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Abstract: Among the most promising scientific achievements of the 19th century was the recognition that the laws governing the dead world also govern the world of the living and that life has a
physical basis called protoplasm. Regrettably, the definition of protoplasm provided then was (inescapably) incorrect, offering a (legitimate) reason for rejecting the concept of protoplasm by an
overwhelming majority of later investigators, teachers and other opinion-makers. Without a recognized physical basis, Life itself also faded into the limbo of the unexplainable. However, eventually
the needed relevant parts of physics and chemistry to give a more cogent definition of protoplasm
became available. That then made possible the construction in the early 1960’s of a unifying theory
of the living cell, named the association-induction (AI) hypothesis.
Historically speaking, the AI Hypothesis is the heir to the general concept of protoplasm as the
physical basis of life—incorrect as the initial definition of protoplasm was notwithstanding. In the
AI Hypothesis (AIH) the true or ultimate physical basis of life is not what the advocates of the protoplasm once considered as the physical basis of life. What they saw and construed as the physical
basis of life is a particular kind of macroscopic protoplasm. In the AI Hypothesis, the basic unit (or
physical basis) of life is microscopic protoplasm or nano-protoplasm, of which all macroscopic protoplasm is made. The AI Hypothesis also had no difficulty offering a new definition to what life is
in terms of fundamental physical-chemical laws.
Nano-protoplasm is defined by what it is and what it does. In greater detail, it is defined (i) by
its chemical composition given in Equation 1 on p. 124; (ii) by the mutual spatial and energetic relationships among the components as illustrated diagrammatically in Figure 5 on p. 125; and (iii)
by the ability of these components to exist as coherent assemblies in either one of two alternative
states, the resting and active living (or dead) state as according to Equation 5 on p. 142. The review
then describes the AIH-based electronic and molecular mechanisms for the coherent assemblage of
the components, for the maintenance of the living states and for the auto-cooperative transitions between the resting and active (or dead) living state.
Having completed the theoretical section, the review goes on to describe the experimental testing of the theory carried out in the past forty-some years (and even in time before that by authors
who knew nothing of the theory.) These experimental studies fall into two broad categories. In the
first category, are the experiments performed on ultra-simple models of nano-protoplasm made up
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from pure chemicals as prescribed in Equation 1 on p. 124. The results show that they indeed
behave qualitatively like that illustrated in Figure 5 and quantitatively follow the dictates of Equation 5. In the second category of experimental testing, parallel studies were carried out on nanoprotoplasm as part of living cells — in carrying out each one of the four classical functions of cell
physiology: (1) solute and water distribution; (2) solute and water permeability; (3) cellular resting
and action potentials; (4) cellular swelling and shrinkage. The results show that the nano-protoplasm in situ too qualitatively behave like that shown in Figure 5 and quantitatively follow the dictates of Equation 5.
The review ends on a discussion section, examining how cogent do the experimental data accumulated thus far support to the AI version of the concept of nano-protoplasm as the most basic unit
of life.

I

N 1839, German zoologist, Theodor Schwann (and German botanist, Mathias Schleiden) introduced the Cell Theory in a monograph, entitled Mikroskopische Untersuchungen über die Übereinstimmung in der Struktur und dem Wachstum der Tiere and Pflanzen
(Microscopic Researches into the Accordance in the Structure and Growth of Animals and
Plants) {Schwann 1839; Schleiden 1838; Smith 1847 (English translation).} According to
this theory, animals and plants alike are made of basic units called cells.
In the same monograph, Schwann also suggested the essence of what would become
known later as the membrane theory, namely, that both plant and animal cells are membrane-enclosed cavities filled with clear liquid water (Schwann 1839, p. 197, see also
Endnote 1.) A third concept Schwann introduced in his monograph was that the cell membrane possesses “metabolische Kraft” (“metabolic power”) which controls the chemical
composition of fluids inside and outside the cell (ibid., p. 194, p. 197.) This idea became
known later as the membrane pump hypothesis (see Ling 2007.)
Schwann’s introduction of the cell theory was a landmark event in the history of cell
physiology. For that, he deserved the honor he received. Nonetheless, recognition must
also be given to four other investigators who had advanced a similar idea at the same time
or even before Schwann. They are Oken (1805); Dutrochet (1837); Purkinje (1834) and
Valentin (1836.)
Careful study of Schwann and Schleiden’s original writing revealed that Schwann’s
ideas on the anatomy and physiology of the living cell were based on a sequence of mistakes that he (and Schleiden) had made (see Ling 2007, pp. 7–9.) These mistakes were
made due at least in part to the limited resolving power of the microscope then available.
But Schwann could have corrected these mistakes if he had responded to observations that
contradicted his several postulations (see below.) However, that was not what he did.
Spending just five years in Berlin on this entire Cell Theory enterprise (1834 to 1839), he
did not modify his theory and its ancillary ideas after leaving Berlin in 1839 (see Rothschuh 1973, p. 345.)
Despite all these shortcomings, Schwann’s book was met with “an almost unanimous
chorus of praise.” (Harris 1999, p. 106.) Moreover, its thesis was adopted by the German
textbooks with little or no criticism nor question asked (Harris ibid., p. 106.) The conditions for the creation of a sacred cow were in the making.
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1. Protoplasm began with a different name
Four years before Schwann announced his Cell Theory, the French zoologist, Felix Dujardin had already described a water-insoluble, and gelatinous material that oozed out
from within a crushed protozoon (then called infusoria) (Dujardin 1835.) This material
was definitely not the clear watery liquid that Schwann described and gave the impression
that he (Schwann) had seen in many animal and plant cells.
In addition, Dujardin pointed out that he was not the first to discover this living jelly
but only gave it a (specific) name, sarcode (from the Greek word sarkodes for fleshy.) He
then cited the still earlier observers of the living jelly, including Abraham Trembley, C. F.
Wolff, O.F. Miller, Lorentz Oken and others. {For sources of these referred work, see
Baker (1949, Part II, pp. 88–89) and Hall (1969, vol. 2, pp. 172–175.)}
Eleven years after Dujardin gave the name, sarcode to the “living jelly” from animal
cells, the German botanist, Hugo von Mohl gave the name, protoplasm to a substance that
lies just under the cell wall of plants cells (von Mohl 1846.) Ferdinand Cohn, professor
of botany in Breslau University, concluded that Dujardin’s sarcode and von Mohl’s protoplasm are essentially the same thing (Cohn 1847.) In 1852, Robert Remak suggested to
call both sarcode and protoplasm protoplasm (Remak 1852.) And this suggestion was
widely adopted and stayed.
von Mohl was apparently unaware that six years earlier, the Czech microanatomist, Jan E. Purkinje had already used the word protoplasma to describe the
living substance of both plant and animal cells (Purkinje 1840.) In fairness, one
should also not forget that the word protoplasm may be more appealing, perhaps
even more accurate than sarcode but the replacement of sarcode by protoplasm
should not obscure Dujardin’s historical role in its introduction.
Climaxing this period of rapid advances made in understanding the
living cell and its material makeup were two more episodes that followed within the next two decades. In 1861 Max Schultze
(1825 –1874), professor of Botany in Bonn, pronounced his
protoplasmic doctrine, according to which a living cell is a
membrane-less lump of protoplasm containing a nucleus
(Schultze 1861, 1861a; see also Hall 1951, p. 449.) In 1868,
Thomas Huxley (1825–1895,) the one-time opponent to the concept of protoplasm (Huxley 1853), gave his famous Sunday
evening lay sermon in an Edinburgh church. Convinced by the
rapidly-gathering new evidence against his earlier view, Huxley
lost no time in accepting the concept of protoplasm and adding
with eloquence matching his zeal, that protoplasm is the Physical
Basis of Life (Huxley 1869.)

Max Schultze
(1825–1874)
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For that and his life-long dedication to the search for truth, Thomas
Huxley was lauded as the greatest English scientist of the 19th Century — by another straight-shooting, fearless soul, the American
journalist, Thomas Mencken (1880–1956) (Mencken 1925.)
1.1 Locy’s vision
A string of spectacular firsts occurred in America in the year
1908. They included Wilbur Wright’s 1000-feet flight at Kitty
Hawk in North Carolina and Henry Ford’s mass-production of the
Model T Ford. It was in that heady atmosphere of supreme confidence in the future that the first edition of Biology and Its Makers
Thomas Huxley
was published by William A. Locy, Professor of Biology at the
(1825–1895)
Northwestern University of Illinois, USA (Locy 1908.) The
following quote is from the third edition of the book (Locy 1923,
p. 274.)
“It is easy, looking backward, to observe that the period between 1840 and 1860 was
a very important one for modern biology. Many new ideas were coming into existence, but
throughout this period we can trace distinctly, step by step, the gradual approach to the
idea that protoplasm, the living substance of organism, is practically the same in plants
and in animal. Let us picture to ourselves the consequence of the acceptance of this idea.
Now for the first time physiologists began to have their attention directed to the actually
living substance; now for the first time, they saw clearly that all future progress was to be
made by studying this living substance — the seat of vital activity. This was the beginning
of modern biology.”
1.2 One hundred years later
One full century has passed since Locy’s visionary forecast. And, it was an extraordinary
century — the bloodiest in the entire human history. Among the wreckage was the once
exciting enthusiasm for, and heart-felt trust in science.
Some believe that we are on the way to another Dark Age. Others, including myself,
believe that we are just very slow in shedding our violence-prone tribal past and in replacing it with a more inclusive and gentler set of ethical guidelines for the coming generations. That important advances have been achieved, notwithstanding, in what once
were beyond the wildest dreams gave us hope.
Thus, protected from the devastation of wars by two immense bodies of water, some
Americans have recaptured enough optimism, resources and energy to continue the spectacular scientific achievements of the past. They did that in landing Men on the Moon, in
deciphering the human genome and in inventing the computer science and industry.
Unfortunately, or on the surface at least, it was an altogether different story in the direction of progress that matters most to our kind. Namely, the understanding of life at its
most basic level as symbolized by the concept of protoplasm.
1.2.1 Many lost sight of the subject
The majority of those willing and able to give an answer would say that no progress has
been made on the study of protoplasm — because the concept of protoplasm was wrong.
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The Encyclopedia Britannica Online offers what it sees as the reason. “As the cell has become fractionated into its component parts, protoplasm, as a term no longer has meaning.” (Encyclopedia Britannica Online.)
As it stands today, none of the standardized biology textbooks even mention the word,
protoplasm. On the contrary, all the high school and college biology textbooks teach as
established truth the membrane (pump) theory — completely oblivious of the fact that this
theory had been thoroughly and unequivocally disproved more than forty years ago
(Ling 1962, Chapter 8; Ling 1997a; Ling 2006a; Ling 2007.)
Meanwhile, fundamental science in general and biological science in particular have
been undergoing a progressive fragmentation. In the words of Will Durant in his History
of Philosophy: “We suffocated with uncoordinated facts, our minds are overwhelmed with
science breeding and multiplying into speculative chaos for want of synthesis and a unifying philosophy” (Durant 1926-1961, p. 91.) (At this point, I would like you to take note
of this quote. I will come back to it shortly.)
With continued fragmentation, scientists have been engaged in learning more and more
on less and less. As an illustration, we now know the value of π to 1.24 trillion places
(Kanada 2002.) At the same time, the brightest and the most knowledgeable among us
seem unable to tell what life is.
True, physicist Irwin Schrödinger once wrote a highly popular booklet on What Is Life?
(Schrödinger 1944.) It has been reprinted at least eighteen times. Nonetheless,
Schrödinger did not answer the question he posed in the title. (See Ling 1994, p 194, line
20.) Francis Crick of the DNA fame, admitted in his book, Life Itself, Its Origin and Nature: “It is not easy to give a compact definition of either ‘life’ or ‘living.’” (Crick 1981,
p. 49.) In my opinion, Crick’s difficulty might be linked to the near-universal adoption as
established truth of the membrane (pump) theory of the living cell. Being an unusually
conscientious person, perhaps he could not bring himself to say that the physical basis of
life is a continuous phospholipid bilayer with big pores for big ions, small pores for small
ions in addition to countless non-energy-consuming, magic pumps (see Ling 1997a,
p. 130.)
If you accept my interpretation of why Crick could not or would not tell us what life
and living are, you would be in a stronger position to grapple with another even more startling revelation. Namely, why historian Thomas Hall chose to conclude his highly valuable monumental treatise on: Ideas on Life and Matter with the remark, “maybe there is
in fact ‘no such thing’ as life” (Hall, 1969 Vol. 2, p. 376.)
Thus on the surface at least, fragmentation might have played a role in blurring the line
between what is important and what is not. There is a fear that in blurring what is important and what is not, fragmentation might have taken away the long-range purpose of, and
hence justification for continuing public support for scientific research. Unfortunately, this
is more than the product of my personal habit of worrying too much about the future.
Forty leading scientists and science philosophers lent themselves to be interviewed on
their views of the current status of science by John Horgan, a reporter of the magazine,
Scientific American. This forty include physicists (Freeman Dyson, Murray Gell-Mann,
Hans Bethe, Stephen Hawkins, Richard Feynman,) chemists (Francis Crick, Ilya Prigogine, J. D. Bernal,) biologists (Stephen Jay Gould, John Eccles,) and science philosophers (Thomas Kuhn, Paul Feyerabend and Karl Popper.) It seems reasonable to assume
that each of the forty scientists agrees in principle with the essence of what Horgan wrote
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in his book summarized in the book’s title, The End of Science with the subtitle, Facing
the Limits of Knowledge in the Twilight of the Scientific Age (Horgan 1996.)
1.2.2 A few see a hidden path to a great future
Then, I took issue publicly with the central theme of Horgan’s book. (Ling 2001, p. iii.)
I pointed out that as far as life science is concerned, what was actually ending was not life
science itself but a universally-taught but erroneous theory — the membrane (pump) theory. This theory began as an honest mistake. It immediately got into the (German) textbooks. In time, it became a sacred cow, immune to the dictate of logic and contradicting
scientific evidence — up to this moment at least.
That said, we are at last ready to unveil an alternative answer to the question posed earlier: What progress has been made in the study of the living substance since Locy made
his visionary remark?
According to a minority view, fragmentation of an immature science is a highly wasteful mishap that should be avoided whenever feasible. However, in the development of a
science as complex and deep as cell physiology, fragmentation might have been inevitable
as a transient stage toward a final happy ending.
Thus to learn walking, a child must try one step at a time and take lightly the stumbling
and falls that come with the early efforts. Every child seems reassured by a belief that
one-day he (or she) will be able to walk like his (or her) parents. By analogy, the reassurance needed to see in the fragmented study of cell physiology a purpose other than
merely the beginning of the end, is a similar belief that one day we will be able to put
Humpty Dumpty together again.
The belief that we will be able to put Humpty Dumpty together again is shared among
a few cell physiologists. They are onto something that is still unknown to the vast majority of biomedical scientists and teachers worldwide. Indeed, that something is nothing
other than what Durant referred to as (missing) a unifying philosophy — aka a unifying
theory — which could reverse the trend toward ending to that of a new beginning. That
unifying theory bears the name, the association-induction hypothesis.
As the only surviving unifying theory, the association-induction hypothesis has gone a
long way in establishing the validity of the concept of protoplasm — but under a definition quite different from those offered earlier (see below.) Nonetheless, that new definition could be seen as growing out of the seeds that Dujardin, von Mohl, Max Schultze,
Thomas Huxley and their likes had planted. You will discover below how those seeds become alive again on the addition of water.
With a happy ending assured, one could then look at the past fragmentation for what it
really was, at once bad and good. Bad because it is highly wasteful. The good side of fragmentation includes the physical fragmentation of living cells into smaller and smaller
pieces and subjecting them to all kinds of harsh treatments so that in the end, we could
isolate its components in pure forms. Among them, the most important are the proteins
and their component parts, the α-amino acids.
Table 1, compiled by Professor Ross Gortner (1885–1942), provides a brief summary
of the discovery of the twenty α-amino acids (Gortner 1938.) From leucine by Proust in
1818 to nor-valine by Abderhalden and Bahn in 1930, it took 112 years of hard work, intelligence and skill to discover, to isolate and to determine their chemical structures. Together, the 20 essential α-amino acids make up most proteins — in a way not unlike how
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TABLE 1. The history of the discoveries of the amino acids.
(from R.A. Gortner 1938)
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the 26 letters of the alphabets make up the English language. This
monumental collective work — like countless others, now-nearly
forgotten but invaluable past achievements in science — set the
stage for a momentous forward leap.
That forward leap was achieved almost single-handedly by the
great German chemist, Emil Fischer. It was Fischer who worked
out the structure of proteins — and their “backbone”, the polypeptide chain, which he named in the same memorable year, 1908
mentioned earlier (Fischer 1906, 1908.)
A hundred years hence, it is time for us to put the isolated proEmil Fischer
teins back to where they came from, the living cells. However, to
(1852–1919)
initiate that task, we need the help of yet another scientific giant,
the Austrian mathematician and physicist, Ludwig Boltzmann
(1844–1906.)
Boltzmann invented the new branch of physics called Statistical
Mechanics, which links the properties and behaviors of microscopic atoms and molecules {in dimensions measured in
Angstrom units (10−8 cm) or nanometers (10−7 cm)} to the macroscopic properties and behaviors of matter, living and dead {visible
to the naked eye with or without a light microscope, in microns
(10−4 cm.) or still larger.} How unspeakably tragic it was that hurt
and depressed by the unrelenting rejection of his peers, Boltzmann
took his own life at the age of sixty two. Ironically, among those who
opposed Boltzmann was physical chemist, Wilhelm Ostwald
Ludwig Boltzmann
(1853–1932) who had played a key role in the development of the
(1844–1906)
ill-fated membrane theory (see Ling 2007.)
Thus, through the genius, the dedication and unspeakable personal sacrifices of the
brightest of our kind, basic physics and chemistry have at last reached the necessary maturity — by the time my generation of cell physiologists arrived on the scene. As a result,
the study of protoplasm as an integral and coherent entity could start to move forward
once more. And with it, came a new definition of life that is in full harmony with the laws
that govern the dead world as well. (Ling 1962, p. xxii; Ling 1969; Ling 1984, p. 147;
Ling 1992, p. 31; Ling 2001, pp. 148–156.)

2. The association-induction (AI) hypothesis
The unifying theory called the association-induction hypothesis began in an embryonic
form over 50 years ago under a name given later: “Ling’s Fixed Charge Hypothesis” (Ling
1952.) It completed itself with the addition of the Polarized-Oriented Multilayer (POM or
PM) theory of cell water thirteen years later in 1965 (Ling 1965.) The main theme of the
theory, however, was presented in 1962 in a book entitled A Physical Theory of the Living
State: the Association-Induction Hypothesis (Ling 1962.)
Statistical Mechanics is not required for a Ph.D.degree in the physiological sciences or for
a M.D. degree but (elementary) Statistical Mechanics is an integral part of the AI hypothesis. For this reason, the first chapter of my 1962 book is on basic Statistical Mechanics (in
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association and dissociation phenomena.) At the end of this chapter, I also recommended
three textbooks on Statistical Mechanics: one by Gurney (1949), one by Rushbrooke (1949)
and another one by Fowler & Guggenheim (1939.) For those biologists with no prior training in this branch of physics, Ronald Gurney’s Introduction to Statistical Mechanics was, and
still is most highly recommended

2.1 Nano-protoplasm (NP), the basic unit of all living matter
Dujardin described his sarcode as “glutinous, diaphanous substance, insoluble in water
that contracts into globular lumps, sticks to the dissecting needles and can be drawn out
like mucus and above all are found in all lower animals between other structural element.”
(Je propose de nommer ainsi ce que d’autres observateurs ont appelé une gelée vivante,
cette substance glutineuse diaphane, insoluble dans l’eau, se contractant en masse globuleuses s’attachant aus arguilles de dissection et se lasissant étirer comme du mucus, enfin
se trouvant dans tous les animaux inférieurs interposée aux autres élémens de structure”
(Dujardin 1835.)
All these descriptions are on the macroscopic properties of the substance that makes up
the bulk of a protozoon. Neither he, nor von Mohl, nor Max Schultze, nor Thomas Huxley
could go much farther than these descriptions. Yet, to claim that the material thus characterized is the physical basis of life presents problems. For example, the cell nucleus does
not look like what was described as sarcode or protoplasm. If the cell nucleus is not
protoplasm, is it also not part of the physical basis of life? What then is it? This and other
seemingly non-resolvable problems are readily resolved in the association-induction
hypothesis.
2.1.1 Two kinds of protoplasm, one macroscopic and the other microscopic
According to the AI Hypothesis, there are two kinds of protoplasm: one macroscopic and
one microscopic. Macroscopic protoplasm includes what Max Schultze and Thomas
Huxley called protoplasm. In addition, it also includes what makes up the nucleus, the cell
membrane and sundry other cytological structures that Schultze and Huxley did not
(know or) consider as protoplasm.
In the AI Hypothesis, macroscopic protoplasm remains the physical basis of life at a
higher level, just as the cells are also the physical basis of life at an even higher level.
Neither all macroscopic protoplasm nor all living cells look alike, for the same reason that
men and women don’t look alike but are both humans. This is so, because outer appearance is only a part of their human characteristics. The characteristics that men and women
do share are deeper. All macroscopic protoplasm, like all living cells also share something
at a deeper, more basic level.
In the AI Hypothesis, that something deeper and at a more basic level is embodied in the
microscopic protoplasm. In the past, I have referred to microscpic protoplasm as a biological
fixed charge system (Ling 1962, p. 53.) or an elementary living machine (Ling 2001, p. 152.)
I now give it a new name. This new name is nano-protoplasm or NP for short.
2.1.2 Describing a typical nano-protoplasm unit
To introduce a typical example of what I call nano-protoplasm, I start out with a mature
mammalian red blood cell like the two shown in Figure 1. First, a mature mammalian red
blood cell (or rbc hereafter) has no nucleus. That absence has simplified my introductory
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FIGURE 1. Electron micrographs of the
cross-sections of two mature human red
blood cells (in blood plasma.) Cryofixed,
freeze-dried and embedded in Lowicryl.
(Gift of L. Edelmann, 2007)

presentation. Thus, using the language of Max Schultze, each rbc is no longer a lump of
protoplasm with a nucleus, but a lump of protoplasm, period. But a mature rbc’s appealing simplicity goes beyond the lack of a nucleus.
Fully 65% of the weight of each rbc is water. Of the remaining 35% dry matter, 97%
comprises just one single protein, hemoglobin. That too is an unusual simplicity in another dimension.
To be counted amongst the remaining 1% of a rbc’s makeup is about 100 millimoles of
the potassium ion (K+) per kilogram of fresh cells and even lesser amount of organic products of energy metabolism, including adenosine triphosphate (ATP) and 2,3-disphosphoglycerate (2,3-DPG) (Ponder 1948, pp. 119–121.)
A third simplicity is the lack of visible structure inside a mature red blood cell. Even
under an electron microscope, the entire inside of the cell appears homogeneous as
demonstrated in Figure 1.
Then, there is a fourth kind of simplicity: its stability. A mature mammalian red blood
cell can be mechanically divided into the finest pieces without liberating its hemoglobin
(Best and Taylor, 1945, p. 7.)
Taking advantage of all these engaging attributes of a rbc, one can use an imaginary
knife and cut a rbc into smaller and smaller pieces until finally each piece is left with just
one hemoglobin molecule. In addition, each piece also contains some seven thousand
water molecules, twenty K+, a single molecule of ATP or 2,3-DPG, all directly or indirectly attached to the single hemoglobin molecule. Together, they make up a nanoprotoplasm unit of rbc cytoplasm. Like a flock of flying geese, or a military regiment
in war, it is a dynamic structure. Whereas the individual elements come and go, a formula, (Hb)1 (H2O)7000 (K+)20 (ATP)1 describing their overall composition stays more or
less constant. In a following section, a more general formula for all nano-protoplasms
will be given.
Now, 34% of the weight of each mature mammalian rbc is hemoglobin. Thus, in each
liter of rbc, there are 340 grams of this protein. Dividing 340 by its molecular weight,
68,000 daltons, one obtains the concentration of hemoglobin in one liter of rbc: 5 mM.
Since each unit of nano-protoplasm (or NP unit) contains one hemoglobin molecule, the
concentration of NP units in one liter of rbc is also 5 mM. If one assumes that each nanoprotoplasm unit is spherical, its diameter would be 8.6 nano-meters (nm.) This affirms
calling the smallest unit of life, nano-protoplasm.
Figure 2, taken from my first book mentioned above (Ling 1962), shows that other normal living cells are similar to the rbc in the broad categories of their chemical makeup.
Water is invariably the most abundant, proteins the next and ions and smaller molecules
(lumped under ash) make up by far the least abundant. (Note that in the bar graphs of
Figure 2, the column of ash has been multiplied by a factor of 10.)
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FIGURE 2. The weight percentage of proteins, water and salts in representative species of different phyla of living beings. (Data on virus, bacteria, fungi and higher plants from Spector 1956. Data
on humans from Mitchell et al, 1945.) (from Ling 1962)

Figure 3, also from my 1962 book, shows the similarity among the proteins forming the
living matter.That is, physiologically active proteins (in contrast to supportive proteins like
silk fibroin, elastin) contain high percentages of two categories of tri-functional amino-acid
residues: (i) aspartic acid and glutamic acid residues, which when incorporated into a protein molecule, endow the protein with (fixed) negative electric charges or fixed anion in the
form of β-, and γ-carboxyl groups respectively; (ii) lysine and arginine (and histidine),
which when incorporated into a protein could endow the protein (fixed) positive electric
charges or fixed cations in the form of ε-amino and guanidyl groups respectively.
On the contents of fixed anions and fixed cations, physiologically active hemoglobin is
no exception. 11% of its amino acid residues bear fixed anions and an approximately
equal percentage (10 %) of the amino acid residues bear fixed cations (Dayhoff 1972, vol.
5, p. D-61, D-72.)
As mentioned earlier, each NP unit may contain just a single protein molecule characteristic of that particular protoplasm like the rbc cytoplasmic protoplasm described above.
In more complex protoplasm, each NP unit may contain two or more protein molecules
of different kinds and number. In that case, the protein moiety of the NP unit shown as
(Hb)1 in the formula given earlier would be replaced by the formula, (Al BmCn ....Z1),
where each of the symbols, A, B, C...Z represents a different component protein and the
subscripts, l, m, n etc. are positive integers except the last protein component Z in which
the subscript is always 1 (one). Appropriate changes in the subscripts of the other moieties
like water, K+ etc. from that given in the formula are of course included. We then have a
general formula for all nano-protoplasm as follows:
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FIGURE 3. The amino acid compostion of some representative proteins. Data given as percentages of total number of amino-acid residues. (from Ling 1962)
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nanoprotplasm = (AlBmCn.... Z1) (H2O)ax1000 (K+)bx10 (ATP)c ,

(1)

where a, b, c and l, m, n are all positive numbers.
2.1.3 What all nano-protoplasm share; what make some nano-protoplasm distinct
All proteins contain a long polypeptide chain, which is one of the unique products of the
living machine. When fully-extended it can cover a long distance. As mentioned above,
protoplasmic proteins as a rule contain a substantial percentage of their amino-acid
residues that carry fixed anions in the form of β-, and γ-carboxyl groups. They also carry
fixed cations in the form of ε-amino and guanidyl groups. As will be further made clear
below, fixed β-, and γ-carboxyl groups are especially important for at least two reasons.
First, they are carried on short side chains and thus close to the polypeptide chain serving
as the highways of information and energy transfer. Second, β-, and γ-carboxyl groups are
by far more numerous than any other functional group except the backbone NHCO
groups. Add to all these, an abundance of water and the K+ (and Na+) and ATP, you have
the chemical makeup of a typical nano-protoplasm.
In summary, the fundamental characteristics shared by all nano-protoplasm arise from
their universal possession of (1) a long and a partially resonating polypeptide chain; (2)
two kinds of proximal functional groups: the β-, and γ-carboxyl groups and the backbone
NHCO groups and their access to alternative partners, K+, Na+ or fixed cations (for the
β-, and γ-carboxyl groups) and CONH groups belonging to the third amino-acid residues
up and down the polypeptide chain or massive number of water molecules (for the backbone NHCO groups) and (3) the universal presence of principle, auxiliary and pseudocardinal sites and the right kind of cardinal adsorbent for each of them.
The dynamic structure of all nano-protoplasm is built upon a shared collection of chemical entities spelled out in the general formula given in equation 1 and by the shared spatial and energetic relationship among these basic components as diagrammatically
illustrated in Figure 5. However, the underlying fundamental details that the images of
Figure 5 can not tell us will be presented in sections to come. Before that, we need to look
into some of the causes for the nano-protoplasm’s diversity.
The distinction amongst different nano-protoplasms comes mostly from the type and sequential order of the amino-acid residues of their protein components. It also arises from
the various attachments on the proteins (e.g., heme makes rbc nano-protoplasm red; chlorophyll makes chloroplast green.) Another source of diversity is the different location that a
nano-protoplasm unit occupies in the cell. Still another source of diversity lies in the way
these components associate with one another in space and in energy. Indeed, the difference
between a cooked lobster and a living man who eats the lobster — as pointed out by the
Scotch philosopher, James Stirling in his (historic) critique of Thomas Huxley’s physical
basis of life, — is the life-and-death question to be addressed in a following section. In the
process, I shall spell out the new definition of life that I promised on an earlier page.
2.2 A definition of life at the nano-protoplasm level: as existence at the resting living
state and reversible switching to the active living state (or irreversibly to the dead
state)
I shall introduce this section on the energy and entropy profile of the nano-protoplasm
with a simple inanimate model. First introduced in 1969 and illustrated with a figure that
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is partly reproduced here as Figure 4, it is called the nail-iron filing-magnet model (Ling
1969, p. 37.)
The core of this model is a chain of soft-iron nails joined end-to-end with bits of string.
Strewn around this chain of nails is a bed of iron filings. We now start the demonstration
by bringing in the third component of the assembly, a horseshoe magnet. I then apply one
end of this magnet to one terminal nail of the nail chain. As a result, the first nail would
be magnetized, which in turn magnetizes the next one and this continues until all the nails
in the chain will assume a more rigid magnetized state. Furthermore, these magnetized
nails will have in the process picked up the randomly scattered iron filings, forcing them
also to assume a less random but more orderly distribution.
In thermodynamic terms, the horseshoe magnet had brought about a spreading attractive (negative) energy among the neighboring nails and iron filings. In addition, it has also
brought about a loss of the randomness or entropy of both the nails and iron filing. So,
the overall consequence of the interaction with the horseshoe magnet is to change the
whole system from a state of lower (negative) energy-higher entropy to a state of higher
(negative) energy and lower entropy. Next, we compare this inanimate model with a digrammatic illlustration of a living nano-protoplasm unit shown in Figure 5.
The nano- protoplasm illustrated in Figure 5 and the nail-iron filing-magnet model
shown in Figure 4, share basic similarities. Thus, like the horseshoe magnet, the controlling agent ATP (see p. 136 below for a more detailed description) also produces a

FIGURE 4. The nail-iron filings-magnet model.
(from Ling 1969, by permission of Academic
Press)

FIGURE 5. Diagrammatic illustration of all-or-none transition between the folded and the fullyextended state of a nano-protoplasm unit. (Modified version of Figure 44 in Ling 2001)
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spreading (negative) energy and entropy impact on the surrounding water molecules and
K+. Only here, we call the nano- protoplasm in the high (negative) energy-low entropy
state, the resting living state. And we call the corresponding low (negative) energy and
high entropy state either the active living state or the dead state, with reversibility characterizing the active living state and irreversibility characterizing the dead state.
Like that in its inanimate counterpart, the nail-filing-magnet model, the transition between the two alternative states is all-or-none, a phenomenon to be described more rigorously on page 140 below.
Existence in the resting living state is the definition of living or being alive in the AI
Hypothesis. Reversible switches between the resting living state and the active living state
constitute life activity. Being alive (or living) and engaging in life activities are the two
aspects of life — a concept in fundamental harmony with earlier concepts traced all the
way back to that offered by Aristotle, by Democritus, by Hippo and later by Lamarck and
Lepeschkin (Ling 2001, p 271.)
In the following section I shall discuss in more detail the distance-spanning molecular
structure that life alone produces, the polypeptide chain. I shall also briefly mention how
the polypeptide chain plays the central role in maintaining the resting living state and in
life activities.
2.3 The polypeptide chain — life’s “highway” of information and energy transfer
The smallest molecule that contains a peptide bond (CONH) and thus may be seen as a
model of the building block of all polypeptide chains and proteins is N-methylacetamide.
In 1950, Mizushima and his coworkers showed that the bond joining the N and C atoms
in this molecule is much shorter than a normal N-C single bond (Mizushima et al. 1950.)
This bond-length shortening indicates that there is resonance or extremely fast changes
between the two alternative structures shown below:
CH3C-NHCH3 ↔ CH3C = N+HCH3.
⎥⎥
⎥
O
O−

(2)

As a result of this resonance, the CN bond is 40% double bond and 60% single bond (and
it assumes a flat or planar configuration.)
This partial double-bond nature of the peptide CN bond and the resonance that produces it contribute to the high polarizability of the polypeptide chain. In the AI Hypothesis, this high polarizability enables the polypeptide chain to serve its unique function in
information and energy transfer over distances (Ling 1962, p. 93.)
Now, let us consider two nearest-neighboring β-, or γ-carboxyl groups on a polypeptide
chain. They are separated from each other by a length of the polypeptide chain, plus two
short segments of methylene (-CH2-) groups. Transmission of inductive effect through
methylene groups, (-CH2)n, is less efficient than transmission through the polypeptide
chain, even though transmission through each methylene group is usually given as high
as 0.333. Other investigators offer an even higher transmissivity of 0.48 (Taft 1953; Ling
1964a; Ling 1984, p.189.)
The high polarizability of the polypeptide chain provides the basis for what I suggested
in 1962 of two kinds of transmission mechanisms along protein chains, called respectively
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the Direct F-effect and the Indirect F-effect (Ling 1962, pp. 92-102.) A simple F-effect,
on which these new terms are based, represents the combined inductive effect or I-effect
transmitted through the intervening atoms and the direct of D-effect transmitted through
intervening space (Hermans 1954.)
A direct F-effect is that between an agent that acts on one part of the protein chain and
a target group on another part of the same (or different) protein chain a distance away. As
such, the direct F-effect is static. So far, we have gathered at least four sets of independent evidence substantiating the far reach of the Direct F-effect. To wit, they could cover
as far as a chain of three peptides and a short methylene groups on both ends of the
chain.(See Ling 1992, p. 132; Ling 2001, p.161.)
The Indirect F-effect is built upon a sequence of Direct F-effects. Toward the end of
Section 2.1, I pointed out the striking importance of the β-, and γ-carboxyl groups due to
their ability to adsorb alternative ions, their abundance in physiologically active proteins
(Figure 3) and their proximity to the polypeptide chain. It is now the time to remind the
reader that like the β-, and γ-carboxyl groups, the backbone NHCO groups also serve as
adsorption sites for different adsorbents but are even closer to the polypeptide chain —
being parts of it. Now, we are ready for a brief introduction on how the Indirect F-effect
achieves its goal of long-distance information and energy transmission.
Early theoretical analyses revealed that a long molecular chain of alternately positive
and negative charges presents unusual capabilities. Thus, under suitable conditions, such
a chain can transmit messages to infinitely far away destinations — not unlike an infinitely long train of falling dominos, only unlike the falling domino chain, which goes only
in one direction, this transmission via the Indirect F-effect goes both directions.
In reality, the unique living structure, the polypeptide chain, is just such a system in which
the alternatingly positive and negative sites are nothing other than the sequence of repeating
NH and CO groups. Here, the adsorption of one pair of preferred positively- and negativelycharged adsorbents favors the neighboring pair of sites to adsorb a similar pair of adsorbents. To this kind of adsorption with favorable near-neighbor all-or-none interaction, I gave
the name auto-cooperative interaction (Ling 1962, p. 102.) It is analogous to what is called
ferromagnetic cooperative interaction in standard statistical mechanics language.
To understand how an auto-cooperative transition operates, we need to know first how
electronic perturbation or induction can alter the preferred partner of a β-, or γ-carboxyl
group — to be described next.
2.4 The c-value and selective adsorption of K+, Na+ or fixed cation on β-, and
γ-carboxyl groups
In 1952 I made an iconoclastic suggestion. In contrast to the pervasive belief of full ionic
dissociation everywhere, I suggested that virtually all the K+ in frog muscle and other
cells are associated. More specifically, all the cell K+ are engaged in close-contact association with the β-, and γ-carboxyl groups (carried respectively on aspartic and glutamic
acid residues) of the major muscle cell protein, myosin (Ling 1952, pp. 773–774; see also
Ling and Ochsenfeld 1991.) Two new physical causes for this intense association were
given and reproduced verbatim here next:
“ (i) The force of attraction between ions of opposite sign in solution is opposed
by the kinetic energy of the ions themselves. If one of the ions is rigidly fixed, half
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of this energy is abolished, so that the ions stay on the average closer together
than they would when the kinetic energy of both reacting charged particles is
made negligible, as for example, in the macroscopic model of oppositely charged
pith balls.
(ii) Fixation allows the close juxtaposition of a number of similarly charged ions,
for the repulsive forces between them are less strong than the covalent bonds of fixation. Their individual fields thus overlap, and sum with respect to the force exerted
collectively upon a free ion of opposite sign (Ling 1952, p.769.)
In years following this brief though landmark statement has been often referred to as the
“principle of enhanced counter-ion association due to site fixation” (Ling 1960, p. 152;
Ling1962, p. 23; Ling 2001, pp. 48-49.) Very recently, the basic concept was expanded into
a full-fledged — though still simple and easy to understand — statistical mechanics thesis
and published with many illuminating experimental findings (Ling 2005.) Included is also a
full analysis of how the mistaken notion of universal full ionic dissociation came into being.
For readers of this paper, I strongly recommend this article, which is online and can be readily downloaded.

In consequence of (i) the full association with a fixed β-, or γ-carboxyl group and (ii) the
phenomenon of dielectric saturation in the intense electric field immediately next to an ion
(Debye and Pauling 1925,) which reduces the effective dielectric constant from 81 to near
unity — the smaller (hydrated) K+ would on the average experience a much stronger electrostatic attraction than the larger (hydrated) Na+ (see Ling 2005, top of p.5.) The Boltzmann
Distribution Law then dictates that K+ becomes preferentially adsorbed on the fixed β-, and
γ-carboxyl groups and thus selectively accumulated in the muscle (and other) cells.
The suggested electrostatic mechanism is diagrammatically illustrated in Figure 6 in Ling
1952 and reproduced in Figure 4.1B of Ling 1962, which in turn is reproduced in Appendix
1 at the end of a recently published article (Ling 2006b) in black and white and also on-line
and can be downloaded without restriction

My next step was to show how selective K+ adsorption and desorption play key roles
in the information and energy transfer over distance and the information and the information and energy transfer, in turn, are essential to protoplasm functioning as a coherent
system. To understand how this functional chain operates, we begin with a brief review of
the classical examples of short-range inductive effect (Lewis 1923; Dewar 1949; Branch
and Calvin 1941; Chiang and Tai 1963.)
It is well known that acetic acid (CH3 COOH) is a weak acid, making vinegar pleasantly
sour. However, no one will add trichloroacetic acid (CCl3COOH) to his or her salads; it is
too strong an acid for that purpose. This difference in acidity originates from the induction
effect. Thus, even though both acids contain the same carboxyl group (-COOH), their acid
dissociation constants or pKa values are quite different because the remaining parts of the two
acids are different. The methyl group (CH3) of acetic acid is a strong electron donor (see Ling
1964, Figure 3 on p. 99.) As a result, the singly-charged carboxyl oxygen atom of acetic acid
has a higher electron density, thus holding onto its proton (H+) more tightly and a high pKa.
In contrast, the radical (CCl3-) contains three highly electronegative chlorine atoms. As a result, the radical draws electrons more strongly toward itself and in consequence lowers the
electron density of the singly charged oxygen atom. That, in turn, makes the oxygen atom
more willing to give off its positively-charged proton (H+), hence a lower pKa (ibid.)
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As such, the pKa of an acidic group describes the interaction of an acidic group with a
specific cation, H+. That interaction does not tell us much of the fundamental attributes of
of that acidic group — for the same reason that the knowledge that A loves B tells us little
about the character of either. They could be Tristan & Isolde or Bonne & Clyde. To reach
deeper into the underlying phenomenon, an independent parameter was needed and was
introduced in 1962. It is called the c-value.
Rigorously defined elsewhere (see pages 120–121 including Figure 4.2 in Appendix 1
at the end of the recent paper, Ling 2006b,) the c-value is a quantitative parameter of the
effective electron density of the singly-charged carboxyl (or other oxyacid) oxygen atom.
A high pKa value corresponds to a high c-value; a low pKa value corresponds to a low
c-value.
With the c-value defined, we proceeded to construct a theoretical model of a fixed oxyacid group (like a β-, and γ-carboxyl group) and a monovalent cation (like K+ or Na+) plus
varying number of water molecules found between them. Our purpose was to figure out
how the c-value determines the relative adsorption energies of different monovalent
cations on the fixed β-, and γ-carboxyl groups.
On first thought, it seemed more rigorous to construct a three-dimensional model. In
fact, that would be at once difficult and pointless since so many arbitrary assumptions had
to be made before one could even start. Thus, we settled for a linear model — as illustrated in Figure 6. Though the absolute numerical values eventually arrived at from this
linear model cannot be taken too seriously, the relative values are useful and offer what
all we really need.

