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Abstract

Several basic mechanisms underlying living
phenomena are not really understood. Unequivocal
interpretations of data concerning the following
phenomena - to name but a few - are missing: cellular
accumulation of potassium, cellular exclusion of
sodium, cell volume regulation, shape change of cells
(e.g., of muscle cells during contraction), electrical
potential differences between inside and outside of
living cells. The theoretical treatment of these
phenomena as found in all current textbooks is based
on the membrane-pump theory (MPT) with the
following esseatial features: The bulk of the main
cellular cation K* is fresly dissolved in free cellular
water and membrane-situated pumps are responsible
for the high level of X¥ and the low level of Na*
found in virtually all living cells. On the other hand,
the above mentioned phenomena are explained by the
association-induction hypothesis (AIH) without the
proposal of membrane-situated pumps and with the
postulation of selective K* adsorption to cellular
proteins and of a specific cell water structure which
has a low solvency for Nat and other solutes.
Experimental findings are reviewed which contradict
the MPT and support the AIH. In addition, electron
microscopic experiments with cryoprocessed striated
muscle are reviewed which establish cellular K*
binding (adsorption) and a cellular water structure
which is different from that of normal free water.
Cryoexperiments with the striated muscle and model
systems are proposed which may help to obtain further
information on the specific interactions between
proteins, ions, and water in living cells.

Key Words: Membrane-pump theory, association-
induction hypothesis, alkali-metal ions, ion adsorption,

water structure, muscle, model systems, muscle
contraction, cryotechniques, vitrification, freeze-
drying.

Introduction

According to virtually all textbooks the basic
mechanisms  underlying living  phenomena  are
described by the membrane pump theory (MPT).
Physiological properties of living cells such. as
selective solutz accumulation and exclusion, selective
permeability, maintenance and change of cell volume,
and cellular electrical potentials are described by
properties of the cell membrane. In particular,
selective soluts accumulation and -exclusion require
energy comsuming (active) transport mechanisms
(pumps) which ars localized in the cell membrane. An
alternative view is provided by the association-
induction-hypothesis (AIH) of Ling (Ling, 1962, 1984,
1992a, 1994) which explains living phenomena as the
result of the cohesive interaction among the cells three
major componsats: proteins, ions and water. Solute
accumulation and exclusion are caused by specific
properties of cellular proteins and cellular water.
Membrane-situated pumps do not exist in unsifacial
cells like muscle, nerve, erythrocyte. (Note that active
transport across bifacial cell systems like frog skin or
intestinal epithelium has never been disputed; for the
theoretical treatment of such active transport
phenomene according to the AIH see Ling, 1934,
Chapter 17; Ling, 1990).

Although the controversy between these different
schools of thought has been going on for many
decades it is not described in textbooks or review
articles, the controversy is simply ignored by the
scientific establishment. It is the purpose of this paper
to show by means of a few experimental facts that
membrane pumps are unproved postulations and that
progress in understanding of basic  biological
phenomena is expected by investigating the specific
interactions between cellular proteins, ions, and water
as suggested by the AIH. It is shown that in particular
electron microscopy of the striated muscle has already
confirmed major predictions of the AIH and may be
further used to explore properties of cellular proteins
and water.
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Living Phenomena According to MPT and AIH

A model of the living cell has to explain the
following facts (Ling, 1992a, p. 31): In mass, the
largest component of living cells is water, the second
largest is protein. In number, the most abundant
molecule is water, the second most abundant is K¥.

By and large, the external environment of cells is a -

salt solution containing water as its largest component
and NaCl as its npext largest component. Water and
both Na¥ and K* are continuously in exchange
between the cell interior and the external medium.
These facts are explained in the MPT as follows.
The bulk of cellular water is free water in which most
of cellular ions are freely dissolved. The asymmetric
K*/Na* distribution is due to active and passive
transport mechanisms localized in the cell membrane.
Essential is the existence, of an energy consuming Na™*

. pump which is responsible for a continuous active

transport of cellular Na® "to the outside solution.
These features are basic to the description of many
other cellular phenomena. E.g., cell volume regulation
is determined primanly by the osmotic pressure
exerted by solutes that are freely dissolved within the
free cellular water. K - the main cellular cation - is
thought to be the main solute that helps to balance the
osmotic’ pressure of the cell interior and of the
extracellular medium. According to the MPT an intact
cell membrane is essential for the maintenance of cell
volume. The electrical potentials of living cells are
membrane diffusion potentials which can be described
by the extra- and intracellular concentrations and the
membrane permeabilities of certain ions. For instance,
the resting potential of nerve and muscle cells is in
first approximation a K™* diffusion potential as
described by the Hodgkin-Katz theory (Hodgkin and
Katz, 1949). In analogy to the Na¥ pump concept a
variety of membrane-situated pumps explain why
many different permeable substances are accumulated
in or partly excluded from the free cellular water.

Based on statistical mechanics the AIH is an
equilibrium theory which describes phenomena of
living cells without membrane pumps. The facts
presented in the first section of this chapter are
explained by two mechanisms (Ling, 1984, p. 375):

(M1) "The bulk of cellular water exists in a state
of polarized multilayers; in this state water tends to
exclude solutes and does so to variable degrees
depending”on the size and complexity of the solute.
This provides the mechanism for the normal exclusion
of Na* from most cells.”

(M2) "Solutes are accumulated by the cell if they
are adsorbed onto macromolecules within the cell; for
example, cations are adsorbed onto fixed carboxyl

z ‘I_ .

groups and sugars onto hydrogen bonding groups of
proteins. This provides the mechanism for the normal
accumulation of K* by most cells.”

In the AIH the control of the reversible
interactions of proteins with water and ions (as
expressed by ML and M2) is provided by a third

‘mechanism:

(M3) "The polypeptide chain is especially well
suited for the induction of electron distribution
changes from one side chain to another. This underlies
the interaction between sites that adsorb solutes,
permitting them to function in a cooperative manner,
and it underlies the ability of cardinal adsorbeats (e.g.,
ATP, hormones, drugs) to affect a large number of
sites in an allosteric manner.”

Based on these three concepts the AIH is a
general theory which can explain living phenomena in
a consistent manner. These explanations differ

-considerably from the explanations given by the MPT.

For example, cell volume is determined by the amount
of polarized cellular water, the bulk of cellular K7 is
adsorbed and hence osmotically inactive. Cellular
electrical potentials are seen as phase boundary
potentials between the cell surface and the
extracellular phase and have no direct relation to ionic
permeabilities. The electrical potential is determined
by the density and nature of the ionic groups on the
macromolecules of the cell surface.

As mentioned in the Introduction living
phenomena are described in all textbooks of life
sciences by means of the MPT. The main reason for
ignoring the AIH is probably the strong conviction of
most scientists that the Nat pump and other pumps
have been proven and that therefore a model without
energy consuming membrane pumps cannot be
correct. However, if the following experimental
results are taken seriously one must doubt the pump
concept.

In 1962 Ling presented the results of a three year
long inquiry into the feasibility of the postulated Na*
pump from a thermodynamic standpoint (Ling, 1962).
He compared the minimum energy mneed of the
postulated Nat pump in frog muscle cells for a
recorded period of time with the maximum energy
available to these cells during the same period of time.
The experiments showed that the minimum energy
need of the postulated Nat pump is from 1500 % to
3000 % of the maximum available energy. Disparities
of this magnitude are decisive by any standard and
until now there has been no challenge in print against
the experiments nor the conclusions of Ling. The
essence of these findings have been confirmed twice
(Jones, 1965; Minkoff and Damadian, 1973).

