Physiol. Chem. Phys. & Med. NMR (1994) 26:121-203

The New Cdl Physiology:

An Outline, Presented Against its Full
Historical Background,
Beginning from the Beginning

Gilbert N Ling

Damadian Foundation for Basic and Cancer Research.
c/o Fonar Corporation, 110 MarcusDrive, Melville,New York 11747

Abstract: The primary objective of thisreview isto present a brief outline of the new cell physiol-
ogy. First introduced in 1962 under the title of the association-induction hypothesis, thetheory is now
confirmed in itsessence, after morethan thirty yearsof world-wideexperimental testing. While minor,
and even more than minor, improvements and revisions may yet be needed, the weight and scope of
the confirmatory evidence have left little doubt that acomprehensive and coherent new theory of cell
physiology is established. For thefirst timein history we have available a realistic cell physiology,
awaiting to unite and to guide future biomedical research and teaching.

The review also demonstrates in passing how, as well as why, the old cell physiology hasfizzled
somiserably. Instead of providing theguiding light for all biomedical research, it hasdegenerated into
afairy tale of make-believe. This degradation began with a wrong theory. The situation has grown
steadily worse with time by the impact of premature progressivefragmentation on something in-
herently indivisible; and by the universal adoption of thepeer-reviewsystemwhich givesto thosewith
strong vested interests in the preservation of the status quo absolute power in determining who
prospers and who is cast out (see Endnote 9).

It is thus hardly surprising that up to now, despite superlative chemical engineering know-how
available and the lure of great financial awards, not a single drug has been designed from under-
standing, an understanding that will remain forever beyond reach aslong as the guiding theory of the
cell physiology is basically wrong.

In contrast, in its brief history, and despite its minuscule list of subscribers and their endless
debilitating struggle merely to stay alive (see Endnote 9), the new cell physiology has already
generated one mankind-enhancing medical technology of major proportions, magnetic resonance im-
aging or MRI (seeLing, 1984, p. vii; 1992, p. xxv).

Tothisday, most biomedical research scientists, teachersaswell asstudents, till operate under the
delusion that the old cell physiology, a little battered perhaps, is still basically sound. By far the
greatest majority of them simply do not know enough; and it is hard for them to find a convenient
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source of relevant information that will help in thisregard. A second purpose of the present review is
tofill this need.

Toafew"truebelievers" of theold cell physiology the preservation of thestatus quoisof overrid-
ing importance. Weowelargely to thesefew, and to the fear and opportunism they inspire al around,
the unbelievable success of universal suppression and submission we witness: a whole generation of
young biomedical scientists growing up totally " oblivious'™ of a major revolutionary development in
the foundation scienceof their own interest--exploding right in front of their eyes.

Common sensetells usthat there isalimit how long one can prop upadead body and teach genera-
tion after generation of students that it isaive. That this has been happening for so long in regard to
the disproved membrane-pump theory did not occur by accident. It can be traced at least partialy to
the fragmentation of biomedical science that has been going on for along time. Fragmentation limits
one's awareness. When the area of awareness issmall enough, even the keenest observer cannot know
if what heislooking at isa part of acorpseor aliving patient.

With thisthought in mind, | realized that it is not enough to enumerateall the merits of one theory
and the lack of merits of another, no matter how lucidly and how faultlessly presented. Asa remedy,
| have provided thereader with, in broad strikes, afull history of cell physiology, so that heor shecan
see, so to speak, the "'whole elephant™; and thus equipped, grasp the finality of the conclusions
reached.

PHI LOSOPHERSOF Y ORE classified knowledgeinto two categories: physics, describ-
ing the dead world; physiology, the living one. By the middle of the 20th century, physics
had already scored many of its greatest achievementsand reached maturity. Physiology,in
contrast, remainsto thisday poorly understood at its most basic level. Thisis not to deny
that major, indeed spectacular, progress had been made in some specific aspectsof certain
areasof thelife sciences. An outstanding exampleis genetics, the expression of what Ger-
man biologist, August Weissman (1834-1914), called germ plasm. Understanding of
Weissman's soma, namely, cellphysiology proper,isin abizarre position, where the theory
being taught and learned continuesto be the wrong one.

Ye, it is primarily the correct understanding of cell physiology proper, in conjunction
with what we know of geneticsand of other relevantareas of specialization, that holdsthe
key to evolving the meansto protect mankind from incurabl e diseaseslikecancer and dead-
ly pathogens extant and others that are certain to evolve. Here the power of genuine
knowledge, or lack of it, may be a matter of life or death on agrand scale. In the sobering
wordsof Charlesvan Doren in his"A History of Knowledge™ (1991, p. 355): "'the human
race might cometo atragicdecision point: try to reproduceand die. Or simply die""; that is
if wefail to bring under control just one of our trueenemies, the AIDS virus.

In themiddleof the 19th century, advances madein the construction of microscopesled to
the twin discovery of theliving cell asthe basic unit of all life, and of the substance of living
cellsorprotoplasm, which ThomasHuxley (1825-1895) called"'thephysical basisof life”". Al-
most immediately after these discoveries, scientists began to take sides on the two divergent
schoolsaf thought on cell physiology. One school believed that it isthe thin membranecover-
ing of the cell that playsthe centra rolein cell physiology, culminatingin the introduction of
the membrane theory. The other school believed that it isthe protoplasm that is the seat of life
activities,|eading to the protoplasmic (or colloidal) approach to cell physiology.

In the membranetheory themystery of liferesidesin the submicroscopiccell membrane.
Thecell content is seen as essentially a dilute aqueous solution. Thus one may also seethe
membranetheory of theliving cell asadilute solutiontheory of thelivingcell.
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The late 19th and the early 20th century saw rapid progressin the physicsand physical
chemistry of dilutesolutions. Willard Gibbs, Peter Debye, Walther H. Nernst, SvanteA. Ar-
rhenius, JacobusS. van't Hoff, and Wilhelm Ostwald were among the scientistsdevel oping
dilute solution theories. Based on the new insights revealed, proponents of the membrane
theory soon were able to offer plausible mechanisms for al four primary physiological
manifestationsof the living cell: solute distribution, water and solute permeability, cell
volume shrinkageand swellingaswell ascellular el ectrical potentials.

With itsrootsin theaccomplishmentsof the highly respected physics, the proponents of
the membrane theory had little difficulty in attractinginto their rankssome of the brightest
minds of the time, including Wilhelm Pfeffer, Emst Overton, Julius Bernstein, Leonor
Michaelis, Archibald Vivian Hill, Alan Hodgkin, Andrew Huxley, Peter Mitchell and
others. Numerically superior, and occupyingsome of the most listened-tointellectua * pul-
pits* of the world (e.g., Cambridge University of England), the success of the proponents
of the membranetheory can be gauged by the Nobel prizesthey won one after ancther.

After an exciting beginning, the protoplasmicor colloidal approach had not moved much
beyond the descriptive and the qualitative phase. At the time there was no simple physical
theory tolean on. The physicsthat would one day cometo therescueaf the colloid-oriented
cell physiologists was yet to developor, for other reasons, unavailable to those involved.
Proteins, the pivotal component of living protoplasm, were poorly understood then. Though
their adherentsknew that protoplasm is gelatin-like (see below), they did not have the es-
sential basic information to explain in what critical way gelatin is different from other
proteins. Nor could they explain convincingly how acolloidisdifferentfrom anon-colloid
or crystalloid. Their increasing emphasi son thelarge particle size as the distinguishing fea-
ture of colloidswasleading nowhere. Large moleculesdo not alwaysmake colloids; nor do
colloidsawayscontainlarge molecules.

Vastly outnumbered and outgunned, cell physiologists believing in the colloidal ap-
proach were overwhelmed by their opponents. A crucid experimentd finding—as it was
widely held to be at the time—was published in 1930 by the Nobd laureate, Archibald
Vivian Hill against the protoplasmic view of theliving cell. In its wake the colloid-oriented
cell physiology, in the English-speaking countriesat |east, quietly receded into obscurity.

It was at about that timethat the membrane theory reached what appeared at the time to
be the zenith of its development. In 1941 Boyle and Conway published the leading article
in the 100th volume of the (English) Journal of Physiology beginning at page one. The
prominently displayed paper was in many ways the culmination of a number of long
cherished ideas of the proponentsof the membrane theory of theliving cell.

Whilethefocus of the Boyle-Conway paper ison the selectiveaccumulation of K* over
its closely similar Na* in living cells, it also reaches out to touch on other important sub-
jectsof cell physiology including cell volume changesin solutions containinga high con-
centrationof K+ and theinfluenceof external K* concentration on thecel lul ar resting poten-
tial. The central objective in this grand synthesis was to quantitate the by-then-familiar
molecular sieveideaof cell membranesas brought forth previously by Traube, Nathanson,
Ruhland, Collander, Barland and others. cell membranes possess (rigid) poresof uniform
dimensionswhich act as molecular sievesdeterminingwhich ions are permeant (e.g., K*)
and whicharenot (e.g., Na*). It might well bein the mindsof the many enthusiasticreaders
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that, before celebrating thefinal victory of the membrane theory, we go through theformal
steps of demonstrating unequivocally the obvious truth that the cell membraneistotally im-
permeable to the (hydrated) Na* ion and to other large hydrated ions which the theory
predicted to be too large to pass through the narrow membrane pores.

Accordingly, extensive research was carried out in laboratories across the world (for
details, see pg. 152 below). The results were not expected. Quite the contrary, they were
cataclysmal. In contradiction to one of the oldest cherished beliefs, the cell membrane
proves to be permeableto Na™.

In thisdumbfounding, anticlimactic situation, one guesses that the principles might have
wanted to wash their hands of the whole thing. In any case, it is a fact that no deep soul-
searching reexamination of the problems followed immediately. Instead, a " patch" (or
pump) wasapplied tofix the leak of the membrane to theNa™ ions. Thisis how the sodium-
pump hypothesis cameinto existence.

A few yearslater, | came to the United States. One Monday afternoon in 1947 | gavea
seminar in the Department of Physiology of the University of Chicago where | was a
graduate student under the famous cell physiologist, Professor Ralph W. Gerard. Thetopic
of my talk was"' theSodium Pump". | recall opening my talk with something like: " Themost
certain thing about the sodium pump is that no one knowswhat it is". High and low | sear-
ched, but I could not find that enthusiastic, single-minded advocate of the theory that had
stood behind all other hypotheses of notethat | knew. There was no mechanism proposed
for the pump either, just a name.

After my talk, twoof my professors (and highly cherished friends) took measide and told
me that | should leave the subject aone. It wasa holy cow. There was nothing to be gained
by making a martyr of oneself. | remember feeling very grateful for their kindnessin going
out of their way to make the suggestions. But | had difficulty convincing myself that |
should follow them. Besides, my curiosity was aroused. So | began to do some simple ex-
periments. Onething led to another. . .

However, not until 1951 did | publish my first short note presenting straightforward ex-
perimental evidence against the sodium pump hypothesis and offering a new molecular
mechanism whereby most Na* iskept out of the living cells whileits closely similar sister,
alkali metal ion, K*, is selectively accumulated within the cell. In this theoretical model,
both K* and Na* are free to roam in and out of the cell without the need of a sieve-like
membrane as in Boyle and Conway’s membrane theory, nor a continuous pumping
mechanism asit isin the case of the postulated Na pump (Ling, 1951).

In the following ten years, two major events took place. A definitive disproof of the
sodium pump theory on the basis of energy consideration was completed; twice confirmed,
the finding and conclusion have remained unchallenged ever since. My theory of selective
accumulation of K* and exclusion of Na* grew and grew until it assumed the shape of a
general theory of theliving cell, called theassociation-induction hypothesis(Al hypothesis).
The disproof of the membrane-pump hypothesis as well as the introduction of the Al
hypothesis (and supportive evidence) was published in 1962 in a 680-page monograph en-
titled "A Physical Theory of the Living State: the Association-Induction Hypothesis" by
Blaisdell. It wasfollowed by my second volume, *In search of the Physical Basis of Life"
published by Plenum in 1984. In this 791-page volume, | presented the results of extensive
testing of the hypothesis in the preceding twenty-two years.

Another eight years passed before my third volume appeared in print, bearing the title:
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"A Revolution in the Physiology of the Living Cell" (Krieger, 1992). A short 378 pages,
thisvolume summarizes all the key evidencethat has disproved the membrane-pump theory
and established the association-induction hypothesis.

With due humility and full awareness that some part of the theory may yet need sig-
nificant revision, | dofeel confident that | now have a theory that fitsmost, if not all, exist-
ing relevant information known to me. It isin easy harmony with findings that had dis-
proved the membrane-pump theory. Ttisfully abletoexplain all thefour mgjor attributes of
the living cell, mentioned repeatedly above, but in ways that are solidly based on modem
physics. And it isquantitative and given in equation form.

| believe that the new cell physiology based on the association-induction hypothesis has
for thefirst timein history provided arealistic foundation toward the eventual construction
of arational drug therapy. When immunization alone is unable to cope, drugs designed on
thebasisof true understanding are without question the main weaponsin mankind's defense
against our ever-evolving deadly enemies, the viruses.

Whilea part of this presentation summarizes highlightsof my 1992 monograph just men-
tioned—and it was mostly this part that was verbally communicated in the 1992 Society of
Experimental Biology (SEB) symposium held in Lancaster, England and organized by
Professor Michael Bingley —this presentation also offers another theme not found in the
1992 work: It providesasummary of the" entire" history of cell physiology, beginning with
theinvention of the compound microscope.

Itismy belief that only those who know the history of long distance running, can fully
understand and correctly evaluate the significance of Roger Bannister's first four-minute
mile. So only those who know the full history of cell physiology, canfully understand and
correctly evaluate what | call the New Cell Physiology.

Before embarking on my history of cell physiology | must point out asomewhat unusual
strategy | choose to adopt in carrying out this enterprise. Thereis no need of any unusual
strategy in dealing with history before | entered the picturein the later 1940's. | shall just
tell it asit wasin the best way | know how. However, for the history after my entry, | will
make efforts to write in such away as if | and most of my scientific work have never been
known. Only after the history of cell physiology without my participation has been largely
told will | present my own work to show how it has contributed to the complete disproof of
thelast version of the membrane theory, i.e., the membrane-pump theory; how cogently it
meets the demands created by the demise of the membrane pump theory; and why the new
cell physiology deserves attention so far denied. Not only because it is the only theory of
cell physiology that has successfully stood worldwide experimental testing for well over a
quarter of acentury, but also because thereis no aternative left.

The Discovery of the Living Cell

The road leading toward the discovery of the living cell began with the invention of the
microscope. According to reviewers C. Singer (1915) and A.N. Disney (1928), the com-
pound microscope wasindependently invented around the year 1609 by Zaccharias Jansen
in Holland and by Galileo in Italy. However, with a single lens microscope Anton van
Leeuwenhoek saw for thefirst time the teeming world of the little living creatures, which
have been, from the very beginning of mankind's existence, everywhere around as well as
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withineach human body. Y et until that very moment, they had remained entirely outsideof
the human knowledge.

In the year 1676, van Leeuwenhoek described his discovery in a letter to the Roya
Society of London. Leeuwenhoek's story of littleliving creatures, which he referred to as
animalcules (see Dobell, 1932), was confirmed in 1678 by Robert Hooke (1635—1703) of
England. However, long before that, Hooke had observed many other objectsthrough his
microscope and had published his observationsin his book: **Micrographia; or, Some
Physiological Descriptionsof Minute Bodies Made by Magnifying Glasses with Observa-
tionsand Inquired Thereupon' (L ondon, 1665). Nearly a hundred yearswere to pass before
the little animalcules of Leeuwenhoek received the name Infusoriafrom Wrisberg. This
christening was a significant step forward; it also inadvertently added to the confusion at
that time. Infusoriaincluded (what was to be recognized later to comprise) two largeclas-
sesof very differentlivingorganisms. bacteriaand protozoa.

In hisMicrographia,Robert Hookedescribedwhat he saw in sections of cork through his
microscope. Cork is the elastic outer bark of the cork oak. However, Hooke did not know
this and thought that he was looking at some"* Fungusor Mushrome™. In this “Fungus” he
saw many poresand called them cells(1665). He believed that thesecell s represented chan-
nels for the transport of fluids from one part of the plant to another. If Hooke could be
revived three centurieslater, he would be astonished to know what has befallen the name
he had casually give to the holesin apiece of dead cork.

In histreatise," The Cdl", Americancytologist, E.B. Wilson, pointed out in 1928 that call-
ingthe basic unitsof life" cals' wasamistake: theliving cellsar e not hollow chambersasthe
namesuggestsbut ar e solid bodies. However, themistakewas clearly not committed by Robert
Hooke. Rather, it was the zigzagging courseaf acquiring new knowledgethat hed left stranded
aname which at onetime appropriately described the subject it intended to describe.

Jean Baptiste Lamarck (1744—1829) wasan exampleof the kind of universal mind of the
French Enlightenment(see Hall, 1969, val. 2, pp. 133-148). Asastarter, weoweto him the
name, Biology. We owe to him also the theory of evolution, known later as Lamarckism:
thetransmission of acquired characters. Of moredirectinterest here, Lamarck laid greatem-
phasis on the cdlularity of living things. For this reason, some historians thought that
Lamarck had anticipated Schwann in propounding a genera cell theory. Thisis, dtrictly
speaking, not true. Lamarck's cellularity was an extension of what Robert Hooke called
cells, rather than what E.B. Wilson called cells. Thus, like Robert Hooke, Lamarck also
regarded cells as a system of interconnecting open chambers. He made no mention that
these cells were the fundamental discreteunitsof life.

A. R. Rich (1926) considered René J. H. Dutrochet (1776—1847), another French con-
temporary of Lamarck, to bethetruefounder of thecell theory. Rich had amuch moresolid
foundationfor hisclaim. Dutrochet did announcein 1824 and 1826 (and thus 13 yearsahead
of Schwann) that plantsaswell asanimasare made up of livingcells.

Most if not all textbooks being used today tell usthat thefoundersof thecell theory were
two German botanists, M.J. Schleiden and Theodor Schwann. Schwann announced hiscell
theory in 1839 in his famous monograph, ' Mikroskopische Untersuchungen iiber die
Ubereinstimmung in der Struktur und dem Wachstum der Thiere und Pflanzen” (Micro-
scopic Investigationson the Resemblance of the Structure and Growth of Animals and
Plants).Schleiden's roleis now recognizedto besecondary and not on an equal footing with
Schwann.
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In Schwann's view of the living cell, the contai ningmembrane--of both the cell and the
nucleus—was prior in importance to their content which, according to Schwann, was a
homogenous and transparent liquid. On the other hand, the cell membranewas postulated
to have, for example, metabolic power, by means of which the cell membrane controls the
chemical composition of the fluid outside as well asinside the cell. It is interesting to note
that theliving cells, asseen by Schwannat the publication of his monograph,were not com-
pletely unrelated to theearlier view of Lamarck on thecell, i.e., fluid-filled chambers.

Schwann (as well as Schleiden) was a botanist. His main subject of observation might
well have been mature plant cellswhich areenclosed in arigid wal —the cell wall. Mature
plant cells also contain alarge central vacuolefilled with asimplewatery liquid. Thusone
could guess how Schwann came to the conclusionthat living cellsare bagsof clear liquid
enclosed in a membrane and on his emphasison the cell membrane—which could not be
visualized even today with the best light microscope in existence. What Schwann thought
to be the cell membrane, therefore, might be primarily the thin layer of protoplasm sur-
rounding the central vacuole; what he thought to be the cell content (or cytoplasm) might
be the watery liquid filling the central vacuole. This surmise, if it had validity, will also
makeit easier to understand why in later years Schwann changed his mind about the rela-
tive importance of the cell membrane versus the cell substance. However, Schwann's
changeof heart was partly alsoin responseto findingsthat camefrom anotherlineof micro-
scopicinvestigationswith emphasison the contentsof living cells, thistimeanimal cells.

The Discovery of Sarcode or Protoplasm

The microscope not only made it possible to see the outer appearancedf living cells, it has
also revealed what wasinsideliving cells. In 1744 Abraham Trembly obtained from fresh
water polyps a glairy, viscous substance. In 1786 Otto Fredrik Miiller described a
transparentgel atinoussubstancethat camefrom theinside of someprotozoa. Between 1803
and 1811, Trevranus reported on the streaming movements of an intracellular' galerte”
(gelatin)in large plant cells. In 1810 Lorenz Oken described what hecalled an'* Urschleim'
(primordial slime) making up the substanceof living cells (see Hall, 1969, val. 2, pp. 172-
174).

This prior work culminated in the announcement in the year 1835 by French
microanatomist, Felix Dujardin, of a living substance he called " sarcode” . That Dujardin
had much interestin animal srather than plantsand was thusa(proto)zoologist could beseen
from zoological journalsin which he published hiscritical work (Dujardin, 1835, 1841).
Sarcodewasisolated from protozoa(Infusoria)—which likeall animal cells, do not possess
arigidcell wall nor alarge water-filled central vacuole—and was described by Dujardin as
"a pulpy, homogenous, gelatinous substance without visible organs, yet organized . . .”.
Dujardin was a scientist of admirablehonor and integrity, scrupuloudy giving credit to all
prior work that might conceivably be considered relevant to hisdiscovery.

Six yearsafter Dujardin's announcement of thesarcode, botanist Hugo von Mohl (1844)
published hisfinding: in the center of a young plant cell, there was a nucleus, as Schwann
and Schleidendescribed earlier, but surrounding the nucleusvon Mohl found aviscousfluid
which he called “protoplasm”. Note in particular that von Mohl studied young plant cells
which, like animal cells, do not have water-filled large central vacuoles found in mature
plant cells.
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It was largely the work of Ferdinand Cohn (1850) which established that plant
protoplasm, and animal sarcodeare identical and that this substancein cellsis the primary
seat of living activity. Franz Unger believed that protoplasm was a protein substance™ con-
sisting of the same nitrogenouscompound that is present in every animal ™ (see Hall, 1969,
vol. 2, p. 213). However, neither Cohn nor Unger attempted to replace the name sarcode,
derived from the study of animal cellswith the name protoplasm, derived from the study of
plant cells. It isto Robert Remak (1852) we owe the redefinition of ' protoplasm™ to stand
for the"living jelly" of both plant and animal cells.

With more and more attention devoted to the protoplasm, the relative importance of the
cell membrane and the cell content underwent a dramatic shift. First Franz Leydig an-
nounced in 1857: " Cell contentsareof ahigher dignity than the membrane™. It wasfollowed
by the famous" protoplasmic doctring" by Max Schultze (1861; Hall, 1951, p. 449): " The
protoplasm representsaspherical lump held together by itsown inherent consistency. These
cells do not possess a membrane chemically different from the protoplasm. The cells are
membranelesslittle lumpsaof protoplasm with anucleus. ”

At that time, it wasalready widely known that protoplasm emerging from living plant or
animal cells does not mix with the surrounding aqueous medium (see Endnote 1) (for a
visua demonstration of protoplasm, see Kuroda, 1964, or Figure 25 reproduced from
Kurodain Ling, 1984, for a photograph of isolated protoplasm suspended in an agueous
medium). Since no simple water solution can stay immisciblewith another simple water
solution, thisimmiscibility offers very convincing evidencethat protoplasm hasthe innate
quality to remain apart from the surrounding medium. This type of observation led Max
Schultzeto suggest that thesurfacedf thecell protoplasmiscoveredwith nothing other than
alayer of protoplasmlike that making up the substance of theliving cell.

A pioneer in thefield of proteinchemistry, Willy Kiihne (1837-1900) —who isolated the
contractile protein of musclecellsand named it myosin and who also introduced the name
enzyme for the biological catalyst (see Rothschuh, 1973, p. 240)—suggested that the
protoplasm of a living cell is covered with a very thin layer of coagulated protein (see
Endnotel).

It is noteworthy that in hislater life Theodor Schwann apparently changed his mind on
the relativeimportance of the cell membrane and the cell content. He reminded us that in
thethird part of his" Untersuchungen'*he had spoken of "' solid cells without membranesand
without cavities™ (Florkin, 1960).

Just as interesting was the changing of heart of English biologist, Thomas H. Huxley
(1825-1895), whose famous and el oquent defense of the crucia role of protoplasm asthe
physical basisof lifein 1853 came after an earlier period of time when he was an equally
vigorous proponent of the primary importance of the cell membrane (Huxley, 1853; Hall,
1969, 2: 199).

| do not quote these opinion changes in a derogatory manner. On the contrary, | regard
this willingnessto make drastic changes in scientific opinionsin the face of new scientific
evidenceasan expression of the highest form of dedication to the search for truth. On this,
scienceand politicsaredifferent. Scientistsare not obligated to keep'* campaign promises’.
Scientific reasoning and experimental evidencea one should decide what future scientific
positiononeought to hold. Belief in thisbasic principle by many scientistsaswell asabroad
subscription to honor, courageand clear thinking offer some of the reasonswhy Alfred Rus-
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sell Wallace (1821-1913),—Charles Darwin's co-founder of the theory of evolution—
called the 19th century, the wonderful century.

In summary, biologistsfrom Jean Lamarck to Max Schultze—withtheaid of theimprov-
ing microscopic techniquesin the span of about 100 years—gradually reached a general
consensus acknowl edging the existence of acommon basic unit of al life: the living cell.
They debated about the relativeimportanceof the cell membraneand the protoplasm, and
even theexistenceof oneor theother of thesetwoentities. A moredefinitiveanswer to these
fundamental questions awaitsa closer examination of not just how each component looks
under astill better magnifyingglass(e.g., theelectron microscope), but al so how thevarious
componentsfunction. The early effortsin thisdirection inauguratedthe new scienceof cell

physiology.

The Beginning of Cell Physiological Investigation:
The Invention of Modelsof Protoplasm and of Cell Membranes

Theconstructionof model shas played avery important rolein the progressof science, espe-
ciadly in that critical early phase of a science still seeking foundation knowledge as in
Michael Faraday's study of the interaction between electricity and magnetism; in Rudolf
Hertz's study of electromagneticwaves; and in thestill very early stagein the devel opment
of cell physiology from its beginningsome 150 years ago until the present. In the construc-
tion of models we hope to capture the essence of a natural phenomenon, isolating it from
theincidental and theirrelevant. The simplicity of the modedl permitsquantitativeverifica-
tion or refutationof a hypothesison one or another aspect of the natural phenomenon, while
the natural phenomenon in itsentirety would not tolerate. We owethegeniusof the English
chemist, Thomas Graham, for introducinga most cogent model of protoplasm almost im-
mediately after protoplasmwas discovered. Graham al so played akey rolein theinvention
of another important model, the model for the cell membrane.

Thomas Graham (1805-1869) was by profession a chemist. He held the office of the
Master of the Mint, an office held by |saac Newton about 160 years before. Graham spent
most of hislifestudying diffusionand waswell-knownfor hisLaw of Diffusion: the rate of
diffusionof agasisinversely proportional to the squareroot of itsdensity. Graham's inter-
est in diffusion brought himinto contact with the newly discovered protoplasm and itswide-
ly recognized gelatin-likecharacter.

In 1861, in a paper published in the Philosophical Transactions entitled "'Liquid Dif-
fusion applied to Anaysis’, Graham broadly separated chemica substances into two
classes. Oneclasscalled crystalloid includessalts, sugars, and acohols, and these crystal-
loids diffuserapidly. Substancesbel ongingto the other class diffuse much moreslowly but
are also distinguished by the gelatin-like characteristicsof their hydrates. "'As gelatin ap-
pearsto beitstype, it is proposed to designate substance of theclassas colloids” (from the
Greek work for gelatin or glue, koAAoy).

From Graham's definition protoplasmisa colloid or a collection of colloids. A branch
of chemistry called Colloid Chemistry was thus launched. Colloid chemistry then offered
the physicochemical basisfor the continued investigationof protoplasm. This approach of
cell physiology may be called the protoplasmicapproach to cellphysiology and it grew out



130 LING

of theview of cellsasseen by Max Schultze whose microanatomica studiesled himto con-
cludethat it isthe substanceof thecell that mattered most and that thecell membraneisonly
amodified layer of the protoplasmfound at the cell surface.