FIGURE 6. The linear model. The interaction energies were calculated from each of the monovalent cations in each of the four configurations of fixed anion and water. (from Ling 1962)
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The first step in this effort was to list all the relevant laws or equations governing the
theoretical components of the adsorption energies (and the numerical parameters associated with each.) All told, eight categories of energies were taken into account (see
Equation 4-4 and Table 4-1 of Appendix 1 in Ling 2006b.) Thus armed, we then determined the total energies of each of the four assemblies. They each contain respectively
zero, one, two or three water molecules between the interacting fixed oxyacid anion of a
specific c-value and a specific cation.The specific ions studied are H+, Li+, Na+, K+, Rb+,
Cs+ and NH4+, where NH4+ is also seen as a model of the fixed cation, the ε-amino group
on a lysine residue and guanidyl group of an arginine residue and the α-amino groups at
the end of a polypeptide chain. Finally, the adsorption energy of each cation at each cvalue was computed by a Born-charging method described in text marked as Section B
beginning on pages 134-141 of Appendix 1 in Ling 2006b.
Note that in the computations, I chose three different polarizability values for the fixed
oxyacid (carboxyl) oxygen atom. Later information kindly brought to my attention by Dr.
D. Reichenberg of London, led me to believe that 2.0 x 10−24cm3 is the best choice and it
was employed in the final result shown in Figure 7. This figure, providing the adsorption
energy of each of the 7 ions at different c-values will be cited from time to time in the
pages ahead. Our next task is to find out how c-value changes of the oxyacid group could
be initiated at sites far away along a polypeptide chain.
However, before that story can be told, another parameter, called c’-value must also be
introduced for the positive charge of a cationic group. Then we also have the equivalents
of both the c-value and c’-value in dipolar groups like the CO and NH groups of the
polypeptide chains. They do not carry net electric charge but are dipolar. Their polarity is
seen only at short distances and at that range, the oxygen atom of a CO groups is negatively charged and its intensity described by what we call, a c-value analogue. Similarly,
the H of the NH group at close range is cationic and its intensity described by a c’-value
analogue (Ling 1962, p. 57; 2006b, p. 118.)
2.5 All-or-none shift of protein secondary structure between (i) the α-helical
conformation and (ii) the water-polarizing-orienting, fully-extended conformation
Now, the incisive findings of Ambrose and Elliott — especially Elliott — have clearly established that, dissolved in a dilute water solution, each (synthetic) polypeptide assumes
only one or the other of two alternative conformations. In one conformation, the NH and
CO groups are oriented in the same direction as the polypeptide axis — as it should be in
an α-helical fold. In the alternative conformation, the NH and CO groups are oriented perpendicular to the polypeptide axis, which can only be the fully-extended conformation
(rather than the often erroneously assumed random-coil conformation.) (Ambrose and Elliott 1951; Elliott 1953; Bamford et al 1956, p. 101.) In broad terms, their findings lend
strong support for the existence of two (all-or-none) alternative conformations of the
nano-protoplasm in a water-rich environment as depicted in Figure 5.
With the advance of x-ray crystallography techniques, the three-dimensional structures
of many crystalline proteins have been meticulously worked out. However, like a sharp
sword, x-ray crystallography cuts both ways, good and not so good. Not so good, if one
takes too seriously the “absolutes” it gives out in profusion (see p. 146 below for examples.) Good if one can extract the “relatives.” It is my best judgement that among the best
“relatives” are three sets of what is known as the α-helical potentials of the different

NANO-PROTOPLASM

131

FIGURE 7. The theoretically computed association-energies in kilogram calories per mole of six
mono-valent cations on a singly-charged oxyacid group with a polarizability of 2.0 x 10−24 cm3 and
c-value as indicated on the abscissa. An ion, say K+, which shows a higher negative energy of association of −8.3 kcal/mole on a fixed oxyacid at a c-value of −4.0 Å is preferentially adsorbed over
Na+, which at the same c-value shows a lower negative association energy of −3.3 kcal/mole only.
However, at a higher c-value of −2.5 Å, the preference is reversed since at this point the negative
association energy of Na+ at −16 kcal/mole is higher than that of K+ at −13 kcal/mole. Preference
reversal at different c-values is important in physiological activities according to the association-induction hypothesis. (from Ling 1962)

amino acids published by Chou and Fasman (1978), by Tanaka and Scheraga (1976) and
by Garnier et al (1978.)
Now, it is well known that on the peptide groups, the carbonyl (CO) group is highly polarizable while the imino (NH) group is much less so (Cannon 1955; Mizushima et al
1955.) Based on this knowledge, I postulated that the effective electron density of the carbonyl oxygen atom of an amino acid residue determines that residue’s α-helical potential
(Ling 1986.) This postulation paid off.
A positive linear correlation coefficient of +0.75 or even better has been established between each of the three (independent) sets of α-helical potential of the 20 amino-acid
residues and the respective pKa values of the corresponding carboxylic acids (e.g., acetic
acid corresponds to glycine; n-propionic acid corresponds to alanine.) (Table 2)
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TABLE 2. A study of the linear correlation between the α-helical potentials of 19 amino acid
residues and the pKa values of their corresponding carboxylic acids. (from Ling 1986)

What this positive correlation tells us is this. A strong electron donating side chain creates a higher c-value analogue of the residue’s own carbonyl group on the polypeptide
chain. The higher c-value analogue of the carbonyl groups in turn favors their formation
of H Bonds with the third amide groups in either direction along the polypeptide chain,
thereby forming the α-helical fold. On the other hand, a weak electron donating side chain
creates a low c-value analogue of the residue’s own carbonyl group. And, the low c-value
analogue of the carbonyl group favors the assumption of the fully-extended conformation.
A polypeptide in the fully-extended conformation, in turn, polarizes and orients multilayers of water molecules — a phenomenon to be further discussed in the next section.
This successful correlation study thus shows that (a segment of) the polypeptide chain
dominated by strong electron donating side chains would correspond to the left-hand side
conformation of Figure 5. As such, it favors the formation of α-helical fold. In contrast,
a segment of a polypeptide chain under the control of weak electron donating side chain
would assume the right-hand side conformation of Figure 5. As such, it favors the assumption of the fully-extended conformation, which in turn polarizes and orients multilayers of water molecules.
And, when the c-value analogue changes, the preferred conformation will change in
consequence — in an all-or-none manner. This change is quite analogous to similar adsorption partner change of β-, and γ-carboxyl groups when their c-value change as illustrated in Figure 7 (and in the inset of Figure 11 to follow.)
In summary, we now have good evidence that the backbone NH and CO groups — like
the β-, and γ-carboxyl groups — also have (two) alternative sets of partners. In one, they
form α-helical H-bonds with their own backbone CO and NH groups three residues away
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in either direction. In the other, they assume the fully-extended conformation, which polarize and orient multilayers of water molecules.
2.6 The polarized-oriented multilayer (POM or PM) theory of cell water
As mentioned earlier, how the protein chains can polarize and orient the bulk-phase cell
water constitutes the last addition to the AI Hypothesis (Ling 1965; Ling 1972.) It was
then called the polarized-multilayer (PM) theory of cell water. The original illustration of
this theory is reproduced here without change as Figure 8. For historical and other reasons, I chose to do so even though the part of the diagram indicating the rate of declining
polarization-orientation with distance away from the protein has proven too abrupt (see
below.) A newer theoretical foundation of the POM theory will be presented immediately
following the paragraph given in a smaller font.
In response to the introduction of a new theoretical foundation for the theory in 2003, the
name of polarized multilayer theory has been changed to polarized-oriented multilayer theory of cell water — the acronym PM theory was left unchanged for a while (Ling 2003.)
However, I then found out that this created confusion. So I have now decided to use the POM
theory for the future. But if you should find the term PM theory, you would understand that
it stands for the same theory. More recently, several reviews, all online, have been published
(Ling 1965; Ling 1972; Ling 1992, pp. 69 –110; Ling 2001, pp. 74–108; Ling 2003; Ling
2006, pp. 1–52.)

The new theoretical foundation of the POM theory is physics. Nonetheless, its usefulness lies mostly with biology, or more correctly, cell physiology (Ling 2003.) In the short
cut I took, water molecules were considered as dipoles and were allowed to accumulate
at near absolute zero temperature on what is called an idealized NP surface — with N
standing for a negatively charged site and P standing for a positively charged site. Such
an idealized NP surface represents an infinitely wide checkerboard of alternatingly positive and negative sites each uniformly 3.1 Å apart from its nearest neighboring site
(Figure 9.) Results of computation show that as the distance from the idealized NP surface increases, the water-to-water interaction energy (En) does not taper off to zero.
Rather, it approaches a constant value to be held from there on ad infinitum, That constant
value (En) is expressed by the following equation:
En = ( 4μ2r3) / ( r3 − 8α)2 ,

(3)

FIGURE 8. The original diagrammatic illustration of the translational and rotational motion restriction of deep layers of cell water molecules
polarized and oriented by proteins. Later theoretical computations show that the relative motional
freedom indicated by the size of the curved arrows in each water molecule is much flatter except at the first layer of water molecules in
immediate contact with the protein polar groups.
(from Ling 1965)
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FIGURE 9. Diagrammatic illustration of
an Idealized NP Surface. The distance between a pair of nearest-neighboring N
(negative) and P (positive) sites is equal to
the distance r between the average nearest
neighboring water molecules in the liquid
state at 3.1 Å. (from Ling 2003)

where μ is the permanent dipole moment of the water molecule; r is the diameter of the
water molecule and α is its polarizability. Further elaboration shows that given this condition, the water cannot be frozen by any attainable low temperature. And it will not boil
at a temperature as high as 451° C. Both of these theoretical predictions have been confirmed retroactively by work published fifty years ago, until now totally unexplained
(Giguère and Harvey 1956; Hori 1956.)
Another important insight provided by the new POM theory is the recognition that with
the exception of the water molecules in immediate contact with the NP sites (see Figure 8
in Ling 2003) the degree of polarization and orientation over longer distances are quite flat.
Now, there are no two-dimensional surfaces in living cells like the idealized NP surface
or less idealized NP-surface of glass or polished AgCl prisms. Instead, it is what I call
NP-NP-NP systems that function in living cells in lieu of an NP-NP surface (Ling
1980–1981.) Figure 10 shows diagrammatically both the top view and the side view of
such an NP-NP-NP system of fully extended protein chains and water molecules they
polarize and orient.
Since its introduction in 1965, the polarized (oriented) multilayer theory of cell water
and model systems has been extensively tested by many investigators worldwide even
though some of the work was done earlier and thus in ignorance of the theory.
A complete list of the eight physiological attributes investigated can be found on pp.
95–97 of Ling 2003, which is online and can be downloaded. Earlier summaries can also
be found in Ling 1992, pp. 108–109, and in Ling 2001, p. 78. For the present review, only
one physiological category of cell water will be discussed here, namely its solvency. (A
recent review on a second topic, vapor sorption at near-saturation (physiological) vapor
pressure can be found in pp. 25–33 in Ling 2006.)
It was first pointed out fully but briefly by Martin Fisher (Fischer 1909; Fischer and
Suer 1935) and partially by Benjamin Moore and coworkers (Moore, Roaf and Webster
(1912) and later elaborated in detail by A. S. Troshin (Troshin 1966, see also Equation 14
below), that a solute in a living cell can exist in two forms: (i) adsorbed on, or otherwise
bound to the macromolecules, mostly proteins and (ii) dissolved in cell water. Dividing
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FIGURE 10. Diagrammatic illustration of what is called an NP-NP-NP system of water polarization-orientation by a matrix of fully-extended protein chains. Circles with hollow arrows inside are
water molecules. A. side view; B. top view.

the total concentration of a solute in the cell by the equilibrium concentration of the solute
in the surrounding medium, one obtains what is referred to in the AI Hypothesis as the ρvalue or apparent equilibrium distribution coefficient of that solute.
When the ρ-value of a solute is considerably higher then 1, most of the solute in the
cell is adsorbed. On the other hand, when the ρ-value of a solute is near 1, most of the
solute is probably dissolved in the cell water. In the latter case, the ρ-value would be close
if not equal to the true equilbrium distribution coefficient or q-value. of that solute.
Insight into the physical state of an intracellular solute can be obtained by plotting the
intracellular (or intra-model) concentration of the solute against its corresponding equilibrium concentration in the bathing medium. If the plot appears as a straight line over a
substantial concentration range, it would suggest that all or virtually all the intracellular
or intra-model solute is dissolved in the intracellular water. The slope of such a rectilinear plot is then equal to the q-value of that solute. On the other hand, if the plot is not a
straight line, most likely part of the solute is adsorbed. Section 3.2.1 below will deal with
that subject in more detail.
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In 1993, using Statistical Mechanical methods, I derived an equation for the q-value of
a solute named the ith (qi). As such, that equation is a little cumberson but it can be written in the following simpler form (Ling 1993):
RT ln qi = vi (a ᐁs − b ᐁvp),

(4)

where R is the gas constant, T, the absolute temperature. vi is the molecular volume of the
ith solute in question in cubic centimeters or cc. ᐁs is the surface polarization energy of
one mole of water molecules in cal mole−1. ᐁvp is called the exclusion intensity for one
mole of water molecules in cal mole−1. a is a number in (cm)−1, b is a pure number. vi ᐁs
represents the surface component of the q-value. vi ᐁvp is the volume component of the
q-value. The magnitude of both components depends on the molecular volume of the
solute, vi.. The surface component, viᐁs can be positive (favorable) or negative (unfavorable.) The volume component given as -vi ᐁvp is always negative and thus acts to exclude
a solute in proportion to its size. Hence the “size rule”, the larger the solute, the lower its
q-value (Ling 1987.)
2.7 The AI Cascade mechanism for long range information and energy transfer
A microscopic mechanism for the long-range information and energy transfer over distance has been a part of the AI Hypothesis from its very beginning. At that time, this
mechanism had been referred to off-and-on as an indirect F-effect. However, changes have
been made in the ensuing years. To avoid confusion, I have decided recently to give it a
new name, i.e., the AI cascade mechanism. The A and I are respectively the two first letters of the words, association and induction — acting in a reciprocating and non-attenuating cascading manner.
However, before plunging into the details, I would review briefly the classification of
the controlling agents or cardinal adsorbents, which play key roles in the AI Cascade
Mechanisms. I shall also look into the way the key cardinal adsorbent ATP controls autocooperative transitions.
2.7.1 Classification of cardinal adsorbents
In the AI Hypothesis, drugs, hormones, Ca++, ATP, etc., that exercise powerful physiological activities at very low concentrations are called cardinal adsorbents.
There are three types of cardinal adsorbents. The first kind binds onto a cardinal site
but produces no electronic impact and is called electron-indifferent cardinal adsorbent or
EIC. The second kind binds and withdraws electrons toward itself and is called an electron-withdrawing cardinal adsorbent or EWC. The third kind binds and donates electrons
and is called electron-donating cardinal adsorbent, or EDC.
As shown above in Figure 5, a very important cardinal adsorbent is ATP This was
pointed out since the very beginning of the AI Hypothesis in 1952 (Ling 1952, p. 777.) It
is found in most nano-protoplasm and vital to its continued existence in the resting living
state. Many nano-protoplasm units can break down ATP into ADP and inorganic phosphate. In these cases, the cardinal site for ATP might function at times as an ATPase. And
by removing ATP, it could switch the nano-protoplasm from the resting to the active living state. Notwithstanding, the level of ATP in these and other cells is kept quite constant
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by way of two regenrative mechanisms; (i ) an enzyme, creatine kinase that can regenerates ATP at the expense of the large store of creatine phosphate in some cells (Ling 1992,
p. 195); (ii) ATP is also regenerated as the end-product of glycolytic and oxidative metabolism (Ling 1977.)
(To avoid confusion, I want to mention here that once an erroneous idea called the highenergy-phosphate-bonds became widely taught (Lipmann 1941.) ATP does not contain packages of this high energy (Podolsky and Morales 1956.)

In other cases, like the ATP binding cardinal site on hemoglobin, the cardinal site does
not have the latent capability of an ATPase. This fact offers a cause for the noted stability of the rbc cytoplasmic nano-protoplasm mentioned earlier.
2.7.2 A reproduced 2001 version of what is now called the AI cascade mechanism
The importance of the subject matter of this section — notwithstanding its still being in
a very primitive stage of development — and the difficulty of condensing it without distorting it — led me to making a somewhat unusual decision. That is, the decision to present here an essentially unmodified model of long-range information and energy transfer
that I published in my 2001 book, Life at the Cell and Below-Cell Level. This includes the
key figure, reproduced here as Figure 11.

FIGURE 11. A theoretical model for the controlled
auto-cooperative transition of a protein chain. The
inset shows a simplified version of the relation between the association energies and the c-, c’- value
analogues like those shown in Figure 7. The small
arrows indicate the direction of electron migration
and the counterion or H-bond partner exchanges
initiated by the introduction of the cardinal adsorbent C+. The large arrow over the middle section
shows the direction of propagated inductive
changes. The middle figure indicates the intermediary steps in the auto-cooperative transformation
from the initial metastable state (top) to the final
metastable state (bottom.) Reversals of all steps follow removal of C+ with intermediary steps shown in
the middle figure but with all the directions of the
arrows reversed. (modified from Ling 1964)
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The single inset in Figure11 illustrates the types of relationships between c-value analogue and c’-value analogue and the alternative adsorbents. At higher c- or c’-value analogue, a+ and a− are respectively preferred. At lower c- or c’ value analogue, b+ and b− are
respectively preferred. Now, let us suppose that in Figure 11A, all the backbone CO
groups shown as O and all the backbone NH shown as H are respectively at the high cvalue analogue and a c’-value analogue of 2. In Figure 11B the adsorption of the EWC,
W, at the cardinal site withdraws electrons from the nearest neighboring O site, decreasing its c-value analogue from 2 to 1. This decrease of the c-value analogue reverses the
preference for a+ over b+ to b+ over a+. As a result, the a+ originally occupying the O site
is replaced by a b+.
Now b+ is a weaker electron-withdrawing agent than a+. In consequence, the displacement of a+ by b+ releases electrons. Some of the electrons released go back upstream toward the cardinal site-W couple, enhancing its electron-withdrawing effect. Other
electrons released go downstream to the nearest H site, causing a decrease of its positive
charge and hence a fall of its c’-value analogue from 2 to 1. A reversal of its preference
for a− over b− to b− over a− follows, leading to the displacement of the a− by b−. Now b−
is a weaker electron-donator than a− . In consequence, the displacement of b− for a− withdraws electrons. Some of the electrons withdrawn come from the O site upstream, further
decreasing the c–value analogue of the O site upstream. Some of the electrons come from
the next O site downstream, lowering the c-value analogue from 2 to 1. A b+ for a+ exchange follows. And the cycle repeats itself until all the a+ and a− are replaced by b+ and
b− , respectively, as shown in Figure 11C.
In Figure 11 the side chains are not represented. In Figure 12 we deal with functional
groups on short side chains also.
In Figure 11 we treated adsorption on the backbone O and H sites individually. In Figure 12, however, each pair of adsorbent a+ and a− in Figure 11, (adsorbed respectively on
the CO and NH groups of peptide groups belonging to a single amino acid residue) is
treated as a single entity and represented by a rectangular box a. Figure 12A then represents a protein segment before an EWC is taken up. Here, the electron-withdrawing power
of the backbone cationic component (a+) is represented as a downward arrow in the rectangular box, while the electron donating power of the anionic component (a−) is represented as an upward arrow.
Figure 12B shows the same protein segment after an EWC, W, occupies the cardinal
site. In consequence, the sequence of events described under Figure 11A to C takes place.
As a result box B (which stands for b+ and b− together) displaces box A (which stands for
a+ and a− together). Since the O site or carbonyl group (CO) is highly polarizable but the
H site or imino group (NH) is less so, the electron withdrawing effect at the O site is
strong and is represented as a long downward arrow in the b box. In contrast, the electron
donating effect at the H site is weak and represents a short upward arrow. The net effect
of displacing box a by box b is an electron-withdrawing effect. Since this electron-withdrawing effect is repeated at each CONH peptide group, every functional group on a short
side chain experiences a similar electron-withdrawing influence as indicated by the downward arrow along each side chain as shown in Figure 12B.
Now a substantial number of these functional groups on short side chains are β-, and
γ-carboxyl groups. A lowering of their electron density means a fall of their c-value (from
an initial high value.) As a result, a monovalent cation A+ may be replaced by B+. This B+
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FIGURE 12. An alternative view of the model shown in Figure 11 of the controlled autocooperative transition between the two alternative states. Unlike the version seen in Figure 11, the
side chains are shown. What are shown as individual O (OH-) and H (NH-) groups in Figure 11 are
represented as a single unit and enclosed in a box. This makes it easier to understand that we can
treat the pair of sites as one and their net electron-donating and electron-withdrawing activities
lumped together as a net change. Thus, the boxes with equal-sized arrows pointing both upward and
downward would have no influence on the side chain. After the cardinal adsorbent W has adsorbed
on the cardinal site, the two arrows are no longer equal in size and the net result is electronwithdrawing indicated by the downward arrow on the stems of the side chains. Note that they are
all of the same size, thus producing across-the-board uniform changes on all similar side chains as
if they were one. (from Ling 2001)

for A+ exchange in turn reinforces the b for a exchanges at the backbone as well as the
adsorption of the EWC at the cardinal site. Taken together, the backbone sites and the
functional groups on short side chains and their respective adsorption partners (a/A+/ etc.
versus b/B+/ etc.) constitutes the alternative basic components of the autocooperative assembly diagrammatically illustrated in Figure 13B — and described formally in Equation
5. (Both Figure 13 and Equation 5 are to be presented below.)
In consequence of the interaction with the EWC, W, the backbone CO groups as well
as the β-, and γ-carboxyl groups (and other functional groups on short side chains) undergo an across-the-board electron-density decrease from their initial higher values. And
exchange of adsorption partners occur at both sets of sites. Conversely, with an EDC adsorbed onto the cardinal site of a protein segment, the backbone CO groups as well as the
β-, and γ-carboxyl groups (and other functional groups on short side chains) may undergo
an across-the-board electron density increase from their initial lower values. And exchange of adsorption partners follow at both sets of sites in the reverse direction.
On account of this coherence, one may say that the whole “gang” of cooperatively
linked functional groups on short side chains and backbone carbonyl groups behave as if
they were a single site. By the same token, action at a distance and one-on-many impact
of a cardinal adsorbent are achieved.
That said, I must remind the reader that this is a prototype mechanism and as simple as
one could make it. As such, it could under ideal conditions proceed ad infinitum. In reality, blockade of propagation might be halted by a gathering of side chains that could
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absorb the electron density march. And as a result, the information and energy transfer
would only be regional until other bona fide or pseudo-cardinal adsorbents are introduced
to make the march continue (see Ling 2006b, Appendix I.) I add this little passage to prepare the reader for experimental findings that the simple prototype model does not directly predict. More important, those contradictory findings would quite likely open the
door to new adventures lying around the corner.
2.8 Two types of initiation mechanisms for all-or-none transitions in adsorption
Figure 13 illustrates two types of initiation mechanisms for the all-or-none exchanges of
two alternative adsorbents shown respectively as empty circles and solid circles. In the
model labeled B, the relative abundance of the two adsorbents remains unchanged. The
all-or-none exchange is then triggered by the binding of the cardinal adsorbent W. This
type of adsorbent exchange is what was described in some detail in the preceding section
and called a controlled auto-cooperative transition (Ling 1992, pp. 143–144.)
In the model labeled A, the all-or-none adsorbent exchange is triggered by an increase
in the relative abundance of one of the two adsorbents in the surrounding medium. This
type of exchange is referred to a spontaneous auto-cooperative transition.
Note that while in the (idealized) spontaneous transitions, all sites are shown as regular sites and none as a cardinal site. Accordingly, the initiation of the propagated change
could by chance start at any site. In contrast, in the controlled transition, the propagated
change always begins at the cardinal site and its direction and path of propagation is thus
predetermined.
In the following section, we will examine in quantitative fashion, these all-or-none
changes in the more rigorous language of Statistical Mechanics.
2.9 The Yang-Ling cooperative adsorption isotherm
From its very inception, the objective of the association-induction hypothesis has been to
explain the macroscopic cell physiological properties and behaviors in terms of the
microscopic properties and behaviors of atoms, molecules and electrons (Ling 1962,
Chapter 1.) Once you recognize this objective, you will understand why Ludwig BoltzFIGURE 13. Two types of auto-cooperative transition of the system from its ith state in which all
sites are occupied by the species i to the jth state
in which all the sites are occupied by the species
j. In the first model A, the all-or-none transition is
created by increasing the ratio of the jth to the ith
species in the surrounding medium. In this case,
the initial exchange can happen anywhere along
the infinitely-long chain. In the second model B,
the concentrations of both the ith and jth species
remain unchanged. It is the adsorption of the
cardinal adsorbent W that triggered the autocooperative shift. Type B is what we have shown
in models presented in Figure 5, 10 and 11. Unlike the first model A, the initial exchange
happens at a site right next to the cardinal site and
the propagation is directional in a predetermined
fashion. (from Ling 2001)
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C.N. Yang (far right), T.D. Lee and
the author (far left) taken moments
before we boarded our 1940 Ford
and began our 9000-mile trip to
the west on August 23, 1947.

mann and his work were of such vital importance to the development of the associationinduction hypothesis.
Boltzmann was of vital importance to the understanding of life and its physical basis
because he invented Statistical Mechanics — a new science further strengthened later by
the American physicist, Josiah Willard Gibbs (1839–1903.) For the purpose of Statistical
Mechanics is no other than to link the microscopic properties and behaviors of atoms,
molecules and electrons to the macroscopic properties and behaviors of macroscopic matter in general (Boltzmann 1909.)
By then, the Reductionist Four had made it abundantly clear, that the macroscopic
properties and behaviors of living matter, i.e., cell and below-cell physiology — are an integral part of the macroscopic properties and behaviors of matter in general.
In addition, I also profited a great deal from another theoretical physicist of comparable rank, Professor C. N. Yang. He was my room-mate at the Tsing Hua University Graduate School in Kun-ming, China between 1963 and 1965.
(C.N. Yang and T.D. Lee were awarded the Nobel Prize for physics of 1957 for their conjoint work on parity. For a brief vignette of Yang’s contribution to statistical mechanics, particle physics etc., see Yang 1995.)

Yang was among the first to read and endorse my 1962 book, A Physical Theory of the
Living State: the Association-Induction Hypothesis before it was published. Next thing
you know, the Yang-Ling adsorption isotherm was born — based on the one-dimensional
Ising method. As such, it was a quantitative extension of my simple model of a protein
molecule seen as an infinitely long chain of equally spaced sites of similar nature, which
could adsorb either an ith or a jth solute — as illustrated diagrammatically in Figure 13A.
It was planned originally that we would publish the work conjointly soon after. Due entirely to my fault, that day never came. Instead, I presented the isotherm in the first Symposium issue of the new journal, Biopolymers (Ling 1964a.) In 1980, Dr. George Karreman
published his version of its derivation in the first Chapter of a monograph on Cooperative
Phenomena in Biology, which he also edited (Karreman 1980.)
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The Yang-Ling isotherm mentioned above reads as follows.
[pi ]ad =

⎤
[f ] ⎡
ξ −1
⎢1 +
⎥
2 ⎢
(ξ − 1)2 + 4 ξ exp( γ / RT) ⎥⎦
⎣

(5)

where [pi]ad and [f ] are respectively the concentration of adsorbed ith solute and [f] the
concentration of adsorption sites. ξ is defined as follows:

ξ=

[pi ]ex ∞
⋅ K j→i .
[p j ]ex

(6)

[pi]ex and [pj]ex are respectively the equilibrium concentration of the ith and jth adsorbent
in the bathing medium. K∞
j→i is the intrinsic equilibrium constant for the jth to ith adsorbent exchange and it is related to the intrinsic free energy of jth to ith adsorption exchange, ΔF∞
j→i without creating a change in the number of nearest neighboring i-j pairs,
as in the case of a j-to-i exchange in a trio of nearest-neighboring sites: ijj → iij. On the
other hand, for a j-to-i exchange in an alternative trio of sites: jjj → jij, two new ij pairs
are created. The creation of each new ij pair entails the addition of another energy term,
called the nearest neighbor interaction energy equal to −(γ/2). Thus, in this case of jjj →
∞
jij exchange, the total free energy change is not merely ΔF∞
j→i but ΔF j→i + 2{−(γ/2).} =
∞
ΔF j→i − γ.
At this juncture, I want to mention that the jth alternative adsorbent may represent a vacancy. Its concentration is then presented as the total concentration of the adsorption sites
minus those sites occupied by the ith adsorbent.
In cooperative phenomena, −(γ/2), the nearest neighbor interaction energy, is of paramount importance. When −(γ/2) is a negative number, the adsorption of an i increases the
chance of adsorption of the alternative solute, j. This type of cooperative phenomena is
given the name, hetero-cooperative. When −(γ/2) is equal to zero, there is no cooperative
interaction. The adsorption is then described by a Langmuir adsorption isotherm.
When −(γ/2) is a positive number, the adsorption of one species favors the additional
adsorption of that same species. This type of adsorption is given the name auto-cooperative as pointed out once already (Ling 1962, p. 103.)
Auto-cooperative phenomena are of critical importance in cell physiology because it is
this type of interaction that holds a group of individual elements together and makes them
function as if they were one. As an illustration of auto-cooperative adsorption, Figure 14B
presents a linear plot of the mole fraction, Xi of the ith adsorption equal to [pi] / [f] against
[pi]/[pj]. Note that in autocooperative adsorption, the plot is S-shaped or sigmoid.
Equation 5 can also be written in the following form:
[pi ]ad
=
[p j ]ad

(ξ − 1)2 + 4 ξ exp( γ / RT) + ξ − 1
(ξ − 1)2 + 4 ξ exp( γ / RT) − ξ + 1

.

(7)
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FIGURE 14. A. Log-log plot of the Yang-Ling cooperative adsorption isotherm. Number near each
curve is the value of the nearest neighbor interaction energy, −(γ/2). B. Linear plot of the same.
C. Scatchard plot of same. (A, from Ling 1966 by permission of FASEB. C from Gulati 1973 by
permission of NY Academy of Sciences)

A log-log plot of Equation 7 with different −(γ/2) values is shown in Figure 14A.
Figure 14C, on the other hand, presents the so-called Scatchard plot of the adsorption
isotherm, which adds another method in diagnosing to which type of cooperative interaction, a set of data belongs. Note in particular, that in the Scatchard plot, the noncooperative or Langmuir isotherm appears as a straight line whereas auto-cooperative
adsorption concaves downward.
For easier presentation of more complex derivations of this equation to follow, I conclude this section by introducing a simplifying notation, Ω to represent one half of what
lies inside the large bracket of Equation 5, i.e.,

Ω=

⎤
1⎡
ξ −1
⎢1 +
⎥.
2
2⎢
⎥⎦
−
1
+
4
(
ξ
)
ξ
exp(
γ
/
RT
)
⎣

(8)

As an example, Equation 5 would now take on the following simpler form:
[pi]ad = [f] Ω ,

(5a)
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where [pi]ad is the concentration of ith species adsorbed. [f] is the concentration of
fixed adsorption sites, both in units of moles per gram of fresh cells. Ω is as defined in
Equation (8).
2.10 What joins a vast gathering of similar microscopic nano-protoplasm units into
a coherent macroscopic structure of protoplasm?
A human being, like many other complex living organism, is made of a collection of organs. An organ is made of an assembly of similar and dissimilar cells. A cell is made of
cytoplasm and organelles like the cell membrane, cell nucleus, mitochondria and so on.
Cytoplasm and organelles are as a rule made of different kinds of protoplasm. Each kind
of protoplasm is, in turn, made of a vast collection of nano-protoplasm (NP) units.The
present section addresses the specific question how a large number of these microscopic
NP units are joined together into their kind of macroscopic protoplasm.
We begin by examining how (macroscopic) protoplasm varies in its physical consistency. Thus we know that protoplasm can be a fluid of different viscosity which colloid
chemists call a sol. On the other extreme, it can also be a solid of varying firmness that
colloid chemists call a gel. That the same protoplasm within a unicellular organism can
undergo reversible transformation between the sol and the gel state has fascinated cell
biologists since mid-19th century when the invention of the microscope had made an invisible world suddenly visible.
As a sol, Felix Dujardin’s sarcode could flow out of a crushed protozoon. Similarly,
what von Mohl saw in plant cells and called protoplasm could also flow out from a cut
giant alga cell. But an even more striking example to show how liquidy a protoplasm
could be was provided by A.A. Lister in a slime mold (Mycetozoa.) Living in rotten oak
this slime mold is usually full of dark brown spores of the fungus, upon which the slime
mold feeds. However, when the slime mold was made to creep through a wad of wet cotton wool, the brown spores were all filtered out, leaving the emerging protoplasm crystal
clear (Lister 1888.)
At the other end of the spectrum, the substance of a muscle cell is a firm gel. Since it
is on record that mature human red blood cells can be cut into tiny pieces without losing
its hemoglobin, clearly the red blood cell protoplasm is also a firm gel (Best and Taylor
1945, p. 48.)
Keeping in mind both the fluid slime mold and the solid red blood cell, one can draw
a diagrammatic illustration like that shown as Figure 15, which shows the simplest dynamic sol state or gel state that an assembly of NP units could assume. Unfortunately, like
all diagrams they illuminate some aspects and unintentionally misrepresent other aspects.
The most significant inescapable misrepresentation is in the size of the protein moieties
and the number of β-, and γ-carboxyl groups they carry. Take the rbc cytoplasmic NP
units for an example.
As pointed out earlier, each liter of rbc contains 340 grams of hemoglobin. Since the
average amino-acid-residue weight is estimated at 114, dividing this number into 340, we
have a total of 2.98 or roughly 3 moles of amino acid residues per liter of fresh rbc. As
also pointed out above, 11% of these residues carry β-, and γ-carboxyl groups, their total
concentration is therefore 328 mmoles per liter of rbc. We know that in a living rbc, the
concentration of K+ in the cell is about 100 mmoles per liter of rbs. Virtually all of
these ions are adsorbed on the β-, and γ-carboxyl groups (Ling 2005.) This leaves
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FIGURE 15. Auto-cooperative transition of a population of nano-protoplasm units (NPU) as part
of a larger domain of protoplasm in the sol and gel state respectively. Diagram shows that polarizedoriented multilayers of water molecules belong to more than just one NPU, and are in fact a shared
property of the entire domain of protoplasm and as such may provide the medium for temporalspatial coordination in synchronous activities.

328−199 = 228 mmoles or roughtly 28/328 or 75% of the β-, and γ-carboxyl groups free
to form salt linkages with fixed cations within the same hemoglobin molecules or with
other hemoglobin and non-hemoglobin moleculs nearby (see section 3.1.1.2 below for experimental verification.)
With these alternatives in mind, we would expect that in the real-world living cells, the
basic nano-protoplasmic units are probably never linked together exclusively via the bulkphase water molecules which they all participate in polarizing and orienting — as illustrated in Figure 15(A). For protoplasm like that in the slime mold, Figure 15(B) might be
closer to the truth. As part of dynamic structures links form and break constantly.
More likely, the NP units also participate in some intra- and inter-molecular salt linkage
formation though on a much smaller scale as in the real-world counterparts of Figure 15
(B). An important consequence is that this type of AI cascade mechanism can then in theory operate not only within the same NP units but between neighboring NP units as well.
However, a reader familiar with the vast amount of information we already have on
protein structure could be alarmed by what he (or she) sees in Figure 15. It is all too familiar to him (or her) the three-dimensional representation of isolated proteins where
every detail of the structure has been described with high level of precision. Yet what we
see here in Figure 15 are connections of the most elementary kind. Why did I choose to
do that?
I chose to do that for a good reason. In the truly natural state, the NP units are invariably associated with a large amount of water — as shown in Equation 1. And that cell
water is in equilibrium with blood plasma (or Ringer’s solution) containing water at a
relative vapor pressure very close to saturation (99.6% saturation.) (Ling and Negendank
1970)

146

LING

There is no denial that X-ray diffraction has made it possible to describe every little detail of a protein molecule. However, that description is only for hemoglobin in a crystalline form — made so by reducing the activity of water from near saturation to near zero
with non-aqueous solvents like ethanol or high concentrations of salts. Therefore, the detailed data of hemoglobin crystals is relevant but only as a reference source of information. Crystalline proteins are in many ways like exquisitely-preserved Egyptian mummies.
Both are dehydrated forms of something that are in their natural state highly watery.
That, however, does not mean that beside β-, and γ-carboxyl groups and backbone
NHCO groups shown in Figure 15, other functional groups on the protein serve no physiological function. Of course, they do. The heme-heme interaction is one example and we
are going to discuss it at some length below. That said, I must point out that we have just
begun our new adventure and we believe in beginning with the simplest. At this moment,
the theory predicts that β-, and γ-carboxyl groups and backbone NHCO groups play the
central role in the coherence of protoplasm that makes life possible. And we will examine the results of experimental studies from both our own laboratory and from other laboratories to see how far our model can explain facts despite their utter simplicity.

3. Results of experimental testing of the AI theory of nano-protoplasm as
the most basic unit of life
Part 1 describes experimental studies on an ultra-simple model of the nano-protoplasm. It
is a model we created entirely out of pure components. That being the case, we know that
if the model behaves in accordance with the prediction of the theory, it is produced by
nothing other than what we put in — according to the formula of nano-protoplasm as
given in Equation 1.
Part 2 describes results of investigations of nano-protoplasm in its natural setting as
part of surviving cells. Some are located in the cell surface others located in different parts
of the cell interior. Together they perform all four of the most fundamental physiological
activities of the living cell: (i) selective accumulation of solutes, (ii) selective permeability, (iii) cellular electric potentials and (iv) cellular swelling and shrinkage.
The overall purpose of this section is to see how these widely different subjects of
macroscopic cell physiology could be explained in terms of our theory of microscopic
nano-protoplasm and its control by cardinal adsorbents as depicted diagrammatically in
Figure 5 and quantitatively by variants of Equation 5.
3.1 Studies in vitro: a hemoglobin-salt solution as an ultra-simple model of nanoprotoplasm
I chose to start our testing with a nano-protoplasm model made from a mature mammalian
red blood cell, whose unusual simplicity we have examined in some details on p. 120 above.
By chopping a mature human red blood cell or rbc into smaller and smaller pieces, we
finally obtain a vast number of similar nano-protoplasm (NP) units. Each one of these NP
units contains a single hemoglobin molecule, about seven thousand water molecules,
some twenty K+ and even smaller numbers of ATP and 2,3-DPG. By taking advantage of
the fourfold simplicity of the rbc, we are given the opportunity to put in a formula form
as given on p. 120 above. It is the first nano-protoplasm given that name.
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By analogy with an iron nail-filing-magnet model, I then suggested that in living protoplasm, the cardinal adsorbent, ATP would serve a similar function as the horse-shoe
magnet in converting the low (negative) energy and high entropy autocooperative assembly of protein-water-K+ into a high (negative) energy low entropy autocooperative assembly in the resting living state. Remove the ATP and/or 2,3-DPG, we end up with an
assembly of nano-protoplasm units in the active living (or dead) state.
The ultra-simple model of all nano-protoplasm could be produced by dissolving
enough hemoglobin and salt in water to make a moderately concentrated solution of
hemoglobin (and salt.) What is more, this perception not only allows us to perform new
studies on this ultra-simple model of protoplasm; it also enables us to give new significance to old experimental findings performed on similar hemoglobin solutions.
More specifically, we will examine the relevant old and new experimental data once more
under two headings, (1) spontaneous auto-cooperative transition and (2) controlled autocooperative transition as represented respectively diagrammatically in Figure 13 A and B
and more rigorously in Equations 5 (or Equation 8.)
3.1.1 Spontaneous auto-cooperative transition
3.1.1.1 Heme-Heme interaction
The primary physiological function of the red blood cell is to transport oxygen from the
lungs or another respiratory organ to the tissue cells. To do so efficiently, the red cell must
be able to load itself fully with oxygen on its passage through the lungs and discharge as
much of its load as possible amongst the peripheral tissue cells in the second part of its
cyclic journey. These dual contrasting requirements are admirably met in the S-shaped
oxygen-binding curve of red blood cells as shown in the inset of Figure 16.
Thus, if the oxygen tension in the lung is equal to 80 mm Hg, the red blood cells will
be according to the S-shapted curve shown in the inset of Figure 16, 90% saturated with
oxygen on its passage through the lung. If the tissue oxygen tension is, say 20 mm of Hg,
80% of the oxygen carried by the blood would be unloaded to the peripheral tissues.
Taken together, the circulating red blood cells have thus effectively carried out their primary physiological function.
To further emphasize how important is the S-shaped oxygen uptake curve of the hemoglobin, one compares it with the hyperbolic oxygen dissociation curve of myoglobin.
Myoglobin is a protein found in stationary muscle cells and it does not transport oxygen.
Its oxygen binding curve is also shown in the same inset of Figure 16. Here at 20 mm Hg
among the peripheral tissues, the protein is still fully loaded with oxygen. If hemoglobin
behaves like myoglobin, it would not be able to deliver the oxygen that the peripheral tissues need.
Now, according to the definition given on a previous page, the bulk of a red blood cell
is at the most basic level an auto-cooperative assembly of a vast number of nano-protoplasm units. Each of these NP units contains one hemoglobin molecule and associated
water and K+, with or without the cardinal adsorbent ATP (and/or 2,3-DPG or IHP) as
shown in Figure 5. And, as just pointed out above, a model of rbc cytoplasmic protoplasm
in its living state could be produced by simply dissolving enough isolated pure hemoglobin and salt in the right amount of water. And, in theory, it too should be able to produce
an S-shaped oxygen-binding curve.
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FIGURE 16. A composite presentation showing the similarity of the oxygen uptake of a population
of intact human red blood cells (curve with solid dots in inset) and the uptake of K+ in frog muscle
exposed to a constant concentration of Na+ (at 100 mM) and increasing concentration of K+. The
non-cooperative oxygen uptake of myoglobin is also shown in the inset. (from Ling 1966 by permission of FASEB)

That brings to fore the unusual advantage enjoyed by a late-coming theoretical prediction. Just such a hemoglobin solution had been prepared and shown to demonstrate the
(now) predicted S-shaped oxygen-binding curve a little over a century ago (Bohr 1903.)
But that is not all.
Seven years after the discovery of the S-shaped oxygen binding curve of hemoglobin
by Bohr, British physiologist, A. V. Hill introduced an equation that describes the steep
part of the oxygen binding curve of hemoglobin (Hill 1910.) Representing the mole fraction of binding sites occupied by oxygen as y and that of vacant sites as 1-y, what has become widely known as the Hill equation emerged in the following form:
log {y / (1−y)} = n log p O2 + n log K,

(9)

where pO2 is the partial pressure of oxygen measured in mm of Hg. The symbol, n,
known as the Hill coefficient, is equal to the slope of a log-log plot of {y / (1−y)} against
pO2. When n is larger than 1, the empirical curve simulates the middle portion of an Sshaped, or sigmoid-shaped oxygen binding curve. For this reason, n has been used to measure the “sigmoidity” of an oxygen-binding curve. Not to be mistaken is the fact that n is
a purely empirical constant and the Hill equation a purely empirical equation. As such,
neither the Hill equation nor the Hill coefficient tells us anything about the underlying
causes of the S-shaped oxygen binding phenomenon. However, the Yang-Ling adsorption
isotherm has changed that.
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For n is according to the Yang-Ling model, related to the nearest neighbor interaction
energy, −γ / 2, by the following simple relationship (Ling 1964a, p. 93):
n = exp (−γ / 2).