In addition, experiments designed to prove
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directly the existence of pumps failed. The perfused
squid axon contains functioning Na* K*-ATPase - the
postulated ion pump (Glynn and Karlish, 1975) - and
is able to increase Na¥ efflux by addition of ATP,
and the efflux is sensitive to ouabain; however, a net
Nat efflux against an electrochemical gradient could
not be observed (for review see [Ling, 1984] p. 127).
Similar results were obtained with non-leaky "white
ghosts" obtained from red blood cells. These ghosts
are not able to accumulate K* or extrude Na* despite
the fact that they contain normally functioning
Nat Kt-ATPase (Ling and Tucker, 1983)). The
claim that reconstituted purified phospholipid-ATPase
vesicles pump Na‘t has been analyzed in a detailed
study by Ling and Negendank (1980); they came to
the conclusion that ATP did not actually cause a net
gain of Na*t by these vesicles and that the results can
be better explained by the AIH. The criticism of Ling
and Negendank has not been refuted in print.

Taken together, the Na* pump has not been
proven directly and - since the energy argument
apparently cannot be refuted - one must conclude that
the Na¥ pump does not exist. On the other hand,
those who still believe in pumps are confronted with
the fact that the molecular mechanism for the working
of the pump is unknown (Glynn and Karlish, 1975, p.
13). That means: all living phenomena which are
explained by means of the pump concept are not really
understood.

Concerning the AIH one may ask: Why should we
consider and adopt a new working hypothesis? Are the
concepts underlying the AIH so general and unspecific
that they would fit anything and are therefore of little
value or, are these concepts experimentally verified?
Has the AIH any predictive value? Can it explain
phenomena which are explained by the MPT as well
as phenomena which cannot be explained by the MPT?
These questions have been discussed in detail by Ling
(1992a) and the latter two questions have been
answered positively. It must be noted that at the time
of the first postulation of the concepts underlying the
AIH very little experimental confirmation was
available. In the meanwhile the experimental
verification of the basic principles is in my opinion
complete and many predictions have been confirmed
by experimental testing. In the following I mention a
few key experiments which clearly demand future
consideration of the AIH.

In 1965 it was postulated that the bulk of cellular
water is polarized in multilayers (Ling, 1965). Ling
and Negendank (1970) studied the water uptake of
frog muscles exposed not to solutions but to water
vapors of known relative vapor pressure. They found
that the water content of muscle follows the Bradley

isotherm (Bradley, 1936) which was derived under the
assumption that a substance with a large dipole
moment (like water) is adsorbed in multilayers onto
appropriate polar surfaces (like certain proteins). The
AIH postulates that water polarized in multilayers has
a reduced size-dependent solvency for solutes (Ling,
1984). Ling and co-workers have shown that water of
so called "exroverr” solutions (certain polymers,
certain proteins) and of living muscle cells exhibit the
postulated size-dependent reduced solvency (for
reviews see Ling, 1992a,b).

According to the multilayer theory of cell water
and of solutions of earoverrs the water molecules
suffer motional restriction, in particular rotational
motional restriction. This prediction bas been
confirmed by quasi-clastic neutron  scattering
(Trantham er al., 1984; Rorschach er al., 1987; see
also Negendank, 1986).

According to the AIH cell volume regulation is
primarily due to interactions between cellular proteins
ions and water. Experimental testing shows that the
maintenance of normal muscle cell volume, its
swelling in hypotonic solutions as well as in
concentrated KCl solutions are indifferent to the
presence of an intact cell membrane (Ling and
Walton, 1976). The finding is incompatible with the
explanation of cell volume regulation given by the
MPT. Note that this finding and others which are not
compatible with the MPT are as a rule ignored in
review articles on cell volume regulation (see e.g.,
Hoffmann and Dunham, 1995).

The AIH postulates that K+ accumulation and
Nat exclusion by living cells is due to cytoplasmic
properties (specific K adsorption to macromolecules
and reduced Na¥ solvency in cellular water) and not
due to membrane pumps. Both phenomena have been
verified by direct exposure of muscle cytoplasm to
Ringer’s solution (effectively open ended cell [EMOC]
preparation, Ling, 1978). With the aid of the EMOC
preparation it could also be demonstrated that ouabain
changes the cytoplasmic K*/Na* distribution without
a functional cell membrane (hence without using the
postulated Na* pump). In addition, a complex binding
of cellular K* has been established by analysis of the
X-ray absorption edge fine structure of K* in frog
blood cells (Huang et al., 1979).

A prediction of the AIH is that K* accumulation
in muscle follows the distribution of §- and y-carboxyl
groups fixed to cellular proteins. This prediction has
been confirmed by light and electron microscopic
studies (see below).

The AIH predicts that the electrical potential of
cells is dependent on ion adsorption at the cell surface
and not on ion permeabilities. This prediction has been
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confirmed with guinea pig heart muscle cells by using
K*, Rb*, and Cs™ ions (Edelmann, 1973).

One notes that without doubting the membrane
pump concept and without adopting a new working
hypothesis the described experiments (and many
others) would not have been performed. The results of
these efforts indicate that the goal of understanding
fundamental living phenomena requires a new focus of
interest towards the specific interactions between
cellular proteins, ions and water. In the following it is
shown that electron microscopy of the striated muscle
can be used as an important tool for studying these
interactions.

Water and Ions in the Striated Muscle: Problems
for Cryopreparation and Electron Microscopy

In the first half of this century different,
seemingly critical, experiments with the striated
muscle played a major role in adopting the concept
that the main cellular cation, K¥, is freely dissolved
in free cell water (MPT, see above):

(1) Based on the finding that urea distributes
equally between muscle cell water and the external
medium the Nobel Laureate Hill concluded that no
nonsolvent water exists in frog muscle (Hill, 1930). In
addition, Hill and Kupalov (1930) found the vapor
pressure of frog muscle equal to that of an isotonic
0.1 M NaCl solution. These studies led to the
conclusion that only free water exists in the muscle
cells, and since the total ionic concentration in the cell
is about 0.1 M and because K* constitutes the bulk of
the cations it follows that cellular K (and anions)
must be free in order to balance the osmotic activity of
free Na¥ and free Cl” in the free extracellular water.

(2) Microincineration studies led Macallum (1905)
to conclude that K* is preferentially accumulated in
the A band of the striated muscle. This idea has been
refuted by Gersh (1938) who used improved and
superior histochemical precipitation methods for ion
localization. He found no preferential accumulation of
K* in the A band.

(3) Studies of isolated muscle proteins and of
other isolated proteins failed to show any significant
degree of selective K* binding (Lewis and Saroff,
1957; Carr, 1956).

Despite these results a minority always doubted
the concept of free cellular K* and free cellular water
(for reviews see Troschin, 1958, 1966; Ling, 1962;
Ermst, 1963). But it was mainly the energy argument
of Ling (see above) and a prediction concerning the
subcellular distribution of K* in the striated muscle
which led to a reinvestigation of the ion and water
problems with newly designed electron microscopic

-

methods. Before discussing these efforts a main
problem of electron microscopy should be mentioned.