However, Graham also contributed to the alternative approach to cell physiology in-
itiated by Theodor Schwann who believed in hisearly days that it was the cell membrane
that counts, the cell interior being nothing more than a clear fluid. Graham's approach to
what we may call the membraneapproach to cell physiology lay in hisstudy of the ability
of certain special membranes that alowed the passage of water but not that of larger
solutes—a phenomenonsknown asdialysis.

Graham invented "dialysis”. In this technique, the interpolation of a thin partition, or
what hecalled septum, allowsthe separation of crystalloids,which passthrough the septum,
from colloids, which do not. The septum Graham used was (vegetable) parchment paper
"sized" with gelatinousstarch. Graham pointed out the similarity of these man-made sep-
tumsand animal membranesused in earlier studies (see below).

Graham al so mentioned that it was the colloidal starch hydrateintroduced into the inter-
stices of the septum that slowed down the passage of diffusing materials, stopping it a-
together when the diffusing material wasitself acolloid. Among those colloidsthat did not
pass through hisdialysisseptums was copper-ferrocyanide gel.

Moritz Traube (1826—-1894) was a German Jewish merchant who conducted scientific
experimentsin the basement of his housein Berlin. Traubeinvented agood and historical-
ly important artificial membrane: athin layer of precipitatedcolloidal copper ferrocyanide
(Traube, 1867).

Traube's discovery was based on a simple observation. When adrop of copper sulfate
was brought into contact with another drop of potassiumferrocyanide, a thin layer of red-
dish brown copper ferrocyanideprecipitateformed at the boundary of contact. Oncesuch a
layer wasformed, no further formation of copper ferrocyanideprecipitate occurred. Traube
soon redlized the significanceof thisarrest of further precipitation: Thethin layer of copper
ferrocyanide prevented the further passage of copper and of ferrocyanideions to the op-
posite side. In other words, he had discovered a superior membranemodel that is not only
impermeableto colloidsas was the case of Graham's starch-sized parchment paper but im-
permeableto crystalloid copper and ferrocyanideionsas well. Traube published his obser-
vation in 1867. It soon came to the attention of plant physiologist, Wilhelm Pfeffer.

Introductionof the Membrane Theory

Wilhem Pfeffer (1845—1920) madeafurtherimprovement of Traube's artificial membrane
by depositing the copper ferrocyanidegel within the porouswall of an unglazed porcelain
pot. The new membrane now has the strength to withstand handling and applied pressure.
Pfeffer then showed that across such afortified copper ferrocyanidemembrane there was
movement of water from the compartment containing alower concentrated sucrosesolution
to the other compartment containing a higher concentration of sucrose. In contrast, no sig-
nificant amount of sucrose passed through the membrane (Pfeffer, 1877).

Onerecallsthat Rent Dutrochetintroduced hisversion of cell theory before Schwann. In
earlier times Dutrochet a so studied the movement of water in and out of solutionsenclosed
in an animal membranesac (e.g., dried pig bladder). He called these movementsof water in
and out of the sac endosmosis and exosmosis respectively (Dutrochet, 1827). From these
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words, the concept and terminology of osmosisand related phenomenaemerged. Thus the
pressure that must be applied to the side containing a higher concentration of sucrose to
prevent movement of water into thiscompartment from the compartment contai ningamore
dilute solution of sucroseis called osmotic pressure. Pfeffer was able to show that the os-
motic pressure is directly proportiona to the concentration of the sucrose in the sucrose
solutionand to the absol utetemperature. Two significanteventssoon followed theacquisi-
tion of theseaccuratedata.

In the year 1877, Pfeffer published his work in a monograph entitled, ** Osmotische Un-
tersuchungen''. On thebasisof Pfeffer's findings, the Dutch physicochemist J.H. van't Hoff
(1852-1911) formulated and announced what wasto be known asthevan't Hoff Law of Os-
mosis(1887): Theproduct of the volumeof the sucrose-containing compartment and theos-
motic pressure is equal to the product of the molar concentration of sucrose, the gas con-
stant and the absolutetemperature. From this Law one could make the prediction that the
product of the volume of the sucrose-containing solution and the concentration of sucrose
isacongtant. An osmotic system that demonstratessuch arelationshipwas | ater referred to
as behaving like a perfect osmometer (Lucké and McCutcheon, 1932).

In his" OsmotischeUntersuchungen', Pfefferal so postulated that living cellsarecovered
with athin covering having the characteristicsof the copper ferrocyanidemembrane. He
called thistheory the membranetheory. In introducing the membranetheory Pfeffer had, in
fact if not in intention, returned to the earlier view of Theodor Schwann emphasizing the
primary importanceof thecell membranein aliving cell over its content.

In conjunction with van't Hoff's Law of Osmosis, Pfeffer's membrane theory of the
livingcell would predict aquantitativerel ationshi pbetween cell volumeand the concentra-
tion of impermeant solutein the bathing medium. When living cells are exposed to solu-
tionsof different concentration of asolutelikesucrose, the product of thesucroseconcentra-
tion and the equilibrium volume of the cell should be a constant. Experiments designed to
test this prediction of the membrane theory were soon undertaken with strikingly affirm-
ativeresults.

Experimental Testing of Pfeffer's Membrane Theory
of Osmotic Behaviorsof Living Cells

In 1855 the influential German botanist, Carl von Nagdli, described the phenomenon of
plasmolysis as the shrinkage of the protoplasmic mass of an adult plant cell fromitsrigid
encasing cell wall when thecell isexposed to aconcentrated solution, say of sucrose. Hugo
de Vries (1871, 1885) demonstrated that the protoplast of the root cells of common beet
(Betavulgaris) plasmolyzed in astrong solution of NaCl and theentirecell substanceinside
its enclosing rigid cell wall, called protoplast, remained shrunken for as long as several
weeks. Thisobservation led de Vriesto the conclusion that the root cell membraneis com-
pletely impenetrable to NaCl. Similar experimentson this and other cell typesled to the
broad belief that NaCl cannot penetratethecell membrane. In 1902, E. Overton showed that
frog muscleretainsitsnatural volumewhenimmersedin a0.7% NaCl solution. Thusa0.7%
NaCl solution isisotonic to the frog muscle. When a high concentration of methyl alcohol
isincludedin the 0.7% NaCl solution and afrog muscleimmersed in thissolution of NaCl
and methy! alcohol, the muscle volume remained unchanged; whilea muscleimmersed in
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an isotonic NaCl solution containing also a high concentration of ethylene glycol first
shrank and then expanded. These facts led Overton to conclude that the frog muscle cell
membraneis highly permeable to methyl alcohol and only slowly permeableto ethylene
glycol. While all of these findings were qualitatively in accord with Pfeffer's membrane
theory of osmoticbehaviorsof thelivingcell, it wasthework of K. Hofler that offered quan-
titative support.

Hofler found away of accurately measuring the volume of the shrunken protoplast when
the cell was immersed in a concentrated solution of sucrose (Hofler, 1918). Using this
method, and choosing as his experimental subject the parenchyma cells of the plant
Tradcescantiael ongata, he verified the predicted constancy of the product of the external
sucrose concentration (varying between 0.3 M and 0.6 M) and the volume of the shrunken
protoplast (see Lucké and McCutcheon, 1932). Thus the parenchyma cells did indeed be-
have like perfect osmometersas the theory of Pfeffer (and van't Hoff) had predicted.

Unfortunately thestate of optimism thus created lasted only a short time. Later work of
Hofler compelled him to reversehisearlier conclusion.

As mentioned above, mature plant cells aredifferent from young plant cellsand from*dl"
animal cellsin that only in mature plant cellsisthere alarge central vacuolefilled with clear
watery liquid. Themembranecoveringthiscentral vacuoleisknown asthetonoplast. Between
thetonoplast and the cell membraneor plasmamembraneisthecell cytoplasmor protoplasm.
The iconoclasticlater work of Hofler revedled that only a part of the mature plant cell func-
tionslike a perfect osmometer; that part is the tonopl ast-enclosed central vacuole.

In cooperation with American scientist, Robert Chambers, who was most skilled in
microsurgical work, Hofler isolated the tonoplast-enclosedcentral vacuolesfrom mature
plant cells and observed their volume change when immersed in solutionscontaining dif-
ferent concentrationsof sucrose. Thetheoretically predicted constancy of the product of ex-
ternal sucrose concentrationand vacuolar volume was confirmed on theseisolated central
vacuoles. They, rather than the whole cells, behaved like perfect osmometers (Chambers
and Hofler, 1931). Nor was this entirely surprising since the content of this “vesicle” is
definitely asimple watery liquid.

In other experiments on whole mature plant cells, other scientists showed that in con-
centrated salt solutions, the central vacuole does shrink as expected. However, the
cytoplasm surrounding the central vacuolesactually swelled (Plowe, 1931). Our next ques-
tionsis. ""Do animal cells which do not possessa large central vacuole behave like perfect
osmometers?"’

Hamburger (1904) found that when red blood cells were transferred from a 0.9% to a
1.5% NaCl solution, the volumeshrank but only by 17.5%. If thecells behave like perfect
osmometers, then the product of the concentrationand volume should be constant. In that
case, the volume shrinkage should be 40%. However, Hamburger showed that the agree-
ment between theory and observation would be greatly improved if the volume is reduced
by 50-55%. This volumewas referred to as Nichtloessender Raum or nonsolvent volume.

Historically, it was believed that nonsolventisequal to the volumeof the cell solids. In
thelight of later, more accurate and complete knowledge, the solid volume is too small to
account for the nonsolvent volume. Thus the percentagesolid weight of human red blood
cells is 35%; the density of whole human red cells is 1.096 or approximately 1.10 (see
Ponder, 1948, pp. 119-120). Since roughly 65% of the cell weight is water with a density
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of unity, thecell solid density isequal to (1.10 - 0.65)/0.35 = 1.29 and the cell solid volume
is thus 0.35/1.29 = 0.27 or 27%, which accounts for only about hdf of the nonsolvent
volume.

Ernst Overton, whose studies of the volume changes of frog muscles in concentrated
solutionsaof methyl alcohol and of ethyleneglycol | have mentioned above, reported in the
same article also on his study of the swelling of frog muscle in NaCl solutions below
isotonic (0.7%), or hypotonic NaCl solutions(Overton, 1902).

If muscle cells behave like perfect osmometers as Pfeffer's membrane theory predicts,
then areduction of theconcentrationsof the NaCl concentration in the bathing sol utionfrom
isotonic (0.7%) to one haf of that strength (0.35%) should lead to a two-fold or 100% in-
crease of the volume of the frog muscle. In fact, Overton showed that the volume increase
wasonly athird of the original weight. Since the total solid weight infrog muscle (20%) is
evenlessthan in red blood cells(35%), thevolumeof thecell solid volumeiseven lessable
to account for the discrepancy. Overton then suggested that at least a part of the water in
muscle does not exist as normal liquid water but in the form he calls Quellungswasser or
swelling water . Indeed to make Overton's observed volumeconform to the prediction of the
membrane theory, more than 50% of the nicht loessender Raum must exist in the form of
Quellungswasser.

Nobe laureate, A.V. Hill, whose work published in 1930 was briefly referred to above
and will be again in greater detail below, reported in the same article (Hill, 1930) that he
had repeated and confirmed Overton's observation. However, Hill offered a different ex-
planation, i.e., the muscles he himself as well as Overton used wereinjured to such an ex-
tent that 25% of the musclecellshavelost their normal semipermeability.

First, itisnot clear to mewhy Hill choseto performmost of hisstudieson the much thick-
er cylindrical gastrocnemius muscles(diameter: ca. 5 mm) rather than the much thinner sar-
torius muscles (thickness: ca. 0.6 mm), on which E. Overton carried out his experiments.
Thisisall the more puzzling when one readsthe specific reasonsOverton gavefor not using
the gastrocnemius muscle and for using the sartoriusmuscles, e.g., too slow for the gastroc-
nemius muscleto reach equilibrium.

In hind sight, and after more than 45 yearsof more or less continualy studying the frog
sartoriusmuscle, | and my colleagues have learned how to isolate frog sartorius muscle
without injury and to keepit alivein vitro at 25°C for morethan aweek, at theend of which
it was shown that the muscle did not losea significant amount of itsK* content, its normal
resting potential or its mechanical contractility (see Ling and Bohr, 1969). Using the tech-
nique learned, we have a so repeated Overton's work on swelling frog sartorius musclein
half-isotonic solution and found that if Overton had included in hishypotonic solution, haf
of the normal K* and Ca™ content in a normal Ringer solution (Ringer, 1882-83), thein-
crement of muscle volume in a half-isotonic solution would be 50% rather than 33% (as
reported by Overton) (see Figure9.16 on page 247 of Ling, 1962). Such a difference be-
tween a 33% increment and a 50% increment does not detract usfrom the judgment that the
essence of Overton's conclusion was correct: frog muscles do not behave like perfect os-
mometers.

That injury did not materially affect the volume change in hypotonic solutionscan be
seen from thefact that the swelling in hypotonic solution after a4-hour incubation was not
significantly different in similarly treated intact sartorius muscles and sartorius muscles
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which had been cut into 2 mm and 4 mm wide segmentswith both ends of each segment
open (for evidence that no membrane regeneration takes place at the cut ends, see below)
(Ling and Walton, 1976, Fig. 1).

In summary, in mature plant cells only the tonoplast-enclosed central vacuoles behave
like a perfect osmometer as predicted by Pfeffer's membranetheory of osmotic behaviors
of living cells. Animal cellsdo not havecentral vacuolesand, asexemplified by human red
blood cellsand frog sartoriusmuscle, do not behavelike perfect osmometerseither.

The Colloidal or Protoplasmic Approach to Cell Physiology

Martin H. Fischer and Gertrude M oore (1907) demonstrated that the swelling behaviorsof
frog musclein acids, alkalisand salt solutionsbear strong resemblance to those of swollen
beef fibrinand of gelatin (Fischer,1909). Fischer and M oorepointed out that in musclecells
aswell asfibrin (and gelatin) the affinity of the colloidsfor water is not constant but vari-
able. In both, theaffinity increased sharply on theaddition of acidsaswell asof dkalis. This
variability of swellingwater in living cellsformed the coreof Fischer's concept of oedema
and nephritis (Fischer, 1909). In 1938, Martin Fischer and Werner J. Suer wrote: it
(protoplasm) is held to beaunion of protein,salt and water in agiant molecule™. (Themost
importantsaltion in thecell isK*. Thequestion whether thecell K* isfreeor in someway
united to the proteins will be discussed below under the subject of " solute distribution™).
(see Endnote 2 for more about Martin Fischer).

Astimewent by, theterm " bound water'* was moreoften used in replacement of themore
cumbersome"* swellingwater'* or "'imbibition water”. Efforts weremade to characterizeand
measure quantitatively bound water in models of living cells. The cryoscopic method was
based on the assumption that bound water does not act as a solvent for dissolved solutes.
This was how the concept of “nonsolvent water' came from Newton and Gortner (1922).
The calorimetric method depended on the assumption that bound water could not freeze at
the temperature at which normal liquid water freezes(i.e., —20° to —30°C). Thiswas then
the beginning of what wasknown as' nonfreezingwater'* (Rubner, 1922; Robinson, 1931).

Using the cryoscopic method, Newton and Martin (1930) demonstrated a good correla
tion between draught resistance of variousspeciesof grassesand what they measured in the
expressedcell sap as'' nonsolventwater™'. They al so showed that the percentageof “nonsol-
vent water'" was considerably higher in solutionsor gel of gelatin and agar than in solutions
containing an equal concentration of vegetable albumin. This conclusionis in agreement
with parallel studies of Thoenes (1925) on "nonfreezing water" in gelatin and agar by
calorimetricmethod. Thisauthor al so showed that dog and guinea pig muscle contai ned be-
tween 19% to 26% of bound water (seealso Gortner, 1938, pp. 283-287).

In 1926 T. Moran demonstrated that even at the low temperature of liquid air (ca
—-190°C), no iceformed in a65% gelatin gel. Since 65% gelatin contains 35% water, this
gelatin gel retained 0.54 gramsof non-freezing water per gram of dry gelatin.

Moran also showed that the percentage of " nonfreezing water" at —3°C increased sharp-
ly with decreasingpH brought about by the addition of more and moreHCL. Moran'sfind-
ings were in harmony with Fischer and Moore's demonstration of steeply increasing per-
centageof swelling water in fibrinand in gelatin with the addition of an increasingamount
of HC1 (seeabove). AssistingMoran in thework described, wasaMr. H.P. Halewhosehelp
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Moran acknowledged at the end of the article published in the Proceedings of the Roya
Saciety of London.

In 1932 Robert Chambers who had cooperated with Héfler in isolating the tonoplast-
enclosed central vacuoleaof adult plant callscooperated with the same Mr. H.P. Halein their
freezing experimentsof isolated frog muscle and other cells (Chambersand Hale, 1932).
They observed that in isolated singlemusclefibers, iceformed only in theform of elongated
spikeswithout any branches and thus was quite different from the normal ice crystalswith
feather-likehexagonal dendrites. When the musclefiber wastwisted, theice spikesalsoas-
sumed a twisted pretzel-like shape (Chambers and Hale, 1932). Chambers and Hale's ob-
servationswereconfirmed by Rapatzand Luyet in 1959 and by Miller and Lingin 1970.

In 1934 Dorothy Jordan-LIoyd and T. Moran published in the Proceedingsof the Royal
Society of London their beautiful work on the water retained in gelatin gel's when subjected
to high pressure. They showed that with increasing pressure, up to 7000 | bs per squareinch,
therewas rapid lossof water from a 66% gelatingel to about 33%. However, with the pres-
sureincreasingfrom 7,000 to 38,000 | bs per squareinch, the water content remained essen-
tialy constant at about 0.4 t0 0.5 gram of water per gram of dry gelatin. Thisfigure agrees
well with the nonfreezing water at —190°C reported by Moran donein 1926.

In the above | have taken special pains to document the extensive mutually supportive
evidencethat gdain—which typifies colloids——contains a sizable amount of water which
resistsfreezingeven at liquid air temperature, and could not be squeezed out by pressureas
high as 38,000 Ibs per squareinch. Still other studiesshowed that this water al so does not
dissolvesucrose.

All in al, these findings offer evidence for a remarkable progress toward the under-
standing of protoplasm, the physical basis of life, as Thomas Huxley so eoquently
described. And there seemed littlereason to doubt that moreimportant progresswould con-
tinue to be made in this protoplasmic approach to cell physiology.

Could onebelievethen that thefuturedf cell physiology would beat that very timeabout
tomakeaviolentturn so that the whol e protopl asmi capproach would be moreor less aban-
doned, and the major English-speaking journal of colloid chemistry,theJournal of Colloid
Chemistry, terminated? But history shows that this indeed happened. Moreover, it came
from thework of one man in theform of one paper communicating,in essence, asingle st
of experimental datawhich would take acompetent experimentalistno more than aday to
accomplish. It is often said that asinglefalling applechanged the courseof the progressof
physics. Did somethingof thiskind happenin cell physiology?

The Man and His Single Experimental Finding that Derailed
the Protoplasmic Approach to Cell Physiology

Archibald Vivian Hill (1886-1977) wastall in stature, athleticin build and al in all amost
commanding type of a person. He received his education at the Trinity College of
Cambridge University but from 1923 on worked at the University College of London. In
1922, Hill and Otto Meyerhof were conjointly awarded the Nobel prizefor their study of
muscle physiology (seebelow).

The experimental finding that was to change the future course of cell physiology ap-
peared in 1930 in the 106th volume of the Proceedings of the Royal Society of London,
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Series B. In this paper Hill presented the experimental work of Mr. P. Eggleton and Mr.
H.V. Horton who demonstrated that urea distributed equally between the cell water of iso-
lated frog sartorius musclesand water of the external bathing solution.

Based on this set of findings Hill concluded that frog sartorius muscle does not contain
any significant amount of bound water. Were it otherwise, the average equilibrium con-
centrationof ureain the musclecell water would be correspondingly lower than that in the
external medium.

Confirmationsof Hill's contentionthat no bound water existsin livingcellscamein rapid
succession. MacLeod and Ponder (1936) found that ethylene glycol aso distributesitself
equally between water in red blood cells and in the external medium. Hunter and Parpart
(1938) showed equal distribution of ethylene glycol between water in frog abdominal
muscleand theexternal medium. Theoverall impact of Hill's announcementand itssequels
waselectrifying.

E. Ernst who was an eyewitnessto all these events, recalled in 1963 how, in responseto
A. H. Hill's work, the opinion makers of the day, including Rudolf Hober, W.O Fenn and
F. Buchthal, all renounced the concept of bound water (and bound K *) and began to sub-
scribein total to the ideathat living cells represent a simpl e aqueous sol ution obeying the
osmotic lawsof van't Hoff etc. (Ernst, 1963, p. 112).

It must be emphasized that the derailment of the protoplasmicapproach to cell physiol-
ogy was largely a matter of opinions. Hill poked a hole in an idea that was then popular
among the protoplasm-orientedcell physiologistsand they were caught without a defense
and, asaresult, a historical turnabout took place. Hill did not even deal with the important
findings of Moran and of Jordan-Lloyd mentioned above, for example. He and his sup-
porterswere most probably not aware of theimportantwork of the Soviet scientists, Dmitri
Nasonov and his colleague, E.I. Aizenberg, published in Russian.

In 1937, the Soviet biologists, D.N. Nasonov and E.I. Aizenberg, exposed isolated frog
muscles to concentrated solutions of various solutes including 20% urea, 1.69% aanine,
and 1.8% (and 4%) sucrose (Nasonovand Aizenberg, 1937; seeal so Troshin, 1966, pp. 37—
52). They then followed the change of weights of the musclesas well as the intracellular
concentrationsof each of the solutesto which the muscles wereexposed. In all cases, while
the concentration of each of the solutes was steadily increasingin the cell —thereby estab-
lishing that they were all able to penetratethe cell membrane—the muscleswere steadily
losing weight until a specific steady (shrunken) state was reached and maintained.
(Nasonov and Aizenberg's results were confirmed and extended first by Troshin and by
themselves individually, see Troshin, 1966, p. 47; see also Nasonov, 1938; Aizenberg,
1939), and much later still by G. N. Ling (Ling, 1980, 1987a).

These studies showed that cellsasa rule do gain or lose water in asustained manner in
solutions containing low or high concentrationsof solutes respectively. However, unlike
that predicted by the membranetheory, the effectiveness of these solutes in causing sus-
tained cell-volume changes are not causally related to the impermeability of the cell
membranesto these solutes. Permeant solutes do the same.

Thisgenerality applied to neutral sol utes, asthose mentioned above, aswell asto charged
electrolyteslike NaCl. In history, sucroseand NaCl had long been regarded asimpermeant
solutesto the living cell on the basisof acircuitousargument: sucroseand NaCl causesus-
tained shrinkage becausethey are impermeant to the cell membrane; they are impermeant
to the cell membrane becausethey caused stained cell shrinkage.
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Nasonov and Aizenberg's finding showed, to the contrary, that there is no causal
relationship between impermeability through the cell membrane and the ability of an
electrically neutra soluteto causecell shrinkage. The advent of radioactive tracer technol -
ogy facilitatedthedemonstration of asimilarlack of causal relationshi pbetween membrane
impermeability and the ability of an electrically charged solutelikeNaCl to cause sustained
cell shrinkage. In response, the sodium pump hypothesiswas introduced as | have already
mentioned.

In the 1950s, T.H. Wilson (1954) and A. Leaf (1956) presented the view that the con-
tinual activity of the postulated sodium pump makesthe Na*-permeable cell membraneef-
fectively impermeable to the Na* ion. Undoubtedly it was the language barrier that
prevented Wilson, Leaf and many othersfrom familiarity with the Soviet scientists' impor-
tant work. If they did know Nasonov and Aizenberg's work, they would be forced to pos-
tulate pumpsfor urea, alanine, galactose, and sucrose aswell, because these solutesbehave
justliketheNa™ ion, being permeableand yet ableto causesustained shrinkageat high con-
centration. In 1966, an English trandation of Troshin's book was published by Pergamon
Press, making availablethe Russian work described above. However, | have not been able
to detect any mgjor response to the work now in English from the supporters of the
membrane-pump theory. And it is not difficult to see why.

In summary, the osmotic behaviorsof living cells do not follow the predictions of the
membrane theory with or without an Na pump. It is herethat thelong history of explaining
cellular volume changes in termsof the membrane theory came to an end.

The Membrane Theory of Cellular Electrical Potential

In 1757 Leopoldo M.A. Caldani elicitedcontractionof isolated muscleby sparksfromadis-
charging Leyden jar (see Rothschuh, 1973, p. 140). In 1786 Alosius (dias Luigi) Galvani
again elicited the contraction of frog muscles, thistimeinadvertently when ametal hook in-
serted into thefrog's spinal cord accidentally touched the metal plate on which the frogs
legswerelying. Galvani believed that theel ectricity wasoriginally stored in the brain of the
frog and this" animal electricity" wassent down to, and stored on, the surfaceof the muscle
much as in a Leyden jar. Galvani's claim of animal electricity was strongly disputed by
physicist, Alexandro Volta, who believed the electricity wasentirely due to the bimetallic
contacts.

The ultimate outcome of this controversy was strangely divergent. For those writing
about physicsand physicists, Volta’s position was upheld: V oltawas the one who spoke the
last word (see Morgan, 1954, p. 42). Just after the French Academy of Sciences had
repudiated Anton Mesmer's claim of animal magnetism, it is not surprising that skepticism
was entertained by some physicistsagainst Galvani's claim of animal electricity. However,
for those writing about biology, Galvani's position was upheld (see below). In any case, in-
vestigation of theelectrical activitiesof muscle continued in Italy.

In 1841 C. Matteucci discovered that the intact surfacedf the isolated frog muscle was
electrically positivein referenceto the cut surfaceof the muscle. In the next year, Matteuc-
ci reported to the Academy of Sciencein Pariswhat he called "' Secondary Twitch™ (Mat-
teucci, 1842): Twofrog muscleswereisolated with their sciatic nerves' connection to each
muscle kept intact. He then placed the nerve of one muscle (muscleA) onto the surface of
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the second muscle (muscle B) and with a pair of metal electrodesstimulated the nerve of
the muscle B. In consequence, not only did muscle B respond with contractions, muscle A
al so responded with contractions. Thus Matteucci learned that activity of muscle B had ex-
cited the nerve of muscle A.

Accordingto historian, Karl E. Rothschuh, Galvani had carried out an experiment quite
similar to theonedescribedabove (and thusyearsahead of Matteucci). Thetroublewasthat
Galvani published this work anonymously in 1794 —parentheticaly one asks, Why
anonymously?Was he very afraid of being dealt with aswas Anton Mesmer?In any case,
Galvani was entirely different from Mesmer. Thus in the words of Rothschuh: ** Galvani
placed the nerveof amuscle-nerve preparationon thefresh sectionof another muscle, éicit-
ing contractions when the nerve and muscle established contact. For him, this was the
decisiveproof of theexistenceaf an' animal electricity". Rothschuhfurther pointed out that
this particular experiment was further confirmed by the German naturalist, Alexander von
Humboldt, who published hiswork in the two volumesentitled "'V ersucheiiber die gereiz-
ten Muskd —und Nerven Fasern'™ (Rothschuh, 1973, pp. 141-143).

Electrical potentia difference was also found between the intact and cut surface of
nerves. Later asteady el ectriccurrent was observed between the intact and cut surfaceof an
isolated nerve by Emil duBois-Reymond. Hecalled thiselectrical current demarcation cur-
rent or injury current and the potential difference between the intact and cut surface in
muscle and nerve" demarcation potential” or" injury potential" (du Bois-Reymond, 1848-
1849).