(10).

Table 3 lists the quantitative relationship between the two parameters: n and (−γ / 2). As
partly pointed out earlier, when n > 1, (−γ / 2) > 0, and the adsorption is auto-cooperative.
When n = 1, the adsorption is non-cooperative and as such, Equation 6 becomes a simplified version of a Langmuir adsorption isotherm, which describes the hyperbolic type of
oxygen binding of myoglobin mentioned earlier (see Ling 2005, p. 18.)
Now, we are ready to compare in depth the Hill equation and the Yang-Ling adsorption
isotherm in their respective ability to describe the real-world oxygen binding of a solution
of hemoglobin — as an ultra-simple model of rbc cytoplasmic nano-protoplasm. To do so,
we must first find an accurate and complete set of data on the oxygen binding of a reasonably concentrated solution of pure hemoglobin in a dilute salt solution.
Luckily, I soon found such a set of highly accurate data in the Ph.D. thesis of Dr. R. L.
J. Lyster, completed under Professor F. J. W. Roughton’s tutelage at the Cambridge
University of England. I then re-plotted the data points in a log-log format shown in
Figure 17. Immediately, we can see that while the Hill equation as such can only describe
the data points near half oxygen saturation point, the solid line in the figure is a theoretical plot of the Yang-Ling adsorption isotherm as given in Equation 5. As such, it contains
TABLE 3. The relation between the Hill coefficient, n, and the nearest
neighbor interaction energy (−γ /2).
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FIGURE 17. A log-log plot of the
uptake of oxygen by human hemoglobin at pH 9.1,19° C and in the
presence of 0.6 M phosphate. Data
from Lyster as presented by RossiFanelli et al (1964.) Points are experimental, line is theoretical
according to the Yang-Ling adsorption isotherm given in Equation 5
-6
with K∞
M and
j→i = 5.88 x 10
−(γ/2) = 0.67 kcal./mole. (from Ling
1969, by permission of the Academic Press)

−6
just two variables K∞
M and (−γ / 2) equal to 0.67 kcal/mole.
j→i equal to 5.88 x 10
Nonetheless, all the data points fall on or very near the entire theoretical curve.

In 1925, G.S. Adair produced a theoretical curve that also fits the entire S-shaped oxygen
binding curve of hemoglobin then available. He did this by assuming that each of the oxygen binding constants of the four heme groups is different. However, attempts to isolate the
intermediate products failed (Conant and McGrew 1930.) Then, what became known as the
Crevice theory was proposed, according to which the weak oxygen binding heme sites are on
the surface of the hemoglobin molecule while the stronger binding heme sites are buried inside crevices of the hemoglobin crystals. Perutz’s definitive work on hemoglobin molecules
revealed that all four heme groups are located on the surface of the molcule and none is
buried (Perutz 1969.) For comments on the later theoretical models of Monod, Wyman and
Changeux (1965), Atkinson, Hathaway and Smith (1965) and Koshland, Nemethy and Filmer
(1966), see Ling (1969, p. 52; 1981, p. 62.)

Lyster’s data and their theoretical backing illustrate how by increasing the oxygen tension in the environment, a point will be reached when in an all-or-none manner, the hemoglobin switches from the deoxygenated state to the fully oxygenated state. The high
positive value of (−γ / 2) raises the effective free energy of oxygen binding from that of
−6
∞
∞
ΔF∞
j→i {= RT ln K j→i = 0.596 x ln (5.88 x 10 )} = − 7.18 kcal./mole to (ΔF j→i − γ) = −
7.18 − 2 x 0.67 = − 8.52 kcal/mole.
Next, we look deeper into what lies behind this all-important −γ /2. In classical statistical mechanics dealing with the phenomenon of ferromagnetic cooperativity, a nearest
neighboring activation energy is that between atoms sitting right next to one another. Not
so are the nearest neighboring heme sites we dealt with above. In fact, physically speaking
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they are “miles” apart. But instead of empty space, each pair of nearest neighboring heme
sites are joined by a stretch of the polypeptide chain and short side chains carrying the imidazole functional groups on which the heme are attached. And, two years before the introduction of the Yang-Ling isotherm, the AI hypothesis has already provided an answer to
this apparent dilemma. It is what was then called the indirect F-effect, now renamed the AI
cascade mechanism, that turns distant sites to acts as if they were in close contact.
Nor does the AI cascade mechanism limit its bridging impact to similar functional
groups like the four heme sites. It could also involve other types of functional groups but
especially those on short side chains. In the following, I shall discuss two types of responses to oxygenation of the heme groups of that protein. One is known as the Bohr effect, which I shall discuss first. The other is what I call the R-T transformation also
initiated by the oxygenation and deoygenation of the heme groups. (For still other types
of prior findings that fit our model most of the time but not always, see Ling 1992, pp.
154–155.)
(i) The Bohr effect Now oxygenation involves the withdrawal of electrons from the
heme sites of hemoglobin (see Weissbluth 1974, p. 14.) According to the AI model, oxygenation would create an across-the-board decrease of c-value of prototropic groups (e.g.,
β-, and γ-carboxyl groups) and hence their pKa value. The net result is a change of some
weak acidic groups to stronger ones. Since stronger acids hold their H+ less tightly, some
of the bound H+ is liberated and released into the medium lowering its pH. This is of
course the phenomenon first described in 1904 by Danish physiologist, Christian Bohr
and known as the Bohr effect (Bohr et al. 1904.)
(ii) The R-T transformation As already mentioned, oxygenation withdraws electrons
from hemoglobin (see Weissbluth 1974, p. 14.) According to the AI hypothesis, this electron withdrawal lowers the respective c-value of the β-, and γ-carboxyl groups and the cvalue analogue of the backbone carbonyl groups. Since high c-value favors the formation
of salt linkages and the formation of salt linkages in turn reduces the motional freedom
or flexibility of the protein chains, oxygenation should reduce this rigidity and make the
protein more relaxed.
(Retroactive) experimental confirmation of this prediction has also been known long
before. Thus, the oxygenated hemoglobin has been often referred to as in the R or relaxed
state and that of the deoxygenated hemoglobin as in the tense or T state (see Weissbluth
1974, p. 23.)
By the same token, a rise of the c-value analogue as a result of deoxygenation should cause
the liberation of polarized-oriented water molecules with a gain of the entropy of the system.
This, too has been known for a long time (Manwell 1958) and interpreted on the basis of the
AI Hypothesis (Ling 1984, p. 519.)

As mentioned earlier, 11% of the total amino acid resides of hemoglobin are (the sum
of) aspartic and glutamic acid residues carrying respectively β-, and γ-carboxyl groups on
their respective short side chains. There are also an approximately equal percentage of
fixed cations. The simple law of electrostatic attraction predicts that in the absence of a
high concentration of competing salt ions in the medium, these fixed cations and fixed anions would be fully engaged in “salt linkages” (Speakman and Hirst 1931.)
With this in mind, the T to R transition brought on by oxygenation requires in theory
the participation of salt ions. In other words, the AI cascade mechanism which underlies
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a positive nearest neighbor interaction energy (−γ/2) requires — in the case of the NP
units of rbc cytoplasmic protoplasm — free ions in the medium. If that is a correct theoretical prediction, one would expect the magnitude of (−γ/2) to be related to the concentration of salt ions in the medium.
In fact, this was precisely what Enoki and Tyuma (1964) discovered and is shown in
two graphs reproduced here as Figures 18A and 18B. Figure 18A shows Hill plots of oxygen uptake of human hemoglobin in the presence of increasing concentration of NaCl in
the medium. Note that the slope of the plots, which equals the Hill coefficient n, increases
with the NaCl concentration. But the impact of salt ions is not limited to NaCl. Other
monovalent and divalent ions exercised similar influence (Figure 18B.) As pointed out repeatedly above, n is a function of the nearest-neighbor-interaction energy (−γ/2) as shown
in Equation 10.
In terms of the AI Hypothesis, the oxygenation-induced changes of heme sites described above belong to the category of spontaneous autocooperative transition as illustrated in Figure 13 A. Next we turn to another kind of spontaneous autocooperative
transition. This too occurs in the model of rbc cytoplasmic NP units in the form of a moderately concentrated solution of mammalian hemoglobin. But instead of prosthetic groups
like the oxygen-binding heme sites, we will be dealing with β-, and γ-carboxyl groups.
And, in place of oxygen molecules, the solute taken up by these β-, and γ-carboxyl groups
would be the alkali-metal ions, including Na+.

FIGURE 18. Effect of salt concentration upon
the oxygen binding of human hemoglobin. Hemoglobin concentration was 1.5 x 10-3 M or
10% (w/v.) A. Log-log plot of oxygen binding
in the presence of increasing concentration of
NaCl. The left-hand most line with open circles
was obtained in the absence of NaCl. NaCl concentration increased progressively toward the
right, reaching 1 M at the right-hand most curve
with open triangles. Note that the slope of these
curves equals the empirical Hill coefficient.
B. Plot of the Hill coefficient, n, with increasing
ionic strength of the different salts present in the
hemoglobin solution studied.
o-o NaCl; •-• KCl; Δ-Δ K2SO4; 䊐-䊐 MgCl2;
䊏-䊏 CaCl2; 䉱-䉱 MgSO4; ×-× KH2PO4
K2HPO4 (from Enoki and Tyuma 1964, by permission of The Japanese Journal of Physiology)
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3.1.1.2 Auto-cooperative Na+ binding on β-, and γ-carboxyl groups
There was once a strong taboo against the salt linkages idea (For details, see Ling 2005, top
of p. 12.) Max Perutz produced powerful evidence for their existence (Perutz 1969.) In 1984
another set of evidence for their existence appeared in print (Ling and Zhang 1984.)
Ling and Zhang titrated a 10% solution of bovine hemoglobin with an increasing
amount of NaOH. They recorded step by step both the pH and the free Na+ concentration
in the hemoglobin solution respectively with a pH and a Na+-specific glass electrode. By
subtracting the free Na+ remaining at each point from the total amount of Na+ added in
the form of NaOH, they determined the amount of adsorbed Na+ at each point.
First, they confirmed earlier repeated reports of very low Na+ binding in solution of untreated native hemoglobin (Ling and Zhang 1984, Table 1 on p. 224.) What came after the
introduction of NaOH was an altogether different story. From here on, for each fixed
cation (α-, ε-amino groups and guanidyl groups) neutralized by the OH− added, one Na+
would become bound to one of the newly liberated β-, and γ-carboxyl groups from the
salt linkages — as illustrated diagrammatically in Figure 19.
In theory, the (combined ) titration curves of all the fixed cationic groups should match
quantitatively the Na+-binding curve. Figure 20 shows that this is exactly what was found.
The points represent the different amounts of bound Na+ experimentally measured at different pH. The solid line going through or near these points is the combined theoretical
titration curves of all the α-amino groups, the ε-amino groups and the guanidyl groups in
this pH range. (The imidazole groups of the histidine residues are partly engaged in anchoring the heme groups and do not participate in salt-linkage formation.)
We now return to Figure 19, which illustrates the theoretical predictions we have just
confirmed experimentally. In addition, it also shows how close this diagram resembles the
diagram in Figure 5, describing the transition between the resting and active living state
of the nano-protoplasm. Only, instead of OH− anions that split the salt linkages, it is the

FIGURE 19. Diagrammatic illustration of the titration of hemoglobin with NaOH and its projected
(and affirmed) consequences of twofold unfolding of the α-helix by multilayers of water molecules
and of the salt linkages by Na+.
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FIGURE 20. Quantitative accord between the number of neutralized fixed cations (α-amino
groups, ε-amino groups of lysine residues and guanidyl groups of arginine residues) and the number of Na+ taken up by the (newly) liberated β-, and γ-carboxyl groups in the titration of a 10%
(w/v) bovine hemoglobin — as depicted in the preceding figure (Figure 19.) Points are experimentally determined Na+ taken up by the hemoglobin at different pH. Line going through or near
most of the experimental points is computed titration curve in an above neutral range based on the
known number of α-amino groups and ε-amino groups and guanidyl groups in 100 grams of bovine
hemoglobin. (from Ling and Zhang 1984)

combined activity of ATP and “congruous anions” and cation together that splits the salt
linkages and liberates the β-, and γ-carboxyl groups for K+ (or Na+) adsorption.
Now we ask if the Na+-titration curve is also auto-cooperative as in the heme-heme interaction? After all, both occur in the same hemoglobin molecule.
We can get the answer readily by first determining the ratio of the mole fraction of β-,
and γ-carboxyl groups binding Na+ over the mole fraction of the β-, and γ-carboxyl groups
not binding Na+. We can then make a log-log plot of this ratio against the free Na+ concentration in the medium according to Equation 5 and Figure 14A. If the transition is
auto-cooperative, one should find a curve with a midpoint slope (or Hill coefficient n)
higher than 1 and accordingly a nearest neighbor interaction energy − (γ/2) above 0. The
same data can also be put in the form of a Scatchard plot (see Figure 14C.) If the data are
autocooperative, the data points should follow a course concaving downward.
The answers to both questions are positive. But only the Scatchard plot is shown here
(as Figure 21.) The pronounced concavity of the plot indicates strong auto-cooperativity
of the binding of Na+ on the liberated β-, and γ-carboxyl groups of the hemoglobin. Like
in the case of heme-heme interaction, the observed − (γ/2) is also a positive equal to 0.824
kcal/mole, corresponding to an even higher Hill coefficient of 4.0.
There are two more sets of valuable insights that the Ling-Zhang study described above
have revealed:
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FIGURE 21. Scatchard plot of the adsorption of Na+ on bovine hemoglobin in a 10% (w/v) solution titrated with NaOH. The strong downward concavity shows highly auto-cooperative adsorption.
−γ/2 = 0.824 kcal/mole. Straight line indicates a non-cooperative adsorption with −γ/2 = 0
kcal/mole. (from Ling and Zhang 1984)
(i) the one-on-one, close contact adsorption of Na+ on the β-, and γ-carboxyl groups
To make certain that the Na+ taken up by hemoglobin (and thus becoming “invisible” to
the Na+-sensitive electrode,) is indeed engaged in one-on-one close-contact adsorption according to the AI Hypothesis, we studied the influence of four other alkali-metal ions, Li+,
K+, Rb+ and Cs+ on the binding of Na+. Now, these four alkali metal ions differ from each
other and from Na+ only in their respective short-range attributes (e.g., size), which cannot
be perceived unless they are in close-contact. Thus, if the Na+ taken up exists not in closecontact adsorption but only as part of an ion cloud hovering around the fixed anion, then the
displacements by each one of four alkali-metal ions exercise on the adsorbed Na+ would be
identical, since the respective long-range attributes of the four cations as (hovering) univalent cations are identical.
The data actually obtained show that the effectiveness of the four alkali metal ions tested
in displacing Na+ from binding is all different. This leaves no doubt that each of these alkali
metal ions is adsorbed on the β-, and γ-carboxyl groups in a one-on-one close contact manner. In addition, the data show that the rank order of preference in their adsorption follows
the sequence Li+ > K+ > Rb+ > Cs+ — indicating that the the β-, and γ-carboxyl groups on
which they are adsorbed are in a state of high c-value. Keep this in mind, because we are
going to come back to it below.
(ii) the maximum number of β-, and γ-carboxyl groups liberated from salt linkages by
NaOH
Figure 20 shows that as pH increased, the number of Na+ bound eventually reached a
plateau. That maximum plateau number of Na+ bound per hemoglobin molecule matches the
total number of β-, and γ-carboxyl groups that the (bovine) hemoglobin molecule possesses,
i.e., 64 per hemoglobin molecule or 100 mmole per 100 gram of hemoglobin as shown in
Figure 20 or 1 mmole per gram (Dayhoff 1972, p. D-61.)

In the next section, we return to Figure 19 once more to witness another global change
in a solution of hemoglobin brought about by the addition of NaOH.
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3.1.1.3 Multilayer adsorption of water molecules on the exposed NHCO groups of
hemoglobin
According to the AI Hypothesis, side by side with the auto-cooperative binding of Na+ on
the OH-liberated β-, and γ-carboxyl groups, there should be (i) an auto-cooperative transition of the polypeptide chain. As a result, (ii) the polypeptide chain should switch from
its original α-helical folded conformation to the fully-extended conformation. (iii) That
switching in turn should bring about the polarization and orientation of the bulk-phase
water. (iv) And the polarized-oriented water would then demonstrate size-dependent
solute exclusion (Ling 1993.)
All these predictions, too, have been confirmed.
Figure 22A shows the equilibrium distribution of solutes of different molecular size between a 30% native-bovine-hemoglobin solution inside dialysis sacs and the surrounding
medium of buffered water. Without exception, the plot for each solute is a straight line,
indicating that all, or virtually all of the solute is dissolved in the water within the dialysis bags and none, or virtually none, adsorbed on the hemoglobin. The slope of each of
these straight lines, which equals the q-value of that solute, is uniformly close to 1. This
unity q-value shows that for solutes as large as raffinose and smaller, the water in a 36%
native hemoglobin solution is not significantly different from that of normal liquid water.
(However, see p. 173 below.)
In contrast, Figure 22B shows the equilibrium distribution of similar solutes between
NaOH-denatured hemoglobin solution in the dialysis sacs and the surrounding water at a
pH close to 12. These plots are also straight lines but with slopes (and hence the q-values
of each solute) as a rule different from unity. Taken as a whole, these data follow the “size
rule”. That is, the larger the molecular volume of the solute, the lower the slope and hence
q-value — in accordance with the subsidiary theory of solute exclusion of the POM theory, nicknamed the size rule.
The two sets of data presented in detail in Figure 22 are presented a second time in an
inset (Inset A) of Figure 23 under the respective labels of “native Hb” and “NaOH Hb.”
Here, the format of the plots is different. The ordinate now represents the q-value of each
solute obtained from the slopes of the individual (straight) lines of Figure 22. The abscissa
here represents (the logarithm of) the molecular volumes (in units of cm3 or cc) of the
solutes under study. The top curve of the inset shows in a different way the more or less
constant q-value near 1 for all the solutes investigated in a neutral native hemoglobin solution. In contrast, each solute in the study of NaOH- denatured hemoglobin has a different q-value and when viewed together as in Figure 23 Inset A, the plot is Z-shaped,
indicating size-dependent exclusion.
Inset B of Figure 23 shows a different mechanism — than exposure to high pH — that
can also produce water polarization-orientation and size dependent solute exclusion in a
protein as well as non-protein polymer solution.
Here it is molecular structural reasons that make both gelatin and polyethylene oxide
(PEO) stay in the fully-extended conformation. The PEO chain does not carry positivelycharged sites like the NH groups of the normal polypeptide bond and therefore cannot
form α-helical folds. Gelatin, on the other hand, contains a large percentage of proline
and hydroxyproline. These exceptional amino-acid residues also do not possess the
positively charged H groups on the N atom of the unusual peptide groups. In addition,
gelatin also contains a large percentage of glycine residues which have a low “α-helical
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FIGURE 22. A. Equilibrium distribution of various solutes in a neutral solution of bovine hemoglobin (39%) after a 5-day incubation at 25°C. Solution contained 0.4 M. NaCl. Ethylene glycol •,
glycerol 䉭, erythritol 䊐, D-xylose +, sorbitol 䉱, mannitol 䉫, trehalose 䊏, raffinose 䊊. B.The equilibrium distribution of various solutes in an alkaline solution containing 20% bovine hemoglobin
and 0.4 M. NaOH. Incubation time and temperature same as in A. (from Ling and Hu 1988)
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FIGURE 23. The (true) equilibrium
distribution coefficient or q-value of 21
nonelectrolytes in frog muscle cells
plotted against the logarithm of their respective molecular weights. Insets show
similar q-w plots in native and NaOHdenatured bovine hemoglobin (top inset)
and of solutions of gelatin and polyethylene oxide (PEO.) (from Ling, Niu and
Ochsenfeld 1993)

potential” (see p. 132) and thus prefer not to form α-helical folds. Together, they make
gelatin stay mostly if not entirely in the fully-extended conformation (Ling 1978, 1985;
Ling and Ochsenfeld 1991; Ling et al 1980, 1980a;.) For all these reasons, both PEO and
gelatin polarize and orient the bulk phase water which then show size dependent solute
exclusion. In each of these cases, the q-values of large solutes reach values substantially
below unity.
All three cases (solutions of NaOH denatured hemoglobin, gelatin and PEO) cited thus
far belong to what I call the NP-NP-NP system as discussed on p. 134 with the help of
Figure 10.
Figure 24 shows what I call the case of the marching microspheres. Here, instead of
studying aqueous solutions of linear oxygen-containing polymers like PEO and polyvinyl
alcohol (PVA) (Ling et al 1980), Zheng and Pollack (2003) studied polyvinyl alcohol
(PVA) in the form of a solid PVA-gel surface. The five snapshots shown in Figure 24 were
taken at time intervals indicated. Together they show these giant probes of coated microspheres as large as 1 micrometer in diameter marching away resolutely from the PVA gel
surface as a result of a similar exclusion mechanism that operates in a PEO solution
(NO-NO-NO) system.
On the basis of the very limited information available, I have come to the conclusion that
this exclusion of the coated microspheres is not entirely due to the volume factor, represented
by vi ᐁvp in Equation 4. To a substantial extent, this exclusion could be due to an unfavorable surface factor described by the vi ᐁs in that same equation.
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FIGURE 24. Time lapse photography of the emergence and progressive widening of a clear, exclusion
zone away from the NP-NP (or NO-NO) surface of
a polyvinyl alcohol gel — for the gigantic 2 μmwide carboxylate-coated latex microsphere probes.
(from Zheng and Pollack 2003, by permission of
The American Physical Society)

These pictures of the marching microsphere offer a most dramatic visual verification of
the POM theory of solute exclusion in particular and the AI Hypothesis in general. In parallel with this, there were also new theoretical development of the theory of long-range,
indeed ad infinitum, water polarization and orientation mentioned above on p. 133 as well
as the technological advance in vapor sorption studies of biological systems at saturation
vapor pressure (Ling and Hu 1987) that led me to write the review entitled; “The Convergence of Theoretical and Experimental Breakthroughs Affirms the PM Theory of Dynamically Structured Cell Water on the Theory’s 40th Birthday” as the first chapter of a
book on Water and the Cell edited by Pollack et al. (Pollack et al 2005.)
I conclude this section with a table (Table 4.) It is introduced here to serve three
purposes.
First, it shows yet another way of producing fully-extended protein chains by the action of concentrated urea, which unravels the α-helical folds.
Second, it shows that all ten proteins studied, including hemoglobin, responded to high
urea concentration by undergoing an all-or-none transformation from the “native” folded
conformation to a fully-extended conformation, which in turn, makes the bulk-phase
water exhibit size dependent solute exclusion. As an example, radioactively-labeled urea
with a (small) molecular volume of 49.6 cc (and possibly a favorable surface structure that
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TABLE 4. A comparison of the D-values of 3H-labeled urea and that of 14C-labeled sucrose
in the same water in solutions of ten different proteins all denatured by the presence of
9 M urea in the solution. The numbers in the parenthesis following the ρ-values of urea are
from left to right: the number of individual assays made, the total number of sets of
experiments performed, the percentage of water in the urea-denatured protein solution and
the pH of the solution. (from Ling and Ochsenfeld 1989)

fits well into the surrounding polarized-oriented water structure), shows an average
ρ-value of 1.002 while in the water of the very same solution, the ρ-value of sucrose —
with a molecular volume of 342.3 cc. — is only 0.732.
Third, this set of data has also an important historical significance. It has reversed the
world-shaking conclusion of A.V. Hill made in 1930 that cell water is normal liquid water
because it does not exclude urea. It was this conclusion of Hill that had put to rout the
protoplasm-oriented cell physiologists worldwide, who believed that at least some cell
water is bound and thus “non-solvent.” (Hill 1930; Hill and Kupalov 1930.) Now we
know better. (For more details, see Ling 2001, pp. 38–39, 100–101.)
Indeed, the main curve to the left of Figure 23 shows the solute distribution in the
same kind of tissue Hill studied, frog muscle. As such, it at once confirms the near unity
q-value(s) of urea (and ethylene glycol) and the size-dependent exclusion of sucrose and
a host of probes of larger sizes within the same or similar cell water.
3.1.2 Controlled auto-cooperative transition
3.1.2.1 Control of heme-heme interaction by cardinal adsorbents including ATP
From way back, investigators of the oxygenation and deoxygenation of hemoglobin had
noticed a profound difference in the affinity for oxygen of isolated pure hemoglobin in solution from that of hemoglobin in living red blood cells. Comparing the oxygen binding
of isolated hemoglobin shown in Figure 17 with the oxygen binding curve of hemoglobin
in intact human red blood cells shown in the inset of Figure 16, you will quickly reach
the same conclusion. Thus, in Figure 17, the oxygen tension that produces half saturation
of the heme sites is 10 mm Hg. The corresponding oxygen tension that produces half
saturation in intact red cells is three times higher at 30 mm, Hg.
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Put in a different way, a solution of purified hemoglobin would not be able to deliver
oxygen from the lungs to the peripheral tissues for the same reason that myoglobin would
not be able to deliver oxygen to the peripheral tissues: both hold onto the oxygen too
tightly and would not release it where it is needed. Thus, a hemoglobin solution is not in
the normal living state to operate physiologically. To maintain the nano-protoplasm in the
normal living state, it requires the binding of a suitable cardinal adsorbent in the form of
ATP (or its equivalents, like 2,3-DPG) as shown in Figure 5. Of course, we know that
human red blood cell in its resting living state does contain ATP and 2,3-DPG, but to
make sure that it is indeed the ATP or 2,3-DPG (binding) that brings about the reduced affinity of the heme sites for oxygen, we need precise quantitative experimental data again.
Once more, we are lucky in having access to another set of very accurate data of Benesch and Benesch (1969) on both the impact of 2,3-DPG and of inosine hexaphosphate
(IHP) on the oxygen binding of human hemoglobin. Soon we discovered that both sets of
data fit our theoretical curves well. To save space, only the set with IHP as the cardinal
adsorbent is reproduced here as Figure 25. Again the points are experimental and the lines
theoretical computed on the basis of the following equation:
[pi]ad = {g/2} [C]ad Ωc + {g/2} {[F] − [C]ad} Ωo ,

(11)

where [pi]ad is the concentration of the ith solute (oxygen in the present case.) g is the
number of cooperatively linked regular adsorption sites (heme sites). [C]ad is the concentration of cardinal sites occupied by the cardinal adsorbent. Ωc and Ωo are basically as defined in Equation 8 on p. 143. The subscripts C and O indicate that the regular adsorption
sites for the ith solute in gangs under the domination of the cardinal adsorbent C and those
not under the dominance of a cardinal adsorbent. Other relevant information can be found
in the legend of Figure 25.
The most striking revelation of these first-rate data is that (the adsorption of) inosine
hexaphosphate (IHP) dramatically reduces the affinity of hemoglobin for oxygen. Given
as the free energy of binding, the free energy of oxygen binding falls from −6.63
Kcal/mole to only −4.71 Kcal/mole. We will return to this issue below.

FIGURE 25. Oxygen uptake by human
hemoglobin in the presence of different
concentrations of inosine hexaphosphate
(IHP). Points are experimental from Benesch and Benesch (1969). Lines are
theoretical based on the Yang-Ling adsorption isotherm. Number at the ends of
different lines refer to concentration of
IHP: (1) no IHP; (2) 1.2 x 10−5M; (3) 2.4
x 10−5 M; (4) 3.5 x 10-5 M; (5) 4.8 x
10−5 M; (6) ∞ IHP. Values of parameters
used are as follows: K0 =3.33; Kc =0.67
(mm Hg)−1; −(γ0/2) = 0.39 kcal/mole;
−(γc/2)= 0.21 kcal/mole; c = 4.2 x 10−4
(M)−1; −(Γ/2) = 0.68 kcal/mole. (from
Ling 1970)
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Of equal, or perhaps greater importance, is the finding of ATP’s similar ability to reduce the affinity of hemoglobin for oxygen (Benesch and Benesch 1967; Chanutin and
Curnish 1967.) However, so far I have not been able to locate quantitative data like those
of the Benesch’s on DPG and IHP. Nonetheless, there is no doubt that ATP performs the
same function as an electron-withdrawing cardinal adsorbent or EWC as illustrated for
(2,3-DPG and) IHP in Figure 13B.
As pointed out before, hemoglobin does not possess ATPase activity. This makes ATP
and 2,3-DPG coequals, both serving the same basic function of a cardinal adsorbent —
without the complication of the ATPase activity of some more specialized cardinal sites
in other more complicated forms of protoplasm.
3.1.2.2 Control of the dynamic structure of bulk-phase water
The work referred to in the above title has not been published yet. For this reason, only a
short summary of the essence of this work will be given on p. 222 under the concluding
section entitled Discussion.
3.2 In vivo studies of the nano-protoplasm as a part of a living cell
Thus far, the studies of the binding of oxygen and of Na+ were carried out in solutions of
salt and hemoglobin as an ultra-simple model of the rbc cytoplasmic nano-protoplasm in
specific and protoplasm in general. Furthermore, in the presence of suitable cardinal adsorbent, be it ATP, 2,3 DPG or IHP, they can carry out their major physiological function
of oxygen transport, matching that observed in a population of intact human red blood
cells. Indeed, in more than one way, this concordance between theory and experimental
facts went far beyond our fondest hopes.
From here on, our studies would move to normal protoplasm as part of living cells.
Since according to the association-induction hypothesis, the cardinal adsorbent ATP is an
integral part of the living nano-protoplasm, a study of normal living cells is a study of the
protein-salt ion-water assembly under the domination of ATP. In other words, all the
study of living cells, regardless of which cell physiological activity is studied, is a study
of the equivalents of the 2,3-DPG- , or IHP- or ATP-dominated hemoglobin-salt ionwater system as a whole — rather than the equivalent of an assembly of hemoglobinsalt ion-water system by itself in the absence of the controlling cardinal adsorbent.
Ideally, the theory of protoplasm as an auto-cooperative assembly of similar or dissimilar nano-protoplasm units should be tested on all living phenomena. In a limited
sense, that has been what I and my associates here and abroad have been doing from 1952
on. And the results have been presented in my four books (Ling 1962, 1984, 1992 and
2001) but especially in the first two. The reader can also get a glimpse of the list of
topics addressed from the reproduced tables of contents in the websites:
<ww.gilbertling.org/lp7a.htm> and <www.bioparadigma.narod.ru/ling.htm>
In an article like the present, my review would be limited to the four classic cell physiological topics: (i) solute distribution, (ii) solute permeability, (iii) cellular electric potential and (iv) cell volume control. It should be pointed out that these four subjects have
been the foci of the thinking of most cell physiologists since the cell was first discovered
as the basic unit of life.
In addition, I shall demonstrate also the following: (i) the concordance between theory
and experimental observations is not limited to a specific kind of cell but among cells or
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even organelles of widely different origin and specific chemical makeup; (ii) the overwhelming dominance of the role of β-, γ-carboxyl groups and the backbone NHCO
groups in all the physiological activities investigated; (iii) in all cases, the Yang-Ling adsorption isotherm is used to check and verify the concordance between theory and facts
and as a way of extracting critical quantitative data from the raw experimental findings.
Each of these sections begins with a list of key review articles that describe the historic
background of the subject and preferably in articles that are also reachable online with no
restriction. Following this list, there would be a section on the quantitative theoretical formulations for that specific physiological phenomenon. Details of experimental studies and
their analysis then follow.
3.2.1 Distribution of solutes in the living cell and its control
Reviews: Troshin 1966; Ling 1962 Chapt. 9; 1984 Chapt. 11, 1992 Chapt. 8; 2001 Sect.
15.1; Ling 2005.
3.2.1.1 Theory
In 1965, I introduced a general equation for solute distribution in living cells (Ling 1965b,
p. 99.), given as Equation A6 on page 284 of Ling 2001. In this general equation I assumed the existence of n different types of adsorption sites for the ith solute. (However,
see p. 220 in Discussion to follow, for final verdict on the validity of this assumption.)
[pi]in = α qi [pi]ex + [f]1 Ω1 + [f]2 Ω2 + …… + [f]n Ωn .

(12)

The first term of the right-hand side of Equation 12 refers to free solute dissolved in the
cell water; the second and succeeding terms refer to adsorbed solute on each of the n types
of adsorption sites. [pi]in and [pi]ex are respectively the equilibrium intracellular and
extracellular concentration of the ith solute. α is the water content of the cell in weight
percentage. qi is the equilibrium distribution coefficient of the ith solute between the cell
water and that in the surrounding medium. [f]1, [f]2, ... [f]n are the concentration of the
first, second and nth adsorption sites. The Ω’s are the corresponding symbols as defined
in Equation 8 on page 143.
In the case, where the living cell under study contains only one type of adsorption site
for the ith solute, Equation 12 would be reduced to a two term equation as follows:
[pi]in = α qi [pi]ex + [f] Ω .

(13)

When the only existing type of the adsorption sites demonstrates no site-to-site interaction, Equation 13 reduces to a form first introduced by A.S. Troschin (Troshin 1951.)
Known as the Troshin equation (See Ling 2001, Equation A1 on page 282,) it can be written in the following form:
[pi ]in = αq i [pi ]ex +

[f ][pi ]ex K i
,
1 + K i [pi ]ex

(14)
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where Ki is the adsorption constant of the ith solute on the (only one type of) adsorption
site in units of (moles/liter)−1. The second term on the right hand side is the Langmuir
adsorption isotherm. When there are two types of solute competing for the single type of
adsorption sites, Equation 14 can be written as
[pi ]in = αq i [pi ]ex +

[f ][pi ]ex K i
.
1 + K i [pi ]ex + K j [p j ]ex

(15)

which , in turn, can be also written in the reciprocal form:
K ⎛ [p j ]ex ⎞ 1
1
1
= i ⎜1 +
+
.
⎟
[pi ]in [f ] ⎝
K j ⎠ [pi ]ex [f ]

(16)

A plot of 1/[pi]ad as ordinate against different values of 1/ [pi]ex as abscissa would yield a
straight line with its slope determined by the concentration of the jth competing ion and
the adsorption constants of both the ith and jth solutes. In form, this reciprocal plot is
identical to what is familiar to many readers as the Michaelis-Menten plot in enzyme kinetics. From the slopes and intercepts all the unknown quantities can be determined.
3.2.1.2 Results of experimental studies on the distribution of water and solutes
a. Water
Historically speaking, the mature plant cell is a red herring. Its possession of a large
amount of ordinary liquid water contained in its huge central vacuoles misled Theodor
Schwann into the belief that all living cells are membrane-enclosed puddles of salty but
otherwise perfectly normal liquid water. As mentioned above, and as an integral part of
the association-induction hypothesis, the POM (or PM) theory of cell water was introduced in 1965 (Ling 1965.) However, not until 2004 was it made explicitly clear that the
only theory of cell water that meets all three sets of decisive findings is the polarized-oriented multilayer (POM, PM) theory of cell water (Ling 2004.)
Now, according to the POM theory of cell water, it is a matrix of fully extended protein chains that provide the alternatingly negative oxygen atoms of the CO groups and the
positive H atom of the NH groups that polarize and orient the cell water in the dynamic
structure of polarized-oriented multilayers. The excess water-to-water interaction energy
is relatively speaking weak but highly (auto-)cooperative. As such, one would expect that
in an environment of increasing vapor pressure, the living cell would take up little water
until the vapor pressure reaches a very high value. This expectation was confirmed in
1970 by Ling and Negendank (1970.)
Figure 26 shows the vapor sorption isotherm of surviving frog muscle cells reported by
Ling and Negendank (1970.) It is an unusually steep-rising curve. Indeed, fully three
fourths of the water taken up occurs at relative vapor pressure above 95%. The tragic
irony is that the vast amount of fine water vapor sorption data on isolated proteins in the
literature were limited to relative vapor pressure below 95%. That is so with one striking
exception: the extensive study of water sorption of proteins and other bio-materials by
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FIGURE 26. Water vapor sorption of
strips of intact frog muscle cells from
relative vapor pressure of 0.043 to
0.996. Sterilely isolated muscle strips
hung in vapor phase of stoppered glass
tubes, which were entirely immersed in
a constant temperature water bath maintained at 25° ±0.05°C for five days.
(Ling and Negendank 1970)

J.R. Katz (Katz 1919.) His data cover relative vapor pressure all the way to 100% saturation. In admiration, I reproduce in Table 5 two sets of his original reported findings. They
are respectively on hemoglobin and on gelatin. And what striking difference in the water
vapor sorption the pair of proteins has revealed — only to be largely ignored by most later
workers.
In hemoglobin, there is a small additional gain from 0.500 gram of water per gram of
protein to 0.710 g/g when the relative vapor pressure rose from 0. 965 to 1.000. In sharp
contrast, the gain for gelatin rose from 0.641g/g to to 4.0 g/g from the same increase of
relative vapor pressure from 0.965 to 1.000.
In years after, most investigators of protein hydration followed the lead of the hemoglobin data, which showed little additional uptake of water vapor at relative vapor pressure higher than 0.95 in the belief that crystalline hemoglobin represents the good,
TABLE 5. J. R. Katz’s original data on the water vapor sorption of oxyhemoglobin and of
gelatin at from 0 to 100% vapor saturation. (from Katz 1919)
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“native” protein and that gelatin, which they believed to be bad or denatured is ignored.
However, a comparison of the data of Table 5 with the data shown in Figure 26 shows that
it is just the opposite. The (denatured) gelatin is in a state much closer to the water-sorbing proteins in living cells.
There is another reason that very few studied water vapor sorption at near saturation
vapor pressure as J. R. Katz did almost two centuries ago. That is the extreme slowness
in reaching vapor diffusion equilibrium. It took months of incubation for J. R. Katz to get
the data he published. However, he was not sure that that was long enough. So he put a ±
sign in front of his figures for gelatin at 100% vapor pressure.
Eventually, Ling and Hu introduced a new method called “the Null Point Method”
which shortens the time of equilibration to only five days (Ling and Hu 1987.) Using this
method, they studied not only the water sorption at near saturation of gelatin — proving
that Katz was right in putting a big ± sign in front of his number of 4.6. For in our studies with the null-point method, the water uptake of gelatin at near saturation reached 5.50.
As a model of the living protoplasm, gelatin shows that it is in a fully-extended conformation under most circumstances. That gives it the high level of water vapor uptake at
physiological vapor pressure (0.996), matching that seen in living frog muscle cells.
Using the Null Point method, Ling and Hu also studied other simple models beside
gelatin, including various oxygen-containing linear polymers like polyvinylpyrrolidone
(PVP), polyethyleneglycol (PEG), polyvinyloxide (PEO.) As also shown in Figure 27, the
water uptake of these polymers can be even higher than either gelatin or frog muscle cells.
Then at the lower part of the graph, we see hemoglobin and another so-called native protein, γ-globulin. Both take up much smaller amounts of water — again in full harmony
with our model of nano-protoplasm as depicted in Figure 5.

