tions th a t a considerab le  
p a r t  of ca lc ium  is  bound to  th e  s u b s tra te .

F ig u re  94 i l lu s t r a te s  th e  ex it of ca lc ium  from  fro g  m u sc le s  into a 
c a lc iu m -fre e  m edium . Since the  am ount of liquid, as  co m p ared  w ith the 
volum e of the m u sc le s , w as sm a ll  u n d e r  the conditions of th is  experim en t 
(an am ount equal to  the  vo lum e of the  m u sc le s  th em se lv es) , an in c re a se  in 
the m edium  w as o b se rv ed  s im u lta n e o u s ly  w ith the  ex it of ca lc ium  from  the 
m u sc le s . T h is p ro c e s s  w as o b se rv ed  fo r  8 h o u rs , a f te r  w hich tim e  no m ore
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calcium  left the m u sc le s , and the in te rc e llu la r  lev e l rem ain ed  co n stan t fo r 
48 hou rs. O bviously, the  rem aining calc ium  w as som ehow bound to  the  
su b s tra te . In addition , it  was seen th a t the ca lc ium  co n cen tra tion  in p ro to 
p lasm  w as a lm o st th re e  tim es  g re a te r  than i ts  co n cen tra tio n  in  the  su rro u n d 
ing R in g e r’s so lu tion .

State of E lec tro ly te s  in P ro to p la sm  a f te r  E xcita tion

The above data  a ll indicate th a t in the liv ing, undam aged, and non
excited  ce ll, only a sm a ll p a rt of the m in e ra l su b stan ces  is  in the f re e  d i s 
solved s ta te , w hile the m a jo r p a r t  is  bound to  p ro to p la sm ic  p ro te in s  and is 
not ionized. T h is bond, how ever, m a y b e  rap id ly  se v e re d  due e i th e r  to  
noxious s tim u li, o r  a f te r  physio logical ex c ita tio n , the re le a s e d  e le c tro ly te s  
diffusing out. The re v e rs ib le  d e c re a se  in the  m u sc le  volum e a f te r  e x c i ta 
tion, d isco v ered  by E rn s t (1928), is  an in d ire c t p roo f of th is . In the a u th o r 's  
opinion, th is  fact m ay only be explained by the appearance  in the p ro to p la sm  
of stim ula ted  c e lls  of f re e  ions su rro u n d ed  by so lvation  la y e rs  w hich, a s  is  

iss w ell known, a re  of g re a te r  density  than  th a t of w a te r . L a te r , E rn s t  and  
F r ic k e r  (1934a) showed that 2 to  3 tim e s  m o re  po tassium  e n te re d  ace to n e  
e x tra c ts  of m u sc le  "snow " p re p a re d  from  m u sc le s  in con trac tio n , th an  e x 
t r a c ts  from  re s tin g  m u sc le s . T hese  fa c ts  w e re  con firm ed  by so m e h ig h ly  
convincing stud ies of R eg inste r (1937). A ccord ing  to  h is da ta  the am ount 
of bound po tassium  d ec reased  twofold in m u sc le s  excited  d ire c tly  o r  th ro u g h  
the n erv e .

The exit of po tassium  fro m , and the en try  of ch lo rine  and sodium  into 
m u sc le s  following d irec t o r  in d irec t excita tio n  (through the n e rv e ) h a s  b een  
d esc rib ed  by m any in v es tig a to rs , who found th is  re a c tio n  to  be f re e ly  r e 
v e rs ib le . A fter excita tion , po tassium  again  e n te r s  the m u sc le s , a s  if 
ag a in s t a  concen tra tion  grad ien t, w hile ch lo rin e  and sodium  leav e , a ls o  
m oving in  the d ire c tio n  of a  m o re  co n cen tra ted  solution . T h ese  p h en o m en a  
w ere  o bserved  in cold-blooded and in  w arm -b lo o d ed  an im a ls  (E rn s t  u. 
S ch affe r, 1928; E rn s t  u . C silcs, 1929; Mond u. N e tte r , 1930; E r n s t  u . 
F r ic k e r ,  1934a, 1934b; N e tte r, 1934; F enn , 1935, 1937a, 1937b, 1938b, 
1939; F enn  and Cobb, 1935a, 1935b; F enn , Cobb, M anery  and B lo o r , 1938; 
H eppel, 1940; Noonan, F enn  and H aege, 1941a, 1941b; Wood, C o l l in s a n d  
M os, 1939/1940, and o th ers).

S im ila r  phenom ena w ere o bserved  on s tim u la tio n  of n e rv e s . H e re ,  
a s  in  the case  of m u sc le  f ib e rs , po tassium  began  to  leave the p ro to p la sm  
of n e rv e  fib e rs  (Cowan, 1934; Young, 1938; A rn e tt and W ilde, 1941; 
Hodgkin and Huxley, 1947, 1953; K eynes, 1951b).

The exit of po tassium  and phosphates fro m  c e lls  a f te r  e x c ita tio n  is  
u su a lly  reg a rd ed , in  te rm s  of the m em b ran e  th e o ry , a s  a  r e s u l t  o f in c r e a s e d  
p e rm e a b ility  of c e ll  m em b ran es. T h is concept becam e f irm ly  ro o te d  in  
physiology and seem s to  conform  to the ap p ea ran ce  of e le c tro n e g a tiv ity  on 
the  su rface  of the  ac tiva ted  ce ll. A ccording to  o u r  theo ry , the p h enom enon  
i s  not one of in c re a se d  p e rm eab ility  of the  su rfa c e  m em brane , bu t of r e 
le a s e  of po tassium  and phosphates bound to  p ro to p la sm ic  p ro te in s . T h is  
concept becam e the  co rn e rs to n e  of the th eo ry  of b io e le c tr ic  phenom ena 
(N asonov and A leksandrov , 1940, 1943a and 1944). As can  be s e e n  f ro m  
th e  above data, th is  th eo ry  w as co n sid e rab ly  re in fo rc e d  during the  l a s t  tw o
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d e c a d e s , w hile  the  m em b ran e  concep t of excita tion  (in i ts  p rev io u s fo rm ) 
b e c a m e  u t te r ly  u n accep tab le .

The m a jo r  d ifficu lty  of the  m em b ran e  theo ry  w as to  exp la in  the  r e 
tu rn  o f p o ta ss iu m  and phosphate  in to  re s tin g  p ro to p lasm , a f te r  having left 
i t  d u r in g  ex c ita tio n . Indeed, if the  re a so n  fo r  the ex it of e le c tro ly te s  w as 
the in c re a s e  in  p e rm e a b ility  of the  c e ll  m em brane  on ex c ita tio n , then a fte r  
c e s s a t io n  of the  s tim u lu s  the m e m b ra n e  should rega in  its  fo rm e r  p ro p e rtie s  
and a g a in  b ecom e im p e rm e a b le  to  anions and to  som e of the ca tio n s . In 
th a t c a s e  i t  is  d ifficu lt to u n d e rs ta n d  w hich fo rc e s  cau se  the e le c tro ly te s  
to  r e e n t e r  the  c e l l  a f te r  having le ft it. The w ell-know n sp e c ia lis t  in the  
f ie ld  o f p ro to p la sm  e le c tro ly te s —F en n , a  su p p o rte r  of the m em b ran e  theory , 
w as in  th is  c a se  a lso  fo rced  to ad m it th a t th is  th eo ry  " s e rv e s  in  fac t, a s  
a v e i l  beh ind  w hich we hide o u r ig n o ran ce"  (Fenn, 1936, p, 482).

T h ese  d iff ic u ltie s  do not a r i s e  if the so rp tion  th e o ry  of p e rm eab ility  
is  a c c e p ted . In the re s tin g  c e l l  m o s t of the po tassium  and phosphorus is 
bound to  p ro te in s . A fte r dam age o r  excita tion , the p ro te in s  lo se  th e ir  
a b ility  to b ind  th e s e  ions* and the  la t te r  d iffuse  f re e ly  to  the  ou tside . A fter 

159 c e s s a t io n  of the s tim u lu s  the  p ro to p la sm ic  p ro te in s  re g a in  th e ir  a b ility  to 
b ind p o ta s s iu m  and phospha tes. T he in te rc e llu la r  c o n cen tra tio n  of these  
s u b s ta n c e s  th e re fo re  d e c re a s e s  sh a rp ly , c re a tin g  cond itions fo r  th e ir  d if 
fu s io n  from  the  m edium  into  the  c e ll. T h e re  is  no in te rch an g e  aga in st a 
c o n c e n tra tio n  g ra d ie n t in  th is  c a s e , s in ce  the  co n cen tra tio n  of f r e e  p o ta s 
s ium  and ph o sp h a tes  in  the p ro to p la sm  is  v e ry  sm a ll and m ay  even be low er 
th a n  in  the  su rro u n d in g  m edium .

It h a s  b e e n  show n by m any  in v e s tig a to rs  th a t a f te r  ex c ita tio n , diffusion 
of sod ium  and c h lo r in e  into the  p ro to p la sm  o ccu rs  s im u ltan eo u sly  w ith exit 
of p o ta s s iu m  and ph o sp h a tes  fro m  the c e ll. T his p ro c e s s  is  re v e rs ib le .

How can  th is  phenom enon be un d ersto o d  in  te r m s  of th e  so rp tio n  
th e o ry  ?

It w ill be se e n  la te r  th a t ch lo rin e  and sodium  ions a r e  2 -3  t im e s  le s s  
so lu b le  in  liv ing , re s tin g  p ro to p la sm , than  in  the su rro u n d in g  w a te r . The 
so lu b ility  ra t io  is  th u s a p p ro x im a te ly  0 ,30-0 .45 , At the sam e  tim e , sodium 
and c h lo r in e  a re  a lm o s t co m p le te ly  so lub le  in  the p ro to p la sm . It is  known 
th a t fo llow ing the ac tio n  of i r r i t a n t s ,  and a f te r  death, p ro to p la sm  lo se s  its  
p h a se  p ro p e r t ie s  and the su b s ta n c e s  beg in  to  d isso lve  in  the  w a te r  contained 
in i t  a s  th ey  do in  the  w a te r  of the  su rro u n d in g  m edium . T h e re  a re  good 
re a s o n s  to  b e lie v e  th a t the  sa m e  phenom enon o ccu rs  a f te r  ex c ita tio n . The 
cap ac ity  of p ro to p la sm  to d isso lv e  ions in c re a s e s  (K in c re a s e s  from  0.3 to 
1,0), a s  a  r e s u l t  o f which N a+  and C l" m ove in  the d ire c tio n  of the  ce ll. 
A fte r  ex c ita tio n , the  o rig in a l p ro p e r t ie s  of p ro top lasm  a r e  re s to re d , in 
clud ing  the p ro p e r ty  of be ing  a  p o o r so lven t, and sodium , to g e th e r  w ith 
ch lo rin e , th en  d iffu se s  out.

The p h y sio lo g ica l m ean ing  of in c re a se d  m em brane  p e rm e a b ility  a f te r  
ex c ita tio n , a s  p o s tu la ted  by the  m e m b ra n e  theo ry , is  not a t a ll  c le a r .  In 
t e r m s  of th is  th e o ry  the su b s ta n c e s  supposedly  ex is t in  the c e ll  in  a  d isso lved , 
d iffusab le  s ta te , and  an  in c re a s e  in  the  p e rm eab ility  of the su rfa c e  m em 
b ra n e  can in  no way a ffec t th e i r  cap ac ity  fo r  in te rac tio n . T he only  event 
w hich m ay tak e  p lace  is  d iffusion  of th e se  su b stan ces from  the  ce ll, leading 
to  lo s s  of e s s e n t ia l  su b s ta n c e s , w hich would be u tte r ly  in co m p reh en sib le .

* In  a l l  p ro b a b ility , due to  r e v e r s ib le  changes s im ila r  in  n a tu re  to  the  
in i t ia l  s tag e  of d en a tu ra tio n  (se e  p rev io u s  chap ter).
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In t e r m s  of the so rp tio n  th eo ry , how ever, the r e le a s e  of substances 
fo llo w in g  e x c ita tio n  h as  a d iffe ren t m eaning . S ubstances bound to  p ro teins 
an d  in c a p a b le  of re a c tin g  suddenly b ecom e d isso lv ed , io n ized , and th e re 
f o r e  c h e m ic a lly  ac tiv e . T h e  lib e ra tio n  of th e se  o r  o th e r su b stan ces  from  
t h e i r  bond w ith  p ro te in s  m ay re le a s e  a chain  of m etab o lic  p ro c e s s e s  n e c e s 
s a r y  fo r  c e l l  ac tiv ity  (N asonov and A leksandrov , 1943a, p. 597), S im ila r 
id e a s  w e re  la te r  postu la ted  by Szent G yörgyi (1947) in re la t io n  to  m uscle 
a c t iv i ty  and by K oshtoyants (1947, 1951), in re la tio n  to  o th e r  c e llu la r  e le 
m e n ts .

T h e  M echanism  of D is trib u tio n  of M in e ra l S u b s ta n c e s  
betw een  the C e ll and E nv ironm en t

The p e rm e a b ility  of c e lls  to  n o n e le c tro ly te s  m ay be u n d ers to o d  by 
stu d y in g  a  s e r ie s  of d ilu tions in  th e ir  in t r a -  and e x t r a c e l lu la r  d istrib u tio n , 

iso A n a ly s is  of the cu rve  thus c o n s tru c te d  m ay  exp la in  the f a c to r s  concerned  
in  th e i r  d is tr ib u tio n . By th is  m ethod  T ro sh in  h a s  show n th a t  the  m ost im 
p o r ta n t  c o n tro llin g  fa c to rs  a r e :  f i r s t ,  th e ir  low er so lu b ility  in the  w a te r 
of th e  p ro to p la sm  as co m p ared  w ith  th e  w a te r  of the su rro u n d in g  m edium , 
an d  second , th e ir  a d so rp tio n  on p ro to p la sm  m ic e lle s . A t low co n cen tra tio n s  
of th e  su b s ta n c e  in  the m edium , a d so rp tio n  p re d o m in a te s . T h is  re s u lts  in 
a  h ig h e r  in t r a c e l lu la r  co n cen tra tio n  th an  in  the  m edium . A t h ig h e r concen
t r a t io n s ,  f u r th e r  a d so rp tio n  c e a s e s  due to  sa tu ra tio n  of the  ad so rb in g  s u r 
f a c e s ,  and the  substance  b eg in s  to d isso lv e  in  the  p ro to p la sm  w a te r. A c 
c o rd in g  to  H en ry ’s law th is  is  c h a ra c te r iz e d  by a s tra ig h t  l in e a r  d is tr ib u tio n  
( s e e  F ig u re  72 and o th e rs ) .

T ro sh in , using a s im i la r  m ethod  to study  p e n e tra tio n  of v a rio u s  ions 
in to  c e l l s ,  h a s  shown th a t the  sam e  fa c to r s  c o n tro l the  d is tr ib u tio n  betw een  
p ro to p la s m  and the  m edium . He re a c h e d  th is  conclu sio n  on the  b a s is  of 
h i s  own e x p e rim e n ta l d a ta  and those of o th e r  in v e s tig a to rs . T he following 
e x a m p le s  a r e  given.

T ro s h in  (1948a) s tud ied  the d is tr ib u tio n  of ch lo rin e  io n s betw een 
y e a s t  c e l ls  and the env ironm en t. Y e a s ts  g row n on b e e r  w o rt w e re  w ashed  
w ith  la c to s e , and t r a n s f e r r e d  to  a  la c to se  so lu tion  to  w hich  sodium  ch lo rid e  
w a s  added a t v a r io u s  co n c e n tra tio n s . T he y e a s ts  w e re  k ep t in  th ese  m edia  
u n t i l  the  o n se t of d iffusion eq u ilib riu m  betw een  the  c h lo r in e  ions in the c e l l s  
and  the  su rro u n d in g  so lu tio n . T he in tra c e l lu la r  c h lo r in e  w as e s tim a te d  by 
i t s  r e s id u e  in  the m edium , and w as c o r re la te d  w ith the  p ro to p la sm  w a te r.

The r e s u l ts  of th e se  e x p e rim e n ts  a r e  show n in F ig u re  95, The a b 
s c i s s a  show s the co n cen tra tio n  of c h lo r in e  in  the  m edium  (C g ), and the  o r 
d in a te  show's the  co n cen tra tio n  in  the p ro to p la sm  of the  y e a s t  c e lls  (Cc ). 
T h e  d is tr ib u tio n  cu rv e  (oa) s ta r t s  fro m  the  z e ro  po in t of the  co o rd in a te s . 
T h is  m e a n s  th a t th e re  is  no bound ch lo rin e  in  the  y e a s t  p ro to p la sm , and if 
t h e r e  is  no  ch lo rin e  in  the  m edium , a l l  the ch lo rin e  m u s t a ls o  leave the 
y e a s t  c e l l s .  F u r th e rm o re , the d is tr ib u tio n  cu rv e  is  r e c t i l in e a r  from  i t s  
v e r y  beg inn ing* . T h is  m e a n s  th a t ch lo rin e  is  not a d so rb e d  by  the  p ro to p la s m

* T ro s h in  ex p la in s  the  s lig h t dev ia tion  of the  cu rv e  o a fro m  the  re c t i l in e a r ,  in  
th e  re g io n  of h igh co n c e n tra tio n s , b y  the  fa c t  th a t a f te r  d eh y d ra tio n  of p ro to 
p la sm , th e  p a r t ia l ly  bound w a te r  is  f i r s t  to  leav e , a s  a  r e s u l t  of w hich 
the  am o u n t of su b s ta n c e s  d isso lv ed  in th e  re m a in in g  w a te r  is  d e c re a s e d .

150



m ic e l le s  and is  p re se n t th e re  only in the form  of a solution, acco rd in g  to 
th e  law of H enry , If p ro to p lasm  w a te r  and the surround ing  m edium  d is 
so lv ed  ch lo rin e  to  the  sam e ex ten t, then  a f te r  equ ilib rium  the in tra -  and 
e x t r a c e l lu la r  co n cen tra tio n s  would b e  equal (d istribu tion  coeffic ien t К  = 1) 

61 an d  the d is tr ib u tio n  curve  would c o rre sp o n d  to the b ise c tr ix  of the angle 
of the  c o o rd in a te s—ob. In r e a l i ty  th is  is not so. The d is tr ib u tio n  curve 
oa l ie s  b en ea th  the b is e c tr ix  a t a m o re  acu te  angle to the a b s c is s a . This 
m e a n s  th a t ch lo rin e  is le s s  so lub le  in  p ro to p lasm  w ater th an  in  the m edium , 
and  the  d is tr ib u tio n  coeffic ien t K = 0.45.

FIG U R E 95. R e la tio n 
sh ip  betw een  the  concen
t r a t io n  of ch lo rin e  ions 
in  y e a s ts  (C c ), and tha t 
in  the m edium  (C s ) (ac 
co rd in g  to  T ro sh in , 1956)

ob—b is e c tr ix ;  o a —d is 
tr ib u tio n  curve .

A n a ly sis  of the d is trib u tio n  curve  of c h lo r
ine show s it to  be very  s im ila r  to  that of acid  
d y es , w hich , like  ch lo rine , a re  a lm o st not ad 
so rb ed  in the p ro to p lasm , e x is t in  a p a rtia lly  
d isso lv ed  s ta te  and a re  even le s s  soluble than 
in  the  m edium  (K= 0.25; F ig u re  80, ob)*  **.

* Note th a t the  ch ro m o p h o re  of the  acid  dye is  an o rg an ic  anion.
** F enn  and c o -w o rk e rs  d id  no t pay a tten tio n  to  th is  fact and assu m ed  tha t 

a ll  the  sodium  in the m u sc le s  i s  f re e .  Subsequently, T ro sh in  (1956, 
1957) u sing  lab e led  a to m s, show ed th a t in  the m u sc le  f ib e rs  of fro g s , 
p a rt of the sodium  is  not c ap ab le  of exchange w ith th a t in  the  surrounding 
solu tion  and i s  p robab ly  f irm ly  bound to  p ro to p lasm ic  p ro te in s .

F en n , Cobb and M arsh  (1934) using  the 
sa m e  m ethod , s tud ied  the m ovem ent of ch lo rine  
and sodium  betw een  s a r to r iu s  m u sc le s  of the 
fro g  and the  env ironm ent (F ig u re s  96 and 97).

To fa c ilita te  com parison  w ith  th is  data , 
T ro sh in  ca lc u la ted  the ion con ten t, re la tin g  it 
not to  100 g of tis s u e  as done by F en n  and co 
w o rk e rs , but to  the  w ater of the  m u sc le  f ib e rs . 
He u sed  the  sam e  sca le  to  ind ica te  the  ionic 
c o n c e n tra tio n  of the medium  on the a b sc is sa , 
and th a t of the c e l l  on the o rd in a te . F ig u re  98 
show s th a t ch lo rin e  is  d is tr ib u ted  betw een the
m edium  and the m u sc les  in  exac tly  the sam e 

m a n n e r as in  the c a se  of y e a s ts  (com pare  w ith F ig u re  95). The d is tribu tion  
cu rv e  of ch lo rin e  (F ig u re  98) s t a r t s  from  the  point of in te rse c tio n  of the 
co o rd in a te  axes, and con tinues in a  r e c t i l in e a r  fashion w ith a slope c o r r e 
sponding to a  d is tr ib u tio n  co effic ien t К = 0.30, T his m eans th a t a ll the  c h lo r
ine  in  the m u sc le s  is  d isso lv ed , and if the m edium  is c h lo r in e -fre e  it d if
fu se s  out com ple te ly . C onsequen tly  it  is not bound to p ro to p lasm  p ro te in s . 
W hatever its  con ten t in the  m ed ium  it is alw ays 70% lo w er in the  m usc le . 
A s seen  in  F ig u re  98 the sodium  cu rv e  s ta r t s  som ew hat h ig h e r than  the 
point of in te rs e c t io n  of the  a x es . C onsequently , when the surround ing  so lu 
tio n  i s  so d iu m -d efic ien t, a  c e r ta in  am ount rem a in s  in  the m u sc le , indicating  

lea th a t a  sm a ll f ra c tio n  is  f irm ly  bound to  protoplasm* 1*.  T he sodium  cu rve  
i s  p a ra l le l  to  the  ch lo rin e  c u rv e . T h is  m ean s that the so lub ility  of both  ions 
in  p ro top lasm  w a te r  is  a p p ro x im a te ly  the  sam e (K = 0.3).

A ccording to  F enn  et a l. (F enn , Cobb, H egnauer and M arsh , 1934/ 1935), 
ch lo rine  and sodium  show the  sa m e  d is tr ib u tio n  w ith re s p e c t  to  the sc ia tic
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nerve of the frog  (F ig u re s  99 and 100), H e re ,  too , the d is tr ib u tio n  of 
both  ions is  e x p re sse d  by a s tr a ig h t  line  s ta r t in g  from  the point of in te r 
sec tion  of the a x es . C onsequently , bo th  ions a re  d isso lv ed  in  the  nerve*.  
The slope of the c u rv e s  is  su ch  th a t a t any c o n cen tra tio n  of the ch lo rin e  
ions in the m edium  th e ir  co n cen tra tio n  in  the  n e rv e  is  57% of th e  fo rm er. 
The au thors a ssu m e  th a t a ll  the  sodium  c h lo r id e  in the n e rv e  is  located  in 
the  in te rc e llu la r  sp aces . T hus, the m agn itude  of th e se  s p a c e s , ca lcu la ted  
fo r ch lorine, should co m p rise  57% of the  w hole n e rv e . F ro m  a  p u re ly  m o r
phological point of view  th is  fig u re  is  obviously  ex ag g era ted . T he e r r o r  of 

163 th is  assum ption  is  a lso  ev ident from  the  follow ing c o n s id e ra tio n s . In a 
fre sh  nerve its  "ch lo rin e  space" is  ap p ro x im a te ly  30%. A fte r  5 h o u rs  in 
R in g er's  so lu tion  it in c re a s e s  a p p ro x im a te ly  twofold, w hile the  " s o 
dium space" re m a in s  m o re  o r  le s s  unchanged . T hus, if in the  case  
of m uscle f ib e rs  a p o rtio n  of the  p ro to p la sm  sodium  is  p ro b ab ly  bound to 
the protein  s u b s tra te , binding of th is  kind h a s  not ye t b een  p ro v ed  fo r  nerve 
f ib e rs . N e v e rth e le ss , th e re  a r e  t is s u e s  in  w hich a lm o st a l l  the  in tra c e l lu 
la r  sodium i s  bound. Thus, A belson  and D uryee  (1949), u s in g  rad io a c tiv e  
sodium (Na24)a have shown th a t 88% of sod ium  in frog  eggs is  no t capable 
of exchange and is  bound to p ro to p la sm , w h ile  only 12% e x is ts  in  the  d is 
solved sta te  and capab le  of exchange. It is  in te re s tin g  th a t the  ac tio n  of 
any harm ful agen ts l ib e ra te s  th e  bound sod ium  of the eggs, w hich  m ay  then 
exchange w ith the  sodium  of th e  su rro u n d in g  m edium .

* Judging fro m  the data  g iven (F ig u re  99) it  m ay be a ssu m e d  th a t  a  s m a l l  
p a r t  of the  sodium  in the  n e rv e  is  bound (ap p ro x im ate ly  1 m  equiv. p e r  
100 g of n e rv e).

** F o r  convenient co m p ariso n  With o th e r d is tr ib u tio n  c u rv e s  o f T ro s h in ,  
the  g rap h  p lo tted  from  the  d a ta  of S te in b ach  w as r e c a lc u la te d  fo r  th e  
w ater of m u sc le  f ib e rs .

Steinbach (1940b) inv estig a ted  the m ovem ent of p o ta ss iu m  betw een 
the ce lls  and the  su rro u n d in g  m edium . He im m e rse d  s a r to r iu s  m u s c le s  
of the frog in  R in g e r’s so lu tion , o r  in  su g a r  so lu tion  con ta in ing  v a r io u s  
concen trations of p o ta ss iu m , and e s tim a te d  the p o tassiu m  c o n c e n tra tio n  
in  the m u sc les  a f te r  equ ilib riu m  w as a tta in e d . The r e s u l t s  of th e  e x p e r i
m ents a re  shown in F ig u re  101**.  The cu rv e  oab is  the  p o ta ss iu m  d i s t r i 
bution cu rve . In the  ab sen ce  of p o tassiu m  fro m  the su rro u n d in g  liqu id , a 
considerab le  am ount rem ain ed  f irm ly  bound to  the p ro to p la sm  (oa = 7.5 m 
equiv percen t). W ith in c re a se d  c o n cen tra tio n  of p o tassiu m  in th e  m ed iu m , 
the level in  the m u sc le s  began to  in c re a s e , co rre sp o n d in g  to  th e  se c tio n  of 
the curve ab. The shape of th is  sec tio n  of th e  cu rv e  in d ic a te s  th a t  th e  de
pendence of Cc  on C obeys the  sam e  law a s  in  the  ca se  of n o n e le c tro ly te s  
(su g a rs , c rea tin in e ), am in o ac id s , and v i ta l  s ta in s , n am ely : C c  = C s K + A . 
At the beginning the curve  h as  a  ben t sh a p e —th is  is  the  re g io n  w h e re  a d 
so rp tion  o r  re v e r s ib le  c h em ica l binding p re v a ils .  L a te r  on the  c u rv e  b e 
com es re c t i l in e a r .  T his in d ic a te s  th a t th e  v a lue  of A a t th e se  c o n c e n tra t io n s  
of po tassium  in the m edium  (C g  > 0.5 m equiv, p e rcen t)  b e c o m e s  c o n s ta n t 
(A = A K ), since  h e re  the lim it of a d so rp tio n  o r  ch em ica l s a tu ra t io n  of the  
m ic e lla r  su rfa c e s  is  re ach ed . T h is  lim it eq u a ls  the se c tio n  a e  (4.5 m e q u iv  
percen t). The la s t  r e c t i l in e a r  segm ent of the  cu rv e  in d ic a te s  th a t  th e  c o n 
cen tra tio n  of the  po tassiu m  d isso lv ed  in the  p ro to p la sm  w a te r  in c r e a s e s ,  
accord ing  to H e n ry 's  law. T he line  oc p a r a l le l  to  eb i l lu s t r a te s  th e
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re la tio n sh ip  betw een  the p o tass iu m  d isso lv ed  in the f ib e r  w a te r  and i ts  
co n cen tra tio n  in  the  m edium . The slope of the cu rv e  in d ica te s  the  v a lu e  
of the d is tr ib u tio n  coeffic ien t (K = 0.45). In o th e r w o rd s, the  so lu b ility  
of p o ta ss iu m  in p ro to p lasm  w a te r  is  55% low er th an  in the m edium .

FIGURE 97, R ela tion 
ship betw een  sodium 
ion co n cen tra tio n  in 
fro g  m u sc le s  (C c , in 
m equiv. p e r  100 g of 
t is s u e ) , and th a t in th e  
m edium  (C s , in  m equiv. 
p e rcen t)  (acco rd ing  to 
F enn , Cobb and M arsh , 
1934/1935).
Legend a s  in  F ig u re  96.

FIGURE 96. R e la tio n 
sh ip  betw een  the co n cen 
t r a t io n  of ch lo rine  ions 
in  fro g  m u sc le s , (Cc , in 
τη equiv  p e r  100 g of t i s 
sue), and th a t in the  m e d i
um  (C s , in  m e q u iv .p e r-  
cen t)(ac  co rd ing  to  F enn , 
Cobb and M arsh , 1934/ 
1935)

T he a r ro w  in d ica te s  the  
co n cen tra tio n  of the su b 
stan ce  in the tis s u e  w hich 
h a s  b een  p laced  in  R in g e r 's  
so lu tion . In itia l-co n e  e n 
t r a t io n  of substance  in  the 
t is s u e  im m ed ia te ly  a f te r  
i ts  re m o v a l from  the o r 
ganism .

T hus, a n a ly s is  of the d is tr ib u tio n  cu rv e  of p o tassiu m  in m u sc le s  
shows th a t p o tassiu m  e x is ts  in m u sc le  f ib e rs  in th re e  s ta te s . A c o n s id e r
able p a r t  of it is  f irm ly  bound to  the  su b s tra te  (7.5 m equiv. percen t) and 
may leav e  the c e ll  only a f te r  ex c ita tio n , dam age, o r  death. T his f ra c tio n  
w ill la te r  be designated  by the le t te r  "e" e x p re ss in g  it  in  m equiv. p e rc e n t 
of the p ro to p la sm  w a te r . A  seco n d  p a r t  i s  re v e rs ib ly  ad so rb ed  o r bound 

16* by an e a s ily  re v e r s ib le  c h e m ic a l bond— (4.5 m -equiv. p ercen t). F in a lly , 
a sm a ll f ra c tio n  of p o tassiu m  e x is ts  in  the  fo rm  of a  f re e  solution  (1.13 m 
equiv. p e rc e n t a t a  p o ta ss iu m  c o n c e n tra tio n  in the su rro u n d in g  m edium  of 
2.5 m -equiv. p e rcen t) . O nly th is  la s t  f ra c tio n  is  in  d iffusion  equ ilib rium  
with the e x te rn a l m edium . T h is  ex p la in s  the  c a s e s  of so -c a lle d  diffusion 
of po tassium  ag a in s t a  c o n c e n tra tio n  g rad ien t. The concept of such  a p a r a 
doxical phenom enon h as  b een  fo rm u la te d  only b ecau se  the  m a jo r ity  of phy
sio log ists co n s id e r a ll  c e l lu la r  p o tass iu m  as f re e ly  d isso lv ed  in  the  p ro to 
p lasm , w hile in  r e a l i ty  a m a jo r  p a r t  of it  is  bound to  the  p ro te in  su b s tra te .

In an o th er study S te inbach  (1937) in v estig a ted  the  d is tr ib u tio n  of po
tassium  between, m u sc le s  of the  T en t ho ide a  Thy one b r i a r  e u s , in  s e a  w a te r
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contain ing th is  elem ent at v a r io u s  co n c e n tra tio n s . The r e s u l t s  a r e  given, 
in F ig u re  102*.

FIGURE 98. R e la tio n sh ip  betw een 
the sodium  and ch lo rin e  ion concen
tra tio n s  in  m u sc le  f ib e r s  (C c , in 
m equiv. p e rc e n t  in the w a te r  of the 
m u sc le  f ib e rs ) ,  and tho se  in  the 
m edium  (C s , in  m equiv, p e rcen t) 
(acco rd ing  to  F en n , Cobb and M arsh , 
1934; fro m  T ro sh in , 1956)

FIGURE 99. R e la tio n 
ship betw een the  sodium  
ion concen tra tion  in  the 
sc ia tic  nerve  of the  fro g  
(Cc , in  m equiv. p e r  100 
g of nerve), and th a t of 
the surrounding  m edium  
(Cs , in  m equiv. p e rc e n t) . 
D ura tion  of e x p e rim e n t— 
5 h o u rs  (according to  
F enn , Cobb, H egnauer 
and M arsh , 1934) 
Legend a s  in F ig u re  96.

FIG U RE 100. R e la tio n 
sh ip  betw een  the  c h lo r 
ine ion c o n cen tra tio n  in 
the  s c ia tic  n e rv e  of th e  
fro g  (Cc , in  m equiv, 
p e r  100 g of n e rv e )  and 
th a t  in  the  su rro u n d in g  
m edium  (C g , in  m equiv. 
p e rc e n t) . D u ra tio n  of 
e x p e rim e n t—5 h o u rs  
(acco rd in g  to  F e n n , C obb, 
H egnauer and M a rsh , 
1934)
L egend a s  in  F ig u re  96,

* A s in  o th e r  c a s e s , the  g ra p h  w as r e c a lc u la te d  by T ro sh in , tak ing  in to  
account the  m uscle  w a te r , and c a lc u la tin g  th e  in te rc e l lu la r  s p a c e s  a s  
17.8%,
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FIGURE l û l .  Re- 
k U o n sh ip  between 
p o ta ss iu m  ion co n 
c e n tra tio n  in m uscle  
f ib e rs  of the frog 
(Cc , in m. equiv, p e r 
cent) and that in 
the su rro u n d in g  m e
dium  at eq u ilib riu m  
(C s  in  m  equiv, 
p e rcen t) (acco rd in g  
to  da ta  of Steinbach, 
1940b; fro m  T rosh in , 
1956)
F o r  exp lanation  see  
text.

FIGURE 10Ξ, Re
la tio n sh ip  between 
p o tass iu m  ion con
cen tra tio n  in m uscle  
f ib e rs  of ho lo thurians 
(Cc , in m illim o les  
p e r  100ml of in t r a 
c e llu la r  w ater and 
in se a -w a te r ; C s , 
in m illim o les  per 
100ml) (accord ing  
to data  of Steinbach, 
1937; fro m  Troshin, 
1956)
F o r explanation see 
tex t.

The sam e th re e  fo rm s  of po tassiu m  in p ro top lasm  m ay be found here . 
The po tassium  w hich in the  co m p le te  ab sen ce  of po tassiu m  from  the medium 
does not leave th e  p ro to p la sm  is  f irm ly  bound to  the  su b s tra te  (0a); its  

165 concen tra tion  is  14.0 m equiv. p e rc e n t. N ext, po tassium  m ay be re v e rs ib ly  
bound to  the su b stan ce  (ad), the  co n cen tra tio n  of th is  po tassium  upon m ax i
mum sa tu ra tio n  of the  s u r fa c e s  being 6.9 m equiv. p e rcen t. F in a lly , th e re  
is the p o tassiu m  d isso lv ed  in  the  p ro to p lasm  (eb). The slope of the curve 
eb (or oc) in d ic a te s  th a t i t s  d is tr ib u tio n  coeffic ien t betw een the  w a te r of the 
medium  and the  w a te r  of the  p ro to p lasm  is  0,48,

Fenn , Cobb, H egnauer and M arsh  (1934) stud ied  the  po tassium  content 
of frog n e rv e  a t v a r io u s  c o n c e n tra tio n s  in  the m edium . The re s u lts  of th e ir 
work a re  i l lu s t r a te d  in  F ig u re  103, w hich show s a  d is trib u tio n  curve  of po
tassium  in the  n e rv e  of (a) sp rin g  and (b) autum n fro g s . In both  (in a
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p o ta ss iu m -fre e  m edium ) th is  e lem en t re m a in s  in  the p ro to p la sm  in c o n 
s id e rab le  concen trations and is  not w ashed  out. T his p o tass iu m  is  bound 
to the  su b stra te . Its  concen tration  in  the n e rv e , as  can be seen  fro m  the 
fig u re , approxim ately  equals 3.0 m equiv  p e rc e n t in both sp rin g  and autumn 
fro g s. On in c re a se  of the po tassium  co n cen tra tio n  in the m ed iu m , th e  potas
sium  content of the nerve in c re a se s  too , acco rd in g  to cu rv e  a in sp r in g  frogs, 
and curve b in autum n frogs. T h is  p o tassiu m  is  e a s ily  ex ch an g eab le . Un
fortunately , the au th o rs  did not have su ffic ien t data  re la tin g  to low concen 
tra tio n s  of po tassium  in the m edium , as a r e s u l t  of which th is  f ra c tio n  of 
po tassium  cannot be divided into a d so rb e d  (Аи ), d isso lv ed , and f irm ly  
bound po tassium . However, the s lo p e s  of c u rv e s  a and b p e rm it the value 
of the d istribu tion  coeffic ien ts of d isso lv ed  p o tassiu m  to be e s ta b lis h e d . In 
the case  of spring  fro g s it is c o n sid e rab ly  h ig h e r  than in au tum n f ro g s  (i, e, 
the curve is  s te ep e r). In o th e r w o rd s , p o ta ss iu m  is  m o re  so lu b le  in  the 
p ro toplasm  of the nerve  of sp ring  f ro g s  th an  in th a t of au tum n fro g s . A c 
cordingly, the in itia l level of p o ta ss iu m  in n e rv e s  of the fo rm e r  (4.8 m -

166 equiv. per 100 g of nerve) is  h ig h e r th a n  in  the  la t te r  (3,02 m equiv. p e rc e n t) .

FIGURE 103. Re
lationship  between 
potassium  ion con
cen tra tio n  in  frog 
n e rv e  (Cc , m equiv. 
p e r 100 g of nerve), 
and that in  the s u r 
rounding medium 
(C s  in  m equiv. p e r 
cent) (according to F enn , 
Cobb, H egnauer and 
M arsh , 1934)

a —sp ring  frog  nerve; 
b —autum n frog  nerve.

FIGURE 104 . R e 
la tio n sh ip  b e tw een  
m agnesium  ion 
co n cen tra tio n  in 
fro g  m u sc le s  (C c , 
m il l im o le s / l i te r )  
in  the m edium  (C s , 
m il l im o le s / l i te r )  
(acco rd in g  to  F en n  
and H aege, 1942; 
fro m  T ro sh in , 1956) 
F o r  exp lanation  se e  
tex t.
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The a u th o rs  found s im ila r  d is tr ib u tio n  cu rv es  fo r p o ta ss iu m  in c rab  
and lo b s te r  n e rv e s . H ere , too , p o tassiu m  seem s to ex is t in two s ta te s  in 
th e  n e rv e  f ib e r s —in the f re e  and in the bound s ta te .

F ig u re  104 show s a m agnesium  d is tr ib u tio n  curve* betw een  fro g  m u sc le s  
and the  m edium , obtained by F en n  and H aege (1942). The m a jo r  p a r t  of 
m u sc le  m agnesium  is  bound. With a m ag n esiu m -free  m edium  9.4 m illim o les  
of m agnesium  w ere found p e r one l i t e r  of in tra c e llu la r  w a te r, com prising  
80-90%  of the to ta l ce ll m ag n esiu m  (9.4). Only 0.6 m illim o les  of re v e rs ib ly  
a d so rb ed  m agnesium  (ad) w as found p e r  l i te r .  T here  is  l i t t le  d isso lved  
m ag n esiu m  in p ro to p lasm  and i ts  d is tr ib u tio n  coefficient (k) is  0.35.

T h is concludes the c h a p te r  on c e llu la r  perm eab ility , which deals with 
p e n e tra tio n  of e le c tro ly te s  into c e l ls  and th e ir  d is trib u tio n  betw een p ro to 
p la sm  and m edium . The co n c lu sio n s form  the b a s is  of our th e o rie s  on bio
e le c tr ic  phenom ena.

T hey a re  a s  fo llow s:
1. A ll e le c tro ly te s  p e n e tra te  c e lls  at m o re  o r  le s s  equal ra te s ,
2. In tra c e llu la r  e le c tro ly te s  e x is t in  th re e  d iffe ren t s ta te s :
a) f irm ly  bound to  p ro to p la sm , the e le c tro ly te s  being und issocia ted  

and incapab le  of easy  exchange w ith  the surround ing  m edium ; th is  includes 
th e  m a jo r  p a r t  of the  c e ll  p o ta ss iu m , m agnesium , calc ium  and phosphates, 
and p o ssib ly  a  sm a ll am ount of sod ium .

b) ad so rb ed  o r  bound with la b ile  ch em ica l bonds, e a s ily  re v e rs ib le ; 
th is  inc ludes p a r t  of a ll ce ll c a tio n s .

c) as fre e  ionized so lu tion  in p ro to p la sm  w ater; th is  includes a sm all 
f ra c tio n  of po tassiu m  and p h o sp h a tes , a lm o st a ll the in tra c e llu la r  sodium  
ions and a l l  the  ch lo rine ions.

3) On dam age o r  ex c ita tio n  the  nonionized frac tio n  of po tassium  and 
p h o sp h a tes , f irm ly  bound by the p ro to p la sm , is  re le a se d  and p a sse s  into the 
d isso lv ed , ionized s ta te . T h is  tra n s i t io n  is re v e rs ib le . A fte r excita tion , 
o r  a f te r  the  re v e r s ib le  dam age is  a r re s te d , the po tassium  and phosphates 
re le a s e d  a re  again  bound by the p ro to p lasm .

4. The m ovem ent of nonbound, f re e ly  soluble e le c tro ly te s  betw een 
p ro to p la sm  and the m edium  obeys the  sam e law s as n o n e lec tro ly te s . During 
p e n e tra tio n  of e le c tro ly te s  fro m  w eak so lu tions into the c e lls , adsorp tion  
o r  e a s ily  re v e rs ib le  ch em ica l binding p re v a ils  in the p ro to p lasm , due to 
w hich the  d is trib u tio n  g rap h  is  a t f i r s t  c u rv ilin e a r . In m o re  co ncen tra ted  
so lu tio n s , ad so rp tio n  o r  r e v e r s ib le  ch em ica l sa tu ra tio n  of the m ic e lla r  
s u r fa c e s  of the  p ro to p lasm  is  no ted . The d istribu tion  graph  then  becom es 
r e c t i l in e a r ,  and on fu r th e r  in c re a s e  in the  e x te rn a l concen tra tion , the slope 
of the  s tra ig h t line is  d e te rm in e d  by the d is trib u tio n  coeffic ien t (K) a c c o rd 
ing to  H e n ry 's  law.

5. Solubility  of ions in  p ro to p lasm  w a te r  is  low er than  in  the w ate r 
of the  su rround ing  m edium . T he eq u ilib riu m  e s tab lish ed  betw een the con
c e n tra tio n  of ions in  the c e ll  w a te r , and th e ir  concen tra tion  in the w ater of 
the  m edium , is  d e te rm in ed  by the  d is tr ib u tio n  coefficien t (K), which is  a l
w ays le s s  than  one.

6. A fte r dam age o r  ex c ita tio n , p ro to p lasm  lo ses  i t s  phase p ro p ertie s , 
and the so lu b ility  of i ts  ions in c re a s e s .  Due to  th is , ch lo rin e  and sodium 
ions a re  d ire c te d  into the c e ll. T h is  p ro c e s s  is  re v e rs ib le .

* The cu rv e  w as p lo tted  by T ro s h in  from  the data of F en n  and H aege, with 
the m agnesium  content re c a lc u la te d  p e r  100 g w a te r of m u sc le  f ib e rs .
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7. The d irec tio n  of d iffusion  of e le c tro ly te s  (into the  ce ll, o r  f ro m  
it) is  d e te rm ined  by in c rea se  in the d is tr ib u tio n  co effic ien t, e i th e r  tow ards 
the m edium  or tow ards the c e ll,

8. The m ovem ent ag a in s t the c o n cen tra tio n  g ra d ie n t, d e s c r ib e d  in 
the l i te ra tu re , is  usually  b a sed  on th e  e r ro n e o u s  concept th a t a l l  c e l l  e lec- 
tro ly te s  ex is t in a fre e , d isso lv ed  s ta te .

C h a p t e r  3. P h a se  P r o p e r t ie s  of P ro to p la sm

Im m isc ib ility  of L iving P ro to p la sm  with S u rround ing  W a te r .
A ttem pts to  E x p la in  T h is  Phenom enon

If p ro top lasm ic  su rfa c e  m e m b ra n e s  a r e  not to  be a s c r ib e d  an  i n 
sulating function, it  m ust be a ssu m e d  th a t living p ro to p la sm  is  not a  sim p le  
aqueous solution  of p ro te in s  and o th e r  su b s ta n c e s . F u r th e rm o re  it  sh o u ld  
then be re g a rd e d  as a "liqu id  phase" im m isc ib le  w ith w a te r , and  p o sse s s in g  
solvent p ro p e rtie s  d iffering  fro m  it. T h is  would explain  why p ro to p la s m , 
like a drop of o il, does not m ix  w ith w a te r ,  and why a ll the s u b s ta n c e s  
studied d isso lve  in it d ifferen tly ; the  p ro c e s s  is  then d e te rm in e d  by a  d i s 
tribu tion  coeffic ien t le s s  than  one, and v a r ie s  w ith d iffe re n t s u b s ta n c e s .  
In o ther w ords, a d ilem m a e x is ts :  e i th e r  a se m ip e rm e a b le  m e m b ra n e  
ex is ts  at the su rface  of the c e l l ,  o r  p ro to p la sm  is re g a rd e d  a s  endow ed  
with phase p ro p e r tie s  in re la tio n  to  w a te r .

U ntil re cen tly , the la t te r  a s su m p tio n  m e t with d iff ic u ltie s . In d e e d , 
how can p ro to p lasm  be a  phase in  r e la t io n  to  w a te r  if it is  i ts e lf  80% w a te r?  
T hese d ifficu lties w ere  ov erco m e in d iffe re n t ways by d iffe ren t in v e s t ig a to r s . 
Thus, Lepeshkin  (1936, 1937, 1939), su g g ested  the h y p o th es is  of th e  l ip o 
p ro te in  com plex. In h is  opinion, liv ing  p ro to p lasm  is  a liqu id  c o n s is t in g  
of p ro te in s  loosely  bound to lipo ids, w ith  w a te r  d isso lv ed  in  th is  c o m p le x . 
T h is lipop ro te in  com plex, w hich the  a u th o r  nam ed v ita id , i s  s u p p o se d ly  
e a s ily  sp lit by s tim u lan ts  o r  noxious a g e n ts .

F is c h e r  and S u e r 's  (1935, 1938, 1939) hypo thesis  w as s im i la r ,  i . e .  
th a t p ro to p lasm  is  a sp ec ia l flu id  body , in to  the co m position  of w h ich  g ian t 
p ro te in  m o lecu les  e n te r , p o s se s s in g  p ro p e r t ie s  of a c id s  and  b a s e s  b o u n d  
to  w a te r  and m in e ra l su b stan ces . T he a u th o rs  supposedly  o b ta ined  a  m o d e l 
of such a  com pound on m ixing sodium  c a se in a te  and c a se in  c h lo r id e  s o l u 
tions*.

H ow ever, in the la s t d ecad es , d is c o v e r ie s  in  co llo id  c h e m is t r y  m a d e  
it p o ssib le  to  explain  the phase p r o p e r t ie s  of living p ro to p la sm  w ith o u t c a l l 
ing on unproven  hypo theses. F o r  e x a m p le  the d isco v ery  of the  s o - c a l l e d  

16a c o ace rv a te  sy s te m s  by  B ungenberg  de Jo n g  and K ruyt (1930); B u n g e n b e rg  
de Jong (1932, 1937a, 1937b). H ith e r to  it  w as thought th a t  w ith  d e c r e a s e  
in the ch a rg e  of the p a r t ic le s  o r  upon th e i r  d en a tu ra tio n , the  liq u id  h y d r o 
ph ilic  co llo id  sy stem  (so l) m ay  e i th e r  p re c ip i ta te  (coagu la tion), o r  s o l id i f y  
in the  fo rm  of a  so lid , e la s tic  body (ge l). H ow ever, a th ird  p o s s ib i l i ty  e x 
is t s :  th a t th e  coHoid sy stem  u n d e r  th e  in fluence  of re a g e n ts  c a u s in g  d e -  
so lv a ta tio n  o r  rem o v a l of th e  c h a rg e  r e m a in s  liquid bu t d iv id es  in to  tw o

* The co llo id  sy s te m s  ob ta ined  b y  th em  have s im ila r  p ro p e r t ie s  to 
c o a c e rv a te s .
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im m isc ib le  liqu id  la y e rs  d iffe ren t from  each o ther only in the co n cen tra tio n  
of the  d isso lv ed  co llo id . Two aqueous co llo id  so lu tions a r is e ,  s e p a ra te d  
fro m  each  o th e r by  a  sh a rp  boundary  su rfa c e ; the m o re  c o n cen tra ted  one 
w as ca lled  ''c o a c e rv a te " , w hile the o th e r, the m o re  liquid , w as ca lled  
"eq u ilib riu m  so lu tio n ” . It is  in te re s tin g  th a t the c o ace rv a te  m ay contain  
a  co n sid e rab le  am ount of w a te r , exceeding 4 to 5 t im e s  the  w eight of the 
d ry  re s id u e .

Sim ple c o a c e rv a te s  c o n s is t of one kind of co llo id  p a r t ic le s , and co m 
plex  ones a re  fo rm e d  by the  in te ra c tio n  of s e v e ra l  d iffe ren tly  c h a rg ed  c o l
lo id s.

In the  opinion of B ungenberg  de Jong, and K ruy t, c o a c e rv a te s  ap p ea r 
b ecau se  the  co llo id  p a r tic le s  of the  so l approach  each  o th e r upon d e c re a se  
of the  ch arg e  and dehydra tion , th u s the diffusion la y e r  of th e ir  h y d ra te  coats 
is  d is ru p te d . O nly a la y e r  c o n s is tin g  of s tr ic t ly  o rie n ta te d  p a r tic le s  r e 
m a in s . The o r ie n ta te d  aqueous la y e rs  co a lesce , and a ll  thç p a r t ic le s  a re  
su rro u n d ed  by one com m on h y d ra te  coat. T h e re fo re , a ll  the w a te r of the 
c o a c e rv a te  is  bound, exp la in ing  f ir s t ly  i ts  inab ility  to  m ix with su rround ing  
"unorgan ized" w a te r , and second ly  the low capacity  to  d isso lve  v a rio u s  
su b stan ces* . T h u s , a p h y s ic o -c h e m ic a l m odel w as c re a te d , rep roduc ing  
one of th e  m ost en ig m atic  a sp e c ts  of p ro to p lasm , i.e . i ts  phasic  p ro p e rty . 
In o th e r r e s p e c ts ,  a lso , c o a c e rv a te  d ro p s a re  v e ry  s im ila r  in th e ir  ex 
te rn a l  ap p e a ra n ce  to  p ro to p la sm  fra g m e n ts , o r to u n ic e llu la r  o rg an ism s 
devoid of an o u te r  m em b ran e  (F ig u re  105). Under v a r io u s  s tim u li, e.g. 
low te m p e ra tu re s , ac id s , a lk a lis , hyd ro carb o n s, a lco h o ls , a ldehydes, 
ke tones, e th e rs  and e le c tr ic  c u r re n t  app lica tion , vacu o les  a re  fo rm ed  in 
c o ace rv a te  d ro p s , s im ila r  to  the  fo rm atio n  of vacuoles and g ran u les  in 
p lant and an im a l c e lls . T he su rfa c e  ten sio n  of c o a c e rv a te s  is  ap p ro x i
m ately  the sa m e  a s  in an im a l and p lan t p ro to p lasm  (R u ite r and B ungenberg 
de Jong, 1947; D erv ich ian , 1949). Since the su rfa c e  tension  of co ace rv a te  
drops d iffe rs  f ro m  th a t of w a te r , f ilm s  fo rm  on th e ir  su rfa c e , co n sis tin g  of 
o rien ta ted  co llo id  p a r t ic le s . H ow ever, accord ing  to B ungenberg  de Jong 
(1932) and o th e rs , th ese  f ilm s  can  in no way affect the diffusion of su b stan ces  
th rough them , s in ce  they  c o n s is t  of s p a rs e ly  d is tr ib u ted  and w e ll-h y d ra ted  
p a r tic le s .

A ll th e se  f a c ts  m ake it h igh ly  p'robable that in te rm s  of colloid s tru c tu re , 
living pro toplasm , is  a com plex  c o a c e rv a te . T his p o stu la te  is  accep tab le  to  an 
e v e r - in c re a s in g  n um ber of in v e s tig a to rs  (B ungenberg de Jong, 1932;Duclaux, 
1934, G u illie rm o n d , 1941; O parin , 1941; Nasonov and A leksandrov , 1934a; 
M akarov, 1948 a, 1950; D an zh ar, 19 50 ;T rosh in , 1953, 1956, and o th e rs ) .

D is trib u tio n  of S u b stan ces betw een C o a c e rv a te s  and
T h e ir  E qu ilib riu m  Liquid

E x p e rim e n ts  on the  d is tr ib u tio n  of su b stan ces betw een  c o a c e rv a te s  
and the  su rro u n d in g  liqu id  a r e  e sp e c ia lly  im p o rtan t in  p e rm e a b ility  stu d ies , 
but they  a re  s t i l l  s c a rc e .  H ollem an, B ungenberg  de Jo n g  and M odderm an 
(1934) stud ied  th e  d is tr ib u tio n  of a lcoho l, re s o rc in , sodium  su lphate  and

* The concept of c o a c e rv a te  fo rm a iio n fo rm u la te d b y  B ungenberg  de Jong  and 
K ruyt has b e e n  c r i t ic iz e d  by M ikhailov (1935), L epeshk in  (1939), D erv ich ian  
( 1949)and o th e rs .
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potassium  iodide betw een a sim ple  g e la tin  c o a c e rv a te  and i ts  eq u ilib riu m  
liquid. T heir data a re  com piled  in T ab le  27, the co n c e n tra tio n s  of the  
substances being re c a lc u la te d  p e r 100 g of w a te r . The d is tr ib u tio n  c o 
e ffic ien ts  (Q) betw een the  c o ace rv a te  and the  equ ilib riu m  liqu id  a r e  given.

F rom  the data in Table 27, c o m p a riso n s  m ay be m ade betw een  c e r 
ta in  fea tu re s  of the n a tu re  of d is tr ib u tio n  o f su b stan ces  (in the c a se  of coa
ce rv a tes) and living c e lls . F ir s t ly ,  both  c a s e s  i l lu s tra te  a d is tr ib u tio n , 
c h a ra c te riz e d  by d iffe ren t co e ffic ien ts  (Q) fo r d iffe ren t su b s ta n c e s , ra th e r  
than a sim ple eq u ilib ra tion  of c o n c e n tra tio n s . F o r  sodium  su lp h a te , Q is 
le s s  than one, while fo r  re s o rc in  it is  g r e a te r  than  one. S econdly , the  
value of Q changes with the c o n cen tra tio n  of the sub stan ce . W ith in c re a se d  
concentration  of sodium  sulphate and r e s o rc in ,  the  value of Q d e c re a s e s .  
This ind icates not only so lub ility  in the w a te r  of the c o a c e rv a te , bu t a lso  
adsorption to its  m ic e lla r  su rfa c e s . The a u th o rs  th e m se lv e s  re a c h e d  the 
sam e conclusion. U nfortunately , they  do not give a su ffic ien t n u m b er of 
points (concentrations) fo r the c o n s tru c tio n  of a d is tr ib u tio n  c u rv e .

The stud ies of T ro sh in  (1951a) on the d is tr ib u tio n  of su b s ta n c e s  b e 
tween the coacervate  and the m edium  a re  of sp e c ia l  in te re s r , s in c e  th ey  
w ere perfo rm ed  by exactly  the sam e  m ethod  as in  h is  w ork  w ith  liv ing  o r 
ganism s. In h is s tu d ies  he em ployed a  com plex  c o a c e rv a te  p re p a re d  from  
gelatin  and gum a ra b ic , to w hich a  c e r ta in  am ount of h y d ro c h lo ric  ac id  was 
added. The d is trib u tio n  of g a lac to se  and sa c c h a ro se  w as s tu d ied . T h e se  
substances w ere chosen  becau se , a c c o rd in g  to  av a ilab le  d a ta , th ey  do not

170 affect the co ace rv a tes . In addition , th e i r  d is tr ib u tio n  w as w e ll s tu d ied  by 
T rosh in  on living c e lls  (y ea s ts , m u sc le s ) . A s in the s tu d ie s  on com plex  
living o rg an ism s, the tim e  of on se t of d iffu sion  equ ilib riu m  w as f i r s t  d e te r 
m ined. In the case  of su g a rs , d iffusion  eq u ilib riu m  o c c u r re d  e a r l i e r  than  
15 hours. On th is  b a s is  T ro s h in 's  e x p e r im e n ts  la s ted  17-19 h o u rs . Sub
sequent analysis of the sugar w as p e rfo rm e d  and the am ount of w a te r  and 
dry  re sid u e  in the co ace rv a te  w e re  d e te rm in e d . G a lac to se  and s a c c h a ro s e , 
a t the  concen trations em ployed, d id  no t su b s ta n tia lly  a ffec t the  h y d ra tio n
of co ace rv a tes .

T his observ a tio n  ag re e s  w ith d a ta  of o th e r  in v e s tig a to rs . W ith  th e  
data obtained, the co n cen tra tion  of s u g a r  w as d e te rm in ed  in  the w a te r  o f 
the equilib rium  liquid and of the c o a c e rv a te . D istrib u tio n  g ra p h s  w e re  
plotted (F ig u res  106 and 107). T h e se  show a s tr ik in g  re s e m b la n c e  to  s u 
g a r d istribu tion  g rap h s  betw een live  p ro to p la sm  and the  e n v iro n m en t ( e r y 
th ro c y te s—F ig u re  72, m u s c le s —F ig u re  74, y e a s t s —F ig u re  80, e tc .) ,  
(c rea tin in e—F ig u re  78, a lan in e—F ig u re  86, v i ta l  s ta in s —F ig u re  90). 
A nalysis of these  cu rv es  shows th a t the  sam e  fa c to rs  c o n tro l the  d is tr ib u tio n  
of substances betw een c o a c e rv a te s  and the  m edium  as c o n tro l the  d is t r ib u -

171 tion betw een living o rg a n ism s  and the  m ed ium . Indeed, in  i ts  in i t ia l  p h a se , 
co rrespond ing  to  low co n cen tra tio n s , the  d is tr ib u tio n  cu rv e  r i s e s  s te e p ly  
and is  located  above the b is e c tr ix  oa, c o rre sp o n d in g  to  c o n c e n tra tio n  e q u i
lib rium . T h is m eans th a t in  th is  re g io n  of the  cu rv e  the  su b s ta n c e  p e n e 
t r a te s  the co ace rv a te  a t a h ig h e r c o n c e n tra tio n  than  th a t in  th e  su rro u n d in g  
m edium  at equ ilib rium . It is  obvious th a t in  th is  reg ion , a d so rp tio n  to  the 
co acerv ate  m ic e lle s  p red o m in a te s . L a te r ,  the  cu rve  c r o s s e s  the  b i s e c t r ix  
oa and continues in  r e c t i l in e a r  fo rm  a t an  angle le s s  than  45° to  th e  a b s c is s a .  
In T ro sh in 's  opinion the  p ro c e ss  of a d so rp tio n  s to p s h e re  due to  s a tu ra t io n
of the  su rfa c e s , and subsequen tly  only  so lu tio n  of the su b s ta n c e  in  th e  
co acerv ate  w a te r o c c u rs .
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T ro sh in  showed th a t in  ca se  of c o 
a c e rv a te s  the d is tr ib u tio n  cu rv e , a s  in 
the case  of living t is s u e s , c o rre sp o n d s  
to  the equation

C c  = C s K (l +σ Acc \ 
s K + a J

FIG U RE 105, V acuo la tion  of 
c o a c e rv a te  d ro p s  p re p a re d  from  
g e la tin  and gum a ra b ic , a f te r  
cooling (acco rd in g  to  T ro sh in , 
1948b)

A —c o ace rv a te  d ro p s at 40° C; 
iso la ted  vacu o les  a re  seen ; 
m agn ified  25 t im e s , in t r a n s 
m itted  light; B —co a c e rv a te  
d ro p s a t 20° C, the d rops a re  
m ark ed ly  vacuo la ted , X 300, 
w ith  la te r a l  illum ina tion .

w here  C c  is  the co n cen tra tio n  of the  su g ar 
in  the co ace rv a te , C g  is  i ts  concen tra tion  
in  the m edium , and К is  the d is trib u tio n  
coeffic ien t accord ing  to  H e n ry 's  law, 
which equals the ra tio  of concen tra tion  
in  the co ace rv a te  w a te r to  th a t in th e  
w a te r  of the  m edium . AK  is  the  lim it of 
sa tu ra tio n ; a is  a co n stan t d e te rm in ing  
the slope of the cu rv e . In g a lac to se  d is 
tr ib u tio n  in  the co ace rv a te , К equals 0.61, 
F o r  sacch aro se . К equals 0,60, T h is  
m ean s th a t in the c o ace rv a te  w a te r , su g a rs  
d isso lve  by 40% le s s  th an  in  the su rro u n d 
ing m edium . T h is is understandab le  if 
one a s su m e s  that the w a te r of c o a c e rv a te s  
is to ta lly  bound, the m o lecu les  being 
o rien ta ted  by the c o ace rv a te  m ic e lle s ,

A o; ( lim it of adso rp tion ) n u m e ric a lly  
equals the se c to r  od on the o rd in a te  ax is. 
In o u r c a se  th is  equals  0,22 g p e r  100 m l 
of co ace rv a te  w a te r , o r  p e r  18 g of its  
d ry  re s id u e  in the ca se  of both  su g a rs .

A s on analy sis  of the  d is tr ib u tio n  
cu rv e  in  p ro to p lasm , the d is trib u tio n  of 
su g a rs  betw een c o a c e rv a te s  and m edium  
m ay be divided into two com ponents. The 
s tra ig h t line oc i l lu s tra te s  the d is tr ib u tio n  
of the  d isso lved  frac tio n  of the  su g a r, a c 
cord ing  to  the equation x  = C0 K. T h e  a d 
so rb ed  p a r t  of the su g a r  is  found by sub
tra c tio n  of the d isso lv ed  su g a r  fro m  the 

to ta l su g a r  of the  c o ace rv a te  (C^). The adso rbed  su g a r (A) w ill then  be ex
p re s s e d  by the  equation

A = Cc - C s K.

F ig u re  108 show s a  cu rv e  obtained in th is  m an n e r. T his cu rve  
s trik in g ly  re s e m b le s  the a d so rp tio n  c u rv e s  of su g a rs  obtained by T ro sh in  
for e ry th ro c y te s  (F ig u re  73) and fo r y e a s ts  (F igu re  81).

The data  on d is tr ib u tio n  of su g a rs  betw een c o a c e rv a te s  and th e  m ed
ium given, and co m p ariso n  of the re s u lta n t cu rv es w ith  s im ila r  c u rv e s  fo r 
living o b jec ts , again  co n firm  the  hypo th esis  th a t p ro to p lasm  is  a com plex
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T a b l e  27
D istribu tion  of sodium  su lfa te  and r e s o rc in  betw een the  c o a c e rv a te  
and equ ilib rium  liquid (acco rd in g  to  H ollem an, B ungenberg  de Jong 

and M odderm an 1334; from  T ro sh in , 1956)

Sodium su lfa te R eso rp tio n

% in w ate r 
of the 

equilibrium  
liquid (Cc )

% in w ate r 
of the c o 
a c e rv a te

C c
% in w a te r  

of the
e q u ilib riu m  
liquid (C c )

% in w a te r 
of the c o 
a c e rv a te

C c

10.8 9.1 0.83 4.2 10.7 2.55
14.0 8.9 0.64 5.9 14.5 2.50
17.4 10.7 0.61 17,5 33.7 1.90
21.2 11.1 0,52 30.4 40.1 1.33

FIGURE 106. R e la tio n 
ship betw een c o n c e n tra 
tion  of g a lac to se  in the 
co ace rv a te  (Cc , in g p e r  
100 m l of co ace rv a te  
w ater) and th a t in  the 
equ ilib rium  liquid (C s , 
percen t) (acco rd ing  to 
T ro sh in , 1951a) 
Legend a s  in F ig u re  72.

FIGURE 107. R e la tio n 
sh ip  betw een  c o n c e n tra 
tio n  of s a c c h a ro s e  in  th e  
c o a c e rv a te  (C c , in  g p e r  
100 m l of c o a c e rv a te  
w a te r)  and th a t in the  
equ ilib riu m  liqu id  (C s , 
p e rc e n t) (a c c o rd in g  to  
T ro sh in , 1951a) 
L egend  a s  in  F ig u re  72.

FIGURE 108. A d so rp tio n  is o th e rm s  of g a lac to se  by 
c o a c e rv a te  co llo id s  (acco rd in g  to  T ro sh in , 1956)

л 
u r

On the  a b s c is s a -c o n c e n tra t io n s  of g a la c to se  d isso lv ed  
in  the  c o a c e rv a te  w a te r  (in  %);on the  o rd in a te -  am ount 
of a d so rb ed  g a la c to se  in  the c o a c e rv a te  (in g). E x p e r i 
m en ta l d a ta  d es ig n a ted  b y  c i r c le s ;  d a ta  ca lcu la ted  fro m  
L a n g m u ir 's  fo rm u la  d e s ig n a ted  by c r o s s e s .
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^ c o a c e r v a t e  in  i t s  p h y s ic a l-c h e m ica l s tru c tu re , and th a t d is trib u tio n  of 
su b s ta n c e s  be tw een  c e lls  and the  m edium  is d e te rm in ed  m ain ly  by th is  
s t ru c tu re .

C h a p t e r  4. D isc u ss io n  and C onclusions

The study  of da ta  on c e llu la r  p e rm e a b ility  fo rced  us to  re fu te  the 
th e o ry  b a se d  on the  concept of se m ip e rm e a b le  m em b ran es  on ce ll su rfaces . 
Am ong a ll the a rg u m en ts  a g a in s t the  m em brane  th eo ry  of p e rm eab ility  we 
c o n s id e r  the  follow ing to be the  m o st convincing.

1. On im m e rs io n  of the c e l l  in  so lu tions of d iffe ren t concen tra tions, 
th e  c e lls  change th e ir  volum e and do not obey the law of o sm o sis . D evia
tio n s  from  th is  law in the  d ire c tio n  of in su ffic ien t lo ss  of w a te r  a re  u s 
u a lly  exp lained  by the p re se n c e  of o sm o tica lly  inactive, bound w ate r.

D eviation  from  the law  of o sm o s is , observed  by us in the d irec tion  
o f an  e x c e ss iv e  lo s s  of w a te r  in  m a c ro m o le c u la r  so lu tions, cannot be ex
p la in ed  by a  m em b ran e  m ech an ism . T hese  fac ts  alone c a s t doubt on the 
ex is te n c e  of se m ip e rm e a b le  m e m b ra n e s . Even if the theo ry  of se lec tive  
d iffusion  th ro u g h  m em b ran es  is  not accep ted , bu t is  re p la c e d  by the theory  
of s e le c tiv e  "pum ping off" of su b stan ces  from  the ce ll, the ce lls  should 
obey  the  law  of o sm o s is , w hich in  r e a l i ty  does not happen,

2. An ab so lu te  re q u ire m e n t of the  m em brane  th e o ry  is  th a t a ll in te r 
c e llu la r  su b s ta n c e s , e sp e c ia lly  m in e ra ls , be p re se n t in living pro toplasm  
in  a d isso lv ed  s ta te , capab le  of d iffusion . The sum  of osm otic  p re s s u re s  
of a l l  th e se  su b s ta n c e s  should  equal the osm otic  p re s s u re  of the  su rro u n d 
ing aqueous so lu tion . D ata re c e n tly  ob tained ind icate  th a t th is  assum ption 
is  in c o r re c t .  T he study of p ro te in s  iso la ted  from  c e lls , and esp ec ia lly  
e x p e rim e n ts  on the  sp ec ific  ra d io a c tiv ity  of labeled  ions p en e tra tin g  the 
c e ll, show th a t only a  sm a ll f ra c tio n  of p ro to p lasm  e le c tro ly te s  e x is ts  in 
the  f re e  s ta te , w hile  the  re m a in in g  e le c tro ly te s  a re  bound to  the p ro te in  
su b s tra te , a r e  no t ion ized  and a re  not d iffusib le . N um erous data indicate 
th a t the m a jo r  p a r t  of c e ll  p o ta ss iu m , phosphorus, m agnesium  and calcium , 
and p o ss ib ly  a  sm a ll  p a r t  of sod ium , a r e  bound in  th is way. Only c e ll c h lo r
ine e x is ts  w holly in  the f r e e  s ta te .

3. The m em b ran e  th e o ry  s ta te s  th a t c e rta in  su b stan ces  cannot diffuse 
a c ro s s  the  c e ll m em b ran e , w hile  o th e rs  diffuse only v e ry  slow ly. The ex
p lanation  of the  d is s im ila r  e le c tro ly tic  com position  of p ro top lasm  and the 
surround ing  m edium  (nonequ ilib rium  of so lu tions in  the c e ll and in  the m e
dium) is  b a se d  on th is  a ssu m p tio n . Am ong substances which do not pen e tra te  
the c e ll  m e m b ra n e , the  m e m b ra n e  th e o ry  a lso  includes such v ita lly  im p o r
tan t com pounds a s  su g a rs , am in o ac id s , and m any e le c tro ly te s  (Na+ , Ca+ + , 
Mg+ +

1 С Г , H P O ; and o th e rs ) .
T h is  p o s tu la te  of the  m e m b ra n e  th e o ry  w as a lso  d isp ro v ed  by recen t 

da ta  ob tained by d ire c t c h e m ic a l a n a ly s is  of tis su e s  and of suspensions of 
c e ll  e lem en ts  (y e a s ts , e ry th ro c y te s ) , a s  w ell as by a n a ly s is  of the contents 
of iso la ted  m u sc le  and g ian t n e rv e  f ib e rs , and by the m ethod  of labeled  
a tom s. B y th e se  m ethods it  h a s  b een  es tab lish ed  th a t a ll  the substances
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17S s tu d ie d , including su g a rs , am in o ac id s  and e le c tro ly te s , p e n e tra te  th e  
c e l l  su ffic ien tly  rap id ly  and a p p ro x im a te ly  a t the sam e r a te ,  bu t the  equ i
l ib r iu m  concen tra tion  lev e ls  in sid e  p ro to p la sm  d iffe r w idely , depending  on 
th e  n a tu re  of the substance  and i t s  c o n cen tra tio n  in the  m edium .

4. P a ssa g e  of c e r ta in  su b s ta n c e s  from  the  c e ll  a f te r  ex c ita tio n  
(p o ta ss iu m , phosphates) is  exp la in ed , acco rd in g  to  the m e m b ra n e  th eo ry , 
b y  in c re a s e  in  p e rm eab ility  of th e  m e m b ra n e s  (" loosen ing"). H ow ever, 
th e  r e e n try  of th ese  su b stan ces  into the  c e ll  a f te r  c e ssa tio n  of th e  s tim u lu s 
cou ld  not be explained by the  m e m b ra n e  th e o ry , since  d e c re a s e  in  p e rm e a 
b i l i ty  of the m em brane  when the c e l ls  re tu rn  to  a  re s tin g  s ta te  m a y  only 
r e n d e r  le ss  possib le  the  re tu rn  to  the  p ro to p la sm  of su b s ta n c e s  w hich  have 
le f t it,

A ll th ese  da ta  which do not f it  in to  the  fram ew o rk  of the  c la s s ic a l  
m e m b ra n e  th eo ry  caused  m any of i t s  p roponen ts to  in tro d u ce  m o d ifica tio n s . 
One of the m ost im p o rtan t a tte m p ts  of th is  kind w as the  re je c t io n  of th e  con
cep t of passive  se m ip e rm e a b ility  of the  m em b ran e  b a sed  on th e  " s ie v e "  
p rin c ip le , o r  se lec tiv e  so lu b ility  of su b s ta n c e s  in  the m e m b ra n e  ( lip id  so lu 
b il i ty  ), and its  substitu tion  by h y p o th ese s  on se lec tiv e  pum ping off m e c h a n 
is m s .  A ccording to  the la t te r ,  su b s ta n c e s  t r a v e l  to  and fro m  th e  c e l l s  to 
th e  su rround ing  m edium  by m ean s of m e tab o lic  p ro c e s s e s . The th e o ry  o f ac tiv e  
t r a n s p o r t  of su g a r m o lecu les  a c r o s s  the  m em b ran e  by s p e c ia l  e n z y m e s  and 
c a r r i e r s  loca lized  in  the c e l l  m e m b ra n e , w hich h as  b een  d is c u s s e d  above, 
b e lo n g s  in  th is  ca teg o ry  (R ozenberg , W ilb ran d t and o th e rs ) .

The th e o ry  of L undegard  and  K rogh  should  a lso  be in c lu d ed  h e r e .  
A cco rd in g  to  th is  the m em b ran e  c o n s is ts  of ro d lik e  m o le c u le s , d is tr ib u te d  
in  th e  form  of a pa lisade  the  t ip s  of w hich  a r e  capab le  of a tta ch in g  so d iu m  
o r  p o tassiu m  ions, and tra n sp o r tin g  them  e ith e r  into the  c e ll, o r  f ro m  th e  
c e l l  in to  the surrounding  m edium , a s  the  n e c e s s ity  a r i s e s ,  by ro ta t in g  180° 
F in a lly , the th eo ry  of the "sod ium  pum p" of Hodgkin et a l. co m e s  in to  th is  
c a te g o ry .

All th ese  th e o r ie s  a r e  h igh ly  sp ecu la tiv e  and a r e  not ev en  s u p p o r te d  
by  m odel analogues. In th is  re s p e c t  th ey  d iffe r  from  the c la s s ic a l  m e m b ra n e  
th e o ry  which, in  i ts  o r ig in a l fo rm , took in to  account a ll  d e ta i ls  and w a s  a c 
com panied  by a  num ber of e x c e lle n t p h y s ic o -c h e m ic a l m o d e ls  r e p ro d u c in g  
se le c tiv e  p e rm eab ility  of m e m b ra n e s  to  d iffe ren t su b s ta n c e s . T w e n ty  to  
th i r ty  y e a rs  ago the  m em b ran e  th e o ry  could s a tis fa c to r ily  e x p la in  a l l  th e  
th e n  known fa c ts . Now, h ow ever, th is  th e o ry  is  invalid  in  the  fa c e  o f a l l  
th e  data  obtained b y  m o d ern  m e th o d s .

The so rp tio n  th e o ry  of p e rm e a b ili ty  sugg ested  b y  u s  is  b a s e d  o n  a 
h ig h ly  probable a ssum ption  th a t liv ing  p ro to p la sm  is a  sy s te m  o f c o m p le x  
c o a c e rv a te s . T h is ex p la in s  the  fa c t th a t p ro to p la sm  b e h a v e s  a s  a p h a s e ,  
im m isc ib le  w ith the  su rro u n d in g  w a te r . A s we have' seen , T ro s h in  s tu d ie d  
d is tr ib u tio n  cu rv es of su b s ta n c e s  be tw een  c o a c e rv a te s  and the  e q u i l ib r iu m  
liq u id  and he found th a t th ey  a r e  s im i la r  to  the  d is tr ib u tio n  c u rv e s  o f s u b 
s ta n c e s  betw een liv ing  p ro to p la sm  and the su rro u n d in g  m ed iu m . A n a ly s is  
of th e se  c u rv e s  m ade it  p o ss ib le  fo r  h im  to  e s ta b lish  a  n u m b e r  of f a c to r s  
d e te rm in in g  th is  d is tr ib u tio n . It w as found th a t the  tim e  n e c e s s a r y  to  a t 
t a in  diffusion equ ilib riu m  be tw een  p ro to p la sm  and m edium  i s  r e l a t iv e ly  
s h o r t ,  and m o re  o r  le s s  th e  sa m e  fo r  d iffe ren t su b stan ces  ( s e e  F ig u r e s  
6 5 /6 7 , 69/71, 75, 77, 79, 84, 88, 89, 94). T h e re fo re  the  d e f in it io n  of 
"p e rm e a b ility "  as the  ra te  of p e n e tra tio n  of su b stan ces  into c e l l s  i s  no t 
sp e c if ic  fo r  d iffe ren t su b stan ces . I t is  th e re fo re  of no g r e a t  v a lu e  a n d  m u s t
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b e  re je c te d . T he n a tu re  of d is tr ib u tio n  of su b stan ces , a f te r  equ ilib rium  
h a s  b e e n  e s tab lish ed , is  im p o rta n t and sc ie n tif ic a lly  in te re s tin g . In th is  
r e s p e c t  th e  te rm  " c e llu la r  p e rm eab ility "  is  not convincing, e sp e c ia lly  in 
r e s p e c t  to  ce ll m e m b ra n e s , s in ce  it im p lie s  the n e c e ss ity  of overcom ing 
an  o b stac le  a t the  c e ll  su rfa c e . It would be m o re  c o r re c t  to  allude to  the  
m ovem en t of su b s ta n c e s  be tw een  the c e lls  and the m edium , but the te rm  
" p e rm e a b ility "  h a s  been e s ta b lish e d  by u sag e , and w ith  m odifica tions, 
m a y  s t i l l  b e  u sed .

T he a n a ly s is  of d is tr ib u tio n  c u rv e s  of n o n e lec tro ly te s , and of weak 
and s tro n g  e le c tro ly te s , m ade p o ss ib le  the  quan tita tive  d iffe ren tia tio n 'o f 
th re e  s ta te s  in  w hich the sam e  su b stan ce  m ay ex ist in p ro to p lasm : a  sta te  
in  w hich the  su b stan ce  is  f irm ly  bound to  the p ro te in  su b s tra te ;  ‘a  sta te  of 
th e  su b stan ce  re v e rs ib ly  ad so rb ed  to  m ic e lla r  su rfa c e s ; and a  sta te  of the 
su b stan ce  f re e ly  d isso lv ed  in  p ro to p la sm ic  w a te r. The am ount of the f irm 
ly  bound fra c tio n  i s  sm a ll, depending on i ts  co n cen tra tion  in  the surrounding 
so lu tion . E v iden tly , su b s ta n c e s  a re  ch em ica lly  hypoactive in th is  sta te  
b u t can m ove to  a f re e  so lu tion  a f te r  dam age o r  stim u la tio n . The adsorbed  
p a r t  of the  su b stan ce  is  in eq u ilib riu m  w ith  the d isso lv ed  substance . As we 
have seen , a re la tiv e ly  g re a te r  am ount is  adso rbed  from  weak solutions. 
W ith s a tu ra tio n  of the s u r fa c e s , ad so rp tio n  becom es w eaker and finally  
c e a s e s , fo llow ed only by in c re a s e d  co n cen tra tion  of the d isso lv ed  substance. 
T he in ten s ity  of the  a d so rp tio n  of the  substance  m ay be d e sc rib ed  by the 
a d so rp tio n  lim it  (AM ). Its  v a lue  m ay v a ry  fo r d iffe ren t su b stan ces (see 
T ab le  28), from  z e ro  (e.g . ch lo rin e ) to  v e ry  high va lues, the a tta inm ent of 
w hich m ay be accom pan ied  by poisoning and death of the p ro to p lasm  (e.g ., with 
b a s ic  dyes, n a rc o tic s , e tc). T ab le  28 show s th a t w ith the sam e tis su e  
( s a r to r iu s  m u sc le s  of frog ) p o tass iu m  h as the highest adso rb in g  capacity  
(A fjC =4 .5), follow ed by sod ium , the  adso rb in g  capacity  of w hich is  approx i
m a te ly  4 t im e s  le s s  (AM = 1.2); th en  com es m agnesium  (Aso= 1.0), followed 
by  the dye phenol red  w hich is  ap p ro x im ate ly  1,000 tim e s  le s s  adsorbed  
th an  p o tass iu m  (A M = 0.003) and fina lly , ch lo rine  w ith an adsorb ing  capacity  
of z e ro . In the ca lf  m u sc le s  of the fro g , the  constan ts  A K  m ay  be a rranged  
in  the  following o rd e r  of m agn itu d e ; sa c c h a ro se  (0.03) < c rea tin in e  (0,07) 
< g a lac to se  (0.11) < a lan in  (0.33) < a rab in o se  (0,6). Thus va lues w ithin 

th is  s e r ie s  v a ry  tenfold .
T he value of the co n stan t А я  is  of the  g re a te s t  in te re s t  to us since 

in  the  a d so rb ed  s ta te , when su rfa c e  c a ta ly s is  is  p o ssib le , the substances 
in p ro to p la sm  show the  g r e a te s t  ac tiv ity ; th is  has been dem o n stra ted  by 
com paring  the a d so rp tio n  c u rv e  of su g a r  in  the  p ro top lasm  of y e a s ts , w ith 
i ts  decom position . In the  p re v io u s  ch ap te r  it  w as s ta ted  that the  sorp tion  
leve l of p ro to p lasm  stro n g ly  changes in  the condition of p a ra n e c ro s is . 
E vidently , liv ing  p ro to p la sm  is  cap ab le , w ith the p a rtic ip a tio n  of m etabo lism , 
of in c re a s in g  o r  d e c re a s in g  i t s  ad so rp tio n  leve l w ithin a  wide range , and 
thus to re g u la te  not only the  in te n s ity  but a lso  the d irec tio n  of m etabolism . 
F o r  exam ple, acco rd in g  to  d a ta  fro m  the b io ch em is ts  a sso c ia ted  with O parin  
(K ursanov, 1940; O p arin , 1948; S isakyan, 1951 and o th e rs) , c e rta in  en 
zym es a r e  h y d ro ly tic a lly  ac tiv e  in  the  d isso lv ed  s ta te , w hile in  the bound 
state th ey  lo se  th is  ab ility , th u s  sec u rin g  syn th esis .

The fra c tio n  of the su b stan ce  d isso lv ed  in  p ro to p lasm  w a te r probably 
plays a  sm a lle r  ro le  in  m e tab o lism . T h is  frac tio n  is  d ire c tly  dependent on 
the content in  the  m edium , and is  c h a ra c te r iz e d  by a  d is tr ib u tio n  coefficient
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not connected with the co n cen tra tio n  of the su rro u n d in g  so lu tion . The 
value К is  alw ays le s s  than z e ro  and, as seen  from  T ab le  28, does not 
v a ry  very  stro n g ly —from  0.25 to  0.55 (m axim um  twofold). Even w ith  the 
sam e tissu e  ( s a r to r iu s  m u sc les  of fro g ) the v a lue  of К  is  not the  sa m e  fo r 
d ifferen t substances (Table 28), F o r  p o ta ss iu m  it is  0.45, fo r  ch lo rin e  
0.30 and fo r phenol red  0.25. It is  obvious th a t the low er so lu b ility  of sub
s tan ces  in p ro top lasm , as co m p ared  w ith  w a te r , cannot be exp lained  solely 
by a  ce rta in  p ercen tage  of bound w a te r . If th is  w ere  so, then in  the  sam e 
tis su e  К would be the sam e  fo r  a l l  su b s ta n c e s . Among the  ions stu d ied , 
po tassium  showed the h ig h es t so lu b ility  (0,45), follow ed by m ag n esiu m  (0,35), 
sodium (0.30) and ch lo rine  (0.30). T h u s , the  constan t К v a r ie s  from  sub
stance to substance m uch le s s  th a n  th e  co n stan t A M . The la t te r  is  m o s t 
im portan t in understand ing  the  p e rm e a b ili ty  of p ro to p lasm , and a s  th e  m ost 
significant and in te re s tin g  from  the  b io c h e m ic a l point of view .

176 On excita tion  a p a rt of the f irm ly  bound su b stan ces  p a s s e s  into a  free
solution. Since the  la t te r  is  in  e q u ilib riu m  w ith  the ad so rb ed  f ra c tio n , the 
am ount of the substance a d so rb e d  to  m ic e l la r  su rfa c e s  im m e d ia te ly  i n 
c re a se s . In tu rn , th is  should  lead  to  th e  in c re a s e  of the  c o rre sp o n d in g  
m etabolic  link. In o u r opinion, the  m ech an ism  by w hich a chain  of b io 
chem ical p ro c e s se s  p erfo rm in g  the  w ork  of the  c e ll  is  in itia te d  in  p r o to 
p lasm  is  the re le a s e  of su b s ta n c e s  bound to  p ro te in , a f te r  ex c ita tio n .

E xperim en ts  w ere  c ited  (su p ra )  to  show  th a t the r e le a s e  of su b s ta n c e s  
bound to  p ro top lasm  p ro te in s  o c c u rs  a f te r  d en a tu ra tio n  of th e s e  p ro te in s  by 
v a rio u s agents. T hese  ex p e rim en t a r e  in  acco rd an ce  w ith  o u r  d en a tu ra tion , 
theo ry  of s tim ula tion  and dam age . A fte r  ex c ita tio n  p ro to p la sm  b e g in s  to  
lo se  i ts  phase p ro p e r tie s , due to  w hich i ts  cap ac ity  fo r  d isso lv in g  s u b s ta n c e s  
in c re a se s  (K app ro ach es ze ro ). T h is  m ay exp la in  the d iffusion  of N a+  and 
Cl into the c e lls  in the  condition  of ex c ita tio n , re v e r s ib le  d am ag e  a n d  dea th .

T hese a re  the b a s ic  a s su m p tio n s  of the  so rp tio n  th e o ry  of p e r m e a b i l i ty .  
In conclusion th is  hypo thesis w ill be c o m p a re d  w ith th a t g roup  of th e o r e t i c a l  
consid era tio n s co llec tiv e ly  te rm e d  th e  " th e o ry  of se le c tiv e ly  pum ping  off 
m echan ism s" (R ozenberg , W ilb ran d t, L un d eg ard , K rogh, H odgkin an d  
o th e rs) and w hich, fo r  the sake of b re v ity , w ill be ca lled  " th e  pum p th e o ry "  

Both the so rp tio n  th eo ry  and the  pum p th e o ry  w e re  p o s tu la te d  w hen  
the c la s s ic a l  th eo ry  of se m ip e rm e a b le  c e ll  m e m b ra n e s  w as show n to  b e  
inadequate to explain a v a r ie ty  of d a ta  ob tained  by new m eth o d s of s tu d y . 
The so rp tion  th e o ry  c o n s id e rs  the  m e c h a n ism s  reg u la tin g  the  d is t r ib u t io n  
of su b stan ces betw een the  c e l l  and i ts  en v iro n m en t to be d is tr ib u te d  th r o u g h 
out the p ro top lasm , and not n e c e s s a r i ly  connec ted  w ith i t s  su r fa c e . T h e  
so rp tion  th eo ry  does not, th e re fo re ,  em ploy  the hypo thesis  of c e l lu la r  s u r 
face  m em b ran es. Such m e m b ra n e s  a s  o th e r  b o rd e r  fo rm a tio n s  ( c u t ic le s ,  
b r is t le  b o rd e rs , m em b ran es  of egg  c e l ls ,  e tc . ) m ay ex is t, bu t th e y  p e r f o r m  
c e r ta in  p a r tic u la r  c e l lu la r  fu n c tio n s and  do no t p lay  a  u n iv e r s a l  r o le  in  
m ovem ent of su b stan ces  b e tw een  c e l l  and m ed ium , w hich is  u su a lly  a s c r i b e d  
to  c e ll m em b ran es.

The proponen ts of the  pum p th e o ry , how ever, re m a in  fa ith fu l to  th e  
idea  of the  su rfa c e  m e m b ra n e , and th e y  lo ca liz e  the h y p o th e tica l "p u m p "  
w ithin the m em b ran e . It se e m s  to  u s  th a t  th is  i s  the w eak sp o t o f th e  t h e o r y ,  
s in ce  the suggested  su rfa c e  film  i s  u su a lly  co n sid e red  to  be v e ry  th in  ( s e v e r 
a l m o le c u la r  la y e rs )  w hile th e  m e c h a n ism s  of the "pum p" shou ld  b e  s p e 
c ific  fo r  each  of a  g re a t num ber of su b s ta n c e s  p en e tra tin g  the  c e ll. I t is  v e r y  d i f 
ficu lt to  conceive a ll  th e se  m e c h a n ism s  being  lo c a liz e d in  such  a s m a l l  s p a c e .
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T a b l e  28

T he value of the  d is tr ib u tio n  coeffic ien t, from  H en ry 's  equation (K), 
of the a d so rb ed  su b stan ce  (AM ) and f irm ly  bound substance  (D). 
( A a n d  D a re  e x p re sse d  in m illim o le s  p e r  100 m l of ce ll w ate r 

(a c c o rd in g  to  T ro sh in , 1956}

O bjects Substance К A D

C o a c e rv a te s G alac tose 0.61 1.22
II S acch aro se 0.60 0.64 —

Y e a s ts L actose 0.55 6.43 —
C hlo rine  ions 0.45 0.00

R abbit e ry th ro c y te s G alac to se 0.42 0.16
M u sc le s  of frog  ca lf A rab inose 0.43 0.60 —
T h e sam e G alac tose 0.32 0.11 —

n it S acch aro se 0.29 0.03 —
п к A lanine 0.40 0.33 —
и n C rea tin in e 0.38 0.07 —

S a r to r iu s  m u sc le s  
o f the  frog Phenol re d

0.25 0.003 —

T h e  sam e P o ta ss iu m  ions* 0.45 4.5 7.5
it ii Sodium ions** 0.30 1.20 —
11 rt C h lo rine  ions** 0.30 0.000 —
■ I и M agnesium  ions*** 0.35 0.060 0.94

R e tra c to r s  of 
g a la c tu r ia P o ta s s iu m  ions*

0.48 6.90 14.0

C a lcu la ted  from  the  data of:
* S teinbach, 1937, 1940a;

** F enn , Cobb and M arsh , 1934; 
*** F en n  and H aege, 1942.

177 F in a lly , fro m  the po in t of view  of the " c e l l  pump" theo ry , continuous
pum ping of the  su b stan ce  to  o r  from  the c e ll  re q u ire s  constan t expenditure 
of m etabolic  en e rg y . T his is  p roved  by the fac t that poisoning of c e lls  by 
m etabo lic  in h ib ito rs  d e c re a s e s  the  d iffe ren ce  in  the concen tra tion  of sub
s ta n c e s  w ithin and w ithout the  c e lls . The w ork  of Hodgkin and Keynes (1955) 
is  an exam ple of th is  kind. T hey stud ied  the effect of d in itrophenol, cyanides, 
and cold, on the  p o tass iu m  and sodium  conten t of g iant n e rv e  f ib e rs  of c e 
phalopod m o llu sk s.

H ow ever, e x p e rim e n ts  of th is  kind h a rd ly  confirm  pum ping off m echan
ism s  in the ce ll. The point is  th a t if c e r ta in  e le c tro ly te s  leave a dam aged 
o r  excited  c e ll, and subsequen tly  re tu rn  in  i ts  re s tin g  condition, th is  m ove
m ent re q u ire s  en e rg y  ex p en d itu re , no m a tte r  what i ts  m echanism  is . The 
so u rce  of the  e n e rg y  is  c e l lu la r  m e tab o lism . It is  a lso  known th a t in the 
re s tin g  condition  so -c a lle d  b a s ic  m etab o lism  tak es p lace in the ce ll. The 
purpose of th is  b a s ic  m e ta b o lism  is  to  m a in ta in  the ex trem e ly  labile  s tru c 
tu re  of p ro to p lasm  on w hich a l l  the p ro p e r tie s  of the la t te r  depend. Any
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d is tu rb an ce  of basic  m etabo lism  shou ld  lead  to  changes in  the  so rp tio n  
p ro p e r tie s  of the p ro to p lasm , its  c a p a c ity  fo r  d isso lv in g  su b s ta n c e s , e tc . 
(N asonov and A leksandrov, 1940). . C onsequen tly , in te r m s  of the so rp tio n  
th e o ry  any d istu rbance  of m e ta b o lism  should  c a u se  re d is tr ib u tio n  of s u b 
s ta n c e s .

Thus, the  so rp tion  th eo ry , to o , m a in ta in s  th a t  the d is tr ib u tio n  of 
su b stan ces  betw een the living c e ll  and the m ed ium  m ay o ccu r and be m a in 
ta in ed  only at the expense of en e rg y  supp lied  by m e tab o lic  p ro c e s s e s . In 
th is  r e s p e c t th e re  a re  no d if fe re n c e s  be tw een  the  re q u ire m e n ts  of the two 
th e o rie s . The d ifference c o n s is ts  only  in  the  m ean in g —w hat is  the n a tu re  
of th ese  fo rce s  which ac tu a lly  b r in g  abou t the  d is tr ib u tio n  and re d is tr ib u tio n  
of su b s ta n c e s?  The pump th eo ry  su p p lie s  no d e fin ite  a n sw e r to th is  question . 
The so rp tion  th e o ry  g ives a sp ec ific  a n sw e r in  r e s p e c t  to  the fa c to rs  of 
d is trib u tio n . T hese  a re  the fo llow ing: so lu b ility  of the su b s ta n c e  in th e  
p ro toplasm  w a te r; ad so rp tio n  to m ic e l la r  s u r fa c e s  of p ro to p la sm  co llo ids; 
and chem ica l binding to  the s u b s tra te . A ll th e se  f a c to rs  v a ry  and depend  
to  a g re a t extent on the p h y sio lo g ica l cond ition  of the  p ro to p la sm . T h is  
d e te rm in es  the  level, and n a tu re  of d is tr ib u tio n  of su b s ta n c e s  be tw een  the 
c e ll  and its  environm ent.

The above re fe r s  m ain ly  to  c e l l s  w hich a r e  su rro u n d e d  on a ll  s id e s  
by tis su e  flu id , fo r exam ple, m u s c le s , n e rv e s ,  connective  t is s u e  c e l l s ,  e tc.

A som ew hat d iffe ren t p ic tu re  i s  o b se rv e d  w ith  c e lls  of c e r ta in  g lands 
o r  ep ithe lia  capable of re a b so rp tio n . T h ese  a r e  c e lls  of b o rd e r  t i s s u e s ,  
e.g . the m ucous m em brane  of the a l im e n ta ry  t r a c t ,  k idney tu b u les , e tc .  
The sp ec ia l pu rpose  of c e lls  of th is  k ind in  the o rg a n ism  is  s e le c tiv e  pum p
ing of so lu tions of c e rta in  su b s ta n c e s  in  the  b a s a l  o r  ap ic a l d ire c t io n s , 
so m etim es ag a in s t the c o n cen tra tio n  g ra d ie n t. M orpho log ica lly  su ch  c e lls  
a re  c h a ra c te r iz e d  by w ell-defined p o la r ity  and no ne qui lib riu m  of s t ru c tu re .  
T h e ir  nonequilibrium  is  f i r s t  of a l l  d e te rm in e d  by uneven  d is tr ib u tio n  of 
chondrio som es, th ese  being m ost p re v a le n t in  th e  b a s a l  p a r t  of the c e l l s ,  

17a and a lso  by the  p o la r loca tion  of the G olgi a p p a ra tu s . It is  qu ite  o b v ious 
th a t s e c re to ry  o r re so rb in g  c e lls  shou ld  p o s s e s s  som e pum ping m e c h a n ism , 
w orking to g e th e r w ith the  v a rio u s  m e tab o lic  p ro c e s s e s .  H ow ever, a s  a l 
re a d y  m entioned, it re m a in s  c o m p le te ly  unexplained, why it  i s  n e c e s s a r y  
to  "p lace" th is  m echanism  w ithin the  m e m b ra n e , as p o s tu la ted  by 
R ozenberg , W ilbrandt, L ungdegard , K rogh , H odgkin and o th e rs .

It seem s to us m uch m o re  lo g ic a l to  lo c a liz e  the  su g g ested  pum ping  
m echanism  throughout the whole e p ith e lia l  c e ll .

We sh a ll  s ta r t  from  th o se  g e n e ra l  a s su m p tio n s  w hich w e re  ta k e n  a s  
a b a s is  fo r  the so rp tion  th eo ry . We a ssu m e  th a t the  p ro to p la sm  of s e c r e t o r y  
c e lls  is ,  a s  in  o th e r c e lls , a  c o a c e rv a te  sy s te m , in the  w a te r  of w h ich  m an y  
su b stan ces  a r e  considerab ly  le s s  so lu b le  th an  in  w a te r  of the  s u rro u n d in g  
m edium . F r e e  d iffusion a c ro s s  a  la y e r  of such  c e l ls  w ill b e  slow ed dow n 
co n siderab ly , and w ill b e  p o ss ib le  only  in  the  d ire c tio n  of the  g ra d ie n t .  
Now le t us im agine th a t m o le c u le s , f re e ly  d iffusing  w ith in  the  c e lls , a n d  
capab le  of chem ica lly  b inding and re le a s in g  the  pum ped su b s ta n c e , e n te r  
in to  the  com position of p ro to p la sm  a s  a  com plex c o a c e rv a te  ( a c c e p to r) .  
Specific  exam ples a re  the e p ith e lia l  c e lls  of k idney  tu b u li, w hich r e s o r b  
g lu co se , sodium  and p o ss ib ly  c e r ta in  o th e r  s u b s ta n c e s  f ro m  th e  lu m in a  
of the  tu b u les . In the b a s a l  p a r ts  of th e se  c e l ls  th e re  is  a g r e a t  n u m b e r  
of m ito ch o n d ria  d is tr ib u ted  in  the  fo rm  of a  p a lisa d e , and conta in ing  v a r io u s
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enzym es. It m ay be v is u a liz e d  that in the ap ic a l half of the c e lls  devoid 
of m itochondria , re a c t io n s  b inding g lucose to  acc e p to r m o lecu les p rev a il, 
while in the b a sa l h a lf, w ith an abundance of m ito c h ro n d ria , sp litting  of 
th is  com plex p re d o m in a te s . Then in the p re se n c e  of fre e  diffusion of a c 
cep to r m olecu les w ithin the c e ll, a h ig h e r co n cen tra tio n  of free ly  d isso lved  
glucose should be m a in ta in ed  in  the b a s a l  p a r t  of the c e ll  (m itoch rondria l 
p art) as com pared  w ith  the ap ic a l p art. T h is co n cen tra tion  m ay be higher 
than the equ ilib rium  c o n c e n tra tio n  of g lucose in the tis s u e  fluid surrounding 
the bases of the e p ith e lia l  c e ll , a s  a re s u lt  of which diffusion of the substance 
from  the ce ll w ill begin th rough  its  b a sa l su rfa c e  to the ou tside.

It is se lf-e v id e n t th a t such  a m echan ism  is  possib le  only w ith the 
p a rtic ipa tion  of in t r a c e l lu la r  m etab o lism  and energy  expenditure .

We re a l iz e  th a t a l l  th e se  assu m p tio n s m ay be consid ered  as one of 
many possib le h y p o th eses , bu t the advantage of o u r hypothesis as opposed 
to o th ers  is  th a t we lo c a liz e  the  " c e l l  pum p" w ithin the whole ce ll, and not 
in the sem ip e rm eab le  m e m b ra n e  which is  thought to  c o n sis t of a few m o le
cu la r lay ers .
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179 P a r t  III

B I O E L E C T R I C  P O T E N T I A L S

C h a p t e r  1 . P h a se  T h eo ry  of B io e le c tr ic  P o te n tia ls

H is to ry  of the P ro b lem

The th eo ry  of ex c ita tio n  is  c lo se ly  linked to  th e  th e o ry  of bioelectric  
po ten tia ls. It is  known, th a t the  su rfa c e  of the e x c ite d  p a r t  of a  c e l l  is  
e lec tronegative  in  re la t io n  to  the  nonexcited p a r t .  T h is  g av e  physiologists 
the opportun ity  to  study  q u an tita tiv e ly , and w ith g re a t  p re c is io n , the degree 
of excita tion  of the t is s u e . T h e se  s tu d ies , u sing  e le c t r ic a l  m ethods, were 
c a r r ie d  out in  the  m idd le  of the  la s t  cen tury . T h e re  a r e  no o th e r  methods 
fo r study of excita tio n  a s  a c c u ra te  a s  these . T h is  is  why th e  m a jo r ity  of 
stud ies on excita tio n  a r e  e lec tro p h y s io lo g ica l, and a r e  p e r fo rm e d  mainly 
on conducting t is s u e s .  In ad d ition , the  m e re  fac t of g e n e ra tio n  of e lectrical 
energy by exc ited  p ro to p la sm  shou ld  illum inate  the  p h y s ico ch em ica l nature 
of excitation .

The 19th cen tu ry  in v e s t ig a to rs  could not p o s tu la te  any  sa tisfac to ry  
theory  of b io e le c tr ic  p o te n tia ls . P o ss ib ly  in tho se  t im e s  p h y s ic is ts  were 
unaw are of liquid ch a in s  w hich, in  the  absence of m e ta l l ic  e le c tro d e s , 
could c re a te  p o ten tia l d if fe re n c e s , s im ila r  in m agn itude  to  b io lo g ic a l ones. 
At the end of the 19th c en tu ry , p a p e rs  appeared  on the  su b je c t of the theory 
of m em brane  po ten tia ls  (O stw ald , 1890; M ich ae lis , 1925 and  o th e rs )  and 
phase po ten tia ls  (N e rn s t, 1892), T h ese  m ade p o ss ib le  the  u se  of physico
chem ica l m ethods to  exp la in  b io e le c tr ic a l  phenom ena.T he th e n  predominant 
concept of p ro to p lasm  a s  an  aqueous solution of p ro te in s  and s a l ts  surrounded 
by a  m em brane  influenced  the  p h y sio lo g is ts ' a t te m p ts  to  c o n s tru c t a  gene
r a l  th eo ry  of b iopotentials.· T he p a p e rs  by B e rn s te in  (1912), H öher (1905, 
1907, 1926) and o th e rs  co n trib u ted  to  the fo rm atio n  of, and  la id  a  substan
t ia l  foundation fo r, the m em b ran e  th eo ry  of b io e le c tr ic  p o te n tia ls , which, 
w ith c e r ta in  changes and ad d itio n s , is  s t i l l  the b a s is  of o u r  th e o r ie s  of 
e le c tr ic a l  phenom ena in  c e l ls .

The phase p o te n tia ls  of N e rn s t w ere  used  by p h y s io lo g is ts  in  these 
th e o re tic a l co n s id e ra tio n s  only  fo r  c e rta in  sm a ll  v a r ia t io n s  in  the  theory 
of the  m em brane  s tru c tu re . One exam ple is  the th e o ry  of B e u tn e r  (1920, 
1933), who tr ie d  to  exp la in  b io e le c tr ic  phenom ena b y  a ssu m in g  th a t the cell 
m em brane  c o n s is ts  of two la y e rs  of su b stan ces in so lu b le  in  w a te r :  one 
giving an  acid  re a c tio n  and the  o th e r  a b asic  one*.

* T h is  th e o ry  m e t w ith  no s u c c e s s , since it w as b a se d  on a f a ls e  concept 
of the  s im ila r ity  of the  s a lt  com position  of the  c e l l  w ith  th a t  of the sur
rounding m edium .
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The p rev ious sec tio n , d iscu ss in g  p e rm e a b ility  phenom ena, concluded 
w ith  a  com plete d en ia l of the p re se n c e  of hypo thetic  su rface  m em branes 
w hich, accord ing  to  the  m a jo r ity  of c o n tem p o ra ry  physio log ists , act as 
se m ip e rm e a b le  m em b ran es  con tro lling  the uptake of soluble substances by 
the c e l l .  We s ta r te d  from  th e  concept of the p ro to p la sm  a s  a coacervate  system  
w hose w a te r behaves as a p h ase  in re la tio n  to  the su rround ing  w ater. F rom  th is  
we concluded th a t the d is tr ib u tio n  of su b stan ces  betw een  the ce lls  and the medium 
is n o t de te rm in ed  by the p e rm e a b ility  of the hypo thetic  m em branes, but by the 
s o lub ili ty o f th e  s u b s ta n c e s in th e p ro to p la s m , the i r  a d s orb anc e on the p roto - 
p la sm  m ice lle s  and by th e i r  ch em ica l binding to  the  p ro te in  su b s tra te . We cited  
d a ta  showing that a  co n s id e ra b le  p a rt o fth e  p ro to p la sm  e lec tro ly te s  is  bound to 
its  p ro te in s , and th a t only a  sm a ll p a r t  is  in  the  f re e  d isso lved  sta te  and that upon 
d am age o r in the condition  of s tim u la tio n  the  p ro to p la sm  lo ses  its  phase p ro p er
t i e s ,  re le a s in g  the e le c tro ly te s  bound to  it, w h ic h p a ss  into a  sim ple aqueous 
so lu tio n , The m em b ran e  th e o ry  of b io e le c tr ic  p o te n tia ls  w as abandoned by us, 
s in c e  it  was b ased  on fau lty  p re m is e s . In i t s p la c e ,  th e p h a se th e o ry , basedon  
the concep t of p ro to p lasm  a s  a "p h ase"  in  re la tio n  to  the  surrounding w ater, was 
a c c e p ted  (N asonovand A leksandrov , 1944; T ro sh in , 1956), D ataw illnow be 
adduced  to  support th is  th e o ry .

Any th eo ry  of b io e le c tr ic  p o ten tia ls  should in  the f ir s t  place explain 
th r e e  b a s ic  g roups of phenom ena. T h ese  a r e :  f i r s t ly ,  the  appearance of 
a d iffe re n c e  in po ten tia l due to  the app lica tion  of s a lt  solutions to  the s u r 
fa c e  o f the c e ll  (" sa lt  po ten tia ls"} ; secondly , th e  appearance of difference 
in p o te n tia l betw een the  su rfa c e  of the  dam aged and in tac t p a rts  of the ce ll 
( " in ju ry  p o ten tia ls" , o r  "p  te n tia ls  of r e s t" ) ;  th ird ly , the appearance of 
a  d iffe re n c e  in  po ten tia l betw een  the su rfa c e s  of the  excited  and resting  
p a r t s  of the c e l l  ("p o te n tia ls  of ex c ita tio n " , o r  "ac tio n  cu rren ts").

Salt P o te n tia ls

The explanation  of s a lt  p o ten tia ls  w ill fo rm  the  b a s is  of our theory 
of b io e le c tr ic  phenom ena.

Salt po ten tia ls  w e re  f i r s t  d e sc rib e d  by H öher (1905). The bs.sis of 
th is  phenom enon is  th a t on con tact of any p a r t  of th e  ce ll surface with a 
s a lt  so lu tion , a d iffe ren ce  in  p o ten tia l m ay fo rm  a t once on contact of th is 
se g m e n t w ith i t s  ne ighbor (F ig u re  109 C). If iso m o la r  sa lt solutions a re  
u sed , differing by the ca tio n  only (fo r exam ple, ch lo rid e s  of various m eta ls) 
o r  b y  th e  anion only (fo r ex am p le , sodium  s a l ts  of v a rio u s acids) an ionic 
s e r i e s  m ay be ob tained by a rra n g in g  them  acco rd in g  to th e ir  ab ility  to 
b r in g  about a  s ta te  of n eg a tiv ity  o r  p o s itiv ity  in  the  p ro top lasm , as com pared 
w ith  N aC l solution .

S o b e r  ob tained such  s e r ie s  fo r  ca tio n s  and an ions:
-  K > R b > N H 4 > C s > N a > L i  + 

ta r t r a te > S O 4  > H P O 4  >  a c e ta te  > C l > В г  > I >N O 3 >CNS + 

is i He t r i e d  to explain  them  b y  the  re la tiv e  to x ic ity  of the  ions. He assum ed 
th a t th e y  poisoned  p ro to p la sm , w ith  re s u lta n t loosening of the m em brane 
and developm ent of n eg a tiv ity . H ow ever, on th is  b a s is  NaCl would be m ore 
" to x ic " th a n  L iC l, N aB r, N al and NaCNS, w hich is  of course  in co rrec t.
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In addition , it would a lso  have to  be assu m ed  th a t Na p e n e tra te d  c e l l s  more 
re a d ily  than  Li, and C l m o re  th an  B r and I. T h is  would a lso  c o n tra d ic t the 
b a s ic  a ssum ptions of the m em b ran e  th e o r ie s  of b io c u r re n ts , a c c o rd in g  to 
w hich C l and Na do not p e n e tra te  a t a l l  into ce lls .

In o rd e r  to  explain s a lt  p o te n tia ls , the th eo ry  of p h ase  p o te n tia ls  of 
N e rn s t (1892) and his fam ous e x p e rim e n ts  (which a r e  s c h e m a tic a lly  illus
tr a te d  in  f ig u r e  109A) a r e  taken  a s  a  b a s ic  p re m ise . A  liqu id  im m iscib le  
w ith  w a te r , which we sh a ll fu r th e r  c a ll  the phase , w as p o u red  on th e  bottom 
of a U -tube. W ater, w hich is  of a  l e s s e r  specific  w eigh t, w as p o u re d  onto 
the  su rfa c e  of th is  phase, in  th e  r ig h t and the left a rm s  of the  tu b e . И 
e le c tro ly te s  w ere d isso lv ed  in  the  w a te r , then  a t the  in te rp h a se  a  difference 
in  po ten tia l w as detected . Such p o ten tia l changes o c c u r re d  in  b o th  th e  right 
and the  left a rm s of the tube .

T h is d ifference in p o ten tia l w as caused , a cco rd in g  to  N e rn s t,  by the 
unequal so lubility  of e le c tro ly te  ions in the  nonaqueous p h ase . If th e  solu
b ility  of the  cations in the  p h ase  i s  la r g e r  than  th a t of th e  an ions, th e  cations 
w ill ten d  to  p ass  into it in  a  la r g e r  quan tity  than  th e i r  an ion  p a r tn e r s .  Of 
c o u rse , a  p revalence of c a tio n s  o v e r  an ions in the  so lu tio n s , w h ich  can be 
analy tica lly  detected, does no t o c c u r , but the tendency  to  p a s s  in to  th e  phase 
at a h ig h e r concentration  w ill b e  e x p re s se d  by an  e x p e rim e n ta lly  detectable 
d ifference  in  potential, w ith  a n eg a tiv e  e le c tr ic a l  c h a rg e  on the  s id e  of the 
aqueous solution.

iss S tarting  from  th ese  c o n s id e ra tio n s , N e rn s t th e o re t ic a l ly  developed
a  fo rm u la  determ ining the  m agn itude  of e lec tro m o tiv e  fo rc e  fo rm e d :

RT K+ y + RT К у'
E  = ------ In — r~  = --------- In -------- --

F u i] C+ F m 2  C“

w here  and a re  the  v a le n c ie s  of the ions; K+  and K —  a r e  th e  d is 
tr ib u tio n  coefficien ts of th e  c a tio n s  and anions be tw een  th e  two p h a s e s ;  
C+  and C “  a re  the co n cen tra tio n s  of ca tio n s  and an io n s in  the  aq u e o u s  
phase ; y+  and y —  a re  the  co n c e n tra tio n s  of the  ca tio n s  and  an io n s in  the 
nonaqueous phase.

T hus, fo r  e le c tro ly te s  w ith  io n s of the  sam e  v a len cy , th e re  i s  the 
fo rm u la :

R T K ~ Y
_

E -------I n ------ —  .
F m  C —

Com bining the  rig h t hand and  le ft hand  p a r ts  of th e s e  e q u a tio n s  r e -
su its  in :

R T K+ y+ C~
E = ------ In  ,

2F m  K ~ y~ C +
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and s in ce  in so lu tio n s , C+  should  be equal to  C and y+  = y ~ , then

RT K+

I n ----- ;
2Fm  K“

fo r  m onovalent e le c tro ly te s

RT K+
E = ----  In -----  .

2F κ -
ω

If now two d iffe ren t e le c tro ly te  so lu tions w ith a com m on anion and 
d iffe ren t ca tio n s  a re  p laced  on two d iffe ren t s e c to rs  of the phase (F igure  
109 A), the  d iffe ren ce  in po ten tia l in th e se  two points (righ t and left a rm s  
of the  tu b e ) w ill be d e te rm in ed  by the following fo rm u la :

RT / K l+ K 2 ) RT K1+

E = E , — E„ = ----- I n --------- I n ----- = ----  In —
1 2  2F K i 2F K2

+
(2)

FIGURE 109. Salt (phase) p o ten tia ls  
in the ch a in : aqueous solu tion  of KC1— 
phase—iso m o la r  aqueous so lu tion  of 
NaCl

P h a se s : A —a liqu id  im m isc ib le  w ith 
w ate r; В —c o a c e rv a te ; C —p ro to p lasm .

In o th e r w ords, the m agni
tude of th is  p o ten tia l d ifference 
is  p ro p o rtio n a l to  the logarithm  
of the  ra tio  betw een d istribu tion  
coeffic ien ts  of the  cations betw een 
w a te r  and the phase . C onsequently, 
in  the p re sen ce  of the sam e anions 
the ca tions should give a s e r ie s  
accord ing  to  th e ir  deg ree  of so lu 
b ility  in  the phase. The m ore 
soluble ones w ill convey g re a te r  
negativ ity  to  the su rface .

A s shown by experim ent, 
d iffe ren t phases (for exam ple, 
phenol, guaiaco l, c re so l, and 
o th e rs )  give d ifferen t s e r ie s  
(B eutner, 1920). In our opinion, 
p ro to p lasm  is  a co acervate  system . 
C onsequently, the ro le  of the phase 
should be played by the solvate 
w a te r  of the coace rv ate . If th is  
a ssum ption  is  c o r re c t,  we should 
obtain sa lt po ten tia ls  at the su rface  
of the  co acerv ate  a rran g ed  (in.

the p re se n c e  of d iffe ren t ca tio n s) accord ing  to  the  degree of negativity , in 
s e r ie s  s im i la r  to  the  s e r ie s  of s a lt  p o ten tia ls  on the su rface  of living p ro to 
p lasm  d e sc r ib e d  b y  H öher.

183 In o r d e r  to  check  th is  a ssu m p tio n , T ro sh in  (1948b) studied  sa lt po ten
t ia ls  on com plex  c o a c e rv a te s , w hich, accord ing  to  Bungenberg de Jong (1932), 
O parin (1941) and o th e rs , m o s t c lo se ly  re se m b le  p ro to p lasm . Su< h a
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co acerv ate  w as p rep a red  by T ro s h in  fro m  g e la tin  and gum a ra b ic ,  and a 
liquid w as obtained im m isc ib le  w ith  the  equ ilib riu m  so lu tio n  w a te r , de
lineated from  it by a sh a rp  bou n d ary . The c o ace rv a te  w a t  p laced  on the 
bottom  of th e  v e sse l, and i ts  su rfa c e  b rough t into co n tac t a t two points, 

Nw ith an aqueous j-θ solution of two c h lo r id e s . The v e s s e ls  in to  w hich the 

sa lt so lu tions w ere  poured  w e re  connected  by ag a r b r id g e s  w ith  calom el 
e lec tro d es  (F ig u re  109B). T h e  d iffe ren ce  in  p o ten tia l, fo rm e d  a t the  points 
of contact of the  co ace rv a te  w ith  the  sa lt so lu tions, w as d e te rm in e d  by a 
m ir ro r  g a lv an o m ete r, sod ium  ch lo rid e  being alw ays p re s e n t  in  one of the 

Nv e sse ls . C h lo rid es  of v a r io u s  m onovalen t ca tio n s, in  — co n cen tra tio n s, 

gave a c e r ta in  s e r ie s  of v a lu e s  of the  p o te n tia ls  o b ta ined  (T ab le  29).

F o r  co m p ariso n  w ith  th e  s e r i e s  obtained , ~ ·  so lu tio n s of the  same 

ch lo rides w ere  p laced at two p o in ts  on the  su rfa c e  of ca lf  m u s c le s  of the 
frog, and the  d iffe ren ces  in p o te n tia l w e re  tra n s m itte d  to  th e  m i r r o r  galva
nom eter by c a lo m e l e le c tro d e s  (F ig u re  109C).

T a b l e  29

D iffe ren ces in po ten tia l of “  s a lt  so lu tions obtained on co n ta c t with

the c o a c e rv a te , and w ith  the  liv ing  m u sc le , in  re la t io n  to  an
Nτ γ  solution of N aC l (acco rd in g  to T ro sh in , 1948b)

solution
D iffe re n c es  in p o te n tia ls  (m illiv o lts )

on th e  c o a c e rv a te s on liv in g  m u sc le

KC1 — 18.7 — 26.7
R bC l -  16.6 -  16.5
NH 4 C1 — 15.8 — 13.3
C sC l — 14.9 — 11.2
N aC l 0.0 0.0
L iC l + 10.7 + 6.5

It fo llow s fro m  T ab le  29 th a t ca tio n s  of the c h lo r id e s  fo rm e d  a t  the 
su rface  of th e  com plex , c o a c e rv a te  ex ac tly  the sam e s e r i e s  of negativ ity  
a s  on the su rfa c e  of living m u s c le s . A tten tion  should b e  pa id  no t only to 
the co incidence of the o r d e r  of a r ra n g e m e n t of the  ca tio n s  —KC1 > RbCl > 
NH4 CI >C sC l > N aC l > L iC l+ , bu t a lso  to  th e  c lo se n e ss  of th e  a b so lu te  
va lues of the p o te n tia ls  (only th e  p o te n tia l of KC1 on m u s c le s  i s  considerably 
h igher th a n  on the  c o a c e rv a te ) . T h is  co incidence  is  th e  m o re  re m ark ab le  
since  on c o n ta c t w ith the e q u ilib r iu m  liqu id  of the  c o a c e rv a te , d iffe rences 
in  p o ten tia l w e re  a lso  fo rm e d , b u t th ey  w e re  of a c o n s id e ra b ly  s m a lle r  
abso lu te  m ag n itu d e , g iv ing  a n o th e r  s e r ie s  in  re s p e c t to  th e  n e g a tiv ity : 
—C sC l > R b C l >K C 1> NH4 C 1>  N aC l > L iC l+ , w here  th e  c a tio n s  a r e  arranged
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a c c o rd in g  to  m ob ility . In o th e r  w o rd s, a typ ica l s e r ie s  of d iffusion  po ten 
t i a l s  w a s  obtained . The sam e  s e r ie s  w as obtained w ith k illed  m u sc le . 

A ll  th is  co n firm s the  hyp o th esis  th a t the d iffe ren ces  in  p o ten tia l 
a r is in g  from  con tac t of s a lt  so lu tions w ith  living p ro to p la sm  a re  nothing 
b u t th e  p h ase  po ten tia ls  of N e rn s t, the  ro le  of the ph ase  in  re la tio n  to  w ate r 
b e in g  p lay ed  by the  c o a c e rv a te , i.e . p ro top lasm*.

* T h e  p h ase  p ro p e r t ie s  of liv ing  p ro to p lasm  exp la in  v e ry  w ell the  
p o la r iz a t io n  of the la t te r  on p a ssag e  of d ire c t c u r re n t , and a lso  
i t s  c a p a c ity  p ro p e r tie s .

** A l l  th a t h a s  been sa id  on the  ro le  of diffusion p o ten tia ls  should be 
r e l a t e d  to  the  above-m entioned  ex p erim en ts  of N e rn s t w ith phase 
p o te n t ia ls  (see  C re m e r , 1906).

T hus, the m ain c a u se s  of s a lt  c u rre n ts  a re  the jum ps in  po ten tia l at 
the  b o u n d a ry  betw een the p h ase s , a r is in g  as a re s u lt  of unequal so lub ility  

184 of the  ca tio n  and anion in  p ro to p la sm . To th is  po ten tia l m ay be added a n 
o th e r , th e  d iffusion p o ten tia l a r is in g  as a re su lt  of d iffusion of the sa lt, 
w hich p e n e tra te d  into the p ro to p la sm  along the f ib e r , the ca tion  m oving 
f a s t e r  th a n  the anion.

P re v io u s  s tu d ies  on b io e le c tr ic a l  po ten tia ls  have u su a lly  ind ica ted  
th a t th e s e  d iffusion  p o ten tia ls  m ay be ignored  because  of th e ir  v e ry  sm a ll 
m a g n itu d e s , in com parab le  in  va lue  w ith the b io e le c tr ic  ones. H ow ever, 
th e  p o s s ib le  ro le  of d iffusion  p o ten tia ls  in the fo rm atio n  of the  to ta l  sa lt 
e le c tro m o tiv e  fo rc e  now need s to  be re v ise d , fo r the following reaso n .

S ta r tin g  from  the w ell-know n fo rm u la  of H enderson  (1907) de term in ing  
th e  v a lu e  of the  d iffusion p o ten tia l, i t  w as shown th e o re tic a lly  and e x p e ri
m e n ta l ly  (N asonov and A leksandrov , 1934), that if two e le c tro ly te s  (I and 
III) d if fu se  to w ard  each o th e r  in  a  m edium  w here s t i l l  an o th e r e le c tro ly te  
II i s  p r e s e n t ,  the  to ta l d iffusion  po ten tia l of the  chain, e le c tro ly te  I - e le c tro -  
ly te  П - e le c tro ly te  III w ill to  a la rg e  extent depend on the co n cen tra tio n  of 
th e  in te rm e d ia te  e le c tro ly te  II. The value of th is  e le c tro m o tiv e  fo rce  

g
E  = A I n 77—, w h ere  A and В a r e  co n stan ts  and (Ντ the co n cen tra tio n  of the 

in te r m e d ia te  e le c tro ly te . T h is  function has no lim its ; consequently  by 
d e c r e a s in g  th e  c o n cen tra tio n  of the in te rm ed ia te  e le c tro ly te  С д , th rough  
th e  s o lu tio n  of w hich the  two e le c tro ly te s  I and III d iffuse  each  tow ard  the 
o th e r ,  th e  d iffusion  p o ten tia l of the  chain  may be in c re a se d  at w ill. 

T h e  m em b ran e  th e o ry  p o s tu la te s  th a t the  m a jo rity  of su b stan ces  in 
th e  c e l l  a r e  p re s e n t  in  the  fo rm  of an  o rd in a ry  aqueous solution . If th is  
w e r e  s o ,  th en  indeed the in tra c e l lu la r  diffusion p o ten tia l should have been 
v e r y  s m a l l  (of the  o rd e r  of m agn itude  of ten th s  of a m illiv o lt) . It h as  a lready  
b e e n  s ta te d  th a t v e ry  few f re e  e le c tro ly te s  ex is t in  living p ro to p la sm , 
t h e r e f o r e  e le c tro ly te s  p e n e tra tin g  the c e ll  and diffusing to w ard  each  other 
m a y  d ev e lo p  co n sid e rab le  d iffusion  po ten tia ls , the  m agn itude  of w hich 
c a n n o t b e  ig n o red . T h ese  tw o p o ssib le  so u rce s  of e le c tro m o tiv e  fo rc e  
c a n n o t y e t  be d iffe ren tia ted  ex ac tly , but it  is  assum ed  th a t th ey  both  p a r t i
c ip a te  in  the  fo rm atio n  of s a lt  c u rre n ts* *.
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In ju ry  P o te n tia ls  and A ction  P o te n tia ls

S o -ca lled  in ju ry  p o te n tia ls  o r  re s tin g  c u r re n ts  w ill now be discussed. 
A s a lread y  s ta ted , they  a p p e a r  w hen  a  cut o r  p a r t ia l ly  in ju re d  p a r t  of the 
c e ll  com es into con tact w ith  an  in ta c t su rfa c e  by n o n p o la ris in g  (liquid) 
e le c tro d e s .

F ig u re  11 OB i l lu s t r a te s  o u r  co n cep t of the ca u se  of th e s e  potentials. 
In th is  f ig u re  an oblong c e l l  cu t in  the  r ig h t hand p a r t  (fo r ex am p le , a 
m uscle  f ib e r)  is  sc h e m a tic a lly  d e s c r ib e d , the  unshaded  p a r t  rep resen tin g  
the  in tac t p ro to p lasm . T he shaded  p a r t  i s  p ro to p la sm  in ju re d  a s  a  result 

iss of cu tting , o r  by any o th e r  m ethod . Two liquid n o n p o la riz in g  e lec tro d es 
filled  w ith  iso tonic N aC l a r e  a tta ch ed  to  both  d iscon tinuous and in tact 
su rface . A fte r in ju ry , th e  p ro to p la sm  lo s e s  i ts  ph ase  p r o p e r t ie s ,  and the 
e le c tro ly te s  bound to  p ro te in s  (m a in ly  p o ta ss iu m  p h o sp h a tes) a r e  released 
and p ass  in to  solution. T he d iffusion  p o te n tia l a t the  b o u n d a ry  of the in
ju re d  s e c to r  and the  liqu id  e le c tro d e  i s  v e ry  sm a ll, s in c e  d iffusion  takes 
p lace in  a  m edium  r ic h  in  e le c tro ly te s  (of the  o rd e r  of 0.1 m illiv o lt) . This 
can th e re fo re  be igno red .

Since p ro top lasm  i s  a  c o a c e rv a te  p h a se , a c o n s id e ra b le  poten tia l 
spike could  ju stifiab ly  be e x p e c te d  a t the  b o undary  b e tw een  th e  in ju red  and 
in tac t p ro to p lasm , w here  th e  p h ase , p o o r in  e le c tro ly te s , c o m e s  into con
ta c t  with the  solution of p o ta ss iu m  p h o sp h a te s . A n o th e r sp ik e  o c c u rs  at 
the  su rfa c e  of contact be tw een  th e  liqu id  e le c tro d e  and th e  u n in ju red  proto
p lasm , h e re  bathed in  a  N aC l so lu tio n . B o th  p o te n tia l sp ik e s  a r e  directed 
w ith  th e ir  positive  sign  in s id e  th e  p ro to p la sm  and the  n e g a tiv e  to  the out
side, C onsequently , the  connec ting  e le c tro d e s  r e g is te r  the  r e s t in g  current 
equal to  th e  d ifference  b e tw een  th e s e  tw o sp ik e s . S ince u n d e r  otherw ise 
equal conditions, p o ta ss iu m  and  p h o sp h a tes  b r in g  about a  g r e a t e r  negativity 
of p ro top lasm  than  does N aC l, th is  d iffe re n c e  in  p o te n tia l in  the  in jured 
p a r t  w ill be negative.