Du Bois-Reymond al so discovered that if abrief electricstimuluswasapplied toanerve,
the magnitudeof theinjury current decreased. Thischangewas attributed to what he called
a''negative Schwankung' (negativevariation). Later du Bois-Reymond was able to" buck
out" the standing injury potentia and isolated the negative Schwankung in pure form,
known later as the action potential. The demarcation potential was seen as the foundation
of the action potential and as an imperfect expression of a lasting and standing el ectrical
potential differenceacrossthe cell surfacecalled the resting potential. Still later, the rest-
ing potential was referred to with increasing frequency asthemembrane potential (for com-
ments on replacingthe noncommittal name, resting potential, with the name prescribed by
an unproven theory and for similar renaming of the whole or part of cell physiology,
membranephysiology, see Endnote 3).

In 1890 Wilhelm Ostwald (not to be confused with Wolfgang Ostwald mentioned ear-
lier) measured the electric potentia differencesbetween two salt solutions separated by a
copper ferrocyanide membrane. Based on these observations, he ventured the suggestion
that the muscle and nerve potential aswell astheelectriccurrentdelivered by an electriced
may haveasimilar origin.

In 1900 J. S. MacDonald published a paper in the Proceedingsaf the Royal Society of
London entitled " The Demarcation Current Considered as a ConcentrationCedl™*, in which
he expressed the view that the inside of the nerveis a more concentrated el ectrolytesolu-
tion than theexternal mediumin whichthe nervewas bathed. Hethen demonstratedalinear
relation between the demarcati onpotentia measured and the logarithm of the concentration
of potassum salt in the external medium. MacDonald probably did not know about
Ostwald's suggestionand made no referenceto it. Thisis not the case with another inves-
tigator, Julius Bernstein, who was once a student of the great physicist-physiologist Her-
mann von Helmholtz.
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Julius Bernstein (1902) acknowledged the suggestion of Ostwald and proceeded to
present his" membrane theory" of cellular electric potentials. By making certain simplify-
ing assumptionsfe.g., the cell membraneisimpermeableto anionsand to thecation, sodium
(Na™) but permeableto the cation, potassium (K*)], Bernstein arrived at an equation which
predicts that the resting potential should beinversely proportional to logarithmof the con-
centrationof K™ outsidethe cdl —as MacDonald had already demonstrated. In addition, the
potential should also bedirectly proportiona to the absol ute temperature.

In years following, the technique of recording the resting potentia has markedly im-
proved. The successin isolatingthe giant axons of squidsand other aquati canimal soffered
one new approach. The employment of the Gerard-Graham-Ling glass capillary
microel ectrodeoffered another (Graham and Gerard, 1946; Ling and Gerard, 1949). With
these improved techniques, the resting (and action) potential can be measured with ac-
curacy. And soon it was shown that the predicted rel ationship between the resting potential
of avariety of living cells and the logarithm of the external K* concentration was univer-
sally confirmed. So was the linear relationship between the absol ute temperature and the
resting potential.

However, the predicted relationshipbetween the logarithm of theintracellular K™ con-
centration and the resting potential proved troublesome. Of the 14 |aboratoriesthat had ex-
amined thisrelationship,four found confirmation. Ten otherscould not (seeLing, 1992, pp.
276-277).

Anotherkind of seriousdiscord concernsthecritical assumptionof Bemstein that thecell
membraneis impermeable to sodium ion (Na*). As mentioned above, since the time of de
Vries, the concept of membrane impermeability to the sodium ion has been widdy ac-
cepted. Y et as al so mentioned repeatedly above, studieswith radioactively labelled Na”, as
well as nonlabelled Na* have unequivocally disproved the concept of impermesbility of the
cell membraneto Na* ions, aconcept on which the membrane theorieswere built.

Sincethecell membraneispermeabletotheNa* ion, Bernstein'sequationof thecellular
resting potential as such is no longer valid, because the key judtification for disregarding
Na* in Bernstein's equation of resting potential disappears.

Under thiscondition, one could only deal with the sum of intercellularK* and Na* and
the sum of extracellular K™ and Na®, rather than theintracellularand extracellularK* con-
centrationaloneas Bernstein did. Sincethesum of intracellularNa* and intracellularK* is
roughly equal to the sum of the extracellular Na™ and K*, theratio of theintracellularand
extracellular sums are about equal. But the logarithm of unity is zero. The now correctly
written version of the Bernstein equation would not predict theexistenceof aresting poten-
tial at all. Yet an electrical potentia differenceaf considerablemagnitude definitely exists
acrossthefrog muscle and many other cell surfaces. The need of anew quantitativetheory
thus arose. In response, two different theories were suggested. Only one of these will be
briefly discussed here. Following the strategy mentioned at the outset of this historical
review, | will describethesecond theory introduced by myself toward theend of the paper.

The first theory was proposed by A.L. Hodgkin and B. Katz under the name of ionic
theory (Hodgkin, 1951). The ionic theory was proposed by Hodgkin—in the wake of
Hodgkin and Katz's brilliant discovery that the magnitude of the action potential depends
on the concentrationof Na* in theexternal medium (Hodgkin and Katz, 1949). It has been
known for some time that when the external Na* is removed and replaced by sucrose, the
muscle or nerve becomes inexcitable—as was first reported by E. Overton in 1902 (Over-
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ton, 1902). Hodgkin and Katz gave an el egant interpretationfor this phenomenawhen they
showed that the height of the action potential, or more precisely what is called the “over-
shoot” —the excess voltageshift beyond theannulment of theinside-negativeoutside-posi-
tiveresting potential —is linearly dependent on thelogarithmof theexternal Na* concentra-
tion. Based on theseand other observations, Hodgkinand Katz (1949a) introduced what has
been known as the Hodgkin-K atz-Goldman(HK G) equation.

Inform, the HK G equation resembl esthe original Bemsteinequation, with theexception
that instead of intra- and extracellular K™ concentrationsalone, the equation includesalso
theintra- and extracel lular concentrationsof two other ions: Na* and the negatively charged
chlorideion (CI"). So the key term of the equation representsthe logarithm of the ratio of
not just K* or even K* and Na* but the sum of the intracellular K*, intracellular Na™ and
extracellular CI” divided by the sum of theextracellular K™, extracellular Na* and intracel-
lular CI”. Moreover, each of theK* concentration termsis multiplied by a constant Pk rep-
resenting the permeability of the cell membraneto thision. Similar permeability constants
Pna and Pc1 are attached to the Na*™ and CI” termsrespectively.

This ionic theory overcomes the difficulty which confronts the Bemstein equation in
regard to theintrusionof theNa™ concentrationsafter the demonstration that this major ex-
ternal cation isal so permeant to the cell membrane. Here by giving higher valuesto Pk than
to Pna, the concentration of both ions can be represented but with different impact on the
magnitudeof the resting potential. The high external Na* concentration was madefar less
effectivein bringingdown the magnitudedf theresting potential by employing avery small
valueof h a , sothat the product of theexternal Na* concentrationand its permeability con-
stant Pna remainssmall.

What was even more exciting was that by assigning a drastically higher value to PNa,
Hodgkin and Katz could quantitatively predict the value as well as the electric sign of the
action potential. This was no mean accomplishment and accordingly they and another of
their coworkers, Andrew Huxley, received the Nobd Prizesfor the year 1963.

The ionic theory described by the Hodgkin-Katz-Goldmaneguations suffersfrom two
maj or shortcomings. Worse, theauthorsof theseequationswere unableto, or for someother
reason(s) would not, defend their theory against serious published criticisms concerning
these shortcomings (Ling, 1962, 1984, 1992). Nor did they accept an official invitationto
enter into ateleviseddebate with myself and otherson the subject of cellular electric poten-
tia and related subjectsat Atlantic City scheduledfor 1968, claiming prior engagement in
aletter dated the year before.

Thefirst difficulty encountered by theionic theory isthe samethat unsettlestheoriginal
Bemstein's membranetheory: namely, of the 14 |aboratoriesstudying the problem, only a
minority of four laboratoriesfound that the resting potential depended on the intracellular
concentration of K*, Ten others could not confirm this prediction. Their difficultiescould
not be due to their lack of technical expertise, because none of them had any trouble con-
firming the predicted relationship between the resting potential and external K* concentra-
tions. To the best of my best knowledge, neither Hodgkin, nor Katz nor anyone else came
forth with an explanation of thismajor discrepancy.

A second discrepancy between experimental facts and the lonic theory is even more
serious. This concerns the participation of the CI™ concentration terms. In the rigorous
derivation of the Hodgkin-Katz-Goldmaneguation (due largely to David Goldman) the
threetermsincluded in theequationsfor K¥, Na* and CI” are of roughly equal importance.
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Of course, each term is weighted according to its permeability constant. However, studies
of RH. Adrian reported in 1956, and by A.L. Hodgkin himsdf in conjunction with P.
Horowicz reportedin 1959, conclusively demonstrated that profound alterationsin the con-
centration of external C1™ ion produced no noticeablechange of the resting potential of frog
muscle.

A legitimateexplanation of this indifference to external C1™ concentration would be a
very low permeability of the frog muscle to thision. In fact, just the opposite is the case.
Hunter and Padsha showed in 1959 that the permeability of frog muscle membraneto the
CI”ionistwiceas high asthat of K*. Lorkovic and Tomanek (1977) reached asimilar con-
clusion from their studiesof mammalian muscles.

Nonetheless, the authors of the HKG chose to delete the CI™ terms from the equation
(Katz, 1966). Repeatedly protesting thisaction, | pointed out that it is not within the rule of
rigorousscienceto chop off apart of aderived equation when the predicted relation involv-
ing that part is not experimentally confirmed. | also pointed out that the claim by Katz
(1966, p. 62) that the C1™ term can be del eted because thision has reached diffusion equi-
libriumis not valid. The reasonsare given by Ling in 1978 (Ling, 1978, pp. 416-417) and
in 1984 (Ling, 1984, pp. 463-465). Thus most electrical potentials measured in the in-
animate world, including those measured by Ostwald across copper ferrocyanide
membranes—which started Bemstein on his formulation of the Bernstein equation—are
equilibriumpotentials.

Finally let us consider a third seriouscontradictionfrom the study of inanimate models.
Thisconcernsthefailureover a period of some seventy yearsto produceasingleinanimate
mode that confirmstheexi stenceanywhere —xcept in the mindsof theoretical scientists—
of "membranes potential" arising from the different permeabilities of electrically charged
particlesor ions through a membrane.

The story has an amost unbelievable quality: How could a failure of thisfundamental
nature, unanimously confirmed again and again over such along span of time, be kept en-
tirely out of the reach of cell physiologistsresearching on what they call so confidently, the
membrane potentia ? (Ling, 1984, pp. 470-473; 1992, pp. 282-285).

From the 1920s on, there have been seriouseffortsaimed at confirming the membrane
theory of cellularelectrical potentia. Todo so, varioussimpleinanimate membranemodels
were chosen. When such amembrane partitionstwo el ectrol ytesol utions, el ectric potential
differenceslikethose measured acrossthe surfaceof livingcellslike muscleand nervewere
often observed. As mentioned earlier just before the work of Thomas Graham was intro-
duced, confirmationof atheory oninanimatemodel isthevery first step that atheory-maker
ought totry before waxing too eloquent on how well his theory can explain a comparable
but more complicated living phenomenon.

Technicaly there is little difficulty in testing the Bemstein or the Hodgkin-Katz-
Goldman equation on some simple inanimate membrane systems separating K*, Na*, Cl-

and other ionsof interest. Indeed, to conduct such an experiment one needs nothing much
more than a potentiometer (e.g., apH meter). It isno surprisethat no lessthan four different
kindsof membrane had been thoroughly investigated over aperiod of some 70 years. Find-
ing these publications proved far moredifficult; it took morethan thirty yearsto get thefour
setsof datatogether and comparetheir main conclusions.

The four membrane models thoroughly studied were the glass membrane, the collodion
(nitrocellulose)membrane, the oil-layer membrane, and the phospholipid membranes. Note
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that the copper-ferrocyanidegel membrane which inspired Wilhelm Ostwald to suggest a
common mechanism underlying the potentia differenceacross such a membrane and the
living cell surfacewas not thoroughly studied. The unsupported gel membraneis obvious-
ly too fragile; a gel membrane deposited in the intersticesof a porous unglazed porcelain
candledoes not satisfy the basic requirement of a simple model.

At the beginning, al four setsof investigatorswere trying to test the membrane potentia
theory. As mentioned above, in thistheory, a potentia difference(the membrane potential)
is created between two aqueous phases separated by an artificia or living semipermeable
membrane. The potentia differencearisesfrom theunequal permeabilitiesof thediffusing
ions.

When their respectiveinvestigationswere concluded, the investigatorsall reached the
conclusionthat the membrane potentia they were looking for was not what they found. In
all cases, the ionic permeability of the membrane proved irrelevant to the creation of the
measured potential difference.

On what they did find, they were in complete agreement, even though they were often
unaware of each other's work—being in some cases separated by long periodsof time. To
describe the essence of what they al found | present next, in some detail, the work of
Colacicco, published in 1965 in the journal, Nature (Colacicco, 1965).

Colacicco measured the electrical potentia difference between two aqueous KC1 solu-
tionsof different strengths separated by a thin layer of oil. If the KCl solution is 100 mM
on onesideand 1 mM or the other side, their ratio would be 100. The common logarithm
of 100 is 2. Now, if the modd follows the theory proposed by the proponent of the
membrane theory, one may expect to measure a potentia differenceof close to 100 mil-
livolts. Infact, none was measured.

One may argue that thisfailure to observe an expected potential arose from the imper-
meability of theoil layer to both K* and CI” ions.

Colacicco then introduced into one compartment a very small amount of the anionic
detergent, sodium dodecylsulfateor SDS. SDSis a strong electrolyte; the Na™ component
isfully dissociatedasafree cation. Thedodecylsulfate anion hasalong saturated hydrocar-
bon chain ending on a negatively charged sulfate group. The saturated hydrocarbon hasa
high solubility in the oil layer and poor solubility in water; in contrast, the charged sulfate
end hasavery low solubility in oil but high solubility in water. Theintroduction of SDS(to
onesideof theoil layer) leadsto acompromise: theformation of a molecular layer of SDS
with the hydrocarbon end of the moleculeimbedded in the surfaceof theoil layer whilethe
polar sulfateend remainsin the contiguouswater phase.

With theintroduction of thisminuteamount of SDS, adramaticchangetook place. Now
instead of dead "'silence™, Colaci ccoobserved asolid potential difference. Furthermore, this
potential differencemeasured acrosstheoil layer issensitiveto the concentration of K™ ion
(but not that of the C1™ ion) in the SDS-containing compartment (only). This SDS-contain-
ing compartment becomesel ectrically positive with respect to the other compartment. The
potential differencemeasures+39mV withaKCl concentration of 1.0 M, increasing steadi-
ly with decreasingKCl concentration. When the sol ution contai nsthe least concentration of
K* (i.e., in"pure” water), the potential was+158 mV. In contrast, the potential difference
is indifferent to the concentration of either K* or CI” in the compartment..(containing no
SDS) on the other side of the il layer.
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Colacicco's finding shows that a potentid differenceis created at the oil surfacewhen it
isexposed to SDS.

A membrane separating two aqueous solutionslike the simple, unadulterated oil layer
creates no potential difference as long as neither one of its two interfaces carries fixed
electric charges. When fixed charges are introduced to one interface, an electric potential
differenceiscreatedthat issensitiveto theconcentration of thefreeion bearing the opposite
chargeasthat of thefixed charge. Thusthefixed charge provided by the negatively charged
sulfateion of the SDS moleculecreatesapotential difference,sensitivetothe~'concentra-
tion in the bathing fluid, but no sengitivity to thefree CI™ anion.

The question might be raised: *'Could the effect of SDS in producing the K* sensitive
potential be due to an ion-carrier or "'ionophore” effect?’ That is, could SDS make the ail
layer selectively permeable to K*? this hypothesisof SDS serving asa K™ carrier is con-
tradicted by theindifferenceof thesystemtothe K™ concentration in the other compartment
containing no SDS. For if SDS acts by enhancing K* permesability, the potential would be
a membrane potentia. As such, it must be sensitiveto the K* concentration on both sides
of theail layer. Thisis contrary to what Colaciccoobserved.

Colaciccoconducted additional experiments. In thesecompani on experiments, Colacic-
co employed a cationic detergent, cetyltrimethylammonium bromide (CTAB) instead of
anionic detergent SDS. CTAB aso has a long diphatic tail but instead of a negatively
charged group at the end of the molecule, CTAB has a positively charged quaternary am-
monium ion at itsend. Theintroduction of CTAB therefore a so creates an electricdouble
layer with, however, thelayer of fixedcat i ons anchored onto theoil surface. Asaresult, the
system acquiresanew sensitivity totheCl™ concentration in the phasecontainingthe CTAB
but not in the other compartment. The electrical polarity is just the oppositeof the SDS-in-
duced potentid difference. At the lowest CI™ concentration in **pure” water, the potentia
differencemeasured was—220 mM. The potentia isin this caseindifferent to the K* con-
centrationin both compartments. Thisfinding by itself might also beexplained onthe basis
of the membrane potential hypothesis: That is, if one postulatesthat CTAB makes the ail
layer selectively permeableto CL™. Thefact that the potential isindifferent to theconcentra-
tion of CI" in the opposite compartment containing no CTAB, however, refutes thisinter-
pretation.

Colacicco then combined these two experiments. He introduced SDS to one compart-
ment and CTAB to the other compartment,and measured the el ectrical potentia difference
acrosstheail layer.

Now, if SDS truly makes the oil layer selectively permeableto K* and the CTAB truly
makes the oil layer selectively permeable to CI7, the simultaneous addition of SDS to one
compartment an CTAB to the other compartment would have created an oil layer perme-
ableto both K* and CI” ions. In other words, one would now have a membraneful ly satis-
fying the definition of the semipermeable membrane for the generation of a membrane
potential. And if both compartments contain the same (lowest) concentration of KCl
provided by "pure’” water, one would predict apotential differenceof zeromV from either
Bernstein's equation or that of the HKG equation.

What Colaciccoactually observed was the opposite. He found that the measured poten-
tial isthesumof the SDS and CTAB potentias. Thuswith the*'pure’ water on both sides,
the potentid differencemeasured was 370 mV.
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Theessenceof what Colaciccoobserved agreeswith the results of the study of the three
other sets of inanimate models mentioned above: glass membrane, collodion membrane,
and phospholipid membranes (for review see Ling, 1992, pp. 282—285).

In summary, the currently widely taught ionic theory is a modified membrane potential
theory where the electrical potentia differenceis believed to originatefrom the different
permeability of various ions through the cell membrane. The ionic theory cannot explain
theindifferenceof theresting potential to theconcentration of external CI”, whichin muscle
cell traversesthe cell membrane faster than even K*, nor to the indifferenceto the intracel-
lular concentrationof both K* and of Na* asobserved by ten of the 14 |aboratoriesthat have
investigated the phenomenon. But thegreatest difficultyfacingtheionic theory isthefailure
to find a single experimental model that demonstrates a membrane potential which is
created by the different membrane permeabilitiesto differentions. Unableto resolve these
difficulties, the proponentsof the membranetheory of cellular el ectric potential are stuck.

Life's Sourceof Energy: Fire, LacticAcid, ATP

Ancient Greek philosophers saw a close relationship between life and fire. Heraclitus
regarded fire as the most important component of the human body. Democritus considered
thesoul and mind comprisingthe samesort of small, round, fiery atoms. Thesethoughtslay
buried during the Middle Ages and were to re-emerge after the Renaissance.

In the 16th century, Paracelsus and FrancisBacon likened life to afire. Paracel sus fur-
ther proposed that air containssomethingessential for both the ordinary flameand the flam-
ma vitalis. Anton Lavoisierin 1780 quite clearly demonstrated that the substanceParacel-
sus suspected in air isoxygen and that animal respirationisaform of combustion in which
oxygen moleculesare ™ burnt”* with the same productsasif they hed burned in afire.

René Descartes (1595—-1650) equated life with motion and especially with feux sans
lumiére (firewithoutluminance). Now fire producesboth lightand heat. If Descartesisright
and lifeisindeed "' feux sanslumiere”, clearly it must be heat produced by thelivingfirethat
drivesthelivingengine. In harmony with thisidea, William Harvey (1578-1657) believed
that the central importanceof blood circulationwas the distribution of life-giving heat.

In the late 19th century, more specific theoriesappeared relating heat on the one hand,
and the most prominent among life's manifestations: muscle contraction. An examplewas
the theory of Engelmann. In 1873, Engel mann suggested that heat provided by metabolic
reactionscausesthe " dark bands" of the voluntary muscle to imbibe water from the " light
bands" (see Figure 8 below for a photograph of these bands) and assume a shorter spheri-
ca shape, hence muscle shortening. To confirm his theory he demonstrated heat-induced
reversiblecontractionsof an artificial muscle in the form of acatgut string. Unfortunately,
Engelmann’'s model was shown to be untenable on theoretical grounds by physiologist
Adolf Fick (better known for his Lawsof Diffusion).

Fick showed that in order to achi evethe heat-activated contraction Engel mannsuggested
and at theefficiency knownfor musclecontraction, themuscle must be heated to atempera-
turewe| abovethe boiling point of water (i.e., 114°C). No musclecould survivesuch ahigh
temperature,even if such a superheated condition could be obtained.

The conclusion from the Engelmann-Fick encounter is historically far more important
than recognized. Fick's disproof had abruptly put an end to one of the most venerableideas
of biology, that heat isthe source of energy for biological workperformance.
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Not only is heat produced by the proposed feux sans lumiére, proven to be unsuitableto
drive the biological machine, somered life machinescan also get by without oxygenat all.
Thisis also contrary to the ancient belief that life is related to fire since ordinary fire in-
variably is put out by the removal of thisgas.

ThusJ. B. van Helmont (1577-1644) believed that fermentationrather than fire produced
the vita heat. In his early years, Thomas Willis (1621-1675) voiced a similar belief.
However, it wastheinvestigationof LouisPasteur that clearly established two kinds of life,
onein the presenceof oxygenand which he named “aerobic” and another in the absence of
oxygen, which he called " anaerobic™ . Pasteur showed that the microorganism responsible
for the butyric fermentation and putrefaction of meat, eggs or other protein-containing
materialsare examplesof anaerobiclife.

However, life of cells belongingto the' higher" form of life also can continuein the ab-
sence of oxygen. Musclecells offer an example of thistype. Thefirst clear demonstration
of this phenomenonwas due to Fletcher and Hopkins (1907). They showed that whenfrog
muscles were isolated and deprived of the normal oxygen supply, lactic acid was formed
steadily aslong as the musclesremained excitable. Thislacticacid production ceased upon
the admission of oxygen.

In muscleit isthe breakdown of glycogenthat givesriseto thelacticacid and the process
isknown as glycolysis.In 1930, Otto Warburg offered a broader definitionfor glycolysisas
"gplittingof carbohydratesintolactic acid” (Warburg, 1930).

In the 1920s a heated controversy devel oped between Gustav Embden and A.V. Hill—
Hill was a strong champion of the™lactic acid theory™ of muscle contractionin the 1920s.
Hill and Otto Meyerhof were awarded the 1922 Nobel Prize"for the discovery of thefixed
relation between the consumptionof oxygen and the metabolism of lactic acid in muscle™.

Embden objected to Hill's lactic acid theory of muscle contraction. He believed that the
production of lactic acid followed rather than preceded muscle contraction—in contradic-
tion to Hill's idea that |actic acid produced gave riseto contraction. The Hill-Embden con-
troversy came to an abrupt end when Einar Lundsgaard entered the scene with new
evidence. Lundsgaard published hisfinding of muscle contractionwithout lacticacid, based
on hisdiscovery that thedrug, iodoaceticacid (IAA), arreststhe production of lacticacidin
muscle. Y et the | AA-poisoned musclecontinued to contract, for alimited number of times,
in amanner not significantly differentfrom normal muscle. Theeliminationof lacticacid—
the major product of glycolysis—asthe causal agent of muscle contraction shifted the at-
tention to a newly discovered phosphorus-contai ningcompound, phosphagen.

Fiske and Subbarow (1925) in the United States and Eggleton and Eggleton (1927) in
England independently reported thediscovery of alabilecompound, which for awhilewas
called phosphagen, but later was accepted as phosphocreatine. It was soon demonstrated
that contraction of muscles exposed simultaneously to oxygen-freepure nitrogen and 1AA
depends on the presence of phosphocreatine. With successive contractions the content of
phosphocreatine decreased until it became completely exhausted. At about this time, the
musclestopped contractingand hasindeed already entered thestate of rigor. Thesefindings
suggested that phosphocreatineis moreintimately tied to the mechani smof musclecontrac-
tion. But then another important discovery was announced by K. Lohmann.

In 1935 L ohmann announcedthediscovery of another phosphorus-contai ningcompound
from muscle: adenosinetriphosphateor ATP. In addition he also discovered a very impor-
tant reaction, known now as the Lohmann reaction. In this reversiblereaction catalyzed by
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the enzyme, creatine kinase, a molecule of creatine reacts with a molecule of ATP to
produce a moleculeof phosphocreatine and a mol ecul eof adenosi nedi phosphateor ADP.

When simultaneoudly poisoned with pure nitrogen and |AA, both oxidation and
glycolysisof the musclecellsare inhibited. When such a poisoned muscleis made to con-
tract, itsATPcontent remains unchanged whileits storeof phosphocreatinedeclinessteadi-
ly. Thisinsensitivity of ATPcontentto contraction threw doubtson the contentionthat ATP
isamoreimmediate* energy source' for the.contraction than phosphocrestine. Many years
later, a specificdrug, fluorodinitrobenzene(FDNB) was discovered by Infante and Davies
(1962). Thisdrug inhibitsthe Lohmann reaction. When musclesexposed to pure nitrogen,
IAA and FDNB are stimulated, the expected fall of ATP concentration in a contracting
muscle was at long last revealed. The reason that in the absence of FDNB no ATP con-
centration fall could be detected is due to itsextremely rapid replenishment at the expense
of prosphocreatine through the activity of the creatinekinase.

When normal muscle contracts very vigorously, its phosphocreatine content also
declinesbut only momentarily. Soon after the cessation of contraction, the phosphocresatine
concentrationreturnsto normal. Sincein living muscle phosphocreatine cannot decompose
or be resynthesi zed without theintervention of creatinekinase, clearly the restoration of the
phosphocreatinelevel isviatheresynthesisof ATP. Thisresynthesisof ATPoccursduring
the metabolic stepsof glycolysisand of oxidativerespiration.

As mentioned above, the splitting of carbohydratesinto lactic acid iscalled glycolysis.
Glycolysisoccurslargely in animal cells. In plantcells, theequivaent isfermentation which
splitscarbohydratesnot into lactic acid but into ethyl alcohol and carbon dioxide. Y east fer-
mentation was discovered long beforeglycolysisof muscle.

Indeed, in the middle of the 19th century agreat controversy raged between Louis Pas-
teur, who believed that al coholic fermentation could only occur in the presence of intact
living cellsaccording to his Vitalistic Theory and, on the other hand, Jons Berzelius, Justus
von Liebig and otherswho believed that fermentation istheresult of "' catalysts™ (later given
the name" enzymes" by Willy Kiihne). In 1897 E. Buchner succeededin demonstrating al-
coholicfermentation by acell-freeextract of yeasts, thusfinaly settlingthedisputein favor
of Liebig, Berzeliusand the proponentsof catalysistheory. Later glycolysiswasasofound
to occur in muscle juicefreefrom intact cells. That fermentation as well as glycolysis can
occur in cell-free extracts greatly facilitated the study of the intermediate stepsleading to
the breakdown of glycogen or sugar. in both fermentation and glycolysisfor each molecule
of glucoseconsumed, two moleculesof ATP are generated.

Fermentation and glycolysisare the meansof plant and animal cellsto manufacture ATP
in the absence of oxygen. In the presence of oxygen, the compounds that are converted to
lactic acid or ethanol anaerobically enter into a different routeof reaction; these reactions
take placein theform of acycleof steps, known asthe tricarboxylicacid cycle.