FIGURE 27. Equilibrium vapor sorption of three
proteins (gelatin, hemoglobin and γ-globulin) and
three linear oxygen-containing polymers (PEO,
PVP 360 and PEG-800.) In addition, a stretch of
the vapor sorption data of frog muscle from the
preceding figure and the vapor pressure of frog
Ringer’s solution are also included for comparison. Data obtained with Ling and Hu’s new NullPoint Method. (from Ling and Hu 1987)
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b. Ions
A striking feature of the living cell is its ability in maintaining in itself a very high level
of K+ but a low level of (the highly similar) Na+ — from an external environment containing little K+ but an overwhelming abundance of Na+. It is no surprise that the well
known (and less well known) theories of the living cell were all built around this outstanding physiological attribute.
As examples, both the atomic sieve version and the pump version of the membrane theory were designed to cope with this asymmetry in ion distribution. In addition, the association induction hypothesis also began in 1952 with a non-energy consuming mechanism
for this K+ over Na+ selectivity under the title of Ling’s fixed charge hypothesis. The more
up-to-date model of the nano-protoplasm as illustrated in Figure 5 prescribes at once a
mechanism of selective adsorption for K+ accumulation and bulk-phase water polarization-orientation to produce a low q-value for the partially excluded Na+ (Cl−.)
By the same token, nano-protoplasm in its resting living state contains the principle
cardinal adsorbent ATP, which is the final product of energy metabolism. So much for a
general introduction for the subject of selective K+ accumulation in living cells.
Next, we begin our more focused discussion on selective ionic accumulation with the
main figure of Figure 16 on p. 148, a plot of the equilibrium distribution of K+ in frog
muscle at varying external K+ concentration shown on the abscissa and a constant concentration of Na+ at 100 mM. It is obviously also an S-shaped curve very much like the
oxygen-binding curve of hemoglobin in intact red blood cells shown in the inset and to
which we have referred to repeatedly above. This similarity in two totally different physiological manifestations in two totally different kind of living cells affirms the concept of
a shared fundamental physical basis of all life, the nano-protoplasm. Actually, the similarity goes even deeper as what follows demonstrates.
Figure 28 shows a log-log plot of the K+/Na+ distribution in isolated frog muscle, which
too bears striking similarity to the oxygen binding curve in a similar log-log plot as shown
in Figure 17 on p. 150.

FIGURE 28. Log-log plots of the equilibrium distribution of K+ and Na+ in isolated normal frog muscle.
External Na+ concentration in the bathing medium
was held unchanging at 100 mM while the K+ concentration was varied. Points are experimental. The
distance between the two horizontal bars is equal to
twice the standard errors of the mean, each point representing at least four determinations. Solid line
going through or near most of the points is theoretical, calculated according to the Yang-Ling isotherm
with K∞Na→K = 100 and −γ/2 = 0.62 kcal/mole.
Dashed straight line shows a non-cooperative adsorption. (from Ling and Bohr 1970, by permission
of the Biophysical Journal)
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Like Figure 17, the points in Figure 28 are experimental and the line is theoretical —
indeed, it is the same Yang-Ling isotherm (Equation 5) that describes the oxygen binding
data of Lyster shown as Figure 17. Here, the K∞Na→K is equal to 100 equivalent to a
ΔF∞Na→K of 2.74 kcal/mole. The −(γ / 2) is equal to 0.62 kcal/ mole, equivalent to a Hill
coefficient n of 2.9 — to be compared with the −(γ / 2) of 0.67 kcal/mole and a Hill coefficient of 3.1 in the binding of oxygen on human hemoglobin shown in Figure 17.
The auto-cooperative adsorption of K+ and Na+ in protoplasm that makes up the frog
muscle cells has also been repeated in other types of protoplasm making up other types
of living cells. They include the smooth muscle cells of canine carotid arteries (Gulati
1973), guinea pig taenia coli — a narrow bundle of smooth muscle running along the
length of the intestine (Reisin and Gulati 1973) and human lymphocytes (Negendank and
Shaller 1979.) All can be quantitatively described by the same Yang-Ling adsorption
isotherm. Furthermore, the K∞Na→K and −(γ / 2) values derived from the data are not far
from those obtained from the frog muscle (Figure 28); nor from the ultra-simple model of
red blood cell nano-protoplasm under the control of 2,3-DPG, IHP and ATP.
There are extensive evidence that the adsorption sites for the K+ or Na+ described are
β-, and γ-carboxyl groups. And these evidence have been reviewed repeatedly in recent
publications (Ling and Ochsenfeld 1991; Ling 2005, pp. 42-44.) Only one set is reproduced here as Figure 29A.
But before discussing the data, I need to remind the reader that data already shown in Section 3.1.1.2 and yet to be shown below in Section 3.2.1.2.2 have established the basic fact
that both K+ and Na+ occupy the same sites, only their binding energies differ. Thus, one can
investigate the nature of their common binding sites, with either K+ or Na+ as the probe. At
the time we did this study we only had on hand some long-lived 22Na but no access to shortlived 42K. For this reason, we used the labeled Na+ for our study of the adsorption sites that
in normal cells are as a rule occupied by K+.

Figure 29A is a plot of the number of μmoles of labeled Na+ bound to each gram of
frog muscle nano-protoplasmic proteins at different pH’s. This curve shows that all the
binding sites for Na+ (or K+) have a uniform pKa of 3.85 and a total concentration above
70 μmoles /g. β-, and γ-carboxyl groups alone exist in high enough concentration in this
(and other) type of living cells and all have the matching pK (3.65−4.7) (Stecher 1968, p.
107; Edsall & Wyman 1958, p. 534) to fill this role. This agreement affirms the basic postulation of the AI Hypothesis that β-, and γ-carboxyl groups are the adsorption sites for
K+ and Na+ found in most if not all living cells.
c. Nonelectrolytes
Figure 30 presents linear plots of the equilibrium concentrations of 9 nonelectrolytes in
living frog muscle cell water against those in the bathing medium. Like its in vitro counterpart, shown in Figure 22, these and 12 other plots of still other solutes studied are all
straight lines. The slopes of these straight lines yield the q-values of the solute studied. In
Figure 23, the data points are plotted against the molecular weights of the nonelectrolytes.
In this case, the Z-shaped curve that fits part of the data points are by visual inspection.
Seven points apparently are too high to be consigned to the same curve.
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FIGURE 29. Identifying as β-, and γ-carboxyl groups, both the sites in muscle cytoplasm that adsorb K+ ( and Na+) and the sites on muscle cell surface that mediate K+ entry. A. Equilibrium uptake of labeled Na+ at different pH by 2 mm wide muscle cell segments with open ends. After due
corrections had been made the titration curve shows an inflection point at a pH of 3.86. This led to
the conclusion that the β-, and γ-carboxyl groups belonging mostly to myosin offer the adsorption
sites. B. Effect of pH on the rate of entry of labeled K+ into intact frog muscles. Corrected titration
curve shows an inflection point at a pH of 4.6, again suggesting β-, and γ-carboxyl groups of cell
surface proteins mediate K+ entry. (A from Ling and Ochsenfeld 1991. B from Ling and Ochsenfeld 1965, by permission of the Biophysical Society)

FIGURE 30. Equilibrium distribution of nine nonelectrolytes in frog muscle cell water against their
respective concentration in the bathing medium. Names and symbols of each of the nonelectrolytes
are given in the graph. (Ling, Niu and Ochsenfeld 1993)
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In Figure 31, on the other hand, the same set of all the data points are presented in the
inset on the left lower corner of the graph. Here the q-values are plotted against the
respective molecular volume of each solute, but there are two theoretical curves both
based on Equation 4 on p. 136.
Only here, the seven seemingly aberrant points of Figure 23, prove to be not aberrant
at all. Instead, they demonstrate the same ᐁvp value of 126 cal/more but different ᐁs.
values. The ᐁs. of the curve that fits the lower groups of points is 119 cal/mole but the
curve that fits the higher group of points has a ᐁs. of 156 cal/mole. Five of these seven
nonelectrolytes with the higher ᐁs. are established cryoprotectants. That is, chemicals
when added to the freezing mixture of living tissues to be preserved at liquid-nitrogen
temperature, protects the tissue from freezing or thawing injury. A sixth chemical (urea)
could also be a cryoprotectant if it were not also a protein denaturant
3.2.1.3 Results of experimental study on the control of solute distribution
3.2.1.3.1 Control by ATP
a. Ions
Figure 32 shows the linear relationship demonstrated by Gulati et al (1971) between the
K+ and ATP concentration in the same slowly dying frog muscle cells. Note that it does
not matter what poison was used to bring about the slow death. Essentially the same linear
relation between ATP and K+ concentration holds. This indifference to the nature of the
poisoning step emphasizes that the deprivation of ATP — the end-product of all energy
metabolism — is the critical cause of the decline of K+ adsorption — in full support of
the role of ATP as the critical cardinal adsorbent depicted in Figure 5.

FIGURE 31. The equilibrium distribution
coefficients (q-, and ρ-values) of various
nonelectrolytes in a neutral solution of 36%
bovine hemoglobin (solid triangles) and in
the water of killed Ehrlich ascites cells (open
circles) against the molecular volumes of the
respective nonelectrolytes. The solid line
going through or near most of the experimental points are theoretical according to
Equation 4 on p. 136. with an ᐁvp equal to
3.8 cal/mole. The inset shows q-v plot of living frog muscle cells. The solid lines going
through or near most data points are theoretical according to Equataion 4 with ᐁvp equal
to 126 cal/mole, as are their outlines also
drawn on the main graph. (from Ling 2005a)
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FIGURE 32. The relationship between the equilibrium concentration of K+ and that of ATP in frog
muscle cells exposed to a wide variety of poisons at 25° C. To insure the attainment of diffusion
equilibrium the muscles were transferred after varying length of time in the 25° C solution to a 1°C
solution for 2 to 4 hours before being readied for analysis. The simple straight line relationship between K+ and ATP concentrations seen here may be dependent on this second incubation. (For other
results obtained without this second trip to 1° C, see Figure 8.19 on p. 193 of Ling 1992.) (from
Gulati, Ochsenfeld and Ling 1971, by permission of Biophysical Journal)
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Figure 33 shows the parallel time courses of change of ATP and K+ — which confirms
what has already been shown in Figure 32. In addition, Figure 33 also shows an anti-parallel time course of Na+-concentration change There are two alternative interpretations of
the anti-parallel Na+ concentration change.
In the first interpretation, all the extra Na+ gained with time is adsorbed, displacing an
equivalent amount of K+ normally adsorbed on the β-, and γ-carboxyl groups. In the second interpretation, the Na+ gained is free Na+ dissolved in the cell water in consequence
of a steady increase of the q-value of Na+ (as chloride) in a depolarizing and disorienting
cell water. This increasing depolarization and disorientation of the cell water parallels the
time course of ATP depletion.
The fact that sucrose, also shows a rising time course in parallel with the Na+ time
course favors the second interpretation. That is, the binding of ATP controls both the selective adsorption of K+ and the exclusion of Na+ (and sucrose.) In poisoned muscle cells,
ATP depletion causes the concomitant loss of cell K+ and gain of dissolved cell Na+ by at
once lowering the c-value of the β-, and γ-carboxyl groups and the c-value analogue of
the backbone carbonyl groups.
Both Figure 32 and Figure 33 also show that with the total disappearance of ATP, the
muscle cells no longer selectively accumulate K+, nor do they exclude Na+ or sucrose. In
addition, they also lost their normal softness and flexibility as they enter into the state of
rigor mortis by forming salt linkages as also indicated by the left-hand side figure of
Figure 5.
b. Nonelectrolytes
According to the earliest version of the AI Hypothesis, rigor mortis of (dead) muscle is
the consequence of the formation of extensive inter- and intra-molecular salt linkages
(Ling 1952.) Now, the so-called “native” hemoglobin also does not bind Na+ (or K+) but
does so when its fixed cations are neutralized with OH− (Figure 19 and 20.) This OHinduced Na+-binding confirms that salt-linkage formation is the underlying cause why native proteins do not adsorb, or adsorb little K+ or Na+ (Ling 1952, Figure 8 on p. 778.)
The recognition of the wide-ranging impact of salt-linkage formation in cell physiology also opened the door to other productive new ideas. As an example, it led one to
suspect something exists in common between what we call “native” proteins like store-

䊋

FIGURE 33. Time courses of changes in
the concentrations of K+, Na+, sucrose
and ATP in frog muscles incubated in a
Ringer’s solution containing initially 1
mM of Na-iodoacetate and 10 mM labeled sucrose and maintained at 0°C.
Symbols used are as follows: K+ o, Na+
䊐, sucrose
, ATP 䊉. (from Ling and
Ochsenfeld in Ling 2001)
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bought crystalline hemoglobin and proteins in dead cells. This suspicion metamorphosed
into reality by the demonstrated quantitative similarity of water in a 36% native hemoglobin solution and in dead (Ehrlich ascites cancer) cells to accommodate the same
concentration of large probe molecules as shown by the figure on the extreme right of
Figure 31.
Here, the data points in the form of solid triangles were obtained from a 36% native
bovine hemoglobin solution in dialysis bags. In contrast, the data points represented as
empty circles were from killed Ehrlich ascites cancer cells. Water in both systems, though
showing no detectable exclusion for probes as large as raffinose with a molecular volume
of 550 cc., strongly exclude polyethelene glycol (PEG 4000) with a molecular volume of
4717 cc. Both sets of data points fit the same theoretical curve based on Equation 4 with
a volume factor of exclusion, ᐁvp equal to 3.4 cal/mole. For comparison, the two curves
to the left in the same figure are from living (frog muscle) cells. There, the corresponding
ᐁvp is more than 30- times higher at 126 cal/mole.
I have on more than one occasion expressed my marvel at the extreme sensitivity of the
q-value studies to reveal a minute excess of water-to-water interaction energy of only 3 to
4 cal/mole, when the total normal water-to-water interaction energy is 10, 000 cal/mole.
As a commentary, I also pointed out that this phenomenon finds a parallel in an analytical balance where pans weighing hundreds of grams in weight, do not hamper the instrument from revealing the true weight of a sample at a fraction of a milligram. It is all a
balancing act.
3.2.1.3.2 Control by ouabain
Ouabain, also known as G-strophanthin, is a water-soluble cardiac glycoside. It has been
widely used by investigators testing the validity of the sodium pump hypothesis in their
belief that ouabain is a specific inhibitor of the hypothetical Na pump — but in vain (see
Ling 1997a.) Nonetheless, there is no question that ouabain at extremely low concentration dramatically increases the level of Na+ in living cells at the expense of accumulated
K+. Therefore, it is imperative to find out if the AI Hypothesis can offer a more plausible
alternative explanation why this drug can do what it does and to test and verify this explanation experimentally. The answer is an emphatic yes.
In anticipation of what is to follow, I may mention that in the AI Hypothesis, ouabain
acts as an electron-donating cardinal adsorbent (EDC) whose binding onto bona fide or
pseudo-cardinal sites (see Ling 2006b, p.110) initiates an across-the-board rise of the cvalue of the cell’s β-, and γ-carboxyl groups so that the selectivity ratio of K+/ Na+ is reduced. As a result, Na+ displaces most of the K+ normally occupying these β-, and
γ-carboxyl groups. Next, I describe results of our experimental testing.
Figure 34 shows two pairs of X-shaped pair of curves. In each, the concentration ratio
of (adsorbed) K+ over (adsorbed) Na+ of frog muscles is plotted against the different concentration ratios of the two ions in the bathing medium. Since all the bathing medium uniformly contains 100 mM Na+, so a concentration ratios, [K+]ex / [Na+]ex. equal to 10−2
indicates an external K+ concentration of 1 mM.
The left set of X-shaped curves was obtained from normal frog muscles. The theoretical curves for both the K+ data points and for the Na+ data points are based on Equation
13 and a K∞
Na→K equal to 100 and a −(γ/2) equal to 0.67 kcal/mole (n = 3.0.)
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FIGURE 34. Effect of ouabain (3.26 x 10−7 M) and the concentration ratios of K+ over Na+ in the
bathing medium upon the adsorbed K+ (䊉) and Na+ (䊊) concentrations in the frog muscle. Points
are experimental. The solid lines going through or near the data points are theoretical according to
Equation 5. Ouabain changes K∞Na→K from 100 to 21.7 with no change in −(γ/2.) (from Ling and
Bohr 1971)

Exposure of similarly treated muscle to ouabain at the (extremely low) concentration
of 0.326 micromolar (or 3.26 x 10−7 M) moved the theoretically computed X-shaped pair of
curves to the right by reducing K∞
Na→K from 100 to 21.7 with little or no change in −(γ/2.)
As pointed out earlier, extensive evidence now exist that virtually all K+ in frog muscle
cells are adsorbed one-on-one, close contact on β-, and γ-carboxyl groups (see Ling 2005,
pp 38-45.) There are also strong NMR as well as electron-microscopic-autoradiographic
evidence that the Na+ gained by frog muscle in response to ouabain is adsorbed on similar β-, and γ-carboxyl groups (Ling and Bohr 1971; Edelmann 1986; for review of both,
see Ling 2001, pp.186-190.) So what ouabain does to frog muscle is to change the relative preference of the β-, and γ-carboxyl groups from highly preferring K+ over Na+ to
moderately preferring K+ over Na+ — such as one would expect if a rather small change
of the c-value of the β-, and γ-carboxyl groups has occurred in response to ouabain. The
much higher concentration of Na+ than that of K+ in the bathing medium did the rest: virtuallly all the (adsorbed) cell K+ is replaced by (adsorbed) Na+.
Our next figure, Figure 35, is shown here to emphasize the basic similarity in the way
cardinal adsorbents work. This figure shows how the equilibrium concentration of K+ in
frog muscle cells changed when both the concentration ratio of external K+ /Na+ and the
concentration of ouabain were changing. Compare this set of data with those shown earlier in Figure 25, where it was a simultaneous change in the external oxygen tension and
the concentration of IHP that produced the family of oxygen binding curves on hemoglobin. The similarity is striking. It affirms the notion that all life phenomena are based on
the fundamentally similar behaviors of all nano-protoplasm units.
From the highly uniform fall of the relative affinity for K+ over Na+ of such a vast number of β-, and γ-carboxyl groups and the minute amount of ouabain that has created all
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FIGURE 35. Effect of different concentrations of ouabain as shown near each curve and the concentration ratio of K+ over Na+ in the bathing medium upon the equilibrium concentrations of adsorbed K+ in frog muscle cells. Each point is the average of four determinations with SE similar to
those shown in Figure 34. (Ling and Bohr 1971)

this change, there is only one rational theoretical explanation known to me at this time.
And that is, ouabain has created an across-the-board uniform fall of the c-value of all the
β-, and γ-carboxyl groups involved through the operation of the AI cascade mechanism
given above on p. 136 and illustrated in Figure 11.
Since we knew exactly how much ouabain we introduced into each flask containing several muscles of known total weights and hence the number of K+ -adsorbing β-, and
γ-carboxyl groups , it was possible to calculate precisely the (average) number of β-, and γcarboxyl groups in the frog muscles we studied that a single ouabain molecule occupying a
cardinal site controls. The number is 1042 or roughly, one thousand. This shows you why a
mechanism like that described as the (ad infinitum) AI Cascade mechanism is absolutely necessary for living protoplasm to achieve its physiological functions. (For details, see Ling
2001, pp. 259 –262.)

In the immediately following section in smaller print, we cite confirmatory work on the
effect of ouabain on other kinds of living cells. That they do indeed show a similar response, supports the thesis that fundamentally similar nano-protoplasm exists in all types
of living matter.
Gulati showed that ouabain at 10−7 M produced a similar autocooperative shift of K+ to
Na+ adsorptiion in the smooth muscle of canine carotid arteries (Gulati 1973.) Negendank
(1982) also showed that in human lymphocytes, exposure to ouabain at 5 x 10−8 M produced
a similar shift from high preferecne of the adsorbing β-, γ-carboxyl groups for K+ over Na+
to a much reduced preference of K+ over Na+. Thus, the presence of a large amount of DNA
in the nucleus of a large fraction of the lymphocytes does not make the protoplasm of human
lymphocytes behave differently toward the pair of alkali metal ions, K+ and Na+.
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Next, I shall introduce another set of studies by Ling and Bohr (1971) that offers still
more quantitative insight on the ouabain-induced c-value change in these β-, and
γ-carboxyl groups. But before that can be done, I need to introduce Figure 36, which is
derived from the theoretical data presented in Figure 7 given on p. 131 but represents the
relative adsorption constants of various monovalent cations (Kx) in comparison with that
of K+ (KK) on oxyacid groups at varying c-value. Of course, in our present case, the oxyacid groups are mostly if not exclusively β-, and γ-carboxyl groups.
Ling and Bohr equilibrated at 25° C sterilely isolated frog muscles in modified Ringer
solution called Solution 731 (for composition, see Ling and Bohr 1969) containing 1 mM
each of K+, Rb+ and Cs+ and 5 or 10 mM Li+ and 100 mM Na+. Figure 37A shows the
time course of uptake of Rb+, Cs+ and Li+ at the expense of K+ as well as Na+. Equilibrium was reached on the fourth day of incubation.
After correcting for contributions from the extracellular fluid, the “connective tissue
elements” and free ion in the cell water, the equilibrium selectivity ratio of the ith (adsorbed) cation given as [pi]ad (over [pi]ex) is expressed as a ratio over a similar ratio for
K+, namely {[pi]ad / [pi]ex} / {[K+]ad / [K+]ex} — and shown as the left-hand graph in illustration B in Figure 38.
A comparable set of data was also obtained from frog muscle in which the bathing solution contained exactly the same K+, Na+ , Cs+, Rb+ and Li+ concentrations that gave rise
to the data of Figure 37A but also ouabain at the same concentration that gave rise to the
data shown earlier in Figure 35A, i.e., at 3.26 x 10 −7 M. A different set of time courses
was obtained and shown as Figure 37B. In this case, equilibrium was reached a little earlier at about the end of the third day. Here, there were much smaller gains of Rb+ and Cs+
but an overwhelmingly greater gain of Na+ and a modest gain of Li+.

FIGURE 36. The relation between the selectivity
ratios of various cations in comparison with K+
and the c-value. Calculations based on the same
set of theoretical computations given as Figure 7
above. The letters a and b point to c-values of
−4.20 and −3.25 Å respectively. (from Ling 1992)
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FIGURE 37. Time courses of changes in the ionic concentrations in normal frog muscle (A) and in muscle
treated with 3.26 x 10−7M ouabain (B), both at 25° C.
The final external equilibrium concentrations of the five
ions in A are in millimolarity: Cs+ (0.83), Rb+ (0.88),
K+ (1.35), Na+ (99.9) and Li+ (8.20); those in B are:
Cs+ (0.98), Rb+ (0.95), K+ (1.38), Na+ (99.0) and
Li+ (7.81.) (from Ling and Bohr 1971)

FIGURE 38. The selectivity ratio of the
ith ion given as the ordinate is equal to
{[pi]ad/[pi]ex}/{[K]ad/[K]ex}. In A, these
selectivity ratios are theoretical and computed from the values given in Figure 36
at the c-value of −4.20 Å and −3.25 Å respectively for the normal muscle on the
left and the ouabain-treated muscle on
the right. In B, these ratios are experimental based on the data shown in Figure
37 after corrections have been made for
non-adsorbed ions. (from Ling 1992)
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The equilibrium selectivity ratios for the five ions in the ouabain-treated muscles are
shown as bar graphs at the right-side bar-graph of Figure 38B. In contrast, the two other
sets of bar graphs in Figure 38A were theoretical values obtained from Figure 36 at two
different c-values, −4.2 Å and −3.25 Å as marked by arrows. Although the agreement between theory and observations is far from perfect, it is by and large good agreement. Thus,
ouabain at the minute pharmacological concentration of 3.26 x 10−7 M had brought about
an across-the-board uniform rise of the c-value of all the β-, and γ-carboxyl groups from
−4.2 Å to −3.25 Å. Once more, this affirms our earlier conclusion that ouabain is an electron-donating cardinal adsorbent or EDC. And as such, it has brought about an one-onmany, over-the-distance control.
3.2.1.3.3 Control by Ca2+
Figure 39 from Gulati (1973) shows that the concentration of Ca2 at 2.5 mM is essential
for the maintenance of the high K+ -low Na+ ion distribution seen in this (smooth muscle
of dog carotid arteries) and likely all other types of living cells. Reduction of Ca2+ concentration produces a disturbance in the pattern of alkali-metal ion distribution similar to
the deprivation of ATP and addition of ouabain. Off the bat, one may regard this divalent
cation as an EWC. But it is possible that at extremely low Ca2+ concentration (i.e., initial
concenttration labeled as zero), ATP decrease could also be involved. Again, the points are
experimental and the lines theoretical according to the Yang-Ling isotherm with the constants given in the legend.
3.2.1.3.4 Control by insulin
D-glucose is the principal energy source of many living organisms including ourselves.
Through the enzymatic action of pancreatic amylase and maltase, we convert the ingested
(polymeric) starch back to its (monomeric) D-glucose and release the D-glucose into our
blood stream.
Part of this glucose would be used by tissues like voluntary muscle. Yet, a careful look
at Figure 30 reveals that D-gluose has a very low q-value in the muscle cell water, i.e.,

FIGURE 39. The effect of Ca++ on concentration of K+ in canine carotide arteries. Points are experimental; solid lines
are theoretical calculated according to
Equation 5. Koo
N→K are for each of the external Ca++ concentrations indicated on
the graph: 85 (2.5 mM); 35 (0.05 mM)
and 5 (0 mM); the Hill coefficient, n are
respectively in the same sequence: 2.7,
2.7 and 1.0. (from Gulati 1973 by permission of NY Academy of Science)
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0.227. Thus the total amount of D-glucose that the muscle cell water can accommodate is
very limited. That being the case, how can the muscle cells get enough energy during
sudden intense muscle activities needed to fight or flight? The answer lies in insulin.
In our early attempt to understand how insulin works, we had our first break. That is,
we discovered that isolated frog muscle can take in D-glucose at 0oC but it cannot
metabolize it. This made it possible to study the mechanism of D-glucose accumulation
without interference from its metabolic conversion to something else. Unfortunately, low
temperature also stops insulin activity in promoting the entry of D-glucose into muscle
cells.
Then came our second break. That is, we can let insulin act on muscle cells at a higher
temperature before studying D-glucose accumulation at 0°C. A satisfactory routine was
worked out.
We first pre-incubate at 25°C with shaking two groups of isolated frog muscles, each
group in one of the two large volumes of Ringer’s solution for 6 hours. The solution
bathing the first group of isolated muscles contains both insulin and D-glucose. The solution bathing the second groups of muscles contains neither. At the conclusion of this
pre-incubation , the muscles were transferred to cold Ringer’s solution containing different concentrations of non-labeled D-glucose and 14C-, or 3H-labeled D-glucose and incubated for another 16 hours a 0° C. After that, the muscles were analyzed for their labeled
D-glucose contents.
The results show that in the absence of both insulin and D-glucose in the pre-incubation solution (bottom curve in Figure 40A) the labeled D-glucose taken up in the subsequent incubation at 0° C falls on a straight line just like those in Figure 30 on page 169.

FIGURE 40. The equilibrium distribution of labeled D-glucose at 0° C in insulin-treated frog
muscle (top three curves in A) and in insulin-depleted frog muscle (bottom line in A.) B is a reciprocal plot of the additional gain of labeled D-glucose obtained by subtracting data given in the bottom curve of A from each of the top three curves in A. For more details see text. (Ling and Will
1969)

180

LING

This rectilinearity, of course, indicates that all or virtually all the labeled D-glucose taken
up by the muscle is found in the cell water. The slope of the straight line, which equals
the q-value of D-glucose in the muscle cell water, averages 0.25 — to be compared with
a q-value of 0.227 from data shown in Figure 30.
When both insulin and D-glucose or another primer (for definition and list, see Ling
and Will 1976) were included in the warm (25°C) pre-incubation solution, the total uptake of labeled D-glucose in the subsequent 0° C incubation was substantially increased
in the form of adsorbed labeled D-glucose. Meanwhile, the rectilinear fraction in the cell
water stays the same as that in the insulin-free muscles. Indeed, by subtraction, the adsorption fraction can be isolated and shown to follow Equation 15. As such, it can be plotted reciprocally according to Equation 16 and the results given as Figure 40B. The set of
converging straight lines affirms the one-on-one adsorption on a fixed number of
D-glucose adsorption sites opened up by the cardinal adsorbent, insulin with the assist of
the primer. The relevant quantitative numbers are given in the legend of the figure.
By 1984, it was all too clear that the once dominant concept that the cell membrane is permeable to some solutes but absolutely and permanently impermeable to others is wrong. Accordingly, the hypothesis that a bacterial protein called lactose permease can make the
microbial cell membrane permeable to this sugar needs rethinking. In 1984, I suggested an
alternative. That is, these permeases are low-molecular-weight intracellular hormones. Acting like insulin on muscle cells, the so-called “permease” causes all-or-none conformation
change of the relevant intracellular protein(s), making them adsorb the specific sugar, like
lactose. For details and supporting evidence, see Ling 1984, pp. 371–375.

3.2.2 Permeability and its control
Reviews: Ling 1962 Chapt.11; 1984 Chapt.12; 1992 Chapt. 9; 2001 Sect.15.2
3.2.2.1 Theory
3.2.2.1.1 Theory of surface-limited permeation
As mentioned above, I introduced in 1952 the concept that spatial fixation of β-, and γcarboxyl groups of intracellular proteins produces one-on-one, close-contact preferential
association of these anionic sites with K+ (over Na+.) Selective K+ accumulation in the
cells is thus achieved. It was also pointed out that similar β-, and γ-carboxyl groups borne
on cell surface proteins also selectively associate with K+ (over Na+) providing a molecular mechanism for another major physiological attribute of the living cell: selective (K+)
permeability.
The concept that there are fixed charges in the cell membrane and cell membrane models was not new even then. However, up to 1952, the fixed charges and their counterions
had been traditionally regarded as fully-dissociated as shown in two diagrammatic illustrations reproduced here together as Figure 41.
In contrast, Figure 42 illustrates the new vision of a submicroscopic part of the living
cell surface I introduced in the early 1950’s. Here, a K+ enters the cell (mostly) by first
engaging in close-contact association with a fixed surface anion before entering into the
cell interior via what is called the adsorption-desorption route (Route 2 in the illustra-
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A

FIGURE 41. Two sets of
figures demonstrating the
prevailing belief (before the
publication of Ling’s Fixed
Charge Hypothesis in 1952
and even after) that counter
ions are fully dissociated
from fixed ions in collodion
(A) and in perma-selective
membrane, (B.) (A) from
Sollner 1949, by permission
of Journal of Physical
Chemistry; B, from Hills
1961, by permission of
Academic Press)

B

FIGURE 42. Two alternative routes of entry
for an external cation into a cell carrying predominantly fixed anionic sites. Saltatory route
(Route 1) entails leaping through polarizedoriented water domain of surface nano-protoplasic units. Adsorption-desorption route
(Route 2) entails three steps indicated on
graph. (from Ling and Ochsenfeld 1965, by
permission of the Biophysical Journal)

tion.) Less frequently, the K+ enters the cell by leaping through the (polarized-oriented)
water domain of the cell surface via what is called the “saltatory route” (Route 1.) Combining the two mechanisms, the rate of ion permeation is described by a general equation
for permeability:
vi = Ai [pi]ex + vimax (1) Ω1 + vimax (2) Ω2 + .... vnmax (n) Ωn ,

(17)

where Ai is a rate constant in units of cm/sec; Ai [pi]ex represents the rate of entry of
the ith ion via the saltatory route. It is assumed that there are all told n types of surface
anionic adsorption sites. vimax(n) is the maximm rate of the ith ion entry via the nth type of
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adsorption sites, The Ω’s are as defined in Equation 8 on page 143. vimax (1) Ω1, vimax (2) Ω2
and vnmax (n)Ωn are the rate of the ith ion entry via the first, second and nth adsorption site
respectively. (For the final verdict on the assumed mutiplicity of sites, see p. 220.)
In the case, where there is only one type of adsorption site mediating the ith solute
entry via the adsorpton-desorption route, Equation 17 simplifies into:
vi = Ai [pi]ex + vimax Ω1.

(18)

On the other hand, if that adsorption site does not show nearest neighbor interaction,
Equation 18 further simplifies into the following form where Ω1 is replaced by the simpler Langmuir adsorption isotherm:
v i = A i [pi ]ex +

v max K i [pi ]ex
.
1 + K i [pi ]ex

(19)

Now, if a jth ion is also present in the external medium, it will compete for the same adsorption site at the cell surface, Equation 19 then takes on the following form:
v i = A i [pi ]ex +

v max K i [pi ]ex
,
1 + K i [pi ]ex + K j [p j ]ex

(20)

For an ion like Na+ that exists at high concentration in the external medium but is weakly
adsorbed on the surface adsorption site, it will enter the cell mostly by way of the saltatory route. For an ion like K+ that as a rule exists at low concentration in the bathing
medium but is strongly adsorbed on the surface adsorption sites, it will as a rule enter via
the adsorption-desorption route. In this latter case and as a first approximation, the saltatory entry can be ignored. The ith ion entry can then be described by the adsorptiondesorption route alone and:
vi =

v max K i [pi ]ex
.
1 + K i [pi ]ex + K j [p j ]ex

(21)

Plotted reciprocally, (21) now appears as:
1 K i ⎛ [p j ]ex ⎞ 1
1
=
+
.
⎜1 +
⎟
v i [f ] ⎝
K j ⎠ [pi ]ex v max

(22)

This Equation (22) shows that if one plots (i/vi) against (1/ [pi]ex) at a constant [pj]ex , one
obtains a family of straight lines all converging on the ordinate at {1/ [pi]ex } = zero. From
the slopes and intercepts, all the unknown parameters can be assessed.

NANO-PROTOPLASM

183

3.2.2.1.2 Theory of influx profile analysis of bulk-phase (and surface) limited permeation
According to the association-induction version of the (redefined) protoplasmic theory, the
cellular organelles and the cytoplasm all contain polarized-oriented water as the largest
component of their makeup. Nonetheless, within limits, the precise proportion of water
versus solids and the intensity of excess water-to-water interaction energy vary. As a result, the rate of diffusion through the bulk-phase protoplasm and through the (cell or
oganelle) membranes may be different for different ions and other solutes and for (labeled) water. Since the mathematics of simple and complex diffusion have all been
worked out in the past, it is easy to construct a kind of diagnostic pictorial analysis like
that shown in Figure 43.
Each one of the three figures in Figure 43 represents a plot of the fractional uptake of
a substance at time t as a percentage of the maximum uptake at equilibrium (Mt /M∞)
against the square root of the time, t. For the rate of diffusion into say, a living cell, that
is slowest at the surface and thus designated as surface-limited, the profile is S-shaped as
shown under A. For diffusion that is uniform throughout the bulk phase of the target space
(including the surface) and designated bulk-phase limited, the profile assumes the shape
of a curve consistently concaving downwad as shown under B. Then, there is the third figure under C, which represents a (complex) bulk-phase limited diffusion. That is, the substance becomes either partially adsorbed onto certain intracellular sites or enters into
some intracellular particles after it has entered the cell via a bulk-phase limited migration.
To determine which mode of diffusion applies, one needs highly accurate data. Fortunately, with the availability of high activity radio-isotope-labeled chemicals, this degree
of accuracy was within reach. A second requirement is an unusually large cell. Both mature frog ovarian eggs and giant barnacle muscle cells meet this requirement.

FIGURE 43. Influx profile analysis, showing how different rate-limiting steps in the migration of a
labeled substance into a living cell or model system can be clearly revealed visually from a plot of
the fractional uptake (Mt/M∞) at time t against the square root of t. See text for additional details.
(from Ling et al 1967, by permission of the Rockefeller University Press)
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3.2.2.2 Results of experimental study of permeability
a. Ions
In the 19th International Physiological Congress held in Montreal, I showed that the rate
of permeation of Rb+ into frog muscle cells was competitively inhibited by K+.present in
the bathing medium (Ling 1953.) I demonstrated this in a converging double reciprocal
plot of the rate of permeation of Rb+ (1/vi) against the concentration of Rb+ (1/[pi]ex) in
the presence of varying concentrations of competing K+ ([pj]ex) according to Equation 22.
(A converse experiment showing Rb+ inhibiting K+ permeation is shown in Figure 44A to
follow.)
However, this was not the first time, competition (and saturability) was demonstrated in the
rate of permeation among entrant alkali-metal ions. Thus, a year before, Epstein and Hagen
(1952) demonstrated similar competition between alkali-metal ions in their permeation into
barley roots. But, in theory, they (and virtually all others demonstrating similar behaviors in
ionic permeation) invoked what is known as carrier hypothesis. That is, the entrant ion is ferried across the cell membrane by a hypothetical “ferry boat” or carrier. The discovery that the
antibiotic, valinomycin could selectively transport K+ across man-made phospholipid membranes, stimulated an extensive search for Nature-made counter parts in live cell membranes.
All failed as Dr. Paul Mhller, a one-time vigorous proponent of the idea, ruefully concluded
in 1975: “ A lot of us have spent a wasted ten years or so trying to get these various materials into the (phospholipid) bilayers...” (Müller 1975.)