C om paring F ig u re  H O B  w ith  F ig u re  109, it  w ill  b e  se e n  th a t the in
ju ry  c u r re n t is , s tr ic t ly  sp eak in g , a  s a l t  c u r re n t  b e c a u se  a  so lu tio n  of 
sodium ch lo rid e  is  app lied  to  one re g io n  of p ro to p la sm , and  p o tassium  
phosphate, w hich a p p e a rs  in  th e  fo rm  of a  f r e e  so lu tio n  a t th e  in s tan t of 
in ju ry  to  th e  p ro to p la sm , to  th e  o th e r . T h is  phase p o te n tia l  should be aug
m ented b y  a  diffusion p o te n tia l a s  soon  a s  th e  f r e e  p o ta ss iu m  phosphate 
which h a s  en te red  th e  in ta c t p ro to p la sm  b e g in s  to  d iffu se  a long  th e  fiber. 
T h is p o te n tia l should be of c o n s id e ra b le  m agn itude , s in c e  h e re  diffusion 
ta k e s  p lace  inside th e  p ro to p la sm , w h ich  i s  poor in  f r e e  e le c tro ly te s* .

* C hagovets (1999) at th a t  t im e  developed  a  th e o ry  a c c o rd in g  to  w hich injury 
c u r re n ts  a r e  a  r e s u l t  of d iffu sio n  a long  th e  f ib e r  of c a rb o n ic  ac id  fo rm ed  at the 
s ite  of dam age. H is opponen ts m a in ta in ed  th a t the  d iffu sio n  o f carbonic 
acid shou ld  take  p lace  no t only  in the d ire c tio n  of the f ib e r  bu t a lso  in the 
opposite one, to  the e le c tro d e , a s  a  r e s u l t  of which the e lec tro m o tiv e  
fo rce  w ill be equal to  z e ro .

At th a t  tim e it  w as a c c e p ted  th a t  a ll  the  e le c tro ly te s  in  p ro toplasm  are 
d isso lved  and th e re fo re  th e  d iffusion  p o ten tia l in sid e  the  c e ll  should be 
equal to  the po ten tia l d ir e c te d  to  th e  e le c tro d e . B ut in  fa c t th is  may not 
be so s in c e  p ro to p la sm  i s  now known to  be poor in  f r e e  e le c tro ly te s . That 
is  why we co n sid e r C h ag o v e ts ' id e a s  to  be s im i la r  to  o u rs .
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FIG U R E 110. Schem e il lu s tra tin g  
(A) the  m e m b ra n e  and (В) the  phase 
th e o r ie s  of fo rm a tio n  of in ju ry  po
te n t ia ls  (acco rd in g  to  N asonov and 
A le k sa n d ro v , 1944)
F o r  ex p lan a tio n  see  tex t.

D ata  w e re  p rev io u sly  given 
w hich show th a t a f te r  ex c ita tio n  o r  
in ju ry  of p ro to p la sm , bound e le c tro 
ly te s  a r e  re le a s e d . T h is alone should 
c a u se  the  ap p ea ran ce  of a co n sid erab le  
d iffusion  p o ten tia l (w ith a  negative 
s ig n  in  the  ex c ita ted  sec tion ), since 
d iffusion  in  the d ire c tio n  of re s tin g  
p ro to p la sm  w ill o c c u r in an. e le c tro 
ly te -p o o r  m edium .

It is  a lso  highly p ro b ab le , a l
though  not p roven , th a t the excited  
s e c to r  of the p ro to p lasm  lo se s  its  
p h ase  p ro p e r tie s . T h e re fo re , in  the 
re g io n  of excita tion , a l l  conditions 
a r e  p re se n t fo r the  ap p ea ran ce  of a 
p h ase  po ten tia l. T hus we, a s  w e ll 

a s  the  s u p p o r te r s  of the m em b ran e  th e o ry , see  fe a tu re s  of g re a t s im ila r ity  
in  th e  p henom ena of in ju ry  and ex c ita tio n , and we c o n s id e r the  re a s o n s  fo r  
th e  a p p e a ra n c e  of ac tio n  c u r r e n ts  to  b e  s im ila r  io tho se  fo r  re s tin g  c u r re n ts .

T h e  m e m b ra n e  th e o ry  of b io e le c tr ic  p o ten tia ls  is  now w idely accep ted  
by  th e  m a jo r i ty  of p h y s io lo g is ts  in the  USSR and ab road . T h is th e o ry  w ill 
b e  b r ie f ly  su m m a riz e d , A c o m p a ra tiv e  ev a lua tion  w ill then  be given of a 
n u m b e r  of b io e le c tr ic  phenom ena in  t e r m s  of the  two th e o r ie s , o u rs  and 
th a t  of th e  m em b ran e  concept.

T he m e m b ra n e  th e o ry  in  i t s  c la s s ic a l  fo rm  i s  b a sed  on the  following 
a s s u m p tio n s : 1) a l l  the  e le c tro ly te s  a r e  p re se n t in  the  c e ll  in the fo rm  of 
a f r e e  so lu tio n  (H ill and K upalov, 1930; H ill, 1935; F en n , 1935, and o th e rs); 
2) th e  c e l ls  a r e  su rro u n d ed  by a se m ip e rm e a b le  m em b ran e ; anions do not 
p e n e tra te  a t a l l  th rough  th is  m e m b ra n e , w hile  only tho se  ca tio n s p e n e tra te  
w hose  d ia m e te r  (to g e th e r w ith  the  so lv a te  la y e r)  does not exceed  the  d iam e te r  
of the  p o ta s s iu m  ion; 3) a f t e r  dam age o r  ex c ita tio n  the  m em b ran es  becom e 
p e rm e a b le  to  a l l  ions.

F ig u re  110A i l lu s t r a te s  B e rn s te in 's  m em b ran e  th eo ry  of in ju ry  c u r 
r e n ts  (1912). The shaded  p a r t  r e p re s e n ts  the ce ll content (pro toplasm ), 
b e in g a f r e e ,  aqueous so lu tio n  of e le c tro ly te s , p ro te in s  and o th e r substances. 
O nly  p o ta s s iu m , w hich i s  k ep t on the  su rfa c e  by non p en e tra tin g  an ions, 
g iv ing  th e  su rfa c e  i ts  p o s itiv e  c h a rg e , p a s s e s  th ro u g h  the  m em b ran e  pores. 
T h e  a r e a s  sh ad ed  w ith  d o tted  lin e s  r e p re s e n t  the  nonpo lariz ing  e lec tro d es . 
T he e le c tro d e  connected  to  th e  s ite  of th e  cut a c ts  only a s  a  conducting 
w ire  lead in g  aw ay the  c u r r e n t .  T h e  d iffu sion  p o ten tia l a r is in g  h e re  is  r e 
la tiv e ly  v e ry  s m a ll  and i t  can  be ig n o re d . T he m em b ran e  of the  in ju red  o r  
e x c ite d  s e c to r  lo se s  i ts  im p e rm e a b ili ty  to  ions, and the  s e c to r  i ts e lf  b e 
c o m e s  e le c tro n e g a tiv e  in  re la t io n  to  th e  in ta c t su rfa c e .

C om m on  to  both o u rs  and B e rn s te in 's  th e o r ie s  i s  the  fa c t th a t in  both
c a s e s  th e  ap p ea ran ce  of e le c t r ic a l  p o te n tia ls  in  p ro to p lasm  i s  co n sid ered  
to  b e  due to  th e  p re se n c e  of d iffe ren t ionic co n c e n tra tio n s . H ow ever, to  
ex p la in  p o te n tia ls  of th e  o rd e r  of te n s  of m ill iv o lts , B e rn s te in  quo tes th e  
th e o ry  of m e m b ra n e  p o te n tia ls , w hile  we u se  th e  th eo ry  of ph ase  p o ten tia ls . 

C a re fu l co m p a riso n  of th e  two sc h e m e s  (F ig u re  110) d is c lo s e s  som e 
b a s ic  d if fe re n c e s . In th e  f i r s t  p lace , th e  m em b ran e  th e o ry  a s su m e s  a

187 d iffe re n c e  in  po ten tia l fo rm e d  in  the  r e s t in g  c e ll. C onnecting the
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e le c tro d e s  to the 
the c irc u it .

FIGURE 111. 
E xperim ent 
m easu ring  po
ten tia ls  a t the 
boundary b e 
tween (a)m uscle  
and (b) m uscle  
m ince.

s ite  of the cu t, and to the in tac t s u r fa c e ,  only c lo ses

A ccord ing  to our theo ry , the e le c tro m o tiv e  force 
a r is e s  only a t  the m om ent of in ju ry  o r  exc ita tio n , when 
the e le c tro d e s  a r e  re le a se d  from  th e ir  linkage  with the 
p ro te in  s u b s t r a te .  In th is  re s p e c t  our th e o ry  resem bles 
the a l te ra t io n  th eo ry  of H erm ann (1885), who assumed 
that a t the s i te  of a lte ra tio n  a r i s e  in p o ten tia l is  due to 
ch em ica l p ro c e s s e s  not c le a r  to the a u th o r, but arising 
as a r e s u l t  of dam age.

A no ther d ifference  betw een the two th e o rie s  is in 
the d e te rm in a tio n  of the s ite  of the po ten tia l sp ike. 
F ro m  the point of view of the m em b ran e  concep t, this 
s ite  is  the m em b ran e  of the u n in ju red  p a r t  of the cell. 
We, on the o th e r hand, a ssu m e  th a t the re s u lt in g  electro
m otive fo rc e  is  the d ifference betw een  the two spikes in 
p o te n tia ls— a t the boundary  betw een the in ju re d  and in
tac t s e c to r s ,  and a t the s ite  of c o n ta c t betw een  the liquid 
e le c tro d e  and the un in ju red  s u r fa c e . T h is a lso  differen
tia te s  o u r concep t from  that of H erm an n , accord ing  to 
whom the sp ik e  of po ten tia l should  o c c u r  only  at the 
d em arca tio n  b o rd e r .

T hus, in o u r  opinion, the m agnitude  of in jury  po
ten tia l is  f i r s t  of a ll  de te rm in ed  by the e le c tro ly te  com

position of the c e llu la r  flu id  ob ta ined  on k illing  the p ro to p la sm . This fluid, 
su rround ing  the in ta c t p ro to p la sm  a t the s ite  of in ju ry , g iv es  it  a negative 
charge .

T a b l e  30

D ifference in p o ten tia ls  betw een  the p a r t  of the m u sc le  su rfa c e  
im m ersed  in a m u sc le  m in ce , and the exposed  p a r t  

(according to N asonov and A leksandrov , 1944)

T im e p assed  a fte r  im m e rs io n  of the 
m u sc le  in  the m ince P o te n tia l (m illivo lts)

0 h r  0 m in 18.9
0 11 25 " 28.1
0 " 50 '■ 28.4
1 ” 20 " 33.8
1 ” 30 ” 33.9

One hour and 35 m inu tes la te r  a cut w as m ade
and the in ju ry  p o ten tia l m e a su re d . 39.2

W hat e le c tro ly te s  a re  p re s e n t  in  th is flu id?
A ccord ing  to Fenn (1936), 83 ou t of 130 ca tion  eq u iv a len ts  in  the 

m uscle  flu id  of the frog  a re  a ttr ib u te d  to p o tassium , and p o ta ss iu m  is  one 
of the ca tio n s m o st ac tiv e  in  g iv ing  p ro to p lasm  a negative  c h a rg e . Among 
th ese  is  the hydrogen ion, w hich is  p re se n t at a h ig h e r o r  lo w er concentra
tion in the c e ll flu id . F ro m  82.6 an ion  equ ivalen ts of the m u sc le  sap , 33.2

178



a r e  p h o sp h a tes , and th e se  an io n s a lso  belong to  the  negative ch arg e  ran g e  
of the s e r ie s  d isc u sse d  by u s .

T he fac t th a t the m u sc le  sap  in co n tac t w ith the in tac t su rfa c e  can 
r e a l ly  ca u se  a  po ten tia l s im i la r  to the in ju ry  po ren tia l, is shown by the 
fo llow ing ex p e rim en t (N asonov and A leksandrov , 1944). A ca lf  m u sc le  of 
a  frog  w as thorough ly  m inced  and an o th e r m u sc le  w as im m e rse d  fo r  one 
th ird  of i ts  length  into th is  m in ce . The d iffe ren ce  in p o ten tia ls  betw een 
th e  im m e rse d  p a r t  and the e x te rn a l  su rfa c e  was m e a su re d  (F ig u re  I l l ) ,  

iss It fo llow s from  T ab le  30 that at f i r s t  the  d iffe ren ce  in p o ten tia ls  in 
c r e a s e s  slow ly. T h is can be exp lained  by the slow  diffusion of c e ll  fluid 
in to  the  m u sc le . A fte r 1-j h o u rs  it w as m e a su re d  a s  34 m illiv o lts . The 
m u sc le  w as th en  cut a t the  le v e l of its  im m e rs io n  in the m ince  and the in 
ju ry  c u r re n t  m e a su re d . T h is  w as 39.2 m illiv o lt. In o th e r w ords, the po
te n t ia l  be tw een  m u sc le  and m u sc le  m ince  a lm o s t reach ed  the m agnitude of 
in ju ry  c u r re n t .

T h e se  a r e  the  g e n e ra l o u tlin e s  of the  ph ase  and m em b ran e  th e o rie s . 
A n um ber of phenom ena m ay  be exp lained  by both  th e o r ie s . However, 
m an y  d a ta  have re c e n tly  accu m u la ted  w hich cannot be s a tis fa c to r ily  in te r 
p r e te d  fro m  th e  m em b ran e  th e o ry  a sp e c t, but a r e  w ell explained by our 
th e o ry . In the following c h a p te r  th e se  fa c ts  w ill be analyzed.

C h a p t e r  2. A rg u m en ts  i n F a v o r  of the  P h a se  T heory

S ite  of the P o te n tia l  Spike O c c u rr in g  a f te r  In jury  
to  th e  P ro to p la sm

A ccord ing  to  the m em b ran e  th eo ry , the  p o ten tia l sp ike noted in 
c e l l s  is  lo c a liz e d  in  the u n in ju red  p a r t  of the m em b ran e  betw een its  
in n e r  and o u te r  su rfa c e s . B rin g in g  about a  co n tac t betw een the  uninjured 
s u r fa c e  of the  c e l l  and the  s ite  of in ju ry  by e le c tro d e s  seem s to  connect 
th e  o u te r  su rfa c e  of the  m e m b ra n e  w ith  the  in n e r one. At the s ite  of in ju ry  
p ro p e r ,  c o n s id e ra b le  p o te n tia ls  cannot a r i s e ,  s in c e  the m em brane  theory  
c o n s id e r s  the c e l l  content to  be a s im p le  aqueous solution .

A ccord ing  to  the p h ase  th e o ry , the  d iffe ren ce  in  po ten tia ls  observed  
in  the  dam aged  c e l l  is  com posed  of two s p ik e s :  one a t the in tac t su rface , 
a s  a  r e s u l t  of unequal so lu b ility  in  the  p ro to p la sm  of Na and C l from  the 
su rro u n d in g  liq u id , and the  o th e r  at the  boundary  be tw een  the in ju red  and 
th e  u n in ju red  c e l l  p a r ts ,  a s  a  r e s u l t  of u n eq u a l so lu b ility  in  p ro top lasm  of 
c a tio n s  and an io n s of r e le a s e d  e le c tro ly te s . In add ition , th e re  a re  re a so n s  
to  b e liev e  th a t th e s e  p o te n tia ls  a r e  a lso  augm en ted  b y  a d iffusion poten tia l, 
a r i s in g  a s  a  r e s u l t  of an  unequal d iffusion  ra te  of re le a s e d  ca tions and anions 
in s id e  p ro to p la sm .

A s a  co n firm a tio n  of th e  v a lid ity  of the  m em b ran e  theo ry , the old e x 
p e r im e n ts  of H erm an n  (1871) a r e  so m e tim e s  c ited , showing that tem p e ra tu re  
d o e s  not a ffec t the  in ju ry  c u r r e n t  of a  c r o s s  sec tio n  of m u sc le , w h e rea s  
h ea tin g  o r  cooling  the u n in ju red  p a r t  c a u se s  a  c o n s id e ra b le  change in  m ag 
n itu d e  of the  p o ten tia l.

S im ila r  e x p e rim e n ts  b y  V e rz a r  (1911) on n e rv e  t is s u e s  c o n trad ic t 
th e s e  o b se rv a tio n s . He show ed th a t te m p e ra tu re  a lso  affec ts  the re s tin g  
c u r r e n t  when ap p lied  to  in ju re d  and u n in ju red  seg m en ts . H ow ever, the
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a u th o r , to g e th e r with B e rn s te in , c i te s  the m em b ran e  th eo ry  in  showing 
th a t in n e rv e  f ib e rs  the n odes of R an v ie r play the ro le  of c r o s s  membranes 
d iv id ing the nerve  fib er into s e p a ra te  seg m en ts* . L a te r , P a u l i  and Matula 
(1916) re p e a te d  H e rm a n n 's  e x p e rim e n t in a v e ry  thorough  s tu d y  on frog 
m u s c le s . They cam e to  the  co n c lusion  that h e re , exac tly  a s  in  the nerve, 
the  m agnitude  of re s tin g  c u r r e n t  changed c o n sid e rab ly  on h ea tin g  both in
ju re d  and  unin ju red  p a r ts .  In ad d ition , th e se  a u th o rs  su cceed ed  in  revealing 
H e rm a n n ’s so u rce  of e r r o r .  B e rn s te in  (1916, 1917) a ttem p ted  to  dispute 
on th is  point w ith P au li and M atula bu t could not m a s te r  any convincing 
p ro o f  a g a in s t th e ir  data .

T h u s , da ta  on the e ffec t of te m p e ra tu re  on re s tin g  c u r r e n ts  effectively 
negate  th e  m em brane  th e o ry , bu t a r e  n ice ly  exp la ined  by th e  p h ase  theory, 
in so fa r  a s  the th e rm a l effect is  seen  bo th  on the in ju red  and in ta c t  segments 
of t is s u e . The e x p e rim e n ts  of K rouse  and B u rg e  (1936) a lso  lo ca lize  the 
sp ik es  of po ten tia ls  to the reg io n  of in ju ry . T h ese  au th o rs  can ce lled  the 
negativ ity  of a c ro s s  sec tio n  of fro g  caU  m u sc le  by p lacing  a  d ro p  of CaC^ 
so lu tio n  on the wound. Subsequent ap p lica tio n  of H ^PO ^ o r  NagHPO^ 
r e s to r e d  the d ifference  in p o ten tia l. T he a u th o rs  p re su m e d  th a t  the reason 
fo r  a p p e a ra n c e  of e le c tro m o tiv e  fo rc e  w as the  anion of p h o sp h o ric  acid re
le a se d  d u rin g  excita tio n  o r  in ju ry , follow ing d ecom position  o f c reatine  
phosphate  and adenyl p y ro p h o sp h a te . C alc ium  c h lo r id e  p re c ip i ta te s  phos
p h a te s  and, accord ing  to  the  a u th o rs , by doing so re m o v e s  th e  cau se  of nega
tiv ity  of the  in ju red  s e c to r . T h is  concep t re s e m b le s  o u rs , and  no matter 
w hat in te rp re ta tio n  is  g iven  to  th e se  in te re s tin g  e x p e rim e n ts , it  m ust be 
a d m itte d  th a t they c le a r ly  c o n tra d ic t the  m em b ran e  th e o ry , accord ing  to 
w hich th e  s ite  of the cut is  only a co n d u c to r leading aw ay the  c u rre n t, while 
the  e le c tro m o tiv e  fo rce  is  lo ca lized  a t the  su rfa c e  of the u n in ju re d  mem
b ra n e .

S te inbach  (1933), u sing  P e c te n  m u sc le s , show ed that app lica tion  of 
d iffe re n t e le c tro ly te s  to  the  in ju re d  p a r t  of the c e l l  a ffec ts  th e  resting 
c u r re n t  m uch m o re  than  th e  sam e  tre a tm e n t when app lied  to  th e  uninjured 
su r fa c e . T h is  a lso  c o n tra d ic ts  the  m e m b ra n e  th eo ry .

It h a s  been  known fo r  a long tim e  th a t on w ashing  any p a r t  of the 
m u sc le  o r  n e rv e  su rfa c e  w ith  d ilu te  R in g e r 's  so lu tion  o r  d is t i l le d  water, 
th is  p a r t  beco m es e le c tro p o s itiv e  in  re la tio n  to  the  in ta c t p a r t .  T his fact 
canno t b e  explained by the m em b ran e  th e o ry , w hich is  b a sed  on complete 
im p e rm e a b ility  of the m e m b ra n e  to  Na and C l. Indeed , if sod ium  does not 
p e n e tra te  the m em b ran e , then  changing i ts  c o n cen tra tio n  a t  any  point of the 
su rfa c e  should  not a ffect the  m agn itude  of the p o ten tia l, exclu d in g  those 
c a s e s  w h e re  the  change is  so e x ten s iv e  th a t it lo o sen s  o r  d a m a g e s  the mem
b ra n e . Only in  the la t te r  c irc u m s ta n c e s  could th is  s e c to r  b e  expected  to 
b eco m e  negative. H ow ever, d ilu te  R in g e r 's  so lu tio n s  tu rn  th e  surface 
p o s itiv e  (O ker-B lom , 1901; Sugi, 1935; F enn , 1931). T h ese  d a ta  were 
a lso  co n firm ed  by our e x p e r im e n ts . We m a in ta in  th a t  the electrom otive 
fo rc e  of the  in ju ry  c u r re n t c o n s is ts  of two sp ikes of p o te n tia l, a t the cut 
and a t th e  in tac t su rfa c e . The la t te r  is  due to  the  g r e a te r  so lu b ility  of so
dium  in p ro to p lasm  as  co m p ared  w ith  C l. C onsequen tly , N aC I tu rn s  the 
c e l l  su rfa c e  negative (F ig u re  110 B), and i t s  re m o v a l fro m  th e  solution 
should  do the re v e rs e . Som ew hat sc e p tic a lly , F en n  co n c lu d es  (regarding 
the  p o ss ib ility  of explaining th e s e  f a c ts  by the  m e m b ra n e  th e o ry ;)  "In any

*  N ow adays th is  view point w ould be to ta lly  u n accep tab le .
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c a se  th e s e  positive  w a te r  p o ten tia ls  w e re  not su ffic ien tly  co n sid e red  in  the 
p a s t. I f  th e y  re a lly  m ean  e lim in a tio n  of the  sodium  po ten tia ls  (w ith n e g a 
t iv ity  on th e  ou tside) then  th is  w ill fo rc e  us to se r io u s ly  change the ex isting  

190 th e o r ie s "  (F enn , 1936, p.466). Such an  a d m iss io n  com ing from  an a rd en t
s u p p o r te r  of the m em b ran e  th e o ry  re a l ly  in d ica te s  th a t th is  theo ry  is  u n d e r 
going a  s e r io u s  c r i s i s .

In c re a s e  in  the  "L o w ered  In ju ry  P o ten tia l" 
on R enew al of th e  Cut

I t  h a s  been known fo r a  long tim e  th a t a f te r  in ju ry  the re s tin g  c u rre n t 
d e c r e a s e s  w ith tim e . T h is phenom enon w as studied  in d e ta il and in v a rio u s  
t i s s u e s  b y  E ngelm ann (1877). T he au th o r show ed th a t in c e r ta in  c a s e s , on 
in f l ic t io n  o f a new cu t a t a s m a ll  d is tan ce  fro m  the old one, a sp ike is  seen  
in  th e  lo w e re d  p o ten tia l. B e rn s te in  (1912) a ttem p ted  to u se  th e se  e x p e r i
m e n ts  to  confirm  th e  lo ca liza tio n  of the  sp ike of po ten tia l in the  m em b ran e . 
A c c o rd in g  to  the m em b ran e  th e o ry , the  fa l l  in  p o ten tia l a f te r  tra u m a tiz a tio n  
m a y  h av e  o c c u rre d  e ith e r  as a r e s u l t  of g ra d u a l dying of the e n tire  c e ll, 
a c c o m p a n ie d  by an  in c re a s e  in p e rm e a b ili ty  o. a l l  s e c to rs  of i ts  m em b ran e , 
o r  a s  a  r e s u l t  of g ra d u a l ex it of p ro to p la sm  e le c tro ly te s  th rough the point 
of in ju ry  to  the c e ll. In both  c a s e s , re n e w a l of the  wound should have given 
no e ffe c t,

A th i r d  p o ss ib ility  m ay be a ssu m e d , nam ely , re g e n e ra tio n  of the  
m e m b ra n e  at the s i te  of the cut. T h is  p ro c e s s  should a lso  cau se  g ra d u a l 
d e c r e a s e  in  the p o te n tia l d iffe re n c e , bu t th e n  on ren ew al of the wound an 
in c r e a s e  m ay  be r ig h tly  ex p ec ted  in  th is  d iffe ren ce . In addition , on ren ew al 
of th e  d am ag e , in c re a s e  in  low ered  p o te n tia l m ay a r is e  w h ere  the  re s tin g  
c u r r e n t  i s  e lim in a ted , not fro m  one c e l l  bu t fro m  a  s e r ie s  of c e llu la r  e le 
m e n ts  fo llow ing  e a c h  o th e r.

A c c o rd in g  to  th e  phase th e o ry  the  ca u se  of the  e lec tro m o tiv e  fo rc e  
i s  th e  am o u n t of f r e e  e le c tro ly te s  r e le a s e d  a t the s ite  of tra u m a . T h ese  
e l e c t r o ly te s  g rad u a lly  d iffuse  in to  the  su rro u n d in g  R in g e r’s so lu tion  and 
in te r c e l lu la r  sp ace , and a r e  r e p la c e d  by sodium  ch lo ride . In o u r opinion, 
th i s  is  th e  re a so n  fo r  the  f a l l  in  p o te n tia l o v e r a  p e rio d  of tim e . On r e 
n e w a l o f th e  wound, a  new p o rtio n  of e le c tro ly te s  is  re le a se d , due to  w hich 
th e  d iffe re n c e  in  p o ten tia ls  again  in c re a s e s .

S tudying  v a r io u s  t is s u e s ,  E nge lm ann  o b se rv ed  th a t w ith tim e  th e  po
te n t ia l s  o f in ju ry  in  n e rv e  and h e a r t  m u sc le  d ec rea sed  rap id ly  and th a t 
th e y  show ed  a m a rk e d  in c re a se  a f te r  a n o th e r wound. In sk e le ta l m u sc le s , 
h o w e v e r , u n d e r th e  sam e c irc u m s ta n c e s  the  in ju ry  c u r re n ts  showed a 
s l ig h t  in c r e a s e ,  w hich  d e c re a se d  c o m p a ra tiv e ly  slow ly w ith  tim e . F o llo w 
in g  E n g e lm an n , B e rn s te in  ex p la in ed  th is  d iffe ren ce  by the  fac t th a t the  
n e rv e  f ib e r  c o n s is ts  of seg m en ts  0.5 m m  long, divided by nodes of R anv ie r. 
A c c o rd in g  to  B e rn s te in , each  su ch  seg m en t behaved a s  a functionally  in 
d ep en d en t c e l l  and th e re fo re  the d am age in flic ted  upon the  n e rv e  did not 
s p re a d  beyond  the  f i r s t  node of R a n v ie r . Subsequently , the  n e rv e  died  
s im u lta n e o u s ly  along its  e n tire  leng th . In th e  h e a r t  m u sc le  the ro le  of 
s e p a ra te  b u t co n secu tiv e  c e lls  i s  p layed  by the  segm ents betw een  the  so -  
c a lle d  in s e r te d ,  o r  in te rm e d ia te  p la te s . T he m u sc le  f ib e r  m ay th u s be  
c o n s id e re d  as one c e l l .  D am age in flic te d  on m u sc le  sp re a d s  along the  fib e r
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to  i ts  v e ry  end. H ere  the c u r re n t  fa lls  g rad u a lly  and is  n e v e r  re in fo rc e d  
191 on ren ew a l of dam age.

At f i r s t  sight, a ll  th e  fa c ts  would seem  to be w ell ex p la in ed  b y  the 
m em b ran e  theo ry . N e v e r th e le s s , h a rd ly  anyone now w ill  s e r io u s ly  m ain
ta in  th a t the  segm ent of th e  axon betw een two nodes of R a n v ie r  m a y  be con
s id e re d  a s  a sep a ra te  c e ll. The sam e may a lso  be sa id  of th e  se g m e n ts  of 
the f ib e rs  of h e a r t m u sc le . M ore than tha t, B e rn s te in  h im se lf , in  a foot
note to  h is  book (in sm all ty p e , page!07) re m a rk s  th a t in the o lfa c to ry  
n e rv e —in w hich th e re  a re  no nodes of R an v ie r—in s tan tan eo u s  re s to ra t io n  
of the  po ten tia l, low ered w ith  tim e  a f te r  ren ew al of the  wound, is  observed. 
In o rd e r  to  in teg ra te  th is  fa c t  with the re q u ire m e n ts  of the  m e m b ra n e  
th eo ry , fu r th e r  s tu d ies  a r e  n e c e s sa ry , in  the a u th o r 's  opinion.

C oncerning sk e le ta l m u sc le s , B e rn s te in  allow ed h im s e lf  an  inaccuracy 
in quoting E ngelm ann 's d a ta , a sc rib in g  to  him  the  s ta te m e n t th a t in  th is  
t is su e , renew al of the wound n ev er caused  an in c re a s e  in  the r e s t in g  current. 
H ow ever, from  the re p o r ts  given by E ngelm ann (1877), it  is  c l e a r ly  evi
dent th a t on ren ew al a fte r  a sh o rt tim e  period  (1 h o u r), an  in c r e a s e  in  po
te n tia l  w as not observed . Such an in c re a se  is  undoubtedly  o b s e rv e d  a fte r 
24 h o u rs  and is  v e ry  w eak a f te r  48 hou rs. A ccord ing  to  the  m e m b ra n e  
theo ry , how ever, th is  shou ld  not take p lace at a ll  in m u sc le s .

In view  of the fact th a t a l l  data connected w ith the lo c a liz a tio n  of the 
in c re a se  in  p o ten tia l a re  of param oun t im p o rtan ce  fo r  the  a p p lic a b ility  of 
th is o ra n o th e r th e o ry , a la r g e  s e r ie s  of ex p e rim en ts  w as co n d u c ted  b y  us.

F i r s t  of a ll, by the m ethod  of in s i tu  m ic ro sco p ic  o b se rv a tio n , and 
a lso  by the u se  of " t im e -s to p " *  pho tom icrography , the  p r o c e s s  of d eco m 
position  of m uscle  f ib e rs  w as studied  in  d e ta il un d er d iffe re n t co n d itio n s, 
using sk e le ta l m uscles of th e  frog (Nasonov and R o z e n ta l ',  1947; Ξ .Ν . 
A leksandrov, 1948a, 1948b, 1949; R aevskaya, 1948; G ram  en it s k i i ,  1949; 
A leksandrov and B eushina, 1953; Leushina and A lek san d ro v , 1953), muscles 
of in sec t appendages (N asonov and R ozen ta l’, 1947) and m u s c le s  f r o m  the 
abdom en of f re sh -w a te r  c ra y f is h  (G ram en itsk ii, 1948).

In ag reem ent w ith  th e  p rev ious data  of E ngelm ann (1877), a  fu n d a 
m en ta l d ifference w as o b se rv e d  betw een the  p ro c e s s e s  tak in g  p la c e  a t  the 
s ite  of the  cut sk e le ta l m u sc le  f ib e rs  and f ib e rs  of the  h e a r t  m u s c le  and 
nerve . In the  fo rm e r, the boundary  of the dam aged p ro to p la sm  w a s  never 
loca lized  a t the sam e po in t. The zone of dam age sp re a d  g ra d u a lly  along 
the f ib e r , involving new seg m en ts  of undam aged p ro to p la sm  a l l  th e  tim e  
(F ig u re  112) a s  if the  dying p ro to p lasm  itse lf  w ere  a  ca u se  of d e a th  of ad
jacen t hea lthy  segm ents.

A ccord ing  to  R aevskaya , the in itia l speed  of i r r a d ia t io n  of in ju r y  
along m u sc le  fib e rs  in f ro g s  is  0.48 m m  p e r  hou r. A cco rd in g  to  
G ra m e n itsk ii th is  speed is  0.65 mm p e r hour in  the  f le x o r  m u s c le s  o f the 
ta i l  of the f re sh -w a te r  c ra y f is h .

The m ost im portan t fa c t  is  that the p ro c e s s  of i r r a d ia t io n  of dam age 
in  sk e le ta l m usc les  ab so lu te ly  excludes the  p o ss ib ility  of r e g e n e r a t io n  of 
the  boundary  m em brane , f i r s t  because th e re  is  no sh a rp  b o r d e r  b e tw e e n  
the  in ju re d  and in tac t p ro to p la sm , and secondly , b e c a u se  the  w h o le  zone 
of in ju ry  m oves constan tly  a long  the f ib e r . C onsequen tly , th e r e  i s  n o  op- 

192p o rtu n ity  fo r  the boundary  m em brane  to be re p a ire d .

* [T h is  p robab ly  m ean s: continuous pho tom icrog raphy , w h e re  th e  t im e  
e le m e n t can be d e te rm in e d  from  the r e e l ] .
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Q uite  a  d iffe ren t re s u lt  is  ob tained on cutting h e a r t  m uscle  f ib e rs . 
In o u r  la b o ra to ry , G ra m e n itsk ii s tud ied  a live p re p a ra tio n  of frog hea rt. 
S e p a ra te  m u s c le  f ib e r s  of the a u r ic le  w ere  cut, follow ed by m icroscop ic  
o b s e rv a tio n s  fo r  24 h o u rs  and " t im e -s to p ” pho tom icrography  of the pul
s a tin g  h e a r t .  Im m ed ia te ly  a f te r  cu tting , a sw elling fo rm e d  at the end of 
the  f ib e r .  T h is  re f ra c te d  light in ten se ly  and stained w ith  v ita l s ta in s, 
f ro m  w h ich  a  zone of tu rb id ity  sp re a d  fo r a sm a ll d is ta n c e , g radually  p a s s 
ing in to  n o rm a l  p ro to p la sm . The d im ensions of the w hole dam aged segm ent 
w e re  a p p ro x im a te ly  180 μ. M ea su re m e n ts  p e rfo rm ed  a f te r  24 hours on 
e a c h  s e p a r a te  f ib e r  gave ex ac tly  the  sam e num ber a s  those obtained im 
m e d ia te ly  a f t e r  cu ttin g . C onsequently , no ir ra d ia tio n  of damage took place 
h e r e .

FIG U R E  112. D ecom position  of cut p e c to ra l m u sc le s  in. 
fro g , in  R in g e r ’s  so lu tion  (acco rd in g  to  R aevskaya , 1948)

A —30 m in u te s  a f te r  cu tting ; zone of n odu la r c o n tra c tio n s  at 
edge of cut c o m p rise s  0.16 m m , B —sam e m u sc le  60 m inutes 
a f te r  cu tting ; zone of d ecom position  (in the fo rm  of nodular 
c o n tra c tio n s )  c o m p rise s  0.41 m m ; d ecom position  in d ifferen t 
f ib e r s  p ro g re s s e s  a t d iffe ren t le v e ls .

In o u r  la b o ra to ry  a s im ila r  p ic tu re  w as a lso  o b se rv e d  by Rom anova, 
u s in g  d a rk  f ie ld  illu m ina tion  of an iso la te d  n e rv e  f ib e r  of a  n e rv e -m u sc le  
p re p a r a t io n  of the  fro g . T he in ta c tn e s s  of the  fib er w as p rev io u sly  checked 
b y  i t s  a b il i ty  to  conduct im p u lse s . An axon of an undam aged  f ib e r  is  op
t ic a l ly  e m p ty  in  the  d a rk  f ie ld . Im m e d ia te ly  a f te r  cu ttin g , the in ju red  p a r t 
b e c a m e  lu m in o u s , and subsequen tly , in  the  d ire c tio n  aw ay from  the s ite  of 
th e  cut, lu m in o u s  g ra in s  ap p ea red , the  n um ber o f w hich  g radually  in 
c r e a s e d .  T h is  p ro c e s s ,  how ever, w as rap id ly  h a lted , and in  sp ite  of the  
d a ta  of E n g e lm an n  (1877), not n e c e s s a r i ly  at the b o u n d ary  of the  node of 
R a n v ie r . S ubsequen tly , th e re  w a s  no i r ra d ia t io n  of d am age and the  p r e 

is 3 p a r a t  ion g ra d u a lly  died along i t s  e n tire  length. T he sa m e  r e s u l ts  w ere  ob
ta in e d  in  s tudy ing  n e rv e  p re p a ra t io n s  s ta in ed  w ith m e th y le n e  b lue.

T h is  is  the  m o rp h o lo g ica l p ic tu re  of dam age o n  cu ttin g  f ib e rs  of h e a r t 
m u sc le  an d  n e rv e . T h e se  t is s u e s  d iffe r  from  s k e le ta l  m u sc le  by the la c k  of
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i r ra d ia t io n  of dam age. C orresp o n d in g ly , th e re  a r e  two d iffe re n t types of 
c u rv e s  fo r  changes in in ju ry  p o ten tia ls  in re la tio n  to  tim e .

FIGURE 113. D e c re a se  in  in ju ry  
po ten tia l and the e ffec t of ren ew al 
of cuts on (1) the  s a r to r iu s  m usc le , 
(2) the s c ia tic  n e rv e  and (3) h e a r t 
m uscle  of frog (acco rd ing  to 
N asonov and A leksandrov , 1944). 
T im es of the ren ew al of cu ts  a re  
desig n a ted  by a rro w s .

F ig u re  113 show s ty p ic a l curves 
of a d e c re a se  in  p o ten tia l d ifference of 
in ju red  m u sc le  ( s a r to r iu s  m uscle), 
n e rv e  (sc ia tic  n e rv e ) and h e a r t  m uscle 
of the  frog  (e ffec t of tim e  and  renew al 
of wound). A ll th re e  t is s u e s  w ere 
kept in R in g e r 's  so lu tion  (a t 18“ C) be
tw een m e a su re m e n ts . The cu rv es show 
th a t the p o ten tia ls  of h e a r t  m u sc le  and 
of the  nerve  d e c re a sed  rap id ly , and 
again  in c re a se d  c o n s id e ra b ly , on r e 
new al of the wound. In ju ry  did not 
i r r a d ia te  in  th e se  t is s u e s ,  and the ra te  
of fa l l  in p o ten tia l w as d e te rm in ed  by 
ex it of e le c tro ly te s  fro m  the  sm all 
n o n in c reasin g  segm en t of in ju ry . 
In the  sk e le ta l m u sc le  the poten tia l 
d e c re a sed  c o n sid e rab ly  s lo w er, and 
the  e ffec t of ren ew a l of wounds was
not a s  g re a t, bu t undoubted ly  existed. 

H ere  in ju ry  sp read  along the  f ib e r , causing  continuous r e le a s e  of new g roups 
of e le c tro ly te s . T hat is  why, in  sp ite  of constan t ex it of e le c tro ly te s , the 
d e c re a se  in  po ten tia l took p lace  re la tiv e ly  slowly.

D ifferen t R a tes  of D e c re a se  in In ju ry  P o te n tia l in R in g e r 's  
Solution and in  the  M oist C h am b er

If the  tru e  re a so n  fo r the d e c re a se  in  in ju ry  p o ten tia l w as re a lly  the 
ex it of s a l ts  from  the  wound, then  it m igh t be ex p ec ted  th a t in  th e  nerve, 
a  f a s te r  d e c re a se  would o c c u r  in  R in g e r 's  so lu tion  than  in  th e  m o is t  cham 
b e r . The ex perim en t co n firm ed  th is  assum ption .

F ig u re  114 show s th a t in  R in g e r 's  so lu tion , a f te r  one h o u r and 35 
m inu tes, the  d iffe ren ce  in p o te n tia ls  d e c re a sed  to  z e ro , w hile in  the  m oist 

194 cham ber the n e rv e  c le a r ly  showed th is  phenom enon a f te r  only 17 ho u rs . 
At the sa m e  tim e , in  both c a s e s  the n e rv e  rem ain ed  a liv e , a s  is  shown on 
renew al of the wound.

H ow ever, th e se  e x p e rim e n ts  can be c r it ic iz e d  by c la im in g  th a t the 
conditions of n e rv e  in R in g e r 's  so lu tion  d iffe r fro m  tho se  in  the  m o ist ch am 
b e r , and th a t th e se  d iffe re n c es , fo r  re a so n s  s t i l l  unknown, a ffec t the  ra te  
of d e c re a se  in po ten tia l. In s im ila r  ex p e rim en ts  p e rfo rm e d  w ith  m u sc les , 
th is  objection  w as e lim in a ted  in the following m an n e r (N asonov and  
A leksandrov , 1950). The wide ends of tw in  s a r to r iu s  m u sc le s  of the  frog 
w ere cut off, and the  d iffe ren ces  in  p o ten tia l betw een  the  in ju re d  and in tact 
p a r ts  ( f i r s t  cut) w e re  m e a su re d  at once. Both m u sc le s  w e re  suspended  in 
a  v e s s e l  w ith R in g e r 's  so lu tion  in  such a  m an n er th a t one of them  touched 
the  liqu id  w ith i ts  cut end, allow ing the constan t e x it of s a l ts  f ro m  the site  
of the  cu t. The tw in m u sc le , a s  seen  fro m  F ig u re  115, w as suspended  
a lo n g sid e  a t a  d is tan ce  of 2 m m  from  the su rface  of R in g e r 's  so lu tion .
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A fte r 3 h o u rs , the d iffe ren ces  in po ten tia ls  (which d e c re a se d  during  that 
tim e ) w e re  again  m e a su re d .

T im e ,  h rs :

FIGURE 114. D e c re a se  in  in 
ju ry  p o ten tia ls  of the sc ia tic  
n e rv e  of the frog  in (1) m o is; 
ch am b er and (2) in  R in g e r 's  
so lu tion  (accord ing  to  N asonov 
and A leksandrov , 1944).
Legend as in F ig u re  113.

FIGURE 115. E x p e r i
m en ta l m ethod of m e a 
su ring  in ju ry  po ten tia ls 
in m u sc le s  (accord ing  
to  N asonov and 
A leksandrov , 1950)

a-—wound su rface  of 
m u sc le  in  contact w ith 
R in g e r’s solution; 
b —m u sc le  not in co n 
ta c t w ith R in g e r’s s o 
lution.

T a b l e  31

C hanges in in ju ry  p o ten tia l of m u sc le s  on ren ew al of cu ts ; under 
conditions of a m o is t ch am b er, and on con tac t of the cut 

with R in g e r 's  so lu tion  (accord ing  to  Nasor.ov 
and A leksandrov , 1950)
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1 39.0 29.5 - 2 4 32.5 + 10 83 1 36.0 27.0 - 2 5 30.0 + 11 83
2 40.5 18.5 - 5 4 30.0 62 74 2 53.0 34.0 - 3 6 36.0 + 6 68
3 48.0 30.0 - 3 7 38.0 27 79 3 43.5 29.0 - 3 3 32.5 + 10 75
4 37.0 18.5 - 5 0 31.5 4- 70 85 4 49.0 38.5 —21 41.5 + 8 85
5 27.0 13.0 - 5 2 37.5 188 139 5 45.0 34.5 - 2 4 40.0 + 16 89
6 51.0 24.5 - 5 2 37,5 53 74 6 53.0 42.5 - 2 0 43.5 + 2 82

A verage - 4 5 4- 68 89 A verage - 2 6 + 9 80
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T im e , his

FIGURE 116. Change in  r a te  
of sp read  of in ju ry  in s a r to r  -  
iu s  m uscle of the frog (a c 
cording to R aevskaya, 1948)

It follow s fro m  the  d a ta  in  T ab le  31, 
that the  d iffe ren ce  in p o te n tia l  in  the  muscles 
which w e re  in con tac t w ith  th e  liqu id  de
c re a se d  by an av e rag e  of 45%, w hile  in those 
not in con tac t w ith  the  liq u id —only by 26%. 
Subsequently , a new cut w as m a d e  3 m m  distant 
from  the  old wound. A v e ry  c le a r - c u t  result 
w as ob tained: in the  m u sc le s  touching  the 
liquid, the  d iffe ren ce  in  p o te n tia ls  increased 
on the av e rag e  by 68%, a s  c o m p a re d  with 
the p rev ious m e a su re m e n t. In  m u sc le s  not 
touching the so lu tion , a  v e ry  s m a l l  increase 
w as o b se rv e d —9%. A s a r e s u l t ,  a f te r  the 
second cu t s im i la r  d if fe re n c e s  in  potentials 
w ere  ob tained in both  c a s e s  (89% and 80%).

T hus, the d ifference in m agn itude  of e ffec ts  of re n e w a l o b ta in e d  in  these 
two v a ria tio n s  depended m a in ly  on the ex ten t of the  d e c re a s e  in  the  difference 
in po ten tia ls  during the  t im e  p reced ing  the ren ew a l of the  w ound. These 
experim ents seem  to c o n firm  the a ssum ption  th a t the  m a in  re a s o n  for 
the appearance of b io e le c tr ic a l  po ten tia ls  w e re  the  e le c t r o ly te s  re lea sed  
at the s ite  of in ju ry  o r  ex c ita tio n .

However, on the b a s is  of th e se  c o n s id e ra tio n s  the  q u e s tio n  m a y  arise: 
why, a fte r a ll, is  a f a l l  in  p o ten tia l seen  in  s k e le ta l  m u s c le s ?  If irradiation

195 of dam age se c u re s  continuous r e le a s e  of new p o rtio n s  of e le c tro ly te s ,  then 
it  could be rig h tly  expected  th a t a  c e r ta in  co n stan t le v e l of th e  p o ten tia l 
m ight be estab lish ed . T he m agnitude of th is  lev e l shou ld  be d e te rm in ed  by 
the constan t co n cen tra tion  of e le c tro ly te s  a t the  d e m a rc a tio n  b o r d e r ,  as a 
re s u lt  of equ ilib rium  betw een  the p ro c e s s e s  of th e i r  e n try  an d  ex it. 
H ow ever, th is  would be so  only  under the condition  th a t the  r a t e  of spread 
of damage rem ain ed  s t r ic t ly  the  sam e. On slow ing down of i r r a d ia t io n , 
the d ifference in p o ten tia ls  should  d e c re a se , and v ice  v e r s a .  R aevskaya 
(1948), studied  in d e ta il the  r a te s  of sp re a d  of dam age u n d e r  d iffe re n t con
ditions. It was o b se rv ed  th a t  im m ed ia te ly  a f te r  cu ttin g , th is  r a t e  w as quite 
high and m ight even have in c re a s e d  during  the  f i r s t  few m in u te s . Sub
sequently , how ever, slow ing down of i r ra d ia tio n  w as o b s e rv e d , continuing 
fo r  3 to  4 hours a f te r  tra u m a tiz a tio n  (F ig u re  116). In m u s c le s ,  a constant 
su p p ressio n  of irrad ia tion , th u s o ccu rred , a s  a  r e s u l t  of w h ich  th e  injury 
po ten tia l should have slow ly  d ec rea sed . R enew al of the  w ound a g a in  ac
c e le ra ted  the  p ro c e ss , cau s in g  a  spike in  the p o ten tia l.

Thus, a ll  the data c ite d  in  the p re se n t c h a p te r  u n c o n d itio n a lly  confirm 
the  localization  of the p o te n tia l of in ju ry , not only  on th e  in ta c t  surface 
of the  c e ll  bu t a lso  at th e  s i te  of the cut itse lf . E x p e r im e n ts  on  th e  effect 
of te m p e ra tu re , the p o sitiv e  po ten tia l fro m  w a te r , the  e ffe c t o f application

196 of e le c tro ly te s  to  the cu t, and finally , the data  on s tr e n g th e n in g  th e  lowered 
p o ten tia l upon ren ew al of the  cut, support th is  h y p o th es is . I t  m a y  be con
s id e re d  an estab lish ed  fa c t th a t,  in  sp ite  of B e rn s te in 's  s ta te m e n ts ,  a sharp 
in c re a se  in po ten tia l o c c u rs  on renew al of the  wound, no t o n ly  in  n e rv es  and 
h e a r t  m u sc le  but a lso  in  s k e le ta l  m u sc le s . The c o n s ta n t i r r a d ia t io n  of 
dam age along the f ib e rs  in  th e  la tte r  excludes the  p o s s ib i l i ty  o f regeneration  
of a  new m em brane , i .e . ,  the  p o ss ib ility  of expla in ing  th is  p h en o m en o n  from 
the  point of view of the m em b ran e  theory .
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In c re a se  in In ju ry  P o te n tia l of M uscles A fter Cutting

T h e  questio n  of la ten t p e rio d s  w ith re s tin g  c u rre n ts  played an im 
p o rta n t ro le  in the debate on the n a tu re  of in ju ry  po ten tia ls  in  ce lls . If the 
d iffe re n c e  in po ten tia ls  in c e lls  is  loca lized  only at the undam aged su rface , 
it shou ld  be de tec ted  im m ed ia te ly  a f te r  in ju ry  to any p a rt of the m em brane. 
If, how ever, the  e lec tro m o tiv e  fo rc e  a r is e s  a f te r  in ju ry  at the s ite  of a 
wound, a  c e r ta in  lapse of tim e  m ay be n e c e s sa ry  for its  developm ent. The 
s tu d ie s  of H erm ann  ( 1877 ), G a rte n (1 9 0 1 , 1904), B ern s te in  and T scherm ak  
(1904) w e re  devoted to th is  p ro b lem . However, B e rn s te in  and T scherm ak  
th e m s e lv e s  s ta te d  that th e ir  s tu d ie s  lacked su ffic ien t data to  solve the p ro b 
lem  of p re e x is te n c e  of po ten tia ls . Indeed, one cannot d is a g re e  with 
B e rn s te in  (1906), that the im p o ss ib ility  of detecting  the la ten t period  by 
e x is tin g  m eth o d s s t i l l  does not p rove the p reex is ten ce  of po ten tia ls, since 
the  r a te  of th e i r  ap p ea ran ce  a f te r  in ju ry  m ay  be of the o rd e r  of speeds of 
m o le c u la r  re a c tio n s . At the sa m e  tim e , G arten  ( 1904), d esc rib ed  a  gradual 
in c re a s e  in  po ten tia l lasting  up to  5 m se c , which could be explained, ac 
c o rd in g  to  the m em b ran e  th e o ry , by the influence of g radual p re s su re  of 
the edge of the cu tting  in s tru m e n t on the living cell. In any case , these  
s tu d ie s  p roved  th a t the p o ten tia l of in ju ry  a r is e s  at a  speed of only f r a c 
tio n s  o f a  m illisecond .

In  add ition  to  the in stan tan eo u s r i s e  in po ten tia l on traum atiza tion , 
a s  d e s c r ib e d  above, a re la tiv e ly  slow  in c re a se  in in ju ry  c u rre n ts  was sub
s e q u e n tly  o b se rv ed  in  m u sc le s . T h is reach ed  a  m axim um  a f te r  infliction 
of the  wound, follow ed by a  d e c re a s e  in  potential, c h a ra c te r is t ic  for a ll 
t i s s u e s .  T his phenom enon w as f i r s t  d e sc rib e d  by P au li and M atula (1916) 
and l a t e r  by Sugi (1935), who ev id en tly  did not know of the w ork of the fo rm 
e r  a u th o rs , s in ce  he did not r e f e r  to  them . P au li and M atula observed  an 
in c re a s e  in  in ju ry  c u rre n ts  in  the  s a r to r iu s  m uscle  of the frog  inside a 
m o is t  ch am b er, la s tin g  from  15-20 m in u tes  to 1 hour. In liquid paraffin  
th is  in c re a s e  la s te d  30 m in u te s , re ach in g  20% of the in itia l value. In Sugi's  
e x p e r im e n ts  w ith  the sam e  t is su e , the  m ax im al in c re a se  w as observed 10 
se c o n d s  to  s e v e ra l  m inu tes a f te r  cu tting , th is period  being prolonged if 
th e  m u sc le  w as no t su ffic ien tly  f re sh .

T h e  phenom enon of in c re a s e d  p o ten tia l in  the s a r to r iu s  m uscle of the 
fro g  w a s  s tud ied  in  d e ta il by N asonov and A leksandrov (1944, p. 19). The 
e x p e r im e n ts  w e re  p e rfo rm ed  in  J a n u a ry  and F e b ru a ry  on w in te r frogs kept 
a t 10“ C -1 3 ’ C. A ltogether, m o re  than  50 m u sc le s  w ere  exam ined. They 
a l l  show ed an  in itia l in c re a se  in  e lec tro m o tiv e  fo rce , subsequen tly  replaced 
b y  a  s lo w  d e c re a se .

197 F ro m  a n a ly s is  of the d a ta  of N asonov and A leksandrov  (1944, p. 21),
it  i s  ev id en t th a t the  av e rag e  v a lu e  of in c re a se  in  po ten tia l in  80 experim ents 
w as 4 .8  m /v o its , while the a v e ra g e  tim e  n e c e s s a ry  to re a c h  the  maximum 
w as 7 ,8  m in u te s . However, th e se  v a lu es  w ere not v e ry  convincing since 
in  is o la te d  c a s e s  co n sid e rab le  dev ia tio n s w ere  o b se rv ed  and the course of 
the  c u rv e s  w as v e ry  e r r a t ic .  The m axim um  in c re a se  of vo ltage was 14.3 
m illiv o lt, so m e tim es  a tta in ed  a f te r  30 m inu tes, the in c re a se  in potential 
c o m p ris in g  44% o f the in it ia l  value. E x p e rim en ts  p e rfo rm e d  on frog calf 
m u s c le s  gave s im i la r  re s u l ts ,  but h e re  the value of the  m ax im a was less 
th an  in  th e  p rev io u s  case . In o rd e r  to check  w hether the o b se rv ed  increase  
in p o te n tia ls  w as a sso c ia te d  w ith  changes in the e le c tro d e  w ire s , e x p e ri
m e n ts  w e re  p e rfo rm e d  in w hich the  su rfa c e  of the cut m u sc le  was brought
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into d i r e c t  contact w ith K in g e r 's  so lu tion . The re s u l t  w as e x a c tly  the 
sam e.

T hus, the in c re a s e  in in ju ry  p o ten tia l on cu tting  t is s u e  (re a c h in g  
44% of th e  in itia l one) is  beyond doubt.

How can th is  be ex p la in ed  by the m em b ran e  th e o ry ?
If, a s  re q u ire d  by the m e m b ra n e  theory , the e le c tro m o tiv e  fo rce  is 

re a lly  loca lized  only a t the in ta c t su rfa c e  of the m em b ran e , th is  phenomenon 
m ight be explained by a s su m in g  th a t due to cu tting  a t the end of th e  muscle 
the p e rm e a b ility  of the e n t i r e  m em b ran e  is  in s tan tan eo u sly  in c re a s e d  and 
subseq u en tly  begins to d e c re a s e  back  to n o rm al. In o r d e r  to ch eck  this 
point, th e  following s e r ie s  of e x p e rim e n ts  was p e rfo rm e d .

The tip  of the s a r to r iu s  m u sc le  of a  frog  w as cut off, and e lec trode  
w ires  w e re  p laced f ir s t ly  on th e  wound (F ig u re  117 A, 1) and se c o n d ly  in the 
m iddle  of the un in ju red  s u r fa c e  (F ig u re  117 A, 2). The m u s c le s  w e re  kept 
in  a m o is t cham ber, and a s  u su a l, the d ifference  in p o ten tia l w as measured 

19B ev e ry  1-3  m inutes. The tim e  in te rv a l betw een cu tting  and f i r s t  m e a s u re 
m en t w as reduced  to  25-30 se c o n d s . The e le c tro m o tiv e  fo rc e  c u rv e  rose 
a t the beginning and a f te r  re a c h in g  a m axim um  va lue , su b se q u e n tly  began 
to  d e c re a se . At that m om en t, the opposite tip  of the m u sc le  w as cu t off 
w ithout m oving the e le c tro d e s  1 and 2 and it w as a tta ch ed  to  th e  w ire  of 
e le c tro d e  3. E lec tro d es 1-3 w e re  connected by a b rid g e  w hich  subsequently 
enabled m e a su re m e n ts  to  be m ade of the  d ifference  in p o te n tia ls  between 
the com m on point of the u n in ju re d  su rfa c e  (e le c tro d e  2), and tw o cu ts  made 
a t d iffe ren t tim es . F ig u re  117 A show s th a t the in ju ry  p o te n tia l of the  first 
cut (a) in c re a se d  from  37 to 42.6 m illiv o lts , a f te r  w hich it  b eg an  to  decrease 
rap id ly . At that m om ent a seco n d  cut w as m ade at the  o p p o site  end, the 
p o ten tia l of which (b) in c re a s e d  s im u ltan eo u sly  w ith the  con tin u in g  drop in 
the f i r s t  one, in sp ite  of the  fa c t th a t in both c u rv e s  the  e le c tro d e  of the 
u n in ju red  se c to r  was the sa m e  com m on one. A s im i la r  p ic tu re  i s  seen  in 
F ig u re  117 B.

It i s  se lf-ev id en t th a t in  th is  com m on s e c to r  th e re  cou ld  no t have 
o c c u rre d  a sim ultaneous in c re a s e  and d e c re a se  in the  p e rm e a b i l i ty  of the 
m em b ran e  of the in tac t s u rfa c e , a s  would have to  be a s s u m e d  on th e  basis 
of the m em brane  theory . T he in c re a s e  and d e c re a se  in  p o te n tia ls  a t oppo
s ite  ends of the m u sc le  canno t be exp lained  by d iffusion  p h en o m en a  in  the 
aqueous m edium , b ecau se  the  in c re a s e s  in e le c tro m o tiv e  fo rc e  w e re  too 
g re a t (up to 14 m illivo lt) fo r  the  d iffusion  p o ten tia ls  in  an  aq u eo u s solution 
r ic h  in  e le c tro ly te s . The p o s s ib i l i ty  of explain ing  th e se  p h en o m en a  as  a 
re s u lt  of changing re s is ta n c e  in  the  two opposite  s e c to r s  of the  m u sc le  
m ust be re je c te d , s in ce  the  m e a s u re m e n ts  in  th e se  s e c to r s  w a re  perform ed 
by  the com pensation  m ethod . We cannot im agine any p o ss ib le  explanation 

199 of th e se  ex p erim en ts  by the  m e m b ra n e  th e o ry  w ithout u s in g  a r t i f i c i a l  con
je c tu re s .

In o u r opinion the v a lu e  of the  m u sc le  po ten tia l a t any  m o m e n t should 
depend on two fa c to rs . F i r s t ,  on ir ra d ia tio n  of in ju ry , w hen new  portions 
of e le c tro ly te s  a re  r e le a s e d  a l l  the  tim e , a fac t w hich shou ld  r a i s e  the 
curve  of potential. Second, on the  constan t ex it of e le c tro ly te s  f ro m  the 
re g io n  of the cut, which c a u s e s  a  fa ll in th is  cu rv e . A s a  r e s u l t  of in te r
ac tio n  of th ese  fa c to rs , a c u rv e  of any shape m ay  be o b ta ined . A s already 
s ta te d , acco rd in g  to  R aev sk ay a , th e  ra te  of sp re a d  of d am ag e  a lo n g  the 
f ib e r  w as uneven; a t the  v e ry  beginning it in c re a se d  fo r  a  s h o r t  t im e , after 
w hich i t  d e c re a sed  (F ig u re  116).
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FIG U RE 117. Change in in 
ju r y  p o ten tia ls  of two oppo
s ite  ends (a  and b) of the s a r -
to r iu s  m u sc le  of a  frog ; in 
tw o d iffe re n t e x p e rim e n ts  
(A and  B )(a c c o rd in g  to 
N asonov and A leksandrov, 
1944)

c —d ia g ra m  of the  ex p erim en t.

If the m axim um  po ten tia l re a lly  de
pended on the uneven co u rse  of the p ro c e s s  
of i r ra d ia tio n  of in ju ry  and degeneration  
of Living p ro to p la sm , then in the n e rv e  fiber, 
w h ere  th is  p ro c e s s  ceased  very  rap id ly  in 
the  reg io n  of the cu t, the  m axim um , which 
w as so c h a ra c te r is t ic  fo r m u sc les , could 
a lso  not be de tec ted . E xperim en ts  p e r 
fo rm e d  by the sam e  m ethod  a s  with m u sc le s  
co n firm ed  th is  a ssu m p tio n  (F igu re  118).

T hus, in c re a s e  in  in ju ry  poten tia l 
in m u sc le s  a f te r  in flic ting  a c u t 'is  not ex 
p licab le  by the  m em b ran e  theory , but is 
e a s ily  un d ersto o d  if  the appearance of the 
p o ten tia l is  shown to be due to  e lec tro ly te s  
r e le a s e d  by p ro top lasm  in the reg ion  of 
the  cu t.

R e la tionsh ip  betw een  the Method of 
C utting  and the  M agnitude of

In ju ry  P o ten tia l

The m agnitude and stab ility  of in jury 
p o te n tia ls  depend on the  m ethod of inflicting 
the  cu t. T h e  p o ten tia ls  obtained w ere m ore 
s ta b le  if  the  end of the n e rv e  w here the cut 
w as p e rfo rm e d  w as c ru sh ed , p re sse d  or 
k illed  by a  so lu tion  of KC1. With a sim ple 
cu t b y  a  sh a rp  r a z o r  o r  s c is s o rs , the dif
fe re n c e  in  p o te n tia l w as low er, and d is 
ap p ea red  rap id ly . T h is  cannot be u n d er
stood  acco rd in g  to  the m em brane  theory , 
s in ce  acco rd in g  to  it  the  s ite  of the cut is 
only an  e le c tro d e  leading away the c u rren t,

re c o rd in g  the  p re fo rm e d  d iffe ren ce  in  p o te n tia ls  be tw een  the e x te rn a l and 
in te rn a l  p a r ts  of the undam aged  m e m b ra n e . H ow ever, accord ing  to the 
p h a s e  th e o ry  th is  should re a l ly  b e  so, b ecau se  the  in ju ry  po ten tia l is  d e te r
m in ed  by the  f ra c tio n  of f re e  e le c tro ly te s  r e le a s e d  from  dam aged protoplasm . 
T h e re fo re  the  m agnitude  and s ta b il i ty  of the p o te n tia l should depend both on 
th e  ex ten t of dam age and on the d im en sio n s of the  dam aged  se c to r . In this 
r e s p e c t  th e  w ork  of M akarov  (1949), who d e te rm in e d  the  re la tio n sh ip  b e 
tw een  in ju ry  c u r r e n ts  and sp eed  of in flic tio n  of the  cut, is  of g re a t in te re s t. 
He c o n s tru c te d  an  in s tru m e n t w ith  w hich, by low erin g  a  sh a rp  ra z o r , it 
w as p o ss ib le  to  v a ry  the tim e  of d is se c tio n  of the  f ro g  n e rv e  (nerve-m uscle  
p re p a ra tio n ) f ro m  28 to 150 m se c .

T ab le  82, com piled  a c c o rd in g  to  h is  d a ta , sh o w s th a tth e  m agnitude of 
in ju ry  p o ten tia l i s  in v e rse ly  p ro p o r tio n a l to  the  sp eed  of cu tting . The m ore 
slow ly  th e  edge of the  r a z o r  p a s s e s  th rough  the  n e rv e , the  la rg e r  w ill be 
the  s e c to r  of ad jacen t tis s u e  d am aged , and v ice  v e r s a . T h is can be com - 

zoo p a re d  w ith  the e ffec t of a  r a p id ly  flying b u lle t w hich p a s s e s  th rough g la ss ,
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leaving only a sm a ll hole, w hile  the  ad jacen t s e c to rs  of the  g la s s  m a y  r e 
m ain  com ple te ly  undam aged, H ow ever, the sam e b u lle t w hen m oving  at 
a low er v e lo c ity  w ill com ple te ly  b re a k  the whole g la s s .

It is  in te re s tin g  th a t in  M akarov 's 
ex p e rim e n ts , ra p id  c u ttin g s  of th e  nerve 
(30-40 μ sec) cau sed  no c o n tra c tio n  of 
m u sc le , b ecau se  u n d e r th e s e  conditions 
a  sp read in g  im p u lse  did not a r i s e .  Ob
v iously  the m agnitude  of in ju ry  cu rren t 
w as below  the th re sh o ld  of ex c ita tio n , 
sp read in g  w ithout d e c re m e n t. T he r e 
su lts  of M ak a ro v 's  e x p e r im e n ts  a r e  in 
ag reem en t w ith  the  p h ase  th e o ry  but not 
w ith  the m em b ran e  th eo ry .

FIGURE 118. E xam ples of change 
in m agnitude of in jury  p o ten tia l 
in sc ia tic  n e rv e s  of a  fro g  (1 -4 ) 
(according to  Nasonov and 
A leksandrov, 1944)

In ju ry  P o te n tia l  E x ceed ed  by  
A ction  P o te n tia l

If the d iffe re n c e  in p o te n tia l  be
tw een  the  c e ll  con ten t and i t s  e x te rn a l 
su rfa c e  is  indeed p re d e te rm in e d  by 
the co n cen tra tio n s  of e le c t ro ly te s  d is
solved in  i ts  p ro to p la sm , a s  postu la ted  

by the m em brane  theo ry , th en  th e  m axim  tan value of th is  d if fe re n c e  w ill 
be obtained when the cut su rfa c e  of the  c e ll is  connected  w ith  th e  uninjured 
one by nonpolarizing e le c tro d e s . T hus ac tion  c u r re n ts  can  u n d e r  n o  c i r 
cum stances be g re a te r  th an  re s t in g  c u r re n ts . T h is  h y p o th e s is , an  absolute 
co ro lla ry  of the  m em brane  th e o ry , w as fo rm u la ted  fo r  th e  f i r s t  t im e  by 
B ernste in  h im se lf: "A s a  consequence  of th is  th eo ry  one w ould h av e  to  a s 
sume that the m axim al lim it of neg a tiv e  fluc tua tion  shou ld  b e  th e  m em brane 
potential, and it  should not a c q u ire  the  opposite  ch arg e  upon ex c ita tio n * " .

B e rn s te in  sta ted  th a t w hile  w orking w ith m u sc le s , he n e v e r  observed 
the action  c u rre n t to  exceed  the  m agnitude of re s tin g  c u r r e n t , B u rd o n -  
Sanderson and Gotch (1891) n e v e r th e le s s  obtained an  ac tio n  c u r r e n t  of 100 
m illivo lt on the m uscle , w hile  the  m ax im al re s tin g  c u r r e n t  d id  no t exceed 
80 m illivo lts . H ow ever, the  a u th o rs  did not d e te rm in e  th e s e  tw o v a lu es  
sim ultaneously . A ccording to  B e rn s te in , it  is  p o ss ib le  th a t  in  th e s e  studies 
the re s tin g  c u rre n t d e c re a se d  ra p id ly  and at the tim e  of m e a s u re m e n t  was 
no longer m ax im al. B e rn s te in  h iin se lf  o b served  th a t in n e rv e s  th e  negative 
fluctuation upon excita tion  can  c o n sid e rab ly  exceed  th e  in ju ry  c u r r e n t .  
H ow ever, the au thor ex p la in s  th is  fa c t by d iv ision of the  n e rv e  f ib e r ,  a t the 
points of the nodes of R an v ie r, in to  a  num ber of se g m e n ts , a s  a  r e s u l t  of 
which the m agnitude of in ju ry  p o te n tia l m ay, from  the v e ry  b eg in n in g , be 
low er than  th a t of the c u r re n t  of ac tion .

* "Eine K onsequenz d ie s e r  T h e o rie  w urde nun se in , d a s s  die n e g a tiv e  
Schwankung eine m ax im ale  G ren ze  e r re ic h e n  m ü s s te , w e lc h e  d u rc h  
die S tärke  des M em branpo ten tia ls  gegeben w ä re , und d ie s e s  b e i  d e r  
Reizung s ic h  n icht u m k eh ren  könnte" (B e rn s te in , 1912, s. 105).
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T a b  l e  32
R e la tionsh ip  be tw een  the m agnitude  of in ju ry  p o te n tia ls  of a  frog  n erv e , 

and the speed  of c ro s s - s e c t io n  of th e  nerve  
(acco rd in g  to M akarov, 1949)

T im e of c r o s s - s e c t io n  
of the  n e rv e  
(in seco n d s)

C u rre n t of in ju ry
(m illiv o lts)

A ppearance of t r a n s 
m itte d  excita tion  (con

tra c tio n  of m uscle)

33 8.6
38 6.1 —
44 14.2 —

100 19.0 4-
150 30.0 +

N o te ; In th o se  c a s e s  w h ere  M akarov  c ite s  s e v e ra l  ex p erim en ts , a r i th 
m e tic  m ean s of h is  r e s u l ts  a re  g iven  in  the p re se n t tab le .

T his concep t, supported  in  the la s t  cen tu ry  by  Engelm ann and o th e rs , 
201 shou ld  now be c o n s id e re d  a s  a r b i t r a r y  and unfounded. The obvious incom 

p a tib ility  of fa c ts  w ith re q u ire m e n ts  of the m em b ran e  th e o ry  w as a lready  
know n in the  la s t  cen tu ry  and cau se d  co n sid e rab le  p ro b lem s to  the  fo rm u- 
la to r  of the  th e o ry  h im se lf—B e rn s te in  (1912). L a te r , how ever, th ese  in 
c o n s is te n c ie s  w e re  som ehow fo rg o tten , and 27 y e a r s  la te r , a f te r  Hodgkin 
and H uxley (1939), by using  a  new t is s u e , the  g ian t iso la ted  nerve  fib er of 
Loligo (squid), re p ro d u c e d  the  d a ta  of B urdon-S anderson  and G otch (1891), 
th e s e  in c o n s is te n c ie s  w e re  again  s ta te d  so c le a r ly  th a t the old explanations 
w e re  no longer v a lid . F i r s t ,  th is  tis s u e  h as  no nodes of R anv ier since the 
n e rv e  is  nonm edu lla ted . F u r th e r ,  one of the re c o rd in g  e lec tro d es  w as in 
tro d u c e d  in s id e  th e  n e rv e  f ib e r , w hile  the o th e r w as p laced ex te rna lly  on 
th e  undam aged  s u rfa c e , th u s , acco rd in g  to  the a u th o rs , enabling d irec t 
m e a su re m e n t of the  tra n sm e m b ra n e  in c re a se  in  p o ten tia l, which was 50 
m illiv o lts* . On p a ssa g e  of th e  im p u lse  and the a ssu m e d  com plete de
p o la r iz a tio n  of th e  m em b ran e , it m ight have been  expected  that th is  d iffe r
ence  in p o te n tia l b ecam e  ze ro . In re a li ty , how ever, the po in te r of the g a l
v a n o m e te r  not only  re a c h e d  z e ro , bu t deflected  to  the  opposite side, since 
the  exc ited  re g io n  w as m o re  negative  than  the  s ite  of the cut by 45 m ill i
v o lts .

T h is  s tudy , p e rfo rm e d  w ith  g re a t  e x p e rim e n ta l v irtu o s ity , and fau lt
le s s  in i ts  m ethodology , astounded  p h y sio log ists . T he m em brane  th eo ry  
w as sub jec ted  to  c r i t i c a l  rev iew  (R ubinshtein , 1949a, 1949b). A num ber of 
p a p e rs  a p p e a re d  in  w hich ac tio n  c u r re n ts  and re s t in g  c u rre n ts  w ere  com 
p a re d , u sing  v a r io u s  t is s u e s .  T ab le  33 g iv es  the  r e s u l ts  of th ese  stud ies.

F ro m  th e s e  d a ta  it  fo llow s th a t in  v a r io u s  an im a ls  (m o llu sks, a r th ro 
p o d s, am p h ib ian s , m am m als) the  ac tio n  c u rre n t in  nonm edullated  and

* In  re a li ty  th e  a u th o rs , b y  in tro d u c in g  an  e lec tro d e  in side  the fib e r, 
could  not h e lp  causing  m e c h a n ic a l dam age to  the p ro to p lasm , thus e lim 
inating  the o rd in a ry  in ju ry  p o te n tia l. The p o ss ib ility  of sh o rt-c irc u itin g  
th ro u g h  the  in te rc e l lu la r  sp a c e s  w as excluded in  th e se  ex p erim en ts .

191



m edulla ted  n e rv e s  exceeds the  r e s t in g  c u r re n t 1 .6 -2 ,0  t im e s ;  in  sk e le ta l 
and h e a r t  m u sc le s  and in  P u rk in je 's  f ib e rs  of the  h e a r t  it  w as ex ceed ed  
1.3-1,4 t im e s .

T a b l e  33

M agnitude of action  and re s tin g  po ten tia l of v a r io u s  t i s s u e s ,  
(acco rd in g  to T ro sh in , 1956)

A nim al T issu e

C u rre n t
(m illivo lts)

R atio  
betw een  
c u r re n t  
of ac tion  
and c u r 
re n t of 

r e s t

A u th o rs
of 

r e s t
of 

action

Loligo f o rbe s i N onm edul- 50 90 1.8 H odgkin  and
lated H uxley , 1939.
nerve

11 11 The sam e 48 88 1.8 H odgkin  and
K a tz , 1949.

L. p ea lii il it 51 104 2.0 C u r t is  an d  Cole,
1942.

Sepia o ffic inalis
II ■ " y)

и и 62 120 2.0 1 W eidm ann , 1951.
— 124 — !

H om arus v u lg a ris IF I I — 110 — H odgkin  and
R u sh to n , 1946,

и τι ΙΓ I I 62 106 1.7 H odgkin  and
H ux ley , 1945.

C arcinus m aenas H I I — 116 — H odgkin , 1947.
rt (1 I I  I I 71-96 116-153 1.6 H odgkin  and

H ux ley , 1945.
Rana escu len ta Sciatic 71 116 1.6 H uxley  an d

nerve S ta m p fli, 1951.
R. tem p o r a r ia S kele ta l 88 119 1.4 N a s tu k  an d

m uscle H odgkin , 1950.
R. p ip iens H eart 50-90 65-115 1.3 W oodbury  and

m uscle o th e r s ,  1950,
Canis fa m ilia r is P u rk in je 's 90 121 1.3

f ib e rs  of D ra p e r  an d
the  h e a r t W eid m an n ,

C apra h ire u s The sam e 94 135 1.4 1951.

T hat the action  c u r re n t exceeds the  re s tin g  c u r r e n t  w as a ls o  observed 
by G raham  and G e ra rd  (1946), using  iso la ted  f ib e r s  of s k e le ta l  f ro g  muscles; 
by W oodbury et a l. (1951) on iso la te d  m u sc le  f ib e rs  of fro g  h e a r t ;  b y  Fing 
et a l. (1951) on em bryonic m u sc le  f ib e rs  of th e  ch ick ; b y  W oodbury  (1952) 
on iso la ted  nerve  f ib e rs  of the  s c ia tic  n e rv e  of the  f ro g , and  b y  T rau tw ein , 
Z ink and K ayser (1953) on iso la te d  f ib e rs  of s k e le ta l  m u s c le s  of w a r m 
blooded an im a ls . No one doubts any longer the  fac t th a t  th e  a c tio n  potential 
exceeds the re s tin g  po ten tia l, b u t it  is  v e ry  d ifficu lt to  e x p la in  th i s  f a c t  in 
te rm s  of the  m em brane  th eo ry .
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FIG U RE 119. Schem e of s t ru c -  
2Q2 t u r e  of se m ip e rm e a b le  m e m 

b r a n e ,  acco rd in g  to  D anielli 
and  H arvey  (fro m  H öher, 1945)

A —a  lay e r of g lo b u la r p ro te in s ; 
B  —a layer of o r ie n te d  lipoid 
m o le c u le s ; C —n o n o rien ted  lay 
e r  o f lipoid m o lecu le s ;
a —h y d ra te d  p ro te in  m o lecu les ; 
b —ionized  ends of lipoid m o le 
c u le s ;  c —nonion ized  ends of 
lip o id  m o le c u le s ; a  + b —h y d ro 
p h ilic  zone; C + c —lipophilic 
zone .

A ccord ing  to  th is , the su rface  of 
the m em b ran e  d e p o la r iz e s  a f te r  e x c ita 
tion, becom ing  e le c tro n eg a tiv e  in r e l a 
tion  to the r e s t in g  su rfa c e . T his w as 
u sua lly  exp la ined  by the lo ss  of se lec tiv e  
ionic p e rm e a b ility  of th e  m em brane . 
B ut in th a t c a se , on connecting the c r o s s 
cut w ith the  ex c ited  su rface  no d ifference  
in  po ten tia ls  should have been obtained, 
and if it w as, e lec tro n eg a tiv ity  would a p 
p e a r a t the cut (provided depo lariza tion  
w as incom plete  on excita tion). In re a lity , 
how ever, a  co n sid e rab le  d ifference in 
p o ten tia ls  is  ob tained w ith e lec tro p o sitiv ity  
a t the  cut. The excited  su rface  did not 
s im p ly  lo se  i ts  positive  charge  but a c 
q u ired  a negative  ch arg e . How could 
th is  fact be exp la ined?

N um erous hypotheses w ere brought 
fo rw ard  to  exp la in  th is  phenomenon, a ll 
highly a r t i f ic ia l  and none w hich could be 
co n sid e red  even p a rtia lly  sa tisfac to ry . 
T h is  is  b e c a u se , w ithout exception, the 
au th o rs , in s te a d  of abandoning the ob
v iously  u n su itab le  m em brane  theory  and

seek in g  o th e r  exp lan a tio n s, t r ie d  to  m o d e rn ize  th is  theo ry  by com plicated 
an d  a r b i t r a r y  s u p e r s t ru c tu re s  in  o rd e r  to  adap t it to  the d iscordant facts. 

It is  not n e c e s s a ry  to  d is c u s s  h e re  a l l  the  th e o rie s  which have been 
p u t fo rw a rd  on th is  sub jec t. T hose  in te re s te d  a r e  r e f e r r e d  to the papers 
by  G rundfest (1947) and Hodgkin (1951). A few e x tra c ts  which, in our 
opin ion , a re  m o re  fully  e la b o ra te d  w ill be co n sid e red .

Hodgkin and K atz (1949) s ta r te d  from  the  c la s s ic a l  assum ption  tha t 
th e  m ain  e le c tro ly te s  of the p ro to p lasm  e x is t  in  a  f re e  aqueous solution. 
A cco rd ing  to  th em , the m agnitude  of the re s t in g  po ten tia l in a nerve  fiber 
c a n  be ca lcu la ted  fro m  the  fo rm u la

RT P K (K )i +  P W a (N a)i + P C i(C l)0
F  * P K (K)0  + P N a (N a)0  + P C 1 (C I) r

Зоэ w h e re  P r , Fjva , F q , a r e  the  p e rm e a b ility  c o n s ta n ts  fo r  po tassium , sodium 
an d  ch lo rine , ( i .e . ,  d iffusion r a t e s  a c r o s s  th e  m em b ran e ). The concen tra 

t io n s  in side  the  f ib e r  (i) and on the ou tside (O) a r e  g iven in  p a ren th ese s .
If from  th is  fo rm u la  the  m agnitude  of th e  re s tin g  c u r re n t fo r an is o 

la te d  f ib e r  of L oligo is  c a lc u la ted , a ssu m in g  th a t P jç : P ^ a
: ^ C l = 1-0:0.04:0.45 

th e n  the value of 59.5 m illiv o lts  is  ob tained , w hich is  c lo se  to  the experim ental 
o n e (61-62 m ill iv o lts ) . I n o rd e r  to  ju s tify  the  m agnitude  of the  observed  ac 
tio n  p o ten tia l (38 m illiv o lts  above th a t  of th e  r e s t in g  po ten tia l), it  is  n eces
s a r y ,  in the  a u th o r s ’ opinion, to  a ssu m e  th a t in  re la t io n  to  po tassium  and 
ch lo rin e  the  p e rm e a b ility  of the  m em b ran e  on ex c ita tio n  re m a in s  the sam e 
(Pj£= 1.0, P q j= 0.45), while fo r  sod ium  it in c re a s e s  500-fo ld  and becom es 20.0,
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injury ex c ita d o n

FIGURE 120. Schem e i l 
lu stra tin g  the re la tio n sh ip  
betw een c u rre n ts  of r e s t  
and of excita tion , in te rm s  
of the phase th eo ry  of b io 
poten tia ls

a —division boundary b e 
tween in tac t and dam aged 
pro toplasm ; b —the sam e, 
betw een the in tac t and ex
cited  p ro toplasm .

But how can th is  o c c u r  ?
T h e  au th o rs  do not g ive a  s a tis fa c to ry  

a n sw e r to  th is  question . In c id e n ta lly , they 
p ro d u ce  a  hypo thesis  th a t a t the  t im e  of ex
c ita tio n , dehydration  of ions m ay  tak e  place, 
sod ium  becom ing m o re  m obile  th an  potassium. 
B ut th is  new a ssu m p tio n  is  e n t i r e ly  arbitrary, 
and i t s e l f  re q u ire s  exp lanation . In addition, 
it  is  known th a t on e x c ita tio n  c o n s id e ra b le  
am o u n ts  of po tassiu m  leave the  c e l l s .  This 
fa c t  c o n tra d ic ts  the a u th o rs ' p o s tu la te  tha t 
p e rm e a b ili ty  of the  m e m b ra n e  to  p o tassium  
shou ld  not in c re a se .

D an ie lli (1941) developed  y e t  ano ther 
h y p o th e s is . He assu m ed  th a t the  m em brane 
c o n s is ts  of two row s of lip id  m o le c u le s , each 
of w hich  tu rn s  w ith  i ts  h y d ro p h ilic  negative 
en d s to  the ou tside , and the  p o s itiv e  hyd ro - 
phobic o n es to  the in sid e  (F ig u re  119).

T his system  is  e le c tro n e u tra l .  On excita tion , the in n e r  la y e r  of lipoid 
m olecu les b ecom es d iso rie n te d , and  the  su rfa c e  of th e  c e l l  b e c o m e s  electro
negative. A fter the ex c ita tio n  w ave p a s s e s , the lipoid m o le c u le s  ag a in  be
come a rran g ed  in  the fo rm  of a  p a lis a d e  and the su rfa c e  a g a in  becom es 
e lec tro n eu tra l. At the G ag ra  C o n fe ren ce , R ub in sh ste in  (1949b), th e  most 
orthodox su p p o rte r  of the  m e m b ra n e  th eo ry  in the USSR, defended  th is  hy
pothesis as the m ost ten ab le .

The speculative  and a r b i t r a r y  n a tu re  of th is  h y p o th es is  w il l  b e  seen 
at once. It is  not co m p re h e n s ib le  w hat fo rc e s  cau se  the  lipo id  m o lecu les 
to be a rran g ed  in the  fo rm  of f i lm s ,n o r  w hat m akes the  w a te r- in so lu b le  
lipoid accum ulate in  the fo rm  of d ro p le ts , w hich i s  m o s t lik e ly  f ro m  the 
therm odynam ic point of v iew . W e know th a t o r ie n ta te d  m o n o la y e rs  of mole
cu les m ay form  at th e  b o u n d ary  be tw een  two p h a se s . H o w ev er, D an ielli, 
R ubinshstein and o th e rs  a s s u m e  th a t  an  aqueous so lu tio n  i s  p r e s e n t  on both 
sides of the  m em b ran e . In th is  c a s e  it  i s  h a rd  to  u n d e rs ta n d  th e  orientated 
d istribu tion  of lipoid m o le c u le s  in  th e  fo rm  of a d o u b le - la y e r  p a lis a d e . 
It is  a lso  difficult to  im ag ine  s e le c t iv e  ionic p e rm e a b ility  a c r o s s  su ch  a 

геи system .
The th eo ry  p ro p o sed  b y  H e r tz  (1947) is  even  m o re  f a n ta s t ic . T h is 

in vestiga to r assu m ed  th a t on ex c ita tio n , the o r ie n ta te d  lipo id  m o le c u le s  of 
the m em brane  tu rn  th rough  180 d e g re e s  a s  a  r e s u l t  of w hich  th e  c h a rg e  of 
the ce ll su rface  b eco m es n e g a tiv e  in s te a d  of p o s itiv e . I t i s  no t c l e a r  what 
a re  the fo rce s  tu rn ing  the  m o le c u le s  in. one d ire c tio n  o r  a n o th e r . Besides, 
th is  hypothesis does not ex p la in  th e  d e c re a s e  in  e le c tro ly t ic  r e s i s ta n c e  
(im pedance) of the c e l l  a f te r  ex c ita tio n .

The so rp tion  th e o ry  g iv e s  a  m u ch  s im p le r  ex p lan a tio n  w ithou t addi
tio n a l a ssu m p tio n s. The m a in  r e a s o n  fo r  the  a p p e a ra n ce  of b o th  ac tio n  
c u rre n ts  and re s tin g  c u r r e n ts  i s  th e  r e le a s e  of e le c tro ly te s  bound to  p ro 
te in s , and the  lo ss  of p h ase  p r o p e r t ie s  of p ro to p la sm . A s a  r e s u l t ,  the 
r i s e  in the  po ten tia l of in ju ry  and  the  ac tion  p o te n tia l w ill  b e  o r ie n te d  with 
the "m inus" sign in  the  d ire c tio n  of the  e le c tro d e s , and w ith  th e  "p lu s"  sign 
in  the d irec tio n  of the  n o n s tim u la te d  p ro to p la sm  (F ig u re  120). If, following 
excita tion  o r  dam age by any  m e th o d , a l l  the e le c tro ly te s  w e re  com pletely
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r e le a s e d ,  the r i s e  in p o ten tia l a t (a) and a t (b) (F ig u re  120) would be equal 
and  m u tu a lly  n e u tra liz in g , b e c a u se  the  p o ten tia l of in ju ry  would be equal 
to  th e  ac tio n  p o ten tia l. H ow ever, fro m  o u r point of view  th is  is  not a t a l l  
n e c e s s a ry .  On the  c o n tra ry , the  known fa c ts  in d ica te  incom plete  re le a s e  
of e le c tro ly te s ,  fo r exam ple upon m e c h a n ic a l dam age. In the ch ap te r on 
p e rm e a b il i ty  it  h a s  a lread y  b e e n  m entioned  th a t m yosin  obtained from  
m u sc le  f lu id s  a t low te m p e ra tu re  is  p a r tia lly  bound to  po tassium  (E rn s t 
and S c h a ffe r , 1928; E rn s t and F r ic k e r ,  1934a. 1934b; R eg in s te r, 1937, 
1938a, 1938b; S zen t G yörgy i, 1947, a n d o th e rs ) . R e g in s te r  ex trac ted  m yo
s in  fro m  re s t in g  and from  p re v io u s ly  s tim u la ted  m u sc le s  d ire c tly  ,or through 
th e  n e rv e . H is d a ta  a r e  given in  T ab le  34,

T a b l e  34
R atio  of bound to  d iffu sib le  p o tassiu m  in ca lf  m u sc le s  of the frog; 

in  the  r e s t in g  s ta te  and a f te r  ex c ita tio n  w ith  e le c tr ic  c u rre n t 
(acco rd in g  to  R e g in s te r , 1937; fro m  T ro sh in , 1956)

C ondition  of m u sc le s P o tassiu m  ra tio

R e s tin g  m u s c le s 2 .6 ;3 .1 ;2 .9
T w in  m u s c le s  a f te r  d ire c t ex c ita tio n 1 .8 ;1 .4 ;1 .6
R e s tin g  m u s c le s 2 .7 ;4 ,1 ;7 .5
T w in  m u s c le s  a f te r  ex c ita tio n

th ro u g h  the  n e rv e 1 .6 ;1 .8 ;1 .6

It i s  quite  obvious th a t m e c h a n ic a l dam age by no m eans re le a s e s  a ll 
th e  p o ta s s iu m , and th a t th is  r e le a s e  is  m o re  com ple te  a fte r  excitation  
(T ab le  34).

If th is  i s  so , then  in F ig u re  120 the  jum p at b should be h igher in  its  
a b so lu te  v a lue  th a n  at a , a s  a  r e s u l t  of w hich the  action  po ten tia l w ill be 

2os h ig h e r  th a n  th e  p o ten tia l of dam age , and th is  is  w hat had to  be proved. In 
ad d itio n , o u r  th e o ry  exp la in s bo th  ex it of p o ta ss iu m  and in c re a se  of e le c tro -  
co n d u c tiv ity  on exc ita tion .

C h a p t e r  3 . B io e le c tr ic  P o te n tia ls  and C e ll M etabolism

S ta tem en t of the P ro b le m

A s a  r e s u l t  of a  d iffe re n c e  in  p o te n tia l on the c e l l  su rface , e le c tr ic  
c u r r e n t  is  fo rm e d . It is  s e lf -e v id e n t th a t th is  p ro c e s s  m ay take p lace only 
a t th e  expense  of c e r ta in  e n e rg y  s o u rc e s . In  the  living c e l l  such  a sou rce  
m a y  only be c e l l  m e tab o lism . T h is  a ssu m p tio n , s ta ted  in a  g en e ra l form , 
fo llo w s fro m  th e  law of c o n se rv a tio n  of e n e rg y , and does not n ecess ita te  
any sp e c ia l  p h y sio lo g ica l co n firm a tio n . T h e re fo re , any th eo ry  of b io 
e le c t r ic  p o te n tia ls  should ev en tua lly  be a  "m e ta b o lic "  theory .

In th is  r e s p e c t  the ta s k  of the  p h y sio lo g is t studying b io e le c tr ic  p ro 
c e s s e s  is  to  find  a p ra c t ic a l  so lu tio n  to  two p ro b le m s . The f i r s t  is  to  d e te r
m in e  the  d ire c t cau se  fo r  the  a p p e a ra n ce  of d iffe re n c e  in  po ten tia ls . The 
seco n d  is  to  d e te rm in e  the  m ech an ism  w hich t r a n s f o r m s  the  energy  of ce ll 
m e ta b o lism  f ro m  c h em ica l to  e le c tr ic .
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S tric tly  speaking, the  m em b ran e  th eo ry  only a n s w e rs  th e  f i r s t  of the 
two questions. T his th e o ry  s ta te s  that the  re a so n  fo r  th e  d if fe re n c e  in  bio
e le c tr ic  po ten tia ls is  a  d iffe ren t co n cen tra tio n  of in t r a -  and e x tra c e l lu la r  
e le c tro ly te s . A ccording to  th is  th eo ry , b io e le c tr ic  p o te n tia ls  a r e  potentials 
of concen tration  of e lem ents ob tained  in the p re se n c e  of s e m ip e rm e a b le  mem
b ra n e s , The m em brane th e o ry  g ives no specific  a n sw e r to  th e  q u es tio n  o: 
how th ese  d iffe rences in co n cen tra tio n s  a r is e  in the  c e l l s ,  bu t i t  i s  under
stood th a t they can be fo rm ed  only by m eans of v a r io u s  m e ta b o lic  p rocesses. 
In o ther w ords, the m em b ran e  th eo ry  say s nothing d e fin ite  on th e  possible 
tran sfo rm a tio n  of ch em ica l into e le c tr ic  energy .

U nfortunately, the da ta  in the l i te ra tu re  as y e t g iv e  no s a t is fa c to ry  
answ er to  th is  question.

E ffect of Inhibition of D ifferen t C e llu la r  M etabo lic  P r o c e s s e s  
on B io e le c tr ic  P o te n tia ls

Many stud ies of th is  kind a ttem p t to  prove a r e la t io n s h ip  b e tw een  
b io e lec tric  potentials and m e tab o lism , by inh ib ition  o r  e lim in a tio n  o f some 
aspect of m etabo lism . T hey re c o rd  the study of the  e ffe c t of th i s  inhibition 
on the m agnitude of th e se  p o ten tia ls . Thus F u ru sa w a  (1929) o b s e rv e d  a 
d ec rea se  in  the d em arca tio n  po ten tia l in  c ra b  n e rv e  u n d e r  a n o x ic  conditions, 
G era rd  (1930) showed th a t in  the frog n e rv e  the d e m a rc a tio n  d if fe re n c e  in 
potentials d ecreased  during asphyxia . It w as shown th a t  oxygen  la c k  in the 
damaged segm ent did. not low er the d ifference  in p o te n tia l, w h ile  asphyxie 
of the n o rm a l p a r t  of the  n e rv e  re su lte d  in a  r e v e r s ib le  d e c r e a s e  in  th is 
d ifference.

L a te r, Muzheev and B orzdyko (1933) caused  a  d e c re a s e  in  th e  resting 
гое cu rren t of sk e le ta l m u sc le s , by poisoning them  w ith  sodium  c y a n id e  and 

m onoiodoacetate. T h e ir  da ta  w ere  la te r  co n firm ed  b y  M ic h e lso n  (1935). 
T his investiga to r cam e to  the  conclusion th a t the  r e a s o n  fo r  th i s  decrease  
was a sev e re  d istu rbance  in  t is s u e  s tru c tu re .

The stud ies of K araev  (1937), and a s e r ie s  of s tu d ie s  b y  Lebedinskii 
et a l. (Lebedinskii, 1939; M ozzhukhin, 1948, 1950a, 1950b, 1953; 
Lebedinskii and M ozzhukhin, 1950, and o th e rs )  w e re  p lan n ed  a c c o rd in g  to 
the sam e p a tte rn . L ebed insk ii and M ozzhukhin s tu d ie d  the  e f fe c t  of meta
bolic inh ib ito rs on the ex ten t and ra te  of d e c re a se  of in ju ry  c u r r e n t s  and 
of excitation  po ten tia ls in  s k e le ta l  m u sc le s .

At f i r s t  it  m ay seem  th a t th is  m ethod of in v e s tig a tio n  sh o u ld  lead  to 
the solu tion  of the p roblem  a s  to  what fo rm  of m e ta b o lism  s e r v e s  a s  a 
source  of energy fo r the  fo rm atio n  of po ten tia l d if fe re n c e s  in  th e  c e l l .  
But if  one analyzes the r e s u l t s  obtained in th is  m a n n e r  m o re  c a re fu l ly ,  
it  is  not difficult to  de tec t the  b a s ic  sho rtcom ing  of th is  m e th o d  o f study.

A ll m ethods of m e tab o lism  inhibition to so m e ex ten t d e c r e a s e  the 
value of po ten tia l d ifference. H ow ever, it cannot b e  co n c lu d ed  f r o m  this 
th a t a ll  th ese  m ethods e lim in a te  the energy  s o u rc e s  of b io c u r r e n t s ,  since 
they  m ay a l l  cause  specific  dam age to  the c e lls  fo r  o th e r  r e a s o n s .  They 
m ay lead  to  changes in  d isp e rs io n  of the c e l l  c o llo id s , to  d e c r e a s e  in  their 
hydra tion , to  denatu ra tion  of p ro te in s , and to  sp littin g  off of e le c tro ly te s  
bound to  th ese  p ro te in s , e tc . C hanges of th is  kind m ay  no t b e  o b se rv e d  
under the m icro sco p e  in  the  in it ia l  phase . A ll th is  shou ld  m o s t  m arkedly
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low er th e  d iffe ren ce  in c e ll  p o te n tia ls  (d ep o la rize  the n o rm a l su rface  of 
the ce ll). It is  a lm o st im p o ss ib le  to d iffe ren tia te  betw een th is  nonspecific  
dam aging e ffec t of the to x in - in h ib ito r  and the d ire c t effect of ce ll m e ta b 
o lism  inh ib itio n  on b io p o ten tia ls .

F o r  ex am p le : f ro g s , in s e c ts , c ru s ta c e a n s  and o ther an im als w ere  
sub jec ted  to  r e v e r s ib le  asp h y x ia  (N asonov, 1930, 1933a, 1932b; 
A leksandrov , 1932 and o th e rs ) . It w as easy  to de tec t m ic ro sco p ica lly  that 
a l l  the t i s s u e s  w e re  in a  s ta te  of m ark ed  p a ra n e c ro s is . N uclear s tru c tu re s  
appeared  in  the  c e lls , g ran u le  fo rm atio n  cea sed , v ita l sta in ing  of p ro to 
plasm  and n u c leu s  w as o b se rv ed , e tc . T h is condition w as accom panied by 
the  ap p ea ran ce  of e le c tro n e g a tiv ity  of the n o rm a l su rface , i .e ., it should 
have cau sed  a d e c re a s e  in in ju ry  c u r re n ts . On renew al of the action  of 
oxygen, a l l  th e s e  phenom ena ra p id ly  d isap p ea red .

W hat is  the  cau se  of a ll  th e se  ch an g es?
It m igh t be concluded th a t th is  happened because  of exhaustion of 

energy  r e s o u r c e s  e s s e n t ia l  fo r  the m ain tenance  of n o rm a l c e ll  s tru c tu re s . 
H ow ever, it is  p o ss ib le  th a t d ire c t  poisoning by hypoxic m etabo lites, in the 
f i r s t  p lace  by la c tic  acid, took p lace .

T h e  p o ss ib il i ty  of such  n onspecific  poisoning is  even m ore  probable 
a fte r  the  ac tio n  of po isons inh ib iting  m e tab o lism . F o r  exam ple, som e of 
them  (sodium  flu o rid e , m onoiodoaceta te  and o th ers) in doses used by b io 
c h e m is ts  fo r  inh ib ition  of m e ta b o lism , sh o rten  the tim e  of su rv ival of frog 
m u sc le s  3 -20-fo ld  (Ushakov, 1953a), causing  such nonspecific  signs of 
poisoning a s  m u sc u la r  c o n tra c tio n s  (U shakov and D zham usova, 1954).

207 B y th is  we do not im p ly  th a t th e re  is  no d ire c t re la tionsh ip  between
c e l l  m e ta b o lism  and b io p o te n tia ls . On the  c o n tra ry , a s  a lread y  m entioned, 
we th ink th a t su ch  a connection  is  in  p rin c ip le  so obvious that it  does not 
even re q u ire  co n firm a tio n . B ut we a ssu m e  th a t the m ethods of study of 
th ese  re la tio n sh ip s  chosen  by F u ru sa w a , G e ra rd , L ebedinskii and o th e rs  
does not allow  convincing co n c lu sio n s to  be draw n a s  to  the energy  so u rces  
of b io c u rre n ts . S tr ic tly  sp eak in g , th ese  s tu d ies  only show th a t poisoning 
by  in h ib ito rs  m ay a lso  cau se  n eg a tiv ity  of the  su rface  of the ce ll, a s  does 
tre a tm e n t w ith  a g re a t n u m b er of o th e r nonspecific  po isons. T hese studies 
do not c o n tr ib u te  anything new to  the  ac tu a l understand ing  of b io e lec tr ic  
p ro c e s s e s .

R e la tio n sh ip  be tw een  B io e le c tr ic  P o ten tia ls  and 
C h o linerg ic  A ctiv ity  of C ells

T he o rthodox  th e o ry  of t r a n s m is s io n  of excita tion  from  one ce ll to 
ano ther invo lves the  ex c re tio n  of ace ty lcho line  by nerve  endings. Recently, 
a ttem p ts  w ere  m ade to  apply th is  m echan ism  to the appearance of ex 
cita tion  in  n e rv e  conduc to rs and m u sc le  f ib e rs  (B arnes and B eutner, 
1941; K o sh to y an ts , 1944; N achm ansohn, 1946, and o th e rs) . The reaso n  
fo r  th is  w as th e  d isco v ery  of ace ty lcho line  and ch o lin e s te ra se  not only 
in  n e rv e  endings but a lso  in  c e r ta in  n e rv e  tru n k s  a s  w ell as  in  the  
e le c tr ic  o rg a n s  of fish . On the  b a s is  of m odel exp erim en ts , B arnes 
and B eu tn e r (1941) tr ie d  to  p ro v e  th a t ace ty l choline itse lf  can  c re a te  
a  suffic ien tly  h igh  m em b ran e  p o ten tia l. At the sam e tim e , N achm ansohn, 
1940, p o s tu la te d  th a t a ce ty lch o lin e  ex c re te d  by the n e rv e  f ib e r  a t the m om ent
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of excita tion  a c ts  in a  d ep o la riz in g  way on the in te rn a l  su rfa c e  of th e  cell 
m em b ran e , increasing  its  im p e rm e a b ility . Due to  th is , e lectronegativ ity  
ap p e a rs  on the excita ted  s u rfa c e . T hus, the th e o ry  of N achm ansohn  should 
be considered  only a s  a supp lem en t to the m em b ran e  th e o ry , in s o fa r  as, 
in  h is  opinion, ace ty lcho line  cannot be the  cau se  of fo rm a tio n  of bioelectric 
po ten tia ls  being n e c e s s a ry  only  fo r  th e ir  de tec tion .

A ttem pts w ere m ade to  c o n firm  th is  th e o ry  by d i r e c t  ex p e rim en ts . 
As is  w ell known, e s e r in e  and p ro s tig m in e  inhibit c h o l in e s te r a s e —(the 
enzym e splitting  ace ty lch o lin e  and a r r e s t in g  its  ac tio n  a f te r  te rm in a tio n  of 
the  stim ulation). It w as su g g ested  th a t a f te r  the  ac tio n  of e s e r in e  on the 
n e rv e , acety lcholine ap p ea rin g  at th e  m om ent of s tim u la tio n  w il l  no t be 
able to  stop i ts  dep o la riz in g  e ffec t, b ecau se  of the e lim in a tio n  of choline
s te ra s e  action . As a r e s u l t  of th is  a  b lock should fo rm  w h ich  d o es  not let 
the w aves of excitation  th rough . T he ex p erim en t h a s  shown th a t  e se rin e  
at a  very  high co n cen tra tion  (1 : 250) rap id ly  a n n ih ila te s  a c tio n  cu rren ts  
and excitab ility  (B ullock, G ru n d fe s t, N achm ansohn, R o th en b e rg , 1947). 
However, p rostigm ine , w hich like e s e r in e  is  an  a n t ic h o l in e s te ra s e ,  shows 
no such effect even at a c o n c e n tra tio n  of a s  high a s  4 m g  p e r  c e n t. Acetyl
choline itse lf  a lso  does not b lo ck  conduction by the  n e rv e  ev en  a t  such  un
believably  high co n cen tra tio n s a s  a  2% solution.

In o rd e r to  explain  a l l  th e se  d a ta  from  the  po in t of v iew  of h i s  theory, 
Nachm ansohn had to m ake th e  fo llow ing, quite  a r b i t r a r y  a s su m p tio n s ; 
1) A cetylcholine does not p e rm e a te  the ce ll m e m b ra n e , bu t d e p o la r iz e s  

208 it only from  the in n e r s id e ; 2) e s e r in e  p e n e tra te s  f re e ly  th ro u g h  th e  cell 
m em brane; 3) p ro s tig m in e  does n o t p en e tra te  it  a t  a l l .  O nly  by  accepting 
th e se  assum ptions could th e  r e s u l t s  obtained b e  in te rp re te d  a s  confirm a
tion  of h is theory .

T hese  co n sid e ra tio n s have re c e n tly  been  co m p le te ly  d is p ro v e d  by 
G inetsinsk ii, by v e ry  c le v e r  and s im p le  e x p e rim e n ts  p e r fo rm e d  in  coopera
tion  w ith B arbashova (G in e ts in sk ii and B arb ash o v a , 1949). T h e s e  authors 
f i r s t  of a l l  showed that a ce ty lch o lin e  p e n e tra te s  e a s i ly  in to  m u s c le  cells, 
and th e re fo re  showed N ach m an so h n 's  f i r s t  a ssu m p tio n  to  be w ro n g .

It has fu r th e r  b een  show n ex p erim en ta lly  th a t th e  d if fe re n c e  in  effect 
of high concen trations of e s e r in e  and p ro s tig m in e  on e x c ita b il i ty  i s  not at 
a l l  asso c ia ted  with th e ir  d iffe ren t p e rm e a b ili t ie s  th ro u g h  the  c e l l  membrane, 
since th e re  is  no d ifference in  the  ac tio n  of e s e r in e  and p ro s t ig m in e  on 
ch o lin e s te ra se  ac tiv ity  of the  in ta c t m u sc le . E s e r in e  c o m p le te ly  inhibited 
ch o lin es te rase  in  a d ilu tion  of 1 :1 0 ,0C0, w hile p ro s tig m in e  c o m p le te ly  in
h ib ited  enzym e ac tiv ity  a t a  d ilu tion  of 1 :2 ,000,000.

T hese  ex perim en ts e n tire ly  d isp ro v e  the second  a s s u m p tio n  of 
N achm ansohn, th a t p ro s tig m in e , in  c o n tra s t to  e s e r in e ,  d o es n o t penetrate 
a t a l l  a c ro s s  the m em brane  into th e  ce ll.

Why then, does e s e r in e  n e v e r th e le s s  inh ib it the  e x c ita b il i ty  o f  muscle, 
while prostigm ine  does no t ?

In the f ir s t  place the  dose of th is  poison u se d  by N a c h m a n so h n  was 
ex trem e ly  high, 400 tim e s  g re a te r  than  that n e c e s s a ry  fo r  c o m p le te  in 
ac tiva tion  of c h o lin e s te ra se .

T h e re  a re  re a so n s  to  b e liev e  that the inh ib ition  of e x c i ta b i l i ty  by 
e s e r in e  is  caused  by n onspecific  dam age to  p ro to p la sm  due to  th e  u s e  of a 
v e ry  high concen tration  of th is  sub stan ce . In o rd e r  to  e lu c id a te  th i s  ques
tion , G in e ts in sk ii and B arb ash o v a  u se d  our m ethod  of v i ta l  s ta in in g . By 
s ta in ing  the m u sc le  w ith  n e u tra l  r e d  in  the p re se n c e  of p ro s t ig m in e , it  was
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se e n  th a t none of the  co n cen tra tio n s  used  in c re a se d  the  so rp tion  of the  
p o isoned  m u sc le , a s  co m p ared  to  the  co n tro l. T ab le  35 shows experim en ta l 
d a ta  ob tained b y  th e se  a u th o rs , w ith the  h ighest tw o concen tra tions of the 
po iso n . T he a u th o rs  righ tly  conclude th a t p ro s tig m in e  h as  no dam aging e f
f e c t  on m u sc le , and th e re fo re  does not a l te r  its  e x c itab ility .

209 D iffe ren t r e s u l ts  a re  ob tained  on studying th e  effect of e se rin e  (Table
36).

It fo llow s from  T ab le  36 th a t a c o n cen tra tio n  of 1:1,000 cau ses  a 
c o n s id e ra b le  in c re a s e  in  the so rp tio n  p ro p e r tie s  of the  poisoned m uscle . 
U sing  1:250 so lu tio n  of e s e r in e ,  w hich acco rd in g  to  N achm ansohn is  n e c e s 
s a r y  fo r inh ib ition  of conductive function, dam age goes so f a r  that the 
p o iso n ed  m u sc le  so rb s  2.5 t im e s  m o re  dye than  does the  control.

T hus, th e  w ork  of G in e ts in sk ii and B arb ash o v a  not only d isp roves the 
"a c e ty lch o lin e"  th eo ry  of N achm ansohn , bu t a lso  in d ica te s  the m ain source 
of i t s  e r r o r s —th e  a r b i t r a r y  endow m ent of the  hypo thetic  ce ll m em brane 
w ith  the a b ility  of le tting  th ro u g h  o r  p reven ting  th e  p a ssag e  of these  o r  other 
su b s ta n c e s . T hus the e x p e rim e n ta l te s tin g  of th e se  p ro p e rtie s  is  not b e 
yond  c r i t ic is m .

O xidation-R eduction  T h e o rie s  of B io e le c tr ic  Phenom ena

In  te r m s  of both m em b ran e  and phase th e o r ie s , the  d irec t cause fo r 
th e  ap p ea ran ce  of b io e le c tr ic  p o ten tia ls  is  the  d iffe ren ce  betw een the in tra -  
a n d  e x t r a - c e l lu la r  ionic co n c e n tra tio n s . A d iffe ren t point of view is  p ro 
v id e d  by the th e o ry  w hich ex p la in s  the  ap p earan ce  of b io e le c tr ic  potentials 
b y  the d iffe ren t le v e ls  of o x id a tiv e -re d u c tiv e  (redox) po ten tia ls  inside and 
o u ts id e  the  c e l l ,  a r is in g  a s  a  r e s u l t  of c e llu la r  m etab o lism . This w as f irs t  
p o s tu la te d  by Lund (1928), T h is  au th o r showed th a t the d ifference in e le c 
t r i c  p o ten tia ls  on an onion ro o tle t  is  d ire c tly  p ro p o rtio n a l to the in tensity  
o f r e s p ira tio n ; in c re a s e  in  the  in ten s ity  of the  la t te r  being accom panied 
b y  an in c re a s e  of the p o sitiv e  c h a rg e . S im ila r  re la tio n sh ip s  w ere observed 
b y  the au th o r in  the  skin of f ro g s .

T he fa c ts  c ited  by Lund cannot th em se lv es  s e rv e  a s  proof of h is  ideas, 
s in c e  g re a te r  o r  l e s s e r  in te n s ity  of ox ida tiv e-red u ctiv e  p ro c e sse s  m ay lead 
to  a  d iffe ren ce  in  ionic co n c e n tra tio n s . A nother objection  to  L und's theory  
(R ubinsh tein , 1947) w as th a t the redox  po ten tia l can  b e  d irec tly  transform ed 
in to  a d iffe ren ce  of e le c tr ic  p o ten tia ls  only in  the  p re se n c e  of m eta llic  
e le c tro d e s ,  w hich  a re  not p re s e n t  in  the ce ll. T h is  v e ry  se rio u s  difficulty 
f o r  the o x id a tiv e -red u c tiv e  th e o ry  w as d isc u sse d  by K o rr  (1939), who in
d ic a te d  th a t in  c e r ta in  c a s e s  a nonm eta l, fo r exam ple g raph ite , m ay 
p o s s e s s  e le c tro n ic  conductiv ity . On th is  b a s is , K o rr  quite  a rb i tra r i ly  a s 
c r ib e d  to  the c e l l  m em b ran e  the  ab ility  to  conduct a c u rre n t of e lec tro n s, 
c h a ra c te r is t ic  of m e ta ls .

In the USSR the o x id a tiv e -re d u c tiv e  theo ry  is supported  by Kom etiani 
(1945), who, by the  way, a s su m e s  th a t only p a rt of the m easu red  d ifference 
in  p o ten tia ls  of the  c e ll  m ay be a sc r ib e d  to  redox  po ten tia l, while the other 
p a r t  should be co n sid e red  as a co n cen tra tio n  po ten tia l. K om etiani has 
show n a m odel of two aqueous so lu tio n s d iffering  in th e ir  redox  poten tia ls, 
and  divided by a ge la tine  m e m b ra n e  t r e a te d  w ith quinhydrone, giving a  po
te n t ia l  d iffe ren ce  reach in g  18 m illiv o lt, ft should  be pointed out that in
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K o m etian i's  m odel th e re  i s  no c e r ta in ty  that the ion ic  c o n c e n tra tio n  on 
both s id es  of the m em brane  i s  the sa m e , and th e re fo re  the e lec trom otive  
fo rce  obtained may a lso  be co n sid e red  as a c o n c e n tra tio n  p o te n tia l.

T a b l e  35
Effect of p ro stig m in e  on so rp tion  of the dye (0,25% n e u tra l  red} 

(accord ing  to G in e ts in sk ii and B a rb ash o v a , 1949)

A m ount of dye so rb ed  (m g p e r  100 g o f  t is su e )

of prostigm ine c o n tro l ex p e rim en ta l ex p e rim en ta l 
(% o f control)

1; 250 2.08 1.80 90
0,96 1.02 106

1:1000 1,08 1.12 104
0.94 0.86 91

T a b le  36

Effect of e se r in e  on so rp tio n  of the dye (0.25% n e u tra l  re d ) 
(acco rd in g  to G in e ts in sk ii, 1949)

C oncentration 
of e se rin e

A m ount of dye so rb ed  (mg p e r  100 g o f  tis su e )

c o n tro l ex p erim en ta l ex p erim en ta l
(% o f control)

1: 250 1.18 3.00 254
1:1000 1.76 2,0J! 118
1:20000 2.96 3.44 116
1:100000 1.16 1.22 105

210 The s trongest a rg u m en t aga in st th is th e o ry  is  the fac t th a t  in  reality
no considerab le  d ifference in  red o x  po ten tia ls  is  o b se rv e d  in s id e  and out
side the c e lls . N um erous m e a su re m e n ts  of in t r a c e l lu la r  p o te n tia ls  given 
in  the p ap er by M ichaelis (1926) ind ica te  th a t in  the m a jo r i ty  of c a s e s  the 
in tra c e llu la r  redox po ten tia l i s  the sam e as th a t of the  su rro u n d in g  medium 
This being so , no m a tte r  w hat the p ro p e r tie s  o f the  c e ll  m e m b ra n e  a re , no 
d ifference in potential could  a p p ea r.

T here  is  evidently  no oxidation-reduction  b a r r i e r  in  th e  c e l ls .  If 
m uscle  fib e rs  p rev io u sly  s ta in ed  w ith m ethylene b lue a r e  p laced  in  an an- 
ae ro b icm ed iu m , the dye w hose reduced  leukoform  is  c o lo r le s s  rap id ly  
lo ses  i ts  c o lo r . On t r a n s f e r  o f the m usc les back to th e  a i r ,  m ethy lene 
blue is  oxidized again , tu rn in g  blue l i te ra lly  w ithin a  few s e c o n d s . This 
m eans that within th e se  few seconds the redox  p o te n tia ls  in s id e  and outside 
the c e lls  becam e equal, s in c e  the tra n s itio n  point o f o x id ized  m ethylene 
blue into i ts  c o lo r le s s  leu k o fo rm  i s  very  c lo se  to  w a te r  in  e q u ilib riu m  with 
a i r .  A fte r the onset of th e  red o x  eq u ilib riu m , the m u sc le  f ib e r s  a re  never 
th e le ss  capable of fo rm ing  c h a ra c te r is t ic  ac tion  c u r r e n ts  and r e s t in g  curren ts. 
Such instan taneous eq u ilib ra tio n  of red o x  p o ten tia ls  of th e  c e l l s  and  m edium  was 
o bserved  by u s  in  in fu so ria  p a ra s i te s  in  the s to m ach  o f ru m in a n ts  (Ophrys- 
co llec id ae), under cond itions o f v e ry  low pH, In the  c a s e  o f th e  in fusoria
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too , on e x p o su re  to a i r  the in tra c e l lu la r  po ten tia l b ecam e  im m edia te ly  
equal to  th a t of the  abundantly a e ra te d  e x te rn a l m ed ium  (Nasonov, 1932b).

It m ay n e v e r th e le s s  be a ssu m ed  th a t a c e r ta in  a lm o s t un d isce rn ib le  
d iffe re n c e  in  in tr a -  and e x tr a - c e l lu la r  pH does e x is t, due to  continuous 
m e ta b o lism , m ain ta in ing  a red o x  g rad ien t. H ow ever, our experim en ts 
w ith  m u sc le s  fixed in fo rm a lin  som ew hat co n trad ic t th is  p o ssib ility  (Nasonov 
and A lek san d ro v , 1944; N asonov and Speranskaya , 1948; Golovina, 1948). 
O bviously , in  th is  c a se  m e tab o lic  p ro c e s se s  cannot be the so u rce  of d iffe r
ences in  red o x  p o te n tia ls . N e v e rth e le ss , we have shown that in ju ry  poten
t ia ls  m a y  be o b se rv ed  in th e se  m u sc le s  many h o u rs  a f te r  fixation, reaching  
20 m illiv o lt. T h ese  c u r re n ts  in  m u sc le s  com ple te ly  devoid of m etabolism  
m ay be ca u se d  by the loca l e ffec t of cutting, h igh te m p e ra tu re , and e lec tric  
c u r r e n t ,  the "m in u s" ap p ea rin g  alw ays on the dam aged  su rface .

T h is  phenom enon m ay w e ll be explained by o u r th eo ry . F o rm a lin  is 
ev id en tly  capab le  of k illing  the  m u sc le , but fo r som e tim e  p re se rv e s  certa in  
native  p ro p e r t ie s  of its  p ro to p lasm  p ro te in s , in p a r t ic u la r  its  phase p ro p e r
t ie s  and i ts  cap ac ity  to  r e ta in  bound p o tassium . T hus, T a ru so v  (1941) has 
o b se rv e d  th a t m u sc le s  and n e rv e s  fixed in fo rm a lin  r e ta in  the capacity  of 
p o la r iz in g  re s is ta n c e  to  d ire c t  c u rre n t fo r a  long tim e , th is  capacity  d is 
a p p e a rin g  a s  a  r e s u l t  of h igh te m p e ra tu re , o r  w ith ac tio n  of alcohol. 
K ro n fe ld  and Schem insky (1926) o b se rv ed  that on fixa tion  of fish  egg cells 
w ith  a lco h o l o r  ac id  f ix a tiv e s , coagulation  of p ro to p la sm  o ccu rred , its  sa lts 
leav ing  ra p id ly  to  the o u ts id e , due to  the e lec tro co n d u ctiv ity  of the ex ternal 
so lu tio n . F o rm a lin  d iffe rs  fro m  o th e r fixa tives in  th a t the egg c e lls  do not 
b eco m e  tu rb id  in it in sp ite  of g e la tin iza tio n , and e le c tro ly te s  do not leave 

2 n th em . In ju ry  of a l l  kinds r e le a s e s  po tassium  from  the fo rm alin ized  p ro to 
p la sm , as a r e s u l t  of w hich the  d ifference  in  p o te n tia ls  is  detected. Such 
an u n stab le  p o ta s s iu m -p ro te in  com plex could be fo rm ed  in the c e ll  only due 
to  p rev io u s  m e tab o lism . T h is  m etab o lism , how ever, is  absent at the tim e 
of m e a su r in g  the  dam age p o ten tia l of the fo rm alin ized  m u sc le s  and con
seq u en tly  ex c lu d es the p o ss ib ility  of an o x id a tiv e -red u c tiv e  explanation of 
i ts  n a tu re .

P h a se  T h e o ry  of B io e le c tr ic  P o te n tia ls  and C e llu la r  M etabolism

A cco rd in g  to  the phase th e o ry  of b io e le c tr ic  p o ten tia ls , the im m ediate 
re a s o n  fo r  the  ap p ea ran ce  of e lec tro m o tiv e  fo rce  on the  su rface  of the ce ll 
is  the  d iffe re n c e  in  ionic co n cen tra tio n s  in  two re g io n s  of the p ro top lasm . 
T h is d iffe re n c e  is  not p re e x is te n t, bu t o ccu rs  suddenly a f te r  dam age o r ex
c ita tio n , due to  the  sp littin g  of an  unstab le  ch em ica l compound, the p ro te in 
sa lt com plex . T he re a so n  fo r  th is  sp litting  should b e  co n sid e red  a r e v e r 
s ib le  d e n a tu ra tio n  of p ro te in s  in  the in it ia l  s tag es .

W hile e a r l i e r  N asonov and A leksandrov  (1940) assu m ed  the ex istence  
of such  a  " p ro te in -s a l t  co m p lex " , now, a s  a re s u lt  of the  data in the l i te r a 
tu re  g iven  in  the  ch ap te r on c e l lu la r  p e rm e a b ility , a g re a te r  deg ree  of p rob
a b ility  e x is ts .  We have a lso  m entioned  fa c ts  showing th a t d enatu ra tion  of 
n a tiv e  p ro te in s  contain ing bound po tassiu m  en ab les  the la t te r  to  p a ss  into 
so lu tion  in  the  ion ized  fo rm .

We c o n s id e r  that th is  ex o th e rm ic  re a c tio n , sp littin g  e le c tro ly te s  from  
p ro te in  due to  the action  of an  i r r i ta n t  o r  a  dam aging agent, is  one of the
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m ost im p o rtan t p ro c e s s e s  in  m e ta b o lism , since  i t  le a d s  to  the  fo rm atio n  
of p o ten tia l d iffe ren ces b e tw een  the exc ited  and re s t in g  su rfa c e s . This 
reac tio n  is  one of the links of in tra c e l lu la r  m e tab o lism , and it  w ould  be 
in c o rre c t to  define it a s  an  e x p re s s io n  of a c e r ta in  11 s t r u c tu ra l  e n e rg y "  as 
opposed to  the energy  of m e ta b o lism , as is  done by som e p h y sio lo g is ts . 
The te rm  " s tru c tu ra l  en erg y " w as in troduced  into physio logy  by W arburg 
(1928) to  designate energy  u se d  fo r the  m ain tenance  of the sp e c if ic  p roper
tie s  of sem ip erm eab le  c e ll m e m b ra n e s . We a re  now fo rc e d  to  r e j e c t  this 
te rm  in the above sen se , s in ce  we question  the r e a l i ty  of the c e l l  membranes 
th em se lv es . H ow ever, if  by th e se  s tru c tu re s  one is  to  u n d e rs ta n d  the struc
tu re  of p ro te in  o r o th e r m o le c u le s , then  energy  is  ev iden tly  n e c e s s a ry  for 
the m ain tenance of c e r ta in  la b ile  ch em ica l com pounds. The sp e c ia l  term  
" s tru c tu ra l  energy" m ay only ca u se  confusion. T h is  b ecam e  e sp e c ia lly  
apparen t a f te r  the stud ies of E n g e lg a rd t (1941), who d isc o v e re d  th e  enzy
m atic p ro p e r tie s  of m yosin  and showed that p ro to p lasm  p ro te in s  canno t be 
divided into s tru c tu ra l  and n o n s tru c tu ra l  com ponents.

It is  known th a t a f te r  ex c ita tio n , the sp lit-o ff  e le c tro ly te s  a g a in  com
bine w ith the  p ro te in s . I t is  qu ite  obvious th a t th is  r e s to ra t iv e  p ro c e s s ,  
which is  m ost probably  connected  w ith  ren a tiv a tio n  of p ro te in s , re q u ire s  
energy expend itu re . T h is  m ay  tak e  p lace only at the  exp en se  of som e 
m etabolic  p ro c e s se s , p ro b ab ly  u s in g  high energy  com pounds a s  t h e i r  energy 
source . But as  ye t we know l i t t le  about th ese  bonds, and  th e ir  elucidation 
rem ain s a  ta sk  fo r the fu tu re .
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P a r t  IV

S P R E A D I N G  E X C I T A T I O N  A N D  IT S  C O N N E C T I O N  W IT H  
T H E  L O C A L  R E A C T I O N

C h a p t e r  1. H is to ry  of the P ro b lem

R e v e rs ib le  changes in  the  o rg an ism  o b se rv ed  a t the  s ite  of p ro to 
p la s m ic  s tim u la tio n  w ere  d es ig n a ted  by us "the lo c a l re a c tio n  of the o rg an 
is m  to e x te rn a l  in flu en ces" . A ccord ing  to  the te rm in o lo g y  of N. E. 
V v ed en sk ii, the  sum  to ta l of th e se  changes m ay b e  defined as a local, 
s ta b le  ex c ita tio n , o r  p a ra b io s is . The re v e rs ib le  changes o bserved  in  the 
liv in g  s u b s tra te  we te rm e d  p a ra n e c ro s is .

U nder know n conditions, the  lo ca l ex c ita tio n  in  n e rv e  and m u sc le  
f i b e r s  i s  t ra n s fo rm e d  into a  sp read in g  one, s ta r t in g  from  the s ite  of ap p li
c a tio n  of th e  i r r i t a n t ,  and m oving along the f ib e r  w ith  vary ing  speed. This 
p r o c e s s  is  the  b a s is  of a c tiv ity  of the  n erv o u s sy s te m , sin ce  by th is  m eans 
a  r a p id  connection  and co o rd in a tio n  of d istan t sec tio n s  of the  m ulticelLular 
o rg a n is m  o c c u rs .

A n u m b e r of p ro p e r tie s  a r e  com m on-to loca l and sp read ing  excitation . 
A m ong  th e se  a r e  the  e le c tro n e g a tiv ity  of the  ex c ited  reg io n , i ts  r e f r a c 
t iv i ty ,  in c re a s e  in  p e rm e a b ility , d e c re a s e  in  d isp e rs io n  of p ro top lasm ic  
c o llo id s , in c re a s e  in  v i ta l  s ta in in g , e tc . H ow ever, th e se  g e n e ra l p ro p e rtie s  
s t i l l  do no t g ive a  c le a r  p ic tu re  of the  in te rre la tio n sh ip  betw een  th e se  two 
f o r m s  of ex c ita tio n . I t m ay th e re fo re  be a ssu m ed  th a t a  pu re ly  su p erfic ia l 
s im i la r i ty  e x is ts  betw een the  tw o.

In fo re ig n , and to  so m e ex ten t in  Soviet physio lo g ica l l i te ra tu re  
th i s  po in t of v iew  p red o m in a te s  (R oseriblueth and Luco, 1950; Rosenblueth 
a n d  G a rc ia  R am o s, 1952). I t is  sugg ested  th a t two q u a lita tiv e ly  d ifferen t 
e x c ita tio n s  e x is t :  local, and sp read in g . The fo rm e r  supposedly  d iffe rs  
f ro m  the  la t te r  m ain ly  in th a t it  is  quan tita tive ly  o r ,  as  th ey  say , gradually , 
dep en d en t on th e  in ten sity  of the  stim u lu s and does not obey the " a l l  o r  none" 
law . The la t te r ,  on the o th e r hand, does not depend on the  stren g th  of the 
s tim u lu s  and obeys the law .