The purpose of electron microscopic investigation
of biological material is to understand how living cells
are constructad and how they function. However, the
watery biological material in its natural state is not
suited for investigation in the vacuum of an electron
microscope (EM). It must be stabilized somehow
before it can be examined in the EM. Now, if we are
interested in the interactions between the main
components of living cells - namely proteins, water
and ions - the conventional method of chemical
fixation, dehydration and embedding is the wrong
stabilization method because the first step - the
chemical fixation - already causes severe artifacts: the
change of physicochemical properties of cellular
proteins, hence water and ion redistribution and
structure changes are inevitable. In recent years it
became evident that only properly used cryotechniques
are suited to stabilize living cells in such a way that
the life-like localization of all cellular components
including mobile ions and water are possible (see e.g.,
Steinbrecht and Zierold, 1987). In the following
sections cryo-experiments with the striated muscle of
the frog are discussed which already have been
completed and experiments which should be performed
in the future to obtain information on the physical state
of ions and water in a representative living cell.

The Subcellular Distribution of Mobile Ions in the
Striated Muscle

MPT and AIH predict different subcellular
distribution patterns of K¥ in the striated muscle
according to the following considerations. The well
known I band and A band areas of the muscle cell
differ in their protein and water contents. Since the
water content is higher in the I band compared to the
A band (Huxley and Niedergerke, 1958) the MPT
predicts that the freely dissolved cations are
preferentially localized in the I band. The AIH
predicts a preferential accumulation in the A band
because 3- and y-carboxyl groups - the postulated sites
of K* adsorption - are primarily found on myosin in
the A band (Ling and Ochsenfeld, 1966). A test of
these opposing predictions is also feasible with Na*t,
Rb*, Cs* and TI*. In frog muscle K* can be
replaced reversibly in a mole-for-mole fashion with
these different jons (Ling and Bohr, 1971; Ling,
1977b). If Na*, Rb*, Cs* or TI* is the main
cellular cation instead of K%t the subcellular
distribution of the respective ion should be the same as
that of K™ in a normal K* containing muscle.

Different properties of these different " ions allow
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different methods of ion localization. An uneven
distribution of Rb*, Cs* or TI* in a thin muscle
section can be visualized directly under the electron

microscope because these ions with high "atomic

s

"1991a).

Figure 1: Subcellular distribution of Cs* and TI* in
frog sartorius muscle. Living muscles had been loaded
with Cs* (a) and TI* (b, €) prior to cryofixation. (a-
¢) Dry cut sections of freeze-dried and embedded
preparations (freeze-drying equipment described by
Edelmann, 1978; procedure: freeze-drying for 3 days
at -30°C and for additional 6 days at -60°C, breaking
the vacuum by dry nitrogen gas, infiltration in Spurr’s
resin at about -15°C for about 15h, polymerization at
40-50°C. (a) Cs*-loaded muscle. (b) TI*-loaded
muscle. (¢) Control for (a) and (b): nmormal K%
containing muscle. The dark areas in (a) and (b)
represent the protein sites which preferentially adsorb
Cs* (a) and TI* (b). Abbreviations: A, A band; H,
H zone; M, M line; L, L zone; I, I band; Z, Z line;
gly, glycogen. (d, e) Frozen-hydrated cryosections.
(@ Normal K% containing muscle. Only very faint
ultrastructural details are visible. (¢) TI™ containing
muscle. Dark myosin filaments (arrows) in the A
bands (A) and dark Z lines (Z) indicate preferential
TI* accumulation in the living cell. Bars: 1 um. (a)
from Edelmann (1977); (b, ¢) from Edelmann
(1984a); (d,e) from Edelmann (1988). Reprinted by
permission.

numbers cause improved image contrast. Nat, Rb*,
Cs* can be labeled with radioactive isotopes which
arz well suited for autoradiographic studies.

Ion localization was investigated by the following
independent methods:

)] Autoradlovraphy of air dried single fibers

using 13*Cs and 2057 (Ling, 1977a).

(2) Analysis of sections of freeze-dried, embedded
(Spurr medium) muscle, (a) Visualization of X+,
Rb*, Cs*, TI* by transmission electron microscopy
(TEM) (Edelmann, 1977: Cs*, TI*; Edelmann,
1980a: K*, Rb*, Cs*; Edelmann, 1984a: Cs*, TI*),
(b) Electron probe X-ray microanalysis (EPXMA) of
K*, Cs*, TI* (Edelmann, 1978).

(3) Autoradiography of frozen hydrated single

fibers at -196°C with 6Rb, 14Cs, and 2Na (Edel—
" mann, 1980a: Rb*, Cs+

; Edelmann, 1986a: Nat). -+

4) EPXMA of K"' in air-dried myoﬁbnls vl
(Trombitas and Tigyi-Sebes, 1979).

(5) EPXMA of K*, Rb*, Cs*, TI* in freeze-~

dried cryosections (Edelmann, 1983). &l

(6) Visualization of TI* by TEM in froz

hydrated cryosections (Edelmaxm, 19&4b 198

(7) EPXMA of K"' in freeze-dried and Lowmryl'
K1IM embedded muscle (Edelmann, 1986b). ;
(8) Visualization of Cs*, TI* by TEM in W
substituted and Lowicryl Ki1M embedded musc
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(Edelmann, 1988).

(9) EPXMA of Na‘ in freeze-dried cryosections
(Edelmann, 1988).

(10) EPXMA of K*, Nat in freeze-dred
cryosections (von Zglinicki, 1988).

These independent methods yielded the following
consistent results: the main cellular cation of a resting
muscle cell, whether it is Nat, K+, Rb*, Cs* or
T1% is preferentially found in the A band, especially at
the outer edges and at the Z lines (see Fig. 1). Most
important are the results obtained with frozen-hydrated
preparations (Fig. 1¢) as they confirm results obtained
after freeze-drying (FD) or even freeze-substitution
(FS). Although most results are qualitative, von
Zglinicki (1988) has provided quantitative data which
are in agreement with the qualitative observations.
From these findings it is concluded:

(1) The results confirm predictions of the ATH,

(2) The concept that a living cell is a bag of ions
freely dissolved in cell-water (MPT) is not tenable
(Gupta, 1991, p. 42),

(3) The results obtained with ion sensitive
microelectrodes and frog muscle cells must be an
artifact (Ling er al., 1973; Ling, 1984, pp 250-256;
see also detailed discussion by Edelmann, 1989b)

(4) Cellular water must be maintained in a higher
state of order than normal free water. This follows
from the experiments of Hill and Kupalov (1930, cited
above) but following a reverse direction of the logic
of Hill and Kupalov: since the cellular water has the
same activity as the extracellular water and the cellular
cations are not free the reduction of water activity to
that of a 0.1 M NaCl solution must-be due to some
kind of ordering of the cell water by cellular
macromolecules.

One may argue that the observed protein-
dependent subcellular jon distribution does not prove
selective adsorption of different alkali-metal ions at the
negative sites of cellular proteins (reviewed by Gupta,
1991, p. 42). However, the EMOC experiments cited
above (Ling, 1978) show that the selective uptake of
K™ is caused by sites of cytoplasmic proteins and not
by pumps.

