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Abstract: The concept that the basic unit of all life, the cell, is a membrane-enclosed soup of (free)
water, (free) K+ (and native) proteins is called the membrane theory. A careful examination of past
records shows that this theory has no author in the true sense of the word. Rather, it grew mostly
out of some mistaken ideas made by Theodor Schwann in his Cell Theory. (This is not to deny that
there is a membrane theory with an authentic author but this authored membrane theory came later
and is much more narrowly focussed and accordingly can at best be regarded as an offshoot of the
broader and older membrane theory without an author.)

However, there is no ambiguity on the demise of the membrane theory, which occurred more than
60 years ago, when a flood of converging evidence showed that the asymmetrical distribution of K+

and Na+ observed in virtually all living cells is not the result of the presence of a membrane barrier
that permits some solutes like water and K+ to move in and out of the cell, while barring — ab-
solutely and permanently — the passage of other solutes like Na+. 

To keep the membrane theory afloat, submicroscopic pumps were installed across the cell mem-
brane to maintain, for example, the level of Na+ in the cell low and the level of K+ high by the cease-
less pumping activities at the expense of metabolic energy. Forty-five year ago this version of the
membrane theory was also experimentally disproved. In spite of all these overwhelming evidence
against the membrane-pump theory, it still is being taught as verified truth in all high-school and bi-
ology textbooks known to us today. 

Meanwhile, almost unnoticed, a new unifying theory of the living cell, called the association-in-
duction hypothesis came into being some 40 years ago. Also little noticed was the fact that it has



received extensive confirmation worldwide and has shown an ability to provide self-consistent in-
terpretations of most if not all known experimental observations that are contradicting the mem-
brane-pump theory as well as other observations that seem to support the membrane pump theory. 
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THE DUTCH spectacle-maker, Zacharias Jansen invented the compound microscope in
the year 1590 (Disney et al 1928.) Nineteen years later, Galileo Galilei of Italy indepen-
dently did the same. For a long time afterward, the invention was more a toy than a sci-
entific instrument. It was often used to peer at the outer anatomy of small living creatures
including mites in cheese, ants, bees and, allegedly, also animals shaped like whales and
dolphins in the human blood (Singer 1915.)

However, a new chapter in the use of the compound microscope opened with the arrival
of the physicist-natural philosopher, Robert Hooke (1635–1703.) Though handicapped by
a crippling illness in his childhood; he, nevertheless, earned the reputation as “a Person
of a prodigious inventive Head, so of great Virtue and Goodness” (Hall 1969, Vol. 1, p.
295.) That is not to mention his equally prodigious skill in making and improving me-
chanical devices, including the compound microscope (Disney et al 1928, pp. 112–114.) 

Armed with the improved compound microscope, Hooke began to explore with persis-
tence and accuracy into the world of the small. One of the subjects of his early studies
was a thin sheet of cork, which looked under his microscope like a bee comb of tiny
walled cavities (Figure 1). For them, he gave — in his book, Micrographia (Hooke 1665)
— the Latin name, cellula— the English equivalent of cell.
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FIGURE 1. The earliest known picture of what
Robert Hooke called cells in thin sections of cork
from his Micrographia.



Subsequently, Hook also used the same name, cellula, to describe cross sections of the
vascular bundles (of fresh Fennel, Carrats, Teasels, Fearn etc.,) which were often filled
with fluid. Here too, Hooke correctly believed that they were cross sections of narrow lon-
gitudinal pipes that transport water and nutrients between different parts of the plant.

It is truly to the regret of concerned Mankind that no likeness of Robert Hooke survived.
In part at least this came from the mean-spiritedness of a rival, Sir Isaac Newton, who had
instituted the removal of a portrait of Hooke at the Royal Society (“Robert Hooke”
wikipedia; Manuel 1968, p. 136.)

Six years after the publication of Hooke’s Micrographi, the Royal Society of London
received two important manuscripts. One was from the British botanist, Nehemiah Grew
(1641–1712) (Grew 1672, 1682); the other from the Italian anatomist, Marcello Malpighi
(1628–1694) (Malpighi 1675, 1686.) Independently, both described the micro-anatomy of
plants (and in the case of Malpighi, that of animals as well.) Both saw in the plants a mass
of “bubbles”; both believed that these bubbles were filled with air. However, from here
on, the two pioneer investigators saw things differently. 

Following Hooke, Grew called the individual bubbles cells. Later, he compared the
“mass of bubbles” with lace, the name of textile fabric of threads or fibers. Historian-
biologist, John R. Baker pointed out that this misleading comparison brought in another
widely-adopted misleading name, tissue — which means a woven fabric (Baker 1952, p.
158.) Furthermore, Grew thought that the holes in the fabric of the fibers comprise the
cavities of the cells. Thus, in Grew’s view, not only are all the fibers continuous with one
another, the cavities among the fibers are also continuous with one another.

In contrast, Malpighi believed that each of these bubbles is a closed unit and referred
to them as utriculi (utricles) or saccula (sacs) (Malpighi 1675, see also Baker 1952,
p. 160.)

During the 30 years following, these two divergent views co-existed. That is, until the
early 19th century, when the combined efforts of half a dozen micro-anatomists resolved
the conflict in favor of (Malpighi’s) vesicular theory. We shall return to this subject after
a short visit to the world of animals cells.

The discovery of the animal cell and what was to be called the cell nucleus

The first animal cell discovered through the microscope is the red blood cell. On that, we
are certain. However, by whom is a question that may never have an exact answer —
though it must be one of the three: Jan Swammerdam (1637-1680), Antoni van Leeuwen-
hoek (1632–1763) and Marcello Malpighi, the last already mentioned above. The time of
this discovery was 1673 or earlier (see Baker 1948, p. 110, also Harris 1999, p. 15.)

The first animal cell discovered also led to the discovery of the cell nucleus. Thus, in a
letter dated March 3, 1682 to Robert Hooke, Leeuwenhoek showed a drawing of a red
blood cell from a fish. This drawing contains what we would now unhesitatingly call a nu-
cleus (see Harris 1999, p. 76) — even though the word, nucleus, was not to be introduced
until 1831, when Robert Brown coined that name (Brown 1833.) Shortly before, the same
Robert Brown also described the random motion of suspended particles that was to be
named after him — the Brownian motion (Brown 1828.)
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Four years after the introduction of the name, nucleus, Rudolf Wagner (1805–1864)
gave an accurate description of a still smaller structure he saw inside the nucleus, the
nucleolus (Wagner 1835.)

Leeuwenhoek’s discovery of the cell nucleus was nowhere nearly as well known as his
earlier discovery of bacteria, which he called animacules — first made public in 1676 in
a letter to the Royal Society of London dated October 9 of that year (see Dobell 1932,
Leeuwenhock letter No. 16.) Leeuwenhock made this discovery in a water infusion of hot
pepper — when he was looking for the causal agent that made pepper hot to taste. How-
ever, the simple and yet powerful microscopes that enabled him to see these minute ani-
macules call for a short comment. 

As pointed out above, Robert Hooke improved and used what is known as a compound
microscope, a tubular structure with two lenses, i.e., one objective lens and one ocular
lens. In contrast, Leeuwenhoek’s microscope is not a compound microscope at all. Rather,
Leeuwenhoek’s microscope was a single glass globule he made himself. According to
John Harris, both Leeuwenhock and Schwammerdam learnt to grind these lens from a
highly talented master, Johannes Huddle (1628–1704), who beside being an advanced
mathematician, was the Mayor of Amsterdam. As if that was not an intriguing enough ac-
complishment for one single person, Huddle also taught lens grinding to the excommuni-
cated great Jewish philosopher, Spinoza {Benedict (Baruch) de Spinosa} and thus,
perhaps, giving him a means of paying his rents. Sadly, inhaling the glass powder might
also have exacerbated his already poor health. He died of consumption at the age of 45
(1632–1677) (Scruton 1986.) 

Leeuwenhoek bequeathed most of his one-lens microscopes to the Royal Microscopic
Society. Of the 26 microscopes examined the best one had an astonishing magnifying
power of 160 (Disney et al 1928, pp. 160–161.) We know that the best light microscope
today has a magnifying power of about 1000 but only with an oil-immersion lens. With-
out oil immersion, the best magnifying power is usually about 400. 

The collective evidence establishing that plant cells are independent entities

A strong and vigorous supporter of Grew’s concept that both the
plant cavities and fibers are continuous was the French botanist,
Brissseau de Mirbel (1776–1854) (see Baker 1952, p. 160.)
However, other investigators reached the opposite conclusion. 

G. R. Treviranus demonstrated in thin sections of the buds
of buttercup plants (Ranuculus species) that the separating
walls are double (Treviranus 1805.) This finding strongly
suggests that what are called cells are stand-apart units
rather than cross sections of continuous channels as Grew
and Brisseau de Mirbel believed. 

Following G. R. Treviranus’s footsteps, four other investi-
gators, H.F. Link (Link 1807), L. C. Treviranus (Treviranus
1811), J.J.P. Moldenhawer (Moldenhawer 1812) and H. Dutrochet
(1837) reached the same conclusion that cells are not
continuous but independent of one another.
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Finally, Brisseau de Mirbel publicly admitted his earlier error in these words. “Today
when I have obtained the most direct proof of the utricular composition of the tissue, I un-
derstand and I see the spaces, which I neither understood nor saw before, and I retract
my objections to the fine discoveries of M. Tréviranus.” (Mirbel 1835.)

Historian, John R. Baker described this passage as magnanimous. I completely agree. For
Mirbel’s honesty, courage and self-denial demonstrated in this public admission of his prior
error and his generous and kindly compliments on his one-time opponent embodies the inner
spirit of a scientist at his or her best. 

With the exception of mature plant cells, the boundaries between most living cells are
hard to see even with the finest of light microscopes. In contrast, the cell nucleus is much
more visible. It was thus a brilliant postulation of botanist, Mathias
Schleiden (1804–1881) that each plant cell possesses a nucleus for
this postulation offered a basis for regarding the presence of a
nucleus as evidence for the existence of a cell. Indeed, without
this postulation, it would be much harder to make the case that
all plants are made up of individual cells — as Schleiden did
in the article he published in 1838 (Schleiden 1838.) 

Although Schleiden did not mention or discuss a “Cell
Theory” as such, nor did he study animal cells, he and
Theodor Schwann have often been described as the co-
founders of the Cell Theory for both plants and animals. 

However, there are reasons to view this exclusive assign-
ment of credit with reserve. Schwann published his Cell The-
ory in 1839 (Schwann 1839.) There were at least four other
scientists who had made the same discovery before both
Schleiden and Schwann: Lorenz Oken (1805, Singer 1959);
Henri Dutrochet (1824); Purkinje (1834 or earlier, see Harris
1999, pp. 85–87, see also Studnička 1927); Valentin (1834,
see Valentin 1836, 1839.) I shall return to the subject below.

Lastly, it should also not be overlooked that Schleiden’s convenient one cell-one nu-
cleus postulation is, strictly speaking, incorrect. Slime mold and inter-nodal cells of fresh-
water giant algae, Chara contain many nuclei (see Baker 1952, p. 177.) The mature
mammalian red blood cell contains no nucleus at all (Lehmann and Huntsman 1961, see
their Figure 29(a) on page 119.) 

Johannes Müller’s Institute of Physiology in the University of Berlin

It is true that Theodor Schwann (1810–1882) and Mathias Schleiden together are widely
accredited as the authors of the Cell Theory. according to which all animals and plants are
made of similar basic units, called the cells. However, Schleiden did not make this claim
because he was a botanist and did not study animal cells. On the other hand, Schwann did
study animal cells, wrote on the Cell Theory and is widely acclaimed as the originator of
this theory. Yet, Schwann achieved all this in exactly five years between 1834, when he
came to Berlin, to 1839, when he left Berlin (Harris 1999, p. 98.) Equally astonishing was
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the historical fact: once he left Berlin, he never gave a backward glance at his Cell Theory
or defended it against gathering evidence challenging its validity (see below.)

How could a single man gain such historic, landmark fame in such a short length of
time and why did he abandon the Theory that gave him so much? In trying to answer
these questions, we take a broader look at the extraordinary environment where Schwann
did that five year’s work.

Between 1830 and 1850, new physiological laboratories were springing up in universi-
ties all over Germany like mushrooms in a rain-permeated forest. This unusual undertak-
ing was a part of a broad movement in the founding of state-financed semi-independent
institutes in German universities in the 19th Century. Its overall purpose was nothing else
than the promotion and nurturing of the searching for truth — labeled Wiesenschaften or
pure science (McClelland 1980, Part III.) 

The creation and continued support of these institutions of unshackled search for truth
wrote an unparalleled chapter in the history of Mankind. And, to no small measure was
this made possible by the insight, dedication and pervasive honesty of the Prussian and
German bureaucrats (Kirchner 1958, p. 97, 164.) 

One of the most famous of the German physiological institutes was the Institute of
Physiology of Johannes Müller. It was one of the first of its kind (see p. 12 below, line 21
from bottom) and it was located in the University of Berlin, the créme de la créme of all
German universities.

Johannes Müller was born in Koblenz in 1801. A brilliant student, good in both lan-
guages and mathematics, he completed his doctor’s thesis when he was only 21. At the
age of 32, he became the chairman of the physiological institute just mentioned. Hard
working, well informed and strong in his convictions, Müller was also broad-minded and
tolerant of different views. It was thus for good reasons — personally and statewide —
that he had gathered around him a large number of the brightest among the young gener-
ation (Rothschuh 1973, p. 310.) 