In contrast to the failure of the carrier model cited above in smaller prints, the association-induction model of ion permeation has been uniformly successful. As an example,
Figure 44 shows that Equation 22 quantitatively describes not only the competitive inhibition of ion entry into living frog muscle cells (A), it also describes the competitive inhibition of ion entry into non-living systems. They include cation exchange resin sheet (B)
and sheep’s wool (C). While the cation exchange resin sheet carries fixed sulfonic acid
groups, both frog muscle and sheep’s wool carry fixed β-, and γ-carboxyl groups.
That each alkali-metal ion reduces to a different degree the rate of permeation of another alkali-metal ion into exchange resin sheet (Figure 44B) is not exceptional. On the
contrary, it is the rule and observed in ionic permeation into all types of cells and models
investigated. Since the various alkali-metal ions differ only in their respective short-range
attributes, which cannot be perceived without close contact, these studies offered yet more
support for the AI model. As pointed out earlier, in this model, one-on-one, close contact
adsorption on surface anionic sites is the rate-limiting step in the permeation of ions like
K+ and Cs+.
A more comprehensive thesis for ion permeation was presented in the Appendix of
Ling and Ochsenfeld (1965.) From that thesis, we were able to derive altogether four
types of influence that one mono-valent cation can exercise on the rate of permeation of
another mono-valent cation. All four types have been demonstrated experimentally on living cells. Three of the predicted types of interaction are shown on the left side of Figure
45. They are respectively labeled A (competition), B (facilitation) and C (initial competition changing into indifference at higher inhibitor concentration.) Corresponding experimental confirmations of each are shown as D, E and F on the right side of the same figure.
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Figure 44. Demonstration of competitive inhibition of a second monovalent cation upon the rate of
entry of the first one into a living frog muscle (A), a piece of cation exchage resin sheet (B) and defatted sheep’s wool, (C). (A and C from Ling 1960, by permission of the J. Gen. Physiol.; B from
Ling and Ochsenfeld 1965, by permssion of Biophysical Journal)

Taken together, these findings affirm the equations of ionic permeability based on the
idea that the cell surface is covered with nano-protoplasm similar to the protoplasm filling the inside of the living cell. Both exist as assemblies of nano-protoplasm units described in Equation 1. That said, we move on to focus on the finer similarity between the
anionic groups that selectively adsorb and thus accumulate alkali-metal ions in bulk-phase
cytoplasm and the anionic groups that mediate the entry of alkali-metal ion entry into
living cells.
Now, according to Equation 1, these anionic groups cannot be anything other than β-,
and γ-carboxyl groups. The reason could not be simpler. β-, and γ-carboxyl groups are the
only anionic groups which all proteins carry in large enough number (Figure 3.)
One set of confirmatory experimental came from a study of the effect of pH on the rate
of entry of labeled K+ into frog sartorius muscles. As shown in Figure 29B, the mid-point
of inflection of this “titration” curve occurs at pH between 4.6 and 4.7, which is characteristic of the pKa of β-, and γ-carboxyl groups — see p. 168 above for sources of typical
pK’s of β-, and γ-carboxyl groups (3.65-4.7). The second “titration curve” labeled A deals
with alkali-metal ion accumulation in the cytoplasm of similar frog muscles. Its mid-point
of inflection occurs at a pH of 3.8, which is also characteristic of β-, and γ-carboxyl
groups but on the lower end of the spectrum. Small differences notwithstanding, there is
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FIGURE 45. Three types of influence a second monovalent cation may have on the rate of entry
into a nano-protoplasmic surface or model system. A, B, C are theoretical. D, E, F are experimental confirmation of the theoretical predicted changes. (Ling and Ochsenfeld 1965, by permission of
the Biophysical Journal)
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no question that these pK’s observed indicate β-, and γ-carboxyl groups in both cases.
Having made this main point clear, let us now direct our attention to the minor differences
in the pK’s observed.
In fact, there is a plausible interpretation for this small difference. It could have come
from the different locations where the β-, and γ-carboxyl groups are found in the cell. The
bulk-phase K+ accumulation occurs in the cytoplasm within the cells. Ionic permeation
occurs only at the cell surface. This difference in location could produce a difference in
the pKa as observed for the following reason:
In the cell interior, there is as a rule an equal number of fixed cations and fixed anions. On
the basis of the polarity of the electric potential difference at the cell surface — to be discussed in the following section — , the surface of muscle and nerve cells is covered predominantly with anionic β-, and γ-carboxyl groups (and few if any fixed cations.) The
overlapping of the electric field due to neighboring β-, and γ-carboxyl groups discussed on
p. 128 may cause the cell surface β-, and γ-carboxyl groups to bind H+ more strongly than
those in the cell interior, hence a higher pKa.of the cell surface β-, and γ-carboxyl groups.

b. Nonelectrolytes
Figure 46 shows the time course of entry of seven nonelectrolytes into isolated frog muscles at 10° C from an initial external concentration of 20 mM for each solute. The final
levels reached in the cells follows the “size rule”, the larger the solute, the lower its ρ-, or
q-value. — as I have shown earlier in Figures 22, 23 and 28. An even more important
reason I chose to include Figure 46 here is to emphasize that in typical living cells like
frog muscle (i) just how rapidly all these nonelectrolytes reach diffusion equilibrium and

FIGURE 46. Time course of permeation and equilibration of seven nonelectrolytes into frog muscles at 10°C. Initial concentration of each solute was 25 mM. Data indicate rapid attainment of equilibrium for all solutes studied big or small. (from Ling et al 1973. by permission of the New York
Acdemy of Sciences)

188

LING

(ii) how little difference there is among the lengths of time different solutes take to reach
their final equilibrium levels in the muscle cells.
Thus, a closer look at the time courses reveals that it took only twice or, at most, three
time longer for D-glucose to reach diffusion equilibrium than for methanol to do the
same. Is it not astonishing that the diffusion coefficient of methanol in normal liquid
water at 18°C is 1.37 x 10−5 cm2/sec. (Gerlach 1931) and thus also between 2 to 3 (or
more precisely, 2.4 times) faster than that of D-glucose in normal liquid water at the same
temperature, 0.57 x10−5 cm2/sec (Thovert 1914)? It is. What this comparison demonstrates
is that judging from the relative rates of diffusion of D-glucose and methanol, the frog
muscle cell membrane behaves as if it were not far different from a layer of normal
liquid water.
This rapid rate of permeation of sugars and other nonelectrolytes into most living cells
is entirely reasonable. After all, the cells constantly need D-glucose as the energy source
for all their activities. Like a busy store, it would be suicidal if the doors to the store are
kept locked. Further confirmation of this “open door policy” will be described in the section right after the one immediately following.
True. Fast passage through the cell surface nano-protoplasm is vital for the survival of
the animal. However, if this rule holds for all cells, it would present a problem — especially for aquatic animals like frogs, which spend their lives in pond containing a large
quantity of water. So, D-glucose that goes in and out of muscle cells with ease would also
go out of the animals into the pond water with ease. Continued, it would kill the frog. To
prevent that from happening, the nano-protoplasm of the external covering skin of frogs
must be different from the nano-protoplasm covering internal body cells like muscle. To
find out if this is true, we studied the permeation of sugars and other nonelectrolytes
through the outermost covering of a frog, its skin.
Results of our studies of the permeability of (inverted) frog skin to sugars and other
nonelectrolytes are presented along the ordinate of Figure 47. It shows an entirely different picture as that given in Figure 46. For example, the permeability of the (inverted) frog
skin for L-glucose (which diffuses like D-glucose but is not steadily vanishing due to metabolism) is not 2 or 3 times slower than for methanol, it is 5000 times slower than
methanol. Despite this great spread in the permeability among the different solutes, the
collection of data as a whole follows rigorously the size-rule: the larger the solute, the
slower it permeates. We will return to this subject shortly.
The main conclusion from this study is that the nano-protoplasm making up the outer
skin of a frog acts as a strong barrier to the loss of vital ingradients like the sugars while
the surface membranes of ordinary internal body cells like muscle hardly act as a diffusion barrier at all.
However, Figure 47 tells us much more than the striking difference in the permeability
to small methanol and to larger glucose, it also presents a parallel study on an inanimate
model of the frog skin that in as far as permeability to non-electrolytes is concerned, acts
as if it were an exact copy of the frog skin.
For the wide-ranging permeation rates of the inverted frog skin shown in Figure 47 are
almost exactly duplicated by a non-living “water membrane” in the form of a waterloaded cellulose acetate sheet, which Eastman Kodak marked for water purification purposes. In Figure 47, the frog skin permeability for each solute at a specific temperature
(0°, 4° or 25° C) is plotted as ordinate against the cellulose-acetate-sheet permeability to
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FIGURE 47. The permeability of
labeled water and 10 nonelectrolytes
at up to three different temperatures
(0o C, 4° C and 25° C) through inverted living frog skin — plotted
against the permeability of the same
substances at the same temperatures
across water-loaded cellular acetate
membrane. 1, THO, 25° C; 2, THO,
4° C ; 3, THO, 0° C; 4, methanol, 25°
C; 5, methanol, 0° C; 6, ethanol, 25°
C; 7, n-propanol, 25° C; 8, ethylene
glycol, 25° C; 9, ethylene glycol, 0°
C; 10, glycerol, 25° C; 11, glycerol,
4° C; 12, glycerol, 0° C; 13, erythritol, 0° C; 14, xylitol, 0° C; 15, sorbitol, 0° C; 16, L-glucose, 0° C; 17,
sucrose, 0° C. (from Ling 1973, by
permission of Biophysical Journal)

the same solute at the same temperature as abscissa. The linear correlation between the
two sets of data is 0.96. By the method of least square, the straight line going through or
near the full set of data points is described by the following equation:
log (Pfrog skin ) = 0.9901 (Pcelluloseacetate membrane) + 0.16959.

(23)

Since the two sets of data are in the same units, what this equation shows is not just
good correlation but near-perfect correspondence. Thus, not only do the two sets of data
share the same complete obedience to the size rule, they also share the same temperature
coefficients for the rate of permeation of each one of the solutes studied.
The “pore size” of the cellulose acetate membrane has been estimated with electron microscopy by Schultz and Asunmaa (1969) to give an average diameter of 44 Å and thus
about five times wider than the diameter of sucrose, (9 Å) to which the cellulose acetate
membrane is virtually impermeable (See also Ling 2007, Table 1 on p. 23.) Only the POM
theory of cell and nano-protoplasmic water can explain this because functionally, the
polarized-oriented water acts as it were a sieve but is not a mechanical sieve. That said,
we tackle the question, why does cellulose acetate membrane act as if it were inverted
frog skin?
First, because the cellulose acetate — like the fully-extended polypeptide chain of
nano-protoplasm shown on the right-hand side figure of Figure 5 — also exists in a fullyextended form (see Pigman 1957, p. 662, line 22, p. 692.) Second, like the anionic dipolar (CO) groups and cationic dipolar (NH) groups that the fully extended polypeptide
chain carries, the cellulose acetate model also carries anionic dipolar (CO) groups and
cationic dipolar (OH) groups. Third, like (fully-extended) poly(glycine-D,L-alanine) and
living frog muscle, cellulose acetate membrane also sorbs a vast amount of water but only
at near saturation vapor pressure ( Ling 1972 Figure 14; Ling 2006 Figure 14.) Thus, there
is good reason to expect that like nano-protoplasm in its resting living state, the heat-
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activated cellulose acetate membranes also polarize and orient water in deep layers and
accordingly, show similar permeability when the other defining condition prevail (see below).
The next question to address is how can similar nano-protoplasm offer virtually no resistance to glucose permeation in the frog muscle cell membrane but enormous resistance
to glucose permeation in the frog skin epithelial cells? The answer lies in the extreme sensitivity of membrane permeability to the degree of excess water-to-water interaction
energy that determines the q-value of glucose. To understand this, we need to introduce
another equation relating the permeability, P of a solute through a membrane to the qvalue of that solute in the permeation rate-limiting part of that membrane:
P = k ( q / r η),

(24)

where r is the average radius of the diffusing particle and η is the viscosity of the diffusing medium (polarized-oriented water.) At unchanging temperature, k is a constant equal
to (RT)/ 6πN, where N is the Avogadro number and RT has the usual meaning. Since the
excess water-to-water interaction energy, ᐁvp and ᐁs , are exponentially related to the qvalue as shown in Equation 4 on p. 136, a small change of the value of these parameters
would accomplish all that is needed to turn the frog skin into a vastly stronger permeability barrier than the membranes of internal body cells like frog muscle. In the following section, we will see more evidence that the frog muscle cell surface is almost as free
as normal liquid water for the permeation of another chemical, water itself.
c. Water
Figure 48 shows the influx profiles of the diffusion of radioactively labeled water into single frog ovarian eggs (D, E and F) and clusters of a few similar eggs (A, B and C.) There
is no discernible difference between these two groups. In all six cases (and many others
not shown) the diffusion of labeled water is bulk-phase limited. A similar influx profile
study has also been conducted by Reisin and Ling (1973) on giant barnacle muscle cells,
leading to the same conclusion that water diffusion into these cells is also bulk-phase
limited. What these findings tell us is that living cells are extremely permeable to water.
Now, an unusual advantage offered by these studies is that the data offer an internal
check on the validity of the conclusion that the diffusion is truly bulk-phase limited. Being
bulk-phase limited, the time-course of labeled water entry into the cell is determined by
the diffusion coefficient of labeled water and the diffusion coefficient is thus one of the
main harvest of the study. A comparison of the diffusion coefficient thus obtained with the
diffusion coefficient of water in the same kind of cell but obtained by other laboratories
using entirely different methods could either affirm or refute the conclusion we reached.
Here, the barnacle-muscle study offered a distinct advantage over the ovarian egg study.
Four other sets of the diffusion coefficient of water in (intact) giant barnacle muscle cells
were already on hand when our work was completed. In units of 10−5 cm/sec, they are respectively 1.34 from Caillé and Hinke,(1974), 1.56 from Abetsedarskaya et al (1968),
1.20 from Finch et al (1971), 1.35 from Walter and Hope (1971.) The average of their
values is 1.36 ± 0.13 (s.d.), which compares favorably with the average of our eight sets
of data giving a diffusion coefficient of tritiated water inside giant barnacle muscle cells
of 1.35± 0.125 (s.d.). (A fifth set of data in the literature was rejected because its authors
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FIGURE 48. Influx profiles of tritiated water into single frog ovarian eggs (D, E and F) and into
small clusters of a few single eggs (A, B and C) at 25°C. In all our data collected, represented here
or not, the diffusion is bulk-phase limited. In some like A, it is a simple-bulk-phase limited diffusion. In others, it represents bulk-phase limited diffusion followed by adsorption of entry into subcellular particles. Points are experimental; lines are theoretical. In units of 10−5cm2/sec. , the eight
sets of data yielded an average of 1.00 ± 0.10 (S.E.) In contrast, the diffusion coefficient of THO
into normal liquid water at the same temperature is 2.44 in the same unit. (Ling et al 1967,by permission of the Journal of General Physiology)

used muscle fibers with both ends cut. Spreading injury from the cut ends made the data
obtained not from normal protoplasm but from that of injured protoplasm, for details, see
Ling 2001, p. 126.)
This full confirmation leaves no doubt that in at least two kinds of widely different living cells the diffusion of water in and out of the cells is bulk-phase limited. Since in multicellular organisms like us humans, all types of cells originate from one fertilized egg cell,
the chance that non-egg, non-muscle cells show entirely different rate-liming steps for
water seems unlikely.
Even more important, this finding strongly refutes the widely-accepted concept that the
cell membrane is primarily a phospholipid bilayer — because an authentic phospholipid
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Group picture taken in 1983

bilayer is known to be virtually impermeable to ions, non-electrolytes and water
(Miyamoto and Thompson 1967; Miyamoto 1966; Wood et al.1968.) Just as important,
the present finding also strongly refutes the idea that the cell interior is connected to the
outside medium by narrow water-filled channels. For the data show that most of the surface of frog ovarian eggs and giant barnacles muscle fibers are in the form of (polarizedoriented) water.
And, by the same token, the data confirms the concept of nano-protoplasm containing
as an integral part a large amount of water and that similar nano-protoplasm with large
water content makes up the cell membrane, the cell cytoplasm as well as other organelles
of one kind or another.
3.2.2.2 Results of experimental study of the control of ionic permeability
a. Control by ouabain
Twenty years later, Ling and Fu published their study of the influence of ouabain on the
relative effectiveness of different alkali metal ions in competing against and thus suppressing the rate of permeation of radioactively-labeled Cs+ into frog ovarian eggs.
The data presented in Figure 49 show that ouabain consistently enhances the effectiveness of Li+ in competing against and thus suppressing the rate of entry of Cs+ while it also
consistently reduces the effectiveness of Rb+ in suppressing the rate of entry of Cs+. With
some deviation, ouabain also increases the effectiveness of both Na+ and K + in suppressing the rate of entry of Cs+. Ling and Fu then showed how these results could be anticipated on the basis of alterations of the c-value of the egg-surface β-, and γ-carboxyl groups
and hence their relative ionic preferences brought about by ouabain acting as an EDC.
b. Control by valinomycin
Andreoli, Tiffenberg and Tosteson showed the “black lipid membranes” (Jain 1972 p. 85)
prepared from phospholipids extracted from sheep erythrocytes has high electrical resistance (1-3 x 108 ohm/cm2) that is indifferent to the concentration of KCl solutions that the
membrane separates. However, the introduction of 10−7 M of valinomycin — a “failed”
antibiotic isolated from the bacteria (not fungus) Streptomyces strains — or a mixture of
monactin and dinactin to the bathing solution drastically reduced that electrical resistance
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FIGURE 49. The effect of ouabain (10−6 M) on the rate of entry of labeled Cs+ into frog ovarian
eggs in the presence of 20 mM of competing Li+, Na+, K+or Rb+. The influx rate during a 13 minute
incubation of the egg clusters was determined from the zero time intercepts of the efflux curves
which were resolved into three fractions 1, 2 and 3. Vcontr and Vouab represent the rate of labeled Cs+
entry in the absence and presence of ouabain respectively. The fractional change of influx rate is
represented by {(Vouab − Vcontr)/ Vcontr}. In all four complete sets of experiments performed, exposure to ouabain consistently increased the effectiveness of Na+ and Li+ in reducing the rate of Cs+
influx. In all four cases, exposure to ouabain did just the opposite in consistently decreasing the influence of Rb+ in reducing Cs+ influx. The influence of ouabain on the influence of K+ shows some
variation, but by and large, ouabain also reduced the inhibitory effect of K+ on Cs+ entry. (from Ling
and Fu 1988)

— by as much as 3 to 4 orders of magnitude, if and only if the bathing solution contained
a high concentration of KCl (10−1 M for valinomycin and 10−2 M for monactin-dinactin)
(Andreoli et al 1967.)
Before long, we learnt about this finding and realized that it had created an opportunity
to test the various models of cell membranes. They include the pure phospholipid membrane model labeled Model I in Figure 50, a pure fixed charge-polarized-oriented water
model labeled Model III and a mixed phospholipid-fixed charge-normal water membrane
labeled Model II. The length of the vertical arrows indicates the specific rate of K+ permeability of a specific memebrane model.
Thus, the pure phospholipid membrane would have zero or near zero inward K+ permeability in the absence of “ionophores” like valinomycin or monactin/dinactin but
showed marked K+ permeability after the introduction of the ionophore (and KCl.) In contrast, in the Type III pure fixed anionic site-polarized-oriented water model, there is substantial K+ permeation without ionophores and addition of an ionophore does not change
it. Between these two extremes is the mixed model II, which has low K+ permeability in
the absence of ionophores, but the K+ permeabiity could increase on exposure to the
ionophore.
With these theoretical insight in mind, Ling and Ochsenfeld (1986) carried out a study
of three K+-specific ionophores (valinomycin, monactin and nonactin) on three varieties
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FIGURE 50. Three types of idealized cell membrane models and the anticipated influence of the
addition of K+ ionophores upon the rate of K+ entry into the cell. Type 1, pure phospholipid membrane; Type II, mixed (lipid, fixed charge-polarized-oriented water); Type III, pure or effectively
pure (fixed charge-polarized-oriented water ) membrane. Downward arrows indicate K+ permeation.
(from Ling and Ochsenfeld 1986)

of living cells: frog ovarian eggs, frog voluntary muscles and human red blood cells. The
results are summarized in Figure 51. Valinomycin, monactin and nonactin have no detectable influence whatsoever on the K+ permeability of frog ovarian eggs, nor on frog
voluntary muscle. In contrast, the human red blood cells showed a consistent but moderate (80%) increase of its K+ permeability to all three ionophores investigated.
The indifference of frog ovarian eggs and frog voluntary muscle to the ionophores adds
two more types of physiological active cell types to prior reports of similar indifference
of squid axon membrane to valinomycin (Stillmann et al 1970) and of the inner
membrane of rat liver mitochondria (Maloff et al 1978) to be followed by a still later report of similar indifference to valinomycin of the human lymphocytes (Negendank and
Shaller 1982.)
But even the only cell type that does show (some) response, the human red blood cell,
did so in a way that suggests other reasons than these monocyclic compounds acting as
K+-carriers. For if it were so, the increased K+ permeability should be intimately related
to the concentration of K+ in the bathing medium as the original work of Andreoli et al
had demonstrated in authentic phospholipid membranes. In fact, an increase of K+ concentration from 10−3 M to 10−2 M that should have produced a 40-fold increase of K+ permeability, produced no increase of K+ permeability at all.
Whatever the true mechanism for the moderate increase of K+ permeability in red blood
cells, it should not obscure the main finding of this series of studies. They conclusively
support the idea that in all these highly physiologically active cells, the cell membrane is
mostly polarized-oriented water — as the bulk-phase limited diffusion of water in and out
of frog egg and barncale muscle fibers have already demonstrated in the preceding section. That, of course, offers yet another confirmation of the contention that nano-protoplasmic units essentially as described in Equation 1 provide the building blocks not only
of the bulk phase cytoplasm but also of what is conventionally called the cell membranes
of all living cells as well.
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FIGURE 51. Effects of three K+-specific ionophores — valinomycin, nonactin and monactin all at the
concentration of 10−7M — upon the
rate of labeled K+ entry into human
red blood cells, frog ovarian eggs and
frog sartorius muscles. 䉭, ionophore
treated; 䊊, control. (from Ling and
Ochsenfeld 1986)

In the section immediately following, we will have another chance of visiting the cell
surface of frog muscle cells but from a different perspective, the electric potentials.
3.2.3 Cellular electric potentials and its control
Reviews: Ling 1962 Chapt.10;1984 Chapt.14; 1992 Chapt.11; 2001 Sect.15.5; 15.6; Ling
1982
3.2.3.1 The resting potential
3.2.3.1.1 Theory
My career as a cell physiologist began with improving the Gerard-Graham-Ling (alias
Ling-Gerard) microelectrode to make it a useful tool to measure the electric potential difference across the surface of living cells, big or small (Ling and Gerard 1949.) That done,
I then went on to study the electric potential across the surface of single frog muscle cells
with the microelectrode. In time, I completed my Ph.D. thesis with the title: “Membrane
Potential and Metabolism of Muscle.” More detailed presentation of my research findings
came later in the form of four full-length papers published in 1949, three co-authored with
my professor and sponsor, Prof. R. W. Gerard (Ling and Gerard 1949, 1949a, 1949b) and
one with a visitor from the west coast, Dr. W. Woodbury (Ling and Woodbury 1949.) The
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title of each paper also includes explicitly the term, membrane potential — a name introduced by Julius Bernstein (1912.) Much of what I found appeared to be in harmony with
the Bernstein’s membrane theory of what used to be called the resting potential (ψ), as
described by the following Equation:
ψ = {RT/F} ln {[K+]in / [K+]ex}.

(25)

Then, as I began to spend more time in the library and my knowledge of the literature improved, I discovered that Bernstein’s equation as such was no longer tenable. A great collection of reports on radioactive tracer studies showed without a doubt that the cell
membrane is not impermeable to Na+ as Bernstein assumed, but quite permeable to this
ion (See Ling 2006a, p. 55; 2007, pp. 43–45.) That being the case, one can no longer ignore Na+ in constructing an equation for the resting potential. Rather, Equation 25 would
have to be rewritten into the following new form:
ψ = {RT/F} ln {([K+]in + [Na+]in) / ([K+]ex + [Na+]ex)}.

(26)

However, ([K+]in + [Na+]in) / ([K+]ex + [Na+]ex) equals 1, ψ would become zero, contrary
to facts.
In time, two alternative new models emerged. In 1949, Hodgkin and Katz introduced
what was to be known as the Hodgkin-Katz-Goldman equation shown next (but minus the
encircling dashed line):
ψ+ =

RT
ln
F

PK [K + ]in + PNa [ Na + ]in + PCl [Cl − ]ex
.
PK [K + ]ex + PNa [ Na + ]ex + PCl [Cl − ]in

(27)

Though by far the great majority of workers in this field followed the lead of Hodgkin,
Huxley and Katz, only a part of the equation enclosed in the dotted line of the HodgkinKatz-Goldman (HKG) equation was verified; the other predicted relationships were not.
In 1955, I suggested in a short note a third alternative theory of the cellular electric potential (Ling 1955.) That is, what I and all my peers used to call the membrane potential is
not a membrane potential at all, but a surface adsorption potential like that of a glass electrode (Ling 1955.) As such, it also originates from the β-, and γ-carboxyl groups carried on
the cell surface proteins. Interestingly enough, the verified part of the Hodgkin-KatzGoldman equation matches in form the entire intact equation I introduced in 1959 for the
surface adsorption model (Ling 1959; 1960 Equation 16), which can be simplified to read
ψ = constant – (RT/F) ln {KK [K+]ex + KNa [Na+]ex}.

(28)

However, the similarity between the verified part of the (fragmented) Hodgkin-KatzGoldman (HKG) equation and Equation 28 are, of course only in form. The differences
lie in the meaning of the two sets of coefficients. In the HKG equation, they represents
permeability constants; in the surface adsorption theory (to be renamed later close-contact
surface adsorption theory in 2001), (Ling 2001, pp. 216 –217) they represent adsorption
constants.
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In 1971, Edelmann and Baldauf studied the resting potential of guinea pig heart (papillary) muscle cells, from which they were able to extract both the permeability constants
and the adsorption constants for three alkali-metal ions, Rb+, K+ and Cs+ (Edelmann and
Baldauf 1971.) In their respective permeability, the three ions follow the rank order: K+>
Rb+> Cs+. In contrast, their respective adsorption follow the rank order: Rb+> K+> Cs+.
As shown in Edelmann’s figure reproduced here as Figure 52, full accord was found between experimentally determined ψ and theoretical values constructed from the (measured) adsorption constants. The experimental data do not match at all the values of ψ
predicted on the basis of the (measured) permeability constants (Edelmann 1973.)
Now, if the new concept of nano-protoplasm presented on earlier pages is correct, these
β-, and γ-carboxyl groups that give rise of the cellular electric potential should also
exhibit basic properties fundamentally similar to those β-, and γ-carboxyl groups in the
bulk phase cytoplasm that selectively accumulate K+ over Na+. In that case, the underlying adsorption should also follow the Yang-Ling adsorption isotherm given as Equation 5
Following this line of thinking, I introduced in 1979 a new equation for the cellular
resting potential, in which auto-cooperative interaction among these surface β-, and
γ-carboxyl groups was taken into account and the new equation takes on the following
form (Ling 1979):
ψ=

⎤
1 ⎡
ξ −1
RT
RT
⎢
⎥,
ln[f − ] +
ln
1
+
F
F
2[K + ]ex ⎢
(ξ − 1)2 + 4 ξ exp( γ / RT) ⎥⎦
⎣

(29)

where the ith and jth adsorbent of Equation 6 (on p. 142) that defines the symbol, ξ, refer
to Na+ and K+ respectively.

FIGURE 52. Influence of external K+, Rb+ and Cs+ on the resting potential of guinea pig papillary
heart muscle cells. (after Edelmann 1973, by permission of New York Academy of Sciences)
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Equation 29, of course, can also be put in the simplified form as follows:
Ω / [K+]ex}.
ψ = constant + {RT/F} ln {Ω

(30)

3.2.3.1.2 Results of experimental study of two new models
Before examining how well these equations can predict the resting potentials measured in
my own and in other’s laboratories, I want to describe an exciting experience. It is the
story how my associate, Leo Kushnir and I created a truly wonderful inanimate model for
the steady electrical potential difference measured across the surface of resting muscle,
nerve or other excitable cells. As mentioned above, it is called the resting potential now.
Before that, it had been wrongly called a membrane potential. But before all that, a member of the great Reductionist Four, Emil DuBois Reymond first described and called it an
injury potential (DuBois Reymond 1849.)
The story began with a glass electrode, the kind we used daily to measure pH. Made
from Corning 015 glass, these electrodes are highly specific for H+ and showed virtually
no sensitivity to other mono-valent cations like K+ — or silver ion, Ag+. Yet a German
scientist by the name of K. Horovitz (alias K. Lark-Horovitz) had made the astonishing
discovery that an ordinary glass electrode like that can be turned into a silver (Ag+) electrode by merely soaking the glass electrode overnight in a solution of silver nitrate
(Horovitz 1923.)
Horovitz’s finding was one of the reasons that led me to believe that the underlying
mechanism of the cellular electrical potential is not a membrane phenomenon as I once
sincerely believed for quite some time. Instead, I began to think that the cellular
electrical potential is a surface phenomenon. In both the glass electrode and the living
cell, it is the electrically charged sites on a microscopically thin surface layer and its
adsorbed ions that determines the polarity and magnitude of the measured electric potential (Ling 1955, 1959.)
With this concept in mind, I and my associate, Leo Kushnir first made a Corning 015
glass electrode and showed that it had no sensitivity to external K+ concentration. We then
coated the electrode with a very thin layers of (oxidized) collodion (nitrocellulose.) We
expected that the collodion-coated electrode would now behave exactly like a simple collodion thimble electrode (Lewis and Saroff 1957.) And, as such it would show sensitivity
to the concentration of external K+.
To our great delight, that was precisely what we observed. Indeed, we went a step further and tested on the collodion-coated glass electrode (for short, CCG electrode) the effects of all the other alkali-metal cations, H+ as well as the divalent cations, Mg2+, Ca2+,
Ba2+ and Sr2+. The results are shown in Figure 53 and Figure 54. Taken as a whole, three
outstanding features have thus been demonstrated on the CCG electrode:
1. The rank order of selectivity among the alkali metal ions is Rb > K+, Cs+ > Na+ >
Li+. This rank order suggests that the carboxyl groups introduced into the nitrocellulose are in a low-c-value state. As such, it is entirely in keeping with the rank order
seen in the ion accumulation in healthy frog muscle cells, as well as in the surface
sites of guinea pig heart (papillary) muscle studied by Edelmann and Baldauf
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FIGURE 53. Monovalent cation sensitivity of collodion-coated glass electrode. The potential is
considered positive if the outside phase of the electrode is positive to the inside phase. (Ling 1967,
by permission of Marcel Dekker)

FIGURE 54. Low sensitivity of both the resting potential of frog muscle (B) and collodion-coated
glass electrode (A) to one or more alkali-earth ions . In B, only Mg++ was studied and it has no detectable influence on the resting potential. In A, insensitivity extends to all four alkali-earth ions
studied: Mg++ (䊉), Ba++ (䊊), Ca++ (䉭) and Sr++ (䊏). (A from Ling 1967 by permission of Marcel
Dekker; B from Ling et al 1983.)

(Figure 52.) Since the nitro group is a well-known strong electron-withdrawing
group (Ling 2001, Figure 45 on p. 159), that its attachment on the cellulose molecule should have lowered the c-value of the carboxyl groups is understandable.
(2) The H+ was found to be by far the most preferred ion on the low c-value carboxyl
groups and it is preferred over K+ by about two order of magnitude. Virtually the
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same two-order magnitude preference of H+ over K+ preference has also been observed in thre resting poential of frog muscle cells.
(3) The CCG electrode shows no sensitivity at all to all four alkaline-earth ions: Mg2+,
Ca2+, Ba2+ and Sr2+. In agreement, the resting potential of frog muscle cells also
shows no sensitivity to Mg2+ (Figure 54B.) This is so even though the frog muscle
cell is quite permeable to this divalent ion. (See Ling 2007, Table 11 on p. 59.)
All told, we have found in the CCG electrode a nearly perfect model of the electric potential generating cell surface, adding strong evidence once more that similar low-c-value
β-, and γ-carboxyl groups are the seats of the cellular resting potential. At this juncture,
we should not forget that the close behavioral parallelism seen between the surface of
nerve and muscle cells and the oxidized collodion layer of a CCG electrode has an earlier precedent: the close behavioral parallelism between frog skin and cellulose acetate
membrane. After all, collodion is a derivative of cellulose just as cellulose acetate is a derivative of cellulose. And, we have pointed out how water molecules dominated by fixed
bipolar (CO, OH) groups on cellulose acetate bears close relationship to water under the
influence of similar bipolar (CONH) groups in frog skin nano-protoplasm. Now, it is the
carboxyl groups inadvertently or deliberately introduced into the cellulose molecules and
their interaction with alkali metal ions that give rise to the electrical potential difference
(Sollner et al 1941; Ling 1984 pp. 108-109; Ling 1992 p. 283) that matches the resting
potential produced by the cell surface nano-protoplasmic β-, and γ-carboxyl groups and
their associated alkali-mtal ions
As a corollary to this exciting page, I want to add that Leo Kushnir and I took yet another step further. We converted such a cation-sensitive CCG electrode into an anionelctrode by exposing a CCG electrode to a solution containing poly-lysine, which carries
on its side chain fixed cationic ε-amino groups. In a moderately acidic medium (pH = 5),
the cation-sensitive CCG electrode now metamorphosed into a perfect anion electrode.
Once more, the fact clearly shows that it is only the charged sites on the surface of the
cell or suitable model system that determines the magnitude and polarity of the surface
potential (Figure 55.)

FIGURE 55. Anion and cation sensitivity of a collodion-coated glass electrode
(CG electrode) and of a polylysinetreated CG electrode (PCG electrode) at
two different pH’s: 5 and 7. (from Ling
1967 by permission of Marcel Dekker)
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3.2.3.1.3 Results of experimental study of the resting potential and its control
In the remaining part of this section I shall demonstrate that the nano-protoplasm making
up the surface of frog muscle and other cell types, also shows auto-cooperative interaction. And that it too can be controlled by cardinal adsorbents that have been shown to control the β-, and γ-carboxyl groups of the nano-protoplasm making up the bulk of cell
interior. as well as cell surface β-, and γ-carboxyl groups that mediate cation entry into
frog ovarain eggs.
In all the figures to follow, the cell resting potential were as a rule measured with a
Gerard-Graham-Ling microelectrode either by ourselves or by others. And, regardless of
where the data points came from, the curves going through or near most of the experimental data points are theoretical according to Equation 29.
a. Control by ouabain
The top curve labeled “control” in Figure 56A shows a plot of the resting potential (Ψ)
of a normal frog muscle cell against the logarithm of external K+ concentration. The solid
line going through or near all the data points are theoretical according to Equation 29 with
the intrinsic equilibrium constant Koo
Na→K set at 96 — compared to its counterpart in the
K+/Na+ adsorption on bulk-phase cytoplasm, set at100. The −(γ/2) is 0.73 kcal/mole compared to its bulk-phase counterpart of 0.67 kcal/mole.
The data points of the top curve of Figure 56B are from Akaike (1975.) They are the
resting potentials of soleus muscles in which most of the cell K+ has been replaced by Na+
— after the host rats had been fed a low K+ diet for 40 to 49 days. Nonetheless, the
Koo
Na→K of the theoretical curve that fits the data is equal to 96.3 and the −(γ/2) is equal to
0.67 kcal/mole — virtually identical to what was collected from resting potential studies
on (normal K+-loaded) frog muscle resting potential as shown in Figure 56A.
It bears mentioning that the perfectly normal resting potential of Akaike’s Na+-loaded
muscle cells is the converse of Ling and Kushnir’s collodion-coated glass electrode —
both provide evidence that the standing electrical potential difference measured across the
surfacer of either a resting cell or a (collodion-coated) glass electrode is a close-contact
surface adsorption potential and as such, independent of the ionic content of the bulkphase cytoplasm or that of the glass (electrode) beneath the thin layer of collodion painted
on top of it. Having examined in some detail the two top curves of Figure 56A and B, we
now go to the two bottom curves in Figure 56 A and B.
The data points on or near the lower curve in Figure 56 A are the resting potential
values of frog sartorius muscle treated with ouabain at a concentration of 3.26 x 10−7 M.
The intrinsic equilibrium constant, Koo
Na→K of the data-fitting theoretical curve has fallen
to 12.5 compared to its counterpoint in the bulk-phase protoplasm exposed to the same
concentration of ouabain, 21.7. However, the nearest neighbor interaction energy, −(γ/2),
of 0.56 kcal./mole is close to the value of 0.67 kcal/mole in the ouabain-treated bulk phase
β-, and γ-carboxyl groups.
In comparison, the data points on or near the lower theoretical curve in Figure 56B are
from Akaike’s Na+-loaded rat soleus muscle treated with a much higher concentration of
ouabain (i.e., 10−4 M.) The Koo
Na→K has dropped down only to 35; −(γ/2), on the other
hand, has fallen to zero. The much higher concentration of ouabain used by Akaike most
likely played an important role in producing the differences observed.
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FIGURE 56. Effect of ouabain on the resting potential of frog sartorius muscle cells (A) and that
of Na+-loaded rat soleus muscle cells (B). Electric potentials were all recorded with a GGL (alias
Ling-Gerard) microelectrode. The control frog sartorius muscle is freshly isolated from normal
North American leopard frogs. The control rat soleus muscles were not from normal rats. Instead,
their normal intracelllular K+ had been largely replaced by Na+ as a result of feeding the host animals for 40 to 49 days on a low K+ diet. Notwithstanding, the two control curves are highly similar. The experimental frog sartorius muscles were incubated for 72 hours at 25°C in a Ringer-GIB
medium containing 3.27 x 10−7 M of ouabain. Data presented in Figures 34 and 37 show that virtually all its intracellular K+ has been replaced by Na+. The experimental rat soleus muscle was exposed to a much higher concentration of ouabain (10−4 M) but only for a short time. All four solid
lines going through or near the experimental points are theoretical according to Equation 29 (with
ξ as defined in Equation 6.) For the frog muscle cell, ouabain reduced Koo
Na→K from 90 to 12.5 and
increased −(γ/2) from 0.56 to 0.73 kcal/mole. For the rat muscle cell, ouabain reduced Koo
Na→K from
96.3 to 35 and −(γ/2) from 0.67 to 0 kcal/mole. (experimental data on rat soleus muscles from
Akaike 1975; all figures reproduced from Ling, Baxter and Leitman 1984)

b. Control by valinomycin
Earlier we have shown that valinomycin does not influence the rate of K+ permeation into
most living cells studied. That is not to say that valinomycin has no physiological impact
on living protoplasm. On the contrary, Maloff and his coworkers demonstrated pronounced effect of valinomycin on the resting potential of isolated giant liver mitochondria
(Maloff et al 1978.) This is shown in Figure 57, which replots their data according to
Equation 29. The data-fitting apparent intrinsic equilibrium constant or KKoo equals
50 M−1 in control mitochondria; it falls to 16.6 M−1 in mitochondria treated with
10−7 M valinomycin. This action suggests that valinomycin acts like an EWC. As such, it
lowers the c-value of the surface β-, and γ-carboxyl groups of the mitochondria, increases
their preference for K+ and raises the surface potential.
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FIGURE 57. Effect of valinomycin on the
resting potential of isolated giant liver mitochondria from cuprizone-fed mice. Data from
Maloff et al (1978.) Points are experimental.
Lines going through or near the experimental
points are theoretical according to Equation
29. Valinomycin treatment reduced the apparent intrinsic equilibrium constant, KKoo from
50 to 16.6 M−1. −(γ/2) remains unchanged at
0.2 kcal/mole. (from Ling 1982)

3.2.3.2 The action potential
To survive and prosper, a living organism must be able to detect what is going on in its
environment and to respond in one way or another. To achieve these goals, sensory organs
like the eye and ear are installed to see or hear and to send what they detect in coded messages to the brain. In turn, the brain may send messages to the locomotive organs in order
to flee or fight. For multi-cellular organisms, these messages are sent along nerve fibers
in the form of action potentials, which are self-propagating, all-or-none electric perturbations of the resting potential.
Figure 58A shows a recording of a train of action potentials along a single nerve fiber
connected to the eye (or ommatidium ) of a horseshoe crab when short flashes of bright
light were turned on and off. Traveling along the nerve fiber at the speed between a fraction of a meter per second to as high as 100 meters per second, each action potential lasts
only 1/1000 of a second.
A

B

FIGURE 58. The nerve impulse (or action potential) seen at two different speeds of recording.
A. Impulses along Limulus nerve fiber elicited by one-second long light flash. Lower interrupted white
line marked 0.2 second intervals. B. An action potential recorded from an intact squid axon with a
GGL microelectrode. Time marks are 0.4 msec. apart. (A from Hartline 1934 by permission of J.
Cell and Comp. Physiology; B from Hodgkin 1958, by permission of the Royal Society of London)
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In the preceding section, we have discussed how the Gerard-Graham-Ling (GGL aka
Ling-Gerard ) microelectrode with a tip half of a micron wide made it possible to record
the resting and action potential of big and small single cells as well as even smaller subcellular organelles. (For history and fine examples of recordings respectively, see The
Microelectrode and the Heart 1950-1970 by S. Weidemann 1971 and Electrical Activity
of Single Cells edited by Y. Katsuki 1960.) However, this should not obscure the fact that
years before the GGL electrode became a usable tool, accurate intracellular recording of
the resting and action potential had been successfully made with much wider glass capillary electrodes on the giant nerve fibers of squids and cuttlefish.
Note that when a GGL microelectrode is inserted into a resting nerve axon, it registers
an inside-negative resting potential some 70 mV below that of the outside ground level
marked 0 mV. If the nerve is then stimulated with an electric pulse upstream, an action
potential would be launched and travel down the nerve. Recorded on a more expanded
time scale, the action potential reveals a profile like that shown in Figure 58B. Note that
the action potential does not represent a mere cancellation of the inside-negative resting
potential, it actually becomes inside-positive by some 40 mV. The part of the action potential that goes beyond the zero-potential dashed line is known as the “Overshoot.”
3.2.3.2.1 Theories of the action potential
In 1952 British cell physiologists, Alan Hodgkin and Andrew Huxley discovered that the
action potential is primarily an expression of the transient activity at the (muscle or) nerve
surface associated with a local and transient movement of the Na+ ion (Hodgkin and Huxley 1952a,b,c,d; Hodgkin, Huxley and Katz 1952.) A sketch of their theory of the action
potential follows.
To begin, they accepted Bernstein’s membrane theory of the resting and action potential. But by the end of the 1940’s, Bernstein’s postulated impermeability of the cell membrane to Na+ and Cl− had already been completely and unequivocally disproved (Ling
2006a, 2007.) To overcome the difficulty these new findings posed, Hodgkin and Katz reactivated the pump idea, which Theodor Schwann first introduced in 1839 (p. 112.) That
is, the steady activity of a battery of postulated Na pumps in the cell membrane keeps the
intracellular Na+ at the low level as found in most living cells. In addition, they introduced
what has been known as the Hodgkin-Katz-Goldman equation shown earlier on p. 196
above as Equation 27.
By postulating a much higher membrane permeability for K+ (PK) than for Na+ (PNa) in
a resting muscle or nerve cell membrane and a reversal of this preference during activity,
quantitative agreement between theory and observed values was achieved. However, many
difficulties beset this model. Not the least was the disproof of the membrane-pump concept already mentioned on p. 115. Another concept introduced by Hodgkin and Katz was
that the cell membrane has two kinds of pores or channels, one specific for K+ and another kind for Na+. This concept too encountered difficulty because K+ was shown to
travel the alleged Na+ channel etc., etc. The details of these contradictory findings will not
be reiterated here since more than one review on the subject are already available (Ling
1984, pp. 463-470; Ling 1992, pp.276-280; Ling 2001, pp.209-226.)
In the preceding section, I have shown why the resting potential is not a membrane potential — as I myself once believed and wrote my Ph.D. thesis upon. Indeed, there is now
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grave doubt that the membrane potential exists anywhere in the real world, living or dead.
(See Ling 1992, pp. 282-285, Ling 2001, pp. 253.)
Rather, the resting potential is a close-contact surface adsorption potential like that of
a glass electrode or a collodion-coated glass electrode described earlier.
Cell permeability studies presented on pp. 191 to 195 also left no doubt that living cells
are not enclosed in a continuous phospholipid bilayer. On the contrary, the demonstrated
bulk-phase-limited diffusion of labeled water into frog eggs and into barnacle muscle
fibers (p. 191) shows that the living cells like the frog egg and giant barnecle muscle fibers
at least are covered with (polarized-oriented) water at percentages not far from that of the
entire cell, which is 49% in frog ovarian eggs and 76% in giant barnacle muscle fibers.
(See Ling 2004, p. 5; Hinke 1970.)
One adds that this is exactly what one would expect if, as we maintain, that all active
parts of the living cell are made of basic units of nano-protoplasm as described in Equation 1 on p. 124 or diagrammatically as in Figure 5 and 15.
However, there are reasons to believe that significant differences exist between nanoprotoplasm at the cell surface like that of muscle and nerve cell and nano-protoplasm in
the interior of these and other cell types — just as there is difference in the nano-protoplasm making up the surface of interior body cells like frog muscle and that making up
the surface of frog skin as pointed out earlier in section 3.2.2.2b. The surface of these excitable nerve and muscle cells appears to be occupied by β-, and γ-carboxyl groups uncontaminated by fixed cations. Indeed, this is what is known as the Faraday cage effect.
That is, in a conductor, electric charges congregate at the surface. The Law of Macroscopic Electro-neutrality also forbids the existence of a measurable amount of net electric
charges inside a conductor.
Other persuasive evidence to the same effect is experimental. In most excitable cells, a
plot of the resting potential against the logarithm of external KCl concentration is as a rule
very close to theory, (e.g., a 58 mV drop of ther resting potential per t0-fold increase of
external KCl concentration. See Ling 1962, Figure 10-1, on p. 259.) In addition, the resting potential of frog muscle is constant between pH 5 and 10 (Ling and Gerard 1949, p.
389.) If there were “contaminating fixed cations”, the slope of the plot would be pH-dependent as shown for the PCG electrode in Figure 55.
This demonstrated absence of intermingling fixed cations at the surface of excitable
cells has other important implications, which can be understood by going back to Figure
5. There, an across-the-board c-value rise of the β-, and γ-carboxyl group in consequence
of (EWC) ATP depletion, changes the β-, and γ-carboxyl groups from adsorbing K+ to
forming salt-linkages with close-by fixed cations. (This postulation is backed by the experiment observations presented in Figure 33 on p. 172.)
However, when there are no fixed cations around to form salt-linkages, an across-theboard increase of the c-value of the β-, and γ-carboxyl groups at the cell surface would
lead instead to a shift from adsorbing K+ to adsorbing Na+. That, of course, is according
to the AI Hypothesis an important activity underlying the creation of an action potential.
Having made clear this basic issue involved, we are now ready to outline what an action
potential is and does in terms of the AI Hypothesis:
In brief, the action potential is the manifestation of a specific case of controlled autocooperative AI-cascade transition of the nano-protoplasm at the surface of nerve, muscle
and other excitable cells. This transition embodies a transient c-value rise of the cell
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surface β-, and γ-carboxyl groups, pari passu with a transient c-value anlogue rise of the
cell surface backbone CONH groups. The c-value rise of the β-, and γ-carboxyl groups
momentarily changes what is like a close-contact K+-selective surface potential to a Na+selective potential. The c-value analogue rise of the backbone CO groups creates momentarily a depolarization-disorientaton of the cell surface water, which in turn brings
about a q-value rise for Na+ in the cell surface water. An inward Na+ diffusion potential
is created momentarily, giving rise to the “overshoot.”
Quantitatively, the polarity and magnitude of the action potential at its peak height is
described by the following equation (For derivation, see Endnote 2 at the end of the
article.):
Ω / [K+]ex} + {RT/F} ln qNa.
ψ = constant + {RT/F} ln {Ω

