
Карфаген должен быть разрушен 
 

Арчибальд Хилл, лауреат Нобелевской премии по физиологии и медицине (1922 г.), 

опубликовал в 1930 году статью, которая до основания разрушила коллоидный подход к 

физической организации живой клетки. Согласно коллоидному подходу, часть 

внутриклеточной воды существенно отличается от воды в стакане тем, что имеет сниженную 

способность растворять вещества. Однако Хилл установил, что мочевина одинаково хорошо 

растворяется в воде, независимо от того, в стакане она или в клетке. Опыты Хилла были 

настолько простыми, что были восприняты как однозначное опровержение представлений об 

особых свойствах воды цитоплазмы. 

На протяжении вот уже 90 лет об этой работе Хилла рассказывают в соответствующих 

курсах для студентов по всему миру. Выросло уже не одно поколение ученых, биологов и 

биофизиков, для которых вода в клетке не имеет никакого другого значения, кроме как 

инертного растворителя. Интересно, что чистые физики, которым на лекция не рассказывали 

о Хилле, успешно занимаются взаимодействием белков с водой, в результате которого 

свойства воды заметно изменяются. Сложилась примечательная ситуация: биологи ничего не 

хотят знать о воде, а физики активно изучают изменения свойств воды в присутствии 

макромолекул.  

Вот показательный пример: в настоящее время бурно развиваются представления о 

безмембранных органеллах клетки, но биологи не видят в их физической организации 

нетривиальной роли воды. Упуская из виду, вслед за Хиллом, вклад воды, ученые губят свою 

карьеру, лишая себя интересных находок и открытий. Можно смело говорить о губительном 

влиянии авторитета Хилла на физиологию клетки и биофизику. Этому влиянию должен быть 

положен конец. Карфаген должен быть разрушен!  

В.В. Матвеев 
Персональная страница: http://VladimirMatveev.ru  

 

Подборка материалов о разгроме коллоидного подхода к физике живой клетки 

и о том, что выводы Хилла были ошибочны с самого начала  
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Гистологи 60х годов XIX века полностью осознали ошибочность 
представлений о клетке как о пузырьке с раствором веществ, ок
руженном мембраной. Результатом этого осознания явилась прото-
плазматическая доктрина Макса Шульце, опубликованная в  
1861 году [11]. А Томас Хаксли в своих лекциях называл протоплазму 
физической основой жизни еще в 1868 году [72]. К концу века появи
лось новое поколение физиологов, испытавших влияние протоплаз
матической школы. Основные силы они бросили на изучение набу
хания клеток, а также на исследования избирательного накопления 
ионов калия (K+) в присутствии ионов натрия (Na+), наблюдавшегося 
у большинства клеток, о чем было уже кратко сказано в разделе 4.3.

Сторонники мембранной теории вначале объясняли асимметрич
ное распределение K+ и Na+ между средой и красными клетками 
крови непроницаемостью их мембран для обоих ионов [76]. Это пред
положение, хоть и наивное, объясняло, почему Na+ не входит в клет
ки, а K+ не выходит из нее. 

Бенджамин Мур из Ливерпульского университета в 1906 году 
вкратце изложил возражения против этой гипотезы [77]. Двумя го
дами позже он и Герберт Роуф изложили свои доводы уже в раз
вернутом виде [77]. Первый контраргумент состоял в том, что со
держание K+ в клетке остается в пределах физиологической нормы 
на протяжении всего ее жизненного цикла. Однако, если мембрана 
всех клеток, а не только эритроцита, остается непроницаемой для 
этого иона, возражали они, клетке было бы весьма затруднительно 
поддерживать постоянную внутреннюю концентрацию K+ по мере 
ее роста и деления.

В качестве альтернативного объяснения Мур и Роуф предполо
жили, что протоплазма обладает особым сродством, или адсор-
бирующей силой в отношении K+, и не обладает таковой в случае 
Na+. В свою поддержку они привели пример избирательного погло
щения кислорода красными кровяными тельцами (эритроцитами) и 
предпочтительного поглощения K+ в присутствии Na+ почвами, что 
было уже ближе к обсуждаемой проблеме. Однако они так и не 
предложили молекулярного механизма избирательной адсорбции 
ни для клеток, существование избирательности у которых лишь 
предполагалось, ни для почв, избирательность которых была уже 
известным фактом (см. раздел 10.1, п. 3).

Чарльз Овертон, больше известный своей теорией липоидных 
мембран (она будет рассмотрена в разделе 13.1, п. 1), обнаружил 
в 1902 году новые факты, ставящие под сомнение утверждение, что 

НАСЛЕДИЕ 
ПОЛУЗАБЫТЫх ПЕРВОПРОхОДЦЕВ

ГЛАВА 7.

vladi
Отрывок из книги Гильберта Линга "Физическая теория живой клетки. Незамеченная революция". Санкт-Петербург, "Наука", 2008, 376 с.
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Глава 7. Наследие полузабытых первопроходцев

клетки представляют собой всего лишь мембранный пузырек с рас
твором. Перенеся портняжную мышцу лягушки из изотонического 
для холоднокровных животных раствора NaCl (0,7%) в гипотониче
ский с вдвое меньшей концентрацией NaCl (0,35%), он обнаружил, 
что масса разбухшей мышцы вовсе не удваивается при этом, как 
следовало бы из мембранной теории, а увеличивается лишь на треть. 
Овертон сделал вывод, что, по меньшей мере, часть клеточной воды 
должна быть Quellungs-wasser (ассимилированной) [25, p. 273].

В 1907 и 1909 годах Мартин Фишер, тогда профессор медицины  
в Оклендской медицинской школе (Калифорния), утверждал, что на
бухание клеток — это не осмотическое мембранное явление, как тогда 
считалось (см. раздел 4.1), а результат сильного сродства коллоидов 
протоплазмы к воде, какое наблюдается у фибрина и желатина [546; 
78]. Развивая эту мысль, он предложил теорию отека, а также опуб
ликовал по этому вопросу пространное исследование [78]. В работе, да
тированной 1909 годом, он обрисовал несколько свежих идей об асим-
метричном распределении ионов и других веществ между клеткой 
и средой, проиллюстрировав их примером распределения K+ и Na+. 
 Фишер подчеркивал, что концентрация растворенных веществ в 
коллоидной массе (протоплазме) может быть как выше, так и ниже 
по сравнению с окружающей средой. При этом более высокая кон
центрация может быть объяснена адсорбцией, а более низкая — за-
коном распределения (также известным как закон распределения 
Бертло—Нернста [420]; его частным случаем является закон Генри: 
растворимость газа в жидкости прямо пропорциональна давлению 
этого газа над раствором, — прим. автора, ГЛ) [78, p. 545—546]. 
Однако Фишер не стал развивать эти важнейшие идеи.

Помимо существенного вклада Мартина Фишера в физиологию 
клетки, в историю также вошли его необычайная доброта и благо
родство. Так, в конце Первой мировой войны он за счет собственных 
средств поддерживал даже своих научных оппонентов в Германии 
[79]. Поздравляя Фишера с 60летним юбилеем, коллоидный химик 
Вольфганг Оствальд процитировал Шопенгауэра: «Как факелы и 
фейерверки блекнут и исчезают при свете солнца, так ум и даже 
гений и красоту затмевает доброта сердца» [79, p. 441].

В. В. Лепешкин также отвергал гипотезу, что клетки — это всего 
лишь мембранные пузырьки с раствором. Выше уже описан опыт,  
в котором он раздавливал молодые клетки водоросли Bryopsis 
в морской воде. В результате из них вытекало множество несме
шивавшихся с водой мелких капель протоплазмы [62, p. 289—290];  
см. также другой пример на рис. 3. При разбавлении морской воды 
дистиллированной эти шарики сильно увеличивались в размерах, 
а внутри возникали вакуоли. При возвращении же в морскую воду 
шарики уменьшались до исходного размера, а вакуоли исчезали.

По оценкам Лепешкина, общая поверхность этих мельчайших ша
риков, получаемых при встряхивании, тысячекратно превосходила 
поверхность клетки, из протоплазмы которой они были получены. 
Однако количество липоидов, основного якобы строительного мате
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риала клеточной мембраны, ограничено, и его никак не может хва
тить на покрытие сплошным липидным слоем поверхности в 1000 раз 
больше поверхности клетки [62, p. 275]. Следовательно, эти факты 
противоречат теории непрерывной липидной пленки, возникшей из 
объединения теории липоидных мембран Овертона [21] с представ
лениями об их необыкновенной способности к регенерации (см. раз
дел 4.1, п. 4). Итог такого обобщения оказался странным: каждая 
из тысяч капель протоплазмы должна быть покрыта такой же ли
пидной мембраной, как и сама клетка, из которой эти капли получе
ны. Поскольку это требование оказалось невыполнимым, Лепешкин 
пришел к выводу, что эти мельчайшие шарики могут быть покрыты 
лишь веществом самой протоплазмы [62, p. 276]. Это согласуется с 
предположениями Франца Лейдига и Макса Шульце, что поверх
ность клетки состоит из тех же веществ, что и ее протоплазма. Что 
интересно, Вильгельм Пфеффер и сам разделял подобную точку зре
ния [18, p. 156].

В пользу теории Лепешкина говорят и наблюдения Паули и 
Роны, описанные в разделе 6.2. Они показали, что солевой раствор 
желатина при нагревании до 30 °C образует стабильный коацерват. 
Поскольку в желатине нет ничего, кроме желатины, то и «мембра
на» коацервата, — если называть поверхностный слой коацервата 
мембраной, — может состоять лишь из желатина.

Как я уже говорил, Лепешкин одним из первых выдвинул ут
верждение, что протоплазма является коацерватом [324]. Он также 
предложил теорию строения живого вещества, согласно которой оно 
представляет собой комплексы белков и липидов, чувствительные  
к внешним воздействиям, и названные витапротеидами, или вита-
идами [325]. Эта теория, впрочем, нещадно критиковалась [332; 92,  
p. 62] и далее им не отстаивалась.

Затем свой вклад внес Росс Гортнер (1885—1942), более четверти 
века возглавлявший кафедру агробиохимии в Миннесотском универ
ситете, который был видным сторонником представления о сущест
вовании в клетках связанной воды. Он однажды отправил на заседа
ние Общества Фарадея обращение к группе ученых, непосредственно 
изучавших различные проблемы воды, которое было опубликовано  
в Новостях общества Фарадея [80] под заголовком: «Состояние 
воды в коллоидных и живых системах». В этом обращении Гортнер 
изложил гипотезу, что, по меньшей мере, часть воды в клетках на
ходится не в обычном жидком состоянии, а в связанном.

Одним из критериев, отличающих связанную воду от обычной, по 
Гортнеру, является ее сниженная растворяющая способность по срав
нению с обычной водой. Отсюда другое название связанной воды из 
лексикона Гортнера и его сотрудников — «нерастворяющая вода».

Забегая вперед (см. гл. 11), хочу упомянуть, что Гортнер ссылал
ся на экспериментальные доказательства существования много
слойной адсорбции воды в неживых системах. Правда, позже он 
занял сдержанную позицию: «К сожалению, свойства воды, орга
низованной в упорядоченные адсорбционные слои, охарактеризо
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ваны еще недостаточно полно, чтобы можно было с уверенностью 
сказать, та ли это вода, которую биолог мог бы назвать связанной» 
[80, p. 684—685].

Обращение Гортнера было благосклонно принято на заседании 
Общества Фарадея. Большинство его участников проявили интерес 
к его предположениям, причем некоторые выразили особый энту
зиазм. Однако среди них был и тот самый Арчибальд Хилл, чьи 
весомые доказательства существования свободной клеточной воды 
были кратко представлены в разделе 5.1.  

Хилл фактически единолично остудил всеобщее воодушевление 
в отношении идеи «связанной воды» и не оставил от коллоидно
го подхода к физиологии клетки камня на камне. В этом инкви
зиторском порыве он опирался на результаты своего единственно
го опыта с мочевиной, для которой, как он показал, растворяющая 
способность клеточной и внеклеточной воды были одинаковыми [81]. 
Следовательно, «нерастворяющей» воды в клетках нет. Позднее 
другие ученые установили, что этиленгликоль также хорошо рас
творим в воде мышечных клеток и эритроцитов, как и в простой 
воде [82]. Если клеточная вода действительно не отличается от 
обычной, то веществами, создающими осмотический противовес 
среде, содержащей такие осмолиты, как свободные Na+ и Cl–, мо
гут быть лишь свободный K+ и свободные анионы внутри клетки. 
Выходит, что все говорит в пользу обоих постулатов мембранной 
теории: внутри клеток нет ни связанной воды, ни связанных ионов 
K+ [81].

Енё Эрнст, венгерский биофизик, присутствовавший при этих со
бытиях, вспоминал, как научные авторитеты, определявшие обще
ственное мнение того времени — У. Фенн и Ф. Бюхтал (в том числе 
Рудольф Хёбер, чьи собственные исследования электропроводности 
доказывали обратное) — единодушно отреклись от гипотезы связан
ной воды и K+, и полностью присоединились к теории, что клетки 
представляют собой мембранные пузырьки с разбавленным раство
ром осмолитов, подчиняющиеся осмотическому закону ВантГоффа 
[83, p. 112]. Каждый признал, что изменить свою позицию его по
будили однозначные результаты эксперимента Хилла с мочевиной  
и его убедительная логика. 

В 1940 году ведущий англоязычный журнал, посвященный колло
идной химии — Journal of Colloidal Chemistry (Журнал коллоидной 
химии), — был объединен с Journal of Physical Chemistry (Журналом 
физической химии). Несколько лет после объединения журнал еще 
носил название Journal of Physical and Colloidal Chemistry (Журнал 
физической и коллоидной химии). Затем слова «и коллоидной» тихо 
исчезли. Правда, кончина ведущего периодического издания еще 
не означала конец самой коллоидной химии. Еще продолжали вы
ходить такие периодические издания, как Zeitschrifts für Kolloid 
Chemie, Kolloid Beihefts и даже Protoplasma. Однако едва окреп
шему коллоиднопротоплазматическому направлению в физиологии 
клетки был нанесен незаслуженный и тяжелый удар. 

Глава 7. Наследие полузабытых первопроходцев
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ИТОГИ РАЗГРОМА
ГЛАВА 8.

Последствия разгрома клеточных физиологов протоплазматичес
кого толка, учиненного Арчибальдом Хиллом, были катастрофиче
скими. Свежие, зачастую блестящие идеи и смелые голоса Мартина 
Фишера, Герберта Роуфа, Бенджамина Мура, Росса Гортнера,  
В. В. Лепешкина исчезли с научной сцены. Именно в мертвой тиши
не тех лет начиналась моя карьера физиолога в Чикаго.

Лишь годы спустя после защиты диссертации я малопомалу 
стал понимать, что у мембранной теории и тогда была альтерна
тива. А еще позже мне стало известно, как однажды физиологи 
протоплазматического направления Америки и Европы на мгнове
ние с надеждой подняли было голову, но вскоре снова ушли в тень. 
Исключением оставались лишь две изолированные группы ученых 
в далекой коммунистической Восточной Европе. Одну в Венгрии,  
в городе Печ, возглавлял Енё Эрнст; другую — в Советском Союзе,  
в Ленинграде, — Дмитрий Насонов.

8.1. Венгерская группа под руководством Енё Эрнста 

Подобно Фишеру, Муру, Роуфу и другим предшественникам, Енё 
Эрнст (1895—1981) считал мембранную теорию ошибочной [83]. Он 
также не был согласен с тем, что клеточная вода — обычная вода 
изпод крана, а клеточный K+ находится в свободном состоянии.

С его точки зрения, K+ в клетке существовал по большей части  
в неионизированной, недиссоциированной и негидратированной фор-
ме [83, p. 152]. Эрнст разделял взгляды Макаллума и др. (см. 10.2,  
п. 5), что K+ в поперечнополосатых мышечных волокнах не распреде
лен равномерно, а сосредоточен в Aдисках [84], и что значительная 
часть клеточной воды представляет собой «отёчную воду» или «ас
симилированную воду» (Schwellungswasser, Quellungswasser), «ско
ванную» белками мышечных клеток [399]. В доказательство Эрнст 
и его сотрудники показали, что хотя и NaCl, и желатин снижают 
относительное давление водяного пара, желатин в этом отношении 
во много раз эффективнее. А раз так, утверждали они, мышца ля
гушки больше напоминает желе, чем разбавленный раствор NaCl 
[83, p. 112; 399].

Предваряя работу, которая будет описана ниже (раздел 11.2),  
я хотел бы уже сейчас пояснить, что Эрнст изучал сорбцию воды  
в мышцах лягушки и желатине при гораздо меньших значениях от
носительного давления пара, чем это имеет место в физиологических 
условиях. Фактически, большая часть данных его опытов на мышцах 
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Глава 8. Итоги разгрома

лягушки относится к свойствам лишь 10% клеточной воды, если не 
меньше. А немногие экспериментальные значения, полученные при 
более высоком давлении пара, определены со слишком большой эк
спериментальной ошибкой, чтобы можно было уверено судить об их 
достоверности. Возможно, такой разброс обусловлен весьма малым 
временем, отведенным экспериментатором для установления диф
фузионного равновесия — от 2 до 3 дней [399], на самом деле для 
этого может потребоваться гораздо больше времени (см. конец раз 
дела 11.2). 

Профессор Эрнст скончался в 1981 году. Его работы в Печском 
университете продолжил ученик Йожеф Тидьи, а затем и Миклош 
Келлермайер со своей группой [85]. В 1994 году я был удостоен по
четной докторской степени университета города Печ.

8.2. Ленинградская школа Насонова—Трошина

Дмитрий Николаевич Насонов (1895—1957) родился в Варшаве, 
в семье профессора зоологии. Свою научную деятельность он начал 
гистологом, одно время обучался в Колумбийском университете в 
НьюЙорке под руководством цитолога Эдмунда Уилсона, упоми
навшегося выше. За доблесть, проявленную при обороне осажден
ного Ленинграда во время Второй мировой войны, Насонов был удо
стоен военных наград. После войны он вернулся в науку. В 1957 году 
основал Институт цитологии и стал его первым директором.

Благодаря солидному гистологическому фундаменту научную де
ятельность Насонова в области физиологии клетки отличала стой
кая убежденность, что понимание физиологии клетки немыслимо без 
понимания ее анатомии. А также, что понимание анатомии клетки 
немыслимо без принятия во внимание того важного обстоятельства, 
что клетка является сплошным телом, фазой, материалом которой 
является протоплазма. Общее направление научной деятельности 
его самого и его ближайших сотрудников можно проиллюстриро
вать на примере его белковой теории повреждения и возбуждения 
клетки [86].

Насонов также предложил фазовую теорию проницаемости 
и биоэлектрических потенциалов: он утверждал, что у клеток нет 
мембран с их изменчивой проницаемостью [86, с. 164], и что раз
ность электрических потенциалов по сторонам клеточной поверхно
сти может возникать лишь при повреждении протоплазмы; у кле
ток в покое такой разности потенциалов нет. Сам Насонов объяснял 
это так: «С нашей точки зрения электродвижущая сила создается 
лишь в момент повреждения или возбуждения, когда электролиты 
освобождаются от связи с белковым субстратом. В этом отношении 
наша точка зрения приближается к старой альтерационной теории 
Германа (1885 г.)» (86, с. 178). 

Мои взгляды в разной степени расходятся с этими идеями 
Насонова. Так, двухкратное повышение проницаемости для сахаро
зы «раневой» поверхности клетки (в опытах с рассечением мышеч
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ных волокон) свидетельствует о том, что диффузионный барьер (или 
клеточная мембрана) на поверхности клетки все же существует (см. 
табл. 1 и раздел 13.6). А результаты опытов со стеклянными микро
электродами Джерарда—Грэхем—Линга [88] заставляют признать 
существование разности потенциалов на мембране и у покоящейся 
клетки. К тому же это согласуется с «теорией предсуществования» 
клеточных потенциалов, предложенной учителем Лудимара Германа, 
Эмилем ДюбуаРеймоном [89]. Я позднее вернусь к вопросу, почему 
Насонов считал, что клеточной мембраны не существует.

Несмотря на расхождение взглядов по отдельным вопросам, я 
глубоко восхищаюсь отвагой и незаурядностью этого выдающего
ся ученого. Описанная в разделе 4.1, п. 3 его работа, выполненная  
в соавторстве с Айзенбергом и Камневым, показавшая, что сморщи
вание (сжатие) клеток в гипертонических растворах вещества проис
ходит несмотря на то, что это вещество проникает в клетку — лишь 
одно из целого ряда открытий, которыми он и его сотрудники обога
тили науку. О других заслугах советской школы перед физиологией 
клетки можно узнать из монографии Насонова «Местная реакция 
протоплазмы и распространяющееся возбуждение» [86] и моногра
фии его ученика, А. С. Трошина (1912—1985), которая будет рас
смотрена в следующей главе.

Институт цитологии в Ленинграде выжил и после смерти Насо
нова в 1957 году: пост директора перешел к его лучшему ученику, 
Афанасию Семеновичу Трошину.



The Vapour Pressure of Muscle
Author(s): A. V. Hill and P. S. Kupalov
Source: Proceedings of the Royal Society of London. Series B, Containing Papers of a
Biological Character, Vol. 106, No. 746 (Jul. 1, 1930), pp. 445-477
Published by: The Royal Society
Stable URL: http://www.jstor.org/stable/81449 .

Accessed: 27/01/2014 00:34

Your use of the JSTOR archive indicates your acceptance of the Terms & Conditions of Use, available at .
http://www.jstor.org/page/info/about/policies/terms.jsp

 .
JSTOR is a not-for-profit service that helps scholars, researchers, and students discover, use, and build upon a wide range of
content in a trusted digital archive. We use information technology and tools to increase productivity and facilitate new forms
of scholarship. For more information about JSTOR, please contact support@jstor.org.

 .

The Royal Society is collaborating with JSTOR to digitize, preserve and extend access to Proceedings of the
Royal Society of London. Series B, Containing Papers of a Biological Character.

http://www.jstor.org 

This content downloaded from 194.85.234.6 on Mon, 27 Jan 2014 00:34:28 AM
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/action/showPublisher?publisherCode=rsl
http://www.jstor.org/stable/81449?origin=JSTOR-pdf
http://www.jstor.org/page/info/about/policies/terms.jsp
http://www.jstor.org/page/info/about/policies/terms.jsp


445 

612. 745.0 I4.462 + 612 . 014. 462 

The Vapour Pressure of Muscle. 

By A. V. HILL, F.R.S., and P. S. KUPALOV.* 

(From the Department of Physiology and Biochemistry, University College, London.) 

(Received May 5, 1930.) 

I. Introduction. 

In October, 1927, one of us (A.V.H.) noticed a curious phenomenon connected 
with the rate of resting heat production of a muscle suspended in pure nitrogen. 
The muscle, previously soaked for an hour or more in Ringer's solution on a 

thermopile, in order (a) to quicken temperature equalisation in the chamber, 
and (b) to ensure its good condition,t showed a heat-rate in nitrogen, onremoving 
the solution, which he believed, and which we still believe, to be a true measure 
of the resting anaerobic metabolism. When stimulated the muscle liberated 

heat; on the cessation of the stimulus this heat was dissipated and the galvano- 
meter recording the temperature of the muscle returned towards, but not to, 
its original position. In hundreds of experiments, with no exception, the 

resting heat-rate in nitrogen after stimulation was greater than before. The 

phenomenon was obvious: it showed exact quantitative relations and was 
discussed in various papers (Hill, 1928b, 1928c, 1929a, 1929b; Hartree and 

Hill, 1928). It seemed to be a sign of disintegrative chemical reactions, 
resulting from anaerobic activity. If oxygen was admitted, after the com- 

pletion of the usual recovery process the heat-rate innitrogen, later reintroduced, 
returned towards, or to, its original level. This appeared to show that oxygen 
creates, or maintains, a barrier of some kind to disintegrative reactions 
which proceed in its absence. 