For each turn of the cycle, acetate (two-carbon fragment derived from either glycolysis
or fermentation of carbohydratesor from amino acidsor fatty acids) yields two molecules
of carbon dioxideand four pairsof (bound) hydrogenatoms. Thesehydrogenatomsarethen
fedinto therespiratory chain--comprisingaseriesof el ectroncarriers—eventually to react
with molecular oxygen to form water. Ultimately, a large number of ATP moleculesare
formed from ADP in the process known as oxidativephosphorylation.The total number of
ATPmoleculesformed from the compl eteaerobi coxidation of each glucosemoleculeis36.

After thedisproof by Adolph Fick that heat energizesmotion, we have come along way
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to the clear-cut understanding of what fermentation, or feux sans lumibre eventually
producesfrom food materialsthey work on, namely, ATP. But then the key question be-
came: ""How does ATPenergize motion and life?" In responsethe High Energy Phosphate
Bond Concept" wasintroduced.

The introduction of this concept was founded on the calorimetric studies of the heat or
enthalpy o hydrolysisof ATP conducted in the laboratory of Otto Meyerhof in the 1920s
and 1930s. The dataindicatethat unlike ordinary phosphate bonds, the splitting of each of
the two terminal phosphate bonds of ATPentailsthe productionof —12 Kcal/mole of hest.
Assuming that the entropy change with the hydrolysisof the phosphategroupsto be rela
tively trivial, Meyerhof and hiscoworkersconcluded that the two termina phosphatebonds
are" high-energy" with afree energy of hydrolysisequal to about —12 Kcal/mole per bond.
Other findings and reasoning led to the conclusion that the two termina phosphategroups
of ATP, theterminal phosphategroup of ADP, and the phosphate bond of phosphocreatine
all belong to what were called " high-energy phosphate™ bonds.

INn 1941, Fritz Lipmannelaborated on this theme and included a whole variety of biologi-
cal work performancein the same category as muscle contractionthat is being energized by
the high energy containedin the high energy phosphatebondsof ATP. Lookingback on the
history of mankind's view onlife, onecannot hel pfeeling that thishigh-energy-phosphate-
bond theory, if proven correct, may beoneof themost importantin thehistory of mankind's
attempt to understand itself and lifein general. Unfortunately, serious problemssoon arose.

Podolsky and Kitzinger (1955) and Podolsky and Morales (1956) in very carefully con-
ducted calorimetric measurement with the most sophisticated instruments available,
showed that theearlier valuesof —12 Kcal/mole for the hydrolysisof theterminal phosphate
group of ATPs is wrong. The correct value determined is only -4.75 Kcal/mole. At this
value, thereisno " high-energy"' to speak of.

In acomprehensivereview, Georgeand Rutman (1960) showed that high "' standardfree
energy"’ of hydrolysisof ATP obtained from the measurementsof the equilibriumof ATP
hydrolysiswaslargely theresult of an error of omission. That is, in the hydrolysisof ATP,
ahydrogenion is produced. Asaresult, acorrect estimation of the standard free energy of
hydrolysis should be measured in a medium having a hydrogen ion concentration of [
molar, equivalenttoapH of 0. Infact, thereaction wascarriedout at apH of 7. ItistheLe
Chatelier principle rather than a high free energy content that drives the ATP to its
hydrolysis. The two terminal phosphate groupsof ATP do not contain a larger amount of
energy per group than that of the"'low energy" phosphate bond of AMP in full harmony
with theconclusionof Podolsky and hiscoworkers.

Over 30 years have gone by and, to the best of my knowledge, no one has openly dis-
puted the conclusionsof Podolsky, Kitzinger, Mora es, Georgeand Rutman. It isthus most
distressing that one continuesto read in all kindsof scientifictextbooksabout how thehigh-
energy containedin the high-energy phosphatebondsof ATP continuesto energize muscle
contraction as well as other energy-requiring biological activities, among which may be
mentioned the so-called sodium pump postulated to regulate the level of sodium ion in
living cells (see below).

Thus, from al we know, neither heat, nor the production of lactic acid, nor the specid
high energy contained in the terminal phosphategroups of ATP energizes biologica mo-
tionand life.

Thisiswheretheenergy problem standsasof thisdate. Sometextbookscontinueto teach
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the high-energy-phosphatebond concept as if the work of Podolsky, Kitzinger, Morales,
Georgeand Rutman never existed. Others managed to hint that theideaisstill validin some
inexplicableway.

The Membrane Theory of Water, lon and Nonelectrolyte Permeability

The sineque non of the membranetheory i sthesel ective permeabilityof thecell membrane.
In particular the permeability of a membraneto water but not to dissolved solutes—a set of
phenomena described as semipermeable by van't Hoff-demanded a mechanism. Two
broad answers were offered: the molecular sieve theory of Traube and the solution theory
of M. L'Hermite (1855). To the solution theory may be placed the negative adsorption
theory of Justus von Liebig (1862) and thelipoidal theory of E. Overton (1899).

(1) TheMolecular Sieve Theory of Traube

Traube suggested that the cause for the semipermeability of his copper ferrocyanide gel
membraneis the presencein the gel membranesof small pores, which are large enough to
permit the passage of small water moleculesbut too small to dlow the passage of copper
ions, ferrocyanide ions or sucrose. This molecular sieve theory was soon disproved by
electron diffractions and other studies of the copper ferrocyanide gel. The interstices
measuredarefar toolargeto bar the passage of molecul eslikesucrose(seeGlasstone, 1946,
pp. 656-657). Despite thedisproof of Traube's molecular sieveinterpretationof the semi-
permeability of his model membrane, the idea was resurrected again and again to explain
behaviorsof theliving cells.

That different scientistsshouldfall into the same pit over and over again throughout his-
tory arose from teaching increasingly focussed on currently popular issues and from less
and lessattention paid to what had led to the present state of knowledge. Repeated observa
tionsin somewhat different settings of the same fact —the rate of solute permeation issize-
dependent —triggered each time the same old response.

(2) The Lipoidal MembraneTheory of Overton

In supportof hissolutiontheory, L'Hermite pouredintoacylinder threeliquids: chloroform,
water and ether —in that order. In time, ether —which issoluble in water—moved through
the water layer to enter the chloroform layer, expanding its volume. Chloroform did not
enter thetopether layer becauseit had no solubility in water. Herethe middlelayer of water
functions as a"' semipermeable membrane". Solutes that dissolvein the' membrane”, tra-
verse the membrane; solutes that have no solubility in the' membrane™ cannot.

FollowingL’Hermite’s reasoning, E. Overton—whose work on osmotic swellingof frog
musclewe havea ready discussed — suggested that living cellsare covered with athin layer
of ail or lipoid and that it isthislipid layer that functionslike the water layer of L'Hermite.
Overton's lipoidal theory was supported by his finding that those substances which have
high solubility in lipids appear to have higher permeability rateinto living cells (Overton,
1895). However, Overton overl ookedamajor exceptionto hisrule: water, whichisrelative-
ly insolublein oil but has the highest permeability through the living cell surface.

In years following, Overton's lipoidal membrane theory and Traube's atomic sieve
theory were spliced together in similar or different ways. Thus pores were introducedinto
the lipid layer to account for the "abnormally" high permeability to small moleculesin
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Nathansohn's mosaic theory, (Nathansohn, 1904) and in Ruhland's ultrafilter theory (Ruh-
land, 1908). L ater, layersof globular proteinswere added onto thetwo surfacesof thelipoid
layer to account for the much lower surface tension of living cells measured than the pure
lipid-water interface demands (Harvey and Danielli's Paucimolecular Membrane Theory,
1936). Y et another version of theatomic sieveideawaslaunchedin thetheory of Boyleand
Conway (1941). Even moreelaborate variationsof the mechanical atomic sieve came still
later. In this case, small pores, called " potassium channels”, were postulated for the ex-
clusive passage of small K* ions, and larger pores, called ' sodium channels”, for the ex-
clusive passageof thelarger Na* ions (Katz, 1966).

The visuaization of a trilaminar membrane ("'unit membrane™) in cells stained with
specific electron microscopic stains was seen as strong evidence in favor of the
paucimolecularmembranemodel (Robertson, 1960). The persistencedf trilaminarstructure
after prior removal of 95% or more of membranelipids (Fleischer et al., 1967; Morowitz
and Terry, 1969) was apparently little heeded by most main-stream '*membrane
physiologists”. However, this observation led "' non-main-streamers” including myself, to
the conclusion that lipids or phospholipidscould not be in the form of a continuous all-
covering layer. They aso reasoned that the failure of lipid remova to influence the
microanatomy of the cell surface could be better understood if the phospholipidsexist as
isolated patches. In that case, phospholipid removal could then have avoided detection in
an electron microscopicpicture (seeal so §jostrand and Berhnard, 1976). Thisinterpretation
isalso in harmony with resultsof studieson K* permeability in the absence and presence
of antibiotic'"ionophores” to be described next.

Phospholipid bilayersassuch havevirtually no permesbility toionslikeK*, Na* and CI”
(Miyamoto and Thompson, 1967). In contrast, all living cells studied have high per-
meability toward theseions as mentioned before (see below also).

Valinomycin (and other "ionophores") could increase one thousand-fold the K* per-
meability of bilayersof phospholipidsisolated from sheep red cells (Andreoli et al.,1967).
Y et contrary to the predictionfrom the lipoidal membranetheory, theseionophores had no
effecton the K* permeability of the inner mitochondrial membraneof rat liver (Maloff et
al., 1978), nor of the plasma membrane of squid axon (Stillman et al. 1970), nor of frog
muscle(Ling and Ochsenfeld, 1986) nor of frog ovarianeggs (Ling and Ochsenfeld, 1986).

Other studies revealed that the apparent high permeability of artificial lipid bilayersto
water, quantitatively matching the water permeability of living cells, was the result of a
magjor error in estimating the permeability of water through living cell membranes. Correct-
ly measured, the permeability of living cell membraneto water has been shown to be several
orders o magnitude higher than reported for the (correctly measured) permeability of ar-
tificial phospholipid bilayersto water (Ling, 1987, 1992, p. 225).

Taken together, these and other investigationson the permeability of cell membranesto
water, ions and nonelectrolyteslend support to the following conclusion: phospholipids
either do not exist in significantamount or, in cases where they do, they exist in theform of
isolated patches. As such, these patchesdo not significantly contribute to the permeability
characteristics of the cell membranesin physiologically active cell membranes like the
inner membraneof rat liver mitochondria, and the plasma membraneof squid axon, frog
muscleand frog eggs (for alone exception, see Endnote4).

Asahistorical landmark | would like to mentionthework of my former colleaguesat the
Eastern PennsylvaniaPsychiatriclnstitutein Philadel phia. It was theannouncementin 1962
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of the successin the preparation of lipid bilayer “black’” membrane by Paul Muller, Donad
Rudin and their colleagues that started the large-scale investigation on this membrane
model (Muller et al., 1962). However, as mentioned above, the phospholipid bilayer
membrane has virtually no permeability to ionslike K*, Na™ and CI™. Yet asshownin the
preceding sections, the permeability of the cell membraneto theseionsisawel established
fact and absolutely vital tocellular physiology. The creation of cellular electrical potentials
offersoneexample.

Thusif thelipid bilayer theory hasany validity at all, ways must befound to convertthese
ion-impermeable membranesinto ion-permeable ones. It was under these circumstances
that the discovery that antibioticslike valinomycin (which had failed the tests as saf e bac-
teriocidal agents) which had specific ion transporting ability and thus functioned as an
""ionophore™ was greeted with great enthusiasm. It seemed only amatter of time, beforeone
could find out the real-world equivalent(s) of these ionophoresand the ionic permeability
dilemmawould beresolved. Itisnot surprisingthat both the National I nstituteof Health and
the National Science Foundation provided much money to facilitatethis search.

Thirteenyearslater, Paul Muller provided thissad bottom line: "'A lot of us havespenta
wasted ten yearsor so trying to get thesevarious materia sinto bilayers. ..” (Muller, 1975).

Paul Miiller and | were milesapart in our viewson living cells. Hisarrival at the Eastern
Pennsylvania Psychiatriclnstitutemoreor less marked the beginning of my departurefrom
the Institute that one time | loved so much. Nonetheless, | admire Miiller’s candidnessin
saying publicly and honestly what obviously was painful to him. Any scientist knows how
to crow about hisor her success. It takesgenuine courageto admit mistakes publicly. In my
view, itisone of the most important traits of areally good professiona scientist.

Solute Distribution in Living Cells

According to the membrane theory, membrane permeability (or impermeability)offersthe
physical foundation for al maor cell physiologica manifestations. Thus far we have
reviewed three of these: cell volume control, cellular electrical potentials and cell per-
meability itsalf. In al three cases | have aready shown why these original interpretations
on the basis of the membrane permeability have failed. | now turn to the fourth mgjor
physiological manifestation of theliving cell: the maintenanceof the uniquechemical com-
position of both small and large moleculesin the living cell. In earlier pages, | have also
mentioned very briefly how itsinterpretation of solutedistribution on thebasisof membrane
permeability (and impermeability) had also run aground, forcing the postulation of the
sodium pump. The history of our investigationson sol utedistribution will now beexamined
in greater detail.

I would liketo point out that without thisattribute of maintaininga more or less constant
chemical composition of the cell content different from its environment, the living cells
would beunableto gather the building blocksof their vital structures. Under that condition,
the living cells would not have existed at all. It is not surprising that all major theories of
living cells wereintroduced with afocuson thissubject.

Among the most prominent differencesbetween the chemica composition of theliving
cellsand their aqueous environmentsare thoseof the pair of alkali metal ions, K* and Na*,

In 1896, Julius Katz published the results of thefirst exhaustiveanalyses of thecontents
of these two and six other kinds of minerals (K, Na, Fe, Ca, Mg, P, Cl and S) in the volun-
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tary muscle tissuesfrom six mammals (man, pig, cattle, rabbit, dog, cat), one bird (chick-
en), oneamphibian (frog), and threefish (cod, eel, pike).

Two years later, Abderhalden published the water contents and the contents of six
minerals(K, Na Ca, Mg, Cl, PO4) of both the erythrocytesand serums of three mammals
(rabbit, bull,dog). No Nacould be detectedin theerythrocytesof the rabbit, whilehigh con-
centrationsof Nawerefound in theerythrocytesof both bull and dog. In contrast, the K con-
tent of the rabbit erythrocytesis very high but much lower in thoseof bull and dog (Abder-
hal den, 1898).

The K and Nacontentsof the serumsare moreor lesssimilarin al three animalsAbder-
halden studied, being very high in Na and quite low in K. Like rabbit erythrocytes, the
human erythrocytesal so have ahigh K content, but low Nacontent.

All the muscle tissues reported by Katz have amuch higher concentration of K than Na

(2) The Original MembraneTheorieslncludingthe Molecular Sieve
Theory of Boyleand Conway

From osmoticstudieson erythrocyteof differentkinds, Hamburger (1891) cameto the con-
clusionthat erythrocytemembraneiscompletely impermeabletoall cations. However, Ben-
jamin Mooreand Herbert Roaf from the University of Liverpool objected (Mooreand Rodf,
1908), pointing out that according to the then accepted view, "*the whole exchange (of K*
and Na* ions) is supposed to be regulated for the cell by an inert membrane by which it is
enclosed, and which, like a prison wall, keeps the potassium and phosphate ions within
whileit equally preventssodium ionsfrom entering. The membranetheory takesno trouble
to explain how prisoners are introduced within the prison yet introduced in some way that
must be, for asgrowth proceeds, cells multiply,and thereis nodiminution in the number of
imprisoned ions in each." Moore and Roaf suggested that *'the varying concentrationsof
sodium, potassium, chlorineand phosphatic ions within and without the cell are an expres-
sion of specificaffinitiesof the definitecolloidsof each particular cell-typefor theseions,
and do not mean that there isa membrane acting asaclosed gateto theseions”. In support,
they pointed out that soil also preferentially takes up potassium over sodium even though
no " membraneretention hypothesis™ had been put forward for this case (Moore and Roaf,
1912). Unfortunately, very few heeded Mooreand Roaf's impeccabl ereasoning or accepted
their explanation for sel ectivesol ute distribution.

Nonetheless, from theinitial position that the cell membraneis completely impermeable
to cations (Hamburger, 1904), the position had shifted in the 1930sto onein which it was
agreed that the cell membraneis permeableto K* but not to Na* and to all anions.

Asmentioned earlier in Volume 100 of theJournal d Physiology (London), an histori-
cally important paper was published by P. J. Boyleand E. J. Conway (Boyle and Conway,
1941). Their article presented what was thefinal grand synthesis of the original membrane
model of theliving cell. It was also its swan song.

Boyle and Conway postulated that the frog muscle cell membrane containsrigid pores
that aresmall in ahighly uniform manner. On the basisof an estimated list of theionicsizes
(i.e., the ion itself plus its coat of more or less permanently attached layer of water
molecules), the smaller hydrated K* ions enjoy the privilege of permeating the cell
membrane pores and staying within the cells, while the larger hydrated Na™ ions are too
large to traverse the small membrane poresand, as aresult, stay outsidethe cell aslong as
the cellslive. With thiscritical pore size determined, Boyle and Conway were able to ex-
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plain aso why small CI" can enter and leave the cels—supported by new evidence they
provided —while the much larger Mg™™ could not--or at least as the theory predicts (see
below).

Thisisscientifically speaking a good model, because it isa general theory contending
with all solutesin spirit at least. It isalso good becauseit lendsitself todecisiveexperimen-
tal testing. Thusthetheory would beinvalidated if proof can be produced that showslarger
ionslikeNa* and Mg™™" can in fact traverse the cell membranes. Surprisingly, evidenceof
thiskind was gathering long before Boyle and Conway’s paper appeared in print in 1941.

(1) In1931, Wu and Y ang demonstrated entry of Na* into rabbit musclefollowingin-
travenousinjection of NaCl solutionintothe animal.

(2) In 1934, Kaplanski and Boldyreva demonstrated an accumulation of a high con-
centrationof Na* in fish muscle when carp were kept in water containing 1.5% NaCl. The
plasmaNa* concentration in the fish remained normal.

(3) In 1937, EJ. Conway and G. Cruess-Callaghan demonstrated entry of Mg*™* into
surviving frog muscles.

(4) 1n 1939, Heppel demonstrated again of Na* in musclesof ratsfed alow K™ diet.

(5) In 1940, Steinbach demonstrated a (reversible) gain of musclecell Na* when iso-
lated frog muscles were incubated in a solution containing a low K* but the normal high
concentrationof Na*.

From 1939 on, the availability of radioactiveNa* isotopes made it easy to carry out ex-
perimentsfurther proving that the plasmamembraneis unquestionably permeabletoNa™ as
wdl asother large hydratedions (for references,see Ling, 1992, pp. 207-208). Thedisproof
of Boyleand Conway’s molecular sievetheory of ion distributionwas complete.

(2) The Sodium-Pump Hypothesis

The failureof the Boyle-Conway molecular sieve theory of the living cell thus repeats a
similar failure of the Traube molecular sieve theory for his copper ferrocyanide gel
membrane. The sodium pump hypothesis, dready familiar to the reader by thistime, was
adopted.

According to the sodium pump hypothesis, Na* can al so traverse the cell membraneand
yet staysat a steady low intracellularconcentration due to the ceasel essoperation of a pos-
tulated sodium pump. Located in the cell membrane, the pump throws out Na* ions at the
same rate as they enter the cell.

The patch-work nature of thissodium pump hypothesis was al so briefly mentioned ear-
lier. It was proposed without a molecular mechanismfor the main article, the pump; and it
left in limbo the distribution of other ions and solutes. The focussed attention on Na* jon
alonegavethefalseimpression that only this particular ion needed "'fixing", whilein truth
the entire membrane theory hasfallen apart.

Is There Enough Energy to Operate the Sodium and Other Pumps?

The Answer is No.

Morethanforty yearsago, | presented early evidence against theNa pump hypothesis(Ling,
1951,1952). Ten yearslaterin 1962, | presented in full adetailed account of an inquiry into

thefeasibilityof the postulated Na pump from athermodynamicstandpoint(Ling, 1962, pp.
189-212). In thisstudy | compared the minimumenergy need of the postulated Na pumpin
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frog musclecellsfor arecorded period of time, with the maximumenergy availableto these
cellsduring thesame period of time. Frog muscle's remarkableability to withstand total in-
terruption of itsactive metabolism made a clear-cut answer within reach.

Thelast three setsof fully-compl eted experimentsshowed that the minimumener gy need
of the postulated Na pumpis from 1500% to 3000% of the maximumavailableenergy under
the assumptionthat the cell does not require energy for anything else besides pumping Na.

Disparity of this magnitude is decisive by itself. Yet it belies the even greater true dis-
parity. For in my calcul ationspresented in 1962, | assumedthat ATP, ADPand CrP al carry
large amounts of utilizable free energy as it was once widdy believed (ATP, —29.3
kcal/mole; ADP, —15.0 kcal/mole; CrP —12.8 kcal/mole). However, the work of Podolsky
and Moraes(1956) and of Georgeand Rutman (1960) mentioned aboveleft littledoubt that
there is no utilizable ""high energy" trapped in these phosphate bonds. Since most of the
(maximum) available energy in my computation came from these sources, the actually
avail ableenergy in the poisoned muscle was considerably smaller, i.e., by another factor of
no lessthan 500 times. Y et thisenormousenergy imbaancecomesfrom just one postul ated
pump. And we need many more than one pump.

A survey of thedistribution of other solutesin frog muscle and other cellsrevealed that
virtually all solutesfound in the cellsrequire pumpsfor the same reasonsthat led to the pos-
tulation of the sodium pump: permeability through the cell membraneand presence within
cellsat concentrationsquitedifferentfrom what the membranetheory would have predicted
(Ling, 1955, p. 90; 1992, Sect. 2.25). Nor are solutes requiring pumps limited to those
found in the cells and their natura environments. They must aso include other solutes
studied, numbering among those which were for the first time created by chemists. These
man-created chemicalscould not have been in contact with the cells' ancestral genomes; it
would be difficult to envisage how new genes encoding the required pumps could have
developed in anticipation of the futurecreation of the new chemicals.

Pumps are required for al these natural and artificial solutes not just at the plasma
membrane. They are also required, asarule, at the membranesof various subcellular par-
ticles. Just to mention one, the sarcoplasmicreticulum (SR) of voluntary muscle has been
edtimated to have a tota surface (membrane) area 50 times bigger than that of the plasma
membrane(Peachey, 1965). Since, under otherwiseidentical conditions, theenergy need of
apumpisdirectly proportiond to the surfaceareacf the membrane, the same pumplocated
in asimilar membraneand operatingunder the samecondition, would require50 timesmore
energy at the SR membrane than at the plasma membrane(Ling, 1992, Sect. 2.2.6).

Since the work described above was published some thirty yearsago, there has been no
challengein print against the experiments| performed and described, nor the conclusions|
reached. (However, for written questionsof recognized and anonymous scientistsand my
answers, see Ling, 1988a, discussion with 1. Z. Nagy, on pp. 911-913; Ling, 1990a, discus-
sion with Reviewer IV on pp. 755-760; Ling, 1992, discussion with Reviewer | on pp. 439-
445). In the meantime, the essence of my finding has been twice confirmed (Jones, 1965;
Minkoff and Damadian, 1973).

Overwhelming and incontrovertibl eas theevidenceagai nst the pump concept isfrom the
energy consideration, it is far from being the only evidence against the membrane-pump
theory and its specific postulates of free water, freeions and native proteinsin living cells.
Partly dueto itsrelevance to subjects to be discussed below, one more set of evidencewill
be presented next.




Are There Sodium Pumpsin the Muscle Cell Membrane?
The Answer IsAlso No

A frog sartorius muscle comprises about 1000 fiber-like elongated muscle cells. Each
muscle cell runsall the way from its pelvic origin to its other end, some three centimeters
away at the muscle's tibial insertion (Ling, 1973, p. 299). A razor-blade cut across the
muscle away from its tapering tibial end exposesthe cytoplasm of every one of the 1000
cells. Thiscut is not followed by regeneration of a new membrane as revealed by electron
microscopy (Cameron, 1988; Edelmann, 1989) and the persistent high permesability to
sucrosethrough the cut end etc. (Ling, 1978).

If thecut end of thesartoriusmuscleisexposed toaRinger's solutioncontaininglabelled
K* and Na*, whilethe remainingintact portion of the muscleissuspendedin air or vaseline
asshown in Figure 1, one obtainswhat is called an effectively-membrane-pump-less-open-
ended cell or EMOC preparation (Ling, 1973, 1978).

Thelossof pump functionsin an EMOC preparation followsfrom thefact that the (pos-
tulated) pumpsin theintact part of the cellscan no longer function: the surroundingair (or
vaseline)isnotasourceof K* for theinward K pump, nor canitfunctionasasink to receive
Na* for the postulated outward Na pump.

Figure 2 shows that despite the absence of functional membrane pumps in an EMOC
preparation, the uptake of labelled K* and of labelled Na* in the part of the muscle cells
away from their (injured) cut endsappeared quitenormal (Ling, 1978). That is, K+ and Na*
concentrationsfound here follow a pattern not significantly different from that observed
when entire intact and normal muscles were incubated for a shorter period of timein a
Ringer's solution containing similar radioactively labelled ions: uptake of labelled K* to
levels higher than in the surrounding medium and uptakeof |abelled Na* to levels consis-
tently below that in the external medium.

It was shown that the drug ouabain, long accepted by proponentsof the membrane-pump
theory asaspecificinhibitorof the postulated Napump (Schatzmann, 1953; Glynn and Kar-
lish, 1975), functionsin an EMOC preparation much asit doesinintact musclecells. Added
to the Ringer's solution bathing the cut end, it depressed the uptake of labelled K™ and it
raised the uptake of labelled Na*, even though thereis no functional membrane pump.

Careful precaution was taken against the possibility that Na* might be pumped from the
intact portion of the musclecell in an EMOC preparation into the extracellular space, and
returnsthenceviathat samespaceto the Ringer's solution bathing thecut end of the muscle:
the silicone-rubbergasket (b) shown in Figure 1 hugged the muscle so snugly that the total
cross-sectional area of the extracellular space at that location was reduced from its normal
size (9%) to nearly one-tenth that size (1%). However, it wasfound later that this precau-
tion was unnecessary.

Aswitnessed by thefact that the cut could be applied to either thetibial or the pelvicend
with similar result, thereis no pump propellingNa* to movealong thelength of thesartorius
muscle in afixed direction within the extracellular space. Backward transport of labelled
Na* into the Ringer's solution bathing thecut end, if it exists, must rely on the devel opment
of adiffusionhead. That is, the labelled Na* concentration in the intact end of the muscle
must be substantially higher than in the Ringer's solution bathing the cut end. The question
is, Exactly how much higher?
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025 to 0.35mm

FIGURE 1. Diagram of the EMOC preparation. A,
side view. B, bottom view. Only the cut end of the
muscle isin direct contact with the labelled Ringer's
solution. a, sartorius muscle; b, silicone rubber gas-
ket; ¢, vaseling; d, cut end of muscle; e, bathing solu-
tion; f, anchoring string; g, slit in silicone rubber gas-
ket. (From Ling, 1978. By permission of J.Physi ol .)

A careful calculationshowsthat in order to move enough Na* viatheextracel lular space
to explain the observed difference between K* and Na* accumul ated, the concentration of
labelled Na* in the extracel lular space must not be lower than 5 Molar in order to provide
the necessary diffusion head. Tofind out if such ahigh concentration of labelled Na* infact
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FIGURE 2. Thesimultaneous influx of labelled K* and labelled Na* into sartorius muscle through
their cut ends. The three groups of frog sartorius EMOC preparations were exposed to normal
Ringer's solutions labelled with both “’K and *’Na for 14.7, 38.7 and 63.0 hr, respectively. The
abscissa represents the distance of the mid-point of each cut segment from the cut surface of the
muscle fibers. The ordinate represents the ratio of the labelled ion concentrations in the water of
each muscle segment (Cin) over the concentration of the same labelled ion in the solution bathing the
cut end of the muscles at the conclusion of the experiment (Cex). Each point was the average of 4
(14.7 hr), 10 (38.7 hr) and 4 (63.0 hr) experiments, respectively, the distance between the two lon-
gitudinal bars being twice the standard error. (From Ling, 1978. By permission of J.Physiol.)

existed, thefluid in the extracellular space of an EMOC preparation after 50 to 53 hoursof
incubation was collected by a centrifugationtechniqueearlier described (Ling and Walton,
1975) and analyzed.