The f i r s t  p h y sio lo g is t to  p o stu la te  the " a l l  o r  none" law w as Bowditch 
(1871), who o b se rv e d  th a t h e a r t  co n trac tio n s  cannot be in c re a se d  o r  weakened 
b y  v a ry in g  the s tre n g th o f  the  s tim u lu s . A s long a s  the  in ten sity  of s tim u la 
t io n  w as low er th a n  a c e r ta in  th re sh o ld  lev e l th e re  w as no re sp o n se  ("none"); 

213h o w e v e r , when in ten s ity  w as even  slig h tly  above the  th re sh o ld , m ax im al 
c o n tra c t io n  o c c u r re d  (" a l l11). F u r th e r  s treng then ing  of the  stim ulus did not 
a f fe c t  th e  m agnitude  of re sp o n se . T h is ru le  is  o b se rv ed  esp ec ia lly  ea s ily  
in  th e  h e a r t ,  s in c e  h e a r t  m u sc le  is  a  syncytium  and re p re s e n ts  one excitable 
u n i t .  N erve  and s k e le ta l  m u sc le  a r e  m o re  d ifficu lt to  o b se rv e  since  they  co nsist 
o f a  la rg e  n u m b e r of exc itab le  u n its  p o sse ss in g  d iffe ren t se n s it iv it ie s . N ev er
th e le s s ,  m any  s tu d ie s  on in ta c t n e rv e s , iso la ted  f ib e rs , and o th e r t is s u e s  
e s ta b lis h e d  beyond doubt the  app lica tion  of the " a ll  o r  none" law to
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conduction  of im p u lse s  in n e rv e  and m u sc le  f ib e rs  of v e r te b r a te s  and in 
v e r te b r a te s ;  in  f ilam en ts  of the a lg a  N ite  l ia ; in the  s ta lk  of th e  infusorium  
V ont ice 11a, e tc ,*

* T h o se  in te re s te d  in  the h is to ry  of the  p ro b lem  a re  r e f e r r e d  to  p a p e rs  
by B rücke  (1930), R itch ie  (1932), A d rian  (1933) and K ato  (1934).

** L o ren te  de No (1947) a ttem p ted  to  re fu te  th e  e x is te n c e  o f a lo c a l r e 
sponse to  e le c tr ic  ex c ita tio n  of the n e rv e . H ow ever, th e  d a ta  given by 
him  in su p p o rt of th is  s ta te m e n t a re  not convincing. T h is  w as shown 
by R o sen b lu e th  (1952) in  h is  p a p e r on the  p rob lem  of su b th re sh o ld  p h e 
nom ena in n e rv e s .

O rig in a lly , the law was g iven  an  ab so lu te  m ean ing , a s su m in g  that 
p ro to p la sm  in no way re a c te d  to  su b th re sh o ld  s tim u li. H o w ev er, Lucas 
(1905, 1909, 1911} observed  th a t follow ing such  a s t im u la tio n  of the nerve, 
a  lo ca l re a c tio n  developed in the fo rm  of weak e le c t r ic a l  p o te n tia ls  d irectly  
p ro p o r tio n a l to  the s tren g th  of s tim u la tio n , being in cap ab le  of lim itle ss  
sp re a d in g , and rap id ly  dying away. T h is  local, su b th re sh o ld  reac tio n , 
L u cas ca lled  the  " lo c a l e x c ita to ry  p ro c e s s " .  When the lo c a l p ro c e s s  reached 
th re s h o ld  va lue , a  new phenom enon ap p ea red  ex p lo s iv e ly  in th is  reg io n — 
a  sp read in g  im p u lse  ("p ro p ag a ted  d is tu rb a n c e 11), w hich b a s ic a l ly  differed  
f ro m  the  fo rm e r  in that it obeyed the "a ll  o r  none” law.

L ucas d ea lt in  g en e ra l w ith  e le c tr ic  phenom ena in  the n e rv e , in the 
reg io n  of ap p lica tio n  of the s tim u la tin g  e le c tro d e . He did no t d iffe ren tia te  
be tw een  the p o te n tia l of the e x c ita to ry  c u r re n t  and the  p o te n tia l  a r is in g  in 
the  nei've a s  a re sp o n se  re a c tio n . T h is  can be ex p la in ed  b y  th e  fact tha t 
a t th a t tim e  the  technique of study  did not p e rm it the  d if fe re n tia tio n  from  
each  o th e r of th e s e  two p o ssib le  s o u rc e s  of su b th re sh o ld  p o te n tia ls .  This 
ta s k  w as su c c e ss fu lly  p erfo rm ed  m uch  la te r  by  two B r i t is h  p h y s io lo g is ts , 
K ate (1937) and  Hodgkin (1938). T h e ir  s tu d ie s  m u st be c o n s id e re d  as  a 
trem en d o u s  s te p  fo rw ard  in the  in v es tig a tio n  of the  o rig in s  of th e  propagating 
im p u lse . Hodgkin used a v e ry  se n s itiv e  o sc illo g ra p h ic  m e th o d , attaching 
an  e le c tro d e  to  a single c rab  n e rv e  f ib e r  p laced  in  p a ra ff in  o il .  He studied 
the  re la tio n sh ip  betw een the m agnitude of e le c tr ic  ex c ita tio n , and the m ag 
n itude of the  e le c tr ic  re sp o n se  re a c tio n  on su b th re sh o ld  s tim u la tio n  of the 
f ib e rs . By the  u se  of a  neat g ra p h ic a l m ethod  H odgkin s u b tra c te d  the value 
of the  loop of e x c ita to ry  c u r re n t  fro m  the value of the  o b s e rv e d  e le c tr ic  
re sp o n se  ac tio n . He thus ob tained the  value of the  lo c a l e l e c t r i c  action  of 
the  n e rv e  in p u re  fo rm .

L a te r , h is  data w ere  co n firm ed  by P u m p h rey , S ch m itt and Young 
(1940), using  th e  giant f ib e rs  of Loligo fo rb e s i , and by H odgkin  and Rushton 
(1946), using  a  s in g le  c ra b  n e rv e  f ib e r  (H o m aru s  v u lg a r is )**.

E sse n tia lly , th is  su b th resh o ld  loca l re a c tio n  c o m p le te ly  co rresponded  
to  the concept of V vedenskii (1901) of lo ca l ex c ita tio n  o r  c a th o d ic  p a rab io s is , 
w ith  the  d iffe ren ce  th a t V vedenskii s tud ied  p a ra b io s is  fo llo w in g  prolonged 
ac tio n  of the cathode in  the c a se  of w hich th e  re sp o n se  r e a c t io n  w as a lso  
m o re  pro longed . B r i t is h  p h y sio lo g is ts , h ow ever, o b se rv e d  th is  loca l r e 
ac tio n  w ith  v e ry  s h o r t- la s tin g  e le c tr ic  s tim u li , w h ere  th e  r e a c t io n  itse lf  
w as a lso  v e ry  t r a n s i to ry . In th is  re s p e c t  the  d isc o v e ry  and  s tu d ie s  of local 
e le c tr ic  re s p o n s e s  w e re  only a  co n firm a tio n  u n d e r so m ew h at d iffe ren t e x 
p e r im e n ta l  cond itions of V v ed en sk ii1 s th eo ry ; i .e . ,  th a t  th e  re a c t io n  observed  
in  the  im m ed ia te  reg io n  of ap p lica tio n  of the  i r r i t a n t  to  liv in g  p ro to p lasm  
is  nothing but a  m an ifes ta tio n  of lo c a l ex c ita tio n  (p a ra b io s is ) .
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F ollow ing  the s tu d ies  of K atz and Hodgkin the te rm  " a ll o r  none" is 
no longer p ro p e r ly  ap p licab le , s in ce  th ese  au th o rs  o b se rv ed  a  su b th resh o ld  
lo ca l ex c ita tio n .

It h a s  fu r th e r  b een  shown th a t such re a c tio n s  do not re m a in  s ta tio n 
a ry  bu t s p re a d  fu r th e r  w ith  a d e c re m e n t. T his sp read ing  capacity  of a 
su b th re sh o ld  lo c a l re sp o n se  w as d isco v e red  independently of Hodgkin by the 
R u ss ia n  p h y sio lo g is t K araev  (1938), using an  e n tire ly  d iffe ren t m ethod. 
K araev , e x p e rim en tin g  w ith s c ia tic  n e rv e s  of fro g s, used the phenomenon 
of su m m atio n  of two s tim u li follow ing each  o th e r a t a given tim e  in te rv a l. 
T he f i r s t  s t im u lu s  w as a lw ays app lied  a t the  sam e point, while the second 
one w as ap p lied  a t v a rio u s  d is ta n c e s  from  the fo rm e r. Using th is  m ethod 
w ith  d iffe ren t v a r ia tio n s , K araev  p ro v ed  that the sub th resh o ld  im pulse 
sp re a d in g  w ith  d ec rem en t may be o b se rv ed  at a d istance  of 1-2 cm from  
th e  s ite  of s tim u la tio n .

F ig u re  121, taken  from  Hodgkin, shows that w ith an in c rea sed  s tim u 
lu s , the e le c tr ic  su b th resh o ld  re sp o n se  becom es in c reasin g ly  s tro n g e r, 
and d ies aw ay in c re a s in g ly  fu r th e r  from  the ex c ita to ry  e lec tro d e . H owever, 
a s  soon a s  th is  s tim u lu s even slig h tly  exceeds the th re sh o ld  value, in stead  
of sp read in g  w ith  a d ec rem en t it b eg in s  to  move w ith an increm en t (upper 
cu rv e ). L a te r , having p a sse d  a c e r ta in  d is tan ce , the e le c tr ic  wave suddenly 
b en d s  u p w ard , and reach in g  the height of the n o rm a l peak running along 
th e  f ib e r , it m o v es along the n e rv e  to  i ts  v e ry  end, w ith a constant s treng th , 
independent of the  value of the  in itia l s tim u lu s.

P lo ttin g  the  value of ex c ita tio n  on the a b sc is sa  and the value of the 
e le c tr ic  re s p o n s e  re a c tio n  on the  o rd in a te , a dependence g rap h  may be con
s tru c te d  of th e  su b th resh o ld  re a c tio n  re la te d  to the m agnitude of the s tim u 
lu s  causing  it . A s seen  in  F ig u re  122, p lo tted  accord ing  to  H odgkin 's data , 
th is  dependence is  e x p re sse d  by a sm ooth  cu rve , convex in  the d irec tio n  
of the a b s c is s a .

Such c u rv e s  d esc rib in g  the  re la tio n sh ip  of m agnitude of the lo ca l r e 
ac tio n  to  the s tre n g th  of the  ex c itan t w ere  la te r  obtained by R osenblueth  
and Luc о (1950) fo r im p u lses  of d ire c t c u r re n t in sp inal n e rv e  ro o ts  of 
v e r te b ra te s  (F ig u re  123 A), and by R osenblueth  and G a rc ia  R am os (1951), 
using  the  sam e  t is su e , w ith  ex c ita tio n  by a lte rn a tin g  c u rre n t (F ig u re  123 B).

It fo llow s from  the above th a t the phenom ena o bserved  under the 
e le c tro d e  a f te r  su b th resh o ld  s tim u la tio n  a re  by no m eans a s  sim ple  a s  it 
seem ed  a t the  beginning, and they  re q u ire  sp e c ia l th e o re tic a l explanations. 

215 B r i t is h  p h y s io lo g is ts  t r ie d  to  explain  them  in te rm s  of the m em brane  theory  
of b io e le c tr ic  phenom ena (R ushton , 1937, e tc .) . They postu la ted  th a t a 
su b th resh o ld  s tim u lu s  cau sed  only a p a r tia l  g rad u a l depo la riza tion  in  the 
c e llu la r  m e m b ra n e , w hile w ith a th resh o ld  stim u lu s the i r r i ta n t  suddenly 
and co m p le te ly  d ep o la rized  the  m em brane . A ll the e le c tr ic  energy  p r e 
ex is tin g  in  the  f ib e r  w as ex p lo siv e ly  re le a se d . T hese  th e o re tic a l c o n s id e ra 
tions d if fe re n tia te  in  p rin c ip le  betw een  the su b th resho ld  lo ca l re a c tio n s  and 
the p ro p ag a tio n  of exc ita tion .

A s opposed  to th is , the Soviet physio logical school of V vedenskii- 
U khtom skii developed a  u n ita ry  concept of loca l and sp read ing  excita tion . 
Some re p re s e n ta t iv e s  of th is  school, fo r exam ple M akarov (1939), q u es
tioned th e  b a s is  of the " a l l  o r  none" law. T hese  a ttem p ts  w ere  m ainly con
cern ed  w ith  the  study  of c o n tra c tio n s  of single m uscle  f ib e rs , the m yo- 
graphic re c o rd in g  of w hich did not allow s t r ic t  d iffe ren tia tion  betw een local 
and sp read in g  c o n trac tio n .

205



FIGURE 121. D evelop
m ent of loca l re sp o n se  
with d iffe ren t in te n s itie s  
of the ex c ita to ry  c u r re n t  
(according to Hodgkin, 
1938)

FIGURE 122. R e la tio n 
ship be tw een  lo c a l e le c 
t r ic  re a c tio n  of the  c rab  
n e rv e , and m ag n itu d e  of 
excita tio n  (acco rd in g  to 
Hodgkin, 1938)

The a b s c is s a  shows tim e  
(in m illise c ); the o r d i 
nate shows voltage.

The a b s c is s a  show s ex 
c ita tio n  (in f r a c t io n s  of 
the  th re sh o ld ) ; the  o r 
dinate show s th e  value 
of p o ten tia l ( in  f ra c tio n s  
of p ropagation ).

U khtom skii (1926-1940) r a is e d  a  n u m b er of s u b s ta n tia l  o b je c tio n s  
against the  d iffe ren tia tio n  b e tw een  lo c a l and the  p ro p ag a tin g  ex c ita tio n . 
He did not deny the  fac ts  of conduction  of im p u lses  a c c o rd in g  to  the " a l l  or 
none" law, but objected  to  the  th e s is  th a t a  p ropagating  im p u lse  of constan t 
m agnitude, independent of s tim u lu s  in te n s ity , is  an  e x p re s s io n  of " a l l"  the 
energetic  re s o u rc e s  of the  f ib e r . He r ig h tly  ind ica ted  th a t  the  p o s s ib le  
"m axim al exc ita tion" of the  c e l l  should  exceed  m any t im e s  the  e n e rg y  level 
of the propagating  e le c tr ic  w ave of e x c ita tio n ; he a lso  po in ted  out th a t  the 
constancy of the  m agnitude of th is  wave depended on m e c h a n ism s  w hich  
au tom atica lly  reg u la te  its  lev e l, and  w hich by no m ean s re a c h e d  m a x im a l 
v a lues (U khtom skii, 1940, p .238). In c id en ta lly , we know of no s ta te m e n ts  
m ade by U khtom skii on p o ss ib le  m e c h a n ism s  p re se n t in  p ro to p la sm  which 
regu la te  the  m agnitude of p ro p ag a tin g  ex c ita tio n . L ike U k h to m sk ii, we also 
cannot a g re e  w ith the  m any a tte m p ts  to  c o n s id e r  ex c ita tio n  a s  an  explosive 

s isp ro c e ss . We have m any t im e s  o b se rv e d  the  ac tio n  of v a r io u s  s t im u l i  on 
living c e lls  and have n e v e r  o b se rv e d  anything s im ila r  to  "e x p lo s iv e  r e a c 
tio n " . P a ra n e c ro tic  chan g es a lw ay s o c c u r g rad u a lly , and  l ik e w ise , d is 
ap p ear g rad u a lly . The sa m e  m ay  a lso  b e  sa id  of d iffe re n t p h y s io lo g ic a l 
indexes, w hich alw ays change g ra d u a lly  w ith  the deve lopm en t of a  s ta b le  
loca l excita tio n  (p a ra b io s is ) .

T hese  co n trad ic tio n s  b e tw een  lo c a l a lte ra tio n s  w hich  a r e  a lw ays 
g rad u a l, and sudden exp losive  m a n ife s ta tio n s  of the  p ro p a g a tin g  im p u lse , 
a r e  by no m ean s as ir ré c o n c il ia b le  a s  m ay  seem  at f i r s t  s ig h t. On th e  con
t r a r y ,  a m o re  thorough  a n a ly s is  of the  d a ta  h as  show n th a t  c o n c lu s io n s  
fro m  the " a l l  o r  none" law n e c e s s a r i ly  follow  the  a ssu m p tio n  th a t  a f t e r  an 
excita tion  w ave, the  n e rv e  f ib e r  r e a c ts  g rad u a lly  a t e ach  o f i t s  p o in ts , ex 
ac tly  as in  the  reg ion  of ap p lica tio n  of the  e le c tr ic  e x c ita n t. T h e  fo llow ing 
c h a p te rs  a r e  devoted to  the  foundation  of th is  th eo ry  of " g ra d u a l"  p ro p a g a t
ing exc ita tion .
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FIGURE 123. R ela tionsh ip  betw een  
the m agnitude  of the lo ca l reac tio n  
and s tre n g th  of ex cita tion

A —lo ca l ca thod ic  re sp o n se  on e x c ita 
tio n  by p u lse s  of d ire c t c u r re n t (a c 
cording to  R osenb lueth  and Luco, 
1950); B —lo ca l re sp o n se  on e x c ita 
tio n  by a lte rn a tin g  c u r re n t  (150 cycles 
p e r  second) (acco rd in g  to R osenblueth  
and G a rc ia  R am os (1951).

The a b s c is s a  shows in ten sity  of ex 
c ita tio n  (in a r b i t r a r y  u n its); the  o r 
dinate show s the  peak am plitude  of the 
re sp o n se  (in  a r b i t r a r y  u n its ) .

C h a p t e r  2, The T h eo ry  of G rad u a l Spreading E xc ita tion

T h is  now w e ll-reco g n ized  th e o ry  i s  b a se d  on two w ell-founded h y 
p o th e se s . T hese  a re  a s  fo llo w s;

1) T ra n sm is s io n  of ex c ita tio n  along the  f ib e rs  is  an  e le c tr ic  pheno
m enon, i .e . ,  ta k e s  p lace by m ean s of " s m a ll  c u r re n ts " , as  suggested  by 
H erm an n  (1885).

2) The lo ca l re sp o n se  re a c tio n  of p ro to p la sm  to excita tio n  is alw ays 
g rad u a l, and n e v e r obeys the  " a ll  o r  none" law.

T he E le c tr ic  M echan ism  of T ra n sm is s io n  of E xc ita tion

T h e  suggestion  th a t b io c u r re n ts  p a r tic ip a te  in  the conduction of e x 
cita tion  w as m ade by D uB ois-R eym ond (1877). H ow ever, the e le c tr ic  
theo ry  of t ra n s m is s io n  w as e la b o ra te d  by H erm an n  (1885, 1889), and since 
la te r  p h y s io lo g is ts  only developed  and en rich ed  it by new fa c ts , we sh a ll 

2i7 give h e re  the b a s ic  p r in c ip le s  of h is  th eo ry .
A ccord ing  to H erm ann , a  s tim u lu s  c au se s  changes in  the  ex c ited  

region, a s  a  r e s u l t  of w hich th is  reg io n  b eco m es e lec tro n eg a tiv e  w ith r e 
spect to  th e  ad jacen t s e c to r s  (F ig u re  124). The re su lta n t d ifference  in
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FIGURE 124. S chem atic 
illu s tra tio n  of " s m a ll 
c u rre n ts"  on (a) s tim u 
lated and (b) dam aged 
se c to rs  of the f ib e r  (ac 
cording to H erm ann , 1885)

po ten tia l c au se s  the fo rm atio n  of e x tra o rd in a r ily  in te n se  lo c a l c u r re n ts , 
due to low re s is ta n c e  in  the reg io n  ad jacen t to  the e x c ite d  s e c to r . These 
c u rre n ts  a re  d ire c te d  from  th e  re s tin g  to  the exc ited  s e c to r s .  T h u s , the 
la tte r  rem a in  inac tive , s in ce  they  a r e  positiv e ly  p o la r iz e d  w hile th e  former 
a re  negatively  charged  and th u s undergo  exc ita tion .

"T he c o n sid e ra tio n  now s ta te d " , says 
H erm an n  in  h is  concluding r e m a rk s  (1885, 
p. 378), " is  not h y po the tica l, but co n ta in s  
e le m e n ts  w hich in  a ll  p ro b a b ility  w ill le a d  us, 
so o n e r o r  la te r ,  to the  th e o ry  of the s p re a d  of 
ex c ita tio n  and to  the u n d e rs ta n d in g  of th e  real 
m ean ing  of e le c tr ic a l  phenom ena in an im a ls . 
T h is  is  b ecau se  sudden fo rm a tio n  of negative 
p o la r iz a tio n  in c lo se  p ro x im ity  to  the  o r ig in 
a lly  ex c ited  s ite  should s tim u la te  the  la t te r ,  
w hile p o sitiv e  p o la riza tio n  m igh t, in  i t s  turn, 
lead  to  re tu rn  of the s tim u la te d  s ite  b a c k  to 
the  re s tin g  c o n d i t io n ; ................. fro m  th e  recent
ly in d ica ted  e lem en ts  one m ig h t c o n s t ru c t  a 
s t r ic t ly  m a th e m a tic a l th e o ry  of th e  propagation 
of the e x c ita to ry  w av e" . T h u s , a c c o rd in g  to 

H erm ann, the p ro c e ss  of conduction  of excita tio n  is  c o n s id e re d  a s  a  p ro 
pagated wave of e lec tro n eg a tiv ity ,

H e rm an n 's  view s w ere  fu lly  co n firm ed  by la te r  in v e s t ig a to r s ,  
L illie (1936) and o th e rs  b u ilt m odels on the b a s is  of th is  th e o ry , w h ich  re 
produced H e rm a n n 's  p rin c ip le  of e le c tr ic  conduction of im p u lse s .

F ig u re  125 from  the p a p e r by S täm pfli (1952) i l lu s t r a te s  schem atica lly  
the con tem porary  th e o rie s  of e le c tr ic  t ra n s m is s io n  of n e rv e  im p u ls e  in a 
m edulla ted  fib e r containing nodes of R an v ie r,

The m ain  e x p e rim e n ta l proof of the  e le c tr ic  th e o ry  of e x c ita t io n  con
duction m ay be c la ss if ie d  u n d e r th re e  h ead in g s: 1) e x p e r im e n ts  w ith  "jump
ing" of excita tion  a c ro s s  a  n a rc o tiz e d  s e c to r  of s m a ll  d im e n s io n s ; 2) ex
p e rim en ts  in which excita tio n  m ay "jum p" from  one n e rv e  f ib e r  to  another; 
3) ex perim en ts showing a  connec tion  be tw een  e le c tro c o n d u c ta n c e  o f the 

218 e x te rn a l m edium  and v e lo c ity  of conduction of the  im p u lse .
F i r s t  G roup of C o n firm a tio n s . F ro m  H e rm a n n 's  o b s e rv a tio n s  

it follows th a t although the g r e a te s t  c u r re n t  in ten sity  is  o b s e rv e d  ad jacen t 
to  the s tim u la ted  s e c to r , n e v e r th e le s s  the loops of th is  c u r r e n t  sh o u ld  en
com pass quite  a co n s id e ra b le  s e c to r  of the n e rv e . T he in te n s ity  o f th e  cur
ren t loops running ahead  m ay  b e  su ffic ien t to cau se  e x c ita tio n  in th e  nerve 
se c to r  a t a  c e r ta in  d istance  (hut no t beyond a c e r ta in  l im it)  fro m  th e  site 
of s tim ulation .

The p o ss ib ility  of such  a  jum p of im pulse  th ro u g h  a  s u f f ic ie n tly  small 
se c to r  of the  b lock  w as d e m o n s tra te d  beyond any doubt b y  th e  s tu d ie s  of 
V erigo  (1899), B la ir  and E r la n g e r  (1936b), H odgkin(1937), an d T asak i(1 9 3 9 ). 
The la s t-n am ed  au th o r p e rfo rm e d  v e ry  d e lica te  e x p e r im e n ts  w ith  a  single 
nerve  f ib e r . He e lim in a ted  one, tw o, and even th re e  in te rn o d u la r  segm ents 
and o bserved  the conduction of the  im p u lse . E ven  a g r e a te r  n u m b e r  of seg
m en ts can be e lim in a ted  and s t i l l  g ive conduction of the  im p u lse  i f  i t s  tra n s
m issio n  is  fa c ilita te d  by m aking  a  s a lt  b rid g e , connecting  the  n o d e s  of 
R anv ier b e fo re  and a fte r  the  b lock . P r io r  to  T a s a k i’s w o rk , O s te rh o u t  and 
H ill (1930) used  such s a lt  b r id g e s  in  e x p e rim e n ts  w ith  th e  a lg a  N i t e l l a ,
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fa c ilita tin g  the tra n s m is s io n  of negative o sc illa tio n s  a c ro s s  a  b locked
seg m en t.

Second G roup of C o n firm a tio n s ; If an e le c tr ic  loop of ex cita tion  
can  jum p a s m a ll  c ro s s -b lo c k , it m ay be expected  that un d er c e r ta in  
cond itions it w ill a lso  jum p to a neighboring  nerve  f ib e r . U sually th is  does 
no t happen, s in c e  obviously the insu la ting  p ro p e r tie s  of the fib er sh ea ths 
p rom ote  the law of " in su la ted  conduction of im p u lse" . H ow ever, under 
c e r ta in  e x p e rim e n ta l cond itions th is  law m ay be b roken , and excita tion  
ju m p s to  neighboring  f ib e r s  (K vasov and N aum enko, 1936; Katz and Schm itt, 
1940). F in a lly , the w ell-know n ex p erim en t of G alvani, in w hich s tim u la tion  
ju m p s from  a co n trac tin g  ca lf  m u sc le  of a frog  to a n e rv e  of an o th er n e rv e - 
m u sc le  p re p a ra tio n  p laced  a c ro s s  it, co n firm s the e le c tr ic  tra n sm is s io n
of the  im pu lse .

FIG U RE 125. B a s ic  schem e i l lu s 
t r a t in g  the "jum ping" of ex c ita tio n  
in  a m edu lla ted  n e rv e  f ib e r  ( a c 
co rd ing  to  S täm pfli, 1952)

1—nodes of R an v ie r; 2—m y elin  
sheath ; 3—axon; 4 —c u rre n t along 
n e rv e ; 5 —lo ss  of c u r re n t th ro u g h  
m y e lin  sheath .

T h ird  G roup of C onfirm atio n s; 
The th eo ry  of e le c tr ic  tra n sm iss io n  
of im p u lses  is  supported  by e x p e r i
m en ts  showing a  connection betw een 
e lec troconduction  of the  ex te rn a l m e
dium and the speed  of conduction of 
the  im pu lse . In so fa r a s , accord ing  
to  the  th eo ry  of H erm ann , the c u rre n t 
of ac tio n  c lo se s  th rough  the ex te rn a l 
m edium , any change in the e le c tro 
conduction of the la t te r  should change 
the sp eed  of conduction of excita tion . 
Indeed, investig a tio n s p erfo rm ed  w ith 
d iffe ren t t is s u e s  and by v a rio u s m ethods 
have shown th a t a d ec rea se  in the r e 
s is ta n c e  of the m edium  leads to  a c 
c e le ra tio n  of conduction of the e x c ita 
tio n  w ave. T hus, A uger (1933, 1936) 

d em o n stra ted  an  a c c e le ra te d  conduction by filam en ts  of the alga N ite lla . by 
co v erin g  them  w ith  m o ist f i l te r  p a p e r. Pond (1921) studied  the velocity  of 
conduction of an  im pulse  in m u sc le s  of L im ulus and in  the s a r to r iu s  m uscle  
of the frog . U sing a sy s tem  of m ir r o r s  w hich d ire c te d  the  ra y s  onto photo
g rap h ic  p ap er, he m e a su re d  the  tim e  betw een  two w aves of co n trac tio n s . 
U sing d iffe ren t r a t io s  be tw een  R in g e r 's  so lu tion  and iso tonic  sugar solution, 
Pond changed the  e lec tro co n d u c tiv ity  of the  e x te rn a l m edium . The velocity  
of p ropagation  of the  w ave of co n trac tio n  w as found to  be d ire c tly  p ro p o rtio n 
a l to  the e lec tro co n d u c tiv ity  of the e x te rn a l m edium . Pond thought th a t h is  
ba lan ced  so lu tions d iffe red  fro m  each  o th e r only in e le c tro  conductivity  (he 

219took sp ec ia l c a r e  to m a in ta in  the sam e pH), but in  re la tio n  to m u sc le s , 
m ed ia  w ith a  d iffe ren t s a lt  and su g a r conten t a re  not equivalent.

C ritic iz in g  P o n d 's  s tu d ie s  and o th e rs  s im ila r  to  it, Hodgkin (1939) 
e n tire ly  e lim in a ted  th e se  sh o rtco m in g s . H is fa u ltle s s  and m ethod ica l data 
w ill be p re se n te d  h e re  in  som ew hat g re a te r  d e ta il. He com pared  the  speeds 
of conduction of excita tio n  in the  n e rv e  by reco rd in g  the action  c u r re n t in 
m edia w ith d iffe ren t e le c tro c o n d u c tiv itie s , w hich w ere  known not to  dam age 
the  n e rv e . T h u s , a  single c ra b  n e rv e  f ib e r  w as in itia lly  im m ersed  in  sea  
w a te r  and t r a n s f e r r e d  subseq u en tly  to liquid paraffin . Since by so doing 
the  f ib e r  re m a in e d  su rro u n d ed  by a  sm a ll la y e r  of sea  w a te r , changes in 
the ionic and ch em ica l co m position  of the m edium  did not occu r, and th e re
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w ere  only changes in  e le c tro  co n d u c tiv ity . T ra n s fe r  of the  n e rv e  f ib e r  
fro m  w a te r  to  o il and back  in to  w a te r  la s te d  only a  few seco n d s . As a 
r e s u l t  of the  t r a n s fe r  from  o il in to  s e a  w a te r , the  v e lo c ity  of conduction  of 
excita tio n  in  the n e rv e  f ib e r  in c re a s e d  by 14-40%,

S im ila r  e x p e rim e n ts  w e re  perform ed

FIGURE 1S6, A p p ara tu s  fo r  
sh o rt-c irc u itin g  action  c u r 
re n ts  in the  g ian t axon of c ra b  
(according to  Hodgkin, 1939)

by Hodgkin on the  g ian t axon of L o lig o . The 
axon  w as im m e rse d  in a v e s s e l  w ith  sea  
w a te r  and subseq u en tly  re m o v e d  and  kept 
in  m o is t a i r .  H e re , too , m ed ia  d iffering  
only  in e lec tro co n d u c tiv ity  w e re  com pared. 
The p ercen tage  in c re a s e  in  sp eed  of co n 
duction  on rem o v a l of the  f ib e r  f ro m  m oist 
a i r  in to  sea  w a te r  w as a p p ro x im a te ly  40%. 

The following e x p e r im e n t of Hodgkin 
is  s in g u la rly  exact. A g ian t axon  of a  crab 
w as p laced  on a n u m b er of s i lv e r  w ire s ,  
the  b en t ends of w hich cou ld  b e  im m e rse d  
in  m e rc u ry  (F ig u re  126) o r  r e m a in  exposed. 
W hen the w ire  tip s  w e re  im m e rs e d , electric 
c u r r e n t  w as p a sse d  th ro u g h  th e m , th u s  
c re a tin g  conditions fo r s h o r t - c i r c u i t in g  
th e  ac tio n  c u r r e n ts .  By doing so , the  

speed of ex c ita tio n  conduction  in c re a s e d  by 14-20%, w hile the  m ed iu m  in 
w hich the axon w as kept did not change at a ll.

R ecently , H uxley and S tam p fli (1949a, 1949b) c r e a te d  a  conduction  
block in a  single m ed u lla ted  n e rv e  f ib e r , a t the point w h e re  th is  f ib e r  was 
su rrounded  by a i r .  T he b lock  w as rem o v ed  by c lo s in g  th e  a c tio n  c u rre n t 
th rough a  liquid b rid g e .

The above o b se rv a tio n s  and  ex p e rim e n ts , e s p e c ia lly  th o se  of Hodgkin, 
w ere  quite fa u ltle s s  in th e ir  m ethodology . They co n firm  beyond doubt the 
c o rre c tn e s s  of the e le c tr ic  th e o ry  of conduction*; O u r f u r th e r  th e o re t ic a l
co n sid e ra tio n s w ill apply th is  th e o ry  as a  w orking b a s is .

220 B asic  P r in c ip le s  of T h e o ry  of G rad u a l E x c ita tio n

T h e re  a re  two b a s ic  h y p o th ese s  in  th is  c a se . T h e  f i r s t  is  th e  electric  
m echanism  of p ropaga tion  of e x c ita tio n  w aves in  the f ib e r s .  A s p o in ted  out 
in  the p rev ious ch ap te r , th is  m ay  b e  co n sid e red  a s  a fu lly  e s ta b l is h e d  fact, 
The second i s  th a t the lo ca l re s p o n s e  to  e le c tr ic a l  e x c ita tio n  a t e a c h  point 
of the n e rv e  and m u sc le  f ib e r s  is  a lw ays g rad u a l. T h is  m e a n s  th a t  w ith 
in c re a se d  in ten s ity  of ex c ita tio n , the  lo ca l e le c tr ic a l  r e a c t io n  to  th e  e x 
c ita tio n  a lso  in c re a se s  g ra d u a lly  w ithout jum ps.

F o r  the  su b th resh o ld  re g io n  th is  a ssu m p tio n  m ay  now b e  c o n s id e re d  
proved  by the  thorough in v e s tig a tio n s  of Hodgkin (1938). F ro m  th e  fig u re  
draw n accord ing  to  h is da ta  (F ig u re  122) it  w ill be se e n  th a t th e  u p p erm o st

* It h as  a lso  b een  show n th a t no t only  the  ex c ita tio n  w ave, b u t a l s o  damage 
sp re a d s  along m u sc le  f ib e r s  b y  an  e le c tr ic  m e c h a n ism . In  th e  f i r s t  case 
the m echan ism  is  th ro u g h  the ac tio n  c u r re n ts , w hile  in  th e  s e c o n d , it is 
th rough  re s t in g  c u r re n ts  (N asonov and R o zen ta l', 1947).
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poin t on the  c u rv e  is  the la s t su b th resh o ld  re sp o n se . A sligh tly  s tro n g e r  
e x c ita tio n  w ill a lre a d y  cause  a propagating  im pu lse .

FIGURE 12 7. R e la tionsh ip  
betw een  th e  m agnitude  of r e 
sponse re a c tio n , and in ten 
sity  of s tim u la tio n

reac tio n , 
lim  it le s  s . 
resp o n d  by the m axim um  
of which it is  capable.

H ow ever, th is  
Sooner o r

O ur a ssu m p tio n  is  based  on the fac t 
th a t above th is  point the loca l re a c tio n  is  a lso  
g rad u a l ( fu r th e r  p roo f w ill be given for th is  
s ta tem en t). If th is  is  so, then fu rth e r  in 
c r e a s e  of excita tio n  should lead to  an in 
c r e a s e  in re sp o n se  
in c re a s e  cannot be 
la te r  the fib er w ill 
e le c tr ic a l  re ac tio n
In th is  reg ion  the curve  w ill c ease  to  proceed 
in  th is  fo rm , tending to  becom e a s tra ig h t 
line p a ra lle l  to  the a b s c is s a . Consequently, 
the  cu rve  should acq u ire  an S -shaped form  
(F ig u re  127). Such a  cu rve  is  ex trem ely  
ty p ica l. The v a s t m a jo rity  of g rad u a l r e 
la tion sh ip s  betw een  a  stim ulus and any p ro 
p e r ty  of a living o rg an ism  is  usually  ex 
p re s s e d  by an  S -shaped  curve.

An ex am p le  (from  A sm u ssen , 1934) is  the cu rv e  of the re la tionsh ip  
betw een  the m agnitude  of loca l co n trac tio n  and voltage of excita to ry  c u rre n ts  

221 in  a s in g le  m u sc le  f ib e rs  of f ro g s  (F ig u re  128). T h is  cu rv e  is  com parable 
to  th a t o b ta in ed  b y  Hodgkin w ith  n e rv e  p re p a ra tio n s  (F ig u re  122). The only 
d iffe ren ce  is  th a t  h e re  the re sp o n se  re a c tio n  is  m e a su re d  not by the m ag
nitude of e le c tr ic  re sp o n se , a s  in  the  n e rv e , but by the am plitude of loca l 
c o n tra c tio n s  of the  m u sc le  f ib e r* .

A n S -sh a p e d  cu rv e  of the  e le c tr ic  re sp o n se  to  excita tion  was a lso  
obtained w ith  a  sing le  n e rv e  f ib e r  of Loligo w hich had lost its  conducting 
ab ility  (S chm itt and Schm itt, 1940), Subsequent d isc u ss io n s  w ill be based  
on the e le c t r ic  th e o ry  of p ro p ag a tio n  of im p u lses  d e sc rib ed  in the p rev ious 
ch ap te r. A cco rd ing  to th is  th e o ry , in  each exc ited  segm ent of the con
ducting f ib e r , w hen it  b eco m es negative , o rig in a te s  e le c tr ic  c u rre n t of 
suffic ien t m agn itude  to s tim u la te  the  ad jacen t s e c to r  (F ig u re  124). The 
la t te r ,  when ex c ited , b eco m es in i t s  tu rn  e lec tro n eg a tiv e  in  re sp e c t to  
the one fo llow ing it, due to  w hich  c u r re n t  again  a r is e s ,  and so on. A s a 
re su lt o f th is  chain  of ev en ts  the  ex c ita tio n  wave is  propagated  along the 
fiber. A r e s to ra t io n  w ave im m ed ia te ly  follow s the  excita tion  wave.

* W hat d e te rm in e s  the  S -sh ap ed  fo rm  of the c u rv e  of sen s itiv ity  of the  
conducting f ib e r ?  One a n sw e r i s  found in  the  in te re s tin g  p ap ers  by Segal 
(1953 /1954a, 1953/1954b, 1956). T h is  in v es tig a to r  developed a theory  
acco rd in g  to  w hich the  r e a s o n  fo r  the  ap p ea ran ce  of excita tion  in the  
n e rv e  f ib e r  is  a  d e c re a se  in  pH a t the  cathode, causing  a lte ra tio n  of the 
p ro to p la sm  p ro te in s  in itia tin g  the excita tio n  p ro c e s s . Segal h as  shown in a 
m odel ex p e rim e n t th a t the  re la tio n sh ip  betw een deg ree  of a lte ra tio n  of native 
p ro te in  and the  pH value is  e x p re sse d  by an  S -shaped  cu rve . He com 
p a re d  th is  cu rv e  w ith the  cu rv e  of ex c itab ility  of the f ib e r  taken  from  our 
w ork  (N asonov, 1948b). T h u s , accord ing  to  Segal, the S -shaped  n a tu re  
of e x c ita b ility  of the n e rv e  f ib e r  m ay be co n sid e red  a s  a re fle c tio n  of 
the  n a tu re  of s e n s itiv ity  of p ro te in  m o lecu les  to  the  action  of the s tim u lu s. 
It se e m s  to  u s  th a t th is  thought m e r i ts  a tten tion .
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FIGURE 128. R e la tion 
ship betw een m agnitude 
of local contraction  of 
single m uscle fib e r, and 
voltage of exc ita to ry  c u r 
re n t (according to  
A sm ussen , 1934)

If, a s  suggested , e x c ita tio n  a t a l l  points 
of the fib er is  alw ays in a  g ra d u a l  re la tionsh ip  
to  the in tensity  of s tim u lu s , then  it is  obvious 
th a t the  fa te  of the p ro p ag a tin g  im p u lse  w ill 
depend on the ra tio  betw een  the  m ag n itu d e  of 
c u r r e n t  re su ltin g  in  e x c ita tio n , and  th a t  of the 
c u r r e n t  a r is in g  as  a  re sp o n se  re a c t io n . If, 
fo r  exam ple, a t any point of the f ib e r  th e  cur
re n t fo rm ed  w ill a lw ays be le s s  th a n  th e  c u r
re n t  o rig ina ting  it, th en  p ro p a g a tio n  w ith  de
c re m e n t w ill take p lace , w hile  a t an in v e rse  
ra t io  the propagation  w ill b e  w ith  an  increm ent, 
When the ex c ita to ry  c u r r e n t  e q u a ls  th e  response 
c u r re n t ,  sp read ing  w ithout d e c re m e n t w ill  be 
o b se rv ed . We do not know b e fo re h a n d  w hat 
th e se  ra t io s  w ill b e , th e re fo re  a l l  p o s s ib le  
c a s e s  w ill be analyzed .

The possib le  re la tio n sh ip s  betw een s tim u la to ry  c u r r e n t  and e f fe c t 
c u rre n t is  se t out in  graphic fo rm  (F ig u re  129). The a b s c i s s a  g iv e s  the 
voltage of exc ita to ry  c u rre n t (x), the  o rd in a te  g ives the  v o ltag e  of c u rre n t 
c re a te d  by the fo rm e r (y). N ote th a t the b is e c tr ix  of the  c o o rd in a te  angle 
is c h a ra c te r is tic  in that the c o o rd in a te s  of any one of i t s  po in ts  w il l  be  
equal (x - y). F o r  any point lying betw een  the b is e c tr ix  and th e  a b s c is s a , 
X > y , and for any point betw een  the b is e c tr ix  and the o rd in a te , x  < y .

As a lready  m entioned, th e  ra tio  betw een the s t im u la to ry  c u r r e n t  and 
the response  c u rre n t re a c tio n  should  be e x p re sse d  by an  S -sh a p e d  c u rv e . 
It is , how ever, im p ossib le  to  say  befo rehand  w hat p o s itio n  on the  g ra p h  
th is  curve w ill occupy. The f i r s t  p ossib le  ca se  w ill be d is c u s s e d  w h e re  
the excitability  of the  n e rv e  is  c h a ra c te r iz e d  by a  c u rv e  a l l  th e  p o in ts  of 
w hich lie below the b is e c tr ix  (F ig u re  129, cu rv e  a ) . In t e r m s  of th e  electric 
theo ry  of tra n sm iss io n  of ex c ita tio n , it  is  not d ifficu lt to  u n d e rs ta n d  th a t 
in  such a  fib er any e le c tr ic  s tim u lu s  w ill p roduce  an  e le c tr ic  c u r r e n t  of 

222 low er voltage in. the ad jacent e x c ita ted  s e c to r . T h is Latter c u r r e n t ,  in  its 
tu rn , w ill cause an even w eak er c u rre n t in the ne ig h b o rin g  s e c to r ,  an d  so 
on. T his is  explained by the  fa c t th a t the  re sp o n se  r e a c t io n  (y) h e r e  is  
alw ays sm a lle r  than  the  s tim u lu s  causing  it  (x), s in c e  be low  th e  b is e c tr ix  
x > y .  As a re su lt a  d ec rea s in g  sp re a d  is  alw ays o b ta ined , a s  o c c u r s ,  for 
in stan ce , in the nerve  fib e r of A nodonta and c e r ta in  o th e r  in v e r te b r a te s .

In the second exam ple d e sc r ib e d  in F ig u re  129 b y  c u rv e  ß , t h e  curve 
d iffe rs  from  curve  a  in th a t a l l  i t s  points in  the c o o rd in a te  s y s te m  a r e  
loca ted  h igher than the  c o rre sp o n d in g  points in  cu rv e  a .  In a d d itio n , curve 
ß s ta r t s  below the b is e c tr ix , c ro s s in g  it a t a  c e r ta in  po in t b. I t i s  e a s y  to 
u n d erstan d  that in  a  f ib e r  c h a ra c te r iz e d  by such  a  c u rv e , a l l  th e  s t im u l i  
w hich do not exceed the v a lue  oa w ill give a  d e c re a s in g  lo c a l r e a c t io n ,  
s in ce  a l l  the points of th is  seg m en t of the  cu rve  a r e  lo c a te d  b e lo w  th e  b i 
s e c tr ix ,  and consequently  th e  re sp o n se  re a c tio n  w ill a lw ay s b e  lo w e r  than 
the  stim ulus causing it.

If, how ever, the value of the  stim u lu s even s lig h tly  e x c e e d s  th e  thresh
o ld  va lue  oa, the co u rse  of e v e n ts  w ill sh a rp ly  change on e n te r in g  a  region 
lo ca ted  above the b is e c tr ix , w h ere  x is  a lw ays le s s  th a n  y . H e re  t h e  electric 
s tim u lu s  w ill give a s tro n g e r  c u r re n t , and the  ad jacen t s e c to r  w ill  f o r m  a
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s t i l l  s t r o n g e r  c u r re n t , leading in tu rn  to  a ra p id  in c re a se  in  po ten tia l in 
th e  c o u rs e  of i ts  p a ssag e .

Stimulation (arbitrary units)

On approaching  the lim it value of th e  
re sp o n se  re a c tio n  curve ß should  again  c r o s s  
the  b is e c tr ix  at point c. Let us c o n s id e r the 
a n a ly s is  of th is  ex trem ely  in te re s tin g  and 
im p o rta n t point. At point c, loca ted  on the 
b is e c t r ix ,  the m agnitude of the  effect eq u a ls  
th a t of the  s tim u lu s  (x = y) and th e re fo re , 
s ta r t in g  from  th is  m om ent, each  segm en t of 
the  f ib e r , upon excita tion , w ill g e n e ra te  à 
c u r r e n t  of exac tly  the sam e m agnitude a s  th a t 
w hich b rough t it  to  the s ta te  of exc ita tion . 
A s a r e s u l t ,  the in c rea se  w ill c e a se  and  the 
p o te n tia l of ac tio n  C’peak") w ill be tra n s m itte d  
a t the  sam e  m agnitude w ithout a  d ec rem en t, 
to  the  end of the fib e r. In th a t c a se , segm en t 
cd on the  o rd in a te  w ill d e te rm in e  the  peak  
v a lu e ,

It can  be shown th a t the  constancy  of 
th e  va lue  of th is  peak w ill be au to m a tica lly  
m a in ta in ed  by au to regu la tion . Indeed, le t u s  
im ag in e  th a t the  value of the p o ten tia l peak 
som ew hat exceeded  the value co rresp o n d in g  
to  point c, passin g  to the o th e r side  of th e  
b is e c tr ix .  A s soon as th is  happened, th a t 
re g io n  of th e  g rap h  is  reach ed  w h ere  y  i s  a l-

FIG U R E 129. E x c itab ility  
c h a ra c te r iz in g  th re e  
m a in  ty p e s  of conduction: 
by f i b e r s — a (sp read in g  
w ith  d e c re m e n t) , ß (sp re a d 
ing w ith o u t d ec rem en t) and 
1 (a u to m a tic  ac tiv ity ) (a c 
co rd in g  to  N asonov and 
R o z e n ta l ',  1952), 
F o r  ex p lan a tio n  see  tex t.

w ays l e s s  th an  x ( i .e ., the re g io n  of the  decrem en t) and the  m agnitude of 
the  p ro p a g a te d  im p u lse , w hile  fa llin g , w ill begin  to  re tu rn  to point c. How- 

223 e v e r , w h ile  d e c re a s in g , the  p ro p ag a tin g  po ten tia l w ill a lso  not be ab le  to 
jum p to th e  le ft of the  b is e c tr ix  beyond th a t point, since h e re  it  w ill be in 
th e  r e g io n  of the  in c re m e n t (y > x) and w ill im m edia te ly  beg in  to in c re a s e  
u n til  re a c h in g  again  the value of cd. T h u s , reach ing  the  point of in te rs e c t io n  
be tw een  th e  c u rv e  and the  b is e c tr ix ,  the  propagating  po ten tia l should  a c q u ire  
s ta b ility  w hich w ill be a u to m a tica lly  m a in ta in ed  during the  e n tire  tim e  of 
i ts  p ro p a g a tio n  by a  sp ec ific  au to reg u la tio n . It is  obvious th a t no o th e r  
sp ec ia l p h y sico ch em ica l m e c h a n ism s  need  be sought to  exp la in  th is  a u to 
re g u la tio n .

T h u s , fro m  our th e o re t ic a l  c o n s id e ra tio n  it follow s th a t if an ab o v e- 
th re s h o ld  s tim u lu s  is  of s m a l le r  v a lue  th an  that of the peak , it  should  sp re a d  
w ith  in c re m e n t u n til  reach in g  the  a u to m a tica lly  reg u la ted  value of th e  co n 
stan t p e a k  (cd). I t is  in te re s t in g  th a t th is  p ropagation  in c re m e n t w as indeed  
found b y  H odgkin on a  f ib e r  conducting  w ithout d ec rem en t, but w as exp la ined  
by the  a u th o r  in  an  e n tire ly  d iffe re n t m an n er* .

* H odgkin a ssu m ed  th a t in  o r d e r  fo r  the  sub th resho ld  re a c t io n  to  p a s s  into 
a  p ro p ag a tin g  im pu lse , not only th e  m agnitude of vo ltage  bu t a lso  th a t of 
the  s tre n g th  of the ac tio n  c u r r e n t  h as  to  re a c h  th re sh o ld  d im en sio n s . 
A cco rd ing  to  Hodgkin, to  ach iev e  th is  condition it is  n e c e s s a ry  fo r  e x 
c ita tio n  to  en co m p ass a  seg m en t of the  f ib e r  of a c e r ta in  g iven  length .
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L et u s  now d isc u ss  the th ird  p o ss ib le  c a se  d e sc r ib e d  b y  curve  γ on 
F ig u r e  1Ξ0, T h is  cu rve  d iffe rs  fro m  the  p rev io u s  ones in  th a t  a l l  i ts  points 
in  th e  c o o rd in a te  sy s tem  a re  located  above th e  c o rre sp o n d in g  po in ts on 
c u rv e  β . T h is  cu rv e  a lso  c r o s s e s  the  b is e c t r ix  at two p o in ts , but the f irs t 
in te r s e c t io n  ta k e s  p lace so m ew h ere  c lo se  to  point о (i) and co rre sp o n d s  to 
a v e r y  low th re sh o ld  of s tim u la tio n . T he second  in te r s e c t io n  (g) c o r r e s 
ponds to  a h igh value of the re g u la te d  p eak  (h).

T he th re sh o ld  of e x c ita b ility  of a f ib e r  c h a ra c te r iz e d  b y  such a curve 
7 is  so  low th a t v e ry  sm a ll s t im u li , a lw ay s p re se n t u n d e r  n a tu ra l  o r ex
p e r im e n ta l  cond itions, w ill be a b o v e - th re sh o ld  ones. T h e re fo re  the  very 
w eak  lo ca l re a c tio n  caused  by them  w ill in v a riab ly  in c re a s e  in  a snowball 
m a n n e r  to a  c e r ta in  value, sp re a d in g  along the  e n tire  len g th  of the  fib e r. The 
f ib e r  of the 7 ty p e  d iffe rs  fro m  th a t of the  β type in  th a t i t s  th re sh o ld  is 
lo w er than  the lev e l of the e v e r - p r e s e n t  ex c ita tio n s , and th e re fo re  such a 
f ib e r  w ill a lw ays be "under th e i r  b o m b a rd m e n t"  w hile f ib e r  β is a s  if p ro 
te c te d  from  th e i r  ex c ita to ry  e ffec t by th e  h igh  th re sh o ld . T h u s , in  the case 
of a  f ib e r  of the  γ type we have a  sy s tem  in a sp e c ia l co n d itio n  of in s tab il
ity , s in c e  w ith  th e  s lig h te s t chan g es in the  e x te rn a l e n v iro n m e n t the poten
t i a l  w i l l  ra p id ly  in c re a s e  to  a  co n stan t v a lue  gh.

W hat w ill be the fa te  of such  a  f ib e r  w hich sp o n tan eo u sly  e n te rs  a 
s ta te  of e x c ita tio n ?

A s is  w e ll known, such a f ib e r  b e c o m e s  re f ra c to ry , i . e . ,  incapable 
of re sp o n d in g  b y  a propagating  re a c tio n  to  e le c tr ic  s tim u li of any m agnitude. 
F ro m  th is  m om en t it  a s  if e sc a p e s  the  e ffec t of w eak s tim u li ,  en te ring  into 
r e v e r s ib le  s ta te s ,  and on re s to ra t io n  of i ts  p rev io u s  co n d itio n  m ay again 
re s p o n d  to  s tim u la tio n .

A s can be e a s ily  understood  from  the  g rap h , the c u rv e  of r e f ra c to ry  
(n o nexc itab le  o r  w eakly excitab le) f ib e r  w ill c o rre sp o n d  to  a  c u rv e  approach
ing th e  a b s c is s a  w ith  a l l  i ts  po in ts (c u rv e  δ ). On r e s to r a t io n  of excitab ility  
of th e  f ib e r , the  cu rv e  g rad u a lly  a c q u ire s  a p o s itio n  a t the  b eg in n in g  of a , 
th en  of β and fina lly  re a c h e s  the  in i t ia l  p o s itio n  у in  w h ich , a s  h as  been 

224Shown, the cu rv e  in te rs e c ts  w ith  the  b is e c t r ix  som ew here  c lo s e  to  point o. 
C onsequen tly , the  f ib e r  p o s s e s s e s  a  v e ry  low th re sh o ld . A s soon  a s  th is 
h ap p en s, the f ib e r  w ill again  be in  an  u n stab le  condition , and  any  v e ry  sm all 
im p u lse  w ill cau se  a sm a ll  lo c a l ex c ita tio n . W hen th is  im p u ls e  p ropagates 
along the  f ib e r , i t  w ill in v a ria b ly  g row  to  m a x im a l d im e n s io n s  and the fiber 
w ill ag a in  e n te r  a  r e f ra c to ry  s ta te . A fte r  th a t, re c o v e ry  w il l  again  take 
p la c e , and so on. Thus, a f ib e r  having  a  g ra d u a l e x c ita b il i ty  of the  7 type 
shou ld  b e  in  a s ta te  of au tom atic  rh y th m ic  ac tiv ity .

It is  th e re fo re  c le a r  th a t the freq u en cy  of e x c ita to ry  o u tb u rs ts ,  o r the 
rh y th m  of au to m atic  ac tiv ity , shou ld  be e n tire ly  d e te rm in e d  b y  the dura tion  
of a  co m p le te  cy c le  of excita tion , inc lud ing  the  du ra tion  of i t s  in c re a s e  and 
re c o v e ry  of the  in it ia l  condition  of the  n e rv e . In o th e r  w o rd s , the rhythm  
of au to m a tic  a c tiv ity  depends e n tire ly  on th a t p ro p e rty  of th e  f ib e r  which 
V vedensk ii c a lle d  lab ility . T h is  th e o re t ic a l  conclusion  w as e x p e rim en ta lly  
c o n firm e d  by us (Nasonov, A verb ak h  and K om arova, 1950; N aso n o v  and 
A v erb ak h , 1951). We sh a ll re tu rn  to  th is  p ro b lem  when a u to m a tic  ac tiv ity  
w ill  b e  d isc u sse d  in  g re a te r  d e ta il.

I t  need  not b e  a ssu m ed  th a t the  au to m atic  a lly  function ing  f ib e r  has a 
7 e x c ita b il i ty  along its  e n tire  length . I t is  su ffic ien t to  a s s u m e  th a t only 

a  s m a l l  seg m en t p o s s e s s e s  such  p ro p e r t ie s ,  w hile  the re m a in in g  p a r t  is  
e x c ita b le  acco rd in g  to  the  β cu rv e  ty p e . In th a t c a se  th e  w h o le  sy stem  w ill
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en te r a cond itio n  of rhy thm ic  ac tiv ity , s in ce  the  rhy thm ic  spontaneous 
im p u lse s  o rig in a tin g  in  seg m en t γ w ill he fu r th e r  tra n sm itte d  to  segm ents 
p o sse ss in g  β p ro p e r t ie s . P o s s ib ly  the au to m atic  ca rd ia c  re g u la to ry  cen 
t e r s ,  and  o th e r  au to m atica lly  functioning o rg an s  (undulating c ilia , f lag e lla , 
e tc .) , p o s s e s s  Y exc itab ility .

F ro m  th e  above data it fo llow s th a t the  th re e  b a s ic  typ es of nervous 
and m u s c u la r  a c tiv ity  (lo ca l d e c re a s in g  ex c ita tio n  of the  a  cu rve  type; 
ex c ita tio n  sp re a d in g  without' d e c re m e n t co rresp o n d in g  to  cu rv e  β ; au to 
m atic  a c tiv ity  co rresp o n d in g  to  cu rve  Y ) should be tra n s fo rm e d  from  one 
into the o th e r  upon sim ple  in c re a s e  o r  d e c re a se  in  ex c itab ility  of the fiber. 
T his h a s  b een  ex p e rim en ta lly  co n firm ed . Indeed it is  known th a t low ering 
the  e x c ita b ility  of the  au to m atic  c e n te r  of the h e a r t  by n a rc o tic s  can a r r e s t  
i t s  rh y th m ic  a c tiv ity , but the cap ac ity  to  re sp o n d  to  d iffe ren t s tim u li by a 
single c o n tra c tio n  is p re s e rv e d  ( tra n s itio n  from  γ to  β ). On the o th e r 

hand, in c re a s in g  ex c itab ility  by the  ac tio n  of dehydra ting  agen ts, o r by 
agents p re c ip ita tin g  ca lc iu m , can  tra n s fo rm  any m u sc le  o r  n e rv e  into an 
a u to m a tica lly  functioning t is s u e  ( tra n s itio n  of β into Y ). T h is assum ption  
is  co n firm ed  b y  a n a ly s is  of n u m ero u s  da ta  in  the l i te ra tu re  and by o u r own 
e x p e rim e n ta l d a ta  (Nasonov, A verbakh  and K om arova, 1950; N asonov and 
A verbakh , 1951; N asonov and S u zd a l'sk ay a , 1954),

T h e se  a r e ,  in  g e n e ra l t e r m s ,  the m ain  p o stu la te s  of the th eo ry  of 
"g ra d u a l"  p ropaga tion  of ex c ita tio n . A num ber of known fa c ts  asso c ia ted  
w ith th e  o r ig in  of the im p u lse  and i ts  p ropagation  a re  not only w ell explained 
by th is  th e o ry , bu t included in  it . T h ese  c o m p rise : 1) the g rad u a l develop
m ent of su b th re sh o ld  p o te n tia ls ; 2) th e ir  p ropaga tion  w ith  decrem en t; 
3) a  d is tin c tly  d e m arca ted  th re sh o ld  dividing the  loca l effect from  the  p ro - 

225 pagating im p u lse ; 4) in c re m e n t of the  ab o v e-th resh o ld  im pulse  to constan t 
v a lu es , and p ropaga tion  of the  im p u lse  during th is  in crem en t; 5} au tom atic 
re g u la tio n  of the m agnitude of the propagating  im pulse  during its  p assag e ; 
6) t r a n s i t io n  from  lo ca l re a c t io n  to  propagating  im pulse  without decrem en t, 
and fu r th e r , to  au tom atic  a c tiv ity  follow ing su c c e ss iv e  in c re a se  in e x c itab il
ity, and  so  on.

H ow ever, th is  co inc idence  betw een  the  th e o ry  developed h ere  and the 
fac ts  a lre a d y  known m ay seem  in su ffic ien tly  conclusive. T h e re fo re , we 
p e rfo rm e d  a  s e r ie s  of o r ig in a l s tu d ies  a im ed  a t testin g  th is  data. D isc u ss 
ion of th e se  s tu d ie s  now fo llow s.

S upram ax im al P o ten tia ls

A cco rd in g  to  the th e o ry  developed by us, excita tion  exceeding so m e
what the  th re s h o ld  value oa (F ig u re  129) should cause  (in a  β type fiber) 
an in c re a s in g , and at the  sa m e  tim e  steady , action  po ten tia l. It has a lready  
been m en tio n ed  th a t th is  in c re a s e  cannot be infin ite , and th a t the action  
po ten tia l re a c h in g  point c w ill m ove along the f ib e r , m ain tain ing  a constant 
value eq u a llin g  de, s in ce  a t point c th is  value a c q u ire s  the ab ility  to  be 
reg u la ted  au to m atica lly .

W hat w ill  be the c a se , how ever, if the  value of the in itia l s tim ulus 
w ill b e  c o n s id e ra b ly  h ig h e r not only th an  the th resh o ld  va lue , but a lso  than 
the v a lue  of th e  constan t p ro p ag a tio n  peak ?
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L et us a ssu m e  that the  v a lu e  of th is  in itia l ex c ita tio n , w h ich  w e 
sh a ll fu r th e r  c a ll su p ram ax im al ex c ita tio n , equals  ’o f1 (F ig u re  129). Then 
the  value of the lo ca l re sp o n se  re a c tio n  w ill be e x p re s s e d  by th e  segm ent 
’e f1. T h is value should be g r e a te r  than  the  co n stan t peak  'd e ' and  l e s s  than 
the  stim ulus 'of' which caused  it  ( th is  po ten tia l we sh a ll f u r th e r  c a l l  the  
su p ram ax im al potential). P o in t ’e ’ is  located  to the r ig h t of th e  b is e c tr ix  
in  the reg ion  of d ec rem en t. C o nsequen tly , sp read in g  a long  th e  f ib e r ,  the 
po ten tia l ’ef' w ill drop until the  v a lu e  ’de’ is  re ach ed . F ro m  h e r e ,  due to 
the re a so n s  given above, it w ill m ove along fu r th e r , m a in ta in in g  i t s  con
stan t value which w ill be a u to m a tic a lly  m ain ta ined  to  the v e ry  end  of the 
f ib e r .

It has been s ta ted  above th a t if  the ac tio n  p o ten tia l is  ev e n  on ly  slightly 
h igher than  the v a lue  of ’a b [ , it shou ld  sp re a d  w ith  an  in c re m e n t u n t i l  it 
re a c h e s  the constan t value of the  p eak  'd e 1 a t point ’c '.  T h is  p ro p a g a tio n  
w ith  increm en t w as a lready  no ted  b y  Hodgkin (1938). Now we h av e  been  
convinced that the su p ram ax im a l p o ten tia l 'e f 1 should s p re a d  w ith  a  d e c re 
m ent u n til it re a c h e s  the sam e  s ta b le  value of the c o n s ta n t p eak  'd e 1 a t this 
v e ry  point ’c ’_ T h is a ssu m p tio n , w hich is a c o ro lla ry  of o u r  th e o r y ,  r e 
q u ire s  exp erim en ta l co n firm a tio n .

It is  f i r s t  n e c e s sa ry  to  d e te rm in e  the  value of the  s u p ra m a x im a l 
p o ten tia l caused by a su p ra m a x im a l excita tion . One shou ld  th e n  co m p are  
the  value of th is po ten tia l w ith  th a t o f the constan t p ro p ag a tio n  p e a k  and 
the  length of the f ib e r  segm ent along w hich the g ra d u a lly  d e c r e a s in g  p ro 
pagating im pulse re a c h e s  a  c o n s ta n t peak value should  be d e te rm in e d .

Now follows the d e sc rip tio n  of the  ex p e rim en ts  (A v erb ak h  and  Nasonov, 
1950). T hese  a re  g iven at so m e leng th , b ecau se  we c o n s id e r  th e m  one of 

аге the  m ain  con firm ations of th e se  th e o re t ic a l  c o n s id e ra tio n s .
In a ll  the ex p e rim en ts  s c ia tic  n e rv e s  of fro g s , is o la te d  f r o m  th e  spinal 

c o rd  to  the hallux, w e re u se d . D u rin g  the ex p e rim e n ts , th e  s t im u la t in g  
e le c tro d e s  w ere alw ays p laced  on th e  n e rv e  in  the  d ire c tio n  of th e  s p in a l 
c o rd  and the reco rd in g  e le c tro d e s  on the  opposite , th in n e r  p a r t  of th e  nerve. 
T hus the f ib e rs  u n d er the r e c o rd in g  e le c tro d e s  a lw ays co n d u c ted  im p u lse s  
a t su ffic ien tly  s tro n g  e x c ita tio n s .

A cathodic o sc illo g rap h  w as u se d  to  re c o rd  the  e x c ita tio n  p o te n tia ls .
A s is  w ell known, the o sc illo g ra m  of the  p ro p ag a tin g  im p u ls e  in  a 

m u ltif ib e red  n e rv e  should be ev a lu a ted , not by the apex of the  p e a k , b u t by 
i ts  a r e a  (E rla n g e r, B ishop and G a s s e r ,  1926). It i s  no t d if f ic u lt  to  study 
the  propagating  peak  if it is  su ffic ie n tly  rem o v ed  fro m  the  s i t e  of e le c t r ic  
exc ita tio n . Also the  d e te rm in a tio n  of the value of th e se  a r e a s  on th e  o s 
c illo g ram  by m eans of a p la n im e te r  is  not d ifficu lt. T he loop  of th e  e x 
c ita to ry  c u rre n t can be red u ced  to  a  m inim um  o r e lim in a te d  u n d e r  th e s e  
cond itions by a grounded s i lv e r  p la te  (tapping). It is  m u ch  m o re  d if f ic u lt 
to  d e te rm in e  the value of the  lo c a l o r  p ropagating  im p u lse  a t th e  s i t e  o f ex
c ita tio n  o r  in its  im m edia te  v ic in ity , when the  im age of th e  e x c i t a to r y  po
te n tia l  fu se s  with th a t of the  a c tio n  po ten tia l. H ow ever, ev e n  in  th i s  c ase  
it  i s  p ossib le  to  d iffe ren tia te  qu ite  a c c u ra te ly  be tw een  th e s e  tw o  v a lu e s .

T h is w as ach ieved  u s in g  the  e x p e rim en ta l sch em e d e s c r ib e d  in  F ig 
u re  130. H ere  a and b w ere  re c o rd in g  e le c tro d e s  (O—o s c i l lo g ra p h ) .  The 
tapping  of the c u rre n t was m ono p h asic  since  the e le c tro d e  a  le d  th e  c u rre n t 
aw ay from  the k illed  end of th e  n e rv e  (shaded  segm en t). T h e  d i s ta n c e  b e 
tw een a  and b w as 9-12 m m . E le c tro d e  b w as g rounded , s e rv in g  a t  th e  same
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re c o rd -

shown
The

FIGURE 130. A pp ara tu s  fo r  d e te r -
227 m ination  of lo c a l re a c tio n  (acco rd ing  

to  A verbakh  and N asonov, 1950). 
F o r  ex p lan a tio n  see  tex t.

tim e  a s  one of the  s tim u la tin g  e le c tro d e s . The o th e r s tim u la ting  e lec tro d e  
c  was a t a d is ta n c e  of 45-47 m m  from  the fo rm e r. The value of the loca l 
re a c tio n  u n d e r the  e lec tro d e  b w as d e te rm in ed . F o r  th is  pu rpose  the  nerve 
w as f i r s t  s tim u la te d  by a  s e r ie s  of e le c tr ic  shocks in  such a way th a t the 
cathode c o rre sp o n d e d  to  c and the  anode to b. The im p u lses  a ro se  only a t 
c, reach in g  e le c tro d e  b a f te r  a c e r ta in  tim e  in te rv a l, following the 
ing of th e  loop of s tim u la tin g  c u r re n t  at b by the o sc illo g ram .

Such an  o sc illo g ram  is 
in F ig u re s  131, D and 132A.
edge d irec ted  downward is  the  p o s i
tive  loop of the c u rre n t a t b*. At a 
c e r ta in  d istance  from  it th e re  w as a 
hum p. T his w as the  peak which 
reach ed  b from  a long d istance a fte r  
a c e r ta in  tim e  in te rv a l, reach ing  a 
constan t value and having an opposite 
(negative) sign . A fter taking such 
an  o sc illo g ram , we changed the d ire c 
tio n  of the s tim ula ting  cu rren t.

Then the  im p u lse s  a ro s e  a t b  as the  cathode and the im ages of the lo ca l po
ten tia l of s tim u la tio n  and of the  negative loop of the s tim ula ting  c u rre n t fused 
on the o s c il lo g ra m  (F ig u re  131 C and 132 B). in  o rd e r  to  find the a re a  c o r 
respond ing  only  to  the p o ten tia l of the loca l excita tion , using these  two o s 
c illo g ra m s , i t  w as n e c e s s a ry  to su b tra c t from  the to ta l a re a  (F igu re  131C 
and 132B ), th e  s m a lle r  a r e a  co rresp o n d in g  to  the loop of the stim ula ting  
c u rre n t. T h is  a re a  is  shown in F ig u re  131D and 132 A in the form  of a 
sharp  dow nw ard d ire c te d  peak. T h is su b trac tio n  is  re c o rd e d  g raph ica lly  
by su p e rim p o s in g  F ig u re  132 A on F ig u re  132 B. A d ifference in  the 
form  of the  shaded  p a r t  of F ig u re  132 C is  then obtained. The a re a  of th is  
d iffe ren ce  is  d e te rm in ed  on the  F ig u re  by a  p lan im eter and subsequently  
co m p ared  w ith  th e  a re a  of the e s tab lish ed  propagation peak (F ig u re  132 D), 
obtained by draw ing  the con tou r of the propagation  peak on F ig u re  132A o r 
131D, H ow ever, such a co m p a riso n  is  ad m iss ib le  only if it is  c e r ta in  tha t 
in bo th  p o s itio n s  of the po les  on ex c ita tio n , a l l  the nerve  f ib e rs , w ithout 

228 exception , a r e  functioning. In such a c a se  the s tren g th  of stim u la tio n  should 
exceed  the  th re sh o ld  v a lu es  fo r  a l l  f ib e rs  com p ris in g  the nerve.

T o  p ro v e  the  ca se , it  is  n e c e s sa ry  to  in c re a se  g radually  the s tren g th  
of s tim u la tio n , s ta r tin g  fro m  i t s  su b th resho ld  value. At f i r s t  only the loop 
of c u r re n t  on the  o sc illo g ra m  is  seen , d irec ted  downward, and no hum p 
co rre sp o n d in g  to  the peak is  o b se rv ed . On reach ing  the th resh o ld  of the 
m ost se n s it iv e  f ib e r s  a sm a ll  hump suddenly ap p e a rs  (F ig u re  131 B) c o r r e s 
ponding to the  p ropaga tion  p eak s of th e se  f ib e rs . W ith fu rth e r  in c re a se  in 
the s tim u lu s , the  a re a  of the peak  on the o sc illo g ram  co rrespond ing ly  in 
c re a s e s .  T h is  depends on th e  fac t th a t le s s  and le s s  sen sitiv e  f ib e r s  join 
the re a c t io n  co nsecu tive ly . F in a lly , such a  s tren g th  of s tim ula tion  is  reached  
w here i t s  f u r th e r  in c re a s e  does not cause  an in c re a se  in  the a re a  of the peak. 
The d im e n s io n s  of the  la t te r  b ecom e constan t and do not depend on the 
s tren g th  of the  stim u la tin g  c u r re n t .

* The am p litu d e  of th is  loop w as d ire c tly  p ro p o rtio n a l to  the voltage of 
s tim u la tin g  c u rre n t, w hich m ade p o ssib le  a p re c ise  d e te rm in a tio n  of the 
re la tiv e  s tre n g th  of e x c ita tio n  in  one s e r ie s  of ex p erim en ts .
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FIGURE 131. O sc illo g ra m s  obtained by the use  
of the ap p a ra tu s  i l lu s tra te d  in  F ig u re  130 (a c c o rd 
ing to  A verbakh and N asonov, 1950)

A ,B  —stim u li of th re sh o ld  s tren g th ; C ,D —stim u li 
upon w hich a constan t value of the  peak is  e s ta b 
lished ; A, C —cathode of e le c tro d e  b; B ,D -c a th o d e  
of e le c tro d e  c. T im e sc a le :  1 period  c o rre sp o n d s  
to  1 m illisecond .

F ro m  th is  point a l l  the f ib e r s  in  the  nerve  conduct the  im p u lse  and 
begin  to  function a s  a  un it. A ll o u r  m e a su re m e n ts  w e re  m ade u n d e r  such 
cond itions and th e re  w as, th e re fo re , no n e c e ss ity  to  ex p e rim en t w ith  single 
f ib e rs , a s  w as p e rfo rm ed  by Hodgkin, who stud ied  sub th re sh o ld  p o ten tia ls .

T he d e te rm in a tio n  of the  loca l p o ten tia l following su p ra m a x im a l 
ex c ita tio n s  w as m ade in  the follow ing m a n n e r:

1) A p re p a re d  n e rv e  w as p laced  on e le c tro d e s  w ith the  p ro x im a l end 
to  C (see  F ig u re  130).

2) T he end of the n e rv e  a t a  w a s  k illed  by heating .
3) E x c ita tio n  w as p e rfo rm ed  by  se p a ra te  e le c tr ic  shocks (100 p er 

sec) w ith  th e  m inus sign  o rig in a lly  a t c. Subsequently , the e x c ita tio n  was 
g rad u a lly  s tren g th en ed  from  su b th re sh o ld  va lues u n til the  f i r s t  t r a c e s  of 
the  p ro p ag a tin g  p eak s appeared  on the  o sc illo g rap h  s c re e n  (F ig u re  131B). 
T h is p ic tu re  w as photographed and the  am plitude  of the loop of c u r r e n t  
m e a su re d ,

4) T he stim u lu s w as in c re a se d  to  a  constan t value of th e  p e a k  (F ig 
u re  131D ). T h is  p ic tu re  Was pho tographed , a f te r  w hich the p o le s  w e re  
changed an d  th e  co rresp o n d in g  p ic tu re  on the s c re e n  (F ig u re  131 C) was 
pho tog raphed  again .
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FIGURE 132, G raphic 
su b tra c tio n  of a re a s ,  fo r  
th e  d e te rm in a tio n  of the 
v a lue  of lo ca l reac tio n  
(acco rd in g  to  A verbakh  

Z 29 and N asonov, 19o0)

A , B —o sc illo g ra m s  ob
ta in e d  by th e  u se  of the 
a p p a ra tu s  d e sc r ib e d  in 
F ig u re  130. A —reco rd ed  
a t the positio n  c of the 
cathode (the edge d irec ted  
dow nw ard is  the  loop of 
c u r re n t , the  hum p above 
is  the peak a r r iv in g  from  
e le c tro d e  c; B —taken  at 
positio n  b  o f the  cathode 
(the edge d ire c te d  upw ard 
is  the lo ca l re a c tio n  p lus 
th e  loop of c u rre n t) ;
C —re s u l t  of su p e r im p o s i
tio n  of A on B , the  shaded 
a r e a  c o rre sp o n d in g  to  the  
value of the  lo c a l po ten tia l. 
D —a re a  of th e  peak taken  
from  A, fo r  co m p ariso n  
w ith  the sh ad ed  a re a  of the  
loca l p o te n tia l C.

should m ove w ith  d ec rem en t.

5) S ub trac tion  of the  a re a  w as p e r 
fo rm e d  on the g raph ic  re p re se n ta tio n  a s  
d e sc r ib e d  above. The d iffe rence  in a re a s  
w as m e a su re d  by a p lan im e te r, c o r r e s 
ponding to  the  value of the loca l po ten tia l 
at point b  (F ig u re  130). L a te r , the  a re a  
of the  peak  running from  point c (F ig u re  
130) w as d e te rm in ed  on the p ic tu re , and 
the  va lue  of the propagating  peak (Table 37) 
re c o rd e d . The am plitude of the loop of c u r-  
r e n tw a s  m e a su re d  (on F ig u re  131 D). The 
ra tio  be tw een  th is  value and the am plitude 
of the  loop of c u r re n t a t a th resh o ld  s tim u 
la tio n  w as a m e a su re  of the s tre n g th  of 
s tim u la tio n  in  th re sh o ld  u n its  (Table 37).

6) The stim u lu s w as in c rea sed  to
a  m ax im um , a f te r  which a l l  the p ro ced u re s  
a s  d e sc r ib e d  in  p a ra g ra p h s  4 and 5 w ere  
rep ea ted .

T ab le  37 shows the re su lts  of m e a s 
u re m e n ts  p e rfo rm e d  in th is  m anner (to tal 
of 21 m e a su re m e n ts ) .

On the b a s is  of the given data  the 
follow ing co n c lusions m ay be drawn. 
F i r s t ly ,  on stim u la tio n  exceeding the 
th re sh o ld  2-4 tim e s , the value of the 
lo ca l re a c tio n  is  1.5-2 tim e s  h igher than 
that of the  sp reading  peak. F u r th e r , the 
lo c a l re a c tio n  to  sup ram ax im al s tim u la 
tion  is  g ra d u a l and does not obey the "a ll 
o r none" law. At an  average s tren g th  of 
s tim u la tio n  of 1.8 th resh o ld s  th is  reac tion  
is  a p p ro x im a te ly  142%, w hile at 4.2 
th re sh o ld s  it  re a c h e s  193%.

If the lo ca l po ten tia ls  m ay indeed 
exceed  the  value of the  propagating peak 
1 .5-2  tim e s , then  it is  obvious th a t on 
sp read in g , th is  po ten tia l should gradually  
d e c re a s e  u n til it re a c h e s  a constan t value. 
In o th e r  w o rd s, in a c e r ta in  s e c to r  it 

In th is  connection  we decided to  de term ine
the  d u ra tio n  of th is  d e c re m e n ta l sp read in g .

ги  T h is w as acco m p lish ed  by the  u se  of an  o sc illo g rap h ic  reco rd in g  of
the sp re a d in g  po ten tia l, a t v a r io u s  d is ta n c e s  from  i ts  place of o rig in . The 
m ain  e x p e rim e n ta l d ifficu lty  w as the  n e c e s s ity  to  red u ce  to a  m inim um , or 
com pletely  e lim in a te , the  s tim u la tin g  c u r r e n t  in  the  tapping of the loops. 
In o rd e r  to ach iev e  th e se  r e s u l ts  two m eth o d s w ere  em ployed. F ir s t ly ,  in 
a ll  the  e x p e rim e n ts  w ith  s tim u la tio n , e le c tro d e s  w ere used in which the anode 
w a sa g ro u n d e d  U -sh ap ed  s i lv e r  p la te  and betw een them  a  w ire  w as placed, 
serv ing  a s  the  cathode (F ig u re  133, A, c, d, e and F ig u re  133, B , f, g). 
The U -sh ap ed  grounded  anode a ls o  se rv e d  a s  the  p la te  tapping the loop of
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c u rre n t. In addition, in  som e of the  e x p e rim e n ts  (w h ere  p o s s ib le )  an  addi- 
t io n a la u x il ia ry g ro u n d e d s ilv e rp la te  w as used  (F ig u re  133, Б , e}*.

T  a b l e  37 
L o ca l p o ten tia l fo llow ing su p ra m a x im a l s tim u la tio n  

(accord ing  to  A verb ak h  and N asonov, 1950)

No. of 
experim en t

1st d e te rm in a tio n —lo ca l 
re a c tio n  upon e s ta b lish m e n t 
of a co n stan t ru n n in g  peak

2nd d e te rm in a tio n —local 
re a c t io n  upon m a x im a l 
p e rm is s ib le  ex c ita tio n

m agnitude of 
stim u lu s ( a r 

b i t r a ry  th r e s h 
old un its

v a lu e  of lo ca l 
p o te n tia l (% of 

c o n s tan t 
peak)

m agnitude  of 
s tim u lu s  ( a r 

b i t r a r y  th r e s h 
old u n its

v a lu e  of local 
p o te n tia l  (% of 

co n stan t 
peak)

1 1.4 133 2.1 180
2 1.6 169 2.1 193
3 3.5 133 5.0 168
4 1.5 100 5.0 166
5 2.0 268 2.8 342
S 1.9 108 7.0 203
7 2.1 283 2.5 303
8 1.7 133 7.3 221
9 1.7 135 2.6 182

10 1.5 139 2.1 180
11 1.6 97 5,0 179
12 — 133 — —
13 1.5 126 2.6 166
14 1.5 103 5.0 167
15 1.7 119 7.2 232
16 — 144 — —
17 1.5 119 2.2 154
18 1.5 168 2.0 170
19 2.0 107 8.3 119
20 — 142 — 165
21 2.3 120 4.4 183

A rithm etic  
m ean 1.8 14 1 .9 ±  7.0 4.2 193.3 ± 7.4

In the  f i r s t  two s e r i e s  of e x p e r im e n ts , the n e rv e  w as p la c e d  on  three 
stim u la tin g  (c, d, e) and two re c o rd in g  (a, b ) e le c tro d e s . T he d i s t a l  p a r t 
of the n e rv e , k illed  by h igh te m p e ra tu re  (shaded  a re a ) , w a s  a s  a lw a y s , 
tu rn e d  tow ard  e lec tro d e  a . T he se g m e n t from  b to c w as so  s m a l l  (4 -5  mm), 
th a t a p la te  fo r  tapping the  loop of c u r r e n t  could not be p laced  on it. In the 
f i r s t  s e r ie s  of e x p e rim e n ts  th e  d is ta n c e  fro m  b to  c w as 4 m m , f r o m  b to 
d —11 m m , and from  b to  e —30 m m . S ubsequently , when th e  n e r v e  w a s  
p laced on the e le c tro d e s , a  s tre n g th  of s tim u la tio n  w as e s ta b l is h e d  w hich

* To d e c re a se  the loops of th e  e x c ita to ry  c u r re n t a b r id g e  w a s  a l s o  used , 
a s  d e sc r ib e d  by E r la n g e r , B ish o p  and G a s s e r  (192S).
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w as 4 t im e s  h ig h e r than the th re sh o ld  fo r  one of the points. The s tim u la tion  
w a s  co n secu tiv e ly  p roduced  from  e le c tro d e s  c, d, and e, and the o sc illo 
g ra m s  of the  running p o ten tia ls  of e x c ita tio n  w e re  photographed. In a ll 
th re e  c a s e s , the  nerve  f ib e r s  under the re c o rd in g  e lec tro d e  b conducted 
im p u lse s  fro m  an equal s tim u lu s . The only d iffe ren ce  w as in that in  the 

2 3 if irs t c a se  th e se  im p u lses  tra v e lle d  4 m m , in the  second—11 m m , a n d in  
th e  th ird  —30 m m .

FIGURE 133. Two m o d ifica tio n s  (A and 
B) of the  a p p a ra tu s  to  d e te rm in e  the 
m agnitude of sp read in g  p o ten tia l, at 
v a r io u s  d is ta n c e s  from  the  stim u la tin g  
e lec tro d e  (acco rd ing  to  A verbakh  and 
N asonov, 1950)
See tex t fo r  explanation.

The a r e a s  of the p eak s on the o sc illo g ra m s  w ere m easu red  by a 
p la n im e te r  and e x p re sse d  in  p ercen tag e  of the  a r e a  of the peak w hich p assed  
the  g re a te s t  d is tan ce  (30 m m ), and th e re fo re  reach ed  a  constan t value 
(T ab le  38). F ig u re  134 show s th re e  su ch  p h o tog raphs, su ccess iv e ly  taken  
from  one and the  sam e n e rv e . I t is  c le a r  th a t the  a re a  of the peak A is  
c o n sid e rab ly  la rg e r  th an  th a t of peaks В and  C. A lso the a re a  of peak В 
i s  la rg e r  th an  th a t of peak C.

The o sc illo g ra m s  c le a r ly  d e m o n s tra te  the  loops of the stim ulating  
c u rre n t. T h ese  loops a r e  la rg e r  when the  stim u la tin g  and reco rd in g  e le c 
tro d e s  a r e  c lo s e r . The e ffec t of th e se  loops on the  dim ensions of the a re a s  
of the peaks m ay be v e ry  sm a ll. A s show n in the o sc illo g ram s, the phase 
of the loop d ire c te d  dow nw ard from  the  peak  is  in  d irec t p rox im ity  to  the 
peak, th e re fo re  the loop could only red u ce  the d im ensions of the la tte r . 
T his be ing  so , the p re se n c e  of a r t i f a c ts  of the  s tim u la tin g  c u rre n t m ay only 
som ew hat d im in ish  the  d im en sio n s of th e  ex is tin g  d ecrem en t.

The r e s u l ts  of th is  s e r ie s  of e x p e rim e n ts  a re  sum m arized  in  Table 
38, w h ere  each  th re e  su c c e s s iv e  m e a su re m e n ts  (at a d istance  of 4, 11 and 
30 m m ) in d ica ted  by the  sam e  num ber of e x p e rim e n ts  w ere  p e rfo rm ed  on 
a d iffe ren t n e rv e .

F ro m  th e se  da ta  (T ab le  38) it  fo llow s th a t the  im pulse  a r is in g  as a 
r e s u l t  of a  s tro n g  s tim u lu s  ( f o u r t im e s g re a te r th a n th e th re s h o ld )  exceeds 
the m agnitude of the  constan t peak b y  an  av e rag e  of 71% a t a  d istance  of
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4 m m  f ro m  the  s ite  of i t s  o r ig in . A fte r  tra v e llin g  11 m m  it d im in ishes, 
e x c e e d in g  the reg u la te d  peak  only by 18%.

The follow ing s e r i e s  of experim ents

FIG U R E  134. O sc illo g ra m s  
of p ro p ag a tio n  peak, taken  
a t v a r io u s  d is ta n c e s  fro m
th e  s ite  of s tim u la tio n  ( a c 
co rd in g  to  A verbakh  and 
N asonov , 1950)

A —4 m m ; B —11 m m ;
C —30 m m . T im e s c a le :  1 
p e r io d  c o rre sp o n d s  to  1 m i l 
liseco n d . A pp ara tu s  a s  in  
F ig u re  133, A.

w ere  p erfo rm ed , w ith  the  only  difference 
th a t  the  d is ta n c e s  be tw een  the  e lec trodes 
v a r ie d :  betw een b and  c —5 m m , between 
b and d—15 m m , and be tw een  d and e —35 
m m  (F ig u re  133, A).

E ighteen  e x p e r im e n ts  on d ifferent 
n e rv e s  w ere p e rfo rm e d  in a ll . The re su lts  
a r e  com piled  in T ab le  39. T h is  shows that 
the  p ropagating  im p u lse , a r is in g  as a re su lt 
of s tro n g  stim u la tio n  (4 th re sh o ld s ) , d ecreases  
to  139% at a d is tan ce  of 5 m m  from  the point 
of o rig in , while at a d is ta n c e  of 15 mm it 
b e c o m e s  p ra c tic a lly  eq u a l to  the  constant 
peak .

In the p rev io u s  s e r i e s  it  w as found 
th a t  the  im pulse  did no t r e a c h  constant values 
even a f te r  tra v e llin g  11 m m . It exceeded 
the  constan t peak  by 18%. C onsequently , 
u n d e r conditions of th e se  ex p erim en ts  the 
re g io n  of the d e c re m e n t lie s  som ew here b e 
tw een  11 and 15 m m .

The a p p a ra tu s  fo r  the  th ird  s e r ie s  of 
e x p e rim e n ts  is  show n in  F ig u re  133, B. H ere, 
n e a r  the o sc illo g rap h , in  add ition  to  the r e 
co rd in g  e lec tro d e  A, th e re  a r e  th ree  m ore 
e le c tro d e s  (b, c, d) on the k illed  segm ent of 
the n e rv e  (shaded), e a c h  of w hich  may be  
connected  a t w ill by the  u se  of a switch. 
F u r th e r  along the  n e rv e  th e re  is a grounded
s i lv e r  plate e and two s tim u la tin g  e lec tro d es 
f and  g, the f i r s t  of w hich i s  p laced as c lo se  
a s  p o ssib le  to  e , w hile  the  o th e r  a s  fa r as 
p o ss ib le , at the v e ry  end of the  nerve.

In th ese  e x p e r im e n ts  the  d istance  b e 
tw een  the e le c tro d e s  w e re  a s  follow s; from  
b  to  f 17 m m , f ro m  c to  f —11 m m , and from  
d to  f—6 m m . T h e  d is ta n c e  betw een  the 
s tim u la tin g  e le c tro d e s  f and g  w as 44 m m .

The e x p e rim e n ts  w e re  p e rfo rm ed  in
the follow ing m a n n e r. A f te r  th e  n e rv e  w as p laced  on the e le c tro d e s  and i ts  
t ip , u n d e r  a, w as k illed  by h igh  te m p e ra tu re , the  m ax im u m  p e rm iss ib le  

233 s t r e n g th  of s tim u la tio n , a p p ro x im a te ly  4 tim e s  a s  s tro n g  a s  the  th resh o ld , 
w as g iven . The re c o rd in g  e le c tro d e  e, to  w hich im p u lse s  w e re  sent su c 
c e s s iv e ly ,  a t f i r s t  from  f and  th en  from  g, w as th en  con n ec ted . In the f i r s t  
c a s e  th e  im p u lse  t r a v e l le d  6 m m , and in  the second  50 m m . B oth o sc illo -
g r a m s  w ere  pho tographed . T he f i r s t  p a ir  of p h o to g rap h s is  illu s tra te d  in 
F ig u r e  135, A, B. B oth  a r e a s  w e re  m easu red  and the  m agn itude  of the  peak 
A e x p re s s e d  in  p e rc e n ta g e  of the e s tab lish ed  p eak  В o r ig in a tin g  at a d istance . 
N o te  th a t  in  th is  s e r ie s  of e x p e rim e n ts  th e re  w e re  p ra c t ic a l ly  no loops of
c u r r e n t .
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T a b l e  38
M agnitude of p o ten tia l along the n e rv e , a t v a rio u s  d is ta n c e s  from  

the stim u la tin g  e le c tro d e  (fro m  the  s ite  of o rig in ) 
(accord ing  to  A verbakh  and N asonov, 1950)

R e la tiv e  v a lu e  of the po ten tia l running along the  n e rv e  
(% of the value of the  reg u la ted  peak) a t the  following 

d istance  from  the s tim u la tin g  e le c tro d e :No. of

4 m m 11 m m 30 mm

1 94 127 100
2 116 115 100
3 127 97 100
4 103 97 100
5 166 108 100
6 137 118 100
7 136 100 100
8 133 118 100
9 274 107 100

10 275 114 100
11 133 152 100
12 250 128 100
13 200 119 100
14 310 110 100
15 215 97 100
16 200 125 100
17 213 114 100
18 100 107 100
19 102 103 100
20 180 174 100
21 143 100 100
22 120 118 100
23 204 155 100
24 174 117 100
25 122 140 100
26 178 119 100

A rith m etic  
m ean 171 ± 7.7 118 ± 2.3 100

N ext, the reco rd in g  e le c tro d e  c w as connected  (F ig u re  133, B) and 
im p u lses  sen t to  it  a s  in  the p rev io u s c a se , from  f (a path  of 11 m m ) and 
from  g (a path  of 55 m m ). T h ese  w ere  pho tographed  (F ig u re  135, C, D) 
and the  a re a s  m e a su re d , the  a r e a  of the peak C being e x p re sse d  as a p e r 
centage of that of peak D.

The d ifference betw een the  a r e a s  in  th is  c a se  w as sm a lle r  than  b e 
tween A and B.

F in a lly , the e lec tro d e  b to  w hich im p u lse s  w ere  a lso  sen t fro m  f was 
connected (path of 17 m m ) and from  g  (pa th  of 61 m m ). The o sc illo g ram s 
(F igure  135 E, F ) w ere  t r e a te d  as in the  p rev io u s c a s e s . No ap p rec iab le  
d ifferences betw een  the  a r e a s  of the peaks w as observ ed , although peak E
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w as som ew hat h igher than peak F  but the la tte r  w as w id er than th e  former. 
234 In th is  c a se , only d isp e rs io n  of the  im p u lses  m oving at d iffe ren t velocities 

along d iffe ren t f ib e rs  took p lace (E r la n g e r , B ishop and G a sse r , 1926). 
C onsequently , at a d istance  b equalling  17 m m , the im pulse  a lre a d y  ap
proached  a constan t value.

T a b l e  39
M agnitude of po ten tia l along the n e rv e , at v a rio u s  d is tan ces f ro m  

the s tim ula ting  e le c tro d e  (from  the s ite  of o rig in ) 
(acco rd ing  to  A verbakh  and Nasonov, 1950)

No. of 
experim en t

R elative  value of the po ten tia l running along th e  nerve 
(% of the  value of the reg u la ted  peak) at the following 

d is tan ce  from  the stim u la tin g  e lec tro d e ;

5 m m 15 m m 35 m m

1 110 110 100
2 I 16 100 100
3 125 107 100
4 163 98 100
5 257 100 100
6 177 85 100
7 126 75 100
8 161 111 100
9 104 100 100

10 86 88 100
11 144 122 100
12 159 111 100
13 110 93 1O0
14 133 93 100
15 149 104 100
16 108 105 100
17 159 97 100
18 114 81 100

A rithm etic  
m ean 139± 6.1 99± 1.99 100

The data  of th is  s e r ie s  of e x p e rim e n ts  a re  show n in T able 4 0 . In this 
la s t s e r ie s  of ex p erim en ts, under the  sam e  s trong  s tim u li (approxim ately  
4 th resh o ld s) a quite c le a r  d e c re m e n ta l conduction o c c u r re d  for a  distance 
of 11-17 mm fro m  the s ite  of s tim u la tion .

A nalysis of the data from  the  fo u r s e r ie s  of e x p e rim e n ts  m a k e s  it 
possib le  to follow the changes in  m agnitude of the sp read in g  im p u lse  caused 
b y a  sup ram ax im al stim ulation , s ta r tin g  from  the s ite  of i ts  o rig in  and until 
the v e ry  end of the nerve . V alues w e re  obtained fo r  a num ber of points, 
each  value being an a rith m e tic  m ean  fro m  13-26 ex p e rim e n ts . T h e s e  mean 
values w ere  s ta tis t ic a lly  analyzed  and the  p robable  e r r o r  of the a rithm etic  
m ean  ca lcu la ted  fo r each point, ind ica ting  the s ta t is t ic a l  s ig n ific an ce  of the 
data obtained. T hese  re s u l ts  a re  g iven in T ab le  41 and i l lu s t r a te d  in Fig
u re  136.

224



FIGURE 135. O sc illo g ra m s of propagation  peak 
at v a rio u s  d is ta n c e s  from  s ite  of s tim u la tio n  (a c 
cording to A verbakh  and N asonov, 1950)

A —6 m m ; B —50 m m ; C —11 m m ; D —55-mm; 
E — 17 m m ; F —61 m m . T im e sc a le : 1 period  
co rre sp o n d s  to  1 m illiseco n d . A pparatus a s  in 
F ig u re  133, Б.

F ro m  an a ly s is  of T ab le  41, it f i r s t  of a l l  follow s th a t the  data of th e se  
d iffe ren t s e r ie s  a r e  s a tis fa c to r ily  c o rro b o ra te d . T h u s ,.fo r  exam ple, d e 
te rm in a tio n  of the m agnitude of loca l p o ten tia l (193.3) w as p e rfo rm e d  by 
quite  a  d ifferen t m ethod from  the d e te rm in a tio n  of the m agnitude of the 
p ropagating  peak at the n e a re s t  point (4 m m ). The fig u re  (171.0) show s 
only a sm a ll d e c re a se  (from  193 to  171), w hich is  quite  und erstan d ab le , 
since  we a re  dealing h e re  w ith  p ropaga tion  w ith d ec rem en t. In th is  connec
tion  it  should be noted that the  subsequen t su c c e ss iv e  p a ssag e  of the  im pulse 
re s u lte d  in a g ra d u a l d e c re a se  in  the v a lue  of the po ten tia l a f te r  each  m m . 
In two c a se s  in  w hich d iffe ren t m ethods w e re  u sed  (T ab les  38 and 40), the 

235 value of the po ten tia l w as d e te rm in ed  a t one and the sam e d istance  from  the 
s tim ula ting  e lec tro d e  (11 m m ), and e x tre m e ly  c lose  fig u re s  (120 and 118) 
w ere  obtained. Thus the  f ig u re s  ob ta ined  m ay be co n sid e red  to  b e  re lia b le .

The data  in T ab le  41 show that w ith  a su ffic ien tly  s tro n g  e le c tr ic  
s tim u la tion  the lo ca l e le c tr ic  re a c tio n  of the  nerve  exceeds the value of the 
e s tab lish ed  peak, and sp re a d s  w ith d e c re m e n t un til it beco m es equal to the
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la tte r. O nly a f te r  th is , does sp re a d in g  w ithout d e c re m e n t beg in*.  Under 
conditions of our ex p e rim en ts  th is  e x c e ss  w as a lm o s t 100%, and  the  de
crem en t reg ion  sp read  up to  1 | cm .

* O ur da ta  do not co n trad ic t a t a l l  the  data  of E r la n g e r ,  B ish o p  and  
G a sse r  (1926) which prove conduction  of im pulse  by th e  n e rv e  -without 
d ec rem en t. T hese a u th o rs  b eg an  th e ir  m e a su re m e n t of th e  a r e a s  of 
p ropagation  peaks a t a  d is ta n c e  of 14.5 m m  fro m  the  s tim u la t in g  e lec 
tro d e , i.e ., exactly  from  th a t point w h ere , a cco rd in g  to  o u r  opinion, 
the d ec rem en t w hich can be d e te c te d  by  o rd in a ry  m e th o d s , te rm in a te s .

** S im ila r  r e s u l ts  w ere  o b ta ined  by Schm itt and S ch m itt (1940) who e x 
perim en ted  w ith  sing le g ian t f ib e r s  of L o ligo . A c c o rd in g  to  th e m , very 
s trong  s tim u li m ay cau se  a  lo c a l  re sp o n se  exceed ing  in  v a lu e  th e  am pli
tude of the propagation  peak. T h is  su p ram ax im a l p o te n tia l  s p re a d s  
with, d ec rem en t un til i t  b e c o m e s  equal to  the v a lu e  of th e  p ro p ag a tio n  
peak. C onfirm ation  of th is  a ssu m p tio n , acco rd in g  to  the  a u th o r s ,  is 
given in th e ir  F ig u re  13. U nfo rtu n a te ly , the r e a d e r  can n o t f in d  any 
such confirm ation  from  th is  F ig u re ,

T a b l e  40

M agnitude of p o ten tia l a long  th e  n e rv e , a t v a r io u s  d is ta n c e s  from  
the stim u la tin g  e le c tro d e  (from  the s ite  of o r ig in )

(accord ing  to A v erb ak h  and N asonov, 1950)

No. of 
experim ents

R elative  v a lue  o f th e  po ten tia l running  a long  the nerve 
(% of the  v a lu e  o f the reg u la ted  peak) a t th e  following 

d is tan ce  fro m  the s tim u la tin g  e le c tro d e :

6 mm 11 m m 17 m m 50-61 mm

1 147 107 95 1O0
2 213 — 75 100
3 173 185 100 100
4 118 126 100 100
5 144 136 88 100
6 107 101 93 100
7 113 96 95 100
8 122 110 115 100
9 97 n o 94 to o

10 185 134 97 100
11 107 94 90 100
12 125 120 120 100
13 131 — — 100

A rithm etic
m ean 137± 6.6 120±  5.2 97±  1.7 100

Thus, the assum ption  p o s tu la te d  by the th eo ry  of ’'g r a d u a l1' excitation 
was en tire ly  confirm ed ex p erim en ta lly* *.

On the b a s is  of th is  th e o ry  and  e x p e rim e n ta l d a ta , a  m o re  o r  le ss  
com plete p ic tu re  can now be fo rm e d  of the in te r re la t io n s h ip s  betw een 
m agnitude of stim u lu s, loca l re a c t io n  and propagating  im p u lse  (F ig u re  129).
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A t w eak su b th resh o ld  s tim u li, a  loca l g ra d u a l reac tio n  ta k e s  p lace  s p re a d 
ing w ith d e c re m e n t to a very  sm a ll  a r e a - .  At the th resh o ld  s tim u li, s p re a d 
ing w ith  in c re m e n t beg ins up to  point c (F ig u re  129), from  w hich point the  
im p u lse  m o v es on w ithout changing its  m agnitude, due to a sp e c ia l  m ech an 
ism  of au to  reg u la tio n  p rev io u sly  m entioned . A ccording to  Hodgkin (1938), 
th e  d is ta n c e  of th is  in c re m e n ta l ru n  is  app ro x im ate ly  0.5 cm (the b roken  
lin e  in F ig u re  136),

T a b  le  41
C hanges in  m agnitude of po ten tia l a long  the n e rv e , v a ry in g  with 

d is tan ce  from  the s tim u la tin g  e le c tro d e  of su p ram ax im a l 
s tim u li (acco rd ing  to  A verbakh  and N asonov, 1950)

D is tan ce  from  
the s tim u la tin g  

e le c tro d e

Value of the m ov
ing p o ten tia l (% of 
the co n stan t one)

P ro b a b le  e r r o r  
of the a r i th 
m e tic  m ean

N um ber of 
ex p erim en ts

0 193,3 ± 7.4 21
4 171.0 ± 7.7 26
5 139.0 ± 6.1 18
6 137.0 ± 6.6 13

11 120.0 ± 5.2 13
11 118.0 ± 2.3 26
15 99.0 ± 1.9 18
17 97.0 ± 1.7 13
30 100.0 — 26
35 100.0 — 18

50-61 100.0 — 13

It fu r th e r  follow s fro m  o u r th e o re t ic a l  co n sid e ra tio n s (F ig u re  129), 
th a t if the  m agnitude of the e le c tr ic  s tim u lu s  exactly  equals  the  m agnitude 
of the co n stan t peak, then  the  p o ten tia l w ill sp read  without d ec rem en t from  

гм the  point of i ts  o rig in  to  the  v e ry  end of the  n e rv e , due to the sam e m e c h a 
n ism  of auto regu la tion .

F in a lly , when s tim u li exceed  the v a lue  of the d im ensions of the e s 
tab lish ed  peak, the loca l re a c tio n  w ill b e  g re a te r  than th is peak (in o u r ex 
p e rim e n ts  a lm o s t tw ice a s  high); and only upon fu r th e r  p assage  w ill it re a c h  
the d im ensions of the co n stan t peak (at po in t c in F ig u re  129). On fu r th e r  
sp read in g , the  m agnitude of the  running peak w ill be m ain tained  a t the sam e 
level due to the sam e m echan ism  of a u to re g u la tio n -- .

* T h is h as  been ex p e rim en ta lly  p ro v en  in the ex p erim en ts  by Katz (1937), 
H odgkins (1938) and K araev  (1938).

** V vedenskii s ta ted  th a t c e r ta in  phenom ena connected with the  p assag e  of 
im p u lses  th rough a  n a rc o tiz e d  s e c to r  m ay depend on s tre n g th  of e x c ita 
tio n . R ecently  th e se  s ta te m e n ts  w e re  confusing to  many in v es tig a to rs  
sin ce  accord ing  to the " a l l  o r  none" law, the nerve cannot conduct weak 
o r  s tro n g  im p u lses  sin ce  it a lw ays conducts equal im p u lses  ("a ll" ) . It 
h as , how ever, been  shown (N asonov and R ozen ta l', (1952), that a t a c e r 
ta in  stage  of n a rc o s is  th e re  is  a  reg io n  of a noticeable d ec rem en ta l p ro 
pagation in the n e rv e . T he m agnitude of the im pulse  in th is  case  may 
depend upon the s tre n g th  of ex c ita tio n .
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2  Distance from electrode (in cm)

FIGURE 136. Change 
in a re a  (m agnitude) of 
the potential along the 
nerve, varying with 
distance from  the point 
of o rig in  at an  above
th resho ld  s tren g th  of 
stim ulation . The peak 
m oves with decrem ent 
fo r 1 | cm; subsequent
ly nondec rem  entai con
duction is  e s tab lished  
(according to  Averbakh 
and Nasonov, 1950)

Broken lin e -in c rem en ta l 
run  at a th resh o ld  streng th  
of stim ulation according to 
Hodgkin's data (1938).

It follow s th a t the  va lue  of the e stab lish ed  
peak is  by no m ean s m ax im al. T his is  no t the 
"a ll"  req u ired  by the " a l l  o r  none" law. O n the 
co n tra ry , the n e rv e  p o s s e s s e s  a  m o re  su b tle  
autom atic m echan ism  to re g u la te  the lev e l of 
the propagating  im p u lse , w hich in a ll  p robab ility  
p rev en ts  the n e rv e  from  being  e x c e ss iv e ly  ex
c ited , a  condition  w hich m igh t cause  i r r e v e r s i 
ble changes w ith  the ex c ita tio n  passin g  in to  
dam age of the n e rv e . The ex is ten ce  of s u c h  a 
m echanism  w as sugg ested  by U khtom skii (1930) 
in h is  ex trem e ly  in te re s tin g  p ap e rs  d ev o ted  to 
c r itic ism  of the  " a ll  o r  none" law. T hus, both 
ex p erim en ta lly  and th e o re tic a lly , h is  hypo theses 
can be confirm ed .

The E n g lish  p h y sio lo g is ts , in th e ir  a t 
tem p ts  to explain  the  conduction of an  im p u lse  
accord ing  to the " a ll  o r none" law, s ta r te d  from  
"m em brane" co n cep ts , acco rd in g  to w hich  the 
d ifference betw een  e le c tr ic  p o ten tia ls  o b se rv ed  
a fte r  s tim u la tio n  p re e x is te d  in the r e s t in g  non
stim u la ted  f ib e rs . A s a lre a d y  s ta ted , th e y  a s 
sum ed (Rushton, 1937, et a l .)  th a t su b th re sh o ld  
e le c tr ic  s tim u lu s  cau sed  only p a r tia l , g ra d u a l 
d epo lariza tion  of the c e ll  m em b ran e ; w h ile  
s ta rtin g  from  a th re sh o ld  in ten s ity , the  s tim u lu s  
suddenly d ep o la rized  the m em b ran e  co m p le te ly  
and a l l  the e le c tr ic  en e rg y  p re e x is tin g  in  th e  
f ib e r  w as exp losive ly  r e le a s e d . A cco rd ing  to 
th e ir  theo ry , som eth ing  s im ila r  to an e le c t r ic  
"s topper" ta k e s  p lace  in the  m em b ran e .

In the light of the above data the  v e ry  
e ssen ce  of the " a l l  o r  none", law  not only lo s e s

237 its  meaning but gives a com pletely  opposite p ic tu re  of th e  phenom ena in  
nerve and m uscle  f ib e rs  on excita tion , and during  fo rm atio n  and s p re a d  of 
an im pulse. It th e re fo re  seem s to  us m o re  a c c u ra te  to  u se  the te rm  " a u to 
regulation of the sp reading  excita tion".

Absolute and R elative R e fra c to ry  P h a se s
in the Spreading E x c ita tio n

It is  known experim enta lly  th a t a s tim u la ted  n e rv e  o r  a m u sc le  f ib e r  
is  re frac to ry , i.e ., nonexcitable o r weakly ex c itab le . T he m em b ran e  th eo ry  
postu lates com plete o r  p a r tia l dep o la riza tio n  of the  m em b ran e  upon s t im u la 
tion, which in te rfe re s  with o r m akes im p o ssib le  fu r th e r  d e p o la r iz a tio n , i.e ., 
low ers the excitab ility  of the  a lread y  s tim u la ted  f ib e r . The p ro te in  th e o ry  
of excitation developed h e re  p o stu la tes r e v e r s ib le  d en a tu ra tio n  of e s p e c ia l 
ly sensitive pro te in  m olecu les of the p ro to p lasm . It is  obvious th a t if  such  
a denaturation  took place a fte r  excitation , e x c ita b ility  of the fib er w ould  
rem ain  low ered until re s to ra tio n  o ccu rred .
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FIG U R E  137. C ollection  of S- 
sh ap ed  c u rv e s  c h a ra c te r iz in g  
e x c ita b il i ty  of a  conducting f ib e r  
in  d iffe re n t p h ase s  of r e f r a c to r i 
n e s s  o r  n a rc o s is  (acco rd ing  to 
N asonov  and R ozen ta l1, 1952)

T h e  n u m b ers  in p a re n th e s is  a r e  
th e  v a lu es  of the  lim its  fo r the 
c u rv e s .  F o r  explanation see  tex t.

It is  a lso  known th a t in itia lly , 
the s tim u la ted  fib er p a s s e s  a stage  of 
so -c a lle d  abso lu te  r e f ra c to r in e s s ,  when 
a s tim u lu s  of any s tre n g th  is  not capable 
of causing  a propagating  wave of e x c ita 
tion . T h is stage  is  suddenly re p la c e d  by 
a  s ta g e  of r e la tiv e  r e f ra c to r in e s s ,  during 
which it is  p o ssib le  to cause  the a p p e a r
ance of a p ropagating  wave by s tim u li 
co n sid e rab ly  exceeding the th re sh o ld  
s tim u li  of a  n o nstim u la ted  fib e r. Thus, 
low ered  ex c itab ility  in c re a s e s  g rad u a lly  
w ith re s to ra t io n  of the o r ig in a l s ta te  of 
the f ib e r , and e ith e r  re a c h e s  the in itia l 
lev e l, o r  te m p o ra r ily  exceeds it so m e
what (h y p erex c ita tio n  phase accord ing  to 
V vedenskii). The du ra tion  of th ese  s tages 
in n e rv e s  of v e r te b ra te  an im als is  m e a s 
u red  in  thousand ths of a  second.

T he m o st puzzling thing in the 
whole p ic tu re  of re c o v e ry  of exc itab ility  
of the  n e rv e  is the a lte rn a tio n  of the two 
s tag es  of r e f r a c to r in e s s —the abso lu te 
and th e  re la t iv e . As f a r  as we know,

no a tte m p ts  w e re  m ade in the  l i te ra tu re  to  exp la in  th is  duality . H ow ever, 
th e s e  fa c ts  seem  to co n trad ic t the b a s ic  a ssu m p tio n s  of both su p p o rte rs  of 
th e  " a ll  o r  none" law and th e ir  an tag o n is ts . Indeed, fo r the fo rm e r  it 
w o u ld b e  n a tu ra l  to  expect the  sudden a p p e a ra n ce  of in itia l ex c itab ility , i .e ., 
on ly  of the  abso lu te  r e f ra c to ry  phase ; w hile  fo r  the  la t te r  it  would be m ore  
u n d e rs ta n d a b le  if  a g ra d u a l re c o v e ry  of e x c ita b ility  would o ccu r from  the 

238 v e ry  beginning  of the p ro c e s s , i .e . ,  ex is te n c e  of only re la tiv e  re f ra c to r in e s s .
H ow ever, the  ob liga to ry  a lte rn a tio n  of the  two p h ase s , we re p e a t, is  not 
co m p re h e n s ib le  from  e ith e r  point of v iew .

A s w ill  be shown la te r , the  th eo ry  of g ra d u a l excita tion  g iv es  an  ex 
h au stiv e  exp lanation  of the  a lte rn a tio n  of th e  ab so lu te  and re la tiv e  r e f ra c to ry  
p h a se s  (N asonov and R o zen ta l', 1952),

Let us a ssu m e  th a t we a r e  dealing  w ith  a  n e rv e  f ib e r , the exc itab ility  
of w hich is  c h a ra c te r iz e d  by cu rv e  I (F ig u re  137). The f i r s t  in te rse c tio n  a 
of th is  cu rv e  w ith the b is e c tr ix  w ill d e te rm in e  the value of the th resh o ld  of 
th e  f ib e r  (oh). The second in te rse c tio n  (g) w ill d e te rm in e  the value of the 
co n stan t peak  (ng). Now le t u s  a s su m e  th a t the  f ib e r  w as s tim u la ted  and 
b ec a m e  re f ra c to ry , i .e . ,  i t s  ex c itab ility  d e c re a se d . How can d e c re a sed  
e x c ita b ility b e  d e sc rib e d  on the  g ra p h ?  O bviously  a  new situ a tio n  e x is ts  in 
th e  f ib e r , s in c e  it  re sp o n d s  to  s tim u li of the  sam e s tre n g th  by a  w eaker 
re sp o n se  re a c tio n . C onsequently , th is  condition  w ill be d esc rib ed  on the 
g ra p h  by an  S -shaped  cu rv e , a l l  the po in ts of w hich a re  located  low er than 
the  points of a  cu rve  w ith h ig h e r  e x c itab ility .

Let us im agine th a t a c o n s id e ra b le  d e c re a s e  in ex c itab ility  tak es  
137). A ll the points of th is  cu rve  
s tim u la tio n  of any s tre n g th  w ill 

w ith  d ec rem en t. T h is re a c tio n  
a lim ited  segm en t of the f ib e r

p lace , c o rre sp o n d in g  to  cu rv e  IX (F ig u re  
lie below the b is e c tr ix  and, consequen tly , 
cau se  a re sp o n se  re a c tio n  sp read in g  onLy 
w ill  rap id ly  die away, encom passing  only
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(local reac tion ), and th e re fo re  conduction w ithout d e c re m e n t w ill not take 
p lace. In o th e r w ords, we w ill have what is  re a lly  o b se rv e d  during the 
absolute re f ra c to ry  phase. F u r th e r ,  ex c itab ility  of the f ib e r  w ill gradually 
be re s to re d  and can be e x p re sse d  su ccess iv e ly  by c u rv e s  VIII, VII, VI and 
V. The excitab ility  of the f ib e r  in c re a s e s  con tinuously , how ever, until the 

23S curve touches the b is e c tr ix . It w ill conduct only w ith  d e c re m e n t, and con
sequently only a loca l re sp o n se  w ill a r is e ,  i .e ., the  f ib e r  w ill s t i l l  be in a 
sta te  of so -ca lled  abso lu te  r e f ra c to r in e s s .

As soon a s  the ex c itab ility  cu rv e  touches, o r  only s lig h tly  intersects 
with the b ise c tr ix  (F ig u re  IV), the  p ro p e r tie s  of the  f ib e r  w ill a t once sud
denly change. S tarting  a t th is  point, the f ib e r  w ill a c q u ire  the  ability  to 
conduct excita tion  w ithout d ec rem en t, fo r any d is tan ce  w h a tso ev e r. Never
th e le ss , i ts  th resh o ld  (ok) is  co n sid e rab ly  h igher th an  the  in i t ia l  threshold 
(oh). H ere  the re la tiv e  r e f ra c to ry  phase b eg in s , in w hich  an  im pulse 
sp reading  without d ec rem en t m ay b e  obtained, bu t b y  s tro n g e r  stim uli.

F u r th e r , the re s to ra tio n  p ro c e ss  of the f ib e r  co n tin u es, and co rres
pondingly, the cu rve  c h a ra c te r iz in g  its  ex c itab ility  s u c c e s s iv e ly  acquires 1 
positions Ш, П and fin a lly  1. The m agnitude of the  th re s h o ld s  diminishes 
p ro g re ss iv e ly  in  the p ro c e s s  (oj, o i, oh) and the  v a lue  of the  p eak s increases 
(el, fm , gn), un til both re a c h  the in it ia l  d im en sio n s.

In the p re sen ce  of an ex a lta tio n  phase m a t te r s  do no t stop  at this 
point, and the excitab ility  of the  f ib e r  m ay te m p o ra r i ly  in c re a s e , co rres
ponding to  any figu re  located  by a l l  i ts  points above c u rv e  I,

It follows th a t the  theo ry  of g ra d u a l ex c ita tio n  p o s tu la te s  and explains 
the whole co u rse  of events o b se rv ed  in  the  ex p e rim e n t, w hile  studying the 
re f ra c to r in e s s  of the  stim u la ted  f ib e r . M oreover, th is  th e o ry  allow s certain 
phenom ena to  be p red ic ted  w hich w e re  h ith e rto  no t o b se rv e d  experimentally. 
T hus, it  has been p rev iously  a ssu m e d  th a t in  con tin u a tio n  of the  absolute 
r e f ra c to ry  phase, the f ib e r  co m p le te ly  lo ses  i ts  e x c ita b ility . F ro m  our 
co n sid e ra tio n s it follow s th a t a t th is  stage  the  f ib e r  lo s e s  only the ability 
to c re a te  new w aves of excita tion  tra n sm itte d  w ithou t d e c re m e n t to  any 
d is tan ces . At the sam e tim e  i tm a y  resp o n d  to  s tim u la tio n  by a  lo ca l reaction 
sp read in g  with decrem en t fo r a  c e r ta in  d istance  a long  th e  f ib e r . Therefore 
itm a y  be fo re c a s t th a t, if a t the  m om ent when the m ax im u m  peak  passes 
th rough the  fib e r, add itional s tim u la tio n  is  app lied , the  v a lu e  of th is  peak 
w ill in c re a se . L a te r , on fu r th e r  p a ssa g e , it w ill d e c re a s e  to  constant 
v a lu es . We assum e that th is  consequence of the  th e o ry  m ay  b e  experim ent
a lly  checked. T his h a s  been  in d ire c tly  proved  by o u r  w o rk  w ith  Averbakh 
(A verbakh and Nasonov, 1950), In any ca se , if it  is  t r u e ,  th en  the "absolute 
re f ra c to ry  phase" can in no way b e  co n sid e red  ab so lu te , b e c a u se  during 
th is  phase the fib er is  s t i l l  capab le  of respond ing  to  s tim u la tio n s  by local 
reac tio n s  sp reading  w ith d ec rem en t* .

* R osenblueth (1952), who obtained a local re sp o n se  to  a  s tro n g  anodic 
stim ulus applied during  the  ab so lu te  r e f ra c to ry  p e r io d , cam e to  the 
v e ry  sam e conclusions.
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A bsolu te and R ela tiv e  R e fra c tiv ity  on S ta tionary  
S tim u la tion  o r  N a rc o s is

F ro m  the  th e o ry  of g ra d u a l excita tio n  it  follow s th a t th e re  is  no b asic  
d ifference  be tw een  a  fa s t-m o v in g , sp read in g  ex c ita tio n , and a local, slow ly- 

240 re p a ire d  s ta b le  ex c ita tio n  o r  p a ra b io s is . T h is  concept of the na tu re  of ex 
citation  is  the b a s is  of V ved en sk ii’s th e o ry  of p a ra b io s is  (see  a lso  Nasonov 
and S uzdal’sk ay a , 1948; N asonov, 1948b; G rin d e l1 and R usinov, 1949; 
A verbakh and N asonov, 1950),

Indeed, if the  ex c itan t a c ts  on any n e rv e  segm en t fo r the duration  of 
a re la tiv e ly  long tim e  p e rio d , it  c au se s  m o re  o r  le s s  s tab le , s lo w ly -rep a ired  
changes w hich a r e  ca lled  p a ra b io s is  by the  fo llo w ers  of the  V vedenskii- 
U khtom skii school. H e re  a  s tab le  e le c tro n e g a tiv ity  and a  s ta te  of local 
n a rc o s is  is  o b se rv ed  (p a r t ia l  o r com plete  nonexcitab ility ), w hich m ay be 
consid ered  a s  analogous to  r e f ra c tiv ity  of the  sp read in g  stim u lu s. This 
condition m ay  be caused  by any c h em ica l o r  ph y sica l agen t; including the 
cathode of d ire c t  c u rre n t.

И the  e le c tr ic  m ech an ism  of sp read  of excita tion  is  accepted , it m ust 
be a ssu m ed  th a t airy point of the  n e rv e  f ib e r  on p assag e  of an im pulse  should 
be sub jec ted  to  the  ac tio n  of a  cathode. T hus it  e n te rs  a  s ta te  of p a ra b io s is  
with a ll  the  c h a ra c te r is t ic  fe a tu re s  of the  la t te r ,  including e lec tro n eg ativ ity  
and red u ced  e x c ita b ility , w hich we c a ll  the  "abso lu te  and re la tiv e  re f ra c to ry  
period"* . T he only d iffe ren ce  betw een su ch  propagating  excita tion , and 
cathodic p a ra b io s is  o r  e le c tro n a rc o s is ,  w ill be i ts  ex trem e  sh o rtn e ss . 
T his is  exp la ined  by the  sp e c ia l m echan ism  of im pulse  tra n sm iss io n , during 
w hich the  ac tio n  of e le c tr ic  c u r re n t is  at once e lim ina ted  as  soon as the 
ad jacent seg m en t of th e  f ib e r  is  s tim u la ted . If th is  is  so, then the  sam e 
c o n sid e ra tio n s  m ay be app lied  to  loca l n a rc o s is  of a  f ib e r  segm ent as those  
proposed  fo r  r e f ra c t iv i ty  of the  p ropaga ting  im pulse .

Let u s  a ssu m e  th a t the  f ib e r  is  c h a ra c te r iz e d  by ex c itab ility  of curve 
I (F igu re  137). Its  th re sh o ld , th e re fo re , equals  ’oh ' and the value of the 
p ropaga tion  p e a k -n g . We sh a ll  sub jec t th is  f ib e r  to  the p ro tra c te d  action  
of a c e r ta in  i r r i t a n t  ( s a l t  so lu tion , ac id , a lk a li, n a rc o tic  agent, high te m 
p e ra tu re , cathode of d ire c t  c u r re n t , e tc .) . At the onset of th is  ac tion , the 
ex c itab ility  of the  f ib e r , a s  shown by the ex p erim en t, w ill in c re a se  som e
what and b e  follow ed by a  continuous d e c re a s e . T h is p ro c e ss  should be 
re f le c te d  in  th e  g ra d u a l d e c re a s e  of the  S -shaped  c u rv e . The la t te r  w ill 
su c c e ss iv e ly  a c q u ire  the  p o sitio n s П, Ш , IV, V, VI, VE, VIII and IX (F ig 
u re  137). L et u s  see  how the  p ro p e r tie s  of the  f ib e r  change in the  p ro cess . 
It is  not d ifficu lt to  be convinced  th a t h e re ,  as  in  the ca se  of a propagating  
im pulse , two p h ase s  sh a rp ly  divided from  each  o th e r a re  observed . In itia l
ly, during  p ro g re s s iv e ly  deepening n a rc o s is ,  the  cu rve  w ill acqu ire  positions 
co rresp o n d in g  f i r s t  to  П and la te r  to  III and IV. E ach  of those cu rv es  d iffe rs  
from  the  p re v io u s  one in  th a t the  th re sh o ld  in c re a s e s  (oh < oi <  оj < ok), the

* "And th u s we find quite  a num ber of s im ila r  fe a tu re s  in  the moving wave 
of ex c ita tio n  and in  th e  condition  of p a ra b io s is  w hich m ay be co n sid ered  
as  a kind of a  s ta tio n a ry  excita tio n  w ave", say s U khtom skii (1945, p.47). 
And indeed , le t u s  im ag in e  th a t we su cceed ed  in  stopping a running ex 
c ita tio n  wave a t the  m om en t of m ax im um  peak in  the stage  of abso lu te  r e 
fra c tiv ity . In v es tig a tio n  of such a  f ib e r  would lead  us to  the conclusion 
th a t i t  w as in  a  s ta te  of deep re v e rs ib le  n a rc o s is  caused  by the  cathode of 
e le c tr ic  c u r re n t .
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value of the th resh o ld  e x c ita tio n  in c re a s e s  (ah<  bi < cj < dk), and  the ampli
tude of the propagation  peak  d e c re a s e s  (gn > fm >  el > dk).

T h is fac t, consequent to o u r th e o re tic a l  c o n s id e ra tio n s , w as experi- 
241 m entally  o b se rv ed  by Hodgkin (1938) on inhibiting the  e x c ita b ility  of a nerve 

f ib e r  by po tassium  ch lo rid e , and during  the re la tiv e  r e f r a c to ry  phase. 
Hodgkin showed that u n d er th e se  conditions the v a lue  of the  th re sh o ld  poten
tia l  re a lly  in c re a se s , w hile the  value of the p ro p ag a tio n  peak  f a l l s .

In c e r ta in  p ap ers  the ra t io  betw een  the value of the p ro p ag a tin g  im
pulse  and the th re sh o ld  is  d e s c r ib e d  un d er the t i t le  of ' sa fe ty  fa c to r" . There 
a re  ind ica tions th a t on n a rc o tiz a tio n  of the n e rv e , the  sa fe ty  f a c to r  decreases 
(Hodgkin, 1938; K atz, 1939; S ch m itt and S chm itt, 1940; P u m p h rey , Schmitt 
and Young, 1940), T h is i s  d ire c tly  postu la ted  by o u r  th e o ry . F u r th e r , as
suming that the peak of th re s h o ld  po ten tia l on the g rap h  lie s  a lw ay s  on the 
b is e c tr ix  of the coo rd inate  an g le , w here  x = y, it m ay be p o s tu la te d  that with 
changes in excitab ility  the va lue  of the  th re sh o ld  ex c ita tio n  shou ld  be direct
ly p ro p o rtio n a l to  the v a lue  of the  th re sh o ld  po ten tia l. T h is  h y p o thesis , 
following from  the  th e o ry , m ay b e  q uan tita tive ly  v e rif ie d  on a  s in g le  fiber. 
At the sam e tim e , during the w hole phase of n a rc o s is  the c u rv e s  s t i l l  in ter
sect with the  b is e c tr ix  and th e re fo re ,  in th is  p e rio d , the c a p a c ity  of impulse 
tra n sm iss io n  w ithout d e c re m e n t should s t i l l  be m a in ta in ed , i .e . ,  the  capacity 
of excita tion , fo r any d is tan ce  w h a tso ev e r, w as d e te rm in e d  only by the length 
of the  f ib e r . T h is f i r s t  s tag e  of n a rc o s is  c o rre sp o n d s  to  the  r e la t iv e  refrac
to ry  period , since  during th is  p e r io d  n o n d ecrem en ta l conduction  m ay occur 
a f te r  applying a stim u lu s of g r e a te r  m agnitude. T h is  p e r io d  te rm in a te s  by 
the positio n  IV of the cu rv e , w hen the  la t te r  touches the  b is e c t r ix ,  and where 
the v a lue  of the th resh o ld  b eco m es equal to  the v a lue  of the p eak  and to the 
value of th re sh o ld  excita tio n  (ok = dk).

H ow ever, a s  soon as th e  c u rv e  of the n a rc o tiz e d  f ib e r  f a l l s  even slight
ly below the b is e c tr ix  (F ig u re  137, cu rv e  V), the p ro p e r t ie s  of th e  fiber 
should change at once and b a s ic a lly . Such a cu rv e  w ill lie  w ith  a l l  its  points 
below  the b is e c tr ix  and th e re fo re  a n e rv e  n a rc o tiz e d  to  such  an  ex ten t is 
ab le  to  conduct only w ith d e c re m e n t. The conduction is  lim ite d  to  a  certain 
sm a ll  d istance  and consequen tly , fro m  th is  m om ent on, lo ca l ex c ita tio n  
w ill take  place*.