At an early stage the results were communicated to Prof. Meyerhof, then 
in Berlin, who attempted to confirm them by another technique, viz., by com- 

paring the resting heat production of muscles in a closed calorimeter, before 
and after stimulation. The attempt was entirely unsuccessful-there was no 

sign of an increment in heat-rate, after anaerobic stimulation, comparable 
with that invariably observed with the thermopile. His results (Meyerhof, 

* Fellow of the Rockefeller Foundation. 
t Actually, as it proved, in order to avoid the reversible inexcitability described later 

by Duliere and Horton (1929). 
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McCullagh and Schulz, 1930) have been published recently. This failure 

obviously demanded the most critical examination of the thermoelectric 

technique; no flaw, however, was found in it, and the phenomenon occurred 

unchanged when a sensitive resistance thermometer was substituted for the 

thermopile. In the meantime other characteristic properties of it were 

observed; the increment in heat-rate due to anaerobic stimulation had a 

temperature coefficient per 10? C. of about 2; it could be abolished not only 
by recovery in oxygen, but by prolonged soaking in Ringer's solution (even 

oxygen-free); and finally in hydrogen* it was 3 to 3? times as great as in 

nitrogen. This last astonishing effect supplied the clue to the explanation, 
which was given in a postscript to a paper (Hill, 1929b) published in September, 
1929. The phenomenon is due entirely to a change of vapour pressure of the 

muscle, caused by the increase in the number of dissolved molecules (or ions) 

resulting from anaerobic stimulation. 
The importance in myothermic experiments of the vapour pressure of the 

muscle had not previously been realised. Not till the adoption of the instru- 

ments and methods now in use had freedom from galvanic and other disturb- 

ances been sufficient to allow an accurate measurement to be made of the 

absolute value of the resting heat-rate. It had been recognised empirically 
that it is advisable to give the muscle a long preliminary soaking in Ringer's 
solution in the thermopile chamber; without such a soaking it may be many 
hours before even an approximate constancy of the resting heat-rate is reached. 

This soaking, it is now clear, brings the muscle into vapour pressure equilibrium 
with the Ringer's solution; without it, an exact equilibrium is attained only 

very slowly by the transfer of water as vapour through the gas in the chamber. 

For a long time our colleague Mr. Hartree, working at Cambridge, with the 

older type of vulcanite thermopile chambers, has observed that, even after 

prolonged soaking, the muscle suspended in oxygen or nitrogen shows a con- 

tinual temperature drift in the negative direction. This is now seen to be due 

to a gradual concentration of the salt in the droplets of solution on the walls 

of the chamber, owing to absorption of water by vulcanite, leading to a fall of 

vapour pressure; the surface of the muscle, therefore, is subjected to slow 

evaporation, increasing as time goes on. The amount of this evaporation is not 

* Hydrogen had been avoided previously, lest by diffusing into the hollow space inside 
the thermopile faster than the air could diffuse out, it might blow the thermopile out and 

destroy it. This actually happened when hydrogen was finally tried with the thermopile; 
the observations with hydrogen were made with the resistance thermometer, which was 
not hollow. 

446 

This content downloaded from 194.85.234.6 on Mon, 27 Jan 2014 00:34:28 AM
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp


Vapour Pressure of Muscle. 

large enough to have any effect on the muscle itself during an experiment; it 
is large enough, however, to cause an appreciable and increasing negative heat- 
rate with the delicate instruments employed. Mr. Htartree has found it to be 
abolished by coating the surface of the vulcanite with a film of paraffin wax. 

This effect of vapour pressure is not small. If a suitable symmetrical 
(" differential ") thermopile with 70 couples, similar in general type to that 
described by Downing and Hill (1.929) for the measurement of nerve heat, 
have one set of junctions covered with a piece of filter paper soaked in 1 p.c. 
NaC1 and the opposite set with a similar piece of filter paper soaked in distilled 

water, and if it be then mounted in a moist chamber at 20? C. and connected 
to a galvanometer of sensitivity 1 mm. = 1. 5 X 1.0-10 amp., within 30 to 45 
minutes it will show a steady deflection of 1200 mm.. on the scale. The difference 
between the vapour pressures of the two fluids determines a difference between 
their rates of evaporation and consequently a difference between the tempera- 
tures of the two faces of the thermopile. The phenomenon has been made the 
basis of a sensitive and rapid method of finding molecular weights, or molal 

concentrations, in small quantities of fluid (Hill, 1930). This method has 
been employed for the investigation of the " free " water of muscles and of 
various protein solutions as described in the following paper by Hill. 

To illustrate the sensitivity of the myothermic apparatus to changes of 

vapour pressure, if the solution on the walls of a chamber containing a muscle 
on an ordinary thermopile be altered from Ringer's solution of normal con- 
centration to one of 60 p.c. normal concentration, the apparent resting heat- 
rate increases by 200 mm. or more on the scale of the galvanometer referred to 

above; the heat-rate due to the true anaerobic resting metabolism is only 20 
to 40 mm. on the same scale. 

The effect of a dissolved substance on the vapour pressure is best expressed 
in terms of the "relative molal depression" (Po p)/ITpo, where Po is the 

vapour pressure of the pure solvent, p that of the solution, and m the molal 
concentration of the solute (gramme molecules per 1000 grammes of solvent). 
According to data in the International Critical Tables, vol. III, the relative 
molal depression of vapour pressure of a 0 7 p.c. solution of NaCl is about 
0 0330, so that the relative depression (Po - p)/Po is 0'00395. This may seem 

very small; at 20? C. it amounts to only 0 * 069 mm. of Hg pressure. Neverthe- 
less a muscle isotonic with 0 7 p.c. NaCl in a chamber moist with 0-42 p.c. 
NaCl (the case referred to above) may have an apparent resting heat-rate some 
200 mm. too great, as the result of condensation of water vapour upon it. 
The difference between the vapour pressures of 0 7 p.c. and 0.42 p.c. NaCl 

VOL. CVI.-B. 2 K 
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solutions at 20? C. is 0-028 mm. of Hg, so that 1 mm. on the galvanometer 
scale corresponds to a vapour pressure difference of 1 4 X 10- mm. = 0 14 ,u 
of Hg. 

The absolute smallness of the change of vapour pressure involved is the only 
excuse which can be offered for the failure by one of us to recognise its importance 
before. Nobody had realised the extreme sensitivity of the myothermic 
method in this respect, or the fact that the condensation of even 1 mg. of water 
in 24 hours on a muscle of 150 mg. would lead to an extra rate of heat produc- 
tion of 118 g.cm. per g. per minute, which is about twice the true rate due to its 

anaerobic metabolism at 20? C., and might cause an extra deflection of 50 mm. 

on the galvanometer scale. An extreme value for the increment in resting 
heat-rate in nitrogen, due to an exhausting stimulus, is 1000 g.cm. per g. per 
minute. This represents the condensation of only about 9 mg. of water per 

day on a muscle of 150 mg., a rate which in the few hours of an experiment it 

would be very difficult to measure. 

II. The absolute value of the Osmotic Pressure of Frogs' Muscles and 

Blood. 

The osmotic pressure P of a solution is related to its vapour pressure (for 
not too great concentrations) by the equation 

log, Po/ = PV/RT, 

where po is the vapour pressure of the pure solvent, p that of the solution, P 

the osmotic pressure and V the volume occupied in the liquid state* by one 

gramme molecule of the vapour of the solvent. For the case of dilute solutions 

in water this equation may, with sufficient accuracy for most purposes, be 

written 

[(Po -- P)/o]T P/4.56T (1) 

where P is reckoned in atmospheres, and [(po - P)/P1]T is the relative lowering 
of vapour pressure at absolute temperature T. 

We see that the osmotic pressure may be simply calculated from the relative 

depression of vapour pressure (po - p)/po. We shall not need, therefore, in 

what follows, to refer directly to osmotic pressures as such; it is more con- 

venient to deal with depressions of vapour pressure. When referring, however, 
to the solute, and its effect in causing a depression of the vapour pressure of 

* To be precise, V is the increase of volume caused by condensing in a large quantity of 
the solution 1 g. mol. of the vapour of the solvent. 
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the solvent, we shall often retain the convenient termr 
" osmotic pressure." 

Usually, moreover, it will be unnecessary to refer directly to the depression 
of vapour pressure. The determining factor in a physiological salt solution is 
the concentration of NaCl, and the relative depression of vapour pressure of 
a solution of NaCI is simply calculated from its molal concentration, by means 
of the following values of the relative molal depression interpolated from the 
International Critical Tables, vol. III :- 

1Per cent. NaC1 .................................. 04 0-5 0O- 07 0 8 
(Po - P)/mPo .................................... 0 0333 0 0332 0-0331 0-0330 0-0329 

Per cent.NaCI ......... 09 1.0 1.1 1 2 1 -3 
(po - )/m po .............0-0329 0-0329 0-0328 0-0328 0-0328 

We shall deal, therefore, with osmotic and vapour pressures mainly by refer- 

ring to the corresponding solutions of NaCl. 
It will be noticed that usually we employ molal concentrations-g. mnols. of 

solute per 1000 g. of solvent-or express the strengths of our solutions in 

grammes of solute per 100 g. of solvent. In dealing with problems of vapour 
pressure this is customary; simpler relations are found between quantities 
expressed in this way. This is particularly the case when dealing with 
solutions such as blood and muscle, which contain a large proportion of solid 
material. 

Attempts have been made by many observers to determine the exact strength 
of a solution of NaCl which is isotonic with frogs' muscles. Cooke (1898), 
by measuring the changes in weight of a frog's resting gastrocnemius suspended 
in various NaCl solutions, found it to be isotonic with 0-8 p.c. NaCl, the 

fatigued muscle to be isotonic with 1 .1 p.c. NaCl. Overton (1902), however, 
by similar methods found the frog's resting sartorius to be isotonic with 0 7 p.c. 
NaCl and disputed the accuracy of Cooke's results. Fletcher (1904) obtained 
a value of 0-75 p.c. and, like Cooke, found the fatigued muscle to swell far 
more rapidly than the resting muscle when placed in a hypotonic solution; 
he also noted that the curve of swelling as a function of time is different. 

The depressioir of freezing point of frogs' muscles has been determined by 
various workers. Jensen and Fischer (1910), employing chiefly R. esc., gave 
AT as lying between 0-46? and 0-53?. Jensen (1912, p. 349) found the ex- 

pressed juice of muscle to freeze at -0 -40 C., and gave (p. 353) -0 .45? C. 
as the usual freezing point of muscle. Brunow (1912), employing R. fusca 

2 K 2 
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regularly observed a AT of 0.42?. Moore (1916) also found a mean value of 
0 42? for the resting muscles of the American bull frog. Taking AT = 0-43? 
as the most probable value, and assuming for NaCI in this region of concentra- 
tion a molal depression of freezing point of 3 46? (Landolt-Bornstein), we may 
calculate that resting muscle freshly removed from the body is isotonic with a 
sodium chloride solution containing 0 725 g. of NaCl in 100 g. of water. 

There are possible objections to both methods of determining the strength 
of a solution of NaCl which has the same osmotic pressure as muscle: (a) the 
measurement of the change of weight of a muscle immersed in a given solution 

requires considerable periods of immersion and is not very accurate; secondary 
effects moreover may arise, at any rate in the later stages of soaking; the 

only really safe fluid to immerse a muscle in is the animal's own blood; 

(b) the freezing point method, strictly speaking, only measures the osmotic 

pressure at the freezing point; to apply the results to other temperatures involves 
the assumption that the physical state of the solvent and of the various solutes 
in the living cell is unaffected by a change of temperature. It is desirable, 
therefore, to employ some independent method to verify the results obtained 

by these two. 
A resting muscle is necessarily in osmotic equilibrium with the blood which 

is circulating through it. The depression of vapour pressure of blood can be 

determined at any desired temperature by the method recently described 

(Hill, 1930) and referred to above, and in more detail in the succeeding paper 

by Hill. This depression can be compared with that of a given solution of 

NaCl. In practice it is more convenient and accurate to read directly the 

small difference of vapour pressure between the sample of blood in question 
and a solution known to be approximately isotonic with it. 

The solution used for comparison contained 0-708 g. of NaC1 in 100 g. of 

water. The frogs employed were R. esc., either of the large Hungarian or the 

smaller Dutch variety. Blood was collected in a syringe by destroying the 

animal's brain with a seeker, exposing the heart and inserting a hypodermic 
needle into one aorta. Muscular activity increases the osmotic pressure of 

the muscles and of the blood circulating through them; every precaution 
therefore was taken to avoid struggling of the animal before or after decerebra- 

tion, and to reduce the time of collecting the blood to a minimum. An 

ansesthetic could not be used for fear of changing the osmotic pressure. Two 

thermopiles were employed in every case, and a mean of the readings taken. 

On one face was placed a piece of filter paper dipped in the sample of blood, 
on the opposite face a similar piece dipped in the NaCl solution. The difference 
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of vapour pressure, positive or negative, was interpreted in terms of the 

strength of a NaC1 solution, by calibrating the thermopiles with a known solu- 
tion on one face against water on the other. The results are given in Table I. 

Table I. 

The osmotic pressure of frogs' blood, expressed in terms of the solution of NaCl (g. of 
NadC in 100 g. H2O) which has the same vapour pressure at 20 25? C. I =- Hungarian 
R. esc.; D Dutch R. esc. All experiments in January, 1930. 

N um ber ............................................ 1 2 3 4 5 6 7 

F11 rog . *I |D D fT 1H1 I :ID DD 
Frogn 

. 
f 

............ 
t l....................... 

.............. D H H D 

Strength of isotonic solution ......... 0- 772 0*762 0 721 0-723 , 0-867 0-733 0 -784 

N um ber ...................... .................................... 8 9 10 11. 12 13 

F rog ........................................... ............. ......... I) H H 

Strength of isotonic solution ...................... 071 0-739 078 0783 705 0-686 0688 

The abnormal result in experiment No. 5 was obtained with both instru- 

ments, presumably, therefore, it was not due to experimental error, but to 
some peculiarity of the blood. Omitting it, and experiment No. 1 in which 
there was appreciable struggling before the blood was taken, the mean value 
is 0-731. Any error, e.g., struggling of the animal or exposure of the blood, 
would tend to raise the osmotic pressure, so we may regard t:he mean isotonic 
solution as being one containing not more than 0 731 g. of NaC! in 100 g. of 

1120; or expressed in the usual way 0-726 p.c. NaCl. This is very nearly the 
same as the value calculated above from the freezing point. 

In experimental work with isolated muscles, in order to avoid changes of pHl 
due to bubbling gas through the solution, it is common to work with CO2- and 
bicarbonate-free Ringer's fluid, buffered if necessary with phosphate. The 
total CO2 content of resting frog's muscle freshly taken from the body is 
about 12 volumes p.c. This CO2 is removed by soaking in the Ringer's fluid 
referred to, and consequently the total number of ions and molecules in solution 
in the muscle is reduced. Now 12 e.c. of C02 dissolved in 77 c.c. of water 
(the " free " water contained in 100 g. of muscle-see the following paper by 
Hill) exerts about the same osmotic pressure as 0-022 p.c. of NaC1. Thus a 
bicarbonate-free Ringer's fluid which is to be isotonic with muscle after removal 
of the C() contained in the latter should have the same osmotic pressure, not as 
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0 726 p.c., but as 0 704 p.c. NaCl. The Ringer's solution used in the later 

part of the present investigation was as follows : 

NaCl ............................ 0 675 p.c. 
CaC12 .......................... 0 020 p.c. 
KCI ............................ 0 .015 p.c. 

This can be calculated to have the same osmotic pressure as 0 703 p.c. NaCI. 
In the earlier experiments, however, before the observations and calculations 

given above were made, the following Ringer's fluid was used:- 

NaCl ............................ 0 650 p.c. 

CaC12 ......................... 0 0125 p.c. 
KC1 ............................ 0.014 p.c. 

The osmotic pressure of this is definitely too low, being equal, to that of 0 671 p.c. 
NaC1. 

[Added in proof.-The results of Table I are probably about 0 01 to 0*02 too low. 

The blood should have been exposed to air containing about 21- p.c. of CO2. Tecent 

;xperiments by Margaria (unpublished) on mammalian blood have shown that a 

measurable fall of osmotic pressure is caused by removing the combined CO2 by exposing 
the blood to CO2-free air.] 

III. The Soluble Constituents of Muscle, Resting and Fatigued. 

The concentrations of the cations present in frogs' muscles, and of chloride 

and water, according to Meigs and Ryan (1912) (R. catesbiana), and according 
to Katz (1896) (R. esculenta) are as follows, expressed in mg. per 100 g. of 

fresh muscle:- 

K. Na. Ca. Mg. Cl. H:O. 

Meigs and Ryan ............ 350 54 28 30 66 79900 
Katz ............................... 308 55 16 23 40 81600 

Mean ............... 329 54 1 22 261 53 80700 

It will be shown in the following paper that the " free " water content of 

muscle, resting and fatigued, is about 0-77 g. per g. of muscle, the term " free " 

implying that the water is capable of dissolving in a normal manner substances 

added to it. Assuming the cations to be in free solution in this water, the 
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molal and equivalent concentrations corresponding to the above mean values 
are as follows:- 

K. Na. Ca. Mg. Total. 

Molal concentration .................................... 0-109 0-031 0 007 0-014 0 161 
Equivalent concentration ........................ 0109 0-031 0-014 0 028 0.182 

For the anions a similar calculation can be made with the following data:- 

(a) Chloride: assuming the mean value given above, the molal and the 

equivalent concentrations are both 0*019. 

(b) Bicarbonate: the bicarbonate content of fresh frog's muscle at pH 7 0, 
calculated from Stella's (1929) data, corresponds to 12 volumes p.c. 
of combined CO2, or 0007 molal. 

(c) Lactate: assuming a resting value of 25 mg. per 100 g., the molal and 
the equivalent concentrations are 0 003. 

(d) Phosphate : according to information kindly supplied by Mr. P. Eggleton 
(see also Eggleton and Eggleton (1929)) the phosphorus content of 

resting muscle may be taken as distributed as in Table II. 

Table II.--Phosphorus Compounds in Resting Muscle. 

No. of 
Molal cations Equivalent 

mg. P per concen- associated concen- Reference. 
Compound. 100 g. tration. with one tration. 

atom P 
at pH 7. 

Orthophosphate ........................ 18 0.008 1-64 0 013 Meyerhof and 
Suranyi (1926) 

Pyrophosphate ........................ 30 0 006 1 -05 0013 Lohmann 
(1928a) 

Creatine-phosphoric acid (phos- 65 0 027 2-0 0-054 Meyerhof and 
phagen) Lohmann 

(1928) 
Hexose monophosphoric ester 5 0 002 1 94 0.004 Meyerhof and 

Lohmann 
(1927) 

Hexose diphosphoric ester ........ 0. - 
Other organic P (probably 15 0-006 1-9 0 011 Wassermeyer 

chiefly adenylic acid*) (1928) 

Total ............................ 133 0-049 - 0.095 

* According to Lohmann (1929) a substance can be isolated from muscle, the Ba salt of which 

yields, on neutral hydrolysis, a mixture of pyrophosphate and adenylic acid. If the whole of 
the pyrophosphate and the adenylic acid fractions are combined in this way in the resting 
muscle, the sum of the molal concentrations must be diminished by 0-006; this does not 

seriously affect the following argument. 
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The titration curves from which the data of the third numerical column of 
Table II were obtained are to be found in the papers referred to in the last 

column. The column "equivalent concentration" gives the alkali equi- 
valents required to bring the substance in question to pH 7-0. 

The value of pH 7 is taken for resting muscle on the evidence: (a) of the 

experiments of Furusawa and Kerridge (1927) who, employing the glass 
electrode, found the pH of the resting skeletal muscles of cats to be 7 04 ? 

0-03; (b) of the experiments of Meyerhof and Lohmann (1926) who, employ- 
ing the hydrogen electrode on the NaC1 extract of resting frog's muscle, 
found a mean value of 6-98; and (c) of the experiments of Stella (1929) on 
the CO2 dissociation curve of resting frog's muscle, from which, at a partial 

pressure of CO2 of 20 mm. Hg, the pH can be calculated by the Henderson- 

Hasselbalch equation as 6-9. 
Fiske and Subbarow (1929), in a recent paper on plhosphocreatine, referring 

to the amount of alkali combined with this substance at a given pH before 

and after hydrolysis, quote the experiments of Rous (1925), made by the method 

of intravital staining, as showing that the inside of the resting muscle must be 

as acid as 5-6. The application of the Henderson-Hasselbalch equation to 

Stella's (1929, p. 64) CO2 dissociation curve of resting frog's muscle shows that 

to obtain a pH of 5 * 6 one would have to subject the tissue to a partial pressure 
of CO2 of the order of two atmospheres. There may be minor corrections to 

apply to the Henderson-Hasselbalch equation when used for a complex hetero- 

geneous system such as a living muscle is, but it cannot conceivably have 

errors of this magnitude ; the partial pressure of CO inside the living animal 

must be of the order of 20 mm., as Fenn found (1928), and not of two atmo- 

spheres. The value quoted by Fiske a nd Subbarow is obviously quite wrong. 
Chambers (1929) moreover, by the microinjection method, found the pH of 

the cytoplasm of a variety of amphibian cells, including muscle cells, to be 

6.9 ? 01. 
For the anions, therefore, of resting frog's muscle, we m.ay summarise as 

follows :-- 

Cl(. HC03. Lactate. Phosphate. Total. 

Molal concentration ............... 0.019 0-007 0-003 0-049 0 078 
Equivalent concentration .... 0.019 0-007 0-003 0 095 0-124 

We have neglected the molal concentration of the protein anion; having a 

very high molecular weight its molal concentration is probably negligibly small. 
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The osmotic pressure of a resting frog's muscle freshly removed from the 

body has been shown above to be equal to that of a solution of 0-725 g. of 

NaC1 in 100 g. of water; the molal concentration of the latter is 0* 124. The 

sum of the molal concentrations of the ions present in muscle is 0-161 + 0 078 
= 0-239. This is slightly less than the sum of the molal concentrations 

(0 124 + 0-124 = 0 248) of the ions of the isotonic NaC1 solution (assumed 

fully dissociated). The deficit is almost exactly made up by free creatine, 
which has about the same molal concentration as orthophosphate, viz., 0 008 

(Duliere, 1929). Thus the observed osmotic pressure of frog's muscle can be 

exactly accounted for if we assume that its known soluble constituents are in 
fact dissolved in the observed " free " water of the muscle. Only, however, 

by assuming all the known constituents to be so dissolved can a sufficient 
osmotic pressure be calculated. There is no latitude for supposing, for example, 
that an appreciable part of the K is combined, and not in free solution as a 

separate dissolved ion. 
The sum of the equivalent concentrations of the cations is 0.182 N, of the 

anions 0 124 N. The deficit, 0 058 N is presumably accounted for by protein, 

existing in muscle as the ionised alkali-protein salt. Assuming 1 g. of muscle 
to contain 0 77 g. of " free " water and 0 16 g. of protein, the concentration 
of protein is 208 g. per 1000 g. of " free " water. If this provides the acid 

equivalent to the 0 058 N base, we may calculate that 1 g. of protein neutralises 
28 X 10-5 g. equivalents of alkali at pH 7 0. According to the titration 
curves given by Cohn (1925), at pH 7 serum albumen, casein, egg albumen and 

gelatin combine respectively with 35 X 10-5, 50 X 10(-, 28 X 10-5 and 
26 X 10-5 g. equivalents of alkali per g. of protein. The calculated value, 
therefore, for muscle protein is a very probable one. 