Nothing could demonstrate Müller’s broadmindedness better than the variety of stu-
dents he taught. Thus, he was at once the teacher of Herman von Helmholtz (1821–1894),
Emil DuBois-Reymond (1818–1896) and Ernst von Brücke (1819–1892), three of the Re-
ductionist Four — who believed that the laws governing the inanimate world govern the
living as well — and the teacher of Theordor Schwann, who did not allow his Magnus
Opus, Mikroscopische Untersuchungen to be published before obtaining the approval of
(Archbishop of Malines of the) Catholic Church (Harris 1999, p. 101.)

Müller was himself a vitalist. That is, he believed that the basic mechanism of life, or
cause vitae, couldn’t be explained by the laws that govern the inanimate universe. Thus,
Emil DuBois-Reymond recalled how he tried in vain to convince his teacher of the rigor-
ous validity of physical laws in living organisms (Rothschuh 1973, p. 199.) 

It was also not hard to imagine that Müller was closer to Schwann, with whom he not
only shared a small room or Kabinet but also the only available advanced Plössl micro-
scope (Rothschuh 1973, p. 201, Harris 1999, p.85.)

But in the exciting atmosphere that physiological studies enjoyed, many students na-
tionwide have to be taught. For that, new textbooks and new journals, in which to publish
are in high demand. To fill those needs, Müller had on the one hand, his famous Hand-
buch der Physiologie and for the other, his equally famous journal Müller’s Archiv für
Anatomie und Physiologie und für wissenschftliche Medizin. Armed with all these potent
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weapons, Müller had no trouble in promoting Schwann’s book Mikroscopische Unter-
suchungen, in which Schwann promulgated his Cell Theory to its astonishing popularity
and unmitigated adoption by the German textbooks (see Harris 1999, p. 106.) However,
that was what one sees on the surface. I shall return to what lay deeper below the un-
questioning acceptance of what Schwann wrote in his Mikroskopische Utersuchungen. 

As made clear in earlier passages, an important part of the membrane (pump) theory is
the presence around each living cell of an enclosing membrane. True, this concept had al-
ready been given by Henri Dutrochet earlier (see below) but Durtrochet made no claim
for having seen the cell membrane. To Dutrochet, it was just a theo-
retical concept, an extrapolation from familiar, macroscopic mem-
branes like pig’s bladder, intestinal loops etc.

In contrast, the very title of Schwann’s magnus opus, Mi-
croscopical Researches into the Accordance in the Structure
and Growth of Animal and Plants (English translation of
Henry Smith) implies that what he reported was from what
he actually saw under the microscope. And, he said that he
saw the cells and described them as membrane-enclosed
cavities. Furthermore, this description was not only applied
to the cell but also to its enclosure, the nucleus and the nu-
cleus’s enclosure, the nucleolus. So the three are like a set of
Chinese boxes: the smallest nucleolar box sits inside the small
nucleus box and the nucleus box sits inside the largest cell box.
The spaces between these boxes are filled with fluid and this
fluid constitutes the cell content (Schwann 1839, p. 177.) But
that is not all. He had much more to add.

On page 175 of the original German text, Schwann wrote: “Nach Schleiden liegt er bei
Pflanzen zuweilen in der dicke der Zellmembran, so dass er auch auf seiner inneren,
gegen die Zellenhöhle gerichteten Fläche von einer Lamelle von Zellwande bedeckt
ist.”...” ( On page 177 in Henry Smith’s English translation: “According to Schleiden, in
the plant cells, it (the cell nucleus, GL’s addition) sometimes lies in the thickness of the
cell membrane so that its (the nucleus’s, GL’s addition) internal surface, which is directed
toward the cell cavity is covered by a lamella of the cell wall.”) 

Schwann’s statement that the cell nuclei can be found in der Dicke (within the thick-
ness) of the cell membrane is corroborated by what Schleiden wrote in his own article,
“Contribution to Phytogenesis” (1838.) Thus on page 16 of this article in its English trans-
lation by Henry Smith — which was appended to the end of Smith’s translation of
Schwann’ Mikroskopische Untersuchungen — one reads the following: “It is evident from
the foregoing, that the cytoblast (Schleiden’s name for the cell nucleus, Schleiden 1838,
p.233) can never be free in the interior of the cell, but is always enclosed in the cell-wall,
and (so far as we can learn from the observation of those cytoblasts which are large
enough to allow this very difficult investigation) in such a manner that the wall of the cell
splits into two laminae, one of which passes exterior, and other interior to the cytoblast.
...” (p. 241.)

Clearly, what Schleiden and Schwann called indiscriminately the cell wall or cell mem-
brane is wide enough to accommodate a cell nucleus. Thus if we can find out the size of
the cell nuclei they studied, we would be able to estimate the minimum width of what
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Schleiden and Schwann called the cell membrane. And from that width, maybe we can
figure out exactly what Schwann and Schleiden called the cell membrane (alias cell wall.) 

It so happens that Schleiden in his 1838 article actually gave us measurements of the
widths of the plant cell nuclei he observed. They ranged from the narrowest at 0.0009
Paris inch to the widest at 0.0022 Paris inch. Now, each Paris inch is equal to 2.7 cm. Con-
verted into CGS units of length, these widths are respectively 24.3 microns or 243000 Å
and 59.4 microns or 594,000 Å. Both are orders of magnitude wider than the 60 Å-wide
affair we call cell membrane today. We now return to the question raised, What did Schlei-
den and Schwann see and call the cell membrane or cell wall in 1838–1839?

To find the right answer, we must not forget that the time was before 1839, when the
technology of the light microscope was still in its infancy. Only very large mature plant
cells could be recognized as individual units and they were the favorite materials for
study. 

Figure 2A is an illustration of such a large mature plant cell that I took from page 129
of the 1937 (3rd) Edition of An Outline of General Physiology by L. V. Heilbrunn, who in
turn took it from Miller’s Plant Physiology. Figure 2B, on the other hand, is taken from
page 661 of the second edition of S. Glasstone’s popular “Textbook of Physical Chem-
istry” (Glasstone 1946.) 

In both Figure 2A and Figure 2B, the largest part of the cell is occupied by the central
vacuole, filled with cell sap, a clear watery fluid. Surrounding the vacuole is a thin layer
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FIGURE 2. Two diagrammatic illustrations of mature plant cells. A. from Miller’s Plant Physiol-
ogy reproduced in Heilbrunn’s “An Outline of General Physiology” 3rd ed., Saunders, Philadelphia,
1937. B. from Glasstone’s Textbook of Physical Chemistry, van Nostrand, 1946.

B. Turgid plant cell



of cytoplasm and inside this layer of cytoplasm lies one or more nuclei. That, is, of
course, all we need to know — for it tells us exactly what Schleiden and Schwann saw
and called the cell membrane (or cell wall) and the cell content.

What Schleiden and Schwann saw and called the “cell membrane” or “cell wall” was
what Heilbrunn’s picture and Glasstone’s picture both labeled as the cell wall plus the
layer of cytoplasm lying under the cell wall. Or in still greater detail, Schleiden and
Schwann’s cell membrane alias cell wall includes the true cellulose cell wall, and the ad-
joining layer of cytoplasm with its outer surface covered by what we now call the plasma
or cell membrane and its inner surface covered by what is now called the vacuolar mem-
brane or tonoplast. What Schwann saw filling his “cell membrane”-enclosed cavity is the
entirety of the clear watery vacuolar sap. He then assumed that all living cells, plant and
animal alike, young and old alike, all have a similar makeup of a membrane enclosed
puddle of clear watery sap.

Out of this sequel of one mistaken identity built upon another mistaken identity
emerged what appears to be the earliest rendition of what has been known as the mem-
brane theory. Notwithstanding, neither Schleiden nor Schwann referred to the above-
described picture of what the typical plant and animal cell looks like as the membrane
theory. It was just a part of Schwann’s cell theory. 

However, Schwann did not stop there. He went on to suggest what would be the
essence of the latest version of the membrane theory, known as the membrane pump
theory—taught universally worldwide as established truth today. To achieve that, he first
pointed out that the content of the cell is (as a rule, added by GL) different from the ex-
ternal fluid (which Schwann called cytoblastema) — yet, in fact, the fluid that fills the
space between the cell membranes and the nuclear membrane gets there by the process of
imbibition (a term, at Schwann’s time, meaning simply swallowing) and as a result can-
not be substantially different from that of the external fluid ( “daher ein Zwichenraum
zwichen ihr und der Zelle entstehen muss, der durch blosse Imbibition mit Flüsigkeit
gefüllt wird. so kann diese Zelleninhalt nicht wesentlich vershieden sein von dem äussern
Cytoblastem.) (Schwann 1839, p. 197.) 

Schwann continued that “I think therefore that, in order to explain the distinction be-
tween the cell-contents and the external cytoblastoma, we must ascribe to the cell-
membrane not only the power in general of chemically altering the substances ... but also
of separating them such that certain substances appear on its inner and others on its outer
surface. The secretion of substances already present in the blood, as, for instance, of urea,
by the cells with which the urinary tubes are lined, cannot be explained without such a
faculty of the cells.” (p. 199, Smith’s English translation.) 

As an example, Schwann cited the galvanic pile, which is known to be able to separate
chemical substances. He even suggested that the orientation of the axes of the atoms mak-
ing up the cell membrane may play a role in the exercise of the metabolic power (pp.
196–197.) In different words to be sure, but if one compares what he sketched here with
what we now call the membrane pumps, there is no uncertainty on what he was trying to
say. Thus, Schwann had envisaged from mistaken identity what he thought was the cell
membrane (but really not) and what he saw as the cell content as clear water fluid (but
really not) and then postulated membrane-located submicroscopic pumps. 

HISTORY OF MEMBRANE (PUMP) THEORY 9



Major progress made in cell anatomy and cell physiology after
Schwann left Berlin

As I have alluded to briefly above, of his fifty odd years of professional activity, Schwann
spent only five years between 1834 and 1839 on subjects related to his hugely successful
Mikroskpische Untersuchungen. In 1839, the year his book was published, he accepted a
chair in Louvain, Belgium. Ten years later he moved to Liège, where he remained and
stayed as a bachelor until the end of his life. In all these long years, he never published
any work or interacted with other workers — as a rule brilliant and intelligent (see below)
— in the field of micro-anatomy, which had, nevertheless, given him enduring fame. This
is strange. Isn’t it?

Historian Henry Harris offered an answer to Schwann’s prolonged silence. “Schwann
remained silent because he knew he was wrong.” (Harris 1999, p. 195.) Harris made no
specific reference on what specific subject was Schwann wrong. However, three pages be-
fore, Harris pointed out that the so-called “Gesetzen” (“laws”) Schleiden proposed and
Schwann adopted that new cells always originate within old cells — was wrong. The
work of Belgian botanist, Barthélemy Dumortier (1797–1878) published first in 1832
(Dumortier 1832) and the later work of Hugo von Mohl ((1805–1872) published five
years later in 1837 (von Mohl 1837) established that new plant cells do not originate from
within old cells. Instead, they multiply by fission. 

However, as I made clear above, this is not the only subject on which Schleiden and
Schwann erred and erred in a big way. Thus, what Schwann regarded as the cell mem-
brane and the cell content were grossly mistaken also. Cells are not membrane-enclosed
puddles of clear liquid water. Evidence pointing to these errors were already on hand even
before Schwann departed Berlin — notably in the historic work, to be described next, of
the French zoologist, Felix Dujardin and the French botanist, Henri Dutrochet. 

Discovery of sarcode, later (unfairly) replaced by a better-sounding
name, protoplasm

Historian Thomas Hall published in 1969 a two volume treatise on Ideas on Life and
Matter: Studies in the History of General Physiology 600 B.C.–1900 A.D. In the begin-
ning of Chapter 39 on page 171 of Volume II, Hall wrote that the whole study so far has
been a prelude to sarcode, which was the title of that chapter. And, it came from a very
important French scientist, Felix Dujardin. 

Felix Dujardin (1801–1860) was what we could now call a proto-zoologist. But at his
time, he would be called a zoologist as the word protozoon had not yet been invented.
Some of the protozoa were called Infusoria at that time. 

Protozoans are single-celled organisms that live in water. In modern taxonomy, protozoa are
divided into four divisions: (1) Flagellates are usually oval in shape, usually carry chloro-
phyll and move about by whipping around a hairlike flagella. Englena is a flagellate. Volvox
is a lasting aggregate of many flagellates, looking like a ball. (2) Sarcodena include amoeba
and amoeba-like creatures. (3) Sporozoa reproduce by spores. It includes the malarial para-
sites. (4) Ciliates all have on their surface fine hairs called cilia, which help them to move
around and capture food. Paramecium is a ciliate. Stentor, a trumpet like protozoa measures
1 or 2 millimeters in length; it is one of the largest single-celled animal. Another large cili-
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ate is Verticella. It is shaped like a funnel with a long stem. In the time of Dujardin, ciliates
like these were known as Infusoria (Buchsbaum 1965.) Another kind of unicellular organism
called Foraminifera may grow to 18 centimeters in diameter. They live in the oceans and we
will have a chance to talk about their role in the history that was to follow.

Dujardin studied ciliates and larger multi-cellular animals including earthworms, insect
larvae and so on (Dujardin 1835.) What fascinated him was the material that oozed out of
the cells when they were crushed. He did not claim to be the first to have seen this sub-
stance but took great pains to cite and describe the earlier workers and what they found.
They include Trembley’s egg-white like materials (1744), K. F. Wolff’s zellenförmiges
Gewebe (1759), Karl Rudolphi’s mucus material (1807), L.C. Treviranus’s streaming
Gallert (1811.)

This good habit of referring to all prior work does not take much to do but, in my opinion,
it is highly admirable. For it could mean so much for those scientists who had passed away
— for this is the glue that makes scientific research a shared adventure of all humanity, liv-
ing, dead and yet to come. And, small or big as it may be, the truth one helped to uncover
has lasting value for all humanity.