Theconcentrationof labelledNa* in thecollectedextracellularfluid wasfound to be 95.5
+ 0.3mM, which was not higher than the concentrationin the Ringer's solution bathing the
cut end of the muscle, i.e., 100 mM. Therefore, the required diffusion head of Na* between
the extracellular space and the Ringer's solution bathing the cut end did not exist. Accord-
ingly, the low labelled Na* concentration in the intact end of the muscle in an EMOC
preparation could not be due to asteady return of labelled Na* to its source solution bath-
ing thecut end of the muscle.

Indeed, there is strong evidence that the postulated pump—if for argument's sake, one
assumesit existed—had not moved asignificantamount of Na* into theextracellular space
at al. Were it otherwise, the excess of Na* (and accompanying anion(s)) added to the
100 mM originally presentin theextracel lular space would have raised the osmotic activity
in theextracellular space beyond that in thecell. Asaresult, water would have been drawn
from the cells into the extracel lular space, thereby increasing the weight percentageof the
extracellular-spacefluid. In fact, at the conclusion of 50-53 hoursof incubation, the per-
centage of the extracellular-spacefluid measured 9.4%%t 0.72%, which iswithin the range
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of values obtained from normal frog sartorius muscles (8% to 10%) (Ling and Kromash,
1967; Ling and Walton, 1975).

The EMOC studiesled to the conclusion that an intact and functional membrane pump
is not necessary for the maintenance of alow concentration of Na* and a high concentra-
tion of K* in living cells. Having said that, | now ask adeeper question, What can | make
out of thisstatement beyond what was said?

When onesaysthat thereis no need of another television set in the house, the statement
does not impugn the existence of television setselsewhere. It is thus different from saying
that there is no need of afunctional membrane pump in the cell membrane to explain the
low level of Na*™ and high level of K* in living cells, because the only justification for the
existenceof the postulated pump is the need of such a pump to maintain the low Na* and
high K* in living cells. Removing this need, as the EMOC experiment did, one eliminates
the Na pump atogether. Thus put in simpler language, the EMOC experiment proved that
there is no Na pump in the muscle cell membranes, and by inference in any living cell
membrane.

Whilethe EMOC experiment offersconclusiveevidenceagainst theexistenceaof the Na
pump in the cell membrane, one can aso, by the method of exclusion, conclude that the
selective accumulation of K+ and exclusion of Na™, aswell as the controlling influence of
the cardiac glycoside, ouabain, on the K*/Na" distribution must reflect the property of the
protoplasm. The compelling reason for this deduction is that there is nothing el se beyond
the membrane and the substanceof the cell, the protoplasm.

In concluding the second set of evidence against the membrane-pump theory, proving
that thereis no Na pumpin cell membranes, | want to add two more setsof relevant infor-
mation. Thefirst concernsthe (true) active transport of ions and other solutesacrossfrog
skin, kidney epithelium, intestinal epithelium; the second concernsthe hypothesized active
transportof ionsacrosssquid axon membranes.

(1) True ActiveTransport:  While thereis now extensive unequivocal evidence against
the sodium pump hypothesis for the distribution of Na* and K* in what | call unifacial
cdlscdls  with one kind of membrane like muscle, nerve, red blood cells, this evidence
doesnot apply to the altogether different kind of phenomenon, i.e., activetransport of Na*,
K* and other solutes across what | call bifacial cdlscdls — with two different kinds of
membranesfacing respectively the two solutions which the layer of bifacial cellsseparate.
Examplesarethefrog skin, kidney and intestinal epithelium. A theory of activetransportin
these hifacial systems based on the AT hypothesiswasfirst presentedin 1981 (Ling, 1981),
then in 1984 (Ling, 1984, Chapter 17) and inits most up-to-dateform in 1990 (Ling, 1990).

(2) Hypothesized Active Transport:  The giant axons from the North Atlantic squids
often measure 400 to 800 micrain diameter. The techniqueof removingall or virtually all
the protoplasm or axoplasm from the insideof an isolated giant axon without harming the
physiological integrity and activities of the axon membrane were perfected by Baker,
Hodgkin and Shaw (1961) in England and by Oikawa, Spyroupolos and Tasaki (1961) in
the United States. The stagewas set in 1961 for another set of crucial experiments testing
the sodium pump hypothesis.

After removing the axoplasm, onecould fill the remaining sac with sea water containing
the needed energy sources (e.g., glucose, ATP, phosphoarginine—thesquid's counterpart
of mammalian phosphocresatine) and tie up itsopen ends. By thissimpl e procedure, one ob-
tainsan idealpreparation for testing of the validity of the sodium pump theory.
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That is, if membrane pumps truly maintain the low Na* and high K* in normal squid
axons, oneexpectsto detect continued pumpingof Na* out of theaxona membranesacand
continued pumping of K* into the axonal membrane sac, both against a concentration
gradient. After asuitableperiod of incubation,one should find a higher K™ and lower Na*
concentration within the artificial axoplasm in the axoplasm-free membrane sac than their
respectiveconcentrationsin the bathing sea water. Such a demonstration would go along
way in verifyingthe sodium pump hypothesis.

Indeed, extensive efforts were made in this direction by some of the most skilled and
capableworkersin thisfield. However, al effortsto demonstrate a net transfer of Na* and
K* against concentration gradientsfailed.

On aspring day in 1963, | was privileged to be invited to attend a lecture given at the
Johnson Research Foundation at the University of Pennsylvania. On that occasion Profes-
sor Richard Keynesaof ThePhysiologica Laboratory of CambridgeUniversity wasoriginal -
ly scheduled—as| believed—to report on the successof such aneffort, but | was bewildered
to hear from Professor Keynesthat he wasto tak about something entirely different, which
he then did. But in response to aquery from Professor George Karreman of the University
of Pennsylvania, aso invited to attend the lecture, Professor Jobsis (the chairman) and
Professor Keynessimultaneously announced that **the experiment did not work”.

Thisimportant negative experimentagai nst the prediction of the theory of sodium pump
was, to the best of my knowledge, never published. The only printed record of it wasin the
shapeof short footnotesas well as brief referencein reviews| published describingwhat |
heard at the lecture (Ling, 1965; 1984, p. 127; Ling and Negendank, 1980, p. 222).
However,asimilarfailuretodemonstratenet transportof Na* acrossaperfused squid-axon-
membrane preparation still retaining its axoplasm was al so observed by Brinley and Mul-
linsin 1968; but they did publish what they found (Brinley and Mullins, 1968; Mullins and
Brinley, 1969).

In the nearly thirty yearsfollowing, no further report revising these earlier conclusions
was published. In the pagt, it would be very difficult to establish that some paper was not
published. Theavailabilityof periodicalslikethe Citation Index hasovercomethegreat dif-
ficulty of locating unknown publications and has made a search for this type of unknown
publication both easy and reliable.

Since thegenuineNature-mademembraneitself doesnot pumpNa* against aconcentra-
tion gradient, itis hardly surprisingthat aclaimof activetransport of Na* in an""inside-out"
synthetic vesi clecontaining the hypothesized sodium pump (i.e., Na, K-activated ATPase)
turned out to be an experimenta error (for detailed discussion, see Ling and Negendank,
1980; Ling, 1992, pp. 22-25).

Thesefailures to demonstrate active transport in the ideal pure membrane preparation
without protoplasm (as well as the lessideal man-madevesicles) provided the counterpart
of the success in demonstrating selective uptake of K* over Na* in the Effectively
Membrane-pump-less Open-ended Cell (EM OC) preparation. Together they had firmly es-
tablished that Na (andother) pumpsdo not exist in living cell membranes. And that it isthe
cell protoplasm that provides the seat for selective ionic accumulation and exclusion.

Before introducing the association-induction (Al) hypothesis, | present the early
embryonicversion of the Al hypothesisknown asLing's fixed chargehypothesisaswell as
the sorption theory of my friend, thelate A.S. Troshinfrom what wasthen in Leningrad.
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Two New Theoriesaf the Living Cells

The year 1951 saw the introduction of the beginning of two new theories. the late A.S.
Troshin's sorption theory and the early version of my association-inductionhypothesis,
Ling's fixed charge hypothesis. Though undeclared, and perhaps even unrecognized at the
time, theintroductionof both theoriesrepresentsin fact areturn to the protoplasm-oriented
cell physiology of the 1920sand 1930s, which werelargely abandoned by cell physiologist
(in the English-speakingworld at least), to no small extent in response to the experimental
finding of Nobel laureate, A.V. Hill.

(D Troshin'ssor ption theory

From hisstudiesof thedistributionin living cellsand model systemsof aanine, creatine,
galactoseand other nonelectrolytes,A.S. Troshin suggested that each solutein living cells
may exist in two forms: dissolved in the cell water or adsorbed or otherwisecomplexed to
macromolecules(Troshin, 1951, 1952; for review, see Troshin, 1958, 1966). Troshin also
introduced a two term equation (which | have suggested on several occasions to be named
the Troshinequation, see Ling, 1992, p. 203, Endnote 2).

Thefractionof solutein thecell water may belower than that in theexternal medium be-
causecell water resembleswater in mode “coacervates”—a complex colloid-rich materia
(containingaslittleas50% water and as much as85% water), which staysasadistinct phase
separatefrom thesurrounding coll oi d-pooragueous sol ution and named ' coacervate' by H.
Bungenberg de Jong (1932). In support of histheory, Troshin cited the earlier work of Hol-
lemann et al. (1934) who showed that the simple coacervate of gelatin contained at equi-
librium less soluteslikeNa2S 04 than in the surrounding medium. Why water in coacervates
accommodates|essNa2S04 was not explained by Hollemannet al ., nor by Troshin. Never-
theless, Troshin's theory isavery important theory in the history of cell physiology.

In 1958 Troshin extended his theory to the distribution of ionsin living cells, including
K* and Na* (Troshin, 1958, p. 158). He had not addressed himsdlf to the physical
mechanism whereby K isselectively adsorbed whiletheclosely similar Na* isnot, aques-
tion that has becomeincreasingly my preoccupation from the late 1940s.

(2) Theearly embryonic version of theassociation-induction (Al) hypothesis,
known asLing's fixed charge (L FC) hypothesis

In 1951 and 1952, | presented what wasthen called Ling's fixed-charge(LFC) hypothesis
(Ling, 1951, 1952), the primordia version of the Al hypothesis to follow ten years |ater
(Ling, 1962). In the LFC hypothesis (asit isin the AI hypothesis), the abundance of K* in
living cellsis due to the morefavorabl eelectrostaticinteraction of this positively-charged
ionwith negatively-chargedfixedanions,and the preferableadsorption of K* on thesefixed
anionsoccurringin consequence. The most important fixed anionsin thecellsare - and y-
carboxyl groupscarried respectively on the side chains of aspartic-acid and glutamic-acid
residuesof cellular proteins. Fixation of theseanions(on the proteins) enhancesthe associa-
tion of thesefixed anionswith monovalent cationslikeK* and Na* (Ling, 1990a, 1992, Sec-
tion 4.1). The resultant long-lasting, close-contact, one-ion-one-site adsorption holds the
key to the preferential accumulation of K* over Na™—because K* and Na* differ fromeach
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other only in short-rangeattributes which, like the textureof a piece of fabric, can only be
felt and recognized through close contact.

Figure3 reproducesthe theoretical model | presented in 1952. It was pointed out that K*
and Na* exist as hydrated ionsin water and hydrated K™ issmaller than hydrated Na*. Fur-
thermore, water moleculesin the hydration shells of theseions are intensely polarized by
the electric chargesof theionsand are thus diel ectrically saturated (i.e., itsdielectric con-
stant iscloseto unity rather than the much higher valuefor normal bulk phaseliquid water,
81) (Debye and Pauling, 1925). Based on thesefacts, | computed a 10 times higher statisti-
cal probability of afixed anion adsorbinga K™ ion than aNa* ion. This higher probability
of thefixed anion associating with K* providesthe molecular mechanism for the selective
accumulationof K* (over Na*) in living cells as observed.

A selective mechanism that depends on an unchanging set of hydrated ionic diameters
and hence an unvarying selectivity rank order has a serious drawback. This theoretical
mechanism correctly describesthe behavior of somefixed-charge-systemsbut not of others.
Thus soil —as pointed out first by Mooreand Roaf cited earlier— and the sulfonate type of
ion exchangeresin, selectively accumulating K™ over Na* like many typesof living cells;
thecarboxylatetypeof exchangeresins,on the other hand, actually selectively accumulates
Na* over K™ (see Bregman, 1953).

Partly in responseto the need to providea mode capable of explaining both setsof ob-
servations, | began to look for a more fundamental solution to the problem and this effort
eventually led to the development of ageneral theory of thelivingcell, or more specifical -
ly, a physical theory of the living state, called the association-inductionhypothesis (Ling,
1962).

Early in thisendeavor, | realized that | must address myself to an old question that has,
as pointed our earlier, interested natural philosophersfrom ancient times: "What is the
meaning of being alive?"

The Concept of the' Living State™ Accordingto the
Association-Induction Hypothesis

The raising of a human baby from an early embryo once kept in liquid nitrogen provided
powerful evidence against the philosophical view of life-as-emergent-action including
growth, metabolism, motion, reproduction (and membrane pumping). All these emergent
actionsmust come to a stop at anear-0°K temperature. Since continued activity islife, dis-
continued activity at the near-0°K temperaturecould only mean desth—a term, by defini-
tion, irreversible.

In contrast, the successin raisingahuman baby from a once-frozenembryo supportsthe
concept of theliving state. Introducedasa part of theassociation-induction(Al) hypothesis
in 1962, the concept of theliving state isentirely new. Nonetheless, it may be regarded as
an offshoot of the philosophical school of thought of life as organization. Or even better,
Lamarck's definition of lifeas: état de choses.

Consider a number of soft iron nails, joined end-to-end with bits of soft string (Figure
4A). Their distribution is random and they do not interact with the iron filings scattered
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FIGURE 3 Theoretical model for the sellective adsorption of K* over
Na" on fixed anionic sites.

The smaller diameter of the (hydrated) K* than that of the (hydrated)
Na* (shown at the bottom of the figure) and the sharply decreasing
dielectric constant as one approaches the center of an ion (shown in the
inset) combine to provide a much higher statistical probability (curve 2)
that the fixed anion adsorbs the smaller hydrated K* than the larger
hydrated Na*. This follows from the fact that only the smaller K* ion is
capable of entering and occupying the spherical shell of " high-probability
space” in the closest immediate vicinity of the fixed anion, represented
here as a singly-charged oxygen atom.

Abscissa represents the distance in Angstrom units from the center of
the singly charged oxygen atom of the fixed oxyacid oxygen atom. Curve
(1) shows another probability curve if the phenomenon of dielectric
saturation isignored. (From Ling, 1952. By permission of the Johns Hop-
kins University Press).
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B

H GLRE4. A chaindf soft iron nails joined end to
end with pieces of string is randomly arrayed and
does nat interact with the surrounding iron filings.
The gpproach of the magnet causes propagated dign-
ment of the nails and interactions with the iron
filings. (Adaptedfrom Ling, 1969.)

among them. If now a strong magnet is brought into contact with the free end of oneof the
terminal nails, the nail will be magnetically polarized. This magnetized nail will in turn
polarize the nail next toit and the process may repeat a number of steps further. Asaresult,
not only do the nailsassumea lessflexible and less random distribution, theiron filings are
al so magnetized, associate with the nails, and assume amore ordered pattern of distribution
(Figure 4B).

Taken as a whole, the nail-chain—iron-filing system has shifted from its original
low(negative)-energy-high entropy state beforetheintroduction of the big magnet toahigh-
(negative)-energy, and low-entropy state after the interaction. (Entropy is, of course, a
parameter measuring the randomness of asystem, seeLing, 1992, Chapter 3, Endnote 2 for
asuccinct discussion).

The three major components of all living cells are water, proteins and K. In the Al
hypothesis, thecell proteinsarelikethetethered nails; water and K* areliketheironfilings.
Water, K™ and proteins are all in close association and thus diametrically opposite to the
basic tenets of free K*, free water in the membrane theory or its modified version, the
membrane-pump theory.

The equivalent of the big magnet is a class of small but powerful molecules called the
cardinal adsorbents. Cardinal adsorbents include many drugs, hormones, Ca**, transmit-
ters. Not all cardinal adsorbents arerequired in maintaining theliving state, but of those that
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are, by far the most important is ATP. Whereas in the magnet-nail model, interaction is
magnetic polarization;in their living counterpart, it iselectrical polarization, or induction.

Being alive, according to the association-induction hypothesis, sigrifies a specific con-
dition or state, called theliving state. In thisliving state, the major componentsof theliving
cells (water, proteinsand K*) and other minor but critical components (e.g., ATP) are
closely associated in a properly organized manner. The closely-associated and properly-
organized protein-water-K*-ATP systemsin cells exist at a high-(negative)-energy-low-
entropy condition. It is the maintenance of his high-(negative)-energy, low-entropy state
that distinguishestheliving stateof the Al hypothesisfrom the concept of life-as-organiza-
tion (only) or the “life-is-life” ambiguity of Lamarck’s “état de choses”. Asan equilibrium
phenomenon, the maintenanceof the living state requires no continual energy expenditure
and is compatiblewith ambient aswell as absol ute-zerotemperature.

Indeed, thetitle of my 1962 monograph, A Physica Theory of theLiving State: the As
sociation-inductionHypothesis" (Ling, 1962) introduces the term "' living state™, and setsit
apart from its plebeian usage. Theliving stateasdefined in the AI hypothesisisuniquely an
embodiment of this hypothesis because the living state originatesfrom the full association
of all thecritical componentsof thecell (water, proteins, K*, ATP) and the inductiveinter-
action among them.

Figure 5 showsacircular, submicroscopic portion of aliving cell. Note that the bulk of
cell water molecules are adsorbed in multilayers on the fully-extended polypeptide chains
of some cell proteins. Virtualy all the cell K* is adsorbed singly on B- and y-carboxyl
groupscarried respectively on aspartic and glutamic acid residues. In the cell water, both
Na" and K" exist at concentrationsconsiderably lower than in the extracellular bathing
medium. (Evidencefor these basiccontentionswill be presented in somedetail below.)

With the living state defined, protoplasm can now be given a new definition as the
generic name for the different types of closely associated systemdf protein-water-K*-ATP
and other unspecified but essential minor elementsmaintainedat the high-(negative)-ener-
gy—low-entropy living state.

Theliving state pertainsto theintact living cell, aswell asto itsconstituent parts, includ-
ing membranes, mitochondria as well as the gelatinousmateria sometimescalled cytosol.
In thedefinitionaf protoplasmgiven by Dujardin, von Mohl and Max Schultze, protoplasm
was limited to the gel atinouscytosol; in the present definition, protoplasm extendsto other
componentsand structuresof theliving cell as well.

Cdl Water

Water is by far the largest component of protoplasm. Common sense tells us that without
water, theeis nolife. Yetin the context of the membrane pump theory it has been reduced
to merely a solvent. | will in the five following subsections (1 through 5) discusshow as-
sociation and induction among water mol ecul escontributeto the creation and maintenance
of the living state in cellsand their constituent parts. | begin with the polarized multilayer
(PM) theory of cell water introduced in 1965, completing the association-induction
hypothesis(Ling, 1965a). This will be followed by summaries of the results of extensive
testingof thistheory. When all thisisdone, | will repeat oncemorein thefollowingsection
the same sequence: theory first, followed by results of experimental testing. Only thistime
it will be on the second largest, non-protein component of thecell, theK* ion.
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Cardinal site

Globular.
protein

FIGURES. Diagrammatic illustration of a submicroscopic portion of the cell
substance, showing the interaction among the three most abundant components
of the living cell: water, proteins and K* and cardinal adsorbents, Ca*™* and
ATP. Selective K* accumulation occurs as a result of the preferential adsorption
on B- and y-carboxyl groups of cell proteins. Na* exclusion results partially
from the failure to competeagainst K* for the B- and y-carboxyl groupsand par-
tially from the exclusion from the bulk-phase cell water which assumes the
dynamic structureof polarized multilayers (as indicated by the regular lattice of
dotsin thecell in contrast to the random dots outside the cell) in consequence of
interaction with fully-extended protein chains present pervasively throughout
the cells. (Adapted from Ling, 1969.)

(1) The polarized multilayer theory of cell water

According to the polarized multilayers (PM) theory of cell water, al or virtually all water
moleculesin aliving cell participatein the dynamic structure of polarized multilayers.
TheformulaH20 isabetter representationthan HOH for water becausethe two positive-
ly charged H atomsof the"'real life'" water moleculeare not symmetrically located on each
sideof the oxygen atom but are located on the two comers of atetrahedronwith the oxygen
atom occupying its center. Located at the other two comers of the tetrahedron are the
oxygen atom's two negatively charged " lone pairs"” of electrons. This asymmetry provides
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the water molecule with alarge permanent dipole moment (equal to 1.86 debyes). That is,
for certain quantitativetreatments,each water molecule may be visualized asalittleel ectri-
cally charged linear entity, oneend positive and the other end negative.

Thelarge permanent dipole moment, in conjunction with asizable polarizability, (equa
to 1.444 % 10724 cm3) (i.e., the propensity to develop an additiona induced dipole in an
electricfield) enableswater moleculesto interact strongly with, and adsorb onto both posi-
tively charged (P) sites and negatively charged (N) sites on solid surfaces. Each water
moleculethus polarizesand orientsin aspecificway onan N or Psite, each in turn polarizes
and orientsin a specific way another water molecule and the process repeatsitself a num-
ber of stepsfurther. Electrical polarization,or induction, thus brings about the association
of al or virtudly al water moleculesin thecells.

Now if alternating positively charged P sitesand negatively charged N sitesare arranged
in two dimensionsat suitabledistanceapart like a checkerboard (an NP system), or if two
such NP surfacesare face-to-facein close juxtaposition (an NP-NP system) or if alternat-
ing N and Psitesare carried on linear chainsamong amatrix of similar chains (an NP-NP-
NP system), theinteraction with and among the water moleculeswill be intensified. Here,
individual water moleculesin immediately neighboring rowsof polarized water molecules
would be oriented in opposite directions. Since oppositely oriented dipoles attract each
other, thislateral attraction betweenadjacent adsorbed water molecul esin neighboringrows
further stabilizesthe water-molecule—to—water-molecule interaction. Thusthe interplay of
induction and association can produce a stable and yet highly flexible, three-dimensiona
dynamic structureof polarized multilayersof water molecules (Figure6).

That moleculeswith permanent di polemomentslikewater form polarized multilayerson
appropriatepolar surfaceswas not my invention. That was physicsand it wasold physics.
Indeed, theoretical physicistslikede Boer and Zwikker (1929) and Bradley (1936), had long
ago derived rigorous equations describing multilayer adsorption of polar gases on ap-
propriately charged surfaces. Bradley's multilayer adsorption isotherm has since then
received both theoretical (seeBrunauer, Emmett and Teller, 1938) and repeated experimen-
tal confirmations(e.g., Hoover and Mellon, 1950; Ling and Negendank, 1970; Ling, 1984,
pp. 288-289). On the other hand, that the bulk of cell water existsin the dynamic structure
of polarized multilayersis my original suggestion (Ling, 1965a). (For R.A. Gortner's con-
sideration of the evidence existing in 1930 that water might exist in the state of
polymolecular layersand the reason for his backing away from suggesting that biologist's
bound water is polymolecular, see Endnote 5).

According to the PM theory, the bulk of cell water assumes the dynamic structure of
polarized multilayers. Somecell proteinsexisting in the fully-extended conformation with
their alternating positively-charged NH sites and negatively-charged CO sites functioning
as NP-NP-NP systems; and, as such, these N and P sites are directly exposed to the bulk-
phase water, polarizingand orienting it in multilayers. Someyearsago | gave areason why
actin, an ubiquitous protein found in many if not al cells, might be a mgjor candidate for
this water-polarizingrolein living cells(Ling, 1979, p. 47).

Direct experimental confirmation that multilayersof water moleculesare polarized and
adsorbed on what | call a simple NP system was achieved by Harkins (1945). He
demonstratedthat nolessthan five layersof water moleculesare adsorbed on the surfaceof
titanium dioxidecrystals. Each additional layer of water moleculesis adsorbed lessstrong-
ly than the preceding one.




FIGURE 6. Diagrammatic illustration
of how arrays of altematingly positively
and negatively charged fixed sites on a
matrix of linear chains or juxtaposed
surfaces (A), or of atematingly nega-
tively charged and neutral sites (B) can
produce the dynamic structure of
polarized multilayers of  water
molecules. A stable three-dimensional
cooperatively linked assembly of water
molecules follow from charge-dipole
interaction with the fixed charged sites
and from lateral interaction with op-
positely oriented water molecules.
(From Ling, 1989.)

Thestudy of water-vapor adsorptionin mode NP-NP-NPsystemsand living cells(Ling
and Hu, 1987, pp. 267-268; Ling and Negendank, 1970; Ling and Ochsenfeld, 1989, pp.
39-40) have confirmed the essence of Harkinsss findings. In gelatin gel, for example, no
lessthan twelvelayersof water isadsorbed and polarized between adjacent gelatin chains.
More rigorous proof of the rmultilayer water adsorptionin living cellsand moded systems
have been recently published by Ling (1993) and Ling, Niu and Ochsenfeld (1993).

If water assumes the dynamic structure of polarized multilayers, its physicochemical
properties may be expected to differ from normal liquid water. The first property of
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polarized water examined in somedetail is the solvency for various solutes. This solvency
study offersinsightinto why Na', sugarsand free amino acidsare asarule foundin lower
concentrationsin cell water than in the surrounding medium.

(2) Subsidiary theory of solutedistribution in polarized water in living cells
and model systems

From theoretical consideration of the energy (or more correctly, enthalpy) and entropy
changein transferringa solutefrom normal water to polarized water (i.e., water assuming
thedynamic structureof polarized multilayers),the" sizerule” was deduced (for definitive
treatment, see Ling, 1993; for earlier views of historicinterests see Ling, 1970; Ling and
Sobel, 1975; Ling and Hu, 1988). Briefly, the (true) equilibriumdistribution coefficient or
g-value of solutes between polarized water and norma liquid water varies with the
molecular size; and (for solutes having similar assortments of atoms) also with the
molecular weight of the solute. The g-value of a soluteis defined as the ratio of the con-
centration of this solutein the cell water at equilibrium represented as [S]in Over the con-
centration of the samesolutein the external bathing medium represented as[S]ex, A plot of
[Slin against [S]ex yields a straight line with a slope equal to the equilibriumdistribution
coefficient of soluteS or g-value.

However, obedienceto the expectationof a straightline relationship dependson the ex-
istenceof the soluteS exclusively in theform of dissolved solutein the cell or model. Only
then doesthe plot of [S]in againgt [S]ex assumethe shapeof astraightline. When oneis not
certain whether or not part of thesolutein thecell or model may or may not be adsorbed on
some macromolecules, the ratio of solute concentrationsin the two phases will be more
safely referred to as an apparent equilibriumdistribution coefficient or p-value.

A corollary of the polarized multilayer (PM) theory isthat proteinscan functionas NP-
NP-NP systems only if the polypeptide chainsexist in thefully-extended-conformation with
itsbackboneCO groups(N sites)and NH groups(P sites)directly exposed to thebulk-phase
water. In thiscase the bulk phase water will exhibit reduced solubility for saltslikesodium
sulfate, sugarslikesucrose, freeaminoacidslikeglycine, each known to exist at lower con-
centration in cell water than in the surrounding water.