According to Moore (1916) severely fatigued frog's muscle has a depression 
of freezing point 0 15? greater than that of resting muscle. This would make 
it isotonic, not with 0 725 p.c. NaC1, but with 0 -983 p.c. The difference, 0 258 

p.c., is not far from the 0 3 p.c. estimated by Cooke (1898). As long ago as 
1865 Ranke published observations showing clearly-to put his findings in 
modern terms-a large increase in the osmotic pressure of fatigued muscles. 
These observations of Ranke are discussed below. The experiments described 
in the present paper show that the osmotic pressure of a muscle stimulated to 
extreme fatigue may rise by the equivalent of 0-35 p.c. NaCl. It is of interest 
therefore to make a calculation for fatigued muscle similar to that just given 
for resting muscle. 

The cations and chloride are unaffected by fatigue. The lactic acid con- 
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centration reached is (say) 0.30 p.c.; assuming, as is shown in the following 
paper, that the "free " water present in 1 g. of fatigued muscle is 0-77 g., 
the molal concentration of lactate is 0 * 043. The bicarbonate content is reduced 
to a degree depending on the extent to which CO2 is allowed to escape; this 
cannot be assessed without more closely defining the conditions. If we con- 
sider the case of an isolated muscle without oxygen rapidly fatigued the total 
CO2, dissolved plus combined, will remain constant. We will assume the 
same value, viz., 0 007 M., as for the resting muscle. This is admittedly a 

rough estimate, but the whole amount is small. As regards phosphorus 
compounds, again on the advice of Mr. P. Eggleton, the distribution has been 
taken as in Table III. 

Table III.-Phosphorus Compounds in Fatigued Muscle. 

No. of 
o cations 

mg.Ppmer" Molal Pcassociated Equivalen 
Compound. concen- with one coferncen- Reference. 

100 g. trattion. t tration. 
atHo 6P4. at pH 6.4. 

Orthophosphate ............ ..... 60 0025 1. 3 0.033 Meyerhof and 
Suranyi(1926) 

Pyrophosphate* ........................ 30 0-006 0*83 0-010 Lohmann 
(1928a) 

Creatine-phosphoric acid (phos- 10 0-004 1'95 0.008 Meyerhof and 
phagen) Lohmann 

(1928) 
Iexose monophoric ester........ 18 0.008 1.69 0-013 Meyerhof and 

Lohmann 
(1927) 

Hexose diphosphoric ester ........ 0 
Other organic P (probably 15 0-006 1 50 0 009 Wassermeyer 

chiefly adenylic acid*) (1928) 

Total ..................... 133 0-049 - 0-073 

* See footnote to Table TI According to Lohmann (1928b) a certain amount of the pyro- 
phosphate present in muscle may be hydrolysed into orthophosphate as the result of long con- 
tinued stimulation. If as much as one-third of the pyrophosphate were broken down in 
this way (each molecule becoming two) there would be an increase of molal concentration of 

0 002. If the substance split were a compound of pyrophosphate and adenylic acid, each mole- 
cule broken down would become three and the increase of molal concentration would be 0 004. 
Tliis again would not seriously affect the argument. 

Details of this table are similar to those of Table II. The value pH 6-4 is 
taken for fatigued muscles on the evidence (a) of Furusawa and Kerridge 
(1927) who found a pH of 6-26 ? 0-07 by the glass electrode for the fatigued 
muscle of cats, and (b) of Meyerhof and Lohmann (1926) who in the water 
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extract of frog's muscle found a pH of about 6-3 (for 0.4 p.c. lactic acid) and 
of about 6-6 (for 0-25 p.c. lactic acid). 

For the anions, then, we may summarise as follows:- 

C1. HCO3. Lactate. Phosphate. Total. 

Molal concentration ............ 0019 0-007 0-043 0-049 0 118 
Equivalent concentration .... 0.019 0007 0 043 0 073 0 142 

The sum, therefore, of the molal concentrations of the ions, positive and 

negative, present in fatigued muscle is 0-161 + 0 118 = 0-279. To this 
must be added, if we wish to calculate the osmotic pressure, the molal con- 
centration of the creatine, viz., that originally present, before fatigue 0 008 M., 

plus that formed from the phosphagen broken down 0 023 M., total 0 031 M. 
Thus the sum of the molal concentrations of all the known soluble constituents 
of fatigued muscle is 0 310 which is that of the ions of a 0 155 M. solution of 

NaC1. This is the same as one containing 0 906 g. of NaCl in 100 g. H20. It will 
be shown below that complete fatigue, leading to the formation of 0 3 p.c. lactic 

acid, causes an increase in osmotic pressure equivalent to that produced by 
adding about 0 35 g. of NaCl to 100 g. of Ringer's solution. This is considerably 
greater than the increase from 0-725 to 0 906 just calculated, viz., than 0 181. 
The increase, therefore, in the concentrations of the known constituents of 
muscle during fatigue is insufficient to account for the observed increase of 
osmotic pressure. The subject is further considered below. 

The sum of the equivalent concentrations of the cations is 0 182 N, of the 
anions 0 142 N. The deficit, 0 040 N is presumably accounted for by protein 
anions. This deficit is less than that (0 058 N) calculated for the case of resting 
muscle, as is necessary since the pH has been assumed to change from pH 
7 0 to pH 6-4. No stress can be laid upon the exact value calculated, since 
it depends upon the pH assumed for fatigued muscle; if another value, e.g., 
pH 6-6, had been taken the alkali equivalent of the phosphorus would have 
been appreciably greater, the deficit less, and the change in protein combined 
with alkali greater. It is clear, however, that in stimulation to complete 
fatigue, a considerable part of the buffering is due to the " unionisation " of 
alkali protein. The neutralisation of acid cannot be attributed simply to 

phosphorus compounds, without assuming a pH for fatigued muscles (about 
6.0) which is outside the range of actual observations. 

Mammalian Muscle.-A calculation similar to the above, though not so complete or 
certain, can be made for the case of resting mammalian muscle. In the table on p. 82 
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of the paper by Katz (.1896) are given the amounts, per 100 g. of fresh tissue, of K, Na, Ca, 
Mg, C1, total P and water, present in the muscles of ox, calf, deer, rabbit, dog and cat. 
These quantities have been averaged. The mean water content is 0 76 g. per g. of muscle. 

Arguing on the analogy of frog's muscle the " free " water content is presumably about 
0 71 g. per g. of muscle. The average concentrations have been expressed in g. mols. 

(or g. ions) per 1000 g. of " free " water. The relative distribution of soluble P has been 
assumed to be the same as in the case of resting frog's muscle, in which (with 77 p.c. " free" 

water) 133 mg. P per 100 g. of muscle was calculated to give a molal concentration of 0 049. 
With a "free " water content of 71 p.c. the molal concentration, for a given quantity 
of P per g. of muscle, will be greater in the ratio of 77: 71. 

K. Na. Ca. Mg. 

Concentration, g. per 100 g. muscle .................... 0 3648 010724 0-0100 00275 
Molal concentration ................................................ 0 132 0 044 0 003 0-016 

Cl. Soluble P. HCO,. Lactate. 

Concentration, g. per 100 g. muscle .................... 00588 0-1960 * 0-015 
Molal concentration ................................................ 023 0 078 0016 0 002 

* Assumed to be equivalent to 0 25 c.c. of CO2 per g. of muscle. 

The sum of the molal concentrations of all the ions is 0.314. To this, if we wish to 

calculate the osmotic pressure, must be added the free creatine, which-for lack of better 

knowledge-we will assume to have the same molal concentration, 0-008, as in resting 

frog's muscle. The total, 0 322, is equal to the sum of the molal concentrations of the 

ions of 0.161 M NaCl which is 0 94 g. of NaC1 to 100 g. of H20. The freezing point 
of human blood corresponds to 0 * 96 g. of NaC1 in 100 g. of water, and muscle is presumably 
isotonic with blood. Clearly the osmotic pressure of mammalian muscle can be explained 

approximately-so far as present evidence goes-by the hypothesis that all its soluble 

constituents are in solution in a quantity of "free " water equal to about 71 p.c. of its 

weight. Again there is no latitude for supposing that any considerable part of tile 

soluble constituents is not in fact dissolved. 

IV. The Change of Vapour Pressure in Stimulated Muscle. 

(a) The Complete Absence of an Increment in Resting Heat-r'ate after Anaerobic 

Stimulation, when Condensation of Water Vapour is prevented. 

That a decrease of vapour pressure and the resulting condensation of water 

on the muscle are, in fact, the cause of the increase in resting heat-rate observed 

after anaerobic stimulation, is shown by the following simple and decisive 

experiment, in which condensation was prevented by filling the thermopile 
chamber with liquid paraffin instead of nitrogen. 

A symmetrical thermopile, the hot and cold junctions being on opposite 
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faces, was insulated with " 
El.o " and shellac and used for a single frog's 

sartorius, which lay on one face. Employed in nitrogen this instrument showed 
the usual increment in heat-rate after stimulating the muscle. Several experi- 
ments were performed in which, after a preliminary soaking of several hours 
in Ringer's solution to render it permanently excitable in the sense of Duliere 
and Horton (1929), a muscle was placed in paraffin oil (" Regelax" by 
Messrs. Boots) on this thermopile. Pure nitrogen was passed for about an 

hour through the chamber containing oil and muscle, to assist in temperature 

equalisation and to remove oxygen from the oil. The resting heat-rate was 

read. The muscle was then stimulated by a series of induction shocks to 

fatigue, responding very well and liberating a large amount of heat. After 
this heat had been dissipated the resting heat-rate was found to be the same as 
before. There was no sign of an increment in heat rate as the result of anaerobic 

activity. The paraffin oil seemed to have no harmful effect on the muscles, 
in fact in these experiments they behaved rather better than usual. Thus, if 
condensation of water on the muscle be prevented, the increment in heat-rate due 
to anaerobic activity does not appear. 

The use of paraffin oil in a thermopile chamber was tried previously by Hartree and Hlill 
(1920, p. 93), but they found that, on the whole, muscles did not survive so well in paraffin 
as in a gas. This is now known to be due to the fact that, when paraffin was used in the 
chamber, the muscle had not been subjected to a preliminary soaking in Ringer's solution, 
and consequently tended to become reversibly inexcitable (Duliere and Horton, 1929). 
A muscle, given a sufficient preliminary soaking in Ringer's solution before mounting on 
the thermopile, behaves in paraffin at least as well as in a gas ; and the use of paraffin has 
several advantages (a) in avoiding the effects of changes of vapour pressure, (b) in improving 
electrical insulation, and (c) in increasing zero-stability, at least with a symmetrical thermo- 
pile. Moreover the high solubility of oxygen in paraffin oil makes it possible to carry 
out experiments on the recovery heat production in that medium, of which there are 
several advantages. 

(b) The Relation between the Change of Vapour Pressure and the Degree of 
Fatigue. 

I:t was stated by Hill (1928b) that a linear relation exists between the incre- 
ment in heat-rate, due to stimulation of a muscle in nitrogen, and the amount 
of heat liberated as the result of activity. The increment in heat-rate has been 

found to be a measure of the decrease of vapour pressure and therefore of the 
increase of osmotic pressure, or of total molal concentration. Thus the number 
of molecules (or ions) liberated in anaerobic activity should be proportional 
to the heat set free. It seemed important to test this simple relation by further 

experiments. 
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A muscle was soaked in Ringer's solution on the thermopile for an hour or 
two. The solution was replaced by pure nitrogen,* and a steady reading was 
obtained on the scale, representing the true (metabolic) rate of heat production 
at rest. A series of maximal tetanic stimuli was then applied, the heat liber- 
ated as the result of each stimulus being read on the scale; the muscle after 
each stimulus was allowed to cool, and the rate of resting heat production 
again recorded. Eight experiments were performed, all the results being 
shown in the accompanying diagrarm. 

Each point represents a pair of observations, the abscissa being the total 
heat set free by stimulation, up to and including the stimulus in question, the 
ordinate the total increment in resting heat-rate determined after the heat 

produced by the last stimulus had been dissipated. The durations of the 
successive stimuli are shown in seconds above each curve. In most cases the 

muscle finished in a state of considerable fatigue; the last stimulus of 5 seconds 

produced considerably less heat than the first stimulus of 1- seconds. The 
units of heat and of heat-rate are arbitrary; no calibration was carried out. 
The temperature lay between 19.3? and 20 5? C. 

It is evident that an approximately linear relationship does exist, but in 

every case there is a tendency for the curve to be more or less concave upwards. 
The total molal concentration therefore of the muscle tends to increase rather 

more than in direct proportion to the total heat set free. The major chemical 

changes known to occur are lactic acid formation and phosphagen breakdown. 

The heat produced per gramnme of lactic acid set free is given by Meyerhof and 

Suranyi (1929) as 380 to 390 calories. These authors note that their mean 

value was obtained with a 0 15 to 0 25 p.c. lactic acid formation; with smaller 

amounts of lactic acid they found a rather higher value. Thus for a given 
amount of heat the increase in lactic acid concentration is less in the earlier 

than in the later stages of fatigue. Prof. Meyerhof informs us that the caloric 

quotient in complete exhaustion is certainly not as high as 385; he would 

estimate it as being at the most 350. If lactic acid formation were the only 

process concerned this progressive fall in its caloric quotient during the gradual 
onset of fatigue would give the observed upward tendency to the curves in the 

figure. 
The matter, however, is complicated by the breakdown of phosphagen. 

According to Nachmansohn (1929), if a muscle be subjected to a series of 2 

sec. tetani the chief breakdown of phosphagen occurs in the first two or three 

contractions, after which any further change becomes very gradual. There is 
* Freed from oxygen by passing over heated copper in a quartz tube. 
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The results of eight experiments, in which the increment in resting heat-rate of a muscle 
in nitrogen, due to a series of maximal tetani, is plotted (as ordinate) against the total 
heat set free by stimulation (as abscissa). The units of heat and of heat-rate are 
arbitrary. The durations of successive stimuli are shown in seconds along each curve. 
The muscle in every case finished appreciably (e.g., A, D) or very (e.g., C, H) fatigued 
as shown by the amount of heat set free in the last contraction (5 seconds) as compared 
with the first (1 seconds). Temperatures between 19 3? and 20 5? C. 
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no sign in the figure of an excessive production of new molecules in the first 
few contractions; indeed, so far as there is any departure from a linear relation 
between molecules (or ions) liberated and heat produced, the departure is in 
the opposite direction. 

As regards other possible breakdowns, Lohmann (1928b) has shown that 

orthophosphate appears at the expense of pyrophosphate, particularly in the 

later stages of exhaustion. The total increase of molal concentration thereby 
caused is not large, though it is twice as great if we suppose that an adenylic 

acid-pyrophosphate complex is split (see Lohmann, 1929). The concentra- 

tion of this breakdown into the later stages of exhaustion would give an upward 

tendency to the curves of the figure. 

(c) The Absolute Value of the Change of Vapour Pressure produced by Anaerobic 

Activity of Muscle. 

For a given thermopile, chamber and muscle, if p be the vapour pressure of 

the muscle and p' the vapour pressure of the fluid on the instrument and on the 

walls of the chamber, the rate of condensation of water on the muscle, and 

therefore the rate of heat production in excess of the true metabolic rate, 
must be directly proportional to (p' p). A given change, therefore, in the 

value of p should produce the same effect as an equal and opposite change in 

p'. Hence the increment in heat-rate due to a degree of anaerobic activity 
which produced a fall a in the vapour pressure p of the muscle, must be the 

same as the increment in heat-rate due to a rise a in the vapour pressure p' 
of the chamber. Thus the instrument can be calibrated to read the change of 

vapour pressure of the muscle by washing it out with a solution, the vapour 

pressure of which differs by a known amount from that of the solution originally 
in it. 

Various attempts were made, but without success, to introduce nitrogen 
saturated with the water vapour of a given solution into an otherwise dry 

thermopile chamber. Even with the most careful regulation of the temperature, 
and with slow passage of the gas over a long column of glass beads wet with the 

solution, standing in the same thermostat as the instrument, very irregular 

readings were obtained. It seems to be well nigh impossible to ensure complete 
saturation of the gas in this way. This indeed is not difficult to understand. 

It will be shown below that the decrease of vapour pressure due to the complete 

fatigue of a frog's sartorius is about equal to that caused by adding 0 35 p.c. 
of NaCl to Ringer's solution. Assuming a relative molal depression of vapour 

pressure of 0-0330, this means that complete fatigue causes a change of vapour 
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pressure of only about 2 parts per thousand; if the gas came into the chamber 
99 9 p.c. instead of fully saturated with moisture, there would be an error of 
50 p.c. in the reading. To reduce the error to 1 p.c. would require the satura- 
tion to be 99 998 p.c. complete. To attain to such a degree of saturation it 

appears to be necessary that the instrument, and the walls of the chamber, 
should be moist with the given solution; then, and then only, does the gas 
become sufficiently saturated to allow consistent and reliable readings to be 
obtained. 

A difficulty arises in this connection, viz., that it is not possible to wash the 
instrument and chamber with a new solution, without, at the same time, wash- 

ing the muscle. In order, as far as possible, to avoid changes in the muscle 
itself due to washing with a different solution it is essential that the period of 

washing should be very short. The test solutions therefore were run in for a 

very few seconds, stirred by blowing, and then rapidly withdrawn. In this 

way a minimal change is produced in the muscle itself; the chamber and 

instrument, however, are brought accurately to the vapour pressure of the new 
solution. It is true that a film of the new solution is left on the surface of the 

muscle; this, however, when the bulk of the fluid is withdrawn, will rapidly 
attain the same osmotic pressure as the interior of the muscle, by the diffusion 
of water in or out; the net effect after a few minutes will be simply a slight 
dilution of the muscle (if the solution was hypotonic) or a slight concentration 

(if the solution was hypertonic). Compared with the total weight of the muscle 
the film left on its surface is not large, and the resulting change in its concen- 
tration must be small. The error, moreover, can be almost completely avoided 

by adopting the procedure described below. 
The experiments were performed as follows :--A sartorius muscle was left 

to soak in Ringer's solution on a thermopile in its chamber at a temperature 
of about 19? C., for a time sufficient to allow it to attain diffuLsion equilibrium 
with the solution. This was then replaced by oxygen and the resting heat-rate 
recorded; let this be h mm. on the scale. Two stock solutions had been pre- 
pared, containing the usual constituents of Ringer's solution, but in 60 p.c. 
and 140 p.c. respectively of the usual concentration; they will be referred to 
as 0-6 R and 1 -4 R. In the majority of experiments the Ringer's solution 
was isotonic with 0 671 p.c. NaC1, so these solutions were isotonic with 0-403 

p.c. and 0 940 p.c. NaCI respectively. A 100 c.c. pipette was filled with 1.4 R 
solution, very carefully adjusted to the temperature of the thermostat, so that 
its introduction should produce a minimal disturbance. This was forced into 
the chamber, stirred by blowing and rapidly withdrawn; oxygen was then 

VOL. CVI.-B. 2 L 
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run in as before. Within half an hour a steady reading -H1 for the resting 
heat-rate was obtained, negative in sign owing to the fact that the vapour 

pressure of muscle is greater than that of 1 4 IR; consequently the muscle 

evaporates, and the negative heat of evaporation masks the positive heat 

production of metabolism. 
A 100-c.c. pipette was then filled with 0 * 6 R solution, again carefully adjusted 

to the temperature of the thermostat. This was rapidly introduced and with- 

drawn; oxygen was then run in. Within half an hour a steady reading +-H2 
for the resting heat-rate was obtained, the true metabolic heat-rate h being 
added to the heat of condensation of water on the muscle, which now had a 
lower vapour pressure than the solution in the chamber. The difference 

(H2 - h) was taken to correspond (see below) to the difference of vapour 

pressure between 1 0 R and 0-6 R. 

The observations were then repeated with 1 * 4 R and with 0 * 6 R, thus giving 
a second value for (H2 - h). The muscle was then washed in normal Ringer's 
solution (1 *.0 R) for an hour; the solution was replaced by nitrogen ; the resting 
heat rate was recorded; the muscle was stimulated to fatigue by a series of 

shocks, its total heat-production being measured; the resting heat rate in 

nitrogen was again recorded, the increment I in heat rate being obtained by 
subtraction ; the muscle was then killed; an electrical calibration was carried 

out, in order to express in absolute units the heat liberated as the result of 

stimulation; and finally the muscle was removed and weighed. 
The change in vapour pressure of the muscle was expressed in terms of the 

corresponding change in the concentration of a NaCl solution. Suppose that 

(H2 - h) mm. of the galvanometer scale correspond to a change from 1-0 R 

to 0 6 R, i.e., to a change equivalent to 0.268 p.c. NaCl. Then 1 mm. on the 

scale is equivalent to 0-268/(H2 - h) p.c. NaCl. Thus the increment I in 

heat rate, due to stimulation, corresponds to an increase of 0 * 2681/(H2 - h) p.c. 

NaCl. This was compared with the lactic acid produced, as calculated from 

the heat liberated during stimulation, employing a caloric quotient of 350 

calories per gramme of lactic acid. 

The reason for adopting the procedure described above is that any concentration of the 
muscle by the film of stronger solution left behind after washing out the chamber with 
1 4 BR is exactly balanced by the dilution of the muscle by the film of weaker solution left 
behind after washing out with 0 6 R; so that the muscle, after the second washing, is 

exactly in its initial state, while the chamber is saturated with the vapour of 0 * 6 R. We 
thus obtain a true value for the change of vapour pressure in passing from 1 0 R to 00 6 R. 

The cause of this is best shown by a numerical example. Let us assume that a muscle 
of weight 1, in equilibrium with 1 .0 I, is washed for a few seconds with 1 *4 It, and that a 
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film of the latter solution of weight 0*1 is left on its surface. By a process of osmosis the 
water of the muscle rapidly passes out and dilutes the film, an equilibrium being reached 
in which the concentration of each is (1.0 + 0 14)/1.1 1- 1-036 R. Thus the difference 
(h + H2) corresponds not to (1 4 B - 1 0 1) but to (1 4 1 -- 1 -036 R); it is 9 p.c. too 
low. The muscle, moreover, has lost, by osmosis into the film of solution, the amount of 
water required to bring a quantity 0 I of 1 4 R to a concentration of 1 036 R ; the final 
weight of the muscle therefore is 0 964. 