(31)

Counting from the right, the first term is the Na+ diffusion potential responsible for the
overshoot. The second term is the close-contact, surface adsorption potential of high
c-value surface β-, and γ-carboxyl groups.
Now, we pose a key rhetoric question, What triggers the muscle or nerve surface protoplasm into the active state that reveals itself as the action potential? On this specific
point, I have adopted an idea first introduced by Gordon and Welsh (1948.) That is, the
stimulating electric current excites the cell by removing Ca++ from a chelating negatively
charged site at the cell surface. But how does that removal of Ca2+ from the chelating site
create an action potential is a question that to the best of my knowledge, only the AI
Hypothesis had provided a molecular and electronic answer.
The answer is based on the (unsurprising) suggestion that Ca++, being positivelycharged, tends to draw negatively charged electrons toward itself and thus acts as an electronwithdrawing cardinal adsorbent or EWC — a postulation that Gulati has already affirmed
in his experimental study on Ca++ activity reproduced in Figure 39 on p. 178.
As an EWC, Ca++ normally occupies an auxillarry cardinal site (Figure 5.) and its electron-withdrawing impact synergistically compliments the influence of the principle EWC,
ATP in maintaining the low c-value and low c-value analogue profile of a resting cell surface. The sudden removal of Ca++ then triggers an AI cascade mechanism leading to the
across-the-board c-value and c-value anlogue rises outlined above.
Figure 59 diagrammatically depicts what are described in words above. It shows the
surface of a nerve or muscle fiber at rest (top) and during activity (bottom). In the resting
nano-protoplasmic units, the EWC Ca++ represented by the circle with two + signs is enthroned on the (auxillary) cardinal site. Most of its β-, and γ-carboxyl groups are associated with K+. All the cell water molecules assume the dynamic structure of
polarized-oriented multilayers, in which only a few Na+ are found.
With the detachment of the EWC , Ca++ by either a stimulating cathode or the (negative) front end of an arriving action potential, an all-or-none shift takes place. And this
shift is diagrammatically represented by the sequence of events starting at the top illustration of Figure 59 and ending on the bottom illustration of the same figure. A recording
GGL electrode would see both the annulment of the 70 mV inside negative resting
potential and superimposed on it an inward diffusion potential of (unaccompanied)
positively-charged Na+, giving rise to the “overshoot.”
No longer under a disengaging local negative electric field of a stimulating cathode or
the advancing front end of an approaching action potential, Ca++ returns to its cardinal
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FIGURE 59. Diagram of a microscopic
region of nano-protoplasm at the surface
of an excitable cell in the resting state
(“Ruhezustand”) and at an activated state
(“Aktive Zustand”.) Detachment of the
cardinal adsorbent, Ca++, triggers (i) the
desorption of adsorbed K+ and its displacement by Na+ and (ii) a concomitant
depolarization-disorientation of the nanoprotoplasmic water, increasing its q-value
for Na+, which in turn leads to an inrush
of Na+ from the external medium, producing the “overshoot.” K+ 䊉, Na+ 䊊, water
molecules . (from Ling 1981a, by permission of Wissenschaftliche Verlag)

site. That in turn reverses every move involved in the top to bottom figure transition to its
initial resting living state. Electrically, the falling phase of the action potential fully returns to its pre-excitation status after a short burst of outward loss and regain of K+.
3.2.3.2.2 Results of experimental studies on the action potential
a. On intact living cells
In support of this theory, it is known that decreasing external Ca++ concentration lowers
the threshold for stimulation. Decreasing external Ca++ concentration also causes spontaneous firing of nerve and muscle cells (Adrian and Gelfan 1933.) In contrast, increasing
external Ca++ concentration increases the threshold for electric stimulation (Cole 1949.)
From permeability studies, Ling and Ochsenfeld showed that the β-, and γ-carboxyl
groups of resting frog muscle cell surface adsorb the alkali metal ions in the rank order
Rb+ > Cs+ > K+ > Na+, while the β-, and γ-carboxyl groups of guinea pig heart muscle
show a rank order of Rb+ > K+ >Cs+ . Both correspond to a low c-value of about −4.0 Å.
In sharp contrast, the anionic groups of giant squid axon mediating Na+ entry during an
action potential follow the rank order Li+ = Na+ > K+> Rb+ > Cs+ as reported by Hille
(1975.) That rank order corresponds to a much lower c-value of about −3.0 Å. The data
from Chandler and Meves (1965) can be interpretated as indicating an even lower c-value
of −2.65 Å (For details, see Ling 1992, p.311; 2001, p.230.)
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Villegas, Blei and Villegas (1965) then showed that during activation, there is also a
travelling wave of increased non-specific permeability to non-electrolytes (Table 6.) This
finding is in harmony with the theoretical prediction that there is a wave of reversible increases of c-value analogue of the backbone carbonyl groups. This harmony is further enhanced by their demonstration that this increase of membrane permeability to
non-electrolytes depends on the presence of a high concentration of Na+ in the bathing
medium. A high concentration of external Na+ makes the K+ to Na+ adsorption exchange
on the β-, and γ-carboxyl groups feasible as part and parcel of the auto-cooperative transition at the cell surface.
b. on isolated protoplasmic droplets
In 1956, Kamiya and Kuroda succeeded in keeping alive droplets of isolated Nitella protoplasm for as long as 50 hours in an artificial salt solution. In 1971, Inoue et al (1971)
discovered how such an isolated protoplasmic droplet could be excited by an electrical
stimulus. With the aid of a GGL electrode, a record of an action potential like that shown
in Figure 60A was obtained. Obviously this recording bears strong resemblance to the action potentials recorded with a similar GGL electrode in squid axon, frog muscle and
other intact excitable cells and shown in Figure 58B.
The top curve of Figure 60B shows that an inside-negative resting potential of 90 mV
is recorded when the microelectrode enters the Nitella protoplasmic droplet. The magnitude and polarity are exactly like that recorded in a single frog muscle cell. Inoue et al
called such an impaled protoplasmic droplet in A state. It is while the droplet is in this A
state, that an electric pulse would elicit an action potential like that shown in Figure 60A.
The transition is all-or-none and hence an example of what we call a controlled autocooperative transition shown in Figure 13B.
However, if one does not apply the electric stimulus but steadily increases the concentration of Na+ in the bathing medium, a point will be reached when another all-or-none

TABLE 6. Permeability of resting and stimulated squid axons to 14C-labeled erythritol,
mannitol and sucrose. Calculated permeability change made on the assumption that the
permeability change during excitation lasts 1 msec. (from Villegas et al. 1965,
by permission of the Journal of General Physiology)
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FIGURE 60. Electrical recordings with a GGL electrode from isolated Nitella protoplasmic
droplets in a life-sustaining “test solution” containing 0.5 mM NaNO3, 0.5 mM KNO3, 1 mM
Ca(NO3)2 and 2 mM Mg (NO3)2. (A) Action potential induced by an outwardly directed current
pulse when the droplet was in State A (see legend for B.) (B) Dependence of resting potential on
external Na+ concentration as given on abscissa in a solution with ionic composition same as in “test
solution” except Na+. A, B in graph denote resting A state, and depolarized B state respectively.
(C) Dependence of resting potential on external Ca++ concentration as shown on abscissa. Except
for Ca++, all other ionic concentrations are the same as in “test solution.” (from Inoue et al 1973 by
permssion of Biochimica Biophysica Acta)

change will take place, dramatically reducing the resting potential from −90 mV to some
−20 mV. In fact, this constitutes another example of what I call spontaneous auto-coopertive transition and illustrated in Figure 13A
Let us now return to the controlled auto-cooperative transition shown in Figure 59A.
As mentioned above, and in accordance with our working hypothesis, it is the detachment
of the EWC, Ca++ that triggers off the action potential in muscle and nerve fibers There is
evidence provided by Figure 60C that here too it is the detachment of Ca++ that triggered
the transition.
Thus, the −90 mV resting potential is maintained as long as the bathing medium contains Ca++ within the concentration range 0.1 to 10 mM. However, once the Ca++ concentration falls to 0.1 mM or beyond. the resting potential undergoes an all-or-none transition
to −10 mV.
In summary, the isolated protoplasmic droplet from Nitella internodal cells shows a
resting potential of the same size and same polarity as a typical excitable intact living cell.

210

LING

It can also be stimulated to produce an action potential resembling in overall profile the
action potential recorded from a squid axon or frog muscle cell.
3.2.4 Cellular swelling and shrinkage
Reviews: Ling 1962 Sect. 9.4; 1984 Chapt. 13; 1992 Chapt. 10; 2001 Sect. 15.3
3.2.4.1 Theory of cell swelling and shrinkage
In 1962 as part of the original AI Hypothesis, I suggested that the profound impact of high
concentration of KCl in causing extensive cell swelling while an equal concentration of
NaCl has no or little impact can be explained by the difference in their respective power
in breaking up salt linkages (Ling 1962 pp. 246 –250.) An underlying assumption of this
interpretation is that cell protoplasm has the power of drawing into the cell more water if
part or all of the restraining salt linkages are broken by KCl. This idea gained strength
with the subsequent introduction in 1965 of the polarized-oriented multilayer (POM or
PM) theory of cell water, according to which, all or virtually all water already in living
cells (and yet to enter) exists in the form of polarized-oriented multilayers on the fullyextended polypeptide chains of cell proteins (Ling 1965.)
In 1970 Ling and Negendank confirmed the POM theory of cell water by demonstrating that 95% of the water in healthy strips of frog muscle cells follow the Bradley adsorption isotherm at relative vapor pressure ranging from 4.3% to 99.6% saturation (Ling
and Negendank 1970) (see Figure 26.)
Following up on Ling and Negendank’s finding, Cope went on to show that if the NaCl
concentration providing the right relative vapor pressure is designated C, then the Bradley
adsorption isotherm just mentioned can be rewritten in a form that describes the relationship between the volume of the cell, V, in equilibrium with the NaCl solution at concentration, C such that
V = B – A log10 C,

(32)

(Cope 1967.) Cope’s equation was later incorporated into a more comprehensive equation
by Ling and Peterson (1977) (to be quoted here below as Equation 34) that describes the
changing volume of living cells in solutions containing increasing concentrations of NaCl
and other salts.
A fundamental assumption of this theory of cell swelling (and shrinkage) is that each
living cell is seen as an aggregate of n types of microcells. Every microcell contains just
one salt linkage, which can be either in the (associated) salt linkage form or in the fully
dissociated form of fixed cation-fixed anion pair. Representing the salt linkage in the associated form as F+ F−, where F+ represents a fixed cation usually an ε-amino group or a
guanidyl group. F− represents a fixed anion usually a β-, or γ-carboxyl group, we then have
+ −
−
+
F+ F− + X+ + Y− →
←F Y +F X ,

(33)

where X+ and Y− are respectively the cationic and the anionic component of the salt added
which causes the dissociation of the salt linkages. It is assumed that the F+ and F− are in
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the fully (associated) salt linkage form when there is no salt in the environment. When
there is salt in the surrounding medium, the reaction described by Equation 33 proceeds
in an all-or-none, auto-cooperative manner according to the Yang-Ling cooperative adsorption isotherm (Equation 5 or Equation 8.) Putting all these concepts together, we have
the equation for the ratio of the final cell volume (Wf) over the initial cell volume (Wi) as
follows:
n

Wf/Wi = Σ
φ [(bl1 – al1 log C) Ωldiss + bl2 (1 – Ωldiss)],
l=1 l

(34)

where φl is the molar concentration of the lth type of microcells divided by a constant Wi,
equal to the original or initial total volume of the cell. C is the concentration of the salt
in the bathing medium, bl1, al1 and bl2 are all constants. Ωldiss is, as usual, the abbreviation
of the Yang-Ling cooperative adsorption isotherm describing the autocooperative adsorption exchange taking place inside the lth type of microcells.
3.2.4.2 Results of experimental studies on swelling and shrinkage of living cells in solutions containing an increasing concentrations of chloride salts.
Figure 61A represents plots of the relative cell weight (Wfinal/ Winitial or Wf/Wi) as ordinate against the concentrations of the chloride salts of Rb+, Cs+, K+ , Na+, Li+ and choline
in the bathing medium after 7 days of incubation at 4°C. Focussing attention on the lower
salt concentration range up to 150 mM, the relative power in producing the most swelling
follows the rank order: Rb+ > K+ > Cs+ = Li+ > Na+ — suggesting that the anionic β-, and
γ-carboxyl groups of the salt linkage being dissociated have a low c-value. And in this
way, they resemble, first, the (free ) β-, and γ-carboxyl groups that selectively adsorb the
alkali-metal ions in the bulk phase cytoplasm of similar frog muscle cells as described in
Figure 37A and Figure 38. and, second, they resemble the surface β-, and γ-carboxyl
groups mediating cation entry into guinea pig papillary muscle and also give rise to its
resting potential (Figure 52).
In general pattern, the swelling effect of the six salts on frog sartorius muscles falls into
three groups: the RbCl and KCl group; the NaCl and LiCl group and the CsCl and choline
chloride group. In contrast, Figure 62A shows similar KCl-induced weight change profiles of four different types of small frog muscles. Their respective names are given at the
lower right corner of the graph. As the data clearly indicate, there is a high degree of reproducibility among all these muscle types.
The NaCl-LiCl group did not show swelling until a much higher concentration range
of 150 to 250 mM was reached. The CsCl-choline chloride groups did not show swelling
until an even higher concentration beyond 300 mM. In the end, the final weights of all
three groups converged to more or less the same value, when the salt concentration
reached 1500 mM or 1.5 M.
Ling and Peterson then showed that Equation 34 can generate theoretical curves that
match each one of the different types of observed volume changes. Only one of these theoretically calculated curves will be presented here as Figure 61B.
The data points of the top figure of Figure 61B are experimentally observed. The solid
line that goes through or near most of the data points are theoretically computed according to Equation 34 and is itself a composite of three theoretical curves each corresponding to a different type of fixed β-, and γ-carboxyl groups, each with a different c-value.
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FIGURE 61. Swelling and shrinkage of frog voluntary muscles in increasing concentrations of the
chloride salts of Li+, Na+, K+, Rb+, Cs+ and choline. (A) Experimental observations. Incubation at
0° C lasted 7 days in modified Ringer-GIB media (see Ling and Bohr 1969) before the final weight
was determined and expressed as a ratio over the initial weight as the ordinate (Final wt/Initial wt).
(B) Theoretical interpretation. Points are experimental. Line going through or near most of the experimental points are composites of three (I,II,III) theoretical curves involving the dissociation of
different types of salt-linkages and all describable by the Yang-Ling cooperative adsorption
isotherm. In all three fractions (I, II, III) the rising phase is the consequence of the strong autocooperativity with nearest neighbor interaction energy (− γ/2) of 0.50 kcal/mole or higher. The following phase of each of these curves could be a sharp fall or a flat plateau or something in between.
The interpretation Ling and Peterson offered for the sharply falling curve as shown in fraction III is
simply due to further decline of the activity of water with the continually rising salt concentration
bathing the cells. This interpretation is based on the assumption that cell water stays largely polarized-oriented as in normal cells. By exclusion, the flat plateau type seen in fraction I would then indicate a depolarization-disorientation of cell water. (from Ling and Peterson 1977, by permission of
the Bull. Math. Biology)
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FIGURE 62. Swelling or shrinkage of isolated frog muscles in increasing concentrations of KCl
(A) or of KCl, CsCl and NaCl (B). (A) Swelling-shrinkage curves of four different types of small
intact frog muscles in increasing concentration of KCl solution. Names of the four types of muscles
are listed in the lower right corner of the graph. While some minor differences exist, by and large,
there is agreement, giving one indication of the validity and accuracy of this type of observation.
(B) The apparent equilibrium distribution coefficients of D-arabinose (ρArab) of muscle cell water in
muscles that have been exposed for 7 days at 4°C in solutions of KCl, CsCl and NaCl of increasing concentrations. Shown as the ordinate, ρArab is equal to the concentration of radioactively labeled D-arabinose in the muscle cell water in each muscle divided by the final concentration of
D-arabinose in the bathing solution of that experiment. ρArab in the range of 0.2 to 0.3 indicates a
normal polarized-oriented state of the cell water. Rising ρArab indicates deterioration. (from Ling
and Peterson 1977, by permission of the Bull. Math. Biology)
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The first curve giving rise to the first sharp peak has β-, and γ-carboxyl groups with the
strongest affinity for K+ and in all probability, the lowest c-value. The other two curves
have decreasing affninity for K+ as judged by the much higher KCl concentration required
to bring about the swelling. However, besides the location and shape of the rising phase
of each curve, there is another question to answer. It is what happens after the top of the
peak has been reached. In the first curve, the swelling peak is followed by an immediate
and sharp shrinkage. In the second and third curve, they are both more or less flat
plateaus. The explanation for this difference was given by Ling and Peterson as follows.
The shrinkage phase of the first sharp peak is created by the increasing KCl concentration to the right of the peak. For that to happen, the bulk phase water must be in the
normal polarized-oriented state. On the other hand, the appearance of a flat plateau after
the peak bespeaks of a weakening or disintegration of the dynamic structure of polarizedoriented water. Thus underlying the three theoretical curves, which together reproduce
what was experimentally observed, is that the cell water remains more or less normal until
the NaCl concentration has reached about 400 mM. Further beyond, the dynamic water
structure appeared all destroyed. Fortunately, by that time, we already had a well-developed method for monitoring the state of health of the bulk phase water. It is the D-arabinose probe method based on the fact that this pentose is not metabolized at a significant
rate by frog muscle at low temperature (Ling and Ochsenfeld 1988.)
To monitor the state of health of the cell water, Ling and Peterson studied the apparent
equilibrium distribution coefficient or ρ-value of (radioactively-labeled) D-arabinose in
muscles similarly treated with salts of different concentration. Figure 62B.shows the state
of water as monitored by the D-arabinose distribution pattern in frog muscles exposed to
increasing concentrations of KCl, NaCl and CsCl.
Within the range of salt concentration of 10 to 100 mM, the D-arabinose ρ-value is low
pointing out that by and large the normal dynamic water structure is preserved. At very
high salt concentration (440 to 460 mM), ρD-arabinose approaches unity, suggesting that the
water has, to all intent and purposes, turned into normal liquid water. This finding then
completes the evidence showing concordance between theory and experiments on the effect of increasing KCl concentration on the swelling and shrinkage of isolated frog muscle.
As mentioned, other similar theoretical confirmations were also achieved for all the
swelling and shrinkage curves produced by all six kinds of chloride salts. In concluding
this section, we turn out attention to the control of cell volume by cardinal adsorbents, beginning with the queen of all cardinal adsorbents, ATP.
3.2.4.3 Results of experimental studies on the control of swelling and shrinkage.
a. Control by ATP
ATP, is the ultimate end product of energy metabolism in all living organisms. It is also
what we sometimes call the Queen of cardinal adsorbents. As a powerful EWC, ATP
keeps the β-, and γ-carboxyl groups at a low c-value state, in which Rb+ and K+ are highly
preferred over Na+. The fact that ATP is a strong EWC also suggests that ATP depletion
could offer a possible explanation of what we know too well while a child. A collision
with a hard object may produce a swelling of some part of our body. Other collisions with
heavier objects may cause life-threatening brain swelling.
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More specifically, the underlying mechanism of traumatic edema is not unlike that of
healthy tissues brought about by high concentration of KCl. Yet the agent that brings
about the swelling of injured tissues is not an abnormally high KCl concentration in the
plasma or tissue fluid. Ironically, it is the high concentration of Na+ and Cl− found in all
normal blood plasma and its man-made substitute, the Ringer-Locke soluton. Indeed, if
we remove that high level of Na+ (and its counter-anion, Cl− ) from a normal plasma, the
animal would soon be paralyzed and perish. That being the case, one asks, What then
turns a vitally needed friend into a deadly enemy? The answer is, loss of ATP.
For with ATP gone, the high concentration of Na+ found in perfectly normal blood
plasma now suddenly becomes life-threatening because with ATP reduced, the β-, and γcarboxyl groups are no longer held at the safe low c-value but rise to a higher c-value at
which the preference for Na+ is sharply increased — so that it begins to act like a high
concentration of KCl on normal tissue cells and as such cause extensive swelling or
oedema.
Now, if this theory of injury induced tissue swelling is fundamentally sound, it would
predict the following:
Prediction 1: Injury induced swelling will only occur in the presence of a high concentration of Na+ (or Li+ ) since both both ions are according to theory, highly preferred
only at high c-value (see Figure 7, or Figure 36.)
Prediction 2: The degree of swelling would be inversely related to the concentration of
ATP existing in the injured tissue.
Figure 63 shows some of the observations my one-time summer student Chet Kwon
and I made confirming both of these predictions. Next I examine these figures in greater
detail.
Figure 63 has four panels. In each, the abscissa comes in two parts. The top abscissa
shows the increasing concentration of the specific salt used in the modified Ringer’s solution with the name of the salt indicated near each experimental curve. The bottom abscissa represents decreasing concentration of sucrose in the modified Ringer’s solution to
maintain osmotic balance.
Figure 63A shows that with increasing concentration of NaCl (and decreasing sucrose)
all three mouse tissues kept for 48 hours in a cold (4°C) and anoxic environment, steadily
increased their respective weights. But the extent of swelling varied, being more prominent in the kidney and liver than in the spleen.
Also worth noticing is that all three tissues lost about half their original weight after 48
hours in the cold-anoxic environment in the high sucrose bathing medium with the exception of the brain tissue (Panel C and D.) A possible cause for this shrinkage in kidney, liver
and spleen cells is the presence of high-c-value, free β-, and γ-carboxyl groups (in these
cells) that are normally associated with Na+ in the cells. Removal of NaCl from the environment and replacing it with sucrose takes away the adsorbed Na+. That in turn would enhance the chance for the now-liberated β-, and γ-carboxyl groups to engage in the
formation of new salt-linkages. Formation of new salt linkages could of course causes cell
shrinkage as both Figure 19 and Equation 33 show in the right to left direction.
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FIGURE 63. Injury induced tissue swelling and its dependence upon the presence of the high concentration of NaCl present in blood plasma or Ringer-Locke solution. Injury was produced by keeping isolated mouse organs in a small volume of unstirred salt solution without a continuing supply
of oxygen combined with chilling (4°C.) (A) Data show that mouse kidney, liver and spleen lost
half of their normal weight after incubation for 7 days in a modified Ringer-Locke solution in which
all the NaCl has been replaced by an isotonic equivalent of sucrose (280 mM). (For exception see
Figure 63C.) Substitution of sucrose with an iso-osmotic equivalent of NaCl brings about progressive weight increase until they had swollen to 140% of the original weight. (B) Data show LiCl
caused the most swelling, NaCl the next, Li2SO4 still less, while MgSO4 showed virtually no influence. (C, D) Comparable study with isolated mouse brain. Otherwise alike, the brain did not undergo shrinkage when placed in a modified Ringer-Locke solution containing 280 mM sucrose.
(from Ling and Kwon 1983)
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Figure 63B shows the high level of swelling of injured mouse kidney in solutions containing high concentration of NaCl, and even higher swelling in medium containing high
concentrations of LiCl. In contrast, Li2SO4 produced much smaller gain in weight;
MgSO4 produced even less. Pretty much the same pattern of response happens in the injured mouse brain as shown in Panel C and D. Only the level of swelling in the brain is
by far the highest among all the tissues examined. Once more, it tells us why brain
swelling due to injury can be life-threatening and calls for speedy attention in human
cases. All in all, these findings affirm the theoretical claim of high c-value of the β-, and
γ-carboxyl groups in the salt linkages involved.
While Figure 63 offers insights into the details on how high concentration of NaCl contributes to injury-induced tissue swelling — thereby confirming Prediction I, it is the data
presented in Figure 64 that confirms Prediction 2.
For what Figure 64 shows is that in the presence of full concentration of NaCl, the
swelling of the cold and anoxia induced swelling is strongly dependent on the state of depletion of ATP. As long as the ATP concentration is normal and high, the water content of
the brain tissue is normal (ca. 4 grams of water per gram of dry weight.) With decreasing
ATP concentration, NaCl-dependent swelling took off, reaching the highest level of
swelling when ATP concentration is near undetectable.
The confirmation of both Predictions led us to pose another question, Now in theory,
the depletion of an EWC is equivalent to the addition of an EDC. Since we have repeatedly pointed out above that while ATP is an EWC, ouabain is an EDC, the theory cannot
escape making an additional prediction. That is, if we can keep the tissue ATP level from
being secondarily reduced, by exposing frog muscle to a concentration of ouabain just
high enough, but not too high, that ouabain treatment should also bring about a NaCldependent swelling of the tissue cells. Whether or not this prediction can also be answered
in the positive will be made clear in the next and last section of this communication.
b. Control by ouabain
Our purpose is to test the hypothesis that exposure to a very low but above-threshold concentration of the EDC, ouabain should bring about a NaCl-dependent swelling of healthy

FIGURE 64. The relation between the
extent of brain swelling in a Ringer’s
solution containing 118 mM NaCl and
the ATP content of the tissue. Brain injury was produced by incubation in a
small volume of unstirred anoxic and
cold Ringer-Locke solution for number of hours indicated by the number
near each point. Each point represents
average of 3 or 4 determinations ±
S.E. (from Ling and Kwan 1983)
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normal frog muscle to match that brought about by the injury-induced depletion of the
EWC, ATP in mouse tissues (Ling and Bohr, unpublished.)
In the set of experiments shown in the last figure of this communication and labeled
Figure 65, we isolated many sartorius muscles of North American leopard frogs and incubated 4 muscles to a flask for between 3 to 4 days at 25°C. At the conclusion of the experiment, the muscles were taken out and blotted dry by a standardized procedure
described earlier (Ling and Bohr, 1969) and weighed before and after drying. The final
water contents of the muscles were plotted against the increasing NaCl concentration in a
way similar to those in Figure 61 and 62.
Now, the normal water content of frog sartorius muscle is 80% (w/w.) The control
muscles actually lost some water in the modified Ringer-GIB medium containing the
higher NaCl concentrations. In contrast, the water content of the experimental muscle exposed to 3.26 x 10−6 M ouabain rose sharply in two steps to reach the highest value of
88.4%. The Wfinal / Winitial corresponding to this water content is 1.53, which matches that
seen in mouse kidney but lower than that seen in injured mouse brain.
However, since at the concentration of 3.26 x 10−6 M our (later) study showed some decrease of the ATP concentration in frog muscles, the question whether the observed
marked swelling shown in Figure 65 is entirely due to the EDC, ouabain or partly due to
the EDC, ouabain, and partly due to the decrease of the EWC, ATP, the answer awaits future studies.

FIGURE 65. Na+-dependent swelling of frog sartorius muscles exposed to 3.26 x 10−6 M ouabain.
Sterile incubation at 25° C for 72 hours. The composition of the modified Ringer-GIB media are the
same as in a normal 731 medium except NaCl,
which varied between 0 mM and 100 mM. Iso-osmotic sucrose is added to maintain isotonicity. (from
Ling and Bohr, unpublished)
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Discussion
A. Uniformity of nano-protoplasm — as revealed by the ubiquitous two-number
rule seen both in vitro and in vivo
It is hard to exaggerate the importance of Lyster’s highly accurate data on oxygen binding cited here in Figure 17. With anything less precise, it would not be possible to visualize as we can do now, just how well does the AI theory of nano-protoplasm work. As
such, the binding of oxygen over the entire (wide) range of oxygen tension is described
to perfection by just two numbers: a Kooo of 5.88 x 10−6 M and a (−γ/2) of 0.67 kcal/mole.
Moreover, the whole set of oxygen-binding data came from nothing beyond a mix of
pure hemoglobin, pure water and pure salt. As such, it meets the exact definition of an
ultra simple model of nano-protoplasm in its “active living state” — as diagrammatically
illustrated in the left-side picture of Figure 5.
We could not access first hand Lyster’s Ph.D. thesis. Nor did Rossi-Fanelli et al., from
whose review we obtained Lyster’s data, give any information on the hemoglobin or salt concentration used in the data we cited. However, for a comparable set of data on horse hemoglobin, the hemoglobin concentration used was 4.6% and the salt used was given as 0.7 M
phosphate. Table 3 shows that a (−γ/2) of 0.67 kcal/mole is equivalent to a Hill coefficient of
3.1. Based on this n-value and Enoki and Tyuma’s data shown in Figure 18, we come to the
conclusion that the salt concentration in Lyster’s data we cited must be quite high. In a 36%
bovine hemoglobin solution, all the water is weakly but uniformly polarized-oriented (See
Figure 31.) Regardless of what was the exact concentration of hemoglobin Lyster used, what
he studied qualified as an ultra-simple model of nano-protoplasm in the active living state (as
shown in the left-hand side diagram of Figure 5.)

Next, we go to Figure 28. In appearance, this figure resembles Figure 17 — but instead
of (oxygen) binding on a single protein, it describes (K+ and Na+) adsorption in intact living muscle cells. In these cells, an estimated 67% to 80% of the K+ / Na+- adsorbing β-,
and γ-carboxyl groups belong to one protein, myosin; 15% to 30% belong to a set of
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several I-band proteins and 3% to 5% belong to a second set of Z-line proteins (Ling and
Ochsenfeld 1991, p.150.) Needless to add that each of these proteins occupies a different
locations in a given cell. And, thousands of these cells together produced each data point
shown in the figure.
Notwithstanding, all these β-, and γ-carboxyl groups from a gamut of different hostproteins found in different locations in different cells behave as if they were one single
entity. And, the entire range of adsorption is also neatly described by two numbers, a
Koo
Na→K of 100 and a (−γ/2) of 0.62 kcal/mole.
Furthermore, this two-number rule is not limited to K+ / Na+ adsorption in frog muscle
cells. It extends to the K+ / Na+ adsorption in all the other types of living cells studied thus
far: the canine carotid artery, the guinea-pig taenia coli and the human lymphocytes. With
no exception, all follow the two-number rule. But even this is only the beginning.
Nor is this two number rule limited to selective ionic accumulation in bulk-phase
cytoplasm. It extends to selective ionic permeability (Ling 1986a) as well as cellular resting potential. Once more, each phenomenon is quantitatively described by a set of two
numbers, Koo
Na→K and (−γ/2). In fact, the two numbers describing respectively the resting
potentials of the normal K+-loaded frog sartorius muscle and the resting potential of the
artificially-induced Na+-loaded rat soleus muscle are the same two numbers.
In summary, pairs of closely similar Kooj→i and (−γ/2) numbers can describe the relevant
quantitative data on a variety of different cell physiological phenomena. Together, they affirm the AI theory of nano-protoplasm, i.e., in the normal physiological environment in
which a living cell finds itself, only one auto-cooperative state prevails for all the nanoprotoplasm units present. And, that auto-cooperative state corresponds to the resting living state as illustrated by the right-hand side figure of Figure 5.
For the same reason, one sees why Equation 12 on p. 163 and Equation 17 on p. 181,
each invoking a multitude of different types of adsorption sites, were included only to be
excluded. In their place, we are forced to choose the far simpler Equation 13 on p. 163
and Equation 18 on p. 182, each invoking only a single type of adsorption sites. This too
is of great importance because it too supports the concept of a pervasive nano-protoplasm
— found in all places and serving all physiological functions.
That said, we recall that in theory nano-protoplasm does not always stay in one state.
It can also assume an alternative state in response to the sustained or transient command
of a controlling agent, a cardinal adsorbent.
B. All-or-none control of nano-protoplasm by cardinal adsorbents in vitro and in vivo
To demonstrate how the (principal) cardinal adsorbent, ATP and its counterparts, 2,3-DPG
or IHP work, we had the gift of yet another set of highly accurate data — this time from
Benesch and Benesch of the United States. They too studied the same ultra-simple model
of nano-protoplasm that Lyster studied: a mix of pure hemoglobin, pure water and pure
salt. Only they studied it in the presence of varying concentrations of IHP, from zero to
4.5 x 10−4 M.
Once more each full set of data over a broad range of oxygen tension is quantitatively
described by a set of two numbers, Kooj→i and (−γ/2) as shown in Figure 25. In terms of
the AI theory of nano-protoplasm, the two sets of parameters define the ultra-simple
model of nano-protoplasm. It exists in its resting living state with IHP, or 2,3-DPG or ATP
adsorbed on its cardinal site; it exits in its active living state with IHP, or 2,3-DPG or ATP
off its cardinal site.
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Of course, ATP is far better known for its ability to sustain selective K+ adsorption in
living cells — as part of the resting living state — by keeping the β-, and γ-carboxyl
groups at a low c-value (and the backbone carbonyl groups at a low c-value analogue status.) (See Figures 32 and also Ling 2005.) Figure 33 shows that the c-value rise of the
β-, and γ-carboxyl groups following a depletion of (the EWC,) ATP, did not lead to a displacement of adsorbed K+ by (adsorbed) Na+. Rather, the β-, and γ-carboxyl groups with
their own specific elevated c-value preferred to form salt-linkages with fixed cations.
(1) The role of different categories of auxillary cardinal adsorbents in the control of
all-or-none transitions of nano-protoplasm
Figure 5 diagrammatically illustrates the nano-protoplasm with its ATP-binding cardinal
site. In addition, it also displays another cardinal site occupied by an entity represented
by the letter Z. As a symbol for what we call auxiliary cardinal adsorbents, Z may stand
for a physiological active cardinal adsorbent like Ca++, a hormone like insulin, a drug like
ouabain or just a simple proton, H+ (See below.)
In greater detail, I have shown in Figure 40, how insulin can cause the “creation” of Dglucose adsorbing sites in frog muscle cells. And, how lowering the Ca++ concentration
has a similar impact on K+ adsorption in canine carotid arteries as ATP depletion. But the
most extensively studied auxillary cardinal adsorbent is the cardiac drug, ouabain.
At the pharmacologically low concentration (3.26 x 10−7 M), ouabain does not alter the
ATP concentrations of the frog muscle. Thus, whatever effect ouabain produces on this
tissue, it does so on top of the action of a normal amount of (adsorbed) ATP. That said, I
must point out that ouabain acts as a strong electron-donating cardinal adsorbent or EDC
— a fact made persuasive by the altered distribution pattern of five alkali-metal ions in response to a minute amount of this drug (Figures 37 and Figure 38.)
On the other hand, Figure 34 and Figure 35 show that in an environment containing
only two alkali-metal ions, K+ and Na+, (EWC) ATP depletion causes the loss of adsorbed
K+ period. In contrast, ouabain (on top of normal amount of adsorbed ATP) causes a oneon-one displacement of all the adsorbed K+ by adsorbed Na+. A different set of the same
two numbers (Koo
Na→K and −γ/2) emerged in consequence of interaction with the cardinal
adsorbent and, with that, an all-or-none transition of state in bulk-phase ion adsorption
follows.
A parallel effect is also produced by ouabain on how a second mono-valent action affects the rate of Cs+ permeation into frog ovarain eggs (Figure 49), and in reducing the
magnitude of the resting potential of frog sartorius muscle as well as that of rat soleus
muscle as shown in Figure 56 and in bringing about the Na+-dependent swelling of frog
sartorius muscles as shown in Figure 65.
Taken together, these data indicate that the auxillary cardinal adsorbent —no less than
the principle cardinal adsorbent (ATP) — is capable of bringing about an across-the-board
uniform change in the vast number of nano-protoplasm units throughout a living cell.
(2) The unique living chemical structure that mediates long-distance information and
energy transfer, hence the pervasive coherence that distinguishes life
By now, it is obvious that the nearest neighbor interaction energy or (−γ/2) in cell and subcellular physiology is a parameter of central importance. However, it is, as a rule, not near.
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A simple calculation shows how far apart are the average nearest-neighboring pair of
β-, and γ-carboxyl groups in say, a hemoglobin molecule. The total number of amino-acid
residue in a bovine hemoglobin molecule is 572. The total number of β-, and γ-carboxyl
groups in the same hemoglobin molecule is 64. Thus, on the average, each β-, and
γ-carboxyl groups is separated from its two nearest neighboring β-, or γ-carboxyl groups
by 572 /64 or 8.9 peptide linkages. In truth, the number of peptide linkages between any
nearest neighboring pair of β-, and γ-carboxyl groups is as a rule quite different from the
average and highly variable. Notwithstanding, all the data we have collected and shown
above can be described by more or less the same (−γ/2) value of around 0.67 kcal/mole
equivalent to a Hill coefficient of about 3.1. But how can this uniformity comes from the
great diversity?
A moment of thought would convince the reader that this can happen if the system
works like a falling-domino chain. No matter how many dominoes separate the starter
domino and the terminal domino, the energy involved in knocking down the next one is always the same. The AI cascade mechanism can do exactly the same like a falling domino
chain. Only the falling domino chain goes only one way. The AI cascade mechanism, on
the other hand, can go both ways — but only because it is aided by a cardinal adsorbent,
like ATP. Speedily removable by the enzyme , ATPase, it is just as promptly regenerated
from the store of creatine phosphate and via other energy metabolism of the living cell.
Thus far, we have reviewed results of studies on the control by cardinal adsorbents on
two kinds of functional groups on short side chains: heme and β-, or γ-carboxyl groups as
the eyes and hands on the polypeptide chains. In the next section, we turn out attention to
the most abundant and closest functional groups, the backbone NHCO groups.
(3) Control of dynamic water structure by cardinal adsorbent
So far, I have had the pleasure of describing to you two highly accurate studies of the
same ultra-simple models of nano-protoplasm in the form of a mix of pure hemoglobin,
pure water and pure salt. One came from Lyster of England; the other from Benesch and
Benesch of the US. Now I offer a third study of the same ultra-simple model of nano-protoplasm of pure hemoglobin, pure water and pure salt. Only this study came from my own
laboratory. However, as of this day, this work, though completed, is still not published.
For this reason, I can only offer a very short bird’s-eye view.
We put the mixture of pure hemoglobin, pure water and pure salt (NaCl) into dialysis
sacs and sort them out into two groups. In the control group, the sacs were equilibrated in
a simple 10 mM NaCl solution. In the experimental group we added also an electronwithdrawing cardinal adsorbent (EWC), the proton, H+. When diffusion equilibrium was
reached, we analyzed the (labeled) Na+ concentration inside and outside the dialysis sacs.
What we found could not have been more gratifying. For it showed that if the H+ added
is of the right amount, the equilibirum distribution coefficient or q-value of NaCl in the
water within the sacs is not unity. Instead, it is only 0.2 and thus the same as the q-value
of NaCl in the water of healthy mature human red blood cells.
Or put in a different language, each time a proton is taken up by another β-, or γ-carboxyl group of the hemoglobin molecule, 1000 or more water molecules in the surrounding medium are converted to a different kind of water molecule that apparently has lost
its normal solubility for Na+ (as Cl−.)
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More rigorously, each time a proton is adsorbed on another β-, or γ-carboxyl group of
the hemoglobin molecule, the c-value analogue of many backbone carbonyl groups would
take on a lower value. And according to the relationship shown between c-value analogue
and the prefered partners illustrated in Figure 11 on p. 139, all the water molecules in the
sac are changed from near-normal liquid state with unity q-value for Na+ (as Cl−) to the
state of polarized-oriented multilayer with a q-value for Na+ (as Cl−) numerically close to,
if not equal to that seen in mature mammalian red blood cells.
Of course, a low q-value of around 0.2 for Na+ (as Cl) is not found only in mature
mammalian red blood cells. It is a virtually universal physiological trait shared by virtually all living cells. Thus, this ultra-simple model demonstration provides yet another set
of decisive evidence for the AI model of nano-protoplasm.
(3.1) Lasting control of intensity of water-to-water interaction controls the diversity of
permeabiility barriers.
The demonstrated bulk-phase limited diffusion of water molecules in a barnacle muscle
cell (and frog ovarian egg) tells us something far-removed from conventional beliefs. It
shows that the percentage of space occupied by water in the cell surface is the same as
that in the surface of any imaginary concentric cylinder drawn inside the muscle cell.
Since the overall percentage of water in all living cells is as a rule very high, the overall
permeability of the muscle fiber must be quite high — a deduction clearly affirmed by the
data given in Figure 46 from frog muscle cells. This is highly reasonable because muscle
cells need D-glucose, free amino acids and a host of other essential chemicals to function
properly.
However, we have also shown in Figure 47 how the epithelial cells making up the outer
covering or skin of the frog have an altogether different rate of solute permeation. In the
AI Hypothesis, it is the intensity of polarization-orientation of the polarized-oriented
water in the nano-protoplasm. that plays the decisive role of high or low permeability.
Yet, because of the exponential relation between ᐁvp and q (Equation 4), all one needs
is a minor adjustment in the numerical value of ᐁvp that would solve the problem of the
needed diversity illustrated by the frog skin. This then winds up our summary of the experimental verification of the new concept of nano-protoplasm, at once similar and dissimilar to meet the shared need and unshared unusual demands.
(3.2) Transient control of the intensity of water-to-water interaction creates (a facet of)
the action potential
Table 6 from Villegas et al demonstrates how during the height of an action potential in
a squid axon, the nerve fiber surface undergoes a reversible transient change so that permeability to erythritol, mannitol and sucrose all undergo a sharp increase — pari passu
with the influx of Na+ — as diagrammatically illustrated in Figure 59 in consequence of
the detachment of the cardinal adsorbent, Ca++. The difference that brings about this
depolarization and disorientation of cell surface water and the depolarization and disorientation of the water in the dialysis sacs in our third ultra-simple model is that in one,
the key cardinal adsorbent is a divalent cation (Ca++) while in the other it is a monovalent
cation (H+.)
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Endnote 1.
Many years ago, I learnt form a source that I can no longer remember that the membrane
theory was introduced by Wilhelm Pfeffer (1845 –1920.) I did not question the validity
of this belief until many years later, when I finally laid my hand on a copy of the English translation of Pfeffer’s book, “Osmotische Untersuchungen.” (Pfeffer 1877, English
transl. 1985.) A careful reading of this book led me to the realization that Pfeffer did not
mention once the term, Membrane Theory in the first edition of the book or (naturally)
in the unaltered second edition as well. Many more years were to pass before I dug
deeper into the history, only to find out that the Membrane Theory did not have an original author. It was a combination of (largely mistaken) ideas that Theodor Schwann introduced in the monograph in which he presented his Cell Theory (for details, see Ling
2007.) Unfortuantely, in the years past, I have been unknowingly guilty of passing on the
wrong information as true on more than one occasion including my books (Ling 1992,
Ling 2001.) For this error, I give my apology with the hope that my detailed account of
the full history of the membrane (pump) theory would help to set things right in time to
come.