Dujardin decided to give a name to this living jelly and he chose the name, sarcode. He
then went on to describe what sarcode is like: “glutinous, transparent substance, insolu-
ble in water, contracting into globular masses, attaching itself to dissecting-needles and
allowing itself to be drawn out like mucus; lastly, occurring in all the lowest animals in-
terposed between the other elements of structure” (Dujardin 1835.) 

Meanwhile, investigation with the same general orientation on both animal and plant
tissues continued with great vigor and increasingly better microscopes . 

Thus, Meyen (1837) arrived at the conclusion similar to that of Dujardin: the cavity of
true Infusoria is filled with a slimy, somewhat gelatinous substance. Jones (1841) claimed
that the lowest form of animals consists of gelatinous parenchyma (p. 6.) In the same year,
Kützing (1841) gave the name, Amylidzell to the material lining the inside of the cell wall
of mature plant cells. One recalls that this is what Schwann wrongly regarded as an inte-
gral part of what he called cell wall or cell membrane.

Another three years later, the Swiss botanist, Karl Nägeli (1844), then a professor at the
University of Zurich, described a slightly granular colorless “Schleimschicht” under the
entire inner surface of the cell wall of mature green algae and some fungi. In young cells,
on the other hand, the material that makes up “Schleimschicht” in mature cells, filled the
entire cell. Nägeli acknowledged that his “Schleimschicht” and Kützing’s Amylidzelle are
the same thing. In the same year, Hugo von Mohl (1805-1872) introduced yet another
name for what Kützing called Amylidzell and what Nägeli called Schleimschicht: Pri-
mordialschlauch or utriculus primordialis (von Mohl 1844, col 275.) 

von Mohl pointed out that when a cell nucleus is present in the plant cell, it lies in the
primordial utricle as shown in Figure 2A and Figure 2B above, further affirming the ear-
lier conclusion that Schwann and Schleiden’s cell membrane or cell wall includes the
outer cellulose cell wall and this primordial utricle (von Mohl 1844, col. 276.) von Mohl
also showed that what used to be called the cell wall or cell membrane — as Schleiden
and Schwann did — have two components: the outer layer of true cell wall is mostly
made of cellulose and it stains blue with iodine while the inner layer contains proteins and
it stains yellowish-brown with iodine. 
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Two years later, von Mohl reaffirmed and extended what Nägeli pointed out earlier on
the profound difference in the anatomical structure of the interior of young and old plant
cells (von Mohl 1846.) Young plant cells do not possess a sap-filled central vacuole. But
as the plant cell develops, sap-filled irregularly-distributed spaces began to appear. As a
result, the kind of material that once fills young cells takes on the form of an irregular net-
work as illustrated in von Mohl’s drawing of what he called a typical plant cell (von Mohl
1851) reproduced here as Figure 3. As the cell grows older, the size of the sap-filled
spaces increases and coalesces. Eventually, only one gigantic central vacuole remains.

Figure 4-1 taken from Bayliss (1927), who in turn took it from Kühne (1859) is that of
a staminal cell of spiderwort (Tradescantia virginica.) Figure 4-2 shows a younger stami-
nal cell after being subjected to moderate electric shocks (A) and stronger shocks (B.) 

In 1846 — twelve years after Felix Dujardin gave the name, sarcode to the living jelly
from lower animals — von Mohl gave the name, protoplasm, to the material that fills
young plant cells, forms strands in middle-aged plant cells and eventually makes up the
primordial utricle of old plant cells. von Mohl in all likelihood did not know that the
word, protoplasma, had already been introduced by Purkinje to describe the ground sub-
stance of cells (Purkinje 1839, see Purkinje 1840.)

The next major step forward was the identification of what Dujardin called sarcode
from animal cells with what von Mohl called protoplasma in plant cells. History shows
that this effort began in the city of Breslau.

At the end of the World War I, the city Breslau was given to Poland and took on the
Polish name Wroclaw. However, in the early 19th century, the city was under the rule of
the Kingdom of Prussia. After the German unification, Breslau became the sixth largest
city of the German Empire. 

Jan E. Purkinje (1787–1869), was at the time professor of physiology and anatomy of
the University of Breslau and also the founder of the first institute of
physiology in Germany — founded a year before Müller’s Insti-
tute in Berlin was founded. Equipped with a fine achromatic
Plössl microscope, Purkinje and his students began to study
both plant and animal tissues of diverse kinds. 

Beginning in the early 1830’s, Purkinje noted a funda-
mental similarity between the living substance of plant and
animal tissues (Harris 1999, pp. 85–87.) He presented his
findings in the year 1839 in a meeting of the Silesian Soci-
ety for National Culture. In this meeting, he actually used the
word “Protoplasma” in a scientific context for the first time to
describe the living matter of living cells. A report of this ad-
dress was published in the following year (Purkinje 1840.) In
this article , he wrote: “...the correspondence is most clearly
marked in the very earliest stages of development — in the
plant in the cambium (in the wider sense) and in the animal in
the Protoplasma of the embryo...”

In 1850, Purkinje left Breslau to accept the Professorship of Physiology and Anatomy
at the University of Prague. Not long after, Ferdinand Cohn (1828–1898), a native of
Breslau, became a member of the faculty of the same University. However, it took a long
time before he could obtain some laboratory space. When that opportunity finally arrived,
he turned it into the first Institute of Plant Physiology in Germany. 

12 LING

Jan Evangelista Purkinje
(1787–1869)



HISTORY OF MEMBRANE (PUMP) THEORY 13

FIGURE 3. An illustration of a part of a typical plant cell. (from von
Mohl, 1851, Table I, Figure 7)

FIGURE 4. Cells of Staminal Hairs of Tradescantia virginica. (1) Normal resting cell: a, cell wall; 
b, nucelus; c, protoplasm; d, wave of contraction in protoplasm; e, web-like okate arising from the
coalescence of two fine threads; f, moving bridge between two stronger protoplasmic currents.
Length of cell, 0.3 mm. (2) Younger plant cell excited by electric shocks applied parallel to the long
axis. A. shocks of moderate strength; B. shocks of stronger strength. In C, the protoplasm is coag-
ulated by rupture of cell and entrance of water. Length of cell A, 0.145 mm. (from Kühne 1864, Pl.
i, Figures 1 and 4 as reproduced in Bayliss’s Principles of General Physiology, 4th ed., shown as
Fig. 5 on p. 5, 1927.)



Cohn’s best known work was in bacteriology. However, one can make a strong case that
his contribution to cell anatomy and physiology was just as important if not more so.
Thus, it was Cohn who had clearly demonstrated that what Dujardin described as trans-
parent, water insoluble, contractile substance and named sarcode from animals are the
same as what von Mohl names protoplasm of plant cells (Cohn 1847.) However, Cohn
made no suggestion to call both by one name. That came later. It was Robert Remak
(1815–1865) who suggested that both be named protoplasm (Remak 1852.)

The cell as a lump of membraneless protoplasm with a nucleus

In 1857, F. Leydig, professor of zoology at Göttingen, made an unambiguous statement
that cell walls are not essential to a living cell — see Baker 1952, p. 164 for details —
(Leydig 1857.) Anton de Bary (1831–1888), professor of botany at Freiburg, Halle and
Strasburg worked on slime molds and declared in 1860 that the amoeba-like germinated
spore cells called swarmers or swarm cells — had no cell membrane (de Bary 1860,
1864.). Soon afterward, de Bary’s view was confirmed and extended by Max Schultze
(1825–1874), the 36-year old young professor of botany at Bonn. Indeed, Max Schultze
became the champion of the concept of membraneless living cell.

Schultze asked rhetorically the question, What is the most important kind of cell?
(Schultze 1861, p. 8; Hall 1951, p. 451.) He answered that it had to be the embryonic
cells, because they give rise to all the diversity of animal cells. An examination of the em-
bryonic cells led him to conclude that they are not covered with a membrane chemically
different from protoplasm. Hence, cells are membraneless little lumps of protoplasm with
a nucleus....(..aber eine vom Protoplasma chemisch different Membran besitzen diese
Zellen nicht. Sie sind hüllenlos Klümpchen Protoplasma mit Kern.) (Schultze 1861, p. 9.)

On the surface, one may find the bare statement that embryonic cells have no mem-
brane anti-climatic. For in fact, it is hiding an important piece of relevant information.
Namely, with the best light microscope available then or now, you cannot see a membrane
on these embryonic cells or any other animal cells. 

The readers will recall that on the alleged location of the plant cell nuclei, I have es-
tablished that what Schwann (and Schleiden) called the cell wall or cell membrane is the
true cellulose cell wall (which stains blue with iodine) plus the layer of material that stains
yellowish-brown with iodine. The reader will also recall that this yellowish-brown stain-
ing layer has been given all kinds of names by a succession of investigators until von
Mohl came along, and replaced all of them with a final name. And that final name, is noth-
ing else than protoplasm. 

With that, the only visible cell membrane is revealed as a mistake. Aside from the dead
cell wall, the plant cell has no more cell membrane than the embryonic cell or any other
animal cell. 

In support of his notion that the surface of cells are chemically similar to that of the un-
derlying protoplasm, Schultze cited Kühne’s observation that small amoeba of fresh and
salt water often fuse with one another (Kühne 1859.) Schultze also went to some length
in his study of Polythalamia and Monothalamia — different forms of the Formaininifera
— and Radiolaria. They are all single-celled amoeboid protists, usually less than 1 mm in
size. However, as mentioned earlier, Foraminifera measuring as large as 18 cm in diame-
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ter have been described. To show just how big that single cell is, one only needs to re-
member that a standard football (soccer ball) measures 25.4 cm in diameter (Figure 5.)

Each of these single-celled organisms carries with it an elaborate shell or test, which
Schultze compares with the cell wall of plant cells. Only the membrane of plant cells have
no holes, while the test of Foraminifera and Radiolaria have an abundance of perforations,
through which the outer layer of protoplasm reaches out in the form of fine naked strands.
These protoplasmic strands regularly fuse together when they touch. Moreover, the pro-
toplasm in these strands is streaming constantly — just like the protoplasm in plant cells
— especially as illustrated in the staminal cell of Tradescantia shown in Figure 4, taken
from the work of Kühne (1864.) 

In general, Schultze’s 1861 paper was accepted and supported by a number of the most
prominent biologists of the time, includeing Brücke, Hannstein and particulrly, Thomas
Huxley, who gave his famous lecture in a Presbyterian church in Edinburgh on a Sunday
evening in 1868. 
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FIGURE 5. The shell or text (A) of Foraminifera. B and C show living spinose planktonic
foraminifers. (from Liebes et al, 1998, by permission of John Wiley and Sons) D. a giant Antartic
foraminifera, Astramina (Note bar = 4 mm length.)

A B

C D



There he told his largely lay audience that protoplasm is the physical basis of life, with
such force and eloquence that he held his audience mesmerized. To give an indication of
the depth of interest aroused, the issue of the Fortnight Revuew, in which the written ver-
sion of his talk was printed, was reprinted an unprecedented seven times. 

Henry L. Menken (1880–1956), the indomitable, straight-shooting American news-
paper man of the Baltimore Sun praised Huxley as the greatest Englishman of the Nine-
teenth Century for “working that great change in human thought” which marked that
Century. In agreement with Menken on his comment, I have something else to add. 

Thomas Huxley not only was the eloquent advocate of the concept of protoplasm as the
physical basis of life, he also became known at Darwin’s Bulldog in fighting for Darwin’s
theory of Natural Selection and Evolution.

Yet in the beginning, Huxley was opposed to both the concept of evolution (as given
by Lamark, for example) and the concept of protoplasm (Huxley 1853.) However, when
he was face to face with new evidence uniformly pointing to a direction that contradicted
his old beliefs, he lost no time making two 180-degree turns. And henceforth Huxley be-
came the strongest and ablest advocate of the view he once opposed. In this magnificent
act of courage and self-denial, he and Brisseau de Mirbel mentioned earlier made true
progress of science within reach. 

However, as the saying goes, One hand alone cannot clap. Thus to admire Huxley for
what he had done, implies that there were others that inhabited the Victorian England of
Huxley’s time. For instead of slandering or ignoring him as he was in the habit of dosing
out one bitter medicine after another, they offered him one honor after another, including
the Presidency of the Royal Society for five long years. 

How did the membrane theory of the living cell begin?

As illustrated in Figure 6, the cell membrane taught at both secondary and college level
currently is in essence a phospholipid layer some 60 Ångstrom units (Å) thick. A struc-
ture so thin falls far below the resolving power of even the best light microscopes at 2
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FIGURE 6. A diagrammatic illustration of what is
given in most if not all current US high school and
college biology textbooks, representing phospholipid
bilayer cell membrane pierced by sodium (potassium)
pumps. 



microns or 2000 Å. Thus, it is safe to say that before the invention of electron microscopy
in 1931 by Max Knoll and Ernst Ruska of Germany and its ancillary technology devel-
oped in the 1930’s and 1940’s, nobody had actually seen the cell membrane — even
though some scientists including Schleiden and Schwann thought they did. Yet given time,
the error was corrected and the new concept that living cells are membraneless lumps of
protoplasm with a nucleus emerged and was broadly accepted — for at least 30 years (see
Locy 1908, pp. 273–275; Kepner and Stadelmann 1985, p. viii.)

Yet, a look of any contemporary high-school and college biology textbooks shows that
something has gone wrong, and seriously so. For who would believe that on this day in
the 21st century, even the word, protoplasm, has disappeared. 

The picture of the living cell in all the biology textbooks is very much like that in the
mind of Theodor Schwann, before he discovered that he was wrong (Ling 2006.) For
clues to an answer to this mystery, we return to the middle of the 18th Century.

Pig’s bladder

Abbé Nollet (1700–1770) was the Preceptor in the Natural Philosophy to King Louis XV
of France. Once the scientific opponent of Benjamin Franklin’s one fluid theory of elec-
tricity, Nollet (1748) was also the first recorded investigator of what came to be known as
the osmotic phenomenon.