In addition, it has been demonstrated in virro that
protein sites of freeze-dried and embedded muscle are
able to adsorb selectively alkali-metal ions. 0.2 gm
thick sections have been exposed to aqueous solutions
containing various combinations of the salts LiCl,
NaCl, KCl, and CsCl. EPXMA and laser microprobe
mass analysis (LAMMA) of these sections show
selective and preferential accumulation of K% (and
Cs*) over Nat on specific protein sites in the A
bands; the total amount of adsorbed alkali-metal ions
is in the same order of magnitude as the amount of

accumulated cations in living frog muscle (Edelmann,
1980b, 1981). When using a LiCl-CsCl solution the
section is heavily stained by the uptake of the electron-
dense Cs* at the same sites which accumulate this ion
in living muscle (Edelmann, 1984a); the adsorbing-
capacity is lost in glutaraldehyde fixed muscle
(Edelmann, 1986a, Fig. 2, see also ion-adsorption
studies with freeze-substituted and Lowicryl embedded
muscle, Edelmann, 1988, 1991b, and discussion by
Ling, 1992a, b).

These experiments show that proteins maintained
in its living-like state (through cryofixation and FD)
behave completely different than isolated proteins
(Lewis and Saroff, 1957) or proteins of cells killed
e.g., by glutaraldehyde. Taken together, the observed
selective accumulation of alkali-metal ions at specific

protein sites of muscle cells - the ions being
accumulated either in living cells or after FD and
embedding - does not require membrane-situated

pumps for its explanation.

The reviewed results leave many open questions
most of which can only be answered by future
microanalytical studies. Quantitative data of the
following different preparations should be provided.

(1) Quantitative data of the subcellular distribution
of electron-dense ions in ultrathin frozen-hydrated
cryossctions evaluated by microdensitometry. These
data may then be used as a control for the optimal
development of other techniques such as FD of
cryosections and FD or FS of bulk specimens followed
by embedding and subsequent microanalysis. The
observation that different artifactual ion distribution
patterns may result from different FD procedures (see
Edelmann, 1994) and from different FS procedures
clearly demand a precise control by an independent
superior technique.

(2) Quantitative data of the subcellular ion
distribution (e.g., Na*, K*, Rb*, Cs*) in EMOC
preparations. A microanalytical study may directly
establish the selective uptake of ioms by cellular
protain sites.

(3) Quantitative data of the uptake of different
alkali-metal ions at different adsorption sites after
exposure of frog muscle to different salt solutions. It
has been shown that CI” salts of Li*, Na*, K*, Rb*,
Cs™ cause different degrees of muscle swelling (Ling
and Peterson, 1977). This finding has been interpreted
by assuming that the different ions cause different
degress of dissociation of salt linkages between
cellular proteins thus giving rise to different amounts
of ion adsorption sites (Ling, 1984, p. 447 ff). This
interpretation may be tested by cryopreparation and
subsequent microanalysis.

(4) Quantitative data on the postulated redistri-
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Figure 2: 0.2um thick sections of frog sartorius
muscle stained with a solution containing 100mM LiCl
and 10mM CsCl. (For details of the method see
Edelmann, 1984a, 1991). (a) Freeze-dried embedded
muscle. (b) Glutaraldehyde fixed and embedded
muscle. Bars: 1 pm. Cs¥ binding sites are only
visualized in the freeze-dried preparation (from
Edelmann, 1986a, reprinted by permission).

bution of K* during muscle contraction. The problem
of muscle contraction is far from being solved (see
Oplatka, 1996). Strangely enough, in today’s accepted
models of muscle contraction cell water plays no
specific role. However, as Ling (1984, p. 566) pointed

out shortening of a contracting living muscle is

primarily an event of water movement. In a tentative
model of muscle contraction based on principles of the
AIH, Ling proposed that local liberation of adsorbed
K* and local differences of water activities may be
the cause of water shifts within sarcomeres of the
contracting living muscle. Preliminary EM studies
have already shown redistribution of Cs* or TI*

during tetanic contraction of Cs*- or T1*-loaded
muscles (Edelmann, 1989a). A detailed microanalytic
study of the redistribution of K* during contraction of
a living K* containing muscle would probably be the
most important basis for a real understanding of this
physiological process. The following theoretical
concept (Ling and Ochsenfeld, 1991) derived from
available data from the literature may be tested. In the
resting muscle §- and y-carboxyl groups of myosin
heads are occupied by K*. These anionic groups and
cationic groups on actin form cross-bridges during
muscle contraction. "When the fixed cationic site on
an actin molecule successfully combines with the
(actin-binding) B- or y-carboxyl groups on a myosin
head, a salt-linkage is formed. Salt-linkage formation
of this kind would then represent the force-generating,
cross-bridge-formation step of contraction. The
subsequent displacement by K* of the e-amino or
guanidyl groups on actin from the 8- and y-carboxyl
groups on the myosin head then represents the
relaxing, cross-bridge-dissociation step of a
contraction cycle” (Ling and Ochsenfeld, 1991, p.

158).

Cellular Water: a Challenging Problem for
Cryotechniques

In the foregoing section it has been shown that the
detected uneven distribution of the main cellular cation
in the striated muscle leads to the conclusion that the
molecule-to-molecule interaction in the bulk phase
water must be different from normal free water. The
question arises whether results obtained with cryo-
experiments can be or have been explained by the
different behavior of free and more ordered water. At
first sight not much information from published
experiments is available although it is evident that
most if not all of the observed artifacts introduced by
the cryotechniques is related to the water problem (see
e.g., Kellenberger, 1987; Steinbrecht and Miiller,
1987). However, the focus of interest was in general
an optimized structure preservation it was not the
water itself. The main reason for not looking at the
properties of different water structures is probably the
generally adopted conviction that the bulk of cell water
is not differently structured than normal free water.

- But the following experiments clearly show that

biological and non-biological preparations can be made
which contain differently structured water. It has ‘been
shown that differently structured water ‘can be
identified by looking at its solute-exclusion pmperty !
Aqueous solutions of the ‘"extroverts” :
denatured hemoglobin, polyvmylpyrmhdone”
polyethylene oxide (PEO), 'polyvinyl ‘methylether
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Figure 3: The equilibrium distribution coefficients (q-
values) of various solutes in solutions of alkali-
denatured hemoglobin (19%) at alkaline pH (empty
circles) and of native hemoglobin (39 %) at neutral pH
(balf-filled circles) plotted against their respective
molecular weights. q = [s];/[s],, where [s];, and [s],,
are the equilibrium solute concentration in the protein
solution held in a dialysis sac and in the external
bathing solution respectively 1, ethylene glycol; 2,
glycerol; 3, erythritol; 4, xylitol; 5, sorbitol; 6, D-
mannitol; 7, sucrose; 8, trehalose; 9, raffinose; 10,
inulin; 11, PEG-4000, 12, D-xylose. Note that the
solutes are not excluded (@ = 1) from the water of the
solution of native hemoglobin (infroverr), but they are
excluded from the water of alkali-denaturated
hemoglobin® (extroverr) in a size-dependent manner
(from Ling and Hu, 1988; reprinted by permission).