T hus, the p o stu la te s  of th e  th e o ry  of "g rad u a l"  ex c ita tio n  a r e  asfollows;
1. On narcotization ., the n e rv e  o r m u sc le  f ib e r , s im ila r ly  to  a fiber 

along w hich an excita tion  wave is  p ropaga ted , should p a s s  th ro u g h  two suc
c e ss iv e  p e rio d s  of d e c re a sed  e x c ita b il i ty —a re la tiv e  and  an  a b so lu te  r e 
fra c tiv ity .

2. D uring the f i r s t  r e la t iv e  r e f ra c to ry  p e rio d , g ra d u a l d e c re a s e  in 
ex c itab ility  ( in c re a se  in th re sh o ld s )  and d e c re a se  in  th e  am p litu d e  of con
ducted im pulse  should tak e  p la c e . N e v e rth e le ss , the  a b ility  of un lim ited  
n o n d ecrem en ta l conduction, is  p re s e rv e d .

3. The f i r s t  p e rio d  should  suddenly  p a s s  into the  se c o n d —th e  absolute 
r e f ra c to ry  p e rio d , c h a ra c te r iz e d  by conduction w ith  d e c re m e n t. D uring this

* At the  beginning of th is  c h a p te r  it w as m entioned  th a t s t r i c t ly  speaking, 
even a  su b th resh o ld  e x c ita tio n  of the  n e rv e  f ib e r  is  a  sp re a d in g  and not 
a loca l one, since  it i s  a lso  p ro p ag a ted , but, c o n tra ry  to  the  a b o v e 
th re sh o ld  one, w ith  d e c re m e n t. H ow ever, a  m o re  o r  le s s  s te e p  decrem ent 
d e te rm in e s  th e  E m its  of s p re a d  of such  an  ex c ita tio n  and p ro v id e s  a rea 
son fo r designating  it  a s  a  lo c a l exc ita tion .
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period , s tim u li of any s tre n g th  m ay cau se  only a  lo ca l re a c tio n  and cannot 
orig inate  a  wave of u n lim ited  sp read ing  exc ita tion .

242 It w ill la te r  be seen , how fa r  th e se  re q u ire m e n ts  a re  con firm ed  by 
experim en ts. In th is  r e s p e c t , two p ro b lem s m ust be solved. T he f i r s t  i s  
that of changing ex c itab ility  of the n e rv e  w ith n a rc o s is . The second is  that 
of conduction of an im pulse  w ith d ec rem en t in a n a rc o tiz e d  n erv e .

R egard ing  the f i r s t ,  a  g re a t  m any s tu d ie s  a re  ava ilab le  (Szpilm an 
and L u sch in g er, 1881; V erig o , 1899; V vedenskii, 1901; D endrinos, 1901; 
F röh lich , 1904; K ato, 1924, 1934, and o th e rs ) , but a l l  th e se  stud ies w ere 
techn ica lly  im p e rfe c t. A n e rv e -m u sc le  p re p a ra tio n  w as used. The nerve 
w as put th rough a  n a rc o s is  ch am b er into w hich s tim u la tin g  e le c tro d e s  w ere  
introduced, and e x c ita b ility  w as judged by m u sc le  co n trac tio n . A fte r  the 
m uscu la r re a c tio n  stopped, ex c itab ility  w as said  to  have d isappeared , a l
though in r e a l i ty  it could only have been  sa id  that the im pulse  could, fo r 
some rea so n , not p a ss  to  the n o n n arco tized  p a rt of th e  n e rv e . The m ethod 
did not p e rm it any a s s e s s m e n t of w hether the  im pulse  appeared  under the 
e lec tro d es , and what the  n a tu re  of its  sp re a d  w ithin the  cham ber w as. In 
addition, w ith such  a m ethod , a diffusion g rad ien t of the  n a rco tic  agent a l 
ways fo rm s w ith in  the  n e rv e , a t the b o rd e r s  of the ch am b er, as a re su lt of 
which an ap p a ren t d ec rem en t in conduction m ay fo rm , due to  unequal con
cen tra tion  of the  n a rc o tic  agen t along the d iffusion g ra d ie n t.

In o rd e r  to  avoid th e se  sh o rtco m in g s, the n e rv e  w as to ta lly  n arco tized  
in a l l  our e x p e rim e n ts , and excita tio n  of i ts  d iffe ren t s e c to rs  w as judged 
from  o sc illo g ra m s  (N asonov and R o zen ta l1, 1952).

A d e s ic c a tc r  of 5 l i te r  to ta l  cap ac ity  (F ig u re  138) was used a s  the 
n a rco s is  ch am b er. A g la s s  sup p o rt w as fixed to th e  s to p p e r in i ts  lid (b), 
and two p a ir s  of e le c tro d e s  (c -e x c ita to ry  and e -re c o rd in g )  and a grounded 
plate d w ere  a tta ch ed  to  it. T he d is tan ce  betw een e le c tro d e s  c and e was 
4.5 cm . An iso la te d  f ro g ’s s c ia tic  n e rv e  w as p laced  on the e le c tro d e s  and 
on the p la te . T he p ro x im a l end of the n e rv e  w as s tim u la ted ; 100 m l of 
R in g er’s so lu tion  w ere  p o u red  into the  low er p a r t  of the  d e s ic c a to r  (a). The 
rim  of the d e s ic c a to r  w as sm e a re d  w ith  v a se lin e , the  d e s ic c a to r  w as closed , 
and the n e rv e  w as thus kept in a m o is t ch am b er. F o r  3-6 m inu tes the th r e s 
holds of ex c itab ility  of the n e rv e  w e re  d e te rm in ed  by the  f i r s t  noticeable  
d istu rbances of th e  h o riz o n ta l p a ssag e  of the  ra y  on the  o sc illog raph  sc reen .

A fte r th is  the  lid of the d e s ic c a to r , to g e th e r w ith  e le c tro d e s  and n erve , 
w ere  lifted and th e  R in g e r’s so lu tion  w as rep laced  by the sam e am ount 
(100 m l) of so lu tion  con ta in ing  the  n a rc o tic . The lid  was rep laced . 
The n a rco tic  v a p o rs  began  to  f i l l  the  space  of the ch am b er and the  nerve 
w as g radually  n a rc o tiz e d . D uring th is  t im e  the  th re sh o ld s  w ere determ ined  
at one m inute in te rv a ls ,  up to  the  com ple te  d isap p ea ran ce  of any tr a c e s  of 
nervous ac tiv ity  on the o sc illo g ra p h  a t m ax im al s tim u la tio n . O ne-tw o m inutes 
la te r , the  lid  (w ith the  e le c tro d e s )  w as again  lifted and  tr a n s fe r re d  to  anoth
e r d e s ic c a to r  in to  w hich p u re  R in g e r 's  so lu tion  w as poured . F ro m  that m o-

243 ment r e s to ra tio n  of n e rv e  e x c ita b ility  s ta r te d , w hich, as b e fo re , w as accom 
panied by d e te rm in a tio n s  of the  th re sh o ld s  at one m inu te  in te rv a ls  and by 
photographing the o sc illo g ra m s .

Solutions of 0.5-2%  ch lo ro fo rm , 10% ethyl alcohol, 1.5% ethyl e th e r, 
and 0.4% am m onia  w e re  u sed  as n a rc o tic s* .

* F o r am m onia  w eight co n cen tra tio n s  a re  given, w hile fo r the o ther 
substances, vo lum e co n cen tra tio n s  a re  given.
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FIGURE 138. C ham ber 
fo r to ta l n arco tiza tio n  
of the n e rv e , made 
from  a d e s ic c a to r  (ac 
cording to  Nasonov and 
R ozen tal1, 1952)

244 „
a —R in g e r’s solution or 
a solution of a n a rco tic ; 
b —lid of the  cham ber, 
th rough the ru b b er s to p 
p e r of w hich passed  the 
holding handle of e le c 
tro d e s  and w ires ; 
c—ex c ita to ry  e lec tro d es ; 
d—grounded p late ; 
e --re c o rd in g  e lec tro d es.

The e x c ita to ry  e le c tro d e s  w e re  removed 
f ro m  the  re c o rd in g  e le c tro d e s  as f a r  a s  the 
length  of the  nerve  allow ed (4.5 cm ). This en
su re d  th a t the e le c tro d e s  r e c o rd e d  only the 
n o n d ec rem en ta lly  conducted  e ffe c t, because, 
a s  w ill be seen  la te r ,  lo ca l e x c ita tio n  spread
ing w ith  d ec rem en t e n c o m p a sse s  m u ch  shorter 
se g m e n ts  of the n e rv e . The r e s u l t s  of these 
in v e s tig a tio n s  a r e  i l lu s t r a te d  in  F ig u re  139.

Six to  ten  e x p e rim e n ts  w e re  perform ed 
w ith  each  n a rc o tic . T hey  a l l  gave the  same 
r e s u l t s  and th e re fo re , in  F ig u re  139, only some 
of th em  a re  given.

The ex p erim en t w ith  2% ch lo ro fo rm  may 
be co n sid e red  ty p ica l (F ig u re  139, A). Here, 
im m ed ia te ly  a f te r  p lac in g  the  n e rv e  in the nar
co tic  v ap o rs  ( f ir s t  a rro w ) , a t r a n s i to r y  slight 
r i s e  in  ex c itab ility  (20%), la s tin g  about 1.5min- 
u te s , w as o b se rv ed . T h is  is  the  s ta g e  of in* 
c r e a s e d  ex c itab ility  a c c o rd in g  to  Vvedenskii. 
T h is  w as o b se rv ed  a f te r  the  a c tio n  of a ll  the 
a g e n ts  te s te d , w ith  the  ex cep tio n  of ether. 
F u r th e rm o re , n a rc o tiz a tio n  of th e  n e rv e  was 
sh a rp ly  d iv ided  into two s ta g e s . A t the begin
n ing , ex c itab ility  d e c re a s e d  q u ite  rap id ly , but 
on checking  ex c itab ility  a t one-m inute intervals 
the  g ra d u a lity  of th is  p ro c e s s  w as read ily  seen. 
At the  n in th  m inute of n a rc o s is ,  w hen  excita
b i l i ty  d e c re a se d  to  55%, it su d d en ly  dropped 
to  z e ro . T h is tra n s i t io n  fro m  g ra d u a l  change

to ab so lu te  d isappearance of conducting effect is  a s  p o s tu la te d  b y  our theory. 
It co rre sp o n d s  to a  drop in  the  cu rv e  of ex c itab ility  below  the b ise c tr ix  
(from  curve  IV to cu rve  V , s e e  F ig u re  137) and to  the  t r a n s i t io n  from  a 
n o ndecrem en ta l conduction to  sp re a d in g  w ith d e c re m e n t, w h ich  cannot be 
o bserved  a t  such a fa r  d is tan ce . O u r in s tru m en t a llow ed  fo r  reg is te rin g  
of m anifo ld  in c re a se s  in e x c ita tio n ; how ever, no s tim u li  cou ld  now cause 
conduction without d ec rem en t. T h is is  the  ab so lu te  r e f r a c to r y  period*.

Two m inutes a f te r  the o n se t of th is  p e rio d , the n a rc o tic  ac tio n  was 
m inute in- 
once with a 
a  consider- 
ag re e s  with

e lim inated  (second a rro w ), and the  th re sh o ld  w as checked  a t 1 
te rv a ls .  A s seen from  F ig u re  139, A, e x c ita b ility  re tu rn e d  a t  
s im ila r  sharp  peak as seen  a t  i t s  d isap p ea ran ce  b e fo re , and  to  
able level, ve ry  c lose  to  the  in i t ia l  one (about 55%), T h is  a lso  
the re q u ire m e n ts  of the th e o ry . At th a t m om ent, the  e x c ita b il i ty  curve
again touched the b is e c tr ix  (F ig u re  137, cu rve  IV) a t  the  s a m e  po in t at which 
it d eparted . At th is  stage  the  ab so lu te  r e f r a c to ry  p e rio d  i s  r e p la c e d  by the 
re la tiv e  re f ra c to ry  p e rio d . D uring  the  la t te r ,  conduction  e ffe c t m ay b e  ob
ta ined , but fo r th is  a s tro n g e r  e x c ita tio n  is  re q u ire d . L a te r , excitability

* It w ill b e  shown la te r  th a t d u rin g  th is  phase the  n e rv e  r e a l ly  responded 
to loca l excitation , sp read in g  w ith  d ec rem en t, w hich m ay b e  recorded 
by the e le c tro d e s  loca ted  n e a r  the  s ite  of s tim u la tio n  (see  F ig u re  148).
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grad u a lly  in c re a s e d  and fin a lly  reach ed  the in itia l lev e l. C onsequently , 
the re c o v e ry  cu rv e  is  c h a ra c te r is t ic  in th a t it  does not d ep a rt g rad u a lly  
from  the ze ro  le v e l bu t r i s e s  a lm o s t v e rtic a lly .

FIGURE 139. Change of exc itab ility  
of n e rv e  a f te r  n a rc o s is  and r e s to r a 
tio n  (acco rd in g  to  N asonov and 
R o z e n ta l1, 1952)

A, B —2% ch lo ro fo rm ; C —10% eth y l 
alcohol; D —am m onia; E —1% ethy l 
e th e r ;  F —change in  ex c itab ility  of 
the  n e rv e  on sp read in g  of an  im pulse  
(acco rd in g  to  L ucas, 1913). The a r 
row s desig n a te  beginning and end of 
n a rc o tiz a tio n .

In F ig u re  139, B , a  com m on situ a tio n  is  d e sc rib ed , w here a f te r  a 
sho rt in c re a se  in  e x c ita b ility  the  n e rv e  rap id ly  e n te rs  a s ta te  of n a rc o s is . 
In th e se  cond itio n s, on tra n s i t io n  to  n a rc o s is  it  is  d ifficu lt to d ifferen tia te  
betw een the  re la tiv e  and abso lu te  r e f ra c to ry  p e rio d s , bu t the dividing line 
betw een th e se  p e r io d s  is  v e ry  c le a r ly  seen  during re p a ir .  The sam e s itu a 
tion o ccu rs  a f te r  the  ac tio n  of e th e r  (F ig u re  139, E), but h e re  the  stage of 
in c rea sed  e x c ita b ility  is  e n tire ly  absen t. I t is  highly probable th a t th is  
stage is  not o b se rv e d  h e re  b e c a u se  the  p ro c e s s  of n a rco tiza tio n  is  too rapid*.

In the p ro c e s s  of r e p a i r ,  ex c itab ility  not only re a c h e s  the in itia l level 
hut som ew hat ex ceed s  it  (F ig u re  139, B). T h is freq u en tly  observed  pheno
menon m ay be co m p ared  w ith  the  exalta tio n  phase of V vedenskii, w hich the 
B ritish  au th o rs  c a ll  su p e r -n o rm a l.

* F rö h lic h  (1904) w as a lso  unable to  d em o n stra te  a stage  of in c rea sed  
ex c itab ility  w ith  e th e r  n a rc o s is , w hile a  num ber of au tho rs had p rev ious
ly  o b se rv ed  it w ith o th e r  n a rc o tic s  (E fron , 1885; Gad, 1888, 1889; 
V vedenskii, 1901 and o th e rs ) .
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F ig u re  139, C , D, i l lu s t r a te s  n a rc o tiz a tio n  by 10% e th y l alcohol and 
by am m onia v a p o rs . T he sam e  s ta g e s  of n a rc o s is  o c c u r  a s  w ith  chloro
fo rm . F i r s t  th e re  is  a  s ta te  of in c re a se d  e x c ita b ility  (e sp e c ia lly  manifest

245 due to  NH3), follow ed by a r e la t iv e  re f ra c tiv ity  c h a ra c te r iz e d  by a gradual 
d e c re a se  in  ex c itab ility . L a te r , th e re  is  a sudden co m p le te  disappearance 
of the  effect, co rresp o n d in g  to  the  abso lu te  r e f r a c to ry  p e rio d . H ere, as 
in the  case  of c h lo ro fo rm , r e s to ra t io n  of ex c itab ility  o c c u rs  suddenly, with

ial level, fo llow ed by g ra d u a l  re tu rn  to

In o u r opin ion , th e r e  i s  no basic 
d ifference  be tw een  the  phenom ena ob
se rv ed  when the  n e rv e  f ib e r  em erges 
from  the  r e f r a c to ry  s ta te  during  stable 
and propagating  ex c ita tio n . The differ
ence is  p u re ly  q u a n tita tiv e . In the first 
c a se , the  ac tio n  of the ex c itan t is  a pro
tra c te d  one, and the  phenom enon itself 
la s ts  tens of m in u te s  and ev en  more. 
In the second  c a s e , th e  a c tio n  of the 
agent is  v e ry  s h o r t- l iv e d  and  relatively 
in ten se , and th e re fo re  the e n tire  process 
i s  m e a su re d  in  m ill is e c o n d s .

F ig u re  139, F ,  sh ow s (fo r com
p ariso n ) a cu rv e  of the  change of ex
c ita b ility  of the  n e rv e  on em erg ing  from 
the  excita tio n  s ta te . It is  no t difficult 

to see  the s im ila r ity  be tw een  th is  cu rve  and the p ic tu re  of re s to ra tio n  after 
n a rc o s is  (com pare  F ig u re  139, E  and F ). The w hole p ro c e s s  of rep a ir is 
a lso  divided into abso lu te  and re la tiv e  r e f ra c to ry  p e r io d s . H e re  the curve 
of ex c itab ility  a lso  r i s e s  a lm o s t p e rp e n d ic u la rly  to  th e  a b s c is s a ,  and does 
not d ep a rt from  it g ra d u a lly  a s  m ight have been  ex p ec ted . A nd, finally, 
h e re  too, as in  the c a se  of n a rc o s is ,  ex c itab ility  is  s o m e tim e s  re sto red  
only to  the  in itia l level, bu t in  c e r ta in  c a se s  ex ceed s  the  la t te r ,  passing 
into a  s ta te  of h y p e re x c ita b ility . P re v io u s ly  it  had b e e n  show n th a t in both 
c a s e s  th e se  s im ila r  phenom ena can  b e  g iven the  sa m e  exp lanation .

R ecently , independently  of u s , and on the b a s is  of p u re ly  em pirical 
data, Bullock and T u rn e r  (19 50) cam e to the sa m e  c o n c lu s io n s , working 
w ith iso la ted  giant n e rv e  f ib e r s  of the ea rth w o rm  L u m b ric u s  t e r r e s t r i s , 
M ar p h y sa , and the decapod P a n u l i ru s . F ig u re  140 s c h e m a tic a lly  illustra tes 
th e ir  experim en t, w h ere  in  add ition  to  the  e x c ita to ry  e le c tro d e s  (P) there 
a re  a  p a ir  of tapping e le c tro d e s  I, and a t a  c e r ta in  d is ta n c e  f ro m  them  a 
p a ir  of tapping e le c tro d e s  II.

In the reg ion  of the  e le c tro d e s  I the  n e rv e  w as su b jec ted  to  the action 
of v a rio u s  agents w hich in h ib it ex c itab ility  (n a rc o tic s , r e  ex  c i tâ t  ion, direct 
c u rre n t) . The lev e l of th e  p eak  changed w ith tim e  in  the  m a n n e r  described 
above. At f i r s t  a g ra d u a l d e c re a s e  in  i ts  am plitude  (I, 1-3) w a s  seen, but 
conduction of the im p u lse  to  the  d is ta l  e le c tro d e s  of the  no n n arco tized  region

246 w as p re se rv e d  (II, 1-3). T h is  p h ase  c o rre sp o n d ed  to  the  r e la t iv e  refractory 
phase of n a rc o s is . On fu r th e r  deepening of n a rc o s is  the  p ic tu re  changed 
sh a rp ly , a f te r  the v a lue  of th e  p eak  d e c re a sed  by 25% fro m  th e  in itia l value. 
Conduction of the im p u lse  to  th e  d is ta l  e le c tro d e s  (II) c e a se d  and  only a 
loca l e ffect w as seen in  the  n a rc o tiz e d  reg ion  (I, 4, 5), and w h ich  gradually 
faded away

a jum p 
no rm al.

| i approx im ate ly  to  the  ini

140. Schem e of con d u e-FIGURE
tion  of a n e rv e  im pulse  th ro u g h  a 
n a rc o tiz e d  se c to r  in  an  iso la te d  
n e rv e  f ib e r  (acco rd ing  to B u llock  
and T u rn e r , 1950)
F o r  explanation see  tex t.
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T hus, the re q u ire m e n ts  of the th eo ry  concerned  w ith changes in ex 
c itab ility  of the  n e rv e  on n a rco tiza tio n  w ere  fully confirm ed .

C onduction of Im pulse w ith D ecrem en t 
in a N a rco tized  N erve

The p rev ious ch ap te r  d isc u sse d  in d e ta il the question  of how, from  
the point of view  of the th e o ry  of g rad u a l conduction, n a rc o s is  would affect 
the excita tion  wave p ass in g  along the n e rv e . It has been  sa id  that the theory  
p o stu la tes two su c c e ss iv e  p h ase s  of ac tio n  of the n a rc o tic . In the f ir s t  phase 
(re la tiv e  r e f r a c to ry  period ) n a rc o s is  only d im in ish es  the  am plitude of p ro 
pagating im pulse  and in c re a s e s  the th re sh o ld  (low er excitab ility ), whereupon 
sp reading  w ill o c c u r w ithout d ec rem en t. If only a  s e c to r  of the nerve  is 
n a rco tized , th en  the  im p u lse  th a t has reach ed  th is  s e c to r  through the no rm al 
f ib e r  should d e c re a s e  in am plitude on en te rin g  into the narco tized  region, 
hut w ill continue to  sp read  w ithout d ec rem en t. On em erg ing  from  the n a r 
cotized reg io n , the  am plitude  of the  im p u lse  w ill re tu rn  to norm al, c o r r e s 
ponding to  the  im p u lse  of the n o rm a l f ib e rs .

On fu r th e r  deepening of n a rc o s is  th is  f i r s t  p e rio d  abruptly  p a sse s  
into the second o n e —the  ab so lu te  r e f ra c to ry  period . At th is  stage the nerve 
at once lo ses  i t s  ab ility  to  conduct im p u lse s  w ithout decrem en t. While m ov
ing, the value of the im p u lse  rap id ly  d e c re a s e s  and only a sm all lim ited 
a re a  is  involved in  the ex c ita tio n . The n e rv e  lo ses  its  ab ility  to conduct 
excita tion  w ithout d e c re m e n t, and m ay respond  only by a local reac tio n  to 
any s tim u lu s , no m a tte r  how strong .

H ow ever, a  sh a rp  jum p from  one phase to the o th e r m ay be expected 
only in  the ca se  of an iso la te d  f ib e r . W orking with a nerve  consisting  of 
many f ib e rs , th is  tra n s i t io n  should be m o re  g rad u a l, since  in the in te rm ed i
ate s ta g e s  of n a rc o s is  so m e of the f ib e rs  e a s ily  succum b to the effect of the 
n a rco tic . They s ta r t  to  p a s s  into the abso lu te  re f ra c to ry  period and conduct, 
at the  beginning w ith  a  m ild , and subsequen tly  with a m o re  and m o re  steep 
decrem ent. T h is  g ra d u a l a d m ix tu re  of l e s s  exc ited  f ib e rs  c re a te s  the 
im p re ss io n  of a g rad u a lly  in c re a s in g  d e c re m e n ta l conduction in the en tire  
n e rv e . W ith d eep e r n a rc o s is  a l l  the f ib e rs  should conduct the stim ulus 
with a  m o re  o r  le s s  steep  ex c ita tio n  d ecrem en t.

T his is  w hat could be expected  th e o re tic a lly . What is  o bserved  in 
fac t?

At the  tu rn  of the  c e n tu ry , num ero u s p ap e rs  ap p ea red  in  w hich the 
au tho rs (in th e  m a jo r ity  of c a s e s  on the  b a s is  of in d ire c t evidence), supported 
the th e o ry  th a t conduction  of im p u lses , in  the n a rco tized  nerve , o ccu rred  
with, d ec rem en t (S zpilm an and L usch in g er, 1881; D endrinos, 1901; B oru ttau  
and F rö h lic h , 1904; Lodholz, 1913; L ucas, 1913, 1917; V erw orn, 1914; 
V orontsov, 1931; R ezvyakov, 1930, 1934). The m ain  argum ent c ited  in favor 
of th is  th e o ry  w as the  o b se rv a tio n  m ade by a num ber of in v es tig a to rs , that 
under o th erw ise  equal cond itions, a long se c to r  of the  nerve  is m o re  rapidly 
n arco tized  than  a  sh o r t  one (Szpilm an and L u sch in g er, 1881; V erigo , 1899; 

247Fröhlich, 1904 and  o th e rs ) .
B esid e s  th is  m ain  concep t o th e rs  w ere  a lso  postu la ted . Thus, B oruttau 

and F rö h lic h  (1904) show ed th a t when a n e rv e  w as n a rco tized , th e re  was a l
ways a  g r e a te r  negative  o sc illa tio n  of the c u rre n t of r e s t  in  the reg ion  c lo se r
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to the ex c ita to ry  e lec tro d e , than in the  m o re  d is ta l  s e c to r s .  L ucas (1913) 
postu la ted  that change in the in te rv a l of sum m ation  in  d iffe ren t s e c to rs  of 
the  n arco tized  nerve  ind ica tes the ex is te n c e  of an e x c ita tio n  decrem ent. 
F in a lly , in o rd e r  to confirm  the p re se n c e  of d e c re m e n t during  n a rco s is  
it w as sa id  that the n arco tized  n e rv e  w hich cea sed  to  re sp o n d  to  excitation 
began again to re a c t when stim u lu s in te n s ity  was in c re a s e d . T h a t in  this 
case  the action of c u rre n t loops w as not a con tribu ting  fa c to r  w as proved by 
the fact that the effect ceased  on c o n s tr ic tio n  of the n e rv e , o r  on pressure
applied to it.

Length of chamber (mm) Length of chamber (mm)

FIGURE 141. R elationship  betw een 
the  lim it length of the n a rco tized  
segm ent of the nerve , and dura tion  
of narco tiza tio n

A —ethy l alcohol (according to 
V erigo , 1899; B —ethyl alcohol (a c 
cord ing  to F ro h lich , 1904); C —te m 
p e ra tu re  of 37° C (according to 
M akarov , 1932); D—m echan ical 
p r e s s u re  (according to M akarov, 
1939); E , F —th e o re tic a l cu rve  (a c 
cord ing  to Nasonov and R ozen ta l', 

248 1952).

It seem ed  th a t the  fac t of de
c re m e n ta l conduction  of an  excitatory 
im p u lse  by a n a rc o tiz e d  n e rv e  was 
w idely accep ted . H ow ever, th is 
question  w as re v is e d  a f te r  a series 
of in v estig a tio n s by the  Jap an ese  
physio log ist K ato (1924, 1934) and 
h is  c o -w o rk e rs .

Kato is an  e x tre m e  supporter 
of the th eo ry , in o u r  opinion an e r
ro n eo u s one, th a t e x c ita tio n  occurs 
e n tire ly  acco rd in g  to  the " a l l  or none” 
law . T h e re fo re , a  p r io r i ,  he denied 
the  p o ss ib ility  of d e c re m e n ta l con
duction, m ain ly  on th e  g rounds that 
such  a  conduction b a s ic a l ly  con tra
d ic ts  the above law (K ato, 1924). He 
a ttem p ted  to p ro v e  h is  point by many 
ingenious e x p e r im e n ts  on isolated  
n e rv e  f ib e rs  (K ato, 1934).

The influence of K ato ’s works 
on p h y sio lo g is ts  w as so m arked , 
th a t som e of the  fo llo w ers  of the 
"d e c re m e n ta l1' th e o ry  of conduction 
r e t r a c te d  th e ir  p re v io u s  opinions in 
p rin t)  (D avis, F o rb e s ,  B runsw ick 
and  H opkins, 1926). The solution to 
the problem  of im p u lse  conduction 

during n a rc o s is  was thought to  be the  concept of nondec re m  e n ta i conduction 
(H einbecker, 1929; Lanczos, 1930; D av is , F o rb e s , B ru n sw ick  and Hopkins, 
1926; T asak i, 1939 and o th ers).

Among V vedenskii's fo llo w ers  th e re  is  no a g re e m e n t on th is  problem . 
W hile V orontsov (1931) and R ezvyakov (1930, 1934) e x p re s s  th em se lv es  in 
favor of the decrem ent th eo ry , U khtom skii (1927) (if only on the  b a s is  of 
th e o re tic a l considera tions), re je c te d  d e c re m e n ta l conduction . M akarov 
(1932) c ite s  data both in  favor of and a g a in s t the  two oppo site  po in ts of view.

What then a re  the a rg u m en ts  a g a in s t d e c re m e n ta l conduction  during 
n a rc o s is  ?

One of the m ost convincing s tu d ie s  in  favor of d e c re m e n t w as one 
dealing with the effect of the length of th e  n a rc o tiz e d  n e rv e  seg m en t on the 
speed of onset of nonconductivity in  th is  segm en t. V erig o  (1S99) studied 
th is  re la tio n sh ip  in a nerve  n a rc o tiz e d  by  alcohol and c h lo ro fo rm  vapor, 
and he w as the f ir s t  to  e x p re ss  it g ra p h ic a lly  in  the fo rm  of a  cu rv e
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(F ig u re  141, A). L a te r , the sam e re la tio n sh ip  w as s tud ied  by F rö h lic h  
(1904) for the ac tion  of e th e r  on the n e rv e  of a frog . F ig u re  141, В show s 
a  cu rv e  plotted from  h is  da ta , M akarov (1932, 1939) s tud ied  the  effect of 
th e  length of the n e rv e  segm en t on sp eed  of onset of n o n ex c itab ility  under 
th e  influence of high te m p e ra tu re  (37°C). F ig u re  141, C shows a  curve 
p lo tted  from  h is  data. In addition, M akarov o b served  the  sam e re s u lts  
u n d e r  the influence of m ech an ica l p re s s u re  (by p la te s  of v a rio u s  lengths) 
on th e  nerve (F ig u re  141, D).

The four c a se s  m en tioned  a re  c h a ra c te r iz e d  by v e ry  s im ila r  cu rv es , 
the  two lines of w hich ap p ro ach  a sy m p to tica lly  2 m utually  p e rp en d icu la r 
s tra ig h t lin es . The lo w er asym pto te  is  p a ra lle l  to  the a b sc is sa , located 
a t a  distance of 10 m in u tes  from  it*.

Verigo (1899) d rew  a tten tio n  to the fact th a t a  s im p le  in v e rse ly  
p ro p o rtio n a l re la tio n sh ip  betw een the length of the segm en t and duration  
of n a rc o s is  is  not c o r re c t ,  and th a t th is  re la tio n sh ip  is  obviously m ore  
com plicated . The only fa c t w hich in h is  opinion m ay be deduced is  that 
the  length of the  n e rv e  segm en t co n sid e rab ly  a ffec ts  the speed of n a rc o tiz a 
tio n  of sho rt seg m en ts  (app rox im ate ly  up to  5 m m ), th is  dependence being 
ex trem e ly  sligh t fu r th e r  on. M akarov (1932, p.136), s ta ted  th is  dependence 
a s  follow s: "E x p e rim en ts  w ith heating  v a r io u s  lengths of the sam e  n e rv e s  
of one frog have shown th a t if the h ea ted  a r e a s  of the n e rv e s  w ere  not longer 
th a n  8-10 m m , conductiv ity  d isap p ea red  la te r ,  the s h o r te r  the heated  a rea . 
H ow ever, in c re a se  of the h ea ted  a r e a  o v e r 10 mm did not affect the tim e 
of d isappearance  of conductiv ity .

F inally , Kato (1924, 1934), experim en ting  w ith  iso la ted  f ib e rs  and 
w ith  whole n e rv e s , o b se rv ed  the sam e re g u la r ity . W orking with sm a ll 
segm en ts of a  n e rv e  (in ch am b ers  le s s  th an  S m m  in length) the dependence 
of speed  of n a rc o s is  on the length of the segm ent w as c le a r ly  defined, but 
a s  soon as  Kato used  la rg e r  segm en ts (ch am b ers  longer than  1 cm ) con
duction  ceased  independently  of the length of the n e rv e  segm ent. Since Kato 

Z4B w as an ex trem e su p p o rte r  of the " a l l  o r  none" law he w as obliged at a ll 
c o s ts  to re fu te  the ex is ten ce  of d ec rem en t during n a rc o s is . T hat is  why 
he w as also  fo rced  to re fu te  the re la tio n sh ip  speed of n a rc o s is  to  the  length 
of th e  nerve segm ent. He co n sid e red  th is  dependence to  be an a r tifa c t, 
explained by the fact th a t in  sm a ll c h a m b e rs  the d iffusion g rad ien t of the 
n a rc o tic  substance  a ffec ts  the  n e rv e  th roughout its  en tire  length. It should 
be said , how ever, th a t even acco rd in g  to  h is  su p p o rte rs  such a s  D avis, 
F o rb e s , B runsw ick  and H opkins (1926), Kato p re sen ted  no d ire c t co n firm a
tio n  of th is  explanation . But a t the sam e tim e , h is  fu r th e r  experim en ts 
w hich  w ere aim ed a t re fu tin g  the  th e o ry  of d ec rem en ta l conduction w ere 
p e rfo rm ed  w ith la rg e r  n e rv e  seg m en ts , i .e ., in the reg ion  w here accord ing  
to  th e  data of V erigo  (1899), F rö h lic h  (1904), M arakov (1932) and o th e rs , 
th e  dependent re la tio n sh ip  betw een the tim e  of n a rc o s is  and length of the 
n e rv e  is  a lm ost nonex isten t.

* In the p ap er by V erigo  (1899) the u p p er b ra n c h  of the cu rve  (F ig u re  141,A) 
approaches a sy m p to tica lly  a c e r ta in  s tra ig h t line p a ra lle l  to the  o rd inate , 
rem oved from  it by ap p ro x im ate ly  2 m m . H ow ever, th is  w as not con
firm ed  by la te r  s tu d ie s , and as shown in F ig u re  141, the u p p er b ran ch  
of the cu rve  ap p ro ach es  a sy m p to tica lly  d ire c tly  to  the o rd in a te  ax is , in 
the  data of a l l  the o th e r a u th o rs .
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T hese  data  nave been  an a ly zed  in  de ta il, s in c e  they  w e re  the  source 
of K ato 's  m a in  e r r o r .  He a ssu m e d  that in those c a s e s  w h ere  it  occurs, 
decrem en t during n a rc o s is  w as re la te d  to  the d iffusion  g ra d ie n t of the nar
cotic substance  at the edge of the  ch am b er.

How can th is  p e c u lia r  re g u la r i ty  be exp lained , a c c o rd in g  to  which 
the re la tio n sh ip  betw een the sp eed  of n a rc o s is  and the  leng th  of the  nerve 
segm ent is  read ily  o b se rv ed  in  sh o r t  segm en ts and is  p ra c t ic a l ly  nonexist
ent in long ones ?

M akarov (1932) p o s tu la ted  th a t th e se  phenom ena seem in g ly  contradict 
the ideas of d e c re m e n ta l conduction  of an im pulse  in  a  n a rc o tiz e d  segment. 
We shall a ttem p t to  show th a t no such  co n trad ic tio n  e x is ts .

We w ill a ttem p t to d e s c r ib e  the s e r ie s  of ch an g es  in  the  v a lue  of the 
im pulse peak on p assag e  th rough  a n e rv e  segm en t in v a ry in g  s tag es  of 
n a rc o s is . T his m ay be done q u ite  ob jectively , s ta r t in g  fro m  th e  two basic 
p o stu la tes, nam ely , th a t the  e le c tr ic  re sp o n se  re a c t io n  of th e  n e rv e  is  al
ways g rad u a l and m ay be e x p re s s e d  by ax S -shaped  cu rv e  (F ig u re  137), 
and th a t sp read  of im p u lse s  in th e  n e rv e  o ccu rs  by an  e le c tr ic  m echanism  
accord ing  to the  p rin c ip le  of " s m a ll  c u rre n ts "

F ig u re  142 shows a  sc h e m a tic  illu s tra tio n  of a n a rc o s is  cham ber 
through w hich n e rv e  ab is  d raw n . It is  a ssu m ed  th a t the  w hole n e rv e  seg
m ent w ithin the cham ber is  even ly  n a rc o tiz e d  w ithout a d iffu sio n  gradient 
at the edge of the  ch am b er, axd th a t each  n e rv e  f ib e r  b e c o m e s  gradually  
n arco tized , su ccess iv e ly  p a ss in g  the s tag es  c h a ra c te r iz e d  by exc itab ility  
cu rves from  I to  IX (F ig u re  137).

A ccord ing  to  the th e o ry  of " s m a ll  c u r re n ts " ,  any n e rv e  seg m en t on 
being s tim u la ted  becom es e le c tro n e g a tiv e  in  re la tio n  to  th e  a d ja c e n t non
stim u la ted  segm ent. Due to  th is  fac t, an e le c tr ic  c u r r e n t  a r i s e s ,  closing 
the n e rv e  o u tside  in  the d ire c tio n  fro m  n o n stim u la ted  to  s tim u la te d  segment. 
T h is c u r re n t s tim u la te s  the  r e s t in g  segm ent, a s  a r e s u l t  of w hich  the la tte r 
becom es e lec tro n eg a tiv e  in  re la t io n  to  the follow ing n o n s tim u la te d  one and, 
in  i ts  tu rn , s tim u la te s  the  la t te r ,  and so on.

L e t us now im agine th a t an  im p u lse  w as p ro p ag a ted  a long  a  norm al 
n e rv e , reach in g  the b o rd e r  of th e  ch am b er. The e x c ita b ility  of such  a 
n e rv e  is  c h a ra c te r iz e d  by cu rv e  I (F ig u re  137), and the. v a lu e  of i t s  peak 
(ng) w ill equal 26,3 a r b i t r a r y  u n its .  L e t u s  a s su m e  th a t the  n e rv e  segment 
(F ig u re  142) is  n a rco tized  to  a  d e g re e  c o rre sp o n d in g  to  cu rv e  V (F ig u re  137). 
T h is cu rv e  is  g iven se p a ra te ly  in  F ig u re  143. It l ie s  below  th e  b is e c tr ix  
and th e re fo re  the im pulse  shou ld  sp re a d  w ith d e c re m e n t. S ince  the  value 

гы of the peak of the  la s t  healthy  seg m en t is  26,3, the  f i r s t  n a rc o tiz e d  segment 
is  su b jec ted  to  a stim u la tio n  eq u a l to  26.3. In o r d e r  to  find  the  re sp o n se  
re a c tio n  of th is  segm ent, we ta k e  26.3 on the a b s c is s a  and on th e  ordinate 
find the value of the re sp o n se  re a c tio n , w hich is  16.5 (F ig u re  143). This 
w ill be th a t in tensity  of e le c tr ic  re sp o n se  w hich w ill be d ev e lo p ed  by seg
m ent I (F ig u re  142), ac tin g  on th e  ad jacen t segm en t 2. In o r d e r  to  find the 
re sp o n se  re a c tio n  of th is  se g m e n t we take  the va lue  of 16.5 on th e  absc issa  
of the  cu rve  (F igu re  143) and on the  o rd ina te  find th e  value of 13.7. In a 
s im ila r  way we find the  value fo r  e ach  segm ent: fo r  3 — 12.1, f o r  4 —11.1, 
fo r 5 -1 0 .4 ,  fo r 6 - 9 .8 ,  fo r  7—9.3 , fo r  8 - 8 .8 ,  fo r  9—8.3, fo r  10—7.9, for 
1 1 -7 ,3 ,  fo r  1 2 -6 .7 , fo r  1 3 - 6 ,0 ,  fo r  1 4 -5 ,2 , fo r  15—4,1 , fo r  1 6 - 2 ,8 ,  for 
17—1.3, fo r  18—0,4 and fin a lly  fo r  19—0,1,

Taking su c c e ss iv e  se g m e n ts  on the  a b s c is s a  of F ig u re  142 and the 
co rresp o n d in g  v a lu es  of re s p o n s e  re a c tio n s  on the  o rd in a te , w e construc t
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curve  V, d e sc r ib in g  the  change in v a lue  of the  e le c tr ic  peak on p assag e  of 
an im pulse  w ith d e c re m e n t along the n a rc o tiz e d  n e rv e  segm ent. As seen  
from  F ig u re  142, such an  im p u lse  w ill not leave the ch am b er, fading away 
in it. The cu rv e  of th is  fad ing  away is  e x tre m e ly  c h a ra c te r is t ic . At the 
beginning, the value of the  peak  fa lls  rap id ly , subsequently  form ing a c e r 
ta in  p la teau , and fina lly  it steep ly  ap p ro a c h e s  the a b s c is s a . T h is is  the 
cu rve  of an  im p u lse  in  the  d e c re m e n ta l s ta g e  of n a rc o s is  {absolute r e f r a c 
to ry  period ).

Distance from beginning of chamber (arbitrary units}

FIG U RE 142. T h e o re t ic a l  cu rv es of change 
of the  v a lu e  of the  im p u lse  a fte r  i t s  passage  
th ro u g h  a  n a rc o tiz e d  n e rv e  segm en t (acco rd 
ing to  N asonov and R ozen taT , 1952)

R e c tan g le—sch em a tic  i l lu s tra tio n  of n a rc o ti
zation  c h a m b e r; a b —conducting f ib e r .
F o r  o th e r exp lan a tio n s s e e  tex t.

In a s im ila r  way the  curve  of th e  im pulse  is  co n stru c ted  in the stage 
of n o n d ecrem en ta l conduction during  n a rc o s is  ( re la tiv e  re fra c to ry  period). 
L et u s  im agine th a t the  n e rv e  segm en t is  n a rco tized  to  a condition c o r r e s 
ponding to  cu rv e  III, F ig u re  137, T h is  cu rv e  is  i l lu s tra te d  sep a ra te ly  in 
F ig u re  144,

We a lre a d y  know th a t  an  im p u lse  reach in g  the cham ber by propagation 
along a healthy  n e rv e  h a s  a  peak  of 26 ,3 , and th e re fo re  th is  w ill be the value 
of excita tio n  of seg m en t 1 of the  n a rc o tiz e d  nerve . Taking 26,3 on the ab 
s c is s a  of F ig u re  144, we find  the v a lue  of the re sp o n se  reac tio n  of th is  seg 
m ent to be 19.2. F ig u re  144 show s the  segm ent of the  curve located  below 
the b is e c tr ix ;  co n sequen tly , fu r th e r  sp re a d  of the im pulse  should occur 
with d ec rem en t, u n til the  im p u lse  w ill r e a c h  the  point of in te rsec tio n  of the 
curve w ith  th e  b is e c tr ix .  T h e re fo re  using  the  sam e m ethod of g raph ica l 
de te rm in a tio n  of the v a lue  of the  m oving peak  we find th a t segm ent 2 w ill 
give a  sm a lle r  v a lu e —17.3, segm en t 3—16.3, segm en t 4—15.7, segm ent 5— 
15.4, segm en t 6 — 15,2. T he subsequen t ones w ill, by in fin ites im al dec rease , 
approach the  co n stan t value 15.0, co rresp o n d in g  to  the  point of in te rsec tio n  
of the  cu rve  w ith  the  b is e c tr ix . F u r th e r  on, the peak  w ill be m ain tained  at
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252 the sam e leve l and curve  III (F ig u re  142) w ill ru n  p ra c t ic a l ly  parallel· to 
the a b sc is sa . Thus, a n o n d ecr em en ta l sp read  of im p u lse  on a  low er level 
w ill be achieved inside the  n a rc o tic  ch am b er (see  c u rv e  III, F ig u re  142),

Magnitude of stimulation (arbitrary units)

FIGURE 143. E xcitab ility  cu rv e  
(cu rve  V, F ig u re  137) acco rd in g  
to  w hich a th e o re tic a l cu rv e  of 
change of the value of th e  im p u lse  
(cu rve  V, F ig u re  142) is  c o n s tru c 
ted  (according to  N asonov and 
R o zen ta l1, 1952)

Magnitude of stim ulation (arbitrary units)

FIGURE 144. E x c ita b ility  curve 
(cu rve  III, F ig u re  137) according 
to  w hich th e  th e o r e t ic a l  cu rve  of 
change of v a lu e  of th e  im pulse  
(cu rve  III, F ig u re  142), is  con
s tru c te d ; (acco rd in g  to  Nasonov 
and R o z e n ta l1, 1952)

Having reached  the  b o rd e r  of the  ch am b er (seg m en t 25) a t  a  constant 
leve l of 15.0, the im pulse  w ill b eg in  to  s tim u la te  the  n e a r e s t  n o rm a l nerve 
segm en t located  outside the  c h a m b e r  (segm ent 26). T he e x c ita b ility  of 
th is  segm ent is c h a ra c te r iz e d  by cu rv e  I (F ig u re  137). T h is  cu rv e  is  illus
tr a te d  sep a ra te ly  in F ig u re  145. A s tim u lu s  of v a lue  15.0 w ill g iv e  here a 
re sp o n se  reac tio n  of 20.3, w hereby  we a r r iv e  a t a seg m en t of th e  curve 
lo ca ted  above the b is e c tr ix  and consequently  ob tain  an  in c re m e n t in  impulse. 
Indeed, a  stim ulus of 20.3 w ill cau se  a  re sp o n se  of 24 .2 , the  l a t t e r  will 
give 25.8, then 26.2 and su b seq u en tly  a  s e r ie s  of v a lu e s  w ill follow , infini
te s im a lly  approaching the  co n stan t value of 2 6 .3—the  po in t of in te rsec tion  
of th e  curve w ith  the b is e c tr ix . The co u rse  of th is  r i s in g  se g m e n t of curve 
Ш is d esc rib ed  in the r ig h th an d  p a r t  of F ig u re  142. It c a n  be seen  here 
th a t a f te r  leaving the ch am b er the  im pulse  s ta r t s  to  m ove w ith  a  steep  in
c re m e n t un til it re ach es  i ts  in i t ia l  lev e l w hich is  26.3.

Using th is  g raphic m ethod , c u rv e s  of the  change of v a lu e  of propagat
ing im pulses fo r a ll tho se  s ta g e s  of n a rc o s is  m ay o b jec tiv e ly  b e  constructed 
w ith  excitab ility  cu rves d e s c r ib e d  in  F ig u re  137 (fro m  I to  IX).

Using the above g ra p h ic  m ethod  a  curve of change m ay  b e  constructed 
of the  peak, a f te r  above - th re s h o ld  and sub th re sh o ld  s tim u la tio n  o f the norm 
al n e rv e . F ig u re  146, A show s an  S -shaped  e x c ita b ility  c u rv e  of the nerve, 
w hose th resh o ld  is  5.0. Upon s tim u la tio n  equal to  5.2, a  r e s p o n s e  of 5.4 
o ccu rs  in segm ent 1. S tim u la tio n  of 5.4 w ill c a u se  a re sp o n se  of 5.8 in  seg
m ent 2, e tc . A ccording to  th e s e  n u m b ers  the c u rv e  a  in  F ig u r e  146, B, is 
construc ted , describ ing  the  in it ia l  change of the v a lu e  of the  sp read in g  peak 
following an ab o v e-th resh o ld  s tim u la tio n .

Subsequently, a su b th re sh o ld  stim u lu s (4.8) i s  g iven , and a  curve of 
decrem en ta l sp read ing , of a  sub th re sh o ld  loca l re a c t io n  (b) i s  th u s obtained.
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A t the beginning of cu rv e  a, a c e r ta in  la te n c y  is  seen  w ith a  sm a ll in c re a se  
in  the  peak and then  a s teep  r i s e  to  the  v a lu e  of the  constan t peak (= 20). 
A t the beginning of th is  c h a p te r  it w as m entioned  th a t Hodgkin (1933), 
studying the ap p ea ran ce  of ex c ita tio n  in  the  n e rv e  f ib e r  of the c ra b  observed , 
p u re ly  e m p ir ic a lly , phenom ena w hich a r e  ex ac tly  rep ro d u ced  by our th e o re ti
c a l c o n s id e ra tio n s . F o llow ing  a b o v e -th re sh o ld  stim u la tio n , the excita tion  
a r is in g  in H odgkin 's ex p e rim en t a lso  p a sse d  th rough  a  sh o rt la tency  at f ir s t .

2SS A fte r  th is  the ex c ita tio n  ra p id ly  in c re a se d , reach ing  constan t d im ensions 
of the  peak  (F ig u re  146, C , c u rv e  a). S ub th resho ld  excita tion , a s  in  our ex
p e r im e n ts , sp re a d  w ith  a  d ec rem en t (F ig u re  146, C , cu rve  b).

In F ig u re  142 two phases  sharp ly  
divided fro m  each  o th e r a re  seen. In the 
f i r s t  p h ase  (from  I to  IV) the im pulse  fe ll 
s te ep ly  to  a  c e r ta in  leve l and continued w ith 
out d e c re m e n t. L eaving the cham ber, it 
in c re a se d  steep ly  to  the in itia l leve l and 
sp re a d  fu r th e r  w ithout change. On fu rth er 
deepening of n a rc o s is , the course  of the 
im p u lse  changed  sh a rp ly  and the second 
phase fo llow ed—spread ing  with decrem ent 
(from  V to  IX). The f i r s t  phase a t once 
p a sse d  in to  th e  second, as soon as the ex 
c ita b ility  cu rv e  on F ig u re  137 fe ll below, 
the  b is e c tr ix .

F ig u re  142 shows th a t im pulses moving 
in  a c c o rd a n ce  w ith cu rv es V -IX fade before 
reach in g  th e  b o rd e rs  of the cham ber. How
e v e r , i t  is  e a sy  to  understand  th a t in  sh o rte r  
c h a m b e rs  even  an  im pulse  sp reading  w ith 
d e c re m e n t m ay tu rn  out to  be an above
th re sh o ld  one at the  end of the cham ber and

Magnitude o f stimulation (arbitrary units)

FIGURE 145. E x c itab ility  
cu rv e  (cu rve  I, F ig u re  137) 
acco rd in g  to  w hich the  r is in g  
p a r t  of cu rve  Ш , F ig u re  142, 
is  c o n stru c ted  (acco rd in g  to  
N asonov and Rozental·1, 1952)

then , upon leav ing  the ch am b er, w ill b eg in  to  move w ith increm ent tô its  
in i t ia l  level.

R eg en era tio n  of th is  kind of im p u lse  w hich p rev iously  d ec reased  in 
th e  reg io n  of n a rc o s is ,  a f te r  i ts  ex it in to  th e  n o rm a l reg ion  of the nerve, 
w a s , in  fac t, o b se rv ed  by B ullock  and T u rn e r  (1950) on giant iso la ted  nerve 

254 f ib e r s  of c e r ta in  w o rm s and  c ru s ta c e a n s .
If a  dotted  h o riz o n ta l lin e  is  d raw n  on F ig u re  142 at the leve l of the 

th re sh o ld  (in o u r c a se  4.5) i t  i s  not d ifficu lt fo r  each  of our cu rv es (from  
V to IX) to  find  a  length  of a  ch am b er a t w hich th e  im pulse  w ill not fade but 
w ill be ab le , a f te r  leav ing  the  c h a m b e r , to  in c re a se  back to  the in itia l value 
and to  m ove on fu r th e r  w ithou t d e c re m e n t. T h is  length  is  de term ined  by 
the  in te rse c tio n  of the c u rv e s  w ith  the  h o riz o n ta l leve l of the th resho ld . 
An im pulse  running  acco rd in g  to  cu rv e  V w ill be able to  p a ss  through a 
cham ber not lo n g er than  14.7. F o r  cu rv e  VI the lim it of the length  of the 
cham ber is  8.9, fo r  cu rv e  VU—5.5, fo r  c u rv e  VIII—2.7 and finally, fo r 
cu rve  IX—1.0,

T h is is  how our th e o ry  ex p la in s  the  re la tio n sh ip  betw een depth of 
n a rc o s is  and leng th  of the  n a rc o tiz e d  seg m en t of the n e rv e . The m a jo rity  
of in v e s tig a to rs  e x p re s s  th e  fo rm e r  b y  th e  tim e  lim it of n arco tiza tio n  during 
w hich the  im p u lse  can s t i l l  p a s s  th ro u g h  a  cham ber of a  c e r ta in  length.
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They give dependence c u rv e s  fo r  th is  tim e  re la te d  to  len g th  (F ig u re  141), 
We can a lso  co n stru c t such  a cu rv e .

FIGURE 146. C o n stru c tio n  of sp read in g  c u rv e s  of a b o v e -th re sh o ld  
and sub th resho ld  im p u lses

A —th e o re tic a l cu rve  of e x c ita b ility  of the conducting f ib e r . T he  
v e r tic a lb ro k e n lin e s  s ta r t in g  from  the th re sh o ld  (5.0) c o r re s p o n d  
to  a  num ber of su c c e ss iv e  v a lu es  of the  sp read in g  ex c ita tio n  (peak) 
from  one segm ent of the  f ib e r  to  the following one. T o  the  r ig h t 
of the  th resh o ld  th e re  a r e  v a lu es  of the in c re a s e  in  e x c ita tio n  (in 
c rem en t) a f te r  excita tio n  by a  s tim u lu s  exceeding th e  th re s h o ld  by 
4% (5.2). To the le ft of the  th re sh o ld  a re  the v a lu e s  of d e c re a s in g  
excita tion  (decrem en t) a f te r  ex c ita tio n  4% below th e  th re s h o ld  (4.8). 
B —th e o re tic a l  cu rv es d raw n on the  b a s is  of the  p re v io u s  d a ta :  
a —in c rem en t of sp read in g  ex c ita tio n  a f te r  an  a b o v e - th re sh o ld  
stim u la tio n  (5.2); b —d e c re m e n t of sp read ing  e x c ita tio n  a f te r  sub- 
th re sh o ld  stim u la tio n  (4 ,8).
C —cu rv es  from  the p a p e r  by Hodgkin (1938): a —o s c illo g ra m  of 
in c re m e n ta l sp read  of ex c ita tio n  a s  a re s u lt  of an  a b o v e -th re sh o ld  
s tim u la tion ; b —o sc illo g ra m  of a  d e c re m e n ta l sp re a d  of ex c ita tio n  
as  a re s u lt  of a  su b th re sh o ld  s tim u la tio n  (A, B, a cco rd in g  to  
N asonov and R o zen ta l1, 1952).

L et us im agine th a t deepening  of n a rc o s is  ta k e s  p lace  m o re  o r  less 
re g u la r ly , and acco rd in g ly  the  ex c itab ility  cu rve  (F ig u re  137) d e c re a s e s  
in  a unit of tim e  by m o re  o r  le s s  the  sam e d is tan ce . In F ig u re  137 such 
a  sca le  is  given in the fo rm  of the  c a lib ra te d  seg m en t r l .  E a c h  d iv ision  of 
the sca le  w ill be a r b i t r a r i ly  d es ig n a ted  a s  a m inu te . In th a t c a s e ,  on grad
ual deepening of n a rc o s is , cu rv e  I w ill occupy the  p o s itio n  of c u rv e  II after 
5 m inu tes, of cu rv e  HI a f te r  8 m in u te s , of cu rv e  IV ( ta n g e n tia l to  the b i
se c tr ix )  a fte r  10 m in u te s . A fte r  th a t, sp read ing  w ith  d e c re m e n t w ill begin. 
A fte r 11 m inu tes the cu rv e  w ill occupy position  V , a f te r  12 m in u te s  position 
VI, a f te r  14 m in u tes  p o s itio n  VII, a f te r  18 m inu tes p o s itio n  V III, and finally, 
a f te r  25 m in u tes  positio n  D i. We have a lre a d y  se e n  th a t th e  l im i t  length of 
the ch am b er th rough  w hich an  im p u lse  moving acco rd in g  to  c u rv e  IV may
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pass i s  in fin ity , for cu rv e  V it  is  14.7, fo r  cu rv e  V I—8,9, fo r cu rve  VII,— 
5.5, fo r cu rv e  V III—2,7 and fina lly , for cu rve  IX—1,0,

On the  b a s is  of th e se  d a ta  cu rve  E m a y b e  c o n stru c ted  on F ig u re  141, 
with a sig n ifican ce  id en tica l to  the 4 o ther e m p ir ic a lly  obtained cu rv es p re 
sented in the sam e  fig u re . It has been  m entioned  above that, accord ing  to 
P .O . M akarov, th ese  c u rv e s  co n trad ic t the h y p o th es is  of d ec rem en ta l con
duction of an  im p u lse  during  n a rc o s is . H ow ever, we have ju s t seen  that 
not only is  th e re  no co n trad ic tio n , but, on the c o n tra ry , the decrem en tal 
theo ry  p o stu la te s  such a  cu rv e  and consequently  i s  com ple te ly  confirm ed 
by the ex p e rim en t.

F ig u re  141 show s th a t the low er b ranch  of the 4 em p irica lly  obtained 
cu rv es does not ap p ro ach  ze ro  but to  a c e r ta in  line  p a ra lle l  to  the ab sc issa , 
rem oved from  it by a c e r ta in  d is tan ce . The m eaning of th is  w ill be under
stood if the th e o re tic a lly  obtained curve  (E) w ill be p re se n te d  in  the form 
of cu rve  F  (F ig u re  141), w h ere  the  a b s c is s a  in d ica te s  tim e , and the  o rd i
na te—the length  of the n a rc o tiz e d  segm ent. C urve  F  shows th a t during the 
f ir s t  ten  m in u tes  of n a rc o s is  the  length  of the n a rc o tiz e d  segm ent of the 
nerve th rough  w hich an im p u lse  m ay p a s s  equals  in fin ity . In o th e r w ords, 
th is  in d ica te s  nondec re m  en ta i conduction (period  of re la tiv e  re frac tiv ity ). 
.After 10 m in u te s  a second  p e rio d  s e ts  in im m ed ia te ly , during which the 
im pulse  m ay p a s s  only th ro u g h  a  cham ber of a g iven  length (decrem enta l 
conduction c h a ra c te r is t ic  of the  abso lu te  r e f ra c to ry  period).

2Ss T hus, on p u re ly  th e o re t ic a l  c o n sid e ra tio n s  we com e to the  conclusion
that, g iven t im e , a  n a rc o tiz e d  n e rv e  f ib e r  should p a ss  through two stages, 
the f i r s t  of w hich is  c h a ra c te r iz e d  by nondecr ein en ta i conduction with a 
p ro g re ss iv e ly  d im in ish in g  am plitude  of the peak, w hile the second is  c h a ra c 
te r iz e d  by conduction w ith  a  p ro g re s s iv e ly  in c re a s in g  decrem en t. However, 
a c le a rc u t tra n s i t io n  be tw een  th e se  two s tag es  m ay be expected in its  pure 
fo rm , while w ork ing  e ith e r  w ith  a  single f ib e r  o r  w ith a  nerve  of a m ore  or 
le ss  hom ogenous co m position  of f ib e rs . If, how ever, we con sid er a m ixed 
nerve  co n sis tin g  of f ib e r s  m ark ed ly  d iffering  from  each  o th e r in sen sitiv ity  
to the  n a rc o tic , th en  a t the  e a r ly  s tag es  of n a rc o tiz a tio n  d ifferen t fibers 
w ill s ta r t  to  p a s s  into th e  d e c re m e n ta l stage . A s a re s u lt ,  a t the beginning, 
weakly e x p re s se d  s ig n s of d e c re m e n t a re  o b served , becom ing in creasin g ly  
s tro n g er w ith  t im e . T he e x p e rim e n t com pletely  co n firm ed  our assum ptions 
(Nasonov and R o z e n ta l1, 1952).

The s c ia tic  n e rv e  of a  frog  w as used in  the  ex p erim en t. An isolated  
nerve w as p laced  on 3 p a ir s  of s tim u la tin g  e le c tro d e s , a, b, c '(F igure  147), 
on a grounded p la te  d and on. a  p a ir  of reco rd in g  e le c tro d e s  e. E ach pair 
of s tim u la tin g  e le c tro d e s  c o n s is te d  of a fo rk - l ik e  p la te  of the anode, in the 
m iddle of w hich a  w ire - l ik e  cathode w as p laced . The two poles w ere  con
nected by a r e s i s to r  on w hich a  grounded in d ic a to r  w as moving. These 
e lec tro d es d e sc rib e d  by A verbakh  and Nasonov (1950), toge ther w ith the 
grounded p la te , e n tire ly  e lim in a ted  the c u r re n t loops on the o sc illo g ram s. 
The d is tan ce  betw een  neig h b o rin g  cathodes of the  s tim u la ting  e lec tro d es , and 
between the  e le c tro d e  c and the  ex trem e  re c o rd in g  e lec tro d e , w as 15 mm*. 
All e le c tro d e s  w ith the  n e rv e  ly ing on them  w ere  p laced  inside a desicca to r, 
which se rv ed  as a  m o is t ch am b er fo r  n a rc o s is  (see  F ig u re  138). The 
streng th  of s tim u la tio n  in  a ll  c a se s  w as such th a t fu r th e r  streng then ing  did

* In ex p e rim en t no, 1 the  d is tan ce  betw een each p a ir  of s tim u la ting  e lec
tro d es  w as 17 m m  and in  ex p erim en t no. 2-20 m m .
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256 FIGURE 147. Schem e of a p 
p a ra tu s  fo r p lacing  the e lec  - 
tro d e s  inside the  cham ber 
fo r the study of d ec rem en ta l 
conduction during n a rc o tiz a 
tion  of the n e rv e (a cc o rd in g  
to  N asonov and R ozen tal’, 
1952)
a, b, c -d is ta l ,  m iddle and 
p ro x im a l stim u la tin g  e le c 
tro d e s ; d-grounded  p late ; 
e - re c o rd in g  e le c tro d e s ,

not cause  a no ticeab le  in c re a s e  of th e  peak. T he n e rv e  w as to ta lly  n a r 
co tized , w hich en tire ly  excluded  the  p re sen ce  of a d iffu sion  g ra d ie n t of the 
n a rco tic .

T he ex p e rim en ts  w e re  p e r fo rm e d  in the 
fo llow ing  m anner. The n e rv e , p laced  on the 
e le c tro d e s ,  w as in tro d u ced  in to  th e  m o ist 
c h a m b e r  and the  th re sh o ld s  of ex c itab ility  
w e re  d e te rm in ed  u n til th e y  b ecam e  constant. 
Subsequen tly , the o s c i l lo g ra m s  of the  im pulses 
a r r iv in g  from  the (c) p ro x im a l, (b) m iddle 
and (a) d is ta l  e le c tro d e s  w e re  photographed. 
L a te r ,  200 m l of 9% ethy l a lco h o l w e re  poured 
on to  th e  bottom  of the  c h a m b e r . U sually , 
n a rc o tiz a tio n  un d er th e se  co n d itio n s  in  alcohol 
v a p o rs  is  so fa s t th a t the  o s c i l lo g ra m s  cannot 
be pho tographed  in the  c o u rs e  of th e  developing 
n a rc o s is ,  and the study  h as  to  be l im ite d  to the 
p ic tu re s  of r e s to ra tio n  fro m  n a rc o s is * . Sub
seq u en tly , at v a rio u s  tim e  in te rv a ls  from  the 
beg inn ing  of n a rc o tiz a tio n , p ic tu re s  of the o s
c il lo g ra m s  w ere  tak en  of the p e a k s  a rr iv in g  
su c c e s s iv e ly  from  the  3 s tim u la tin g  e lec tro d es, 
and th e  th re sh o ld  of e x c ita b ility  f ro m  the  d istal 
e le c tro d e  (a) w as s im u ltan eo u s ly  de te rm ined . 
N a rc o s is  w as stopped by t r a n s f e r r in g  the lid 
of th e  v e s s e l ,  w ith a ll the  e le c tro d e s  and the 
n e rv e  ly ing on them , to  a n o th e r v e s s e l  of the 
sa m e  d im ensions, on the  bottom  of w hich 100 m l 

of p u re  R in g e r 's  so lu tion  w as p re v io u s ly  poured . Study of th e  p ro c e s s  of 
n e rv e  re s to ra tio n  w as conducted  in  the  sam e way.

Subsequently , p re c is e  m e a su re m e n t w as c a r r ie d  out by a  p lan im eter 
of a l l  the a r e a s  of the p^aks on the  o sc illo g ra m s . T he r e s u l t s  of these  
ex p e rim en ts  a r e  shown in  T ab le  42. In a ll , 14 such  e x p e r im e n ts  w ere  p e r 
fo rm ed  and 86 s e r ie s  of o s c i l lo g ra m s , each  from  th e  3 e le c tro d e s ,  w ere 
p re p a re d  and m easu red .

F ro m  T ab le  42 it  f i r s t  of a l l  fo llow s th a t b e fo re  n a r c o s i s  th e  a rea s  
of the  peaks fro m  the p ro x im a l, m id d le  and d is ta l  e le c tro d e s  d if fe r  from 
each  o th e r  in  the  d ire c tio n  of l a r g e r  o r  sm a lle r  v a lu e s , by no t m o re  than 
10%. T h is  is  ap p ro x im ate ly  the  a c c u ra c y  of o u r m ethod . V e ry  soon  after 
beginning of n a rco tiza tio n  a  sh a rp ly  e x p re sse d  d e c re m e n t of conduction 
a p p e a rs , w hich in  the m a jo r i ty  o f c a s e s  co n sid e rab ly  ex ceed s  th e  lim its  of 
p robab le  e r r o r  and is  w ell o b s e rv e d  both at the  beg inn ing  and  tow ard  the 
end of the n a rc o tic  s tage .

F ig u re  148 i l lu s t r a te s  the  s ta g e s  of n a rc o tiz a tio n  pf one f ro g  nerve . 
In the  f i r s t  h o rizo n ta l row  of th e  le f t  hand half, o s c i l lo g ra m s  a r e  shown 
w hich w e re  tak en  b e fo re  n a rc o tiz a tio n , from  the  m idd le  and  th e  d is ta l  
e le c tro d e s  (the o sc illo g ra m  fro m  th e  p ro x im al e le c tro d e  w as sp o ilt) . Not
w ithstanding  the  fac t th a t peak  a  w a s  15 m m  lo w er th a n  p e a k  b , i t s  a re a  
equal s the  la t t e r  (w ith 5% d if fe re n c e , w hich is  w ith in  th e  l im i t  of

* In  e x p e rim e n ts  nos. 2 and  14 w e su cceed ed  in  ob ta in ing  th e  co m p le te  
p ic tu re  of b o th  e n try  in to  and e x it from  the  n a rc o tic  co n d itio n .
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e x p e rim e n ta l e r r o r ) .  T he d e c re a s e  in  i ts  height is  com pensated  by the 
"widening of i ts  b a se  (d isp e rs io n  of v e lo c itie s  of m ovem ent of im p u lses  in 
d iffe ren t f ib e rs).

Developm ent o f n a rc o tiiw io n

T im ^ h 
in m in

R ec o v e ry  from  n a rco tiza tio n  

E lectrodes

e b a c b

E lectrodes

FIGURE 148. O sc illo g ra m s  taken  during  stim u la tio n  of the 
n e rv e  fro m  the p ro x im a l (c), m iddle  (b), and d is ta l (a) 
e le c tro d e s  (acco rd in g  to  N asonov and R o zen ta l1, 1952) 
The pho tog raphs w e re  taken  a t d iffe ren t tim e s  a fte r  the be
ginning and end of n a rc o tiz a tio n .

S ubsequently , n a rc o s is  w as g iven and 5 m in u tes  la te r  3 o sc illo g ram s 
(seco n d  row) w e re  tak en . H e re  ex c itab ility  d e c re a sed  by 20%, the to ta l 
v a lue  of the  peak  a r e a s  d e c re a se d  co n sid e rab ly  and a  w e ll-m ark ed  d ecrem en t 
a p p e a re d  (from  c to  b —30%, fro m  b to  a —19%), A fte r 1 m ore  m inute, ex
c ita b il i ty  d e c re a se d  by a  fu r th e r  13%, the a r e a  of the peaks a lso  d im inished, 
the  d e c re m e n t in c re a se d  even m o re  (th ird  row in F ig u re  148), decrem ent 
fro m  c to  b eq u a ls  40%, fro m  b to  a —48%), L a te r , 8 m inutes a fte r beginning 
of n a rc o tiz a tio n  (fo u rth  row ) ex c itab ility  le ssen ed  (48%), d ec rea se  of the 
a r e a  o f the  p eak s and in c re a s e  in  d ec rem en t (46 and 60%) continued a s  w ell. 
At th e  d is ta l  e le c tro d e  (a) the  peak  w as h a rd ly  d isce rn ab le , while a t the 
p ro x im a l one (e) it  w as qu ite  w e ll m a rk ed . E leven  m in u tes  from  beginning 
of n a r c o s i s  (fifth  ro w ),th e  peak  w as c le a r ly  seen  at th e  p ro x im al e lec tro d e  
(c) and  w as m is s in g  a lto g e th e r  a t the  m iddle  (b) and the  d is ta l ones (a). 
S ta r tin g  from  th is  point ( a f te r  10 m in u tes), a ll  the  f ib e r s  p a sse d  from  the 
f i r s t  s ta g e  of n a rc o s is  in to  the  second , and the  im p u lses  could sp read  only 
w ith  d e c re m e n t, being th e re fo re  lim ited  to a  lo ca l effec t. F in a lly , a f te r

247



15 m inu tes ( la s t  row), even the  s tro n g e s t  s tim u li cou ld  not r e s u l t  in ap
pearance  of peaks on e ith e r  of the  e le c tro d e s .

A fte r th a t, n a rc o s is  w as d iscon tinued  and the  n e rv e  t r a n s fe r r e d  into 
a m o ist ch am b er fre e  of a lco h o l v a p o rs . As w ill be seen , in the  f ir s t  row

259 on the rig h t hand half of F ig u re  148, a sm a ll peak a p p e a re d  2 m in u tes  after 
th is t r a n s fe r  on the p ro x im al e le c tro d e  (c) and a  b a re ly  n o ticeab le  one on 
the m iddle one (b). On the d is ta l  (a) e lec tro d e  th e re  w e re  no t r a c e s  of any 
peak. A fte r 4 m inu tes, p eak s  w e re  seen  on a ll  th re e  e le c tro d e s  w ith a 
m arked  d ec rem en t (from  c to  b —42.8%, from  b to a —46.6%). F u r th e r , the 
p a tte rn  w as r e s to re d  in the  r e v e r s e  o rd e r  with r e s p e c t  to  a l l  indexes, and 
53 m inu tes a f te r  c e ssa tio n  of n a r c o s i s  (fifth row ), e x c ita b ility  re tu rn ed  to 
the in itia l leve l (100%), and th e  d e c re m e n t p ra c tic a lly  d isa p p e a re d  (from
c to b it equals  6%, from  b to  a —0%). The a r e a s  of the  peak s in c re a se  1,5 
tim es  in co m p ariso n  w ith  the  in i t ia l  a r e a s ,  but fo r the  t im e  being  no con
clusions can be draw n fro m  th is .

F ig u re  149 shows e x c ita b ility  c u rv e s  and peak  a r e a s  a t th e  3 electrodes 
during n a rc o tiz a tio n  of a f ib e r  in  ex p e rim en t no. 2 (T ab le  42). At the be
ginning, a g rad u a l d e c re a se  of e x c ita b ility  is  o b se rv e d  c o rre sp o n d in g  to 
the f i r s t  phase of n a rc o s is , and subsequen tly , when th is  d e c re a s e  exceeds 
50%, th e re  is  a  sudden d rop  of e x c ita b ility  to  ze ro , in d ica tin g  th e  beginning 
of the  second  phase . C o m p a riso n  of th is  cu rve  w ith c u rv e s  of the  change 
in peak values shows th a t w hile  the  peak d isa p p e a rs  only  a t the distal 
e lec tro d e , the m iddle and the  p ro x im a l peaks a r e  s t i l l  p re s e n t .  This 
is  the  phase when n o n d ec rem en ta l conduction d is a p p e a rs , bu t local 
sp read  w ith  d ec rem en t s t i l l  ta k e s  p lace , m an ifested  by the  p re se n c e  of 
peaks on the  2 p rox im al e le c tro d e s .

When the nerve  e m e rg e s  fro m  n a rc o s is , a ll th e se  ch an g es  occur in 
the opposite o rd e r .

T hus, the  ap p ea ran ce  on the  o sc il lo g ra m s  of a  c le a r ly  e x p re sse d  de
c rem en t w ith onse t of a  n a rc o s is ,  and  its  d isa p p e a ra n ce  a f te r  n a rc o s is , 
a re  beyond doubt. It h as  a lre a d y  b e e n  m entioned  th a t d e c re m e n t w as ob
se rv ed  in  a ll  e x p e rim e n ts  p e rfo rm e d  by us (see  T ab le  42). H ow ever, in 
o rd e r  to  prove its  r e a l  ex is te n c e  it  i s  n e c e s s a ry  to  d isp ro v e  th o se  objections 
w hich w e re  ra is e d  by v a r io u s  p h y s io lo g is ts . T h e re  a r e  2 m a in  objections. 
The f i r s t  i s  th a t a  d iffusion  g ra d ie n t of the  n a rc o tic  along the  n e rv e  should

260 alw ays e x is t  a t the b o rd e r  of the  c h a m b e r  used  fo r n a r c o s is ,  w hich  may 
re s u lt  in  the  d ec rem en t of co n d u c tio n  o b served  in  the  e x p e rim e n t. Total 
narco tiza tio n  of the  n e rv e , w h ich  is  p o ssib le  only on o sc il lo g ra p h ic  record
ing of the d ec rem en t, e n tire ly  ex c lu d es  th is  ob jec tio n  in  o u r  experim ents.

The second ob jec tion  i s  b a s e d  on s ta t is t ic a l  c o n s id e ra tio n s . It is 
assum ed  th a t the  n e rv e  f ib e r  i s  no t hom ogeneous th ro u g h o u t i t s  e n tire  
length  in re la tio n  to  r e s is ta n c e  to  n a rc o s is ,  and th a t w ith  su ffic ien tly  deep 
n a rc o s is , d iffe ren t s e c to r s  m ay s to p  conducting im p u lse s , w hile  in te r 
m ediate  seg m en ts  s t i l l  conduct th em . In a  segm en t of a w hole n e rv e  con
sisting  of m any f ib e rs , th e  p ro b a b ili ty  of the  e x is te n c e  of su ch  blocked 
segm ents w ill be g r e a te r ,  the  lo n g e r  the  seg m en t. T h e re fo re , on p a ss
age th rough a sh o rt n e rv e  se g m e n t th e  o v e ra ll im p u lse  w ill d ro p  by a  small
e r  value th an  on p assag e  th ro u g h  a long segm ent. T h is  su p p o sed ly  causes 
the w rong im p re ss io n  of the  e x is te n c e  of d e c re m e n t in  the  conduction  of 
im p u lses  by f ib e rs . T h is  a p p a re n t d ec rem en t w ill b e  c a u se d  only  fo r statis
t ic a l  re a s o n s , depending on th e  fa c t th a t the lo n g er th e  n e rv e  segm ent, 
the g re a te r  the n um ber of f ib e r s  w hich  w ill go out of ac tion .
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C ondu c tio n  o f  Im pulse w ith  D e c re m e n t in  a. N arco tised  N erve
{ acco rd ing  to  N asonov  and  R ezent a ? , 1952)

T a b le  42

jM
a. 

οί
 

ex
pe

ri
m

en
t

T im e

®

Fxcit ab il - 
icy o f
in i t ia l ja t  
th e  d isral 
e lec tro d e

®

Атеаэ of peaks (вл 
in i tia l area):

of ®  D ec rem en t (%)

c, 
proximal 

®

b, 
middle 

®

a, 
distal 
®

from 
c to b

®

from  
b to a

®
Before narcosis 100,0 100.Ü 99.5 96.4 o,so 3.2
Following cessation of

narcotization, after;
5 min 64*0 36.0 33.5 23*2 7.0 30.8
7 ” 70*4 57.2 49*4 38.1 13*5 22,87

Before narcosis 100*0 - 100,0 95,0 — 5*0
Following the beginning of

narcotization, after:
5 min 79 ,9 66.· ί 46.9 38,0 29.4 19,0
6 Ir 66.6 5 i J 30.7 16*0 40*0 47.6
S " 48*0 27,0 14.6 5.8 46.0 SO.O

11 " 0*0 21.9 0.0 0.0 100.0 —
11,5 11 0,0 16,8 0.0 0.0 100.0 -
15 " 0.0 14*6 0.0 0.0 100,0 —

Following cessation of
narcotization, after:

2 min 0,0 8.75 1.46 0,0 83,5 1ÛÛ.0
4 Ir 37*12 54.8 31.5 16*9 42*5 46.4
a if 54 ,Ξ 102*2 30.3 60.0 21*5 25*4

28 hr 85.7 135.0 113.1 88,0 16,3 22.2
55 hr 100.0 159*0 150,0 150,0 5*7 0*0

Before narcosis 100*0 100*0 107.3 97,5 -  7,3 9.2
Following cessation of

narcotization, aftei :
6 min 54*7 50.0 27.0 15,0 46*0 44*5
8 Ir 60.2 70.1 42.6 27.0 39*3 36.7

10 " 66*9 80*0 60.0 35.0 25.0 41.7
Before narcosis 100.0 100.0 108.9 105,7 -  8*9 3.0
Following cessation of

narcotization., after:
6 min 64*3 67.4 65.2 62*5 3,3 4.2
7 Ir 69.2 89,4 88.9 77*1 0*56 13.3
9 Ir 7 5 .0 127,7 127,7 112.3 0*0 12.3

19 " 100.0 132Д 136.5 136.1 -  3,3 0,3
Before narcosis 100.0 100.0 102,1 108,8 ™ 2*1 -  6.5
Following cessation of

narcotization, after: ?
2 min 65.0 15.5 14.25 19*7 8.1 32.0
6 rh 65.0 44*3 40,2 25*4 9-3 36.9
7 h' 76.7 67.5 6t*6 46*5 8*7 24.6

14 " 108*1 124.0 133*0 134*0 -  7*2 -  0.75
Before narcosis 100.0 100*0 107.9 106,1 -  7*9 1.7
Following cessation of

narcotization, after:
2,5 min 45.5 70-9 63.0 40*0 11.2 36*5
3.5 " 50.0 104.8 87.7 57.0 16*4 35.0
5.5 " 55*5 120.0 98*5 94.0 18*0 9,6

8.5 11 62.5 132*1 129*2 118*5 2*3 8*3
iL S " 100.0 131.0 126.0 129*1 3*9 -  2.5
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© ©

© © © ®
7 Before narcosis 

Following cessation of 
narcotization, after;

loo .o 100,0 96.8 103.4 3_2 — 6,5

1^5 min 30,0 82,6 63.8 39.3 22.9 38.4
2.5 Ir 333 1203 110.6 89,8 8 3 18.5
3 3  ” 43,0 157.5 1633 142.5 -  4.0 B .l

3 Before narcosis 
Following cessation of 

narcotization, after:

100.0 100.0 933 93,6 6.4 0.0

3 min 50,0 56.0 32.3 19.35 4 2 3 40.1
4 ” S 53 593 49.5 24.65 16.4 50.3
5 11 6 2 3 68.7 60.2 40,9 12Л 32.1
7 ” 6 6 3 88,1 76,4 48.4 1 3 3 36,7

10 " 7 1 3 783 78.5 6 4 3 0.0 17.S
15 " 83,6 89.2 933 65.5 -  4.8 30.0

9 Before narcosis 
Following cessation of 

narcotization, after:

100.0 100.0 100.0 105,6 0.0 -  5,6

5 min 43,0 64.0 533 303 16.8 43.1
10 Before narcosis 

Following cessation of 
narcotization, after:

100.0 100.0 104.1 96.0 — 4.1 7.8

2 min 30.4 373 123 10.81 66.5 13.5
3 '1 50.0 583 35.0 25.8 40.0 263
4 ” 5 7 3 83.4 75.0 41,6 10.0 44,5
5 " 5 7 3 92,5 79,0 65.0 14.6 17,7
6 " 66.8 91.7 873 873 4 3 0

12 ’■ 80.0 983 96.0 96.8 2,6 -  0.8
11 Before narcosis 

Following cessation of 
narcotization, after:

100.0 loo.o 973 97,3 2,7 0.0

1 min 60.0 54.7 53,8 38.7 1.6 28,1
4 11 60.0 56.5 56.5 43,4 0,0 23.2

12 ’1 fio.o 50,1 48,1 44.4 4.0 7.7
12 Before narcosis 

Following cessation of 
narcotisation, after:

100,0 100,0 103,0 100,0 -  3.0 3,0

6 min 453 35.4 26.3 15.4 25.7 413
6 3  11 57.2 41.5 36.9 213 11.1 41.8
7 11 57.2 77,0 63.1 41.5 18.0 343
7.5 " 6 2 3 87.7 80.0 57.0 8,8 28.8
8 3  " 68.S 101.5 98.5 57.0 3.0 423
9.5 " 6 8 3 109,0 104.5 46,2 4.1 55.8

103 " 76.0 1523 118.4 106.0 22.3 103
123 " 76.0 133,8 127,5 1123 4.7 11,8
16.5 lf 85.5 143,0 141.5 126.2 1.1 103
203 μ 853 137.0 137.0 131.0 0,0 4,4

13 Before narcosis 
Following cessation of 

narcotization, after:

100.0 100.0 99,2 913 0.8 8.0

В min — 14.8 13.9 113 6.0 18.7
12 " 25.0 24.4 18.25 13,2 2 5 3 27.7
14 " 44,5 18.25 18.25 13,2 0.0 27,7
17 " 50.0 16,5 14.8 12,2 10,7 173
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Notes: 1. In experiment dq. 14φ10ϊρ alcohol caused complete narcosis only after repeated narcotization.
2, The minus sign designates increment (or increase of the area).

® ® ® ©
® ® ® © ®

14 Before narcosis
Following the beginning of 

narcotization, after;

100.0 100.0 101.2 99.0 — 1.2 2.2

11 min 38.5 72.5 65.0 52.2 10.3 19,7
19 "

Following cessation of 
narcotization, after:

38.5 63.6 57.4 47,0 9.8 18.1

1.5 min 16.65 14,7 10.2 2,58 30.6 74.7
3 20.8 59.3 49,0 26.5 17.4 45,9
4 22.7 61.2 53.0 35.0 13,4 34.0
S 27.8 69.0 62.5 37,0 9.4 40.8
6 r' 31.3 85.4 70.0 47.0 18.0 32,9

12 50.0 75.6 63.7 61.8 15,8 3.0
20 73.0 51.0 42.0 44,6 17,7 -  6.1
30 100.0 44.0 37.0 38.2 14.5 -  1.6

T his ob jec tion  i s  re fu te d  by d a ta  c ited  by B ullock  and T u rn e r  (1950) 
in th e ir  s tu d ie s  on s in g le  f ib e rs . F ig u re  127 shows th a t at a  c e r ta in  stage 
of n a rc o s is  the  am plitude  o f the  p eak s on the p ro x im al p a ir  of e lec tro d es 
(I) i s  co n sid e rab ly  la r g e r  than  on the d is ta l  one (Π). At a s till  deeper 
n a rc o s is , the  p ro x im a l e le c tro d e s  re c o rd  only a m onophasic peak, while 
the d is ta l e le c tro d e s  show no peak a t a ll . D ecrem ent is obvious h e re . It 
is  se lf-e v id e n t th a t s ta t is t ic a l  c o n sid e ra tio n s  re la tin g  to  a  n e rv e  consisting  
of a  la rg e  n u m b er of f ib e r s  a r e  not app licab le  h e re .

We have e a r l i e r  g iven  a  sh o rt rev iew  of the  l i te ra tu re  on conduction 
of im p u lse s  by a  n a rc o tiz e d  n e rv e  segm en t. We sh a ll now attem pt to  show 
how th ese  c o n tra d ic to ry  d a ta  re la te  to  the  fac ts  and conclusions a r r iv e d  a t 
by u s .

In e a r ly  p a p e rs  on th is  questio n  num erous au th o rs  concluded, on the 
b a s is  of in d ire c t d a ta , th a t during  n a rc o s is  im p u lses  sp read  w ith decrem ent. 
L ucas d e sc rib e d  th is  d e c re m e n t in  the  fo rm  of a s tra ig h t line  (F ig u re  150,A) 

26la n d  V erw orn  d e sc r ib e d  it  in  the  form  of a  c u rv ilin e a r  re la tionsh ip  (F igure  
150, B). A cco rd ing  to  the  la t t e r  au th o r, if the im p u lse  is  h igher th an  the 
th resh o ld  of the  healthy  n e rv e  on reach in g  the end of the cham ber, it  im 
m edia te ly  ju m p s to  the  in i t ia l  value. In the  opposite c a se , the im pulse 
does not leav e  th e  ch am b er. T h e re  is  no doubt now th a t a ll  th ese  au tho rs 
d ea lt with the  second  p h ase  of n a rc o s is , when the m a jo r ity  of f ib e rs  s ta r te d  
to  conduct im p u lse  w ith  d e c re m e n t. In th is  c a se  the lim it  length of the n a r 
co tized  n e rv e  seg m en t shou ld  depend on the tim e  o r on the depth of n a rc o s is . 
The f i r s t  phase of n a rc o s is  in  w hich th e re  is  only a  d e c re a se  in  the  leve l of 
the im pulse  could  have b e e n  overlooked  by the  au th o rs , since  in  the m a jo rity  
of c a s e s  they  judged the d e c re m e n t by co n trac tio n  of the  m usc le .

The study  of dependence of the  tim e  of n a rco tiza tio n  on the  length of 
the ch am b er, a s so c ia te d  w ith  the p rob lem  of d ec rem en t, h as  le d  to  the e s 
tab lish m en t of the  ru le  e x p re s s e d  by the cu rv es  g iven in  F ig u re  141. It has 
been  shown above th a t c u rv e s  of th is  type m ay th e o re tic a lly  be deduced on 
the b a s is  of o u r th e o ry  of "g ra d u a l"  exc ita tio n . F ro m  the  co u rse  of these  
cu rv es it  w ill be seen  th a t the  tim e  of n a rc o s is  depends on the length  of the 
n arco tized  n e rv e  seg m en t, w hich is  w ell e x p re ssed  in  sh o rt segm en ts and
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becom es v e ry  sm a ll and p ra c t ic a l ly  in d isce rn ib le  in long o n es . According 
to the  d a ta  of P . O. M akarov  th is  dependence m ay be seen  in seg m en ts  up 
to 10 nam long but not in  lo n g e r o n es .

T im e  (m ln ) a fter beginn ing o f  narcotization

FIGURE 149. C hange in  e x c ita b ility  of
(1) the n e rv e  and  of the  value of peak s fro m  
the p ro x im a l (2), m idd le  (3) and d is ta l  (4) 
e le c tro d e s  on e n try  into, and ex it of the  
n e rv e  from  n a r c o s i s  (acco rd ing  to  N asonov 
and R o z e n ta l ', 1952).
The a r ro w  in d ic a te s  te rm in a tio n  of n a rc o s is .

Kato (1924) a lso  o b se rv ed  (p u re ly  em p ir ic a lly ) , th a t in c h a m b e rs  not 
lo n g er than 6 m m  the dependence of tim e  of n a rc o s is  on th e  len g th  of the 
n a rc o tiz e d  n e rv e  segm en t is  w e ll seen , while in  lo n g e r c h a m b e rs  th e re  is 
no su ch  re la tio n sh ip . He ex p la in ed  th is  fac t by the  e x is te n c e  of a  diffusion 
g ra d ie n t o f th e n a rc o tic  d rug  and  he began to w ork  e x c lu s iv e ly  w ith  large 
c h a m b e rs , i .e ., he c re a te d  co n d itio n s under w hich it  is  p r a c t ic a l ly  im pos
sib le  to  prove the ex is te n c e  of d e c re m e n t in  the seco n d  phase of n a rco s is , 
u sing  a  n e rv e  m u sc le  p re p a ra tio n  f ro m  a  frog . U nder su ch  ex p erim en ta l 
cond itions Kato could o b se rv e  only  th e  f i r s t  p h ase  of nondec r e m  en ta i con
duction, a f te r  w hich, in h is  op in ion , conduction s to p s  a b ru p tly .

In r e a l i ty , how ever, th e re  i s  conduction w ith  d e c re m e n t in  th is  phase, 
and it  can  be o b served  e ith e r  w ith  sh o r t  s e c to rs  of a  n a rc o tiz e d  n e rv e , or 
re c o rd in g  the d ec rem en t, not b y  th e  m u sc u la r  re a c t io n  but d ire c t ly  by o s
c illo g rap h y . A s a lread y  m en tio n ed , K a to 's  s ta te m e n t th a t th e  d ecrem en t 
in conduction  during n a rc o s is  i s  an  a r tifa c t ,  cau sed  by d iffu sio n  of the n a r
co tic , is  ill-founded ,

M akarov  (1939) found a  dependen t re la tio n sh ip  be tw een  th e  tim e  of 
n a rc o s is  and the leng th  of the  s e g m e n t, during n a r c o s is  c au se d  by m echanic- 

262 a l p r e s s u r e  (F ig u re  141, D), w h ich  e n tire ly  ex c lu d es d iffu sio n . We obtained 
an obvious d ec rem en t u n d e r co n d itio n s  w hich a lso  ex c lu d ed  d iffu sion  of the 
n a rc o tic . T h is e rro n e o u s  ex p la n a tio n  of d e c re m e n t is  the  s o u rc e  of K ato 's 
m ain  e r r o r  w hich led  h im  to  th e  th e o ry  of conduction d u rin g  n a rc o s is  (F ig
u re  150, C). T h is is  e s s e n tia l ly  c o r r e c t ,  bu t r e f le c ts  only  the  f i r s t  phase 
of n a rc o s is .

A s co m p ared  to  K ato, the  th e o ry  of D avis, F o rb e s ,  B ru n sw ick  and 
H opkins (F ig u re  150, D) i s  a  s te p  fo rw ard . T h e se  a u th o rs  r e c o rd e d  the 
d e c re m e n t on a  s tr in g  g a lv a n o m e te r . T hey ob tained  a  fin e  p ic tu re  of the 
2 p h a se s  of n a rc o s is  v e ry  c lo se  to  th a t g iven by us (F ig u re  150, E ). How
ev e r, th e y  co n sid e red  the  seco n d  ph ase  to  be an  a r t i f a c t ,  on th e  b a s is  of the
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s ta t is t ic a l  ob jec tions m entioned  above. T he in co n sis ten cy  of th ese  ob jec
tions w as shown by o u r d a ta . T hese  a u th o rs  deny the fact of diffusion of 
the  n a rc o tic , and they  a r e  th e re fo re  fo rc e d  to  co m p ro m ise  and recognize 
both d ec rem en t of conduction at the beginning of the  n a rco tized  segm ent, 
and in c rem en t a t i ts  end (F ig u re  150, D}. In th is  re s p e c t  they approach  
one step  c lo s e r  to  the c o r re c t  so lu tion  of th e  p rob lem  but only give a ha lf
way solution  in so fa r  a s , to g e th e r  w ith K ato, they do no t recognize the e x is t
ence of d e c re m e n t in the

FIGURE 150.
Scheme il lu s tra tin g  
the view s of v a rio u s  
physio logists on the  
passage of im p u lse s  
through a  n a rco tized  
nerve segm ent ( a c 
cording to  N asonov 
and R ozen ta l1, 1952}

A—Lucas (1913, 1917}; 
B—V erw orn (1914};
C—Kato (1924, 1934);
D—Davis, F o rb e s , 
Brunsw ick and H opkins 
(1926); E —N asonov and 
Rozental’,(1952).

second  phase of n a rc o s is .
Thus, o u r d a ta  on the conduction of im pulse by 

a n a rc o tiz e d  n e rv e , s t r ic t ly  speaking, a re  not op
posed  e ith e r  by the e a r l ie r  a u th o rs  who ag reed  to the 
ex is ten ce  of d ec rem en t, o r by the m ore recen t ones, 
who did not a c c e p t i t s  ex is ten ce . Both groups d e s
c rib e d  only one a sp ec t of the  phenomenon. The ear ~ 
l i e r w r i t e r s ,  using  in d irec t m ethods, cou ldno tde- 
te c t  the f i r s t  phase in  th e ir  w ork w ith the whole nerve, 
and detec ted  only a  d ec rem en t. Kato and his follow
e r s  w orked  w ith a sing le  fib e r , but a rb itra r i ly  re fu s 
ing to  w ork w ith sh o r t  seg m en ts , they m issed  the s e 
cond phase w hich they  e rro n e o u s ly  considered  as 
a sudden and com ple te  lo s s  of conductivity.

Spontaneous R hythm ic A ctivity  of 
Conducting F ib e r s

One of the conclusions following from  our 
c o n s id e ra tio n s  is  th a t the so -c a lle d  spontaneous 
rh y thm ic  a c tiv ity  of the conducting fib ers  should 
in v ariab ly  occur when the th resh o ld  of e le c tr ic  
ex c itab ility  of the  nerve  fa lls  below a ce rta in  level. 
F ro m  th is  it follow s that if  any agent cau ses  such 
a c tiv ity  in the  n e rv e  o r m u sc le , th is  condition 
should  alw ays be a tta ined  th rough  in c rease  in 
in itia l ex c itab ility .

C e rta in  d a ta  confirm ing  th is  hypothesis may 
be found in the  l i te r a tu re .  H ow ever, while th ere  
is  an ex tensive  l i te ra tu re  on the orig in  of rhythm  
in n e rv es  and m u sc le s  influenced by various agents, 
and a lso  on ex p e rim en ta l in c re a se  in excitability , 
th e re  a re  few s tu d ie s  showing the d irec t connection 
betw een  the two. In som e of the  la tte r  stud ies it

is  hinted a t th a t the ap p e a ra n ce  of a  rhy thm  is  n e c e s s a r ily  accom panied by 
increased  ex c itab ility , but no d ire c t p roo f is  given. In o ther w ords, there  
a re  ind irec t in d ica tio n s of both in c re a se  in ex c itab ility  and autom atic activity . 
In V vedenskii's  m onograph  ’’E xcita tion , Inhibition  and N arco sis"  published 
in 1901, the connection i s  m en tioned  (page 71-78) betw een  increased  ex c ita 
bility and onset of rhy thm ic  a c tiv ity  of the  n e rv e  during  re s to ra tio n  a fte r 

263 n arcosis . T he w ork  of Subbotin (1866), G ab rich ev sk ii (1888), S ain t-H ilaire
(1890), B lum en thal (1896), Loeb (1901, 1910), G ulinova (1906), M ayer (1911), 
Rezvyakov (1914-1915) and a lso  tho se  of K vasov and Naum enko (1936) and 
Indzhikyan (1937), should  b e  m entioned . In the  m a jo rity  of these  studies
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the ex c itab ility  th re sh o ld s  w e re  d e te rm in ed  by e le c tr ic  in d uc tion  shocks 
from  a D uB ois-R eym ond co il.

D ata in the l i te r a tu re  d e sc r ib in g  the ap p ea ran ce  of a  rh y th m  following 
the action  of a  constan t lo ca l s tim u lu s  also  co n firm  th a t in c re a s e  in excita
b ility  c au se s  th is  phenom enon. T hus, V vedenskii (1883) c a u se d  a  weak te ta
nus by stim u la tio n  th rough  a  n e rv e  tre a te d  with a c o n c e n tra te d  solution of 
NaCl. T h is te tan u s  w as s tre n g th e n e d  by the ac tio n  of d ire c t  c u r re n t . Slight 
drying ac ted  s im ila r ly  to  h y p e rto n ic  so lu tio n s. M om sen, G runhaagen and 
B iederm an  (1895), c ited  by K vasov , 1937) found th a t a l te ra t io n  o f the nerve 
by hypertonic so lu tio n s, w hich in  i ts e lf  does not cau se  th e se  rh y th m s, never
th e le ss  fa c ilita te d  the o c c u r re n c e  of a  m ultip le  re sp o n se  of th e  n e rv e  on 
closing and opening of d ire c t  c u r re n t .

T hese au th o rs  found th a t in  the v ic in ity  of a c r o s s - c u t  a  c lo sing  and 
opening te tan u s  is  fa c il i ta te d . A ccord ing  to th is , Y udenich (1928) has shown 
that in the v ic in ity  of a  c r o s s - c u t  of the  nerve  an in c re a s e  in  excitab ility  is 
observed .

On the o th e r hand, ca lc iu m  io n s , w hich a r e  known to  lo w e r  nerve ex 
c itab ility , in te r fe re  w ith  the  m u ltip le  re sp o n se  to  d ire c t  c u r r e n t  (Solandt, 
1936a, 1936b, K atz, 1936),

W eak s tim u li cau se  an in c re a s e  in  excitab ility . In th is  r e s p e c t  the 
o b se rv a tio n s of K vasov and U sh inskaya  (1948), who o b ta ined  a  m ultip le 
d isch a rg e  in  m u sc le  f ib e r s  by the  ac tio n  of weak p rick in g , a r e  v e ry  in te rest
ing, T h is effect w as ob tained  only when e x c ita b ility  of the  m u sc le  was p re 
v iously  in c re a se d  by the ac tio n  of g ly c e ro l o r  by d ry in g .

In g e n e ra l, the v a s t m a jo r i ty  of fa c ts  a t o u r d isp o sa l in d ic a te  that 
the  rhy thm ic  ac tiv ity  of n e rv e  and m u sc le  f ib e rs  is  c lo se ly  a s so c ia te d  with 
in c re a se  in  ex c itab ility  of th e  la t te r .  As a lre a d y  m en tio n ed , th e  investigators 
o rig in a lly  showed a  tendency  to  look fo r a cau sa l r e la tio n s h ip  betw een these 
two phenom ena. R ecen tly , h o w ever, a f te r  the  a p p e a ra n c e  of p a p e rs  by Hill 
and h is  s tu d en ts  Solandt, K atz  and  o th e rs  (H ill, 1936; H ill, K a tz  and 
Solandt, 1936; Solandt, 1936a, K atz , 1936), the  a p p e a ra n c e  of rhythm ic 
ac tiv ity  in  t is s u e s  w as m o re  fre q u e n tly  a s so c ia te d  w ith  d e c re a s e  in the so- 
ca lled  accom odation  ab ility . At f i r s t ,  th is  p ro p e rty  w as c o n s id e re d  as an 
adaptive re a c tio n  of the  f ib e rs  to  the  ac tion  of the  e x c ita n t, and it  w as con
s id e re d  th a t if  th is  ad ap tab ility  to  th e  excitan t w as m a rk e d , th e  f ib e r  may 
give one re a c tio n , a t b e s t .  If th is  ad ap tab ility  w as sm a ll  and th e  proto
p lasm  w as  not able to  adap t to  th e  ac tio n  of the  ex c itan t, im p u ls e s  arose 
during a long tim e  p e rio d  and rh y th m ic  ac tiv ity  o c c u r re d . Q u ite  recently  
se r io u s  doubts ap p ea red  a s  to  th e  adaptive n a tu re  of th is  phenom enon which 
w as ca lle d  ''a cco m o d atio n '1. T h is  w as d e m o n s tra te d  qu ite  convincingly  by 
A verbakh (1948) and by K hodorov (1950a-1950d), who again  co n firm ed  the 
neglected  bu t n o n e th e le ss  c o r r e c t  v iew s of the R u ss ia n  p h y s io lo g is t Verigo 
(1888), concern ing  the  n a tu re  of physio lo g ica l e le c tro to n u s . F ro m  this 
point of v iew , in c re a s e  in  e x c ita b ility  th re sh o ld  on g ra d u a l  in c re a s e  of ex
c ita to ry  c u r re n t  (w hich is  w ro n g ly  ca lle d  accom odation) i s  a g ra d u a l in
c re a se  in cathodic  d e p re s s io n , and  h as  nothing in com m on  w ith  adaptation.

264 T his question  w ill be d is c u s s e d  in  d e ta il in  a la te r  c h a p te r .
If, acco rd in g  to  th e  d a ta  o f the  B r itish  a u th o rs  (Solandt, 1936a, 1936b; 

Katz, 1936), d e c re a se  in  sp eed  of "accom m odation" in c e r ta in  c a s e s  causes 
rhy thm ic  a c tiv ity  of the f ib e r , th is  happens only b e c a u se  th is  i s  frequently  
(although no t alw ays) acco m p an ied  by in c re a se d  e x c ita b ility . Khodorov 
(1950) no ted  an  excep tion  to  th is  ru le ,  i .e . ,  ca lc iu m  c h lo r id e  a lw ay s  lowers
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e x c ita b ility  and s u p p re s s e s  the  rhy thm ; at the sam e tim e , it  a ffec ts  the 
sp eed  of ''acco m o d atio n 11 in a  b iphasic  fash ion . At f i r s t ,  fo r a num ber of 
h o u rs , it c a u se s  a  m ark ed  d e c re a s e  in  it (a lm ost tw ofold) and sub sequently, 
in  the  m ax im al stage  of its

а

с

FIG U RE 151. A p p ara tu s  
(acco rd in g  to  N asonov 
and S u zd a l'sk ay a , 1954) 

a —b a tte ry ; b —rh e o s ta t;  
c —m etro n o m e; d—conden- 
s o r ;  e —calo m el e le c tro d e s ; 
f-L a p iq u e 's  shunt.

ac tion , it in c re a s e s  it* .
T h ese  d iv e rse  da ta  from  the l i te ra tu re  

fo rced  us to  te s t  the fac ts  in  o rd e r to a sc e rta in  
w hether the th e o re tic a l concepts w ere  valid or 
not. It w as n e c e s s a ry  to  a sc e r ta in  w hether 
agen ts cau s in g  n e rv e  f ib e r  rhythm s n ecessa rily  
led it to  th is  stage  th rough  a stage of increased  
e x c ita b ility  (Nasonov and Suzdal'skaya , 1954).

To avoid  com plica tions due to possible 
e ffec t of the  agents on the  ab ility  of the nerve 
to  re p ro d u c e  the rh y thm , we used as stim ulus 
not induction  shocks but d isch a rg es of a con
d e n se r  of 16 m ic ro fa ra d s , built according to 
the  d iag ram  in F ig u re  151.

The ex p erim en ts  w e re  perfo rm ed  in the 
w in te r  of 1949/50 in  the following m anner. 

T he m iddle p a r t  of the n e rv e  from  the n e rv e -m u sc le  ap p ara tu s  of the frog, 
2 .5 -3  cm long, w as im m e rse d  in  the investig a ted  solu tion  (F igure  152). 
A t sh o rt t im e - in te rv a ls  the  n e rv e  w as tak en  out and i t s  tre a te d  p a r t  placed 
on the w ire s  of the  ca lo m el e le c tro d e s , fixed on g la s s  a t a  constant d istance 
(5 mm) fro m  each  o th e r . The n e rv e  w as s tim u la ted  by d isch a rg es of the con
d en se r (d), c lo se d  by the  m e tro n o m e  (c) once p e r second (F igu re  151). 
The th re sh o ld  w as d e te rm in e d  by d isp lacem en t of the  le v e r  of the rheosta t 
(bl, due to  w hich the  v a lue  of the  input voltage w as p roportiona l to  the values 

ass found. D uring e s tim a tio n  of the  th re sh o ld s , which la s te d  2-3 m inutes, the 
nerve  w as kept in  a m o is t ch am b er.

The study of the ac tio n  of a  num ber of agents on the  frog n e rv e  (drying, 
N aCl, sodium  o xa la te , g ly c e ro l, KC1, C sC l, ethyl alcohol, CaClg), using 
the  above m ethod , h a s  show n th a t in a l l  c a se s  w here rhy thm ic ac tiv ity  ap
p e a re d  in  the  n e rv e , it  w as indeed  p re c e d e d  by in c re a se  in  excitability .

In o rd e r  to  check  th is  we, to g e th e r  with A verbakh, perfo rm ed  e x p e ri
m en ts  in w hich n e rv e  e x c ita b ility  w as d e te rm in ed  m o re  accu ra te ly  by the 
o sc illo g rap h ic  m ethod  (N asonov and A verbakh , 1951), h i addition, we could 
a lso  check  an o th e r c o ro lla ry  to  o u r th e o ry , nam ely th a t the rhythm  of au to 
m atic  ac tiv ity  is  d e te rm in e d  by the d u ra tio n  of the e n tire  cycle of excitation . 
A new wave of ex c ita tio n  a r i s e s  im m ed ia te ly  a f te r  th a t, a s  soon a s  the fib e r 
re tu rn s  to  the  re s tin g  cond ition  a f te r  a  p reced in g  excita tion .

L et us im ag ine  th a t a  n e rv e  co n sis tin g  of m any f ib e rs  en te red  a s ta te  
of rhy thm ic  a c tiv ity , w hereupon  a l l  the  f ib e rs  w orked asynchronously , in 
a  hap h azard  m an n e r. If a  su ffic ien tly  s tro n g  stim u la tio n  is applied to  such 
a  nerve  by m e a n s  of e le c tr ic  c u r re n t , the  rhythm  of a l l  f ib e rs  should becom e 
synchronized  a t le a s t  fo r  a c e r ta in  t im e . The e le c tr ic  shock may find the 
asynchronously  ac tin g  f ib e r s  in  a  s ta te  of abso lu te  o r  re la tiv e  re frac tiv ity . 
Since th is  shock  is  su ffic ie n tly  s tro n g , in  a ll  the f ib e rs  with re la tiv e

* Sim ple in c re a s e  in sp eed  of accom odation  by the action  of CaClg, which 
h as  been  d e sc r ib e d  by Solandt (1936a), w as ob tained only in  fro g s p re 
v iously  kept in the co ld . A ccord ing  to  K hodorov, in fro g s kept in  warm  
te m p e ra tu re s  th e se  changes w ere  alw ays b iphasic .
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re f ra c tiv ity  excita tion  w ill a r i s e  s im u ltaneously , w hile  th e  f ib e r s  in the 
abso lu te  re f ra c to ry  p e rio d  a r e  anyw ay a lread y  in the  in itia l s ta g e  of the 
excita tion  cycle. In o th e r w o rd s , an  e x te rn a l s tim u lu s  w ill le a d  a ll  the 
f ib e rs  to the beginning of the  e x c ita tio n  cycle and w ill fo rc e  th e m , so to 
speak, to s ta r t  s im u ltan eo u sly . If the du ra tion  of the e x c ita tio n  waves of 
the fib e rs  com posing the n e rv e  does not vary  v e ry  m uch , the  following burst 
of excita tion  should set in m o re  o r  le s s  s im u ltan eo u sly  in a l l  th e  fib ers , since 
the  tim e  of its  ap p earan ce  w ill be d e te rm in ed  by the  co m p le ted  excitation 
cycle. Such a  s im u ltaneous ap p e a ra n ce  of ex c ita tio n  m ay a lso  be expected 
fu r th e r  on, but each  tim e  the  sy n ch ro n iz in g  of the w o rk  of the  f ib e r s  should 
be m o re  and m o re  d is tu rb ed , a s  a r e s u l t  of im p e rfe c t co in c id en ce  of dura
tion  of the w aves in d iffe ren t f ib e r s .

FIGURE 152. A p p ara 
tu s  fo r s tim u la tio n  and 
o sc illo g rap h ic  r e c o rd 
ing of a lte re d  nerve 
(acco rd ing  to Nasonov 
and A verbakh, 1951)

T hus, the aim  of th e se  s tu d ie s  w as to  check 
e x p e rim e n ta lly  the th re e  fo llow ing p o s tu la te s  of 
the  th e o ry ;

1) T ra n s itio n  of the  n e rv e  f ib e r  to  rhythmic 
a c tiv ity  should be accom pan ied  b y  in c re a s e  in ex
c ita b il i ty .

2) T he du ra tion  of the  w ave of rhythm ically  
w o rk in g  f ib e rs  should a p p ro x im a te ly  correspond 
to  the  o v e ra ll  d u ra tio n  of th e  ab so lu te  and relative 
r e f r a c to ry  p e rio d s .

3) E le c tr ic  s tim u la tio n  of a  rh y th m ic  nerve 
shou ld  fo r  som e tim e  sy n c h ro n iz e  th e  rhythm ics 
of th e  s e p a ra te  f ib e rs  e n te r in g  in  the  com position 
of th is  n e rv e .

In a ll  e x p e rim en ts , s c ia tic  n e r v e s  of frogs, 
is o la te d  fro m  the  sp inal c o rd  up to  th e  knee joint, 
w e re  u se d  as  the  object of s tudy . T h e  m idd le  part 
of th e  ex c ised  n e rv e  w as im m e rs e d  in  a  v esse l 

F o r  explanations see 
tex t.

w ith  liq u id  ( te s t  so lu tion), w hile i ts  e n d s , protrud
ing above th e  su rface  of th e  liq u id , w e re  placed 
on e le c tro d e s  a  and d, a s  i l lu s t r a te d  in  F ig u re  152. 

The e lec tro d e  a (anode) s e rv e d  a s  one of the s tim u la tin g  e le c tro d e s ,  while 
the o th e r pole of s tim u la tio n  (cathode) w as grounded. T he liq u id  in  the vesse l 
w as a lso  grounded u n d er such  cond itions th a t the  a c tu a l s i te  of stim ulation 
w as the reg io n  of the n e rv e  (b) a d ja c e n t to the su rfa c e  of th e  liq u id . The 

266 stim u lu s used  w as a  s e r ie s  of s h o r t ,  sh a rp ly -en d in g  m o n o p h asic  im pulses 
of one and the  sam e ch a rg e .

E lec tro d e  d, on w hich th e  opposite  k illed  end of the  n e rv e  w as placed, 
se rv ed  as one of the re c o rd in g  e le c tro d e s  and w as co n n ec ted  w ith  the  am pli
f ie r  of the o sc illo g rap h  (f). T he o th e r pole of the  o sc il lo g ra p h  w a s  grounded. 
U nder such conditions the  o sc il lo g ra p h  gave a m onophasic  re c o rd in g  of the 
w aves of excita tion  p a ss in g  be tw een  c (su rface  of liqu id ) and  d.

The liquid w as g rounded  by a  s ilv e r  p la te  (g) fix ed  to  th e  bottom  of 
the  v e s se l, due to  w hich re c o rd in g  of the  c u r re n t loop w as co m p le te ly  e lim i
nated .

F o r  reco rd in g  of e x c ita tio n  p o ten tia ls  a  ca th o d ic  o sc il lo g ra p h  with a 
double beam  tube and a m p lif ie r , the  frequency  c h a r a c te r is t ic  of which in 
the  in te rv a l fro m  5 to  10,000 cp s w as re c t i l in e a r ,  w as u se d . T h e  m axim al 
se n s itiv ity  of the in s tru m e n t c o rre sp o n d e d  to  25 m m  p e r  1 m ill iv o lt . On the 
o sc illo g rap h  s c re e n  the  p a t te rn  of b io c u rre n ts  fixed  by sy n ch ro n iza tio n  of
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the rhy thm  of excita tio n  w as noted; the  ex c ita tio n  w as found to coincide 
with the beginning of the s tra ig h t path  of the beam , w hich allowed d ire c t 
observation  of the  p ropaga ting  im pu lse .

The ac tio n  of the  follow ing so lu tio n s , b rin g in g  the  nerve into the sta te  
of au tom atic  ac tiv ity , w as stu d ied : 1%, 2%, and 4% sodium  oxalate, 4% and 
8% sodium  c i t r a te ,  3% and 6% sodium  ch lo rid e , 15% and 30% g lycero l. The 
f ir s t  two so lu tions (sodium  oxalate and sodium  c i t r a te )  ac t p rim a rily  as 
calcium  p re c ip ita n ts , w hile  the m echan ism  of ac tio n  of hypertonic solutions 
of N aCl and g ly c e ro l is  in  a ll  p ro b ab ility  by way of dehydra tion  of the nerve 
f ib e r  p ro to p la sm .

A ll e x p e rim e n ts  w e re  p e rfo rm e d  in the follow ing m anner. The p r e 
p a red  n e rv e , a f te r  being kept half an  h o u r in  R in g e r 's  solution, was placed 
on the e le c tro d e  and the in v es tig a ted  liqu id  poured  in to  the  v e sse l. A fter 
that, b efo re  the  e ffec t of the so lu tion  could be o b se rv ed , the in itia l th resho ld  
of ex c itab ility  w as m e a su re d  a t once and 2 p a tte rn s  of the o sc illo g ram s 
w ere tak en —w ith  and w ithout ex c ita tio n . A s trong  s tim u lu s , 5-10 tim es 
g re a te r  th an  the th re sh o ld , w as a lw ays used . L a te r , th is  p rocedure  was 
rep ea ted  e v e ry  two to  th re e  m in u tes  u n til the on se t of au tom atic  activ ity , 
a f te r  w hich ex ac t d e te rm in a tio n  of th e  th re sh o ld  w as no longer possib le , 
due to  the  continuous rep e a tin g  b u r s ts  of spontaneous excita tion . T here fo re , 
a fte r the ap p ea ran ce  of au to m atic  a c tiv ity  only p a t te rn s  of the o sc illo g ram s, 
with and w ithout ex c ita tio n , w e re  tak en  from  tim e  to  tim e .

The r e s u l ts  of one ex p e rim en t w ith  4%· sodium  oxalate a re  illu s tra ted  
in the  data of T ab le  43 and F ig u re s  153 and 154.

F ro m  T ab le  43 it fo llow s th a t th e  th resh o ld  of excitab ility  fe ll con
tinuously  fro m  the  v e ry  f i r s t  m in u tes  of im m e rs io n  of the nerve  in  the so lu- 

267tion (see  a lso  F ig u re  153, A). At th is  tim e  the  re sp o n se  of the excited  nerve 
on the o sc illo g ra m  h as the  fo rm  of a  s tra ig h t lin e  (F ig u re  154, A), since 
th e re  is no spon taneous ac tiv ity . On excita tio n  a peak  appeared  (F igure  
154, B), but the  re m a in in g  p a r t  of th e  o sc illo g ram  re p re se n te d  an  even line . 
At the  ten th  m inu te  the th re s h o ld  fe ll  to  22% and spontaneous ac tiv ity  began. 
E xam ination of the  p a tte rn  on the  s c re e n  shows th a t p r io r  to tha t, the 
s tra ig h t line  s ta r te d  to  o s c i l la te  along i t s  e n tire  leng th . No reg u la rly  p ro 
pagated  w aves w e re  seen .

An in stan tan eo u s p h o tog raph  a lso  does not give any re g u la r  p a tte rn  
of w aves (F ig u re  154, C), and th e re  i s  only a s e r ie s  of wavy lin e s  obtained 
because  each  f ib e r  of the  n e rv e  show s a  rhythm  qu ite  independent of the 
o ther f ib e rs . H ow ever, the  p ic tu re  changed at once, a s  soon as  the nerve 
was s tim u la ted . F ig u re  154, B, show s th a t in such  a  ca se , in addition to 
the la rg e  peak re su ltin g  fro m  d ire c t ac tio n  of the e le c tr ic  stim ulus, a second 
peak ap p ea red  som e d is tan ce  from  th e  fo rm e r (in the  given case  co rre sp o n d 
ing to  7 m illise c o n d s), of som ew hat s m a lle r  d im ensions. On an osc illo g ram  
with a  s m a lle r  speed  of unfolding (F ig u re  154, E) a  th ird  and a fo u rth  peak 
occur a f te r  the  second  peak  at s im ila r  in te rv a ls . H ow ever, if the stim ulus 
was e lim in a ted , th e se  ad d itio n a l peaks d isap p ea red  at once and again a d is 
o rd e rly  undulating  line  w as seen  (F ig u re  154, C).

It h a s  a lre a d y  b een  sa id  above th a t th e se  phenom ena a re  postu la ted  
by o u r th e o ry  and a r e  exp la ined  by the  synchron izing  effect of a  strong 
stim ulus.

The o sc illo g ra m s  show th a t the  second  peak  is  co n sid e rab ly  sm a lle r 
in height and in  a re a  than  th e  f i r s t .  T h is  is  exp la ined  by the fact that at the 
beginning, not a l l  the n e rv e  fiber s e n te r  rh y thm ic  m ovem ents spontaneously.
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Only the  m ost sen s itiv e  am ong them  do so. A fte r be ing  kept fo r  a longer 
tim e in  oxalate the nerve  show ed second  peaks of in c re a s in g  m agnitude, 
due to  new f ib e rs  en te ring  into spon taneous ac tiv ity , th e  t im e  in te rv a l  be
tween the peaks being som ew hat sh o rten ed  (In T ab le  43 the  d u ra tio n  of the 
w aves shortened  from  7.5 to  6.5 m illise c o n d s). F u r th e r  on th e  th ird  and 
fourth  w aves becam e m o re  d iffu se . T h is d isso c ia tio n  took p lace  due to  an 
unequal duration  of the w aves in  the  d iffe ren t f ib e rs . At the  sa m e  tim e, 
the m e re  fact of ap p ea ran ce  of th e  second , th ird  and fo u rth  p eak s  indicates 
th a t the duration  of the w aves in  d iffe ren t f ib e rs  did no t v a ry  g re a t ly .

A ppearance of rh y th m ic  a c tiv ity  in  frog  n e rv e  u n d e r in flu e n c e  of 
4% sodium  oxalate  (a c c o rd in g  to  N asonov and A verbakh , 1951)

T a b l e  43

N erve  kept in 
solution fo r 

duration  
of (m in);

T h re sh o ld  of 
e x c ita b ility  (% 

of in it ia l)

D uration  of w ave 
of rhy thm ic  ac - 

tiv ity  (m il l i 
seconds)

R hythm ic 
a c tiv ity

0 100 _ _
2 78 — —
4 50 — —
6 39 — —
8 28 — —

10 22 7.5 +
12 — 7.0
16 — 6.5 4-

T able  44 su m m a riz e s  the  d a ta  on the  ac tio n  of sod ium  o x a la te  on the 
fro g  n e rv e . It follows from  th e s e  th a t, on the a v e ra g e , w hen th e  threshold 
of ex c itab ility  fe ll  to  37% of the  in i t ia l  r a te ,  au to m atic  a c tiv ity  ap p eared  
a f te r  12 m inu tes. The m ean  d u ra tio n  of the w ave of rh y th m ic  a c tiv ity  was 
8 m illiseco n d s  a t room  te m p e ra tu re  (20° C).

The effect of sodium  c i t r a te  is  v e ry  s im ila r  to  th a t  of o x a la te . Table 
45 and F ig u re  153, В in d ica te  th a t  h e re , too, the  th re s h o ld  of ex c itab ility  

268 beg ins to drop at once. R hythm  a c tiv ity  in the n e rv e  a p p e a re d  w hen the 
th re sh o ld  fe ll to  45% of th e  in i t ia l  lev e l. The w ave len g th  of rh y th m ic  ac
tiv ity  co rresp o n d ed  to  11 m ill is e c o n d s  a t the beg inn ing , d e c re a s in g  to  9 
m illiseco n d s  a fte r  I h o u r.

F ig u re  155 shows o s c i l lo g ra m s  of an o th er n e rv e  su b je c te d  to  the 
action  of 4% sodium c i t r a te .  A p o w erfu l peak  o c c u rs  r e s u lt in g  f ro m  direct 
excitation ; alongside it, a  seco n d  p eak  is  b a re ly  n o tic e a b le  (F ig u re  155, A). 
T oge ther w ith the f i r s t  p e a k  a seco n d  and th ird  a r e  se e n , th e  seco n d  peak 
being som ew hat sm a lle r  in  a r e a  th a n  the f i r s t  (F ig u re  155, C).

T ab le  46 su m m a riz e s  th e  d a ta  on the  effect of 4% so d iu m  c i t r a te  on 
the fro g  n e rv e . The a v e ra g e  f ig u re s  a r e  v e ry  c lo se  to  the  r e s u l t s  obtained 
a fte r  the  ac tion  of 4% sodium  o x a la te  (T ab le  44).

T hat is  the s itu a tio n  w ith  e ffec t on the n e rv e  of s u b s ta n c e s  p rec ip ita t
ing ca lc ium  from  so lu tion . R hy th m ic  ac tiv ity  cau se d  by d e h y ra tin g  solu
tio n s  w ill now be c o n s id e re d . A m ong them  3% and 6% N aC l an d  15% and 
30% g ly ce ro l w ere  s tu d ied . A ll th e s e  so lu tions ca u se  sp o n tan eo u s  activity 
in  the  n e rv e  a f te r  a  c e r ta in  in te rv a l .
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FIGURE 153. D rop 
in the exc itab ility  
th resh o ld  of a  frog  
n e rv e , in  so lu tio n s  
inducing in the  nerve  

270 a s ta te  of au tom atic
ac tiv ity  (acco rd ing  
to Nasonov and 
Averbakh, 1951)

on the action

of 6% NaCl.
48 w ith those

A —4% sodium  o x a 
la te ; B—4% sodium  
c itra te ; C —6% s o 
dium ch lo ride ;
D—30% g ly c e ro l. 
The v e r tic a lly  shaded 
colum ns d esignate  
rhythm ic ac tiv ity .

A s shown in Table 47, the  ex c itab ility  of a 
n e rv e  p laced  in a 8% NaCl so lu tion  s ta r te d  to  in 
c r e a s e  a t once, and at the in stan t the th re sh o ld  fe ll 
to  35% of the  in itia l value, rhy thm ic  ac tiv ity  appeared  
(F ig u re  153, C), H ere , as in  the p rev ious c a se s , 
undulation  along the co u rse  of a s tra ig h t line and 
ra p id  propagation  of s e p a ra te  d iso rd e r ly  waves 
(F ig u re  156, A) w ere seen  on the o sc illo g rap h  sc reen . 
A pplication  of a  stim u lu s synchronized  the  activ ity  
of th e  f ib e rs , but le s s  so w ith the action  of oxalate 
and c i tr a te .  F ig u re  156, C show s c le a r ly  only one 
ad d itio n a l w ave a r is in g  a s  a re s u lt  of synchron iza
tio n  of rhy thm ic  ac tiv ity , and th e re  a re  only tra c e s  
of the  subsequen t w aves. H ow ever, th is  second 
w ave is  quite  c le a r ly  seen , not only on strong  stim u
la tio n , but w ith  a  slig h tly  above-th resho ld  stim ulus 
(F ig u re  156, B). I t is  obvious that a fte r the action 
of d eh y d ra tin g  ag en ts  the duration  of the wave in 
d iffe ren t f ib e rs  v a ried  m uch m o re  than 
of ag en ts  p re c ip ita tin g  calc ium .

T ab le  48 shows data  on the effect 
C om paring  th e  av e rag e  values in Table
in T a b le s  44 and 46, a tten tion  is  draw n to  the fact 
th a t in  the g iven case  th e re  a r e  no basic  d ifferences 
betw een  th is  e ffec t and that of oxalate and c itra te  
w ith  re g a rd  to  the th resh o ld  at which rhy thm ic a c 
tiv ity  s e ts  in  (37, 42 and 48%), and the tim e  n e c e s 
s a ry  fo r the onse t of the la t te r  (11.7, 11.3 and 8.7 
m in u tes). A s f a r  a s  the du ra tion  of the wave of 
au to m atic  a c tiv ity  is  concerned , it  is  m uch sh o rte r  
in the  ca se  of 6% N aCl (4.7 m illiseco n d s, instead  
of 8.1 and 8 .7  m illiseconds).

The e ffec t of 15% and 30% g ly ce ro l is  very  
s im ila r  to  th a t of 6% NaCl. T able 49 and F ig u re  153, 
D show th a t h e re , too, im m ediate ly  a fte r im m ersio n  

of the  nerve  in  the so lu tion , i t s  ex c itab ility  begins to  in c rea se , and when the 
th resh o ld  fa lls  to  63% of the  in it ia l  va lue , spontaneous rhythm ic ac tiv ity  
begins, w hich is  sy n ch ro n ized  upon excita tion . In the given case , as with 
the action  of 6% N aCl, only  a  second  wave m ay be observed , which in its  
duration  (4 m illise c o n d s)  ap p ro ach es  the  wave caused  by sodium chloride.

271 The a im  of the a b o v e -d e sc rib ed  ex p erim en ts  w as to  check by e x p e ri
m ent the r e s u l t s  p o s tu la ted  by the th e o ry  of "g radual" conduction of a stim u 
lus, L et u s  see  to  what ex ten t we su cceed ed  in  doing so.

The f i r s t  of the th re e  co n c lu sio n s w as the s ta tem en t that the  tra n s itio n  
of any nerve to  a  s ta te  of au to m atic  ac tiv ity  should be accom panied by an 
in c rea se  in  ex c itab ility . T h is  a ssu m p tio n  h as  been  com pletely  confirm ed 
in the case  of a ll  fo u r  a g e n ts  stud ied . In our opinion, for each nerve  th ere  
should e x is t a  lev e l of su ch  e x c ita b ility  th a t on exceeding it, rhy thm ic ac 
tivity  should au to m atica lly  o ccu r. In th is  sense  the te rm  " th resh o ld  of 
autom atic ac tiv ity "  m ay be used .

E lsew h ere  the  questio n  w ill be d isc u sse d  of what m ay determ ine  the 
value of the th re sh o ld  of au to m atic  ac tiv ity . H ere  we sh a ll only give the
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m ean v a lu es  of th e se  th re sh o ld s  ob tained  under the  g iven  co n d itions for 
d ifferen t agents. They do not g re a t ly  d iffer from  e a c h  o th e r ; (fo r oxalate— 
37% of the in itia l th re sh o ld , c i t r a t e —42% and N aC l—48%).