Nollet filled a bottle with alcohol and covered the mouth of the bottle with a sheet of
flattened pig’s bladder, tied down securely with a piece of string. He then sank the bottle
in a tub of water. Hours later, he noted that the bladder membrane bulged outward. In an-
other trial, he immersed a water-filled bottle in alcohol. Now the bladder membrane
bulged inward. Nollet concluded that the bladder membrane is more permeable to water
than to alcohol.

Nothing much happened in the years immediately following Abbé Nollet’s report until
the arrival on the scene of a French scientist of commanding stature by the name of Henri
Dutrochet (1770–1847.) Henceforth, the study of water and solutes movements across
animal and man-made membranes became a quantitative science. 
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Dutrochet, an impoverished but brilliant young Frenchman of noble descent, believed
that life is movement. (For evidence that he had later changed his mind on this point, see
p. 19 below, 19 lines from top.) And, that the major difference between organic and inor-
ganic bodies is that the organic bodies were vesicular in nature, i.e., they are hollow sacs
or cavities filled with fluid.

Dutrochet studied the movement of water and solutes in and out of both animal
membranes (e.g., pig’s bladder, loops of intestine) and plant tissues. He invented the
word, endosmosis to describe movement into the membrane-enclosed fluid and exos-
mosis, to describe movement out of the membrane-enclosed fluid. To gain quantitative
data, Dutrochet invented what he called an endosmometer. This simple instrument is in
fact an inverted funnel, with the larger end securely covered with a membrane of pig’s
bladder. 

When different fluids are added to either side of the membrane and the two-way move-
ments take place, a pressure difference between two sides of the endo-osmometer was ob-
served. The magnitude of the pressure difference is revealed by the rise or fall of the fluid
level inside the endo-osmometer. This pressure difference was given the name, the os-
motic pressure. 

Dutrochet conducted his experiments of endo- and exosmosis on plant and animal tis-
sues but visualized similar events going on at the microscopic cell level. Most of Dutro-
chet’s later work was summarized in his (last) book published in 1837 (Dutrochet 1837)
and thus two years ahead of Theodor Schwann’s Mikroskopische Untersuchungen, which
came in print in 1839. 

Accordingly, Dutrochet was two years ahead of Theodor Schwann in introducing the
concept that the living cell is a membrane-enclosed cavity containing a clear watery fluid.
Schwann believed that he saw the cell membrane but, as made clear above, it was a mis-
take. Dutrochet did not claim to have seen the cell membrane. So his theory was based on
indirect evidence revealed as endosmosis and ectosmosis.

Dutrochet believed that cells in general but animal cells in particular are in outer ap-
pearance highly similar to one another. Nonetheless, they are different from one another
in the chemical makeup of the fluid inside the cell cavity. The diversity in its chemical
makeup, in turn is due to the different secretary activities of the cell membranes
(Dutrochet 1837, p. 470.)

By the 4th decade of the 19th century, the substance if not the name semipermeable
membranes was well known. Only these were macroscopic membranes like pig bladder
and intestinal loops. Cell membrane was also a familiar concept to Dutrochet but only in
theory. Unfortunately, Dutrochet’s original books in French are not easily accessible 
in English-speaking countries like the United States. For this reason, we have reasons to
thank Professor A.S. Rich of the Johns Hopkins Medical School of Baltimore in the
United States. 

In 1926 Rich published in the Bulletin of Johns Hopkins Hospital an article entitled,
The Place of H. Dutrochet in the Development of the Cell Theory (Rich 1926.) Rich
pointed out in his book that Dutrochet had introduced the essence of the cell theory 13
years ahead of Theodor Schwann. Thus, translated in English, the relevant parts of Dutro-
chet’s book reads: “All of the organic tissues of plants are made of cells.” “Now the ob-
servation on animals which we have just described already confrims this view.” (Rich
1926, p. 345) “The physiological connections which I have established between plants
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and animals made it clear that there is but a single physiology.... I hope that some day, out
of these first attempts, there will be born a new science — general physiology.”(Rich
1926, p. 359)

Yet, Schwann in his Mikroskopische Untersuchungen made no mention of this, nor
Dutrochet’s discovery that “... the cell is the secreting organ par excellence. It secrets, in-
side itself, substances which are, in some cases, destined to be transported to the outside
of the body by way of the secretary ducts, and, in other cases, destined to remain within
the cell which has produced them, thus playing specific roles in the vital economy”
(Dutrochet 1824, English translation of Rich 1926, p. 348.)

Indeed, Schwann made no mention of Dutrochet at all. Yet there are evidence that
Schwann not only knew of Dutrochet but might have borrowed Dutrochet’s ideas without
giving him due credit. (For details, see page 364 of Rich 1926.)

All these pointed to the fact that Schwann was not in the habit of admitting his own
error and in adopting the correct answer which new evidence brought to light. In sharp
contrast, as Rich pointed out, Dutrochet was in the habit of consistently and readily ad-
mitting his earlier mistakes including what is contained in the following passage: “He,
(Dutrochet) himself, however, with his customary self-honesty wrote some years later: ‘I
know that at first I went too far in considering endoosmosis as the fundamental phenom-
enon of life’ — ” ( Dutrochet 1837, Rich 1926, p. 354.) Unfortunately, the majority of in-
vestigators paid little attention to this admission but continued in the direction that
Dutrochet pursued in his early years.

New concept of colloids and of the colloidal state

An English chemist, Thomas Graham (1805-1869), primarily engaged
in studying the phenomenon of diffusion, modified Dutrochet’s
endo-osmometer and gave it the simpler name of osmometer.
Using a piece of sized parchment paper for its membrane bar-
rier, he converted an osmometer into what he called a
dialyzer.

Soon Graham discovered that the water-soluble sub-
stances he investigated could be sorted out into two groups.
One group containing sugars and inorganic salts travel very
fast through the dialyzer membrane and as a rule can assume
crystalline form. Graham called this class, crystalloids. In
contrast, substances like gelatin diffuse very slowly and do not
pass through the dialyzer membrane. He called these substances
colloids, based on the Greek word for glue or gelatin, kolla. As a
rule, colloids do not form crystals (Graham 1861.) As exam-
ples, he showed that neither gelatin nor tannin can go through
the sized parchment, nor could the brown gelatinous copper
ferrocyanide formed when a solution of copper sulfate is
mixed with a solution of potassium ferrocyanide.

These reported findings fell on the fertile mind of a tradesman in Berlin named Moritz
Traube (1826–1894.) As a result, Traube produced two artificial membranes of historical
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importance. Unlike Graham’s sized parchment membrane, which is selectively imperme-
able to colloids but not to crystalloids, Traube’s membranes were impermeable to (some)
crystalloids as well (Traube 1867.) 

One membrane was made on the end of a glass rod. The glass rod was first dipped in
a solute of non-jelling gelatin and the gelatin coated glass rod dipped a second time into
a solution of tannic acid. Hardened, the gelatin film on the end of the glass rod could be
slipped off in the form of a little thimble with selective permeability properties to both
colloids and crystalloids. This was a simple but remarkable achievement.

The second membrane Traube made was even more remarkable. Instead of a glass rod,
he now started out with a narrow glass tube or what I call a pipette. When a solution of
potassium ferrocyanide is drawn into this pipette and its fluid-filled tip gently lowered into
a solution of copper sulfate, a thin film or membrane of reddish brown copper-ferro-
cyanide gel now covers the opening of the pipette. Traube found that once this membrane
is formed, it would not allow additional formation of copper ferrocyanide precipitate ei-
ther inside the pipette or outside. 

This self-limiting precipitation shows that the copper ferrocyande gel membrane
formed does not permit the passage of either one of the membrane forming crystalloids,
positively-charged copper ion or negatively-charged ferrocyanide ion. The only thing it
does allow to pass through appears to be water.

Trying to explain the behavior of the precipitation membrane, Traube suggested the
atomic sieve theory. That is, the copper ferrocyanide membrane has pores of a critical size
so that they would allow the small water molecules to go through but not the larger copper
ion and the ferrocyande ion. That done, the ball passed onto the hands of Wilhelm Pfeffer
(1845–1920.)

Pfeffer was born in Grebenstein, Germany. Though he received a Ph.D. degree in
Chemistry in Göttingen, he became mostly a botanist. One of Pfeffer’s major contribu-
tions was making highly accurate quantitative studies of osmotic pressure across the cop-
per ferrocyanide membrane Traube invented. 

Pfeffer did this by an invention of his own. He allowed the copper ferrocyanide mem-
brane to form inside the wall of an unglazed porcelain pot. The sturdy wall of the porce-
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lain pot becomes the equivalent of Graham’s sized parchment and Traube’s ephemeral
film at the tip of his glass pipette. This improvement has made possible precise measure-
ments of osmotic pressure and Pfeffer took full advantage of the opportunity thus created. 

As an example, Pfeffer filled the copper-ferrocyanide infiltrated porous pot with a con-
centrated solution of cane sugar (or sucrose) and placed the pot in turn in a container filled
with pure water, Soon, water begins to move from the outside compartment to the inside
compartment. On the other hand, if the top of the pot is connected to a manometer, a pres-
sure will be registered. This is, (Dutrochet’s) osmotic pressure produced by the concen-
trated sucrose solution. Here, the pressure is not the result of two opposing movements,
one endosmotic and the other exosmotic as in the earlier studies of Dutrochet and others
but it measures just one movement of water only. That simplification has made it possi-
ble to make reproducible results of the osmotic pressure (Pfeffer 1877; Hamburger 1904.)

Before long, Pfeffer was able to show that the osmotic pressure measured is directly
proportional to the concentration of the sucrose solution inside the pot and inversely pro-
portional to the absolute temperature. When Dutch botanist Hugo de Vries learned about
these exciting findings, he brought it to the attention of another Dutrchman, Jacobus H.
van’t Hoff (1852–1911.) 

Born in Rotterdam in 1852, Jacobus van’t Hoff was still in his
twenties, when he (and J. A. Le Bel) independently discovered
what we now call stereochemistry. Within the next ten years,
van’t Hoff also introduced the concept of the principle of mo-
bile equilibrium that is better known as the Le Chatelier prin-
ciple. Awarded the first Nobel Prize of Chemistry in 1901, he
was, with Wilhelm Ostwald, often regarded as the founders
of the modern science of physical chemistry. 

Of particular interest in the history of the membrane the-
ory was van’t Hoff’s formulation of his membrane theory of
osmotic pressure. Based on the experimental findings of Pfef-
fer that osmotic pressure is related to absolute temperature and
sucrose concentration, the theory took the shape entirely analogous
to the ideal gas law: (van’t Hoff 1885, 1885a, 1886, 1887,
1888)

π V = R' T, (1)

where π is the osmotic pressure. V is the volume of solution containing one mole of su-
crose and is therefore equal to 1/C, where C is the concentration of sucrose. T is the ab-
solute temperature. R', a constant, can be computed from the equation and numerical data
Pfeffer provided, to approach closely the gas constant, 1.987 cal.deg−1. Equation 1 can be
written in a different form:

π = CR'T.   (2) 

Thus, Pfeffer’s precise data on the osmotic pressure provided the foundation for van’t
Hoff’s important work. But Pfeffer did more. 

First, Pfeffer’s success with his modification of Traube’s model set in motion a saga of
the creation of better and better copper-ferrocyanide membrane models. Thus, in the
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version of Morse (1911), an osmotic pressure created by a sucrose solution stays un-
changed for 60 days. This was a feat that has made the copper-ferrocyanide osmometer
close to the ideal semipermeable membrane in van’t Hoff’s original definiton — perme-
able to water but nothing dissolved in it (van’t Hoff 1885.). And, in general terms, the
finding was in harmony with Traube’s sieve theory, introduced in the year 1867 and men-
tioned above. 

Subsequent investigations, however, did not support this theory. In general, the pores
found in artificial membranes are far too large to act as meshes of a mechanical sieve that
would bar the passage of sucrose with a molecular diameter of 9.9 Å. Indeed, Bigelow
and Bartell (1909) showed that unglazed porcelain plates — with or without clogging pre-
cipitate of one kind or another — with pores as wide as 0.37 micron in diameter and thus
3700 Å wide demonstrate osmotic activity, thus effectively barring the passage of mole-
cules two orders of magnitude smaller (Table 1.)

At the time when A. Findlay wrote his monograph on Osmotic Pressure (Findlay 1919) the
majority of investigators favored the so-called Solution Theory. That is, substances that can
dissolve in the membrane will pass through, a substance that does not dissolve will not.
Liebig, for example, favored this view (Liebig 1847.) However, only water could fill the 0.37
micron-wide pores in unglazed porcelain Bigelow and Bartell studied. At the center of the
3700Å wide, water-filled pores, the water molecules are thousands of water molecules away
from the nearest solid wall. That these water molecules could, nevertheless, be profoundly
modified was only given backing by the theoretical and experimental work done in the last
years of the 20th and beginning of the 21st century (see Ling 2004.) That is a chapter of cell
physiology beyond the time span covered by this review. But interested readers can access
these new discoveries in Ling 2006, 2006a.

Second, Pfeffer suggested that the surface of the living cell exists as what he called
Plasmahaut in agreement with what Meyen, Brown, Kützing, Nägeli and von Mohl found
out earlier and described above. Additionally, Plasmahaut means protoplasm skin, which
is different from a membrane — because the structure of any skin is more or less contin-
uous with what lies under the skin and not sharply separated from what lies under the skin
with a new interface as that found on the outer surface of a skin. That said, it must also
point out that Pfeffer did not, indeed could not have seen the cell membrane at that time.
So, it was just one more conjecture.