On theother hand, if the backboneCO and NH groupsare locked in a-helical, B-pleated
sheet and other inter- or intramacromolecular H-bonds as is the case in most native
proteins(for history and definition of theterm, native protein see Ling, 1992, endnote4 on
p. 37), the influence on water solvency for Na* salts, sucrose and glycine will be minimal
or not observable. Experimenta confirmation of thesetheoretica predictions has been ear-
lier reported (Ling, et al ., 1980; Ling and Ochsenfeld, 1989).

Thusin solutionsof 12 native proteinsand onecarbohydrate(chondroitinsulfate) studied
the p-values of Na2SO4 observed areindeed close to unity, indicating unaltered, or weak-
ly-altered solvency of the water containingeach of the twelve native proteinsand one car-
bohydrate, when compared to normal liquid water.

In contrast, the p-value of Na2S04 in a solution of gelatin is considerably lower than
unity. Thisisamatter of significance,even though thisfindingisnot new.

| have mentioned earlier how gelatin and gelatin-like "living jelly" have intrigued
biologistsfrom the earliest days and that colloids are the namesake of gelatin. | have also
mentioned that water in gelatin gel has reduced solubility for Na2SO4 as Hollemann et al .




and Troshin have demonstrated. But noneof theseinvestigatorshave offered a mechanism
why gelatin behavesdifferently from most native proteins.

The polarized multilayer theory of cell water soonled toan under standing of the unusual
and striking effect of gelatin on water, and hence the distinctive feature of colloids (see
Ling, 1972, p. 691; 1992, pp. 81-84; Ling et a., 1978, 1980). Accurate knowledgeon the
amino acid composition of gelatin (denatured collagen) and the other 12 proteins has be-
comeavailablein thesixties(Piez et al. 1960; Tristramand Smith, 1963). When seenin the
light of the PM theory, the different primary structures of gelatin and of the other native
proteins provided the clue as to why gelatin behaves the way it doesand in ways different
from that of native proteins(Ling, 1984, p. 175).

Unlike most other proteins (which contain 5% or less proline and no hydroxyproline)a
large proportionof theamino-acidresiduesof gelatin (denaturedcollagen) isin theform of
proline (12%) and hydroxyproline (9%), each lacking an H atom on the peptide nitrogen
atom and thus unable to form H-bonds. An even larger proportion of the amino-acid
residuesisglycine(33%), awell-known™helix bresker", i.e., an amino acid residue, whose
NH and CO groupsin a protein moleculeas aruledo not engagein forming a-helixes(see
below; aso Chou and Fasman, 1978). (Most other non-collagen proteins contain 10% or
less glycine). When proline, hydroxyprolineand glycinecoexist in a protein like gelatin, a
major portion (at least equal to 12% *+ 9% + 33% = 54%) of the gelatin molecule do not
forma-helixes or other intra- or intermacromolecular H bonds and therefore remain per-
manently in the fully-extended conformation. As aresult, gelatin polarizeswater in multi-
layers with reduced solubility for large solutesincluding hydrated Na* and sulfateions as
observed.

The new insight into the peculiarity of gelatin and the other supportive evidence to be
described below permitsa new definition of Thomas Graham's colloids and colloid condi-
tion as follows: a colloid is the collective name given to the material and the bulk-phase
water (or other polar solvent) which material polarizesand orients, thereby causing the
bulk-phase water (or other polar solvent)to assumethe dynamic structureofpolarized mul-
tilayers; colloidal condition is one in which the material in question polarizesand orients
the bulk-phase water (or polar solvent)to assume the dynamic structure of polarized mul-
tilayers. (This, the latest definition of colloidsand colloidal condition is a somewhat im-
proved versionof earlier similar definitions| suggested.)

In contrast to gelatin, the polypeptide chains of the twelve other more normd native
proteins do not contain large proportionsof non-helix-formingamino-acid residues. As a
result, their backbone NH and CO groups are largely engaged in a—helical and other in-
tramacromol ecul ar H-bonds and, as such, are unable to interact with the bulk phase water.
A lack of significant influenceon the solvency of the bulk phasewater is predictedand ob-
served (for reasonsthat one can compare gelatin, a denatured protein with normal native
proteins, see Endnote 6).

Ling et al. (1978) also studied the effects of synthetic polymers, polyethylene oxide
(PEO), polyvinylpyrrolidone (PVP) and methylcellulose on water solvency. Like all
proteins, these polymers also contain suitably-spaced oxygen atoms as N sites (with their
negatively charged lone pairs of electrons) but in place of the positively charged Psitesin
an NP-NP-NPsystem, these polymers have only vacant or O sites. Accordingly they are
referred to as NO-NO-NO systems. Like gelatin and unlike most native proteins, these
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polymers are also unable to form a-helical or other secondary structuredue to the lack of
NH groups. Accordingly, one may expect that all three polymersal so have astrong polariz-
ing influence on the dynamic structureof water and itssolvency. It wasshown that they are
indeed as effectiveas, or moreeffectivethan, gelatin in reducing the solvency of the bulk-
phase water for Na* sulfate.

Native proteins which are without effect on the solvency for Na sulfate, sucrose and
glycine became effective after exposure to concentrated solution of urea (or of guanidine
HC1) (Ling and Ochsenfeld, 1989). Both denaturantsare well known for their ability of
opening up the secondary structureof native proteins, thereby transforming thesefol ded na-
tive proteinsinto the fully-extended-conformation. With the backbone NH and CO groups
directly exposed to the bulk phase water, full power in reducing the solvency for the same
set of probe molecules studied was conferred onto the hitherto inactive native proteins.
(Datato be presented below demonstrates the alkali-denatured proteins behavesimilarly).

Ling and Ochsenfeld (1989) a so demonstrated that while the bulk-phasewater contain-
ing urea-denatured proteins have reduced solubility for sucrose (and glycine and Na sul-
fate), the same water hasa p-valueof 1.006 + 0.008 for urea (from ten proteinsstudied).

On theone hand, thisdata agrees with the sizerule" (Ling, 1987a), since ureaisamuch
smaller moleculethan hydrated Na* and sulfateions, glycineand sucrose; on theother hand,
thisdata shows that the near-unity p-value of urea in water does not prove that the water
isall normal liquid water. In other words, the colloidal chemistslike Newton, Gortner and
otherswere mistakenin describing water that excluded sucroseas water that haslost itssol-
vency for all dissolved substances, hence the name nonsolvent water . It is this mistake that
hed led A. V. Hill to concludethat the water in frog musclecellsis simply free water. This
too was wrong, as will be made clear in afollowing section.

(3) Thedevelopment of two classes of models: extrovertsand introverts

Solvency studies described above and elsewhere made it possible to separate various
proteinsand polymersinto two groups:

"Introverts' including amost al native proteins, proteinsdenatured by sodium dodecyl-
sulfate(SDS) and by n-propanol. Both SDS and n-propanol unravel only the tertiary struc-
turewhileleaving unchanged and even enhancingthe secondary structure. The NH and CO
groups of the polypeptide chainsof theintrovertsare internally neutralized and as a result
have minimal effectson the solvency of the bulk-phase water.

"Extroverts' include gelatin, oxygen-containing polymers like PVP, PEO, PEG
(polyethylene glycol, [H(CHO),OH]), PVME (polyvinyl methyl ether), and urea—,
guanidine HCl-, as well as NaOH-denatured proteins. The NH and CO groups of the
polypeptide chains of the extrovert proteins and the oxygen atoms of the linear polymers
aredirectly exposed to the bulk-phase water, reducing itssolvency for Na2SOa4, glycineand
sucrose.

Therecognition of thesetwo distinctly different groupsof models has provided a power-
ful set of toolsto study and describe a spectrum of physicochemical properties beside sol-
vency of extrovert-dominatedpolarizedwater in comparison with near-normal liquid water
in the presence of inactive or less active introvert models. The full gamut of distinctive
characteristics of the polarized water thus recognized and delineated in turn provide the
meansof identifying its pervasive presencein living cells.
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(4) Investigationson the different physicochemical propertiesof polarized water
of extrovert and introvert model systemsand of livingcells

With the help of the two classesof modd systems, five typesof physicochemical proper-
tiesof water in living cellsand in the two groups of model systems have been investigated
by my laboratory and other laboratories across the world (for details, and references to
origina articles, see Ling, 1992, Chapter 5):

Motional freedom: (1) quasielastic neutron scattering studies of the trandational and
rotational diffusion coefficientof waterin twokindsaf living cells(brine-shrimp-cystcells,
frog muscle) (Trantham et al ., 1984; Heidorn & al ., 1986) and oneextrovert modd system
(35% PEO solution) (Rorschach, 1984); (2) ultra-high-frequency dielectric studiesof the
rotational motional freedom (Debye diel ectric relaxation time) on brine-shrimp-cyst cells
and rabbit tissues on one hand, and PEO, PVP and PV ME solutions on the other (Clegg &
al.,1984; Kaatzeet al .,1978); (3) nuclear magnetic resonancerelaxation times(T1, T2) and
rotational correlation times on a variety of living cellsand tissuesin addition to solutions
of PEO, PVP, gelatin. (Darnadian, 1971; Seitz et al.,1980; Ling and Tucker, 1980; Ling and
Murphy, 1983).

Water vapor adsorption: (1) obedienceto Bradley's polarized multilayer adsorption
isotherm of water vapor adsorption infrog muscleand on gelatin gel (Ling and Negendank,
1970; Ling, 1984, p. 288); (2) water vapor adsorption at physiological vapor pressure (near
saturation, p/po =0.9968 for frogs) of frog muscle, extrovert modelsPEG, PEO, gelatin and
introvert models of native proteins (Lingand Hu, 1987).

Osmoticactivity: (1) osmotic activity (Ling, 1983); (2) sustained shrinkage(and swell-
ing), in concentratedsol utionsof partially excluded permeant sol utes(Na2SO4, sorbitol), of
extrovert models (PEO, PVME, gelatin, urea-denatured proteins) in dialysissacs but not of
introvert models (native proteins) (Ling and Ochsenfeld, 1987).

Freezing behavior: (1) microcaorimetricstudiesaf thefreezing point, freezingrateand
theamount of water frozen in extrovert modelsincluding PEO, PV ME, gelatin, urea-dena-
tured proteinsand in introvertsincluding six native proteinsand one SDS denatured protein
(Ling and Zhang, 1983); (2) different shapesof icecrystalsformedin livingcellsand mode
systems(Miller and Ling, 1970).

Solvency: (1) solutedistribution in water under the domination of awidevariety of both
extrovert and introvert modelsand in three types of livingcells. frog muscle, frog ovarian
eggs, and mouse Ehrlich-ascites-cancer cells (see below).

Space does not alow more than merely mentioning the list of subject titles here, but in
order to achieve the specific purposes of this communication, described in thetitle of the
review, | shall continue the discussion on solvency o water in modd systemsand living
cells.

(5) Solutedistribution in water of frog muscleand model systems:
obedienceto" szerule" and exceptions

Ling and Hu (1988) showed plots of the equilibrium concentration of various non-
electrolytesin dialysis sacs containing 39% native bovine hemoglobin against their con-
centrationsin theexternal bathing solutions. In each case, thedistributioncurveisastraight
line, and the lope of the straight lines, which equalsthe g-valueof that solutein the water
in the sac, does not deviate very much onefrom another. In asimilar plot of the same set of
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nonel ectrolytesin 18% NaOH-denatured bovine hemoglobin, the distribution curves are
straight linesalso. However, the slopes, or g-valuesare widdly different.

When the two sets of g-values are plotted against the molecular weights of the non-
elecralytes, Inset A and B of Figure7 are obtained. Note that here the g-valuesof al the
nonelectrolytesin 39% native hemoglobin are closeto one, indicting that water in the 39%
native hemoglobin solutions has solvency close to that of normal liquid water for al the
soluteslisted. In contrast, most of theg-val uesfrom the NaOH-denatured hemogl obinsolu-
tions decrease steadily with increasing molecular weight.

The minimal effect of native hemoglobin on the solvency of al the noneecrolytes
studied confirmsthe prediction of the PM theory that introvert models with the backbone
NH and CO groupslocked in a-helical and other intramacromolecular H-bondsdo not react
or react weakly with the bulk-phasewater. Asaresult the solvency of water in the 39% na-
tivehemoglobin solutionis not very differentfrom that in thedilutesalt solution outsidethe
sacs, as reveded by the unchanging g-value close to unity (for further details, see Ling,
1993).

In contrast, the extrovert model of NaOH-denatured hemoglobin shows pronounced
change of thesolvency of thebulk-phasewater. In thealtered water, thedistribution of most
of the nonelectrolytes studied follow the size rule”": low g-vauefor large molecules with
high molecular weights; high g-valuesfor small molecules with low molecular weightsall
essentially along acontinuousline.

Also found are the similar size-dependentg-valuesfor similar solutesin two extrovert
systems, PEO and gelatin (Ling and Hu, 1988). While the g-values of the PEO solutions
were obtained from similar straight-line plots like those mentioned above, the data from
gelatin were taken from Gary-Bobo and Lindenberg (1969) and were determined from
singlepoints.

Taken asawhol e, these studies have confirmed the dramatic differencesof the introvert
native protein and the extrovert models including NaOH-denatured protein, PEO and
gelatin on the solvency of the bulk-phase water. All three different types of extrovert
models, existing in the fully-extended conformation but for different reasons, exercise
similareffect on the solvency of the bulk-phasewater. Water so acted upon by the extrovert
model sdemonstratessolvency alterationin accordancewith the size-rule.

In pardle with these moddl studies | and my coworker have. also completed but
published one set of the dataon frog muscles(seeLing et al., 1993). Similar studieson the
distribution of nonelectrolytesin two other kinds of living cells have been completed but
not yet published: frog ovarian eggsand mouse Ehrlich ascites carcinomacells.

Thesethree setsof data, includingthedata from frog muscles(Figure7) ,when seen side
by side with the data frommodel studies shown in the insetsof the same figure offer one of
the simplest and most direct proofs of the PM theory in particular and the AT hypothesisin
general.

This sense of confidenceis inspired by the striking similarity between the g-value-vs-
molecular-weight or more rigorously between the g-value-vs-molecular-volume plots in
theseliving cells(seeLing, 1993; Ling, Niu and Ochsenfeld,1993) and in all threeextrovert
models mentioned aboveand by thetotal lack of resemblanceto the g-value-vs-molecular-
weight plot of theintrovert mode of native hemoglobin.

In thefrog muscledata, fourteen of the twenty-one nonel ectrolytes studied, the g-values
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FIGURE 7. The equilibrium distribution coefficients or g-values of
twenty-one nonelectrolytes in living frog muscle cells are shown on the
ordinate and plotted against their respective molecular weights shown on
the abscissa. For comparison, plots of g-values against molecular weights
(g-w plots) of similar nonelectrolytes in solutions of native bovine
hemoglobin (39%), NaOH-denatured bovine hemoglobin (20%), gelatin
gel (18%) and the oxygen-containing polymer, PEO (15%). g-values of
nonelectrolytes in both frog muscles and the inanimate models were ob-
tained from rectilinear plots like those shown in Ling and Hu (1988) and
in Ling, Niu and Ochsenfeld (1993). For the native hemoglobin data, the
g-value of another large nonelectrolyte, poly(ethyene glycol) 4000 or
PEG 4000, was added to a later version of a somewhat modified curve in
Ling (1993) but not included here.




NEW CELL PHYSIOLOGY 173

commendably follow the"'sizerule”, i.e., the larger the molecular weight the lower the g-
value. Y et seven nonel ectrolytes exhibit g-values considerably higher than expected.

These exceptional solutesinclude ureaand ethyleneglycol. They demonstrate g-values
close to unity. One recallsthat it is the near-unity equilibrium distribution of these two
solutesin frog muscle and human erythrocytesrespectively that hed at onetimeled A. V.
Hill, MacLeod and Ponder, Hunter and Parpart and othersto the belief that cell water isjust
normal liquid water. This belief in turn played a critical rolein the world-wideacceptance
of the membrane-pumptheory and thedramati cabandonment of the protoplasmicapproach
tocell physiology in Americaand Western Europe. The data presented in Figure 7 confirm
al of their findingsbut not their conclusion that cell water is norma freeliquid water.

On the contrary, the ability of musclecell water not to exclude urea and ethylene glycol
sideby sidewith theability of excludingpartially other solutesaccordingtotheir molecular
volumes (and molecular weights), when seen side by side with the datafrom mode studies
shownin theinset A and B of Figure7, demonstrates that water in frog musclesis by and
large similar to water in the presence of extroverts. In both, the behaviors of water follow
those predicted by the polarized multilayer theory (Ling, 1993).

Why urea and ethylene glycol have higher g-vaues than their respective molecular
weight suggestsis presentedin detail in the morequantitativetheory of soluteexclusion that
hasrecently appeared in print (Ling, 1993). Sufficeit to say that these moleculesand others
like them fit and interact strongly with the dynamic water structure, so that in displacing
water molecules they enhancerather than weaken the polarized multilayer dynamic struc-
ture.

From results of these and other collectionsof extensiveand world-wide studies on dif-
ferent physicochemical properties briefly mentioned above, one concludes that water in
living cells studied without exception strongly resembleswater in extrovert modelsand not
at all, or very weakly resembleswater in introvert models.

Taking also into consideration the disproof of both the sieve model and the pump
modd —the only two other known alternativemechani smsfor asymmetrical sol utedistribu-
tion in two contiguous spaces (see Ling, 1992, Section 1.1)—one concludesthat the bulk of
cell water in living cellsin their resting state assumes the dynamic structure of polarized
multilayersdueto interaction with fully-extended cell protein(s).

cdl K*

In preceding pages, | have briefly described a theory of selectiveaccumulation of K* over
Na', earlier called Ling's fixed charge (LFC) hypothesis. In this theory, preferential ac-
cumulation of K* in living cellsfollowsin consequenceof the morefavorable electrostatic
interaction of the smaller hydrated K™ (than the larger hydrated Na™) with fixed anions. In
living cellsthesefixed anionsexist largely in the form of - and y-carboxyl groups carried
respectively on aspartic and glutamic acid residuesof cell proteins. It was pointed out that
myosin done—which makes up 54% of the total muscle proteins—arries enough - and
y-carboxyl groupsto adsorball theK* found in musclecells (Ling, 1952, p. 774). (For more
recent evidencethat myosin carriesfrom 67% to 80%of the - and y-carboxyl groups ad-
sorbing K™, see Ling and Ochsenfeld, 1991).
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(a) Confirmation of the predicted localization of K* and its surrogates,
Cs* and TI* in the A bands of striated musclescells

Myosin, the muscle protein discovered and named by Willy Kiihne, containsamajor share
of all the B- and y-carboxyl groupsin muscle cells (Ling and Ochsenfeld, 1966). In 1873,
T.W. Englemann, whosetheory of heat-energized musclecontraction wasdiscussed earlier,
aready knew that myosin occurs only in the A bands of striated muscle, a perception
repeatedly confirmed by later workers (see Ling, 1984, p. 227 for references). When these
two setsof facts are seen together , the LFC hypothesis(aswell asthe association-induction
hypothesis) predictsthat the bulk of cell K™ must be located in the A bands.

A survey of theliteraturebrought tolight quitea number of papersdemonstrating theoc-
currenceof cell K* in the A bands. Regrettably there were also seriouscriticismsfor the
varioustechniquesused (for details, see Ling, 1984, pp. 228—229). It seemed wisetodevise
new and hopefully better ways of testing the predlctlons The method | chose was
autoradiography. The two radloactlvelsotopesof K* areeither too e>(2%en5| ve (*°K), or too
short lived ?K) Instead, | used two K* surrogates, thallium-204 ( Tl) or cesum-134
("*cs). Both isotopes havelong haf lives, are relatively inexpensive and can physiologi-
cally replacethe bulk of cell K*,

In an EMOC preparation, both T1* and Cs*, like K*, are selectively accumulated in
muscle cellsover Na*, indicati ng that the sel ectiveaccumulation of TI* and Cs* alsodoes
not requiremembrane pumps. It was also shown that inclusion of a higher concentration of
K* (30mM, rather than 0.5 mM in thecontrol) in the Ringer's solution bathing the cut end
of the musclesignificantly reduced the level of TI* accumul ated, demonstrating competi-
tion of K* for the same anionic sites adsorbing TI*. (For more rigorous proof of
stoichiometriccompetitionfor a limited number of sites, see Ling and Ochsenfeld, 1966;
Ling, 1977a).

Using the technique described by Ling and Bohr (1969), | mcubated isolated frog semi-
tendl nosus muscles in a Ringer's solution containing radioactive '**Cs-labelled Cs (or

20471 1abelled TI*) at 25°C for 1t05 days. Singlefibers were then isolated from the 13*Cs-
or 2*Tl-loaded muscles, dried rapidly and coated with photoemulsion. Figure 8 showsan
autoradiography made. The location of the silver granulesindicate that |abelled Cs* ions
were not evenly distributed in the muscle cells but were mostly in the A bands, confirming
thetheoretical prediction (Ling, 1977b).

Ludwig Edelmann (1977) provided additional striking confirmation of the predicted lo-
calized distributionof K* surrogates, TI* and Cs*. He took advantageof the high electron
density of thispair of K* surrogatesand wasabledirectly to visualizetheir distribution after
they had replaced most cell K™ during prior incubation of isolated living muscles before
freeze-drying(Figure9).

Notein particular how granular deposits appeared at the A bandsfollowing exposureof
the EM sectionsof the TI™-loaded sections to room temperature (and moisture) for 1 hour
(Figure 9-3). These granulesare most likely Tl phosphate crystals which have very low
solubility in water. The appearance of these granules confirmsthat the darker area seen in
Figure9-2 aretruly due to theelectrondense TI" ions, and not due to overdevel oped image
of the somewhat higher A-band-proteindensity.

Thisearlier work was extensively confirmed and extended in yearsfollowing by Edel-
mann mostly (1984,1986,1988,1989,1991) and by Trombitasand Tigyi-Sebes(Trombitas
and Tigyi-Sebes, 1979). A variety of techniques was used, including direct observation of
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FIGURE 8. Autoradiographd an air-dried singlefrog musdefiber, which was loeded with '**cs
while the muscle wes pefectly normd and before drying. The musde fiber wes incompletdy
covered with the photoemulsion, permitting the recognition that the slver granules and hence
labdled Cs™ was primaily located in the A- or dark-bandsdf the musdecdl (From Ling, 1977b.)

the predicted localized distribution of K* itself by the method of dispersive X-ray
microanalysis(seea so von Zglinicki, 1988; Gupta, 1989). Parallel observation on frozen-
fully hydrated preparationsin both autoradiography and transmissionel ectron microscopy,
eliminated the possibility that the observed distribution was an artifact due to drying (or
freezing) (for review, see Ling, 1992, Section 4.4.1).

(b) Stoichiometrical displacement of K* from their normal adsor ption sitesby Na*:
by decreasingthe K*/Na* ratioin the bathing medium or by exposuretoa
car dinal adsor bent, ouabain

The X-shaped pair of curves on the left of Figure 10 shows the equilibrium concentration
of K* and Na* in frog muscleschanged in a stoichiometric manner, when the ratio of ex-
tracellular K*/Na® ratio was varied and theion distribution reached new equilibriumlevels
after sterileincubationat 25°C for 72 hours(Lingand Bohr, 1971). Thesedata indicatethat
under normal conditions, Na* is kept away from the adsorption sites because they cannot
compete successfully against K* due to the weaker adsorption of Na* on these sites (see
Figure3). When K™ is absent or present at very low concentration, Na* takesits place.

The X-shaped pair of curveson theright showsthat theintracel lular concentrationof the
two ions also changed profoundly on exposure to an extremely low or what one calls phar-
macol ogical concentration 107’ M) of thecardiac glycoside, ouabain. Contrary to conven-
tional belief, ouabain's ability to reduce the level of cell K* and increase that of cell Na*
does not depend on its inhibition of the activity of pumps as pointed out earlier in the
descriptionof the EMOC preparationstudies. All pointsin Figure 10 are experimental and
thesolid linesgoing through or near the pointsare theoretical accordingto thegeneral equa-
tionfor solutedistributionin livingcells(Ling, 1965, equation 8; 1984, equation | | .6; 1992,
equation 16).




FIGURE 9 Electron micrographs of dry cut, unstained sections of
freeze-dried frog sartorius muscles. Living muscle had been loaded
with Cs* (1) and T1* (2, 3) prior to freeze-fixation, freeze-drying and
embedding. (2) was obtained immediately after sectioning, (3) after ex-
posure of a section to room atmosphere for 1 hr. (4) central part of (1)

after storage for two days in distilled water. (5) Normal “K*-loaded”
muscle. Abbreviations used: A, A band; H, H zone; M, M-line; L,
L zone; Z, Z line; gly, glycogen granules. Scale bar: 1 micrometer
(From Edelmann, 1977).

ONI'T
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FI QURE 10. The equilibrium ooncentratlons o K" ad Na* in frog musde (ordinate) in the
presenced varyingconcentration ratiosdf K* over Na™ df theseions in the bething medium (ebscis:
s9). The left par o X-shaped curves were derived from norma musdes while the right par o X-
shaped curves were obtained from musdes incubeted in media aso containing 3.2 x 107 M o
ouabain. The reciprocd o the abstissa reading & the intersection o eech par d the X-shgped
curves is equd to the intrinsic eguilibrium congtant (K%, which changed from 100 to 21.7 in
responseto ougban. (From Ling and Bohr, 1971.)

Figure 10 heredemonstrateshow interactionwith thecardinal adsorbent, ouabain, brings
about an across-the-board, uniform decreasein theintrinsic equilibrium constant (K°) for
the K*/Na" exchangeon the B- and y-carboxyl groups by a factor of about five (from 100
t021.7). Evidencethat thesitesadsorbingK* or Na* wereindeed B- and y-carboxyl groups
arediscussed next.

(c) Demonstration that K* (or itssurrogates) in resting cellsareadsorbed on
B- and y-carboxyl groups

| chosetwo waystoidentify B- and y-carboxyl groupsasthesitesadsorbingK*, Na* or their
surrogates:. by their characteristic pKa (ca4.0) through acid titration; by their specific sen-
sitivity to carboxyl specific reagents. An early obstacle camefrom the cell membrane bar-
rier which preventsdirect accessto theseintracellular sites. Cutting the musclecellsinto 2
mm wide segmentswith both ends open effectively removesthe membrane barrier. Unfor-
tunately, deteriorationsoon setsin, with loss of thecapability of the muscle segmentsto ad-
sorb K™ or any other alkali metal ions. After a number of unsuccessful attempts, | finally
found an additive(polyethyleneglycol -8000, PEG-8000) which can preserve the bulk of the
K *-adsorbing sites with exposed cytoplasm (Ling, 1989) well enough to carry out studies.
(Thisagent isal so used as a cryoprotectant by scientistsengaged in preserving living cells
at liquid nitrogen temperature.)

Under the protectiveactionof PEG-8000at O°C, Ling and Ochsenfeld were abletotitrate
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and determinethe pKa of 3.85, whichischaracteristicof B- and y-carboxyl groups. We were
also successful in substantially reducing the alkali-metal ion adsorbing groupswith thecar-
boxyl specific reagent, 1-ethyl-3-(3-dimethylaminopropyl)cabodiimide (for details, see
Ling and Ochsenfeld, 1991; Ling, 1990; 1992 Section 4.4.4).

Earlier, | have demonstrated that normal cell water existsin the stateof polarized multi-
layersand by implication,a mgor portion of the proteinsin the cell must exist in the fully
extended conformation. The question arises: What makes these proteins assume thisfully-
extended conformation?After al, most native proteins do not exist in the fully-extended
conformation.

It is true that exposure to NaOH or urea can change introvert native proteinsinto ex-
trovert fully-extended proteins. However, neither NaOH nor ureaexistin thecells, certain-
ly not at the high concentration required. Nature must have invented a more subtle way of
achieving this goa. To search for understanding, we turn to another page of the Al
hypothesis,which addressed the question asto what determinesthe way aproteinfolds(i.e.,
secondary structure) and what can ater it. Accordingtothe AT hypothesis, likethat in water
polarization, the key words are again el ectronic polarization,or induction.