(PVME) exhibit a reduced solvency (hence a partial
exclusion) for electrolytes like Na* (Ling er al., 1980)
and for non-electrolytes like sugars (Fig. 3, Ling and
Hu, 1988). In contrast, aqueous solutions of most
native proteins (including hemoglobin, see Fig. 3) do
not exhibit reduced solvency (so-called “inrroverss™).
The reduction of solvency of the extroverrs is size
dependent i.e., the larger the solute, the lower the
solvency (for reviews see Ling, 1992a,b). The partial
: exclusion of solutes from cellular water of living frog
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Figure 4: The equilibrium distribution coefficients (g-
values) of twenty-one nonelectrolytes in frog muscle
cells plotted against their respective molecular
weights. q = [s}/[s],, where [s], represents the
equilibrium solute concentration in cell water and [s],,
the equilibrium solute concentration of the external
solution. The nonelectrolytes and their molecular
weights and experimentally determined q-values are:
methanol (32.04, 0.91); ethanol (46.07, 0.81);
acetamide* (59.06, 1.00); wrea* (60.10, 1.05);
ethylene glycol* (62.07, 1.02); 1,2 propanediol*
(76.10, 0.834); dimethylsulfoxide DMSO (78.14,
0.72); 1,2 butanediol* (90.12, 0.87); glycerol*
(92.09, 1.00); 3-chloro-1,2 propanediol* (110.5,
0.893); erythritol (122.1, 029); D-arabinose (150.1,
0.27); L-arabinose (150.1, 0.27); L-xylose (150.1,
0.26); D-ribose (150.1, 0.26); xylitol (152.2, 0.22);
D-glucose (180.2, 0.227); D-sorbitol (182.2, 0.227);
D-mannitol (182.2, 0.217); sucrose (342.3, 0.132): D-
raffinose (594.5, 0.100). Note the similarity of solute
exclusion from living cells and from the extrovert
model shown in Fig. 3. Note also the "aberrant”
solutes (solid circles) of this figure (marked with *).
Most of these solutes are known as cryoprotectants
and it is assumed that they fit better than most other
solutes into the dynamic water structure. From Ling et
al. (1993), reprinted by permission.
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muscle cells is size dependent similarly as found in
exrovert preparations (Fig. 4, Ling er al., 1993).
These solutes are not excluded from cellular water of
killed (e.g., by glutaraldehyde fixation) muscle cells.

More recently, Ling (1993) has derived a
quantitative theory of solute distribution in water
which is polarized in multilayers. The theory has
made it possible for the first time to estimate
quantitatively the intensities of (bulk phase) water
polarization and to understand the action of cryo-
protectants on cell water (enhanced stability of the
polarized-multilayer state, see Ling er al., 1993). The
phenomena described above agree in general with the
predictions of this new theory. With this information
one may design systematic cryoexperiments with
preparations containing differently structured water.
Similar experiments should be carmed out with
polvmer solutions, with solutions of proteins, e.g., of
NaOH denatured hemoglobin (extroverr) and of native
hemoglobin (introverr), and with living and killed
muscle. The muscle preparation is of particular
interest because its water content can be manipulated
without changing the content of other cellular
compounds: Ling and Negendank (1970) have shown
that the water uptake of frog muscle cells exposed to
different concentrations of water vapor obeys
Bradley’s polarized multilayer adsorption isotherm of
water vapor adsorption (already mentioned above). By
using the water vapor equilibration technique the
cellular water may be reduced by removing more and
more water layers which are less polarized than the
first layers surrounding the water influencing protein.
Hence, the remaining water layers should eventually
exhibit an optimally enhanced structure.

In the following, cryo-experiments are discussed
which may be suited to investigate differently
structured water.

Rapid Freezing and Vitrification

With the development of cryofixation techniques
and of cryo electron microscopy water became a
suitable substance for electron microscopy (Dubochet
et al., 1987, 1988). It turmed out that water in
biological material or model systems can be vitrified
which means that the water is solidified by rapid
freezing without allowing it to crystallize before
cryofixation is completed. Frozen hydrated specimens
(e.g., frozen liquid films or cryosections) can be
examined in the cryo electron microscope and the
depth of vitrification of a cryofixed preparation can be
evaluated by electron diffraction. It is assumed that
structural and redistribution artifacts are minimized in
the vitrified area. Examination of biological specimens

cryofixed at ambient pressure showed that extra-
cellular fluid (as well as pure water) cannot be
vitrified over more than about 1 um whereas un-
cryoprotected tissue (e.g., liver, kidney) can be
vitrified up to a depth of 5-10 pm (Dubochet ez al.,
1987). It is assumed that this latter value is possible
because the cell interior contains a high concentration
of soluble material which plays the role of a cryo-
protectant. However this interpretation need not be
correct. With the concept of the AIH that most of
intracellular mobile compounds are adsorbed to
macromolecules and that the water of living cells is
differently structured than extracellular water one may
expect a different freezing behavior of the different
water structures. Slow freezing experiments have
alrecady shown that the freezing of extroverr and
introverr solutions is completely different (Luyet and
Rapatz, 1956, discussed by Ling, 1992a): solutions of
introverts at low and high concentrations show regular
hexagonal ice formation, whereas irregular dendritic
rosettes are formed in extrovert solutions.

Microcalorimetrnic studies have also shown that
slow freezing of introverts and extroverss is completely
different. Solutions of imtroverts at low and high
concentrations exhibit unchanging freezing temperature
and rates of freezing whereas freezing rate and
temperature decreases with increasing concentration of
the macromolecule investigated (Ling and Zhang,
1983). For instance, a 50 % native bovine hemoglobin
solution freezes the same way as a 5 % solutions
whereas a 50 % PVME solution solidifies without ice
crystal formation. One may therefore expect that the
depth of vitrification of extroverr solutions after rapid
cooling is increasing with increasing concentration and
that the water of introvert solutions freezes more or
less like pure water. This expectation may be tested
with the different model systems as well as with living
and dead cells by determining the depth of vitrification
after standardized cryofixation.

From the determination of the devitrification
temperature DT (temperature at which the vitrified
water is converted to cubic ice) of different water
specimens one "expects additional information on the
different kinds of water: it is known that the DT of
pure water is .in the range of about -125°C but
devitrification starts already at about -138°C (reviewed
by Bachmann and Mayer, 1987). From the finding
that solutions with high concentrations of extroverts
solidify at low temperature without ice crystal growth
one may expect that the DT of a specimen is highly
dependent on the degree of organization of its water.
It must be noted here that the devitrification process
cannot be observed directly in the cryo electron
microscope if the DT is rather high. The water will
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sublime before the transition from vitreous to
crystalline ice takes place. Therefore one has to keep
the cryofixed materal for different periods at
atmospheric pressure at the supposed DT, to cool the
specimen again and to observe electron diffraction in
the cryo electron microscope.

If it turns out that the DT is dependent on the
water structure of the investigated system one may try
to relate the DT to the amount of surface modified
water and its degree of polarization. This relationship
may then be used to investigate the water of living
cells and even of subcellular areas. Another problem
may be tackled: during specimen preparation and
extreme events such as application of high pressure to
the biological specimen before freezing by the high
pressure freezing technique changes in protein and
water structure may occur before the specimen is
solidified (for artifacts occurring during HPF see Ding
‘et al., 1992; Wallén and Hallberg, 1993; Leforestier
et al., 1996). Determination of the DT may be used to
study the degree of water structure change during the
preparative steps. Finally, a consequence for practical
work should be mentioned: investigation of the DT
may help to answer the question whether certain
cryofixed biological specimens (not cryoprotected) can
be cryosectioned at a rather high subzero temperature
without artifacts which are normally observed in
cryosections containing cubic or hexagonal ice
(Saubermann, 1981; for discussion and review of this
problem see Sitte, 1996). One may assume that
vitrified more ordered water systems are stable at
higher subzero temperatures than vitrified pure water.