Pfeffer then went on further to conjecture that each time protoplasm comes into con-
tact with water, a new Plasmahaut is formed at the new intersurface (Pfeffer 1877, p. 143.)
The evidence he quoted for this conjecture was not new: namely, when protoplasm (or
sarcode) comes out of broken animal or plant cell, it does not dissolve in the bathing
water. This phenomenon has an earlier and simpler interpretation. Namely, protoplasm is
water-insoluble — a characterization that came from Dujardin in 1835 for what he called
sarcode but now more widely known as protoplasm. 

By drawing upon a historic analogy, one may suggest that the view held by Dujardin is
a Pre-existence Theory while the view held by Pfeffer is an Alteration Theory. 

The analogy is a familiar page in the history of physiology. E. DuBois-Reymond, believed
that the electrical potential difference called demarcation potential or injury potential —
measured across the cut surface of a muscle or nerve — exists before the cut is made, a view
labeled Preexistence Theory. In contrast, his student, L. Hermann believed that the potential
difference came only after the cut is made, a view known historically as the Alteration Theory
(Hermann 1888; DuBois-Reymond 1848–49.) This controversy was resolved in favor of the
pre-existence theory when minimizing the injury inflicted on the muscle cell in making
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TABLE 1. The size of the pores in unglazed porcelain to produce an osmotic effect. According
to Jurin’s Law, a2 = hr, where r is the radius of a capillary tube and h is the height to which a
liquid ascends due to capillarity. At 19°C, a2 for water equals 14.846 mm. Thus by measuring
the pressure (P in mm of Hg) just high enough to force water out of a membrane saturated
with water, one can estimate the radius or diameters of the pores of that porous membrane.

Table A shows that the diameter (D) of fine glass capillaries estimated this way agree well with
the diameters of the capillaries measured directly under a microscope (column 3.) Table B

demonstrates the widest diameters of pores in samples of porcelain discs to produce an
osmotic effect. In Table C, the pores of the porcelain discs were clogged with barium sulfate
precipitates and in Table D, they were clogged with finely divided sulfur. Data indicate that
the untreated porcelain discs continue to show osmotic effect when the pores are as wide as

0.37 micron in diameter. Clogging pores with barium sulfate and sulfur increased the
maximum pore diameter demonstrating an osmotic effect to 0.59 and 0. 49 micron

respectively. (from Bigelow and Bartell 1909)

TABLE A
P. D, calculated. D, observed.

22 0.099 0.114
33 0.066 0.064
48 0.046 0.047
65 0.034 0.033
258 0.0085 0.008

TABLE B
P. D. Osmotic effect

2.5 1.18 None.
2.6 1.14 None.
4.5 0.65 None.
5.0 0.59 None.
6.0 0.49 None.
7.0 0.42 Possibly a slight effect.
8.0 0.37 Surely some effect.
8.5 0.34 More effect.
15.0 0.19 Yet more effect.

TABLE C
P. D. Osmotic effect

3 0.98 None
4 0.74 Slight effect
5 0.59 Marked effect.
6 0.49 Marked effect.
12 0.24 Marked effect.

TABLE D
P. D. Osmotic effect

3.2 0.93 None.
4.0 0.74 None.
4.5 0.66 None.
5.0 0.59 Possibly a slight effect.
6.0 0.49 Surely some effect.
8.0 0.37 Marked effect.
12.0 0.25 Marked effect.
14.0 0.21 Marked effect.
18.0 0.16 Marked effect.
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electric contact with the interior of the cell maximizes the magnitude of the electric potential
difference measured — as that achieved with a Gerard-Graham-Ling (alias Ling-Gerard) mi-
croelectrode ( Ling and Gerard 1949, also see below.)

We now consider some known facts and experimental findings that may help us to de-
cide which of the two alternative theories is closer to the truth.

(1) It is in everybody’s experience to witness the creation of a cloud of countless water
droplets by blowing on an atomizer. Each water droplet formed stays separate from the
other droplets and from the surrounding medium, air. 

Now, water molecules at the droplet surface are attracted by intermolecular forces only
from inside but not from the outside. The surface layer of water molecules may thus be
in its spatial and energy configuration somewhat different from water molecules deep
down in the droplet. So, it seems not uneasonable to consider the surface has developed
a skin. That is, as long as we recognize that chemically speaking, whether it is at the sur-
face or deep down under the surface, they are all water and not chemically different.

(2) By adding salts to an aqueous solution of gelatin at 30° C, Pauli and Rona saw the
separation of the solution into two phases: a gelatin-rich phase below and a gelatin poor
phase above (Pauli and Rona 1902.) This phenomenon was later given the name coacer-
vation and the gelatin-rich phase, coacervate by Dutch colloid chemists, Bungenburg de
Jong and Kruyt (Bungenberg de Jong and Kruyt 1929.)

Does the creation of this new interphase suggests the formation of a skin at the surface
of the gelatin-rich phase? 

The answer is a qualified yes. If such a skin is formed, its chemical composition can-
not be different from what makes up the gelatin-rich phase. The reason is simple: nothing
else beside salt, water and gelatin exist in the whole system. However, it is possible that
their relative proportion might not be the same at the surface or down below. However,
coacervation is not primarily an interfacial phenomenon. It involves the entire system. 

Indeed, many investigators have expressed the view that living cells are themselves
coacervates. They included Bungenburg de Jong (1893–1977) in his younger days (Bun-
genberg de Jong 1932) and the outstanding Soviet cell physiologist, A. S. Troshin (for re-
view of ideas of still earlier workers, see Troshin 1966, pp. 58–73.) Both were able to
demonstrate wide-ranging similarities between living cells and coacervates, including
such bulk-phase properties like solubility for ions and sugars. Why Bungenberg de Jong
should abandon his earlier position in his later days was not explained by himself (see
Ling 2001, pp. 31–32) but not too difficult to make a guess. It could include the immense
pressure to toe the line that cell water is just normal liquid water (see Ling 1997, 1997a)
and that the critical mechanism that makes colloids colloids was still a thing of the future
(Ling 2001, pp. 83–84.)

(3) W.W. Lepeschkin expressed the opinion that Pfeffer’s hypothesis that a precipitation
membrane — like that of copper-ferrocyanide — forms at the exposed surface of proto-
plasm is wrong (Lepeschkin 1930.) In support, Lepeschkin showed that he could collect
protoplasm from the plant, Bryopsis plumosa and shake it vigorously in sea water to pro-
duce countless little protoplasmic droplets. The total surface area of these droplets could
be 1000 times bigger than that of the original protoplasm collected. 
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If each one of these little droplet aquires a membrane made of a non-protoplasmic ma-
terial, say lipoids (see below), two problems arise. 

If the new lipoid membrane derives its lipoid by stretching the old one, that new mem-
brane would be less than a single hydrogen atom thick. This was the argument given by
Lepeschkin himself against Pfeffer’s theory. 

In my view, there is a second strong argument against the formation of new membrane
or skin if the formation of the skin is what protects the protoplasm from dissolving away.
This is the question of time — that is, the time needed to engineer such a new and effective
skin. It is like trying to build a coop for a big flock of un-tethered chickens. Most of these
chickens would have flown away or walked away before the coop is ready for business. 

Finally, I want to correct a mistake of my own making. For many years, I believed and
repeated that belief in many publications that Pfeffer introduced the membrane theory.
When finally I got hold of a copy of Pfeffer’s Osmotische Untersuchungern for the first
time and read it from cover to cover, I realized to my horror, that he did not introduce the
membrane theory. 

Pfeffer summarized his life’s work in this book. The first edition was published in 1877
(Pfeffer 1877). An unaltered second edition was issued in 1921. The term, membrane the-
ory did not appear once in either edition. Nor did Pfeffer suggest another different publi-
cation where he had introduced a theory bearing that name. To correct this mistake that I
learnt from hearsay and actually helped to spread was one of the motivations that set me
on the course of writing this article on the history of the membrane theory.

Plasmolysis and the so-called osmotic method for measuring
membrane permeability

As illustrated in Figure 2A and 2B, each mature plant cell is imprisoned inside a rigid box
of cellulose, the (true) cell wall. In 1855 Swiss-German botanist, Karl Nägeli (1817–1891)
described how the part of the mature plant cell enclosed by the cell wall and later given
the namer protoplast by Hannstein (Hannstein 1880), shrinks away from
the cell wall when the cell is immersed in a concentrated salt solution
as illustrated in Figure 7 (Nägeli 1844.) 

Nägeli was not the first to describe this phenomenon. 
N. Pringsheim had described a similar observation a year
before Nägeli (Pringsheim 1854.) However, it was Hugo de
Vries (1848–1935), professor of botany in Amsterdam, that
had turned this phenomenon into a widely adopted method
for studying cell membrane permeability. 

There are at least three notable undertakings of this remark-
able scientist, Hugo de Vries, that are worth repeating. First, he
was, as already mentioned, the one that had brought Pfeffer’s ac-
curate data on osmotic pressure to the attention of van’t Hoff. Sec-
ond, he was one of the trio that had resurrected Mendel’s forgotten
work on genetics (Watson 1977 p. 8; Ayala and Kiger 1980, p. 30.)
Thirdly, he was the one that suggested mutation as the cause of
evolution (Hall 1969, Vol, 2, pp. 346–348.) Now, we return to
what de Vries contributed to the understanding of osmossis.
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de Vries gave the name plasmolysis to the phenomenon of shrinking protoplast (de
Vries 1884) and its reversal, deplasmolysis (de Vries 1888.) Under the general name, the
“osmotic method”, de Vries used it extensively in his study of cell membrane permeabil-
ity. More specifically, the method determines the minimum concentration of a solute in
the bathing medium that would cause a noticeable shrinkage of the protoplast i.e., the 
so-called plasmolytic threshold solution (plasmolytische Grenzlösung) (Overton 1895,
p. 170.) The substance that shows the lowest threshold plasmolytic concentration is con-
sidered the most impermeant.

In a paper published in 1871, de Vries showed that in cells of the root of red beet im-
mersed in a concentrated solution of table salt or sodium chloride, the protoplast stayed
shrunken at the same size for 7 days (de Vries 1871, p. 123.) This led de Vries to con-
clude that the cell membrane of red-beet root cells is impermeable to sodium chloride
(NaCl.) 

Ernest Overton (1865–1933) was another scientist who used volume
change of both plant and animal cells — under the name of
“osmotic method” — to study the permeability to a wide variety
of substances. That Overton was also a keen follower of Pfef-
fer could be seen from the vocabulary he adopted, including
Plasmahaut, Diosmotische Eigenschafte, isosmotische
Konzentrationen etc. But Overton also introduced his own
views on what these terms represent.

Of particular interest is a figure of the mature plant cell
that Overton presented in his 1895 paper as (his) Figure 1,
reproduced here as Figure 8. (Note that he referred to what
we now call cell wall as Cellulosemembran — reflecting yet
once more the unending confusion of cell wall and cell
membrane.)

A far more significant feature introduced by Overton shown
in this figure is what Overton called Aussere Grenzshicht alias
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plant cell (a) and deplasmolysis (d). (from Dowben 1969, by permission of author).

Charles Ernest Overton 
(1865–1933)



Aussere Plasmahaut. Note that in the diagram, the Plasmahaut is well-delineated by a
similar sold line on both sides. This is not what Pfeffer said (and later translated into
English by Kepner and Stadelmann (1985) that the plasma membrane limits may be un-
defined on the inside. (p. 139.) From this dichotomy, it is clear that the widely accepted
concept of cell membrane being clearly defined on both inside and outside is at least in
part due to Overton. Pfeffer’s Plasmahaut is more aligned with Max Schultze’s model of
the living cell while Overton’s cell membrane is more in line with Theodor Schwann’s
cell membrane alias cell wall. 

Using de Vries’s osmotic method, Overton determined the plasmolytic threshold for
many inorganic and organic compounds on the filamentous fresh-water green algae,
Spirogyra. The following is detailed account of one of his key studies (Overton 1895.) 

First, Overton discovered that an 8% or 0.234 M sucrose solution would cause a very
weak but perceptible shrinkage of the Spirogyra protoplast. He then used a solution con-
taining beside 0.234 M sucrose another solute, grain alcohol or ethanol, but found the
protoplast did not shrink further from that produced by 0.234 M sucrose alone. Overton
concluded that the Plasmahaut of Spirogyra is fully permeable to ethanol. In contrast, ad-
dition of a similar concentration of ethylene glycol or glycerol on top of the sucrose
caused an immediate shrinkage of the protoplast followed by a slow return to the original
volume. This led Overton to the conclusion that the protoplast membrane is less perme-
able to ethylene glycol and glycerol than to ethanol. On the other hand, hexoses, manni-
tol or free amino acids, when applied alone, causes “permanent” plasmolysis. The
shrunken protoplast stayed shrunken. Overton concluded that the protoplast membrane is
totally impermeable to these solutes.

Some time later, Overton carried out a parallel study on a representative example of the
animal cell, the frog muscle, including the gastrocnemius, the sartorius, the cutaneous
pectoral muscle and the hind-leg muscle (Overton 1902.) Unlike Spirogyra, frog muscles
are not imprisoned in a rigid cellulose box, and can therefore both shrink and swell, while
Spirogyra protoplast can only shrink. 

In his study on frog muscle, Overton started out with table salt or sodium chloride
(NaCl) rather than sucrose. He determined the concentration of NaCl that would cause
neither swelling nor shrinkage of the muscle cells. He then called this concentration of
0.7%, the isotonic concentration of NaCl. 