At the outset, | point out that as we enter into the inductiveaspect of the association-in-
duction hypothesis, we find ourselves in an area which is, relatively speaking not as
thoroughly tested and firmly established as the associative aspect of the Al hypothesis.
Whilel strongly believethat thisinductiveaspectisalsoin general correct, furtherimprove-
ments and alterationson specific points may well be necessary in the future.

Inductive Effect and Protein Conformation

Acetic acid, CH3COOH is a week acid with a pKa vaue of 4.76; its H* is held tightly by
the anioniccarboxyl group. Trichloroaceticacid isa strong acid with apKa less than unity;
itsH" isheld loosdly by asimilar anionic carboxyl group. Thisis theclassicexamplecited
by the outstanding American chemist, G.N. Lewis(1923) when he argued for hisInduction
theory: the greater electronegativity of the chlorine atoms (compared with that of the H
atomsthey displace) causesagreater unequal sharingof paired el ectronsbetweenthe newly
installed chlorine and the carbon atoms. This asymmetrical sharing of electronsin turn
causes a similar displacementin the next carbon-to-carbon link, and the inductive effect
propagates al the way down to the singly charged oxygen atom of the carboxyl group. As
aresult, theeffectivee ectrondensity of thecarboxyl groupisreduced. G.N. Lewis's induc-
tive effect haslong since becomeabona fide part of the accepted knowledgein theoretical
organic chemistry (Derick, 1911; Lewis, 1923; Branch and Calvin, 1941; Ingold, 1953;
Hammett, 1970; Chapman and Shorter, 1972; Chiang, 1987).

Since inductive effect determines the properties and behaviors of small organic
molecules, it should exercise a similar effect on the properties and behaviors of large or-
ganic molecules like proteins, which are only small organic molecules (i.e., amino acids)
linked together. | have al so shown that inductiveeffectsare created not only by substitution
involving the breaking and formation of covalent bonds, but also by substitutioninvolving
the breaking and formation of ionic or H-bonds as well (Ling, 1992, Section 6.1). On the
basisof this reasoning and supportiveevidence, | introduced in 1962 a key roleof thein-
ductiveeffectsin the Al hypothesisin general and in a new theory of proteinsin particular
(Ling, 1962).
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In theensuing 31 years| have been collectingfrom the literatureand my own research a
growing body of evidencein support of my theory of proteins. Again theinterested reader
should consult my 1992 monograph for details. Here | shall begin with the specific ques-
tion, By what mechanismdoesa protein''know' how to return toits native secondary struc-
ture (describing the pattern of folding of the amino acid residues in a-helical, B-pleated
sheet and random coil conformations),after having lost itin consequencedf interaction with
denaturants,followed by subsegquentremova of thedenaturants,asdemonstrated by Anfin-
son (1967)?

Studies on the empirical relationship between the primary structure (i.e., amino-acid
residue sequence) and the secondary structure of proteins revealed by X-ray diffraction
studiesof protein crystals, led to the recognition of threetypesof interactions between the
side chainsand the backbone NH and CO groups involved in forming the secondary struc-
ture: long-range, intermediate-range and short-range interaction. The least understood was
the short-range interaction; it is also the most important. Thus in the words of reviewer
Scheraga: " The conformation of an aminoacid residuein a polypeptideor protein isdeter-
mined in very large measure (though not exclusively) by the short-rangeinteractions be-
tween a side chain and atoms of the backbone of the same amino acid residue . . ."
(Scheraga, 1974). Y et to the best of my knowledge, my induction theory for the short-range
interactionfirstintroduced very briefly in 1964 (Ling, 1964) and elaborated | ater isthe only
mechanismfor the short-rangeinteraction offered sofar, though rarely if ever cited by those
who should have akeen interest (see Endnote 7).

In thisinductivetheory of short-rangeinteractionin proteins, eachamino acid sidechain,
due to its specific structure, has aspecific electron-donating strength. Through thisinduc-
tiveeffect, theel ectron-donatingstrength of each side chain determinestheelectron density
of itsown backbone carboxyl group.

The relative el ectron-donatingstrength of each of the 19 common amino acid residues
was obtained from the pKa of the corresponding carboxylic acids [e.g., formic acid,
HCOOH, for glycine, H2C(NH2)COOH)]. A positive linear correlation of +0.75 or better
was obtained between the set of pKa values and the a-helical potentials™ of the 19 amino
acid residues provided by Chou and Fasman (1978) and by two other groups of scientists
(Gamier et al., 1978; and Tanaka and Sheraga, 1976; see Ling, 1986, 1992, pp. 118-121).

The primary conclusion of thisstudy is that the short-rangeinfluenceof thesidechainin
determining the secondary structureliesin thedifferentinduction effect each sidechain ex-
erciseson (primarily) the electron density of the residue's own backbone CO group. Side
chain that donates el ectrons enhances the electron density of its own backbone carbonyl
oxygen, which in turn raises the probability of the formation of a-helical conformation of
thepeptide linkage. Conversely,asidechain that withdrawsel ectronsfrom itsown carbonyl
oxygen atom reduces the probability in the formation of a-helical conformation. The suc-
cess of the inductiveinterpretation of the hitherto unexplained mechanism, how primary
structure determines secondary structure, declares its own importance— Anfinson was
awarded the Nobel prizefor establishingthis relationship between primary and secondary
structure but no mechanismfor the relationship(Anfinson, 1967).

An important secondary conclusion derived from thesestudiesis the general finding that
high electron density of the backbonecarbonyl oxygen atomsfavorstheformation of the a-
helical and other introverted structures. In contrast, low electron density at the backbone
carbonyl oxygen atoms favorsthefully extended conformationand interaction of the back-
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bone with the bulk-phase water. Therefore, if theelectrondensity of the backbonecarbonyl
oxygen can be madeto change coherently, it would be possibleto control the conformation
of the protein and through its change, the physical state of the bulk-phase water as well.

Resolving aParadox: The Control of Protein
Conformation by Cardinal Adsorbents

The inductive model a so helpsto resolve what may on first sight appear to be an insoluble
paradox.

Each protein has oneand only one uniquely defined primary structure. Sincethe primary
structure determinesits secondary structure, each protein should have only one uniquely
determined secondary structure.

Yet it isalso well-establishedthat a protein can assume another different secondary struc-
ture by interactingwith small but powerful moleculeswhich | call cardinal adsorbents. Thus
not only can the bona fide cardinal adsorbent ATP change the conformation of isolated actin
or myosin, even non-hydrolyzableMg-imido ATPcan do the same (Marston et al., 1979).

The resolution of this apparent paradox liesin that the adsorption of the cardinal adsor-
bent altersthe inductive effects asserted by the protein side chains. Asaresult, anew set of
inductive effects is created by the primary structure and the cardinal adsorbent operating
together to bring about a new secondary structure (Ling, 1986).

In the Al hypothesis, proteinsrespond to the adsorption of acardinal adsorbent by anin-
ductively mediated, self-propagating change of the electron (and/or positive charge) den-
sity of the nearest-neighboring backbone CO and NH group respectively. As a result,
changes in the preference for alternative H-bonding partners occur. Exchanges of the
partners of the backbone NH and CO groups may than follow (e.g., from partners in the
form of other protein CO and NH groups, to partnersin theform of the O and OH end of
water moleculesas part of the bulk-phase water). The result isan all-or-nonechangeof the
conformation of the protein (Ling, 1992, pp. 142-149). (For discussion of oscillatory con-
formation changesin the transmissionof inductiveeffect, see Endnote8).

Effective cardinal adsorbents are divided into two classes: electron-donating cardinal
adsorbents(ED C)or electron-withdrawing cardinal adsorbents (EWC).Interactionwith an
EDC produces an across-the-boardincrease in the electron density of both the backbone
carbonyl groups and functional groupson short side chainsincludingthe - and y-carboxyl
groups carried respectively on aspartic and glutamic acid residues. Conversely the interac-
tion with an EWC producesan across the board decrease of electron density of the back-
bone CO groups and functional groupson short side chains. Tofacilitate the understanding
of the consequencedf the across-the-boardchangesof electron density in the 8- and y-car-
boxyl groups, | introducethe c-value concept next (Ling, 1981; Ling, 1992, pp. 144-145).

The Electron Density of the B- and y-Carboxyl Groups

and Its Representation by thec-Value

By replacing the three H atoms on the methyl groups of acetic acid (CH3COOH) with three
chlorine atoms (CC13COOH), a week acid, with strong affinity of its carboxyl groupsfor H*

is converted into a strong acid with wesk affinity of its carboxyl groupsfor H', This part is
familiar. H isonly one of the monovalentcationsthe living cell encounters. K* and Na* are
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other examples. The question was raised: Would the reative affinitiesof the carboxyl groups
for K™ and Na* changefollowing the H to C1 substitution?In order to make a preciseanswer
possible, one must beabe to represent thechangeof thecarboxyl group quantitative. To do so,
the concept of the c-valuewasintroduced (Ling, 1962, pp. 57-60; 1992, pp. 126-127).

Briefly, the c-value is a measure of the electron density of the singly-charged oxygen
atom inacarboxyl group. Thusacetic acid has a high acid dissociation constant {pKa val ue)
and a high c-vaue. Trichloroacetic acid (CCI3COOH) has a low pKa value and a low c-
value. Thefollowing offers amore rigorousdefinition of the c-value:

The assumption is made that the difference in the pKa of diverse carboxyl or other
oxyacid groups can be quantitatively simulated by moving a unit negativecharge along a
straight line going through thecenter of the carboxyl oxygen atom and the center of thecat-
ion interacting with the negatively charged oxygen atom. The displacement of this unit
negativecharge toward thecationin Angstrom units would entail an enhancementof thein-
teractionsuch as that seen in acetic acid with strong affinity of the oxyacid groupof theH™.
Conversely, adisplacement away from thecation, leading to a negative c-value, would cor-
respond to adecreased affinity for the cation asin the case of trichloroaceticacid.

With the c-value defined | constructed what was called a linear moddl, in which a
cylindrical cavity iscawed out in a continuous dielectric. Four ConfigurationsO, I, II and
III were assigned corresponding to zero, one, two, and three water moleculesbeing placed
between the carboxy! oxygen atom and the interaction monovalent cations, including H,
Li*, Na*, K*, Rb*, Cs*, or NH4* (Ling, 1962, p. 61, Figure 4.3; 1984, pp. 155-157). The
statistical probability of each one of the configurationfor a specific cation and at a specific
c-value of the carboxyl oxygen atom was computed. Finally the adsorption or association
energy of each of the cations at different c-values was computed by a Born charging
method. The result obtainedfor acarboxyl group with a polarizabilityof 2.0 x 10 emis
shownin Figure1l.

Asillustrated in Figure 11, the relative affinity between a pair of ions is not a constant
but varies with the c-value. Thus at one low c-value, K* is highly preferred over Na*, As
the c-valuerisesthis preferencedeclines until a certain high c-valueis reached, where the
selectivity order isreversed and theNa'/K ™ ratio continuesto increase.

All proteins contain trifunctional amino acid residues. When incorporated into the
protein chain, it is these trifunctional amino acids that provide the protein with reactive
functional groups. Prominent among thesefunctional groupsare thefixed anionsand fixed
cations. So far we have discussed the fixed anionsin theform of 8- and y-carboxyl groups
carried respectively on aspartic and glutamic acid residues. With few exceptions, al
proteinsalso carry fixed cationsin theform of a-amino groupscarried on N-terminal amino
acids, e-amino groups and guanidyl groups carried respectively on lysine and arginine
residues. All three fixed cations are various modificationsof the anmonium ion, NH4",
However, thesefixed cations are bulkier and thus more electrically polarizable; in conse-
guence of their being attached, they have less motional freedom.

Whenfixed anionsjoin fixed anionson the protein they form what arecalled salt linkages
(Speakman and Hirst, 1931). Salt linkagesare major structural componentsof the tertiary
structure of a protein (see Perutz, 1970). Recently Ling and Zhang (1984) have fully con-
firmed the contention madefirst in 1952 that virtualy all the - and y-carboxyl groups of
native proteinsdo not adsorb significantamountsof K* and Na* becausethey arelocked in
salt linkages (Ling, 1952). Neutralizationof the cationic charge by raising the pH liberates
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20x 107 em?®. (FromLing, 1962, by permission.)

the salt-linkage-bound B- and -carboxy! groupsand a stoichiometricadsorptionof K* (or
Na™*) followsin consequence (Lingand Zhang, 1984).

In summary, at relatively low c-value, the preferenceof thecarboxyl groupsfor thefixed
cationissimilar tothatof K* (sincethecal culated K™ and NH4 ™" adsorption curvesin Figure
11 are close to each other). However, as the c-valuerises to higher values, the preference
for the fixed cations increases more steeply than that for K* as a result of (i) the much
smaller entropy gain on dissociation of the fixed cation when compared to the freeK* or
Na*, and (ii) themuch greater polarizability of the bulky fixed cation than that of the NH4*
ion. Eventually the preference for the fixed cation overtakeseven that for Na*, which as
mentioned earlier is more preferred at higher c-values. Therefore, as the c-value proceeds
from low to very high, the preferencecf the carboxyl groupsgoesthrough the sequence: K*
to Na' to fixed cations (for a full discussion, see Ling, 1992, pp. 127-128). That native
proteinsdo not adsorb either K* or Na* and that their 3- and y-carboxyl groups are mostly
locked in salt linkages are in harmony with the theoretical deduction that native proteinsare
proteinsin which the B- and y-carboxyl groups have very high c-values. To maintain the
living statein which K* is adsorbed preferentially over both Na* and many fixed cations,
the c-value of the B- and y-carboxyl groups must be lowered in some physiological way.
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ATP (and its" Helpers') Functionsasan Electron Withdrawing
Cardinal Adsorbent or EWC in Maintainingthe Living State

In describing the living state we relied on the soft-nails—iron-filing—magnetana ogy. |
then pointed out that the maintenance of the living state dependson analogous electronic
mechani sms, where ATP, the ultimate product of metabolism, servesitscritical role, not on
its hydrolytic delivery of apackageof energy stored in aspecia phosphate bond. (As men-
tioned earlier, thisonce highly cherished idea turnsout to be wrong). Rather ATP serves its
function by virtue of its extremely strong electronic interaction with the appropriate car-
dinal site on the protein involved. The resultant electronic polarization of the protein
molecules may then bring about a change of itsunfolding.

As mentioned above, it was once widely believed that two of the terminal phosphate
bondsare high energy phosphate bondswhich wereestimated to be—12 Kcal/mole. Subse-
quent investigationsshowed that this was incorrect. The final value estimated was 4.7
Kcal/mole; at thislevel, there is no high energy of which to speak. However, it remainsa
fact that ATP serves many important functional roles that ADP cannot. ATP must have
some other attributesgenuinely different from ADP. What can this be? The answer to this
crucial question came gradually. But by now, thereis no doubting what it is. It is the ad-
sorption energy of ATP on the protein it affects. In the contractilemuscle, the protein ATP
actsonismyosin.

Thebinding constantof ATPon myosinisenormous, equal to 10'%-10" (Mole-) (Goody
et al., 1977; Cardon and Boyer, 1978). Thisis equivaent to an average standard free energy
of adsorption of —14.3 Kcal/mole (seeLing, 1992, p. 180). Notethat this (genuine) adsorption
energy iseven higher than the once-widely believed but erroneous—12 Kcal/mole value mis-
calculated for the so-called high-energy-phosphatebonds. Just as reassuring is the now estab-
lished fact that the biding constant of ADP on myosn—the hydrolytic product of ATP—is
only 1 0’ and thus100,000 timesweaker than the binding of itsparent compound, ATP(Lowey
and Luck, 1969; Marsh & al.,1977). Thisgreat disparity betweenthe bindingenergy of ATP
and of ADPisvitd if ATPactsasa switching-controlling mechanism (see below).

An in-depth examination of the consequence of the interaction of ATP with protein
modelsled to the conclusionthat ATPfunctionsas aelectron withdrawing cardinal adsor-
bent, or EWC (Ling, 1992, pp. 180-182).

In the preceding pages and on two different occasions | have pointed out thefollowing:
(2) low €electron density of the backbone carbonyl groupsfavorsthefully extended confor-
mationand the multilayer polarization of the bulk-phasewater, and that water assumingthis
dynamic structure has reduced solvency for large hydrated ionslike Na* (and K*); (2) low
electron density or c-value favors the selective adsorption of K* on B- and y-carboxyl
groups; (3) interaction with a suitable EWC creates an across-the-board lowering of the
electron density of the backbone carbonyl groups and the c-value of B- and y-carboxyl
groups, (4) ATPfunctionsas such an EWC.

Figure12 is presented for two purposes.

It diagrammatically illustrates how all these factorscontributeto the creation and main-
tenanceof the living state, a key featureof which isthe preferential adsorption of K* over
Na* on the - and y-carboxyl groupsand the reduced solvency for freeNa* (and K*) in the
cell water existingin the state of polarized multilayers. Notealso that to carry out its func-
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tion, ATP requiresat least two ""helpers”: "' congruous anions' and an as-yet-unidentified
hel per protein component, referred to as protein X (Ling, 1992, pp. 182-186).

It alsotellsusthat for each ATP molecule properly adsorbed onitscardinal siteon themin-
imal protoplasmic unit, therewould beafinite number of K* adsorbed. Similarlyfor each ATP
adsorbed, there would be afinite number of water moleculesengaged in thedynamic structure
of polarized multilayersand, as a result, a proportional reduction in the concentration of Na*
accommodated by the water. Since ATPincreases the uptakeof K* whileit reduces the con-
centration of Na*, one expectsantipodal changesin the concentration of K*, Na*, when the
ATP concentration is allowed to decrease very dowly to permit diffusion equilibrium of K*,
Na* (and sucrose) to be reached at all levels of thefalling ATP concentration. Thistypeof an-
tipodal changeof K* and Na* concentrations (tobereferred toas Type B) isdifferentfromthe
typeof antipodal changesinvolving the stoichiometric displacement of oneion by theother as
illustrated in Figure 10 and to be referred to as Type A.

Figure 13 showsthat as ATP concentration falls in a specific experiment at OFC where
0.2 mM iodoacetateis used, the changesof K* and Na* concentration are like mirror-im-
agesas expected. A parallel courseof change of sucroseconcentration and Na* concentra-
tion clearly indicatesthat the Na* taken up is dissolved in the depolarizingcell water and
not stoi chiometricallyreplacing adsorbed K. Wereit otherwise, and thecell water remains
unchanging, then sucrose which cannot replace cationic K*, would have remained un-
changed in concentration. Thereforethe antipodal changesobserved belong to TypeB.

In harmony with the findings demonstrated in Figure 13 were the data of Gulati et al.
(1971) also on frog sartoriusmuscles, shown in Figure 14. Here the equilibrium concentra-
tion of K* and of ATP were assayed at different timesafter the poisons wereintroduced to
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FIGURE 13. The equilibrium concentrationsof K*, Na*, sucrose and ATP in frog muscles ex-
posad to a low concentrationdf sodium iodoacetate(0.2 mM) for different length of time (abscissa)
a 0°C. (From Ling and Ochsenfeld. By permission of Krieger PublishingCo.)

the medium bathing the isolated muscles. The ten poisons studied had widely diverse tar-
gets of their deleterious actions. Nonetheless, essentially the same linear relationship was
found between residual ATP concentration in the muscle tissues and its remaining K™ con-
tents, regardless of what poison was used tolower the ATP concentration. Thisindifference
to the way ATP depletion was produced underscored that it is the concentration of ATP
alone that determinesthe level of K* in the muscle.

Summarizing the results of both Figure 13 and Figure 14, one may statethat asATPcon-
centration declines, K" is desorbed and lost to the outside medium. While a small fraction
of Na" in the cells might have taken up the B- and y-carboxyl groups, most of these groups
become locked in salt linkages formed with fixed cationic groups. In the meantime, water
is gradually depolarized, and with it, there is a parallel increase of the g-value for large
hydrated ions, Na*, aswell asthelarge hydrated nonelectrolyte, sucrose, until their intracel-
lular concentrations approached those in the outside medium.

The New Cell Physiology: ItsRolein Reviving a
Dying Mgjor Human Intellectual Enterprise

Thefirst scientist that emphasi zed the cell membrane over the cell substance was Hermann
Schwann, thefounder of the Cell Theory. Sinceeven using the best light microscope today,
one cannot see a distinctive membrane structure at the cell surface, | suggested above that
Schwann's (early) emphasis on the cell membrane was based on a mistaken identity.
Whether my surmiseiscorrect or not, thereis no doubt that Schwann in hislater years sub-
scribed to an atogether different view of the living cell with emphasis on the protoplasm,
such asenunciated by Max Schultze in his well-known Protoplasmic Doctrine.

Traube’s discovery of, and Pfeffer's experimentation on, the copper ferrocyanide gel
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dlow diffusion equilibrium for K* to be reached. (Gulati et al., 1971. Reproduced from the
Biophysical Journal, 1971, Vol. 11, by copyright permission of the Biophysical Society.)
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membrane officially launched the membrane theory. van't Hoff's introduced and defined
theterm 'semipermeability’ aspermeabilityto water but not to (any) solutes. deVries' study
of shrinkageof beet root cellsin concentrated solutionof NaCl and Overton's work on the
volume changesof frog musclein concentrated methyl a cohol, ethyleneglycol convinced
cell physiologistsof the time that the semipermeability of theliving cell membraneis dif-
ferent from thedefinitiongiven by van't Hoff: solutesthemselvesappeared tofall into two
classes, those that are permeable to the cell membrane (e.g., methyl acohol, ethylene
glycol) and thosethat are not (e.g., sucrose, NaCl).

It was based on the idea that cell membrane can be permeable to some solutes and ab-
solutely impermeable to others, and drawing heavily upon the rapidly developing dilute
solution physics that early subscribers to the membrane theory offered plausible
mechanismsfor all four classicmanifestationsof thelivingcells: asymmetrically solutedis-
tribution, selective permeability, volume control and the cellular el ectric potentias.

At the very moment when proponentsof the membranetheory seemed to have won over
their arch opponents, the subscribersto the protoplasmic theory of livingcells, the founda-
tion concept of their own membrane theory collapsed. The prototype impermeant solute,
NaCl wasfound to be permeant. Hastily, the sodium pump hypothesis was introduced.

| have already presented a bird’s eye view of what happened to each of the four major
subjectsof cell physiology from itsinception to the present day, taking careto keep my own
part out of the pictureaslong as possibleuntil | reached the subject of the selectivesolute
distribution. Itisherethat | allowed my own work to be brought back into the picture after
theintroductionof the sodium pump. Asthereader knowsby now, thiswork had unequivo-
cally disproved the Napumphypothesis: theenergy considerationshowsthat the postul ated
pump is against the law of conservation of energy and thus not feasble. The EMOC
preparation showed that the cell membrane does not contain membrane pumps. Thefailure
of theideal squid axon sac to demonstratetransport of K+ and Na* against concentration
gradientslendsfurther support to the conclusion that the cell membrane does not contain
ion pumps.

The disproof of the sodium pump hypothesis has for the second time disproved the
membranetheory. Thesuccessful EMOC experimentsand failed squid axon membranesac
experimentsal so unanimously pointed to the cell substance, the protoplasm as the seat of
the selective solute distribution, thereby bringing to life once more the protoplasmic ap-
proachto cell physiology.

The key initia findingsof the sorption theory of Troshin and of my association-induc-
tion hypothesis both appeared in print in the year 1951 and each was addressed to the basic
problem of solute distribution in living cells and they are in harmony with each other. In-
deed, the general equation for solute distributionintroduced first in 1965 (Ling, 1965)—--of
which the Troshin equationisaspecial case—has been shown to describeall typesaof equi-
librium solutedistributionknown to usin 1991 (Ling, 1965; Ling, 1992, Chapter 8). There
is no need to say more on thissubject here.

In presenting the theory and evidencefor the Al hypothesis, | have also gone into some
detail sconcerninghow ATPservesitsrolein cell physiology now that we know it does not
carry a packageof highenergy,aswaswidely believed at onetime. Theextremely high ad-
sorptionenergy of ATPon the cell protein myosin in contrast to the 5000 fold weaker ad-
sorption energy of its hydrolytic product ADP—dl discovered after the AI hypothesisfor
ATP function had been proposed—fits the theory like handsfit gloves. The quantitative
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rel ationshipdemonstrated between ATP concentration and the steady level of K* and Na*
further confirm the theory and point to new avenuesof research on the mode of actionsof
cardinal adsorbentsin general and drugsin particular.

However, to show how well the new cell physiology has succeeded where the membrane
theory with its sodium pump corollary hasfailed, | now return to the further development
of the threeother subjectsof cell physiology (cell volumecontrol, cell permeability and cel-
lular electrical potentials) that | have described earlier with the assumption that the sodium
pump hypothesiswasstill viableand in order to keepout of consideration anythingin which
the AT hypothesis had played a part. Now that the sodium pump hypothsisis thoroughly dis-
proved and afull sketch of the AI hypothesis has been presented, | can tell thefull story as
it standstoday.

(1) Cdll volumeregulations

The original membranetheory of cell volume regulation was squarely built on the concept
that only impermeant solutescan cause sustained cell shrinkage. The work of Nasonov and
Aizenberg published in 1937 disproved that. After the introduction of the sodium pump,
Wilson and Leaf suggested that in the presencedf the pump, the leaky membrane acts ef-
fectively as if it were impermeable to Na®*. The disproof of the sodium pump has also
eliminated that corollary to the membranetheory. Asfar as | know, thisis theend of the
road for the membrane approach to cell volumeregulation.

Whereisthe new interpretation of cell volumeregulation? Beforeanswering that | must
point out that neither Nasonov and Aizenberg nor Troshin offered a molecular mechanism
for the demonstrated sustained shrinkageof musclecell in the presence of high concentra-
tionsof permeant solutes. In contrast, the new cell physiology based on the Al hypothesis
doesoffer an explanationin arigorousequation form, and it has been confirmed by experi-
ments.

When asolutelike NaCl isdissolved in water, the activity of water is reduced. Quantita-
tively, the water activity is equal to what is called partial vapor pressure. A more con-
centrated solution of NaCl has a lower vapor pressure and hence water activity and vice
versa. In two adjoining phases, water will awaysmovefrom a phase of higher activity toa
phase of lower one. When water equilibrium isreached, it usually meansthat the water ac-
tivitiesin the two phasesareequal.

Normd frog muscle is in water equilibrium with a 0.7%--or more exactly, 0.118 M—
NaCl solution as Overton first showed a long time ago. Frog muscle gains water from a
0.35% NaCl solution becausethe activity of water in the more dilutesolution is higher.

From thesummary of the AT hypothesisdiscussed above, weknow that most soluteshave
aspecificequilibriumdistributioncoefficientor g-valuesin cdl water. Theg-valueof NaCl
in frog muscleiscloseto 0.2. That meansin a0.7% NaCl solution the intracellularNa(Cl)
concentrationis only some 20% of that of the outsidesolution. Thusif no other balancing
force exists, the cell will lose water and shrink until its intracellularconcentration matches
that outside. Thisof course does not happen. The cell volume stays constant because there
isan opposingforcetrying to hold onto the water inside thecell. Thisopposingforceis the
force adsorbing multiplelayers of water on thefully-extended protein chainsin thecell. At
exactly what point where the cell ceasesgaining or losing water depends on the g-val ueof
the soluteand on the partial vapor pressureof the surrounding medium asformulated in an
equation | introduced in 1987 (Ling, 1987a) and is listed as Equation 34 in my 1992
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monograph. Thisequation correctly describesthe type of datafirst reported by Nasonov and
Aizenbergin 1937.