T a b l e  44
Effect of 4% sodium  o x a la te : S um m ary  of d a ta , 

(acco rd ing  to  N asonov and A verbakh, 1951)

T a b l e  45

S e ria l 
num ber

E x c itab ility  t h r e s h 
old a t the m om ent 
of ap p ea ran ce  of 
rh y th m ic  a c tiv ity  

(% of in itia l)

D uration  of wave 
of rhy thm ic  

ac tiv ity  
(m illiseco n d s)

T im e passed  
b e fo re  onset of 
rh y th m ic  activity 

(min)

1 58 7.0 4
2 37 8.0 12
3 27 9.5 18
4 22 7.5 10
5 50 9.0 8
6 30 7.5 18

A rithm etic  
m ean 37 8.1 11.7

A ppearance of rhy thm ic  a c tiv ity  in  frog n e rv e  u n d e r the  in flu en ce  of 
4% sodium  c i t r a te  (acco rd in g  to  N asonov and A v erb ak h , 1951)

N erve kept in 
solu tion  fo r 

d u ra tion  
of (m in):

T h resh o ld  of 
ex c itab ility  (% 

of in itia l)

D ura tion  of w ave 
of rhy thm ic  a c 

tiv ity  (m i l l i 
seconds)

R hythm ic 
a c tiv ity

1 100 — —
4 84 — —
7 63 — —

11 45 11 +
21 10.5 +
31 — 10.0 +
31 — 9.5 +
61 — 9.0 +

A ccording to the second conc lu sio n , the d u ra tio n  of the w aves of 
rhy thm ica lly  active f ib e rs  shou ld  ap p ro x im ate ly  c o r re s p o n d  to  the  sum 
of du ra tions of the ab so lu te  and r e la t iv e  r e f r a c to ry  p h a se s .

In addition to  w hat h as  a lre a d y  been  m en tioned  in  th is  r e s p e c t ,  it may 
be added that an agent causing  in c re a s e  in e x c ita b ility  m ay  a ffec t, in  one o r  
o ther way, the d u ra tio n  of the  p h a s e s . T h e re fo re  only an  ap p ro x im ate , but 
not an abso lu te  co rre sp o n d en ce  m ay  be d e sc rib e d . The d u ra tio n  of absolute 
re f ra c to ry  period  of a  frog  n e rv e  is  2 -3  m illise c o n d s . T he r e la t iv e  re f ra c 
to ry  phase exceeds th e  abso lu te  3-4  t im e s , and co n seq u en tly , the  norm al 
cycle of excita tion  in  the frog  n e rv e  la s ts  a p p ro x im a te ly  8 -15  m illiseconds.
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FIG U RE 154. O sc illo g ra m s  of a  frog n e rv e  tre a te d  
w ith  4% sodium  oxa la te  (acco rd in g  to Nasonov and 
A verbakh , 1951)

A —the n e rv e  b e fo re  beginning of rhy thm ic activity; 
2 - s a m e  n e rv e  su b jec ted  to  excita tion ; a w ell- 
e x p re s s e d  peak  is seen; C —sam e n e rv e  a fte r  16 
m in u te s  in  a  sodium  oxa la te  solution; d iso rd e rly  
rhy thm  of the  d iffe ren t f ib e r s  is  seen; D —sam e 
n e rv e  on ex c ita tio n ; in  add ition  to  the f i r s t  peak, a 
second  peak is  c le a r ly  seen , fo rm ed  a s  a re s u lt  of 
sy n ch ro n iza tio n  of rh y th m ic  ac tiv ity  of d ifferen t 
f ib e r s ;  E —sam e p ic tu re  a t a  lo w er speed of unfold
ing; in  add ition  to  the  f i r s t  peak , a  second, th ird  
and fo u rth  p eak s a re  seen .

At room  te m p e ra tu re  the d u ra tio n  of the wave of autom atic activ ity  
in the case  of oxa la te  w as 8.1 m illise c o n d s  and fo r c i t r a te —8.7 m illiseconds, 
i.e ., va lues w ell ag ree in g  w ith  the  ex p ec ted  ones w ere  obtained. In the case  
of dehydrating  ag en ts  a  som ew hat s h o r te r  du ra tion  w as observed  (4-5 m ill i
seconds). I t is  h igh ly  p robab le  th a t th e se  agen ts som ew hat shortened  the 
duration  of the  r e f r a c to ry  p e r io d s .

272 Thus, th is  second  re q u ire m e n t of the  th eo ry  h as  a lso  been ex p eri
m entally  confirm ed .

F in a lly , th e  th ird  consequence  su b jec ted  to  experim en ta l exam ination 
w as that the  e le c tr ic  ex c ita tio n  of a  n e rv e  ac tive  w ith a d iso rd e re d  rhythm  
should synch ron ize  the  rh y th m ic  a c tiv ity  of the sep a ra te  fib e rs  en tering  in 
its  com position . As we have seen , th is  req u irem en t of the th eo ry  was a lso  
confirm ed ex p e rim e n ta lly  in  a l l  c a s e s .

A ccording to  o u r th e o ry , the  rh y th m  of the  au tom atically  w orking 
fib er is  d e te rm in ed  by the  d u ra tio n  of the  e n tire  excita tion  cycle. As soon 
as th is  cycle w as co m ple ted , the  f ib e r  w as again involved in  the excita tion  
effect, since  a rh y th m ic a lly  ac tiv e  f ib e r  i s  in  an unstab le  condition and the 
sligh test excita tio n  o rig in a tin g  a t any  point on it  w ill inadverten tly  in c rea se
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to the  m ax im al p o ss ib le . H ow ever, th e re  m ay be a n o th e r  m echan ism  of 
rhy thm ic  activ ity , an exogenous one, w here the  rh y th m ic a lly  a r is in g  ex
cita tion  is  caused, by c e r ta in  rhy thm ic  p ro c e s s e s  not r e la te d  to  the  excita
tion  cycle . Such a  rh y th m ic  ex c ita tio n  could o c c u r, fo r  in s ta n c e , in  certain 
cyclic  p ro c e s se s  of in t r a c e l lu la r  m etab o lism  (K a ra s ik , 1947), o r  in impulses 
com ing from  o th e r reg io n s  of th e  o rg an ism . It is  obvious th a t in these  cases, 
the excita tio n  should not sy n ch ro n ize  the d is o rd e r ly  rh y th m ic  ac tiv ity  of the 
d iffe ren t f ib e rs . O u r e x p e rim e n ts  th u s negate th is  seco n d  explanation, at 
leas t w ith re g a rd  to  rh y th m ic a lly  ac tiv e  frog  n e rv e .

FIGURE 155. O sc illo g ra m s  of a  f ro g  n e rv e  
t r e a te d  w ith 4% sodium  c itra te  (acco rd in g  
to  N asonov and A verbakh, 1951)

A —e x c ita tio n  a f te r  keeping the n e rv e  7 
m in u tes  in  the  so lu tion ; in  add ition  to  the  
m ain  peak , th e re  is  a second one, c a u se d  
by sy n c h ro n iz a tio n  of the  rhy thm ic  a c tiv ity ; 
B —sa m e  n e rv e  a f te r  6 h o u rs ; p ic tu re  tak en  
w ithout e x c ita tio n ; d iso rd e r ly  rh y th m ic  a c 
tiv ity  of the  f ib e r s  o ccu rs ; C —sam e n e rv e  
upon e x c ita tio n ; 2 additional peaks a p p e a r  
a s  a  r e s u l t  of sy n ch ro n iza tio n  of rh y th m ic  
a c tiv ity .

S im ila r  phenom ena a s s o c ia te d  w ith the a p p e a ra n ce  of rh y th m ic  ac
tiv ity  w ere  a lso  o b se rv ed  by u s  on sing le  n e rv e  f ib e r s  of a  c ra b  (Hyas 
a ra n e u s) (Nasonov, A v erb ak h  and K om arova, 1950).

The re la tio n  of in c re a s e d  ex c itab ility  to  au to m atic  a c tiv ity  in  s tria ted  
m u sc le  f ib e rs  h as  b een  s tu d ied  re c e n tly  by D zham usova and Ponom arenko 
(1954), who ex p erim en ted  w ith  the s a r to r iu s  m u sc le  of a  g r a s s  fro g  and the 
r e t r a c to r  m uscle  of a  w orm  (P r ia p u lu s  cauda tus, B a re n ts  Sea). Excitation 
was induced by con d en so r d is c h a rg e s  of 30 m ic ro fa ra d s  th ro u g h  nonpolarizing 
e le c tro d e s  (F igu re  151). T h u s , excita tio n  w as d e te rm in e d  by  the  value of 
the rh e o b a se . The r e s u l t s  show ed th a t in the  c a se  of m u s c le s , a number 

273 of agen ts (KCl, NagSO^., HC1, sodium  c itra te , c a lc iu m -f re e  R in g e r ’s solu
tion , the dye d ah lia -v io le t, e tc .)  cau sed  au tom atic  a c tiv ity  th ro u g h  increase  
in  ex c itab ility  (F ig u re s  157 and 158). It is  in te re s tin g  th a t th is  increase  
p a s se d  in to  rhy thm ic  a c tiv ity  a f te r  fa ll of the  th re s h o ld  of ex c itab ility  to a
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c e r ta in  Level, which did not depend on the initial· th re sh o ld . T h is o b se rv a 
tion  ag reed  com ple te ly  w ith  our th e o re tic a l co n sid era tio n s.

T a b l e  46
E ffec t of 4% sodium  c i t r a te :  Sum m ary of data 

(acco rd in g  to N asonov and Averbakh, 1951)

T a b l e  47

S eria l 
num ber

E xcit ab ility  th r e s h 
old a t the  m om ent 
of ap p ea ran ce  of 
rh y th m ic  ac tiv ity  

(% of in itia l)

D uration of wave 
of rhythm ic 

ac tiv ity  
(m illiseconds)

T im e passed  
before  onset of 

rhy thm ic activ ity  
(min)

1 45 11 11
2 40 7 10
3 40 8 10

A rithm etic  
m ean 41.7 8.7 10.3

A ppearance of rh y th m ic  ac tiv ity  in fro g  nerve under the influence of 
6% N aC l (acco rd in g  to  N asonov and Averbakh, 1951)

T a b l e  48

N erve  kept in 
solution fo r  

duration  
of (m in):

T h re sh o ld  of 
ex c itab ility  (% 

of in itia l)

D uration of wave 
of rhythm ic a c 
tiv ity  (m illi

seconds)

Rhythmic 
ac tiv ity

0 100 — —

3 60 — -

6 47 — -

10 35 5,5 4-

1 5 — 5.5 +

E ffec t of 6% N aC l: S um m ary  of data (according to
N asonov and A verbakh, 1951)

S e ria l 
num ber

E x c itab ility  th r e s h 
old a t the  m om ent 
of ap p ea ran ce  of 
rh y th m ic  ac tiv ity  

(% of in itia l)

D uration  of wave 
of rhythm ic 

ac tiv ity  
(m illiseconds)

T im e passed  
before onset of 

rhythm ic activ ity  
(min)

1 35 5,5 10
2 47 4.2 10
3 61 4.5 6

A rith m etic  
m ean 47. 7 4.7 8.7
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T a b l e  4 9
A ppearance of rhy thm ic  a c tiv ity  in frog  n e rv e  u n d e r th e  in fluence  of 

30% g ly ce ro l (acco rd in g  to  N asonov and A v erb ak h , 1951)

N erve kept in 
solution fo r 

duration  
of (min);

T h re sh o ld  of 
e x c ita b ility  (% 

of in itia l)

D uration  of wave 
of rhy thm ic  a c 
tiv ity  (m il l i 

seconds)

Rhythm ic 
ac tiv ity

0 100 — —
3 88 —
6 63 4 4-

15 — 4

FIGURE 156. O sc illo g ram  of fro g  n e rv e  
tre a te d  w ith  6% N aC l (accord ing  to  N asonov 
and A verbakh, 1951)

A —a n e rv e  showing rh y thm ic  a c tiv ity  w ithout 
excita tion , 10 m in u tes  a fte r  im m e rs io n  in the  
solution; B —sam e n e rv e  sub jec ted  to  th re sh o ld  
s tim u lus; in  add ition  to  the  m ain  peak  a n o th e r 
peak o c c u rs  a s  the  r e s u l t  of sy n ch ro n iza tio n  of 
rhy thm ic ac tiv ity ; C —sam e n e rv e  upon m a x i
m a l ex c ita tio n .

In the ex p erim en ts  of D zham usova and P o n o m aren k o  a  so lu tion  of 
NaCl w as shown to ac t as an excep tion  to the ru le  of t r a n s i t io n  to  rhythmic 
activ ity  th rough in c re a se d  ex c itab ility . T h is agen t c au se d  rh y th m ic  activity 
in concen trations above 1.25%, ag a in st a background  of develop ing  contrac
tion, but the ex c itab ility  of the  m u sc le s  d e c re a se d  r a th e r  th a n  increased . 
A suggestion  w as m ade th a t not th e  m u sc le , but the  n e rv e  d e n d r i te s  passing 
into the nerve  f ib e rs  a r e  th e  f i r s t  to  s ta r t  rh y th m ic  a c tiv ity . In  o rd e r  to 
check th is , s a r to r iu s  fro g  m u sc le s  w ere  d en e rv a ted  and ta k e n  out fo r ex
p e rim en ts  a fte r  34-38 days. R e su lts  showed th a t a  5% so lu tio n  of NaCl 
caused  only co n trac tio n  of the  d en e rv a ted  m u sc le s  (F ig u re  159, A), while 
i ts  innervated  twin m u sc le  showed a  w e ll-e x p re s se d  rh y th m ic  ac tiv ity  
(F igu re  159, B). One would have thought th a t the  d e n e rv a te d  m u sc le  was 
incapable of rhy thm ic  ac tiv ity , but a fte r  the ac tio n  of 1% so lu tio n  of sodium 
c itra te , both  n o rm a l and d e n e rv a te d  m u sc le s  show ed rh y th m ic  ac tiv ity  
(F ig u re  160).
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»  30 JOmin Ю ajrnin И d i c i n '  I? JSmin

in exc itab ility  
frog m u sc le , 
c it ra te  (ac -

FIG U RE 157. Change 
th re sh o ld  of s a r to r iu s  
in so lu tio n s of sodium  
co rd ing  to  D hzam usova and 
P o n o m aren k o , 1954)

C o n cen tra tio n  of so lu tion : A —0.12%; 
B, C —0.25%; D —0.5%. The a b sc is sa  
show s th e  tim e  of ac tio n  of the su b 
s ta n c e , and the o rd in a te  shows the 
th re s h o ld  s tre n g th  of the  c u rre n t.
T he shaded  seg m en ts  designate  rh y th 
m ic c o n tra c tio n s  of the  m usc le .

î  Cm Cm
г да

A в
& ж

V  . 0

FIGURE 158. C hange in  e x c ita 
bility  th re sh o ld  of the  r e t r a c to r  
m uscle  of P r  jap  u lus caudatus in 
so lu tions of sodium  c i t r a te  (a c 
cording to  D hzam usova and 
P onom arenko, 1954)

C oncen tra tion  of so lu tion : A — 2%; 
B—4%; C — 6%. T he a r ro w s  in d i
cate the  d ire c tio n  of the changes. 
The re m a in in g  legend  a s  in  F ig 
ure 157.
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activ ity  a re  a lso  sen t out from  the
phery. In t e r m s  of the th e o ry  developed h e re , tra n s it io n s  to  rhy thm ic a c 
tivity  should o c c u r a s  a r e s u l t  of in c re a se d  excitab ility , when a ß -ty p e  of 
excitab ility  p a s s e s  in to  a  Tf -type  of ex c itab ility  (F ig u re  129).

It m ay be a ssu m e d  th a t a f te r  the action  of s tim u li on n e rv e  endings 
■of the  r e c e p to r s , an  e a r ly  stag e  of p a ra b io s is  tak es  p lace, ch a ra c te riz e d  
by in c re a se d  e x c ita b ility . If the  ex c itab ility  of th ese  endings is in  itse lf

T hese  re s u l ts  show th a t in the 
given conditions frog  m uscle  is  not 
capab le  of rhy thm ic  ac tiv ity  under the 
e ffec t of s trong  so lu tions of NaCl. 
Secondary  rhy thm ic  con tractions a re  
o b se rv ed  in  th is  m u sc le  only when viable 
te rm in a l  nerve  d en d rite s  passing  to  the 
m o to r  p la tes a re  p re se rv e d . Rhythmic 
im p u lse s  a r is in g  in  th ese  m u sc les  under 
the  influence of NaCl fo rce  the m uscle  
to  c o n tra c t spasm odica lly . T his is  a 
good exam ple of how ,an apparen t excep
tio n  co n firm s the  ru le .

A ll conclusions with re g a rd  to 
rh y th m ic , spontaneous activ ity  of nerve 
e lem en ts  a re  e sp ec ia lly  im portan t and 
in te re s tin g  to  us because , p rac tica lly  
speaking , only rhy thm ic  ac tiv ity  takes 
p lace  in  the  o rg an ism . B u rs ts  of such 
rhy thm ic  ac tiv ity  o rig ina te  in  the nerve 
endings of m ost d iffe ren t recep to rs  
when ac ted  upon by stim uli. Such m ore 
o r  le s s  p ro tra c te d  b u rs ts  of rhythm ic 

n e rv e  c e n te r  in the  d irec tio n  of the p e r i
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su ffic ien tly  high, being on the  b o rd e r  betw een ß and γ , th en  a f te r  a very- 
sligh t s tim ula tion  causing an in c re a s e  in  ex c itab ility , rh y th m ic  ac tiv ity  will 
ap p ear in  th ese  endings, due to  the fact th a t the β type of ex c itab ility  was 
tra n sfo rm e d  into the Ϊ  type of ex c itab ility . Once it  h as  a r is e n , such a burst 
of im p u lses  w ill move fu r th e r  a long  the  o rd in a ry  f ib e r  p o s se s s in g  β type 
excitab ility . The m u sc le  f ib e r s  in the ab o v e-m en tio n ed  e x p e rim e n ts  of 
Kvasov and U shinskaya (1943), m ay  se rv e  a s  a  m odel of a  r e c e p to r . These 
au tho rs a r tif ic ia lly  in c re a se d  th e  ex c itab ility  of f ib e r s  by p re lim in a ry  trea t
m ent of the p re p a ra tio n  w ith g ly c e ro l,  o r  by d ry ing , a f te r  w hich very  weak 
pricking caused  the ap p ea ran ce  of m u ltip le  im p u lse s .

FIGURE 159. E ffect of 5% N aC l 
on (A) denervated  and (B) non 
denerva ted  s a r to r iu s  frog  m u s 
cle (according to  D zham usova 
and Ponom arenko, 1954) 
The h o rizo n ta l line  shows tim e  
(m inu tes). The a rro w  d e s ig n a te s  
beginning of action  of the agen t.

FIGURE 160. E ffec t of 1% 
sodium  c i t r a te  on (A) d e 
n e rv a te d  and (B) n o n d e n e r
v ated  s a r to r iu s  fro g  m uscles 
(acco rd in g  to  D zham usova  
and P o n o m aren k o , 1954) 
L egend  a s  in  F ig u re  159.

A sufficiently  p ro tra c te d  ex c ita tio n  should lead  to d e c re a s e  in  ex 
c itab ility  and cessa tio n  of rh y th m ic  ac tiv ity , w hich  is  ind eed  u su a lly  ob
se rv ed  upon the ac tiv ity  of the  re c e p to r s  and b e c a m e  known a s  "adaptation".

It m ight be thought th a t rh y th m ic  ac tiv ity  of n e rv e  c e n te r s  occurs 
accord ing  to  th is  p lan. Any p a r t  of a  neuron  (the body of a n e rv e  ce ll or 
the in itia l segm ent of a  n e rv e  d e n d rite )  s ta r t s  to  in c re a s e  i t s  excitab ility  
to  the lev e l of the th re sh o ld  of rh y th m ic  ac tiv ity . A s soon a s  th is  threshold 

275is su rp a sse d , im p u ls e s w il l  p a s s  cen trifu g a lly  along the  f ib e r .  T hus, a 
sligh t in c re a se  o r d e c re a s e  in  e x c ita b ility  in  a  v e ry  l im ite d  f ib e r  segment 
w ill apparen tly  stop the  t r a n s m is s io n  of a  rh y th m ic  s ig n a l to  th e  periphery.



C onclusions

In co n c lusion  we would like to  su m m a riz e  the  above with, re g a rd  to 
sp read ing  ex c ita tion* .

F i r s t  of a l l ,  w ith r e s p e c t  to  th a t group of phenom ena g en era lly  called 
the " a l l  o r  none" law , it  should  be po in ted  out th a t in the above th eo re tic a l 
co n s id e ra tio n s  we d ea lt not w ith the ru le s  of o r ig in  of excita tion  but with 
those re g u la tin g  i ts  s p re a d . It h as  a lre a d y  been  sa id  that the v e ry  e x p re s 
sive te rm  " a ll o r  none" o r ig in a lly  m ean t to  desig n a te  such a  re la tionsh ip  
betw een the  m agnitude of the  s tim u lu s  and th a t of the response  reac tion , 
a fte r w hich su b th re sh o ld  s tim u li c au se d  no re a c tio n  ("none"), and above
th re sh o ld  s tim u li , independently  of th e i r  m agn itude , caused  a m axim um  
re a c tio n  (" a ll" ) . It h a s  been  shown th a t in  re la tio n  to  conducting fibers 
both s ta te m e n ts  a re  w rong. B r it is h  p h y sio lo g is ts  have shown th a t in r e 
sponse to  su b th re sh o ld  s tim u la tio n  a g rad u a l re sp o n se  reac tio n  is  observed. 
It is  t ru e  th a t  Hodgkin (1938) s ta te s  th a t th e re  a re  no con trad ic tions here  
w ith the " a l l  o r  none" law , s in ce  th is  law is r e la te d  only to  a  propagated 
effect but no t to  a loca l one. H ow ever, a s  h as  b een  shown, th e re  is no 
b a s ic  d iffe re n c e  betw een  th e se  two c a te g o rie s . A loca l effect sp read s  too, 
but th is  sp re a d in g  is a d e c re m e n ta l one. T hus, instead  of the suggested 
"none" qu ite  a co n s id e ra b le  effect is  observed .

The o th e r  half of the  " law ", s ta tin g  th a t ab o v e-th resh o ld  stim ulation  
caused  a  m ax im a l re sp o n se  ("a ll" ) , is  a lso  e r ro n e o u s . We have shown that 
the lo ca l re sp o n se  m ay be double the  p ropaga tion  peak, to the value of which 
the a b o v e -p e a k  po ten tia l d ro p s in the  c o u rse  of i ts  m ovem ent. F ro m  this 
it is  c le a r  th a t the  runn ing  peak is no t m ax im al, and in re a lity  we a re  deal
ing w ith a p e c u lia r  m ech an ism  w hich is re sp o n s ib le  fo r two adaptations, 
quite im p o rtan t fo r  the  ac tiv ity  of the  n e rv e  f ib e r .

The f i r s t  is  the th re sh o ld  by w hich the n e rv e  in su la te s  itse lf  from  
sm a ll s t im u li  by the fact th a t the su b th resh o ld  ex c ita tio n s a ris in g  in response  
to  th e se  s tim u li  m ay sp re a d  only w ith  d ec rem en t and th e re fo re  fade away. 
Thanks to  th is  ad ap ta tion , the n e rv e  in  the  n o rm a l organism  is  p rac tica lly  
in sen s itiv e  to  any  n a tu ra l  s tim u li along i ts  e n tire  length, except the p ro 
pagating e le c tr ic  wave w hich is m any tim e s  h ig h e r than the th resho ld .

The second ad ap ta tio n  is  the  a u to m a tica lly  regu la ted  d im ension of the 
propagation  peak . The v alue  of th is  peak on the  one hand is alw ays con
sid e rab ly  h ig h e r  th an  the th re sh o ld , thus en su rin g  an undisturbed  passage 
of th e  im p u lse  th ro u g h  the  e n tire  f ib e r . We have seen  that only under ab 
no rm al co n d itions of lo w ered  ex c itab ility , the d im ensions of the peak and 
of th e  th re sh o ld  com e c lo se  to  each  o th e r and b rin g  about conditions during 

276 w hich a b lock  m ay  e a s ily  a p p e a r. On the o th e r hand, the m agnitude of the 
propagation  peak  is  m any t im e s  le s s  th an  the p o ss ib le  m axim um , thus p ro 
tec ting  the n e rv e  from  re s id u a l  dam age w hich m ay a r is e  as a re s u lt  of the 
passin g  e x c ita to ry  w ave. T h is  m ay probably  explain  the re la tiv e  t i r e le s s 
ness of the  n e rv e , d e sc r ib e d  by V vedenskii.

We have given in d e ta il the th e o re t ic a l  c o n sid e ra tio n s  by which we 
propose to  ex p la in  a n u m b er of known fa c ts  connected  w ith the appearance

* A v e ry  good rev iew  of o u r s tu d ie s  on the th e o ry  of "g radual" conduction, 
pub lished  in  P o lish  by B ru tkow sk i (1956), h as  recen tly  ap p ea red  in  the 
fo re ig n  l i t e r a tu r e .  In th is  rev iew  th e re  a re  in te re s tin g  com parisons 
betw een  o u r  th e o ry  and th a t of Hodgkin.
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and conduction of nerve  im p u lses , and w hich c o m p rise  the th e o ry  of "grad
ual" excita tion . The la t te r  is  b a sed  on two p o s tu la te s : 1) e le c t r ic  mechan
ism  of tra n sm is s io n  of the n e rv e  im pu lse ; 2) the s ta te m e n t th a t  a t each 
point of a fib er the m agnitude of the  loca l e le c tr ic  re a c tio n  is  in  a  gradual 
dependence on the  s tren g th  of s tim u lu s  and m ay be g ra p h ic a lly  ex p re ssed  
by an S -shaped  cu rve . The th eo ry  of "g radua l e x c ita tio n 11, c o n s tru c te d  only 
on th e se  two p rin c ip le s , does not need any add itional h y p o th eses  on explo
s io n -lik e  re sp o n se  reac tio n s  of the  living p ro to p lasm . T h is  th e o ry  leads 
to  a num ber of conclusions, m o st of which a re  known a s  a r e s u l t  of purely 
e m p iric a l s tud ies. The following belong to  th ese  c o n c lu s io n s :

1) P re se n c e  of a g rad u a l su b th resh o ld  re ac tio n ;
2) Spreading of th is  re a c tio n  writh  d ec rem en t;
3) P re se n c e  of a th re sh o ld  of sp read ing  excita tio n ;
4) In itia l sp read ing  of the a b o v e -th re sh o ld  ex c ita tio n  w ith  increm ent, 

until a c e rta in  constan t lev e l is  reached ;
5) A utom atic reg u la tio n  of the constan t lex el of p ro p ag a tin g  excitation; 
6} A ppearance of rhy thm ic  spontaneous ac tiv ity  of the  f ib e r  a fte r  in

c re a s e  in  i ts  excitab ility  above a  c e r ta in  level;
7) Spread  of excita tio n  w ith  d ec rem en t on lo w erin g  e x c ita b il i ty  below 

a  c e r ta in  level;
8) O bligatory  a lte rn a tio n  of abso lu te  and re la tiv e  r e f r a c to r y  periods 

on p assag e  of an excita tion  wave and during n a rc o s is ;
9) In c rea se  in lev e l of th re sh o ld  po ten tia l, and s im u lta n e o u s  decrease 

in  the leve l of the  propagation  peak during the  r e la t iv e  r e f r a c t iv i ty  and initial 
s tag es  of n a rc o s is .

In addition to  explaining th e se  a lread y  known fa c ts  the  th e o ry  developed 
h e re  m ade possib le the  fo reca s tin g  and ex p erim en ta l c o n f irm a tio n  of the fol
lowing phenom ena:

1) A ppearance of a loca l e le c tr ic a l  re sp o n se  re a c t io n  of g r e a te r  
m agnitude than the propagation  peak , a f te r  a su ffic ien tly  s tro n g  above- 
th re sh o ld  excitation;

2) Spreading of th is  above-peak  p o ten tia l w ith  d e c re m e n t u n til  dimen
s io n s of the  cons tan t-v a  lue propagation  peak a re  reach ed ;

3) Synchronization by e le c tr ic  excita tion  of d is o rd e re d  rh y th m  of 
ac tive  n e rv e  fib e rs .

A greem ent betw een a ll th e se  th e o re tic a l co n c lu sio n s and experim ental 
data  se rv e  to confirm  the v a lid ity  of our th e o re tic a l c o n s id e ra tio n s .
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P a r t  V

г п E X C I T A B I L I T Y  A N D  IT S  M E A S U R E M E N T

C h a p t e r  1. E x c itab ility  C onstan ts

D e te rm in a tio n  of E x c itab ility  T h resho ld

At the beginning of the  book it w as sa id  th a t excitab ility , i.e ., the 
a b ility  to resp o n d  by one o r  o th e r re a c tio n  to  e x te rn a l s tim u li, is  one of 
the m ost c h a ra c te r is t ic  p ro p e r tie s  of living m a tte r . When the organism  
d ie s , ex c itab ility  d is a p p e a rs  a lto g e th e r. That is  why m easu rem en t of ex 
c itab ility  h as  been  used  fo r  m any, m any  y e a rs  in o rd e r  to  study the effect 
of d ifferent agen ts on a liv ing  o rg an ism . T his s t i l l  rem a in s  the m ost 
c h a ra c te r is t ic  index of the t is s u e s  studied*'.

E lec tr ic  c u r re n t is  u sua lly  em ployed a s  the stim ulus in quantitative 
evaluation of ex c itab ility . E ith e r  a m ech an ica l e ffect (contraction  of 
m u sc les), o r  the ap p ea ran ce  of a m oving wave of excitation  (in the case 
of nerve  and m uscu le  f ib e rs )  is  s tud ied  as the re sp o n se  reaction .

E rom  the point of view  of the th e o ry  of "g rad u a l"  excitation  developed 
h e re  (see P a r t  IV), we do not see  any b a s ic  d ifference  between loca l and 
m oving ex c ita tio n , and a ll  th e  ru le s  of sp re a d  of an  im pulse  have been de
duced by us fro m  the p ro p e r t ie s  of the lo ca l g ra d u a l re sp o n se , the depend
ence of which on the  s tre n g th  of ex c ita tio n  m ay be g raphically  illu s tra ted  
by a sm ooth S -sh ap ed  cu rv e . F ro m  o u r defin ition  of excitab ility , it is  ob
vious that it should  be e x p re s se d  by the  ra tio  betw een  stren g th  of stim ulus 
and the  value of the lo c a l re sp o n se . Such a  d ifin ition  is  the m ost genera l, 
since  it re la te s  to  both  conducting t is s u e s  (nerve , m uscle) and nonconducting 
(g landu lar, e p ith e lia l, e tc .) . T h e re fo re  in the ca se  of the nerve, fo r ex
am ple , it seem ed  lo g ica l to  m e a su re  ex c itab ility  by the v a lue  of local e le c tr ic  
reac tio n . H ow ever, g re a t  d ifficu ltie s  e x is t in the  quantitative study of local 
e ffe c ts  on the n e rv e  f ib e r . T h e re fo re , such a d ire c t  m easu rem en t of ex
c itab ility  m u st be g iven up and in s tead  the  th resh o ld  of the moving im pulse 
m ust be used  a s  a c r i te r io n  fo r evaluation  of excitab ility . This can be easily  
and p re c ise ly  d e te rm in ed .

278 One should have a c le a r  p ic tu re  of the re la tio n sh ip , from  the  point of
view  of the "g ra d u a l"  th e o ry , betw een  the  loca l e le c tr ic  reac tio n  and the 
th resh o ld  of sp read in g  ex c ita tio n . To e lu c id a te  th is  question we sh a ll tu rn  
to  F ig u re  137 (see  page 229). H ere  S -shaped  c u rv e s  a re  shown, c h a ra c te r 
izing fib e rs  d iffe rin g  fro m  each  o th e r only by the value of excitab ility . The 
h ig h e r the cu rv e  is lo ca ted  th e  s tro n g e r  i ts  re sp o n se  reac tio n  to the sam e 
stren g th  of s tim u la tio n , consequently  the  h igher i ts  excitab ility . As long as 
the excitab ility  of the  f ib e r  is  so high th a t its  c u rv e  in te rse c ts  w ith the

* As an index of the  ph y sio lo g ica l s ta te  of a  conductor, V vedenskii suggested 
the so -ca lled  " la b il i ty " —a v alue  c h a ra c te r iz in g  the speed of excita tion  p rocès - 
s e s . W hile not denying the  u se fu ln e ss  of th is  index, we do not use it to  evaluate 
the sta te  of a  f ib e r , b ecau se  the m ethod  of m e a su rin g  lab ility  has not yet 
been  p e rfec ted .
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b is e c tr ix  of the co o rd in a te  ang le , the  fib e r is  capab le  of nondec re m  entai 
conduction (cu rv es I-IV ). A s soon a s  a ll  points of the  cu rv e  fa l l  below the 
b is e c tr ix , n o n decrem en ta l conduction  cea se s  and th e  f ib e r s  a r e  capable 
only of a local re a c tio n  (cu rv es  V-IX ). L et us re m e m b e r  th a t the first 
in te rse c tio n s  of the cu rv es  w ith the  b ise c tr ix  d e te rm in e  the  v a lu e  of thresh
olds (oh = ah, oi = bi, oj = c j) . The second in te rs e c tio n s  d e te rm in e  the value 
of the propagation  peaks (gp, fn , em ), The figu re  show s th a t w ith  transition 
of the curve from  position  I to  II to  Ш , and to  IV, the  value of thresholds 
in c re a se s  p ro g re ss iv e ly  w ith d e c re a s e  in e x c ita b ility  of the  f ib e r , acquiring 
the values of oh and la te r  of o i, ok, and finally ol. C o n v e rse ly , with in
c re a se d  ex c itab ility  the th re sh o ld  d e c re a s e s . T hus, chan g es in  threshold 
leve ls  w ill alw ays re f le c t  the  change in ex c itab ility  of the  f ib e r s ,  but there 
is no s t r ic t  in v e rse ly  p ro p o rtio n a l re la tio n sh ip  be tw een  th e s e  v a lu es . Con
sequently , on studying the change of th re sh o ld s , the d ire c tio n  of change in 
excitab ility  m ay be judged. T he re la tiv e  value of sh if ts  m ay  a lso  be de
sc rib ed  but th e re  a r e  c e r ta in  re s e rv a t io n s  re g a rd in g  a c c u ra te  quantitative 
evaluation. T h is is  one of the  d raw b ack s to  m e a su rin g  e x c ita b ility  of the 
f ib e r  by the th resh o ld .

It has a lread y  been  m en tio n ed  th a t  w ith d e c re a se d  e x c ita b ility  of the 
f ib e r , its  cu rve , d e c re a s in g  m o re  and m o re , w ill fa l l  below  th e  b isectrix . 
When th is happens, e x c ita b ility  a s  de te rm in ed  by the  th re s h o ld  of the con
ducted response  w ill equal z e ro , s in ce  the  f ib e r  w hose cond itio n  w as charac
te r iz e d  by cu rv es V, VI, VII, VIII and EX w ill p r e s e rv e  i t s  a b ility  to  respond 
only to  a stim u la tion  by lo ca l e ffec t. T h is is the  seco n d  b a s ic  disadvantage 
of th is  m ethod. H ow ever, th is  is  so  fa r  the only m ethod  of determ ination  
of excitab ility , and in the  a b se n c e  of o th e rs  it m u st be u se d  d e sp ite  its 
shortcom ings.

In the p a s t cen tu ry  the only  index of e x c ita b ility  w as the  th resh o ld  
vo ltage of ex c ita to ry  c u r re n t . But from  the beginning of th e  p re s e n t  century 
it  becam e obvious th a t fo r the  ap p e a ra n ce  of e x c ita tio n  u n d e r c e r ta in  con
d itions, not only the  voltage of the  ex c ita to ry  c u r r e n t ,  but a lso  the  duration 
of its  action, is  of im p o rtan ce .

R elationsh ip  betw een T h re sh o ld  V oltage, o r  In te n s ity  of 
S tim ulation  C u rre n t , and the T im e of i ts  A ction

M ore than 150 y e a r s  ago th e  fam ous p h y s iç is t V olta  (1803) demon
s tra te d  an  in v e rse ly  p ro p o rtio n a l re la tio n sh ip  be tw een  the c a p a c ity  of the 
condenser used  fo r  obtain ing th e  th re sh o ld  s tim u la tio n , and  th e  voltage of 
the n e c e ssa ry  e le c tr ic  c u r re n t , in  the case  of s e n s it iv ity  of th e  skin of the  
hum an finger to  e le c tr ic  c u r r e n t .  T his im p o rtan t o b se rv a tio n  rem ained  
unnoticed un til the  end of the  la s t  cen tu ry . The so -c a lle d  law  o f excitation 
of D uBois-Reym ond w as p red o m in an t. A ccording to  th is  the  v a lu e  of the 

279th resh o ld  stim u lu s depends n e i th e r  on voltage n o r on the  d u ra tio n  of cu rren t, 
but only on the changes in  i ts  in ten s ity . Due to  th e  a u th o rity  of D uBois- 
Reym ond, th is  law re m a in e d  p redom inan t fo r m o re  th an  50 y e a r s ,  although 
R ick (1863), using  a  n e rv e  of th e  m o llu sk  Anodonta and the  c a lf  m uscle of 
the frog , and Engelm ann (1870) u sing  the u re te r  of the  ra b b it ,  have shown 
that not only the in ten s ity  of the  c u r re n t vo ltage, but a lso  the t im e  of its 
action  play a c e r ta in  ro le  in  d e te rm in in g  the  v a lue  of e le c tr ic  excitation
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th re sh o ld . T he tu rn in g  point in developm ent of the problem  was without 
doubt the  s tu d ies  of H oorw eg ( 1892}, w hich appeared  m uch la te r  but w ere 
v e ry  a c cu ra te ly  execu ted . T h is in v e s tig a to r , w orking exc lusive ly  with human 
m u sc le s , showed that w ith su ffic ien tly  sm a ll c ap ac ities  of the condensors, 
the d isc h a rg e s  of w hich w e re  used  as  s tim u li, the  in tensity  of th resho ld  
e le c tr ic  s tim u li <i) is  in v e rse ly  p ro p o rtio n a l to  th ese  cap ac ities  (C) and 
th e re fo re  a lso  to  the t im e  of d isc h a rg e , since the la t te r  is  p roportional to 
capacity . On m o re  pro longed  action  of the  c u rre n t, the th resh o ld  in tensity  
no longer depended on the cap ac ity  of the  condenser, o r , which is  the sam e, 
on the tim e of d isc h a rg e . T h ese  re la tio n sh ip s  w ere  ex p ressed  by Hoorweg, 
by the e m p ir ic a l fo rm ula

(1)

w here  i is  the in ten s ity  of the c u rre n t* , C is  the capacity  of the condenser 
and a and b a r e  co n stan ts .

L a te r  W eiss  (1901a-l901d) ex p erim en ted  with excita tion  of n e rv es  of 
the fro g , toad, to r to is e  and m an, by v e ry  sh o rt re c tan g u la r c u rren t 
p u lse s , and a r r iv e d  a t the sam e  fo rm u la . T his e x p re ssed  the re la tionsh ip  
betw een the in ten s ity  of the  th re sh o ld  c u r re n t  and the tim e of its  action. 
A ccord ing  to  h is  data

(2)

w here  i is  the  in ten s ity  of the  c u rre n t* , t the tim e  of its  action and a and b 
a re  co nstan ts .

The ap p licab ility  of th is  e m p ir ic a l  fo rm u la  to d ifferent tis su e s  was 
con firm ed  by a  n u m b er of in v e s tig a to rs . In addition, a ttem pts w ere made 
to  give it a th e o re t ic a l  b a s is , s ta r t in g  from  the concept of the ce ll as  an 
e le c tr ic  co n d en ser (C hagovets, 1903; E bbecke, 1927; H ill, 1935, and o thers).

At the sam e tim e , N e rn s t (1899, 1908), s ta rtin g  from  the hypothetical 
concept of se m ip e rm e a b le  m e m b ra n e s  on the su rface  of f ib e rs , and also 
assum ing  th a t ex c ita tio n  should a p p e a r when the concentration  of ions on 
th e se  m em b ran es  reach ed  a  c e r ta in  d efin ite  value under the influence of 
e le c tr ic  c u r re n ts , s ta te d  a  fo rm u la  acco rd in g  to  which

a (3)

T his fo rm u la  d iffe rs  b a s ic a lly  f ro m  tho se  of (1) Hoorweg and (2) W eiss 
in th a t h ere  the  in ten s ity  is  in v e rse ly  p roportiona l to the square roo t of 
tim e , while th e re  it is  s im p ly  in v e rse ly  p ro p o rtio n a l to  tim e . N everth e less , 

гео N e rn s t produced copious e x p e rim e n ta l d a ta  (of h is  own and from  other 
au tho rs), desig n ed  to  convince the r e a d e r  that he and not Hoorweg and W eiss 
w as righ t,

* In re a lity  it  is  not the in ten sity  of the  c u rre n t which is  m easu red , but 
the voltage, w hich is  p ro p o rtio n a l to  the in tensity  of c u rre n t a t a constant 
r e s is ta n c e . T h e re fo re  in  c e r ta in  c a s e s  we shall, in the fo rm ula  of 
Hoorweg, u se  vo ltage in s tead  of i. In th a t c a se  the fo rm ula  w ill be as 

follow s: V = ’0 ' + b.
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Odd as  it may seem , both  fo rm u la s  en te red  in to  te x t books -where 
they  c o -e x is t, notw ithstanding the  obvious c o n tra d ic tio n  b e tw een  them (see 
fo r  exam ple, Rubinshtein, 1947). The fo rm u la  of N e rn s t,  on th e  basis of 
the m em brane  theo ry , is  a p p a ren tly  adequately  c o n firm e d  by th e  experiment. 
At the  sam e tim e  it is  ind icated  th a t in p ra c tic e , e s p e c ia lly  fo r  v e ry  short 
tim e  in te rv a ls , the fo rm u la  of H oorw eg is the  m o re  a c c u ra te .  The 
re a d e r  may rem ain  confused: what is  the tru th  of the m a t te r ?  Only 
a f te r  an  accu ra te  e m p ir ic a l so lu tio n  of th is  p ro b lem  can  a c o r r e c t  theory 
be construc ted .

One of the ta sk s  we took upon o u rse lv e s  (N asonov and R o zen ta l1, 1953) 
w as an attem pt to d e te rm in e  e m p ir ic a lly  the re la tio n sh ip  b e tw een  intensity 
of e le c tr ic  stim ulus and the tim e  of i ts  ac tion . A n o th e r ta sk , c lose ly  linked 
with the f i r s t ,  was the a ttem p t to  e la b o ra te  a ra t io n a l  m ethod  to  m easure 
excitab ility  of tis su e  b ecau se , a s  we shall t r y  to  show la te r ,  the  widely 
used ch ro n ax im etric  m ethod su ffe rs  from  a  n u m b er of b a s ic  shortcom ings.

P hysio log ica l S ign ificance  of C o n stan ts  a  and b 
in the  F o rm u la  of H oorw eg-W eiss

L e t us s ta r t  from  a n a ly s is  of the fo rm u la  of H o o rw eg -W eiss  ( ί - γ  + M. 
At suffic ien tly  sm a ll tim e  in te rv a ls  the ra tio  ^ b e c o m e s  so  la rg e  in com

p a riso n  w ith b, that the te rm  b m ay be ignored . T hen  th e  fo rm u la  will be 
tra n s fo rm e d  into a sim ple  in v e rse  p ro p o rtio n :

On the o ther hand, if the tim e  in te rv a ls  a re  su ff ic ie n tly  la rg e  then
^ b e c o m e s  so sm all in co m p ariso n  w ith  b th a t th is  r a t io  m ay  b e  neglected.

T hen  i becom es a constan t va lue :

i = b. (5)

Thus, the g en e ra l fo rm u la  of Hoorweg (1) e x p r e s s e s  tw o law s. One 
is  applicab le  to  the reg io n  of sp ec if ic  sh o rt tim e  in te rv a ls ,  w h ile  the other— 
to -the reg ion  of m o re  pro longed  o n es.

F ro m  equation (5) follow s the  physio lo g ica l m ean in g  of constan t b. 
T h is constan t n u m erica lly  equals  the  th re sh o ld  in te n s ity  of th e  c u rre n t (or 
th resh o ld  voltage) in  the re g io n  of pro longed  tim e  in te rv a ls .  I t charac terizes 
excitab ility  which does no t depend on tim e . We s h a ll  f ro m  now  on denote 
it a s  the p ro tra c te d  th re sh o ld  of e x c itab ility .

aF u r th e r , from  the fo rm u la  i = — it follow s th a t a = it, o r  th a t a is a

product of the th resh o ld  in ten sity  of c u rre n t a t the  tim e  of i ts  ac tion . If the 
independent v a riab le  t  = 1, th en  i = a . F ro m  th is  equa tion  fo llo w s the phy
s io lo g ica l m eaning of co n stan t 'a h  T h is co n stan t n u m e r ic a l ly  equals the 
th re sh o ld  in tensity  (o r vo ltage) of the  c u r re n t w hich  w ill c a u se  excitation 
fo r a c e r ta in  given tim e  of ac tio n  accep ted  a s  a  u n it, in  th e  re g io n  of suf- 

2fiificiently sh o rt in te rv a ls . C onsequen tly , co n stan t ’a 1 c h a r a c te r iz e s
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ex c itab ility  depending on tim e . We sh a ll  fu rth e r  ca ll it the " s h o rt- te rm "  
th re sh o ld  of e x c itab ility .

T h ese  two co n s ta n ts  c h a ra c te r iz e  excitab ility  of the conducting fib e r 
if the la t te r  b eh av es  acco rd in g  to  the fo rm u la  of Hoorweg. It is  not difficult 
to  find th e se  c o n s ta n ts . We sh a ll show la te r  th a t under the influence of 
th ese  o r  o th e r a g e n ts , b o th  c h a ra c te r is t ic s  of excitab ility  may change to a 
su ffic ien t d e g re e , independently  of e ach  o ther and not p ro p o rtio n a lly  to  each  
o th e r, and th a t  in  o rd e r  to  u n d e rs tan d  the  effect of v a rio u s  fa c to rs  on ex
c itab ility  of the  conducting  t is s u e s  it is  n e c e ssa ry  to  study sim ultaneously  
the dynam ics of changes in  both a and b. So fa r  th is  has not been done. 
Since the f i r s t  s tu d ie s  by L apicque and h is  c o -w o rk e rs , only the p ro trac ted  
th re sh o ld  of ex c itab ility , ca lled  by L apicque the rheobase , w as studied, as 
w ell a s  the q uan tity  in tro d u ced  by h im —chronaxy, the value of w hich causes 
a  num ber of s e r io u s  doubts (see  below).

The s h o r t - te r m  th re sh o ld  of ex c itab ility  may be ex p ressed  in volts 
p e r  un it of tim e . But it  m ay a lso  be e x p re sse d  in frac tio n s  of a  second p e r  

unit of v o ltage . Indeed, in the fo rm u la  i = i may be m ade to  equal unity 

and th en  a  = t  (n u m erica lly ) . In th is  c a se  the constan t a m ay be defined as 
the th re sh o ld  t im e  fo r  the  d u ra tio n  of w hich a c u rre n t in tensity  (o r voltage) 
chosen  a s  a  un ity  c a u se s  t is s u e  excita tio n  w ithin the range of sh o rt-tim e  
in te rv a ls . T h is  is  an o th e r way of e x p re ss in g  the constant 'a 1 a s  in physics. 
A ction sp eed , fo r  ex am p le , m ay be e x p re sse d  e ith er by the length  of the 
path tra v e lle d  in a  tim e  un it o r  the tim e  n e c e ssa ry  fo r tra v e rs in g  a unit of 
path. C o rresp o n d in g ly , we sh a ll fu r th e r  ca ll the constant a e ith e r  the 
sh o r t- te rm  th re sh o ld  of ex c itab ility  (s ta r tin g  from  'a 1 a s  p roportional to 
the th re sh o ld  vo ltage  of c u r r e n t  a t constan t tim e), o r  th resh o ld  tim e  of ex 
c ita tio n —T (s ta r t in g  fro m  ’a ' a s  p ro p o rtio n a l to  the th resh o ld  tim e  at a 
constan t v o ltag e).

FIG U RE 161. V o lta g e - tim e  curve 
p lo tted  accord ing  to  the form ula 

a , ,
i  =— + b w here a , b  and n  a re  

t n

equal to  1. C h r—the chronaxy.
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FIGURE 162. L o g arith m ic  v o lta g e - tim e  c u rv e s , 
a 

co rresp o n d in g  to  the e m p ir ic a l fo rm u la  i = —̂ - + b 

(according to  N asonov and R o zen ta l1, 1953)

A —curve  c o n s tru c te d  accord ing  to  th e  fo rm u la  
w here a, b and n equal 1; B —change of the  cu rv e  
on vary ing  constan t b; C —the sam e , v a ry in g  
constan t a; D —the  sa m e , v a ry ing  co n stan t n. 
C h r—chronaxy; a —th re sh o ld  of s h o r t - te r m  e x 
c itab ility ; b —th re sh o ld  of p ro tra c te d  e x c ita b ility  
(rheobase); T —th re sh o ld  tim e  of ex c ita tio n .

U sually  the re la tio n sh ip  betw een  in ten sity  and t im e  of ex c ita tio n  is 
g rap h ica lly  e x p re ssed  in  the  fo rm  of a  cu rv e , the  a b s c is s a  of w hich shows 
the  tim e  of action of e le c tr ic  c u r re n t , and the o rd in a te  i t s  in te n s ity . Such 
a cu rve  is  an e q u ila te ra l h y p erb o la , the left wing of w hich ap p ro ach es  
a sym pto tica lly  the o rd in a te  w hile the  rig h t wing s t r iv e s  to  a  s tra ig h t  line 
p a ra l le l  to the a b sc is sa , rem o v ed  from  it by the  d is ta n c e  b (F ig u re  161). 
The inconvenience of such a  p re se n ta tio n  is  th a t on the  o rd in a ry  sca le  it is  
only possib le  to  depict a  s m a ll  sec tio n  of the  cu rv e . It is  th e re fo re  much 
m o re  convenient to  p lo t on th e  co o rd in a te  axes, not the t im e  and  intensity 
(o r  voltage), but th e ir  lo g a r ith m s . Then the in te n s ity  tim e  c u rv e  (or volt
a g e - tim e  curve), c o rre sp o n d in g  to  the fo rm u la  of H o o rw eg -W eiss  acquires 
the  form  given in F ig u re  I62A.

It w ill be seen la te r  th a t  the  r ig h t wing of su ch  a  lo g a r ith m ic  curve 
s tr iv e s  to  a  h o rizo n ta l s tra ig h t line located  at the  le v e l of log  b , and the le ft 
wing s tr iv e s  to  a  s tra ig h t lin e  sloping a t 45° to  th e  a b s c is s a .  On such a 
g rap h  (F ig u re  162A) the  a b s c is s a  en co m p asse s  an  in te rv a l  of excitation  
fro m  0.001 to  1,000 m illise c o n d s , i .e . ,  d iffe rin g  f ro m  e a c h  o th e r  million
fold, The o rd ina te  show s the  lo g a rith m s  of v o ltag e  fro m  0.1 to  1,000 volts, 
i .e . ,  v a lues d iffering  fro m  each  o th e r 10,000 t im e s ;  w hile  th e  ord inary  
g rap h  (F ig u re  161) show s only s e v e ra l  hundred  u n its  d is c e rn ib le  to  the eye.

283 A nother g re a t advantage of lo g a rith m ic  c u rv e s  is  th a t the sh ap e  of the curves 
does not change acco rd in g  to  the  sca le  of u n its  p lo tted  on th e  coordinate axes; 
only the position  of the  cu rv e  changes.
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T he lo g a rith m ic  c u rv e s  c le a r ly  i l lu s t r a te  the value of the constan ts 
a  and b in  the  fo rm u la  of H oorw eg (F ig u re  162A). F ig u re  162B shows 
c u rv e s  in  w hich only the  co n stan t b v a r ie s .  A s a re s u lt ,  the rig h t hand 
re c t i l in e a r  wing of the  cu rv e  sh ifts  p a r a l le l  to  itse lf . T h is  m eans th a t in 
the  re g io n  of su ffic ien tly  sh o r t  tim e  in te rv a ls  every th ing  re m a in s  as befo re , 
w hile in  the  reg io n  of p ro longed  in te rv a ls  th e  excitab ility  of the  fib er v a r ie s .

In F ig u re  162B only 'a '  v a r ie s . In th is  c a se , the le ft hand re c ti l in e a r  
wing o f the cu rv e  (a t a slope to  the a b s c is s a )  a lso  sh ifts  p a ra lle l to  itse lf, 
w hile th e  positio n  of the  r ig h t wing does not change. T h is m eans th a t ex
c ita b ility  of the f ib e r  chan g es on e x c ita tio n  w ith  sh o rt c u rre n ts , while on 
ex c ita tio n  w ith  m o re  p ro lo n g ed  c u r r e n ts  the  excitab ility  rem a in s  constant. 
Such c a s e s  a r e  m e t w ith  in  p ra c tic e .

G rad ien t F a c to r  (C onstan t n)

T he ap p licab ility  of the  fo rm u la  i = γ +  b to  th ese  o r  o ther specific 

c a s e s  is  v e ry  ea sy  to  check  if the  c u rv e s  a r e  draw n to a logarithm ic  scale.
£

In the re g io n  of s h o r t- t im e  in te rv a ls  i = —. The logarithm s of th is 

equation  g iv es;

FIGURE 163. L o g a rith m ic  
cu rv es  of v o lta g e - tim e  of 5 d if
fe re n t t i s s u e s  (I-V ) (acco rd in g  
to N asonov and R ozen taT , 1953)

I—n e rv e  of the  b ic e p s  m u sc le  of 
m an, n  = 1.12; I I—frog  n e rv e , 
n = 0 .92 ; III—m u sc le  of leech , 
n = 0 .85 ; IV—skin  se n s itiv ity  of 
man, n = 0.78; V —frog  sto m ach , 
n ~ 0 .53 . F o r  exp lan a tio n s see  
text.

log a  -  log t (6)

If the  lo g arith m s of tim e  (log t) 
a r e  p lo tted  on the ab sc issa , and the 
lo g a r ith m s  of in tensity  (log i) on the o r 
d in a te , equation (6) w ill be ex p ressed  
by a  s tra ig h t line oblique with re sp ec t 
to  the  a b s c is s a .

S ince the coefficien t before  log t 
eq u a ls  unity , the slope of th is  s tra igh t 
lin e  shou ld  be 45° ; consequently such 
s tr a ig h t  lin e s  should cut off segm ents 
of eq u a l length  on the coord inate  axes 
(tan  45° equals 1).

A t the  sam e tim e , in  the region 
of su ffic ien tly  long tim e -in te rv a ls  of 
e x c ita tio n  i = b. U sing the logarithm s 
of th is  equation we obtain log i  = log b, 
w hich  is  a lso  ex p ressed  by a  stra igh t 
lin e  p a ra l le l  to  the a b sc is sa  a t level of 
lo g b . It is  quite obvious that these  two 
s tr a ig h t  lin e s  corresponding  to  sufficient
ly  s h o r t  and sufficiently  long durations 
shou ld  b e  joined by a plane segm ent. 
T he lo g a rith m ic  curve thus obtained is  
show n in F ig u re  162A. In the  lo g a rith 
m ic  fo rm  a ll the  known cu rv es of s tren g th 
tim e  asy m p to tica lly  approach two s tra ig h t
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lin e s  w ithout exception : to  the  r ig h t—p a ra lle l  to  the  a b s c is s a ,  and  to  the 
le f t—inclined  at a c e r ta in  angle to  it (F ig u re  162A). H ow ever, th e  slope 
of th is  le f t-s id e d  s tra ig h t line does not alw ays s a tis fy  the  fo rm u la  of 
H oorw eg-W eiss in w hich th is  s lo p e , e x p re sse d  by the  tangen t of the angle 
(ra tio  of segm en ts on the o rd ina te  and on the a b s c is s a ) ,  should  equal 1.

F ig u re  163 show s a  g roup  of d ifferen t c u rv e s  of v o lta g e - tim e  obtained 
by us reduced  to a com m on rh eo b ase  and d raw n c lo se  to  each  o th e r, so 
th a t the beginnings of th e ir  in flec tion  co incide, fo r  the  sake  of c la rity . 
T h is tre a tm e n t does not change the ang les of slope of th e ir  le f t hand  straight 

284 segm en ts. E ach of the g iven c u rv e s  (I-V ) h as  i ts  own slope* .
W hat does th is  slope m e a n ?  How should th is  re f le c t  on th e  em piric 

fo rm ula  correspond ing  to  th ese  cu rv es  ?
A s a lread y  s ta ted , the le ft hand p a r t  of the  lo g a r ith m ic  cu rv e  of 

in te n s ity -tim e  accord ing  to  H oorw eg-W eiss, should  be e x p re s s e d  approxi
m ate ly  by the equation (6). We have a lso  s ta te d  th a t th is  is  a  s tra ig h t line 
equation a t a 45° angle to  the a b s c is s a , since  the  slope of the  s tra ig h t line 
is  d e te rm in ed  by the coeffic ien t of p ro p o rtio n  of th e  independent variab le  
(t), In the given case  th is  co effic ien t r e p re s e n ts  the  tan g en t of th e  slope of 
the  s tra ig h t line , w hich h e re  eq u a ls  one. We have th u s  b een  convinced that 
th is  slope d iffers in v a rio u s  c a s e s  and the  tangen t of i ts  ang le  m a y  vary  
within, the lim its  of 1.0 to 0.5. C onsequently  th is  p a r t  of the  lo garithm ic  
cu rv e  should co rresp o n d  to  the  equation

log i = log  a -  n log ΐ

and in  the nonlogarithm ic form

T hen in  the com plete fo rm  the in te n s ity -tim e  cu rv e  shou ld  b e  ex p re sse d  
by the  following equation:

i = + b (8)
t n

T hus, we reach  a  v e ry  in te re s tin g  conclusion , so lv ing  th e  contrad ic
tio n  betw een  the  fo rm ula  of H oorw eg-W eiss on the  one hand, and  th a t of 
N e rn s t on the o ther. B oth fo rm u la s  a re  only p a r t ic u la r  c a s e s  of a  m ore 
g en e ra l ru le  e x p re ssed  by equation  (8).

In th is  equation the  constan t n  m ay acq u ire  d iffe re n t v a lu e s . F o r a 
n um ber of t is s u e s , fo r exam ple n e rv e s  and s k e le ta l  m u sc le s  of v e rteb ra te s , 
it is  c lo se  to one, and we ap p ro ach  v e ry  c lo se  to  the  fo rm u la  of Hoorweg- 
W eiss. In o th e r c a s e s —n e rv e s  and m u sc le s  of c e r ta in  in v e r te b ra te s ,  
sm ooth m u sc le s  of v e r te b ra te s ,  sk in  re c e p to rs  of m an , e tc .,  th is  value 
m ay app roach  0.5, In th a t c a se  a  re la tio n sh ip  c lo se  to  N e r n s t ’s form ula 
ta k e s  p lace .

285 I t is  quite obvious th a t a l l  the c u rv e s  given in  F ig u re  163 cannot coin
cide a t any chosen sc a le , due to  the  d iffe ren t s lo p e  of the  le f t w ing. How
ev e r, Lapicque (1926) in  h is  book s ta te s  th a t w ith  a  p ro p e r  ch o ice  of the

* On de te rm in a tio n  of the  slo p e  of the  c u rv e s  by a  lo g a r ith m ic  g rap h , 
e r r o r s  w ithin the l im its  of ± 10% a re  p o ss ib le .
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FIGURE 164, L o g arith m ic  
v o lta g e - tim e  c a rv e s  fo r  the  
vine sn a il  (H elix  p o m a tia ) 
(acco rd ing  to  L ap icque , 1926)

1— h e a r t  m u sc le ; n = 0,75;
2 — locom oto r n e rv e , n = 0.5,

tim e  s c a le , a ll  the  s tre n g th - tim e  c u rv e s  can  be su p erim p o sed  on each  
o th e r at a ll  th e ir  po in ts . In o rd e r  to  p ro v e  th is  conten tion  he chose from  
am ong h is  ex ten siv e  d a ta  6 in te n s ity - tim e  c u rv e s  in w hich the s lopes of 
the  r e c t i l in e a r  le ft wing ("n") in the lo g a r ith m ic  sca le  w e re  approxim ately  
0,5, H ow ever, in  o th e r t is s u e s  s tu d ied  by  him  the  v a lu es  of n  deviated 
from  0,5, F ig u re  164 show s tw o lo g a rith m ic  c u rv e s  of v o ltage-tim e  plotted 
acco rd in g  to  the  da ta  of L ap icque  and re d u c e d  to  the  sam e rheobase . It is  
obvious th a t supe r im  p o sitio n  of th ese  c u rv e s  does not occur h e re .

T he physio lo g ica l significance of the 
c o n s ta n t n  can be m ost c le a rly  dem onstra ted  
by a sp ec if ic  exam ple. Let us assum e 
th a t in  the  reg io n  of v e ry  short in te rv a ls  
of c u r r e n t  action  we red u ce  i ts  duration 
4~fold. If we accep t that each tim e , in 
o rd e r  to  ob tain  ex c ita tio n  w aves, a  4-fold 
s tro n g e r  c u r re n t is  n ec e ssa ry , th is  w ill 
m ean  th a t  a  s im p le  in v e rse  p roportion  

o c c u rs  (i = γ )  and th a t n = 1, as assum ed 

by H oorw eg, W eiss , H ill and o th ers . How
e v e r , i t  m ay be th a t on each 4-fold reduc
tio n  of the  tim e  of ac tio n  cu rren t it  is 
n e c e s s a ry  to  in c re a s e  the in tensity  not 4- 
fold, b u t 2 -fo ld . M athem atically  th is  may 
be e x p re s s e d  by the form ula . a  a

T V ' '
i .e . ,  a  re la tio n sh ip  postu lated  by N ernst: 
(as h a s  b een  shown, n m ay also  have other 
v a lu e s  fro m  1,0 to  0.5). Consequently in 
the fo rm u la  n  e x p re s s e s  the slope of in 
c r e a s e  of th re sh o ld  in tensity  of the cu rren t 
on re d u c tio n  of i ts  t im e  of action. G raph
ic a lly , on the  lo g a rith m ic  curve of in tensity 
tim e , th e  va lue  n  d e te rm in es the slope 
(the tan g en t of the  angle) of the asym ptote 
to  w hich  the  cu rv e  app roaches. In F igure  
162B o n ly  n  changes in  the form ula

a
i  = — + b. C orrespond ing ly , only the slope 

t n

of the  a sy m p to te  changes. The constant n 
w ill b e  ca lle d  the  cu rv e  incline fac to r. Its  
p ra c t ic a l  d e te rm in a tio n  p re sen ts  no d iffi
c u lt ie s . O bviously , the  com m on e r r o r  of 
N e rn s t and L ap icque , and of Ebbecke and 
H ill w a s  the  conviction  th a t the sam e r e 

FIGURE 165. Id ea l lo g a r i th 
m ic v o lta g e - tim e  cu rv e  c o r 
respond ing  to  the  fo rm u la  

a
i  - — + b (continuous line) 

tn

(accord ing  to  N asonov and 
R o zen ta l', 1953)
The po in ts  a r e  v a lu e s  a c tu a lly  

Z86 obtained fo r hum an b icep s;
n  = 1,

la tionsh ip  e x is ts  fo r  a l l  t i s s u e s  as be tw een  the  in ten s ity  of c u rre n t and the 
tim e of i t s  ac tio n . T h is  w as re q u ire d  by the  th e o ry  from  w hich they s ta rted . 
H ow ever, a s  h a s  b een  show n above, th is  re la tio n sh ip  d iffe rs  (the constant 
n  v a r ie s  from  0.5 to  1). It is  in te re s t in g  th a t the  n e c e s s ity  to  in troduce an 
exponent of the  n th  pow er v a ry in g  fro m  1 to  0,5 into the  em p irica l form ula 
of H oorweg fo r  t im e , w as a lre a d y  in d ic a te d  by the  A m erican  investigator 
Cole in  1933, and independen tly  by th e  F re n c h  in v es tig a to r  C olle, (1933).
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H ow ever, the re s u lts  of both  a u th o rs  rem a in e d  u n n o ticed , p robab ly  because 
they  com plicated  the  p rob lem  to a  g re a t  extent and re fu te d  bo th  the concen
tra tio n s !  (N ernst), and the  co n d en se r th e o rie s  of ex c ita tio n  (Ebbecke, 
C hagovets, Hill). T hese  s tu d ie s , fo r  exam ple , w e re  no t included  in  the 
rev iew  of ch ro n ax im etry  w ritte n  in R u ssian  by U flyand (1938). They were 
a lso  unknown to  us a t the tim e  when we pub lished  o u r  p a p e rs  in  which we 
e x p re sse d  fo r the f ir s t  t im e  o u r v iew s on the  c u rv e  in c lin e  fa c to r  n (Nasonov 
and Rozental·', 1953). We a ssu m e  th a t if  in  3 p a p e rs  the  a u th o rs  reach  the 
sam e conclusions a t d iffe ren t t im e s  and quite independen tly  fro m  each other, 
th is  ind ica tes that th e se  co n c lu sio n s a re  c o r re c t .

T a b l e  50
T hresho ld  v o ltag es  of in te n s ity - tim e  c u rv e s  of hum an b icep s 

(accord ing  to  R ozental· and F ilip p o v a , 1957)

C apacity  
of con
d e n se r 
(in pf)

Subject No. 1

D ifference (in  %) acco rd in g  to 
fo rm u la  ZA JÎ1 100 fo r  su b jec ts :

v l* 
from
H oor- 
w eg 's  

form ula

v 2> 
e x p e r i
m en ta l

D if fe r 
ence 
(in  % ) 

a c c o rd 
ing to  

fo rm u la  
v 2 -v 1- v ~ 1 0 0

vol tage No. 2 No. 3 No. 4 No. 5 No. 6

90 _ 6.6
30 — 6.6 — — — — — —

5 7,2 7.2 + 0.4 -  0.3 + 6.6 + 4.4 + 4,3 -  3.9
2 8.0 8.2 + 2,5 -  1.6 + 2.3 + 2.0 + 2.6 + 1.5
1 9.5 9.4 - 0 .1 + 1.8 + 2.2 + 3.6 + 6.1 + 2.6
0.5 12.4 11.2 - 0 .9 - 1 3 .3 + 7.8 + 0.6 + 7.5 -  S.7
0.2 21.0 20.0 - 5 .0 -  6.3 + 8.1 0.0 -  8.0 -  3.1
0.1 35.3 34.0 - 3 .7 -  3,6 -  0.3 - 9 . 8 — 2.0 -  2.7
0.05 64.0 62.0 - 3 .1 -  7.3 -  2.2 - 2 . 6 -  2.2 -  8.4
0.02 150.0 150.0 0.0 + 7.2 + 2.2 0.0 + 2.9 -  9.2
0.01 293.6 310.0 + 5.6 -  8.2 -  0.9 - 8 . 6 0.0 + 9.4
0.005 — — — — + 12.1 — - 1 2 .9 -1 6 .8

d
To what extent does the  sugg ested  e m p ir ic a l  fo rm u la , i  = — + b co in 

cide w ith the ac tu a l c u rv e s  of s tre n g th - tim e ?
It h as  a lread y  been  s ta te d  th a t in  the re g io n s  of v e ry  s h o r t ,  a s  well 

a s  in  those with pro longed  tim e  in te rv a ls , any lo g a r ith m ic  c u rv e  of in te n s ity 
tim e  is  tra n sfo rm e d  in to  2 s tra ig h t  l in e s :  one in c lin ed  to  th e  a b s c is s a  and 
one p a ra lle l  to  it. H ere  th e re  i s  c lo se  a g re e m e n t w ith  th e  fo rm u la . The 
c u rv ilin e a r  p a r t  connecting  th e  two s tra ig h t lin e s  a ls o  c o r re s p o n d s  exactly, 
to  the  fo rm u la  in c e r ta in  t is s u e s .  T hus, F ig u re  165 show s an  id e a l curve

. a
co rresp o n d in g  to  the  fo rm u la  i = —  + b, and p o in ts  a r e  show n obtained w ith

287 . f 11

the  hum an b icep s. R e su lts  a g re e  w ith in  the l im its  of e x p e r im e n ta l  e r ro r .
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T able 50 shows v a lu e s  of th re sh o ld  v o ltag es  fo r  v a rio u s tim e s  e x 
c ita tio n  c u r re n t for the b icep s of 6 (hum an) su b jec ts  studied  (RozentaF 
and F ilippova , 1956). T h ese  va lues w ere  co m p ared  w ith  tho se  ca lcu la ted  
acco rd in g  to  H oorw eg’s fo rm u la . T h is could be done because  in  a ll the 
m u sc le s  studied , the co effic ien t n w as c lose  to  1. F o r  tissu e  no. 1, the 
abso lu te  th e o re tic a l  and e x p e rim e n ta l v a lu es  a re  given, as w ell as  the p e r 
cen tage d iffe ren ce  be tw een  th em . F o r  the m u sc le s  of the rem ain ing  5 ex 
p e rim en ta l t is s u e s ,  only the p e rcen tag e  dev ia tio n s a re  given. The e x p e ri
m en ta l and ca lcu la ted  f ig u re s  a g re e  c lo se ly . In the  m a jo rity  of c a se s  the 
d ifference  is  le s s  than  10%.

F o r  the fro g  s c ia tic  n e rv e  the  c o rre la tio n  betw een experim ental and 
th e o re tic a l f ig u re s  is  not quite so c lo se , as a ru le . In the tra n s ito ry  p a rt 
of the cu rv e , dev ia tions a r e  o b se rv ed  w hich a r e  probably  caused  by the 
fac t th a t the n e rv e  c o n s is ts  of f ib e rs  w ith d iffe ren t p ro p e rtie s , in  which 
the in te n s ity - tim e  c u rv e s  in te r s e c t  w ith  each  o th e r . A nom alies of th is  
kind w e re  d e sc r ib e d  in  d e ta il and stud ied  by L u cas (1907)·, Lapicque (1926), 
R ushton (1931, 1932, 1935) and o th e rs .

C h a p t e r  2. M easu rem en t of E x c itab ility .

M ethod of M easu ring

F ro m  the  p rev io u s  ch ap te r  it  is  c le a r  th a t to  m easu re  the excitab ility  
of the  conducting f ib e r  co m p le te ly , it  is  n e c e s s a ry  to  determ ine  3 co n stan ts— 
a, b and n. H ow ever, no one h a s  done th is  u n til now. Instead, for the 
c h a ra c te r iz a tio n  of ex c itab ility , the  m ethod  of ch ronax im etry  introduced by 
Lapicque w as u sed , co n sis tin g  of d e te rm in a tio n  of the constant b (rheobases) 
and of the value su g g ested  by L ap icque, i .e , ,  ch ronaxy , supposedly serv ing  
as  th e  tim e  fa c to r .

D e te rm in a tio n  of the th re e  b a s ic  co n s ta n ts  of excitab ility  p resen ts  
no d ifficu ltie s . In p ra c t ic e  only s lig h t changes in  n o rm a l ch ronax im etry  
a re  re q u ire d . It is  n e c e s s a ry  to  in c re a s e  the  reg io n  of the sh o rt in te rv a ls  
of ex c ita tio n  som ew hat and to  in c re a s e  the  s to re  of e le c tr ic  voltage c o r r e s 
pondingly.

F o r  th e se  p u rp o se s  an  in s tru m e n t w as u sed , the schem e of which is  
il lu s tra te d  in  F ig u re  166, T he tim e  of co n d en se r d ischarge i s  determ ined  
by the  fo rm u la  t = cR, w h ere  c is  th e  cap ac ity  of the  condenser and R is the 
re s is ta n c e  of the  chain . We did not c o n s id e r  it  p o ssib le  to  shorten  the tim e 
in te rv a ls  by red u c in g  th e  cap ac ity  below 0.001 m ic ro fa ra d s , since by doing 
th is  the  a c c u ra c y  of m e a su re m e n t sh a rp ly  d e c re a se d . We reduced r e s i s t 
ance (R), su b stitu tin g  the  L apicque shunt Jay a 100 ohm shunt. This shortened 
the tim e  of d isc h a rg e  of th e  c o n d e n se r 100-fo ld , thanks to  which the re c a l
cu lation  fo r  tim e  w as ach iev ed  by m ultip ly ing  the num ber of m ic ro fa rad s , 
not by 4, as re q u ire d  in  th e  c a se  of the  L apicque shunt, but by 0.04, The 
re s is ta n c e  of the  t i s s u e s  (thousands and te n s  thousands of ohm s) always 
exceeded by so  m uch  th e  value of 100 ohm s th a t som e fluctuation in the

Z8S d im ensions of th is  re s is ta n c e  did no t ap p rec iab ly  affect the speed of d is 
charge  of the  c o n d e n se rs . T he cho ice  of c a p a c itie s  w as from  600 to  0.001 
m ic ro fa ra d s , w hich m ade it  p o ss ib le  fo r  us to  v a ry  the tim e  of d ischarge 
from  2.10“ 2 to  4 , i o ~ 8  seco n d s . T h e re  w as obviously  no g re a t d isto rtio n
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w ith  the sh o rte s t d isc h a rg e s , s in ce  the r e c t i l in e a r  d is tr ib u tio n  of the 
po in ts on the logarithm ic  cu rv e  w as observed  up to  the v e ry  la s t  m easu re
m en ts . The m axim al vo ltage used  w as about 400. A b a tte ry  of dry elem ents 
o r  a kenotronic r e c t if ie r  s e rv e d  a s  so u rce  of c u r re n t .

FIGURE 166. Scheme of 
ap p ara tu s  fo r the d e te r 
m ination  of excitab ility  co n 
s tan ts  (according toN asonov  
and R ozen ta l', 1953). F o r  
explanation see text.

In addition to  the  100 ohm shunt, a re 
s is ta n c e  of 50 к ohm w as in tro d u ced  into the 
chain  in s e r ie s .  It is  a lso  recom m ended  that 
the  d istance  betw een th e  e le c tro d e s  be about 
1 .5 -2 .0  cm . The la s t  two m e a s u re s  w ere 
n e c e s s a ry  to  m in im ize  the chan g es of th re sh 
old in ten sity  of the  c u r re n t ,  a f te r  changes of 
re s is ta n c e  of the n e rv e  seg m en t u n d er investi
ga tio n . If, how ever, the  m e a su re m e n ts  w ere 
p e rfo rm e d  in m an w ith  the u se  of skin elec
tro d e s , the re s is ta n c e  to  th e  c u rre n t brought 
to  the  nerve  w as so m uch  in c re a se d  by the 
sk in  and o th e r t i s s u e s  th a t the  s e r ia l  r e s is t 
ance of 50 к ohm w as no m o re  n e c e ssa ry . 
The th e o re tic a l  b a s is  fo r  th e se  two m easu re s
w ill be g iven in P a r t  VI of th is  book.

Using a num ber of t is s u e s  (n e rv e -m u sc le  p re p a ra tio n , m yocard
ium  and stom ach of frog , le ech  m u sc le s  and o th e rs )  p a ra l le l  curves 
w e re  determ ined  with the L ap icque  shunt and w ith  o u r shunt. The 
re s u lts  showed that the shape of the cu rve  does not change on t r a n s i
tion  from  one shunt to  the o th e r  (F ig u re  167). The e x c ita b ility  curves 
obtained in m an on ex c ita tio n  th rough the sk in  w e re  an exception .

M easurem ent of the  e x c ita b ility  co n stan ts  w as p e rfo rm e d  in the fol
lowing way. F i r s t  of a l l  the  w hole v o lta g e -tim e  c u rv e  w as d e te rm ined  and 
s ta te d  in  logarithm ic fo rm  (F ig u re  168, 1). F o r  d e te rm in a tio n  of the  con
s ta n t n, the left sloping asy m p to te  w as continued to  the in te rse c tio n  with th e  
coord inate  axes. The ra tio  be tw een  the value of the  seg m en t cut off on the 

2g9 o rd ina te  to  that on the a b s c is s a  gave the value of n . In the  ca se  describ ed  
th is  ra tio  w as close to  1 (n = 0.97).

We found that fo r the  m a jo r ity  of t is s u e s  (n e rv e s  and sk e le ta l m u sc les

of v e r te b ra te s )  the value of n  is  c lo se  to  1 (H oorw eg’s fo rm u la : i =—+ b is 

va lid  he re ), w hereupon d u rin g  the  ac tion  of v a r io u s  a g e n ts , th e  slope of th e  
le ft wing of the lo g arith m ic  c u rv e  does not change (see  F ig u re s  168, 170 
and 171). C onsequently, in  the  c a se  of th e se  t i s s u e s  it  is  no t n e c e ssa ry  to  
d e te rm in e  the constant n.

C onstant b (L ap icq u e 's  " rh e o b a se " )  w as d e te rm in e d  in  the  usual way. 
A ttention w ill be draw n to  d e te rm in a tio n  of the  th re s h o ld  of s h o r t- te rm  e x 
c itab ility  o r  constan ts  a, s in ce  it  r a is e d  the  g r e a te s t  n u m b e r of problem s 
in  the d iscussion  th a t took p lace  re g a rd in g  c h ro n a x im e try  (Uflyand, 1954; 
A brikosov and D arkshev ich , 1954; K ise lev , 1954; N avaka tikyan , 1954; 
Nasonov and R o zen ta l', 1955).

A s a lready  s ta ted , in  th e  re g io n  of su ffic ien tly  s m a ll  t im e  in te rv a ls .
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FIGURE 167. L o g arith m ic  cu rv es of 
v o lta g e - tim e  in n e rv e -m u sc le  p r e 
p a ra tio n  of a  frog .

a —m e a su re m e n ts  p e rfo rm ed  w ith a 
100 ohm shunt; b —m e a su re m e n ts  p e r 
fo rm e d  w ith  the Lapicque shunt;
C h r —c h r  onaxy.

FIGURE 168. The effect of 
5% ethyl a lcoho l on a n e rv e 
m u sc le  p re p a ra tio n  of frog  
(accord ing  to  N asonov and 
R ozen ta l’, 1953)

L ogarithm ic  cu rv e  of v o lta g e 
tim e : 1—b e fo re  n a rc o s is ;
2—th e  sam e  p re p a ra tio n  38 
m inu tes a f te r  onset of n a r 
co sis ; 3 —sam e p re p a ra tio n
1 h o u r 36 m in u tes  a f te r  onse t 
of n a rc o s is ;  n  = 0.97. R e 
m aining legend  as in  F ig u re  162.

T ran sfo rm in g  Hoorw eg’s form ula 

V = γ +  b, we obtain a  = (v — b) t. If v 

ex ceed s b 100-fold, then  d iscard ing  b in 
th is  fo rm u la  c re a te s  an e r r o r  in the c a l
cu la tio n  not exceeding 1%, which is  in 
sig n ifican t, being considerab ly  lower 
th an  the  ex p erim en ta l e r ro r .  Then con
s ta n t a w ill be de term ined  by the product 
of th re sh o ld  tim e  and th resho ld  in tensity  
(o r  vo ltage). We suggested using the 
p ro d u c t of the th resh o ld  num ber of m ill i
v o lts  and the th resh o ld  num ber of m ill i
seco n d s as the  g en e ra l unit fo r m easu re 
m en t of a  (Nasonov and Rozental·', 1955). 
We sh a ll show the determ ination  of a in 
a sp ec ific  exam ple of the in tensity -tim e  
cu rv e  of a frog nerve  under norm al con
d itio n s , and a fte r  the action  of alcohol 
(F ig u re  168). It follows from  Table 51 
th a t the rh eo b ase  of th is  nerve  is  0.059 
v o lt. A 100-tim es g re a te r  value w ill 
equal 5.9 volts. C onsequently, if a is 
d e te rm in ed  at m o re  than 6 v o lts  the e r ro r  
w ill be le s s  than 1%. On th is  b a s is  we 
eh o se  a  t im e - in te rv a l of excita tion  which

was so sh o rt th a t it  r e q u ir e s  a th re sh o ld  vo ltage not le s s  than 6 volt. Taking 
0.001 m illiseco n d , fo r exam ple , we find  th a t a th resh o ld  voltage of 12 volts 
is n e c e s sa ry . Since a - v t the  value of a equals 12,000 m illiv o lts  x 0.001 
m illiseco n d s = 12 m illiv o lt m illise c o n d s . T hat is  a ll  th a t is  req u ired  fo r 
d e te rm in a tio n  of the co n stan t a. A s in  the  de te rm in a tio n  of the  rheobase, 
this ta k e s  no m o re  th a n  a  m inute . In  view  of the fact that a  = v t we shall
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obtain the sam e figu re , 12 m illiv o lt m illiseco n d , d e te rm in in g  a  at any 
h igher voltage.

T a b l e  51

Effect of 5% ethy l a lcoho l v ap o r on e x c ita b ility  c o n s ta n ts  
of frog n e rv e  and  on i ts  chronaxy  (acco rd in g  to  

N asonov and R o zen ta l', 1953)

C onstant

B efo re  n a r 
c o s is  (see

F ig u re  168, 
c u rv e  1)

A fte r  1 h r ,
36 m in  of n a r 

c o s is  (se e  F ig 
u re  1 6 8 ,c u rv e  3)

C hanges 
in in itia l 

value (in %)

Increm en t (n) 1.0 1,0 0
P ro tra c te d  th resh o ld  of

ex c itab ility  (in vo lts) 0.059 0.98 + 1560
S h o rt- te rm  exc itab ility

th resh o ld  (in m volt m sec ) 12 73 + 500
C hronaxy (in m sec) 0.5 0.32 -  36

290 Subsequently the n e rv e  w as sub jec ted  to the ac tio n  of 5% alcohol
v ap o rs . Its ex c itab ility  d e c re a s e d  and co rre sp o n d in g ly , the  c u rv e  su ccess 
ively  assum ed  positions 2 ( a f te r  38 m in u te s  of the n a rc o tic  ac tion) and 3 
(a f te r  1 hour, 36 m inu tes). A s seen  from  T ab le  51 and F ig u r e  168 the rheo- 
b a se  becam e equal to  0.98 v o lts , w hich m ean t th a t th e  p ro tra c te d  th resho ld  
of excitab ility  in c rea sed  16 ,6 -fo ld . F o r  d e te rm in a tio n  of the  sh o r t- te rm  
th re sh o ld  of a, the sam e tim e  w as ap p lied  (0.001 m illise c o n d )  and i t s  th re sh 
old voltage found. Now the  l a t t e r  w ill be not 12 v o lts  but 73 v o lts . Con
sequently , the s h o r t- te rm  th re sh o ld  of e x c ita b ility  w ill now b e  73,000 m illi
v o lts  X 0.001 m illiseco n d s  = 73 m illiv o lt m illise c o n d s . T he co n stan t a  in
c r e a s e s  6-fold ( le ss  than  co n stan t b!).

F ro m  the above exam ple  it  w ill be seen  th a t d e te rm in a tio n  of the  
constan t a is v e ry  s im p le . I t b eco m es som ew hat m o re  c o m p lic a te d  when 

£
dealing w ith a curve c o rre sp o n d in g  to  the  fo rm u la  i = ~  + b. In th a t case, 

fo r  sh o rt- tim e  cu rv es  a  -  i tn , and th e re fo re  to  o b ta in  the  n u m e r ic a l value 
of a in  the sam e un its , th e  n u m b e r o f m illiv o lts  shou ld  be m u ltip lie d  by the 
num ber of m illiseco n d s to  the  n th  pow er.

In the m a jo rity  of c a s e s  the  p u rp o se  of the  study  i s  no t to  com pare 
excitab ility  of d iffe ren t t i s s u e s ,  but to  study chan g es of e x c ita b ility  in  the 
sam e tissu e  following th e  ac tio n  of d iffe ren t ag en ts .

The s im p le s t way of d e te rm in in g  a  is  not in  ab so lu te  u n its  (m illivo lt, 
m illisecond) but in  r e la t iv e  o n es , assu m in g  the  in i t ia l  v a lu e  o f a  to  be 100%*. 
F o r  th is  purpose, in  the  re g io n  of su ffic ien tly  s m a ll  t im e - in te r v a ls ,  of ex
c ita tio n  (w here v is  l a r g e r  th a n  b, fo r  exam ple, 1 0 0 -tim e s )  an y  convenient 
tim e  period  m ay be tak en  (fo r ex am p le , 0.001 m illise c o n d ) . T h is  w as ac
cep ted  a s  a un it and the  th re s h o ld  n um ber of v o lts  d e te rm in e d . In o u r case 
it w as 12 v o lts . T his in i t ia l  n u m b er we a ssu m ed  to  b e  100% and we sub
sequen tly  stud ied  the  dynam ics of th is  value e i th e r  in  the  c o u rs e  of

* D ete rm in a tio n  of a  in  r e la t iv e  u n its  of m e a su re m e n t w a s  su g g ested  by 
us in  our 1953 s tu d ie s  (N asonov and R o zen ta l1).
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ex p e rim e n t, o r  during v a r io u s  p a tho log ica l p ro c e sse s , find ing  the th re s h 
old n u m b er of v o lts  by u sing  one and the  sam e tim e  p e rio d  (0,001 m ill i
second).

The rh eo b ase  m ay  a lso  be e x p re s s e d  in p e r  cent. In our exam ple 
(se e  T ab le  51), a f te r  the  ac tio n  of 5% alcohol vapor fo r 1 | h o u rs , the p ro 
tr a c te d  th re sh o ld  of e x c ita b ility  in c re a s e d  by 1,560%, w hile the sh o rt- te rm  

291 ex c itab ility  th re sh o ld  in c re a s e d  only by  500%. T hese v a lu es  often  changed 
not d ire c tly  in  re la tio n  to  each  o th e r but so m etim es even in  in v e rse  p ro 
p o rtio n s.

Many c o n te m p o ra ry  p h y s io lo g is ts  f irm ly  be lieve th a t it m ight be p o s
s ib le  to  se p a ra te  the co n stan t d e te rm in in g  ex c itab ility  of n e rv e  o r m uscle 
f ib e r s  and the tim e  co n stan t (o r fa c to r)  determ in ing  the tim e  n e c e ssa ry  
fo r  ap p earan ce  of ex c ita tio n  a t a  c e r ta in  c u r re n t in tensity . T h is viewpoint 
is  b a s ic a lly  w rong. In r e a l i ty  th e re  i s  not an ex c itab ility  fa c to r  and a tim e 
fa c to r  but two e x c ita b il i t ie s :  one, independent of tim e and c h a ra c te ris tic  
fo r  long in te rv a ls  of c u r r e n t  ac tion , and  the second, connected with the 
f i r s t  by g rad u a l t r a n s i t io n s ,  depending on tim e  and c h a ra c te r iz e d  by short 
in te rv a ls  of c u r re n t  a c tio n . T h is  s h o r t - te rm  ex c itab ility  is  ch a rac te rized  
by co n stan t a. It is  p ro p o rtio n a l to  th e  th re sh o ld -tim e  of the c u rre n t action 
a t a  co n stan t in ten s ity ; co n sequen tly  it  is  a lso  a  constan t tim e . It is  also 
p ro p o rtio n a l to  the  th re sh o ld  in te n s ity  of the c u rre n t at constan t tim e, con
sequen tly  it is  a lso  an e x c ita b ility  c o n s ta n t fo r sh o rt- tim e  in te rv a ls .

The m ethod  of d e te rm in a tio n  of a  ju s t  d esc rib ed  is  the  m ost accu ra te , 
b ecau se  th is  v a lue , like  the rh e o b a se , i s  de te rm in ed  d irec tly  by one m easu re 
m en t only. In c e r ta in  c a s e s ,  h ow ever, the value of the rheobase  is  so high 
th a t the  in s tru m en t w ill not allow  the  d e te rm in a tio n  of a  by a voltage exceed
ing 100-fold th a t of the  rh e o b a se . In  th a t c a se , b cannot be d isreg a rd ed  in 
equation a = (i — b) t , w ithout in tro d u c in g  a  co n sid e rab le  e r ro r ,  and it is  
th e re fo re  n e c e s s a ry  to  su b tra c t the  v a lue  of the rheobase  b from  the th re sh 
old vo ltage V (i). In th is  c a se  the e r r o r  of de te rm in a tio n  of a  in c reased  
co n sid e rab ly . C onsequen tly , v o lta g e s  h ig h e r th an  the rheobase  should be 
used  only in  c a s e s  of e x tre m e  n e c e s s i ty .

M ethod of D e te rm in a tio n  of E x c ita b ility  of Hum an M uscles

In studying e x c ita b ility  of hum an  m u sc le s  (R ozen ta l1 and F ilippova, 
1957) the a b o v e -d e sc r ib e d  a p p a ra tu s  w as used (F igu re  166), but without the 
s e r i a l  50 к ohm r e s is ta n c e .  T h is r e s is ta n c e  w as ac tua lly  rep laced  by the 
high re s is ta n c e  of t i s s u e s  th rough  w h ich  the c u rre n t passed  on i ts  way to 
the  n e rv e . The e x c ita b ility  th re s h o ld s  of n e rv es  and m u sc le s  on the intact 
o rg an ism  a re  m uch  h ig h e r th a n  th o s e  of the iso la ted  t is s u e s , but thanks to  
the 100 ohm shunt a  com ple te  in te n s ity - tim e  curve  m ay be obtained, using 
a vo ltage of th e  c u r re n t  so u rc e  of 400 -500  volt, in  the in tac t organism  as 
w ell. In the  m a jo r ity  of c o n d e n se r c h ro n a x im e te rs  now in wide use for 
d e te rm in a tio n  of the rh e o b a se , a p u ls e  of constan t c u rre n t is  used. Such 
a  d e te rm in a tio n  is  u su a lly  acco m p an ied  by pain sensa tio n s (Uflyand, 1938). 
In e x p e rim e n ts  by R o z e n ta l ' and F ilip p o v a  the d e te rm in a tio n  of the rheobase 
by u se  of co n d en se r d is c h a rg e s  of long  d u ra tio n  w as abso lu te ly  p a in less.

The m ethod  of so -c a lle d  u n ip o la r  excita tion  in w hich the acting e le c 
tro d e  is  a  sm a ll d if fe re n tia l  one, ap p lied  to  the skin a t the m o to r point
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(m o to r p o in t—a narrow  re g io n  of m axim al ex c itab ility ). T h is  is  re la ted  
to the  p e c u lia r itie s  of d is tr ib u tio n  of e le c tr ic  c u r r e n t  in the  hum an organism .

292 The d iffe ren tia l e lec tro d e  is  u su a lly  a round p la te  of c h lo r in a te d  s ilv e r , 1 
sq cm in a re a , w rapped in  co tton  and gauze and soaked  w ith  a  physiological 
so lution. In accepted c h ro n a x im e tric  p ra c tic e  the  d if fe re n tia l  e lec tro d e  is 
applied to  the m otor point in  each  m easu rem en t of e x c ita b ility . T h is method 
has b a s ic  sho rtcom ings. If the  e lec tro d e  is  m oved aw ay from  the  m otor 
point only by a few m il l im e te r s  o r  p re s s e d  a l i t t le  s t ro n g e r ,  quite  different 
va lues of excitab ility  a r e  ob ta ined . The m o is tu re  of the  e le c tro d e  i s  also 
of im portance . Stable r e s u l t s  a r e  obtained only by in v e s t ig a to rs  w ith  g rea t 
tech n ica l experience. A ll th e se  fa c to rs  in troduce  a  su b je c tiv e  e lem en t into 
the m e a su re m e n ts  w hich is  v e ry  d ifficu lt to  ev a lu a te .

F o r  the study of d y n am ics of excitab ility  d u rin g  sh o r t  t im e  periods 
(not m o re  than  1 day) th is  m ethod  w as m odified . A c h lo r in a te d  s i lv e r  cup 
1 square  cm in a re a  and 4 m m  in depth w as used  a s  d if fe re n tia l  e lec tro d e . 
The cup w as filled  with co tton  soaked  in hot 2% a g a r-c o n ta in in g  R in g e r 's  
solution. A fter the a g a r so lid if ied , the m o to r point w as found and the  cup-, 
e lec tro d e  was fixed to it w ith  adhesive tape . In th e  in te rv a ls  betw een  ex
p e rim en ts  the  e lec trode  w as im m e rse d  in R in g e r’s so lu tio n . T h is  m odifi- 
cation  of the e lec tro d e  a lw ays en su red  the sam e  d eg ree  of m o is tu re ,  the sam e 
degree  of p re s su re , and tig h t fixa tion  of the e le c tro d e  to the  m o to r  point. 
T h is com pletely  e lim in a ted  sub jec tive  e r r a ta  in studying e x c ita b ility . How
e v e r , th e re  is  one le s s  im p o rta n t shortcom ing  not e lim in a te d  by th is  m ethod, 
i .e ., the possib le shift of the  m o to r point. I t is  s e lf -e v id e n t th a t  in  m ore 
prolonged stud ies, exceed ings 1-2 days, th is  m ethod  is  no t ap p licab le .

C om parison of E x c itab ility  of V a rio u s  T is s u e s

The absolute v a lu es  of ex c itab ility  th re sh o ld s  m e a s u re d  (a and b), 
depend to  a la rg e  extent on the  h is to lo g ica l s t ru c tu re  of th e  in v es tig a ted  
t is su e , since  th is  d e te rm in e s  the  frac tio n  of the e le c tr ic  c u r r e n t  w hich 
p e n e tra te s  the fiber and s e r v e s  a s  the ac tu a l s tim u lu s . T h e re fo re , com 
p a riso n  of ex c itab ilitie s  of v a r io u s  ob jec ts is  only of r e la t iv e  v a lu e , som e
tim e s  being quite im p ra c tic a b le .

N ev erth e less , p e rfo rm in g  m e a su re m e n ts  u n d e r  s t r i c t ly  s tan d a rd ized  
conditions allow s co m p ariso n , with a c e r ta in  a c c u ra c y , of e x c ita b ility  of 
v a rio u s t is s u e s .

F ig u re  169 shows v o lta g e - tim e  c u rv e s  of 5 v a r io u s  t i s s u e s ,  and Table 
52 show s the num erica l v a lu e s  of th e ir  e x c ita b ility  c o n s ta n ts . T he t is s u e s  
a r e  a rra n g e d  in o rd e r  of in c re a s in g  rh to b a s e  ( th re sh o ld  of p ro tr a c te d  ex
c itab ility ), i .e ,, in o rd e r  of d e c re a s in g  ex c itab ility  a c c o rd in g  to  th is  con
stan t.

In a ll  the t is s u e s , c o n s ta n t a w as d e te rm in ed  by the  th re s h o ld  tim e 
n e c e s s a ry  to  obtain a  p ro p ag a tin g  excita tion  fro m  100 v o lts .  In o r d e r  to  obtain 
the  n u m erica l value of a , the  vo ltage in  m illiv o lts  (100,000 m ill iv o lts )  w as 
m u ltip lied  by the th re sh o ld  tim e  in  m illiseco n d s* . T h is  w as done in  a ll

* F o r  the  determ ination, of a  an o th e r voltage could  a lso  be u se d , fo r  ex 
am ple , 150, 200 volt, e tc . In a ll  c a se s  the sam e  n u m e r ic a l  v a lu e  fo r  
a would be obtained, s in c e  a  = it.
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293c a s e s  w ith  the excep tion  of the fro g  stom ach , b ecau se  h e re  the steep n ess  
of co n stan t n is  c lo se  to  1 and a is  ca lcu la ted  from  the fo rm u la  a = it. In 
the  fro g  sto m ach  n = 0.5, th e re fo re  th e  n u m erica l value of a  w as determ ined  
f ro m  the  equation a = i^ t* .  F ro m  T able 52 it w ill be seen  that accord ing  
to  th e  s h o r t - te rm  th re sh o ld  of ex c itab ility  a, a ll  the  t is s u e s  a re  a rran g ed  
in  th is  c a se  a s  acco rd in g  to  b.

T a b l e  52

E x c itab ility  co n stan ts  of v a r io u s  t is s u e s  (according to 
N asonov and R o zen ta l1, 1953)

« 2
ΐ  к

* ? я о §
Ζ  υ h.

E x p e rim e n ta l o b jec t b (in  
vo lts)

-- - .,η
T h resh o ld  
tim e a t 100 

volt (in m sec)

1 —— —- 
a (in 

mvolt- 
m sec)

n
C hr 
(in 

m sec)

1 F ro g , s c ia tic  n e rv e 0.036 0.00004 4 0,94 0.38
2 F ro g , s a r to r iu s

m u sc le 0.16 0.00017 17 0.92 0.90
3 F ro g , h e a r t  m u sc le 0.19 0.0053 530 0.96 7.00
4 L eech , m u sc le s 1.52 0.0060 600 0.89 1.05
5 F ro g , s to m ach — 0.14 37,500 0,52

FIG U R E  169, L o g a rith m ic  v o lta g e - 
t im e  c u rv e s  of v a r io u s  t i s s u e s  ( a c 
co rd in g  to  N asonov and  R o zen ta l1, 

294 1 95 3)

1—fro g  n e rv e ; 2—s a r to r iu s  fro g  
m u sc le ;  3—h e a r t  m u sc le  of frog ;
4 —m u sc le  of leech ; 5—fro g  s to m 
a c h . R em ain ing  legend  a s  in F ig 
u r e  162.

The fact th a t a is  a m easu re  of 
the th re sh o ld  tim e of excitation  follows 
from  the fo rm u la  a  = it, since a t a  con
stan t tim e  t, a is  p roportional to i, 
w hile a t a  constant i, a is  proportional 
to  t. F ig u re  169 c le a r ly  illu s tra te s  
th is  point. H ere , a  voltage of 100 volt 
w as used as the constan t v (i). A cu r
re n t of such  a voltage should cause 
excita tion  in the frog  nerve in 0.00004 
m illiseco n d s, in  the frog  m uscle-  
о. 00017 m illiseco n d s, in the h eart 
muscle-O.OO53 m illiseconds and in the 
m uscle  of the leech-0 .0060 m ill is e c 
ond. C onsequently , fro g  nerve  is  the 
m ost " ra p id "  of th ese  t is su e s , and 
the m u sc les  of the leech -th e  "slow est", 
acco rd in g  to  L ap icque 's  term inology.

A ll that h as  been  sa id  above r e 
f e r s  to  t is s u e s  w ith a s im ila r  constant

of n. E x c ita b ility  in  sh o r t  in te rv a ls  in  such t is s u e s  m ay be com pared by a. 
F o r  t is s u e s  w here  n d if fe rs , it is  im p o ssib le  to  com pare s h o r t- te rm  excita
b i l i ty  only  by a. T h e ir  v o lta g e - tim e  cu rv es m ay in te rs e c t and the  ra tio s  of 
th e i r  v e lo c itie s  of re a c tio n  w ill d iffe r , depending on the tim e  in te rva ls  during
w hich th e y  a re  m e a su re d .

* T he rh e o b a se  in  the  c a se  of fro g  stom ach  w as not d e te rm ined  since it 
i s  lo ca ted  in  the  reg io n  of d u ra tio n s  of excita tion  longer th an  those fo r 
w hich the  m e a su rin g  in s tru m e n t w as devised .
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T able  52 shows th a t the  a rra n g e m e n t of the  t i s s u e s  acco rd in g  to  the 
value of constan t a does not a lw ays coincide w ith  the  s e r i e s  acco rd in g  to 
chronaxy, w hich, in the opinion of m ost c o n tem p o ra ry  p h y sio lo g is ts , should 
se rv e  a s  a tim e  constan t. It is  quite  obvious th a t ch ro n ax y  is  no t a lw ays a 
re lia b le  index. We sh a ll t r y  to  show la te r  th a t ch ro n ax y  is  not a  tim e  con
stan t, a s  is  u sua lly  thought, and we sh a ll t r y  to  show  the  s o u rc e s  of e r r o r  
in  ch ronax im etry .

F u r th e rm o re , a tten tio n  is  draw n to  the  fac t th a t  the t i s s u e s ,  quite 
a r b i t r a r i ly  chosen  by u s , d if fe r  m uch m o re  in  r e s p e c t  to  co n stan t a  than 
b. T hus, in ex tre m e  e x a m p le s  the  rh eo b ase  of f ro g  n e rv e  i s  42 tim e s  s m a ll
e r  than th a t of leech  m u sc le , w hile  the s h o r t - te rm  th re s h o ld s  of exc itab ility  
d iffe r 150-fold. T h e re  is  r e a s o n  to  be lieve th a t su c h  re la tio n sh ip s  ex is t in 
the co m p ariso n  of m o st t i s s u e s .

F in a lly , an o th er r e s u l t  f ro m  the  co m p ariso n  of v o lta g e - tim e  cu rv es  
of v a rio u s t is s u e s  fo llow s. F ig u r e  169 shows th a t the  le ft w ing of the  loga
rith m ic  cu rv e  of s m o o th g a s tr ic  m u sc le  (5) is in c lin ed  to  the  a b s c is s a  a t a 
m o re  acute angle (n = 0.52) th an  in o th e r c u rv e s  (in  the  c a se  of h e a r t  m uscle  
n - 0.96, fo r  sk e le ta l m u sc le , n  = 0.Э2; T able 52). It fo llow s from  th is  
th a t on fu r th e r  sh o rten in g  of th e  stim u lu s tim e , the  v o lta g e - tim e  cu rv e  of 
sm ooth  m u sc le s  w ill in te r s e c t  w ith  the o th e r c u rv e s . T h is  obviously  m eans 
th a t in the reg ion  of sh o rt in te rv a ls  of excita tion , s to m ach  m u sc le s  a re  
m o re  sen s itiv e  and m o re  " ra p id "  than  h e a r t  and s k e le ta l  m u s c le s . On t e s t 
ing th e ir  sen s itiv ity  by c u r r e n t  of the  sam e v o ltag e , th e  th re sh o ld  tim e  fo r  
sm ooth  m u sc le s  w ill be l e s s  th a n  fo r s tr ia te d  m u s c le s . T he in te rse c tio n
w ith  the cu rv e  fo r  h e a r t  m u sc le  w ill take  p lace a p p ro x im a te ly  a t a  d u ra tion  
of stim u lu s of 0.0001 m ill is e c o n d s  and a  vo ltage  of a p p ro x im a te ly  3,000 
vo lt; th a t w ith  the  cu rv e  of sk e le ta l  m u sc le —at a  d u ra tio n  of 0.00000001 
m illiseco n d  and a vo ltage of ap p ro x im ate ly  1,000,000 v o lts , 
in s tru m en t m ay be c o n s tru c te d  to  check th e se  co n c lu s io n s , 
p a ra tiv e ly  ea sy  to  do w ith  h e a r t  m u sc le s .

A t f i r s t  sigh t th is  co n c lu s io n  m ay seem  p a rad o x ica l.

An ap p ro p ria te  
T h is  is  com -

B ut ac tu a lly , it 
i s  lo g ica l. Subsequently , d a ta  w ill  be g iven to  in d ic a te  th a t th e  ex c ita tio n  
in  conducting f ib e rs  is  d e te rm in e d  not by the in te n s ity  of the  c u r re n t  o r  by 
vo ltage, but by i ts  en e rg y . On th is  b a s is  it  can  be show n th a t  e x c itab ility  
of n e rv e  eLem ents, and of s t r i a te d  m u sc le  f ib e r s  of v e r te b ra te s ,  depends 
to  a  la rg e  extent on d u ra tio n  of th e  stim u lu s by w hich  e x c ita b ility  is  d e te r 
m ined. A sh a rp ly  e x p re s s e d  m ax im um  of e x c ita b ility  e x is ts  in  the  reg io n  
of the op tim al physio lo g ica l t im e  in te rv a ls  ( fo r  f ro g  m u sc le s  about 0.1 
m illiseco n d s). To the  r ig h t  and  to  the left of th is  m ax im um  th e  e x c itab ility  
of the  f ib e rs  d ro p s v e ry  s te e p ly  (see  F ig u re  204).

29S Smooth m u sc le s  do no t p o s s e s s  th is  p ro p e r ty , and  in  th e  re g io n  of
su ffic ien tly  sh o rt in te rv a ls  of s tim u la tio n  th e ir  e x c ita b ility  does not depend 
on the tim e  of ac tio n  of the  c u r r e n t .  It follow s f ro m  th is  th a t e x c itab ility  
and speed of re a c tio n  of s k e le ta l  m u sc le s  should  ex ceed  th o se  of sm ooth  
ones only at the  optim um  tim e  o f ac tion  of the  s tim u la tin g  c u r r e n t .  A t 
v e ry  sh o rt, nonphys io log ic  a l  tim e  in te rv a ls , th e se  re la tio n sh ip s  a re  d is 
to rted .
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C h a p t e r  3. C hronaxy

D oes C hronaxy D e te rm in e  the  R apidity  of E x c ita tio n ?

Due to  the  s tu d ie s  of H oorw eg (1892) and W eiss (1901a-1901d), it  b e 
came obvious th a t fo r  ex c ita tio n  no t only the c u r re n t in tensity , but a lso  its  
tim e of action  w as of g re a t  im p o rta n c e . It becam e n e c e s sa ry  to  in troduce 
a tim e  constan t into d e te rm in a tio n  of ex c itab ility .

To e s tim a te  in te n s ity - tim e  c u rv e s  L ucas (1907) used  the th resho ld  
duration  n e c e s s a ry  to  ca u se  e x c ita tio n  a t tw ice the  th resh o ld  intensity , 
Lucas ca lled  th is  tim e  the  "e x c ita tio n  tim e 11. H ow ever, he la te r  re jec ted  
the use  of th is  value a s  a  tim e  fa c to r ,

Lapicque (1909) who b o rro w e d  th is  te rm  fro m  L u cas, gave it  the nam e 
of chronaxy, w hich, when t r a n s la te d  fro m  the  G reek , m eans "tim e value” . 
A ccording to  Lapicque th is  v a lu e , to g e th e r w ith the  " rh eo b ase” (a te rm  
also  in troduced  by h im ) fu lly  c h a ra c te r iz e s  the ex c itab ility  of a  tis su e , both 
as to  in ten sity  of e x c ita to ry  c u r r e n ts  and reg a rd in g  the du ra tion  of its  action. 
Since then chronaxy  h as  becom e f i rm ly  e s tab lish ed  in  physiological usage 
as a tim e  co n stan t, being c o n s id e re d  a s  a  m e a su re  of reac tio n -v e lo c ity  of 
the t is su e . It is  so m e tim e s  sa id  th a t chronaxy and rh eo b ase  a re  a  m easu re  
of excitab ility .

In the  l i te r a tu r e  c r i t i c a l  r e m a r k s  w ere often m ade regard ing  chron- 
ax im e try . H ow ever, it  se e m s  to  u s  th a t they  d ea lt w ith m a tte rs  of second
ary  im p o rtan ce . They did not d isp u te  the im p o rtan ce  of ch ronax im etry  a s  
a m ethod to  m e a su re  th e  ra p id ity  of ap p earan ce  of excita tion  in conducting 
tis su e s  (C re m e r, 1929; B la ir  and E r la n g e r , 1933; L azarev , 1934, 1939, 1947; 
1947; Rubin, 1939; Anokhin, M aio rch ik  and S lavu tssk ii, 1945; Rubin and 
F edorova, 1951).

The p ro b lem  of ch ronaxy  w ill  f i r s t  be co n sid e red  from  the m ath em atic 
al point o f view ,

C hronaxy is  defined a s  the t im e  during w hich a c u rre n t equal in in 
tensity  to  tw ice  the  rh e o b a se  shou ld  ac t on a  t is s u e  in  o rd e r  to  cause 
th resho ld  ex c ita tio n . We sh a ll s t a r t  fro m  the fo rm u la  of H oorw eg-W eiss 

(i = γ - + b). L e t u s  m ake i = 2b, th en  t  = C hr (chronaxy).

2b = b; C h r = T-. (9)C h r о

In o ther w ords ch ronaxy  eq u a ls  th e  r a t io  of s h o r t- te rm  th resh o ld  to  the 
p ro trac ted  one.

If chronaxy  in c re a s e s ,  a cco rd in g  to  g e n e ra lly  accep ted  opinion it 
im plies a  d e c re a s e  in  ra p id ity  of re a c tio n  of the  t is su e . Obviously th is  
decrease  should b e  re la te d  to  an  in c re a s e  in  th re sh o ld  tim e  of excitation, 

гэб Let u s  see  now w hat c o n tro ls  the  in c re a s e  in  chronaxy.

F ro m  the  equa tion  C h r =■£■ it  follow s th a t chronaxy m ay in c rea se  due 
to the following re a s o n s :

1) If a  in c re a s e s  w hile b r e m a in s  constant;
2) If a  does no t change w hile  b d e c re a se s ;
3) If a  and b bo th  in c re a s e  bu t a in c re a s e s  fa s te r  than  b;
4) If a  and b bo th  d e c re a s e , a  m o re  slow ly than  b.
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A ll th ese  c a s e s  a r e  p o ss ib le  sin ce  changes in  a  and b, a s  has been 
shown above, may tak e  p lace  in e ith e r  d irec tio n * .

F ro m  the above it is  c le a r  th a t chronaxy  canno t s e rv e  a s  a m easu re  
of re a c tio n  speed, s in ce  i ts  in c re a s e  m ay take p lace  w ith  in c re a se  as w ell 
as  d e c re a se  of excitation, tim e  n e c e s s a ry  to ca u se  a  re a c tio n . It cannot 
se rv e  a s  a  m e a su re  of e x c ita b ility , since i ts  in c re a s e  m ay  be observed  b 
both on. in c re a se  and d e c re a s e  of ex c itab ility  th re s h o ld s  a  and b.

M oreover, a  c a se  i s  p o ss ib le  w here a  and b in c re a s e  o r  d ec rea se  
p ro p o rtio n a te ly  to  each  o th e r. C hronaxy w ill th e n  re m a in  co n stan t in spite  
of d ec rea se  in p ro tra c te d  ex c itab ility  and in c re a s e  in  th re sh o ld  excitation  
tim e .

W hat m e a su re  is  th is  then  of speed of r e a c t io n ?
T h is has o rig in a ted  from  the  fact th a t ch ro n ax y  is  a  ra t io  betw een tw o 

independently changing v a lu es  (a and b), each  of w hich  e x p re s s e s  quite a 
defin ite  p ro p e rty  of the  t is s u e .

T hat changes in  ch ronaxy  do not c o rre sp o n d  to  ch an g es  in  th re sh o ld 
excita tion  tim e  and ex c itab ility  can  a lso  be seen  fro m  th e  lo g a rith m ic  in 
te n s ity - tim e  c u rv es . In o rd e r  to  e s tim a te  ch ro n ax y  fro m  su ch  c u rv es , i t  
is  n e c e s sa ry  to  draw  a  line  above the leve l of th e  lo g a r ith m  of the  rh eo b ase , 
a t a  d istance of lo g a rith m  2 (Ig 2 = Û.3), up to  the  in te r s e c t io n  w ith  the 
cu rv e , and to  d rop  a  p e rp e n d ic u la r  from  th is  p o in t to  th e  a b s c is s a , which 
w ill d e te rm in e  the lo g a rith m  of chronaxy  (F ig u re  162, A). In F ig u re  162, B, 
the  value of a, i .e . ,  the  th re sh o ld  tim e  of ex c ita tio n , r e m a in s  unchanged 
w hile the rh eo b ase  (b) in c re a s e s . A s a  r e s u l t ,  a  d e c re a s e  in  chronaxy 
tak es  place w hich should  supposed ly  ind ica te  an  in c re a s e  in  sp eed  of r e 
action  w hich, in fac t, is  not so.

In F ig u re  162, C, only a  in c re a s e s ,  w hile  b and n re m a in  unchanged. 
C hronaxy in c re a se s  a s  w ell. T h is  is  the  only c a se  w h e re  ch ronaxy  m ay 
se rv e  as an  a c c u ra te  m e a su re  of the  th re sh o ld  t im e  of ex c ita tio n .

SiIndeed, if th e  rh eo b ase  in  the  fo rm u la  C h r  = — d o es  no t change, th e n  

chronaxy  becom es a value p ro p o rtio n a l to  a  and m a y  s e rv e  a s  a  m e a su re  
of th is  value.

397 E x am p les  of E r r o r s  in  C h ro n a x im e try

We sh a ll g ive a  num ber of sp ec ific  e x am p le s  of the  lack  of c o r r e s 
pondence betw een ch ronaxy  changes and th o se  of th e  tim e  n e c e s s a ry  to 
cause  excita tion  in  the  t is s u e s .

Exam ple 1. L e t us c o n s id e r  F ig u re  168 w hich  show s v o ltag e -tim e  
cu rv es  of a  n e rv e  su b jec ted  to  5% ethy l a lcoho l v a p o r . T h e  lo w er cu rve  
(1) co rre sp o n d s  to  the  condition  of the  nervg, b e fo re  n a rc o s is .  I ts  rh e o b a se  

* If we take  the m o re  g e n e ra l fo rm u la : i = —  + b , th en  ch ro n ax y  w ill be
t  Д 1

d e te rm ined  by th e  follow ing equation : C h r = (-gj n. I t i s  no t d ifficu lt 

to  see  th a t a ll  a rg u m e n ts  re g a rd in g  the e ffec t of the  change of values 
a  and b upon chronaxy  a r e  a ls o  app licab le  to  th is  m o re  g e n e ra l fo rm u la .
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is  0.059 v o lts  (T able 51), w hile the s h o r t - te rm  th re sh o ld  of exc itab ility
(a) is  12 m illiv o lts  m illise c o n d s . T h e  n e rv e  w as sub jec ted  to the  action  of 
narcotic  vapor. A fte r 38 m in u tes  the  c u rv e  sh ifted  to  position 2, while 
after 1 hour 3S m in u tes  it occupied p o sitio n  3.

A ccord ingly , i ts  ex c itab ility  c o n s ta n ts  a lso  in c re a se d . The rheobase 
(b) in c rea sed  to  0.98, i .e . ,  17-fold , w hile  the  s h o r t - te rm  excitab ility  
th reshold  (a) in c re a se d  som ew hat l e s s ,  to  73 m illiv o lts  m illiseco n d s, i.e ,, 
6-fold. In a w ord, a  m a rk e d  d e c re a s e  in  ex c itab ility  occu rred , and con
sequently the  th re sh o ld  tim e  of ex c ita tio n  in c re a se d . As to  chronaxy, 
(Table 51), it w ill be seen  th a t not only did it  not in c re a se  as expected (if 
it re a lly  w ere  a  m e a su re  of speed  of re a c tio n ) , but r a th e r  d ecreased  from 
0.5 to  0.32 m illise c o n d s . T h is  is  qu ite  c o r r e c t ,  since  on the r ig h t hand 

side of the fo rm u la  C h r = т  b in c re a s e d  m o re  th an  a.b

V

FIGURE 170. E ffec t of 10% 
ethyl a lcoho l on e x c ita b ility  of 
a frog n e rv e -m u sc le  p r e p a r a 
tion (according to  N asonov and 
Rozental1, 1953)

L ogarithm ic v o lta g e -tim e  
curves: 1—b efo re  n a rc o s is ;
2—sam e p re p a ra tio n  45 m in 
utes a f te r  em erg ing  fro m  a 
state of fu ll n a rc o s is ;  n -  0.96.

tissue , it should  a lso  sh o rte n ; 
it in c reased  9-fold .

29s At the sam e tim e  a l l  th is

E x am p le  2. The vo ltage-tim e th resh  
old of a  frog  n e rv e  w as m easu red  (Figure 
170, 1), a f te r  being tre a te d  by 10% alcohol 
v ap o r to  cau se  com plete  lo ss  of ab ility  to 
conduct im p u lse s . Subsequently, the a c 
tio n  of n a rc o tic  w as stopped and a fte r  45 
m in u te s , a cu rve  w as again draw n (F igure 
170, 2). T hese  c u rv e s  show c le a rly  that 
ev e ry w h e re  th e re  w as an in c rease  in ex
c i ta b il i ty  and a  d e c re a se  in th resho ld  tim e 
of ex c ita tio n . No m a tte r  what voltage was 
u se d , a  la r g e r  th re sh o ld -tim e  of action 
w as n e c e s s a ry  to  obtain excitation  before 
the  o n se t of n a rc o s is  than a fte r  it . Table 
53 sh ow s th a t the  rh eo b ase  (b) decreased  
fro m  0.14 to  0,03 vo lts , i.e ., 4.5-fold. 
T he s h o r t- te rm  th resh o ld  of excitability  
(a) d e c re a s e d  from  11 to  8.7 m illivo lts 
m ill is e c o n d s , i .e . ,  1.26-fold, consequently 
the  th re s h o ld  tim e  of excitation  shortened 
to  th e  sa m e  ex ten t. Using the p icturesque 
e x p re s s io n  of L apicque, the tis su e  became 
"m o re  ra p id " . O bviously, if chronaxy 
re a l ly  c h a ra c te r iz e d  the "velocity" of the 

h o w ever, the  da ta  in  Table 53 indicate that

is  no t a c c id e n ta l bu t quite logical, since in

the righ t hand p a r t  of th e  equation C h r = -g- the denom inato r (b) d ecreases  

more m ark ed ly  th an  th e  n u m e ra to r  (a).
Exam ple 3. C hange in  v o lta g e - tim e  c u rv e s  of a  ra t  nerve  on cooling 

(Figure 171). The rh e o b a se  and e x c ita b il i ty  th re sh o ld s  increased  along 
the whole length  of th e  c u rv e , w hile ch ro n ax y  re m a in e d  unchanged. In 
te rm s of ch ro n a x im e try  th is  m ean s th a t  on cooling the nerve from  20 to 
5’C its  ex c itab ility  d e c re a se d , w hile  th e  v e lo c ity  of reac tio n  rem ained 
the sam e. H ow ever, the  e r r o r  of th is  s ta te m e n t i s  c le a r . A s in  the p re 
vious ca se , u sing  any vo ltage  h ig h e r th a n  the  rh eo b ase , the th resho ld  tim e 
n ecessary  fo r ap p e a ra n ce  of e x c ita tio n  on cooling of the nerve increased ,
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and did not rem a in  unchanged. In th is  case  too , the m ethod  of ch ronaxi- 
m e try  led to a g ro s s  e r r o r .  T he sam e is  a lso  o b se rv ed  on cooling a pigeon 
n e rv e  (F ig u re  189, A).

T a b l e  53

Effect of 10% ethyl a lcoho l vap o r on e x c ita b ility  co nstan ts  
of a frog n e rv e , and on its  chronaxy  (acco rd in g  to 

(N asonov and R o zen ta l1, 1953)

C onstant B efore  n a rc o s is  
( s e e F ig u re  170, 1)

F o rty -f iv e  m in 
a f te r  cessa tio n  

of n a rc o s is  
(F ig u re  170, 2)

In crem en t of curve 0.96 0.96
P ro tra c te d  th resh o ld  of e x c itab ility

(in vo lts) 0.14 0.03
S h o r t- te rm  excitab ility  th re sh o ld

(in m v o lt-m sec) 11.0 8.7
C hronaxy (in m sec) 0.25 2.30

FIGURE 171. L ogarithm ic  
v o lta g e -tim e  cu rv es on 
cooling a  r a t  nerve  (a c 
cord ing  to  Nasonov and 

299 S u zd a l'sk ay a , 1956b)

1—at 20°C; 2—a t 5° C. The 
rem ain in g  legend a s  in  F ig 
u re  162.

The so u rce  of e r r o r  is  c le a r .  A s shown 
in F ig u re  171, the  e x c ita b ility  in  a ll  seg m en ts  
of the cu rve  of v o lta g e - tim e  changed s im ila r ly . 
C onsequently , in the r ig h t hand p a rt of th e  

equation C hr - b o th  the  n u m e ra to r  and de

no m in a to r d e c re a se d  to  the  sam e  extent, 
a s  a  re s u lt  of w hich ch ronaxy  did not change*.

Exam ple 4, One m o re  exam ple w ill be  
g iven , s im ila r  to  th e  c a s e s  in  w hich c h ro n a x i-  
m e try  is  used  in m ed ic in e , i .e . ,  the change 
of excitab ility  of th e  p e r ip h e ra l  segm en t of a 
cut r a t  n e rv e . T he co nsecu tive  ex c itab ility  
c u rv e s  of such dying seg m e n ts  a re  show n in 
F ig u re  172, fro m  w hich it  w ill b e  seen  tha t 
th e  rh eo b ase  in c re a s e d  continuously  w hile  
chronaxy  d e c re a se d . It m igh t be concluded 
th a t in  th is  c a se , too , the  ex c itab ility  th r e s h 
old in c re a se d  b e fo re  dying, and the ve locity  
of re a c tio n  a lso  in c re a s e d  (a p h y sic ian  m ight 
in te rp re t  th is  a s  a  fav o rab le  sign  of a  s o r t ) , 
H ow ever, h e re  too , the  m ethod  of C hronaxi- 
m e try  leads to  e r r o r ,  since  in  r e a li ty  th e  

th re sh o ld  tim e  of excita tio n  in c re a s e s  con tinuously , a s  w ould be expected  
in a  dying tis su e .

* We gave an  exam ple of cooling  of a  r a t  n e rv e  d u rin g  w hich chronaxy  did 
not change. H ow ever, in  o th e r p a r t ic u la r  c a s e s  ch ro n ax y  m ight in c re a s e  
som ew hat and so m etim es  it  m ight even be sh o rte n e d . A ll th is  depends 
on the  ra tio  betw een speed s of in c re a se  of a  and b .
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FIGURE 172. L o g a rith m ic  v o lt
ag e -tim e  c u rv e s  of p e r ip h e ra l  
segm ent of r a t  n e rv e , a t v a r io u s  
tim e  in te rv a ls  fro m  beginning  of 
th e  experim ent; (a cco rd in g  to 
Nasonov and S u zd a l1 skaya , 1956b)

1— im m ediate ly  a f te r  cu tting ;
2— 90 m inu tes a f te r  cu tting ;
3— 240 m in u tes  a f te r  cu tting . 
T he a rro w s in d ica te  changes in 
chronaxy (C hr) and in  th re sh o ld  
tim e  of excita tio n  (T).

S im ila r  r e s u l t s  w ere  obtained by 
A posto lak i and D eriand  (1925) in whose 
e x p e rim e n ts  a p e rip h e ra l segm ent of a 
f ro g  n e rv e  showed an unchanging ch ro 
naxy fo r  8 to  10 days a fte r cutting, ac 
com panied  by p ro g re ss iv e  fa ll in the 
rh e o b a se .

T he re a so n  fo r the decrease in 
ch ro n ax y  on in c rea s in g  the threshold 
in te n s ity  and the tim e  of excitation was 
th a t b in c rea sed  a t a  fa s te r  ra te  than a.

If in  the r ig h t hand p a r t  of the 
equation  C hr = ·ρ  b changes relatively  
le s s  th an  a, then  chronaxy w ill change 
in  th e  sam e d ire c tio n  as w ill constant 
a , i .e . ,  it  w ill give qualitatively  co rrec t 
in d ica tio n s of the  change of threshold 
tim e  of excita tion . Quantitatively, how
e v e r , th e se  data w ill be d istorted  by 
chan g es in a. It has been mentioned 
th a t ch ronaxy  a ccu ra te ly  re flec ts  changes 
in  th re sh o ld  tim e  of excitation  only where 
the  denom inato r, i .e . ,  the rheobase (b) 

in the  equation C h r - rem ained un-

H ow ever, such ca se s  are  thechanged, w hile the  n u m e ra to r  (a) changed, 
exception ra th e r  th a n  the  ru le .

E r r o r s  due to  c h ro n a x im e try , tak en  from  data in the lite ra tu re

In the m a jo r ity  of s tu d ie s  in  w hich changes in excitab ility  were in 
vestiga ted , only ch ronaxy  and rh eo b ase  w e re  given. The threshold  of sh o rt
te rm  ex c itab ility  w a s  no t in v es tig a ted , and  consequently  the th reshold  tim e 
of excitation  w a s  a ls o  not s tu d ied . H ow ever, in  c e r ta in  p a r tic u la r  cases 

mo w here n = 1 th e se  v a lu e s  m ay  be found f ro m  chronaxy and the rheobase,

since from  the  equation  C h r = it  fo llow s th a t a  = bChr*.

* Renquist, L esk in en  and P a rv ia in e n  (1931), studying the effect of urethane 
on frog m u sc le , show ed th a t a t the  beginning of narco tiza tio n  the rheobase 
in creased , w hile ch ro n ax y  a t f i r s t  d e c re a se d  and subsequently  increased. 
The p roduc t of th e se  v a lu e s  did not change, o r in c rea sed  slightly  with the 
rheobase. T he a u th o rs  d es ig n a ted  th is  product by the le tte r  a. They 
called it  the h y p erb o lic  p a ra m e te r ,  o r  the  second constan t of the hyper
bola, not re a l iz in g  th a t th is  value w as nothing but the th resh o ld  strength 
of excita tion , by s tim u li  of sh o r t  d u ra tio n .
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Since m any s tu d ie s  w e re  p erfo rm ed  on 
v e r te b ra te  n e rv e  o r  m u sc le s  w here n i s  always 
c lo se  to  1, the v a lue  of a m ay  be reproduced  
and its  dynam ics co m p ared  w ith that of b and 
C hr.