Let us now wash the muscle rapidly with 0 * 6 1, and assume that a film of that solution 
of weight 0 * 1 is left on its surface. By a process of osmosis the water of the film rapidly 
passes into the muscle and leaves the film more concentrated, an equilibrium being reached 
in which the concentration of each is (0.964 X 1-036 + 0 1 X 0-6) R/(0-964 + 0.1) 
which is equal to 0 * 996 R. The final weight of the muscle is 1 004. Thus after the second 
washing the muscle has returned almost exactly to its initial state, and the reading of the 
heat rate (2 - h) should correspond within 1 p.c. to the difference of vapour pressure 
between 1-0 BR and 0-6 IR. 

Similarly it may be shown that any error caused by osmosis of water, or diffusion of 
electrolytes, during the few seconds of washing with 1 *4 R, will be almost exactly reversed 
by the subsequent washing with 0 6 R1. Hence the quantity (H2 - h) may be regarded 
as an accurate measure of the vapour pressure difference between the solution 0 6 :R and a 
muscle in equilibrium with 1 0 R. 

A small correction must be applied for the dilution of one solution by the remains of the 
preceding solution. In the case of one thermopile and chamber the difference between 
1 0 1 and 0 * 6 R must, for this reason, be taken actually as 0 335 R, with another thermo- 
pile and chamber, as 0 *392 R. 

A description of a typical experiment follows :-- 

Experiment of 14.10.29.-Sartorius of ?. temp. dissected 9.10 a.m., at 9.45 a.m. in chamber 
in oxygenated Ringer's solution (1I0 R). At 11 a.m. 1-0 R out, oxygen in. At 11.35 a.m. 
resting heat-rate h = 39 mm. on scale. 1 4 11 introduced and withdrawn; at 12.5 p.m. 
H1 - 49- mm. 0-6 1R introduced and withdrawn; at, 12.35 p.m. H, =- + 157 mm. 
1- 4 R introduced and withdrawn; at 1-06 p.m. H - 62. 0 6 BR introduced and with- 
drawn; at 1.36 p.m. H2 = + 162. 1-4 P, introduced and withdrawn; at 2-04 p.m.. 
H = -- 58. 0-6 R introduced and withdrawn; at 2.35 p.m. H2 = + 140. 

Muscle now waslihed in 1 0 R till 3.03 p.m., then in N2. Heat-rate in N2 before stimula- 
tion 27 mm. Stimulated to exhaustion by induction shocks 42 per minute. Total heat 
determined from the area of the deflection-time curve, and subsequent calibration as in 
(Hill, 1928a), 1 11 cal. per g., which is equivalent to 0-317 p.c. lactic acid produced, assum- 
ing a caloric quotient of 350. Heat-rate in N2 after stimulation 177 mm. Increment in 
heat-rate I = 150 mm. 

Calculation- 
h = 39 mm. on scale. 
H2 =- 157, 162, 140, mean 153 mmn. 
H 2-- A= 114 mm. 

Thus 114 mm. =--= 0-392 1 ==_ 0-263 p.c. NaCI. 
Increment in heat-rate 150 mm., therefore us 0* 346 p.c. NaCl. 
Lactic acid calculated 0 317 p.c. 

The production therefore of one part of lactic acid is accompanied by a change of vapour 
pressure corresponding to 0.346/0.317 = 1 09 parts of NaCl. 

2 L 2 
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The results of eight experiments are summarised in Table IV. 

Table IV.-Increase of Osmotic Pressure in Fatigued Muscles. 

Experiment of 14.10.29. h = 39; H1 =- 49, -- 62, - 58; H2 =- 157, 162, 140, mean 
153. 

0 392 R _ 0-263 p.c. NaC =- 114 min. 
Increment I due to stimulation = 150 mm. _ 0-346 p.c. NaC1. 
Heat 1 11 cal. per g. = 0 317 p.c. lactic acid. 
1 part lactic acid =1-09 parts NaC1. 

Experiment of 15.10.29. h = 60; H - 52, - 56; H2 = 184, 182, mean 183. 
0*392 R - 0-263 p.c. NaCl 123 mm. 
Increment I = 162 mm. =_ 0 347 p.c. NaCI. 
Heat 1-023 cal. per g. = 0-293 p.c. lactic acid. 
1 part lactic acid =-= 1 18 parts NaC1. 

Experiment of 18.10.29. h -- 75; TI - 108, -- 100; H2 = 256, 282, mean 269. 

0 392 R =- 0 263 p.c. NaC1 - 194 mm. 
Increment I = 275 rmm. = 0 373 p.c. NaC1. 
Heat 1 066 cal. per g. _- 0305 p.c. lactic acid. 
1 part lactic acid = 122 parts NaCl. 

kExperiment of 8.11.29. h = 56; H - - 32, - 37; H2 = 150, 134, mean 142. 

0-335 R _ - 0225 p.c. NaCl = 86 mmn. 
Increment I 150 mm. - 0 392 p.c. NaC1. 
Heat 1 165 cal. per g. = 0 333 p.c. lactic acid. 
1 part lactic acid = 1-18 parts NaC1. 

Experiment of 11.11.29 (nitrogen). h = 7; H1 -- 67, -- 75; H,, = 100, 90, mean 95. 

0 335 R - 0 225 p.c. NaCl= 88 mm. 

Increment I = 91 mm. = 0-233 p.c. NaCI. 
Heat 0 994 cal. per g. = 0.284 p.c. lactic acid 

1 part lactic acid 0 0 82 parts NaC1. 

Experiment of 13.11.29. h = 30; H - 57, - 50 H2 112, 106, mean 109. 
0 335 1R - 0 225 p.c. NaC1 - 79 mm. 
Increment I = 109? mm. = 0-312 p.c. NaC1. 
Heat 1 058 cal. per g. = 0-302 p.c. lactic acid. 
1 part lactic acid - 1.03 parts NaCI. 

Ex.periments of 11.2.30. In these experiments the Ringer's solution was isotonic witl 

0 - 703 p.c. NaC1 and no dilution occurred in the chamber when substituting one solution 

for another. The solutions were kept in bottles in the thermostat bath until required 
and then rapidly transferred to the muscle chamber. The solutions employed, 0 7 R 

.;and 1 3 R, were used in that order. 

(A) 0 3 R 1 0.-211 p.c. NaCl = 96-2 mm. 
Increme-nt I = 124 mm. -- 0-271 p.c. NaC1. 
Heat 0 737 cal. per g. -m 0-210 p.c. lactic acid. 
I part lactic acid _ 1-29 parts NaC1. 

(B) 0.3 R == 0-211 p.c. NaCl 116 mm. 
Increment I = 117 - mmn. _ 0-214 p.c. NaCl. 
Heat 0 * 621 cal. per g. = 0* 177 p.c. lactic acid. 

1 part lactic acid = 1 21 parts NaCi. 
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The increment I in heat-rate due to fatigue in nitrogen is expressed in 

Table IV in terms of the increment in NaCl concentration which would produce 
the same fall of vapour pressure in Ringer's solution. Now the increment in 

heat-rate has been shown already to be very nearly proportional to the total 
heat set free in activity, and hence presumably in normal muscles to the lactic 
acid produced. In order therefore to compare one experiment with another 
it is necessary to reduce them to some standard conditions; -we have compared 
them for equal quantities of lactic acid set free per g. of muscle as calculated 
from the heat. For one part by weight of lactic acid set free in the muscle by 
stimulation, the change of vapour pressure corresponds, in the eight experi- 
ments of Table IV, to the following parts by weight of NaC1 added to Ringer's 
solution :--109, 1-18, 122, 1.18, 0 82, 1-03, 1 29, 1 21 ; mean (omitting 
0.82) 1 17. Taking 0 3 p.c. as a typical value for the lac-tic acid concentration 
in an exhausted muscle, the change of vapour pressure is equivalent to that 
caused by adding 1. 17 X 0-3 = 0t35 p.c. of NaCl to Riinger's solution. 

Moore (1916) found an extra depression of freezing point of 0.15? C. on 

fatiguing his muscles. This corresponds, as shown above, to 0-258 p.c. of 
NaCl added to Ringer's solution, and (taking our mean value 1 17) to 0 22 p.o. 
of lactic acid produced by the muscles of his American bull frogs. This is a 

very probable value. 
One gramme of lactic acid in 1000 g. of muscle is 0-01445 M., reckoned in 

the " free " water (77 p.c.) of the muiscle. The addition of 1 17 g. of NaCl 
to 1000 g. of Ringer's solution raises the concentration by 0-0202 M., or if we 

consider the sum of the molal concentrations of the two ions, by 00404. This 
is 2-8 times as great as the molal concentration of the lactate ions set free. 
The increase therefore in the osmotic pressure of muscle on stimulation to fatigue 
is 2' 8 times as great as the osmotic pressure of the lactate ions liberated. 

To explain the discrepancy it might be argued that the lactate ion is neces- 

sarily accompanied by an alkali ion, say K, and that before combination with 
lactate the K-ion was not free in solution to affect the osmotic pressure. If 
this were the case the increase of osmotic pressure on stir.ulation to fatigue 
would be 1 4 times as great as that of the lactate and K-ions liberated. With 
the aid of the phosphate changes known to occur, and the creatine set free, it 
would then be possible to give a complete explanation of the observed increase 
of osmotic pressure. There is, however, grave difficulty in assuming that the 
K-ions associated with the lactate ions after stimulation were not free in 
solution before stimulation. The existence of electrically undissociated com- 

pounds of K in muscle is unlikely, and even if the anions were unable to diffuse 
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(for example, if they were part of the protein structure of the muscle) the 
cations would be free to change partners and so to move about and presumably 
to affect the osmotic pressure. Moreover we have shown above that the osmotic 

pressure of resting muscle can be calculated fairly exactly from the known 

soluble constituents dissolved in the known " free " water of the muscle. If 
we were to argue that the cations before stimulation were not free to affect 
the osmotic pressure, we should be left with a serious deficit in calculating the 
osmotic pressure of resting muscle. Moreover, it will be shown below that an acid 

(C02) added artificially to resting muscle causes an increase of osmotic pressure 
approximately equal to that of its anions alone, certainly not twice as great. 
It is clear, therefore, that the cations play no part in the phenomenon 
considered. 

It seemed possible that a decrease of the "'free " water, associated with fatigue, 
might be one cause of the excessive increase of osmotic pressure. If the various 
soluble substances present in muscle were confined to a smaller amount of 

water their osmotic pressure would rise. For example, if the " free " water, 
in 1 g. of resting muscle were 0077 g., and in 1 g. of fatigued muscle 0 60 g. 
the osmotic pressure, equivalent in resting muscle to that of 0 70 p.c. NaC1, 
would rise in fatigued muscle to that of 0 90 p.c. NaC1, without the liberation 

of any new ions or molecules. This attractive way of accounting for the large 
increase of osmotic pressure is unfortunately negatived by the fact that in 

fatigued muscle the "' free " water appears to be precisely the same as in 

resting muscle, as is shown in the following paper. 
In fatigue the formation of lactic acid is accompanied by the liberation of 

creatine through the breakdown of phosphagen. The phosphagen content of fresh 

muscle was given above (Table HI) as 0 027 M., of fatigued muscle (Table III) 
as 0 004 M. The difference 0-023 M. represents the creatine set free. The 

production of 0 3 p.c. of lactic acid represents an additional 0 043 M. Together 
lactate and creatine account for 0-043 +- 0 -023 = 0-066 M., which is the sum 

of the molal concentrations of the ions of 0 193 g. of NaCl in 100 g. of H20. 

But we have just seen that this degree of fatigue causes a change of osmotic 

pressure equal to that of 0 35 p.c. of NaCl added to Ringer's solution. Thus 
the increase in the osmotic pressure of muscle on stimulation to fatigue is 1 81 
times as great as the osmotic pressure of the creatine molecules and the lactate ions 

produced. 
It is possible that in the resting muscle creatine phosphoric acid is part of 

some more complex molecule and so exerts no osmotic pressure of its own. In 
that case the breakdown of phosphagen into free creatine and phosphate 
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would liberate twice as many new molecules as we have calculated, the sum of 
whose molal concentrations would be 0-046 instead of 0 023. This would 

give 0 * 089 M. as the increase accounted for by lactate formation and phosphagen 
breakdown together; which is equivalent to the sum of the molal concentra- 
tions of the ions of 0.26 g. of NaCl in 100 g. of H20. This is about 3/4 of the 
increase of osmotic pressure actually observed. 

Two other changes contributing to the rise of osmotic pressure must be 

considered, the liberation of ammonia and the splitting of pyrophosphate. 
According to Parnas and Mozolowski (1927) the ammonia content of muscle 

increases, in severe fatigue, by an amount corresponding to about 0 * 002 p.c. of N. 
Calculated in the " free " water of muscle this is about 0 * 002 M. According to 
Lohmann (1928b), in exhausted muscle a certain amount, say, one-third, of 
the pyrophosphate is hydrolysed into orthophosphate; if this pyrophosphate 
had previously been combined with adenylic acid (Lohmann, 1929) each mole- 
cule split would become three, and the increase in molal concentration (see 
Table III above) would be 0 004. Taking account, therefore, of every known 

possibility, and making a maximal allowance in each case, the increase in 
total molal concentration as the result of fatigue can be calculated as follows: 

Lactate (0.3 p.c.) . .......... 0-043 M. 
Creatine .......................... 0*023 M . 

Phosphate ........................ 0-023 M. 
Ammonia .......................... 0-002 M. 

Pyrophosphate-adenylic acid ........ 0-004 1. 

Total ................ 0-095 M. 

Now 0 -095 M is the sum of the molal concentrations of the ions of a solution 
of 0*28 g. of NaCl in 100 g. of water. This is still only 80 p.c. of 0-35, the 
observed change. Thus all the reactions already known to occur in fatigue are 
insufficient, even taking the most favourable view of them, to account for the 
change of osmotic pressure actually observed. Presumably, therefore, some 
other changes, at present unsuspected, are involved. It is indeed unlikely 
that, after the striking progress of the last few years, we should at this particular 
moment have discovered all the reactions involved in muscular activity. 

The increase of osmotic pressure of muscles in rigor has been measured, as described in 
the following paper, by another method, as an incident in the determination of the " free " 

water. The mean value of the osmotic change in rigor is equivalent to that of 0-45 p.o. 
NaC1 added to Ringer's solution. 
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(d) The Change of Vapoour Pressure caused by the Neutralisation of Carbonic 
Acid in Resting Muscle. 

We discussed above the question of whether the osmotic effect of the K-ions 

should be added to that of the lactate ions liberated during activity, or whether 
the K-ions ought to be regarded as being free before the lactic acid was formed. 
It seemed desirable, therefore, to find out whether the artificial liberation of an 

acid in muscle, and its neutralisation by the alkali there present, would produce 
an osmotic effect equal to that of the anions alone, or of the anions and their 

associated cations together. It was necessary to use a volatile acid, since 

soaking the muscle in a solution inevitably brings it into osmotic equilibrium 
with the latter, whatever reactions take place inside the tissue. The obvious 

acid to choose was carbonic, partly because it is a natural constituent of muscle 

and penetrates very easily, and partly because it has already been investigated 

by Hill (1928b) and Stella (1929). 
If a muscle on a thermopile, previously soaked in Ringer's solution, and 

exhibiting its true (metabolic) resting heat rate in nitrogen, be subjected to an 

atmosphere of C02, there is a large liberation of heat, complete within an hour 

or less, due to the solution and combination of C02. According to Stella 

(1929) a resting frog's sartorius takes up in combination about 47 vols. per 
cent. of CO2 when subjected to an atmosphere of that gas; this represents a 

0-027 M. solution of bicarbonate, calculated for the "free" water (77 p.c.) 
of muscle. 

If the anion were the only new one, the bicarbonate combining with pre- 

existing alkali ions, the resulting change in osmotic pressure would be equivalent 
to that due to adding 0 0135 M. = 0?079 p.c. NaCI to Ringer's solution. If, 

however, the bicarbonate ion captured a K-ion previously unable to affect the 

osmotic pressure, the resulting change would correspond to adding 0 158 p.c. 
NaCl to Ringer's solution. It will be noticed that we have neglected the effect 

of dissolved CO ; the physical solution of COs, as distinguished from its 

combination, must affect the vapour pressure of the solution in the chamber 

and of the muscle to almost precisely the same extent, so that any difference 

observed must be due to the combined and not to the dissolved C02. Owing 
to the absence of bicarbonate and phosphate from the Ringer's solution, there 

was no combined C02 in the latter. 
In a previous paper (Hill, 1928b) it was stated that no increment in heat-rate 

occurs when a resting muscle is placed in CO2. Certainly the increment is 

very small compared with that due to stimulation in nitrogen. With sufficient 
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precautions, however, it can be measured. One reason why it is so small is- 
as we have found-that a given difference of vapour pressure causes a smaller 

rate of condensation, or evaporation, in CO2 than in nitrogen or air. The 
causes of this are (a) the lower diffusion constant of water-vapour molecules 

through CO02, and (b) the greater viscosity and density of that gas, hindering 
the carriage of water molecules by convection from the evaporating to the 

condensing surface. 
The chief precaution required in these experiments is to soak the muscle for 

a very long time in Ringer's solution before reading its resting heat-rate in 

nitrogen. The difference to be observed between nitrogen and C02 is small, 
and it is necessary to ensure that the resting heat-rate in nitrogen represents 
only the true metabolic heat-rate of the muscle. This is assumed to be the 
same in nitrogen and in CO2. When the reading h1 in nitrogen had been 
obtained CO2 was introduced, and after a sufficient interval to allow the muscle 
to come into equilibrium with that gas the heat-rate h2 in CO2 was read. The 
difference* (h2 - hi) represents the increment in heat-rate due to the change 
of vapour pressure caused by the combination of carbonic acid with the 
muscle, 

It was now necessary, as before, to wash the apparatus and chamber with the 
solutions 1 4 R and 0-6 R, in order to determine the value of a given scale 
deflection in terms of vapour-pressure difference. The procedure was exactly 
as described above, except that great care was exercised to allow no air to 
enter, but only CO2, on withdrawing the liquid after the rapid washing out 
of the chamber. The difference (112 - h2) was used, as before, as a measure 
of the vapour-pressure difference between 1 .0 R and 0 6 R. 

Details of nine experiments are given in Table V. The agreement between 
different experiments is not very good, owing to the difficulty of determining 
the small difference (h2 - hi) with sufficient accuracy. The mean, however, 
of the nine experiments is probably not far fromn the truth. The same thermo- 

pile was used throughout. 
The mean value, therefore, of the change produced in the vapour pressure 

of the muscle by allowing its buffers to come into equilibrium with C02 at 
1 atmosphere pressure (neglecting the effect of physically dissolved C02, as 
described above) is equivalent to that produced in Ringer's solution by adding 
0-069 p.c. NaCl. This is slightly less than the 0-079 p.c. calculated above 

* To be able to take this difference directly without separate calibration of the apparatus 
in nitrogen and COo requires that the calibration numbers should be the same in the two 
cases. We have carefully verified this and found an exact equality. 
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Table V.-The Change of Vapour Pressure due to the Combination of CO2 

with Muscle. 

h1 means the true metabolic resting heat-rate in nitrogen at the beginning of the experi- 
ment. 

h2 the rate observed after attaining equilibrium in C002. 
H2 the heat-rate in C02 after washing with 0 - 6 R. 
E represents the osmotic cha.nge produced by CO02 in terms of the equivalent addition of 

NaCl to Ringer's solution. 

E = h2 -hl X [NaC1 equivalent of difference between 1.0 R and 0-6 R]. 
H2 - h2 

In the first seven experiments, after allowance for dilution, the NaC1 equivalent of the 
difference between 1 .0 R and 0 * 6 R was 0 -225 p.c.; in the last two experiments 0 -268 p.c. 
A more sensitive galvanometer was used in the last two experiments. 

Date. h1. h2. h2 - h1. H2. H2 (mean). H2 - h2. E. NaCl p.c. 

30.10.29 ........ 20 32 2 121- 82, 85 831 51 0.055 
1.11.29 ........ 191 48 281 118, 108 113 65 0.099 
4.11.29 ........ 241 54 29' 124, 126 125 71 0.094 
5.11.29 ....... 23 43 20 107, 132 120 77 0*059 
6.11.29 ........ 29 49 20 118, 134 126 77 0-059 
7.11.29 ........ 301 45i 15 1291 129-: 84 0.044 
7.11.29 ........ 201- 53 321- 132 132 79 0-092 
-.12.29 ........ 29 77 48 266 266 189 0-068 
10.12.29 ........ 46 76 30 229 229 153 0-052 

0-069 
. _ i ._ . , _ 

from Stella's figures on the assumption that the only change involved is the 

combination, with pre-existing free K-ions, of the bicarbonate ions formed from 
the carbonic acid; it is quite inconsistent with the hypothesis that the K-ions 
are new ions drawn from some previously undissociated compound, which 
would require a value of 0-158. The experiments are difficult ones, and cannot 

be made very accurate; they involve moreover the assumption that the true 

metabolic rate of heat production is the same in CO2 as in N2; so far, however, 
as they go they favour the view that an acid artificially introduced into muscle 

produces a change of osmotic pressure corresponding to the number of its 
anions set free, drawing upon previously ionised buffers for the cations required. 
In any case it is clear that when acid ions are set free in muscle artificially the 
rise of osmotic pressure is not 2 . 8 times as great as that calculated from their 

concentration; hence, in the natural accumulation of lactic acid in fatigue, we 
cannot attribute the excessive osmotic change to a direct action of the acid, 
but must credit it rather to other causes associated with activity. 
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V. The Swelling of Muscle as the Result of Exercise. 

In a very careful study, 65 years ago, Ranke (1865) showed that in frogs 
with the circulation intact the water content of the muscles increased, and of 
the blood decreased, as the consequence of fatigue produced by violent strych- 
nine spasms. Great care was taken in the drying; the material was kept at 
100? C. for 48 hours, and then in a vacuum over calcium chloride for another 
24. His mean values were as follows:- 

Fresh muscles: solids, 19 6 p.c.; water, 80 4 p.c. 
Fatigued muscles: solids, 17 9 p.c.; water, 82-1 p.c. 

Assuming that the total solids of a given muscle were unaltered in amount, 
and that the change observed was due to absorption of water, we may calculate 
that as the result of fatigue 100 g. of muscle took up 9 5 g. of water from the 
blood and lymph. 

For blood he found: 

Resting animals: solids, 11.7 p.c.; water, 88 3 p.c. 
Fatigued animals: solids, 13 0 p.c.; water, 87-0 p.c. 

Assuming again that the total solids were unaltered and that the change 
observed was due to loss of water, we may calculate that 100 g. of blood lost 
10 g. of water, as the result of flowing through fatigued muscles. 