Endnote 2.
Ω / [K+]ex } + {RT/F} {(u−v)/ (u+v)}
ψ = constant + {RT/F} ln {Ω
+
+
ln {[Na ]in / [Na ]ex}.

(35)

Now, there are three terms on the right. Let us begin with the second term on the right.
This is the term that describes the resting potential component of the action potential
(Equation 26.) The auto-cooperative transition of this component of the action potential
also resembles the ouabain-induced all-or-none transition of the whole cell from the K+
state to the Na+ state ( See Figure 34 on p. 174.)
Next, we turn to the last term of the right-hand side of Equation 35. Here, u and v represent the mobilities of the cation and anion respectively.
The prevailing negatively-charged sites at the cell surface strongly inhibits anion entry.
As a result, v → 0. And, (u−v)/ (u+v) → 1. As a result, Equation 35 simplifies to:
Ω / [K+]ex + {RT/F} ln {[Na+]in / [Na+]ex}.
ψ = constant + {RT/F} ln {Ω

(36)

Note that the second term now assumes the same shape as Hodgkin, Huxley and Katz’s
equation describing what they call the (standing) sodium potential. In the AI model, there
is not a standing sodium potential; a sodium potential arises only during the action potential. Since in the AI model, [Na+]in represents the equilibrium (free) Na+ concentration
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in the cell surface water, it is equal to qNa [Na+]ex.. qNa is the true equilibrium distribution
coefficient of Na+ in the cell surface water. Substituting and canceling, one obtains
Ω / [K+]ex + {RT/F} ln qNa .
ψ = constant + {RT/F} ln {Ω

(37)

Since qNa is a fractional number, the second term is a negative number, accounting for the
momentary reversal of polarity and its cause, the “overshoot.”
Ω / [K+]ex } + ln qNa].
ψ = constant + {RT/F} [ln {Ω

(31)
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Abstract: To demonstrate the effect of sodium supplementation and hypokinesia (HK; diminished
movement) on the total bodily sodium (Na+) loss and tissue Na+ deficiency, tissue Na+ content,
plasma Na+ level and Na+ loss were measured.
Studies were conducted on male Wistar rats during a pre-experimental and experimental period.
Animals were equally divided into four groups: unsupplemented vivarium control rats (UVCR), unsupplemented hypokinetic rats (UHKR), supplemented vivarium control rats (SVCR) and supplemented hypokinetic rats (SHKR). A daily supplementation of 3.50 mEq sodium chloride (NaCl)
was given to animals in the SVCR and SHKR groups.
Gastrocnemius muscle and right femur bone Na+ level decreased (p<0.05), and plasma Na+ level
and urine and fecal Na+ loss increased (p<0.05) in the SHKR and UHKR groups compared to their
pre-experimental values and the values in their respective vivarium control groups (SVCR and
UVCR). Muscle and bone Na+ content decreased more (p<0.05), and plasma Na+ level and urine
and fecal Na+ loss increased more (p<0.05) in the SHKR group than in the UHKR group.
It is concluded that tissue Na+ deficiency during HK is more evident when Na+ intake is higher
and that the total bodily Na+ loss exacerbated more with higher than lower tissue Na+ deficiency.
This shows that tissue Na+ deficiency is not the result of the lower Na+ content in the food consumed
and that the total bodily Na+ loss is not caused by the higher tissue Na+ content but due to the impossibility of the body to use Na+ when animals are submitted to prolonged HK.

KEY WORDS: sodium deposition, cell injury, ATP deficiency, sodium transport, nutrition, physical inactivity, lifestyle factors.
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USCULAR ACTIVITY is an important factor in normal regulation of electrolyte
homeostasis. The mechanisms by which muscular activity affects electrolyte homeostasis
are not known, but in its absence, as during hypokinesia (HK; diminished movement) the
result is decreased energy production (1–3) and cell mass (4). Any condition which results
in the diminished muscular activity is bound to affect energy production and cell mass and
electrolyte homeostasis (4–13). It has been shown that plasma electrolyte level and
electrolyte loss increases as the duration of the HK-period increases indicating that HK
and/or duration of HK plays a crucial role in the progressive changes of electrolyte homeostasis (4–13). Studies have also shown the role of HK in tissue electrolyte deficiency
with electrolyte supplementation and electrolyte loss with tissue electrolyte deficiency
(9–13). No studies have been performed on the mechanisms involved in the genesis of
tissue electrolyte deficiency with electrolyte supplementation and electrolyte loss with
tissue electrolyte deficiency, although animals and humans are subjected to HK due to
many factors. Few studies (4–13) have been published on the effect of HK on tissue
electrolyte deficiency with electrolyte supplementation and electrolyte loss with tissue
electrolyte deficiency and no additional information was retrieved from the different medical data bases other than the unrelated information from non-hypokinetic studies.
Sodium is the predominant cation of the extracellular fluid. Its major function is to
maintain the normal water distribution and osmotic pressure of the plasma. Because of
this osmotic activity, changes in body sodium (Na+) content reflect or result in changes in
plasma volume. Sodium plays also a vital role in cellular function and integrity. Sodium
is overall eight to ten times more concentrated in extracellular than in the intracellular
space. Sodium concentration gradient across the cellular membrane and the transmembrane sodium fluxes are regulated by the Na+-K+ pump, which plays an important role in
the cellular processes, including synaptic transmission, osmotic balance, solute transport,
and calcium (Ca++) exchange during muscular contraction. The Na+-K+ pump is controlling cell size. One of the most important functions of the Na+ pump is to prevent swelling
of the cell. Changes in total Na+ content and in transmembrane Na+ flux rates occur under
many normal and disease conditions.
There is little information on the effect of Na+ supplementation in the normal water
distribution and osmotic pressure of the plasma, cell function and integrity, Na+ concentration gradient across cellular membrane and transmembrane Na+ fluxes, Na+-K+ pump
function, total Na+ content and Na+ deposition and Na+ loss with tissue Na+ deficiency
during HK. It is not know how the total bodily Na+ loss occurs with tissue Na+ deficiency
or if tissue Na+ deficiency comes from the Na+ shortage in the food consumed or from inability of the body to use Na+. Each electrolyte has a well-defined and separate metabolic
mechanism to regulate the Na+ content in a tissue at both cell membrane level and higher
organ level. Being Na+ is a major electrolyte which works with potassium to maintain
fluid volume, osmotic pressure and electrolyte composition it is essential to know if HK
affects Na+ deposition and Na+ loss with tissue Na+ deficiency. To establish a potential of
lower Na+ deposition and higher Na+ loss with tissue Na+ depletion it is vital to study the
effect of HK with and without Na+ supplementation on tissue Na+ loss.
To this end the aim of this study was to show the effect of HK on the total bodily Na+
loss in Na+ deficient tissue and the effect of Na+ supplements on tissue Na+ content which
aimed at establishing the capability of the body to use Na+. Measurements of tissue Na+
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level, plasma Na+ level and Na+ loss with and without Na+ supplementation were carried
out during HK.

Materials and Methods
Two hundred forty 13-week-old male Wistar rats were obtained from a local animal
breeding laboratory. On arrival they were given an adaptational dietary period of 9-days
during which they were fed a commercial laboratory diet. At the start of this study, all rats
were about 90-days old and weighed 375 to 395 g. Rats were housed in individual metabolic cages where light (07:00 to 19:00 h), temperature (25 ± 1 °C) and relative humidity
(65%) were automatically controlled. Cages were cleaned daily in the morning before
feeding. The studies were approved by the Committee for the Protection of Animals. During the pre-experimental period of 9-days all animals were kept under vivarium control
conditions.
Assignment of animals into four groups was performed randomly and their conditions
were:
Group 1: sixty unrestrained rats housed in individual cages for 98-days under vivarium control conditions. They were assigned to the unsupplemented vivarium
control rats (UVCR) group.
Group 2: sixty restrained rats kept in small individual cages for 98-days under HK.
They were assigned to the unsupplemented hypokinetic rats (UHKR) group.
Group 3: sixty unrestrained rats housed in individual cages for 98-days under vivarium control conditions and were supplemented with 3.50 mEq sodium chloride (NaCl) per day. They were assigned to the supplemented vivarium
control rats (SVCR) group.
Group 4: sixty restrained rats kept in small individual cages for 98-days under HK
and were supplemented with 3.50 mEq NaCl per day. They were assigned
to the supplemented hypokinetic rats (SHKR) group.
Protocol
Hypokinetic studies were preceded by a pre-experimental period of 9-days which involved a series of biochemical examinations, testing and conditioning of animals to their
laboratory conditions. The preparation period was carried out in order to collect baseline
values with regard to bone and muscle Na+ content, plasma Na+ concentration, and urine
and fecal Na+ losses.
Simulation of hypokinesia
Hypokinetic rats were kept for 98-days in small individual wooden cages. Cages dimensions of 195 x 80 x 95 mm allowed movements to be restricted in all directions without
hindering food and water intake. Hypokinetic rats could still assume a natural position
that allowed them to groom different parts of their body. When necessary, the conditions
of the individual cages could be changed using special wood inserts. The cages were constructed so that their size could be changed in accordance with the size of each rat, thus
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the degree of restriction of muscular activity throughout the HK period could be maintained at a relatively constant level.
Food and water consumption
Food intake was measured and 90% of a daily consumption (12 g) was mixed with deionized distilled water (1:2 wt/vol) to form a slurry which was divided into two meals. Rats
were pair-fed and daily food intake was measured during pre and experimental periods.
Control rats were allowed to eat the same amount of food as hypokinetic rats. Food was
placed in individual feeders formed by the little trough and wood partitions. Food was
from the same production lots that contained all essential nutrients:19% protein, 4% fat,
38% carbohydrates, 16% cellulose, vitamins, A, D, E, 0.40% sodium, 0.9% potassium,
0.9% calcium, 0.8% phosphorus and 0.5% magnesium per one g diet and stored in a cold
chamber (−4 °C). Food intake was measured daily by weighing (Mettler PL 200 top loading balance) the slurry food containers. Rats received deionized-distilled water ad libitum
daily. Water dispensers (120 to 150 mL) were secured onto a wooden plate installed on
the front cage panels and filled daily.
Plasma, urine and fecal sample collection
Urine and feces were collected from each rat every day and pooled to form 6-day composites, while plasma samples were collected every 6-day. Blood sample were collected
with disposable polypropylene syringes. Blood samples were of 1.5–2.5 mL and were
taken via a cardiac puncture from ether-anaesthetized rats. To obtain plasma, blood
samples were transferred to polypropylene tubes containing sodium heparin. Samples
were centrifuged immediately at 10,000 x g for 3 min at room temperature and separated
using glass capillary pipets which were washed in hydrochloric acid solution and deionized distilled water. Aliquots for plasma Na+ analysis were stored at −20 °C. A stainless
steel urine and feces separating funnel (Hoeltge, model HB/SS) was placed beneath each
rat to collect uncontaminated twenty-four hour urine samples. Twenty-four-hour urine
samples uncontaminated by stools were collected. To ensure twenty-four hour urine collections creatinine excretion was measured by a colorimetric method. Urine was collected
in a beaker with a layer of electrolyte oil to prevent evaporation. Beakers were replaced
daily. Urine for each twenty-four hour period was collected in acidified acid-washed
containers and was stored at −4 °C until needed for Na+ analysis. Fecal samples were
collected in plastic bags, dried-ashed in a muffle furnace at 600 °C overnight. Ashed samples were dissolved in 5% nitric acid. To ensure complete recovery of feces polyethylene
glycol was used as a marker.
Tissue preparations, electrolyte extraction and analysis
The muscle and bone water and electrolyte content was reported as the average of six rats.
Six rats from each group were exsanguinated under ether anesthesia by cardiac puncture.
Six control and six hypokinetic rats from each group were decapitated on the 1st, 5th and
9th day of the pre-experimental period and on the 3rd, 7th, 15th, 30th, 50th, 70th and 98th
of the experimental period. Gastrocnemius muscle and right femur bone Na+ content is
given as the average of six-rats. We have studied the right femur because during HK it is
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affected more than left femur (14–16). Bones were cleaned of soft tissues, dried to a constant weight, weighed, reduced to ash in a muffle furnace at 600 degrees for 144 minutes,
then ash was weighed and dissolved in 0.05 N HCl (hydrochloric acid) and, as a chloride
solution, analyzed for Na+. Muscles were excised immediately after rats being decapitated. Muscles were thoroughly cleaned of connective tissues, fatty inclusions and large
vessels, weighed on Teflon liners and placed in a drying chamber at 110 °C. After drying
to a constant weight tissue transferred to quartz tubes for mineralization by means of concentrated HNO3 (nitric acid) distilled off in a quartz apparatus. After ashing, the residue
was dissolved in 0.05 M HCl and, as chloride solution, analyzed for the Na+ content in
bone and muscle of animals.
Tissue, plasma, and urine and fecal sodium measurements
Samples were analyzed in duplicate and appropriate standards were used for measurements: The Na+ content in the gastrocnemius muscle and right femur bone, and plasma
Na+ level and Na+ levels in feces and urine were measured by atomic absorption spectrophotometry on a Perkin-Elmer 420 Model, Perkin-Elmer Corp., Norwalk. CT, USA.
Data analyses
The Na+ values in muscle, bone, plasma, urine, and feces were subjected to a 3-way
analysis of variance (ANOVA) to show the effect of HK and Na+ supplementation on tissue Na+ deficiency and Na+ use; the three-way interaction (duration of experimental period, pre-experimental/experimental values, supplemented/ unsupplemented groups of
rats, control/hypokinetic groups of rats) was used. ANOVAS for each time point measurements were used. A Tukey-Kramer post-hoc test was used to establish which means
were significantly different from each other. The predetermined level of significance was
set at alpha <0.05. The results obtained were reported as mean ± SD.

Results
During the pre-experimental period, the bone and muscle Na+ content, plasma Na+ level
and Na+ loss in feces and urine did not change in the experimental and control groups of
rats. The Na+ supplementation did not alter muscle and bone Na+ content, plasma Na+
concentration, and urine and fecal Na+ excretion in the control and experimental groups
of rats (Table I).
During the experimental period, muscle and bone Na+ content, plasma Na+ concentration and Na+ loss in urine and feces did not change in the UVCR and SVCR groups compared to their baseline values (Table I). Muscle and bone Na+ content decreased (p<0.05),
and plasma Na+ concentration and urine and fecal Na+ loss increased (p<0.05) in the
UHKR and SHKR groups compared to their pre-experimental values and the values in
their respective vivarium controls groups (UVCR and SVCR) (Table I). Muscle and bone
Na+ content decreased more (p<0.05), and plasma Na+ concentration and Na+ loss in urine
and feces increased more (p<0.05) in the SHKR group than in UHKR group (Table I).

240

ZORBAS et al

TABLE I. Sodium Levels in Plasma, Urine, Feces and Tissue Measured in
Rats with and without Sodium Supplementation at the Pre-experimental, and
During the Experimental Period and the Vivarium Control Period.

Days

Plasma
(mEq/L)

Urine
(mEq/days)

Feces
(mEq/days)

Gastrocnemius
muscle (mEq/kg
wet tissue)

Right Femur
Bone
(mg/100 g ash)

Unsupplemented Vivarium Control Rats (UVCR), n=60
Pre-experimental
3rd
7th
15th
30th
50th
70th
98th

142.0 ± 2.1
141.5 ± 2.0
140.7 ± 2.1
141.6 ± 1.4
139.1 ± 2.0
140.8 ± 1.3
141.3 ± 2.1
141.7 ± 2.0

152 ± 12
157 ± 13
149 ± 12
155 ± 14
147 ± 12
154 ± 10
148 ± 11
147 ± 10

7.6 ± 2.1
7.3 ± 2.0
7.2 ± 2.3
6.8 ± 2.0
7.0 ± 2.2
7.3 ± 2.3
6.7 ± 2.3
7.0 ± 2.0

21.6 ± 1.3
21.8 ± 1.4
21.7 ± 1.5
21.9 ± 2.0
22.0 ± 1.4
21.8 ± 1.3
22.0 ± 2.2
22.3 ± 1.5

574.2 ± 51.2
574.3 ± 41.3
574.5 ± 52.0
574.7 ± 50.4
574.5 ± 41.2
574.9 ± 50.1
575.0 ± 42.2
573.3 ± 31.3

Pre-experimental
3rd
7th
15th
30th
50th
70th
98th

Unsupplemented Hypokinetic Rats (UHKR), n=60
142.0 ± 2.1
152 ± 13
7.5 ± 2.2
21.7 ± 1.4
156.1 ± 2.1*
210 ± 14*
11.3 ± 3.0*
19.7 ± 1.3*
155.5 ± 2.0*
198 ± 15*
10.0 ± 2.4*
20.0 ± 2.2*
158.2 ± 2.1*
240 ± 14*
12.1 ± 3.1*
19.1 ± 2.0*
156.6 ± 1.4*
205 ± 14*
11.5 ± 3.3*
19.7 ± 1.3*
160.1 ± 2.1*
258 ± 13*
13.0 ± 2.4*
18.3 ± 1.4*
158.4 ± 1.3*
225 ± 12*
12.3 ± 3.0*
19.3 ± 1.4*
163.0 ± 2.0*
278 ± 14*
14.7 ± 2.4*
17.8 ± 2.0*

574.2 ± 51.0
522.6 ± 42.2*
532.8 ± 51.3*
515.0 ± 52.2*
520.5 ± 43.0*
509.0 ± 61.2*
513.8 ± 40.5*
497.1 ± 52.0*

Pre-experimental
3rd
7th
15th
30th
50th
70th
98th

Supplemented Vivarium Control Rats (SVCR), n=60
144.3 ± 2.1
175 ± 14
8.2 ± 3.1
22.1 ± 1.2
144.2 ± 2.0
170 ± 13
7.8 ± 4.0
22.3 ± 1.3
144.0 ± 1.3
174 ± 10
8.0 ± 3.4
22.5 ± 1.4
144.1 ± 2.2
167 ± 14
7.7 ± 4.0
22.7 ± 2.2
144.0 ± 2.1
174 ± 15
7.9 ± 4.3
22.6 ± 1.4
144.1 ± 1.2
166 ± 13
8.0 ± 3.0
22.8 ± 2.3
144.2 ± 2.1
170 ± 14
7.6 ± 3.5
23.0 ± 2.2
144.0 ± 2.0
175 ± 13
7.8 ± 4.1
22.8 ± 2.0

574.3 ± 40.2
574.6 ± 51.0
574.3 ± 42.2
574.8 ± 51.4
574.5 ± 52.0
575.0 ± 61.2
575.2 ± 42.3
575.3 ± 41.0

Pre-experimental
3rd
7th
15th
30th
50th
70th
98th

Supplemented Hypokinetic Rats (SHKR), n=60
144.3 ± 2.1
174 ± 13
8.1 ± 2.4
22.2 ± 1.2
165.0 ± 2.2*+
286 ± 14*+
15.8 ± 2.3*+
17.7 ± 1.3*+
161.1 ± 2.3*+
256 ± 11*+
14.3 ± 2.4*+
18.1 ± 1.4*+
167.2 ± 2.1*+
317 ± 12*+
17.0 ± 1.8*+
16.9 ± 2.0*+
165.1 ± 2.3*+
281 ± 14*+
16.4 ± 2.4*+
17.5 ± 1.5*+
169.4 ± 2.2*+
338 ± 13*+
18.7 ± 1.6*+
16.3 ± 1.3*+
167.3 ± 3.0*+
301 ± 14*+
17.5 ± 2.2*+
17.0 ± 1.5*+
170.1 ± 2.1*+
388 ± 15*+
20.3 ± 3.3*+
15.7 ± 2.0*+

574.2 ± 42.3
484.8 ± 50.2*+
494.7 ± 42.0*+
476.8 ± 51.1*+
483.6 ± 32.0*+
473.0 ± 41.2*+
479.3 ± 52.0*+
461.5 ± 41.2*+

All values are expressed as mean ± SD.
*p<0.05 significant differences between vivarium control and hypokinetic groups of rats. Each of the hypokinetic groups was compared with their respective vivarium controls (UVCR vs UHKR and SVCR vs SHKR).
+
p<0.05 significant differences between supplemented and unsupplemented hypokinetic groups
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Discussion
During the pre-experimental period no changes were observed in tissue Na+ content,
plasma Na+ level, and urine and fecal Na+ loss among the supplemented and the unsupplemented experimental and vivarium control groups of animals. This is consistent with
the prior reports (4–13) where in the pre-experimental period, the tissue electrolyte content, plasma electrolyte level and electrolyte loss was relatively stable regardless of the
supplementation. This may suggest that in the pre-experimental state, the consumed Na+
during the supplementation may have been used up for deposition and was taken up by
the body which in turn protected the net tissue Na+ content, plasma Na+ level, and urine
and fecal Na+ loss without showing any gross differences in the experimental and vivarium control groups of animals.
During the experimental period, the severity of tissue Na+ content reduction was different in the gastrocnemius muscle and right femur. The Na+ content decreased more in
gastrocnemius muscle with less weight-bearing supporting function and morphology than
in the right femur with more weight bearing supporting function and morphology. These
changes suggest that the lower Na+ level in tissue with lower than higher weight-bearing
supporting function and morphology during HK indicates different mechanisms from
those involved in the lower Na+ content in tissues with higher than lower weight-bearing
supporting function and morphology during normal muscular activity. Some research has
shown that electrolyte content decreases more in muscle and bone with less weightbearing supporting function and morphology (14–16) and electrolyte content decreases
more with higher than lower electrolyte intake (9–13). This is ensured by many factors
and primarily by the differences in electrolyte deposition that could have been decreased
more in tissue with less than more weight-bearing supporting morphology and function
(14–16). The lower tissue Na+ content in the SHKR group than in the UHKR group is related to the lower Na+ deposition in the SHKR group than in the UHKR group, because
tissue Na+ content cannot decrease more with higher than lower Na+ intake unless Na+ deposition decreases more in the SHKR group than in the UHKR group (10–13).
The higher plasma Na+ level and the higher Na+ loss could also have resulted from the
lower Na+ deposition because plasma Na+ level and Na+ loss cannot increase with tissue
Na+ deficiency unless Na+ deposition decreases (5–10). The decreased Na+ deposition
promotes Na+ shifting in plasma leading to the higher plasma Na+ level and Na+ loss with
tissue Na+ deficiency (5–10). During HK the higher plasma Na+ level and Na+ loss with
tissue Na+ deficiency indicates different mechanisms from those involved in the lowered
plasma Na+ level and Na+ loss with tissue Na+ deficiency during normal muscular activity. Some research had shown that plasma electrolyte level and electrolyte loss increases
more with higher than lower tissue electrolyte deficiency (4–13) and that tissue electrolyte deficiency increases more with higher than lower electrolyte intake (9 –13). The
higher plasma Na+ level and Na+ loss in the SHKR group than in the UHKR group
resulted from the lower Na+ deposition in the SHKR group than in the UHKR group, because plasma electrolyte level and electrolyte loss cannot increase more with higher than
lower tissue electrolyte deficiency unless electrolyte deposition decreases more in the
SHKR group than in the UHKR group (9–13).
Because the intimate mechanisms of tissue Na+ deficiency with and without Na+ supplements and Na+ loss with lower and higher Na+ deficient tissue have not been identified
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it is difficult to discuss the mechanisms for these kinds of reactions. Because cell injury,
as a result of energy and glycine deficiency, increase of intracellular electrolyte level and
impaired sodium pump function, is considered as the main cause of tissue Na+ deficiency
during HK with and without Na+ supplementation and Na+ loss with lower and higher Na+
deficient tissue some results which indicate cell injury during prolonged HK are presented
to support this contention.
During HK activation of phospholipase A occurs which affects the viscosity of sarcolemma. This leads to higher permeability of sarcolemma, permitting leakage of intracellular contents, and an increase in the entry of Na+ ions into the cell. The increased
intracellular Na+ ion level activates Na+, K+-ATPase, a process which needs adenosine
triphosphate (ATP) when during HK there is ATP deficiency (1–3). This eventually exhausts the supplies of ATP and reduces the cellular transport (17). The higher cellular Na+
ion level also leads to the higher intracellular calcium (Ca++) ion level which activates the
neutral proteases within the cell, causing further cellular damage (18). Irrespective of the
mechanisms involved, there is a common pathway, namely during HK there is a higher
intracellular electrolyte level (4). This increases the activity of intracellular proteolytic enzymes, leading to the further destruction of intracellular structures. The higher intracellular free Ca++ level plays a vital role in the deterioration of cell structure which occurs
during ATP deficiency and HK. That there is a form of electrolyte independent cell injury due to the glycine deficiency has been shown. A distinctive mechanism of cell injury
during HK and ATP deficiency includes the loss of cellular glycine. A reduction of glycine
is usually shown during HK and ATP deficiency (19). Normally higher intracellular gradients of glycine are dissipated during HK and ATP deficiency. The provision of glycine
during HK and ATP deficiency cannot restore cellular glycine and prevent cell injury (19).
Prolonged HK indirectly injures the sarcolemma and increases Na+ permeability and
the entry of Na+ into the cell. This in turn increases the activity of Na+, K+-ATPase pump
when during HK sufficient energy from ATP is not available, with eventual exhaustion of
energy stores. The increase of the cytosolic Ca++ concentration during HK, which in addition to the increase of mitochondrial Ca++ level, causes further cellular injury. During
HK the decrease of energy production would decrease the synthesis of ATP (1–3) and result to further cell injury. Uniform muscle necrosis, leukocyte and macrophage invasion
of degenerated muscle fibers has been demonstrated, and the ultrastructural changes include the separation of myofibrils and other cellular elements by clear spaces (20).
The impaired sodium pump function may also result in cell injury; the Na+-K+ pump
and the sodium transport mechanisms cannot overcome the continual tendency of water
to enter into the cell and the cell eventually swell during HK (21). When sufficient energy
from ATP is not available, to keep the sodium pump operating adequately, the function of
Na+-K+ pump and eventually the cell mass is decreased (4). The ATP deficiency may affect the Na+-K+ pump because there is a correlation between the Na+-K+ pump function
and the ATP deficiency. Because metabolism of the cell decreases and energy from ATP
is minimal (22) or not readily available to keep the sodium pump operating properly, the
cell begins to swell and the cell mass eventually is decreased making electrolyte deposition impossible. The decrease of cell mass results in the diminished holding capacity for
Na+ that leads during the development of this condition to Na+ loss with tissue Na+ deficiency (5-10). Consequently, the decrease of Na+ deposition in this later situation may
exacerbate Na+ loss with tissue Na+ deficiency further.
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Studies on the effect of HK on energy metabolism have show a reduction in ATP synthesis (22) and adenosine diphosphate (ADP) formation (23).The total amount of creatine
phosphate which is the first source of energy use for the reconstitution of ATP is also decreased (1–3), and because there is limited creatine phosphate there is little release of
energy to induce bonding of new phosphate ion to the ADP to reconstitute ATP. The ADP
is a stimulator of oxygen uptake and formation of new ATP molecules during oxidative
phosphorylation, a process which decreases significantly during HK (24). The reduction
of the number of mitochondria and/or function is indicated as the most likely culprit to
explain the decreased oxidative phosphorylation (24). There is a limitation of reserves of
ATP because of inhibition of the production of ADP and synthesis of ATP. Moreover, the
ATP becomes energetically less efficient and for the production of ATP more substrates
are used, which causes even greater shortage of the already sparse reserves of ATP and
consequently further cell damage. Any condition which decreases the production or use
of ATP by the muscle, or leads to ATP deficiency can result in cell injury. The ATP deficiency may lead to cell injury (25) thereby interfering with electrolyte deposition and
electrolyte loss with tissue electrolyte deficiency.
The reduction of ATP production most probably reflects the catabolic condition of the
entire body, because HK is characterized by decreased energy production (1–3). The reduction of ATP level and increase of energy-producing processes may be indicative of an
increase in the rate of ATP-consuming processes, in particular a higher ATPase transport
due to the possible changes on the membrane structure (26). During HK there occurs also
a reduction of the nucleotide pool because of the general catabolism of the body (1–3).
The changes in energy metabolism, i.e., lower ATP production and higher glycolytic activity (27), are most probably attributable to the triggering of compensatory mechanisms
in response to the effect of HK, and they are directed toward preserving the structural integrity of cell which is eventually affected due to the ATP deficiency and activation of glycolysis (27). Changes in cell structure (25) can result in the diminished holding capacity
of the body for electrolytes and thus electrolyte loss with tissue electrolyte deficiency
(4–13). The decrease of electrolyte deposition owing to the cell injury (25) can exacerbate further electrolyte loss with tissue electrolyte deficiency (4–13).
It is evident that tissue Na+ deficiency results from decreased Na+ use owing to cell injury. Because of energy deficiency and glycine deficiency, intracellular hyperelectrolemia
and sodium pump changes there occurs cell injury and Na+ deposition reduction which is
accompanied by a higher plasma Na+ level and Na+ loss that cannot be retained in the
body even with tissue Na+ deficiency. Because Na+ is deposited in cells of different tissues a change in cell structure can decrease the deposition of Na+ and lead to extracellular buildup of Na+ resulting in the higher plasma Na+ level and Na+ loss with tissue Na+
deficiency. In this instance it is apparent that restoration of tissue Na+ deficiency by means
of Na+ supplementation with food is impossible. Even with a normal regulation of Na+ at
the cell level, it is very difficult or impossible for the body to use Na+ until the cell structure is restored to conform to the demands of the body (4). Thus, the Na+ supplementation would fail to prevent tissue Na+ deficiency in animals forced to restrict their muscular
activity allowing cell mass to shrink further (25). Therefore, an additional Na+ intake can
only be considered as a symptomatic therapy for tissue Na+ deficiency during HK.
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Conclusion
The lower tissue Na+ content with than without Na+ supplementation shows that the tissue
Na+ content decreases more with than without Na+ supplementation. The greater total
bodily Na+ loss with higher than lower tissue Na+ deficiency in turn shows that the total
bodily Na+ loss increases more with higher than lower tissue Na+ deficiency. The dissociation between the tissue Na+ deficiency and the Na+ supplementation and the total
bodily Na+ loss and the Na+ deficiency shows that the decreased Na+ deposition is the principal cause of tissue Na+ deficiency with Na+ supplementation and Na+ loss with tissue
Na+ deficiency because tissue Na+ deficiency cannot develop with Na+ supplementation
and Na+ loss cannot occur with tissue Na+ deficiency unless Na+ deposition decreases. It
is concluded that tissue Na+ deficiency is more evident with than without Na+ supplementation and that the total bodily Na+ loss exacerbated more with higher than lower
tissue Na+ deficiency. In all, during HK tissue Na+ deficiency is not the result of Na+ shortage in the food consumed and the total bodily Na+ loss is not caused by the excessive Na+
content in the tissue. Rather, it is due to the impossibility of the body to use Na+ during
prolonged HK.
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Abstract: We previously observed that female mice survived significantly longer than male mice
under fasting conditions. To elucidate the mechanism underlying the sex different effect of fasting,
we analyzed various events induced in male and female mice. Kinetic analysis revealed that fasting
elicited hypothermia and decreased muscle weight more apparently in male than in female mice.
The life-time of male was increased by administration of estradiol while that of female was decreased by ovariectomy. Although plasma levels of estradiol were below detectable levels in male
mice, those in female were significantly high and remained unchanged for a fairly long time. Generation of ketone bodies was enhanced more markedly in female than in male animals. The increased generation of ketone bodies in female was strongly inhibited by ovariectomy while that in
male animals was increased by administration of estradiol. Expression of uncoupling protein-1
(UCP-1) in brown adipose tissue increased markedly in female mice while it was low in male animals. These results suggest that estrogen is a major factor that increases the life-time of animals
under fasting conditions by increasing fatty acid oxidation, ketone body production and heat generation that support the energy metabolism and homeostasis required for the survival of animals.
KEY WORDS: stress, calorie restriction, fat metabolism, sex hormones.

I

T HAS been well documented that calorie restriction markedly prolongs the life-time of
a wide variety of animals (1, 2). To explain the mechanism for the increase of life-time by
calorie restriction, various hypothesis, such as reduction of metabolic rate, reduced generation of reactive oxygen species, decreased metabolism of insulin-dependent glucose
utilization, and activation of sirtuin gene and related proteins, have been proposed (1–4).
However, molecular mechanism for the increase still remains obscure.
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Glycolysis in the liver, gluconeogenesis by degradation of muscles, and β-oxidation of
fatty acids are enhanced in animals under starvation (5, 6). Similar changes in the metabolism of carbohydrates and fats are also induced by calorie restriction (2).
Although we found that the life-time under fasting conditions is significantly longer
with female than with male mice (7), the mechanism underlying this sex difference remains to be elucidated. A marked sex difference is also known in the metabolism of
carbohydrates and fats (8, 9). Aromatase is the key enzyme in estrogen biosynthesis and,
hence, a marked inhibition of fatty acid metabolism followed by liver steatosis occurs
in aromatase-knock-out mice (10). Peroxisome proliferator-activated receptor-α
(PPAR-α) is a nuclear receptor that regulates fatty acid metabolism. Inhibition of carnitine
palmitoyltransferase-1 (CPT-1) induces severe steatosis of the liver and hypoglycemia in
PPAR-α knockout male mice (11). These observations suggest that estradiol enhances
β-oxidation of fatty acids in peroxisome and/or mitochondria to support the energy
metabolism for the survival during fasting conditions. A pivotal role of PPAR-α in lipid
and glucose homeostasis and involvement of estrogen signaling pathways were suggested
in the fasting response of these knockout mice (11).
To understand the mechanism for the sex difference in the energy metabolism and survival, we investigated the changes in body temperature, weights of total body, fat and
muscles, plasma levels of glucose, ketone bodies, estradiol and testosterone, and expression of UCP-1 in brown adipose tissue in control, castrated and ovariectomized mice.

Materials and Methods
Animal experiments
The present work was conducted with the approval of the local Ethics Committee and
followed the guideline of Osaka City University Medical School for the care and use of
laboratory animals. Male and female ICR mice, aged 8 weeks, were purchased from Japan
SLC (Shizuoka, Japan) and housed in a controlled room at 23 ± 3°C, humidity of
55 ± 15% and light/dark cycle (12 h/12 h). In addition to control mice, ovariectomized female and castrated male animals were used one week after the operations. Prior to fasting, food and water were provided ad libitum. In some experiments, 10 μg of either 17-β
estradiol (Wako Pure Chemical Industries, Osaka) or testosterone (Katayama Chemical
Industries, Osaka) dissolved in 0.1 ml polyethyleneglycol-400 was intraperitonealy administered daily at 9:00 a.m. during the experiments. The body weight and temperature
were determined every day using an electric balance (Model GT416, Ohaus Co., NJ) and
a digital thermometer equipped with a colonic probe (Physitemp Instruments Inc., NJ), respectively. The behavior of animals was observed with a video-monitor system and analyzed for their jumping frequency (12). Under light ether anesthesia, blood samples were
obtained by cardiac puncture. After centrifugation of blood samples, plasma samples were
collected and stored at −20°C until assays. The liver, right femoral quadriceps and gastrocnemius muscles, mesenteric fat and interscapular brown adipose tissue were rapidly
dissected, weighed and fixed with 4% paraformaldehyde.
Biochemical analysis
Commercially available enzyme-linked immunoassay kits were used to determine plasma
levels of estradiol and testosterone (Cayman Chemical, Ann Arbor, MI). Plasma levels of
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triglyceride and glucose were analyzed using a triglyceride E-test and Glucose C2 kits
(Wako Pure Chemical Industries, Osaka). Plasma level of 3-hydroxybutyrate was analyzed using a Ketofilm N (Sanwa Kagaku Kenkyusho, Nagoya, Japan).
Immunohistochemical analysis
Immunohistochemical staining of UCP-1 was conducted with 4 μm thin sections from
frozen brown adipose tissue. Thin sections were incubated with anti-mouse-UCP-1 polyclonal antibody (Alpha Diagnostic International Inc., San Antonio, TX) diluted in 1:100
for overnight at 4°C. After washing in phosphate-buffered saline, sections were incubated
with FITC-conjugated anti-rabbit antibody (DAKO Cytomation, Denmark) diluted in 1:30
for 2 hrs at room temperature.
Statistical analysis
All data were expressed as the mean ± SD derived from 3~12 animals. The statistical significance of differences between 2 groups was determined by Student’s t-test. In some experiments, analysis by one-way ANOVA was performed.

Results
Effect of fasting on male and female mice
Consistent with our preliminary experiments (7), the effect of fasting on the survival of
animals appeared more markedly in male than in female mice (Figure 1). To elucidate the
mechanism underling this sex difference, we analyzed various changes induced in male

FIGURE 1. Effect of fasting on the survival of male and female
mice. Under fasting conditions, animals were allowed free access to water. Logrank test showed a significant difference
between male and female mice (P < 0.05). Other conditions
were as described in the text. —o—, female; — —, male mice
(n = 12).
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and female mice. Figure 2 shows the effect of fasting on the body temperature of male
and female animals. During the experiments, the body temperature decreased significantly
faster in male than in female mice. Figure 3 shows that the body weight of male mice decreased slightly faster than that of female animals. We also determined changes in the
weight of muscle and fat tissues (Figure 4). The weight of muscles in male mice de-

FIGURE 2. Effect of fasting on body temperature of male and female mice. During the experiments, rectal temperature of animals was
monitored between 9:00 and 10:00 am. Data
are expressed as mean ± SD (n = 6; *P < 0.05).
—o—, female; — —, male.