The w ork of M ag n itsk ii and M uzheev (1930) 
w ill be taken  a s  an  exam ple . H ere  the  changes 
in  rh eo b ase  and ch ro n ax y  of a  frog  n e rv e  under 
the  influence of phenol and coca ine  w e re  studied. 
T he au th o rs  a s su m e d  th a t the  rh e o b a se  is an 
e x p re ss io n  of the  n e rv e ’s e x c ita b ility , while 
chronaxy  e x p re s s e d  the  la b ility  o r  functional 
m obility  of the  n e rv e  (acco rd in g  to  th e  te r m i
nology of N. E. V vedensk ii). A cco rd ing  to 
th e ir  data, the  rh e o b a se  of th e  n e rv e  in c re a se d  
continuously u n d e r  the  in fluence of n a rc o tic s , 
w hile chronaxy  a t f i r s t  d e c re a s e d  and subse
quently  in c re a se d  (F ig u re  173). On th i s  b a s is  
the  au th o rs  concluded  th a t " p a ra b io s is  is  a s s o 
c ia ted  w ith d e c re a s e d  ex c itab ility . T h e  func
tio n a l m obility  in c re a s e s  a t the  beginning  and 
d e c re a se s  la te r .  T he c h a ra c te r is t ic  s ig n s of 
p a ra b io s is  c o rre sp o n d  ex a c tly  to  the p e rio d  of 
in c re a se d  fu n c tio n a l m o b ility "  (M agn itsk ii an d  
M uzheev, 1930, pp, 81-82),

If now, on th e  b a s is  of th e se  d a ta , the 
i s  p o ssib le  to  see  th a t the  s h o r t - te rm  th re s h o ld

FIGURE 173, C hanges in 
rheobase  (b), ch ronaxy  
(Chr) and th resh o ld  of 
sh o rt- te rm  e x c itab ility  
(a) a f te r  the ac tio n  of 
phenol on a frog n e rv e  
(according to M ag n itsk ii 
and M uzheev, 1930, f ro m  
Nasonov and R o zen ta l’, 
1953)
The a rro w  m ark s  o n se t 
of n a rc o s is .

itvalue of a is  c a lcu la ted ,
of excitab ility , and  th e re fo re  a lso  the th re sh o ld  t im e  of ex c ita tio n  in c re a s e  
continuously (F ig u re  173), a t f i r s t  fo rm ing  a p la te a u  lik e  the  rh e o b a se , an d  
then  decreasin g  ra p id ly  w ith  the  death  of the  t i s s u e .  The b ip h as ic  n a tu re  
of the  change in  ch ro n ax y  re su lte d  from  the fa c t th a t s im u ltan eo u s  in c re a s e  
in a  and b was not a lw ay s s t r ic t ly  p ro p o rtio n a l. Of c o u rse  we a r e  v e ry  f a r  
from  denying a lto g e th e r  th e  b ip h asic  n a tu re  of the  change in  e x c itab ility  
during n a rc o s is . It undoubted ly  e x is ts  and m ay be d e tec ted  b y  m e a su r in g  
the constan ts a  and b, b u t no t by m easu rin g  chronaxy .

In Soviet and fo re ig n  l i te ra tu re  th e re  a r e  m any  p a p e rs  c la im in g  
th a t at the onset of n a rc o s is  the  rh eo b ase  in c re a s e s  w hile ch ro n ax y  d e c re a se s . 
A paradox ical co n c lu sio n  is  draw n from  th is  fa c t th a t d e c re a s e  in  e x c ita b ility  
of a  t is s u e  m ay su p p o sed ly  b e  accom panied  by an  in c re a s e  in  sp eed  of r e -  

301 action, and those a u th o rs  ev en  a sc r ib e  a sp e c ia l  m ean ing  to  th is  fa c t ,  e .g . ,  
S ch riev e r and E h rh a rd t  (1939).

H ow ever, the  d e te rm in a tio n  of the  value of a fro m  th e  ch ro n ax y  and 
rh eo b ase , given in  th is  p a p e r ,  shows that h e re , too, a fa ls e  co n c lu sio n  
w as draw n, b a sed  on th e  conv ic tion  th a t ch ronaxy  is  a  m e a s u re  of th e  sp e e d  
of re a c t i  on.

Two m ore  e x a m p le s  w ill  be given from  c lin ic a l  p ra c t ic e  o b ta ined  d u rin g  
the study of lim b -m u sc le  e x c ita b ility  in  n o rm a l c a s e s  and  during  v a r io u s  
d isease  p ro c e s se s* . In v a r io u s  d is e a se s  the  g e n e ra l  d e c re a s e  in  m u sc le

* The m e a su re m e n ts  w e re  p e rfo rm e d  by D. L . R o zen ta l' and V. N. 
F ilippova at the  S ta te  In s ti tu te  of T rau m ato lo g y , L en in g rad , 1954,
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excitab ility  is  often  accom pan ied  by lengthening of chronaxy, due io the fact 
th a t the  co n stan t a  in c re a s e s  f a s te r  than b. T hus the  lengthening of chronaxy 
is  an index of d e te r io ra t io n  in  the condition of the o rgan .

T im e

FIG U RE 174, L o g a r ith 
m ic v o lta g e - tim e  c u rv e s  
of n o rm a l and p a th o lo g i
ca l hum an m u sc le s  of 
th e  h a m s tr in g  group 
(acco rd in g  to  R o zen ta l1 
and F ilippova , 19 57}

1— healthy  lo w er e x tr e m 
ity : a —529 m illiv o lts  
m illise c o n d s ; b -2 4 v o lts ,  
C h r—0.68 m illise c o n d s ;
2— d ise a se d  lo w er e x tre m 
ity (an k y lo s is  of the righ t 
knee jo in t) : a —696 m ill i
v o lts  m ill is e c o n d s ; b —32 
volt, C h r—0,61 m illiseco n d .

FIGURE 175. L ogarithm ic 
v o lta g e - tim e  cu rv es  of n o r
m a l and pathological human 
m u sc le s  (m .b ic e p s  b rach ii) 
(acco rd in g  to  R osen ta l1 and 
F ilip p o v a , 1957)

1—healthy  upper ex trem ity : 
a —80 m illiv o lts  m illiseconds, 
b —7 v o lts , C h r—0.016 m illi
seconds; 2 —a d iseased  upper 
e x tre m ity  (re s id u a l phenomena 
a f te r  sp a s tic  p a ra ly s is ) : a —127 
m illiv o lts  m illiseco n d s, b —16 
v o lts , C h r —0,008 m illiseconds.

But th e re  a r e  o th e r  c a s e s , too . F ig u re  174 shows 2 vo ltage-tim e 
curves of the  h a m s tr in g  g roup  of m u sc le s : cu rv e  1—norm al, curve 2—during 
pathological s ta te , in  one and the sam e p e rso n . The th resh o ld  intensity  and 
th resh o ld  tim e  of e x c ita tio n  of the  affec ted  lim b  a re  seen  to be increased  
along the w hole c u rv e , w hile chronaxy  re m a in e d  unchanged. Consequently 
chronaxy, in  sp ite  of a p p e a ra n c e s , h e re  ind ica ted  the  lack  of change in  ex- . 
c itab ility . T h e  re a so n  fo r th is  w as the fact th a t the  constan ts  a  and b changed 
p roportionate ly .

A nother c a se  is  i l lu s tra te d  in  F ig u re  175. C urve 1 corresponds to 
the ex c itab ility  of the b ic e p s  m u sc le  of a h ea lth y  hum an a rm , and curve 2 
co rresp o n d s to  th a t of a  d is e a se d  a rm  (re s id u a l phenom ena a fte r  spastic  
pa ra ly sis). H e re , w ith  g e n e ra l d e c re a se  in ex c itab ility  and increase  in 
th resh o ld  tim e  of ex c ita tio n , shorten ing  of ch ronaxy  is  observed , which may 
also lead  the  p h y sic ian  to  the  fa lse  conclusion  th a t the d iseased  m uscle r e 
acts m o re  ra p id ly  to  s tim u la tio n  th an  the healthy  one. The rea so n  for sh o rt
ening of ch ronaxy  in th is  c a se  is  c le a r .  The constan t b in th is  case  increased  
sooner than  a . U nfo rtu n a te ly , such  c a se s  often re m a in  unpublished, since 
they conflic t w ith  the g e n e ra lly  accep ted  m eaning of chronaxy.

T h ese  ex am p les  of e r r o r s  due to  the use  of ch ro n ax im etry  have been 
given b ecau se  th is  m ethod  h a s  becom e so deeply  roo ted  in m ed ica l and phy- 

3Q2 sio logical p ra c t ic e . The num ber of exam ples m ay be m ultip lied , but those 
given a r e  su ffic ien t to  re fu te  the concept of chronaxy  a s  a  tim e  factor.
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C e rta in  D ispu tab le  Q u estio n s

A fte r the pub lica tion  of o u r s tu d ie s  on the  tim e  fa c to r  in  tis su e  ex
c ita b ility  (N asonov and R ozen ta l·, 1953), the e d ito r ia l  b o a rd  of "T he P hy
sio lo g ica l Jo u rn a l of the USSR" announced a sym posium  on th is  them e. 
A s the re s u lt  of th is  a  n u m b er of a r t ic le s  a p p e a re d  in  th is  jo u rn a l, the 
au th o rs  of w hich took is s u e  w ith  us and in  w hich  o u r re p l ie s  a r e  a lso  in 
cluded (Uflyand, 1954; A brikosov  and D ark sh ev ich , 1954; K ise lev , 1954; 
N avakatikyan, 1954; N asonov and R o zen ta l1, 1955). In add ition , d iscu ssio n s 
w ere  held  on th is  sub jec t by the  M oscow (1953) and the  L en in g rad  (1954) 
S oc ie ties of P h y s io lo g is ts , B io c h e m is ts  and P h a rm o c o lo g is ts .

W ithout d isc u ss in g  m a t te r s  of seco n d ary  im p o rta n c e , and noting a 
num ber of ob jec tions b a se d  on m isu n d e rs ta n d in g s , we w ill dea l only w ith 
those questions w hich we c o n s id e r  to  be to the  po in t in th is  is su e .

The f i r s t  ob jec tion  w as d ire c te d  to  the m ethod  of d e te rm in in g  the 
co n stan t a  and w as re la te d  to  s tu d ie s  on the su b jec t of v e ry  sh o rt, nonphy
s io lo g ic a ltim e  in te rv a ls  of e x c ita tio n ; it a lso  im p lied  th a t e x c e ss iv e , non- 
physio log ica l v o ltag es  m ight lead  to  tis s u e  d am age and to d is to r tio n  of the 
re s u l ts .  A s opposed to  th a t, chronaxy  supposedly  c o rre sp o n d s  to ex cita tion  
in te rv a ls  in  the m iddle  p a r t  of the in te n s ity - tim e  c u rv e , in  the  re g io n  c lo se  
to  o p tim al physio log ica l in te rv a ls  of c u r re n t  w h e re  a  c o m p a ra tiv e ly  sm a ll 
vo ltage acted  on the t is s u e .

H ow ever, o u r opponents ev idently  did no t tak e  in to  accoun t the  fact 
th a t the proposed  m ethod  of e s tim a tin g  the v a lue  of a i s  b a se d  on the  finding 
of th re sh o ld  vo ltage  a t a  c u r re n t  of a g iven d u ra tio n . A s in  o th e r c a s e s , 
th e re  is  a  lim in a l vo ltage  w hich b a re ly  c a u se s  a  re sp o n se  re a c tio n  in  the 
m ost sen s itiv e  f ib e rs . O bviously  no dam age w h a tso e v e r  o c c u r re d , b ecau se  
the  high voltage of the p a ss in g  c u r re n t  is  co m p en sa ted  by i t s  sh o rt d u ra tio n . 
T h is is  the b io lo g ica l m ean ing  of the law  of in v e rs e  p ro p o rtio n s  betw een  
the  in ten sity  of e x c ita to ry  c u r re n t  and the  d u ra tio n  of i t s  ac tio n  on liv ing  
p ro to p lasm .

A s fa r  a s  d e te rm in a tio n  of ch ronaxy  is  c o n ce rn ed , th is  is  a s s o c ia te d  
w ith  m uch le s s  adequate  e ffe c ts  s in ce  i ts  m e a su re m e n t is  b a se d  on d e te r 
m in a tio n  of the rh e o b a se . T h is  w as u su a lly  r e v e a le d  s im p ly  by p re s s in g  
the  button, a p ro c e d u re  w hich  took not le s s  th a n  0,1 second . If it  i s  a s su m e d , 
as  is  u su a l in the c a se  of fro g  m u sc le , th a t the  d u ra tio n  of the  r is in g  path  
of the  ex c ita tio n  wave of the  n e rv e  is  0.1 m illise c o n d , th e  t im e  of p a s sa g e  
of d ire c t  c u r re n t th ro u g h  the  n e rv e  during  d e te rm in a tio n  of the  rh e o b a se  
is  1,000 tim e s  g re a te r  th an  th a t req u ired ! In ad d ition , the  m ethod  of p r e s s 
ing the  button does not e n su re  d isco n tinua tion  of the  c u r r e n t  a f te r  a p p e a r 
ance  of excita tion . A b o v e-th resh o ld  c u r re n t  con tinued  to  p a s s  fo r  a  long 
tim e  th rough t the  f ib e r  a f te r  ex c ita tio n  had  p ro p ag a ted  along the  n e rv e . 
We re je c te d  the  d e te rm in a tio n  of rh e o b a se  by a  p u lse  of d i r e c t  c u r r e n t  of 
unde te rm ined  d u ra tio n , and  we found it  by th e  u se  of a  c o n d e n se r  d is c h a rg e  
of h igh capac ity .

303 F o r  the d e te rm in a tio n  of co n stan t 'a ' on a  fro g  n e rv e  a  p e rio d  of 0.001 
m illiseco n d  w as u sed , i .e , ,  w ith in  tim e  Lim its d iffe rin g  only  1 00 -fo ld  fro m  
physio log ica l ones.

A nother b a s ic  ob jec tio n  is  th a t ch ronaxy , w h a tev e r it  m a y  m e a n , h a s  
th e  advantage th a t i t s  v a lu e  supposed ly  does no t depend on the  m eth o d  of 
d e te rm in a tio n , w hile th e  ab so lu te  v a lue  of c o n s ta n t ’a 1 depends on th e  m e th o d  
by w hich it w as m e a su re d  and on the  h is to lo g ic a l s t ru c tu re  of the  t i s s u e .
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O rig in a lly  L ap icque  and h is  c o -w o rk e rs  assu m ed  th a t the value of 
chronaxy does not depend on " in s tru m e n ta l conditions" (L ap icq u e 's  ex p re ss 
ion) o r on the ana tom ic  s t ru c tu re  of the o rg an s; while both constan ts  in 
H oorw eg's fo rm u la  change p ro p o rtio n a te ly  on changing the  re s is ta n c e  of 
the chain o r  the  shunt. If th is  w e re  so, ch ronaxy  would be an abso lu te 
c h a ra c te r is t ic  of the  t is s u e .

Even now m any  in v e s tig a to rs  b e liev e  in th is  "ab so lu ten ess11 and they 
assum e th a t on the  b a s is  of ch ro n ax y  the  action  of d iffe ren t hum an m uscles 
may be co m p ared , in sp ite  of th e  d iffe ren t conditions of p assag e  of e lec tric  
cu rren t th rough  th e  t is s u e .

H ow ever, L ap icque  in  h is  book (1926, p.233) adm its that the in te r
electrode d is tan ce  a ffec ts  the  v a lu e  of chronaxy . T his h as  been  shown by 
his c o -w o rk e rs  C a rd o t and L a u g ie r  (1914) on frog  nerve , w here  by changing 
the d is tan ce  be tw een  e le c tro d e s  fro m  2 to  9 m m , chronaxy m ay be increased  
by 100%, w hile  the  rh eo b ase  d ro p s  by 25%.

At a  la te r  da te , J innaka  and  A n im a  (1922) while studying the sa rto riu s  
m uscle of the  fro g  found th a t ch ro n ax y  m e a su re d  by m eans of cap illa ry  
e lec tro d es is  s m a lle r  than  if  la rg e  e le c tro d e s  w ere  used. D avis (1923) 
confirm ed th e ir  o b se rv a tio n s  and  he is  of the opinion that th e se  fa c ts  are  
a se rio u s o b s ta c le  to  ch ro n ax ic  sp e c if ic ity  of v a rio u s  m u sc le s . According 
to h is d a ta  ob tained  w ith  the  sa m e  t is s u e s ,  chronaxy m e a su re d  by m eans 
of a c a p illa ry  e le c tro d e  of a d ia m e te r  of 3-75 μ , o r by contact with a m e ta l
lic th read , eq u a ls  0 .2 -0 ,5  m ill is e c o n d s , w hile the  la rg e  e le c tro d e s  of Lucas 
show a value of ch ro n ax y  of up to  20 m illise c o n d s , i.e ., of 100-fold d iffe r
ence! V ary ing  the  d im en sio n s of the  e le c tr ic  e lec tro d e , a l l  in te rm ed ia te  
values be tw een  th e se  f ig u re s  m ay  be ob tained a t w ill.

The ab o v e-m en tio n ed  o b s ta c le s  to  co m p ariso n s of ac tiv ity  according 
to chronaxy could  be o v e rco m e  by s tan d a rd iz in g  the  conditions of the ex
perim ent, and by a lw ays o b se rv in g  an a p p ro p ria te  in te r el ec tro d e  distance 
and e le c tro d e  d im en sio n s . H ow ever, in  de te rm in a tio n  of chronaxy  in  m an 
by applying e le c tro d e s  to  the  sk in , the  o b s ta c le s  encountered  becom e u n su r- 
m ountable. U nder th e se  co n d itions the ac tu a l in te re le c tro d e  d istance , 
m easu red  by the po in t of e n try  and ex it of the fo rc e  lin e s  from  the  nerve or 
the m u sc le , and the  a r e a  of e x it c o rre sp o n d in g  to  the d im ensions of the 
e lec tro d es , is  indefinab le .

C hronaxy of such  o rg a n ism s  a s  sp iro g y ra  on the one hand, and nerves 
and m u sc le s  on the  o th e r, canno t be uncond itionally  com pared , a s  was done 
by Lapicque (1926), since  b o th  the  in te r  e lec tro d e  d istance  and the d iam eter 
of the e le c tro d e s  d iffe r  quite  c o n s id e ra b ly  from  each  o ther.

It is  w ell known th a t s im p le  in c re a s e  in  s e r ia l  re s is ta n c e  in  the chain 
does not a t a ll  a ffec t the  value of ch ronaxy  on d ire c t app lication  of the e lec 
trodes to  the  n e rv e  o r  m u sc le , w hile  it  m ark ed ly  d is to r ts  chronaxy  when 

304 it is  d e te rm in ed  th ro u g h  the sk in  in  hum an b e in g s. The la t te r  fact is  p rob
ably exp lained  by the  co m p lica tin g  e ffec t of p o la riza tio n  on the  skin surface.

A ll th e se  fa c ts  co m p le te ly  d e s tro y  the  m yth  of abso lu te  v a lue  of ch ro 
naxy, and they  show  th a t c o m p a r iso n  of v a r io u s  t is s u e s  by th is  m eans is 
re la tive  and ap p ro x im a te  only.
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W hat is  C hronaxy ?

T hus, on. a theore tica l· b a s is ,  follow ing the  a n a ly s is  of H oorw eg1 s 
fo rm u la , and a lso  on the  b a s is  of specific  ex am p les  tak en  fro m  the lite ra tu re  
and from  our own e x p e r im e n ts , we concluded th a t ch ronaxy  is  not a  m easure  
of the s tim u la tion  tim e  n e c e s s a ry  fo r ap p ea ran ce  of ex c ita tio n  in conducting 
t is su e . T h is concept had b eco m e  deeply ro o te d  due to  the  num ero u s studies 
of Lapicque and h is  c o -w o rk e rs .  Many re p re s e n ta t iv e s  of V v ed en sk il's  
school w ere  of the opinion th a t chronaxy is  an ap p ro x im ate  m e a su re  of 
lab ility  o r functional m o b ility  of t is s u e s .

In o u r opinion, a ll  th e s e  v iew s on ch ro n ax y  a re  in c o rre c t.
One of the re a s o n s  fo r  th is  e rro n eo u s  co n cep ts  is  th a t on com paring  

the  ex c itab ility  of v a r io u s  t i s s u e s ,  the m o re  slow ly re a c tin g  t is s u e s  su ch  
a s  h e a r t m u sc le  and sm o o th  m u sc le s  of v e r te b ra te s ,  m u sc le s  and n e rv e s  
of c e r ta in  m o llu sk s , c h lo ro p la s ts  of a lg ae , e tc . p o s s e s s  a  h igher ch ronaxy  
th an  the rap id ly  re a c tin g  sk e le ta l  m u sc les  and n e rv e s  of v e r te b ra te s .  Thie 
co incidence betw een re a c t io n - ra p id i ty  s e r ie s  and th a t of r e c ip ro c a l  chronaxy  
se rv ed  Lapicque a s  one of the  b asic  a rg u m en ts  fo r  tre a t in g  ch ronaxy  a s  a 
t im e -c h a ra c te r is t ic  of t i s s u e s .  In a su ffic ien tly  rough  ap p rox im ation  th is  
co incidence re a l ly  does tak e  p lace , depending on the  fa c t th a t on co m p ariso n  
of v a rio u s  t is s u e s  w ith  e a c h  o th e r , the rh e o b a se  (b) changes m any t im e s  
le s s  than  does the s h o r t - te r m  th re sh o ld  of e x c ita b ility  (a), and th e re fo re ,  
th e  th re sh o ld  tim e  of ex c ita tio n . T his w as po in ted  out when we d is c u s s e d  
the  p o ss ib ility  of co m p arin g  th e  ex c itab ility  of v a r io u s  t is s u e s  (page 294). 
U nder conditions w h e re  b chan g es le s s  than  a , ch ronaxy  value changes m o re  
o r  le s s  p ro p o rtio n a te ly  to  'a 1 and beco m es an  ap p ro x im ate  m e a su re  of th e  
th re sh o ld  tim e  of ex c ita tio n . H ow ever, as  po in ted  out, t is s u e s  of s im i la r  
ex c itab ility  m ay d iffe r  in  ch ro n ax y  and in the  th re s h o ld  t im e  of ex c ita tio n  
(F ig u re  169, 3 ,4 ). In c a s e s  w h ere  the ac tio n  of th e se  o r  o th e r a g e n ts  on 
the  sam e ob jec ts  i s  s tu d ied , ’b ' v e ry  often v a r ie s  m o re  th an  'a '.  U nder 
such  conditions, of c o u rs e ,  co incidence  be tw een  the  changes of th e s e  v a lu es  
and ch ronaxy  is  im p o ss ib le  s in c e  the la t te r  is  m a rk ed ly  affec ted  b y  the 
rh e o b a se .

The concept of ch ro n ax y  as a m e a su re  of the  th re sh o ld  t im e  of 
excitation- is  an  e r ro n e o u s  one , and l ie s  in  the  fa c t th a t in  the e x p e r i 
m ent, a t f i r s t  the  rh e o b a se  is  m easu red , and m u ltip ly in g  it  by 2 one 
ob tains the chronaxy . Subsequen tly , due to  the  ac tio n  of v a r io u s  a g e n ts , 
i t  is  not th is  rh e o b a se  w hich  i s  used  fo r the d e te rm in a tio n  of a lte ra t io n  in  
chronaxy  but an o th e r rh e o b a se  a lread y  a l te r e d  u n d er th e  influence of th e  

305 agent. In o th e r w o rd s , fo r  the  m e a su re m e n t one u se s  a  " ru b b e r  a r s h in ’L 
w hich e ith e r  s t r e tc h e s  o r  sh o r te n s  u n p red ic tab ly  in the  p ro c e s s  of m e a s u r e 
m en t. T h is h a s  b een  po in ted  out by B e rito v  in  h is  book (1947).

The question  a r i s e s :  w hat is  ch ro n ax y ?  D oes it  a t a ll  r e p re s e n t  any 
p ro p e rty  of the  t i s s u e s ,  o r  shou ld  it  be re g a rd e d  a s  an  a r t i f a c t  of no r e a l  
s ign ificance  ?

In the  l i te r a tu r e  d ea lin g  w ith  chronaxy  it  h a s  been  re p e a te d ly  po in ted  

out th a t if the  fo rm u la  of H oorw eg-W eiss (1 = p +  b) is  taken , w h e re  the  

pow er exponent of t  eq u a ls  u n ity  (n = 1) ch ronaxy  m ay  be in te rp re te d  a s  a 
va lue  p ro p o rtio n a l to  the  m in im a l th re sh o ld -e n e rg y  n e c e s s a ry  fo r  e x c ita tio n .

* [A rsh in -R u ss ia n  m e a s u re m e n t of length  — 28 inches].
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H ow ever, th is  equation , w hich holds fo r  the  p a r tic u la r  case  w here n = 1, 
has no m ean ing  if  it is  re m e m b e red  th a t the value of n  in d ifferen t o rgan ism s 
v a r ie s  fro m  0.5 to  1.0. In the case  of n = 0.5 (N ernst), no m inim al energy  
ex is ts  a t a l l ,  bu t chronaxy  e x is ts  a ll  the  sam e (C re m e r, 1929, p.249).

T h u s , th is  in te rp re ta tio n  of ch ro n ax y  should a lso  be reg a rd ed  as e r 
roneous.

H ow ever, it  would be quite  u n ju s tified  to c o n s id e r chronaxy as  an 
a r t if ic ia l  v a lue . It no doubt re f le c ts  one p ro p erty  of t is s u e s  re la ted  to  th e ir  

ex c itab ility , w hich m ay  be re p re s e n te d  m a th em a tica lly : when i = — + b
a t  tn

C hr -  ("g·)1 1*·  O n  a  lo g a rith m ic  g rap h  chronaxy  co incides exactly with the 

point of in te rs e c t io n  of the  two asy m p to te s  (F ig u re  162). This may be shown 
a lg e b ra ic a lly . T he equation  on the le f t hand asym ptote w ill be log i = log a -  
n log t, w h ile  the equa tion  of the r ig h t hand asym ptote w ill be log i = log b. 
C onsequently , the po in t of th e ir  in te rse c tio n  w ill be de te rm in ed  by the equa

tion  log  b = log a -n  log t, o r  n log t  = log - ,  o r t  = the  la tte r  being the

* W hen n = 1 C h r = 4 -
b

** "E ffec tiv e  tim e "  is  u su a lly  d e te rm in ed  a s  that tim e  in te rva l starting  
fro m  w hich the  ap p e a ra n ce  of ex c ita tio n  no longer depends on the tim e  of 
p a s sa g e  of the s tim u la tio n  c u rre n t. However, accord ing  to the form ula of 
H oorw eg, such  a tim e  does not e x is t, since the in ten sity -tim e  curve a p 
p ro a c h e s  a sy m p to tic a lly  the leve l of the rheobase (see  F ig u re  161). 
T h e re fo re  the  u su a l p ra c tic a l  d e te rm in a tio n  of the "effective  tim e" was 
a lw ays a r b i t r a r y ,  and wholly dependent on the sensitiv ity  of the method 
u sed . In c re a s in g  the  sen s itiv ity  m ay shift the "effective  tim e" to the r e 
gion of g r e a te r  in te rv a ls , as  re q u ire d .

equation of ch ronaxy .
F ig u re  162, D show s th a t no m a t te r  what the slope of the left hand 

asym pto te  of the  lo g a rith m ic  graph  is , chronaxy should always coincide 
with the  in te rs e c t io n  of th e  a sy m p to tes . Two ru le s , which at a sufficient 
d istance  from  the  point of in te rse c tio n  m ay be approx im ate ly  expressed  by 

the fo rm u la s  i = ·— and i - b c la sh  h e re .
t n

In th is  se n se  ch ronaxy  d e sc r ib e s  w ith m ath em atica l accuracy  for any 
t is su e , the  re g io n  w h e re  the  tim e  of ac tio n  of the stim ulus begins to affect 
the a p p e a ra n c e  of e x c ita tio n  to som e ex ten t. In th is sense  chronaxy m ay be 
co n sid e red  as  the  s t r i c t e s t  and m ost a c c u ra te  m ethod of evaluation of tha t 
quantity  th e  d e te rm in a tio n  of which is  s ta ted  by the so -ca lled  "effective 
tim e 1'**.  T h is  w as poin ted  out by L ap icque  (1926, p, 225).

зоб T h is  is  a ll  w hich m ay be c la im ed  fo r  chronaxy. The la tte r  may
m e a su re  the tim e  of ex c ita tio n  and ex c itab ility  only when the rheobase r e 
m ains unchanged, w hich p ra c tic a lly  n e v e r happens. The ruling concept tha t 
chronaxy is  a  co n stan t w hich d e te rm in e s  the th resh o ld  tim e  of'excitation  o r  
the sp eed  of re a c tio n  of th e  tis su e  m ay  be considered  only a s  a deeply- 
roo ted  m isu n d e rs ta n d in g  by p h y sio lo g is ts . As a  re s u lt ,  in the 60 y ea rs  
which have p a sse d  sin ce  the  w ork of H oorweg and W eiss, no physiologists 
studied  p ro p e r ly  the co n stan t ’a ',  w hich rea lly  c h a ra c te r iz e s  the th reshold  
tim e of e x c ita tio n  and ex c itab ility  a f te r  sh o r t- te rm  stim u li. Instead, only 
chronaxy and rh e o b a se  w ere  in vestiga ted . The conclusions a rriv ed  at by 
the u se  of th ese  two indexes re q u ire  a m ost se rio u s  rev ision . In the
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co u rse  of such  a  re v is io n  the following c h a p te rs  s ta te  the  r e s u l ts  of the 
investiga tion  of two p ro b le m s : change in  e x c ita b ility  on sec tion ing  a  n e rv e , 
and effect of te m p e ra tu re  on excitab ility .

C h a p t e r  4. C hange in  E x c itab ility  on S ection ing  a N erve

H is to r ic a l  A spects  of the  P ro b lem*

* We sh a ll quote the  ex ten siv e  l i te ra tu re  on s o -c a l le d  " su b o rd in a tio n " . 
We sh a ll l im it  o u rse lv e s  only to  the m o re  in te re s t in g  s tu d ie s . A r e 
view of the  l i t e r a tu r e  on th is  p rob lem  m ay be found in  p a p e rs  by  D a v is  
and F o rb e s(1 9 3 6 ), U fly an d (1938), M agn itsk ii(1 9 4 8 ) and G o likov (1950).

** L a te r , M onnier (1934) w as fo rced  to  ad m it th a t in  the  given c a se  
chronaxy w as not a  tim e  fa c to r .

The p rob lem  of in c re a se d  ex c itab ility  of a sec tio n ed  nerve w as d i s 
cussed  in the la s t  c e n tu ry  by Sechenov (1861), who a ssu m e d  that the r e a s o n  
fo r  th is  in c re a se  w as a  m o le c u la r  change in  the  p ro te in  su b s tra te  of the 
n e rv e  f ib e r , a r is in g  in  th e  p ro c e s s  of cu tting  it  ("a  c e r ta in  v ib ra tio n  of the  
n e rv e  p a r tic le s " ) . L a te r ,  Μ. Lapicque (1923) o b se rv ed  th a t on iso la tio n  
of a frog  n e rv e  fro m  its  c e n tra l  connections by cu ttin g  i t ,  a  co n sid e rab le  
d e c re a se  in the rh e o b a se  ( in c re a se  in ex c itab ility ) o c c u r re d  w ith a  s im u l
taneous 2-fold  in c re a s e  in  the  n e rv e ’s ch ronaxy . T h is  o b se rv a tio n  w as l a t e r  
confirm ed hy m any a u th o rs . T he phenom enon i ts e lf  w as tre a te d  by L. 
Lapicque a s  a d is tu rb a n c e  of "su b o rd in a tio n " , s in c e  it  w as assu m ed  th a t 
it w as dependent on the  c e ssa tio n  of som e co n stan t in flu en ce  of the  c e n t r a l  
nervous sy stem  on the  p e r ip h e ra l  com ponents (L ap icque , 1936).

S ta rtin g  from  the c la s s ic a l  concept of ch ro n ax y  a s  a  m e a su re  of r a p id 
ity  of re a c tio n , the  p a ra d o x ic a l conclusion m ay be d raw n  th a t on cu tting  a 
n e rv e  its  e x c ita b ility  in c re a s e d , while the  sp eed  of re a c t io n  d e c re a se d . 
T h is paradox  w as m ad e  even  m o re  obvious by the  d a ta  of M onnier and J a s p e r  
(1932), acco rd in g  to  w hich  cu tting  of a fro g  n e rv e  re a l ly  in c re a se d  c h ro n a x y  
v a lu es  by 33%; w hile  the  sp eed  of im pulse  conduction  w hich  should have  
co rresp o n d in g ly  d e c re a s e d , in c re a se d  by 22%**.

S tudies of e x c ita b ility  of a n e rv e  of a  w arm -b lo o d ed  an im a l s e p a ra te d  
from  c e n tra l co n n ec tio n s  gave inconclusive r e s u l t s  (see  Uflyand, 1938). 
T hus, L a m b e rt, S k in n e r and F o rb e s  (1933), on cu ttin g  n e rv e s  of c a ts , o b - 

307 se rv ed  a  te m p o ra ry  in c re a s e  in  ex c itab ility  and p ro lo n g a tio n  of ch ro n ax y  
only a t a  sh o r t  d is ta n c e  f ro m  the  lesion . F ro m  th is  it  m ay be concluded  
th a t the  re a so n  fo r  ch an g es  in  ex c itab ility  o b se rv e d  w as the  n e rv e  c u ttin g  
p ro ced u re .

Change in  e x c ita b il i ty  of rab b it n e rv e  a f te r  s e p a ra tio n  of the  l a t t e r  
fro m  the  c e n tra l  s e c tio n s  w as la te r  in v es tig a ted  by V ul and Konikov (1937). 
A ccording to  th e i r  d a ta , cu ttin g  of the n e rv e  c a u se d  in s ig n ifican t ch an g es  
in  chronaxy (2-10% ), w h ile  th e  rh eo b ase  sh if ts  so m e tim e s  co incided  w ith  
the sh ifts  in  ch ro n ax y , b u t a t o th e r t im e s  did not. The a u th o rs  a s s u m e d  
th a t the o b se rv ed  ch an g es  m ay  be explained by fa c to r s  o rig in a tin g  fro m  th e  
wound field .

The ab o v e -m en tio n ed  s tu d ie s  of A m erican  and Soviet au th o rs  do no t 
conform  to the  id e a s  on su b o rd in a tio n a l in fluence of the  c e n te r s  on the
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p e rip h e ry , as L apicque un d ersto o d  th em . T hese  co n trad ic to ry  data induced 
us to  re v is e  the p ro b lem  of changed ex c itab ility  on cu tting  the nerve , in  the 
light of an a ly se s  s ta ted  in  the p rev io u s  ch ap te r  (Nasonov and Rozental', 1956).

M a te ria ls  and M ethods

S tu d ies  w e re  p e rfo rm e d  on a g r a s s  f ro g  and a w hite ra t. E xcitab ility  
was d e te rm in ed  by the  use  of the in s tru m e n t d e sc rib e d  e a r l ie r  (p. 279).

T he fro g  w as fixed  on i ts  v e n tra l su rfa c e  on a co rk  p la te  by the use of 
a w et bandage. Many p ins w ere  stu ck  in to  the  co rk  so  th a t the anim al was 
im m obilized  be tw een  th em , w hile n o rm a l blood c ircu la tio n  was en tire ly  
p re se rv e d . In the  u p p e r p a r t  of the th igh  a  segm ent of the sc ia tic  nerve 
was exposed fo r 2 cm  (w ithout n a rc o s is )  and s ilv e r  e le c tro d e s  w ere in tro 
duced b eneath  it a t a d is tan ce  of a p p ro x im a te ly  5 mm fro m  each other. 
The ap p ea ran ce  of im p u lse s  w as d e tec ted  by m ovem ents of the hind limb 
to e s .

T he r a t  w as p laced  prone on a w ooden b o ard , and fixed by adhesive 
tape on top of the sp re a d  leg s , back, ta i l  and head. If the anim al was n a r 
co tized  by e th e r  v ap o r, the  sc ia tic  n e rv e  w as exposed in  the region of the 
upper p a r t  of the  th ig h  fo r  ap p ro x im ate ly  2 cm and s i lv e r  e lectrodes w ere 
in tro d u ced  u n d ern ea th  it. A fte r co m p le te  awakening of the ra t  from  n a r 
c o s is , e x c ita b ility  of the  n e rv e  w as d e te rm in e d  by m ovem ent of the hind 
to e s . D uring the ex p e rim e n t the n e rv e  w as m o isten ed  w ith R in g er's  so lu 
tion. The n e rv e s  of the  r a t  and fro g  w e re  se p a ra te d  from  the CNS by 
c o n s tr ic tio n  w ith  a  th re a d  loop, p re v io u s ly  in troduced  proxim al to the 
e le c tro d e . In c e r ta in  c a s e s  the  c e rv ic a l  sp ine w as cut.

E x p e rim e n ts  w ith  F ro g  N erve

The e x p e rim e n ts  w e re  p e rfo rm e d  in  Ja n u a ry  1952 in  the following 
m an n er. At f i r s t ,  m e a su re m e n ts  of two v a lu e s  w ere taken  at 5-minute 
in te rv a ls ;  1) the p ro tra c te d  th re sh o ld  of ex c itab ility  (constant b), which 
w ith o u r in s tru m e n t w as d e te rm in ed  by the  m in im a l num ber of volts n e c e s 
sa ry  fo r  ex c ita tio n  to  tak e  p lace  a f te r  a co n d en ser d isch a rg e  of a 90 m ic ro 
fa ra d  capac ity ; 2) the  s h o r t - te rm  th re sh o ld  of excitab ility , o r the constant 
a, in  ab so lu te  u n its . To i l lu s tr a te  th is  by a  co n cre te  exam ple:

L e t u s  choose a  tim e  in te rv a l of 0,00004 m illiseco n d s . In o rd e r to ob
ta in  a  th re sh o ld  ex c ita tio n  of a  fro g  n e rv e  in  th is  ac tion  tim e, a voltage of 
140 vo lt w as re q u ire d  (o r  140,000 m ill iv o lts ) . Subsequently, we m easu red  

303the p ro tra c te d  th re sh o ld  of e x c ita b ility  on the  sam e t is s u e . The la tte r  
equalled  0.3 v o lts . I t fo llow ed th a t, w ork ing  in  the reg io n  of sho rt in te rv a ls , 
the fo rm u la  a  = vt m ay be used  fo r  d e te rm in a tio n  of constan t 'a 1, instead 
of the  fo rm u la  a  = (v —b) t .  The e r r o r  w ill  not exceed  0.2%, T his accu racy  
is  m o re  th an  su ffic ien t.

Substitu ting  in  fo rm u la  a = v t, the v a lu e s  of v and t thus obtained g ives: 
a = 140,000 X 0.00004 = 5.6 m illiv o lts  m illiseco n d s . In p ra c tic e , we used  
the sam e  tim e  in te rv a l—0.00004 m illise c o n d  fo r  d e te rm in a tio n  of 'a ',  in  a ll 
the e x p e rim e n ts .
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A fter en su rin g  th a t m e a su re m e n ts  of the  v a lu e s  of 'a ' and 'b ' a t 5- 
m inute  in te rv a ls  gave id e n tic a l v a lu e s , the  n e rv e  w as s e p a ra te d  from  the 
c e n tra l  connections and the  value of the  c o n s ta n ts  w as again  d e te rm in ed  
im m ed ia te ly . Since chronaxy  equals the  r a t io  a :b ,  fo r e ach  ex p e rim en t 
the  change in  chronaxy  could be ca lc u la ted  by th e se  co n stan ts  a f te r  ty ing  
the  nerve*.

* T h is m ethod of d e te rm in a tio n  of ch ro n ax y  is  an  ap p ro x im ate  one. It 
can be v e ry  a c c u ra te  only fo r  the canonic  cu rv e  of H oorw ég.

** In th ese  and subsequen t e x p e rim e n ts  the  co e ffic ien t n did not change a f te r  
iso la tion  of th e  n e rv e  f ro m  the  CNS. T h is  is  c le a r ly  seen  in  F ig u re  
176, w here  th e  slope of the  lo g a rith m ic  cu rv e  re m a in s  unchanged b e fo re  
and a f te r  ty ing the n e rv e .

T able 54 show s the r e s u l t s  of th ese  e x p e r im e n ts . I t w ill be seen that 
iso la tion  of the n e rv e  fro m  the  c e n te r  c a u se d  a c o n s id e ra b le  d e c re a se  in 
rh eo b ase  (by 60%) and an  in c re a s e  in  ch ro n ax y  (by 93%), so  th a t in th is  
re sp e c t the e a r l i e r  d a ta  of Lapicque (1923) and o th e r  in v e s tig a to rs  a re  
com pletely  confirm ed .

F u r th e r  it w ill be seen  th a t the m ean  sq u a re  e r r o r  is  m any tim es  le ss  
th an  the r e s u l t  ob tained  (T ab le  54), w hich is  th u s  s ta t is t ic a lly  sig n ifican t. 
A lso the r e s u l t  depended only to  a sm a ll ex ten t on w h e th e r the n e rv e  w as 

Зоэ sep a ra ted  by ty ing  o r  by cu tting  the sp ine . F in a lly , not only did the rh e o 
b ase  d e c re a se  a f te r  s e p a ra tio n  (60%), bu t a lso  the  th re sh o ld  of s h o r t- te rm  
excitab ility  d e c re a sed , although to a  c o n s id e ra b ly  l e s s e r  ex ten t (32%). As 
a lread y  s ta ted , the  co effic ien t 'a ' w as d ire c t ly  p ro p o rtio n a l to  the  th re sh o ld  
tim e  of exc ita tio n . I ts  d e c re a se  p ro b ab ly  in d ica ted  th a t the  sp eed  of re a c tio n  
of the n e rv e  in c re a se d  (by 32%) a f te r  i t s  iso la tio n , in  c o n tra s t to  the a lm o s t 
2 -fo ld  in c re a se  in  ch ronaxy .

T a b l e  54

C hanges in the  rh e o b a se  (b), the  s h o r t - te r m  th re sh o ld  of 
e x c ita b ility (a ) , and chronaxy  (Ch r) on sec tio n in g  a  fro g  

n e rv e  (acco rd in g  to  N asonov and R o z e n ta l1, 1956)**.

M ethod of se p a ra tio n

In itia l 
value 

of b (in 
v o lts)

Change 
in  b (in

% of 
in itia l 
value)

In it ia l  
v a lue  of 

a  (in 
m vo lt ■ 
m sec )

Change 
in  a

Change 
in  C h r

% of in iti a l value

0.36 —78.0 5.6 -5 9 .5 + 82.0
0.24 - 6 6 .6 4.16 -2 3 .0 130,0
0.32 —62.4 5.12 - 1 2 .5 +132.0

Tying of the n e rv e 0.24 —66.7 4.72 -3 0 .5 +104.0
0.38 - 3 6 .8 5.9 -  2.5 + 54.0
0.18 - 6 6 .7 4.96 - 5 4 .8 + 35,5
0.38 - 7 9 .0 5.55 -  4.0 + 39,5

0.16 —62.5 3.6 - 4 0 + 60.0
S everance  of sp in a l 0.36 - 5 0 ,0 5.6 - 5 0 0

cord 0.16 - 3 1 .0 3.84 - 2 3 + 11.5
0.22 —63.6 6.4 - 5 6 .3 + 20.0

A rith m etic  m ean 0.273 —60.3±4.6 5.04 -3 1 .6 ± 6 .4 + 60.8
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FIGURE 176. L o g arith m ic  
v o lta g e - tim e  c u rv e s  of a  frog  
n e rv e  (acco rd in g  to  N asonov 
and R o z e n ta l1, 1956)

l - -n e rv e  not se p a ra te d  from  
c e n te r s ;  2 --sa m e  n e rv e  im 
m ed ia te ly  a f te r  ty ing. R em ain 
ing legend  a s  in F ig u re  162.

Follow ing is  an o th er exam ple of 
th e  g ro s s  e r r o r s  m ade in  the use of ch ron - 
a x im e try  if chronaxy  is  considered  as a 
m e a s u re  of re a c tio n -sp e ed . Let us an a 
lyze  F ig u re  176. Obviously, the ex c ita 
b ility  in c rea sed  considerab ly . It is  a lso  
c le a r  th a t no m a tte r  what in tensity  was 
u sed  to  excite  the  n e rv e , the th resho ld  
tim e  of excita tio n  d ecreased  on tying the 
n e rv e . I t should be pointed out th a t ch ron 
axy in c re a se d  considerab ly , which leads 
to  the  co n trad ic to ry  conclusion that the 
re a c t io n  speed d ec rea sed . In the given 
c a se  the rea so n  fo r  the increase  in c h ro 
naxy  is  quite c le a r ;  the constant 'b ' de
c r e a s e d  m ore  th an  constan t 'a 1. That is  
why acco rd in g  to  the data of M onnier and 
J a s p e r  (1932), the  ra te  of conduction of 
the  im p u lse  in c re a se d  under these con
d itio n s in spite of in c reased  chronaxy.

E x p e rim e n ts  w ith  R at Nerve

T ab le  55 show s the  da ta  obtained on tying a  r a t  nerve . The rheobase 
w as d e te rm in e d  a t 90 m ic ro fa ra d s , and the  s h o r t- te rm  threshold  of ex 
c ita b ility  d e te rm in e d  (a) ju s t  b e fo re  ty ing the n e rv e  and (b) im m ediately 
a f te rw a rd s .

F ro m  the f ig u re s  in  T ab le  55 it  is  ap p aren t th a t the  effect of separa tion  
of th e  r a t  n e rv e  from  the  c e n tra l  connec tions is  v e ry  s im ila r  to  the effect 
ob ta ined  in the  f ro g . A m a rk e d  d e c re a s e  in  rh eo b ase  and a somewhat le s s e r  
d e c re a s e  in  th e  s h o r t - te rm  th re sh o ld  o f ex c itab ility  m ay be noted, which 
in d ica te  in c re a s e d  e x c ita b ility  and d e c re a se d  th resh o ld  tim e  of excitation. 
At the  sa m e  tim e  ch ronaxy  w as found to  be considerab ly  increased , which, 
in t e r m s  of the  c la s s ic  concept of ch ro n ax y  as a m e a su re  of reac tio n  tim e, 
shou ld  be a s s o c ia te d  w ith  in c re a se d  th re sh o ld  tim e  of excitation. H ere , as 
in  the  c a se  of the  frog  n e rv e , fau lty  concep ts of the m eaning of chronaxy 
r e s u l t  in  e r ro n e o u s  in te rp re ta tio n s .

T he questio n  w as th en  ra is e d :  Is the  o bserved  effect of increased  ex 
c ita b il i ty  and d e c re a se d  th re sh o ld - tim e  of excita tion  in  any way re la ted  to 
iso la tio n  f ro m  the  c e n tra l  n erv o u s sy s te m , as w as assum ed  by L. Lapicque 
(1936) and m any o th e r s ?

310 In o r d e r  to  ov erco m e th is  d ifficu lty , the c e rv ic a l spine w as cut in 
the fo llow ing s e r ie s  of e x p e rim e n ts  w ith r a ts ,  in stead  of tying the nerve. 
The r e s u l ts  a r e  shown in T able 56.

T h ese  r e s u l ts  (T ab le  56) show th a t even  if decapita tion  leads to some 
ch an g es , th e y  a r e  so  s lig h t th a t th ey  a r e  lim ited  to  the  range of experim ental 
e r r o r .  C onsequen tly , no sub o r  d in a tio n a l in fluences a r i s e  from  the b ra in .

311 T h is  co n c lu sio n  is  fu r th e r  s tren g th en ed  by the  following se r ie s  of ex
p e r im e n ts  in  w hich the r a ts  w ere  f i r s t  decap ita ted , and the nerve then tied  
a t a  d is ta n c e  of 1 cm above the  p ro x im a l e lec tro d e . T he re su lts  of these
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ex p erim en ts  a r e  shown in Table 57, from  w hich i t  fo llow s that ty ing the 
n e rv e  of a  d ecap ita ted  ra t  g iv es  exac tly  the  sam e  e ffec t as  th a t obtained in 
a nondecap ita ted  an im a l (co m p are  T ab le s  55 and 5 7). A co n sid e rab le  de
c re a se  in rh e o b a se  (62.8% on the av e rag e ) is  o b se rv e d  h e re , a  som ew hat 
le s s  d is tin c t fa ll  in  th re sh o ld  of s h o r t - te rm  ex c ita tio n  (41.6% on the average), 
and an in c re a se  in  ch ronaxy  (69.6% on the a v e ra g e ).

T a b l e  55

Change in rh e o b a se  (b), in the s h o r t - te rm  th re s h o ld  of exc itab ility  
(a) and  in  ch ronaxy  (C hr), on se v e rin g  of r a t  nerv e  

(acco rd in g  to  N asonov and R o z e n ta l1, 1956)

T a b l e  56

In itia l value 
of b (in 

volts)

C hange in b 
(in  % of in itia l 

value )

In itia l value Change in  a Change in C hr
of a (in m volt- 

m sec) % of init ia l value

0.1 - 6 0 5.76 - 5 0 .0 -h25
0.08 —50 5.2 -  6.5 +87
0.1 - 4 0 6.8 —29.5 +76
0.04 - 5 0 3.6 - 1 1 .0 +78
0.08 - 5 0 4.65 - 3 3 ,0 +34
0.1 - 6 0 5.2 - 3 2 ,0 +69
0.08 - 2 5 4.56 - 3 4 .0 -1 2
0.04 - 5 0 3.28 —27.0 +46

A rithm etic m ean

0.0775 —48 ± 4 4.9 —28±  5.4 +50.3

E ffec t of decapitation, on e x c ita b ility  of r a t  nerve 
(acco rd in g  to  N asonov and  R o z e n ta l1, 1956)

In itia l value o f b 
(in vo lts)

Change in  b  (in % 
of in itia l value)

In itia l v a lu e  of a 
(in  m v o lt-m se c )

Change in  a  (in % 
of in it ia l  value)

0.1 —40.0 5.85 - 5 0 .7
0.16 - 1 2 .5 7.2 — 16.5
0.12 0 4 .0 + 4.0
0.1 - 2 0 .0 4,25 -  6.5
0.06 + 66.5 2.4 —33.0
0.16 -1 2 .5 4.3 -  8.0
0.16 0 4.8 0
0.1 0 3.52 + 2.0
0.1 - 4 0 .0 2.72 0

A rith m e tic  m e in

0.118 -  6.5 4.48 — 4.75
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T a b l e  57
E ffec t of ty ing the  n e rv e  at a d is tan ce  of 1 cm from  the e lec trode , 

in  d e c a p ita ted  r a t s  (acco rd ing  to  N asonov and R ozental’, 1956)

T a b l e  58

In itia l value 
of b (in 
vo lts)

C hange in b 
(in  % of in itia l 

value)

In itia l value 
of a  (in mvoLt 

m sec)

Change in a Change in C hr

% of in itia l value

0.12 - 6 6 .6 4.15 -2 3 .0 +130.0
0.08 - 7 5 .0 4.65 - 6 5 .4 + 38,0
0.1 - 8 0 .0 3.2 -5 5 .0 +124.5
0.1 - 6 0 .0 3.7 -4 3 .5 + 41,0
0.16 - 7 5 .0 4.8 -5 0 .0 +100.0
0.04 - 5 0 .0 2.72 -2 9 ,5 + 41.0
0.06 - 3 3 .0 2.56 -2 5 .0 + 12.5

A rith m e tic  m ean

0.0943 —62.80 ± 3.7 -4 1 .6  ± + 69.6
±6 .26 ±6.1

E ffec t of ty ing  the n e rv e  a t a  d is tan ce  of 2 cm from  the electrode 
in  d e c a p ita ted  r a t s  (acco rd in g  to  N asonov and R ozental1, 1956)

A rith m e tic  m ean

In itia l value of b 
(in vo lts)

Change in  b (in % 
of in itia l value

In itia l value of a 
(in m vo lt-m sec)

Change in a  (in % 
of in itia l value)

0.14 - 5 7 4.0 -  4
0.16 0 4.8 0
0.10 - 6 0 4.0 - 3 2
0,06 0 2.56 0

0.115 -2 9 .3 3.84 -  9

312 W hen the  n e rv e  w as tie d  som ew hat fu r th e r  away from  the e lec trode
(2 cm ), the  d e sc r ib e d  e ffec t of in c re a s e d  excitab ility  was considerably  low er, 
as  fo llow s f ro m  T ab le  58*.

T h e se  e x p e rim e n ts  c o n tra d ic t the v iew s of Lapicque, according to 
w hich the  in c re a se d  e x c ita b ility  of the nerve  a fte r  i ts  severance from  the 
c e n tra l  connec tions depends on c e ssa tio n  of contro lling  influences constan t
ly  a r r iv in g  from  the  c e n tra l  n e rv o u s  sy s tem , w hich m aintain  the excitab ility  
of th e  n e rv e  a t a  c e r ta in  lo w er le v e l. If th is  w ere  tru e  then the in c rea sed

* T h is  fa c t m ay be exp lained  in  th a t at a  c lose  d istance of the e lec trodes 
f ro m  the  s ite  a t w hich the n e rv e  w as tied , eubthreshold  im pulses, 
sp re a d in g  w ith  d e c re m e n t, m ay a lso  re a c h  the e lec tro d es in  addition 
to  the  o rd in a ry  im p u lse s .
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ex c itab ility  a f te r  ty ing the n e rv e  should  p e r s i s t  fo r  lo n g er p e r io d s  at the 
new lev e l. In re a li ty  th is  is  no t so. M easu rem en t of ex c itab ility  of the 
n e rv e  at lo n g er tim e  in te rv a ls  a f te r  i t s  iso la tio n  show ed th a t the in c re a se  
in ex c itab ility  w as v e ry  tra n s ie n t ,  and th a t a f te r  30 to  40 m in u tes  it  again 
re tu rn e d  to in it ia l  le v e ls  (F ig u re  177).

W hat then  is  the  r e a l  re a so n  fo r the in c re a se  

FIGURE 177. Change in 
th resh o ld  of the  s h o r t
te rm  (a) and p ro tra c te d  
(b) ex c itab ility  of frog  
n e rv e  a f te r  iso la tio n  
from  c e n tra l  connections 
(according to  N asonov 
and R o zen ta l’, 1956)

0 ί  V S  i ) 2 i X S U i !  
Time, min·

A, B —2 d iffe ren t e x p e r i
m en ts . The in it ia l  lev e l 
of ex c itab ility  is  tak en  
a s  100%. T he a rro w  
m a rk s  the tim e  of ty ing  
the

313
n erv e .

in  e x c ita b ility ?
T he th e o ry  of V ul and Konikov (1937) tha t 

e x c ita b ility  of the  n e rv e  te m p o ra r ily  in c rea sed  
due to  m u ltip le  n e rv e  im p u lse  shocks coming 
fro m  the  wound a r e a  s e e m s  to  us m ost p robable . 
T h a t such m u ltip le  n e rv e  im p u lses  re a lly  take 
p lace  is  ap p a ren t from  th e  convulsive m ovem ents 
of the  h ind to e s  w hich  a r e  w ell m a rk e d  fo r s e v e ra l  
seco n d s a f te r  ty ing the  n e rv e .

H ow ever, could  the  im p u lses  propagating  
along the n e rv e  r a i s e  i ts  ex c itab ility  even tem 
p o ra r i ly  ?

In o rd e r  to  so lv e  th is  p rob lem  the follow ing 
s e r i e s  of e x p e rim e n ts  w e re  c a r r ie d  out. -The 
s c ia tic  n e rv e  of a  r a t  w as exposed fo r a length 
of 2 cm , by the  a b o v e -d e sc r ib e d  m ethod. A p a i r  
of e le c tro d e s  w as in tro d u ced  b eneath  it to  d e te r 
m in e  e x c ita b ility . A second  p a ir  of e le c tro d e s  
w as p laced  som ew hat h ig h e r, to excite  the  n e rv e  
by a  c u r re n t  fro m  an induction  co il of D uB ois- 
R eym ond w ith  a  B e rn sh te in  sw itch . F i r s t ly ,  th e  
o rd in a ry  e x c ita b ility  of th e  n e rv e  w as d e te rm in e d , 
and subseq u en tly  the  n e rv e  w as s tim u la ted  fo r 
10 seconds th ro u g h  the  p a ir  of add itiona l e le c 
tro d e s  .at a  d is tan ce  of 25 cm  fro m  the co ils , an d  
w ith  a freq u en cy  of 18 c p s . The ex c itab ility  of th e  
n e rv e  w as again  d e te rm in e d . The r e s u l ts  of 
th e se  e x p e rim e n ts  a r e  show n in T ab le  59, fro m  
w hich  it follow s th a t the  e ffec t on the n e rv e  of 
p re l im in a ry  ap p lica tio n  of im p u lses  fo r  a s h o r t -  
t im e  p e rio d  c lo se ly  re s e m b le s  tying of the n e rv e  
(co m p are  T a b le s  55 and 59).

H ere , as  on ty ing  the  n e rv e , the rh e o b a se  w as m ark ed ly  reduced , 
th re sh o ld  of s h o r t - te rm  ex c itab ility  som ew hat le s s  so, and chronaxy 

w as e levated . A cco rd ing ly , not only the d ire c tio n  of sh ifts  of exc itab ility  
indexes, bu t a lso  th e i r  ab so lu te  v a lu e s , w e re  v e ry  s im ila r  in  b o th  c a se s* .

T hus, both  o u r e x p e rim e n ta l data  and c e r ta in  s tu d ie s  of p rev io u s 
in v e s tig a to rs  (L a m b e rt, S k inner, F o rb e s  (1933); V ul and Konikov (1937), 
m ake us th ink th a t L ap icque  w as w rong in  a s su m in g  th a t the in c re a se d  e x 
c itab ility  of the  n e rv e , w hen iso la te d  from  i t s  c e n tr a l  connections, is  due 
to c e ssa tio n  of re a c t io n  of th e  n e rv e  to  th e  b ra in  c e n te rs , w hich w as deno ted  
by Lapicque a s  " su b o rd in a tio n " . We a ssu m e  th a t th is  e ffec t is  due to  p a s sa g e

the

* Golikov (1934), u sing  an  iso la te d  fro g  n e rv e  m u sc le  p re p a ra tio n , d e 
sc rib e d  in c re a se d  ch ro n ax y  and d e c re a se d  rh e o b a se  a f te r  a  m a rk e d  e x 
c ita tio n  by induction  c u r re n t .
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th rough  the n e rv e  of a  s e r i e s  of im p u lse s  o rig ina ting  a t the s ite  of the  
su rg ic a l wound. In f ro g s  th is  e ffec t sp re a d s  from  the wound not only along 
the n e rv e  i t s e l f  bu t a lso  to  the  h ig h e r  lev e ls  of the nervous system . In 
w arm -b lo o d ed  a n im a ls  th is  e ffect is  fo r  som e rea so n  lim ited  to sh o rte r  
seg m en ts  of the n e rv o u s  chain .

E ffec t of in d uc tion  c u r re n t  on ex c itab ility  of a  ra t nerve 
(acco rd in g  to  N asonov and R o zen ta l', 1956)

T a b l e  59

In itia l value Change in  b In itia l value Change in  a Change in  C hr
of Ь (in (in%  of in it ia l of a  (in  m volt·
v o lts ) va lue) m sec ) % of in itia l value

0.22 —27.3 5.9 —16.0 +15.0
0.24 - 4 1 ,6 6.1 —21,0 +35.5
0.24 - 1 6 .7 5.75 — 14.6 + 3.2
0.18 —55,5 4.8 -2 6 .6 +64.5
0.22 - 6 3 .6 6.1 -4 7 .4 +45.0
0.18 - 4 4 .5 5.6 —27.5 +28.6
0.22 - 4 5 .5 6.1 -1 8 .5 +49.5
0.18 - 2 2 ,2 5.6 - 1 1 .4 +14.0

A rith m e tic  m ean

0.21 - 3 9 .6  £ 6.5 5.74 - 2 2 . 8± 2.4 +31.9

Do th e se  in co n c lu s iv e  deductions perta in ing  to  subordination m in im ize 
the  ro le  of the  c e n tra l  n e rv o u s  sy s te m  a s  a  reg u la to ry  and determ ining 
fa c to r  in  the  v ita l a c t iv i t ie s  of the o rg a n ism ?

T he a n sw e r is  no . We have only  shown th a t increased  excitab ility  
a f te r  ty ing  a n e rv e  can n o t be c o n s id e re d  as a d ire c t  effect of cessa tio n  of 
su b o rd in a tio n . T h is  is  p a r t ic u la r ly  obvious in  the  case  of r a t  n erves. 
H ow ever, it h a s  a lso  b e e n  shown th a t un d er experim ental conditions the  
p a ssa g e  of im p u lse s  th ro u g h  the  n e rv e  m ay tem p o ra rily  in c rease  i ts  ex 
c ita b ility . T h is  be ing  so , th e re  is  f irm  b a s is  for the assum ption th a t in 

314the  n a tu ra l  su rro u n d in g s  a s  w ell, im p u lse s  passing  along the nerve from  
the  c e n te r s  m a y  te m p o ra r i ly  in c re a s e  the  excitability  of the conductor. 
Such co n cep ts  of the  m e c h a n ism  of subord ination  w ere also  exp ressed  by 
o th e r a u th o rs . It is  h igh ly  p ro b ab le  th a t th is  m echanism  is  used by the 
o rg a n ism  fo r  re g u la tio n  of the  le v e l of excitab ility  of the conducting pa th 
w ays.
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C h a p t e r  5. E ffec t of T e m p e ra tu re  on E x c itab ility  
of N e rv es  and M u sc les

E x p e rim e n ts  w ith  N e rv es  of Cold-B looded 
A n im als  (F ro g s , T o r to is e s )

One of the b a s ic  q u estio n s in v ariab ly  a r is in g  from  quan tita tive  s tud ies 
of one o r  an o th er p ro p e rty  of a living o rg an ism  is  th a t  reg a rd in g  the  effect 
of te m p e ra tu re . The n a tu re  of e ffect of the  te m p e ra tu re  fa c to r  en ab les  one 
to  in v estiga te  th is  p ro b lem  m o re  fully. T is su e  e x c ita b ility  is  a tem pe ra tu re  -  
d e te rm in ed  p ro p e rty  to  so m e ex ten t, and th is  p ro p e r ty  re m a in s  one of the 
m o st c h a ra c te r is t ic  indexes of the  functional s ta te  of conducting t is su e s . 
H ow ever, in  sp ite  of m any  s tu d ie s  on th is  su b je c t, it  s t i l l  re m a in s  u n c lea r 
how te m p e ra tu re  m ay a ffec t exc itab ility .

In a num ber of e a r l i e r  p a p e rs  it w as e s ta b lis h e d  th a t cooling m ay 
in c re a se  the ex c itab ility  of n e rv e s  to  a  m a rk e d  ex ten t. But th e re  a r e  a lso  
ind ica tions th a t d e c re a s e  in  te m p e ra tu re  lo w e rs  n e rv e  ex c itab ility * . G otch 
and M acDonald noted  th is  co n trad ic tio n  be tw een  d a ta  in  the  l i te r a tu re  and 
c la im ed  th a t the  re a so n  fo r i t  w as in h e ren t in  the  fa c t th a t d iffe ren t a u th o rs  
u sed  d iffe ren t m ethods of stim u la tio n . A cco rd ing  to  th e i r  e x p e rim e n ts , 
low ering  of te m p e ra tu re  in c re a s e d  e x c ita b ility  w hen th e  n e rv e  w as te s ted  
by galvanic  c u rre n t, and d e c re a se d  it when induction  c u r re n t w as used . 
T h e re fo re , in d iscu ss in g  g e n e ra l in c re a se  in  e x c ita b ility , the e x p e rim e n ta l 
m eth o d s m ust be taken  in to  account. W a lle r  (1899) show ed v e ry  conv incing ly  
th a t in  the e x p e rim e n ts  of G otch and M acD onald, the  crux  of the prob lem  
w as the du ra tion  of c u r re n t-a c t io n . W ith m o re  p ro lo n g ed  im p u lse s  of c u r 
re n t ,  d e c re a se  in  te m p e ra tu re  caused  an In c re a s e  in  ex c itab ility . With 
s h o r t- la s t in g  im p u lse s  the r e v e r s e  w as t r u e .  T h e se  data  w ere  la te r  con
f irm e d  by L. and Μ . L ap icque  (1907), by L u c a s  and M ines (1907-8) and by  
a  n um ber of o th e r a u th o rs .

In m o re  re c e n t s tu d ie s  c a r r ie d  out by th e  c h ro n a x im e tr ic  m ethod, 
th e re  w as a lso  no u n ifo rm ity  in  the co n c lu s io n s . T h u s , acco rd in g  to  B la ir  
(1935), on heating  a  frog  n e rv e  from  ze ro  to  30°C the  rh e o b a se  in c re a se d  
a lm o s t tw ofold, i .e . ,  the  r e s u l t s  a g re e  w ith  the  d a ta  o f L . and Μ. L ap icque  
(1907). S im ila r  d a ta  w e re  ob tained  by Zhukov and D ontsova (1949) on s tu d y 
ing the  ex c itab ility  of h e a r t  m u sc le ; in te r s e c t io n  of the  in te n s ity - tim e  
c u rv e s  w ere  o b se rv ed  in  th e i r  e x p e rim e n ts  a s  in  tho se  of L ap icque , b e cau se  
the  th re sh o ld  of s h o r t - te rm  ex c itab ility  d e c re a s e d  w ith  heating , w hile  the 
rh e o b a se  in c re a se d . H ow ever, C olle  (1934), in  e x p e rim e n ts  on th e  sam e 
t is s u e s ,  d e sc rib e d  a  lo w e re d  rh eo b ase  on h ea tin g . D e c re a se  in  rh eo b ase  
and in  s h o r t- te rm  e x c ita b ility  th re sh o ld  w ith  r i s e  in  te m p e ra tu re  w as a lso  

315 o b se rv ed  by K rig sm an , v o n -d e r -K a m e r, v an -L en n ep  and Stolk (1950) on 
a  frog  n e rv e . At the  sa m e  tim e , Schoepfle and  E r la n g e r  (1941) w orking 
w ith  iso la ted  f ib e rs  of a fro g  n e rv e , show ed th a t  w ith  a s tim u lu s  of 0.1 
m illis e c o n d s 1 d u ra tio n , e x c ita b ility  a c tu a lly  did no t depend on te m p e ra tu re  
(the fluc tua tions did not ex ceed  10%). F in a lly , S tro h l and D journo (1042) 
d esc rib ed  an  in itia l d e c re a s e  in  rh e o b a se  of s e v e r a l  seconds) follow ing 
fu r th e r  cooling of a fro g  n e rv e .

* A rev iew  of th e  e a r l i e r  l i te r a tu r e  m a y  b e  found in  the  p a p e r  by G otch 
and M acDonald (1896).
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O ur a im  w as to  in v es tig a te  thoroughly  th is  com plicated problem  
(N asonov and S u zd a l’ skaya , 1956a) u sing  a  new m ethod instead  of ch ronax i- 
m e try . A fro g  n e rv e -m u s c le  p re p a ra tio n  w as used , as  in the m a jo rity  of 
s tu d ie s  on th is  p ro b lem . One of the  m ost im p o rtan t so u rces  of possib le  
e r r o r  in  e x p e rim e n ts  on cooling is  the drying of the nerve which invariab ly  
ta k e s  p lace  even  in  the  m o st id ea l m o is t  ch am b ers , since on low ering the 
su rro u n d in g  te m p e ra tu re  the n e rv e  w ill alw ays be slightly  w arm er for a 
c e r ta in  tim e  than  the  a i r  in the  ch am b er, and w ill th e re fo re  lose its  w ater. 
On h ea tin g  the  c h a m b e r , on the  o th e r hand, the  nerve  w ill always be cooler 
th an  the su rro u n d in g  a i r ,  which w ill in v ariab ly  lead to  condensation of d is 
t ille d  w a te r  on i ts  s u r fa c e ’*. D ry ing  and sw elling a re  very  potent agents 
a ffec ting  ex c itab ility . T hus, our e x p e rim e n ts  w ere  a ll conducted in vaseline  
o il in  w hich  the e x c ita b ility  of the  n e rv e  rem ain ed  the sam e fo r hou rs. In 
the  m o is t  ch am b er d ry ing  and sw elling  w e re  com pletely  elim inated. F u rth e r , 
in o rd e r  to  avoid d ry ing  in  the  n e rv e  segm en t bo rdering  the cooled one, 
c a re  had  to be tak en  to  avoid changing the te m p e ra tu re  even of a sm a ll p a rt 
of the  n e rv e . In s tead , the  whole p re p a ra tio n  w as cooled in vaseline oil. 
We s ta r te d  fro m  the  fa c t th a t the  im p u lse  orig ina ting  under the electrode 
n e c e s s a r i ly  re a c h e d  the  m u sc le , causing  it to  co n trac t. Consequently, 
the  ap p ea ran ce  of a  m oving im p u lse  would alw ays be reco rded  at any te m 
p e ra tu re ,  s in ce  in  o u r e x p e rim e n ts  th e re  w as alw ays a response.

T he in s tru m e n t u se d  in  th e se  ex p e rim en ts  i s  illu s tra ted  in F ig u re  178. 
A th in -w a lle d  g la s s  ch am b er (a) 3.5 cm in d iam e te r and 3 cm high, w as 
se a le d  by a s to p p e r th ro u g h  w hich a  th e rm o m e te r  (c) and 2 s ilv e r  e lec tro d es 
(d) w e re  in s e r te d . T he m u sc le  (e), the n e rv e  of which was led through the 
e le c tro d e s  in  su ch  a  m a n n e r th a t a p iece of the spine a t the opposite end of 
the n e rv e  hung f re e ly  f ro m  the  anode, w as p laced  on the bottom of the  cham 
b e r .  T he c h a m b e r  w as filled  w ith  v ase lin e  oil and fixed by the th e rm o m ete r 
to th e  c lam p  of a su p p o rt supplied  w ith  a  m ovable a rm . By th is  m eans the 
w hole c h a m b e r  could  be ra ised , and low ered  w ithout displacing the n e rv e  on 
the  e le c tro d e s . T he ch am b er w as im m e rse d  and taken  out of the v e sse l (b) 

316 in  w hich  the  r e q u ire d  te m p e ra tu re  w as m ain tained  within one 1°C fluc tua
tio n s  by the  add ition  of w arm  o r  co ld  w a te r , o r  by addition of ice cubes. 
C ooling fro m  20 to  5°C (o r  hea ting  from  5 to  20° C) of the vaseline o il w as 
c a r r ie d  out fo r  5 -8  m in u tes .

E x c ita b ility  w as m e a su re d  by the above m ethod (Nasonov and Rozental·', 
1953, 1955, 1956). In c e r ta in  c a s e s  the  whole in tensity -tim e curve was 
p lo tted . When it  w as n e c e s s a ry  to  follow a rap id ly  changing excitability , 
o b se rv a tio n s  w e re  l im ite d  to  d e te rm in a tio n  of va lues a and b.

T h e  rh e o b a se  w as d e te rm in ed  by the u su a l m ethod with condenser 
d is c h a rg e s  of 90 m ic ro fa ra d s . To d e te rm in e  the  constant 'a ’ in absolute 
u n its  (N asonov and R o zen ta l1, 1955, 1956) co n d en ser d ischarges of a capacity  
of 0.01 m ic ro fa ra d s  (0.00Û4 m illiseco n d s], a t which about 20-30 volts a re  
n e c e s s a ry  to  o b ta in  a  p ropaga ting  im p u lse  in  the  tis su e , w ere  used in a ll 
c a s e s .

T o  ob tain  the  co n stan t ’a ’ in  the  suggested  absolute un its (m illivolts· 
m illise c o n d ) we d e te rm in e d  the  n u m b er of m illiv o lts  n e c e ssa ry  to obtain 
e x c ita tio n  at the  chosen  d u ra tio n  of c u r re n t  of 0,0004 m illiseco n d s, and the two

* T h is  w as e sp e c ia lly  d ifficu lt to  avoid  on cooling o r  heating. A tube 
w as u se d  th ro u g h  w hich the n e rv e  p a ssed , a s  is  often done in  such ex
p e r im e n ts .
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FIGURE 178. 
C ham ber fo r 
m e a su rin g  ex 
c ita b ility  of a 
fro g  n e rv e  a t 
d iffe ren t te m 
p e ra tu re s  (a c 
cord ing  to 
N asonov and 
S u zd a l'sk ay a , 
1956a) 
F o r  exp lana
tio n  see  tex t.

v a lu es  w e re  m u ltip lied . T ab le  60 shows the  ab so lu te  v a lu es  of constan ts  
'a 1 and 'b 1, and th e i r  changes in  p e rc e n t of in it ia l  v a lu e s  a fte r  changing 
the  te m p e ra tu re . F o r  the  sake  of s im p lic ity  T a b le s  61 and 65 show only 
the  la t te r ,  s in ce  the  ab so lu te  v a lu e s  of th e  c o n s ta n ts  c h a ra c te r iz in g  n e rv e 
excitab ility  a re  of no sp e c ia l in te re s t .  In c e r ta in  e x p e rim e n ta l s e r ie s  a 
re s is ta n c e  of 60 к  ohm w as in tro d u ced  into the  ch a in  and the  e le c tro d e s  
w ere  rem oved 7 to  15 m il l im e te r s  in o rd e r  to  s ta b il iz e  the en e rg y  of the 
stim u la tin g  c u r re n t (N asonov, 1955).

S ince a ll  the  s tu d ie s  w e re  p e rfo rm e d  on a n e rv e  im 
m e rs e d  in  v a se lin e  o il, it  w as f i r s t  n e c e s s a ry  u n d e r th e se  
co n d itions to  m e a su re  the change in  ex c itab ility  of the n e r v e 
m u sc le  p re p a ra tio n  at ro o m  te m p e ra tu re  (20°C). The r e 
s u lts  of one such  ex p e rim en t a r e  g iven  in  F ig u re  179. T he  
f lu c tu a tio n s  fro m  the  in i t ia l  v a lue  in  both d ire c tio n s  do not 
ex ceed  1,5%. S im ila r  f lu c tu a tio n s  of ex c itab ility  a r e  ob tained  
w ith  a p re p a ra tio n  p laced  in  a  m o is t cham ber.

S ubsequently , the  e ffec t of te m p e ra tu re  change on 
n e rv e  e x c ita b ility  w ithin the  ra n g e  of 2O-5°C and  5-20°C  
w as s tud ied . T h ese  e x p e rim e n ts  w e re  c a r r ie d  out in  A p ril, 
M ay, Ju n e  and S ep tem b er in  th e  follow ing m a n n e r. A fte r  
having b een  iso la ted , the n e rv e -m u s c le  p re p a ra tio n  w as 
kept in  R in g e r 's  so lu tion  a t ro o m  te m p e ra tu re  (20° C) fo r 
30 m in u te s , and then  p laced  in  a  ch am b er filled  w ith  v a s e 
lin e  o il as  d e sc rib e d  above. T he n e rv e  w as kept in  th is  
ch am b er a t a  te m p e ra tu re  of 2 0 °C fo r  10-15 m in u te s , u n til  
a  co n stan t lev e l of th re sh o ld s  'a 1 and  'b 1 w as e s ta b lish e d . 
A fte r  th is , the  e n tire  in te n s ity - tim e  curve  w as d e te rm in e d . 
The ch am b er w as th en  t r a n s f e r r e d  to  a  v e s s e l  w ith  w a te r  
and ice  w h ere  i ts  te m p e ra tu re  dropped  to  5°C w ith in  10-15 
m in u te s . The te m p e ra tu re  in  th e  e x te rn a l v e s s e l  w as m a in 
ta in ed  a t 5°C, w ith  a p re c is io n  of 1°C . The in te n s i ty - t im e  
c u rv e  w as again  d e te rm in e d , and the  dynam ics of the  ch an g e  
in  v a lu e s  of 'a ' and 'b ' w as fo llow ed u n til co n stan t lev e ls  
w e re  e s ta b lish e d . S ubsequently , th e  te m p e ra tu re  w as in 
c re a s e d  in  the  r e v e r s e  o rd e r ,  fro m  5-20° C , u s in g  the  s a m e  
m ethod . T he v a lu e s  of 'a ' and 'b ' w e re  again  d e te rm in e d . 

In F ig u re  180, 2 v o lta g e - tim e  c u rv e s  from  one ex 
p e r im e n t a r e  i l lu s tra te d  in  lo g a r ith m ic  c o o rd in a te s . T h is  

show s th a t on cooling , the  va lue  of ’b ' d e c re a s e d  co n sid e rab ly , i .e . ,  th e  
ex c itab ility  of the  n e rv e  in  th is  re g io n  in c re a s e d . A t the  sam e  t im e , the 
constan t ’a ' in c re a se d . T h is  m e a n s  th a t fo r  s h o r te r  s tim u li, e x c ita b ility  
d e c re a sed . A s a  re s u l t ,  th e  tw o c u rv e s  in te r s e c te d  in  a  re g io n  c o r re s p o n d 
ing to  0.1 m illise c o n d . T h e se  fa c ts  a g re e  w ith  a  n u m b er of da ta  in  th e  l i t e r a 
tu re  (W aller, 1899, L ap icq u e , 1907, B la ir ,  1935, Zhukov and D ontsova , 1949), 
hut a t f i r s t  s igh t th ey  se e m  highly  p a ra d o x ic a l and re q u ire  sp e c ia l ex p la n a 
tio n , since  it w ould b e  n a tu ra l  to  expect th a t on cooling , e x c ita b ility  w ould  
d e c re a se  fo r  im p u lse s  of any d u ra tion .

F ig u re  181 show s th e  sa m e  phenom ena a f te r  p ro c e ss in g  of 'a ' and ’b 1. 
It w ill be seen  th a t cooling th e  n e rv e  cau se d  an  opposite  re a c tio n  in  th e se  
th re sh o ld s . The fo rm e r  in c re a s e d  tw ofold, w hile  th e  la t te r  d e c re a s e d  by 
15%. In the r e v e r s e  p ro c e d u re  (from  5 to  20° C) the  e x c ita b ility  th r e s h o ld s  
of th is  p re p a ra tio n  a lm o s t r e tu rn e d  to  in it ia l  co n d itio n s. T h is p e c u lia r
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te m p e ra tu re  re a c tio n  of the  n e rv e  w as confirm ed , w ith  ce rta in  v a ria tio n s , 
in a g re a t n u m b er of e x p e rim e n ts  (m ore  than 30) during the spring  and 
su m m er m onths.
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FIGURE 179. Change in 
th re sh o ld s  of s h o r t - te rm  
(a) and p ro longed  (b) ex 
c ita b ility  of fro g  n e rv e  
when the  p re p a ra tio n  is  kept 
1 hour in  v a se lin e  o il a t a  
te m p e ra tu re  of 20°C (a c 
cording to N asonov and 
S u zd a l'sk ay a , 195 Sa), 
The in itia l lev e l of e x c ita 
b ility  w as tak en  as 100%.

The data in  Table 60 show that on cooling 
a  n e rv e  in A pril fro g s , the sh o rt- te rm  th re s h 
old of excitab ility  m arkedly  in creased , This 
could have been expected  since it  is  n a tu ra l to 
a ssu m e  that d e c re a se  in tem p era tu re  w ill d e 
c r e a s e  excitab ility . The p ro trac ted  th resho ld  
w as sligh tly  low ered , i .e . ,  excitability  of the 
n e rv e  with re sp e c t to  th is  index increased . 
On heating, r e v e rs e  re la tionsh ips w ere ob
se rv ed . The m ean  square  e r r o r s  w ere  le ss  
than  o n e -th ird  of the m ean values (except fo r 
the  la s t colum n), which proved th e ir  s ta tis t ic 
al s ign ificance.

Table SI g ives s im ila r  data fo r May, 
June  and Sep tem ber, F rom  th ese  fig u res  it 
can  b e  seen  th a t the ru le  that the th resho lds 
of p ro longed and sh o rt excitations change in 
opposite d ire c tio n s  a f te r  tem pera tu re  changes, 
w hile  in te n s ity -tim e  curves in te rse c t each 
o th e r, is  even m o re  obvious. In a ll c a se s  
the  m ean  v a lu es  a re  s ta tis tic a lly  w ell founded.

In addition to  the above experim ents, 
a f te r  te m p e ra tu re  change w as studied in  May 

i .e ., changes from  20 to  30° C and v ice
the e x c ita b ility  of the  n e rv e  
acco rd in g  to  th e  sam e schedu le : 
v e r s a  (T ab le  62).

T ab le  62 show s th a t the above ru le  is  a lso  applicable to a  nerve heated 
to  30° C. H e re , too, e x c ita b ility  due to sh o rt e le c tr ic  stim uli (a) in c rea sed  
a f te r  h ea tin g , w hile (b) d e c re a se d  a fte r  prolonged stim uli, a re su lt which 
again d is a g re e s  w ith  the  u su a l o b se rv a tio n s on the effect of tem p e ra tu re . 
T his w as no t seen  on cooling  from  30 to  20°C (th e re  is  only a drop of 0.5% 
in the th re s h o ld  lev e l). T h is  can, how ever, be logically  explained since 
keeping the  n e rv e  a t 30°C fo r  5-10 m inu tes cau ses  a ce rta in  damage.

In the  l i t e r a tu r e ,  v a r io u s  au th o rs  com m enting on the effect of te m 
p e ra tu re  on e x c ita b ility  point out th a t changes in tem p era tu re  should 
m ark ed ly  a ffec t e le c tro  conductance of the n e rv e . B ecause of th is , when 

319ex c itab ility  i s  ev a lu a ted  by o rd in a ry  m ethods using  a th reshold  voltage, 
th e re  is  a c o n s id e ra b le  m a rg in  of e r r o r .  T h is is  because at a constant 
voltage the  th re sh o ld  in te n s ity  of the  c u rre n t changes proportionally  to  the 
re s is ta n c e  of the n e rv e . Since the in ten sity  of the cu rren t is  considered  
re sp o n s ib le  fo r  the  ap p ea ran ce  of excita tion , th is  in tensity  is  s tab ilized  
and m ade independen t of the  re s is ta n c e  of the  nerve  by introducing a high 
re s is ta n c e  in to  th e  chain . But we succeeded in  showing that th is w as not 
enough. It w as no t the  in ten s ity , bu t the  energy  of stim ulating  cu rren t, 
which w as re sp o n s ib le  fo r  the  ap p earan ce  of excita tion  in  the nerve . It w as 
n e c e s s a ry  to  e n su re  a  h igh  re s is ta n c e  of the  chain (50-100 к ohm), and a 
su ffic ien tly  la rg e  d is ta n c e  b e tw een the  s tim ula ting  e lec tro d es  (approxim ately  
10-15 m m ) (N asonov, 1955).

E x p e rim e n ts  c a r r ie d  out in  S ep tem ber, during which th ese  two con
d itions w e re  o b se rv e d , show ed th a t the  r e s u l ts  did not fundam entally d iffe r
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T im e  (m $ec)

FIGURE 180. L o g arith m ic  v o lta g e 
tim e  cu rv es  of a  n e rv e  of au tum n 
frog  (S ep tem ber), on change in  te m 
p e ra tu re  (acco rd ing  to  N asonov and 
Suzdal’skaya, 1956a)

1—a t 20° C; 2—a t 5°C; a —th re sh o ld  
of s h o r t - te rm  ex c itab ility ; b —rh e o -  
b a se ; C h r-ch ro n ax y . T he cu rv e s  
in te rs e c t in  the reg io n  of 0.1 m i l l i 
seconds (log 0.1 = 1.0).

fro m  tho se  p re v io u s ly  ob tained (com pare  T a b le s  63 and 61), T herefo re , 
the  co n c lusions re g a rd in g  the  effect of te m p e ra tu re  on ex c itab ility  cannot 
be desig n a ted  a s  a r t i f a c ts  cau sed  by an a l te r e d  re s is ta n c e  in  the n erv e .

On th is  b a s is  it  m ay be con
s id e re d  an  e s ta b lish e d  fact th a t fol
low ing ch an g es  in  te m p e ra tu re  w ithin 
the  ra n g e  of 30-20° C and 20-5° C, th e  
e x c ita b ility  of n e rv e s  of sp rin g , sum 
m e r  and au tum n fro g s  obeys the fol
low ing r u le s :

a) d e c re a s e  in  te m p e ra tu re  
c a u se s  an  in c re a s e  in  the  sh o r t- te rm  
th re s h o ld  of e x c ita b ility  (constan t ’a ’), 
and a  d e c re a s e  in  the  prolonged 
th re sh o ld  (co n stan t ’b ') ;

b) in c re a s e  in  te m p e ra tu re  
le a d s  to  oppo site  r e s u lts ;

c) the  in te n s ity - tim e  cu rves 
in te r s e c t .  T h is  m ean s th a t w ithin 
the l im its  of c e r ta in  tim e  in te rv a ls  
(about 0.1 m illise c o n d s) the  ex c ita 
b i l i ty  th re s h o ld  does not depend on 
te m p e ra tu re .  T he reg ion  of in te r 
se c tio n  b e tw een  the  cu rv es  m ay be 
seen  to  co in c id e  app ro x im ate ly  w ith 
the  t im e  of a c t io n -c u r re n t  of the  m o v 
ing e x c ita tio n  peak  (d u ra tio n  of a s 
cending p a r t  of the  peak). C o n seq u en t
ly , e x c ita b ility  co rresp o n d in g  to  the

o p tim al tim e  of ex c ita tio n  is  p ro te c te d  fro m  th e  e ffec t of te m p e ra tu re . In 
rev iew ing  the  l i te r a tu re ,  the  study  of Schoepfle and  E r la n g e r  (1941) show ed 
th a t on stim u la tio n  of a  f ro g  n e rv e  by c u r r e n t  im p u lse s  c lo se  to  the  d u ra tio n  
of the  propagation  peak  (0.1 m illiseco n d ), the  e x c ita b ility  of the n e rv e  h a rd ly  
changed upon cooling. (N ote: on cooling by 12°C the  th re sh o ld  ro s e  by a p 
p ro x im ate ly  10%).

In our opinion, coldblooded an im a ls  in  w hich  the  body te m p e ra tu re  
is  not constan t p o s s e s s  a  c e r ta in  m ech an ism  to  m a in ta in  co n stan t e x c ita 
b ility  of the  n e rv e s . If th is  w e re  not so, th e n  a  su m m e r fro g , m oving from  
a  shallow  w a te r  b a s in  h ea ted  by the sun in to  th a t p a r t  w h ere  a  co ld  s tre a m  

322 e n te rs  it, should be im m ed ia te ly  im m o b ilized , due to  lo s s  of conductiv ity . 
T h is is  ac tua lly  not the  c a se .

If the  above suggestion  i s  c o r re c t ,  we m ig h t expect th a t in  fro g s  
w in tering  u n d er the  ice  a t a co n stan t te m p e ra tu re  c lo se  to  ze ro , in te rs e c t io n  
of the  ex c itab ility  cu rv es  of th e  n e rv e  cannot be d e tec ted , w hich, in  o u r 
opinion, is  an e x p re ss io n  of adap ta tion  to  ra p id  chan g es of the  su rro u n d in g  
te m p e ra tu re .

O b serva tions m ade in  F e b ru a ry  and M a rc h  co n firm ed  th is  a ssu m p tio n . 
A s can be seen  from  T ab le  64, change in  n e rv e  ex c itab ility  of F e b 

ru a r y  fro g s upon cooling fro m  20 to  5°C is  c h a ra c te r iz e d  by d e c re a sed  
ex c itab ility  at a l l  po in ts of the  in te n s ity - tim e  cu rv e  ( in c re a s e  in  'a ' and 'b ') .  
T h e re  is  no in te rse c tio n  of th e  c u rv e s  and co n seq u en tly , th e re  i s  no point 
w hich does not depend on te m p e ra tu re .
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E x c ita b ility  c o n s ta n ts  of n e rv e  in fro g s caught in  A pril, 
a f te r  changes in  te m p e ra tu re  (accord ing  

to  N asonov and S u zd a l'sk ay a , 1956a)

T a b l e  60
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12.8 + 81 0.12 - 1 7 23.2 - 5 9 0.10 +17
8.2 + 36 0.12 - 1 7 15.2 - 4 2 0.10 0

12.8 +100 0.14 - 1 4 24.8 - 5 8 0.16 0
7.2 + 111 0.10 0 15.2 - 5 8 0.10 0

16.0 + 75 0.20 - 1 0 28.0 —50 0.18 0
16.8 + 90 0.94 -  9 32,0 — 0.22
13.6 +100 0.12 - 1 7 27,2 — 0.10 —
13.6 +117 0.16 - 1 2 29.6 — 0,14 —

9.6 +108 0.16 - 1 2 20.0 - 5 2 0,14 0
10.4 +115 0.14 - 1 5 22.4 - 5 7 0.12 +14

7.2 + 88 0.12 - 3 4 13.6 - 3 0 0.08 +20
12.0 +126 0.18 - 1 0 27.2 — 0.16 —

8.8 +109 0.12 0 18.4 - 5 7 0.12 0
12.0 + 87 0.10 0 24.0 - 5 8 0.08 - 2 0

A rith m e tic  m eans

11.5 +96 ± 8 0.19 - 1 1 . 9± 22.9 - 5 2 . 1± 0.13 +3.1 ±
± 0.7 ± 3 ± 3.6

A n a ly s is  of T ab le  65 re v e a ls  the  seaso n a l na tu re  of tem p era tu re  
changes of e x c ita b ility  c o n s ta n ts . In F e b ru a ry  and M arch, when the fro g s  
a re  tak en  fro m  u n d e r the  ic e , th e  te m p e ra tu re  changes of 'a ' and 'b ' a r e  in 
the sam e  d ire c tio n  and co n sequen tly  the  cu rv es  do not in te rse c t. H ow ever, 
the change in  'a ' i s  c o n sid e rab ly  g re a te r  th an  that of ’b 1. F rom  A pril to 
S ep tem b er, when the  fro g s  m ove fre e ly , opposite changes a re  observed  in 
the c o n s ta n ts . C onsequen tly , in te rse c tio n  of the cu rv es takes place and 
th e re  is  a  m ech an ism  w hich  s ta b il iz e s  excitab ility  following tem p era tu re  
changes. T h is  is  le s s  s tro n g ly  e x p re sse d  in  A pril, but m ost m arked  from  
May to  S ep tem b er, when the  fro g s  ex p e rien ce  m ost ra p id  changes in the 
su rround ing  te m p e ra tu re * .

W hat exp lan a tio n  i s  th e re  fo r  the fac t th a t excitab ility  de term ined  by 
pro longed im p u lse s  (b) in c re a s e s  upon cooling, but d e c re a se s  when ac ted

* It is  h igh ly  p ro b ab le  th a t the se a so n a l n a tu re  of the  tem p era tu re  reac tio n  
of e x c ita b ility  is  one of the  c a u se s  fo r  co n trad ic tions between the d ifferen t 
in v e s t ig a to rs  who s tud ied  the  p ro b lem  un d er rev iew .
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FIGURE 181. 
T h re sh o ld s  of 
s h o r t- te rm  (a) 
and pro longed  
(b) e x c itab ility  
of a  n e rv e  of 
sp rin g  (May) 
fro g , on chang
ing the te m p e ra 
tu re  fro m  20 to 
5° C and back  
(acco rd in g  to 
N asonov and 
S u zd a l'sk ay  a, 
1956a). T he in i
t ia l  e x c itab ility  
lev e l is  taken  a s  
100%,

on by sh o rt im p u lse s  of c u r re n t . To explain  th is , we p o stu la ted  that the 
m e tab o lism  of n e rv e  f ib e rs  in it ia te d  by an e le c t r ic a l  s tim u lu s  p lays the 

323 ro le  of a  re g u la to r  of n e rv e  e x c ita b ility . It a lso  r e s to r e s  the in itia l con
dition of the f ib e r  a f te r  p a s sa g e  of the ex c ita tio n  w ave.

In o r d e r  to  achieve th is  chain  of m etabo lic  r e a c 
tio n s , a  c e r ta in  tim e  is  re q u ire d . T he s h o r te r  the tim e 
of ac tio n  of the ex c itan t, the  l e s s  p o ss ib ility  is  th e re  
fo r  th e se  re a c t io n s  to in c re a s e  e x c ita b ility  during lo w er
ing of te m p e ra tu re ,  and as a r e s u lt ,  ex c itab ility  d e c re a se s  
( in c re a s e  in  'a ') .  If the tim e  of ac tio n  of the s tim u lu s  is 
too  long , th e  co m p en sa to ry  m e tab o lic  ac tiv ity  le a d s  to  
an  e x c e s s iv e  in c re a s e  in e x c ita b ility  (d e c re a se  in  'b ') . 
At c e r ta in  in te rm e d ia te  tim e  in te rv a ls , c lo se  to  the phy
s io lo g ic a l n o rm , m e tab o lic  a c tiv ity  m a in ta in s  n e rv e  ex 
c ita b il i ty  a t a  m o re  o r  le s s  co n stan t lev e l, and g u a rd s 
a g a in s t sudden  in c re a s e  in  n e rv e  exc itab ility .

To ch eck  th e se  p o s tu la te s , we t r ie d  to  e lim in a te  
one m e tab o lic  link , i .e . ,  c a rb o h y d ra te  breakdow n, by 
tre a t in g  the  n e rv e  w ith  m ono iodoace t ic  ac id . The ex 
p e r im e n ts  w e re  c a r r ie d  out in  A p ril.

An iso la te d  n e rv e -m u s c le  p re p a ra tio n  w as kept 
fo r  30 m in u te s  in  R in g e r 's  so lu tio n . A sm a ll segm en t 
of the  n e rv e , w hich w as su b seq u en tly  b rought in  con tac t 
w ith  the  e le c tro d e , w as im m e rs e d  fo r  30 m inu tes in  2% 
n e u tra liz e d  so lu tio n  of m ono iod o ace t a te  in  R in g e r 's  
so lu tio n . Subsequen tly  th e  p re p a ra tio n  w as t r a n s fe r r e d  
to  a c h a m b e r  in  w hich i t s  e x c ita b ility  w as m e a su re d  by 
the  above m ethod  at 20°C, a t 5°C and th en  again  a t  20°C. 
F ig u re  182 show s the r e s u l t s  of such  an  ex p erim en t. 
H e re , a s  in  o th e r  c a s e s  d e s c r ib e d  above, on cooling  the 
p re p a ra t io n  fro m  20 to  5°C , co n stan t 'a ' in c re a se d , 
w hile c o n s tan t'b ' d e c re a se d  (F ig u re  182, B). If the  p r e 
p a ra tio n  ag a in  w as h ea ted  to  20° C , it  re tu rn e d  to  its  
in i t ia l  cond ition . F ig u re  182, A show s a  change in  e x 
c ita b il i ty  of a  n e rv e -m u s c le  p re p a ra tio n , w hich w as a 
du p lica te  of th e  p rev io u s  p re p a ra t io n  and w hich w as a lso  

t re a te d  w ith 2% m o n o io d o ace ta te . C o m p ariso n  w ith  the  p rev io u s p re p a ra tio n  
g ives s tr ik in g  r e s u l ts .  C o n stan t 'a ' in c re a s e d  m a rk e d ly  on cooling  (in  F ig 
u re  182, A -В , 10-fold). H ow ever, th is  in c re a s e  w as not a  sim p le  r e s u l t  
of nonspecific  po ison ing  by m onoiodo a c e ta te , s in c e  on heating  fro m  5 to 20° C, 
constan t 'a ' r e tu rn e d  to  i t s  in i t ia l  v a lu e . T he change in  constan t 'b ' on 
cooling d iffe red  q u a lita tiv e ly  f ro m  the  c o n tro l. I t did not d e c re a s e  a s  in  
the  fo rm e r  c a s e , bu t in c re a s e d  2 -3 -fo ld , re tu rn in g  to  i t s  in it ia l  v a lue  on 
heating .

T he r e s u l t s  w e re  e a s i ly  exp la ined  in  t e r m s  of th e  above h y p o th esis . 
A s a  r e s u l t  of e lim in a tio n  of c a rb o h y d ra te  m e ta b o lism , bo th  th re sh o ld s  of 
ex c itab ility  in c re a s e d  on coo ling , th is  being e s p e c ia lly  no ticeab le  in  the 
ca se  of ’a '.  T h e re  w as no in te r s e c t io n  be tw een  th e  c u rv e s , and con seq u en tly  

324 d e c re a se  in  e x c ita b ility  took  p la c e  along the  f ro n t  of th e  in te n s ity - tim e  c u rv e . 
T h ere  w as no re g io n  of t im e  in te rv a ls  d u rin g  w hich e x c ita b ility  did not 
depend on te m p e ra tu re . E v id en tly , m e tab o lic  p ro c e s s e s  s ta b iliz e  th e  e x 
c ita b ility  of th e  n e rv e  w ith  change in  te m p e r a tu r e .
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T a b l e  61
E x c ita b ility  c o n s ta n ts  of n e rv e  of fro g  caught in  May, June and 

S ep tem b er, w ith ch an g es  in te m p e ra tu re  (accord ing to  
N asonov and S u zd a l'sk ay a , 1956a)

% of in it ia l  value

F ro m  20 to 5°C F ro m  5 to  200 C (sam e preparation)

a b a b

T a b l e  62

+114 - 2 3 - 4 8 +57
+ 75 - 2 8 - 5 0 +62
+ 91 - 1 5 - 5 1 +16
+ 30 - 2 3 - 4 0 +25
+ 44 — 12 - 6 3 +14
+ 17 - 2 0 - 4 9 + 7
+ 64 - 1 0 - 4 0 +40
+ 66 - 2 9 - 4 3 +33
+ 73 - 2 5 — —

A rith m et ic m eans

+63.7 ± 10,0 —20.6+2.3 —48±  2.6 +31.8±  7.1

E x c ita b il i ty  c o n s ta n ts  of n e rv e  of fro g  caught in  May, w ithchanges in 
te m p e ra tu re  (acco rd in g  to  N asonov and S uzdal1 skay a, 1956a)

F ro m  20 to  5° C F ro m  5 to  20° C (sam e preparation)

a b a b

% of in it ia l  value

- 1 2 +43 + 7 0
- 2 5 +37 — —
- 2 3 +29 +28 - 1 0
- 1 0 +25 — —
- 3 4 0 — —
- 1 7 +12 +30 + 11
- 2 8 +10 +41 + 10
- 1 5 +25 +25 0
- 3 6 +12 +25 - 1 4

A rithm el[ic m eans

—2 2 .2 ±  3.08 +21.4 ±  4.6 +26.5±  4.9 —0 ,5 ±  4.1
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T a b l e  63

E x c itab ility  co n stan ts  of n e rv e  of frog  caugh t in  S ep tem b er, w ith changes 
of te m p e ra tu re . An ad d itio n a l r e s is ta n c e  of 6,000 ohm was in troduced  

into the chain, the d is tan ce  betw een the  e le c tro d e s  being 15 m m  
(accord ing  to  N asonov and S u zd a l1 skay  a, 1956a)

T a b l e  64

F ro m  20 to  5° C F ro m  5 to  20°C (sa m e  p re p a ra tio n )

a b a b

% of in itia l value

+59.0 - 2 0 . Û - 3 3 .0 +25.0
+41.7 —33.4 - 2 3 .5 +20.0
+35.7 —18.4 - 2 6 .3 +20.0
+60.0 —14.3 —33.4 +33.3
+44.0 —25.0 - 3 4 .0 +50.0
+32.0 —30.0 - 3 0 .0 +57.0
+44.0 - 4 0 .0 - 2 5 .0 +38.0

A rithm el :ic m ean s

+45.2 ± 4.06 —2 5 .9± 3.4 — 2 9 .3± 0.56 +34.7 ± 5.49

E x c itab ility  c o n s ta n ts  of nerve  of f ro g  cau g h t in  F e b ru a ry , 
with changes in te m p e ra tu re  (acco rd in g  to  

N asonov and S u zda l'skayn , 1956a)

% of in itia l value

F ro m  20 to  5° C F ro m  5 to  20° C (sa m e  p re p a ra tio n )

a b a b

+ 12 0 —43 —34
+ 40 0 - 4 7 0
+ 91 +50 — —
+ 50 +50 - 5 0 - 3 4
+ 57 0 - 3 6 - 4 3
+100 0 —34 - 1 5
+ 73 +40 —
+120 +33 - 4 6 - 6 7
+ 47 +20 - 4 0 —20
+100 +25 —45 - 2 5

A rithm el ic  m ean s

+69.1±  10.6 + 21.8±  6.6 - 4 2 . 6 ±  0.6 - 2 9 .7  + 7.1
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T a b l e  65

E x c ita b ility  c o n s ta n ts  of frog  nerve , w ith changes in te m p e ra tu re  
(acco rd in g  to  N asonov and S u zd a l'sk ay a , 1956a)

Month

F ro m  20 to  5“C F ro m  5 to  20° C 
(sam e p rep ara tio n )

a b a b

% of in itia l value

F ebru a ry +69.1 +21.8 -4 2 .6 - 2 9 .7
M arch +82.0 +10.0 -1 5 .0 - 1 5 .0
A pril +96.0 — 10.0 -5 1 .6 + 3.7
M ay, Ju n e , S ep tem b er +62.7 —20.0 —48.0 + 31.8

FIGURE 182. T h re sh o ld s  
of s h o r t - te r m  (a) and p r o 
longed (b) e x c ita b ility  of 
fro g  n e rv e s  with change 
in  te m p e ra tu re  fro m  20 to 
5°C and back  (acco rd in g  to 

325 N asonov and Suzdal·'skaya, 
1956 a)

A -ac tio n  of 2% m onoiodo
a c e ta te ; В-c o n tro l  second  
n e rv e  not t r e a te d  th u s). 
The in it ia l  lev e l of e x c i t 
a b ility  w as taken  as  100 Ϋο.

The data  obtained with the frog nerve  
w ere  checked with the nerve  of ano ther 
cold-b looded  an im al-th e  m arsh  toad (Em ys 
o rb ic u la r is  (Nasonov and Suzdal'skaya, 
1956 c), The toad was im m obilized by d e 
s tro y in g  the sp inal cord  with a needle, 
a f te r  which the low er a rm o r fold and a ll 
the v is c e ra  w ere  rem oved. Subsequently the 
s c ia tic  nerve  w as exposed fo r 2-3 cm , the 
p rox im al end w as cu t and its  excitab ility  d e 
te rm in e d  in  a s tre a m  of vaseline  oil heated  
to a c e r ta in  te m p e ra tu re , as was done with 
r a t  and pigeon n e rv e s  (F igure  185). The in 
v estig a tio n  of ex c itab ility  in the tem p e ra tu re  
range  fro m  20 to 10° C invariably  gave 
id en tica l re s u lts  (F igu re  183). As in  the 
su m m e r frog , excitab ility  of the to rto ise  
n e rv e  a f te r  prolonged stim ulation in c re a se d  
on cooling. D uring sho rt in te rv a ls  of 
s tim u la tio n  it d ecreased , and th e re fo re  the 
in te rm ed ia te , m ost n ea rly  physiological r e 
gion of the in ten sity -tim e  curve was noted 
to  be independent of tem p e ra tu re .

F ig u re  184 i l lu s tra te s  the dynam ics 
of change of 'a 1 and 'b ' on d ecrease  
and in c re a se  in tem p e ra tu re , and in 
d ica te s  th a t both constan ts  change in op
p o site  d irec tio n s .

Thus, the in te rsec tio n  of the in ten 
s ity - tim e  cu rv es  of n e rv es  of cold-blooded 
an im a ls  m ay be consid ered  as an e x 
p re ss io n  of a sp ec ia l substitu tion  of 
th  e r  mo r  e gulat ion .
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FIGURE 183. L o g a rith m ic  c u rv e s  
of v o lta g e - tim e  of to r to is e  n e rv e ; 
on changes in te m p e ra tu re  (a c c o rd 
ing to N asonov and S u zd a l’s  к ay a, 
1956c)

b a t  10°C; 2 -a t 20°C. The point of 
in te rse c tio n  is  desig n a ted  by  a  v e r 
t ic a l  lin e .

E x p e rim e n ts  w ith  N e rv es  of W arm -B lo o d ed  
A n im als  (R ats, P igeons)

In the  p rev io u s  c h a p te r  it w as shown th a t  on cooling  th e  n e rv e s  of a  
su m m er fro g  and to ad , th e ir  p ro longed  th re s h o ld  of e x c ita b ility  d e c re a s e d , 
w hile the s h o r t - te rm  th re sh o ld  ro s e .  W ith h ea tin g , opp o site  changes to o k  
p lace . T h ese  fa c ts  a re  in  ag reem en t w ith  n u m e ro u s  data  from  the  l i t e r a 
tu re .  It h as  a lso  b een  show n th a t on po ison ing  of a  fro g  n e rv e  w ith  m o n o - 
iodo ace ta te , both  th re sh o ld s  in c re a s e d  on cooling . They a ls o  in c re a s e d  on 
cooling of n e rv e s  of w in te r  fro g s .

A sug g estio n  w as put fo rw a rd  th a t th e se  fa c ts  a r e  an  e x p re ss io n  o f  
a  p e c u lia r  ad ap ta tio n  of the  n e rv e s  of co ld -b lo o d ed  a n im a ls , m ain ta in in g  
constan t e x c ita b ility  during  changes in the  e n v iro n m e n ta l te m p e ra tu re . In  
w arm -b looded  a n im a ls  p o s se s s in g  th e rm o re g u la tio n , th e re  is  no need  f o r  
such a s tab iliz in g  m ech an ism . It w as th e re fo re  su g g ested  th a t both  e x c i ta 
b ility  co n stan ts  'a 1 and 'b ' w ill in c re a s e  on cooling  and d e c re a s e  on h e a tin g  
of the  n e rv e .

T his w as checked by us ex p e rim e n ta lly  (N asonov and  S u zd a l1 sk ay a , 
1955b, 1956c, 1958) u sing  th e  sc ia tic  n e rv e  of a w hite r a t .  T he an im a l w as  
n a rco tized  and fixed  in  p ro n e  p o sitio n  on a  m ount. T he s c ia tic  n e rv e  w a s  
exposed fo r  2 -3  cm  and cu t. A th re a d  w hich w as p a s s e d  th ro u g h  s p e c ia l  
o r if ic e s  (c and d) in  the g la s s  ch am b er by the  u se  of a  n eed le  (F ig u re  185) 
w as tied  to  th e  end of the  c e n tra l  end of th e  n e rv e . F o llow ing  the  th re a d , 
the  end of the  n e rv e  (i) w as in tro d u ced  in to  the  c h a m b e r  and w as p la c e d  in -  

326 side it on e le c tro d e s  s o ld e re d  to  i ts  u p p er w a ll (e and f). T he d is tan ce  b e 
tw een the e le c tro d e s  w as 1 cm . The o r if ic e s  of th e  ch am b er (c and d) w e re  
subsequently  se a le d  by c lay  m ade in  a  b a se  of R in g e r 's  so lu tion . S u b se q u e n t
ly  a  s tre a m  of v a se lin e  o il h ea ted  to  the  re q u ire d  te m p e ra tu re  w as p a s s e d  
th rough  the ch am b er v ia  tu b es  (a  and b).
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Tim e (min)

FIG U RE 184. 
T h re sh o ld s  of s h o r t 
te rm  (a) and p ro longed  
(b) e x c ita b ility  of t o r 
to is e n e rv e ;  on changing 
te m p e ra tu re  from  20 
to  10°C a.:d  back  ( a c 
cord ing  to  N asonov 
and S u zd a l’skaya , 1956c) 
In itia l e x c ita b ility  is 
c o n s id e re d a s  100%.

T he excita tion  induced in  the n e rv e  by 
m ean s of e le c tr ic  s tim u li w as reco rd ed  by the 
m ovem en t of the  hind toe , in  w hich n o rm a l blood 
c irc u la tio n  w as m ain tained  during  the experim en t. 
T he stim u la tin g  c u rre n t w as supplied by the ap 
p a ra tu s  d esc rib ed  above, w h e re b y a re s is ta n c e  of 
60 If ohm w as in troduced  se r ia lly  into the chain. 
D uring each  ex p erim en t, the r a ts  w ere kept un
d e r  n a rc o s is , and rem ain ed  alive  while n o rm al 
blood c irc u la tio n  w as m ain tained . The re c ta l  
te m p e ra tu re  of the an im a ls  was about 34° C .

F i r s t  it w as de te rm in ed  to what extent the 
e x c ita b ility  constan ts  of the nerve  changed under 
e x p e rim e n ta l conditions at a constant te m p e ra tu re . 
F  o r  th is  p u rp o se , the end of the nerve w as 
th re a d e d  th rough the o r if ic e s  of the cham ber, a 
s tre a m  of v ase lin e  o il hea ted  to 21° C w as in tro 
duced, and the  whole cu rve  of vo ltage-tim e was 
d e te rm in ed  ev e ry  15-30 m inutes.

F ig u re  1S6 shows the dynam ics of th e se  
v a lu e s  fo r  the du ra tion  of 4 hours. During the 
in it ia l  30 m in u tes  the excitab ility  of the nerv e  
h a rd ly  changed. A fter 40 m inutes both e x c ita 
b ility  th re sh o ld s  began to  in c rea se , and a t about 

4 h o u rs  th re sh o ld  ’b ' in c re a s e d  8 -fo ld , while constan t ’a ’ in c reased  4 -fo ld . 
C onsequently , both  e x c ita b ility  th re sh o ld s  of the nerve  and the th re sh o ld  
tim e  of e x c ita b ility  n e c e s s a ry  fo r the  ap p earan ce  of the reac tion , w ere  
found to  in c re a s e . At th e  sa m e  tim e  chronaxy shortened  and at about 4 h ou rs 
d e c re a se d  m o re  th an  2 -fo ld . The la t te r  fa c t again  ind icates that chronaxy 
is  not a  m e a su re  of the  th re sh o ld  tim e  of excita tion , as is  usually  thought.

It h a s  b een  shown e a r l i e r  (F ig u re  172) that w ith tim e, th e re  is  an in 
c re a s e  in  th re sh o ld  in te n s ity  and the  tim e  of excita tion  n ecessa ry  fo r ap
p e a ra n c e  of a re a c t io n  a t  a l l  the  po in ts of the vo ltag e-tim e  cu rv es, w ith 
ch ronaxy  sh o rten in g  in  th e  p ro c e s s . T h is m ay be explained by the fac t th a t 
in c re a s e  in  rh e o b a se  'b 1 ( r ig h t-h a n d  h o rizo n ta l wing of the curve) o ccu rred  
m o re  ra p id ly  in th is  c a s e  th an  the in c re a s e  in  constan t ’a ’ (left-hand sloping 
wing of the  cu rv e ). And sin ce  chronaxy  equals the ra tio  of 'a ' to 'b ',  it b e 
cam e s h o r te r ,  n o tw ith stand ing  the fac t th a t the th resh o ld  tim e  of appearance  
of a  re a c t io n  n o ticeab ly  in c re a se d .

In  the  above p re l im in a ry  e x p e rim e n ts , the im portan t fact is  th a t fo r  
the  f i r s t  30-40 m in u te s , e x c ita b ility  of the su rv iv ing  nerve rem ained  co n 
s ta n t, w hile  the  d u ra tio n  of the  e x p e rim e n ts  d esc rib ed  below did not exceed 
20-30 m in u te s .

T urn in g  to  the  e x p e r im e n ts , we f i r s t  of a ll investigated  the effect of 
te m p e ra tu re  change f ro m  21 to  30“ C and back on excitab ility . In the  above- 
d e sc r ib e d  c h a m b e r , the  r a te  of th is  change may be 2-3 m inutes. We changed 
the te m p e ra tu re  w ith in  5 m in u tes* .

In som e e x p e rim e n ts  th e  whole v o ltag e -tim e  curve w as determ ined ; 
how ever, in  the  m a jo r i ty  of c a s e s  we lim ited  o u rse lv es  to  d e term ination  of

* A s a  r e s u l t  of sp e c ia lly  designed  ex p erim en ts , we have seen that the 
sp eed  of te m p e ra tu re  change does not app rec iab ly  affect the re su lt .
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The r e s u lts

185.FIGURE 
G la ss  ch am b er 
fo r  study of e f
fe c t of te m p e ra 
tu re  on nerve  
ex c itab ility  (a c 
cord ing  to 
N asonov and 
S uzdal’skaya, 
1956b); a and b — 
tu b es  th rough  
w hich a  s tre a m  
of v a se lin e  o il 
a t the  re q u ire d  
te m p e ra tu re  w as 
p a ssed ; c and d — 
o rif ic e s  th ro u g h  
w hich the n e rv e  
w as th read ed ; e 

32S and f—e le c tro d e s ;
g “ th e rm o m e te r .

the  co n stan ts  'a ' and ’b", fo r  w hich p u rp o se  it is  n e c e s s a ry  to  p e rfo rm  only 
two m e a su re m e n ts . At the  beginning of each  e x p e rim e n t two m easu rem en ts  
w e re  tak en  a t 21°C , at 5 -m in u te  in te rv a ls . S ubsequently , when we w ere 
a s s u re d  th a t the  value of the  two c o n s ta n ts  did not change, v a se lin e  oil, 
hea ted  to  30° C, w as in tro d u ced  and the m e a su re m e n t w as re p e a te d  a t this 

327 tem pera tu re . S ubsequently , we again  lo w ered  the  te m p e ra tu re  to  21°C and 
again  m e a su re d  the  e x c ita b ility  co n stan ts .

of th e se  e x p e rim e n ts  a r e  show n in T ab le  66,
T ab le  66 show s th a t on in c re a s e  in. te m p e ra tu re  

fro m  21 to  30° C, the v a lue  of both  e x c ita b ility  constan ts 
d e c re a s e d  ( 'a 1 by 41%, ’b 1 by 30%), w hile on cooling to  
the  sa m e  te m p e ra tu re  it  in c re a s e d , re tu rn in g  to  the 
in it ia l  v a lue . C onsequen tly , in  the  r a t  n e rv e , on chang
ing te m p e ra tu re  from  21 to  30° C, no in te rse c tio n  of the 
c u rv e s  w as o b se rv ed  by us o r  by o th e r a u th o rs  working 
w ith  n e rv e s  of s u m m e r  fro g s . At a ll  po in ts  of the in 
te n s ity - tim e  curve  th e re  w as an  in c re a se  in  exc itab ility  
on heating  and a d e c re a s e  on cooling  (F ig u re  187).

E x ac tly  the  sam e  r e s u l t s  w e re  ob tained  on chang
ing the te m p e ra tu re  fro m  25 to  35°C and back .

It m ust be m en tio n ed  th a t a l te ra t io n s  of r a t  nerve  
e x c ita b ility  due to te m p e ra tu re  changes w ith in  the range  
from  25 to  35°C is  v e ry  e a s ily  r e v e r s ib le .  O bviously, 
cooling  the  n e rv e  to  20° C c a u se s  no s e r io u s  dam age.

We a lso  s tud ied  the  change of e x c ita b ility  con
s ta n ts  w ithin the ran g e  35-40° C (N asonov and 
S u zd a l’skaya , 1958). On h ea tin g  a  r a t  n e rv e  f ro m  35 to 
40° C, ex c itab ility  d e c re a s e d  acco rd in g  to  b o th  indexes 
’a 1 (37%) and ’b ' (17%). T he q u es tio n  a ro s e :  is  th is  
d e c re a s e  due to  the  fac t th a t a t 40° C m e tab o lic  p ro 
c e s s e s  a r e  m uch m o re  in te n se  and th e re  is  no t enough 
oxygen in  the  v a se lin e  o i l?  Indeed , on a e ra t io n  of the 
v a se lin e  o il, d iffe ren t r e s u l t s  w e re  obtained . On in 
c r e a s e  of te m p e ra tu re  fro m  35 to  40° _C, c o n s ta n t ’a ’ 
d e c re a se d  (—15 ± 2.9%), and co n stan t ’b 1 in c re a s e d  
(+ 36 ± 5.8%). On cooling  fro m  40 to 35° C, co n stan t 'a 1 
in c re a s e d  (+ 1 3 ± 2.9%), w hile co n stan t 'b ' d e c re a se d  
( - 2 2  ± 2.4%).

T h u s , an in te rs e c t io n  of the  v o lta g e - tim e  cu rv es  
of th e  n e rv e  of w arm -b lo o d ed  an im a ls  w as o b se rv ed  
a f te r  te m p e ra tu re  ch an g es  w ith in  a  n a rro w  re g io n  of 
3 5 -4 0 °C.

L a te r  we in v e s tig a te d  the  change in  e x c ita b il i ty  of a r a t  n e rv e  when 
te m p e ra tu re  v a r ie d  be tw een  20 -5°C . The r e s u l t s  a r e  shown in T ab le  67.

It follow s from  T ab le  67 th a t cooling of a  r a t  n e rv e  from  20 to  5°C 
led to  a m ark ed  in c re a s e  in  ex c itab ility  c o n s ta n ts  ( 'a 1 13-fo ld , ’b ' 11-fold). 
H eating of the  sam e  n e rv e  from  5 to  20° C c a u se d  a  d rop  in  b o th  co n stan ts . 
H ow ever, com plete  r e v e r s ib i l i ty  of the  p ro c e s s  did not o c c u r h e r e  a s  in th e  
te m p e ra tu re  ra n g e  20-30°C . C onstan t 'a ' r e tu rn e d  only to  a  le v e l of 140%

* In o th e r te m p e ra tu re  r a n g e s  a e ra tio n  of th e  v a se lin e  o il did no t a ffec t 
th e  r e s u l t s  ob ta ined  (N asonov and S u zd a l’skaya , 1958).
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FIGURE 186. Change in 
th re sh o ld s  of s h o r t - te rm  
(a) and pro longed  (b) e x 
c itab ility  and chronaxy  
(C hr) of p e r ip h e ra l  s e g 
m ent of r a t  n e rv e  (a c 
cording to  N asonov and 
Suzdal’skaya , 1956b). The 
in itia l lev e l of e x c itab ility  
and chronaxy  w as tak en  
as 100%.

of the in itia l va lue , and constan t 'b ' only to  187%. Obviously, even sh o rt 
cooling of the r a t  n e rv e  to  5°C left a  dam age w hich w as not e a s ily  r e v e r 
sib le . A ll th e se  phenom ena a r e  w ell seen  in  F ig u re  188.

N e v e rth e le ss , in  p rin c ip le  the sam e changes 
o ccu r in  the  te m p e ra tu re  range of 20-5°C as 
in the 30-20°C  range , nam ely, on cooling, 
both ex c itab ility  co n stan ts  in c rea se  w hile on 
heating  they  d e c re a se . C onsequently, h e re , 
too, th e re  is  no in te rse c tio n  of the in ten s ity 
tim e  c u rv e s .

A pigeon w as used  to  determ ine  the effect · 
of te m p e ra tu re  on excitab ility  of the sc ia tic  
n e rv e  by ex ac tly  the  sam e m ethod a s  in the 
ca se  of the  ra t.

E x c ita b ility  of the pigeon n e rv e  in c rea sed  
at a ll  po in ts  of the inten, sit у -tim  e curve on in 
c re a s in g  the  te m p e ra tu re  from  20 to 30° C and 
from  30 to  40° C, w hile on cooling it d ec reased . 
At 10° C the  n e rv e  of the pigeon lost i ts  conduct
ance  cap ac ity . F ig u re  189B shows the dynam ics 
of change of co n stan ts  'a ' and ’b 1 on rep ea ted  
tra n s it io n  from  20 to  30°C and back. Both con
s ta n ts  changed in an  exactly  s im ila r  m aim er 
and the  r e v e rs ib i l i ty  of these  changes w as ex 
cep tio n a lly  com plete .

T hus, e x p e rim e n ts  on the e ffec t of te m p e ra tu re  on nerve  excitab ility  
show th a t on cooling  of a su m m er fro g  n e rv e , i ts  excitab ility  constan t 'a ' 
in c re a se d , w hile co n stan t 'b* d e c re a se d . On heating , opposite changes of 
the co n stan ts  took p lace . A s a r e s u l t ,  the v o ltag e -tim e  curves of the frog 
nerve  in te r s e c t  w ith  each  o th e r a f te r  change in  tem p e ra tu re . The point of

330 in te rse c tio n  d e te rm in e s  the d u ra tio n  of the s tim u lu s  with which the excitab ility  
does not change a s  a  re s u lt  of te m p e ra tu re  changes.

We p o stu la ted  th a t the in te rsec tio n , of v o ltag e -tim e  cu rv es is  an ex 
p re ss io n  of a  sp ec ific  adap ta tion , due to  which excitab ility  of the nerve  of 
co ld -b looded  a n im a ls  m e a su re d  in  physio lo g ica l tim e  in te rv a ls  changes 
only slig h tly  w ith  chan g es in  te m p e ra tu re  of the  surrounding  m edium . We 
c o n s id e r th is  to  be a su b stitu te  fo r  th e rm o reg u la tio n . In the ra t, cooling 
of the n e rv e  w ith in  the te m p e ra tu re  ra n g e s  30-20° C and 20-5° C c au se s  an 
in c re a se  in  bo th  c o n s ta n ts , w hile h ea tin g  of the  n e rv e  leads to  th e ir  d ec rea se . 
A s im ila r  p ic tu re  w as o b se rv ed  in  th e  pigeon in  the  ranges of 30-20° C and

331 40-30°C, In o th e r w o rd s, on cooling , ex c itab ility  of the nerve  d e c re a se s  
along the w hole in te n s ity - tim e  cu rv e  and in c re a s e s  upon heating.

F o r  r a t  and pigeon n e rv e s , ex c itab ility  depends on te m p e ra tu re  fo r 
the e n tire  th re sh o ld  ex c ita tio n  in the  above-g iven  te m p e ra tu re  lim its . In
te rse c tio n  of the v o lta g e - tim e  c u rv e s , and th e re fo re  regu lation  of ex c ita 
b ility  a s  applied  to te m p e ra tu re , a r e  p o ssib le  in the case  of w arm -blooded 
an im al n e rv e s  only w ith in  a  v e ry  n a rro w  te m p e ra tu re  range (for r a t  nerves 
35-40°C).
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E x c itab ility  co n stan ts  of r a t  n e rv e  d u rin g  changes in  te m p e ra tu re  
(acco rd in g  to  N asonov and S u z d a l'sk a y a , 1956b)

T a b l e  66

21°C 30° C 21°C

a  (in m volts 
m sec)

b (in 
v o lts)

a  (in 
m volts- 
m sec )

b (in 
v o lts  )

a (in 
m volts- 

m sec)

b (in 
vo lts)

26 0.08 6 0.02 30 0.12
28 0.08 18 0.06 32 0.14
32 0.04 18 0.03 24 0.08
26 0.10 12 0.08 24 0.08
20 0.08 10 0.04 16 0.06
34 0.18 26 0.16 30 0,22
20 0.06 13 0.04 19 0.06
42 0.20 26 0.14 38 0.20
20 0.10 12 0.06 17 0.08

A rith m e tic  m ean s

26.4±  2.51 0.10±  0.02 15.6±2.12 0.07±0.01 25.5± 2.49 0.11±0.05

% of in itia l value 59 70 96.6 116

Time (msec)

FIG U RE 187. L o g a rith m ic  v o lta g e 
tim e  c u rv e s  of a  r a t  n e rv e  w ith  changes 
in  te m p e ra tu re  (acco rd in g  to  N asonov 
and S u zd a l'sk ay a , 1956b).

1—at 21°C; 2—a t 30°C ; 3—a f te r  r e 
tu rn in g  to  the  in it ia l  te m p e ra tu re ,  21°C.
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FIG U RE 188. E x c ita b ility  of r a t  nerve  with 
change in te m p e ra tu re  fro m  20 to  5°C and 
b ack  {accord ing  to  N asonov and Suzdal1 skaya, 
1956b)

A —lo g a rith m ic  v o lta g e - tim e  cu rv es: 1—at 20°C; 
2—on cooling  to  5° C; 3—a fte r  re tu rn in g  to  the 
in it ia l  te m p e ra tu re , 20° С, B —changes in th re sh 
o lds of s h o r t - te rm  (a) and  prolonged (b) ex c ita 
b ility . T he in it ia l  lev e l of excitab ility  w as taken 
a s  100%.

E x c ita b ility  c o n s ta n ts  of r a t  n e rv e  a f te r  change in  tem p era tu re  
(acco rd in g  to  N asonov and Suzdal1 skaya, 1956b)

T a b l e  67

20° C 5°C 20" C

a  (in m v o lts  
m se c )

b (in 
v o lts)

a  (in 
m volts- 
m sec)

b (in 
vo lts)

a (in 
m volts 
m sec)

b (in  
vo lts)

56 0.16 336 1.04 64 0.26
64 0.26 336 1.40 84 0.48
27 0.18 208 0.84 52 0.26
40 0.20 — __ — —
32 0.10 1072 3.50 53 0.24
38 0.14 400 2.04 76 0.40
30 0.10 1152 3.2.0 15 0.24
16 0.06 204 0.40 32 0.08
28 0.12 240 0.80 40 0.28

A rith m e tic  m eans

36 .711 .13 0 .1510.064 4931119.8 1.6510.4 52.015.56 0.2810.01

% of in i t ia l  value 1344 1100 141 187
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FIGURE 189. E x c itab ility  of pigeon 
n e rv e  with change in te m p e ra tu re  fro m
20 to  30° C and back  (acco rd in g  to 
N asonov and S uzdal1 sk ay a , 1956c)

A —lo g arith m ic  v o lta g e - tim e  c u rv e s :  
1—at 20°C; 2 —at 30°C , B —changes 
in th re sh o ld s  of s h o r t - te r m  (a) and 
pro longed (b) e x c ita b ility . T he in itia l 
lev e l of ex c itab ility  w as tak en  a s  100%.

E x p e rim e n ts  w ith  Skele ta l M u sc le s  of F ro g  and R at

The effect of te m p e ra tu re  on e x c ita b ility  of s k e le ta l  m u sc le s  in  c o ld 
blooded (frog) and w arm -b looded  a n im a ls  ( r a t)  w as s tud ied  by S u zd a l’skaya  
(1957a, 1957b). A s a r to r iu s  m u sc le  of th e  fro g  w as stud ied , and i t s  e x 
c itab ility  in  v a se lin e  o il w as in v es tig a ted  in  the  a b o v e -d e sc r ib e d  ch am b er 
(p. 307), A fte r  in v es tig a tio n  of the fro g  m u sc le  a t 30°C an  i r r e v e r s ib le  
drop in ex c itab ility  w as often o b se rv ed , and th e re fo re  th e  e ffec t of te m 
p e ra tu re  on ex c itab ility  th re sh o ld s  w as s tu d ie d  w ith in  the  ra n g e s  of 25-15°C  
and 21-7°C . The e x p e rim e n ts  w ere  conducted  in  the  sam e m a n n e r a s  in 
the  study of the  n e rv e . The m u sc le s  w e re  p laced  on e le c tro d e s  ( in te r -  
e lec tro d e  d is ta n c e —18 m m ) in  such  a m a n n e r th a t th e  cathode w as in  con
ta c t w ith the  n e rv e le s s  segm en t of the  m u sc le . A re s is ta n c e  of 20 к  ohm
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w as in troduced  s e r ia l ly  in to  the chain. The re s u l ts  of the experim ent a re  
shown in T a b le s  68 and  69, in  both of w hich the a rith m e tic  m eans from  10 
ex p e rim en ts  a r e  s e t  ou t.