Using this 0.7% NaCl as the starting point, he then repeated what he did with Spirogyra
and obtained similar results. Methyl alcohol or methanol, when added to 0.7% NaCl
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FIGURE 8. Schema eines Pflanzenzelle (Design of a plant cell).
Note what Overton designated as Aussere Grenzschicht or
Aussere Plasmahaut (pl.ext) and innere Grenzshicht or Vac-
uolenhaut (pl.int) are each represented as continuous lines of rec-
ognizable width and well delineated on both sides. c.m.
cellulosemembran; ptpl, protoplasma; n, Nucleus; zs, Zellsaft.
(from Overton, 1895, his Fig. 1 on page 160)



solution, caused no cell shrinkage. Glycerol when added to the same salt solution brought
about an immediate shrinkage followed by a slow return to the initial volume. Sucrose,
mannitol and free amino acids when added caused a “permanent” shrinkage. These find-
ings led to the conclusion that the frog muscle cell membrane is highly permeable to
methanol, less permeable to ethylene glycol and glycerol but totally impermeable to su-
crose, mannitol and free amino acids.

These results and their interpretations raised questions. After all, all living cells need
sugars and amino-acids for their survival and growth. Their impermeability to the cell
membrane demands an answer. The one Overton offered was the same that Dutrochet first
offered in 1824 and Schwann offered 1839: secretion. Or in more modern lingo, active
transport. 

In summary, Overton by studying the different patterns of shrinkage of plant and ani-
mal cells derived a model of the living cell that is basically similar to those offered by
Dutrochet and by Schwann. In all three version, the cell is seen as a membrane-enclosed
body of essentially normal liquid water, with the cell membrane engaged in the control of
the chemical substances found or not found in the living cell. It does this either passively
as through its “mechanical” permeability or by the process of energy-consuming active
transport — then referred to respectively as “Metaboliche Kraft” (Schwann) or secretive
activity (Dutrochet and Overton.) However, Overton went one step further by offering a
specific chemical makeup of the cell membrane. That came in the form of his famous,
“Lipoidal Theory” (Overton 1899.)

From the different permeability of some 500 chemical compounds that Overton tried
out on plant and animal cells, he reached a set of conclusions known as Overton’s rules.
Thus, one rule says that substances that are soluble in oil or lipoids enter the living cells
faster. In another rule, substances that are highly soluble in water enter the cell slowly.
Based on these empirical rules, he suggested that all living cells are covered by a thin
layer of lipoid materials — where the word lipoid is a loosely defined category of chem-
icals including phospholipids, lecithin etc. 

Overton’s lipoidal theory introduced in 1899 was a more specific example of the
broader Solution Theories of membrane permeability like that first introduced by
L’Hermit (1855) and of the more focussed suggestion of Quinke that a lipid layer covers
living cells (Quinke 1898.)

To explain his theory, L’Hermit offered an elegant experimental model. If water is gently
introduced into a glass cylinder containing some (heavy) carbon tetrachloride (CCl4 ), that
water will stay as a separate layer on top of the CCl4 because water is lighter. Now, if we
then add to the cylinder some of the still lighter ether, that ether will stay as a layer on
top of the water layer. After that, we wait and will soon witness a demonstration of se-
lective permeability of ether over CCl4 through the water layer or membrane — in con-
sequence of the different solubility of ether and CCl4 in water. And, this is how it works.

Since ether is soluble in water but CCl4 is not, ether would enter and permeate the
water layer to reach and accumulate in the CCl4 but CCl4 , being water-insoluble, cannot
enter or permeate the water layer to reach the ether layer. This, was, of course an elegant
demonstration of the principle of the solution theory of membrane permeability. It works
well in an experiment of short duration, say a few days. 

However, the experiment will no longer work if the duration of the experiment is much
longer. Indeed, given enough time, equilibrium would be reached among all three com-
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ponents. At that distant time, the amount of ether in the CCl4 layer as well as the amount
of CCl4 in the ether layer would be totally indifferent to the presence of the water layer.
It may be mentioned that up to the end of the 19th century, cell physiologists had been
thinking mostly in short time scales. That would soon change.

Overton’s Lipoidal Theory received support many years later from the study of Col-
lander (1954) in work summarized in Figure 9. The data on first look appears most im-
pressive. However, a closer look reveals a serious weakness. In fact, the weakness
revealed was only a part of growing evidence that not only Overton’s Lipoidal Membrane
theory but the basic assumption underlying the plasmolysis and deplasmolysis method are
increasiangly in doubt. Three sets of these evidence will be considered next.

(1) The lipoidal membrane is not semipermeable

The data shown in Figure 9 clearly shows that the lipoidal membrane is not semi-
permeable. 

HISTORY OF MEMBRANE (PUMP) THEORY 29

FIGURE 9. Correlation between the permeation power of various non-electrolytes into Nitella mu-
cronata cell sap on the one hand and their respective oil solubility and molecular weights on the
other. Ordinate represents PM1.5 where P is the measured permeation rate of a solute studied and
M1.5 is its molecular weight raised to the power 1.5. To the best of my knowledge, this factor, 1.5
has no theoretical basis and is introduced to produce a straighter line. Abscissa is the solute’s dis-
tribution coefficient between olive oil and water. The word, water, is added by the present review
writer and not in the original graph. For the meanings of all the numbers in the graph, the reader
must consult the original article. Only a selected few will be given here. 1, water; 3, methyl acetate;
7, ethanol; 8, paraldehyde; 52, ethylene glycol; 69, glycerol. (from Collander 1959, his Fig. 1 on his
page 43, by permission of Elsevier (formerly Academic Press)



As mentioned earlier, it was van’t Hoff who introduced the term, semipermeability
(van’t Hoff 1885.) It means a membrane, which allows the passage of water but none of
the substances dissolved in water. Clearly, this is only a stipulation, never seen in real life.
Notwithstanding, all cell membranes have been routinely referred to as semipermeable
because they all demonstrate the highest permeability toward water. However, the
oil/water distribution coefficient of water itself — shown as abscissa in Collander’s figure
shown here as Figure 9 — is not higher than that of ethanol but 200 times lower than that
of ethanol. That being the case, it would predict a permeability of ethanol 200 times
higher than water, contrary to facts including what Abbé Nollet first showed in pig’s
bladder.

(2) In plant cells, it is the tonoplast, and not the plasmahaut, that acts as a
semipermeable barrier during plasmolysis 

Höfler invented a method for measuring the size of the (irregularly-shaped) protoplast in
a plant cell (Höfler 1918.) With its help, he demonstrated that the plant cells he studied
acted like a perfect osmometer — as it was proudly announced by reviewers Lucké and
McCutcheon in 1932 (Lucké and McCutcheon 1932, pp. 86–87.)  

Later work, however, led Höfler to a different conclusion (Höfler 1926, 1931, 1932.)
Namely, it is the tonoplast that immediately surrounds the central vacuole that acts like
the semipermeable barrier. In contrast, the plasma membrane was quite permeable to su-
crose — contradicting the conclusion he himself reached earlier as well as the long-held
belief, in particular the belief derived from the extensive work of Overton described
above, that the cell membrane, alias plasmahaut, is impermeable to sucrose. Sub-
sequently, Chambers and Höfler confirmed Höfler’s later conclusion by isolating the
tonoplast-enclosed central vesicle and demonstrated sucrose-concentration dependent
shrinkage of the assembly (Chambers and Höfler 1931.) 

(3) Sucrose and galactose enter and accumulate in frog muscle cells at the same
time causing their sustained shrinkage 

This simple but highly important finding of Nasonov and Aitzenberg shows that the abil-
ity of a concentrated solution of a chemical compound to cause cell shrinkage does not
depend on the impermeability of the cell membrane to this compound. Thus, they showed
the supposedly impermeant sucrose (and galactose) not only penetrate muscle cells, they
cause sustained shrinkage. of the muscle cells at the same time (Nasonov and Aitzenberg
1936; Kamnev 1938) (Figure 10.) 

This finding and its later extensive confirmation and extension (see Ling 1992, pp.
249–272) have falsified much of the original conclusions on the nature of the cell mem-
brane permeability and impermeability from plasmolysis, deplasmolysis and other cell-
volume-change studies. The data also show that volume changes of the protoplast of plant
cells and of animal cells as a rule do not reflect the physical characteristics of the cell
membrane but reflect primarily the nature of the protoplast as a whole. New explanations
of the phenomena, which fall beyond the time period of history which the present review
covers, will not be described here. Interested readers can access to new facts and infor-
mation from Ling 1992, pp. 249–272 and http://www.physiologicalchemistryand-
physics.com/pdf/PCP19-159_ling.pdf> <http://www.physiologicalchemistryand physics.
com/pdf/PCP19-177_ling_ochsenfeld.pdf>
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A theory explicitly named the MembraneTheory finally arrived-but it
was intended for a different subject matter

Thus far, we have gone to some length tracking down the real originator(s) of the mem-
brane theory — to this day still widely taught as proven truth around the world. So far,
we have found three: Dutrochet, Schwann and Overton — even though none of them
claimed that authorship.

So it is somewhat anticlimactic that someone finally came forth with a theory bearing
the name, the membrane theory — only to find, instead of the familiar one that deals with
membrane permeability and related phenomena, a membrane theory of the electric po-
tential instead. 

Historically, this specific membrane theory began with the studies of the electric po-
tential difference measured across two salt solutions separated by a copper-ferrocyanide-
precipitation membrane. And,
it was conducted by the out-
standing Russian-German
physical chemist already
mentioned once, Wilhelm
Ostwald (1853–1932.)

Toward the end of his
paper, Ostwald suggested that
the electrical potential of
muscle and nerve, and indeed
even that of the electric fish
could originate from a similar
mechanism (Ostwald 1890,
p.80.) 

However, in 1900, J. S.
MacDonald — apparently
unaware of Ostwald’s sug-
gestion — stole the show. For
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FIGURE 10. Time course of weight change of a frog muscle in a hypertonic (4%) sucrose solution
(A) and of concomitant gain of sucrose by the muscle (B). Weight change given as percentage of
control. Sucrose accumulation given in per cent per 100 grams of muscle cell water. (from Nasonov
and Aizenberg 1937, Kamnev 1938)

J. H. van’t Hoff (1852–1911); Wilhelm Ostwald (1853–1932)



it was MacDonald who first demonstrated that the so-called injury potential (or demarca-
tion potential) measured between the intact surface of a nerve and its cut end could be
shown to vary with the logarithm of the concentration of K+ in the medium bathing the
intact portion of the nerve (MacDonald 1900.)

Two years afterward, Julius Bernstein, a student of Ludwig von Helmholtz at the Uni-
versity of Berlin, took up the suggestion of Ostwald (Bernstein 1902, p. 541) and pro-
posed the membrane theory for the electrical potential across the normal cell membrane
of muscle and nerve cells (Bernstein 1902, p. 542.) 

Based on an equation proposed earlier by W. Nernst (1864–1941) (Nernst 1889), Bern-
stein wrote an equation for this membrane potential, E, on the assumption that the cell
membrane is permeable to K+ but impermeable to both the intracellular anions and to Na+:

E = RT/F ln (p2 / p1), (3) 

where R is the gas constant, T, the absolute temperature, F, the Faraday constant. p2 and
p1 are respectively the osmotic pressure of the inside and outside of the cell. Since
osmotic pressure is directly proportional to the concentration of the permeant ions as
shown in Equation 2 above, the ratio, p2 / p1 is equal to the ratio of the two (permeant) K+

concentrations. Accordingly, Equation 3 can be written in another form:

E = 2.303 (RT/F) log ([K+]in / [K
+]ex), (4)

where [K+]in and [K+]ex are respectively the intra- and extra-cellular concentrations of
what Bernstein recognized as the major permeant ion, K+.

Bernstein’s theory of cellular electric potential requires that the cell membrane is com-
pletely impermeable to anions. It also requires that all the intracellular K+ are free and so
is the bulk-phase cell water. Yet, a careful investigator would have no trouble even then
locating evidence pointing to the opposite. 

32 LING

Julius Bernstein 
(1839–1917) 

Walther Hermana Nernst 
(1864–1941)



Thus, Macallum (1905) and especially Menten (1908) showed microchemical evidence
that cell K+ is not free and evenly distributed in cell water but localized, on the two edges
of the dark bands of striated muscle . 

There were also repeatedly reported evidence that not all cell water is free liquid water.
Thus, E. Overton noted that when frog muscle was placed in an artificial Ringer’s solu-
tion of half osmotic strength, the muscle did not swell to twice its original weight but only
to about a third higher than its original weight. Overton concluded that at least some of
the water in frog muscle cells is what he called “swelling water” (“Schwellungswasser”)
(Overton 1902.) This was far from an original opinion. Wilhelm Pfeffer offered the same
explanation for a similar phenomenon years before (Pfeffer 1881, 1897.) Similarly,
Hofmeister (1891) and Rudolf Höber (1906, p. 61, 62 and 70) Rubner (1922) and Thoenes
(1925) had made similar suggestions. 

However, it was Gortner and his coworkers that strongly argued that a substantial part
of the water in living tissues is “bound water” (Gortner 1930.) Since such bound water
has been shown to have lost its normal solvency for solutes such as sucrose (Gortner 1938
pp. 279–280), this part of the water was sometime referred to as “non-solvent water”. The
implicit assumption was that water that has lost its solvency for sucrose has lost its sol-
vency for all solutes that normal water dissolved. But there was no experimental proof for
this hypothetical doctrine.

Then, a very powerful cell physiologist came on the scene. His name is Archibald
Vivien Hill or A. V. Hill for short. Based on two simple sets of experiments, he scored a
total victory for the free water and free K+ doctrines of the membrane theory. 

How A. V. Hill persuaded the opinion makers of the day that both cell
water and cell K+ are free 

Archibald Vivian Hill (1886–1977) was a remarkable English scientist. Tall, handsome,
athletic, Cambridge-educated and married to Margaret Keynes, daughter
of the famous economist, John Neville Keynes and sister of the
equally famous economist, John Maynard Keynes. In 1922 A.V.
Hill and Otto Meyerhof were conjointly awarded the Nobel
Prize of Physiology and Medicine. All these Nature-made and
Man-made admirable assets can be read in any biography of
A. V. Hill explaining why he was so highly regarded and in-
fluential. But there was something else in Hill that had made
him even more persuasive as a cell physiologist. 