•

FIGURE 3. Effect of fasting on body weight of
male and female mice. Body weight of animals
was measured between 9:00 and 10:00 am. The
initial body weights of male and female were
42.9 ± 1.9g and 30.8 ± 2.1g, respectively. Data
are means ± SD (n = 12; *P < 0.01). —o—,
female; — —, male mice.

•

FIGURE 4. Effect of fasting on the weight of muscles and fat tissue. At the indicated times, weights
of right femoral quadriceps and gastrocnemius (A) and mesenteric fat tissue (B) were measured.
Data shows the relative weight of muscles to the body weight. The weight of fat tissue was expressed as % of initial levels (at day 0). Data are means ± SD (n = 4; *P < 0.05). —o—, female;
— —, male mice.

•
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creased constantly while that in female animals remained unchanged during the first 2
days and decreased thereafter. The weight of mesenteric fat decreased similarly in the two
animals groups.
Effect of fasting on energy metabolism
Since the initial fuel during fasting is largely supplied by glycogenolysis, we measured
plasma levels of glucose during the experiments (Figure 5). Plasma levels of glucose decreased rapidly on day 1 and slowly thereafter in both animal groups. It has been well
documented that mitochondrial β-oxidation of fatty acids is enhanced in fasted animals to
increase the generation of ketone bodies (5). Although plasma levels of ketone bodies increased markedly in both animal groups, their increase was more rapid and marked in female than in male animals; the area under the curve was 3.7-fold larger in the former than
in the latter.
Role of sex hormones in energy metabolism
To elucidate the possible involvement of sex hormones in the changes induced by fasting,
plasma levels of testosterone and estradiol were determined during the experiments
(Figure 6). Plasma levels of testosterone were significantly higher in male than in female
mice; they decreased rapidly in the former during the experiments but remained low in the
latter. In contrast, plasma levels of estradiol were significantly higher in female than in
male animals; its levels in female mice remained high during the first 3 days and decreased rapidly on day 4. Plasma estradiol in male mice remained at low levels during the
experiments.

FIGURE 5. Effect of fasting on plasma levels of glucose and 3-hydroxybutyrate. At the indicated
times, heparinized blood samples were obtained, centrifuged at 3,000 rpm and plasma samples were
subjected to biochemical analysis. Data are means ± SD (n = 3; *P < 0.01). Other conditions were
the same as in Figure 3. A, glucose; B, 3-hydroxybutyrate; —o—, female; — —, male.
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The effects of sex hormones on the survival of animals were examined (Figure 7). The
life-time of male mice was increased significantly by administration of estradiol while
that of female animals decreased markedly by ovariectomy. Castration of male mice and
testosterone administration to female animals had no appreciable effects on their survival.
To elucidate the role of sex hormones in the energy metabolism and survival of fasted

FIGURE 6. Effect of fasting on plasma levels of testosterone and estradiol. The heparinized plasma
samples were determined for testosterone and estradiol. Other conditions were the same as in
Figure 5. —o—, female; — —, male mice.

•

FIGURE 7. Effect of sex hormones on the survival of animals. One week before starting the
experiments, male (A) and female mice (B) received castration and ovariectomy, respectively. Estradiol and testosterone were daily administered intraperitoneally (10 μg/body) to male (solid symbols)
and female (open symbols), respectively (n = 6). Logrank test revealed a significant difference in
the effect of estradiol administration in male and ovariectomy in female (P < 0.05). 䊏, castration;
䉱, estradiol; 䊐, ovariectomy; 䉭, testosterone; o control animals.
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animals, their effects on the generation of ketone bodies were analyzed (Figure 8).
Although plasma levels of ketone bodies changed similarly with control and castrated
mice (as judged from their AUC), they increased markedly in estradiol-administered animals particularly after day 3. In contrast, plasma levels of ketone bodies decreased
markedly both in ovariectomized and testosterone-administered female mice. These observations suggest that estradiol strongly enhances the metabolism of fatty acids. We also
determined the expression of UCP-1 in brown adipose tissue (Figure 9). The expression

FIGURE 8. Effect of sex
hormones on plasma
levels of 3-hydroxybutyrate. At the indicated
times, heparinized blood
samples from male (A)
and female mice (B) were
analyzed for plasma levels
of 3-hydroxybutyrate as
described in Figure 5B.
Data are means ± SD (n =
3; *significantly different
from control, P < 0.05).
Other conditions were the
same as in Figure 7.

FIGURE 9. Effect of fasting on the expression of UCP-1 in brown adipose tissue. During the experiments, the expression of UCP-1 in brown adipose tissue in
male (upper panels) and female mice (lower panels) was determined using specific anti-UCP-1-antibody and FITC-conjugated second antibody. Data shows
one typical experiment from 6 animals.
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of UCP-1 in brown adipose tissue was markedly enhanced in female while it was not
apparent in male mice.

Discussion
The present work demonstrates that starvation caused a marked hypoglycemia followed
by the increase in plasma ketone bodies, decrease in fat and muscle weights and body
temperature. Although hypoglycemia and loss of fat tissues occurred similarly with male
and female mice, the decrease in muscle weight and body temperature was more marked
with the former than with the latter. In contrast, the increase in plasma ketone bodies and
UCP-1 expression in brown adipose tissue were more marked with female than with male
mice. These observations suggested that the difference in the metabolic changes observed
with male and female mice determined their susceptibility to starvation. It should be noted
that the muscle weight decreased rapidly with male mice while it decreased fairly slowly
in female mice particularly during the first 2 days.
We measured changes in the weight of the right side of quadriceps and gastrocunemius
muscles during the experiments (Figure 4). During the first 2 days, the body weights of
male (43 g) and female (31 g) decreased by about 21% (9.0 g) and 17% (5.3 g), respectively (Figure 3). Assuming that the total weight of muscles is about 40%~50% of the
body weight, their weights in male and female would be 17.2~21.5 g and 12.4~15.5 g, respectively. If fasting decreased muscle weight homogenously during the experiments, the
decrease of 25% and 7% in male and female (on day 2 in Figure 4) accounts for 4.3~5.4
g and 0.9~1.1 g, respectively. Thus, the weights of tissues other than muscles also decreased significantly both in male (3.6~5.7 g) and female mice (4.2~4.4 g) during the experiments. Preliminary experiments in this laboratory revealed that, under identical
conditions, autophagy in muscles occurred more markedly in males than in females. This
observation is consistent with the present findings that male muscles are consumed 5-fold
more rapidly than female muscles during the fasting. In contrast, tissues other than muscles seem to decrease similarly in males and females. The underling mechanism for the
rapid degradation of muscles in males than in females should be studied further.
Interestingly, the increase in plasma ketone bodies was more marked with female than
with male mice. Since the expression of UCP-1 in brown adipose tissue was more marked
with female than with male mice and the area under the curve for plasma ketone bodies
was 3.7-times larger in the former than in the latter, female preferentially used fat tissue
rather than muscles to obtain energy required for their survival under fasting conditions.
This notion is consistent with the findings that the body temperature decreased more
rapidly with male than with female mice.
To elucidate the possible involvement of sex hormones in the susceptibility of animals
to starvation, we analyzed hormonal status in plasma of male and female mice. Plasma
levels of testosterone were significantly higher in male than in female while those of estrogen were markedly higher in the latter than in the former. Interestingly, high levels of
male testosterone decreased rapidly during the experiments while estrogen levels in female plasma remained high for a fairly long time; female mice started to die when their
estrogen levels decreased. These observations suggest that estrogen might contribute to
the enhancement of lipolysis and UCP-1 expression, and suppression of muscle degrada-
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tion in female mice. This hypothesis is consistent with the observations that plasma levels of ketone bodies in male mice significantly increased after administration of estradiol
while those in female mice markedly decreased after ovariectomy. It should be noted that
administration of testosterone markedly suppressed the enhanced generation of ketone
bodies in female mice while castration had no appreciable effect on their plasma levels in
male animals. Since the survival of male mice was increased by estradiol administration
but not by castration while that of female was decreased by ovariectomy but not by testosterone administration, estrogen derived from the ovary might principally be responsible
for the enhanced lipolysis and UCP-1 expression to maintain fundamental energy and
body temperature required for the survival of animals.
Sex hormones exhibit their functions directly or indirectly through activation and/or
suppression of a wide variety of genes (8, 13, 14). In fact, estrogen has been known to inhibit the gene expression of tumor necrosis factor-α (17), a major factor that stimulates
degradation of muscles to induce cachexia in patients with cancer (18). Furthermore, sex
hormones also affect the metabolism of fatty acids and related metabolites (15, 16). The
utilization of fatty acids through β-oxidation pathway requires carnitine and CPT-1 that
localizes in mitochondrial inner membranes (19). It has been well documented that PPAR
plays important roles in the regulation of fatty acid oxidation in mitochondria and
peroxisome. PPARγ-co-activator-1α (PGC-1α) is an estrogen receptor-α-co-activator
and serves at a convergence point between PPAR-γ and estrogen receptor-α signaling
(20). The expression of CPT-1 is inhibited by PPAR-γ (21) and enhanced by estrogen
receptor-α (22). Recent studies revealed that elevation of NAD+ during fasting activated
the catalytic function of sirtuin to deacetylate PGC-1α and that the deacetylated PGC-1α
stimulated glyconeogenesis and lipolysis (23). Since plasma estrogen in female mice was
maintained at fairly high levels during the experiments, CPT-1 expression would also be
maintained high for a long time. Thus, the activity of mitochondrial CPT-1 to utilize free
fatty acids might be maintained high in female mice presumably due to high levels of
plasma estradiol. Testosterone plays important roles in the maintenance of muscle volume
(24). In fact, rapid decrease in plasma testosterone levels was followed by the rapid decrease in muscle weight in male mice. Heat production is a principle by-product of energy
metabolism. The most important factors are basal rate of metabolism of the body and
extra-rate of metabolism caused by muscle activity including contractions caused by
shivering (25). The role of UCP-1 is to uncouple mitochondria to produce heat effectively
(26) and its expression in brown adipose tissue is regulated by PGC-1α (27). Since
UCP-1 expression in brown adipose tissue increased more markedly while degradation of
muscles occurred more slowly in female than in male mice, it is not surprising that the
rate of decrease in the body temperature was significantly slower in the former than in the
latter. It has been reported that activation of UCP suppresses the generation of reactive
oxygen species thereby contributing to the longevity of animals (28). Thus, tissue injury
by reactive oxygen species might possibly be suppressed in female mice as compared to
that in male animals. Consistent with this hypothesis is our preliminary observation that
both male and female mice lacking iNOS showed strong resistance to fasting. The possible involvement of reactive oxygen and nitrogen species in the survival under fasting conditions should be studied further.
Calorie restriction has been shown to prolong the life-time of a wide variety of species
including humans (1, 29). However, sex difference in the effect of calorie restriction on
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the life-time of male and female humans remains obscure due to limited periods of experiments. In this context, food shortages in some European countries during the World
War have been known to be associated with a sharp decrease in the mortality (30, 31); the
mortality increased again after the end of the war. It should be noted that, in 1950, 1960,
1970 and 1975, the number of centenarians in Okinawa was the highest in the world (32).
The life expectancy of Okinawa residents was always longer with females than with
males. The rate of cardiovascular disease and cancer mortality of peoples in Okinawa was
lower by about 35% than that of the average Japanese whose calorie intake was about
30% higher as compared to the former. It has been known that administration of estrogen
increases the plasma levels of free fatty acids (15, 16). Thus, estrogen might play an important role in the regulation of fatty acid metabolism to favor the survival of females particularly during calorie restriction and/or starvation. Preliminary experiments in this
laboratory revealed that administration of 330 μg/kg of estradiol prolonged the life-time
of female mice by about 1 day as compared to the fasted control group. The possibility
that a loading dose of estrogen increases the life-time of both male and females during
calorie restriction should be studied further.
This work was supported by grants from the 21st Century COE Program “Base to Overcome Fatigue”, from the
Ministry of Education, Culture, Sports, Science and Technology, the Japanese Government.
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Abstract: Aluminum ion was administered orally to mice for a long period (80 weeks). Aluminum, magnesium, and calcium in the urine were measured weekly, and aluminum in organs, i.e.,
brain, kidney, liver, heart, lung, and bone, was measured in the final stage. Calcium in the bones was
also measured. The results of the urine tests suggest that aluminum ion is hardly absorbed by mice
if it is dosed alone. Aluminum ion administered with glycine or glutamic acid is accumulated in
vivo, but the presence of tryptophane has little influence on aluminum incorporation. When aluminum remains in the body, the calcium and magnesium excretions increase. The long-term administration of aluminum resulted in the accumulation of aluminum in all organs. The amount of
aluminum increased distinctly in all organs. It notably increased when aluminum was dosed with
either glycine or glutamic acid. Special attention should be paid to the fact that aluminum amounts
in the brain and bones are very high when dosed with either glycine or glutamic acid.
KEY WORDS: aluminum intake, amino acids.

EVIDENCE THAT aluminum is a neurotoxin has been continuously increasing, and research with animals and humans has linked aluminum with neuron-cognitive dysfunctions, such as those associated with Alzheimer’s disease (1–15). Aluminum ion has been
reported to bind strongly to physiologically important compounds, such as the phosphate
group of adenosine triphosphate (ATP), and to blood serum proteins (16). Aluminum may
also bind with some amino acids and pass through the blood-brain barrier more easily
than aluminum alone. Thus, being absorbed into the brain and carried to the neurons, aluminum acts as a neurotoxin that has significant effects on nerve cells. Many reports have
indicated a close relationship between aluminum intake and neuron-cognitive dysfunction
using animals such as mice, rats, and rabbits. Aluminum had been administered to the animals by injection (9,11,12,13,17) or oral administration (18).
Aluminum is found in or added intentionally to the following: air (19), antacids (20),
antiperspirants (20), cosmetics (21), dental preparations (22), vaccines and allergenic extracts (22), foods and food additives (23), tea (24) and drinking water (25). Therefore, it
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is also important to examine the effect of aluminum orally administered in beverages
and/or foods.
We administered water containing aluminum ion and amino acids to mice orally over a
long period (80 weeks) and report here that specific amino acids promote the ingestion of
aluminum.

Materials and Methods
Reagents
The aluminum (1000ppm-Al in 0.2 mol/l HNO3), magnesium (1000ppm MgCl2 in 0.1
mol/l HNO3), and calcium (1000ppm CaCO3 in 0.1 mol/l HNO3) standard solutions were
purchased from Kanto Chemicals. Amino acids were purchased from Kanto Chemicals
(glycine and L-tryptophane) and Nakalai tesque (L-glutamic acid).
Mice and Grouping
Three-month-old female mice with a body weight of 25~30 g were used. Forty-four mice
were divided into 11 groups (four in each). Each mouse in each group (Groups 1–11) was
administered 0.5 mL of the following solutions orally with a catheter:
1) tap water (referred to as TW),
2) glycine solution (Gly),
3) glutamic acid solution (Glu),
4) tryptophane solution (Trp),
5) aluminum ion only (0.5 ppm, Al),
6) aluminum ion (0.5 ppm) + glycine (1 x 10-4 mol/l, Al+Gly),
7) aluminum ion (0.5 ppm) + glutamic acid (1 x 10-4 mol/l, Al+Glu),
8) aluminum ion (0.5 ppm) + tryptophane (1 x 10-4 mol/l, Al+Trp).
Each mouse from each group was allowed to drink tap water freely; the actual amount
consumed per mouse was about 5 mL per day. The concentration of aluminum in tap
water was about 5 ppb.
Animal Research Council, Okyama University of Science approved the experiments
with mice.
Pretreatment and Measurements
Mice from each group were kept in a metabolic cage for 24 h to collect weekly urine samples. Pretreatment of the urine for the measurement of Al, Mg, and Ca was as follows: 1)
A PFA jar (Hagitec Co. Ltd., Japan) containing the supernatant solution (0.5 mL) and
concentrated nitric acid (1 mL) was put into an oven range for 5 min to decompose the
urine sample. The decomposed sample was transferred into a measuring flask (50 mL),
which was then filled to the 50-mL mark with water. Aluminum, magnesium, and calcium
in the urine were measured.
In the final stage after 80 weeks, the mice were anesthetized with diethyl ether, sacrificed, and dissected. The brain, kidney, liver, heart, lung and bone were removed and
washed with saline. Each organ was weighed, homogenized with saline (20 mL) using a
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homogenizer and liquefied. A PFA jar containing an aliquot (0.2 mL) of the organ sample and concentrated nitric acid (1 mL) was put into an oven range for 10 min to decompose the sample. The decomposed sample was transferred into a measuring flask (50 mL),
which was then filled to the 50-mL mark with water. The aluminum in the organs was
measured. The bones (thigh bones) were cut to a length of 3 cm and treated using the
same procedures as those used for the organs. The aluminum and calcium in the bones
were measured.
Aluminum and magnesium were measured using an ICP-MS spectrophotometer
(Model SPQ6500, ESIKO), and calcium was measured using an atomic absorption spectrophotometer (Model Z6100, Hitachi). The glass apparatus was put in 1 mol/l HNO3 for
24 h, and washed with water before use.
Statistical analysis
Results are expressed as mean ± SD. Statistical comparisons were performed by the Student’s t test. P values < 0.01 were considered statistically significant.

Results
Aluminum, calcium, and magnesium in the urine
The amounts of aluminum, calcium, and magnesium in the urine of the mice that had been
administered various samples orally were measured. The time course experiments did not
reveal any significant changes in the amounts of the substances present in the urine. The
amounts (μg) of aluminum in the urine excreted for 24 hours by each group (four mice)
weekly are shown in Figure 1. The following results were obtained: 1) The amounts of

FIGURE 1. Amount of aluminum in the urine excreted by each group. 1) Tap water; 2) Glycine;
3) Glutamic acid; 4) Tryptophane; 5) Al; 6) Al+ Glycine; 7) Al + Glutamic acid; 8) Al + Tryptophane. *: p < 0.01 significantly different.
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aluminum in the urine of the mice in groups 5 to 11 were significantly higher than those
in the urine of the mice in the control groups. 2) The amounts of aluminum in the urine
of groups 6 and 7 were lower than those in the urine of group 5, while the amounts in the
urine of group 8 were almost identical to that in the urine of group 5.
The amounts (μg) of calcium in the urine excreted for 24 hours by each group weekly
are shown in Figure 2. The following results were obtained: 1) The amounts of calcium
in the urine of groups 6 and 7 were significantly higher than those in the urine of the control groups 2 and 3. 2) The amount of calcium in the urine of group 8 was slightly higher
than those in the urine of the control group 4. 3) The amount of calcium in the urine of
group 5 was almost the same as those in the urine of the control group 1.
The amounts (μg) of magnesium in the urine excreted for 24 hours by each group
weekly are shown in Figure 3. The following results were obtained: 1) The amounts of
magnesium in the urine of groups 6 and 7 were significantly higher than those in the urine
of the control groups 2 and 3. 2) The amounts of magnesium in the urine of groups 5 and
8 were slightly higher than those in the urine of the control groups 1 and 4.
Aluminum and calcium in the brain, kidney, liver, heart, lung, and bone
The amounts (μg) of aluminum in the brain, kidney, liver, heart, lung, and bone of each
group (four mice), and those of calcium in the bones of each group (four mice) are shown
in Figure 4, 5, 6, 7, 8, 9, 10, respectively. The main results are as follows:
Figure 4, “Al, brain”: 1) The amounts of aluminum in the brain of groups 6 and 7 were
significantly higher than the values of the control groups 2 and 3. 2) The amounts of aluminum in the brain of groups 8 were very close to those of the control groups 4.

FIGURE 2. Amount of calcium in the urine excreted by each group. *: p < 0.01 significantly
different.
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FIGURE 3. Amount of magnesium in the urine excreted by each group. *: p < 0.01 significantly
different.

FIGURE 4. Amount of aluminum in the brain of mice in each group. *: p < 0.01 significantly
different.
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Figure 5, “Al, kidney”: 1) The amounts of aluminum in the kidney of groups 6 to 7
were significantly higher than the mean value of the control groups 2 and 3. 2) The
amounts of aluminum in the kidney of group 8 were very close to those of the control
group 4.
Figure 6, “Al, liver”: 1) The amounts of aluminum in the liver of groups 6 and 7 were
significantly higher than the mean value of the control groups 2 and 3.

FIGURE 5. Amount of aluminum in the kidney of mice in each group. *: p < 0.01 significantly
different.

FIGURE 6. Amount of aluminum in the liver of mice in each group. *: p < 0.01 significantly
different.
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Figure 7, “Al, heart”: 1) The amounts of aluminum in the heart of groups 6 and 7 were
significantly higher than the mean value of the control groups 2 and 3. 2) The amounts of
aluminum in the heart of groups 5 and 8 were significantly higher than the mean value of
the control groups 1 and 4.
Figure 8, “Al, lung”: 1) The amounts of aluminum in the lung of groups 5 to 8 were
significantly higher than the mean value of the control groups 1 and 4.

FIGURE 7. Amount of aluminum in the heart of mice in each group. *: p < 0.01 significantly
different.

FIGURE 8. Amount of aluminum in the lung of mice in each group. *: p < 0.01 significantly
different.
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Figure 9, “Al, bone”: 1) The amounts of aluminum in the bone of groups 6 and 7 were
significantly higher than the mean value of the control groups 2 and 3.
Figure 10, “Ca, bone”: 1) The amounts of calcium in the bone of groups 6 and 7 were
significantly lower than the mean value of the control groups 2 and 3. 2) The amounts of
calcium in the bone of groups 5 and 8 were close to the mean value of the control groups
1 and 4.

FIGURE 9. Amount of aluminum in the bone of mice in each group. *: p < 0.01 significantly
different.

FIGURE 10. Amount of calcium in the bone of mice in each group. *: p < 0.01 significantly
different.
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Discussion
Most of our body consists of proteins, which consist of 20 kinds of amino acids including essential ones. Some kinds of the amino acids are converted into energy, but others
are used as raw materials to compose proteins which are necessary for the maintenance
of life. It is known that a person has to take in protein of about 70g/day from food. If aluminum is included in the food, aluminum will combine with amino acids, and it may be
more easily absorbed in the body. On the other hand, the chemical properties of aluminum
are very similar to those of iron, and materials that combine with iron in vivo also combine with aluminum (26). Iron combined with transferrin (about 80% of iron incorporated
may be combined with transferrin and transported to the internal organs (27)) is thought
to be transported to the neurons that pass through the blood-brain barrier. Aluminum is
present in some drinking water (28–30) and foods. When the aluminum in drinking water
is absorbed by the body, it will combine with transferrin, similarly to the case of iron.
The results from the urine measurements suggest that 1) Aluminum ion is hardly absorbed by mice if it is dosed alone. 2) Aluminum ion administered with glycine or glutamic acid is accumulated in vivo, but the presence of tryptophane has little influence on
aluminum incorporation. 3) When aluminum remains in the body, the calcium and magnesium excretions increase. Aluminum in the urine excreted by groups 1 to 4 seemed to
come mainly from tap water and food. The amount of aluminum in the urine of group 5
(1.83μg) was very close to the sum (1.82μg) of the mean aluminum amount in the urine
of the control groups (0.82 μg) and the amount of aluminum administered to each group
per day (1.00 μg).
Our results of organs indicate that long-term administration of aluminum resulted in the
accumulation of aluminum in all organs studied. The amount of aluminum distinctly increased in all organs and particularly, when it was dosed with either glycine or glutamic
acid. The amount of aluminum also increased in liver, heart and lung when it was dosed
with tryptophane.
Injection (9, 11, 13) or oral administration (18) of aluminum has been reported to have
certain effects on the brain. When inorganic substances are assimilated by the body, the
kidney is the last organ where they accumulate (31-33). Aluminum lactate injections have
been reported to cause a decrease in the renal function of rabbits (12). As shown in Figure 6 and 8, the amount of aluminum from group 3 is higher in every organ than that in
any of the control groups. The reason for the higher level of aluminum is not clear. Special attention should be paid to the fact that the amounts of aluminum in the brain and
bones are very high when aluminum is dosed with either glycine or glutamic acid.
It appears possible that, when aluminum is administered to mice with either glycine or
glutamic acid, it passes into the brain through the blood-brain barrier, at which time it is
carried to the neurons, where it may act as a neurotoxin that has significant effects on
nerve cells. In addition, aluminum absorbed by the body may erode the bones and, as a
result, contribute to osteoporosis. We are extending our research to dose mice with aluminum and other amino acids or some chelating reagents.
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Abstract: In social hornets of sub-family Vespinae there are stripes or areas in the cuticle which
are endowed with a bright color (yellow, orange, green) that is different from the customary native
brown color. In these brightly colored areas, the middle and bottom layers of the cuticle contain a
yellow-colored filling material instead of the ordinary lamellae of which the cuticle is comprised.
At high magnification, most of the yellow matter is seen to be made up of yellow granules interlinked by string-like threads. Apart from yellow granules, hemolymph and a surrounding cuticle,
these areas are also found to contain glucose, iron and triglycerides as well as enzymes like GOT,
GPT, CPK and LDH, in high concentrations that vary considerably from those in vespan hemolymph and whose levels are different under illumination than in the dark. Such high levels of enzymes suggest first an association with liver function activities, and secondly, that the difference in
their levels when exposed to light and when subjected to darkness is indicative of the influence of
the energy of light upon them.
KEY WORDS: Liver function in insects; Glucose lactic dehydrogenase (LDH); Creatinine phosphokinase (CPK); Gamma glutamyl transferase (GGT); Glutamic pyruvic transaminase (GPT);
Glutamic-oxaloacetic transaminase (GOT).

I

N A PREVIOUS study (Ishay and Pertsis, 2002) we have shown that the cuticle on the
gastral segments of the Oriental hornet is comprised of thin, parallel lamellae whose
thickness decreases from the exterior to the interior. The number of lamellae in brown cuticle overlying the gastral segments is 30 or more (Figure A). In the yellow stripes of the
cuticle, however, some of the interior lamellae are digested and then replaced by aggregations of a yellow substance (Figure B). Earlier studies (Ikan and Ishay, 1967) found the
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FIGURE A. Scanning electron magnification of a central portion of the endocuticle in a brown stripe. There are 32 layers here. Note that the layers become
thinner towards the interior. Bar = 1µm. (after Ishay and Pertsis, 2002).
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Figure B. Cross section trough the yellow stripe. Visible from right to the left
are: (1) sectioned setae, (2) a pit of a photoreceptor, (3) section through epicuticle, exocuticle and part of endocuticle and (4) section through layer of yellow
matter. There are two tracheae (5) at the center of the section and at the left is the
sectioned hypocuticle (6). Bar =10µm. (after Ishay and Pertsis, 2002).
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yellow cuticle to contain the pigment xanthopterin. In the region of the gaster, the third
segment is partitioned transversally by a diaphragm-like structure that separates about
two-thirds of the anterior gaster from the posterior third of the gaster (Ishay et al., 2004).
The posterior portion of the gaster houses the viscera bearing food remnants, as well as
malpighian tubules, reproductive organs (generally undeveloped) and in the female hornets — the stinging apparatus with the venom sac. In the portion before the ‘diaphragm’
there are mostly tracheal branches of various sizes and a stiff partition between the left
and right of the mediastinum. Nowhere in the gaster, neither in front nor behind the diaphragm, was there any evidence of a fat body, which supposedly performs the liver functions in insects (Imms, 1960; Gullan and Cranston, 2000). All the afore-said pertains to
adult worker hornets. On the other hand, in the larvae and also in the pupae, it seems that
beneath the integument, the entire body, barring the alimentary canal (in the larvae) is
filled will a fat body (Matsuura and Yamane, 1990).
It is universally accepted that worker hornets possess little, if any, fat body during their
period of intensive activity, and weight-wise, this probably facilitates the rapid movement
of these predators. That said, however, where do liver functions take place within a worker
hornet? The present study attempted to resolve this enigma.

Materials and Methods
Adult hornets (Vespa orientalis) together with their brood combs were recovered and kept
under optimal conditions in the laboratory as previously described (Ishay, 1964). In the
laboratory, the hornets were offered water in a test-tubes, sugar cubes (sucrose) as carbohydrate source, and bits of hard-boiled chicken eggs (yolks and whites) as a source for
proteins and fats. On the day scheduled for the experiment, 30 worker hornets (all from
the same colony) were subjected to diethyl ether anesthesia and then exposed to UV
illumination at a distance of 5–7 cm from the UV lamp (λ=366nm: 1.2 mw/cm2, Minuvis, Desaga, Heidelberg), for 3 hours. UV light was used since earlier (Volynchik et al.,
2008) it was found that there is a good correlation between UV sunlight and hornet activity. In parallel, 30 other hornets were kept in the dark as controls. Immediately after exposure to light or darkness the two yellow stripes (gastral segments 3 and 4) from the
gaster of each hornet were excised by use of delicate scissors and the yellow matter from
the interior, soft part of the cuticle was scraped off with a scalpel. Following this, hemolymph was collected via capillary pipette from the aorta (i.e. blood vessel) of the hornet. The hemolymph for control purposes was collected only after excising the yellow
segments in order to obtain enough hemolymph for both testing of yellow granules with
hemolymph as well as hemolymph alone. The total amount of hemolymph collected from
30 hornets was about 0.3 ml. All the collected material from the various test and control
hornets, yellow granules and hemolymph separately were combined for the purpose of
chemical determinations. The materials were kept in the dark under refrigeration (−5°C)
until the next morning and then subjected to biochemical evaluation, after using saline,
when needed, to adjust the volume to 0.5 ml of liquid. The biochemical determinations
were made via a Roche Hitachi 705, which is a fully automated, discrete, computerized
chemistry analyzer intended for in vitro diagnostic use in quantitative determination of
serum constituents. The determinations were run in parallel on material exposed to light
and material kept in the dark.

272

ISHAY et al.
TABLE 1. Distribution of some products in yellow granules and hemolymph

of adult hornets in light and darkness.
Material Tested
Yellow Granules

Hemolymph

Compound

Light

Dark

Light

Dark

GGT (IU/L)
GOT (IU/L)
GPT (IU/L)
LDH (IU/L)
CPK (IU/L)
Amylase (IU/L)
Glucose (mg/dl)
T. G. (mg/dl)
Mg (mg/dl)
Na (mg/dl)
Ca (mg/dl)
K (mg/dl)
Cl (mg/dl)
Fe (mg/dl)
U. A. (mg/dl)
Creat. (mg/dl)

14
1738
1996
134
100
12
126
86
0.88
208
1
8.6
146
188
83
0.12

22
802
648
136
54
40
82
26
0.5
242
1.6
9.2
166
44
123
0.02

0
170
74
60
13
358
1232
316
5.2
212
9.6
10.4
148
26
4
10.3

0
174
96
412
22
64
1410
792
6.92
224
15.4
10
156
18
3.8
12.4

Results
Notes to Table 1
GGT — Gamma glutamyltransferase EC 2.3.2.2 (IU/L) — is rather scarce in the yellow
granules and absent in hemolymph. In vertebrates this enzyme is present in the serum
(Szasz, 1969; Bergmeyer et al., 1978).
GOT (= AST) Glutamic oxalic transaminase EC 2.6.1.1. (IU/L) — is an enzyme present
in both vespan hemolymph and mitochondria. The highest concentration of this enzyme
is encountered in yellow granules exposed to light, and only half that in granules kept in
the dark. In the hemolymph of the same hornets there was only a tenth of the concentration found in yellow granules both in light and in darkness.
GPT — Glutamic pyruvic transaminase = Alanine aminotransferase EC 2.6.1.2. (IU/L) —
this enzyme is present in serum and cytosol (Rej and Vanderlinde, 1975). Its level in the
yellow granules exposed to light is relatively very high, in yellow granules kept in the
dark — a third of that, and in hemolymph both in light and darkness — only a tenth that
in illuminated yellow granules.
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LDH — Lactate dehydrogenase EC 1.1.1.27 (IU/L) — is encountered in mammals in the
serum (Wroblewski and Due, 1953). In hornets, its highest concentration is in hemolymph
in the dark, whereas the level in illuminated hemolymph is only a seventh that in the dark,
and in the yellow granules — only a third that in illuminated hemolymph.
CPK — Creatinine phosphokinase EC 2.7.3.2 (IU/L) — is an enzyme present in the
serum of vertebrates (Kuby et al., 1954). In hornets it is encountered in the highest concentration in the yellow granules exposed to light, with half this level in granules in the
dark and least in hemolymph (Neuman et al., 1985; 1991).
Amylase (IU/L) — this enzyme is not encountered in the serum of mammals but only in
their stomach. Its presence in hornets, which are predatory insects, is unclear.
Glucose — (in mg/dl) — is the carbohydrate prevalent in the hemolymph of hornets in
our daily determinations. The yellow granules throughout the studied gastral tissue contained glucose, despite the fact that our hornets were fed on sucrose (sugar cubes). In hemolymph, in contrast, the glucose level was 10 times higher in hemolymph kept in the
dark than in hemolymph kept under illumination.In the hemolymph, the glucose level is
higher owing to the hydrolysis of disaccharides and the presence of polysaccharides in it
(Fischl and Ishay, 1971; Ishay et al., 1974).
Triglycerides (T.G.) (mg/dl) — showed their highest concentration in hemolymph kept in
the dark, with only a third that in illuminated hemolymph, and much less so in the yellow
granules( Mikulecky and Bounias, 1997; Kefuss et al., 1999).
Mg (ml/dl) — is rather scarce in the yellow granules but about 10-fold higher in hemolymph. Florkin and Jeuniaux (1964) reported similar values in Paravespula (Vespula)
germanica.
Natrium (mg/dl) — its level in all (vespan) tissues is uniform regardless of the extent of
the illumination. Similar levels were reported by Florkin and Jeuniaux (1964) in the hemolymph of P. germanica.
Ca (mg/dl) — was ten-fold more concentrated in hemolymph than in the yellow granules.
Similar values of Ca were reported by Florkin and Jeuniaux (1964) in P. germanica.
K (mg/dl) — showed uniform level throughout, and quite similar to levels reported by
Florkin and Jeuniaux, (1964).
Cl (mg/dl) — was present about equally in the yellow granules as in the hemolymph.
Fe (mg/dl) — showed up in high concentration in yellow granules exposed to light, but
only 25% of that in the dark and about 10–14% in the hemolymph (Nichol et al., 2002).
Uric acid (U.A.) (mg/dl) — was encountered in highest level in yellow granules in the
dark, and least in hemolymph (McNally et al., 1965).
Creatinine (mg/dl) — is the most commonly used indicator of renal function. The levels
in the hemolymph were at least 10 times higher than in the yellow granules.
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Discussion
Numerous attempts were made by us to obtain reliable results by using a smaller number
of hornets, like 1,2,3,5,10 specimens but in none of these were the obtained results satisfactory. Only by using 20–25 or more specimens were the results obtained quite reproducible.
We shall discuss first the enzymes present in the yellow granules in hornets, in which
higher concentrations of GGT, GOT, GPT, CPK and LDH were encountered than in vespan hemolymph. As for CPK, GPT, GOT and GGT, their concentration in the yellow
granules of hornets was about 10-fold higher than in hemolymph, and this both in light
and in darkness. The only exception in this respect was LDH, whose level in hemolymph
in the dark was higher than in any other site in the body. We need to point out that the
present findings are rather preliminary, leaving much still unknown. For instance, our determinations were made on material obtained from 30 hornets, and it is conceivable that
a larger amount of material, say, from 100 hornets, might have uncovered also other enzymes. Then, again, our apparatus was devised for assessing liver functions in mammals
(mainly in man), and it is possible that with apparatus adapted for insects, other enzymes
typical for insects might have been revealed. The tests were made by us under conditions
(i.e., solution, pH, osmotic pressure) suited for mammals.
Unlike human blood, which is neutral insofar as pH, the hemolymph of insects has an
acidic pH, and since our determinations were made about 12 hours after its extraction, the
hemolymph may possibly have undergone changes. Finally, our material collected from
30 different hornet specimens (albeit of the same family), was combined for testing purposes and thereby may have been subjected to elements of agonism or antagonism. That
said, and despite all these reservations, there can be no denying that the enzymes described herein are hepatic enzymes in the sense that they perform in the studied hornets
various liver functions (especially the transaminases but also the others). If so, why are
these enzymes located in the hornet cuticle? We need remember that this cuticle is comprised of lamellae, a part of which are digested to make room for the yellow granules, (see
Figure B). This cuticular area is insolated from above and we have yet to ascertain the extent to which sunlight is responsible for the activation of the enzymes and whether there
is any contribution of energy in the process that might suggest an existence of a pigmentprotein (antenna) complex (Glazer, 1989). In the Oriental hornet, the two yellow stripes
bearing the granules of yellow pigment are situated in the gaster, where the vespan ‘heart’
commences its beating (Snodgrass, 1935). Possibly, substances present in the region, such
as glucose for example, are transported in the vascular system to the heart and from there
to various parts of the body. We need remind that within the sub-family Vespinae there are
several scores of species of the genera Vespa, Paravespula, Dolichovespula, Provespa and
related groups, all of which boast colored stripes containing tissue performing liver functions similar to those reported here for V. orientalis. In the majority of Vespinae, there are
numerous colored stripes on the gaster as well as on any other part of the body, and it
stands to reason that in all these colored regions there are activities similar to liver functions which are somehow influenced or activated by solar or other illumination. In the
same connection, it is interesting to note that in hornet queens entering hibernation, the
fat body constitutes up to 40% of the dry weight, whereas queens emerging from hibernation mostly have only 10% of the fat body and the weight of this organ mainly keeps
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dropping (Spradbery, 1965). It has even been suggested that queens emerging from hibernation with too little fat body are effectively new queens who become workers (Spradbery, 1971; Makino, 1982). The hibernating queens are resting in the dark and usually do
not fly and expose themselves to sunlight. We assume that the queen’s fat body provides
it with the energy needed to survive while the yellow granules are inactivated.
The morphology of the yellow granules has been previously described by us, and we
have also preliminarily described the area in the hornet’s body where liver functions take
place (Ishay and Pertsis, 2002). The yellow granules are formed in the endoplasmic reticulum, and then after apoptosis (= programmable cell death) are freed from the cell membranes and reproduce to fill the entire area (Zakeri and Lockshin, 2008; Taylor et al.,
2008). Whether there is a specific site of activity for the various enzymes has yet to be ascertained, but thus far, what stands out in our observations in this regard, is the fact that
hemolymph fills all available spaces in the investigated area. This suggests that the
hemolymph provides starting materials and food sources for enzymes in the area containing the yellow granules and then transports the finished products to other parts of the
body. The exact mechanism involved in this process is now a topic for future investigation by us.
We wish to thank Prof. Ilan Hummel for help in preparing the manuscript and to the Israeli Ministry of Immigrant Absorption for their generous support of Dr. Stanislav Volynchik.
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OBVIOUS BIOLOGIC phenomena can have profound developmental implications. We
have already discussed the evidence that bilateral symmetry, like identical twin formation,
is based on the coherent, simultaneous generative activity of the first two blastomeres, isogenic and identical in genetic programming (1).
Another omnipresent biologic phenomenon in metazoa is maintenance of basic morphology with growth to maturity (Figure l). Like bilateral symmetry, the crucial cellular
proliferative basis for this omnipresent phenomenon has been ignored.
Can maintenance of basic morphology with growth be on the basis of currently accepted modes of cellular proliferation in metazoa? Classical mitosis, as a duplicating
mechanism cannot rationally explain differentiation or morphogenesis. A claimed variant
of mitosis, asymmetrical mitosis, has been proposed as a mechanism for differentiation in
metazoa (2). But the cellular bifurcation cascade of asymmetrical mitosis cannot account
for the generation of complex forms, their complex relationship to each other, or the
maintenance of these delineated forms with subsequent growth to maturity. Further, asymmetrical mitosis, whose fundamental tenet is the divergent differentiation destinies of the
first two blastomeres (2) cannot apply to the developmental sequence in humans and other
vertebrates, where these cells, when separated, form identical twins. Even the existence
of asymmetrical mitosis is questionable, since the principal experimental organism for
asymmetrical mitosis, C. elegans, shows bilateral symmetry (3) and may have experimentally induced identical twins (1). As mentioned above, bilateral symmetry is based on
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FIGURE 1. Young elephants in a herd show the same basic
external morphology as adults. (from Wikipedia)

the simultaneous generative activity of the first two identical blastomeres.
We propose that maintenance of growth of organisms with growth to maturity must be
on the basis of expansion of zones formed early in development. In our previous studies
(4, 5), we have proposed that such zones form on the basis of an interplay between
subdivisional nucleolar cellular proliferation (SNCP) and mitosis. In this process (subdivisional expansion), new cells form within cells (morphogenesis/differentiation), and
such subdivisional complexes enlarge via mitosis. Figures from our previous studies (4,
5,6) showing this process include (A) demonstration of the formation of a new cell within
a cell via SNCP, and the subsequent mitosis of this cell-within-a-cell, (B) emergence of
multiple cells from the nucleus of a large mother cell, (C) the presence of multiple mitoses
in the nuclear area of a mother cell, and (D) SNCP-based cell replication of mast cells by
budding. In addition, we have presented overwhelming interlocking data supporting
SNCP (4,5,6).
We believe that stem cells are cells that undergo this internal process of hierarchic subdivisional cell formation.
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