It is doubtful whether to-day these observations could be bettered, and they 
allow-with certain approximate assumptions-an interesting calculation to 
be made of the alteration of osmotic pressure occurring in muscles when 
exhausted. Let P be the initial osmotic pressure of muscle, AP the change 
produced by fatigue, assuming that no dilution occurs. Actually, however, 
100 g. of muscle, containing 77 g. of " free " water,* took up 9-5 g. of water, 
so reducing its osmotic pressure in the ratio of 77: 86 5. Hence the final 
osmotic pressure of the muscle was 77 (P + AP)/86.5. The blood was 

originally in equilibrium with the muscle, and had osmotic pressure P. Initially 
100 g. of blood contained 88-3 g. of water and (say) 87 g. of " free " water; 
10 g. of this was lost to the exhausted muscles; consequently the osmotic 

pressure rose in the ratio of 87: 77. Hence the final osmotic pressure of the 
blood was 87P 77. But in the end blood and muscle were again in osmotic 

equilibrium as they were initially, otherwise water would pass one way or the 
other. Hence 77 (P -- AP)/86 -5 = 87 P/77. Solving this equation we find 

AP/P = 0-27. 
* See the following paper. 
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In other words the osmotic pressure of the muscles was increased by 27 p.c. 
as the result of exhaustion. We realise that the assumptions involved are 

anything but exact; for example, lactic acid formed in the muscle diffuses 
into the blood, and not all the water in muscle is confined by semi-permeable 
membranes. Any errors, however, of this kind tend to make the calculated 
result too small, so that our conclusion may be restated in the form, the osmotic 

pressure of the muscles was increased by more (probably considerably more) than 

27 p.c. as the result of exhaustion. According to Moore (1916) the depression 
of freezing point of muscles is increased from 0.42? to 0.57? as the result of 

fatigue, i.e., by 36 p.c. According to the experiments recorded in this paper 
the depression of vapour pressure of muscles is increased by 50 p.c. as the result 

of exhaustion. Ranke's muscles were certainly not as fatigued as ours. It 

is striking how clearly these experiments of Ranke's made 65 years ago showed, 

almost quantitatively and with the simplest methods, the phenomenon dis- 

cussed in this paper. 
Various recent researches have been devoted to the same phenomenon, the 

swelling of muscles as the result of exercise. Barcroft and Kato (1915) stimu- 

lated the muscles of dogs in the body and found (a) an exudation of water 

from the blood vessels lasting for hours (shown by an excess of haemoglobin 
in the venous blood) ; (b) an increase of weight in the stimulated muscles (up 
to 21 p.c.) ; and (c) a decrease in the specific gravity of the muscles as the 

result of fatigue. Back, Cogan and Towers (1915) working with frogs with the 

brain pithed in front of the medulla found that a gastrocnemius, stimulated 

by induction shocks at 40 per minute for 15 minutes, gained 4-4 p.c. in weight 
in comparison with the unstimulated control. Such swelling indeed is an 

inevitable consequence of the rise of osmotic pressure associated with activityo 
What had not been realised was the magnitude of the osmotic change involved. 

Some of the well-known consequences of severe exercise in man, e.g., stiffness 

and swelling of the muscles, as Barcroft suggested, may be due to the large 

change of osmotic pressure accompanying fatigue. Such osmotic changes as 

occur in muscle as the result of severe exercise suddenly undertaken must be 

rapidly reflected in the blood, and it is hoped to pursue the matter further on 

this side by observations of the vapour pressure of human blood immediately 

after, and in recovery from, severe exercise of various kinds. 

Summary. 

1. The increment previously reported in the rate of heat production of a 

muscle at rest, following stimulation in nitrogen, is due entirely to a decrease 
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of vapour pressure resulting from anaerobic activity. It is caused by the slow 
*condensation of water, on its surface, from the Ringer's solution with which 
the muscle was previously in equilibrium. It disappears completely when the 

nitrogen is replaced by paraffin oil, in which the transfer of water vapour is 

impossible. It can be imitated in an unstimulated muscle by washing out the 
chamber with a more dilute solution, i.e., one of higher vapour pressure, by 
which a similar transfer of water to the muscle is set up. 

2. This change of vapour pressure is directly proportional to the chaige of 
osmotic pressure (or of molecular concentration) which causes it. The change 
of osmotic pressure set up in the fluids of a muscle stimulated anaerobically is 

nearly proportional to the amount of energy set free; the number of molecules 

(or ions) liberated increases rather more than in direct proportion to the 

energy. 
3. The change of osmotic pressure in a muscle stimulated anaerobically can 

be expressed in absolute units by means of an appropriate calibration. In a 

frog's sartorius muscle completely fatigued (lactic acid production 0 3 p.c.) 
the increase of osmotic pressure is the same as would be caused by the addition 
of 0 35 p.c. of NaC1 to Ringer's solution. 

4. The increase of osmotic pressure in the fluids of a stimulated muscle is 
about 2 8 times as great as would be exerted by the lactate ions produced, if 
dissolved in the " free " water of the muscle. It is * 8 times as great as would 
correspond to the lactate ions together with the creatine liberated by the 

breakdown of phosphagen. It is appreciably greater than can be accounted 
for by all the chemical changes at present known, or suspected, to occur in 
stimulated muscle. 

5. When an acid (carbonic) is added artificially to muscle, the increase of 
osmotic pressure corresponds approximately to the anions formed. The 
cations were free before combination with the acid. Hence, in the natural 
formation of lactic acid in fatigue, we cannot attribute the excessive osmotic 

change to a direct action of the acid, but must credit it to other catses associated 
with activity. 

6. The depression of vapour pressure of frog's blood has been measured. 
Its mean value is that of a 0-725 p.c. solution of NaCl. This, therefore, is the 

strength of the isotonic solution. 
7. The osmotic pressure of frogs' resting muscles, assumed to be isotonic 

with blood, can be almost exactly accounted for by assuming the known soluble 
constituents of muscle to be dissolved in its " free " water (see the following 
paper). There is no latitude for supposing that these constituents are not 
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dissolved. The osmotic pressure of fatigued muscles cannot be so accounted 
for. Presumably therefore some hitherto unrecognised substances are liberated 
as the result of activity. 

8. These excessive osmotic changes occurring during activity are the cause 
of the swelling and may be connected with the stiffness of muscles after severe 
exercise. 

We are much indebted to Mr. P. Eggleton for advice and information and to 
Prof. Otto Meyerhof and Mr. A. D. Ritchie for their criticism of an earlier 
draft of this paper. 
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I. Introduction. 

In the course of the investigation described in the preceding paper by Hill 
and Kupalov it became necessary to determine the amount of " free " water 
in muscle, i.e., the weight of water per gramme of muscle which is capable of 

dissolving in a normal manner (with the normal depression of vapour pressure) 
substances added to it. For many years, chiefly on the evidence of the experi- 
ments of Overton (1902), it has been commonly supposed that a large propor- 
tion of the water of muscle exists in some " bound " form, incapable of taking 

part in the osmotic changes which occur when the tissue is immersed in hypo- 
or hyper-tonic solutions. From the fact that a muscle swells to much less than 
twice its initial weight when immersed in a solution of half the initial osmotic 

pressure Overton concluded " dass nicht das gesammte im Muskel befindliche 
Wasser in der Form eines Losungsmittels enthalten sein kann." I have con- 
firmed Overton's experiments (see below) but believe that a very different 

explanation of them is necessary. 
Various other definitions of, and methods of determining, the " free " water 

of a solution (or a tissue) are possible, and these do not necessarily coincide 
with each other. Jensen and Fischer (1910) and Jensen (1912) determined 
the " bound " water by making cooling curves for muscles and calculating the 
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 dissolving in a normal manner (with the normal depression of vapour pressure)

 substances added to it. For many years, chiefly on the evidence of the experi-

 ments of Overton (1902), it has been commonly supposed that a large propor-
 tion of the water of muscle exists in some " bound " form, incapable of taking

 part in the osmotic changes which occur when the tissue is immersed in hypo-

 or hyper-tonic solutions. From the fact that a muscle swells to much less than
 twice its initial weight when immersed in a solution of half the initial osmotic

 pressure Overton concluded " dass nicht das gesammte im Muskel befindliche
 Wasser in der Form eines Losungsmittels enthalten sein kann." I have con-

 firmed Overton's experiments (see below) but believe that a very different
 explanation of them is necessary.

 Various other definitions of, and methods of determining, the " free " water
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 heat absorbed from the areas of these curves. A comparison of the results
 with those obtained with solutions of NaCI was believed to allow a calculation

 of the " bound" water. In fresh muscle they found 4 p.c. of the total water
 to be "bound," in muscle killed by freezing and thawing 14 to 17 p.c., in
 muscle heated to 100? C. 22 p.c.

 A very obvious objection was raised by Rubner (1922), viz., that thermal
 conduction may be quite different in muscle and in solutions of NaCl. Rubner

 proposed an alternative method based on the same general idea, viz., that
 " bound " water may be defined as that which cannot be frozen out by cooling

 the tissue to such temperatures as - 20? C. The material to be investigated
 was cooled to a low temperature for two hours and then dropped into a water

 calorimeter, the heat required to melt it being measured. He found that
 1 gramme of dry substance was associated with the following amounts of
 "bound" water :

 Egg-white ...................... 0-33 g.
 Blood corpuscles .............. 0-63 g.
 Elastic tissue .................. 0 44 g.
 Blood vessels .................. 0 45 g.
 Beef muscle (dead) ............ 0-76 g.
 Beef heart-muscle (dead) ........ 0-64 g.
 Frog's muscle (alive) ......... 0 *90 g.

 The frog's muscle was cooled to - 18? C. and 100 g. of muscle contained 61 7 g.

 of " free " water (mean of 11 observations); similar muscle contained 79 8 p.c.
 of total water.

 Rubner's method also is not free froa possible objection :-

 (i) It assumes that the "( bound " water is the same at - 20? C. as at the
 ordinary temperatures in which we are interested; the "binding " of
 water by a hydrophilic colloid is likely to be an exothermic reaction,
 in which case it might proceed appreciably further at a low temperature

 than at a high.

 (ii) It assumes that no reactions other than the melting of ice occur when
 the temperature rises.

 (iii) The specific heats of the solid constituents of muscle may not be very
 accurately known, or the heats of their solution negligible. It is
 possible, moreover, that water prevented from freezing by association

 with hydrophilic colloids may nevertheless be capable of dissolving
 substances present in the tissue.
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 Rubner's method was employed by Thoenes (1925). The latter found in a
 gelatin jelly about 2 g. of water " bound " by each 1 g. of dry material; in
 agar jelly about 4 g. In the muscles of young animals he found about 2 g.
 of " bound " water per 1 g. of dry substance, in those of old animals about
 1 g. The muscles were frozen and thawed, and after passing into rigor were

 frozen again and the heat of thawing measured. " Auf diesem Wege," he
 claimed, " gelingt der Nachweis einer Anderung der Wasserbindung in Zu-
 stande der Starre mit gr6sserer Sicherheit."

 Robinson (1928) applied the same method to investigating the hardiness

 of insects exposed to low temperatures during winter. In some insects as
 much as one-half of the water they contain may be " bound," in the sense that

 it is not frozen by cooling to - 20? C. In hardy insects (Promothea) exposed

 to low temperatures the proportion of water " bound" may increase from
 about 8 p.c. at the start to over 40 p.c. after two or three weeks' exposure.
 The method employed by Thoenes and by Robinson is discussed in detail by
 Gortner (1929).

 Another definition of, and another method of determining, the "free
 water were suggested by Newton and Gortner (1922), who added a known

 amount of cane sugar to expressed plant juice and measured the resulting
 depression of freezing point. By comparing this with the depression caused
 by adding the same amount of sugar to an amount of water equal to the total

 quantity contained in the juice, they were able to show that an appreciable
 fraction of the water was " bound," in the sense that it took no part in the

 solution of the cane sugar. In one case in which the solids made up 0 178 g.
 per 1 g. of juice, of the total water (0 822 g.) 0 130 g. was found to be " bound."

 Newton (referred to by Gortner (1929)) has employed the same method of

 studying the state of water in the sap of winter wheat, in drought-resistant

 crops, and in the press juice of grasses. The method is of general application,

 and similar in principle to the one employed in the present investigation.

 It requires, however, greater quantities of fluid, and for accuracy apparently
 greater concentrations of solute, and it is open to the possible objection that
 at ordinary temperatures the amount of water " bound " may be less than at

 the freezing point. A similar method was used by Straub (1927) in his investi-
 gations of milk.

 Another method depends upon the fact that a soluble substance which is

 capable of penetrating the cells of a tissue will finally attain equality of concen-
 tration in the water of an external solution and in the " free " water of the

 tissue. A quantitative determination of the amount of the substance in
 VOL. CVL.-.... B. 2 M
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 question present in 1 g. of the tissue, when in diffusion equilibrium with a given

 external concentration, allows an estimate to be made of the " free " water.

 This method, suggested by P. Eggleton and t1. V. Horton, was applied by
 them to the case of urea distributing itself between Ringer's solution and

 muscle; their results they have kindly allowed me to report here. Not many

 substances, however, if any, are really suitable for the purpose: (a) They
 must be capable of penetrating the tissue rapidly and completely; (b) they
 must not be dissolved in, or adsorbed by the solid material of the tissue-
 (a) and (b) are an unusual combination of properties; (c) they must be in the

 same physical state in the solution as in the tissue-CO2 is inadmissible because

 it produces HCO3 ions in a buffered medium; (d) they must be susceptible of

 accurate quantitative estimation; (e) they must be non-electrolytes, otherwise

 the assumed equality of concentration will be prevented by the Donnan
 membrane effect.

 An analogous method, however, can be employed if pieces of tissue are
 available which are small enough to allow water to redistribute itself in a
 reasonable time between them and a small quantity of solution in which they

 are immersed. Imagine, for example, that four small muscles are soaked for

 some time in normal oxygenated Ringer's solution (R). Let them be carefully

 blotted and weighed, and let their weight be (say) 1 g. Let them be mixed
 with a small weighed quantity of a solution, containing the constituents of

 Ringer's fluid in twice the normal concentration (2R); let the amount of
 water in this 2R solution be 0 8 g. Let the muscles and the solution be stirred

 together for (say) 16 hours in a stoppered tube containing oxygen; in that time

 the osmotic pressures of muscles and solution will have been equalised by the
 diffusion of salt inwards and of water outwards. Let the depression of vapour

 pressure of the solution be equal finally (say) to that of a solution 1.5R. By
 water passing out and by salts passing in, therefore, the osmotic pressure of
 the muscle has risen 50 p.c., while that of the solution has fallen 50 p.c. This

 can only be the case if the " free " water of the original muscle was the same
 in amount as the water of the original solution; hence the " free " water of
 the muscle in this case was 0 8 g.

 We have taken a simple case for purposes of illustration, but the method is

 general and requires no substance of peculiar properties as its basis. The only
 special requirement is an accurate means of measuring the depression of vapour

 pressure of a small amount of solution. This is available in the thermal
 method recently described (Hill, 1930) and referred to in the preceding paper

 The practicability of the method as applied to muscles was not realised at

 480
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 first; blood, therefore, and solutions of casein and egg-white, were first studied,

 and their " free " water determined, in the hope that the results might throw

 light upon the analogous problem of muscle. The method used was to add
 various soluble substances to the solution in question and to compare the

 depression of vapour pressure caused thereby with that due to adding the same

 amount of the substance to a known amount of salt solution. For example,
 let us add 1 g. of cane sugar to 10 g. of blood and measure the difference of

 vapour pressure between the resulting solution and the original blood; let
 this difference be 125 (arbitrary) units. Let us now add 1 g. of cane sugar
 to 10 1 g. of 1 p.c. NaCl solution (containing 10 g. of water) and measure the

 difference of vapour pressure between the resulting solution and the original
 1 p.c. NaCl; let this difference be 100 units. It is clear then that the " free "

 water in the 10 g. of blood is 100/125 of that in the 10-1 g. of NaCl solution;
 it is 8 g. Various substances, and in various concentrations, have been added

 to the solutions in question, and the results are described in subsequent
 sections.

 II. The State of Water in Blood.

 Mammalian blood contains about the same relative amount of water as

 amphibian muscle, viz., 80 g. of H20 per 100 g. of blood. Its chief protein,
 moreover, haemoglobin, is an efficient buffer, being the ionised alkali salt of a

 weak acid, the undissociated protein being formed when a stronger acid is
 added :-

 K+ +- Hb- + H+ A- - K+ +- A- + HHb.

 In both respects blood, regarded as a physico-chemical system, is similar to

 muscle. Its hydrogen ion concentration is about the same. Very precise
 data are available as to the chemical constitution of normal mammalian blood;

 its freezing point (- 0 56 to - 0 57? C.) is accurately known, and experience
 has demonstrated that " mammalian Ringer-Locke's solution " of the same
 freezing point is isotonic, at any rate approximately, with the tissues which

 were previously in equilibrium with the blood. It is instructive, therefore, to

 calculate the sum of the molal concentrations (gramme-molecules per 1000 g.
 of water) of the constituents of blood, and to compare this sum with the molal
 concentration of a NaCl solution which is known to be isotonic with the blood.

 Abderhalden's (1898) analyses of the blood of two cattle, two sheep, two
 horses, two dogs, one goat, one pig, one rabbit and one cat, allow the following

 mean values to be calculated. It is realised that by taking the mean of his
 12 values for each constituent we obtain a result which is true in detail for no

 2 M 2
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 particular animal; since, however, our only object is to find the sum of the

 molal concentrations for mammalian blood, no error is introduced by taking
 the mean, and the result is more accurate.

 Table I.--Mean Values calculated from Abderhalden's Data for Mammalian

 Blood.

 Substance. g. to 100 g. g. to 100 g. Molal Remarks blood. H20. concentration.

 HIO ............ 802 -
 Hb ............... 12-5 15-6 0-0023 Molecular weight assumed 67000

 (Adair (1925), (1928)).
 Sugar ............ 00790 0.0980 0-0054
 Na ................ 0-2460 03060 0-1331
 K ................ 0-0790 0-0980 00252

 Ca ................ 0-0044 0-0055 0.0010 Assumed 70 p.c. as free Ca ions.
 Mg ................ 0-0031 0-0039( 0-0016
 C1 ................ 02890 0-3604 ' 1015 -
 Total P ........ 0-0314 00392 0.0088 See note.

 SuIr .... 0-2789

 Note.-The molal conceintration for total P assumes that the number of dissolved molecules
 containing phosphorus is 70 p.c. of the number of phosphorus atoms. According to private
 information from Mr. P. Eggleton the phosphorus distribution in blood is approximately as
 follows, expressed as mg. P. per 100 g. blood. Inorganic phosphate, 4-i; pyrophosphate, 2?;
 adenylic acid, 12; hexosemonophosphate, 1 -; hexose diphosphate, 4; the remaining phos-
 phorus being present in lipins, probably not dissolved.

 Abderhalden's list, however, although it makes up nearly 87 p.c. of the sum

 of the molal concentrations, must be supplemented by the following, data for

 which have been obtained, in consultation with Mr. P. Eggleton, from various
 sources.

 Table II.-Constituents of Mammalian Blood.

 Concentration Molal Substance. Remarks. assumed. concentration.

 Protein other than Hb One-third of the value for 0.0008 A rough estimate, but
 Hlb the value is practically

 negligible in any case.
 Bicarbonate .............. 50 c.c. combined CO2 per 0-0280

 100 g. blood
 Lactate ........................ 16 mg. per 100 g. blood ...., 0-0022
 SO ................................ .... .... .... .... 0 0003
 Urea ............................ 0 030 p.c. in blood ............ 0-0062
 Amino acids ............ 0 006 p.c. N in blood ........ 0-0053 One N atom assumed to

 each molecule.

 Creatine ........................ 0 007 p.c. in blood ............ 0-0006
 Creatinine .................... 0O001 p.c. in blood ............ 00001
 Uric acid........................ 0 002 p.c. in blood ............ 00002 -

 Sum ........................ 0-0437
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 The sum, therefore, of the molal concentrations of all constituents, obtained

 by adding the results of Tables I and II, is 0(3226. This is equal to the sum
 of the molal concentrations of the ions of a 0 1613 molal NaC1 solution, which

 is 0-943 g.* in 100 g. HIO. Mammalian Ringer-Locke's solution, as given by
 Bayliss (1924, p. 211.), is isotonic with 0-971 g. NaCl in 100 g. 1H2O, while the

 freezing point of human blood corresponds to 0-96 g. NaC1 in 100 g. 20O.
 If we assume that about 2 p.c. of the water of blood is bound by the protein,

 the remaining 98 p.c. being free to dissolve the constituents of blood in a
 normal manner, then the sum of the molal concentrations of the constituents

 of blood agrees exactly with the observed freezing point, and very closely with

 the usual constitution of mammalian Ringer-Locke's solution. It seems
 probable (i) that the water of blood is almost entirely " free," in the sense of

 being able to dissolve chemical substances in a normal manner, and (ii) that
 the constituents of blood are to be regarded( as normally dissolved, and as
 exerting their normal, osmotic pressures, in the water of the blood.

 This conclusion has been tested exper:imentally by finding the depression of

 vapour pressure ca-sed by adding various slublstances to blood, and comparing
 this with the depression of vapour pressure causedt by adding the same sub-

 stances in similar amounts to a 1 p.c. NaCl solution. The depression of vapour
 pressure has been reckoned in both cases per gramme of substance added to

 100 grammes of water, the water content of the blood being measured by drying

 to a constant weight on a water bath at 100)? (. lesults have been expressed
 in terms of the ratio :-

 (Vapour pressure depression caused by adding 1 g. of solute to 100 g. of water
 in 1 p.c. NaCl solution)

 (Vapour pressure depression caused by adding 1 g. of solute to 100 g. of water
 in blood).

 If the ratio be unity we conclude that the whole of the water of blood is
 free to dissolve in a normal manner chemical substances added to it. If the

 ratio be less than unity we must conclude that some of the water of blood is

 bound by the colloidal or other bodies there present, and so is unable to assist

 in the solution. If it be greater than unity we must assume that the substance

 added is somehow removed from free solution by the presence of other bodies,

 e.g., by surface adsorption, or by " solution " in or combination with the protein
 or lipins.

 * [Added in proof.-This is almost precisely the mean value for the NaCl solution
 which has the same vapour pressure as human blood exposed to 5 per cent. CO2, as
 found by Margaria in recent experiments here.]
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 A further test can be applied by adding to blood, not chemical bodies as
 described above but water. If we regard as fixed the total number of ions or
 molecules present in a given amount of blood, and add water to it, the depression

 of vapour pressure observed at any stage should be inversely proportional to

 the total volume of " free " water present at that stage. It is found by experi-

 ment that the reciprocal of the difference of vapour pressure between water
 and a mixture of blood and water is a linear function of the amount of water

 added to a given amount of blood. This is an expression of the relation, true
 for dilute solutions, PV = a constant, P being the total osmotic pressure of
 all the dissolved constituents and V the volume of water in the solution. By

 plotting the relation between 1/P and V and extrapolating it backwards to the

 axis of V it is possible to determine the amount of " free " water in the
 original blood. The results so obtained agree with those found by the
 previous method.

 The depression of the vapour pressure of a solution below that of pure water,

 or the difference of vapour pressure between two solutions, was measured by

 the thermal method described recently (Hill, 1930). Two similar pieces of

 filter paper dipped in the two fluids and allowed for a few moments to drain

 are placed on the two opposite faces of a symmetrical thermopile. The instru-

 ment is mounted in a moist chamber and placed in a thermostat. The tempera-

 ture of the present observations was 20 25? C. The difference between the
 rates of evaporation of the two fluids is proportional to the difference between

 their vapour pressures ; the former causes a difference of temperature between

 the two faces, which becomes steady in 30 to 45 minutes; this may be used
 as a measure of the latter. Thus the difference of vapour pressure required is

 directly proportional to the electromotive force developed in the thermopile,

 as read by a potentiometer and a sensitive galvanometer, and can be expressed

 in absolute units by calibrating the apparatus with solutions of known vapour

 pressure, e.g., of cane sugar, NaC1 or KC1. With the instrument hitherto
 employed,* if the difference to be observed was not too small, the average error

 of a single reading was about 1-1 p.c. The sensitivity was such that the
 difference of vapour pressure between water and 1 p.c. NaCI solution gave a
 deflection of about 1200 mm. on the galvanometer scale.