Sir William Maddox Bayliss was the author of the highly
popular Principles of General Physiology. Bayliss believed
that the greatness of a scientific investigator does not lie in his
never making a mistake, rather it lies in being able to give up
his once cherished idea when cogent evidence point to its fallacy.
And this sentiment was printed in the Preface of all editions of
the book including the 4th edition which Bayliss was too ill to
complete. In his place, a good friend took over the task of get-
ting the book published and it was. That friend was no other
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than A.V. Hill who expressed his admiiration of Bayliss’s book as “the greatest of its
kind.” And, Hill’s own personal behavior pattern showed that he thoroughly shared Sir
Bayliss’s belief in what de Mirbel, Dutrochet, Thomas Huxley, Höfler and William
Bayliss all believed and lived. 

Hill studied muscle contraction and in time, he offered what was known as the “lactic
acid theory” for muscle contraction. In this theory, muscle contraction was brought on by
the production of lactic acid. However, a German biochemist, by the name of Gustav
Embden (Embden et al 1926) argued that lactic acid production comes after and not be-
fore muscle contraction and therefore could not be the initiator of muscle contraction. And
the two were engaged in a bitter battle back and forth, until a critical discovery was made
and announced by a Danish scientist, Einar Lundsgaard. 

Lundsgaard discovered that exposure to the chemical, iodoacetate (IAA) suppressed the
production of lactic acid by muscle tissue without materially altering its ability to contract
(Lundsgaard 1930.) Faced with this new cogent evidence, Hill admitted his earlier mis-
take. In an article he wrote for the Physiological Review under the title, “The Revolution
in Muscle Physiology” Hill wrote, “He who laughs best who laughs last.” Hill then ad-
mitted that he was not the last to laugh (Hill 1932.) 

This event showed that Hill was a scientist who put the search for truth above his own
ego — an ethical belief that makes scientific revolution possible as the title of his article
so indicated. That said, we now return to the two pivotal sets of experiments Hill and his
coworker, Kupalov, carried out.

Both are extremely simple. In one, he and Kupalov, measured the vapor pressure of
normal living frog muscle and found that it equals that of an isotonic Ringer’s solution —
hardly surprising by itself (Hill and Kupalov 1930.) In the other experiment, Hill showed
that the steady level of the probe molecule, urea, equals exactly that of urea in the bathing
solution. This indicates that there is not “non-solvent” water in these frog muscle cells.
That being the case, the solute within the cell that is high enough in concentration to
produce a vapor pressure matching that of an isotonic NaCl solution of the bathing
Ringer’s solution can only be K+ {and its companion anion(s)} in the cell. Ergo, both cell
K+ and cell water are completely free (for a complete review of this historical page, see
Blanchard 1940.) 

Hungarian physiologist, E. Ernst (1895–1981) who had witnessed all these, wrote later
about the historical aftermath of this chapter. Ernst showed how in one stroke, Hill con-
vinced opinion makers of the time, including W.O. Fenn, Rudolf Höber, F. Buchthal to
abandon their earlier belief in bound water and bound K+ and to adopt wholesale the free
water-free K+ doctrine of the membrane theory (Ernst 1963, p. 112.) 

Eventually, Hill’s concept of free K+ and free cell water were proven wrong. However, the
subject falls outside the time span the present review covers and will not be discussed here.
Interested readers can find detailed answers to Hill’s powerful but mistaken conclusions on
p. 100 in Ling 2001. Alternatively, the reader can access the key experimental basis for the
refutation in <http://www.physiologicalchemistryandphysics.com/pdf/PCP21-19_ling_
ochsenfeld.pdf>

Now, beside free water and free K+, Bernstein’s membrane theory of cellular electric
potential also requires that the cell membrane be impermeable to anions like Cl− (and
Na+.) Bernstein did not put this prediction to a test himself but Loeb and Beutner did.
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In 1912, Loeb and Beutner introduced another membrane model, the apple skin (Loeb
and Beutner 1912.) They demonstrated that the anions of the salt solutions placed on ei-
ther side of the apple skin exercised no influence on the electric potential measured across
it. The conjecture that this anion insensitivity reflects a low anion permeability of the
apple skin was confirmed by Leonor Michaelis (1875–1949) and Fujita by direct mea-
surement of ion passage through another membrane model, the dried collodion mem-
branes (Michaelis and Fujita 1925.) In addition, Michaelis and Fujita showed that while
the dried collodion membrane is virtually impermeable to anions, it is permeable to all
mono-valent cations studied; their rates of permeation follow the rank order: H+ >Rb+ >
K+ > Na+ > Li+. 

This is, of course, the same rank order of the mobilities of these cations in normal liq-
uid water but the differences among them are greatly exaggerated here (Michaelis 1926,
p. 39, Col. 1.) To explain, Michaelis pointed out that in aqueous solutions, these ions do
not exist in their naked atomic form but exist in a hydrated form. And, as such they as-
sume a rank order in their relative size exactly the opposite of the rank order of their re-
spective atomic sizes, as suggested in the theories of Born and Fajans (ibid p. 42, Col 1.) 

Michaelis went on to suggest that the narrow pores of the dried collodion membrane
and apple skin adsorb and fix anions on their surfaces, thus endowing the pores with neg-
ative electric charges. And, in some way these negative electric charges put to a stop
movement of free anions like Cl and slow down the movement of monovalent cations in
a reverse order as that in their hydrated ionic diameters (Michaelis 1925, p. 36.)

We recall that it was Ostwald’s suggestion that Bernstein took up with very satisfying
consequences. Another scientist that took note of Ostwald’s tip was chemist, F. Donnan.

Donnan’s theory of membrane equilibrium

F. Donnan (1870–1956) introduced an equation describing the relationship between the
electrical potential difference (π2 − π1), and the concentrations of permeant ions across
two contiguous aqueous phases separated by a membrane that is impermeable to one ionic
species found only in one phase (Donnan 1911, 1924):
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π2 − π1 = {RT/nF} log (C2 /C1), (5)

where π2 and π1 are respectively the electric potential in phase 2 and phase 1. R, T and F
are as in Equation 3. C2 and C1, are the concentrations of the permeant cation in phase 2
and phase 1 respectively. n is the valency of the permeant cation. π2 − π1 , the electric po-
tential difference between the two phases is equivalent to Bernstein’s membrane potential
though not identical. If the permeant ions present include monovalent cation K+ (and 
Cl−) and if phase 2 and 1 are respectively called intra-cellular and extra-cellular, desig-
nated by subscripts, in and ex, the concentrations of K+ in the two phases are then repre-
sented by [K+]in and [K+]ex respectively, and Equation 5 then assumes a form similar to
Equation 4 presented earlier.

The Donnan theory does not require the membrane to be impermeant to chloride ion as
in Bernstein’s Membrane Theory of the cellular membrane potential. Thus, in the Donnan
theory (alone) can the potential difference also be written as 

π2 − π1 = {RT/F} log ([Cl−]in / [Cl−]ex), (6)

where [Cl−]in and [Cl−]ex are the concentration of the (monovalent) chloride ion in the cell
water and in the external bathing solution respectively. And,

[K+]in / [K
+]ex = [Cl−]in / [Cl−]ex , (7)

where these K+ and Cl- concentrations are equilibrium concentrations. Moreover, the
Donnan theory predicts that in the same system, the equilibrium concentraton ratio (λ) of
all permeant ions, positively charged as well as negatively charged, are predictable ac-
cording to the following general equation:

{C2 /C1}
1/n = {A1 / A2}

1/m = λ , (8)

where C2 and C1 are the equilibrium concentration of a cation of valency n in phase 2 and
1 respectively, while A1 and A2 are the equilibrium concentration of anions A of valency m.

Donnan’s theory of membrane equilbrium gained attention when it became increas-
ingly clear that, the highly asymmetrical distribution in living cells of the pair of
chemically almost indistinguishable cations, K+ and Na+ was not an exception but a
general rule. 

A shared attribute among most if not all living cells: asymmetric
distribution of K+ and Na+

In 1807, the great Swedish chemist, J. J. Berzelius (1779-1848) determined the mineral
contents of muscle tissue (Berzelius 1840.) Half a century later, Julius Katz carried out an
exhaustive analyses of eight elements — K, Na, Ca, Mg, Cl, S, P, Fe and water — in the
muscle tissue of thirteen vertebrates, ranging from human to eel. Hidden amongst the
large number of numbers is the striking and consistent asymmetry in the K and Na con-
tents of muscle tissues — clearly demonstrated and recognized by the author of the work
(Katz 1896.) Table 2 reproduces the K and Na data of Katz. 
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TABLE 2. H2O, K+ and Na+ contents of the muscles of various vertebrates. Data given
originally in weight percentage have been converted to millimolarity per kilogram of wet

weight. (from J. Katz 1896)

H2O K+ Na+

(%) (mmoles / kg wet wt.) (mmoles / kg wet wt)

Human 72.53 81.94 34.72
Pig 75.89 64.92 67.83
Cattle 75.80 94.08 28.36
Calf 75.39 97.21 37.38
Deer 75.27 85.92 30.63
Rabbit 76.83 103.6 19.89
Dog 76.42 85.55 41.02
Cat 75.14 99.03 31.70
Chicken 68.38 94.62 41.36
Frog 81.61 78.76 24.02
Cod 80.63 85.57 43.10
Eel 84.92 25.26 5.33
Pike 79.88 103.8 9.85
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Two years after the publication of Katz’s monumental work, Emil Abderhalden
(1877–1950), a student of the great German chemist, Emil Fischer who almost single-
handedly worked out the structure of proteins, demonstrated that human red blood cells
contain a high concentration of potassium ion (K+) but no sodium ion (Na+) at all,
whereas the blood plasma in which the red blood cells spend their lives contains only 6.59
mM of K+ but a whopping 193 mM of Na+ . Abderhalden’s original table, is reproduced
here as Table 3 but data are given in molarity rather than in weight percentage as they
were given in the original publication (Abderhalden 1898.) 

This report of zero Na+ in rabbit red blood cells could have led others to suspect that a
similar situation might obtain in other cells. As an example, the small concentration of
Na+ in vertebrate muscle tissue shown by Katz might originate from outside the muscle
cells like the extracellular space and the connective tissues intermingled with the muscle
cells. Thus in (the 4th edition of) the Principle of General Physiology mentioned above,
its author, William Bayliss wrote “It is almost certain that there is no sodium ion in frog
muscle cells” (Bayliss, 1927, p.121.) 

TABLE 3. K+ and Na+ contents of rabbit blood plasma and rabbit red blood cells. Data given
originally in weight percentage have been converted to millimolarity (plasma) and millimority

per kilogram wet weight (red blood cells.) (from Abderhalden 1898)

plasma Red blood cells
(MM) (mmoles/kg)

Potassium 6.59 133
Sodium 193 0



Historically, this perception marked a turning point in the history of the membrane the-
ory. From here on, the membrane can no longer be seen as an instrument that determines
merely the rates of passage in and out of the living cells of water and solutes. The cell
membrane must also determine what can enter or leave as an all-or-none event. That is,
impermeant solutes are not judged on the time scale of a few hours or even a few days
but for all intent and purposes, as long as the cell lives.

In fact, the thinkers in this field began to do what one may say recast van’t Hoff’s idea
of semipermeability in a different time scale. So instead of having in one category one
item, water alone as being able to pass through or permeant, we will add to water also
some specific solutes that are also considered permeant. However, all other solutes will be
put into the permanently and absolutely impermeant category. 

Molecular sieve theories again

Although the atomic sieve idea of Traube did not pan out for unglazed porcelain barrier
with or without colloidal additives as shown in Table 1 (Bigelow and Bartell 1909), neg-
ative correlation of rate of permeation with molecular size continued to be reported by in-
vestigators including Bigelow and Bartell. Thus, Table 4 shows Fujita’s data on the
permeability of non-electrolytes ranging from methanol to glucose through two kinds of
colloidion membranes, one more dried than the other (Fujita 1926.) 

In a series of papers published between 1908 and 1912, Ruhland offered what he called
the Ultrafilter Theory, which, on the surface, is just another name for Traube’s atomic
sieve theory. In 1925 Ruhland and Hoffmann published the data they obtained by the os-
motic or plasmolysis method on sulfur bacteria (Table 5.) 

Here, they demonstrated a close correlation between the permeability of the nonelec-
trolytes and their respective molecular volumes — given in the form of molar refraction
MRD (see Glasstone 1946, pp. 528–529, for derivation of the identity of MRD and actual
volume of molecules.) The last column of their table shows a lack of correlation between
the rates of permeation and the ether/water distribution coefficients of the solutes studied,
thus refuting Overton’s lipoidal theory. 

A few words need be added to give Ruhland’s view of how pore size could produce a
graded permeation rate rather than an all-or-none permeant-impermeant expectation. The
difference lies in the uniformity or lack of uniformity in the pore size. In Ruhland’s the-
ory he did not propose a uniform pore size of a certain diameter. Rather, he visualized that
the cell membrane has pores of different sizes. Since small solutes would be able to tra-
verse through both small and larger pores, they enter more rapidly. In contrast, the larger
solutes would have less pores available for them and hence enter more slowly. 

Given what we found out about lipoidal membranes — which are permeable to lipoid
soluble substances but practically impermeable to electrolytes — and living cell mem-
brane — which show permeability to both nonelectrolytes and electrolytes — it seemed
natural for someone to introduce a compromise. Indeed, that was what Nathanson did in
what is known as the mosaic theory (Nathanson 1904a, 1904b.) 