It would be of course best to detect directly
differences of water structure in vitrified samples by
electron diffraction. The problem is certainly not easy
because of the more or less random distribution of
molecules in the extrovert preparation and the highly
dynamic nature of the water structure in solutions and
living cells (Ling, 1992a). However, one may try to
detect water layers in muscles with enhanced water
structure as discussed above or to look for even better
suited water ordering structures.

Dehydration of Cryofixed Specimens
by Freeze-Drying

It was claimed in 1986 that a special procedure of
freeze-drying (FD) can remove amorphous phase
tissue water without devitrification making possible
ultrastructural localization of soluble molecular entities
without the problem of alteration, redistribution, and
loss (Linner er al., 1986). Unfortunately this claim
was not correct (discussed by Edelmann, 1994; Sitte er
al., 1994). So far FD has not been performed without

changing the ultrastructure seen in frozen-hydrated
preparations or without shrinkage artifacts. This is not
surprising because specific structures of macro-
molecules can only exist by interaction with water
molecules which therefore cannot be replaced by other
substances or the vacuum without artifact formation

: (Bachmann and Mayer, 1987; Kellenberger, 1987).

Taking into account that during freeze-substitution
(FS) the water molecules with a dipole moment of
1.86 Debye are usually replaced with dipolar
molecules (acetone: 2.89 Debye, methanol: 1.70
Debye) it can be understood why so far less morpho-
logical changes are obtained after FS than after FD.
However, FD can be studied directly by electron
microscopy and the question arises whether one may
obtain information on the degree of interaction
between biological macromolecules and the surroun-
ding water by FD studies. According to the general
view a mono- or bilayer of water is surface-modified
and behaves substantially different from bulk water
(Bachmann and Mayer, 1987). According to the ATH
almost all the water of living cells is surface-modified
as zstablished with frog muscle cells by analysis of the
size-dependent solvency of different solutes (Ling er
al., 1993). Taking into account that the water of
extrovert solutions is polarized in multilayers similarly
as muscle cell water (the intensity of polarization is
however lower in the extroverr solutions) and that
most of the water of inrroverr solutions behaves like
free water one may perform FD studies aimed to
answer the following questions. Is the sublimation rate
at a given temperature dependent on the polarization
of the investigated water? Is the structure preservation
of the macromolecules after FD dependent on their
efficiency to polarize water? Is the sublimation rate
different in the areas of differently solidified water
(vitreous, cubic, hexagonal)?

If these questions can be answered positively one
may derive a method by means of which it should be
possible to judge the interactions between proteins and
water in living and dead cells and to derive optimal
FD procedures for biological material.

An indication for a positive answer to the first
question can already be found in FD experiments of
biological material (Edelmann and Ruf, 1996): Wet-
cut ultrathin sections of freeze-dried and Lowicryl
HM?20 embedded human lymphocytes (not treated with

" chemical fixatives) are distorted in the areas of best

10

cryofixed cells (Fig. 5a, compare with Fig 5b, which
shows a section from the same Lowicryl block, after
stabilization with OsOy vapor). It is assumed that in
the region of best cryofixation (vitrification) a relative
strong protein-water interaction within the cells is
preserved leading to a reduced rate of water removal
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Figure 5: Ultrathin sections of human lymphocytes
after freeze drying FD and low temperature
embedding in Lowicryl HM20 at -25°C. FD: 1 day -
100°C, temperature increase 0.9°C/h up to -10°C, 1
day -10°C. Uranyl acetate and lead citrate staining.
(a) Compression and extraction artifacts occurring
during wet-cutting are pronounced near the freezing
plane (left lower corner). For interpretation of these
artifacts see text. (b) This section was obtained from
the same Lowicryl block but after exposure of the
block for 30 min to OsO, vapor. Apparently the whole
resin-biological material-complex is stabilized and the
ultrastructure is well preserved. Freezing plane: left
lower corner. Scale bars: 2 pm (from Edelmann and
Ruf, 1996, reprinted by permission).

during FD and hence to less dry areas of the

biological material. If more water molecules are

retained in  certaln areas polymerization of the

Lowicryl may be incomplete and lead to the observed
distortion during wet-cutting. Whether this inter-

pretation is correct may be tested by experiments with

cryofixed extroverts and inrrovers. It is expected that

after similar FD of both model systems less water is

retained in introverts than in extroverss.

Conclusion

Understanding basic cellular functions requires a
detailed knowledge of the intracellular interactions
between the main cellular components water, proteins,
and KT ions. These interactions are not directly
accessible to current biochemical methods but it is
now possible to test existing theories of these
interactions by investigating the striated muscle and
suitable model systems by means of cryotechniques
and analytical electron microscopy.
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Discussion with Reviewers

J.S. Clegg: Whether those who believe the membrane-
pump theory (MPT) - the overwhelming majority, as
pointed out in the paper - will change their views, or
even read the paper, seems to me to be very unlikely.
Reviewer IV: Most biologists find the evidence for
membrane pumps so well established that the author’s
work would be a curiosity at best and considered
ridiculous at worst. The paper is frankly of no
significance and unlikely to be of general interest.

Author: T have expected such comments which are

reflecting human behavior as expressed by Lavoisier
(Reflections on Phlogiston): "The human mind gets
creased into a way of seeing things. Those who have
envisaged nature according to a certain point of view
during much of their career, rise only with difficulty
to new ideas.” In my opinion, the basic concepts of
the ATH will be accepted sooner or later. However,
patience is required because the peer-review system
favors conformity to the majority opinion and minority
views are less likely to have research grant proposals
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Basic biological research

funded or papers accepted by journals with high
impact factors (see also Ling, 1997; Braben, 1996;
and the discussion on “minority views” in Edelmann,

865, text_reference). JBeing aware of this
situation I address this paper to those who are
interested in new avenues of research. R P ace

C.F. Hazlewood: The discussion on the evidence for
the organization of cell water in space and time should
be expanded.

J.S. Clegg: The paper is essentially dealing with
research that adopts the AIH. Citation of additional
extensive studies of many scientists on the properties
of cell water would make the paper stronger and more
complete.

J.S. Clegg: I agree with the author that much,
possibly all of the water in cells may differ in its
properties (and therefore structure) from water in
dilute aqusous solutions. However, I am not aware of
direct acd compelling experimental evidence that the
structure must consist of polarized multilayers of
water. Would you please respond to that?

Author: Many scientists have studied the properties of
cell watsr with many different methods thereby
confirming the view that certain properties of cellular

Eddlma"“, /1982/'

‘Ah the striated muscle

solute distribution in water which is polarized in
multilayers. From this theory three major predictions
have been derived which are experimentally verified
for water In exrovert solutions and for cell water
(Ling er al., 1993, text reference). These three
predictions are: (1) Linear distribution: when the
equilibrium concentration of a solute in cell (or model
water) is plotted against its concentration in the
external solution, a straight line is obtained, with a
slope equal to the equilibrium distribution coefficient
or q-value of that solution in cell water. (2) The size-
rule: The g-value is, as a rule, size-dependent: the
larger the solute, the lower the q-value. (3) Solutes
with exceptionally high g-value may act as
cryoprotecranis.