 Defibrinated slaughter-house blood was used. In some cases this was
 centrifuged and the corpuscles alone employed. It appeared to make no

 * [Added in proof.-In Dr. Margaria's hands the same instrument, and other similar
 ones, employed with human blood are considerably more accurate than originally
 claimed.]
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 difference whether the blood was laked or not. If cane sugar, for example,
 be added to intact blood, water is immediately withdrawn from the corpuscles

 in amount sufficient to make the osmotic pressure of the external fluid equal

 to that of the internal; the rise of osmotic pressure is the same as if
 the corpuscular envelope were absent. This would not be the case were
 the osmotic pressure normally existing inside the red cells different from
 that of the serum. The absence of such a difference was demonstrated as

 follows.

 A mass of centrifuged corpuscles was carefully oxygenated and separated
 into two parts, each being placed in a stoppered bottle. One part was laked,
 without exposure, by freezing to about - 15? C. and thawing. The difference
 of vapour pressure between the two fluids, laked and unlaked, was then measured

 and found to be negligible. In this respect, at any rate, a true equilibrium
 appears to exist across the corpuscular membrane.

 Various substances have been added to blood, or to blood corpuscles:
 NaC1, KC1, CaClZ, cane sugar, urea, creatine, succinic acid, lactic acid, and

 water. In the case of the acids, in order to avoid if possible any error due to

 driving out carbon dioxide, the blood was shaken previously at 38? C. for half

 an hour, with continual changes of air. The lactic acid was prepared for me
 free from lactide by Mr. P. Eggleton.

 In addition to the experiments given in Table III below, three series of

 experiments were performed in which water was added to blood corpuscles
 in varying amounts, and the free water content computed from the relation
 between observed vapour pressure depression and amount of water added.

 In these three series the ratio (free water)/(total water) had the following
 values :- 093, 0 92, 1-00; mean 095.

 We see that for NaC1, KCI and cane sugar, substances which are incapable of

 penetrating living tissues in their normal state, the ratio is about unity, having

 a mean value of 0 97. The addition of water led to almost exactly the same
 number, viz., 0-95. For CaC12 in a single experiment the value was rather
 greater, 1*06, but we should expect a certain amount of the calcium to be
 precipitated. Urea and creatine gave a greater number, the mean value
 being 1 17. It will be seen later that in casein solutions and in egg white the
 ratio for urea is not far from unity. In blood, therefore, the lower value is

 probably due to the removal of part of the urea from solution, perhaps by
 adsorption to, or combination with, the colloidal material or the lipins present;

 urea is singularly capable of penetrating living cells, which is probably a sign
 of its readiness to be combined or adsorbed. Succinic acid and lactic acid

 485

This content downloaded from 194.85.234.6 on Fri, 15 Dec 2017 09:06:46 UTC
All use subject to http://about.jstor.org/terms



 A. V. Hill.

 Table III.

 The ratio given is B/A where A -= the depression of vapour pressure caused by adding
 1 g. of the substance in question to 100 g. of total water in blood, and B == the depression
 of vapour pressure caused by adding the same quantity of the substance to 100 g. of water
 in a NaC1 solution containing 1 g. of NaC1 in 100 g. of water. For a substance which is not
 adsorbed B/A is a measure of the ratio, " free " water/total water. The total water in
 the blood was determined by drying at 100? C. on a water bath.

 Fluid. p.c. . 11 Substance added. g. to 100 g. g- to 100 g- I atio B/A.

 Blood ................ 785 NaC ........................... 1 03 1-313 0-99
 Blood ............... 825 NaC .......................... 2 0-25 0-303 0-95
 Corpuscles ........ 70-2 NaCI ........................... 0283 0.404 0.955
 Blood ............. 825 KC1 ............................ 0-40 0-485 0-93

 Corpuscles ........ 71-1 KC1 ............................ 4-50 6 33 0.97
 Blood ................ 785 Cane sugar ................ 10-70 13-63 1.02
 Blood ............... 82-5 Cane sugar ................ 2-50 3-03 1-02
 Corpuscles ........ 70.2 Cane sugar ................ 2-50 3 57 0-94
 Blood ................ 82-5 CaC1 ............................ 0 40 0-485 1.06
 Blood ............... 78-5 Urea ........... ..... .......... 2-00 2-55 1-13
 Blood ............... 78. 5 Urea ............................ 0-50 1 0 637 124
 Corpuscles 7.. 0 Urea ............................ 0-513 0.723 1.11
 Corpuscles ........ 71-0 Urea ........................... 035 0.500 1-18
 Corpuscles ........ 71 1 Urea ........................... 7-1]38 10 035 1.09
 Corpuscles ........ 70-1 Creatine .................... 0.80 1.140 1.25
 Blood ................ 78-5 Succinic acid................ 0.98 1-248 1-70
 Blood ................ 78-5 Succinic acid ............... 0-49 0-624 208
 Blood ................ 78-5 Lactic acid ................ 0455 0- 580 1-34
 Blood ................ 78-5 Lactic acid ................ 0-321 0-410 1 24
 Blood ................ 78-5 Lactic acid ............... 0-317 0-403 1-24
 Blood ................ 78-5 Lactic acid ................ 0228 0.289 1-39

 Corpuscles ........ 71-8 Lactic acid ................ 0201 0280 132
 Corpuscles ...... 71-8 Lactic acid ................ 0248 0 345 1-35

 also gave a greater number; for the latter the mean value was 1 31.
 value is partly due to two factors :-

 This low

 (a) In the solution of the acid in unbuffered NaCl solution a certain small
 degree of ionisation occurs; the effect of the H-ions is added to that
 of the lactate (or succinate) ions, consequently the numerator of the
 ratio is rather too large. In the solution of the acid in blood, however,

 the powerful buffering prevents any appreciable quantity of hydrogen

 ions from appearing. The total effect, however, is not great. To
 allow for it might decrease the ratio to 1 25.

 (b) A small amount of bicarbonate remaining in the blood may have been
 broken up by the acid, and CO2 driven off. For such lactate ions as
 simply replaced bicarbonate ions no vapour pressure change at all
 would be registered; consequently the ratio would be lowered. No
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 reasonable estimate, however, of the C02 driven off will account for all

 the effect observed; it is more likely that a certain amount of the lactic

 or succinic acid is adsorbed, or removed from solution, in the same way

 as urea and creatine appear to be.

 On the evidence, therefore, of the results obtained by adding NaCl, KC1,
 cane sugar and water, we may conclude that nearly the whole of the water of
 blood, say, 97 p.c. of it, is free to exert its normal behaviour as a solvent. This

 agrees with the deduction made above from the analyses and the observed
 freezing point. Some substances, however, such as urea and creatine, and
 probably lactic and succinic acids, fail to exert their full effect on the vapour

 pressure owing to a slight degree of adsorption on, or combination with, the

 colloidal constituents or the lipins of the blood. It would, of course, be
 possible to argue that some of the NaCi, KC1, or cane sugar also is adsorbed,

 the effect being exactly compensated by the demobilisation (qua solvent) of

 part of the water. It is not easy, however, in that case to explain the fact
 that the addition of water leads to the same value of the ratio as the addition

 of any of these three bodies. It is much simpler to suppose that nearly all the

 water is free and that these substances are normally dissolved in it. This
 view is confirmed by the experiments on casein solutions, on egg yolk and on
 egg white to be described next.

 III. The State of Water in Protein Solutions.

 The method described above for the case of blood was applied with little

 change to (a) a strong solution of casein in N/10 NaOH, (b) egg-white concen-
 trated by evaporation, and (c) egg-yolk. The total water content was deter-

 mined by drying at 100? C. on a water bath and finally at 110? C. in an oven.

 The stronger casein solutions were very viscous. The strips of filter paper,
 therefore, were left in them for some time to become properly moistened.
 They were then removed and laid on a glass plate, and the excess of solution

 was rapidly cleaned off with a pair of forceps and a wire. In spite of the
 difficulty in manipulation, apparently very reliable results were obtained.

 The egg-white was left in a vacuum desiccator for three days over calcium
 chloride. In that time half the water evaporated and the depression of vapour
 pressure was doubled.

 From Table IV we see that for casein solutions and egg-white the mean value
 of the ratio "free" water/total water for all substances added is 0 98.

 Apparently, therefore, at room temperature only about 2 p.c. of the water is
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 lTable IV.

 Change of vapour pressure due to adding various substances to caseinl solution, egg
 white and egg yolk. The ratio given is B/A, where A = the depression of vapour pressure
 caused by adding 1 g. of the substance in question to 100 g. of water in the solution investi-
 gated, and B = the depression of vapour pressure caused by adding the same quantity of
 the substance to 100 g. of water in a 1 p.c. NaCI solution. For a substance which is not
 adsorbed B/A is a measure of the ratio, " free " water/total water.

 Fluid. p.c. 120. Substance g. to 100 g. latio B/A. pc. Ho. added. g. to 100 g. 4o.

 Casein solution ........ 85-2 NaCI .................... 0-803 0-942 0 94
 Casein solution ........ 852 Urea .................... 1946 2284 1 00
 Casein solution ........ 852 KC .................... 1034 1.213 0 97

 Casein solution ........ 85 2 Cane sugar ........ 8-22 9-65 0.97
 Casein solution ........ 83-1 NaJC1 ............... 0.826 0 994 1.00
 Casein solution ........ 83-1 Urea .................... 1616 1945 1 06
 Casein solution ........ 831 KC1 .................... 0-889 1.070 0(92
 Casein solution ........ 81 3 NaC1 .................... 2-84 3-49 0- 99
 Casein solution ........ 80 56 NaC1 .................... 1.95 2.424 0.98
 Egg white ................ 78-7 KC1 .................... 212 2-70 0.98
 Egg white ................ 78-7 Cane sugar ........ 1.412 17-95 0 94
 Egg white ................ 787 Urea .................... 283 3 60 1 01
 Egg yolk ................ 47-0 KC1 .................... 1189 253 085

 " bound." In the single experiment on egg yolk there was about 15 p.c.
 of water " bound " by 53 p.c. of solid. The two protein solutions, therefore,

 give practically the same result as blood, in which we concluded that only
 about 3 p.c. of the water is " bound " by the solid constituents.

 IV. The State of Water in Muscle.

 (a) The Solution of Urea in Muscle.-The following experiments were sug-
 gested and carried out by Mr. P. Eggleton and Mr. H. V. Horton, who have
 kindly allowed me to report the results. One, two, or three sartorius muscles,

 from large Hungarian frogs, were soaked for about 4 hours in a small quantity

 of Ringer's solution containing initially 0 14 p.c. urea. Each sartorius weighed

 about 250 mg. and the weight of solution employed was about twice that of
 the muscles. The opposite muscles from the same animals were similarly
 soaked in Ringer's solution without urea. Urea was chosen (a) owing to the
 extreme readiness with which it penetrates the tissues; a comparison of the

 results obtained after 3 and 5 hours' soaking showed that diffusion was complete

 in the shorter time, so 4 hours' soaking was taken as standard; (b) because it

 is not known to react in any way with the constituents of muscle; and (c)
 because the amount of it in the solution can be measured with considerable
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 accuracy as total nitrogen. The muscles were weighed before and after soaking;

 no important change of weight occurred. A measurement of the total nitrogen

 was made four times in every experiment, once each on the two solutions
 before soaking, once each after soaking. From the results the quantity of
 urea which had disappeared from the solution was calculated; assuming that
 it was dissolved in the " free " water of the muscle, attaining there a concen-

 tration equal to that in the fluid outside, the quantity of " free " water in the

 muscle was computed and expressed as a fraction of the weight of the muscle.
 The results are given in Table V.

 Table V.

 " Free " water of frog's muscle, calculated from the distribution of urea between muscle
 and external solution, and expressed as a percentage of the weight of the muscle. The
 number in brackets after each result is a weighting factor, depending partly upon the
 quantity of material used, partly upon an estimate by the observers of the general relia-
 bility of the experiment.

 74 (1); 75i (1); 67 (1); 91 (1); 90 (1); 83-- (2); 79 (3).

 Weighted mean = 80.

 Accepting the assumptions made in the calculation the mean value corre-

 sponds to a quantity of " free " water equal to 80 p.c. of the weight of the
 muscle, equal, that is to say, to the total water; apparently none of the water

 of muscle is " bound " by the solids. It is true that the same result might
 have been found if part of the water were " bound," and a corresponding part of

 the urea adsorbed. If urea be added to blood a small fraction of it-as shown,

 above-does not go into solution in the water of blood; in egg--white and casein

 solutions, however, the whole of the added urea is apparently simply dis-
 solved. The urea experiments, therefore, cannot be regarded as a final proof
 that all, or nearly all, the water of muscle is " free "; they have been confirmed,

 however, by those to be described in the next section, which involved a different

 procedure and different substances.

 (b) The " Free " Water of Muscle determined by Vapour Pressure Measure-
 ments.-Two methods have been employed to determine the " free " water

 of muscle, the " single " and the " differential." Both are applicable to the
 case of a resting muscle; for muscles fatigued or in rigor, however, the latter
 only can be used.

 In the ' single " method several small muscles (preferably the gastrocnemii

 and the vasti interni (Marshall) of one or two small frogs, which can be prepared
 practically without injury) were first soaked for several hours in normal
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 oxygenated Ringer's solution (R), isotonic-see the preceding paper by Hill

 and Kupalov-with 0 * 703 p.c. NaC1. Since, apart from CO2, the muscles were
 already practically isotonic with this solution, 5 or 6 hours of soaking should

 bring them fairly accurately into equilibrium with it. They were then with-
 drawn one by one from the solution, freed from all adherent fluid by rapidly

 blotting with filter paper, and dropped into a weighed glass tube of capacity
 about 10 c.c. When the muscles were all in the tube the whole was weighed,

 and so the weight of the muscles obtained to the nearest 1 mg.

 To the muscles in the tube was now added an accurately weighed amount of

 Ringer's solution of twice the normal strength (2R), which is isotonic with
 1-406 p.c. NaCl. It can be shown mathematically that the method is most
 sensitive and accurate when the quantity of 2R-solution added contains an
 amount of water equal to the amount of " free " water in the muscles. Since

 the latter is about 80 p.c. of their weight it has proved convenient in practice

 to add a quantity of 2R-solution containing an amount of water precisely
 equal to 80 p.c. of the weight of the muscles. The tube was then filled with
 oxygen and stoppered, and the muscles and the 2R-solution were left 15 to
 20 hours, so as to come into diffusion equilibrium with one another; during

 that time the tube was kept slowly revolving so as to ensure adequate mixing.
 The final result was that muscles and solution attained an osmotic pressure

 about equal to that of 1.5R. The muscles weighed finally 10 to 20 p.c. less
 than they did at the start, but were usually in excellent condition and very
 excitable.

 It is essential that a sufficient period should be allowed for equilibrium to be

 attained; see the last section of this paper; with muscles of 0 2 to 0 3 g. it
 is best to leave the tube rotating during the night and to complete the observa-

 tions next day. If sufficient time be not allowed the osmotic withdrawal of
 water from the muscles will not be complete, the osmotic pressure of the solu-

 tion will be too high, and the " free " water of the muscle calculated from it
 too low. It is not advisable to use muscles weighing more than 0 3 g., other-

 wise the time required for osmotic equilibrium to be attained (which for muscles

 of similar shape varies as the 2/3 power of the weight) will be so great that the

 muscles may have depreciated; moreover there is the difficulty of an adequate

 supply of oxygen to the interior (Hill, 1928) if the muscles be too large. The
 process of equilibration consists partly of a diffusion of water from the muscle

 into the solution outside, and partly (so far as semi-permeable membranes
 allow) of a diffusion of salt from the solution into the muscle. It is impossible

 to imagine a difference of osmotic pressure to exist between two different parts
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 of the system once equilibrium has been attained, for the membranes involved

 are far too thin to be able to stand any considerable mechanical stress.

 After 15 to 20 hours mixing the tube was opened, the muscles removed, and

 the difference of vapour pressure measured between the fluid left in the tube

 and the original Ringer's solution (R). Two or three readings of this vapour
 pressure difference were generally made, and on the same day the apparatus
 was calibrated with the solutions R and 2R on its two faces. To take an

 example, 2 g. of muscle after equilibration with R was mixed with an amount of

 2R containing 1 * 6 g. of water. After 18 hours mixing the final vapour pressure

 difference between the fluid in the tube and the solution R was 127 (arbitrary

 units). On the same day the vapour pressure difference between R and 2R
 gave 249 units. Thus the final osmotic pressure of the mixture in the tube was

 the same as that of a solution (1 + -k-2 ,) R = 1 51 R.

 We may argue as follows, if x be the amount of " free " water per 1 g. of
 muscle :-

 (x X weight of muscles) R - (weight of water in 2R added) 2R

 = (x X weight of muscles -- weight of water in 2R added) 1 511R.

 This merely expresses the fact that when equilibrium has been attained the

 dissolved substances originally present (a) in the muscle at osmotic pressure R,
 and (b) in the fluid added at osmotic pressure 2R, have been redistributed to

 give a uniform osmotic pressure (observed) 1.51R. Hence

 1 - 0.51 weight of water in 2R added X --- - X
 0-51 weight of muscles

 0.49 X 0 8/0-51- 0-77.

 Therefore 1 g. of muscle contained 0 77 g. of " free " water.
 The first six experiments of Table VI were made by this method. It is

 valid so long as the condition of the muscle may be assumed to remain constant

 during equilibration with 2R. It cannot be applied when the initial osmotic

 pressure is not accurately known (as in fatigue) or when the osmotic pressure

 alters of itself during equilibration (as when anaerobic conditions are necessary,

 in order to prevent recovery). In such cases the " differential " method must

 be employed, in which an unknown initial osmotic pressure or progressive
 osmotic changes during equilibration are automatically allowed for.

 In the " differential " method the muscles were divided into two lots, those

 from the right leg of an animal being allotted to one, those from the left leg

 to the other. The procedure was much as before, except that twice as many
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 frogs and two tubes-instead of one-were used. In one tube (A) was placed
 one lot of muscles together with a weighed quantity of Ringer's solution (R),
 containing an amount of water equal to 0 8 of the weight of the muscles. In

 the other tube (B) was placed the other lot of muscles, together with a weighed

 quantity of 2R-solution containing the same relative quantity of water. After

 prolonged equilibration the vapour pressure difference was measured between

 the fluids in tubes A and B, and expressed as a fraction f of that between R

 and 2R. As before, if x be the quantity of " free " water in 1 g. of the original
 muscles, it can be shown that

 1 - f weight of water in 2R added
 f weight of muscles

 There are several advantages in the " differential" method:--

 (a) A preliminary soaking in R-solution is unnecessary; the initial osmotic

 pressure of the muscles need not be known, all that is necessary is that it
 should be the same in both lots.

 (b) Changes occurring in the muscles during the prolonged second equili-
 bration, which would be fatal in the first method, balance out exactly in the

 second, since they affect the contents of tubes (A) and (B) alike.

 (c) If the muscles be first equilibrated with R-solution, and if a further
 observation be made of the difference of vapour pressure between R and the
 contents of tube (A), we can calculate not only the " free " water of the muscles

 but the increase of their osmotic pressure, resulting (say) from fatigue or heat

 rigor. If, for example, the final difference of vapour pressure between R and
 the contents of tube (A), expressed as a fraction of that between R and 2R,

 be f', the rise of osmotic pressure in the contents of tube (A) must be equal to
 that of a solution3f'R. Let us suppose the osmotic change in question to have
 occurred in the muscle alone, and not to have been shared with the fluid around

 it; then the rise of osmotic pressure would have been greater in the ratio

 total " free " water in tube

 (' free " water in mluscle

 which can be shown to lead to the simple expression,

 Rise of osmotic pressure in muscle = that of a solutionf'R/(l -f).

 In a few experiments, instead of using 2R as the test solution, a solution of
 urea in Ringer's fluid was employed. This gave very consistent and accurate
 results, the muscles being in excellent condition after prolonged soaking even
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 in fairly strong solutions. The value, however, of the " free " water found by

 the use of urea tended to be rather higher than by that of the solution 2R, and
 it was recalled that in blood-see Table III above--values for the " free " water

 obtained with urea were slightly, but definitely, too high. Urea is a peculiar

 substance, its extreme ability to penetrate living cells may well imply a high

 solubility in the lipins of the tissue, or a great liability to adsorption; and if

 some of the urea in the test fluid were removed from free solution by adsorp-

 tion or otherwise it would appear as if the " free " water of the tissue were

 greater than it really is. Hence, although the results were in good agreement
 with those of Eggleton and Horton described above, and although the method

 employing urea seemed to work so well, it was thought wiser to avoid its use
 for fear of introducing a small constant error. There is little danger of this

 with the 2R-solution, the chief constituent of which is NaCl, a substance very
 unlikely not to remain in free solution.

 In Table VI are given the results for resting muscles, every experiment made

 Table VI.-Experiments to determine the " free " water of resting muscles,
 made with Ringer's solution of twice normal strength (2R).

 D = "differential" method; S = " single " method; v = very; g = good ; p - poor.

 The weighting factor is adjusted to take account (a) of the final state of the muscles as
 determined by stimulation, and (b) of the general reliability and type of the experiment.
 The equilibration was at room temperature (about 16? C.).

 Three experiments with urea instead of 2R are included at the end of the table, but no
 account is taken of them in the mean value.

 Period of equilibration,
 Average hours. Type i Free Date, weight of of Final ight- Free

 1930. muscles, Experi- condition. itg water 1930. nr~uscles, ln 3e. :'??- men.t, factor. frac-tion. grammes. Preliminary In 2R. menrt.
 in R.

 19-20 Feb. 0 27 6-9 15 S v.g. 3 0 73
 19-20 ,, 0-23 6-5 16 S v.g. 3 0 73
 21-22 ,, 022 5 16 S v.g. 3 0 77
 21-22 ,, 027 5 17 S g. 2 0-79
 21-22 ,, 0.19 5 171 S g. 2 0-82
 21-22 ,, 0-19 5 18 S v.g. 4 0.80
 5-6 Mar. 0-29 2 17 I) v.p. 1 0-93
 5-6 ,, .... 0-26 1 191 D p. 2 0 82
 21-22 Mar. 0-29 6A 18 ) v.g. 6 0 76
 21-22 ,, 0 30 6:- 19 1) v.g. 6 0-735

 6-7 Mar .... 0-34 1 (urea) 20- D v.g. 0-83
 17-18 Mar. 0-25 3 (urea) 17 D v.g. - 0-83
 17-18 ,, 0-45 2? (urea) 194- ) v.g. - 0-80

 The mean value of the " free " water fraction,
 is 0-77.

 taking due account of the weighting factors,
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 being recorded. Some of the observations were, on technical grounds, e.g.,
 state of muscles at end, consistency of vapour pressure readings, type of
 experiment (" differential " being preferable to " single "), etc.-more reliable

 than others, and the relative reliability of the result was assessed by the observer

 and expressed by a weighting factor given in the penultimate column. The
 mean value of the " free " water fraction, taking due account of these weighting

 factors, is 0 * 77. It is possible that the true value is slightly greater than this:

 any error due to incomplete equilibration would make the result too low, and
 it is not certain that equilibration is quite complete even in 18 hours. The
 true value cannot, however, be higher than 0 80 or 0*81, which is that of the

 total water fraction. There is obviously very little water " bound " in the
 resting muscle. So far as they go the urea experiments gave a slightly higher

 value than those made with 2R; it may be that they give the truer value,

 owing to the rapid penetration of urea; for reasons, however, which we have
 discussed above no account was taken of them in calculating the mean.