(2) Céll permeability

In 1953, as part of theembryonicversionaf the Al hypothesis, known asLing's fixed charge
hypothesis, | suggested that the presenceat thecell surfaceof fixed - and y-carboxyl groups
bel onging respectively to the aspartic and glutamic acid residues of cell surface proteins
could provide a mechanism for the preferential membrane permeability of many types of
living cellsto K* over Na™ (Ling, 1953). Thisideawasextensively tested and confirmed in
generd principlefrom thestudiesof different typesof living cellsand avariety of inanimate
fixed charge systemsincluding ion exchangeresins, sheep's wool, myasingd (for review,
seelLing, 1960; Ling and Ochsenfeld, 1965; Ling, 1984, pp. 396-403; 1992, pp. 230-233).

After the AI hypothesis in its fully-fledged form appeared in 1962 (Ling, 1962), the
polarized multilayer (PM) theory of cell water was added in 1965, compl eting the theory
(Ling, 1965a). Believing that qualitatively the cell membraneisnot fundamentally different
from the bulk-phase protoplasm-(unknowingly at that time to me) echoing the ideas of
Max Schultzeand of Willy Kiihne— then suggested that it is water existing in the state of
(intensely) polarized multilayers (rather than lipid bilayers) that provides the continuous
barrier to diffusion of nonelectrolytes into living cellsin lieu of the (by-now disproved)
phospholipid bilayer hypothesis (Ling, 1973).

Thisidea of polarized water serving as the continuous diffusion barrier was then tested
extensivelyin living cell membranesside by sidewith an artificial activated (hydrated)cel -
lulose acetate membrane. The agreement found between the modd and the living cellswas
better than yielding agood correlation (alinear correlation coefficient= +0.961); actudly
there was a 1-to-1 correspondence. In both the living cell membrane and the experimental
model, the polarized water functionsas a molecular sieveeven though it isdefinitely not a
mechanical one. Thussmall moleculeslikewater go through both the living membraneand
the cellulose acetate membrane very rapidly. In contrast, larger moleculeslike sucrose go
through the membrane severd ordersof magnitude more slowly and are thusto all intent
and purposes impermeant. Y et the average pore diameter of the activated cdllular acetate
membrane was estimated at 44 Angstrom units. The diameter of sucrose, to which the
membraneis virtually impermesable, isonly nine Angstrom units. The physical mechanism
underlyingthisstrong exclusion of sucroseand other larger moleculesfrom polarized water
will be mentioned below.

At thisjunction, it would beappropriateto addressthequestion often raised: Istheresuch
athing as the cell membrane? Schwann could not have seen a cell membrane, nor could
Pfeffer, nor could Bemstein. Max Schultzedid not believe that acell membraneexisted; he
believed that in substance the cell surfaceisjust ancther version of the protoplasm making
up the whole cell. What | have found are in closer agreement with Schultze’s than with
Pfeffer's idea of cell membrane. The critical differencelies not in what makes up the sur-
face layer. Rather it lies in what lies beneath the surface layer. There is overwhelming
evidence that both the cell surface and cell substance share the basic attributes of
protoplasm —aclosely associated system of proteins-water-ionsand cardina adsorbentsin-
cluding ATP. However, cell physiologists have used the name cell membrane so long, |
think that we should continue to use it only if one understands that the inside face of the
layer doesnot separateit from another dil utesol ution as the outer surfaceundoubtedly does.
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In some way, the cell membraneis like the" membrane” of a free-floating water droplet.
Differentfrom the bulk substanceand yet not that different.

(3) Cellular resting potential

According to the membranetheory of Bernsteinor the lonic theory of Hodgkin, thecellular
resting potential isamembrane potential or amadified membranepotential. The magnitude
and polarity of the potential dependson the relative permeability of differentions present
inthe cell and in the surrounding medium. Thesetheoriesare madedoubtful after great ef -
forts made over a period of some 70 odd yearsfailed to turn up a single inanimate model
membrane portraying such a membrane potential.

The ionic theory also cannot explain why the resting potential in frog muscleis indif-
ferenttothe (highly permeable) C1 ions, nor according to themgjority of investigators,why
the resting potential isindifferent to the concentration of intracellularK* concentration.

Theionic theory iscontradicted by the demonstration that no sodium pumpexistsin the
cell membranes. And it isthe postul ated sodium pump that maintains thelow freeK™ ionin
thecell required in theionictheory.

| suggested briefly in 1955 and in greater detail in 1960 and 1962, that the resting poten-
tial is not a membrane potential (as | once believed, see Endnote 3) but a surface adsorp-
tion potential (Ling, 1955, 1960, 1962, 1992). The surface adsorption potential is created
by the presence of fixed anionson the cell surfacein theform of $- and y-carboxyl groups
belonging respectively to the aspartic and glutamic acid residues of the cell surface
protein(s). Likethosein thecell interior,these 3- and y-carboxyl groupsal so selectively ad-
sorb K™ and Na* and it is this selectivity in adsorption that gives rise to the greater sen-
sitivity of the resting potential to external K and |ess sensitivity to external Na*. Suppor-
tiveexperimental evidenceincludesthefollowing:

First, the surface adsorption potential theory of cellular potentiasisin full accord with
resultsof studieson all four typesof model membranes, each of which demonstrateseither
asurfaceadsorption potential or something basically similar.

Second, being anionicin nature, the surfaceB- and y-carboxyl groupsdo not interact with
similarly-chargedanionslikeCI". It isthereforein full accord withthefact that frog muscle
resting potential has no sensitivity to the concentration of external CI™ ion.

Third, theentirecell constitutesasingle phase (seeal so Nasonov, 1959, p. 171). Thesur-
face as well as the cell interior shares the same characteristicsof a closdly associated
protein-K*-water assembly maintained at a high (negative) energy, low entropy state.
Thereforeineach cell thereisonly oneinterface with normal liquid water and that interface
istheoneat thecell surface. Thisiswhy under normal conditionsthe potentia isindifferent
to the intracel lularionic concentration.

When the cytoplasm is removed and replaced with Ringer's solution, the 8- and y-car-
boxyl groupson the newly exposed protoplasmic surfacemay act like that normally present
on the outside only, and as a result exhibit ion sensitivity. But thisis a man-made artifact
and asaresult only asmall percentagedf investigatorsfound sensitivity of the potentia to
the intracellular ion concentration (for details, see Ling, 1984, pp. 475-477; 1992, p. 315,
Endnoteb5).

Fourthly, | want to mention that a general equation for the cellular resting (and action)
potential was introduced in 1979 (see Ling, 1992, pp. 289, Equation 48), which iscapable
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of explaining al the observationsthat can be explained by the HKG eguation as well as
those that cannot.

Indeed, the simpler version of the equation introduced earlier resemblesa portion of the
HKG eguationformally. The only variables in the Ling equation (the temperature, the ex-
tracellular K* and Na* concentrations)arethesame variablesin the HK G equation that have
been experimentally verified. The other variablesin the HKG equation (intracellularcon-
centrationsof CI™, K* and Na* and extracellular concentration of CI7), which were not ex-
perimentally verified, are absent in the Ling equation (see Ling, 1992, pp. 280—287).

While the three-variableLing equation is the entirety of arigoroudy derived equation,
the three-variableabridged version of the HKG equation is, of course, no equation at all.
Nonethd ess, each of theconcentration termsin both the Ling equation and the (incomplete)
HKG equation is multiplied by a constant. The meaningsof the two sets of constantsare,
however, quite different. In the HKG equation, as mentioned earlier, the constantsare per-
meability constantsof each of theions involved; the corresponding constantsin the Ling
equation are adsorption constant of the ions on the surface - and y-carboxy! groups.

A young German biophysicist by the name of Ludwig Edelmann designed and carried
out an experiment on isolated Guinea pig heart musclein order to find out what these con-
stantsreally stand for. His result, the publication of which wasto cost him not only his job
but a career he had been trained for, confirmed that these constants had nothing to do with
permeability but are adsorption constants (Edelmann, 1973). Edelmann then became an
€l ectron microscopi st —for which he had no prior training—once morelending hiscourage
and his talentsin search for the truth wherever it lies (see Figure 9).

Concl udi ng Renar ks

The patchwork sodium pump hypothesiscameinto being after the disproof of the origina
membrane theory when its key assumption that sustained shrinkageof living cells could
only be caused by concentrated solutions of impermeant solutes, proved wrong. Intime, the
sodium pump hypothesis was al so disproved (1) by the demonstration that the hypothetical
pump would consumeenergy many thousand times higher than available, (2) by thefailure
to demonstrateactivetransport of Na* and K* agai nst concentrationgradientsin axoplasm-
free, squid axon membrane sacs, and (3) by the demonstration of normal selective K* ac-
cumulation in, and Na* exclusion from musclecel | swithout afunctional cell membraneand
postulated pumps.

Old cell physiology,whichwas built upon these theories, reached theend of itslegitimate
lifealong timeago. It isstill being taught as truth to this very day by dint of the power of
thevested interests (see Endnote9).

In themeantime, anew cell physiology hasgrown intomaturity. Startedalittleoverforty
yearsago asLing's fixed charged hypothesis, it evolved into thefull-fledged theory of the
living cell, theassociation induction hypothesisin 1962. Theessenceaf thisnew theory has
been confirmed extensively in the ensuing thirty years and summarized above.

Perhaps one of the most important characteristicsof the new cell physiology is its ex-
treme smplicity. For thisreason, the validity of the new cell physiology can be argued in
detail with rigor asit wasin my 1992 volume (Ling, 1992). It can also be argued succinct-
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ly on the basisof elementary logic and afew piecesof the key evidence alone. Firm in the
belief that what islearned by experiencelasts longer than what islearned by rote, | believe
it worthwhile to give a summary of the new cell physiology —with emphasison the new
physiology of cell water—by taking you, the reader, through the experienceof arriving at
the new cell physiology by ashort cut. Having done that, we will examine one by one just
what the new cell physiology offersin disentangling someof the historic Gordian knots.

In this conducted tour, | shall begin with salt (NaCl) and sugar (sucrose). Both can
traversethe cell membrane but arefound at steady levels some 10-20% of thosein the sur-
rounding medium. Since, as shown earlier, thiscould not be due to pumps, their maintained
low levelscould only be due to their reduced solvency in thecell.

Thecell isasarule 20% proteins and 80% water. Of these two, only water can dissolve
salt and sugar. We concludethat cell water must have reduced solvency for them.

Aseveryoneknowsboth sugar and salt dissolveeasily in normal liquid water. To account
for the 10-20% levelsof these solutesfound in the cell water, at last 80% to 90% of cell
water must be so profoundly differentfrom normal liquid water that it either hasnoor little
solvency for salt and sugar at al. Sincethe cell is primarily water and proteins, one haslit-
tle choice but to conclude that proteins somehow bring about the profound change on so
much water.

Whenacell dies, it losesitsability partialy to excludesalt and sugar and their concentra-
tionsin the cell water approach thosein the surrounding media. Thus the protein(s) which
act upon the water to reduceits solvency must also be able to withhold this effect.

Cell death can occur very quickly. This speed does not alow enough timefor the disin-
tegration of thecell proteinsin thedying process. Thereforethe changethat doestake place
on cell death must involve a different kind of profound change of the proteins. Indeed,
proteinsare well-known for making such profound changes without disintegration:i.e., a
change of the way a protein molecule folds upon itself. Historically connected with the
processof protein denaturation, it involves primarily transitions between the tightly coiled
a-helix conformationand what | call the fully-extended formation.

Water makes up some 80% of the cell weight. The molecular weight of water is 18.02.
90% of cell water amountsto (0.9 X 0.8)/18.02 =40 molesaof water molecules per kilogram
of cells. Water moleculesare polar and thus prefer toreact with other polar groups. Themost
numerous polar groupscarried by proteinsare the NH and CO groupsdf the backbone. But
these NH and CO groups are locked up and unable to react with water molecules if the
proteinexistsin thea-helical form. Only when the proteinexistsin the random-coil or what
| call fully-extendedform can the maximum number of backbone NHCO sites be exposed
and available.

Now if al the 20% cell proteinsexist in the fully-extended form, there will be all told,
2001112 = 1.79 moles of NHCO groups per kilogram of cells, where 112 is the average
weight of the amino acid residuesin proteins. Dividing the total number of affected water
molecul esby the maximum number of NHCO groupsoneobtains40/1.79 = 22.3. Thuseach
pair of NHCO groups must beableto polarizeat least 22.3 water molecules. Sinceeach NH
of an NHCO group can form an H-bond with one water molecule while each CO groups
with two, together the NHCO group directly coordinates and polarizes only three water
molecules. Since each of these three water molecules can in turn polarize and orient three
other water molecules, no less than three layers of water molecules must be polarized and
oriented to add up to atotal of 22.3 molecules. In fact, only afraction of the cell protein
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could beinvolved, and theaverage number of water molecul es polarized and oriented must
be even more than three layers. Since by definition, anything more than one is multiple,
water must be polarized, and oriented in the form of polarized multilayers (for exact ex-
perimental proof, see Ling, 1993, and Ling et al., 1993).

Since the fully-extended conformation brings about the profound change of the proper-
tiesof water includingitssolvency (and other attributesmentioned above) in theliving cell,
death of the cell must involveeventually the change of the relevant proteinsto the c-heli-
cal state. Extensive studiesof the influence of metabolicarrestsled to the conclusion that
only thelevel of ATPinthecell isdirectly relevant. In other words, the presence and hence
adsorptionof ATP per se keepsitecell proteinsin the water polarizing (and K* adsorbing)
living state.

L et usnext takean inventory of what theexperimental confirmationof the polarized mul-
tilayer theory of cell water offersin resolving the unresolved and seemingly unresolvable
issuesof the past:

(1) Sugar, salt as well as exotic man-invented moleculescan bekept at low concentra-
tionsin the cell and within subcellular compartmentswithout continual energy expenditure
atall.

(2) Studiesof extrovert modelsand living cells have shown that while polarized water
excludespartially NaCl and sucrose, it does not exclude ureaand ethyleneglycol. Thisfind-
ing showsthat A.V. Hill, MacLeod, Ponder, and others made a mistakein concludingfrom
the equal partition of urea (and ethylene glycol) between cell water and extemal medium
provesthat cell water is normal liquid water. This mistake had serious adverse consequen-
cesincluding the erroneousand unjustified world-wide rejection of the colloidal approach
tocell physiology.

(3) The polarized multilayertheory of cell water soon led to, for thefirst timein history,
theintroductionof a new and realistic definition of the word, colloidsand colloidal condi-
tion.

(4) The polarized multilayer theory has aso helped in offering for the first time a
physico-chemical definition of protoplasm.

(5) The polarized multilayer theory also offersalogical way out of mistakes madeagain
and again in relation to the size-dependency of solute permeation through living and in-
animate membranes. Observation of this kind has seduced one cell physiologist after
another into believing and introducing the erroneous mechanical sieve-like model of cell
membranes. Instead, largedomainsof thecell surfacefilled with intensely polarized water
functionsas a molecular sieve allowing rapid passage of small moleculeslikewater but is
practically impermeableto larger moleculeslike sucrose.

(6) With the exception of mature plant cell, al living cell structures are made of
protoplasm. Thuseach living cell isasolid body of protoplasm—in harmony with, and sup-
port Max Schultze's protoplasmic doctrineintroduced more than 130 years ago. Asacon-
tinuous phase, each cell only makes contact with the extemal medium at its outer cell sur-
face. It isat thisinterfacethat the (only one) surface adsorption potential (i.e., the resting
potential) arisesfrom the presenceof fixed anions (asin muscleand nerve) and its preferred
counteraction, K*. The basic mechanism is shared with al four inanimate models men-
tioned above and illustrated by Collacicco's oil/water interface to which has been intro-
duced the anionic detergent, SDS.

(7) TheB- and y-carboxyl groupsof the protoplasmaf the cell substancenormally selec-
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tively adsorbsK* and Na*, thereby giving rise to the bulk-phase sel ectiveaccumul ation of
K* over Na*. Similar 8- and y-carboxyl groups at the cell surface not only give rise to the
K*-sensitive resting potential as just mentioned, it also createsa mechanism for the selec-
tive permesability to K* over Na*. Sincethe majority of enteringcationsmust first associate
with the surfacefixed anions,followedeventually by their dissociation intothecell interior,
and since these surface carboxyl groups also preferentially take up K* and Na*, the
preferential K* permeability observed is explained.

(8) Thenew cell physiology resolvesthedifficulty created when ATP, the main product
of thecell's energy metabolism, wasfound to contain no high energy inits phosphate bonds
at al. ATP, like the horseshoe magnet in the nail-iron filing model, servesits function by
polarizing the protein moleculesit adsorbson. The enormousadsorption energy measured,
taken side by side with the 5000 times weaker adsorption energy o its hydrolytic product,
ADP—findings made long after the introduction of the Al hypothesis—fits the theory of
ATPfunction likehand in glove.

(9) It was to test the validity of the polarized multilayer theory of cell water that Dr.
Freeman Cope, Dr. Carlton Hazlewood and othersintroduced nuclear magnetic resonance
to the study cell water. And it was thisbeginning that led to Dr. Raymond Damadian's in-
vention of the medical technology of great potency, now known as magnetic resonanceim-
agingof MRI.

(10) Erwin Schrddinger’s introduction of what is known as the Schrodinger equation
was claimed to be the greatest achievement of the human mind. Schrodinger wroteallittle
book, entitled"What is Life?" (Schrodinger, 1945), in which he argues that life represents
a system that decreasesentropy. In other word, life createsorder out of randomness.

Thelivingcell isthe basic unit of all life. If lifedecreasesentropy, livingcells haveto be
theinstrumentin doingit. If cell living decreasesentropy, cell death must increase entropy.

Now alivingcell containsprimarily proteins, water and K* ions. In the membranetheory
or the membrane-pump theory, water and K* are both free. Since they cannot befreer than
free, the only thing in living cells that in theory may gain entropy on cell death are the
proteins. However, we know when cellslikemuscledie they undergorigor mortis. In other
word, the protein instead of gaining freedom of mation, losesfreedom of motion and hence
entropy on death. |s Schrodinger wrong?

Schrodinger was not wrong. It isthe membraneor membrane pump theory on which the
old cell physiology is built that is wrong.

In the new cell physiology, both water and K* are in the adsorbed and lower entropy
state. It is this reduction of entropy that physicist Schrodinger has forecast and which we
now confirm.

Concluding Remarks

Theold cell physiology isdead; the new cell physiology isfully fledged and ready to soar.
For this, | feel very privileged and grateful. Not many scientistsare given the opportunity |
have had in playingasignificantrolein laying a new foundationfor future progressin cell
physiology and in the healingscience. But thisis not thetimeto say, "'l have done my part"
and"'Good bye". Thanksto the"'true believers' and a bad system which they havelearned
toexploit, therearevery few of uslefttotel thestory, wonderful and exciting beyond belief
asitis.
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To begin, we must get others who can appreciate the new cell physiology to join our
cause. For that, | urgeyou to bring thisreview to the attentionof othersincluding your stu-
dents. | promiseto send them reprintsif they will drop me acard. If there isenough inter-
est | may even consider making thearticleintoabooklet and sellingit at an affordableprice.
This could beagood beginning.

However, the main thrust of our future efforts must be directed at informing lay people.
After dl, inthelong run it istheir livesand happinessthat areat risk. For myself, | intend
to writeanother book addressedto the public.

What kind of book isthisgoingtobe? First it must contain part of the materials presented
in thisreview but also draw upon the histories of other sciencesas well. The book will alert
the public to the fact that one of the most precious ' magica™ gifts which it has inherited
from the historical past, and which holdsthe key to protecting mankind from sufferingand
painful deathsfrom cancer, AIDS and other dreaded diseasesis being trashed for lament-
able reasons. And the people of the United States and el sewhere have both the obligation
and the power to reversethis situation and restore integrity, enthusiasm and true produc-
tivity to biomedica research and teaching in the near future.

| anticipatepositiveresponses. After al, only 31 years ago, Rachel Carson, then an un-
known biologist, wrote " The Silent Spring™*. With this little book, she has miraculoudy
turned the world around from its once suicidal course of mindlessenvironmental destruc-
tion, to an increasingly more thoughtful approach to protectingthe only habitat we have—
for the benefit of our own and future generationsof humanity and fellow living beings.

Endnotes

1. Carl von Nageli (1864, p. 1-158) described how protoplasm escapingfrom the crushed
root cellsof the water plant Hydrocharisdid not dispersein the surrounding water but
assumed the shape of little round balls which are impermeable to the dye aniline blue
just likethe intact root cells (seeal so Kite, 1913, 1913a). Thisand other smilar obser-
vations are documented in Pfeffer's monograph (1877, p. 127 etc.), Pfeffer's paper
(1890, p. 193) as well as the publication of Robert Chambers (1917). Wily Kiihne
(1864, p. 39) described similar protoplasmic ballsfrom the ciliate protozoan, Stentor.
Lepeschkin (1930) showed that protoplasm isolated from cells of Bryopsis plumosa
could be broken upinto many littlewater-immiscibledropl ets, estimated to haveatotal
surface area 1000 times larger than that of the original intact cell. The combined sur-
face area of the droplets being so much bigger, Lepeschkin reasoned that these
numerous dropletscould only be covered with a surface layer derived from the cell
protoplasm.

2. Martin H. Fischer was an imaginativeand pioneering colloid chemist, physiologist and
physicianand, aboveall, acourageousand wonderful person. After thefirst World War
many German scientistswerein dire condition. Fischer made great persond sacrifices
in sending packages of household and scientific supplies to many of them, including
his worst scientific opponents. In celebration of Fischer's 60th birthday, colloidal
chemist, Wolfgang Ostwald quoted Schopenhauer: "' Astorchesand fireworkspaeand
become invisiblein the sunlight, so the mind of even genius and beauty are outshone
and overshadowed by goodnessof heart' (Ostwald, 1940).
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3. Thisassgnment of a specific name, the membrane potential, on the basisof atheory
far from being proven wasaseriousviolation of the basicrulecdf science. | say thiswith
feeling because, as a graduate student, | myself had written four papers bearing
""membrane potentia"* on their titles. | found out much later that this was wrong (see
below) and that | had thus contributed my shareto this mistake. Although later | spent
much timetrying to correct thismistake, it isavery difficult task, becauseby that time,
it was written into the textbooks as a scientific truth—and thus implicitly sharing the
same command for acceptanceas, say, the Pythagorean theorem.

4. Anexception appearsto be the case of human red blood cells, which is known to have
one of the highest membrane phospholipid contents. Of all the five types of cell
membranesstudied, that of the human red blood cells alone demonstrates a two-fold
increasein itsK™ permeability in responseto 107 M valinomycin, nonactinor monac-
tin (Ling and Ochsenfeld, 1986). Since the same concentration of valinomycin in-
creases by one thousand fold the K* permesability of bilayersof phospholipidsisolated
sheepred cells, the moderatetwofold increase seen in living red blood cellsshowsthat
phospholipids,even in this unusua cell membrane, are very limited in coverage (for
detailssee Ling and Ochsenfeld,1986; Ling, 1992, p. 216-218).

5. Thefollowingisaverbatim quotation from Gortner (1930, pp. 684—685): “. . . thereare
neverthel esssufficientdataon record to indicate that in adsorption from a solution we
must consider that the adsorbed layer may be polymolecular.” Thus Keyes and Mar-
shall (1927) very definitely statethat,"'thefirst and succeeding layers, becauseof their
special state, constitute new adsorptive surfaces which may adsorb molecules of the
same speciesas the first layers or molecules of a different species. Each succeeding
layer (the adsorbing molecules all of the same species) partakes of the special state of
thefirst layersin lessened degreeuntil finally alayer is reached which in the molecular
statedifferslittlefrom what may beimagined asa molecular "' contact™ arrangement"'.
And Nutting (1927) reaches similar conclusions in dealing with the thickness of the
water film at a silica-water interface, and concludes that this water film represents a
layer of water from 100to 120 molecular diameters deep and that theenergy of adsorp-
tionisby nomeansconfined to thefirst molecular layer nor is there any apparent break
in thecurvesafter thefirst layer has been formed. Unfortunately the propertiesof water
in oriented adsorption films have not been sufficiently characterized to enable us to
state whether or not thismay bethe type of water which the biologist iscoming to call
bound water."

6. Comparing(non-collagen)native proteinswith gelatin isnot entirely unlikecomparing
applesand oranges. These non-collagen native proteins are native proteins. Gelatin is
not a native protein; it is collagen heat-denatured in water, acid or akali. Collagen, it-
sdlf an insolubleprotein, becomessoluble gelatin asaresult heat-denaturation. In con-
trast, non-collagen native proteinsare asarule soluble; but after heat-denaturation they
becomeinsoluble—as well exemplified by the cooking of egg white. Indeed, the first
definitionof protein denaturationcharacterizesthe process by alossof solubility (Wu,
1931). From this consideration, it is obvious that the true counterpartsof gelatin are
heat-denatured non-collagen proteins. But since heat denaturationreducestheinterac-
tion with water, to comparecollagen with its nativecounterpartsoffersextraassurance
that the peculiar amino acid composition of gelatin mentioned above is what underlies
the enhanced interactionof gelatinwith bulk-phase water.
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7.

Though published in a journal widely read by protein chemists, my theory of arole of

induction in the determination of secondary structurewasrarely, if ever, cited, despite
itsgreat relevance. | cite this here to demonstratethe progressive fragmentation men-
tioned earlier and what it does to the progress of science: prevention of meaningful

communication across artificial barriers between specialties.

Proteinsdissolved in water undergo continual back-and-forth conformation changesat
extremely high speed (e.g., 10 ¥ sec. for the random-coil —-helix transitions) (see
Ling, 1992, p. 146). If thisrapid transition has genera validity, the inductively trans-
mitted el ectronicand conformation changesdepicted in the Al hypothesismay then be
superimposed on these oscillatory changes—much as radio signal stransmitted are su-
perimposed on oscillatorychangesor carrier wavesat fixed frequencies. The advantage
offered by the oscillatory changesin sensitivity, in efficiency and in fidelity of trans-
mitted messages wasfirst understood and introduced by Alexander Graham Bell in his
"far speaker™, now known as the telephone. The same principle underlies modem dis-
tance transmission through wires, air etc. of all sorts. However, if thisspeculationisnot
mistaken, then Nature has been making use of the same principle sincelong long ago
in its greatestinvention, life.

Asan illustration of the power of the true believer, thefollowing may becited. In 1983
the Academic Press published a 765-page volume under the title " Structure,

Mechanism and Function of the Na/K Pump". Of the 253 contributors, not one
presented evidence challengingor questioning the validity of the Na pump theory, or
defending the sodium pump theory against massive published evidenceagaingt it. One
hundred thirty seven papers werefrom the United States. Forty-four (44) Nationd In-
stitute Health (NIH) grants, running into millions upon millions of dollars, continued
to support the study of the long-defunct Na pump theory. The majority of the 44 grants
were approved and funded by the Physiology Study Section of NIH. The same Study
Sectionin 1973, recommended (against the NIH rule) to the NIH that further support
for my work should be stopped, citing among other trivia, incompetent and/or self-
serving reasons, that my theory was not accepted (at that time) by a mgjority of scien-

tists. From that time on, the Physiology Study Section and its successor sections had

not approved and funded a single research grant from me or from any other scientists
whosework had involved the new cell physiology. It waslargely due to the courageous
intervention of Dr. Stephen Schiaffino, AssociateDirector of the Divisionof Research
Grants (DRG) of NIH, and of Dr. Arthur Callahan, Program Director of the Officeof

Naval Research, that | was able to continue my work until they both retired. In 1988,

the new DRG director, Dr. Jerome Green, on the basis of a recommendation from a
panel of scientists—which he and his subordinateschose against my desperate protest
and which was dominated by my scientific opponents (all of whom in their lifetimes
never challenged my science publicly) —terminated all my support, forcing the im-

mediate closing of my laboratory at the Pennsylvania Hospital in October, 1988, at the
height of its productivity. | wassaved from instant scientificdemiseby my friend, Dr.

Raymond Damadian and his MRI manufacturing company, Fonar, so that | have the
chanceto writethisreview as well as continuemy research today.
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