G.M. Roomans: After death or (cardiac) infarct, the
contaat of K¥ in (cardiac) muscle decreases, whereas
Na™ increases. This can easily be explained in the
context of the MPT as being due to lack of ATP, and
a dacrease of the ATP content can be shown. In the
AlH, a different explanation must be found (changes
in protein conformation?). Are experimental data
available to support such an alternative hypothesis?

Author: In the AIH, ATP serves its critical role not

agdy its hydrolytic delivery of a package of energy

water differ considerably from those of water in dilutm

agueous solutions. Important results of different kinds/

of studies can be found in the following reviews or
books (not a complete list): Hazlewood (1979
(1984, text reference), Clegg (1984 a,b), Negendank
(1986, text reference), Kasturi et al. (1987), Cameron
et al. (1983 a,b), Rorschach er al. (1987, text
reference), Clegg and Drost-Hansen (1991), Ling
(1992a, text reference). I have emphasized the idea of
polarizatica of cell water in multilayers (PM theory)
which is in my opinion particularly attractive and
compelling because of the following reasons: firstly, it
is an integral part of the only self-consistent, unifying
theory of cell physiology dealing with all major
aspects of cell physiology - in contrast to the
piecemeal, ad hoc MPT; secondly, the PM theory
offers a physically sound theoretical mechanism for
water under the influence of proteins assuming certain
conformation, and it provides predictions which have
been experimentally verified (what else can be
expected from a scientific theory?): In agreement with
the polarized multilayer theory of cell water, 95% of
the water in frog muscle follows the Bradley polarized
multilayer adsorption isotherm (Ling and Negendank,
1970, text reference). In agreement with theory water
sorption on the extroverr gelatin also follows that
isotherm (Ling, 1984, p. 288, text reference). In
addition, by using statistical mechanics Ling (1993,
text reference) developed a quantitative theory of
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§tored in 2 special phosphate bond (a disproven idea,
reviewed by Ling, 1992a, p.15, text reference).
Rather ATP serves its function by virtue of its
extremely strong interaction with the appropriate
cardinal site, a theoretical postulation now established
beyord any doubt by the accurate determination of the
enormous binding constant of ATP (mot shared by
ADP) on myosin (see Ling, 1992a, p. 180). In theory,
ATP adsorption on this site transforms a gang of
cooperatively linked - and vy-carboxyl groups into a
K*-preferring  state  (conformational  change).
Therefore a quantitative relationship between the
equilibdum level of ATP in the cell and the
equilibium level of K* in the cell should exist
regardless of how one alters the level of ATP in the
cell (Ling, 1992a, p. 188, text reference). Gulati er al.
(1971) studied the equilibrium concentration of ATP
and of K* in frog muscles after exposure to 11
poisons of widely diverse toxicological effects. Their
data show that the predicted linear relationship
betwesn ATP concentration and K+ concentration in
the cell does indeed hold. In addition, according to
theory, ATP is responsible for water polarization in
the cell. It has been shown that as ATP conceatration
fell in a specific frog muscle experiment where 0.2
mM icdoacetate was used, the changes of K* and
Na* concentration are like mirror images as expected
(K* down, Na%* up). In this experiment a parallel
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er al. (1988 a,b), Rorschach er al. (1987, text
refereace), Clegg and Drost-Hansen (1991), Ling
(1992a, text reference). I have emphasized the idea of
polanizatica of cell water in multilayers (PM theory)
which is in my opinion particularly attractive and
compelling because of the following reasons: firstly, it
is an integral part of the only self-consistent, unifying
theory of cell physiology dealing with all major
aspects of cell physiology - in contrast to the
piecemeal, ad hoc MPT; secondly, the PM theory
offers a physically sound theoretical mechanism for
water under the influence of proteins assuming certain
conformation, and it provides predictions which have
been experimentally verified (what else can be
expected from a scientific theory?): In agreement with
the polarized multilayer theory of cell water, 95% of
the water in frog muscle follows the Bradley polarized
multilayer adsorption isotherm (Ling and Negendank,
1970, text reference). In agreement with theory water
sorption on the extrovers gelatin also follows that
isotherm (Ling, 1984, p. 288, text reference). In
addition, by using statistical mechanics Ling (1993,
text reference) developed a quantitative theory of

baccaticalepaciulotioo.na:
beyond any doubt by the accurate determination of the
enormous binding constant of ATP (not shared by
ADP) on myosin (see Ling, 1992a, p. 180). In theory,
ATP adsorption on this site transforms a gang of
cooperatively linked §- and y-carboxyl groups into a
K*-preferring  state  (conformational change).
Therefore a quantitative relationship between the
equilibrium level of ATP in the cell and the
equilibdum level of K* in the cell should exist
regardless of how one alters the level of ATP in the
cell (Ling, 1992a, p. 188, text reference). Gulati et al.
(1971) studied the equilibrium concentration of ATP
and of K¥ in frog muscles after exposure to 11
poisons of widely diverse toxicological effects. Their
data show that the predicted linear relationship
between ATP concentration and K¥ concentration in
the cell does indeed hold. In addition, according to
theory, ATP is responsible for water polarization in
the cell. It has been shown that as ATP concentration
fell in a specific frog muscle experiment where 0.2
mM icdoacstate was used, the changes of K* and
Na* concentration are like mirror images as expected
(K* down, Na* up). In this experiment a parallel
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course of change of sucrose concentration and Na*t
concentration has also been recorded indicating that
the Na* taken up is dissolved in the depolarizing cell
water (q-value change) and not stoichiometrically
replacing adsorbed K. Were it otherwise, and the
cell water remains unchanging, then sucrose which
cannot replace cationic K* would have remained
unchanged in concentration (for discussion of this
experiment see Ling, 1992a, text reference, pp 190-
192). Note the different action of ouabain on the
cooperatively linked (- and +-carboxyl groups.
Ouabain transforms the ion binding sites from a K-
preferring state into a Na%-preferring state without
changing the water structure. Na¥ is stoichiometri-
cally replacing adsorbed K* (see e.g., Edelmann
1986a, text reference) and the q-values of large solutes
in cell water are not changing (for experimental
evidence see Ling, 1992a, text reference, pp 172-178).

G.M. Roomans: You propose the study of water
structure in sections of frozen-hydrated muscle by
e.g., electron diffraction. Do you have an idea of the
sizz of the different water domains involved
(structured vs. free) and is the resolving power of
electron diffraction in frozen-hydrated sections
sufficient to discriminate betwezn these two domains?
Author: Under the assumption that water molecules
are less and less ordered with increasing distance from
the polarizing protein surface it is very unlikely that
the different states of order can be detected within a
subcellular compartment of a frozen hydrated section.
One might however expect differences in the electron
diffraction patterns of differently hydrated perfectly
vitrified preparations which contain different fractions
of well ordered water dipoles and possibly differences
when comparing healthy with deliberately killed
muscles.

Reviewer IV: There are numerous pharmaceutical
agents used in clinical medicine whose mechanism of
action is known to be on the Nat,K*-ATPase pump.
These agents are therapeutically very effective and
have a specific known mechanism. How can the AIH
explain the therapeutic effects of such drugs?