 In Table VII are given results for fatigued muscles, and for muscles in heat

 rigor. The "differential " method alone was used, and a weighting factor
 was allotted, as described above.

 The experiments on heat rigor were the simpler. The procedure was identical

 with that for resting muscles, except that:-

 (a) The solutions R and 2R contained M/50 or M/100 NaCN to prevent
 oxidation and partial recovery.

 (b) The tubes were filled with nitrogen instead of oxygen for the same
 reason.

 (c) When all was complete, and the tubes filled and stoppered, they were
 immersed for half-an-hour in water at about 45? C., so that the muscles

 inside then went into heat rigor.

 After prolonged equilibration the " free " water was determined as before,
 and in addition, in some experiments, the osmotic change due to rigor was
 measured by comparing the vapour pressure of the final fluid in the R-tube
 with that of the original R-solution (for details see above). The result was
 expressed in the following way :--The osmotic change in the fluid in the R-tube

 was measured; this is entirely due to the muscles; assume the whole change
 to be concentrated in the muscles, and express it in terms of p.c. NaCl added

 to R-solution. To say that the muscles, originally isotonic with 0-703 p.c.
 NaC1, have undergone an osmotic change equivalent to 0-455 p.c. NaCI,
 implies that if all the products of rigor had been kept inside the tissue and not
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 Table VII.--Experiments to determine the " free " water of fatigued muscles,
 or of muscles in heat rigor, made with Ringer's solution of twice normal
 strength (2R).

 All experiments by " differential " method. The weighting factor is adjusted to express
 the general reliability of the experiment. The osmotic change is expressed in terms of
 NaC1 as explained in the text. The lactic acid produced is calculated as a fraction of the
 original free water of the muscles (assumed to be 77 p.c. of their weight). 'ITwo experi-
 ments with urea instead of 2R are included at the end of the table, blut no accouint is taken
 of them in the mean value.

 Ri = heat rigor; Ex = exhaustion.

 Period of
 Lactic

 Average equilibration, hours. Omoic acd, Type Osmotic acid,
 Date, weight ofWeigtof - ree change, per cent.
 1930. muscles experi t per cent. of

 1men30 msces, Pe- fator. f a). NaCI. "free
 grammes. liminary In 2R. water.

 in R.

 24 Feb ........ 0 24 Ri 1 5l - 1 0 82 | --
 24-25 Feb. 0.24 Ri 2- 14 2 0-83 0 37
 26-27 ,, 027 Ex 0 19- 4 079 - -
 27-28 ,, 026 Ex 0 171 4 0(76 I
 20-21 Mar. -- Ri 2 17 ! 4 0 73 0.455 0.655
 20---21 ,, - 2 1 9 4 073 043 0 665
 26-27 ,, 029 Ex 3l 15 5 0-79 0-144
 27-28 ,, 022 F,x 1- 18 6 0.79 04t5
 27-28 ,, 21 Ex 4 21 6 0-73 0 49 081.

 19-20 Mar. - Ri 4 (urea) 15 - 0 84 - -
 19-20 ,, - Ri 4 (urea) 161 - 081 - -

 The mean value of the free water fraction, taking due account of the weighting factors, is 0 77; the mean
 value of the osmotic change is the equivalent of 0 45 p.c. NaC1.

 allowed to diffuse out into the R-solution, the muscles would finally have been

 isotonic with 0-703 + 0-455 - 1-1.58 p.c. NaCl.
 Two experiments were made with urea; they were good experiments, but

 thle results are not included in the mean, for the reasons given above.

 The experiments on fatigue were really experiments on rigor. Muscles
 severely fatigued will not long survive if deprived of oxygen; it was necessary,

 in order to make sure that equilibration was complete, to subject them to
 15 hours or more of mixing; this means-since recovery would obviously
 have spoilt the experiment-a long period of oxygen want, during which they
 invariably passed into rigor. To ensure that the fatigued muscles should be
 alive at the end of it, equilibration would need to last not longer than about

 4 hours. Only by using exceedingly small muscles, weighing, say, 50 mg.
 apiece (see fig. 2, p. 503), would it be possible so to quicken diffusion that
 VOL. OVI.-B. 2 N
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 equilibration would be complete in that time. The difficulty of preparing
 a sufficient mass of such small muscles without injury was too great.

 It is open, therefore, to any who will, to argue that the " free " water of

 fatigued muscles has not been measured at all. Strictly speaking this is so.
 The muscles could be properly described as fatigued during the earlier part of

 their equilibration, but during the latter part they were certainly in rigor.
 Since, however, the " free " water of muscles in rigor appears to be the same as

 that of muscles at rest, it is very unlikely that in fatigue, which in many
 respects may be regarded as an intermediate condition, the case is seriously
 different.

 Fatigue was induced in two ways. In the first two experiments the intact
 legs were exhausted by induction shocks and then skinned; the muscles were

 dissected, placed immediately in the two tubes and weighed. In the last three
 experiments the muscles were dissected and soaked in Ringer's solution,
 blotted, placed in their tubes and weighed; they were then exhausted by induc-

 tion shocks led through the contents of the two tubes in series. Finally in
 both cases the R and the 2R solutions were added. As before these contained

 NaCN, and the tubes were filled with nitrogen.

 In three experiments the lactic acid production was measured. I am much
 obliged to Miss M. Kerly for making the determinations. The total lactic acid

 found in a tube is expressed in Table VII as a percentage of the initial " free"
 water of the muscle in the tube.

 The mean value of the " free " water fraction for fatigued and rigor muscles,

 taking due account of the weighting factors, is 0-77. This is identical with
 the mean value for resting muscles. Again it may be slightly too low, owing

 to equilibration being not quite complete.
 The osmotic change in fatigue and rigor has a mean value equivalent to

 0-45 p.c. NaCI. The lactic acid actually produced, in the three experiments
 in which it was measured, averaged 0-71 p.c. calculated in the " free " water
 of the muscle. This is osmotically. equivalent to 0-23 p.c. NaCl, which is
 0-23 p.c. less than the mean osmotic change observed in the same three
 experiments. If we further suppose that all the phosphagen was broken
 down, liberating creatine equivalent to 60 mg. p.c. P, the extra osmotic effect

 would be equivalent to 0 07 p.c. NaCl. There is still an excess of osmotic
 pressure to account for, as found in the previous paper. This excess
 (equivalent to 0-16 p.c. NaCl) may seem rather small, when compared with
 that described there; actually its absolute value is almost exactly the same,
 but its relative size is diminished by the much greater amount of lactic
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 acid produced in the present experiments. We may recall also that in
 Table III, above, the vapour pressure depression caused by adding lactic
 acid to blood was shown to be appreciably less than that due to adding it to
 water; perhaps in muscle also the lactic acid is partly adsorbed by, or dis-
 solved in, the solid constituents of the tissue. If so, the large amount of lactic

 acid produced in the rigor experiments would be osmotically equivalent in
 muscle to less than the amount of NaCI computed, and the unexplained
 excess of osmotic press-ure still greater than calculated above.

 The fundamental point brought out by the experiments of Tables VI and
 VII is that nearly the whole of the water of muscle is " free," in the sense that

 it can dissolve in a normal manner substances added to it. This is true, whether

 the muiscles be at rest or in iigor. The mean value of the " free " water is

 77 p.c. for both. The true value may be even slightly greater. It is important

 to define precisely what is meant by " free " water; the difference between

 the present results and those of others (e.g., of Rubner) may lbe, in part at least,

 simply a matter of definition.

 In dealing with the equilibria occurring in blood, or between blood and

 tissues, it is common to express concentrations in gramimes (or mols) per litre,

 or per 1000 g. of tissue. It is clearly better, and likely to lead to much simpler

 relations, to express all concentrations (where physico--chemical equilibria
 are involved) in grammes (or mols) per 1000 g. of " free " water. If the
 " free"' water be not accurately known, the total water is a close approxima-
 tion, at least in muscles and blood.

 V. The Swelling and Shrinking of Muscles in I-ypo- and
 Hyper-Tonic Solutions.

 The experiments of Overton (1902) have been referred to in the Introduction

 above. They have been repeated and extended as follows. The object was
 to measure the " osmotically active water fraction," i.e., the weight of water

 per gramme of living muscle which may be regarded as surrounded by semi-
 permeable membranes and liable therefore to osmotic increase or decrease
 in hypo- or hyper-tonic solutions.

 It is necessary to consider for how long a time a muscle must be immersed

 in an aqueous solution of substances to which it is normally impermeable, in
 order to attain a sufficiently constant weight. The problem is one of diffusion,

 chiefly of water but partly also of salts, and is analogous to that discussed
 by Hill (1928, pp. 68-73, and fig, 5) in relation to the diffusion of oxygen into
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 a cylinder. The first stages of diffusion are rapid; the creep, however, to the

 final equilibrium is slow.

 Fig. 1 illustrates the process graphically. Vertically is shown the change in

 weight of a cylinder composed of semi-permeable fibres, immersed in a hypo-

 or hypertonic solution, expressed as a fraction of the total change finally

 <0 -M ___ . ._

 0, /

 ?o /
 2t . . . /

 0.2 o.4 0.5 o.s 1

 Fro. 1.-The swelling (or shrinkage) of a cylindrical tissue consisting of semi-permeable
 elements, when immersed in a hypotonic (or hypertonic) solution. Vertically, the
 degree of swelling (or shrinkage) as a fraction of that finally attained after long immer-
 sion; horizontally kt/r2, where k is the diffusion constant of water in the tissue, t is
 time, and r is the radius of the cylinder. LDrawn from the data of Table IV, p. 71,
 of Hill (1928).]

 attained after prolonged immersion. Horizontally is ct/r2, where k is the
 diffusion constant of water into the tissue, t is the time, and r the radius of

 the cylinder. The curve was constructed from the data of Table IV in the

 paper just mentioned. The time needed for any given change is inversely
 proportional to the diffusion constant, and directly proportional to the square
 of the linear dimensions of the tissue ; the factor kt/r2 always occurs as a whole

 in dealing with a cylindrical tissue. Since the weight varies as the cube of
 the linear dimensions, for muscles of the same shape, we may conclude that the

 time required is proportional to the 2/3 power of the weight. As we shall see
 below, with muscles of the size used the time required to attain final equilibrium

 is so great that the values actually found are complicated by changes in the
 tissues. It is necessary to extrapolate from readings at an earlier stage.
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 It was thought desirable to avoid the use of solutions differing considerably

 in osmotic pressure from the muscles. The solutions employed were 0 8R
 and 1 2R, or 0* 75R and 1 25R.* The muscles were always alive and normally

 excitable at the end of immersion. Since, however, progressive changes may
 occur in them, the simple procedure employed by Overton was not used, but a
 " differential" method was adopted. This automatically eliminates the
 effects of such unknown disturbances, each experiment being, so to speak,
 its own control.

 The two gastrocnemii of a small frog were prepared and kept in oxygenated

 Ringer's solution (R) till required. Each was carefully blotted and weighed
 to the nearest 0 1 mg. on a Bunge air-damped balance. One was then hung
 in 0 8R solution, stirred by oxygen bubbling slowly through it, the other
 in 1-2R solution similarly stirred. After a sufficient period of immersion at

 room temperature the muscles were removed, blotted, and weighed to 01 mg.
 as before.

 Consider a pair of similar muscles, e.g., the two gastrocnemii of one frog.

 Let their initial weights be taken as unity, and assume that they have been
 brought, by soaking, into equilibrium with Ringer's solution R. Let (i) a
 be the solid plus "bound " water fraction; (ii) x the " osmotically active
 water fraction "; (iii) (1 - a - x) the " osmotically inactive water fraction."
 Let us immerse one of the muscles in a hypertonic solution (1 +- r) R, and the

 other in a hypotonic solution (1 - r) R, and leave them till a constant difference

 of weights sets in. Imagine that x changes in any way, owing to the pro-
 cesses of survival in salt solution, becoming x (1 +- 8), where 8 is positive or

 inegative; causes of such change might be (1) a loss of semi-permeability in
 some of the membranes or fibres, in which case 8 would be negative, or (2) a
 production of metabolites during survival, causing the tissue to swell, in which

 case 8 would be positive, etc. Imagine further that (1 - a -- x) also changes
 as the result of immersion and survival, becoming (1 - a - x) (1 -- 8)', where

 8' is positive or negative; a cause of such change might be (1) an imbibition of

 water by the colloids of the tissue, or (2) a loss of semi-permeability in some of

 the fibres coming originally in the other fraction ; in either case 8' would be

 positive. Let A be the final weight of the muscle in the hypotonic solution, B
 that of the muscle in the hypertonic solution. Since in the former the osmotic

 * By a yRI solution is meant, as before, an aqueous solution of the usual constituents of
 linger's fluid (except bicarbonate), in the usual relative proportions, but with 1/y of the
 usual amount of water.
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 pressure of the environment was changed from R to R (1 - r), the " osmotically

 active water " must have increased in the ratio 1/(1 - r) ; hence

 A a + (1 -a- x) (1 + 8') + x (1 + r)/(1 -r).
 Similarly

 B a + (1- - a- x)( ) + ( i + 88)/(i + r).

 We see at once from these formulae the danger of making " single " uncon-

 trolled experiments; 8' is unknown, it may be relatively large and positive,
 so that the apparent osmotic increase of volume in hypotonic solutions may be

 partly due to swelling in no wise caused by osmotic forces. That this danger

 is not imaginary is shown by the fact that in all the experiments performed

 on pairs of muscles, as described above, the increase of weight in the hypo-

 tonic solution was considerably greater than the decrease of weight in the
 hypertonic solution.

 It is simple, however, to eliminate 8' completely by subtraction together
 with a; we find

 A-B x (1 + 8) 2r/(l - 2)

 so that the final " osmotically active water fraction " is given by

 x (i + 8) = (1 - r2) (A - B)/2r.

 There is no direct way of finding the initial " osmotically active water frac-

 tio n" ; the best that can be done is to employ muscles so small that the time

 of equilibration is reduced as much as possible. For the two sets of observa-

 tions to be reported first the gastrocnemii of the smallest frogs available were

 used. In the longer series of observations (by Kupalov) then described various

 muscles of widely different sizes were used. By extrapolation to " zero
 weight " the true value can be approximately estimated.

 The following experiment is instructive. The 10 gastrocnemii of five frogs

 were dissected from 9.45 to 10.15 a.m., and left in oxygenated R-solution.
 From 11.15 to 11.42 a.m. they were blotted, weighed, and transferred, one set
 to oxygenated 0* SR-solution, the opposite set to oxygenated 1 *2 R-solution.

 From 6.29 to 6.49 p.m. they were blotted and weighed again. They were
 soaked, therefore, in R-solution for :1- hours, and in 0-8R and 1 2R for 7 17

 hours.

 500
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 In 08 R-solution. In 1 2R-solution.

 _ _ _ - - ~~A-B

 &*og? T .,. ,re ir *I.' i-n? i ~~calculated. Initial Final Initial Final

 weight. weight. weight. weight.

 mg. mg. mg. mg.
 1 143.7 163-0 140 4 132-9 0-1876
 2 246-4 268-0 253-0 239-2 0-1424
 3 187-8 206-4 193-2 180-3 0-1659
 4 213.5 229-8 202-3 188-5 0-1448
 5 214-5 235-0 211-5 199-2 0-1539

 It should be noted that A and B are fractions (final weight) - (initial weight)

 in each case. The average value of (A - B) is 0-1589. The average initial
 weight of the muscles was 201 mg. Since in this case r = 0 2, the " osmotically

 active water fraction" (A - B)(1 - r2)/2r, is 2.4 (B - A) = 0382.
 In this experiment, however, there is evidence that a steady difference
 (A - B) had not been reached. On the same day a similar group of 10 gastroc-

 nemii, soaked in oxygenated R-solution for 1*6 hours, was immersed, one
 set in 0 8R, the opposite set in 1 2R, for 6-16 hours. The average initial
 weight was 202 mg. and the average value of (A - B) was 0 1514. This is
 appreciably less (at 6*16 hours) than the value obtained for 7-17 hours. A

 third group of muscles, soaked in oxygenated R-solution for 1*7 hours, was
 immersed in 0 8R and 1* 2R for 4 *5 hours; the average initial weight was
 194 mg. and the average value of (A - B), 0.1360. This is considerably less
 (at 4 5 hours) than the value at 7 17 hours. It is clear that a constant differ-

 ence was not reached. We may, however, gain a rough idea of the true final

 value by extrapolation.
 Our data are as follows :-

 Time, hours ...... 4-6* 6-16 7-17
 A-B ............ 0.1360 0-1514 0.1589

 We have to choose three points on the curve of fig. 1 such that the abscisse
 are in the ratio 46 : 6 16: 7 *17, and the ordinates in the ratio of the corre-

 sponding values of (A - B). If we take 4 6 hours as corresponding to kt/r2
 = 0-12, then 6-16 and 7 17 hours correspond respectively to 0 161 and 0 187.
 The values of the percentage change read off from fig. 1 for these values of
 kt/r2 are, 65-4, 72 6, and 76*5, from which the calculated final value of

 * 4*6 hours is a corrected time, to allow for the fact that the muscles in this group
 weighed slightly less than in the others.
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 (A -B) should be 0 136/0 654 = 0 208, 0 1514/0 726 - 0 209, and
 1.1589/0.765 = 0*208, a satisfactory agreement. Thus the final value of
 (A - B) to which the muscles were tending is 0*208, which corresponds to an

 "' osmotically active water fraction " of 0.50. To attain it, however, would
 have required about 24 hours, during which time the fraction in question would

 have diminished, owing to irreversible changes taking place in the muscles.

 In another experiment 14 pairs of gastrocnemii, again averaging about 0 2 g.
 in weight, were dissected and left in oyxgenated R-solution all night at about

 18? C. On the following day they were blotted, weighed and immersed in
 7R/6 and 5R/6 solutions for 71 hours. Finally they were blotted and weighed

 again. The average value of (A- B) was 0.115, which corresponds to an
 " osmotically active water fraction " of only 0 336. The low value is doubtless

 due partly to too short a time of immersion in the experimental fluids, partly

 to a genuine decrease-caused by long survival-of the fraction of the muscle
 contained within functioning semi-permeable membranes.

 A series of similar experiments was performed by my colleague Dr. P.
 Kupalov, on various muscles of the frog dissected on the same day. These
 were the gastrocnemius, the sartorius, the semi-membranosus, and several

 other muscles of the upper leg. The period of immersion was about 5- hours,

 after a preliminary soaking of about 2 hours in Ringer's fluid; the solutions
 were either (a) 0 8R and 1 2R, or (b) 5R/6 and 7R/6. The muscles varied
 in weight from 30 mg. to 840 mg. Naturally with the smaller ones the experi-
 mental error was large, and moreover, in their dissection, there was risk of

 injury, which tended to increase the " scatter."
 The results of these experiments are shown graphically in fig. 2, the value of

 the " osmotically active water function" being plotted against the initial
 weight of the muscle. The curve drawn through the points is a theoretical
 one, based on fig. 1, assuming the muscle to be cylindrical and r2 (in kt/r2)

 to be proportional to the 2/3 power of the weight. The extrapolated value
 for zero weight, viz., 0 47, is that to which, on the average, the muscles were
 tending at the time of observation (5- hours). Apparently after 1 to 2 hours

 of preliminary soaking in Ringer's fluid and 5-1 hours in the experimental
 solutions, the " osmotically active water fraction " is about 0 47; in other

 words, out of 0.77 g. of " free " water in 1 g. of muscle, 0 47 g. is confined
 within semi-permeable membranes and is subject to osmotic swelling or shrink-

 age in hypo- or hypertonic solutions, while 0 30 g. is unconfined.
 Of the 0 77 g. of " free water in 1 g. of muscle only a small part is present

 in the interspaces between the fibres; certainly far more than 0* 47 g. is con-

 A. V. Hlill.
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 tained within the fibres themselves. The reason why all the water is not
 "osmotically active" is not, as Overton supposed, that part of it is "bound";

 0*70

 0.

 -60-
 -

 0 -

 0 - 0- *

 0-20 . . . l
 200 400 600 800

 Initial Weight of Muscle: MG.

 FIG. 2.-The "osmotically active water fraction " determined for a number of muscles
 of different sizes by the differential method described in the text>, plotted against the
 weight. The curve drawn through the points was calculated from fig. 1, assuming (a)
 a constant time of immersion, (b) a constant coefficient k of diffusion, and (c) a cylin-
 drical muscle, with r2 varying as the 2/3 power of the weight. The true value, for the
 period of immersion considered, is that extrapolated to zero weight.

 very little, if any, of it is " bound "; the simplest and most probable explana-

 tion is that, after prolonged survival without a normal blood supply, the mem-

 branes of some of the muscle cells have lost their semi-permeability. I am
 informed by Mr. H. V. Horton that a considerable fraction of its potassium
 may escape by diffusion from a muscle suspended in Ringer's solution, e.g.,

 25 p.c. of it may be lost in 5 hours (see also Ernst and Scheffer (1928) ). During

 life the membranes of a muscle are certainly impermeable to potassium.
 Apparently, however, the removal of their normal environment of blood plasma,
 or some other cause, somehow affects the membranes of a certain number of

 the fibres, rendering them permeable, allowing their K-ions to escape, and so
 making them presumably "osmotically inactive." The spontaneous onset
 of "reversible inexcitability " described by Duliere and Horton (1929) as
 occurring in an isolated surviving muscle is, so Mr. Horton informs me, almost
 VOL. cvI.--. 2 o
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 certainly caused by the escape of potassium from the inside of a certain number

 of its fibres; its reversal by washing is due simply to the removal of this
 potassium. If the original "osmotically active water fraction" were 0-64
 (allowing 0 13 of the " free " water fraction 0 77 for water between and not

 inside the fibres), a loss of semi-permeability in 25 p.c. of the fibres after 7

 hours survival would reduce the " osmotically active water fraction " to 0-48,
 which is about what we have found.

 We may conclude, therefore, that, (a) progressive changes, owing to survival

 and immersion, (b) the slowness of diffusion, and (c) the loss of semi-permeability

 in a considerable fraction of the fibres, are the cause, and not any hypothetical

 "' binding " of the water, of the relatively small osmotic effect of immersing

 muscles in hypo- or hypertonic salt solutions.

 Summary.

 1. Previous work on the state of water in biological fluids and tissues is

 discussed; it is pointed out that the various definitions of " free " and " bound"

 water do not necessarily coincide.
 2. The " free " water fraction is defined as the weight of water in 1 g. of

 fluid or tissue which can dissolve substances added to it with a normal depression

 of vapour pressure: this is analogous to Gortner's definition, substituting
 "vapour pressure " for " freezing point."

 3. To measure the " free " water of a fluid, a weighed quantity of some suit-

 able substance is dissolved in a weighed quantity of the fluid, and the depression

 of vapour pressure measured, and compared with that caused by adding the
 same substance to an approximately isotonic salt solution.