T ab le  68 show s th a t  on in c rea s in g  te m p e ra tu re  from  15 to  25°C, the 
th re sh o ld  of s h o r t - te r m  ex c itab ility  fa lls  by 20%  w hile the th resh o ld  of 
p ro tra c te d  e x c ita b ility  r i s e s  by 46%. The sam e m usc les  cooled again 
show a r i s e  in ’a ’ by 11 % (incom plete  rev e rsib ility }  and a fa ll in 'b ’ 
by 32%, It fo llow s th a t  the  v o lta g e -tim e  cu rv es of frog  m uscles in te rse c t 
exac tly  in  the sam e m a n n e r  obtained w ith  n erves.

The sam e  r e s u l t s  a r e  obtained w ith in  the tem p e ra tu re  range of 21-7°C 
(Table 69). H e re , on cooling , a  65% r i s e  of 'a ' and 39% fa ll in 'b 1 occur. 
On heating  the sam e  m u sc le s , 'a '  fa lls  by 32.5% and 'b ' r is e s  by 
64.3% . C onsequen tly , fo r  frog  m u sc le s , as  fo r  frog n e rv es, the sam e 
ran g e  (of d u ra tio n  of s tim u la tin g  c u rre n t)  e x is ts , a t which excitab ility  does 
not depend on te m p e ra tu re .  T his range  l ie s  w ithin physiological lim its . 
C onsequently , the  e x c ita b ility  of the m u sc le s  of a  cold-blooded anim al 

аза adap ts to  changes in  te m p e ra tu re , rep lac in g  the therm oregu la tion  of w a rm 
blooded a n im a ls .

The effect of te m p e ra tu re  on the ex c itab ility  of sk e le ta l m u sc les  of 
a w hite r a t  w as in v e s tig a te d  on m . so leu s , using the sam e m ethod as tha t 
em ployed in the  ca se  of fro g  m u sc le s . The re s u l ts  of the experim ent fo r 
the range  20-10° C and b a c k  a re  given in  T able 70.

T h e re  is  no in te r s e c t io n  betw een the  excitab ility  cu rves of ra t  m u sc le s , 
ju s t a s  th e re  is  no su c h  in te rse c tio n  in the  case  of r a t  nerve within th is 
te m p e ra tu re  ran g e . On cooling, both  co n stan ts  m arkedly  in c rease  in  value, 
'a 1 c o n sid e rab ly  m o re  so  th an  ’b ' (T able 70). Consequently, no adaptive 
m ech an ism s  e x is t  fo r  s ta b iliz in g  ex c itab ility  during a tem p era tu re  r is e .

H ow ever, w ith in  the  ran g e  of 20-30° C a  d ifferen t p ic tu re  is  so m e
tim e s  o b se rv ed  (T ab le  71). H ere  the ex c itab ility  cu rv es c lea rly  in te rs e c t 
and th e re fo re  th e re  m ay  e x is t  a  c e r ta in  s tab iliz a tio n  of excitability  of 
m u sc le s  on d e c re a s e  in  te m p e ra tu re s  not below 20° C. Below th is  te m 
p e ra tu re  the  r a t  m u s c le s  lo se  the  cap ac ity  to reg u la te  th e ir  excitab ility .

333 P ro b ab ly  on the  ap p e a ra n ce  of h o m eo th e rm ia  during the p ro cess  of
evolution, n e rv e s  lo s t  the  cap ac ity  to  re g u la te  excitab ility  following changes 
in te m p e ra tu re  to  a  m u c h  g re a te r  ex ten t than m u sc les .

Change in  e x c ita b ility  c o n s ta n ts  ( ’a 1 and 'b ')  of s a r to r iu s  m usc les  of a 
frog  w ith in  the te m p e ra tu re  ran g e  25-15° C. A rithm etic  m eans 

fro m  10 e x p e r im e n ts  (acco rd in g  to  Suzdal’skaya, 1957a)

T a b l e  68

a (in m volts-m sec) b  (in  vo lts) a  ( in  m volt s-m sec ) b (in vo lts)

15° 25°
% of 

in itia l 
value

15° 25°
% of 

in itia l 
value

25° 15°
% of 

in itia l 
value

25° 15°
% of 

in itia l 
value

152.4 121.9 -2 0 .0± 
±4.2

0.90 1.31 + 46.0±
±3.9

121.9 136.0 +11.4± 
±2.0

1.2 0.82 -3 2 .0± 
±2.0
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Change in ex c itab ility  co n stan ts  (’a 1 and 'b ')  of s a r to r iu s  frog m u sc le s  
w ithin the te m p e ra tu re  ran g e  21-7°C . A rith m e tic  m eans from  

10 e x p e rim e n ts  (accord ing  to  Suzdal·1 sk ay a , 1957a)

T a b l e  69

a (in m volts-m sec) b (in vo lts) a ( in m v o lts  m sec ) b (in vo lts)

21° 7°
% of 

initial· 
value

21° 7°
% of 

in itia l 
value

7° 21°
% of 

in itia l 
value

7° 21°
% of 

in itia l 
value

153 252 +65 ±
±11

0.92 0.56 -3 9 .0±
±2.8

252 170 -3 2 .5±
± 3 .9

0.56 0.92 + 64 .3± 
± 8 .7

T a b l e  70

Change in ex c itab ility  constan ts  ('a* and 'b ')  of m .so le u s  of a w hite r a t  
w ithin the te m p e ra tu re  range  20-10“ C. A rith m e tic  m eans from

10 e x p e rim e n ts  (accord ing  to  S u z d a l'sk a y a , 1957b)

a (in m volts-m sec) b (in vo lts) a (in  m vo lts-m sec) b (in  v o lts )

20° 10°
% of 

in itia l 
value

20° 10°
%  o f  

in itia l 
value

10° 20°
% of 

in itia l 
value

10° 20°
% of 

in it ia l  
value

407 2974 +630± 
±120.8

0.88 1.91 +117±
±28

2974 624 -79±
± 3 .8

1.91 1.03 -46±
± 4 .6

T a b l e  71

Change in  ex c itab ility  co n stan ts  ( 'a 1 and ’b 1} of m . so leus of a  w hite r a t  
w ithin the te m p e ra tu re  range  20-30° C. A rith m e tic  m ean s fro m  

10 e x p e rim e n ts  (acco rd ing  to  S u zd a l’sk ay a , 1957b)

a (in  m volts-m sec) b  (in vo lts) a  (in  m vo lts-m sec) b (in  v o lts)

20° 30°
% of 

in itia l 
value

20° 30°
% of 

in itia l 
value

30° 20°
% of 

in itia l 
value

30° 20°
% of 

in i t ia l  
v a lu e

440 354 -20±
±4.9

0.92 1.40 +52±
± 8 .8

472 733 +55±
± 4 .6

1.37 1.42 -1 0 ± 3
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C h a p t e r  6. C onclusions

A s fa r  a s  we know, no one h a s  m easu red  excitab ility  of t is s u e s  by 
m eans of the th re e  c o n s ta n ts , 'a 1, 'b ' and 'n 1. T h erefo re  the study of dy
n am ics of th e se  co n stan ts  follow ing the effect of v a rio u s  agents has an  im 
po rtan t to p ic a l s ig n ifican ce .

We have stud ied  in g re a te r  d e ta il the change in  excitab ility  constan ts 
of a  n e rv e  s e p a ra te d  fro m  CNS connections, and the effect of tem p era tu re  
on e x c ita b ility  co n stan ts  of n e rv e s  and m u sc les . In addition, we p erfo rm ed  
a s e r i e s  of e x p lo ra to ry  o b se rv a tio n s  on the effect of such an agent a s  ethyl 
a lcohol v ap o r; R in g e r 's  so lu tion  w ith  a 2-fold and a half concen tration  of 
NaCl; m a in ten an ce  in a m o ist ch am b er fo r 24 h o u rs , e tc ., on the ex c ita 
b ility  c o n s ta n ts  of a  n e rv e -m u s c le  p re p a ra tio n  of frog .

On the b a s is  of th e se  h ith e r to  incom plete data the following p re lim in 
a ry  g e n e ra liz a tio n s  m ay be m ade;

1. The v a lu es  of co n stan ts  'a ' and 'b ' change considerab ly  following 
the ac tio n  of e ach  of the  ab ove-m en tioned  agents.

2. C hanges in th e se  two ex c itab ility  th resh o ld s  occur to a considerab le  
ex ten t independen tly  of each  o ther* . M ost often th ese  constan ts change in 
the  sa m e  d ire c tio n . H ow ever, only v e ry  ra re ly  a re  these  changes p ro p o r
tio n a l to  each  o th e r. S om etim es one of the constan ts changes, while the 
o th e r r e m a in s  unchanged. F in a lly , th e re  a r e  c a se s  where one in c rea se s  
w hile the  o th e r d e c re a s e s . In such  a  c a se  the in ten sity -tim e  curves in te r 
se c t w ith  each  o th e r b e fo re  the  ac tio n  of the  corresponding agent, and a f te r  
it. Such changes in  ex c itab ility  a r e  o bserved  a fte r  a lte ra tio n s  in te m p e ra 
tu re ,

3, C onstan t n  (in c rem en t fa c to r)  w as shown to  be the m ost s tab le . 
None of the  ag en ts  caused  any sig n ifican t change in  the slope of the le ft-hand  
s tra ig h t segm en t of the lo g a rith m ic  cu rv e  of in ten sity -tim e . The re c ti l in e a r-  
inc lin ed  p a r t  of the g rap h  alw ays showed a  p a ra lle l sh ift to  itse lf  on d e c re a se  
o r  in c re a s e  in  th re sh o ld  of the s h o r t - la  sting excitab ility  'a '.  The sig n ifi
cance of th is  re la tiv e  s ta b ility  of co n stan t 'n ' is  so fa r  incom pletely u n d er
stood,

4, C hronaxy is  not a tim e  co n stan t, a s  postu lated  by the  m a jo rity  of 
c o n te m p o ra ry  p h y sio lo g is ts  who s tud ied  excitab ility  of conducting tis su e s . 
T h is concep t of chronaxy  m ay lead  to  v e ry  g ro ss  e r r o r s  of in te rp re ta tio n  
of e x p e rim e n ta l re s u l ts .  An e sp e c ia lly  i l lu s tra tiv e  example of th is  is  the 
w ell-know n  c a se  of in c re a se d  ch ronaxy  and d ecreased  rheobase on s e p a ra 
tio n  of th e  n e rv e  from  its  CNS connections, as e laborated  by us in detail.
It is  q u ite  obvious th a t in th is  c a se , in c re a se  in  chronaxy is  accom panied by 
a d e c re a s e  in  the  tim e  n e c e s s a ry  fo r  the  appearance  of excitation.

In r e a l i ty , ch ronaxy  d e te rm in e s  the  range  of tim e  in te rv a ls  w ithin 
w hich th e  tim e  of action  of the s tim u lu s  s ta r t s  to  show a considerab le  effect 
on the  v a lu e  of the  th re sh o ld  of exc ita tion .

* It i s  s e lf -e v id e n t th a t in  a sy s tem  like the nerve ce ll with its  den d rites , 
a l l  th e  p ro c e s s e s  a re  linked to  each  o th e r. In speaking of the  non
dependence  of co n stan ts  ’a ' and 'b ' ,  we only im ply th a t th e ir  existing  
in te rc o n n e c tio n s  a re  unknown.
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F a r t  VI

334 C O N D IT IO N S  F O R  T H E  
E X C I T A T I O N  IN

A P P E A R A N C E  O F  S P R E A D IN G  
A C O N D U C T I N G  F I B E R

C h a p t e r  1. Im p o rtan ce  of the  A m ount of E le c tr ic i ty  and E nergy  of 
S tim u la ting  C u rre n t D uring the A p p earan ce  of E xc ita tion

T heory  of the  P h y sio lo g ica l A ction  of E le c tr ic  C u rre n t

The m a jo r ity  of p h y sio lo g is ts  have long co n sid e red  that on s tim u la tio n  
w ith  e le c tr ic  c u rre n t, the  d ec is iv e  fa c to r  fo r the  ap p ea ran ce  of ex c ita tio n  in 
a n e rv e  conductor is  the  in ten sity  of the c u r r e n t  o r  the  am ount of e le c tr ic i ty . 
In o rd in a ry  e x c ito m e tr ic  sy s te m s , the e x c ita b ility  th re sh o ld s  a r e  m e a su re d  
not in a m p e re s  but in  v o lts . It is , h o w ever, c o n s id e re d  th a t th is  is  done 
m e re ly  b ecau se  at v e ry  sh o r t  tim e  in te rv a ls  the  in ten s ity  of c u r re n t  cannot 
be m e a su re d  d ire c tly  by an  a m m e te r, and s in ce  u n d er conditions of co n stan t 
re s is ta n c e  in  the c irc u it ,  the  voltage is  p ro p o rtio n a l to  the  in ten s ity  of the  
c u rre n t, when m e a su rin g  the  th re sh o ld  v o ltag e  a t the  sam e tim e  we m e a su re  
the th re sh o ld  in ten s ity .

In o r d e r  fo r  the  c u r re n t  in tensity  to  be a c tu a lly  p ro p o rtio n a l to  v o ltag e , 
it  is  n e c e s s a ry  to  e lim in a te  som ehow  the  e ffec t of fluc tua ting  r e s is ta n c e  
w hich m ay a r is e  during the  ex p erim en t in  the  in v es tig a ted  t is s u e  i tse lf . 
F o r  th is  p u rp o se , h ig h e r r e s is ta n c e  w as in tro d u ced  into the  c irc u it ,  tn 
co m p ariso n  w ith  w hich the  fluc tua ting  re s is ta n c e  of the  t is s u e  w as so  s m a ll  
th a t it could be igno red* . H ow ever, a  h igh  re s is ta n c e  in  the  c ir c u it  s ta b i
l iz e s  only the  c u r re n t  in ten s ity , but not th e  v o ltag e  on the e le c tro d e s , th e  
changes of w hich w e re  co n sid e red  not to  a ffec t the  v a lue  of the th re sh o ld * * .

T hus, an opinion fo rm ed  acco rd in g  to  w hich th e  in ten sity  of the  c u r re n t ,  
and not i t s  vo ltage  on the  e le c tro d e s , d e te rm in e s  the  v a lue  of th e  e le c tr ic  
th re sh o ld  of excita tion***.

See, fo r  exam ple , C h ir 'e v  (1877), G otch  and M cDonald (1896) and o th e rs . 
L ap icq u e 's  shunt is  b a se d  on the  sa m e  p r in c ip le  and so a re  n u m e ro u s  
s tu d ies  on d e te rm in a tio n  of e x c ita b ility  p e rfo rm e d  by the  u se  of the  c h ro -  
n a x im e tric  m ethod.

** L a te r , R ushton  (1934) used  an  e x tre m e ly  s e n s itiv e  and v e ry  s lig h tly  
in e r t  g a lv an o m ete r fo r  d e te rm in a tio n  of e x c ita b ility , allow ing d ir e c t  
m e a su re m e n ts  of in te n s ity  of v e ry  s h o r t  c u r r e n t  p u lse s  (up to  0.8 m i l l i 
second). The a u th o r m e a su re d  the th re sh o ld  value in  m ic ro a m p e re s , 
not tak ing  into account the  fac t th a t d u rin g  th e  ex p e rim en t th e re  w e re  
a lso  changes in  th e  vo ltage  at the  e le c tro d e s , w hich R ushton  obv iously  
co n sid e red  p o ssib le  to  d is re g a rd .

*** It should be po in ted  out th a t S täm pfli (1952) re c e n tly  b rough t ev id en ce  
ind ica ting  the d ec is iv e  ro le  of vo ltage  on ex c ita tio n  by e le c tr ic  c u r r e n t .
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335 S ince the  beginning  of the 20th cen tu ry  th is  problem  becam e m ore  
com plica ted , a f te r  it had becom e obvious th a t at sufficiently  sh o rt tim e 
in te rv a ls  not only the  in te n s ity  of the  c u rre n t but a lso  the duration  of its  
p assag e  th ro u g h  the f ib e r  is  of im p o rtan ce . On the b as is  of the e m p ir ic a l 
fo rm u la  of H o o rw eg -W eiss , it m ight have been  assum ed  that in the  reg io n  
of sh o rt c u r re n t  im p u lse s , the  d ec is iv e  fa c to r  fo r  appearance of ex cita tion  
w as the p roduc t of c u r r e n t  in ten sity  and tim e  ( i- t  = a = constant), i .e ., the 
th resh o ld  am ount of e le c tr ic i ty  (Q).

On th is  b a s is  a tte m p ts  w ere  m ade to explain  th eo re tica lly  the ac tua l 
data accu m u la ted , a s  a  r e s u l t  of w hich two th e o rie s  w ere form ed concerning 
the action  of e le c tr ic  c u r r e n t  on liv ing  m a tte r  (1) the concentration  th eo ry  
of N e rn s t (1908) and (2) the c o n d e n se r th eo ry  developed by H erm ann (1905), 
C hagovets (1903), L ap icque  (1926), Ebbecke (1927), H ill (1935) and o th e rs . 

I t i s  known th a t th e  s tim u lu s  o r ig in a te s  a t the  cathode. It is  a lso  
known th a t w hen c u r re n t  is  le t th ro u g h  the  ce ll, a  change occurs in  the con
c e n tra tio n  of e le c tro ly te s  a t the  e le c tro d e s , N e rn s t reg a rd ed  th is  a s  the 
re a so n  fo r  the  p h y sio lo g ica l ac tio n  of e le c tr ic  c u rre n t. When the change in 
co n cen tra tion  a t the  cathode re a c h e s  a c e r ta in  th resh o ld  value, excita tion  
a r is e s .

T he c o n c e n tra tio n a l e ffec t of e le c tro ly te s  a t the m em brane during the 
p assag e  of c u r re n t  depends on tw o opposite  p ro cès  s e s —accum ulation of 
ions un d er the  in fluence  of c u r re n t  and th e ir  diffusion in the opposite d ir e c 
tion. On the  b a s is  of th e se  c o n s id e ra tio n s  N e rn s t developed the fo rm ula

w here c —c0  is  the  th re sh o ld  d iffe ren ce  betw een ionic concentrations n e c e s 
sa ry  fo r  the a p p e a ra n ce  of ex c ita tio n , w hile к is  a constant.

C onsequen tly , a cco rd in g  to  N e rn s t, on v a ry ing  in tensity  and tim e , 
the value of iyT should be constan t ( i / t  = constan t o r  i^t = constant) in  o rd e r  
to  ob tain  a  th re sh o ld  s tim u la tio n .

T he en e rg y  (E) r e le a s e d  by th e  c u r re n t equals the product of the c u r 
re n t in te n s ity  (i), v o ltag e  (v) and the  tim e  of p assage  of cu rren t (t).

E  = i · v  · t ,  o r  E =  i 2 Rt.

In o rd in a ry  e x c ito m e tr ic  s y s te m s , on changing the voltage (v), the  
c u rre n t in te n s ity  (i) ch an g es  to  the  sam e  extent, while the re s is tan ce  of the 
c irc u it re m a in s  co n stan t. A cco rd ing  to  the th eo ry  of N ernst, when ex c ita 
tion  o c c u rs  the m agnitude  of i^ t should  be constan t, i.e ,, under th ese  co n 
d itions the  am ount of e n e rg y  r e le a s e d  by the th resh o ld  cu rren t should have 
a constan t va lu e .

F u r th e r ,  N e rn s t had to  ex p la in  why in  the reg ion  of c u rre n ts  of long 
d u ra tio n  the  v a lue  of the  th re sh o ld  no lo n g er depends on tim e  of p assag e  of 
the  c u rre n t. S ince N e rn s t  h im se lf  w as not a  physiologist, he r e f e r s  in  his 
w ork (N e rn s t, 1908) to  a  l e t t e r  fro m  P ro fe s s o r  (of Physiology) von K ries  
in fo rm ing  him  th a t on slow  in c re a se  of the c u rre n t the la t te r  may be phy
sio lo g ica lly  in ac tiv e . N e rn s t a ssu m ed  th a t on g rad u a l accum ulation of ions 
at the m e m b ra n e , c e r ta in  c h em ica l com pounds w ere  form ed which put into 
action  som e kind of ad ap ta tio n  to  the  excitan t by "accom m odation" of the  
m em b ran e  to  the  ac tio n  of ions. Due to  th is  fact the th resh o ld  of excita tion  
should in c re a s e . T h is  accom m odation  is  absent w ith rap id  action  of c u rre n t. 

336 T h is  p a r t  of N e r n s t 's h y p o th es is  is  not tenab le . It is  n a tu ra l to  expect
accom m odation  of a liv in g  sy stem  to any foreign  o r  harm fu l agent, bu t th e re
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is  no need fo r the  sy stem  to adapt and to  b eco m e  in se n s itiv e  to a physio
lo g ica lly  adequate  e x c ita n t—i.e . ,  e le c tr ic  c u r re n t , by w hich tra n sm is s io n  
of the  im pulse  o c c u rs  along the f ib e rs . N e rn s t h im se lf  gave no evidence 
in  fav o r of h is h y po thesis; n e v e r th e le s s  h is  idea  b ecam e  v e ry  popular among 
p h y sio lo g is ts , se rv in g  as the  b a s is  fo r  the s o -c a lle d  th e o ry  of accom m oda
tion . T h is is  u su a lly  used  to  explain  the lack  of s ig n ifican ce  of du ra tion  of 
action  of the s tim u la tin g  c u r re n t  a t su ffic ien tly  long tim e  in te rv a ls  (rheobase).

FIGURE 190. L o g a rith m ic  v o lta g e - tim e  
cu rv es  p lo tted  acco rd in g  to  the  fo rm u la

i = —  + b 
tn

a —a t a = 1; b  = 1, n - 1; b —a t a  = 1, b = 1, 
n = 0.5.

Time

FIGURE 191. L o g a rith m ic  
v o ltag e -tim e  cu rv e  of a fro g  
n e rv e  p lo tted  acco rd in g  to  
data  of W eiss , taken  fro m  
N ern st (1908)

Time

FIG U RE 192. L o g a rith m ic  
v o lta g e - tim e  cu rv e  of a t o r 
to is e  n e rv e  p lo tted  f ro m  the 
d a ta  of W eiss , tak en  from  
N e rn s t (1908)

328



FIG U RE 193. L o g a rith m ic  
v o lta g e - tim e  cu rv e  of m u sc le  
fro m  th e  m an tle  of A plysia  
p u n c ta ta , p lo tted  from  th e  
da ta  of L ap icque , ta k e n  from  
N e r n s t (1908)

T he th e o ry  of N e rn s t w hich r e q u ire s  a  constan t i on stim u la tio n  w ith 
e le c tr ic  c u r re n t obviously  c o n tra d ic ts  the  e m p iric a l da ta  of Hoorweg, 
W eiss, and o th e r a u th o rs  who have shown, in th e ir  s tud ies on v e r te b ra te  
n e rv e s , th a t the p roduc t i t  is  co n stan t, N ern st a ttem pted  to  prove h is 
point e x p e rim e n ta lly , a s  a g a in s t th a t of Hoorweg, In h is  ISOS w ork he gave 
a la rg e  num ber of ta b le s  m ain ly  taken  from  o ther au tho rs, i llu s tra tin g  in 
te n s ity - tim e  c u rv e s  fo r  v a r io u s  o b je c ts . Using th e se  data, he tr ie d  to  prove 
th a t a t a  c e r ta in  ap p ro x im atio n  the product i ^t is  alw ays a  constant. How
e v e r , c a re fu l a n a ly s is  of th e se  da ta  m akes N e rn s t’s argum ent very  doubtful. 

I t has a lread y  been  pointed out (p. 274) 
th a t in logarithm ic  p resen ta tion  the in ten s ity 
tim e  cu rv e  correspond ing  to  H oorw eg 's f o r 

m u la  (i - -—= b) acq u ire s  the form  illu s tra te d  

in  F ig u re  190 (curve a). Its  righ t wing a p 
p ro a c h e s  asym pto tically  a horizon tal s tra ig h t 
lin e  p a ra l le l  to the a b sc is sa  at a level equal
ling  log b. The left wing approaches a  s tra ig h t 
line  inc lined  to the a b sc is sa  at 45°, cutting 
off equal segm ents from  the coordinate axes 
(1 :1 ).

If N e rn s t and not Hoorweg is rig h t, and 
not i - t  but i | t  is  a  constant value, then  the 
angle  betw een  the s tra ig h t line (to w hich the 
le ft wing of the logarithm ic  curve approaches) 
and the  a b sc is sa  should b em o re  acu te  and 
the s tra ig h t line  should in te rse c t the a b sc is sa  

fo rm in g  a seg m en t tw ice as long as on the o rd ina te  (2:1) (F igure 190, cu rve  b). 
The le ft wing of c u rv e s  a  and b ap p ro x im ate ly  co rresp o n d s to the fo rm ula 
i - t  = co n stan t (cu rve  a) o r  i ^ t  = co n stan t (curve b). The rig h t wing c o r r e s 
ponds to  the  equation  i = b. The m idd le  p a rt of the  cu rve  sm oothly connects 
the  two w ings, app roach ing  tow ard  s tra ig h t line  asym pto tes. In o rd e r  to 
check th e  v a lid ity  of th is  (o r an o th e r) fo rm u la , it is  n ecessa ry  to choose a 
reg io n  su ffic ien tly  rem o v ed  from  th e  rh eo b ase  which, on the logarithm ic 
g rap h , ap p ro a c h e s  a s tra ig h t line , and then  determ ine  its  slope. T h is was 
the  p ro c e d u re  of L apicque (1926), H ill (1935), Bugnard and H ill (1935), 
R o sen b erg  (1935), N asonov and R o z e n ta l’ (19Ξ3) and o thers, when they 
w anted to  check  the  a g re e m e n t betw een  e m p ir ic a l in tensity -tim e cu rv es  
and th is  fo rm u la  and o th e rs ,

N e rn s t did not do so . In the  m a jo r ity  of h is  exam ples, the m iddle 
seg m en ts  of the  in te n s ity - tim e  cu rv e  w ere  used, which w ere not very  d is 
tan t fro m  the  rh e o b a se , and re la t iv e ly  sm a ll segm ents w ere given w here the 
e x tre m e  po in ts d iffe red  fro m  each  o th e r only 5-10-fo ld  in tim e. F ig u re  191 
and 192 show lo g a rith m ic  g ra p h s , acco rd in g  to  the data of W eiss, taken 
fro m  N e rn s t.  F ro m  th e s e  f ig u re s  it  i s  seen  that the  author chose the flex
ion po in ts  of the c u rv e s  w h ere  the  tan g en tia l line is  located, approxim ately  
at a  s lo p e  of 1 :2 . I t is  u n d e rs ta n d a b le  th a t a sm a ll segm ent of the curve 
in  th is  re g io n  w ill no t d iffe r  v e ry  m ark ed ly  from  th is  tangentia l line . T h is 
device w as u sed  by N e rn s t in a ll  c a s e s  in  w hich he tr ie d  to  prove the ap p li
cab ility  of h is  fo rm u la  to  v e r te b ra te  n e rv e s . He could not help noticing, 
h ow ever, th a t the  g r e a te s t  dev ia tions from  th is  fo rm ula  a re  observed  a t 
the e x tre m e  po in ts of the  segm en t ch o sen  by him , both  deviations
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re su ltin g  in  v a lu es  h ig h e r  than  expected . N e rn s t exp la ined  th is  by the 
fa c t th a t in the  re g io n  of la rg e  in te rv a ls , the  p ro x im ity  of the rh eo b ase  
showed i ts  in fluence , w hile the  an o m alies  in  the reg io n  of sm a ll in te rv a ls  
he co m p ared  to  the  known an o m alie s  in p h y s ic s  m a n ife s te d  in the  reg ion  of 
ac tio n  of v e ry  high p r e s s u r e s ,  v e ry  low te m p e ra tu re s ,  e tc . In re a lity , a s  
■will be seen  from  F ig u re s  191 and 192, the  point is  th a t he used segm en ts 
a t the flexion point of the  c u rv e , w here  the e ffec t of the rh eo b ase  w as s ti l l  

338fe lt a ll  a long the segm en t. If N e rn s t would have tak en  a segm en t su ffic ien tly  
fa r  rem o v ed  from  the  rh e o b a se , then the ru le  c o rre sp o n d in g  to  the  equation 
i - t  = constan t would have b een  m an ife s ted  in i ts  pu re  fo rm , w hile the loga
rith m ic  cu rv e  would have tu rn e d  into a s tr a ig h t  line  w ith a  slope of 1 :1 .

N e rn s t a lso  stud ied  the  m u sc le s  of the  in v e r te b ra te  A p lysia  p u n c ta ta , 
the m e a su re m e n ts  of e x c ita b ility  of w hich w e re  tak en  by him  fro m  L apicque. 
F ig u re  193 show s th a t w hen the lo g a rith m ic  fo rm  of the  curve  is  u sed , a ll 
the  po in ts a re  a r ra n g e d  n ice ly  fo r a long d is tan ce  on one s tra ig h t lin e , w ith 
a slope of 1 :2 . In the g iven  c a se  the e ffec t of the  rh e o b a se  w as not d e tec ted  
a t a ll , and th e re fo re  the  p ro d u c t i\ft is  c o n s tan t.

As a lre a d y  s ta ted , the  ru le  th a t th re sh o ld  en e rg y  is  co n stan t is  tru e  
fo r  the  ac tion  of c u r r e n t  on re c e p to r s  of n e rv e s  and m u sc le s  of c e r ta in  
in v e r te b ra te s , e tc . T he a tte m p ts  of N e rn s t to  p ro v e  the u n iv e rsa li ty  of th is  
ru le  and i ts  ap p licab ility  to  t is s u e s  such  a s  v e r te b ra te  n e rv e s  and m u sc le s  
a r e  c le a r ly  e rro n e o u s .

Som ew hat l a te r ,  a f te r  the  fo rm u la tio n  of N e r n s t 's th e o ry , a  num ber 
of a tte m p ts  w e re  m ade to  c o n s tru c t a  th e o ry  of e le c tr ic  ex c ita tio n  b a sed  on 
the concept of the c e ll  as  a co n d en se r. T h e se  th e o r ie s ,  lik e  th a t of N e rn s t, 
w ere  b a sed  on the  a ssu m p tio n  th a t the c e ll  is  iso la te d  from  the  m edium  by 
a  se m ip e rm e a b le  m e m b ra n e , a t the in n e r and the  o u te r  s u r fa c e s  of w hich 
a  double e le c tr ic  la y e r  should  e x is t, due to  th e  d iffe ren t in t r a -  and e x t r a 
c e l lu la r  e le c tro ly te  con ten t. T he p re se n c e  of th is  la y e r  p re su m a b ly  e n 
dowed the  m em b ran e  w ith  c e r ta in  c h a r a c te r is t ic s  a s  a  r e s u l t  of w hich the 
ce ll could ac t a s  a co n d e n se r. P h y s io lo g is ts  who developed th is  th e o ry  
(C hagovets, 1903; H erm an , 1905; L ap icque , 1926; E bbecke, 1927; H ill, 
1935 and o th e rs )  a r r iv e d  a t a  co m p le te ly  a r b i t r a r y  a ssu m p tio n  th a t m oving 
ex c ita tio n  ap p ea red  when the  vo ltage of th e  c h a rg e d  c e l lu la r  co n d en se r 
reach ed  a  c e r ta in  va lue . At th is  in s tan t th e  c o n d e n se r  d isch a rg ed .

On the  b a s is  of the  fo rm u la  of c o n d e n se r  d is c h a rg e , th e se  in v e s t ig a to rs  
reach ed  the  conclu sio n  th a t fo r  the a p p e a ra n ce  of a  m oving w ave of e x c ita 
tion , a co n stan t am ount of e le c tr ic i ty  ( i - t  = co n stan t = a) w as re q u ire d , i .e . ,  
they  th e o re tic a lly  co n firm ed  the  da ta  of H ö o rw eg -W eiss . In co n trad ic tio n  

339 to  the  re q u ire m e n ts  of the  th e o ry  of N e rn s t,  the  am ount of th re sh o ld  e n e rg y  
(i yt) is  not a t a l l  co n stan t h e re . The e n e rg y  cu rv e  h a s  a c le a r ly  e x p re s se d  
m inim um  in  i t s  m idd le  p a r t , in  the reg io n  of in te rs e c t io n  of the  a sy m p to te s  
on the  lo g a rith m ic  g raph .

H ow ever, a s  w ith  the  th e o ry  of N e rn s t,  i t  i s  im p o ss ib le  to  p ro v e  the 
u n iv e rsa l  ap p lic a b ility  of the  co n d en se r th e o ry . We have a lre a d y  pointed  
out th a t in  r e a l i ty  the  two th e o re t ic a l  eq u a tio n s fo r  sm a ll in te rv a ls  of e x 
c ita tio n —i - t  = co n stan t and i |/t~ = co n stan t, a r e  tw o e x tre m e  l im its  b e tw een  
w hich a re  lo ca ted  the  t i s s u e s  w ith  in te n s ity - tim e  c u rv e s  c o rre sp o n d in g  to  
the equation  i - t 11 = co n st, w h ere  n v a r ie s  f ro m  0.5 to  1.0.

The d a ta  p re se n te d  e a r l i e r  fo rced  u s  to  r e je c t  the  g e n e ra lly  accep ted  
idea  of the  c e ll  a s  an  o sm o m e te r  su rro u n d e d  by a  se m ip e rm e a b le  m e m b ra n e . 
We a ssu m e  th a t liv ing  p ro to p la sm  is  a c o a c e rv a te  behaving a s  a  w a te r -
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insoluble phase sy s te m , in  w hich the m a jo rity  of e le c tro ly te s  a re  p re se n t 
in  a bound s ta te , w hile  the d isso lved  e le c tro ly te s  ex is t at a  d ifferen t con
cen tra tio n  than  in  the su rro u n d in g  solution . As shown by N ern st (1892), 
such a phase should p o s s e s s  a c e r ta in  cap ac ity  a t the d iv ision  boundary and 
m ay be looked upon as  a  co n d en se r. N e rn s t a lso  showed that on passing  
an e le c tr ic  c u r re n t  th ro u g h  the  boundary  betw een  w a te r and the phase system , 
p o la riza tio n  w as o b se rv ed  at th is  boundary , to g e th e r  with a noticeable change 
in ionic co n c e n tra tio n s , e a s ily  d e tec tab le  by the use  of any pH ind ica to r.

C onsequently , both  co n d en ser and co n cen tra tion  th e o rie s  a re  equally 
accep tab le  from  the  point of view  of the m em brane  and the phase th eo rie s  
of ce ll s tru c tu re .

W hich of th e se  th e o r ie s  is  the  m o re  te n a b le ?
The th eo ry  of N e rn s t  c o n sid e rs  excita tio n  to  occur as a  re su lt  of the 

co n cen tra tio n  of e le c tro ly te s  at the ce ll su rfa c e , a lte re d  by the effect of the 
passin g  c u r re n t . T he im m ed ia te  re a so n  fo r  excita tio n  in th is  case  is  the 
ch em ica l ac tio n  due to  the  unusual co n cen tra tio n  of ions. In th is  sense 
Ne r u s t 's  th e o ry  m ay be co n sid e red  as re ly in g  on chem ical law s.

The co n d en se r th e o ry  o p e ra te s  w ith a p u re ly  e lectrodynam ic concept 
of d isch a rg e  of the  c o n d e n se r , ch arg ed  to  a c e r ta in  c r i t ic a l  potential. The 
th eo ry  does not s ta te  sp e c if ic a lly  how th is  d isch a rg e  is  tran sfo rm ed  into an 
excita tion  w ave. In th is  re s p e c t  N e rn s t 's  th e o ry  should be given p rio rity , 
being m o re  fac tu a l.

A s we have seen , how ever, ex p e rim en ta l da ta  connected w ith analysis 
of the in te n s ity - tim e  c u rv e  fo r d iffe ren t t is s u e s  do not confirm  e ith e r  th is  
o r  the  o th e r th e o ry , and leav e  open the  fina l so lu tion  of the problem .

R ecen tly , how ever, a  quite unexpected  p o ss ib ility  p resen ted  itse lf  fo r 
so lu tion  of th is  p ro b lem  in  te rm s  of N e rn s t 's  th e o ry , but from  another stand
point, i .e . ,  in  connec tion  w ith  stud ies on the  effect of in te r  e lectrode d is tan ces 
on the  e le c tr ic  s tim u la tio n  of the n e rv e  (N asonov, 1955). We shall now pass 
on to  the p re se n ta tio n  of th e se  data  and the conclusions draw n from  them .

E ffec t of In te r  e le c t  rode  D istance  on E x c itab ility  T hreshold

T he re la tio n sh ip  be tw een  ex c itab ility  th re sh o ld  of the nerve  and the 
d is tan ce  be tw een  the e le c tro d e s  w as ex ten siv e ly  studied  fo r the f i r s t  tim e 
by C h ir 'e v  (1877), and s im u ltaneously , and p robab ly  independently, by 

340 M arcu se  (1877)*. B oth  au th o rs  found that on in c rea s in g  the in te r  e lec trode  
d is tan ce , the  e x c ita b ility  th re sh o ld  of the n e rv e  g radually  dim inished, ap 
proach ing  a c e r ta in  co n stan t value when a d is tan ce  of 1-2 cm w as a tta ined . 
T h is o b se rv a tio n  w as co n firm ed  by C a r  dot and L au g ie r (1914, C ardo t, 1914), 
who d e sc rib e d  a  d e c re a s e  in the  rh eo b ase  and sim ultaneous in c re a se  in  
chronaxy on re m o v a l of the  e le c tro d e s  fro m  each  o ther. L a te r , K eil (192Ξ), 
E ic h le r  (1929), and S c h r ie v e r  (1932) showed th a t on in c rea se  of the  in te r 
e lec tro d e  d is tan ce  the  th re sh o ld  vo ltage at f i r s t  dim inished and subsequently  
in c re a se d .

L a te r , the  d e c re a s e d  ex c itab ility  th re sh o ld  of the  nerve  to  a  c e r ta in  
lev e l w ith  in c re a s e  of in te re le c tro d e  d is tan ce  w as again confirm ed by using 
a  m o re  d e ta iled  m ethod  (R ushton, 1927, 1934), w ith experim ents on a

* F o r  e a r l i e r  l i te r a tu r e  see  S ch riev e r and B iirk n er (1940).
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the  d is tan ce  be tw een  the

FIGURE 194. D iag ram  
of e x p e rim e n ta l c h am 
b e r  fo r  a lte r in g  in te r - 
e le c tro d e  d is tan ce

a —-fixed e le c tro d e ; 
b —e le c tro d e  m oving 
along the  n e rv e  (n) by 
the  u se  of a  m ic ro 
m e te r  sc rew  on a  sca le  
(d) supplied  w ith  a v e r 
n ie r ;  k —ch am b er filled  
w ith  v a se lin e  o il; c — 
g la s s  rod ; m —-m uscle.

m edu lla ted  frog  n e rv e , and by R o sen b erg  (1935) on a  nonm edullated  n e rv e  
of the  c rab  M a ja . T hus, d e c re a se  in  e x c ita b ility  th re sh o ld  of the  n e rv e  on 
m oving the e le c tro d e s  away from  each  o th e r m ay be co n sid e red  a s  a  c o n 
firm e d  fac t. H ow ever, it is  not e a sy  to  exp la in  th is  fa c t, s in ce  w hile m oving 
the e le c tro d e s  a p a r t , one m ay expect only  a  d e c re a s e  in in ten sity  of th e  s tim u 
la tin g  c u rre n t, w hich should  cause  not a  d e c re a s e  bu t an in c re a se  In the 
th re sh o ld  lev e l. H ow ever, in the  case  of a s ta b iliz e d  in ten s ity  of c u r r e n t ,  

e le c tro d e s  should  not a ffec t the th re sh o ld  a t a l l .
In o rd e r  to  d e te rm in e  the  e x c ita b ility  th r e s h 

old of the n e rv e , we (N asonov, 1955) used  c o n d e n se r 
d isc h a rg e s  from  the  in s tru m e n t d esc rib ed  above  
(F ig u re  166). T he change in d is tan ce  b e tw een  the 
e le c tro d e s  w as c a r r ie d  out by m ean s of the a p p a ra  
tu s  d e sc rib e d  in F ig u re  194, The calf leg m u sc le  
of a frog w as p laced  a t the  bottom  of a g la s s  ch am 
b e r ,  and i ts  n e rv e  p laced  over a  fixed s i lv e r  e le c 
tro d e  (a) se rv in g  a s  th e  cathode and o v e r a  m oving 
anode (b). it w as d ire c te d  a t an  angle of 45° to  the 
upper p a r t  of the  c h a m b e r , w here  a section, of the 
sp inal co rd  w as p laced  on a g la s s  ro d  (c). T h e  
e lec tro d e  (b) m oved by the aid of a m ic ro m e te r  
sc rew  on a  sc a le  (d) supp lied  w ith  a v e r n ie r ,  and 
w as p laced  a t the  sam e  angle a s  the  n e rv e . T he  
w hole ch am b er w as filled  w ith  v a se lin e  oil in  o rd e r 
to  e lim in a te  d ry in g -o u t of the  p re p a ra tio n .

The slop ing  p o sitio n  of the n e rv e  in  v a se lin e  
o il, and the c o rre sp o n d in g  slop ing  m o v em en t of 
the  e le c tro d e , a s s u re d  the  ta u tn e ss  of the n e rv e  
and the idea l g lid ing  of the  e le c tro d e  on i t s  lo w er 
su rfa c e  at a  c e r ta in  co n stan t co n tac t.

The e x p e rim e n ts  w e re  p e rfo rm ed  in M ay  and 
June  of 1953 on n e rv e -m u s c le  p re p a ra t io n s  of a 
frog  (R ana te m p o r a r ia ) in  the  a b o v e -d e s c r ib e d  
ch am b er, w ith  o rd in a ry  s i lv e r  e le c tro d e s . T he  
d is tan ce  be tw een  th e  e le c tro d e s  v a r ie d  w ith in  the 
range  of 1-30 m m . At d iffe ren t a r ra n g e m e n ts  of 
the  m oving e le c tro d e , m e a su re m e n ts  of e x c ita b il i ty  
th re sh o ld s  w e re  ta k e n  co n secu tiv e ly  w ith  5 conden

s e r s  of d iffe ren t c a p a c itie s  (90, 1, 0.1, 0.01 and 0.001 m ic ro fa ra d ) . E x 
c ita tio n  w as c a r r ie d  out acco rd in g  to  the  sc h e m e  in  F ig u re  195, rg  b e in g  
100 ohm.

R esu lts  a r e  shown in F ig u re  196. O nly a t h igh c a p a c itie s  (90 m ic r o 
fa ra d s )  and the  pro longed  d isc h a rg e s  co n n ec ted  w ith  them , a cu rve  s im i la r  
to  th a t ob tained by o th e r in v e s tig a to rs  w as o b ta ined  by u s . On in c re a s in g  
the  d istance  be tw een  the  e le c tro d e s , the  e x c ita b ility  th re sh o ld  d e c re a s e d  
at f i r s t ,  re ach in g  a  m inim um  a t a  d is ta n c e  of ap p ro x im a te ly  10 m m . F u r 
th e r  on, it  re m a in e d  a lm o s t co n stan t and only  a f te r  c o n s id e ra b le  d is ta n c e s  
fro m  the  o th e r e le c tro d e  it  again  in c re a s e d  som ew hat. At a  lo w er c a p a c ity , 
and consequently  a t a s h o r te r  tim e  of d is c h a rg e  (F ig u re  196; 1 m ic ro fa ra d , 
0.04 m illiseco n d s), the  n a tu re  of the  c u rv e  changed. M in im al d e c r e a s e  in 
th re sh o ld  w as a tta in ed  when the e le c tro d e s  w e re  ap p ro x im ated  (to ab o u tS  
m m ), and a  m o re  m ark ed  in c re a s e  in  the  th re s h o ld  a p p e a re d  a f te r  re a c h in g
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the m in im a l d is tan ce . On fu r th e r  d e c re a se  of the  cap ac ities , the in itia l 
drop in  th re sh o ld  lev e l on rem oval· of the e le c tro d e s  becam e le s s  and le s s  
n o ticeab le , w hile the  r i s e  of the  r ig h t hand p a rt of the cu rve  in c rea sed  a ll 

342the tim e* . It is  in te re s tin g  th a t th is  in c rea se  in  the th resh o ld  w as not 
r e c t i l in e a r ,  co n sequen tly , i ts  in c re a se  w as not d ire c tly  p ro p o rtio n a l to  the 
leng th  of the  seg m en t bu t re la te d  to it by a ce rta in  exponential function. 
It w ill be seen  la te r

FIG U RE 195. D ia
g ra m  of a p p a ra tu s  
used  fo r  ex c ita tio n  
in e x p e rim e n ts  w ith 
a lte ra t io n  of in te r 
e le c tro d e  d is ta n c e s  
(acco rd in g  to 
N asonov, 1955) 

343 F o r  exp lanation
see  te x t.

th a t  th is  fa c t is  of a c e rta in  th e o re tic a l in te re s t .
In o rd e r  to  explain the obtained data, we assu m e 

th a t the  d iffe ren t nature  of the cu rv es fo r  d ifferen t 
d u ra tio n s  of d isc h a rg e s  m ay be explained by the fact 
th a t w ith  m e ta llic  e le c tro d e s , m o re  prolonged d is 
c h a rg e s  a r e  accom panied by g re a te r  p o la riza tio n  on 
the  e le c tro d e s , exerting  an  additional, ex te rn a l r e 
s is ta n c e  in  re la tio n  to the nerve  (rg  in  F ig u re  195}.

In o rd e r  to confirm  th is  hypo thesis, we f i r s t  
p lo tted  the  cu rv e  of re la tio n sh ip  betw een the th resh o ld  
v o ltag e  and in te r  e lec tro d e  d is tan ces fo r  sh o rt d is 
c h a rg e s , in the absence  of re s is ta n c e  in  the ex te rn a l 
c i r c u i t  (F ig u re  1S7, A, 1). P a ra lle l  to th is , s im ila r  
c u rv e s  w a re  obtained w ith the sam e nerve , using a 
sw itch  and in troducing  a r is in g  re s is ta n c e  (F igure  
197, A, 2-4), The sam e w as done with re sp e c t to 
d u ra tio n  of d isc h a rg e s  (F igu re  197, A, 5-7). We a s 
sum ed  th a t if the  d iffe ren ces betw een the cu rv es ob
ta in ed  can indeed be explained by the m agnitude of 
e x te rn a l  re s is ta n c e  (гз) caused  by p o la riza tion , then 
by in tro d u c tio n  of a  sufficiently  high ex te rna l r e s i s t 

ance the  d iffe ren ces  be tw een  the  c u rv e s  should be evened out, and approach  
in th e i r  fo rm  the  e x tre m e  cu rv e  co rrespond ing  to  d ischarge  of longest d u ra 
tio n  (90 m ic ro fa ra d s ) .

O u r a ssu m p tio n s  w e re  fu lly  confirm ed . Indeed, w ith in c re a se  in  e x 
te rn a l  r e s is ta n c e  (r^ ) the  in i t ia l  d e c re a se  in  th resh o ld  voltage becam e m o re  
m a rk e d  and m o re  p ro tra c te d , and the  subsequent in c re a se  becam e m ore  
g ra d u a l. A s a r e s u l t  of th is , the  cu rv es  fo r sh o rt te rm  im pulses (F ig u re  
19 7, A, 2 -4 ) becam e m o re  and m o re  s im ila r  to  those of long te rm  im pu lses 
(F ig u re  197, A, 5-7).

A s f a r  a s  the  c u rv e s  fo r  90 m ic ro fa ra d s  a re  concerned, in troduction  
of r e s is ta n c e  m ade th e  d e c re a s e  in th resh o ld  lev e l with rem oval of the e le c 
t ro d e s  m o re  m a rk e d . F u r th e r ,  a f te r  reach ing  m in im al lev e ls , the th re sh o ld  
re m a in e d  co n stan t u n til  the  end, w ith in  l im its  of e r r o r  (F igu re  197, A, 7). 
T h is  e x tre m e  cu rv e  c o r re s p o n d s  exac tly  to  the curves fo r re la tio n sh ip  
be tw een  th re sh o ld  and in te re le c tro d e  d is tan ce  a s  d esc rib ed  by o th e r a u th o rs .

S ubstitu tio n  of s i lv e r  e le c tro d e s  by nonpolarizing D uBois-Reym ond 
e le c tro d e s  led  to  the  sa m e  r e s u l t s  even w ithout in troduction of any add itional 
r e s is ta n c e  in to  the  c ir c u it  (F ig u re  197, B). T h is w as due to  the  fac t that, 
on th e  one hand, n o n p o la riz in g  e le c tro d e s  th em se lv es  p o sse ss  a  v e ry  high

* M ost of o u r e x p e rim e n ts  w e re  p erfo rm ed  on a  n e rv e  of R ana tem po r a r  i a . 
A s e r i e s  of c u rv e s  w as obtained using  a  la rg e r  frog , R ana rid ib u n d a , in 
w hich the  e x p e rim e n ts  could  be c a r r ie d  out w ith  a nerve  segm en t a p 
p ro x im a te ly  2.5 cm  long betw een  the  m u sc le  and the  n e a re s t  branching  of 
th e  n e rv e . The r e s u l t s  ob tained  w ere  s im ila r  to  the p rev ious ones.
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re s is ta n c e  (about 80 к / ohm ) and, on the o th e r  hand, p o la riza tio n  w hich is, 
a s  we have shown, the m ain  re a so n  fo r the  d iffe re n c e  betw een  c u rv e s  of 
v a rio u s  c a p a c itie s , w as red u ced  to  a  m in im u m . In som e c a se s  in  which 
the  D uB ois-R eym ond e le c tro d e s  w ere  u sed , a sm a ll  d iv e rg en ce  betw een 
the  cu rv es  fo r  low and h igh c a p a c itie s  w as a lso  o b se rv ed . In o th e r cases , 
when p o la riza tio n  on the e le c tro d e s  w as co m p le te ly  e lim in a ted , both cu rves 
p ra c tic a lly  co incided .

FIGURE 196. N e rv e -m u sc le  
p re p a ra tio n  of frog . R e la 
tionsh ip  betw een  th re sh o ld  
vo ltage and in te r  e le c tro d e  
d is tan ce  a t d iffe ren t d u ra 
tio n s  of the e x c ita to ry  
s tim u li (acco rd in g  to  
N asonov, 1955). T he th r e s h 
old vo ltage at 1 m m  d is tan ce  
betw een the  e le c tro d e s  w as 
taken  a s  100%.

F ro m  the above the following conclu
s io n s can be draw n:

1. On in c re a s e  of the in te re lec tro d e  
d is tan ce  the  e x c ita b ility  th re sh o ld  of the  
n e rv e  a t f i r s t  d e c re a s e d , and began to  in 
c r e a s e  again  a f te r  reach in g  a  c e r ta in  m in i
m um .

2. T h is  in c re a s e  w as not r e c ti l in e a r  
(e sp ec ia lly  w ell seen  on c u rv e s  of sm a ll 
c a p a c itie s ).

3. In tro d u c in g  e x te rn a l re s is ta n c e
(rg  in  F ig u re  197, A), o r  c re a tin g  re s is ta n c e  
as  a r e s u l t  of p o la r iz a tio n  on m e ta llic  e le c 
tro d e s  and in  the  n e rv e  on pro longed d is 
c h a rg e s , c au se d  a  sh ift in  the  p o s itio n  of the  
m in im um  on th e  c u rv e  to  the  reg io n  of g r e a te r  
in te re le c tro d e  d is ta n c e s .

4. At a  su ffic ie n tly  h igh e x te rn a l r e 
s is ta n c e  (Г3) the  in c re a s e  in  th re sh o ld  along 
the in v e s tig a te d  n e rv e  m ay be in d isc e rn ib le  
by the  m ethod  u sed  (F ig u re  197, B, 2). In 
such  c a s e s  a  cu rv e  of re la tio n sh ip  of the  
th re sh o ld  to  the  in te r  e l e c tro d e  d is tan ce  w as 
obtained, a s  h a s  b een  re p e a te d ly  d esc rib ed  
by p rev io u s  in v e s tig a to rs .

5. On th e  b a s is  of a l l  th a t h as  been 
sa id , an  ex p lan a tio n  fo r  the  in c re a s e  in  c h ro  - 
naxy on m oving th e  e le c tro d e s  aw ay from  
each  o th e r m ay be a s  p roposed  by C ard o t 
and L a u g ie r  (1914):

C h r = w h e re  'a ' is  the  exc itab ility

th re sh o ld  of th e  n e rv e  on su ffic ien tly  short 
c u rre n t im p u lse s , w hile  b  is  the  rh e o b a se , i .e . ,  th e  e x c ita b ility  th resh o ld  

ï44with su ffic ien tly  pro longed  c u r re n t  p u lse s . F ig u r e s  196 and 197, A show

th a t w ith in c re a s e  in  the in te re le c tro d e  d is ta n c e  the  ra tio  — in c re a s e s ,  b
w hich should in ev itab ly  lead  to  in c re a s e  in  ch ro n ax y . T hus the  fac t d is 
covered  by C ard o t and L a u g ie r  is  the  r e s u l t  of p a r t ia l  p o la r iz a tio n  a t  the 
e le c tro d e s . I t i s  qu ite  obvious th a t in th e  c a se  c o rre sp o n d in g  to  F ig u re  
197, B, th e re  can  be no in c re a s e  in  ch ronaxy  on m oving the  e le c tro d e s  
away from  each  o th e r .
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FIG U R E 197. N e rv e -m u sc le  frog  p re 
p a ra tio n . R ela tionsh ip  betw een th re s h 
old v o ltag e  and in te r  e lec t rode d istance, 
w ith  d iffe ren t add itional re s is ta n c e s  (rg 
in  th e  c irc u it)  (acco rd ing  to  Nasonov, 
1955)

A —change in  ex c itab ility  on increasing  
Г3 f ro m  0 to  100 к ohm : 1 -4—fo r ex 
c i ta to ry  s tim u li of a du ra tion  of 0.02 
m ic ro fa ra d s , 5 -7 —sam e, du ra tion  of 
90 m ic ro fa ra d s ;  B —change in ex c ita 
b ility  using  nonpo la riz ing  e lec tro d es : 
1—f o r  e x c ita to ry  s tim u li w ith a  duration 
of 0.01 m ic ro fa ra d , 2—sam e, duration  
of 90 m ic ro fa ra d s . The th resh o ld  vo lt
age a t  a m in im a l d istance  betw een the 
e le c tro d e s  w as tak en  as 100%.

Im p o rtan ce  of V o ltage , In ten s ity  and E nergy  of E x c ita to ry  C u rren t 
fo r  A p p earan ce  of E xcita tion  in  the N erve  F ib e r

T hus, we have se e n  th a t w ith  in c re a se  in d istance between the e le c 
tro d e s  the  e x c ita b ility  th re sh o ld  d ro p s a t f i r s t ,  in c reasin g  la te r . In o rd e r 
to  u n d e rs tan d  th is  b i-p h a s ic  re la tio n sh ip  we m ust f i r s t  see how the th re sh o ld  
would change if it  depended only on the  voltage o r  on c u rre n t in tensity .

F ig u re  195 show s the  m an n e r in. w hich the excita tion  w as c a r r ie d  out: 
v is  th e  vo ltage  of th e  d isc h a rg e d  co n d en se r, v j — voltage on the ex c ita to ry  
e le c tro d e s , i —in te n s ity  of c u r re n t  passin g  th rough the  nerve , r j —re s is ta n c e  
of the n e rv e  seg m en t, r g —re s is ta n c e  of the shunt, r g —ex tern a l re s is ta n c e  
of the  c irc u it .
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I. L et us a ssu m e  th a t the  onset of e x c ita tio n  i s  d e te rm in ed  only by 
the  voltage on the  e le c tro d e s  (v j)  but does not depend on the in ten sity  of the 
p a ss in g  c u rre n t. On the b a s is  of the sch em e (F ig u re  195)

-Σ  . ..n_+..r j  у . V l r l +  r 3 ,
Vi r i  1 r l

and sin ce  acco rd in g  to o u r a ssum ption  v^ should  be constan t,

V = const Γ 1  +  r 2 . 
r l

T his fo rm u la  d e te rm in e s  the re la tio n sh ip  of the  th resh o ld  vo ltage v 
in such a c a se  to  the  d is tan ce  betw een the  e le c tro d e s  (assum ing  th a t the  r e 
s is ta n c e  of the  n e rv e  segm ent r^  is  p ro p o rtio n a l to  i t s  length 1). A group 
of such  th e o re tic a l  cu rv es  is  i l lu s tra te d  in  F ig u re  198, A, fo r v a r io u s  v a lu e s  
of г з* . If rg  - 0, the th re sh o ld  vo ltage does not depend on the d is tan ce  b e 
tw een  the e le c tro d e s . If, how ever, the  r e s is ta n c e  is  in c re a se d  m o re  and 
m o re  (rg  = 1, 5, 100) c u rv e s  a re  obtained w hich show  a d e c re a se  in  th e  
th re sh o ld  va lue . Subsequently  the la t te r  a p p ro a c h e s  a c e r ta in  co n stan t 
v a lue  (v = co n st = v^). T hese  cu rv es  a re  som ew hat s im ila r  to  c u rv e s  ob
ta in ed  ex p e rim e n ta lly  fo r  a high rg . H ow ever, th ey  d iffe r fro m  the  e m 
p ir ic a l  ones in  th a t no m a tte r  how m uch the  v a lue  of rg  d im in ish es , the  
c u rv e s  cannot in c re a se  w ith in c re a se d  in te re le c tro d e  d istance ,

II. L e t us now a ssu m e , a s  is  done by th e  m a jo r ity  of p h y s io lo g is ts , 
th a t the  onse t of excita tio n  is  d e te rm in ed  by in te n s ity  of the p a ss in g  c u r re n t ,  
but does not depend upon i ts  vo ltage on the  e le c tro d e .

We have seen  tha t

r l

345 or

= i ( r i  + r 3 );

and since a cco rd in g  to our a ssu m p tio n  i shou ld  b e  co n stan t,

v = const ( r 1 + rg ) .

T h is  equation show s the dependence of th re s h o ld  v o ltag e  on the  d is tan ce  b e 
tw een the  e le c tro d e s  (1 o r г р  un d er the  cond ition  th a t th is  th re sh o ld  i s  d e t e r 
m ined  only by the in ten sity  of c u rre n t. Such c u rv e s , fo r d iffe ren t v a lu e s  of 
rg  (from  z e ro  to  1,000) a re  i l lu s tra te d  in  F ig u re  198, B. W ith a v e ry  h igh  
v a lu e  of rg  i t  w ill be seen  th a t the  in te n s ity  of the  c u r re n t  is  p ra c t ic a l ly  
s tab le  and th e re fo re  th e  th re sh o ld  vo ltage  a lm o s t does not depend on the 
in te re le c tro d e  d is tan ce . On co n secu tiv e  d e c re a s e  in  rg , a s e r i e s  of r e c t i 
l in e a r  in c re a s in g  c u rv e s  of the  th re sh o ld  is  o b ta ined . The s m a lle r  is  Гд, 
the  s te e p e r  w ill be the in c re a se  in the  th re s h o ld  v a lue  w ith  in c re a s e  in  in 
te re le c tro d e  d is tan ce . T h ese  c u rv e s  a lso  do not a g re e  w ith th o se  ob tained  
in  p ra c tic e . In the  la t te r ,  the in c re a s e  of the  d is tan ce  betw een th e  e le c tro d e s

* In F ig u re  198, a s  in  the p rev io u s  c u rv e s , the  th re sh o ld  v o ltag e  c o r r e -  
spond ing to  Г}= 1 m m  is  accep ted  a s  100%.
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can  under no c irc u m sta n c e s  lead  to  a  d ec rease  in  th resh o ld . They only 
re se m b le  e m p ir ic a l c u rv e s  w ith low values of r 3 , d iffering  from  the la t te r  
by a  r e c t i l in e a r  in c re m e n t of the th re sh o ld  v o ltage . In the experim enta l 
c u rv e s  th is  in c re a s e , a s  m entioned  above, is  a lw ays cu rv ilin ea r.

lu teielectrode distance “ r p

T hus, the ex p e rim en ta l cu rv es do 
no t fully  co rre sp o n d  e ith e r  to  the f i r s t  o r 
to  the second hypo thesis . In itia lly , andw ith 
a  h igh ex te rn a l r e s is ta n c e  (sm all and 
la rg e  Г3), they re se m b le  the curves obtained 
w ith  a la rg e  v o ltage , while fina lly  and at a 
sm a ll  ex te rn a l re s is ta n c e  (large r^  and 
sm a ll Гд) they co rresp o n d  to  the dependent 
re la tio n sh ip  betw een the in tensity  of the 
c u r r e n t  and the onse t of excitation.

III. In o rd e r  to  solve th is  problem  
one m ore  hypothesis is  req u ired , nam ely, 
th a t the onset of excita tion  in  a nerve fiber 
i s  de te rm in ed  n e ith e r  by the voltage a t the 
e x c ita to ry  e le c tro d e s  nor by the in tensity  
of c u rre n t, but by the energy re lea sed  by 
th e  c u r re n t in the  excited segm ent of the 
conducto r. T h is energy  E = it, w here 
t is  the  tim e  of p a ssag e  of c u rren t. It is

known that v - Vj
r l  + r 3

r l
o r V£ =

vr 1
r i  + r 3

A t the  sam e tim e  v = i ( r j + r 3 ), from  w hich

it follow s that i = ----------- and consequently , 
r i  +  r s

th e  energy  E - v·^
y 2 r i

t t  = o r

v =

FIGURE 198. A g roup  of 
th e o re tic a l  c u rv e s  of r e l a 
tionsh ip  be tw een  the th r e s h 
old vo ltage and d is tan ce  b e 
tw een the e le c tro d e s  a t d if
fe re n t  v a lu e s  of e x te rn a l r e 
s is tan ce  in  the  c irc u it  (a c 
cord ing  to  N asonov, 1955).

A —assu m in g  th a t the  th r e s h 
old voltage is  d e te rm in ed  by 
the  vo ltage  of e x c ita to ry  c u r 
ren t; R —assu m in g  th a t the 
th re sh o ld  vo ltage  is  d e te r 
m ined  by  the  in ten s ity  of the  
c u r re n t;  C — assu m in g  th a t  the 
th re sh o ld  vo ltage  is  d e te r 
m ined  by the  en e rg y  of c u rre n t.

r l  +  r 3 1

V7 ! Since according to  our

a ssu m p tio n  the  th resh o ld  energy E should 
be constan t ( -  К -J, then

r l +  r 3 Д
] /Р (1)

If the re s is ta n c e  in the c irc u it is
/ r l +  r 3

co n stan t — ■— —
' Г 1

= Kg I and only the tim e of

p assag e  of c u r re n t  ch an g es, the equation of N e rn s t w ill be obtained, re la tin g  
the  th re sh o ld  vo ltage to  th e  tim e  of p assag e  of c u r re n t  at a constan t r e s i s t 
ance in  the  c irc u it .  Indeed, equation  (1) w ill a c q u ire  the form  v  = K p  K2 .“r
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o r  v ^ - t  = К. But we a re  in te re s te d  in the re la tio n sh ip  betw een th re sh o ld  
vo ltage and re s is ta n c e  a t a  co n stan t tim e  in te rv a l (-|= = Kg). U nder such  

conditions equation (1 ) w ill acq u ire  the  fo rm
„  „  r l +  r 3 , r l +  r 3

1 l^ï V7 ! ί2)

Thus the th re sh o ld  vo ltage should depend on the  d istance  betw een the 
e le c tro d e s , w h ere  the  ex c ita tio n  ap p ea rin g  in the  n e rv e  depends on the 
energy  re le a s e d  by the e x c ita to ry  c u rre n t. Such c u rv e s  fo r  d iffe ren t values 
of r 3  a re  i l lu s tra te d  in  F ig u re  198, C.

We sh a ll ana lyze  th is  equation . W ith sm a ll  v a lu e s  o i l o r  r j  (con
sid e rab ly  s m a lle r  th an  rg ) the n u m e ra to r  of the  rig h t-h an d  p a r t  of the  equa
tion  is  c lo se  to  a co n stan t value ; consequen tly , the  th re sh o ld  vo ltage  is  
in v e rse ly  p ro p o rtio n a l to  the  sq u a re  ro o t of the  in te re le c tro d e  d is tan ce . 
F u r th e r , a s  r^  ap p ro ach es  r^  in  its  value the cu rv e  d ro p s to  a c e r ta in  m in i
m um , a fte r  w hich it  beg ins to  r i s e .  W hen r^  e x c e e d s  the  value of r^  to

Г i + pq 
such an extent th a t the  la t te r  can  be d is re g a rd e d , equation  v  = con st —=-----a

V 4
r i

w ill be tra n s fo rm e d  into the  follow ing: v = c o n s t = c o n s ti/r7 . In o th e r  
F t

w o rd s, the th re sh o ld  voltage w ill in c re a s e  in  d ire c t  p ro p o rtio n  to  the  square  
ro o t of the in te re le c tro d e  d istance . C onsequen tly , th is  in c re a s e  w ill be 
re c t i l in e a r .

r l +  r 3
F ro m  the  equation  v = К — —— one can  d e te rm in e  when the  dependence 

Г 1
347 cu rv e  of the  th re sh o ld  voltage on the in te re le c tro d e  d is tan ce  w ill r e a c h  m in i

m um . C onsequently  th is  equation m ay be tra n s fo rm e d  a s  fo llow s:
r l  Г-5 _  rq

v = К ( - = + - Д )  = K ( yrZ + - Д ) .  (3)

It is  obvious th a t on in c re a se  of r j ,  the f i r s t  te rm  of the b in o m ia l ( |/ r ^ )  w ill

in c re a se  w hile the second  te rm  (-==■) w ill d e c re a s e .  The m inim um  v a lu e  of
r 3 the  function w ill take p lace  w hen r ,  = —=  o r  w hen r ,  = r Q . In o th e r  w ords, 1 1 3

the  m in im a l value of the  th re sh o ld  vo ltage  i s  ach iev ed  when the  in te rn a l  r e 
s is tan ce  of the segm en t of the excited  n e rv e  ( г р  beco m es equal to  th e  e x 
te rn a l  r e s is ta n c e  of the  c irc u it  (rg). It fo llow s fro m  th is  fact th a t on in 
c re a s e  of r g the  m in im um  should sh ift in  the  d ire c tio n  of g r e a te r  in te r e l -  
e lec tro d e  d is ta n c e s . T h is  p u re ly  th e o re t ic a l  co n c lusion  m ay be checked  ex
perim en ta lly .

If a s e r ie s  of ex p e rim en ta lly  ob tained  c u rv e s  i s  now co m p ared  (F ig 
u re s  190 and 197, A) w ith  the th e o re tic a l  c u rv e  (F ig u re  198, B) it w ill be seen  
th a t the s im ila r ity  betw een  them  is  s tr ik in g . In  b o th  c a s e s  an  in it ia l  d e 
c r e a s e  is  no ticed  in  the  th re sh o ld  va lue  w ith  an  in c re a s e  in  d is ta n c e , fo l
lowed by an in c re a s e  w hich subsequen tly  co n tin u es  in  c u rv il in e a r  fash io n .
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F u r th e r ,  in both  c a s e s  the  in c re a s e  in  ex te rn a l re s is ta n c e  ( r 3 ) h as  the 
sam e  e ffec t. W ith in c re a s e  in  r<j the  phase of d e c re a se  in v becom es m ore  
p ro m in en t and pro longed , and a t a  su ffic ien tly  la rg e  r 3 the level of v  at a 
c e r ta in  in te rv a l of r^  m ay  be a ssu m ed  fo r a ll  p ra c tic a l purposes to  be con
s ta n t (co m p are  F ig u re  197, A, 7, w ith  F ig u re  198, B, r 3  = 1001. F ina lly , 
it  is  seen th a t in com ple te  a g re e m e n t w ith the re q u ire m e n ts  of the theory , 
the  position  of the  m in im um  on the ex p erim en ta lly  obtained cu rv es sh ifts 
w ith  in c re a s e  in e x te rn a l re s is ta n c e  (r^ )  to  the reg io n  of g re a te r  in te r  e le c 
tro d e  d is ta n c e s  (F ig u re s  197, 198, B). A ll th is lead s to the conclusion tha t 
on e le c tr ic  ex c ita tio n  the  d ec is iv e  condition  for on se t of excitation in  the 
n e rv e  f ib e r  is  the en e rg y  re le a s e d  by the c u rre n t, and not the amount of 
e le c tr ic i ty ,  a s  is  a s su m e d  by the m a jo r ity  of physio log ists.

P re v io u s  au th o rs  u su a lly  exp lained  the d e c re a se  in  th resho ld , a f te r  
in c re a s in g  the in te re le c tro d e  d is ta n c e , by stating  th a t when the e lec tro d es 
a r e  b rough t c lo s e r  to  e a c h  o th e r th an  I cm , the opposite po les somehow 
m u tu a lly  w eaken th e ir  e ffec t on the t is s u e . T his explanation is  not v e ry  
convincing, s in ce  it  does not exp la in  the  na tu re  of th is  neu tra liza tion .

A nother exp lanation  w as g iven by B erito v  (1947), who assum ed tha t 
w ith  a sm a ll  in te re le c tro d e  d is tan ce  a  d ro p le t of R in g e r 's  solution fo rm s, 
re su lt in g  in  a sh o rt c irc u it .  T h is exp lanation  is  a lso  untenable, since in 
o u r e x p e rim e n ta l conditions w ith u se  of vase line  o il, th e re  a re  no w a te r 
d ro p le ts . In add ition , B e rito v  m ain ta in ed  that a  d ec rea se  in  th resho ld  is  ob
se rv e d  only a t an in te re le c tro d e  d is tan ce  not exceeding 2-3 mm, while in 
r e a l i ty  it can  e a s ily  be o b se rv ed  in  an  o rd in a ry  n e rv e -m u sc le  p rep ara tio n  
even  a t a d is ta n c e  of 10 m m . R ushton  (1927, 1934) who worked w ith a 
n e rv e  of the  la rg e  A m erican  frog , o bserved  a  drop in  threshold  even at an 
in te re le c tro d e  d is tan ce  of up to  20 m m . It i s  se lf-ev id en t that a  sho rt c i r 
cu it th ro u g h  a d ro p le t betw een  the  e le c tro d e s  cannot occur he re , especia lly  
when w orking  in  a  m o is t ch am b er.

A th ird , m o st e la b o ra te  but som ew hat speculative  explanation, was 
348 given by R ushton (1927, 1934). He s ta r te d  from  two hypotheses sta ted  in 

t e r m s  of the  g e n e ra lly  accep ted  m e m b ra n e  theo ry . F i r s t  he assum ed  tha t 
a  m ed u lla ted  n e rv e  f ib e r  is  a  good conducting co re  surrounded by a poorly  
conducting  sh e a th  (p robab ly  m yelin ). T h is  f ib e r  is  surrounded by a good 
conducting la y e r  of R in g e r 's  so lu tion . The c u rre n t p enetra tes e a s ily  into 
the  in te r c e l lu la r  space  and w ith g r e a te r  d ifficu lty  inside the fib e r, th rough 
the  m y elin .

T he second a ssu m p tio n  w as th a t  excita tion  a r is e s  on the cathode only 
when c u r r e n t  le av es  th e  f ib e r  a c r o s s  the m yelin  sheath . C u rren t, en tering  
the  n e rv e  fro m  the  anode, d iv ides in to  two sec tio n s. The m ain one is 
d ire c te d  along the  in te rc e l lu la r  sp ace  tow ard  the cathode, while the o ther 
p e n e tra te s  a c r o s s  th e  poo rly -co n d u c tin g  m yelin  sheath  into the w e ll-co n 
ducting n e rv e  f ib e r , m oving along the  la t te r  and secondarily  passing  a c ro s s  
the  sh ea th , leav ing  the  f ib e r  un d er the  cathode (F ig u re  199). Thus, the  
f ra c tio n  of c u r r e n t  p a ss in g  th rough  the  f ib e r  overcom es the re s is ta n c e  of 
th e  co n ten ts  of the  n e rv e  f ib e r , w hich  is  p ro p o rtio n a l to  the length of the 
seg m en t be tw een  the  e le c tro d e s  p lu s  tw ice  the re s is ta n c e  of the m yelin  
sh e a th s . If the  d is ta n c e  betw een  th e  e le c tro d e s  is  sho rt, the  re s is ta n c e  of 
the  sh e a th  i s  re la tiv e ly  high, and the  frac tio n  of the c u rre n t m oving inside 
the  f ib e r  b eco m es s m a l le r  a s  co m p ared  w ith the frac tio n  d irec ted  into the 
in te r c e l lu la r  space , due to  w hich th e  v a lue  of the th resho ld  c u rre n t in tensity  
is  r e la t iv e ly  h igh . W ith in c re a s e  in  in te re le c tro d e  re s is ta n c e  the resistanc«

339



of the in te rc e l lu la r  space  and the n e rv e  co n ten ts  in c re a s e s  in  p ro p o rtio n  
to  th is  d is tan ce , w hile the double re s is ta n c e  of the  sh ea th  re m a in s  th e  s am e, 
due to which the  r e s is ta n c e s  ov erco m e by both  f ra c t io n s  of the  c u r r e n t  a p 
p roach  each o th e r  in  value. As a  r e s u lt ,  a re la t iv e ly  g re a te r  f ra c tio n  of 
cu rren t p a s s e s  in s id e  the f ib e r , causing  a  d rop  in  the  th re sh o ld  on in c r e a s 
ing the d istance  betw een  the e le c tro d e s .

T h is  is  th e  exp lan a tio n  of the  f a c ts

FIGURE 199. D iag ram  of d is 
tribu tion  of c u r r e n t  b ran ch es  
passing through the  n e rv e  (a c 
cording to  N asonov, 1955)

1— space betw een  the  f ib e rs ;
2— sheath of the  f ib e r;
3— ax is cy linder.

given by R ush ton . A s a lread y  m en tio n ed , 
th is  exp lanation  sounds som ew hat a r t i f ic ia l .  
The p o s tu la te s  on w hich  th is  ex p lan a tio n  is 
based  seem  to  us to  be e r ro n e o u s . F i r s t  
of a ll , the  a u th o r 's  a ttem p t to  ex p la in  in 
c r e a s e  in  e x c ita b ility  on in c re a s in g  th e  
d is tan ce  be tw een  the  e le c tro d e s  by th e  
p ro p e r t ie s  of d is tr ib u tio n  of the  c u r r e n t  
in a  m ed u lla ted  n e rv e  i s  not c o r r e c t ,  s ince  
R o sen b erg  (1935) o b se rv ed  the sam e  pheno
m ena a lso  on a  nonm edu lla ted  n e rv e  o f the 
c ra b  Maj a .

M ore re c e n tly  the  e ffec t of in te r  e le c 
tro d e  d is ta n c e  on the  value of the  th re sh o ld
w as s tud ied  by R o z e n ta l1 and S hap iro  (1956) 
c ra b  H yas c o a r c ta tu s . The re s u l ts  o f th e ir  

E ach  po in t on th is  g rap h  r e p r e s e n ts  an
on a nonm edullated  n e rv e  of the 

j49work a re  i l lu s tra te d  in F ig u re  200.
a rith m etic  m ean  fro m  14 ex p e rim e n ts , and th e  c u rv e s  g iven a r e  c a lc u la ted  

r l  +  r 3
according to  the  fo rm u la  v = К — ÿT“ -  c a n  s e e n  th a t the  e m p ir ic a l

data ag ree  w ell w ith  tho se  th e o re tic a lly  expec ted .
S ch riev e r and B ü rk n e r (1940), in  o u r opinion, gave an  in c o r r e c t  e x 

planation of the  re la tio n sh ip  of th re sh o ld  p o te n tia l to  the  in te r  e le c tro d e  d is 
tance. T hese a u th o rs  s ta r t  from  the  w ell-know n but p u re ly  h y p o th e tic a l 
concept of the  n e rv e  f ib e r  as a good co n d u c to r su rro u n d e d  by a s e m ip e r -  
m eable in su la tin g  m em b ran e  p o sse ss in g  a  c e r ta in  cap ac ity . W hen th e  la t te r  
is  charged to  a  c e r ta in  po ten tia l, ex c ita tio n  o c c u rs . On th e  b a s is  of t h i s  
schem e the a u th o rs  a r r iv e  a t the fo llow ing, q u ite  co m p lica ted  fo rm u la :

1 R(W H  + W 1 + WK  + W 2 ) + WH (W 1 + W K  + W 2 )
V = V * 1 “ ”  — 1J ' f

WH (WX + wK  + w2)

w here v is  the th re sh o ld  po ten tia l, v ^ —the  p o te n tia l on the e le c tro d e s ,  
R —the e x te rn a l r e s is ta n c e  of the  c ir c u it  (o u r r ^ ) ,  Wjj—the r e s is ta n c e  of 
the m em brane , W g —the re s is ta n c e  of the  f ib e r  c o re ,  W j, Wg—the  r e s i s t 
ance of s h o rte  i r e  u iting  the m em b ran e . It can  b e  show n th a t w ith  in c r e a s e  
in the in ter e le c tro d e  d is tan ce  th is  function  a t f i r s t  d e c re a s e s ,  in c re a s in g  
subsequently, i .e . ,  i t  c o rre sp o n d s , a s  it  w e re , to  w hat r e a l ly  ta k e s  p la c e . 
However, it is  no t d ifficu lt to  see  th a t th e  fo rm u la  of S c h r ie v e r  and B ü rk n e r  
does not re f le c t  the ac tu a l s ta te . If R in  th is  fo rm u la  i s  g iven  a  v a lu e  of 
zero , the fo rm u la  w ill acq u ire  the  fo rm  of V = V 1. In  o th e r w o rd s , u n d e r  
these  conditions the  th re sh o ld  p o ten tia l b e c o m e s  a  co n stan t va lue  in d ep en d en t 
of in te r e lec tro d e  d is ta n c e . It i s ,  h ow ever, known th a t  when R - rg  = z e ro ,
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the  th re sh o ld  po ten tia l in c re a s e s  m ax im ally  when the e lec tro d es  a re  m oved 
a p a r t  (F ig u re  197, A, 1). T h u s , the  explanation  suggested  by S ch riev e r and 
B ü rk n e r  is  w rong.

Interelectrode distance (mmj

FIGURE 200. N e rv e -m u sc le  p r e 
p a ra tio n  of a  c ra b . R e la tio n sh ip  b e 
tw een th re sh o ld  vo ltage  and i n te r 
e le c tro d e  d is tan ce  (acco rd in g  to  
Rozental* and S hap iro , 1956). The 
c u rv e s  w e re  ca lcu la ted  a cco rd in g  

r l + г з
to  the  fo rm u la  v  = К — = = —. The 

1 r l
po in ts  r e p r e s e n t  e x p e rim e n ta lly  ob
ta in ed  d a ta ; a —w ithout r e s is ta n c e  
(av e rag e  f ro m  29 e x p e rim e n ts ); 
b —w ith  a  r e s is ta n c e  of 20 к ohm

E x p e rim en ts  w ith Iso lated  F ib e r s

A s we have seen. R ush ton 's 
th eo ry  is  b a sed  on the d istribu tion  
of e le c tr ic  c u rre n t betw een the  f ib e rs  
and in te rc e llu la r  spaces. C onse
quently , w ith  a  tis su e  in which the 
p o ss ib ility  of sh o rt-c ircu itin g  the 
c u r re n t th rough  the connective tis su e  
la y e rs  is  excluded, th e re  should be 
no in c re a se  in  the th resho ld  on b r in g 
ing the e le c tro d e s  c lo se r. A single 
n e rv e  o r m u sc le  fiber is  such a  tis su e , 
and e x p e rim e n ts  perform ed w ith it 
should v e r ify  R ushton 's theory  or 
o th e rw ise .

C e rta in  indications of such
(av e rag e  of 14 e x p e rim e n ts ) . The 
th re sh o ld  vo ltage  a t a  d is ta n c e  b e 
tw een th e  e le c tro d e s  of 1.5 m m  is  
ta k e n  a s  100%.

e x p e rim e n ts  a re  found in the study 
of Hodgkin (1938) c a rr ie d  out on a 
sing le  n e rv e  f ib e r  of the c rab  
C a rc in u s . U nfortunately, the au th o r 
g ives n e ith e r  num erica l data no r 
g rap h ic  i l lu s tra tio n s  of th is  point, 

in  the te x t. On page 104 he ind ica teslim itin g  h im se lf  only to  a  few lin e s  
a  fa c t, in  h is  opinion qu ite  im p o rta n t, th a t on d e c re a se  of the in te r e lec t rode 
d is tan ce  the  th re sh o ld  c u r r e n t  in c re a s e s ,  ind ica ting  decrease  in excitab ility . 
R ep e titio n  of th e se  e x p e r im e n ts , and a m o re  convincing confirm ation of the  
r e s u l t s  ob tained  by H odgkin would be d ire c t con firm ation  of the e r r o r  of 
R u sh to n ’s exp lanation , and of the  c o r re c tn e s s  of o u r  assum ptions th a t the 

3so d e c is iv e  fa c to r  in  the  o n se t of ex c ita tio n  is  the  en e rg y  of the stim ulating  
c u r r e n t  and no t the am ount of e le c tr ic ity .

In view  of the  fu n d am en ta l im p o rtan ce  of th is  question, s im ila r  ex 
p e r im e n ts  w e re  designed  in  o u r  la b o ra to ry  by K rolenko (1956), using iso la ted  
m u sc le  f ib e r s  of the te ta n ic  bundle  m . ile o f ib u la r is  of a frog. The whole 
leng th  of the  f ib e r  w as iso la te d . At one end of th e  f ib e r  the sh reds of neigh
b o rin g  f ib e r s  w e re  th o ro u g h ly  rem o v ed , so th a t i ts  junction w ith the tendon, 
and p a r t  of th e  tendon  i ts e l f ,  w e re  thoroughly  c leaned . S erf in* w as a ttached  
to  th e  tendon  a t th is  end of th e  f ib e r , by the aid of w hich the fib er w as a t 
tach ed  to  a  fixed  s i lv e r  hook; a  s i lv e r  w eight of 1 -1 .5  mg w as a ttached  to  
the  opp o site  end of t h e ’f ib e r .

T h e  a tta ch ed  f ib e r  w as th u s  f re e ly  suspended  in  a cham ber w ith  f la t-  
p a r a l le l  g la s s  w alls  (F ig u re  201, k) fixed by the m ov ing -stage  on a  h o rizo n 
ta l ly  p laced  m ic ro sc o p e  (F ig u re  201, m ). T he f ib e r  w as illum inated  by a 
so u rc e  of lig h t (F ig u re  2 0 1 ,о ) and the  im age of th e  f ib e r  end w ith the  weight 
w as th ro w n  by the  m ic ro sc o p e  onto the  s c re e n  (F ig u re  201, s).

* [A c e r ta in  sy n th e tic  s u b s ta n c e .]
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FIGURE 201. D iag ram  of a p p a ra tu s  
fo r  ex c ita tio n  and re c o rd in g  of co n 
tra c t io n s  of an  iso la ted  m u sc le  f ib e r  
of a  frog  (acco rd in g  to K ro len k o , 1956) 

m —m ic ro sc o p e  in h o riz o n ta l positio n ; 
к —ch am b er w ith  f la t - p a r a l le l  w a lls  
m ounted on the  m ic ro sc o p e  tu rn ta b le  
by the m o v in g -stag e ; e l—e le c tro d e s , 
on one of w hich the f ib e r  w as suspended ; 
sup —support; o —illu m in a tio n ;
s —sc re e n .

FIGURE 202. C ham 
b e r  used in  e x p e r i
m e n ts  w ith an  i s o 
la ted  n e rv e -m u sc le  
p re p a ra tio n  of a  fro g  
(acco rd ing  to  

3 S 1 K rolenko, 1956)

1—ch am b er; 2—fib e r;
3—w eight; 4 —R in g e r 's  
solu tion; 5—v a se lin e  
oil; 6 —support; 7-
7—e le c tro d e s .

The ch am b er w as f ille d  w ith  R in g e r 's  so lu tion , 
on the su rfa c e  of w hich a  la y e r  of v a se lin e  o il w as 
p laced  (F ig u re  202). T he hook on w hich the  f ib e r  
w as hung se rv e d  a s  one of the  e le c tro d e s  fo r  s t im u 
la tio n  of the  f ib e r . T he o th e r  e le c tro d e  c o n s is te d  
of a  s i lv e r  w ire  im m e rs e d  in  R in g e r’s  so lu tion . 
The ac tu a l s i te  of ap p lic a tio n  w as the tendon, w hile 
the  cathode w as th e  b o u n d ary  betw een  the  w a te r  and 
v ase lin e  o il. T hus, th e  v a lue  of the  in te r  e le c tro d e  
d is tan ce  w as d e te rm in e d  by the  leng th  of the m u sc le  
f ib e r  seg m en t im m e rs e d  in  v a se lin e  o il. By the 
u se  of a  m ic ro m e tr ic  sc re w , the  ch am b er could b e  
lifted  and low ered  w hile th e  f ib e r  w as suspended  in 
a  fixed positio n . In th is  m a n n e r , changes in  the  
in te re le c tro d e  d is ta n c e s  w e re  in tro d u ced  w ith  a 
p re c is io n  of 0.25 m m .

S tim u la tio n  of the  f ib e r  w as c a r r ie d  out by 
d isc h a rg e s  of a c o n d e n se r  of 450 m ic ro fa ra d  c a p a 
c ity  w ith  a 100 ohm shunt. T he th re sh o ld  w as d e te r 
m ined  by c o n tra c tio n  of the  f ib e r , w hich w as r e 
co rded  v isu a lly  by o s c il la tio n  of the  im ag e  of the 
w eight on the  s c re e n  (F ig u re  201, s).

U sing the  sa m e  f ib e r ,  the  re la tio n sh ip  b e 
tw een the  th re sh o ld  of e x c ita b ility  and in te r  e le c tro d e  
d is tan ce  w as s tu d ied  a t th e  follow ing re s is ta n c e s ,  
in tro d u ced  in  s e r i e s —0, 1, 4 and 11 m g ohm . The 
r e s u l ts  of the  e x p e r im e n ts  w e re  unequivocal. One 
of th em  is  i l lu s t r a te d  in  F ig u re  203.
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C om p arin g  th is  fig u re  w ith F ig u re s  196, 197 
and 198, B, it  is  easy  to  see  th a t the sam e re g u la r ity  
is  m a n ife s t in  a ll  c a s e s . A s in those fig u res , h e re  
too , w ith  in c re a s e  of the in te r  e lec trode  d istance 
^he th re sh o ld  vo ltage curve  d e c re a se s  at f i r s t ,  b e 
ginning to  r i s e  a f te r  having p assed  through a  m in i
m um , The position  of the m inim um  in th is  case, 
too , depends on the  value of ex te rn a l re s is ta n c e  
(rg ) in tro d u ced  in  s e r ie s .  The la rg e r  the re s is ta n c e , 
the  m o re  the m inim um  sh ifts  into the region of la rg e r  
in te re le c tro d e  d is ta n c e s . A ll th e se  facts ag ree  w ell 
w ith  o u r th e o ry  of the d ec is iv e  ro le  of energy  r e 
le a se d  by the  stim u la tin g  c u r re n t fo r the appearance 
of ex c ita tio n . But th is , a lso , com pletely excludes 
R u sh to n 's  exp lanation  b ased  on sho rt-c ircu iting  of 
th e  c u r r e n t  th ro u g h  the in te rc e llu la r  spaces.

FIG U RE 203. R e 
la tio n sh ip  betw een  
th re sh o ld  v o ltag e  of 
an  iso la ted  m u sc le  
f ib e r  of a fro g , and 
the  in te re le c tro d e  
d is tan ce , w ith  d if
f e re n t  ad d itio n a l r e 
s is ta n c e s  ( r j )  in  the 
c ir c u it  (acco rd in g  to 
K rolenko , 1956). 
T he th re sh o ld  a t a 
d is tan ce  of 0.5 m m  
betw een  the e le c 
tro d e s  is  tak en  a s  
100%.

D iscu ssio n

In conclusion , we would like  to put forw ard 
c e r ta in  id e a s  in  connection w ith  the above data.

At the  beginning of th is  ch ap te r it w as pointed 
out th a t u su a lly  in  s tu d ies  of n e rv e  excitability , a 
su ffic ien tly  h igh e x te rn a l re s is ta n c e  is  introduced 
in to  the  c irc u it ,  so m uch exceeding the re s is ta n c e  
of the n e rv e  i t s e l f  th a t its  fluctuations should not 
g re a t ly  a ffec t the  in ten s ity  of the passing  c u rre n t. 
Such a  m e a su re  is  e n tire ly  in  o rd e r  and logical, 
if it i s  c o n s id e re d  th a t only the in tensity  of the c u r 
re n t  d e te rm in e s  the onse t of excitation, as has in 
deed b een  accep ted  by the m a jo rity  of inv estig a to rs . 
We cam e to  the  conclusion  that the decisive fac to r 
fo r  the  o n se t of excita tio n  i s  not the in tensity , but 

the  en e rg y  r e le a s e d  by the  c u r re n t ,  en e rg y  w hich should be stab ilized  and 
p ro te c te d  a s  f a r  a s  p o ss ib le  f ro m  the  e ffec t of changes in the re s is ta n c e  
of the  n e rv e . F ig u re  197, A show s th a t fo r th is  p u rp o se  it  is  f i r s t  n e c e ssa ry  
to  in tro d u ce  a h igh e x te rn a l r e s is ta n c e  in to  the  c irc u it  (50-100 к ohm) and 
secondly , to  in c re a s e  th e  in te rn a l re s is ta n c e  ( г р  to  a sufficient extent, 
m oving the e le c tro d e s  a c o n s id e ra b le  d is tan ce  a p a r t  (1-2 cm).

F ig u re  197, A, 7, and 198, C (lo w er cu rv e ) shows that under such con
d itio n s th e re  is  a reg io n  w h ere  the a l te ra t io n s  in  re s is ta n c e  of the nerve 
( r p  affect the  v a lue  of th e  th re sh o ld  vo ltage  to  a  s lig h t extent only. It is  
obvious that the  m o st conven ien t d is ta n c e  betw een th e  e lec tro d es in th is  
re s p e c t  w ill be such a  d is tan ce  at w hich a  m in im um  excita tion  th resh o ld  is  
ach ieved . It h as  been  show n th a t the  m in im um  th re sh o ld  of excita tion  w ill 
o c c u r on m oving the  e le c tro d e s  a p a r t ,  when the  in te rn a l re s is ta n c e  of the 
in te r  e le c tro d e  n e rv e  seg m en t ( r 1 ) w ill be equal to  the  ex te rn a l re s is ta n c e  
in  the  s tim u la tin g  c irc u it  ( r 2 ). By fa ilin g  to  apply  the  two p recau tions, an 
e r r o r  m ay o c c u r on d e te rm in in g  e x c ita b ility  in tho se  c a se s  when during the 
e x p e rim e n ts  the  r e s is ta n c e  of the  n e rv e  is  known to change; fo r exam ple,
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in  es tim a tin g  the  e ffec t of te m p e ra tu re  on e x c ita b ility , e ffect of insuffic iency  
o r  ex cess  of s a l ts ,  e tc .

The co n c lu sio n  as to  the d ec is iv e

FIGURE 204. L o g a rith m ic  
v o ltag e -tim e  cu rv e  of (a) an 
autum n frog  n e rv e  and (b) ex 
c itab ility  cu rv e  ca lcu la ted  a c 
cording to  the fo rm u la  b - - i -  

i z t
fo r  a ll the po in ts of th is  curve 
(accord ing  to  N asonov, 1955)

n( s te ep n ess  fa c to r)  = 1. 
C h r —chronaxy.

ro le  of e n e rg y  r e le a s e d  by the  c u r re n t ,  
and not of i ts  in te n s ity , in  the  onset of ex 
c ita tio n , fo rc e s  us a lso  to  re v ise  the  p ro b 
lem  of q u a n tita tiv e  evaluation  of e x c itab ility . 
It is  obvious th a t fo r  th is  p u rp o se  it  i s  not 
the r e c ip ro c a l  v a lue  of th re sh o ld  v o ltage  
w hich shou ld  be u sed , as is  u su a lly  done, 
but the  sq u a re  of th is  v a lu e ; since  b y  in 
c re a s in g  the  v o ltag e  so m any tim e s , the  
in ten s ity  of the  c u r re n t  u su a lly  in c re a s e s  
to the  sam e  ex ten t, and co nsequen tly  the  
en e rg y  E at the  sam e  d u ra tio n , in c re a s e s  
to the second  pow er. T h is m ay be o f im 
p o rtan ce  in  th o se  c a s e s  w h ere  an a c c u ra te  
q u an tita tiv e  ev a lu a tio n  of n e rv e  e x c itab ility  
is  e s s e n t ia l ,  and not m e re ly  the e s ta b l is h 
m en t of the  fac t of i t s  in c re a s e  o r  d e c re a s e . 

If o u r o b se rv a tio n s  and co n c lu s io n s  
a re  c o r r e c t ,  th e re  is  a co n stan t fo r th e  
th re sh o ld  en e rg y  of the  c u r r e n t  fo r one and 
the sam e  tim e  in te rv a ls . W ithin th is  i n 

te rv a l ,  in o r d e r  to  ob tain  excita tion , the  in te n s ity  of the  c u r re n t  m a y  be  
changed a t w ill a t the  expense of its  v o ltag e , and v ice  v e r s a ,  as  long  a s  
its  th resh o ld  en e rg y  re m a in s  constan t. I t w ould seem  th a t th is  law o f co n 
stancy  of th re sh o ld  en e rg y  should a lso  be v a lid  when in ten s ity  of the  c u r re n t  
is  in c rea sed , w ith  a  co rresp o n d in g  d e c re a s e  of i t s  d u ra tion* . Such a  con
stancy  of e n e rg y , as we have s ta ted , w as p o stu la ted  by N e rn s t on th e  b a s is  
of pu re ly  th e o re t ic a l  co n s id e ra tio n s , connected  w ith  the law s of a c c u m u la 
tio n  of ions on the  su rfa c e  of c e lls  w ith  p a s sa g e  of c u r re n t . H ow ever, th e se  
re q u ire m e n ts  of the th e o ry  w ere  not a lw ay s co n firm ed  in  p ra c t ic e . I t  w as 
indicated  e a r l i e r  th a t only fo r  c e r ta in  t i s s u e s  a t su ffic ien tly  sh o r t  t im e  in 
te rv a ls  N e rn s t’s equation (E = i^ t = const) is  e x p e rim e n ta lly  c o n firm ed

353 (m u sc les  and n e rv e s  of c e r ta in  in v e r te b ra te s ,  sm o o th  m u sc le s  of th e  frog  
stom ach, c h lo ro p la s ts  of S p iro g y ra , the  leg  of V o r t ic e l la , e tc .) . In th e  
c a se  of o th e r t i s s u e s ,  fo r  exam ple, m u s c le s  and n e rv e s  of v e r te b r a te s ,  
the fo rm ula  of H oorw eg-W eiss is  t r u e ,  f ro m  w hich fo r  sh o rt tim e  in te rv a ls  
not a constancy  of the  th re sh o ld  en e rg y  (E ) bu t a constancy  of the  th re sh o ld  
am ount of e le c t r ic i ty —Q -  it - co n stan t, fo llow s..

It h as  b een  show n (Cole, 1933, C o lle , 1933, N asonov and R o z e n ta l’, 
1953) that a ll  c a s e s  of dependence of c u r r e n t  in te n s ity  on t im e  of a c tio n  m ay

be ex p ressed  by the  e m p ir ic a l  fo rm u la  i  = ~  = b , w h ere  n  m ay  a c q u ire  

va lues from  1 (H oorw eg, W eiss) to  0.5 (N e rn s t) .
What th en  i s  the  law on w hich the  a c tio n  of e le c tr ic  c u r re n t  on a  t is s u e  

is b ased ?
As a lre a d y  m entioned , o u r data  le a d  u s  to  th e  co n c lu sio n  th a t w ith in  

the  sam e tim e  in te rv a ls  the  th re sh o ld  e n e rg y  h a s  a  co n stan t v a lu e . T h is

* L et us re m e m b e r  th a t the en e rg y  of e le c t r ic  c u r r e n t  E  = v it, o r  E  = i^R t.

344



conclusion  (fo r c u r r e n ts  of the sam e  duration) fully  a g re e s  with N e rn s t 's 
th eo ry . F o r  d iffe re n t tim e  in te rv a ls  the th re sh o ld  energy,, i t  seem s, 
should a lso  be c o n s ta n t. H ow ever, th is  m ay tak e  place only under one e s 
se n tia l co n d itio n —th a t the  e x c ita b ility  of the f ib e r  does not depend on the 
du ra tion  of p a ssa g e  of the  c u r re n t o r  on i ts  in ten sity . In any case , in r e 
la tio n  to co n stan t c u r r e n t  it  is  known th a t during a  sufficiently  long p a ssa g e  
of the c u r re n t , the  e x c ita b ility  of the  n e rv e  s ta r t s  to  drop (cathodic d e p re s 
sion  of V erig o ); co n sequen tly , th is  condition is  not observed.

We had th e  opportun ity  to  d e te rm in e  n e rv e  excitab ility  at th re sh o ld  
c u r re n t of d iffe re n t d u ra tio n s . As ju s t  s ta ted , the  tru e  excitab ility  of the  
n e rv e  should be d e te rm in e d  by a v a lue  re c ip ro c a l to  the th resh o ld  en erg y . 
Taking as an  ex am p le  the  ex p e rim en ta lly  obtained in ten sity -tim e  curve  of 
a fro g  n e rv e  (F ig u re  204, a), fo r  e ach  point of it  we shall ca lcu la te  the e x 

c ita b ility  of the  n e rv e  accord ing  to the  fo rm u la  В = , w here В is  e x c ita -
i^tR

b ility , i —th re sh o ld  in te n s ity , t —tim e  of action  and R —re s is ta n c e , a  con
stan t value u n d e r th e  g iven  cond itions. H oorw eg pointed out that the th r e s h 
old en e rg y  of a  fro g  n e rv e  on d im in ish ing  the tim e  of p assage  of the c u r re n t  
and in c re a s e  in  i t s  in te n s ity  h as  a  m in im a l point. A ccordingly, n e rv e  e x 
c ita b ility  ca lc u la ted  f ro m  the th re sh o ld  energy  of the stim ulating  c u rre n t 
p a s s e s  th ro u g h  a  m ax im um , as  can  be seen  in  F ig u re  204,b. T h is m axim um  
of ex c itab ility  c o rre sp o n d s  to a  re g io n  of tim e - in te rv a ls  c lose  in value to  
the  d u ra tio n  of the  r i s in g  p a r t  of ex c ita tio n  wave of the fro g  nerve*. In th is  

3Ξ4 reg io n  both the  t im e  of ac tion  and the  in ten s ity  of the stim ulating  c u r 
re n t a re  adequate  fo r  the  in ten sity  and d u ra tio n  of the cu rren t of a c tio n  
of th is  n e rv e* * .

On the  above b a s is  it  m ay be a ssu m ed  th a t a ll  the known c a se s  of a c tio n  
of e le c tr ic  c u r r e n t  on t is s u e  a re  b a sed  on the law of constancy of th re sh o ld  
energy  of N e rn s t: i 2 t = co n st. D ev ia tions from  th is  ru le  a re  due to  the 
fac t th a t n e rv e  e x c ita b ility  does no t re m a in  constan t a t different d u ra tions 
of c u rre n t, bu t m ay  p a s s  th rough  a  m ax im um  in the reg ion  of tim e  in te rv a ls  
c lo se s t to  p h y s io lo g ic a l ones.

* It can be show n th a t  the  m axim um  of excitab ility , and consequently  the  
m in im um  of th re sh o ld  energy , co in c id es  w ith  chronaxy in case  the t i s 

sue u n d e r study  o beys the fo rm u la  of H oorw eg: i  =-p+ b . If in  H oor- 

w eg’s fo rm u la , a s  i t  often  happens, t h as  an  exponent n <  1 the m inim um  
en erg y  does not co in c id e  w ith  chronaxy .

** In the ca se  of t i s s u e s  w hich obey th e  fo rm u la  of N ern st ( i 5 + b)

th e re  is  no m ax im u m  of ex c itab ility . W ith in c re a se  in  tim e of ac tion  
of the  c u r re n t ,  e x c ita b ility  m e re ly  d e c re a s e s . In the prev ious ch ap te r 
(p. 285) it  h as  b e e n  poin ted  out th a t th is  fac t m ay  be the rea so n  fo r  the  
seem in g ly  p a ra d o x ic a l p o ss ib ility  th a t on te s tin g  with suffic ien tly  sh o rt 
im p u lse s  of c u r r e n t ,  s t r ia te d  m u sc le s  m ay be le s s  sensitive  and "s lo w er"  
(using  L a p ic q u e 's  te rm ino logy) th an  sm ooth m u sc les .
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C h a p t e r  2. E lec tro to n u s and A ccom m odation

E lec tro to n u s of P f lü g le r

C u rre n t physio lo g ica l tex tbooks often con ta in  two c o n tra d ic to ry  and 
m utually  exclusive  s ta te m e n ts , w hich m ay at the  sam e  tim e  not a p p e a r to 
be irre c o n c ilab le .

T hese a r e  (1) P f l i ig le r ’s e le c tro to n u s  and (2) so -c a lle d  accom m oda
tion, a w ell-know n phenom enon, re c e n tly  g iven  a d e ta iled  th e o re t ic a l  basis 
by H ill (1935, 1936}. A ccord ing  to  the f i r s t ,  im m ed ia te ly  a f te r  p assag e  of 
a  constant c u r re n t  th rough  a n e rv e , the e x c ita b ility  of the n e rv e  in c re a se s  
at the cathode. A ccord ing  to the  second, acco m m o d a tio n  of the n e rv e  to 
the action of co n stan t c u r re n t c o n s is ts  in the  fac t th a t, im m ed ia te ly  a fte r  
passage of co n stan t c u r re n t , ex c itab ility  of th e  n e rv e  a t the cathode p ro 
g re ss iv e ly  d im in ish es .

H ill re p e a te d ly  ind icated  th is  co n trad ic tio n , but did not o ffe r any s a t is 
fac to ry  so lu tion . In h is  1935 p ap er he w r i te s  (p, 119): "A ctually  'n o rm a l1 
accom m odation is  not the  u su a l s ta te  of a f f a i r s .  M ore often a d e c re a s e  in 
th resho ld  a t the  ca thode ta k e s  p lace, a s  d e s c r ib e d  by P flü g e r. H ow ever, 
considera tion  of th is  fa c t would lead to  an  im p o ss ib le  co m p lica tio n  of the 
equations. Since u n d er c e r ta in  conditions (fo r ex am p le , a  fro g  n e rv e  at 
a tem p e ra tu re  of about 4°C), e le c tr ic  c u r re n t  only  s lig h tly  a ffec ts  e x c ita 
b ility , we sh a ll d isc u ss  only the case  of 'n o rm a l ' a cco m m o d a tio n 11.

L a te r , in  a p a p e r published in 1936 he w r i te s  (p. 346): "O ur d is c u s 
sions com pletely  ig n o re  the  e lec tro to n ic  ch an g es  of n e rv e  ex c ita b ility . 
Thus, ex p erim en ta l da ta  w ill not ta lly  w ith  o u r fo rm u la s  sin ce  e le c tro to n ic  
changes m ay o c c u r during  the ex p e rim en t and d is to r t  the e n tire  p ic tu re " . 
It m ay be th a t e le c tro to n ic  and acco m rao d atio n a l changes at the ca thode are  
en tire ly  d iffe ren t phenom ena, and th a t the fo rm e r  m ay  be de fic ien t o r  to ta l-  

555 ly absent when the  la t te r  take p lace . It s e e m s  to  us th a t th e se  c o n s id e ra 
tions of H ill m ay be re g a rd e d  m o re  a s  a  r e f u s a l  to  d is c u s s  the con trad ic tio n  
ra th e r  than a s e r io u s  solu tion  of the  p ro b le m . It i s  w ell known th a t under 
o rd in ary  la b o ra to ry  conditions both  a ty p ic a l P f lü g e r  e le c tro to n u s  and a 
typ ical H ill accom m odation  m ay s im u lta n e o u s ly  be o b se rv ed  in  one and the 
sam e nerve . T h is w ill be d em o n stra ted  by a n u m b er of sp ec if ic  exam ples. 
At the sam e tim e , n e rv e  ex c itab ility  a t the  cathode cannot both  in c re a se  
and d ec rea se  s im u ltan eo u sly , th e re fo re  o th e r  so lu tio n s m u st be sought to 
explain th is  phenom enon.

It is  of in te r e s t  th a t a com plete  and, in  o u r opinion, ex h au stiv e  solu
tion  of th is  co n trad ic tio n  w as given a lm o s t 70 y e a r s  ago in  the  re m a rk a b le  
study of the R u ss ia n  p h y sio log ist V erigo  (1888). U nfo rtunate ly , h is  w ork  
rem ained unnoticed  and unrecogn ized  b y  h is  c o n te m p o ra r ie s , p ro b a b ly  be
cause of the h igh au th o rity  of P flü g e r, w hose p o s tu la te s  he a tta c k e d . Only 
recently , th an k s to  the  p a p e rs  pub lished  by A verb ak h  (1948), K hodorov  
(1950a-1950d) and U shakov et a l. (1953), th e  s tu d ie s  by V erigo  again  drew  
the attention of p h y sio lo g is ts .

A ccording to  one of the  b a s ic  co n cep ts  of c o n te m p o ra ry  physio logy  
form ulated  by P f lü g e r  (1859), when a  co n stan t c u r r e n t  is  p a sse d  th ro u g h  a 
conducting f ib e r , the  ex c itab ility  of th e  la t t e r  in c r e a s e s  in  the  re g io n  of 
contact w ith the ca thode , and d e c re a s e s  in  th e  re g io n  of the  anode. When 
the cu rren t is  d iscon tinued  the positio n  is  in s ta n ta n e o u s ly  r e v e r s e d . The 
phenomenon i s  d e tec ted  by applying the ex p lo rin g  e le c tro d e s  in  th e  im m ed i
ate vicin ity  of the  p o la riz in g  e le c tro d e s .
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T h e se  phenom ena, ca lled  "p hysio log ica l e lec tro to n u s"  w ere , and 
s t i l l  a re , e sp e c ia lly  im p o rta n t in understand ing  the fo rm ation  of a moving 
wave of ex c ita tio n  a t th e  cathode. A ccording to  P flü g e r, excita tion  should 
a p p e a r a s  a r e s u l t  of in c re a s in g  ex c itab ility  of the fiber.

P f lü g e r  w as of the  opinion th a t e lec tro to n ic  changes in excitab ility  
a r i s e  fro m  f a r - r e a c h in g  m o le c u la r  changes in the  protoplasm  of n e rv e  and 
m u sc le  f ib e r s .  It w a s  a lso  known th a t on passage of c u rre n t, e le c tr ic  po
te n tia ls  of the  sam e  sign  a s  th o se  on the  e lec tro d es  ap p ear in the reg io n s 
of the  n e rv e  su rfa c e  in  th e  v ic in ity  of the e lec tro d es , P flüger called  these  
p o te n tia ls  p h y s ic a l e le c tro to n u s , and he thought th a t they w ere a re s u lt  of 
th o se  m o le c u la r  r e a r ra n g e m e n ts  in th e  p ro toplasm  which cause changes in 
ex c itab ility .

Som ew hat la te r  (1883), V erig o  o bserved  that in c reased  excitab ility  
a t the  cathode b eg an  to  d e c re a se  follow ing prolonged p assage  of c u rren t. 
T h is  he ca lled  "ca th o d ic  d e p re ss io n " . The te rm  becam e firm ly  estab lished  
and p h y s io lo g is ts , in  r e f e r r in g  to  V e rig o ’s stud ies, usually  reg a rd  it  a s  a 
seco n d ary  phenom enon rep lac in g  the in i t ia l  in c rea se  in  excitab ility  at the 
ca th o d e .

V e r ig o 's  Concept of P f lü g e r 's  E le c tr  otonus

C ontinuing h is  s tu d ie s  on e lec tro to n u s , V erigo  (1888) substan tia lly  
m odified  h is  o rig in a l concep t of ca thod ic  d ep ressio n ; he also  c ritic a lly  
analyzed  P f lü g e r ’s th e o r ie s .

356 T he re a so n  fo r  V e r ig o 's  change of opinion was the work of H erm ann
(1874, 1886) in w hich the  la t te r  r e v is e d  the o ld e r ideas of DuBois-Reym ond 
and P flü g e r  on p h y s ic a l e le c tro to n u s . T his is  what V erigo h im self w rote 
on th e  su b jec t (1888, p. 6): "S ince P f lü g e r ’s book appeared, H erm ann in  a 
s e r i e s  of b r i l l ia n t  s tu d ie s  developed a new th eo ry  of galvanic phenom ena 
of e le c tro to n u s . T h is  changed o u r id e a s  of e lec tro ton ic  c u rren t, and th e r e 
fo re  a lso  o u r concep t of the  n a tu re  of physiological electro tonus. Guided 
by th is  th e o ry  we shou ld  reco g n ize  th a t e lec tro ton ic  c u rre n ts  a re  only 
b ra n c h e s  of p o la r iz in g  c u r re n t w hich, thanks to sp ec ia l purely  physical 
co n d itio n s, sp read  in to  the  e x tra p o la r  space fa r  beyond the lim its  of the 
p o la r iz e d  s e c to r . T h u s , the b a s is  of galvanic  phenom ena of e lec tro tonus 
i s  p u re ly  p h y sica l. T h is  being so , i t  i s  n a tu ra l that the sam e conditions 
m ay  a lso  cau se  the  P f lü g e r  phenom ena, and that these  phenomena depend 
on b ra n c h e s  of p o la r iz in g  c u r re n t w hich m ay p en e tra te  the whole se c to r  of 
the  n e rv e  in  w hich th ey  a r e  o b se rv ed ".

Indeed , if  i t  is  accep ted  th a t c u r re n t en te rs  the n e rv e  fib er not only 
im m e d ia te ly  b en ea th  th e  e le c tro d e s , a s  P flü g e r thought, but also  a t a  c e r 
ta in  d is ta n c e  fro m  th e m , then  d e te rm in a tio n  of ex c itab ility  by the u se  of 
te s tin g  e le c tro d e s  m u s t take into account the fact th a t loops of po lariz ing  
c u r r e n t  s tre n g th e n  th e  fo rc e  lin e s  of the te s tin g  c u rre n t, and d is to rt the 
t ru e  ev a lu a tio n  of n e rv e  ex c itab ility  in  the  vicin ity  of the e lec tro d es. Ob
v io u sly  in  such  a  c a s e ,  a c u r re n t of s m a lle r  in tensity  is  sufficient in  the 
v ic in ity  of th e  ca thode  to  re a c h  the  ex c itab ility  th resh o ld , since  it  would 
be su p e rim p o se d  on the  loops of the  po lariz ing  c u rre n t. But at the anode 
th e se  loops w ill w eaken  the te s tin g  c u r re n t , since they have an opposite 
d ire c tio n . A s a r e s u l t ,  a fa lse  im p re ss io n  is given of in c reased
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ex c itab ility  at th e  cathode and its  d e c re a s e  a t the  anode. It is  am azing  that 
such  a  s im p le  thought did not o ccu r to  any p h y sio lo g is t except V erigo  J 

On the  b a s is  of th e se  quite  re a so n a b le  c o n c lu s io n s , V erig o  assum ed  
th a t the r e a l  chan g es in ex c itab ility  a t the  po les  of co n stan t c u r re n t a re  
com ple te ly  oppo site  to  tho se  suggested  by P f lü g e r , V erigo  thought th a t 
im m ed ia te ly  a f te r  the  in trod u c tio n  of the c u r r e n t ,  e x c ita b ility  began to  de
c re a s e  a t the  cathode and in c re a se  at the  anode. H ow ever, when e x c ita 
b il i ty  is  d e te rm in e d  in  the  v ic in ity  of the  p o la r iz in g  e le c tro d e s , th e se  
changes a re  d is to r te d  by the p re se n c e  of c u r r e n t  loops .spreading  fa r  b e 
yond the  l im its  of the  a r e a  of d ire c t co n tac t w ith  the  e le c tro d e s . And only 
w ith tim e , w hen the  ex c itab ility  th re sh o ld  d e te rm in e d  at the  cathode b e 
com es h ig h e r th an  the  in it ia l  one, does ca th o d ic  d e p re ss io n  o ccu r. 

A cco rd ing  to  V erig o , the r e a l  chan g es in  e x c ita b ility  a t th e  p o le s  a re  
o bserved  only on ra p id  d iscon tinuation  of th e  c u r r e n t ;  in th is  c a se , ex c ita 
b ility  at the  ca thode d e c re a s e s  while th a t a t the anode in c re a s e s .

V erigo  a r r iv e d  a t th e se  sim p le  c o n c lu s io n s  w hile studying exc itab ility  
during in te r ru p te d  c u r re n t . He found th a t th e  e ffec t of such  a  c u r r e n t  de
pended not only on the  d u ra tio n  of the im p u lse s , bu t a lso  on the du ra tion  of 
the in te rv a ls  be tw een  them . It w as found th a t only when the  in te rv a ls  w ere 
su ffic ien tly  long w as te tan ic  m u sc le  c o n tra c tio n  ob tained  in  re sp o n se  to any 

357 s tim u la tio n . H ow ever, when the in te rv a ls  w e re  too sh o rt, only a sing le  
m u sc le  c o n tra c tio n  o c c u rre d  at the f i r s t  in s ta n t of s tim u la tio n . The effect 
w as the sam e  a s  on s tim u la tio n  by co n stan t c u r r e n t .  V e rig o ’s explanation 
w as b a sed  on th e  a ssu m p tio n  that a ll  e x c ita tio n s , even tho se  cau sed  by  
sh o rt c u r re n t im p u lse s , cause  a d e c re a s e  in  e x c ita b ility  a t the  cathode, 
w hich g rad u a lly  re tu rn e d  to  n o rm a l on d isco n tin u a tio n  of the  c u r re n t .

At p re s e n t ,  th is  a ssu m p tio n  no lo n g e r s e e m s  p a rad o x ica l, s in ce  
it  is  known th a t each  ex c ita tio n  is  accom pan ied  by re f ra c t iv i ty , i .e . ,  by 
d e c re a se  in  e x c ita b ility . If the  in te rv a l be tw een  the  im p u lse s  w as so  sh o rt 
th a t low ered  e x c ita b ility  ( re fra c tiv ity )  did no t have tim e  to  re tu rn  to  its  
in itia l v a lu e s , and the  new c u rre n t p u lse  w as su b th re sh o ld  in  in te n s ity , 
then  only the  f i r s t  im p u lse  could cause  a s t im u lu s  and a  sing le  co n trac tio n  
of the  m u sc le . A ll subsequen t e le c tr ic a l  s t im u la tio n s  w e re  su b th re sh o ld  
and did not c a u se  a  re sp o n se  re a c tio n  in  the  m u s c le . H ow ever, if  th e  in 
te rv a ls  be tw een  stim u la tio n s  w ere  p ro longed  to  such  an  ex ten t th a t the  low 
e re d  n e rv e  e x c ita b ility  had tim e  to  r e tu r n  to  i ts  in i t ia l  lev e l, th e  n e rv e  
re sp o n d e d to  each  s tim u la tio n , and the m u sc le  developed  te ta n ic  co n trac tio n .

T hese  e x p e rim e n ts  led  V erigo  to  th e  co n c lu sio n  th a t cathodic  d e p re s 
sion, o r  the d e c re a se d  ex c itab ility  a t the  cathode*  a p p e a rs  im m ed ia te ly  
a f te r  c lo sing  th e  c ir c u it  of the co n stan t c u r r e n t .  H ow ever, the  phenom enon 
is  b a re ly  Seen when ex c itab ility  is  in v e s tig a te d  by p lac ing  the  te s t in g  e lec 
tro d e s  in  the v ic in ity  of the p o la riz in g  o n es , b e c a u se  the c u r re n t  loops 
sp read  to  a  c o n s id e ra b le  d is tan ce  fro m  th e  la t te r .

V erigo  i l lu s tra te d  h is  id eas  by a  d ia g ra m , a s  i l lu s tra te d  in F ig u re  205. 
H ere  the line  oo ' i l lu s t r a te s  the  c a se  of a  n e rv e  to  w hich the  ca thode of 
p o la riz in g  c u r r e n t  i s  applied  a t point b. T he anode is  lo ca ted  som ew here 
to  the  r ig h t ou tside the  draw ing. The cu rv e  a b ’c ’d 'e 'f ’g ’ show s the  d i s 
trib u tio n  of c a t e le c t ro t  onus at v a r io u s  po in ts  of the  n e rv e , in  both  d ir e c 
tions fro m  th e  s ite  of app lica tion  of the  ca thode  (d). T he c u r re n t le av es  
the n e rv e  not only im m ed ia te ly  a t the  s ite  of c o n ta c t w ith  the  e le c tro d e ,

* In c o n te m p o ra ry  te rm in o lo g y —re f r a c t iv i ty  of th e  a r is in g  ex c ita tio n .
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but a lso  a t som e d is ta n c e  from  the  U tte r ,  the in ten sity  of the outgoing 
c u r re n t  d im in ish ing  w ith  in c re a s e  in the d istance  from  the e lec tro d e  (dd1 
c c ',  b b 1).

a "  b 11 c "d  *' e 1' f 1

F ig u re  205 il lu s tra te s  a case  in which the 
p o la riz in g  c u rre n t is  below th resho ld  and th e r e 
fo re  cannot cause  an excita tion  wave. L et us 
im agine th a t im m ediate ly  a fte r closing the c irc u it 
of the p o la riz in g  c u rre n t we s ta r t  to  determ ine 
ex c itab ility  by the  o rd in ary  m ethod, at v a rious 
d is tan ces  from  the e lec tro d e . If th is check will 
be p e rfo rm ed  at a sufficient distance from  the 
e le c tro d e , a t point a  the th reshold  value w ill be 
d e te rm in ed  by the  segm ent a a "  which equals the 
no rm al th resh o ld  of the nerve . However, if we 
d e te rm in e  the th resho ld  c lo se r  to  the e lec trode  
at point b, a w eaker c u rre n t equal to b 'b "  w ill be 
re q u ire d  to  re a c h  the th resho ld  cu rren t intensity , 
since  th is  c u r re n t will be augm ented by the loop 
of p o la riz in g  c u rre n t p resen t in th is  a rea , equal 
in  in ten sity  to  the segm ent b b 1.

In c la s s ic a l  experim ents on electro tonus 
th is  loop is  not taken  into account, and th e re fo re  
the d e c re a se d  th resh o ld  is  considered by the in 
v e s tig a to r  to  be a re su lt  of increased  excitab ility  
at the cathode. That is  the re su lt obtained im m e
d ia te ly  a f te r  closing the c ircu it of the po lariz ing  
c u rre n t. A ccord ing  to  the data of V erigo, p ro 
g re s s iv e  d e c re a se  in  excitab ility  at the cathode 
im m ed ia te ly  begins. A s a re su lt, the excitab ility  
of the n e rv e  (bb") begins to increase  and th e re fo re  
the add ition  (b 'b " )  to  the cu rren t loop (bb1) which 
is  u sua lly  accep ted  as the tru e  threshold  of the 
n e rv e  in e lec tro to n u s, w ill a lso  begin to  in c re a se . 
When th is  value exceeds the initial th reshold  of 
the n e rv e  (a a " ) , cathodic dep ression  w ill se t in.

A ccordingly , V erigo also  d issussed  the pheno-

a b c d e t . &

FIG U RE 205. D ia 
g ra m  illu s tra tin g  
the re la tio n sh ip  b e -  

558 tw een p o la riz in g  and 
te s tin g  c u r r e n ts  in 
the  study  of e le c t ro 
tonus (acco rd in g  to  
V erig o , 1888) 

oo 1— n erv e ; d —site  of 
ap p lica tio n  of the  c a 
thode of p o la riz in g  
c u r re n t;  a b [ c ’d ’e ’f 'g ' — 
cu rv e  of d is tr ib u tio n  
of cat e lec tro to n u s  
(p o la riz a tio n ); the  d i s 
tan ce  fro m  oo' to  p p 1 
( a a IT , g g 1 ') is  the 
th re sh o ld  of the n e rv e  
b e fo re  p o la riz a tio n ; 
b 1b , r

J c ^ ' 1, d 'd ’^ c 1 с 11 > 
f 'f "  —a r e  the v a lu es  of 
the  te s tin g  c u r r e n t  in 
o rd e r  to  re a c h  th e  
th re s h o ld  (ap p a ren t e x 
c ita b il i ty  th re sh o ld s ) .

m ena tak ing  p lace  a t th e  anode of d ire c t  c u rre n t, explaining them in a s im i
l a r  w ay. In h is  opin ion , the ex c itab ility  of the nerve  actually  in c rea se s  at 
the  anode, bu t in it ia lly  the  w rong im p re ss io n  is  c rea ted  that a d ec rease  in 
e x c ita b ility  o c c u rs  b e c a u se  the loops of the po lariz ing  cu rren t low er the 
in te n s ity  of the te s tin g  c u rre n t.

In th e  ligh t of V e r ig o ’s v iew s, the  a lte ra tio n  of electro tonic changes 
a t the  b re a k  of the c u r r e n t  w hich w as described  by P flüger rece iv es  a w ell- 
founded exp lanation . A ccord ing  to  P flü g e r, th is  phenomenon co n sis ts  of: 
(1) the  in s tan tan eo u s  d e c re a s e  (a t the cathode) o r (2) in c rea se  (at the anode) 
of the  e x c ita b ility  of the  n e rv e  w hich had been in c reased  following the b reak  
of the  c u r r e n t .  A fte r  the lapse  of a  c e r ta in  period of tim e, the excitab ility  
r e tu rn s  to  i t s  in i t ia l  lev e l. The instan taneous na tu re  of the m entioned r e 
v e rs ib le  tra n s fo rm a tio n s  w as m o st puzzling. Such an  incred ib le  rap id ity  
of th is  p ro c e s s  w as s t r a n g e r  s t i l l  b ecau se  the subsequent re s to ra tio n  of 
e x c ita b ility  w as co m p ara tiv e ly  slow. In the opinion of V erigo, a sim ple 
so lu tio n  to  th is  p ro b le m  is  th a t, a t th e  b reak  of the c u rren t, no instan taneous
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tra n s fo rm a tio n s  in  the p ro top lasm  of the n e rv e  t is s u e  o ccu rs , but m ere ly  
an in stan tan eo u s d isap p ea ran ce  of c u r re n t  loops ta k e s  p lace . T h is  c re a te s  
a fa lse  im p re ss io n  of in c rea sed  e x c ita b ility  a t the cathode, w hile in  re a lity  
an in c rea s in g  d e p re ss io n  took place.

By b reak in g  the  c u rre n t we a t once rem o v ed  the c u r re n t loops, i,e ., 
the so u rce  of the  e r r o r s  which d is to rte d  th e  t ru e  p ic tu re . We im m ediate ly  
observed  the e x c ita b ility  changes w hich re a l ly  take  p lace in  the n e rv e  under 
the influence of constan t c u rre n t, n am ely , d e c re a s e d  ex c itab ility  a t the ca 
thode and in c re a se d  ex c itab ility  at the anode. The la t te r  does not take  place 
instan taneously , but a f te r  a known, m e a su ra b le  t im e  in te rv a l, du ring  which 
m etabolic  p ro c e s s e s  e s se n tia l fo r r e p a ir  of the  d e c re a se d  ex c itab ility  have 
had am ple tim e  to  te rm in a te .

The T h eo ry  of V erigo  and S o -ca lled  A ccom m odation

F u r th e r  on in  h is  re m a rk a b le  study , V erig o  show ed how it is  possib le , 
by app lica tion  of h is  theo ry , to  explain why the  ex c itab ility  th re sh o ld  of 

559 a nerve is  h ig h e r in  the  ca se  of a slow ly in c re a s in g  c u r re n t than  w ith  a rap id  
in c re a se . D uB ois-R eym ond explained th is  by the fac t th a t the onset of nerve 
excita tion  is  not dependent on the in ten s ity  of the  c u r re n t  but on i ts  fluctua
tions .

A ccord ing  to  V erigo, slowly in c re a s in g  c u r re n t  cannot cau se  e x c ita 
tion, b ecau se  im m ed ia te ly  a f te r  c lo sing  the  c u r r e n t  c irc u it, the  exc itab ility  
th resh o ld  of the  n e rv e  a t the cathode b eg in s  to  in c re a s e , th is  in c re a s e  being 
able to  take  p lace  m o re  rap id ly  than  the  in c re a s e  in  c u r re n t  in ten s ity . In 
that c a se , if the  r a te  of in c re a se  of the c u r r e n t  ex ceed s  the ra te  of the  de
c re a s e  in cathodic  excitab ility , ex c ita tio n  should  a r i s e  and i ts  th re sh o ld  
should be h ig h e r, if the s teep n ess  of in c re a s e  of the  s tim u la tin g  c u rre n t 
is  sm a lle r . T h is  concept is i l lu s tra te d  in  F ig u re  206, T im e is  p lo tted  on 
the a b s c is s a , and in ten s ity  of s tim u la tin g  c u r r e n t  on the  o rd in a te . The line 
OBB1 i l lu s t r a te s  the developm ent of in s ta n ta n e o u s ly  in c re a s in g  c u r re n t . 
U nder such cond itions, the segm ent OB c o r re s p o n d s  to  e x c ita b ility  th re s h 
old. H ow ever, accord ing  to V e rig o ’s d a ta , fro m  the  f i r s t  m om en t of closing 
the c u r re n t c ir c u it  the  excitab ility  th re sh o ld  b eg in s  to  in c re a s e  s teep ly  along 
the line  BkD ( in c re a s e  in cathodic  d e p re ss io n ) . The d iag ram  show s tha t 
only in  the f i r s t  m om ents w ill the c u r r e n t  O BB ' have ab o v e -th re sh o ld  value. 
F ro m  the  m om en t k, the c u rre n t beco m es su b th re sh o ld , and can  th e re fo re  
not cause  ex c ita tio n  in  the n e rv e . F o r  th is  re a so n , excita tio n  a p p e a rs  only 
at the in stan t of c losing  the constan t c u r r e n t  c irc u it .