Author: The explanation of the mechanism of
therapeutically effective drugs given by the MPT is by
no means a precise description of the molecular
mechanisms which are e.g., responsible for the
observable change in ATPase activity and for the
observable redistribution and permeability changes of
ions like Na*, K*, Ca**, and water. For instance, it
has been shown that the perfused squid axon contains
functioning Na*,K* ATPuase and is able to increase
Na* efflux by addition of ATP (!) and the efflux is
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sensitive to ouabain (!); however, a net Na* efflux
against an electrochemical gradient could not be
observed (for review see Ling, 1984, p 127, text
reference). This experiment shows that it is mnot
justified to call the Na*,K*-ATPase a pump and it
shows that the descriptive explanation of the MPT of
drug action (e.g., ouabain, strophanthin) in terms of
MPT pictures is not reflecting basic understanding.
According to the AIH, ion permeability changes and
jon redistribution phenomena are caused by
conformational changes of the ATP-ATPase system
and connected proteins with the result of selectivity
changes of ion adsorbing sites and changes of water
polarization.

Reviewer IV: You have cited EPXMA studies on K+
distribution in skeletal muscle as demonstrating that
the location of K¥ is consistent with the AIH. Since
quantitatively EPXMA measures mass fraction (mass
per mass) and not concentration (mass per volume) the
quantitative relationship to a subcellular component
may be a theoretical construct and not a real functional
relationship. What direct evidence is there that K¥ is
actually bound to proteins located in the A band of
skeletal muscle?

Author: EPXMA studies allow the determination of
local water and dry mass fractions. Therefore the
concentration of an element in a subcellular area can
be calculated (see e.g., von Zglinicki, 1988, text
reference). The experimental results reviewed in this
paper show that Kt and other alkali-metal ions and
TI* are preferentially localized in regions where most
- and vy-carboxyl groups are located (A band, Z line).
One may argue that the localization may be due
merely to the presence of fixed anionic charges and
that the cations are confined not as adsorbed ions but
merzly as free counter ions. This possibility was ruled
out, when the critical difference between the attribute
of ions within the ion cloud which balances fixed
opposite charges and the attributes of ions adsorbed on
discriminating sites were examined and tested
experimentally (Ling and Ochsenfeld, 1966, text
reference; see discussion by Ling, 1977, text
reference). Direct evidence for selective ion adsorption
in the A band and Z line was provided by the
"staining experiments” with freeze-dried preparations
(Edelmann, 1980b, 1981, 1984a, 1986a, text
references).

Reviewer IV: There are many other cell types -
including plant cells - that are thought to depend on
membrane pumps to maintain their distribution of
cations necessary to develop a membrane potential
according to the MPT. These cells do not have
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structures like skeletal muscle A bands and do mot
exhibit observable subcellular cation distributions
associated with protein structures. How does the ATH
explain these sort of EPXMA findings?

Author: Such findings are neither suited to establish
the nature of the cellular electrical potential (MPT:
membrane potential, AIH: phase boundary potential)
por do they prove or disprove cellular ion binding. If
it is not possible to observe subcellular cation
distributions associated with protein structures with
EPXMA it is of course impossible to test AIH
predictions as has been done with muscle. However,
one may try to detect ion adsorbing sites by using the
reported technique of staining sections of freeze-dred
and embedded preparations with alkali-metal ions. It
should be emphasized that of course "what is true of
E. coli, must be true of elephants” (Monod and Jacob,
1961). But EPXMA is not the only tool to study the
physical state of ions and water. Indeed with a variety
of other metheds and tools the various predictions of
the ATH have besn tested and affirmed in cells ranging
from animal cells to plant cells and microbial cells
(Ling, 1962, 1984, 1992a, text references).

T. von Zglinicki: The reader of a review pro and con
MPT must expect that recent important developments
in both fields are fairly covered. This minimum
requirement has been missed by nearly one decade.
The author states that the molecular working
mechanism of the Na¥,K*-pump is unknmown by
citing a refersnce which is more than 20 years old
(Glynn and Karlish, 1975, text reference). Within the
last five years, pumps have been cloned to a large
extent, and the expression of mutant forms carrying
single point mutations in well-defined codons has been
shown to abolish the ouabain- or amiloride-sensitivity
of the respective cells. So, a contemporary experiment
would be to express those mutations in muscle and see
whether ion changes can be fully explained by the
mutation or whether additional mechanisms might play
a role. On the other hand, all pro-AIH experiments
done by the author were published until 1991 and no
new aspects have been added.

Author: With the information reviewed in this paper it
is not justified to state that pumps have been cloned
because not pumps but Na* ,K*-ATPases have been
cloned and because the proof is missing that the
Nat K+-ATPase is pumping Nat or K* (Ling and
Negendank, 1980, text reference). Even today the
molecular mechanism of the working of the postulated
pump is unknown and it is justified to cite an old
reference pointing to this problem. I have cited this
reference for pump-believers but having in mind the
profound experimental evidence for the view that the
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pump idea is not temable (it violates the Law of
Conservation of Energy - a fact first pointed out in
detail by Ling, 1962, text reference, for most up-to-
date details see Ling, 1997, linked page:
<http://www.gilbertling.org/lp6b.htm>) I conclude
that the working mechanism of the pump will never be
discovered. (It has been mentioned that active
transport across bifacial cells like frog skin or
intestinal epithelium is an established fact; it is also
accepted by followers of the AIH that the Na‘t,K*-
ATPase is playing an important role in this true active
transport process but even here the ATPase per se is
not a pump). The successful cloning of the Na* K*-
ATPase has not yet changed this picture but I
appreciate the suggestion to think about pew
acceptable test experiments. The statement that no new
aspects have been added in this review is not true. I
have discussed at some length the properties of
extroverts and introverss and a new quantitative theory
of water polarized in multilayers and its experimental
verification (Ling, 1992a, 1993, text references), and I
have derived new proposals for future investigations of
the ion and water problem by using cryotechniques
and electron microscopy.

T. von Zglinicki: The data of the pro-AlH
experiments done by the author rest on the assumption
that ion distributions measured in suboptimally frozen
and most often freeze-dried or freeze-substituted tissue
samples faithfully resemble the in-vivo distribution of
jons on a 1 pm-scale. However, as the author
discusses himself, iom precipitation onto
macromolecular charges is likely to occur during
preparation. Because this issue has, to my knowledge,
never been settled, the argument of the measured ion
distribution following the distribution of proteins in
muscle is too weak to support the far-reaching
conclusions of the author.

Author: I have discussed in an earlier paper the
problem of ion precipitation (a strong binding) during
cryo-preparation (Edelmann, 1994, text reference). It
was shown that precipitation only occurred after
"incorrect”  freeze-drying (too short at low
temperature) and that the ion distribution is similar in
properly freeze-dried and in frozen-hydrated
preparations which both show a well preserved
ultrastructure without visible ice crystal damage. Since
it is accepted that "displacement of ions over distances
larger than the ice crystal damage as seen in sections
can most likely be safely neglected” (von Zglinicki,
1991, p. S87) it must be concluded that the observed
ion distribution is close to the in-vivo distribution.
Whereas the molecular mechanism of ion association
to muscle proteins cannot be deduced by
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microanalytical detection of ion distributions alone (see
discussion with reviewer IV) the
concerning the state of water in muscle (see text) is
inevitable. It must be noted that further far-reaching
conclusions are by no means based solely on detected
ion distributions in muscle but rather on many
different findings of specially devised test experiments
which confirm the ATH in a consistent manner.
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