 4. To measure the " free " water of a portion of tissue, a weighed quantity
 of the latter is stirred for a sufficient time with a weighed amount of a hyper-

 tonic salt solution, and the change of vapour pressure measured.
 5. The " free " water of blood, or of centrifuged corpuscles, is practically

 equal to the total water, being perhaps 2 p.c. less. In dealing with the equili-
 bria occurring in blood (or muscle), concentrations should be expressed, not
 in grammes (or mols) perl litre, but in grammes (or mols) per 1000 g. of "free"

 water. The osmotic pressure of blood is exactly accounted for by supposing
 all the known soluble constituents of blood to be freely dissolved in the " free"
 water.

 6. The " free " water of casein solutions, or of concentrated egg white, is

 almost exactly equal to the total water.
 7. The " free " water fraction of frog's muscle, whether resting or in rigor,

 504
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 is about 0 77, or perhaps a little greater, the total water fraction being 0 80
 or 0 81. Very little, if any, of the water of muscle is " bound."

 8. The contrary conclusion, based upon Overton's experiments, is due to a

 variety of factors: (a) progressive changes caused by prolonged immersion in
 salt solutions; (b) the slowness of reaching diffusion equilibrium; and (e)
 the loss of semi-permeability in a considerable fraction of the fibres, as the
 result of removal from a normal environment.

 9. The osmotic behaviour of muscles in hypo- or hypertonic salt solutions
 is considered.

 I am indebted to Mr. P. Eggleton for advice and information, and to him

 and Mr. H. V. Horton for suggesting, making and allowing me to report the

 experiments with urea referred to in the text. I am indebted to Dr. P. Kupalov

 for making the experiments shown in fig. 2, and to Miss M. Kerly for the lactic
 acid measurements referred to in Table VII.
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2. Проницаемость клеток для мочевины 
и ее производных

Э р и т р о ц и т ы .  Со времени появления работ Гамбур
гера (Hamburger, 1889, 1891), Овертона (Overton, 1895), Гринса 
(Grijns, 1896) и Гедина (Hedin, 1898) считается, что эритроциты, 
как и другие животные и растительные клетки, хорошо прони
цаемы для мочевины (Roncato, 1923; Mond und Hoffmann, 
19286; Гельхорн, 1932; Гилл, 1935; Wilbrandt, 1938; Höber, 
1945, и др.). Если судить по данным осмотических опытов, 
мочевина проникает в клетки медленнее, чем гликоль и глице
рин.   

По данным многих авторов, мочевина, постоянно содержаща
яся в крови, распределяется между форменными элементами и  
плазмой не в равных количествах. Так, By (Wu, 1922) в крови
двадцати здоровых людей нашел азота мочевины в эритроцит
тах — 17.1 мг% и в плазме —г 19.3 мг,%, а Фолин и Берглюнд 
{Folin andBerglund, 19226) обнаружили в крови юношей в сред
нем 11.5 мг% азота мочевины: в форменных элементах крови — 
10.3 мг%, в плазме — 12.4 мг.%. Фолин и Сведберг (Folin 
and Svedberg, 1930) нашли в кровяных элементах человека не
сколько меньше мочевины, чем было найдено Фолином и Берг-

.люндом. По их мнению, в эритроцитах мочевина находится 
в двух формах — диффузибельной и недиффузибельной. Кон
центрация диффузибельной мочевины в эритроцитах, рассчитан
ная не на объем клеток, а на воду, содержащуюся в них, состав
ляет 75—89% от концентрации этого вещества в воде плазмы.

Люндсгард и Холболл (Lundsgaard and Holböll, 1926) 
в крови человека, страдающего нефритом, обнаружили моче
вины 0.285—0.305% (в плазме — 0.320-^-0.335%, в эритроци
т а х — 0.221—0.248%). В опытах in vitro с кровью здоровых 
людей ими было показано, что добавленная к плазме мочевина 
распределяется между последней и эритроцитами с коэфи- 
циентом распределения 0.72, Авторы приходят к выводу, что 
мочевина распределяется в равных количествах между водными 
фазами эритроцитов и плазмы, К несколько другим выводам 
пришли Вудхаус и Пикворс (Woodhaus and И ск worth, 1932).
В опытах с отмытыми эритроцитами овцы они наблюдали быстрое

vladi
Отрывок из книги: 
Трошин А.С. Проблема клеточной проницаемости. 
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проникновение мочевины внутрь этих клеток. При концентра
ции мочевины от 0.33 до 5.5% в солевых растворах, в которых 
были взвешены эритроциты, концентрация этого неэлектролита 
в воде кровяных телец за 30 мин. достигает 61—63% от наруж
ной концентрации.

Парпарт и Шелл (Parparl and Shull, 1935а, 19356)* на отмы
тых эритроцитах быка, кролика и собаки также установили 
быстрое проникновение в эти клетки мочевины из раствора, 
приготовленного на рингер-локковской жидкости. Применяя 
раствор мочевины в концентрации около 0.3 м. они нашли, 
что количество мочевины в эритроцитах за 40—60 мин. дости
гает постоянной концентрации, равной для эритроцитов быка 
107%, кролика — 111% и собаки — 104% от концентрации 
ее в окружающей равновесной жидкости (концентрация моче
вины рассчитана на количество воды, содержащейся в эритро
цитах). Как полагают авторы, мочевина, проникая в клетки, не 
только растворяется в их воде, но и адсорбируется коллоидами 
живого вещества. Такие же результаты получил Орсков (0rskov, 
1946а) в опытах с эритроцитами человека. К другим выводам 
пришли Конвей и Кэн (Conway and Капе, 1934), которые 
определяли содержание мочевины в крови, мышцах и других 
тканях лягушки. В крови, по их данным, содержится около 
46 мг% мочевины, которая распределяется в равных количествах 
между водными фазами плазмы и эритроцитов.

Некоторые дериваты мочевины (тиомочевина, метилмочевина 
и диэтилмочевина) по данным осмотических опытов хорошо 
проникают в эритроциты разных видов животных (Mond und 
Hoffmann, 19286; Гельхорн, 1932; Wilbrandt, 1938, и др.). 
Химический анализ, проделанный Вильямсом и Кэйем (Wil
liams and Кау, 1945), показывает, что тиомочевина очень быстро 
проникает в эритроциты человека, а также в эритроциты и 
клетки других тканей крысы. Через час после введения моче
вины per os человеку они нашли в плазме 0.72 мг% этого ве
щества, в кровяных тельцах — 1.97 мг%.

При введении тиомочевины в кровь крысам было обнаружено, 
что ее концентрация в плазме меньше, чем в эритроцитах, 
а в последних меньше, чем в лейкоцитах. То же самое наблю
дается и в опытах in vitro. Таким образом, клетки крови со
держат значительно больше тиомочевины, чем плазма. Авторы 
полагают, что в клетках она, очевидно, частично связывается 
протеинами.

Изложенные материалы дают основание полагать, что рас
пределение мочевины и ее дериватов между эритроцитами и 
плазмой или искусственными солевыми средами регулируется 
теми же факторами, которые являются ответственными за рас-

8 А. С. Трошин
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пре деление сахаров, наблюдаемое в опытах с кровяными эле
ментами, мышцами и коацерватамм. Можно предполагать, что 
растворимость мочевины и ее производных в воде протоплазмы 
меньше, чем в окружающей водной среде, и что эти вещества 
обладают различной способностью адсорбционно или химиче
ски связываться коллоидами разных клеток. Сочетание указан
ных факторов и дает наблюдаемую картину распределения 
мочевины и ее производных между эритроцитами и средой.

М ы ш е ч и ы е в о л о к н а  и к л е т к и  д р у г и х  
т к а и е й и о р г а н о в. Фолин, Берглюнд и Дерик (Fo- 
Iin, Berglund and Derick, 1924) в опытах на собаках обнаружили 
значительное превышение концентрации мочевины в мышцах 
над ее концентрацией в плазме.

Конвей и К эн (Conway and Kane, 1934) определяли содер
жание мочевины в различных органах лягушки и получили 
следую щ ие данные (в мг на 100 мл тканевой воды):

1 серия. Кровь (дельная) .......................... 45 ±2.5
Портняжная мышца........................41 ±2.8
П очка....................................................85 ±3.6

2 серия. Кровь (дельная) ......................  53 (39—65)
Портняжная мышца....................  48 (38—52)
П очка ................................................  97 (76—100)
П е ч е н ь ............................................  147 (118—170)

По мнению этих авторов, мочевина находится в равных кон
центрациях в водной фазе клеток всех органов и тканей и в вод
ной фазе плазмы крови.

Проницаемость для мочевины поперечнополосатых мышц 
лягушки изучал Эгглетон (Eggleton, 1930). Он установил, 
что через 2—3 часа концентрация мочевины в мышце достигает 

постоянной величины (наступает диффузионное равновесие), 
которая превышает ее концентрацию в окружающем солевом 
растворе. По мнению этого автора, в воде мышечных волокон 
она растворима так же, как в окружающей среде, а избыток 
мочевины в саркоплазме объясняется адсорбцией ее коллои
дами мышц. Однако в пользу такого вывода, на мой взгляд, 
у автора нет никаких данных.

Для того чтобы судить о растворимости .мочевины в про
топлазме, необходимо знать, какое количество этого вещества, 
из проникающего в клетку, связывается коллоидами живого 
вещества и какое находится там в растворенном состоянии. 
Мною была предпринята попытка выяснить этот вопрос и 
сравнить механизм распределения мочевины с механизмом рас
пределения сахаров между клетками и средой. Это было тем 
более интересно, что мочевина, как известно, обладает рядом 
специфических свойств, выявленных при ее воздействии на
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живое вещество и белковые растворы. Известно, что мочевина 
в определенных концентрациях очень сильно повышает воз
будимость мышц (Трошин, 1939; Макаров, 19486, и др.).' 
В умеренных концентрациях мочевины имеет место дегидрата
ция мышц, а в более высоких, в которых возбудимость мышц 
быстро пропадает, мышцы, наоборот, сильно набухают 
(Насонов и Айзенберг, 1937). Известно также, что мочевина
вызывает денатурацию кле
точных протеинов и изолиро
ванных нативных белков и 
предохраняет их от коагу
ляции (Макаров, 19486).

Мочевина в больших коли
чествах адсорбируется раз
личными белками. Так, Па- 
сынский и Черняк (1950) 
нашли, что 1 г сывороточ
ного альбумина человека 
может адсорбировать на 
себе 0.36 г мочевины, 1 г сы
вороточного глобулина чело
века — 0.43 г, 1 г желатины —
0.52 г, а 1 г кератина — 0.08 г.
Сильное связывание мочеви
ны в растворе яичного аль
бумина наблюдали также 
Вебер и Ферсмольд (Weber 
und Versmold, 1931).

Мною изучалось распре
деление мочевины между ик
роножными мышцами лягуш
ки и средой (Трошин, 1954).
Постановка опытов была следующая. Растворы мочевины приго
товлялись на рингеровской жидкости. Концентрация мочевины в 
окружающей среде до погружения в нее мышц и после извлечения 
их оттуда определялась манометрически по азоту. Для этого 
был сконструирован прибор, позволяющий с меньшей затра
той времени ж с большей точностью, чем это можно сделать 
при помощи аппарата Бородина, определять концетрацию 
мочевины в растворах. К каждому опыту ставился свой кон
троль (мышцы, погруженные в раствор Рингера без мочевины) 
для внесения поправки в результаты анализа опытных проб’.

При помощи этого метода сначала была исследована Дина
мика поступления мочевины в мышцы во времени, для чего 
поставлена серия опытов, результаты которых представлёньх

Рис. 34. Поступление мочевины в 
мышцы лягушки из окружающего 

раствора во времени.
А — убыль4'1 мочевины в среде, Б  ~  по
глощение мочевины мышцами; исходные 
концентр ации мочевины: а — 4.0%,б— 2 .0 % , в —  0 .5 % .

8*
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на рис. 34. Кривые А обозначают изменения концентрации 
мочевины в среде, а кривые В  — поглощение ее мышцами. 
Но ходу кривых видно, что как при исходной концентрации 
мочевины в среде Сн =  4% (рис. 34, а), так и при 67*=0.5% 
(рис. 34, в) это вещество быстро проникает в мышцу и за 1.5—3 
часа наступает диффузное равновесие между мышцами и внеш
ним раствором мочевины, которое затем в течение длительного 
времени (до 5 час.) не изменяется. По кривым на этом рисунке 
видно, что диффузионное равновесие устанавливается при 
таком соотношении концентрации мочевины в мышцах (Сс) 
и в среде (С8), что в первом случае (исходная концентрация 
мочевины 4%) (?<Н, а во втором случае (исходная концентра
ция мочевины 2%) Q^>i^ В первом случае концентрация 
мочевины в мышцах, рассчитанная на всю воду ткани, на 7— 
10% меньше, чем в среде, а во втором случае, наоборот, при
близительно на 35% больше и в третьем — в 2 раза больше. 
Таким образом, здесь обнаруживается та же самая зависимость 
поглощения мочевины живыми мышцами, какую мы наблю
дали в опытах с сахарами: чем меньше концентрация вещества 
в среде, тем оно относительно больше поглощается клетками.

Указанная выше зависимость в распределении мочевины 
между мышцами и окружающей равновесной жидкостью, была 
изучена более подробно в другой серии опытов, в которой 
дополнительно к уже испытанным концетрациям мочевины 
брались и меньшие и большие концентрации. Продолжитель
ность этих опытов была всюду 3 часа. Этого срока для уста
новления диффузионного равновесия между мочевиной, про
никшей в мышцы, и окружающим раствором, как это видно 
по кривым на рис. 34, вполне достаточно. Результаты этой 
серии опытов представлены в табл. 20.

На рис. 35 показана зависимость () от С*. В пределах испы
танных концентраций мышцы поглощают мочевины от 96 до 
226% от ее наружной концентрахщи, и, как видно по ходу 
кривой;; только в области С9 от 2.0 до 2.4% концентрации моче
вины в среде и в мышце равны или чуть меньше в последней.

Результаты этой серии опытов изображены на рис. 36 в виде 
крщвой, отражающей зависимость концентрации мочевины 
в мышцах от концентрации ее во внешней равновесной жидкости.

Биссектриса О А на этом рисунке отражала бы зависимость 
Сс от С8 в том случае, если бы растворимость мочевины в воде 
мышечных волокон была такая же, как растворимость ее 
в воде окружающей равновесной жидкости, и если бы она не 
адсорбировалась коллоидами мышцы. Однако в действитель
ности эта зависимость Сс от С8 выражается Э-образной кри
вой ОБ, дважды пересекающей прямую О А (в точках В и Г).
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Т  а б л и ц а 20
Распределение мочевины между икроножными мышцами лягушки 

и окружающей равновесной жидкостью. Температура 20—30°

Концентрации мочевины в %
Возбуди

мость мышц 
в см индук

ционной 
катушки 

/ контроль \
\ опыт /

Количе
ство ,О П Ы Т О В

в среде (С8) в мышцах

среднее
арифмети

ческое

отклонения 
от среднего 
арифметиче

ского

в расчете 
на всю 

воду 
ткани 
(Сщ)

в расчете 
на внутри
клеточную 
воду (Сс)

5 0.19 0.16—0.26 0.39 0.43 2.26
18—22
30—40

(> 0.41 0.36—0.53 0.72 0.82 2.00
18—22
35—36

5 3.04 1.00— 1.07 1.22 3.29 1.24
18—22 
35—6_5

С 1.63 1.52— 1.75 1.75 3.80 3.10
18—22
35—65

5 2.25 2.21—2.29 2.12 2.35 0.96
18—22
17— 19

4 2.67 2.37—2.96 4.40 4.34 1.63
18—22
5— 10

От начала координат до точки В  кривая ОБ идет над биссек
трисой ОА (Сс̂ >С8 и, следовательно, затем пересекает
биссектрису, идет под ней до точки Г (С0<^С8 и ф <1), гдо 
снова пересекает ее, поднимаясь круто вверх (Сс̂ >С$ и 
В зоне концетраций мочевины в среде С8 от 1.9% до 2.5% в рав
новесном состоянии мышечные волокна содержат меньше моче
вины, чем в окружающей жидкости, а в ' сторону меньших 
и больших величин С8 от этой зоны, наоборот, концентрации 
мочевины в мышечных волокнах больше, чем в среде.

Какие же факторы обусловливают такой ход кривой рас
пределения мочевины?

Коллоиды мышечной ткани сильно адсорбируют мочевину. 
В этом можно убедиться по участкам кривой распределения 
мочевины ОВ и ГБ,  расположенным выше биссектрисы ОА. 
О том, что мочевина может в значительных количествах адсор
бироваться коллоидами живых клеток (мышц, эритроцитов, 
растительных клеток и др.), говорят и многие литературные 
данные, которые были приведены выше. Однако если бы раство
римость мочевины в воде мышечных волокон была так ая , ясц, 
как в воде окружающей среды, то кривая распределения СШ
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на участке ВГ не могла бы идти под биссектрисой (т. е. С(. 
не могло бы быть меньше С,). Она шла бы значительно выше 
прямой О А. Во всяком случае, при Сн =  2.25% Се должно было 
бы составлять не 2.15%, как это имеет место в действитель
ности, а не менее 2.65%, так как даже при 67Л — 0.41 % Сс —  
=  0.82 %, т. е. Се в 2 раза больше Са. Но в этих условиях С() было 
бы еще больше ввиду того, что адсорбция мочевины при Ся =

Сс

а

Рис. 35. Зависимость коэ- 
фициента от концентра
ции мочевины в окружаю
щем равновесном растворе 
(<С с, в %) при распреде
лении мочевины между 
мышцами лягушки и сре

дой.

Рис. 36. Зависимость кон
центрации мочевины в мы
шечных волокнах лягушки. 
(Сс, в г на 100 г внутрикле

точной воды) от ее концен
трации в среде (С.у, в %) в 
угловиях диффузионного 

равновесия.

=  0.41 % вряд ли достигла своего предела. Если же, как мы имеем 
дна самом деле, при (% =  2.25 Сс =  2.15%, т. е. концентрация 
.мочевины в мышечных волокнах на 4% меньше, чем в среде, 
то это могло, очевидно, произойти только потому, что раство
римость мочевины в воде протоплазмы должна быть минимум 
на 30% меньше, чем в воде окружающей равновесной жидкости.

В точке Г  кривая распределения мочевины снова пересе
кает биссектрису и далее круто поднимается вверх. Так, при 
О у= 2.67% концентрация мочевины в мышечных волокнах 
на 6.3% больше, чем в среде ((> =  1.63). Ход кривой ОБ на 
участке ГБ  показывает, что по мере увеличения концентрации 
мочевины в среде, она, проникая в мышечные волокна, вызы
вает такие изменения в саркоплазме, которые сопровождаются 
резким увеличением сорбционных свойств мышечных волокон. 
Здесь* вероятно,, уже имеет место повреждение мышц.
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В связи с этим интересно отметить, что возбудимость мышц, 
находящихся в 1—2%-х растворах мочевины, значительно 
выше возбудимости контрольных мышц, помещенных в раствор 
Рингера (см. табл. 20). Даже в 2.67%-м растворе мочевины 
в первые 30—40 мин. также имеет место повышенная возбу
димость, которая затем быстро надает, но все же не доходит 
до нуля за то время, пока продолжается опыт (3 часа).

Таким образом, адсорбция коллоидами и пониженная 
растворимость мочевины в воде саркоплазмы, как можно пола
гать, и обусловливают весь ход кривой распределения этого 
вещества.

На примере распределения мочевины хорошо видно, что 
адсорбционная способность клетки и пониженная раствори
мость веществ в протоплазме не остаются всегда постоянными. 
Они могут изменяться в широких пределах при изменении 
функционального состояния клетки. Особенно сильно может 
изменяться, как в сторону повышения, так и в сторону пони
жения, адсорбционная способность коллоидов протоплазмы, 
что приводит к изменению поглощения вещества клеткой 
из среды. Особенно хорошо это явление было изучено в опы
тах с распределением витальных красителей Насоновым и его 
сотрудниками.

В данном случае сама мочевина является, очевидно, аген
том, который в определенных концентрациях вызывает такие 
изменения в саркоплазме, которые приводят к резкому повы
шению адсорбционных свойств коллоидов мышцы. Одновре
менно с этим повышается, вероятно, и растворимость моче
вины в воде протоплазмы. Снижение возбудимости мышц 
в высоких концентрациях мочевины показывает, что здесь 
она действует как повреждающий агент, тогда как в низких 
концентрациях она является физиологическим раздражите
лем, вызывая значительное повышение возбудимости.

Сторонники мембранной теории полагают, что повышение 
или понижение клеточной проницаемости при возбуждении, 
наркозе или повреждении зависит от изменения пропускной 
способности гипотетических полупроницаемых клеточных 
мембран. Однако такое объяснение повышения связывания 
мышцами мочевины в высоких концентрациях является несостоя
тельным, потому что мочевина и в норме очень хорошо про
никает в самые разнообразные растительные и животные клетки. 
Кроме того, этот механизм сам по себе никак не может обес
печить значительный перевес концентрации мочевины в мыш
цах над концентрацией ее в среде.

Такцм образом, пониженной растворимостью мочевины 
в саркоплазме и связыванием ее коллоидами живого вещества
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обусловливается величина поглощения ее мышцами из среды, 
причем эта величина стоит в зависимости от концентрации 
мочевины в окружающем растворе. Из изложенного следует, 
что распределение мочевины и сахаров между клетками 
и средой регулируется при помощи одного и того же механизма. 
В этом отношении между ними нет принципиального разли
чия.

Литературные данные показывают, что и распределение 
некоторых производных мочевины между мышцами и средой 
регулируется теми же факторами сорбции, какими регули
руется распределение мочевины и других перечисленных выше 
неэлектролитов. Так, например, по наблюдениям Вильямса 
и Кэя (Williams and Kay, 1945), тиомочевина, введенная 
в кровь крысам, проникает в клетки различных тканей и орга
нов за несколько минут. Вильямс и К эй обнаружили, что если 
в крови тиомочевины находилось 6 мг% ,тов мышцах ее было 
в 2 раза меньше, а в печени, наоборот, в 2—3 раза больше 
(расчет во всех случаях производился на 100 мл тканевой 
воды).

3. Проницаемость клеток для креатинина

В условиях целого организма креатинин, находящийся 
в крови, распределяется между форменными элементами 
и плазмой. По определениям By (Wu, 1922), в крови здоровых 
людей креатинин распределяется так: в плазме — 1.24 мг%г 
и в эритроцитах — 2.48 мг%.

По данным Фолина и Сведберга (Folin and Svedberg, 1930)r 
в крови человека красные кровяные шарики содержат креа
тинин в двух формах: связанный и диффузибельный. Коли
чество растворенного креатинина составляет 58—90% от его 
концентрации в плазме.

По Фенну (Ferm, 1936), скелетные мышцы лягушки в норме 
содержат 1.7 мм креатинина на 1 кг свежей ткани, а плазма 
крови — 2.1 мм.

Проницаемость живых клеток для креатинина не вызы
вает никакого сомнения. Это вещество, подобно мочевине, 
образуется в клетках, затем поступает в кровь и далее выво
дится из организма как конечный продукт внутриклеточного- 
метаболизма.

По данным Эгглетона (Eggleton, 1930), мышечные волокна 
совершенно свободно проницаемы для креатинина, так же 
как они проницаемы для мочевины.

Представлялось интересным изучить более подробно рас
пределение и этого, не чуждого для организма, вещества такг
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