The line  OE (F ig u re  206) i l lu s t r a te s  a  c u r r e n t  w hich in c re a s e s  g rad 
ually and in  l in e a r  fash ion . H ere , as in the  p re v io u s  c a se , the  th re sh o ld  
begins to  in c re a s e  from  the f i r s t  m om en t of c lo s in g  the c u r re n t  c irc u it  (in
c re a se  in  cathodic  d ep ressio n ). But due to  th e  fac t th a t the c u r re n t  in c re a se s  
g radually  (OE), and the r is e  in  th re sh o ld  (B F) is  s lo w er than  in  the  c a se  of 
rap id  c lo su re  of the c u rre n t c irc u it (BD), no ex c ita tio n  a r i s e s  b ecau se  the 
in c reas in g  c u r re n t  cannot re a c h  the lev e l of ex c ita b ility  th re sh o ld  of the  nerve 
which in c re a s e s  the d istance  betw een th em . In the  ca se  of a s te e p e r  in c rea se  
in the c u r re n t , the  la t te r  m ay re a c h  th re s h o ld  v a lu e . In th is  c a se , ex c ita 
tion  a r is e s ,  bu t i ts  th resh o ld  is  h ig h e r th a n  in  the  c a se  of in stan taneously  
in c reas in g  c u r re n t .
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FIG U R E 206. D iag ram  
i l lu s t r a t in g  the ro le  of 
th e  s te e p n e ss  fa c to r  in 
in c re a s e  of c u rre n t 
c au s in g  ex c ita tio n  (a c 
co rd in g  to  V erigo , 1888)

O BkD —in c re a s e  in. e x 
c ita b il i ty  th re sh o ld  of the  
n e rv e  in  the ca se  of in 
s tan tan eo u sly  in c re a s in g  
c u r r e n t  O C C ; B F —in 
c r e a s e  in e x c itab ility  
th re s h o ld  of the n e rv e  in

On th is  b as is  V erig o 's  conclusions w ere  
c o n tra ry  to  the genera lly  accepted id eas  of 
D uB ois-R eym ond, according to  which constant 
e le c tr ic  c u rre n t does not in  itse lf  cau se  ex c ita 
tio n . E xcita tion  supposedly appears due to 
chan g es in cu rren t in tensity , while according 
to  V erigo , "galvanic cu rren t in the sphere  of 
i t s  ca te lec tro to n u s  p o sse sse s  a  constant e x 
c ita to ry  capacity  of the sam e value at the  m o 
m en t of closing the c ircu it, as at the tim e  of 
p a ssa g e  in the nerve with unchanged in tensity". 
And if th e re  is no excitation, o r  when the 
th re sh o ld  of excitation in c rea se s  upon "creeping  
in" of the  cu rren t, th is  may be explained by 
" th e  cap ac ity  of cate lectro tonus to low er e x 
c ita b ility , s ta rtin g  from  the f ir s t  m om ents of 
p o la r iz a tio n " .

T hus, according to  Verigo, from  the v e ry  
o n se t of n e rv e  excitation th e re  is  a d ec rea se  in 
i t s  ex c itab ility . How can th is phenomenon be 
defined  ?

It is  known that when an excitation wave
c a s e  of l in e a r  in c re a s e  
of c u r r e n t  OE; OB— 
th re sh o ld  ex c ita tio n  of 
n o rm a l n e rv e .

p a s s e s  along the nerve fiber, the excitab ility  
of the  la t te r  at f i r s t  d ec rea ses  and la te r  d is 
a p p e a rs  en tire ly . T his phenomenon w as nam ed 
" re f ra c t iv i ty  of the excited segm ent". In the 
p rev io u s ch ap te rs  of th is book we repeated ly  
ind ica ted  th a t re frac tiv ity  accom panies ex c ita -

tio n  s ta te s  of a ll  ty p e s —propaga ting  a s  w ell as  local. This is  en tire ly
360 lo g ic a l, s in ce  no t is s u e  ca n  be in fin ite ly  excited, and each excitation has 

i t s  own lim its . C onsequen tly , if a t is s u e  is a lready  excited, its  excitab ility  
shou ld  d e c re a s e , i .e . ,  r e f ra c tiv ity  should se t in, a point which was p r e 
v io u s ly  d isc u sse d  in d e ta il. It is  a lso  known that e lec tric  cu rren t a c ts  as 
an  i r r i t a n t  in p ropaga ting  ex c ita tio n . It follows from  th is that re fra c tiv ity  
w hich  a p p e a rs  in  the  c a se  of an  excita tio n  wave, and cathodic depression  
o b se rv e d  by V erigo  a f te r  the  ac tio n  of constant e le c tr ic  cu rren t on the n erv e , 
a r e  s im i la r  phenom ena.

T he id e a s  developed by V erig o  in  h is  book published in 1888 m ay be 
c o n s id e re d  a s  a g e n e ra l  th e o ry  reg a rd in g  the basic  phenomena of nerve  ex 
c ita b il i ty . T h is th e o ry  w as in  sh a rp  conflict with the ideas of the g re a te s t 
a u th o r i t ie s  in physio logy  at th a t tim e , nam ely, P flüger and DuBois-Reymond.

T h is  p robab ly  ex p la in s  why V erig o ’s w ork rem ained en tire ly  unnoticed 
and u n ap p rec ia ted  by h is  c o n te m p o ra r ie s , * Only now a re  physiologists b e 
g inn ing  to  a r r iv e  a t th o se  co n c lu sio n s reached  by him 70 y e a rs  ago.

The f i r s t  to  po in t th is  out w as A verbakh (1948), who has shown that 
V e r ig o 's  exp lanation  of the phenom enon of "creeping in" of gradually  in 
c re a s in g  e le c tr ic  c u r re n t  i s  in  fact an anticipation of H ill’s famous theory  
of accom m odation  (1935, 1936). F ig u re  207 illu s tra te s  H ill's  explanations 
of th is  phenom ena. L in e  V d es ig n a te s  in c rease  in  potential a ris in g  a t the 
su rfa c e  of the  n e rv e  on p a ssa g e  of c u rre n t, line U being the in c rease  in ex 
c ita tio n  th re sh o ld  of the  sa m e  n e rv e , υ θ  is the th resho ld  in the case  of 
in s ta n ta n e o u s ly  a r is in g  c u r re n t .  If the  cu rren t in c re a se s  graduaHy until
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it re a c h e s  the th resh o ld , the la tte r  has tim e  to  in c re a s e  in co m p ariso n
w ith Uo  (F ig u re  207, D). The le s s  steep  the  in c re a s e  in  c u r re n t is , th e  
h igher the th re sh o ld  of excita tion  (F ig u re  207, C). F in a lly , at a  c e r ta in  
lim it slope of c u rre n t in c re a se , cu rv es  V and U w ill not in te rs e c t at a ll, 
and consequently  no excita tion  w ill ensue (F ig u re  207, B, A).

A s seen  from  the  above, both H ill (1935) 
and V erigo  (1888) s ta r te d  from  the a s su m p 
tions th a t (1) e x c ita b ility  th resh o ld  of the  
nerve s ta r t s  to  in c re a s e  a t the cathode a s  
soon a s  a co n stan t c u r re n t  is  p a ssed , and 
(2) that the  in c re a s e  in  c u r re n t  and th r e s h 
old do not tak e  p lace  acco rd in g  to  the sam e 
law, w hich m ay re s u l t  in in te rse c tio n  of 
these  two c u rv e s . It is  am azing  that even

FIGURE 207. R elationsh ip  
between s teep n ess  of c u rre n t 
in c rease  (V) and change in 
excitab ility  th re sh o ld  of the 
nerve  (U) (acco rd ing  to H ill, 
1936).
F o r explanation see  tex t.

the d ia g ra m s  g iven  by the two au th o rs  a re  
very  s im i la r  (co m p are  F ig u re s  206 and 207, 
B, A). H ow ever, H ill did no t r e f e r  to the  
work of V erig o  c a r r ie d  out a lm o st h a lf  a 
cen tu ry  e a r l ie r .

T h e re  a r e ,  how ever, d if fe re n c e s  b e 
tween the v iew po in ts  of the  two a u th o rs . The 
m ost im p o rta n t r e f e r  to  the  in te r re la t io n s h ip s
betw een so -c a lle d  accom m odation  and

P flü g e r1 s e lec tro to n u s . We have a lread y  sa id  th a t H ill w as not able to  e x 
plain  the co n trad ic tio n  betw een "the accom m odation  in c re a s e  in  th re sh o ld  
at the cathode" and "e lec tro to n ic  d e c re a se  in  th re sh o ld  a t the ca thode" w ith 
passage of c u rre n t. In o rd e r  to  e x tr ic a te  h im se lf  from  th is  s itu a tio n , he 
assum ed  th a t th e se  a re  two d ifferen t phenom ena not o c c u rrin g  s im u lta n e o u s 
ly. It w ill be seen la te r  th a t th is  a ssu m p tio n  w as w rong. As f a r  a s  V erig o  
is concerned, th is  co n trad ic tion  was n o n ex is ten t, s in ce  accord ing  to  h is  
theory , ex c itab ility  does not in c re a se  at th e  cathode a ttach ed  to  a n e rv e , 
as P flü g e r thought, but d e c re a se s . A ccord ing  to  V e rig o , "cathod ic  d e p re s 
sion", "accom m odation '1, "c a te le c tro to n u s"  and " re f ra c t iv i ty 1' a re  a l l  
s im ila r  phenom ena.

In th is  r e s p e c t the  te rm  "accom m odation" m ay be e lab o ra ted . We 
have a lread y  pointed out th a t (p. 327) th is  t e r m  w as in troduced  by 
N ern st to explain  the  independence of e x c ita b ility  th re sh o ld  and the  t im e  of 
action of adequate  c u r re n t im p u lses . It w as a ssu m ed  th a t  on p ro longed  
action  of the c u r re n t the n e rv e  becom es som ehow  adap ted  (accom m odated) 
to  the  stim u lu s, and th e re fo re  a  la rg e  dose  of c u r r e n t  is  n e c e s s a ry  in  o rd e r  
to  produce a re sp o n se  reac tio n . It is  se lf -e v id e n t th a t "cathod ic  d e p re s s io n "  
of V erigo, o r the  " re f ra c to ry p h a s e "  have nothing w h a tso ev e r to  do w ith  any 
adaptation.

However, m an y p h y sio lo g is ts , a n d e s p e c ia l ly m e m b e r s o f th e m e d ic a l  
p ro fession , understand  accom m odation l i te ra l ly ,  as  a  m an ife s ta tio n  of a  s p e c ia l  
p ro p erty  of the n e rv e  to  adapt itse lf  to  su rro u n d in g  cond itions. T h is  p a r t i a l 
ly  explains the  g re a t pop u la rity  gained by th is  m ethod  fo r  d iag n o stic  p u rp o s e s .

A num ber of a u th o rs  (E rla n g e r  and B la ir ,  1931; B la ir  and E r la n g e r ,  
1936a; G ran it and Scoglund, 1943; Scoglund, 1945) a lso  in d ire c tly  concluded  
th a t s im ila r  phenom ena fo rm  the b a s is  of acco m m o d a tio n  and ca th o d ic  d e 
p ressio n . H ow ever, none of th ese  au th o rs  fo rm u la ted  th is  id ea  a s  lu c id ly  
and as com ple te ly  a s  V erigo,
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FIG U RE 208. Schem e of 
a p p a ra tu s  fo r s im u ltan eo u s 
p o la r iz a tio n  and stim u la tio n  
of the n e rv e  (acco rd in g  to  
K hodorov, 1950e) 
F o r  exp lanation  see  tex t.

in  the  a p p a ra tu s . T he nerve  
By th is  m eans changes 

of co n stan t c u r re n t  could  be

S tudies C onfirm ing  V e rig o 's  Theory

V e r ig o 's  th e o ry  h as  recen tly  been  checked and fully confirm ed by 
K hodorov (1949, 1950a- 1950e, 1951) on the b a s is  of m ore refined m odern  
physio lo g ica l m ethods.

V erig o  re a c h e d  h is  conclusions which con trad ic t the data of P flü g er 
on changes in n e rv e  ex c itab ility  a t the poles of a constant cu rren t; th is was 
m a in ly  b ased  on s tu d ie s  of the ac tio n  of in te rru p ted  c u rre n t on the nerve. 
T h e re fo re , V e r ig o 's  p ro o fs  w ere  to  som e extent ind irec t. Khodorov aim ed 
at studying the  change of n e rv e  ex c itab ility  d irec tly , in the a rea  of a ttach" 

362 m en t of the e le c tro d e s , and thus confirm ed  d irec tly  the theory  of V erigo.
F o r  th is  p u rp o se  he u sed  a m odified V erigo  appara tu s, making it possib le  
to  p o la r iz e  and s tim u la te  the n e rv e  by the sam e e lec tro d es by using c u rren t 
of th e  sam e  fo rm  (F ig u re  208),

The ap p ara tu s  consisted  of two c ircu its : 
p o la riz in g  c irc u it (left) and stim ulating  c ircu it 
(righ t), connected with each other in se r ie s  
by the  m ethod of V erigo (1888). The cu rren t 
in ten s ity  in  each c irc u it was regulated  by 
m oving the ind ica to r of the po ten tiom eter (a 
o r b). S ince the re s is ta n c e  of the rheochord 
s tr in g  w as weak, the cu rren t in tensity  of one 
c irc u it w as not affected by moving the ind ica
to r  of the o ther. The d irection  of the c u rre n t 
in  the  po lariz ing  c irc u it was regulated  by a 
6-w ay sw itch  (c). The direction  of the te s tin g  
c u r re n t w as alw ays downward. Closing the 
c irc u it of the testin g  and polarizing c u rre n ts  
w as p e rfo rm ed  by turning on the sw itches 
(k j and k2) by hand (if excitability w as d e te r 
m ined w ith p ro trac ted  in tervals of p o la r iz a 
tion), o r  by b reaking  sw itches of the H elm 
holtz  pendulum (d j and dg), if the th resh o ld s  
w ere m easu red  w ith sho rt in te rv a ls  of p o la r i
zation  (from  10 to  60 m sec).

In o rd e r  to counteract the effect of 
changes in  re s is ta n c e  of the nerve during 
p o la riza tio n , L ap icq u e 's  shunt was included 
was s tim u la ted  by nonpolarizing e lec tro d es, 
in ex c itab ility  of the nerve under the influence 
inv estig a ted  d ire c tly  under the cathode. One

su ch  ex p erim en t is  i l lu s tra te d  in F ig u re  209. At f ir s t  the excitab ility  
th re sh o ld  w as d e te rm in ed  w ith in stan taneously  increasin g  c u rre n t (V 
rh e o b a se ). L a te r , co n stan t (p o la riz ing ) c u rre n t of subthreshold in tensity  
(Vn ) w as in tro d u ced , and the add itional voltage (AV) n ecessary  to  reach  
the  th re sh o ld  value a t v a rio u s  tim e  in te rv a ls  a f te r  connecting the po lariz ing  
c u r r e n t  w as d e te rm in e d . It is  se lf-ev id en t that a t the m om ent of sw itching- 
on the  c u r re n t , the  add ition  AV w as equal to  the  d ifference betw een Vo  and 
Vn  (AV + V n  = V o ). L a te r , in  the f i r s t  I f  m sec , according to  Khodorov, 
.the v a lue  of the  add ition  AV rem ain ed  the sam e. T h erefo re  the excitab ility  
th re sh o ld  o r  the e x c ita b ility  of the  n e rv e  did not change. H ow ever, a f te r  
2 m se c , a s  seen  fro m  F ig u re  209, in o rd e r  to obtain excitation  it  w as not
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FIGURE 209. C hange of ca thode  
e x c ita b ility  th re s h o ld s  d u rin g  the 
f i r s t  m se c  of p o la r iz a tio n  of the  
n e rv e  {according to  K hodorov, 
1950e)

V —th re sh o ld  th e  c a s e  of in 
s tan tan eo u s c lo sin g  of th e  c irc u it ;  
V f i—value of p o la r iz in g  c u r re n t ;

Δ ν , AVp  A V . . .  AV?—add itio n s 
of te s tin g  and p o la r iz in g  c u r re n t  
n e c e s s a ry  to  induce e x c ita tio n  a f t 
e r  v a r io u s  tim e  in te rv a ls .

AV th a t had to  be added to  th e  p o la riz in g  c u r r e n t  (Vn ) bu t a h igher value, 
AV p  T h e re fo re  the  th re s h o ld  ex c ita tio n  in c re a s e d  w hile nerve ex c itab ility  
d e c re a se d . F ig u re  209 show s th a t w ith each  m se c  the  th resh o ld  value in
c re a s e d , th is  in c re a s e  be ing  f a s te r  in itia lly , slow ing down la te r .

F ro m  th e se  eas ily  rep ro d u c ib le  
e x p e rim e n ts , it fo llow s beyond any 
doubt th a t V erig o  w as co rrec t in  a s 
sum ing th a t d e c re a s e d  ex c itab ility  a t 
the  ca thode  (ca th o d ic  d ep ressio n ) begins 
fro m  the  f i r s t  m se c  and that no P flü g er 
in c re a s e  in  e x c ita b ility  at the cathode 
ta k e s  p lace . In t e r m s  of P f lü g e r ’s 
th e o ry  e x c ita b ility  w as m e a su re d  not 
by the  value of the  to ta l c u rre n t p assed  
th ro u g h  the  n e rv e  (Vn  + Δ ν), b u t by the 
value of the  ad d itio n  to  the p o la riz in g  
c u r r e n t  (AV), a s  he h im self d id . 
As s e e n  from  F ig u re  209, th is addition 
(AV) is  indeed  s m a lle r  than the  in itia l 
th re sh o ld  (VQ ). F ro m  th is it xnay be 
concluded  th a t  ex c itab ility  in c re a se d  
at the ca thode . H ow ever, the e r r o r  of 
th is  a s su m p tio n  in  the  ex p erim en t su g 
g e s te d  by K hodorov i s  quite obv ious.

T h a t e x c ita b ility  only d e c re a s e s  
a t the  cathode f ro m  the f ir s t  m s e c  can  
be se e n  in  e x p e rim e n ts  w here the  p o la r 
izing c u r r e n t  w as b roken  rap id ly . 
One such  e x p e r im e n t c a r r ie d  out by  
K hodorov is  i l lu s tra te d  in F ig u re  210. 

A fte r  c lo sing  the  c i r c u i t ,  the  th re sh o ld s  b eg in  to  in c re a s e ,  reach ing  a  value 
of Vn  + V . q a f te r  8 m s e c . Im m ed ia te ly  a f te r  b re a k in g  the p o la riz in g  c u r re n t  
the  e x c ita b ility  th re s h o ld  (V) re m a in s  in it ia lly  a s  b e fo re  (V -  AV^q + Vn ) 
and la te r  b eg in s  to  d ro p , re tu rn in g  to  the  in i t ia l  v a lu e  (V ) within s e v e ra l  
m se c . T h is  is  th e  t ru e  p ic tu re  of a l te re d  ca th o d ic  e x c i t ^ i l i t y  on m ak ing  
and b re a k in g  the  c o n s ta n t c u r re n t  c irc u it .

P f lü g e r 's  v iew po in t is  som ew hat d iffe re n t. A f te r  c losing  the c irc u it  
of co n stan t c u r r e n t  (Vn ), th e  m agnitude of the  la t te r  is  no longer inc luded  
in  th e  ev a lua tion  of e x c ita b ility , and the  th re s h o ld  is  d e te rm in ed  on ly  fro m  
the  te s tin g  v o ltag e  AV, w hich  m u st be added to  Vn  in o r d e r  to r e a c h  the 
th re sh o ld . S ince th e  v a lu e  of AV is  s m a l le r  th an  the  in itia l th re sh o ld  VQ , 
a  s ta te  of in c re a s e d  e x c ita b ility  e x is ts . Im m e d ia te ly  a f te r  b reak in g  the 
p o la riz in g  c u r r e n t ,  a  v o ltag e  V is  n e c e s s a ry  in  o r d e r  to  obtain ex c ita tio n , 
and s in ce  V is  l a r g e r  th a n  A V ^q the in c re a s e  in  e x c ita b ility  is  in s ta n ta n e o u s 
ly  tra n s fo rm e d  in to  lo w e re d  ex c itab ility , l a t e r  slow ly re tu rn in g  to  th e  in it ia l  
v a lu e .

364 T he e r r o r  of th is  o p in ion  is  obvious. B e s id e s , i t  is  quite im p ro b ab le
th a t m o le c u la r  r e a r r a n g e m e n t  from  in c re a s e d  to  d e c re a s e d  e x c itab ility  
o c c u rs  in the  n e rv e  im m e d ia te ly  a f te r  b re a k in g  the  c u r r e n t .  It is  a ls o  d iff i
cu lt to  u n d e rs ta n d  why th e  th re sh o ld  of th is  new  lo w e re d  ex c itab ility  (V) is  
alw ays equal in i t ia l ly  to  th e  sum  of the  v a lue  of the  p rev io u s  th re sh o ld  
(A V io) and th e  v a lu e  of th e  p o la r iz in g  c u r r e n t  (Vn ). A s can be e a s i ly  seen
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from  r  ig u re  210, in re a lity  no instan taneous shift in excitab ility  tak es  
p lace. The th re sh o ld  in c re a se s  upon p assage  of c u rre n t (V = A V ,Q + V ), 
and g ra d u a lly  r e tu rn s  within se v e ra l m sec  to the in itia l value. П
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FIGURE 210. Change of cathode ex 
c ita b ility  th re sh o ld s  of the n e rv e  on 
m aking ( J ) and b reak ing  ( |  ) the c i r  
cuit (a cco rd in g  to  Khodorov, 19S0e)

F ig u re  211 shows the effect 
of tem p e ra tu re  on the speed of th is  
re tu rn  to the in itia l value. A fter 10 
m sec , at a tem p e ra tu re  of 2°C, the 
th resh o ld  reach es  only 150% of the 
in itia l value, a t 18°C—125% and at 
29° C (within the sam e tim e  period)— 
the th resh o ld  drops to  such an extent 
that i t  rem ain s 10% below the in itial 
value. T his d istinct dependence on 
te m p e ra tu re  ind icates that the p ro 
c e s se s  of re p a ir , re tu rn ing  the ex
c itab ility  th reshold  of the  nerve 
which increased  at the cathode to

V—th re sh o ld  v o ltag e  a f te r  break ing  
the p o la riz in g  c u rre n t. Rem aining 
legend a s  in  F ig u re  209,

its  in itia l value, a re  f i r s t  of a ll 
de term ined  by the speed of m e ta 
bolic reac tio n s.

L a te r  the change in n e rv e  ex 
c itab ility  at the anode of constant cur

re n t w as in v e s tig a te d , using the m ethod of Khodorov. The re su lts  of one su ch ex - 
p e r im e n ta re  i l lu s tra te d  in F ig u re  212. At f i r s t  the  in itia l th reshold  of the n e rv e — 
Vo  ( rh e o b a se )w a s  de term ined . The voltage of the  po larizing cu rren t (Vn ) was 
plotted on the  g rap h  below the ce n tra l line , s in ce  i t s  sign w as opposite to  that of the 
vo ltage of the  te s tin g  c u rre n t. A fter c losing  the c ircu it, the excitab ility  th re s h 
old of the p o la r iz e d  nerve  w as de term ined  at v a rio u s m om ents a fte r  zero  
tim e . Im m ed ia te ly  a fte r  closing the c irc u it a  voltage of AV w as n e c e ssa ry  
to re a c h  the  th re sh o ld . H ow ever, in  view of the  fact th a t a voltage of an 
opposite sign  equal to  Vn  w as a lready  applied to  the nerve , the  ac tua l voltage 

365w as AV -  V A s seen from  the figu re , th is  value equals the in itia l th re sh 
old of the  n e rv e  V Q Consequently, im m edia te ly  a fte r closing the  c ircu it 
th e re  w as no change in nerve  excitab ility .

U sually  the  value of the po lariz ing  c u rre n t is  not taken into account, 
and e x c ita b ility  i s  de term ined  by the to ta l value of the added voltage AV, 
not su b tra c tin g  fro m  it the voltage V . In that case  the conclusion is  tha t 
im m ed ia te ly  a f te r  closing the  c u rre n t, c irc u it excitab ility  d e c re a se s  at the 
anode, s in c e  AV> Vo . A ccording to K hodorov, the  th resho ld  of the nerve 
at the anode does not change fo r  the f i r s t  2 m sec  (AV - AVД  beginning to  
d e c re a se  l a t e r  (A V j>  AV2 > AV3 > A V ^.. , .  ). In o ther w ords, excitab ility  
at the anode, s ta r t in g  from  the second m sec , in c re a se s  p ro g ress iv e ly , 
c o n tra ry  to  P f lü g e r 's  law.

F ig u re  213 shows the re su lts  of an  experim ent in which we investigated  
the  change of n e rv e  excitab ility  at the anode a fte r  breaking the c irc u it of 
constan t c u r r e n t .  A fte r c losing  the c u rre n t c irc u it the tru e  th re sh o ld s  of 
e x c ita b ility  of the  n e rv e  d ec reased  (A V | - Vn )P  (AV2  - Vn )> (A V g 7 Vn ) . . . 
Im m ed ia te ly  a f te r  b reak ing  the c u rre n t c irc u it, the  values of th ese  th resh o ld s  
re m a in e d  th e  sa m e , but fu r th e r  on, they  began to in c rea se , reach in g  the 
in it ia l  va lue  a f te r  se v e ra l m sec . T hese da ta  con trad ic t a ll  p rev io u sly  known 
fa c ts . A cco rd in g  to  P flü g e r 's  theory  of e lec tro tonus, on closing the  c ircu it 
of the c u r r e n t ,  th e  excitab ility  th resh o ld s  of the  nerve  at the anode in c rea se .
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while on b reaking  the c irc u it the lo w ered  n e rv e  ex c itab ility  im m ed ia te ly  
changes to an in c rea sed  ex c itab ility . T he so u rc e  of e r r o r  o f th is  s ta te 
m ent is  the sam e a s  in the case  of the  ca thod ic  changes of ex c ita b ility , 
and is  due to  the fa c t that the in v e s tig a to rs  did not take  into acco u n t the 
voltage of the po lariz ing  c u rre n t w hich m u s t be su b trac ted  f ro m  th e  total 
voltage of the te s tin g  c u rre n t. If th is  i s  done, no re v e rs io n  of excitab ility  
on b reaking  the c u r re n t c irc u it is  o b se rv ed .

The stud ies of Khodorov w ere  re p e a te d  in  o u r la b o ra to ry  by  Ushakov, 
A verbakh, Suzdal’skaya, T ro sh in  and C herepanova  (1953) and w ere  basic
a lly  confirm ed.
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FIGURE 211. E ffect of 
te m p e ra tu re  on speed of 
re s to ra tio n  of the th r e s h 
old of n e rv e  exc itab ility  
a t the cathode, a f te r  
b reak ing  the po lariz ing  
c u rre n t ("post cathodic 
d ep re ss io n ")(acco rd in g  
to  Khodorov, 1950e) 
The voltage of the p o la r 
izing c u rre n t w as 90% of 
the  rheobase  value. The 
du ra tion  of p o la riza tio n  
w as 1 sec . T im e a fte r  
b reak ing  the c u r re n t is  
shown on the  ab sc issa . 
The values of the th r e s h 
olds, e x p re ssed  as  m u lti
p les of the rh eo b ase , a re  
shown on the o rd inate .

FIGURE 212. C hanges 
in ex c itab ility  th r e s h o ld s  
at the anode d u rin g  p o la r 
iza tio n  of the  n e rv e  ( a c 
cord ing  to K hodorov, 
1950e)
V n  = 50% rh e o b a se . AV, 
AV p  AV2 , Δ ν 3 , AV 
AVg, AV g—th re s h o ld s  
m e a su re d  d ire c tly :
Δ ν  - Vn , ΔΥ! - Vn ,

A V 3
ÄVs

AV g -  Vn ~ a re  th e  t ru e  
ex c itab ility  th re s h o ld s .
T he rem ain in g  leg en d
a s  in  F ig u re  209.

36$ F ig u re  214 show s the  cu rv e  of in c re a s e  in  ex c itab ility  th re s h o ld s  at 
the cathode, a s  obtained by u s , v e ry  s im i la r  to  th a t obtained by Khodorov. 
It d iffe rs  only in th a t it  show s no la te n t p e r io d  w ithin the  f i r s t  2 m s e c  (not 
observed  by the  au tho rs), but d e sc r ib e d  by K hodorov. In e x p e r im e n ts  
c a r r ie d  out by th ese  au th o rs , th e  th re s h o ld s  began  to  in c r e a s e  im m edia te ly  
a fte r  c losing  the c u rre n t c irc u it . T he sam e  w as tru e  a t the anode (F igure 
215). T hese  re s u lts  w ere  v e ry  s im i la r  to  th o se  obtained by K hodorov , but 
h e re , too, th e re  w as no la te n t p e r io d . T h is  i s  the sing le  d e ta i l  of K hodorov's
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w ork  w hich U shakov and c o -w o rk e rs  w ere  not able to  confirm . In addition, 
th e se  a u th o rs  o b se rv ed  that when weak polariz ing  c u rre n t, not exceeding 
5-10% of the  rh e o b a se , w as applied  to  fro g s kept in the cold, the n e rv e  e x 
c ita b il i ty  a t the  cathode m ight in c rease  som ewhat during the f i r s t  m sec 
(about 10%). When a s tro n g e r po lariz ing  cu rren t was used (60%) th is  in 
c r e a s e  w as e n tire ly  ab sen t.

Khodorov has shown by a  num ber of 
convincing experim ents (1950b-1950d) 
th a t H ill 's  assum ptions w ere wrong. 
He determ ined  the curve of the tru e  
cat e lec tro ton ic  changes in the ex c ita 
b ility  th resh o ld s , and the curve of speed 
of accom m odation for the sam e nerve 
a lm o st sim ultaneously, and through the 
sam e e lec tro d es by the  generally  accepted 
m ethod. He com pared these  curves with 
each  o ther. F igure  216 shows the changes 
of both these  values w ith the tem p e ra tu re  
fluctuating between 17 and 28° C, A s can 
be seen , the two curves a re  detailed r e 
productions of each o ther. F ig u re  217 
shows the com parison between the 
changes of these  two indexes of the  nerve 
under different c ircum stances* , H ere , 
a lso , the two curves b ear a s trik in g  r e -  

seen not only from  the fact that they  de-

FIG U RE 213. Change in e x 
c i ta b il i ty  th re s h o ld s  at the  anode 
on c lo s in g  ( | )  the  c irc u it, and 
on b re a k in g  ( | )  i t  (accord ing  to 
K hodorov, 1950e).
Legend a s  in  F ig u re s  209and212,

J67 sem b lan ce  to  each  o th e r. T h is is
c re a s e  s im u ltan eo u sly  a t the beginning and then r is e , reflec ting  the b ip h a
sic  ity  of the  e ffec t of the ex c itan ts , but a lso  from  the fact th a t they bo th  r e 
p e a t th e  s m a ll  changes evidently  due to  chance (for exam ple, a sm a ll p la teau  
in  the  u p p e r r ig h t p a r t  of the cu rve  in  F ig u re  217, A), T here  is  no doubt 
th a t the  tw o c u rv e s  re f le c t  changes of the  sam e property  of the n e rv e  f ib e r .

T he new  d a ta  given by Khodorov and by Ushakov and co -au th o rs  con
f irm in g  V e r  ig o ’s hypo theses a re  so  convincing that they cannot be ignored. 
T h e se  d a ta  h av e  so  f a r  found no recogn ition  in  scientific li te ra tu re . The 
po in t in  q u e s tio n  is  a rev is io n  of the basic  law s of electrophysiology as

368 s ta te d  by P f lü g e r , law s on the b as is  of which various wide th eo re tic a l 
g e n e ra liz a tio n s  w e re  m ade. The rev is io n  of P flü g er’s law s w ill n e c e s sa r ily  
le a d  to  th e  re v is io n  of a  num ber of asso c ia ted  concepts.

T ab le  72 i l lu s t r a te s  the  c la ss ic a l hypotheses which should be rev iew ed 
on the  b a s is  of V e rig o 's  th eo ry , confirm ed by Khodorov, Ushakov et al.

* The d a ta  of Khodorov on the effect of CaClg on the nerve  differ som e
w hat f ro m  th o se  of H ill (1935, 1936) and Solandt (1936a, 1936b), The 
E n g lish  a u th o rs  d esc rib ed  only an in c rea se  of l /λ ,  while according to 
K h o d o ro v 's  d a ta  th is  stage w as preceded  by a d ec rease  of l / l .  A sharp 
in c re a s e  of th is  va lue , w ithout p r io r  d ec rea se , w as observed  by 
K hodorov only in  fro g s kept at a  low tem p era tu re .
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FIGURE 214. Change 
in excitability th re sh 
old of the nerve at the 
cathode following the 
action of polarizing 
cu rren t corresponding 
to 60% of the rheobaee. 
The initial rheobase is 
taken as 100% (accord
ing to  Ushakov and 
o thers, 1953)

Time (msec)

FIGURE 215. Change 
in excitability  th re s h 
old of the nerve at the 
anode following the a c 
tion  of a polarizing 
c u rre n t corresponding 
to  60% of the rheobase. 
The in itia l rheobase is 
taken  as 100% (acco rd 
ing to  Ushakov and 
o th ers , 1953)

FIGURE 216. Change in 
speed of accommodation 
( l /λ), and speed of de
velopment of cathodic de- 

jsspression (CET), a fte r heat
ing and cooling of a nerve 
(according to  Khodorov, 
1950e).
The tem peratu re  correspond
ing to each m easurem ent is  
given on the abscissa; the 
speed of accommodation CET 
is given on the ordinate.

O rigin  of Spreading E xcitation

It has been  mentioned above that the 
g re a t in te re s t  alw ays shown by physiologists 
in the theo ry  of e lectro tonus w as due to  the 
fact that th is  theo ry  dealt not only with 
changes in  nerve  excitability  at the poles 
of constan t e le c tr ic  cu rren t, but also  gave 
a sa tis fac to ry  explanation, a t f i r s t  sight, 
of the appearance of excitation a t the c a 
thode. It w as assum ed that excita tion  
a r is e s  as a re su lt  of increased  excitability  
of the f ib e r . However, according to  Verigo, 
th e re  is  no in c re ase  in exc itab ility  at the 
cathode. On the con trary , the cathode is  
c h a rac te rized  by decreased  excitability .
We fully ag ree  w ith th is  concept. 

Why then  does a wave of excitation 
o rig inate , a f te r  a ll, at the cathode? 

The answ er to  th is  question follows 
from  a ll th a t was said in the chap te r on 
sp read ing  excitation. It was indicated

there that we accepted the theory  of " sm a ll c u rre n ts"  of H erm ann as a basis 
of the concept of spreading excitation. A ccording to  th is theory , an excita
tion moving without decrem ent should appear when at each point of 
the conducting fib er a sufficiently sharp  b o rd e r has form ed betw een the ex
cited electronegative surface of the fib e r and the adjacent nonexcited, 
positively charged segm ent.
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T a b l e  72
C o m p a riso n  of P f lü g e r 1 s b a s ic  concepts of e lec tro to n u s, 

and tho se  a r is in g  from  V e rig o 's  theory

H ypo th eses  accep ted  in  co n 
te m p o ra ry  physiology

T h e re  is  an  in i t ia l  in c re a s e  in  nerve  
e x c ita b ility  a t  th e  cathode of co nstan t 
c u r r e n t .
N erve  e x c ita b ility  d e c re a s e s  a t the 

anode of c o n s ta n t c u rre n t.
On b reak in g  a  c o n s ta n t c u rre n t, the 

in c re a se d  n e rv e  ex c itab ility  a t the  
cathode is  in s ta n ta n e o u s ly  t r a n s 
fo rm ed  in to  lo w ered  exc itab ility . 
T he lo w e re d  e x c ita b ility  at the  
anode is  t r a n s fo rm e d  in to  in c re a se d  
e x c ita b ility . F o llow ing  th is  the 
changed e x c ita b il i t ie s  g radually  
re tu rn  to  n o rm a l.

In c re a se  in  e x c ita b ility  at the ca 
thode, r e f r a c t iv i ty ,  and accom m o
dation, a r e  d iffe re n t phenom ena.

C hanges in troduced by V erigo

N erve  excitab ility  d e c re a se s  im m ed i
a te ly  at the cathode of constan t 
c u rre n t* .

N erve  excitab ility  in c re a se s  at the 
anode of constan t cu rren t.

On b reak ing  a  constan t c u rre n t, the 
in c re a se d  excitab ility  a t the anode 
and the  d ec reased  excitab ility  a t 
the  cathode in itia lly  rem a in  un
changed. L a te r  the ex c itab ilitie s  
a t both po les gradually  re tu rn  to 
no rm al.

D ecrease  in  excitab ility  at the c a 
thode, re frac tiv ity , and accom m o
dation, a re  s im ila r  phenom ena.

FIG U R E 217. C om parison  of speed  of accom m odation 
( 1 / λ), and speed  of cathodic d ep re ss io n  (CET), in the 
p ro c e s s  of a lte ra tio n  of the  n e rv e  (according to  Khodorov, 
1950e)
A —1.24% M so lu tion  of C aC lg; B —0.5% M m onoiodo
ace ta te ,· C —* 1/500 M solu tion  of cyanide. O nset of a l te r a 
tio n  i s  desig n a ted  by an  a rro w . V alues of l /λ  and CET b e 
fo re  th e  beginning  of nerve  a lte ra tio n  a re  taken a s  100%.

* A sm a ll  and b r i e f  in c re a s e  m ay be observed  only with very  w eak p o la r 
iz ing  c u r r e n ts  in  the  cold.

359



FIGURE 218. D ia g ra m  i l lu s 
tra tin g  the la c k  of a  m u ltip le  
re sp o n se  to  a  s in g le  s t im u la 
tion. F o r  ex p lan a tio n  see  tex t.

C onsequen tly , one of the cond itions 
fo r ap p ea ran ce  of a  sing le  sp re a d in g  im 
pulse  is  a  su ffic ien tly  stro n g , lo c a l, s e p a 
ra ted  re a c tio n  from  an  i r r i ta n t  (m ech an ica l, 
e le c tr ic a l ,  c h em ica l, e tc .). I t can  be shown 
th a t as a  ru le  only one im pulse  m a y  em erg e  
from  such  a sh a rp ly  de lineated  e x c ite d  zone. 
Indeed, le t  u s  a s su m e  th a t such an  e le c t ro 
negative  zone (F ig u re  218, A) w as c re a te d  
by the ac tio n  of a  c e r ta in  constan t s tim u lu s , 
(cathode of d ire c t  c u rre n t, p r e s s u r e ,  e tc .). 
L et us a s su m e  th a t the  d ifference  betw een  
the p o te n tia ls  of the  a lte re d  (sh ad ed  on the 
draw ing) and in ta c t zones is  so  g r e a t ,  tha t 
conditions w ere  c re a te d  for n o n d e c re m e n ta l 
conduction, and th a t the whole f ib e r  w as e n 

gulfed by an e x c ita tio n  w ave (F ig u re  218, B). L a te r , r e p a ir  of the  ex c ited  
f ib e r  begins, bu t co n d itio n s  fo r  re s to ra tio n  a r e  not un iform . Away f ro m  the 
s ite  of ac tion  of th e  c o n s ta n t s tim u lu s  th e s e  co n d itions a re  fa v o ra b le , and
re s to ra tio n  w ill r e a c h  com ple tion . As f a r  as  the  re g io n  ad jacen t to  th e  s ite  
of the co n stan t s t im u lu s  (F ig u re  218, C) is  co n ce rn ed , re s to ra t io n  w il l  in 
v a riab ly  be m ade d iff ic u lt b y  the re su lta n t c u r re n t  of action . T he e ffe c t of 
th is  c u rre n t w ill b e  g r e a t e r ,  the  c lo s e r  it  is  to  the  b o rd e r  of the  a l te ra t io n . 
As a re s u lt ,  the  p re v io u s  s h a rp  b o rd e r  betw een  th e  a lte re d  and r e s to r e d  
p a r t  of the f ib e r  w ill  no lo n g e r be ex is ten t. T h e re  w ill a lw ays be a  g ra d u a l 
tra n s itio n  be tw een  th e  a r e a  of constan t ac tio n  of the  s tim u lu s , and th e  non
stim ula ted  p a r t  (F ig u re  218, C), due to  w hich  a seco n d a ry  im p u lse  w il l  not 
a r is e .

The fo re g o in g  c o a c e m s  the fo rm atio n  of s in g le  w aves of s tim u la tio n . 
A s has been show n in  P a r t  IV of th is  book, a n o th e r cau se  of im p u ls e s  m ay 
be in c rea sed  e x c ita b il i ty . H ow ever, in  c o n tra s t  to  the  p rev io u s c a s e ,  it  i s  

370 rhy thm ic a c tiv ity  r a t h e r  th an  a sing le  im p u lse  w hich o ccu rs  a f te r  a  su ff ic ie n t 
in c re a se  in e x c ita b il i ty .

In the  o rg a n is m  u n d e r  n a tu ra l cond itions a s é r i é s  of c o n se c u tiv e  
excita tion  w aves r a t h e r  th an  single im p u lse s  o r ig in a te  in  the c e n te r s  and 
n e rv e  endings, g e n e ra l ly  speaking. T hus, the  m a in  m ethod of t r a n s p o r t in g  
im pulses along n e rv e  f ib e r s  should be co n s id e re d  to  be a  m o re  o r  l e s s  p ro lo n g e d  
rhy thm ic a c tiv ity  and  n o t sing le  im p u lses . C onsequen tly , it m ay  b e  a s s u m e d  
th a t the m ain  m e c h a n is m  of propagating  im p u lse s  in  the  nervous s y s te m  i s  a lo c a l  
in c re a se  in  e x c ita b il i ty , e i th e r  som ew here  in  th e  n e rv e  c e n te rs  o r  in  th e  
n e rv e  endings.

V ery  l i t t le  i s  y e t  known re g a rd in g  th e  f a c to rs  w hich m ay r a i s e  e x 
c itab ility  of n e rv e  c e n te r s  during  n o rm a l function  of the  n e rv o u s  s y s te m . 
As fa r  a s  the  n e rv e  en d in g s a r e  co n cern ed , som e sp ecu la tion  i s  p o s s ib le . 
It has a lread y  b e e n  m en tio n ed  th a t the r e a s o n  fo r  ap p ea ran ce  of rh y th m ic  
im p u lses  h e re  m a y  b e  th e  in itia l stage  of ac tio n  of the  s tim u lu s  (d e s c r ib e d  
by V vedenskii), le a d in g  to  in c re a se d  e x c ita b ility . N eed less  to  sa y , th is  
re q u ire s  fu r th e r  e x p e r im e n ta l  con firm atio n .
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371 CONCLUSIONS

At the  beginning of th is b o o k w e  defined the te rm  "ce llu la r excitation" 
(p. 40)

T h is  te rm  denoted re v e rs ib le  changes in  protoplasm  due to changing 
e x te rn a l conditions. T h is  stim u la ted  various useful ac tiv ities of the cell. 
E s se n tia lly  the  changes involved re v e rs ib le  a lte ra tio n  of ce ll proteins, 
s im ila r  in  n a tu re  to  d en a tu ra tio n .

By com p ariso n  w ith  fo rm e r defin itions, the cu rren t approach is  an 
a ttem p t to  in troduce  in to  the  defin ition  specific  concepts of physicochemical 
changes in  the  living s u b s tra te , in  addition to  the o rd inary  functional a t t r i 
b u te s  of c e l lu la r  ex c ita tio n . The proposed definition is  therefo re  m ore 
exact, and in te g ra te s  a  group  of phenom ena re la ted  both in physicochem ical 
n a tu re , and in  th e ir  phylogenetic  o rig in .

The la t te r  s ta te m e n t w as supported  by evidence that ce llu lar excitation 
influenced the  cap ac ity  o f p ro top lasm  to r e p a ir  damage in the substra te , 
caused  by changes in th e  environm ent. Without th is  p roperty  even the m ost 
p r im itiv e  u n ice llu la r  o rg an ism  could not ex ist.

In th is  fo rm  of ex c ita tio n  the damage fac to r i s  also  a stim ulus, and 
the  re sp o n se  re a c tio n  should  be co nsidered  a s  a chain of transform ations 
d ire c te d  m ain ly  to w ard s  the re p a ir  of the defec t. Such rev e rsib le  changes 
in  p ro to p la sm  and the c e l l  nucleus m ay be observed  in any tissu e  at the 
s ite  of app lica tion  of th e  stim u lu s. T hese changes w ere denoted as local 
ex c ita tio n  (in  c o n tra s t to  excita tion  propagating (spreading) along a conduct
ing f ib e r) . The re v e r s ib le  changes in  protoplasm  (colloidal, sorptional 
and o th e r changes) w e re  studied in  de ta il during local excitation, a t the 
s i te  of the  stim u lu s. T h e se  changes w ere ca lled  p a ranecros is .

T he next stage  in  evolution of the excita tion  p ro cess  should be con
s id e re d  a s  the  capacity  of the c e ll  not only to  re p a ir  the damage caused by 
the  s tim u lu s , but a lso  to  avoid it  o r  p ro tec t i ts e lf  against it. O ther activ
i t ie s  u se fu l fo r  the  u n ic e llu la r  o rgan ism  a re  associa ted  with th is  capacity.

W ith the  ap p ea ran ce  of m u ltic e llu la r  o rganism s and the evolution of 
the  n e rv o u s  sy stem , a  h ig h e r fo rm  of ce ll excitation  em erged, i.e ., excita
tion  which propagated  along conducting f ib e rs .

T h is  fo rm  of excita tio n  w as a lso  shown to be based on rev e rsib le
372 d en a tu ra tio n  of p ro to p la sm ic  p ro te in s . T here  a re  reaso n s to believe that 

a s  a  r e s u l t  of d en a tu ra tio n , c e r ta in  substances a re  re leased  which w ere 
bound to  the p ro te in s  in  the  re s tin g  condition (for exam ple, potassium , 
p h o sp h a tes , c re a tin e ). I t is  highly probable th a t the m echanism  of excita
tio n  in itia tin g  th e se  o r  o th e r  b iochem ical p ro c e sse s  is  based on th is  re lease  
of su b stan ces .

The p ro te in  th e o ry  of excita tion  developed in th is book, according to 
w hich a lte ra tio n s  in  the  p ro te in s  of the en tire  m ass  of p rotoplasm  form  the
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b a s is  of excita tion , is  in  con trad ic tion  to  th e  m e m b ra n e  th e o ry  p revailing  
in co n tem p o rary  physiology. This s ta te s  th a t the ap p ea ran ce  of c e l lu la r  
excita tio n  and of b io e le c tr ic  po ten tia ls  a re  due to  in c re a se d  p e rm e a b ility  
of the p ro top lasm ic  su rface  m em brane .

Investigation  of c e llu la r  p e rm e a b ility  led  us to  r e je c t  the  th e o ry  of 
the so -ca lled  sem ip erm eab le  boundary  m e m b ra n e s  c o n tro llin g  the en trance  
of d ifferen t substances in  the ce ll, the a p p e a ra n ce  of ex c ita tio n , and b io 
e le c tr ic  phenom ena.

We concluded that the m a jo rity  of phenom ena a s so c ia te d  w ith  c e llu la r  
perm eab ility  can be explained by the concept of p ro to p la sm  a s  a  com plex 
coacervate  sy stem , the w a te r of which i s  a  p o o r so lven t fo r  the  m a jo r ity  
of substances and behaves like  a nonaqueous ph ase  in  re la tio n  to  the  s u r 
rounding aqueous solution. The in tra c e l lu la r  co n ten t of c e r ta in  su b stan ces 
is  h igher than th a t of the surround ing  m edium  s in c e  they  a r e  ad so rb ed  onto 
m ic e llu la r  su rfa c e s  and a re  chem ica lly  bound. T he re a so n  fo r b io e le c tr ic  
phenom ena is  the tra n s itio n  of a p a r t  of the  p ro to p la sm  e le c tro ly te s  from  
the bound to  the f re e  s ta te .

In the p re se n t book we have la id  foundations fo r  the  concept th a t 
th e re  is  no fundam ental d ifference betw een  lo c a l ex c ita tio n  of the  c e l l  a r is in g  
in the a re a  of app lica tion  of any s tim u lu s , and e x c ita tio n  sp re a d in g  along a 
conducting fib e r. T his idea w as f i r s t  e x p re s se d  by V vedenskii. I t w as the 
b a s is  of h is  th eo ry  of p a rab io s is . The m a in  a rg u m e n ts  in  i ts  fa v o r  a r e  the 
following :

1. The s im ila r ity  betw een p h y sico ch em ica l changes in  p ro to p lasm  
in th e  case  of lo ca l and sp reading  ex c ita tio n  ( in c re a se d  s ta in ing  po w er, de
c re a se d  d isp e rs io n  of co llo ids, in c re a se d  v is c o s ity , e tc .) .

2. The s im ila r ity  betw een b io c h e m ic a l re a c t io n s  o c c u rr in g  during  
loca l and sp read ing  excitation .

3. The developm ent of, f i r s t  re la tiv e , and la te r  ab so lu te  r e 
f ra c tiv ity  (d ec reased  e le c tr ic  excitab ility  in  the  s tim u la te d  a re a ) , in  loca l 
an d in  sp reading  excitation .

4. The te tan ic  con trac tions o c c u rrin g  in  s k e le ta l  m u s c le s , in  the 
case  of both lo ca l and sp reading  ex c ita tio n .

5. E lec tro n eg ativ ity  accom panying b o th  lo c a l and sp read in g  e x c ita 
tion . In loca l excita tion  stab le  e le c tro n e g a tiv ity  i s  o b se rv ed . A ccord ing  
to  the genera lly  accep ted  theo ry  of e le c tr ic  p ro p ag a tio n  of an  im p u lse , the 
re a so n  for excita tion  of each point of the  conducting  f ib e r  is  th e  e le c tr ic  
c u rre n t g en era ted  by the adjacent s tim u la ted  seg m en t. C onsequen tly , in

373 the case  of a sp read ing  im pulse , ex c ita tio n  of e ach  segm en t of th e  f ib e r  
m ay be consid ered  as a  loca l effect caused  by  the  ca thod ic  c u r re n t .

O bjections have often been ra is e d  a g a in s t c la ss ify in g  lo c a l re a c tio n s  
in conducting f ib e rs , toge ther with sp re a d in g  im p u lse s , on the  g rounds 
that the la t te r  a re  b a s ic a lly  d ifferen t fro m  the  fo rm e r , since  th e y  behave 
accord ing  to  the  so -c a lle d  " a ll o r none" law , w hile lo c a l re a c tio n s  do not 
obey th is  law, and g rad u a l re la tio n sh ip s  be tw een  the  m agnitude  of e x c ita 
tion  and that of the  re sp o n se  effect a re  c h a ra c te r is t ic a l ly  seen  in  th e i r  c a se .

Special a tten tion  is  devoted to  th is  p ro b lem  in the  p re s e n t  book . D e
ta iled  analysis of re la tio n sh ip s  betw een in te n s ity  of e le c tr ic  e x c ita tio n  and 
m agnitude of e le c tr ic  re sp o n se  re a c tio n  le d  u s  to  the  fo rm a tio n  of th e  th eo ry  
of g rad u a l excita tion . A ccording to  th is  th e o ry , th e r e  is  no d iffe re n c e  be
tw een the loca l re a c tio n  sp reading  w ith d e c re m e n t, and the  im p u lse  m oving 
w ithout d ec rem en t. T hose phenom ena, w hich in  the  opinion of th e  m a jo r ity
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of p h y sio lo g is ts  obey  the " a l l  o r  none" law , a r e  not r e la te d  to  the onset of 
an e x c ita to ry  s ta te , bu t w ith  the  c h a r a c te r is t ic s  of conduction  of excitation. 

The th eo ry  of g ra d u a l ex c ita tio n  enabled us to  ex p la in  and elucidate 
c e r ta in  phenom ena s t i l l  unknown to p h y sio lo g is ts . T h ese  a r e  associa ted  
w ith  the  ap p ea ran ce  and sp re a d  of excita tion , and the ex p e rim en ta l proof 
of th e ir  ex is ten ce . A s an  exam ple  of such a co n firm a tio n  we c ite  the pos
s ib ility  of obtaining lo ca l p o te n tia ls  co n sid e rab ly  g re a te r  in  m agnitude than 
tho se  of the p ropaga ting  peak, w hich sp read  w ith d ec rem en t u n til they re a c h  
th e  d im ensions of the  peak  p o te n tia ls  (above-peak  po ten tia ls).

The use of q u an tita tiv e  m ethods of investiga ting  the changes in p ro to 
p lasm  a f te r  excita tio n  co m p e ls  us to  d isc a rd  the  concept of the excited and 
re s tin g  cond itions of th e  c e l ls  a s  tw o a lte rn a tiv e  te rm s . Instead , we ac 
know ledge the  ex is te n c e  of a  continuous s e r ie s  of tra n s itio n  s tag es  in p ro to 
p la sm , T hese  s ta r t  from  a lev e l c h a ra c te r iz e d  by a  h igh deg ree  of norm ality  
of the  p ro te in s , h igh e x c ita b ility  and a  m ore  positive  e le c tr ic  potential, and 
end w ith in c re a s in g  d is o rd e r s  in  th e se  fa c to rs  and in  a s ta te  approaching death.

F ro m  the above it  fo llow s th a t the p ro c e s s  of excita tio n  of the cell 
c o n s is ts  of a tra n s i t io n  of p ro to p la sm ic  p ro te in s  from  a  h ig h e r level of ac 
tiv ity  to  a  low er one un d er the  in fluence of the  s tim u li, and that this t ra n 
s itio n  is  in a ll  p ro b ab ility  a  s tim u lu s  fo r  a chain  of b iochem ica l tran sfo rm a
tio n s  e s s e n tia l  fo r v a r io u s  c e l lu la r  a c tiv itie s  and for the  r e tu rn  of the p ro to 
p la sm  to its  in itia l s ta te .

374 If th is  is  so, th en  ex c ita tio n  of the  ce ll should be considered  not as a
s ta te  bu t r a th e r  a s  a  cy c lic  p ro c e s s ,  due to  w hich the p ro top lasm  p asse s  
th ro u g h  a  s e r ie s  of p h a se s . Such a  consecu tive  change of phases  is  observed 
d u rin g  p assag e  of a  n e rv e  im p u lse  along a  f ib e r , w hereby the sum of changes 
a s  a  w hole w as often  ca lled  by us "a  w ave of exc ita tion", thus em phasizing 
the  cy c lic  n a tu re  of th e  e n tire  p ro c e s s . The sam e  is  t ru e  fo r  the develop
m en t of the  m o re  p r im itiv e  lo ca l ex c ita tio n . H ere , too, a  cycle  of events 
ta k e s  p lace , but does not te rm in a te  a f te r  a few thousandths of frac tions 
of a  second , a s  in  the c a se  of an  im p u lse  p ropagating  along a  fib e r, but m ay 
continue fo r m in u tes  o r  even h o u rs .

P h y sio lo g is ts  who have in v estig a ted  v a r io u s  a sp e c ts  of the nervous 
sy s te m  have often used  the  te rm  "blocking" a s  opposed to  the  te rm  "ex 
c ita tio n " . In the physio logy  of the n e rv o u s  sy s tem , a s  is  well-known, the 
te rm  "blocking" d e s ig n a te s  c le a r ly  defined  and highly im p o rtan t phenomena. 
H ow ever, in  te rm s  of the  e le m e n ta ry  p ro c e s s e s  taking p lace  in  the cell, 
su ch  a  concept of two supposedly  opposite  s ta te s  of the p ro to p lasm  is  hardly 
ju s tif ie d . In the study  of in t r a c e l lu la r  p ro c e s s e s , we d ea l p rim a rily  w ith 
tw o phenom ena, i .e . ,  the  le v e l of p ro to p lasm  ex c itab ility  and the  p rocess 
of ex c ita tio n  p ro p e r . The fo rm e r  m ay  be h ig h e r o r lo w er. Low excitability  
c r e a te s  le s s  fav o rab le  cond itions f o r  the  conduction of excita tio n  and may 
le a d  to  a  b lock  in  conduction. In c re a se  in excitab ility , on th e  o ther hand, 
c r e a te s  b e t te r  conditions fo r  conduction  and m ay lead  to  rhy thm ic  activity. 
Low ex c itab ility  of the conducting f ib e r  m ay c e r ta in ly  be defined as a
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"b lock ing 1’ fa c to r , but th is  condition should th en  be c o n tra s te d  w ith  high 
excitab ility , although not to  the p ro c e ss  of ex c ita tio n  itse lf* .

In our opinion, in the p resen t s ta te  of know ledge of the  physiology of 
the ce ll, the  use  of the te rm  "blocking" a s  a s ta te  opposed to  th e  te rm  "ex 
c ita tion" is  not ra tio n a l. We think it m o re  ad v isab le  to  d e s c r ib e  the  level 
of excitab ility  of p ro toplasm  on the one hand, and th e  p ro c e s s  of excitation  
w hich develops aga in st a  background of th is  le v e l of e x c ita b ility , on the o ther.

* In re la tio n  to  th e  nervous system  of the  o rg a n ism  a s  a  w hole, p h y sio 
lo g is ts  often u n d erstan d  the te rm  ’'e x c ita tio n 11 a s  a  s ta te  of in c re a se d  
excitab ility . By "blocking" they  r e f e r  to  p ro c e s s e s  cau s in g  a  d e c re a se  
in  excitab ility . Such a concept of e x c ita tio n  in  th e  n e rv o u s  sy s te m  as 
a  whole does no t ta lly  w ith our defin ition  of c e l lu la r  e le m e n ts . O ther 
physio log ists  u se  the te rm  "blocking" to  m ean  co n d itions w hich  acco rd ing  
to  us a re  one o r  o ther phase of the p ro c e s s  of ex c ita tio n . T he question 
is  th e re fo re  one of term ino logy . B locking canno t be opposed  to  the  p ro 
c e s s  of excita tion , since  it  co rre sp o n d s  only to  som e p h a se s  of th is  p ro 
c e s s .
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CLOSING NOTES

375 The m onograph  "L o c a l R eac tio n  and Spreading E xcita tion" w as co m 
p le ted  by D m itr ii N ik o laev ich  N asonov at the end of 1956.

The c e n tra l p ro b le m  w hich N asonov stud ied  during the la s t  y e a r s  of 
h is  life  w as th a t of th e  unity  of lo c a l and sp read ing  excita tion . T h is r e 
su lted  in the th e o ry  of g rad u a l ex c ita tio n . A fte r the m onograph w as w ritten , 
s tu d ie s  w ere  c a r r ie d  out in  h is  la b o ra to ry  a t h is  in itia tive , the r e s u l ts  of 
w hich N asonov though t e x tre m e ly  im p o rtan t fo r fu r th e r  exp erim en ta l con
f irm a tio n  and su b s ta n tia tio n  of h is  theo ry . He proposed  to  include them  
in  th is  book. S ince N asonov did not m anage to  do so, we think it  n e c e s s a ry  
to  p re s e n t  th e se  s tu d ie s  in  a  b r ie f  form .

The S -sh ap ed  dependence betw een excita tion  and the lo ca l e le c tr ic  
re sp o n se  re a c tio n  p o stu la ted  by the th eo ry  of g rad u a l excita tion  w as f i r s t  
o b se rv ed  by M ozhaeva (1958a-1958c) in the sc ia tic  nerve of the frog. 
A n a ly s is  of d iffe re n t seg m en ts  of the  curve ex p ress in g  th is  dependence h a s  
shown th a t the  S -sh ap ed  fo rm  oh tained  cannot be explained by s ta t is t ic a l  
law s of sum m ation  of ac tiv ity  of the  d iffe ren t f ib e rs . The study of depend
ence  of the  m agnitude  of the lo c a l e le c tr ic  re a c tio n  on the in tensity  of ex 
c ita tio n , w ithin a la r g e  ran g e  of in te n s itie s , h as  shown that at high in te n s i
t i e s  of excita tio n  th e  curve  d ro p s again a fte r  p a ss in g  through a  m axim um . 
In th is  reg io n  in c re a s e  of ex c ita tio n  no longer c au se s  an in c rea se  in  the  
re a c tio n , but a  d e c re a s e . M ozhaeva a lso  show ed that the cu rv es  of the 
lo c a l re sp o n se  m ay  change th e i r  shape a f te r  the action  o f.ce rta in  su b s ta n c e s  
on the  n e rv e .

N asonov a lso  thought it  im p o rtan t to  check  the ex istence of g ra d u a l 
re la t io n s h ip s  in  th e  s e p a ra te  conducting un its, w here the re s u lts  would not 
b e  co m p lica ted  by s ta t is t ic a l  law s. S tudies on the iso la ted  g ian t n e rv e  f ib e r  
of the  squid (Lev, N ik o l 'sk ii, R o zen ta l1, Shapiro, 1958a, 1958b, 1959) and 
th e  iso la te d  m u sc le  f ib e r  of a  fro g  (K rolenko, 1958) w ere devoted to  th is  
p u rp o se .

In the  fo rm e r  ca se  a com plete  S -shaped cu rv e  w as obtained, e x p re s 
s in g  the  g rad u a l re la tio n sh ip  be tw een  in tensity  of excitation  and m agnitude 
of the  e le c tr ic  re s p o n s e  re a c tio n . T he law s of spreading of im p u ls e -  
sp a tia l  d ec rem en t of su b th resh o ld  excita tion , and in c rem en ta l sp re a d  of 
e x c ita tio n  a r is in g  fro m  the su p ra th re sh o ld  in te n s itie s  of ex cita tion  
fo llow ing the g ra d u a lly  fo rm in g  re la tio n sh ip s , w ere  a lso  con firm ed . The 
dependence  cu rv e  betw een  excita tio n  and re sp o n se  in  the  case  of a  f r e s h ly  

376 iso la te d  f ib e r  r i s e s  sh a rp ly , becom ing le s s  steep  in  the ca se  of a f ib e r  kep t 
u n d e r o b se rv a tio n  fo r  som e tim e . T h is is  accom panied  by tra n s i t io n  fro m  
a  n o n d ecr em enta l conduction to  conduction w ith  d ecrem en t, a s  p o stu la ted  
b y  the th e o ry  of g ra d u a l exc ita tion .
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S im ila r  changes in the re sp o n se  re a c t io n  a f te r  d e te r io ra tio n  of the 
functional s ta te  w ere  observed  by K ro lenko  on an  iso la te d  te tan ic  m uscle  
fib er of frog . A m uscle  f ib e r  in an o p tim al function ing  condition  responds 
to a single e le c tr ic  excita tion  of vary ing  in te n s ity  by p ra c tic a lly  the  sam e 
am plitude of con trac tion  w aves. At the b a s is  of th is  is  th e  wave of exc ita 
tion  sp reading  along the e n tire  fib e r. A fte r  d e te r io ra t io n  of the functional 
sta te  due to  various fa c to rs , the cu rv e  re la t in g  the m agnitude  of co n trac tio n  
to the in tensity  of excita tio n  a c q u ire s  a  sm oo th  S -fo rm . The cap ac ity  for 
nondecrem ental conduction is lo st.

Nasonov consid ered  it  n e c e s s a ry  to  conduct fu r th e r  e x p e rim e n ta l 
work on th is  theory . The lab o ra to ry  of c e ll  physio logy  at the In stitu te  of 
Cytology of the Academ y of S c iences of th e  USSR w ill continue to  w ork in 
th is  d irection .

D. L. R ozen tal'
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АСЮ, ACETIC, effect of, on the pancreas of :he 
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ACID HYDROCHLORIC, effect of, on the 
pancrease of the mouse 97
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threshold concentration of, for the nar“ 
cotization of muscles 66
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according to the ideas of Verigo 263, 361 
as cathodic depression 263, 361 
according to Nernst 355, 361 
velocity of 264, 366

changes in, by calcium chloride 264, 366 
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ACCOMMODOMETRY 361
ADAPTATION, in receptors 274

cellular 53, 59
threshold of (during narcosis) 59, 61

ADENOSINE diphosphate 79, 80
ADENOSINE triphosphoric acid 78, 79 
ADENYLPYROPHOSPHATE 189 

of nerve, during block 81
ADRENALIN, threshold concentration for 
contraction of fibrocytes 73
ADSORPTION, by coacervate micelles 169, !71

of protoplasm 125, 129, 134, 160, 163, 180
on rhe surface of particles 122, 127 
nonpolar, Langmuir curve 128, 134 
constant "a" of Langmuir equation 128 
lim it Azo in Langmuir equation 128 

graphical method of determination of 128 
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effect of , on the volume of muscle 115 
the constant Aco of, for muscles 137, 174 
the distribution coefficient К of, for muscles 137 
molecular weight of 119 
penetration of, into muscles 136, 137

killed by alcchol 136, 137
ALBUMIN, serum 18, 24, 25

egg 18, 24
effect of, on the volume of muscles 115, 117 
molecular weight of 118

ALCOHOL, isoamyl, effect on mouse pancreas 97
narcosis, paranecrosis, stimulation of muscle 66 

distribution between the simple coacervate and 
equilibrium fluid 169 
ethyl, effect on mouse pancreas 97, 99 
as a narcotic for the nerve 243, 255, 297 
narcosis of muscles 60, 61

of the nerve 297
threshold concentration for cellular narcosis 61

contraction of fibrocytes 73
ALKALI, narcosis, paranecrosis and stimulation of 
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and medium 129
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medium 135, 137
content of, in nerve fibers of cephalopod 
mollusks 136
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penetration of, in to  the cell 144
into erythrocytes 144

Heber, series of, according to  the degree Of the 
positive charge of the cell surface 180 
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adsorption lim it Aoo of, in muscles 174 
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stimulation of muscles 66
BISECTRIX of the coordinate angle 161, 171, 
221· 238
BLOCK of a nerve by heat 81

by cold 82
of the nerve fiber (nonconduGtivity) 81, 219 
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pressure 46

preparation of, in the living animal 92 
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* [See note to Author Index,)
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negativity of the c e ll surface ISO
CALCIUM, excretion by muscles into a medium 
devoid of ca lc iu m  157

arrest of the m ultiple response of the nerve to 
constant cunent, Ъу 263
binding by protoplasm proteins 152
chloride, effect on the pancreas of the mouse 97 
narcosis, paranecrosis and stimulation of muscles 
by 66
threshold concentration for the contraction of 
fibrocytes 73

CELL, yeast, perm eability of 133 
change In volum e of 113, 172 
as an osm om eter 109, l l l s 113, 138, 144, 339

as an e lectr ic  condenser 279, 333
of boundary tissues, secretory, or resorbing 177 
vital staining o f, during excitation, similarity to  
the h isto log ica l preparation 13
perm eability of, to  ncnelectrolytes 119, 159 
of plants, nonvacuolated 110, 133

the osm otic pressure of the protoplasmic sap and 
the vacuole sap 110

of plants, perm eation of substances, into 110, 132 
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secretion, stim ulation of 95, 97
from tissues of the internal environment of the 
organism 177
death of, e x it of potassium and phosphates 143 

penetration o f sodium and chlorine into 143
CELL COLLOIDS, decrease in the degree of disper
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CESIUM CHLORIDE, narcosis, paranecrosis and 
stimulation of m uscles 66
CILIA, m ovem ent of 224 
CHLORALHYDRATE, narcosis, paranecrosis and 
stimulation of m uscles 66
CHLORINE, distribution coefficient К in muscles 
161, 175

betw een the prcxoplasm and the medium 161 
penetration in to  c e lls  13, 167

into m uscles of the squid 177 
muscle fibers 147, 15 8, 161

distribution between yeasts and medium 160 
concentration in  th e  gigantic nerve fibers of the 
Loligo 149

of nerve fibers 147
CHLOROFORM as a narcotic fcr the nerve 32 , 243 
CHOLINESTERASE 207
CHROMATIN, grains of, staining upon excitation  
of the c e l l  13
CHRONAXIMETRY 291
CHRCNAXY281, 2S7, 333

graphic déterm inât!cn cd (from the intensity-tim e 
curve 296
dependen ce of the value of on the interelectrode 
distance 303, 343, 344
relationship to rheobase 304
change due to  the action of alcohol 297 
as a measure o f the threshold tim e of excitation

296, 306
rate of reacting (aS a tim e factcr) 294, 295,
297, 298, 301, 302, 306

ratio of a/b 295, 296, 299, 304, 308, 326, 343 
of frog muscles, dependence of the value on size 
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cf the nerve following sectioning the latter 298, 305 

in rats 293, 310
changes with tim e, in vaseline 326

In frogs, changes following treatment with 
alcdhol 297, 299

of various organisms 304
overlapping with the peint of intersection, of the 
asymptotes of the-intensity-time curve 305

CHONDRIOSOMES of pancreas ceils 98, 99 
distribution cf, in the cell 177

COACERVATE COMPLEX 168, 169
effect of salts on the potentials c f 183
of gelatin and gum arabic with the addition of 
hydrochloric acid 169

distribution coefficient Q (between the coacervate 
and the liquid at equilibrium) 169
formation of surface Αϊτή* consisting of orientated 
particles 169
separation of vacuoles 169 
decrease in  solubility of 171
Simple 168 
distribution, of substances between the coacervate 
and the medium, similarity to living cells 169-171 
bound water of the hydration layer 168, 171 
water content of 168
Composition of as compared with protoplasm 168, 169 
equation of the distribution curve of substances 171 

COCAINE, effect of on the dieobase and chronaxy 
of the frog nerve 300
COLD, effect on the concentration of potassium 
and sodium in the nerve fiber 177
CCNDENSOR tim e of discharge 287
CONDUCTION of potential, monophasic 226 
CONSTANT 'a', units of measuring of 281, 284, 289 

dependence on the histological structure of the 
tissue 292, 303

method of measuring 3Û3
with changes in temperature 319

as the threshold tim e cf excitation 281, 293, 306 
short-term threshold of excitability 281, 291, 
292, 293 , 316 , 343
in human muscles 301

in  rat muscles, dependence on temperature 332 
in frog muscles, dependence on temperature 331 

in  pigeon nerves, dependence on temperature 329 
in rat nerves 298, 309, 311, 327

dependence on temperature] of 327, 329 
change with tim e, of, in  vaseline o il 326 

in frogs 297, 300, 308, 316, 318, 322, 323
changes in , by the action of alcohol 290, 297 

determination of, (experimental} 289 
upon sectioning the nerve 299, 309
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dimensions of 289, 292, 3 16
seasonal changes of its dependence on 
temperature ? 22

'b', protracted excitability threshold (iheobase) 
280, 289, 29^ 292, 343

dependence of, on the histological structure of 
the tissue 292
on temperature 319

in human muscles 301
in rat muscles, dependence on temperature 332
in frog muscles, dependence on temperature 331 
in muscles of the leech 294
in pigeon nerves, dependence on temperature 329 
in rat nerves, 298,309, 311, 327

dependence on temperature 327, 329 
changes with time of, in vaseline oil 325 

of frog nerve, 294, 297, 300, 308, 316, 318, 
322, 323

change of, by the action of alcohol 290, 297 
upcc cutting the nerve 299 
seasonal changes of temperature dependence 
of 322

'n1, graphic determination of 288
of the human biceps 287
of the frog stomach 293, 294
of the frog muscle 294
of nerves and muscles of vertebrates 300 
definition of 285
range of values of (0,5-1*0) 284, 2S5, 305, 
339, 353

errors of graphical determination of 284 
upon the action of various agents 289 
of the sciatic nerve of the frog 308 
of the frog heart 294
stability of, during changes In intensity-tim e 
curves 333
the incline factor of 283, 285, 293, 333 
the physiological meaning of 285

CONSTANTS 'a1 and ’b', independence of changeæ 

b  296, 333
the formulas of Weiss 279

of Hoocweg 279, 283
of Hoorweg-Wtiis 280

of excitability 281, 333 
CONTRACTION 53, 55, 74

idcpathic 70
as a local stable excitation 54, 62, 70, 74 
cathodic 70, 71
of muscle 42, 52-54, 62, 64, 70, 73, 78

of the acetylcholine type S3 
veratrine-like S3 
nonspecific 53, 78 
metabolism of 74, 7S, 78 
following action of acetylcholine 78, 94

of hydrostatic pressure 67, 7S, 77, 78
of metabolic in h ib it s  205
of potassium chloride 65
of urea 78

CONTRACTION of muscle following the action

of sodium chloride 64, 65, 273
after previous denervation 65 , 273 

high temperature 67 
hydrochloric acid 68 
chloral hydrate 78 
ethyl alcohol 63

ether 63 , 64 
during m aintenance in Ringer's solution 74 

specificity of, following the action of various 
agents 71

CONTRACTION of ce lls  (иon-muscular), 
quantitative matter of determination 72, 73 

local, dependence on voltage of stimulating 
current 220
of fibrocytes, as loca l excitation 74 

following the action of adrenalin 73 
potassium chloride 73 
calcium  chloride 73 
novöcaine 72, 73 
alcohol 73

gradual 73 
trypan blue 73 

in Ringer's solution 73
excitation 72

rate of 74
ether 6 3 , 64

upon m aintenance in  Ringer’s solution 74 
specificity of, upon the action of various 
agents 71

CORTI'S ORGAN 32, S3 
as am plifier of sound 41

CREATINE, excretion of by the cells  during 
excitation 13

by m uscles during excitation 83 
by testes, during excitation 83

CREATINE PHOSPHATE 79, 80, 189
of muscle during contraction 75 , 78 

during ta tami* 75 
during tonus-like contraction 78 

re synthesis of 76
in  the nerve during a block 81

CREATININE, distribution coefficient К for 
muscle 132

Q for blood 131 
for m uscle 131

adsorption lim it A go in  m uscle 132, 174
CRESOL as a phase 182
CRINOMA, 100
’’CURRENTS OF ACTION", see Potential of action
1'CURRENTS OF REST'', see Potential of injury 
CURVE of dependence of lo c a l reaction on intensity 
of stimulus 214

of the v e lo c ity  of cellu lar narcosis on the con- 
centration of the agent 56

canom ic, of Hoorweg 308 
absorption of aqueous solutions of dyes 21 

of salt solutions of dyes 21
of threshold energy, m in im al 339
of distribution of a substance between the c e l l  
and the m edium  126, 160
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according to th« law of Henry 127 
intensity-tim e o f the biceps of the hem an arm 301 
intensity'tim e, logarithmic form 282, 283, 288 

of muscles of the hamstring group in man 301 
of the frog stomach 294
of the rat, effect of temperature on 332 
of the frog, intersection of, with effect of 
temperature 331

of pigeon nerves 298, 330, 331 
change of, upon cooling 298 

of the rat 298, 328, 331 
change of, upon cooling 298 

of the frog 298, 317, 318, 322, 353 
intersection of, upon change of tem 
perature 317, 318, 322, 329 

seasonality of 322
of the tortoise, intersection of, upon change 
in temperature 324

of nerves of coldblooded animals, intersection 
of f©llowbtg effect of temperature 32S 
divergence of, for different organisms 285 
com plete equation of 284 
in  different shunts 288
different organisms 284, 294, 336, 339 
of the frog heart, intersection following effect 
of temperature 314
agreement with the formula (o f Nasonov) 286 
tangent of slope of left-hand branch 284

S-shaped, o f  gradual dependences 220, 277 
of the dependence of protein alteration on 
pH 22Î

of the magnitude of response on the intensity 
of excitation  221, 276, 278, 375

for single fibers 375
in various functional states of the 
conducting fiber 238, 376 

CYANIDES, e ffec t on a excen tra tion  of 
potassium and sodium in nerve fibers 177 
CYSTEIN, b b d d n g  of SH-groups 27 
CYTOPLASM, staining with v ita l stains 13 

sorption of th e  stain during excitation 13, 138 
DAHLIA VIOLET, increase of excitability  of 
muscles, by 273 
DAMAGE, irradiation of, in  ce lb  of noncon
ducting tissues 50, 52

in protoplasm 50 
of muscles, irradiation, dependence x  the 
thickness of the fiber 51

on the electroconductance of the medium 51 
the electric mechanism  of spreading of 51, 219 

DECREASE of tissue stain ability after 
excitation 101
DECREMENT, area in  cm hiring above-peak 
excitation 234

of conduction, apparent, upoa n arco tiia tix  of 
the nerve, 242, 260

during narcosis 246, 248
of the spreading Impulse in the nerve of
Appdonta 88

DENATURATION c f proteins, See Proteins, 
denaturation of
DEPRESSION, cathodic, ofV erigc 353, 355-359, 
361, 363
DEXTRIN, effect on the volume of muscle, 
of 115, 117

cf egg cells  of marine animals 117 
molecular weight of 119

DIFFUSION, rate of 21, 132 
across membranes 112

DLN1TROPHENOL (2Л -) 79
effect on the potassium and sodium content of 
the nerve fiber, of 177

DISACCHARIDES, effect ou the volume of egg 
cells  of marine animals, of 117

permeation into erythrocytes, of 122 
DISTRIBUTION coefficient Q cf substances 
(adsorbed plus soluble) 123, 126, 128, 130, 169

К 128, 130, 161, 175
between the surrounding water and the water 
of the protoplasm 128, 167
graphic representation of 128

of sugars 129
"EFFECTIVE TIME" 30S
EGGS of sea urchins, accumulation of phosphates 
in 156

prevalents cf cations 151
egg Cell of marine animals, bound water content 
of 113
release cf sodium when damaged 163

ELEC TRO-ADSORPTION 141
ELECTRODE differential 291
ELECTRODES, calom el 264

Capillary 303
short circuit of 347 
nonpolarizing 185, 362

(DuBois-Reymond), their resistance 343 
polarization on 342, 343, 344 
excitatory, destroying the current loops (on 
the oscillograms) 255 
recording (location) 226

ELECTROLYTES, ’'assymetry11 of distribution 
between cell and medium 143, 151, 172

return into the protoplasm of the resting cell 
15Û, 158
exit from isolated tissues 156 
change in concentration X  the electrodes 335 
cf -the cell, adsorbed ст chem ically bound 166

Ionized, dissolved in water of the protoplasm 166 
firmly bound with the protoplasm 166 

three different states of 166 
direction of diffusion 167 
distribution between cells and medium 160, 166 

dependence x  concentration in medium 166 
solubility In protoplasm 166 
bond with protoplasm proteins 151, 180 
rate of penetration into cells  166 
content of muscle sap 187 
condition of in  ♦h**· protoplasm 150, 166, 167, 172
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ELECTRONARCOSIS «  cathodic parabiosis 240 
ELECTROTONUS, physiological 263 h 355, 356 

of Pflüger 354, 355, 365
physical 355, 356

ENERGY of stimulating current, of stabilization 
288, 316, 319, 352

of current, value of 352 
ENZYMES, activity, dependence on substrate 
concentration 134

dependence on soluble or bound state 175 
EPITHELIUM, ciliary, metabolism of 80 

of frog kidney, vital staining during action of 
audible sounds 38

EQUATION of Henry 128, 129, 175
for distribution of substances between coacervate 
and medium 171 
of Langmuir for nonpolar absorption 128 
of Nernst 346

ERROR of measurement, mean square of 34, 234, 318 
ERYTHROCYTES, exit of potassium during 
hemolysis 153

irradiation of damage 50
of the cat, prevalence of sodium over potassium 153 
distribution coefficient К for galactose 129

Q of glucose 123
of dextrose 123

of urea 123
Q of fermentable sugars 123

of the rabbit, amount of bound water 112 
impermeability to  glucose, sodium chloride 
and sodium sulphate 113

metabolism of potassium in a potassium medium 
153

labeled potassium of the medium, rate of 145 
sodium on a potassium medium 144

labeled sodium of the medium (rate of) 144 
adsorption lim it of the sugar 171 
permeation of cations 145

sugars during arrest of glycolysis 123 
permeability to  electrolytes 144 
concentration of sugars in various animals 123 

ESERINE, effect on the potential of action 207 
damage of muscles 208 
suppression of cholinesterase 207, 208 

ETHER, ethyl, effect on mouse pancreas 97
as a narcotic for the nerve 243 

EXALTATION PHASE 84
(of excitability) of Vvedenskii 237
increase in excitability 244

EXCITABILITY, effect of a volley of impulses 
originating ax the rite of sectioning the nerve 312 

of smooth and striated muscles 294 
graphic illustration of (S-shaped curve) 238, 
252, 278 
blpharicity of change during narcosis 300 
protracted excitability threshold, see Constant 1b' 
dependence of, on duration of current pulses 356 

on interelectrode distance 339
according to Rushton 348, 351

on threshold energy of stimulating current 350 
change in  region of anode of polar!ting current 
355, 358, 354, 365

of cathode of polarizing current 354, 355, 358, 
362, 366

at poles, on breaking the current 356
under cathode of polarizing current, dependence 
on temperature 364
upon narcotization 241, 242 , 244 , 246 , 300 

measurement of 277
as a magnitude reciprocal to  the threshold 278 
quantitative evaluation of (by the square of the 
threshold voltage) 352 
constants of 277, 333
short-term threshold, see Constant 'a' 
maximum of, within physiologic ally adequate 
tim e intervals 294
of muscles in  the absence of calcium  224

of limbs in  man 301
of the cat, following effect of chem ical agents 79 
increase of, by the action of glycerol 263

by drying 263
independence from temperature (in region of 
physiologically adequate durations of stimulation), 
of 319, 330, 331
of the nerve, in  vaseline Oil 315, 316, 326 

effect of temperature on 314
of the rat, changes in, after separation from 
the central nervous system 310, 311 
maximum of (according to  threshold energy) 353 
upon the action of temperature, treated with 
monoiodoacet ate 323

seasonal changes 322
heating 318

cooling 317
drying and sw elling 315

decrease in , caused by calcium  263
of the tortoise, during the action of 
temperature 324

of a single nerve fiber, independence on 
temperature of 315
of nerve centers 37Û
evaluation of, by threshold voltage of 
excitatory current 352

by threshold o f spreading im pulse 277 
increase of, in  the v ic in ity  tri a cut nerve 263 

transition into nondecrem ental propagation 22S 
into rhythmic activity 225, 262, 264, 265, 
270, 273, 276

after peeHminaxy stim ulation 45, 102 
EXCITATION, nondecrem ental spread of 221 

appearance of, at the cathode 335, 355, 368, 369 
gradual, dependence of on intensity of the 
stimulus 221, 237 
decrem ental, spread of 221, 239 
dependence of, on the voltage of the stimulating 
current 344

on the intensity of the stimulating current
344, 352
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cn the energy of the stimulating current 319, 
334, 344, 346, 347, 351, 352 
on the amount of electric ity  334, 347

on the velocity  of conduction on the electro
conductivity of the medium 213 

incremental spread of 221 
of the c e l l  49 , 95, 371, 373

excretion of potassium 163, 173, 205 
excretion of phosphates 173 
as a cyclic  process 374 
reversible, release of bound electrolytes 170 
definition of rhe term 48, 371

the membrane theory of, see Theory of Excita
tion, membrane
local, value of, according to  the area cm the 
oscillogram 227

gradual dependence of, on the intensity of the 
stimulus 213, 229, 275 , 276, 277 
and its spread, general signs 212, 240, 372 

sim ilarity of physicochem ical changes in 
the protoplasm, in 372

transition into a spreading one 213, 225 
spread with decrement, of 214, 241 
Stable or parabiosis 212, 240

mechanism of appearance of isolated impulses 369 
negativity o f the stimulated sector of the con* 
ducting fiber 372 
a solitary wave of 369 
spreading 50, 239, 371

gradual theory of, see Theory of Excitation, 
gradual
law of autoregulation, see Law of autcregulation 
of spreading excitation
connection with loca l reaction 212, 225
sim ilarities with parabiosis 240

S-sbaped curve of dependence of magnitude of 
response of the conducting tissue on intensity of 
the electric stimulus, see Curve, S-shaped 
increase in electroconductivity’ 205 
phenomenon of summation 214 
increase of upon cutting the nerve 307 

upon passage of impulses 313, 314 
of the heart under influence o f narcotics 224 

EXCITATION of the c e ll, reversibility of 13 
threshold 25
above-peak potential 225 
unipolar 291

FIBROBLASTS in  cultures, contraction by the 
action of agents 72
FIBROCYTES, contraction upon excitation 72 

effect of agents on 72, 73
FIXATION of cells  with osmic a d d  92, 99 

according to  Ciampi 97 
FLUORODINITROBENZINE (1:2=4), NË, 26 
FORMALIN, preservation of the phase property of 
the protoplasm after fixation of ce lls  in  210 
FORMULA of Weiss 279

of Nernst, for threshold current intensity 279,
280, 284, 335, 354

for phase potentials 182
of H ed ges and Katz, for calculating the value
of the potential of rest 202
of Hoorweg 279, 280, 289, 304, 336, 354 
of Hoorweg-Wezss 280, 282-284, 295, 305, 
335, 353
of Schriever and Btirkner 349

GALACTOSE, effect On the volume of muscle, of Ц5  
dependence of the distribution coefficient of, 
on the concentration in  the medium 126 
distribution coefficient К of, for erythrocytes 129 
molecular weight of 119
lim it of adsorption Ac© of, in muscles 174 
permeation into muscles 129, 174

into erythrocytes 119, 126, 129 
distribution of, in the complex coacervate 169 

between the muscles and the medium 129
of erythrocytes, adsorbed 129 

dissolved 127
GANGLIA cd mammals, stainability on excitation, 
biphasicity of 102

sympathetic, stainability under the influence of 
audible sounds 37

upon stimulation 88
spinal, vital staining of 38

$tainability after cessation of excitation $2, 101 
of the rabbit, rtainability upon stimulation 
(shock) 91

under Che influence of audible sounds 3 7
of the rat, stain ability during excitation 92 

by a conditioied reflex 93
of the frog, stainability upon excitation 90, 91 

dependence of, on the Initial functional 
state 92

stainability upon Che action of audible sounds
(of m axim al frequency) 38

GELATIN, dehydration by nouelectrolytes, of 119 
GLANDS, stimulation, increase of sorption of a 
vital stain 97
GLAND, salivary, of the larva of the mosquito 
Chyronomus 100

of die mouse, stainability under pressure 46 
GLOBULIN, serum 18, 26

of egg white 18
GLOBULIN X, bond with potassium 152
GLUCOSE, effect on the volume of muscle 115 

molecular weight of 119 
permeation into the cell, of 178 
rate Of fermentation, of 135

GLYCEROL, effect on the rhythmic activity of 
nerves 268

on the volum e of muscle 115
of egg cells  Of marine animals 117 

molecular weight oi 119
GLYCOGEN 75, 76

of m uscle, upon contraction 75
GLYCOLYSIS 80, 123
GOLGI APPARATUS, polar location of, in the 
c e ll 177
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GRANULE formation in cells 13, 32, WO
in muscles 32, 139

change of, upon excitation (biphasic) 13
as complex coacervation 32

GRANULES of dye In the living cell 13, 27, 32, 
S3 j 141

deposition of in the cell, reversibility of 100 
in the loops of the Golgi apparatus 32,
95, WO

of secretion, stain ability of 97
GRADIENT of diffusion of a narcotic 242, 2491 
255, 259, 261

concentration 131, 146, 148, 150, 158, * 9, 
164, 167

GUAIACOL as a phase 182
GUM ARABIC, effect on the volume of muscles, 
of 115, 117

molecular weight of 118
HEAT resistance of tissues, dependence on the 
heat resistance of their proteins 18
HEART, excitability of the automatic regulation 
center of 224

effect of narcotics on 224
of frog, excitability with changes in tem 
perature 314

HENRY, law of, see Law of Henry
HEPARIN 24, 25
HEMOGLOBIN, homodromic reversibility of 
denaturation by sodium salicylate 17 
HIGH-ENERGY phosphorus-containing compounds 75 
HYDROCHLORIC ACID, effect of on pancreas of 
mice 97

increase of muscle excitability by 273 
threshold concentration of, for narcotization 
of muscles 66

HYDROGEN CHLORIDE 79
HYPERBOLIC dimensions (or the second constant 
of the hyperbola) of Renquist, Le deinen and 
Patviainen 300
HYPERTONICITY, effect on living cells, of 12 

on the pancreas of mice 98
HYPOTONICITY, effect on living cells, of 12, 83 
INCREMENT 214, 276

of the spreading impulse after emerging from the 
narcotized nerve segment 252

INHIBITORS of metabolism S7, 206 
nonspecific effect of 206 
poisoning of the cell by 177

INVERTASE, activity of 135
IMPEDENCE of cells, upon stimulation 204 
IMPULSES, a volley of, from traumatized area 312 

centrifugal 275
IMPULSE, spreading, value of the peak of, in a 
narcotized segment, graphic determination of 249, 
256

decrement upon narcotization 242, 244 , 247, 
249, 254 , 261

in above-peak excitation 229, 234, 236, 276 

dispersion of velocities in the whole nerve 234 
distance of run with increment 235 
duration of the rising peak 302 
dependence of the value on the dte of the 
above-peak excitation 234

on the electroconductance of the medium 218 
increm ental тип 223, 225, 235, 252, 276 
mechanism of conduction along the fiber 2171 
24 9, 276
relation of the value of, to the value of the 
threshold impulse, see Safety Factor 
regulation of the value of the peak, 
protective value of 276

IMPULSE, solitary, origin of 370 
determination of the value of, at the site of, 
or in the vicinity of the site of excitation 226 
jump of, to  neighboring fibers 218

across a blocked segment 218
spreading 48, 213

automatic regulation of the magnitude of 223, 
22Ξ, 235, 236, 276
nondecremental conduction of 244, 251, 261 
value of, graphical presentation (S-shaped 
curve) 221, 278
determination of, from the area 226, 2 '8

INHIBITION, cellular 374
IRRTTAEUTTY 11, 15

appearance of, in the process of evolution 15 
KIDNEY of mammals, phosphate metabolism, 
in state of hypotonicity 83
LABELED atoms in studies of permeability 162
LAВЩТY of tissues 224, 300

as a characteristic of the velocity of processes 277 
LACTIC ACID 75, 77
LACTIC ACID, of the muscle, during contraction 75 

of the nerve, in a block 81
LACTOGLOEULIN (ß) 26
LACTOSE, effect of, on the volume of muscles 115 

in yeast cells, adsorption by the protoplasm 134 
solubility constant K, of 134 
adsorption lim it Aoc of, 134

molecular weight of 119
permeation of, into yeast cells, dependence on 
the concentration in the medium 133

LATENT PERIOD 366
of paranecrosis 17

LAW of 1 'all or none "7 7 , 212, 214, 215, 229, 
236 , 237 , 247, 275

for nerve and muscle fibers 313, 275, 373 
of the heart 213

Of Henry 127, 129, 132, 141, ISS, 160, 163, 166 
of an isolated conduction of an impulse 218 
of constancy of threshold energy (of current) 354 
of excitation (DuBois-Reymond) 278 
of autoregulation of spreading excitation 237

LIMIT Aco in the Langmuir equation 128 
graphic method of determination of 128 
for muscles, series of substances 174
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«erics of substances for muscles 129, 174 
LITHIUM CHLORIDE, narcosis, paranecrosis and 
stimulation of muscles 66
LIVER of mam mals, phosphate m etabolism  under 
hypotonic conditions 83
LOOP of polarising current (interaction with the 
testing current at the electrodes) 356, 358 

of excitatory current, earth circuit 226, 230, 255, 
266

bridge for reducing of 230
negative 227
positive 226

LUCIFERASE, effect of pressure on 47 
MACRONUCLEUS of certain parasitic infusoria, 
vital staining of 13
MACROPHAGES 72
MAGNESIUM, distribution coefficient К of, in  
muscles 166, 17Ξ

distribution, curve, between m uscles and medium 166 
binding by protoplasm proteins 152 
chloride, m uscle narcosis 57

paranecrosis and stim ulation of muscles 66 
MECHANONARCOSIS of Ebbe eke 4 2 , 47  
MEMBRANE, cellular, selective  "pumping in 4 
of substances 150, 151

selective perm eability of 145
im perm eability to  anions 144, 148, 186 
perm eability to  ions 143, 186, 189, 201 

sem iperm eable, at the surface of ce lls  105, 107, 
109, 120, 167, 172, 180, 279, 338, 339

METABOLISM of nonconducting tissues 80 
of nerve upon stim ulation 80 
basal, of the c e ll 177
of phosphorus compounds cf m uscles during 
contraction 75, 77

in  tetanus 77 
Ln tonus 77 

METHIONINE, labeled 25, 27, 138 
MITOCHONDRIA 178
MONOIODOACETATE, effect on nerve excitability 
of, as a function of temperature 323

potential of m uscle damage 205
of the m uscle 206

MONOSACCHARIDES, effect of, on the volume 
of egg cells  of marine animals 117

permeation of, into erythrocytes 122 
MUSCLE, excitab ility  after decompression 45 

in  the absence of ca lcium  273
stimulation, reversible decrease in  volume 158 

decrease in  the amount of bound potassium 158 
release cf v ita l stains 139

MUSCLE, release of potassium in an isotonic 
solution devoid of potassium 156

upon stim ulation 158, 163
of ca lc ium . Into a m edium devoid of calcium 157 
of phosphates 148

of Tentholdea; potassium content of 164 
dependence of the stainability of, on hydrostatic 
pressure, bipharicity 102

exchange with potassium from the medium  
146, 154

sodium from the medium 146, 154
excess of cations in 151
irradiation of damage in striated ones 51 

dependence on the presence of calcium 51 
of insect appendages 191 
velocity of 51, 195, 199 
in the lobster 191
electric mechanism of 51

amount of bound and free pct/ssium in 152 
contractions of, classification 53

under pressure 75
by the action of sodium chloride 64 , 65 

distribution coefficient of sugars in 129 
of the frog, effect of temperature upon 
excitability erf 331

excitability of 273 
denervation of 65 
change in  volume of 113, 115 
anion and cation coot ent of 143 

killed , trgjjn ability 140 
under pressure 43
under the influence of audible sounds 34 

distribution of alanine (Ano and KJ In 137 
of LimuluS 218
of mammals, denervated, stainability upon 
acetylcholine contract!c© 94 
swelling in  hypotonic solutions 112 
narcosis 56, 57, 58, S9, 60 
metabolism during stimulation 80 
stain ability by neutral red diluted with 
distilled water 138

under pressure 102
under the effect of sound of maximal fre
quency 35

of audible sounds 33, 34 
denervation, biphadcity 102 

Na
—  ratio 146

damage 51
action potential, value of 200
potential of injury, value of 197, 199, 200 
loss of water in hypotonic solutions 112 
adsorption lim it Азо of alanine 137, 174 

arabinose 129, 174 
galactose 129, 174 
potassium 163, 174 
creatinine 132, 174 
magnesitlm 174 
sodium 174 
saocharose 129, 174 
phenol red 174, 141

penetration of sugars In 170 
permeability to  ions 146

to nonelectrolytes 132 
dimensions of the intercellular space 147 
distribution of sodium and chlorine between 
muscles and medium 161
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of dyes between muscles and medium 139 
rhythmic activity upon increase in excitability 
36, 273 
heart, ion exchange in 146

decrease in injury potential after sectioning 
190, 193
damage, lach of irradiation of 192 

skeletal, of the frog, irradiation of damage 191 
decrease in potential after sectioning 190, 193 
intensification af stainability upon stimulation 93 

water content in living 154 
potassium content of 163

in three fractions (states) 154, 163 
sodium cement of 154

in three fractions 154 
contraction of, upon the action of audible 
sounds 36

dependence of, on intensity (decibel) 37 
upon increase of hydrostatic pressure 42 

metabolism, upon, stimulation 157 
human, determination of excitability of 291, 301 

threshold of electric stimulation 279 
embryonic, acetylcholine contraction of 94 

MUSCLE fiber, single (of the tetanic bundle of 
m . ileO’ fîbularîs) of the frog 94, 350

S-shaped curve of (gradual dependence) 375 
permeability of 147

to electrolytes 145
MUSCLE sap, electrolyte content of 187 
MYOALBUMIN, bound with potassium of 152 
MYOGEN, bond with potassium of 152 
MYOSIN, gel, binding of potassium, by native 
and denatured ones 152, 153

of rabbit, temperature of denaturation 18 
of frog, temperature of denaturation 18 
splitting off of potassium, upon denaturation of IS2 
bond with' potassium, of IS2, 204 

calcium 152 
magnesium IS2

enzymatic properties of 211
MYOSIN fibers, denaturation of 22 

binding of dyes by 22
NARCOSIS of a fiber, changes in excitability, 
graphic representation of (S -shaped curve} 240, 244 

increase in  threshold of 240, 297 
phases of 241, 244 , 249, 253 , 255 , 256 

recovery from, phase of increased excitability 244 
biphasicity of change in  excitability 300 
decrement of conduction in single nerve fiber 260 
cellular, graduality of 55 

dependence of tim e of onset on concentration of 
the agent (formula) 57 
as reversible loss of excitability 55 
of muscles, upon the action of inhibitors of 
metabolism 57

of potassium chloride 65 
reversibility Of 6S 

magnesium chloride 57 
ardnim chloride $4

elevated temperatures 6? 
hydrochloric acid 65 

ethyl alcohol 60 , 61 
ether 63

reversibility 63
increase of survival tim e, In subthreshold 
concentrations of the agent 61 
threshold concentration of the agent 57, 65 

of muscle 31, 55
as refractivity of local stable excitation 70 
definition of 70

of nerve, b iochem ical shifts in 81, 82 
restoration of nondecrement al conduction, 
development with tim e 259 
by the action of high temperature 248 

of m echanical pressure 248, 251 
decrement of impulse conduction by 247, 
248, 249

developm ent with tim e 255, 256 
total 242 , 25S, 259 
carbohydrate-phosphorus m etabolism  81 

determination of depth o f narcosis from the 
tim e of m aintenance of conduction through the 
segment 254

graphic method of (S-shaped curve) 254 
conduction, according to schem e of Davis, 
Forbes, Brunswick and Hopkins 262 
conduction, according to schem e of Kato, 248, 
249, Z62 
decrease in amplitude o f spreading impulse 259 

NARCOTIZATION of nerve, dependence of time 
On length of the segm ent 248, 249, 261 

stage of absolute refractivity 241, 244
of relative refractivity 241, 244 
of increased excitability  244 

NARCOTIC, effect on living cells  15 
reversibility of paranecrosis 15 
penetration Into erythrocytes 125 

NECROSIS, aS ind ication Of irreversible injury 
to  tissue 14
NERVE of Anodonta, decrem ent in staining upon 
excitation 88 , 89

threshold of 279
norrmedullated, of the crab Hyas coaretatns 349 

cf Maja 340, 348
excitability  of, changes in  a m oist chamber, 
under the influence of temperature 315 
stimulation of, release of potassium 158 
propagation of spreading impulses 234 
change in  volum e in solutions of salts, acids 
and alkalis 113
measurements of excitab ility , direct (from the 
value of the loca l electric reaction) 277 
isolated, release of electrolytes by 156 
of the crab, increased staining affinity upon 
stimulation 88, 89
of the rat, change in excitability  with immersion 
in  vaseline a il 326

intensity-tim e curves of 298, 299

418



reversibility of temperature changes of 
excitability  327

of the frog, release of electrolytes 156
anion and cation content of 143

local e lectric  reaction 213 
multiple response upon closing and breaking of 
circuit of constant current 263 
m edullated, enhancement of stain ability upon 
stimulation 88, 89 
untiring of 276
metabolism upon stimulation 80 
of the lake frog Rana ridibunda 341 
prevalence o f cations over anions 1S1 
injury potential in the moist chamber and in 
Ringer’S solution 193

decrease in, after cutting 190, 193, 194 
value of action potential exceeding that of injury 
potential 2СЮ, 201 
rhythmic activ ity  on increase in  excitability 265 
sciatic of the frog, excitability  constants 287 
resistance of, to  various agents 352 
Of the tortoise (Emys orbicularis) 324

NERVE branches, term inal 273
motor endings of frog m uscles, staining affinity 
during excitation  93

NERVE fiber of invertebrates, decrem ental spread 
of excitation in  222

giant, of cephalopod mollusks, effect of 
m etabolic inhibitors on 177

perm eability of to  electrolytes 149
of the squid, dependence cf the velocity of 
impulse conduction on the electroconductance 
of the m edium 219

excess of cations in 151
ion  content of 149

cf m ollusks, survival in  vitro 155
single, o f Panulirus 245

of the earthworm (Ln-mbri cuius terre stris) 245 
of the squid, decrement of impulse 235 

injury potential and action potential 203 
of the worm Marphyss. 245

of the crab, survival in  vitro 15S
conduction o f excitation 219, 252 

single, excitability , independence of 
temperature 315

decrement of conduction during narcosis 254,260 
of the squid, 5-shaped curve of dependence oi 
response on excitation 221, 375
of the crab Cycirujf 349

Hyas araneus 272
rhythmic activ ity  of 272 
velocity  of impulse conduction insea*water 2IS 

in  paraffin o il 219 
damage of, lack of irradiation 192

NEURON 274
NONELECTROLYTES, dehydration curves foe living 
and k illed  m uscles 116, 119

penetration in to  the c e l l  119, 121, 122, 132

distribution between c e l l  and medium 134, 
141, 16Û

NOVÖCAINE, effect of, on vital staining of 
tissues 72

threshold concentration for contraction of 
fibrocytes 72

NUCLEOLUS, changes in staining upon excitation 13 
NUCLEUS of fibrocytes rounding of during con
traction of cells 74

lack of structure when viewed in  dark field before 
action of stimulus 12 
staining with vital stains 13, 27 
appearance cf structures upon excitation 12, 92 
membrane 13

ORTHOPHOSPHATE, penetration into cells of 156 
OSCILLOGRAM, determination of the value c f the 
spreading impulse 228

sorption of dye upon excitation 13, 138 
PANCREAS of m ice, stimulation (depletion) 
upon excitation 96, 97

stainability of, under pressure 46
of fed m ice, intensification of staining of 95, 97 

PARABIOSIS, analogy to the refractivity cf 
propagating excitation 240

as a local reaction 11, 14, 74, 214 
local stable excitation 79, 212 
stationary excitation wave 240 

of the muscle 70
of the cat muscle, metabolism during 73 

phases c f 78, 79
of the nerve, signs of 240 
prodromal Stage of 103 
hyper excitât ion, stage of 103

FARANECRCSIS 11, 14, 17-19, 27 , 49, 52 , 55, 61, 
100, 174, 212

graduality of 27, 216
of gland c e lls  of the pancreas 99, 10O
as cellular excitation 49 

as local excitation 84 
reversible alteration 49, 71 
reversible damage 49, 71 
reversible condition cf the cell during 
excitation 14, 15, 371 
reaction of living matter to external 
influences 14, 15, 49 
stimulus c f biochemical reactions 84

of pancreas cells  upon the action of novocaine 72 
quantitative method of colorimetric determination 
of 27
of nerve cells, upon the action cf novocaine 72 
of fibroblasts upon the action of novocaine 72 
of the epithelium of kidney tubuil, upon the 
action of u&vccaine 72 
nonspecificity of the protoplasm response to  
various agents 15
of the mouse pancreas, excretku of proeymogen 
granules 99
in asphyxia 15, 206
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upon the action of physiologically adequate 
stimuli 90

signs of 84
specificity of action of agents (stimuli) IS 

PARTHENOGENESIS (artificial), as cell 
stimulation 48
PENDULUM of Helmholtï 362
PERMEABILITY, cellular 174, 372

osmotic method of study of 105, 121, 125, 144 
direct method of study 121, 122, 126, 144

PERMEABILITY THEORY, see Theory of Permeability 
PHASE of decrease in staining affinity 103 
PHENAMINE 79
PHENOL, effect on the rheobase and chronaxy 
of the frog nerve 300
as a phase 182

PHENOL RED, coefficient of distribution in 
muscles К 175

absorption lim it Aqo 174 
PHOSPHATE, return into the protoplasm of a 
resting ce ll 14, 173

exit from cells 13, 148, 158, 173
of nonconducting tissues of mammals during 
hypotonia 83

of muscles, metabolism during contraction 78 
inorganic, penetration into heart muscle of the 
dog 148
metabolism during parabiosis 79 
relation to proteins of the protoplasm 158

PHOS PHOGEN in  spermatozoa 80 
PHOSPHOCREATINE of muscle upon contraction 75 
PHOSPHORUS, concentration in muscle 155 

inorganic of muscles during contraction 77
of the nerve during a block 81

NaPLASMA, blood, ratio in  146

PLASMOLYSIS of plant cells 110, 111, 132 
POLYSACCHARIDES, penetration into erythro
cytes 122
POTASSIUM in muscles, exchange with potassium 
from the medium 153

rate of 155
3 fractions of 154, IS 5, 163, 164

in crab and lobster nerves 166
of a frog, seasonal dependence 165

of ery&rocytes of different animals, exchange 
for the potassium of the medium 145, 153 

те - entry into the protoplasm Of the resting 
c e ll 14, 158, 173
exit from cells  13, 144, 163, 173

from muscles upon stimulation 163
velocity of 146 

from the nerve 158
diffusion of, into cuttle-fish fibers, rate of 150 
iodide, distribution of, between a simple 
coacervate and the liquid at equilibrium 169 
concentration of in the c e ll 163, 164 
distribution coefficient К of, in muscles 163, 175

distribution curve, for m uscles 163
for the nerve 165

exchange with sodium in erythrocytes 144 
permeation of, into muscle fibers 146

into Tenthoide a m uscles 147, 154
into erythrocytes 144

binding of, by protoplasm proteins 152, 158, 
163, 211
content of, in  the giant nerve fibers of the squid 149 
chem ical bend with the protoplasm 151
chloride, effect of, on the pancreas of the mouse 97 

enhancement of excitability  of muscles by 273 
threshold concentration of, for cellular narcosis 
(o f m uscies) 65

for contraction of fibrocytes 73 
POTENTIAL, b ioelectric, the dependence of on the 
metabolism of the c e ll 205, 207

of action, increase with increment 222, 225 
loca l, decrem ental spreading 235 
exceeding in  value the potential of ’lamage 
200, 201
atttoregulation of the constancy of the peak 
magnitude 222, 225

diffusion 183, 198
during stim ulation of the c e l l  186 
role of, in  the formation of salt potentials 184 
a cation series 185 
formula of the value of em f 184

concentration 210
local, value of (determined by the area) 228 

exceeding in  value the spreading potential 
229, 237 
of above-peak excitations 229

of a muscle m ince 187
redox 209

intracellular 210
of infusoria 210

of injury, value of, the formula of Hodgkin 
and Katz 202

effect of salts on the negativity of the site of 
cutting of m uscle 189

of electrolytes 189
dependence on the washing out of electrolytes 
from Ehe wound 193, 195, 199

on the method of cutting 199
(or current of rest) 51 , 184
as a salt potential 185
site of origin (of the jump) in the cell 18S, 
187, 188, 189, 195
of the m uscle, rate of appearance of 196 

effect of temperature on 67, 188 
in itia l increase in  196, 197, 199 
upon cutting from both ends 198 
fixed in  formalin 210

of a nerve, effect of temperature on 188 
decrease with tim e 190, 191, 193

in anoxic state of the nerve 205
following effect of m etabolic inhibitors 205
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increase of, upon renewal of art 150» 193, 
194, 196

subthresh old, gradually of 224 
spread with decrement 224 
sharp threshold, for transition into spreading 
impulse 224

threshold, dependence on the interelectrode 
distance 349
above-peak 225 , 3 7 3

decrem ental spread of 225 
jump of, at the interphase bidder 181 
salt 18D, 183

of the muscle 183
effect of salts on 183

of the coacervate surface 183 
absolute value of 183 
effect o f salts on 183

Heber series of ions 180 
phase of Kernst 181, 183 

the em f equation of Merest 182
PRESS, hydraulic 42
PRESSURE, hydrostatic, effect on the mouse 
brain, of 46

on the intensity of lum inescence of bacteria 47 
on the muscle of the frog 42-46, 66 
on stain ability of the protoplasm, bipharicity 
Of 102
on the pancreas of the mouse 46, 98, 99
on. the protoplasm 16, 33, 41, 46 
on salivary glands of die mouse 46 
on functions of the organism and the cell, 
biphasicity of 44

methods of studying its effect on. tissues 43 
PRC6TÏGMIN, effect on m uscles, of 208 

inhibition of cholinesterase 207, 208 
interstitial· space, of the muscle "inulin space" 
147, 154

"magnesium'1 147
"sodium" 147, 154
"sulfate’1 155
"chlorine " 147

in the nerve, 1'sodium" 149, 163
"chlorine1' 149, 162

PROTEIN-SALT COMPLEX, decomposition during 
denaturation of 211
PROTEINS, agents causing denaturation of 16 

effect of, on. the absorption spectrum of stain 
solutions ("effect of correction11) 21 
denaturation of, by acetone 20

the graduality of, 26, 28 
change in the configuration of the m olecules 25 

covalent bond with dyes 22
by urea, homodromic reversibility 17 
disturbance of the process of coacervation of 
the dye 32
nonspecificity of 16 
reversibility of 17, 18, 48 
release of sulfhydryl groups of 23 

iucrease in the sorptional properties of 16, 19, 
21» 25
appearance of amino-groups 26

refringence of 25
disulfide groups of 26 
indole groups of 25 
carboxyl groups of 26 
sulfhydryl groups of 26 
phenol groups of 26

under the influence of hydrostatic pressure 47 
features of, in vitro (similarity to paranecrosis) 16 
by x-rays 24
binding of heparin by, 24, 25

of dyes, by 15, 16, 21, 22, 26» 27, 32
of labeled methionine, by 24, 25

by sonic waves 33
by heat 18-20, 22, 24
by ultraviolet irradiation 20, 24
by ethyl alcohol 20, 24

of the m uscle, change of solubility of, during 
contraction 77

during tetanus 77
native, a series according to their affinities for 
dyes 22
increase in stability of 16
penetration into the cell, of 119
of the protoplasm, isolated, bond with potassium 152 

denaturation upon stimulation 90 
bond with cations 152
sorbtion of vital stains by, 141

binding of dye by, quantitative determination
of 19, 22

of the triphenyl methane group 22
of horse blood serum 19-21

PROTOPLASM, re-entry of electrolytes into the 
resting cell 14, 150

exit of water from 119
of ions, upon stimulation 13

as a complex coacervate 169, 172, 173, 178,
180, 372

as a simple aqueous solution 106, 143, 1B6
as a phase 167, 173, 180, 183 , 339

m icelles, adsorption Of substances, by 141, 163 
injiuiscibility with the surrounding water 105 
increase of resistance after excitation W1

of stability 16
loss of phase properties, upon damage and 
stimulation 159, 167, 176, 185, 186 
solubility of ions In the protoplasm water 159 
solubility of the permeating substance 127» 141 
reaction to external influences It, 12, 15, 28, 84 
bond with electrolytes, of 15 2, 339 
sorption of dyvs upon excitation, biphasicity of 102 
capacity of denaturation 16 
increase of viscosity upon excitation 90

sorption of dyes upon stimulation 16, 21, 27,
34, 85, 90 , 92, 94, 96

upon dying 142
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increase of sorptional properties of proteins upon 
excitation 27
phase properties, loss of, upon damage and 
stimulation 18Û

PROTRACTED threshold, see Constant *b‘
PROZYMOCEN 96, 97, 98
QUININE HYDROCHLORIDE, effect on narcosis, 
paranecrosis and stimulation of muscles 66 
RADIATION, ultraviolet or ionizing, reversibility 
of paranecrosis 15
RADIOACTIVITY, specific, method of deter
mination of 153
REACTION, local, electric, of the nerve 213 

spreading of, with decrement 238, 276
Of the medium (pH) 13, 29

REDOX POTENTIAL 28
REFRACTIVITY 53, 67, 74? 83 f 224r 245, 
257, 259, 261

absolute, upon decremental conduction. 239
of stimulation, in formation 357
and cathodic depression 360

REFRACTORY PHASE, absolute, upon spread of 
excitation 237, 276

relative, upon spread of excitation 237 , 241, 276 
RANVIER’S nodes 188, 190, 201, 217, 218 
RESISTANCE of the protoplasm, increase in after 
excitation 101
RESORCIN, distribution between the simple 
coacervate and the liquid at equilibrium 169 
REVERSIBILITY of signs of excitation of 
protoplasm 13

of protein denaturation, heterodromic 17 
homodromic 17

RHE CEASE (Lapicque) 295
see Constant Ъ 1

change of, upon sectioning of the nerve 306 
RUBIDIUM CHLORIDE, narcosis, and in effect 
on paranecrosis and stimulation of muscles 66 
RULE Of Arndt-Schuta 55, 69, 70

of constancy of the threshold energy of current 338 
RHYTHM of automatic activity, dependence on 
lability 224
RHYTHMIC activity of fibers, duration of wave 
269, 270, 271

of denervated muscles 273 
duration of wave 265
of muscle fibers of the frog 272
of muscles, appearance on increase in 
excitability 224

following action of calcium -precipitating 
agents 224 , 268

dehydrating agents 224, 268
on isolated nerve fiber of the crab 272
of a nerve, synchronization of excitation cycles 
of the fibers 268, 276

cf the rhythm of fibers, on electric 
excitation 267 , 272, 276

appearance of, upon increase i s  excitability

262 , 265 , 271, 276 , 3 70
during recovery from narcosis 262

of nerve endings of receptors 273 
centers 274

of conducting fibers, relationship to increase
in excitability- 263
of the retractor of the worm Priapulus caudatus 272 
of the heart, dependence on excitability 224 
spent an ecus, upon increase in excitability 262 

SAFETY FACTOR 241
SERIES of Heber for cations and anions 180 
SERIES of substances, according to the intensity of 
dehydration of muscles 115, 119

of killed muscles 119
of egg cells of marine animals 118 

of non electrolytes, according to the intensity of 
dehydration by isomolar concentrations 115, 117 
permeability (Overton) 1Û5, 106, 114 
of salts, by their action on the salt potential of 
the coacervate 183

of the muscle 180
SIGNIFICANCE, statistical, of the result 28 
SHOCK, experimental (Cannon's method) 91
SHUNT 287, 334, 362
SODIUM AZIDE 79

bicarbonate 79
oxalate, effect on nerve excitability 266, 267 

rhythmic activity of nerve, caused by 267
Salicylate, denaturation of hemoglobin by 17 
sulfate, increase of muscle excitability by 273 

distribution between a simple coacetvate and 
the liquid at equilibrium 169

cyanide, e ffec t of, on injury potential of 
muscles 205
citrate, rhythmic activity  of nerve caused by 268 

Increase in muscle excitability 267, 273
SODIUM BROMIDE, narcosis, paranecrosis and 
stimulation of muscles 66

in muscles, three fractions 154
exit from muscles, rate of 146, 154

erythrocytes 144
diffusion of, in  cuttle-fish fibers, rate of 150 
hydroxide 79

effect cf, Qu the mouse pancreas 97 
distribution coefficient К for muscles 161, 175 
cf muscles, exchange with the medium, rate 
of 154

equation of 154
exchange with potassium in erythrocytes 144 
penetration into cells 13, 144, 167, 189

into muscle fibers 146, 158
into muscles of warmblooded animals 146, 158 
into erythrocytes 144

bond with the protoplasm of egg cells 163
with proteins in muscle fibers 162, 163 

sulfate, narcosis, paranecrosis and stimulation 
of muscles 66

increase of excitability  of muscles 273
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content of in  giant nerve fibers of squid 149 
of muscle, in three fractions 154

fluoride, effect on muscles 206
chem ical bond with the protoplasm 151
chloride, causing rhythmic activ ity  of the nerve 268 

effect on the mouse pancreas 98
on the negativity of the c e ll surface 1S9 
threshold concentration of, for c e l l  narcosis 
(muscles) 64, 65

SOLUBILITY of substances in dispersal state in 
protoplasm 127
SOLUTION, isomolar 118, 180

isotonic 120, 121
SORPTION of vital stains 16, 28, 29, 61, 64, 85, 141 

acid 29, Ш
basic 29, 138, 141
phase of decrease 44, 45 , 47 , 102

of stain by gland ce lls , increase in  staining 
affinity with secretion 99
enhancement by killing the c e lls  Î40 

SOUNDS, audible, effect on proteins, of 33 
on muscle 33 -36 , 66
on protoplasm 16, 32, 34, 36, 39

as a c e l l  irritant 12, 16, 32
mechanism of action of, on the protoplasm 39 

SPERMATOZOA, suspension, v ita l staining of 30 
metabolism of 80

STAIN, brilliant cresyl blue 20
in the c e l l ,  diffuse, upon excitation  32 
indigo carmine 94
Congo red 21, 23, 24, 26 
crystal v io le t 21 
m alachite green 21 
methylene blue 19, 2Û, 23, 28, 31 , 79, 88, 93, 193 

transition of, to  the leuccform  28, 210
methyl v io let 23
neutral red 23, 28, 29, 33, 35, 43, 46, 72, 83,
88, 89, 9 1 -9 4 , 96 , 97, 99, 100, 139, 208 

tox ic ity  of 29
Nile blue 21, 23
rhodamine 139 
toluidine blue 20 
trypan blue 20, 73
phenol red 29, 38, 43, 46, 93 , 139, 141, 142
cyanol 20, 23, 29 , 33, 35, 88, 92, 94
Janus green 72

STAINING affinity of ganglia of mammals, 
biphariclty upon excitation by induction current 
thtcwgji the nerve 92

of m uscles, biphasicity upon denervation 102 
under the influence of rise in temperature 67 

of hydrochloric acid 66
upon narcotisation by pctasrium chloride 65 

sodium chloride 65 
hydrochloric acid 66

differences in intensity of, in  tetanus and in 
tonus 95

of nerve tissue, upon conditioned reflex :r

excitation 93
of protcplasm, biphasicity under the action of 
pressure 44, 45, 102

decrease in  31, 44, 45, 92, 101, 103
STAINING, vital, quantitative method of 28, 31, 
33, 38, 42, 93

reversibility of 13, 141
of the mouse brain 92
of the mouse pancreas, intensifie a tien upon 
stimulation 88, 97
of tissue by add dyes 29, 32 

by basic dyes 29, 32
STAINS, vital 13 

increase in  binding of by the protoplasm upon 
excitation of the ce ll 13, 28-32, 89-96 

diffusion of, into gelatin from a mixture with 
proteins 21
Carbonyl, transformation of 22
add 13, 20, 29, 32, 33, 38, 88, 94, 139, 142 

distribution coefficient К of 141, 161 
lack cf granule formation of 32, 139

basic 13, 20, 28, 29, 33, 88, *139, 142 
penetration into the cell of 30, 138, 141 
distribution between muscles and medium 139, 141 
solubility in lipids 138
series of, according to the binding capacity for 
proteins 22
diffusion rate of, into tissues 29 
absorption spectrum of, in solutions 21, 24 
of the tripheny Ira ethane group 21, 22 
three farms of existence in the protoplasm 142 
extraction of, by acidified alcohol 28, 140

STIMULATION, subthreshold 214
STIMULUS, electrical (see Excitation) 
"STRUCTURAL ENERGY’1 211
SUBORDINATION, mechanism of 314

according to Lapicque 306, 312, 313 
differences in  coldblooded and warmblooded 
animals 313

SUCROSE, effect of, on the volume of muscles 115 
isotonic solution and frog muscles 115

SUCROSE distribution between the complex 
coacervate and medium 169, 170 

muscles and the medium 129
molecular weight of 119 
adsorption lim it Aso in  muscles 174

SUGAR, pénétration into the cell, dependence 
on concentration in the medium 133, 170

content of in erjlhrocytes, depending on 
Concentration in  the medium 129

SUGARS, nonferment able, permeation into 
yeasts 133, 134

into muscles 125
into erythrocytes 123 

permeation into muscles 124 
into erythrocytes 123

SUSPENSIONS of tissues (cells) 30, 121
TAXIS, various types of 49
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TEMPERATURE, effect on excitability, and 
dependence on conditions of excitation 314

of frog nerve 317, 31S 
method of measurement 315

of coldblooded animals 314, 325
of the tortoise 324

of frog heart 314 
electroconductivity of nerve 318 

increased, effect on the mouse pancreas 98 
reversibility of paranecrosis 15

TETANUS 42, 53, 77
closing and opening, in the vicinity of a 
cross-section 263
as a series of contractions 77
ef the muscle upon the action of sodium chloride 
on the nerve 263

of drying of the nerve 263 
metabolism during 75, 77 

THEORY of bioelectric potentials of Beutner 179 
of Hermann 187
of Herto 204 
of Danielli 203 
membrane 179, 181, 186, 197, 200, 215, 236 
of Nachmanson 207 , 209 
oxidative’reductive 209 
tfiase 179, 180, 186, 188, 211

of excitation, prctein 237, 372 
gradual 235, 238, 276 ( 277, 373 

graphic illustration of 222 
and dam age, denaturation {Nasonov and 
Aleksandrov) 77, 90, 176 
condensation (ChagOvets, H ill, Ebbecke) 286 
concentration of Nernst 286 
membrane 104, 236, 372 
of Segal 221

’'selective pump mechanisms" or the "pump" 
theory ISO, 176, 177 
condensation (Hennarm, Chagovets, Lapicque, 
Ebbecke, H ill and others) 335, 338, 339 
concentration of Nernst 335, 339
of the lipoprotein complex of Lepeshkin 167 
of "small currents’', propagation of stim uli, 
of Hermann 216, 217, 221, 249, 369 
of muscle contraction of Szent Gyorgyi 152 
of the "sodium pump " c f Hodgkin 151, 153, 173 
of transmisslan of excitation 207 
of potential of damage of Chagovets 185 
of conduction, gradual 275

electric 219
of permeability of Hoher 1Û6 

lipid 106
of Luudegaard and Crogg 108, 109, 173 
membrane 104, 121, 135, 139, 143, 145, 148, 
172, 173 
mosaic 107
of Rosenberg and Wilbrand 109, 173 
sorption 105, 121, 158, 173, 176, 177, 178 

of excitation, denaturaticsi 15, 18, 33, 39 
of spread of excitation of Hermann (see theory 

of small currents)
gradual 216

resonance (sound) of Helmholtz 41
of the "sieve" 145
structure of protoplasm of Fisher arid Zur 167 
of phase potentials of Nernst 181 
of the electric mechanism of spread of damage 
(Rothschue) 52

THERMON ARCOS IS 67
THIOL POISONS 57
THRESHOLD of automatic activity 271, 274 

value of, graphic representation (S-ahaped 
curve) 223, 278
of excitability , protracted (see Constant ’b’) 

dependence on interelectrode distance 
339-341, 343, 351
to induction shocks from DuBois-Reymond coil 263 
short-term (see Constant ’a 1)
decrease in , after disconnecting cathode of 
polarizing current 358, 363
increase in , after closing circuit of cathode of 
polarizing durrent 358, 359, 361, 362, 363, 366 
decrease in, after closing the circuit of the anode 
of polarizing current 365

of excitation, dependence on the amount of 
electricity 334

on voltage of stim ulating current 334
on intensity of stimulating current 334, 344 

of a single m uscle fiber, dependence on energy 
of stimulating current 351
upon "intm ron” of current 359 

dependence of value on changes in intensity of 
current 279

on the tim e of passage of current 279 
measurement of, with a galvanom eter in 
microamperes (Rushton) 334 
of narcotization (o f a narcotic  effect) 57, 61, 
64, 65 
of damage 54
of spreading excitation 200, 276

THRESHOLD of spreading impulse as a criterion 
of excitability  277

of contraction of fibrocytes 73 
THRESHOLD tim e of excitation (see Constant 'a1) 

amount of e lectric ity  (Q) 335 
voltage, for human skin 278

dependence of, on external resistance of the 
circuit 343-345, 347, 351

on internal resistance of the nerve 347
on tim e of action of the stimulating current 278 
on the interelectrode distance 342, 344, 
345, 346

TIME of stim ulation according to  Lucas 295 
TITRATION, electrom etric 27
TISSUES, nonconducting, m etabolism  of 80 
TONOPLAST o f plant ce lls  110, 132
TONUS of constrictor m uscles of shell of mollusks 53 
TONUS-LIKE contraction, method of obtaining in 
a muscle (according to  Zhukov) 78
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TROPISMS, types of 49
TRYPSIN, heated denaturation, reversibility 
hom odroniic 17
UREA, effect of, on the volume of muscles 115 

protein denaturation by 17, 131 
distribution coefficient Q, of 130 
m olecular weight of 119 
penetration into the c e l l ,  of 129

URETHANE, effect cn the frog nerve 300 
VACUOLE of plant cells, changes in volume 
of 110, 111

accum ulation of substances in  132

VERONAL, distribution in the blood of 125 
VITAL stains, see Stains, vita l 
VISCOSITY of protoplasm, changes on 
excitation, of 12, 90
’’VITEID'1, see Theory of the lipoprotein 
com plex of Lepeshkin
WATER, excretion, of, from protoplasm 119

of coacervate systems 127, 168, 171 
bcxiod, of the coacervate 168

of the protoplasm 112, 113, 122, 168
YEAST CELLS, solubility constant К of Lactose 134 

distribution of chlorine in 160

.· .· 4 1 ' · · ; ·  /
M  j r t j  j f  -
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