In this theoretical idea, the living cell membrane might represent a mosaic membrane
containing both lipoidal areas and pores. Indeed, what later on was introduced by Davson
and Daniellie as the so-called Paucimolecular membrane theory (Davson and Danielli
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TABLE 5. The permeability of the sulfur bacteria, Beggiatoamirabilis to various
nonelectrolytes obtained by the plasmolysis method. MRD, the molecular extinction of the

different solutes equal the molecular volumes of the respective nonelectrolytes. 
(from Rhuland and Hoffmann 1925)

Threshold plasmolytic Distribution coefficient
Substance concentration MRD between: ether-water

Urea 0·35 16·67 0·0005
Ethylene glycol 0·09 14·40 0·0068
Methylurea 0·01 18·47 0·0012
Thiourea 0·075 19·59 0·0063
Glycerol 0·009 20·63 0·0011
Ethylurethane 0·015 21·01 0·6370
Lactamide 0·007 21·13 0·0018
Malonamide 0·007 22·92 0·0003
Dimethylurea 0·005 23·43 0·0116
Butyramide 0·00125 24·11 0·0580
Erythritol 0·001 26·77 0·0001
Succinamide 0·0015 27·54 0·0002
Arabinose 0·0008 31·40 0·0001
Diethylurea 0·003 32·66 0·0185
Glucose 0·00055 37·54 0·000l
Mannitol 0·00055 39·06 0·0001
Sucrose 0·00020 70·35 0·0001
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TABLE 4. Relative permeability (P) of two types of collodion membranes, one with wide
pores (a) and the other with narrow pores (b). Molecular weight of solutes are shown under

M. Portions of the original table giving the values of PM1/2 of the solutes are not shown.
(Fujita 1926)

Relative permeability
MRD PM1/2 PM1/2

Substances Mc (a) (b) (a) (b)

Methyl alcohol 32 1.22 9.24 6.9 52.4
Acetone 58 1.11 7 08 8.5 53.9
Formamide 45 1.06 4.11 7.1 27.6
Ethyl alcohol 46 1.15 2.98 7.8 20.2
Propyl alcohol 60 1.00 1.03 7.7 8.0
Urea 16.67 60 1.00 1.00 7.7 7.7
Butyl alcohol 74 0.85 0.82 7.3 7.1
Ethylene glycol 14.40 62 0.80 0.27 6.3 2.1
Glycerol 20.63 92 0.81 0.22 7.7 2.1
Chloral hydrate 165 0.81 0.11 10.4 1.4
α-Monochlorohydrin 110 0.70 0.07 7.3 0.7
Glucose 37.54 180 0.54 0.00 7.2 0.0



1943) as well as the Singer-Nicolson model (Singer and Nicolson 1972) widely taught in
all levels of education are variants of the Nathanson idea. As such, they all share a weak-
ness. Namely, given enough time, the lipoidal part of the membrane would be no barrier
to the passage of solutes big or small. As a result, all solutes would end up at the same
concentration found in the surrounding media. And, since most living cells live a long
time, the mosaic membrane in all its various forms cannot explain the sustained asym-
metrical solute distribution patterns seen in all living cells. 

To explain the sustained asymmetry of K+ and Na+ distribution in living
cells, a return to the sieve membrane with rigid pores of a uniform size

From studies of perfused frog legs, Mond and Amson came to the concluson that the
muscle cell membrane is totally impermable to anions and to cations like Na+ and Li+ but
permeable to K+ and Cs+ (Mond and Amson 1928). To interpret their data, they adopted
the model of Leonor Michaelis mentioned earlier. That is, the muscle cell membrane
shares the basic characters of dried collodion membrane with narrow pores lined with
negative charges. Since hydrated Na+ and Li+ are larger and suffer more collisions and re-
sistance, they show slower mobility in the collodion membrane pores, while hydrated K+

and Cs+ are smaller and therefore suffer less resistance in their motion through the nar-
row membrane pores (Michaelis 1925, 1926.) However, this model was soon challenged
by Boyle and Conway from the University of Dublin. 

Boyle and Conway started out with a careful investigation of the move-
ment of Cl− when frog muscles were incubated in a Ringer’s solu-
ton containing a high concentration of KCl. They found a large
gain of both K+ and Cl− by the muscle cells without impairing
the cell membrane’s normal ability to keep the high concen-
tration of Na+ in the external solution from entering the cell
en masse. This study led Boyle and Conway to conclude that
the normal frog muscle cell membrane is in fact quite per-
meable to Cl−. 

That being the case, the installation of negative charges in
the pores in order to explain the anion impermeability of the
dried collodion membranes is no longer required. With this
complication out of the way, Boyle and Conway then proposed
once more a pure sieve membrane theory with uniform pore size
(Boyle and Conway 1941.) What was more, they then took the
model one step further and made it a quantitative theory for
both anions and cations as shown in the historically highly im-
portant Table 6. 

What the theoretical model tells us is that all pores in the muscle cell membrane have
exactly the same size. And, this critical pore size is so uniform and the wall of the pores
so rigid, that the pore size determines what can enter the cell and what cannot — all on a
permanent and absolute basis. That their argument is not merely fantasy but based solidly
on the known mobility data of all the anions and cations under consideration is shown in
the top part of Table 6. 
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So as it was suggested by Netter twelve years before (Netter 1928), Boyle and Conway
also suggested that the muscle cell behaves in their ionic distribution according to Don-
nan’s theory of membrane equilibrium. 

In the theory, certain unspecified organic anions in the cell are too large to move out of
the cell through the narrow pores and stay inside permanently, thereby serving the role of
Donnan’s impermeant anion(s). The presence of these impermeant anions creates a large
value of the Donnan ratio, λ, as defined in Equation 7. However, since (hydrated) Na+,
the major external cation, is too large to penetrate the pores, it stays outside absolutely
and permanently. Meanwhile the smaller hydated K+ can enter the cell via the membrane
pores, until it reachs the concentration dictated by the value of λ, which is apparently
equal to about 50 or so. Cl−, in contrast, distributes at an intra-, extra-cellular ratio equal
to the reciprocal of λ, which is quite low as also in agreement with known facts.

But that is not all. The theory simple as it is can not only explain selective permeabil-
ity and selective ionic accumulation but also the cellular electric potential as a Donnan
membrane potential and the swelling and shrinkage or volume control on account of the
osmotic effect. 

In other words, Boyle and Conway’s sieve theory as presented in 1941 was a unifying
theory able to explain all four basic physiological manifestations of the living cell. To
complete the verification of this unifying membrane theory, one goes back to what A.V.
Hill did in his two famous papers, one by himself and one in cooperation with Kupalov,
which provided experimental proof of the free cell water and the free cell K+ doctrine of
the membrane theory (Hill 1930; Hill and Kupalov 1930.)

Thus, the 63-page long opening article of the 100th volume of the Journal of Physiol-
ogy (London) from Boyle and Conway holds a historic position in presenting the most
complete and finalized version of the membrane theory. 
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TABLE 6. Boyle and Conway’s table describing their unifying and quantitative sieve
membrane theory The mobility data given on the left-hand side of the table were from the
International Critical Table and Chemicher Kalender. The relative ionic diameters were

calculated on the basis of their relative mobilities and on the assumption that K+ has a relative
diameter of unity. (from Boyle and Conway, by permission of the Journal of Physiology)

Velocities of ions under gradient of Relative ion diameters 
I V./cm. or 0·5 V./cm. for divalent ions (diameter of potassium ion = 1·00)

Cations Anions Cations Anions

H 315·2 OH 173·8 H 0·20 OH 0·37
Rb 67·5 Br 67·3 Rb 0·96 Br 0·96
Ca 64·2 I 66·2 CS 1·00 I 0·97
NH4 64·3 Cl 65·2 NH4 1·00 Cl 0·98
K 64·2 NO3 61·6 K 1·00 NO3 1·04

Na 43·2 CH3COO 35·0 Na 1·49 CH3COO 1·84
Li 33·0 SO4 34·0 Li 1·95 SO4 1·89
Ca 25·5 HPO4 28 Ca 2·51 HPO4 2·29
Mg 22·5 Mg 2·84



This theory was not introduced by Wilhelm Pfeffer as I had once wrongly believed and
retracted above. Who then really introduced the membrane theory? The reader knows by
now from the preceding pages that it received contributions all the way from the time
Robert Hooke introduced the word cellulae or cell in 1665 until Boyle and Conway in-
troduced their molecular sieve theory in 1941. 

First, consider the word, cell. It is a walled cavity or a little box. A cell will remain a
cell if it is kept in a vacuum. In this case, the only thing in existence is the wall, distin-
guished by its continuity and hence its acting as a barrier that separates a small space from
the surrounding usually larger space. So when Theodor Schwann introduced his Cell The-
ory, he postulated that all animal and plant cells are walled cavities filled with a clear
fluid. As such, the wall or membrane owns a clearly delineated surface on both the inside
and outside faces. Whatever the cell does and is, it must be based on the property or ac-
tivity of this membrane. This, then is the central theme of the membrane theory. 

Now, most historians denied that Hooke had seen living cells but he introduced the
word, cell. And, among the things he saw, there could be dead cells, dried up cells — but
cells nonetheless. So Hooke in my view definitely contributed to the membrane theory
since the cell is a continuous spherical membrane. But so did Abbé Nollet though he was
even less involved consciously. Just the same, his work introduced the central theme of
the membrane theory — semipermeability of a membrane barrier.

The next person on the time line was Henri Dutrochet. Conceptually, he transferred
macroscopic endosmosis and exosmosis into the microscopic world of living cells. But his
work was under-appreciated despite all the fine qualities, high intelligence, originality and
honesty of this great scientist. 

The most influential contributor to the membrane theory was without question Theodor
Schwann. His magnus opus, Mikroskopische Untersuchungen, gained instant and unques-
tioning support by all around and was immediately built into the dominant German text-
books — despite the profusion of mistakes one piled upon another in his work and a
pontific, self-seeking attitude through and through.

After Schwann, the membrane theory changed from an anatomical concept to a physi-
ological concept. Traube, Pfeffer, van’t Hoff all made significant contributions toward the
membrane theory, So did de Vries, Overton, Michaelis, Mond, Netter and finally, Boyle
and Conway. 

Experimental testing of the Boyle-Conway’s version of the membrane
theory and its outcome

So there are many winning merits in this theory of Boyle and Conway. Its appearance on
page 1 of the 100th volume of the prestigious Journal of Physiology (London) symbolizes
the broad esteem in the minds of many workers at the time. However, though rarely if ever
announced publicly, there is also a slippery side to the underlying postulation of a uni-
form pore size that sorts solutes into two sharply separated categories, permeant and im-
permeant. In fact, this separation of solutes into two sharply separated categories already
began with van’t Hoff’s seemingly casual launching of his concept of semipermeability.
That is, a membrane that is permeable to water but not to solutes dissolved in water.
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Now, the word, semipermeability describes a physical attribute, presumably there as
long as the membrane exists. So that means, as long as the membrane lasts — which in
theory could be forever, it is absolutely impermeable to the solute dissolved in water. Of
course, in reality, no such membrane has ever been found or created. 

Nonetheless, as mentioned once already, in the hands of Morse, a copper-ferrocyanide
membrane could sustain an osmotic pressure of 12 atmosphere for 60 days without show-
ing sign of deterioration. A. Findlay who wrote about this admiringly could be forgiven
for saying that “it appears to be truly semipermeable.” However, my guess is that neither
Morse nor Findlay would venture a suggestion that this pressure could be sustained for 60
years. Yet 60 years may very well be the life spans of many living cells in a human being,
an elephant or a turtle. 

Then we have the famous experiment of de Vries’s red-beet root cells, that could sus-
tain a shrunken plasmolyzed protoplast for seven days. One could hardly extrapolate from
that to a life span of 60 year-old cell either. 

Yet, there is no indication that as a human or an elephant ages, their cells would be-
come filled with Na+ rather than K+. On the contrary, the asymmetric distribution of thus
pair of ions is, generally speaking, age-independent. So the Boyle-Conway Sieve version
of the membrane theory really stands on the thin ice of an idealized physical attribute that
does not jibe with reality. With this in mind, it is not all too surprising that as soon as a
clearly-defined theory like that of Boyle and Conway appeared in print in 1941 — indeed
even before that, the theory was engulfed in a torrent of contrary evidence and totally de-
stroyed. With it, died the sieve version of the membrane theory of the living cell as well
as the different mosaic membrane models containing as an integral part the mechanical
sieve or ultrafilter notion.

Unanimity in the conclusions of the earliest studies — the cell
membrane is permeable to Na+ and other large hydrated ions —
theoretically predicted to be absolutely impermeable

The suddenness of the demise of the sieve version of the membrane theory owed to no
small extent to the advent of a powerful technique, the radioactive tracer technology in the
late 1930’s. This technology is not only extremely accurate, it is also the only technology
that makes direct measurement of ion permeation and exchanges possible for the first time
in history. 

However, not all the incisive experiments conducted to test the theory involved ra-
dioactivity. The following studies are listed according to the sequential order of their pub-
lication dates.

1912: P. Gérard found that in feeding dogs with an excess of K+ salt, cells of the liver
and kidney gained K+ and lost Na+ without a change in the concentrations of ei-
ther ion in the blood plasma (Gérard 1912.)

1931: Wu and Yang injected NaCl solutions into the veins of dogs and found a rise in
the concentration of Na+ in the muscle cells. The authors concluded that the
muscle cell membrane is permeable to Na+ (Wu and Yang 1931.)
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1933,1934: Kaplanskii and Boldyreva kept carps in a 1.5% NaCl solution for 70
days and found a less than 5% increase in the Na+ concentration in the
blood plasma, while the Na+ concentration in the muscle tissues nearly
tripled from 40 mg. per cent to 111.4 mg. per cent. These authors too
concluded that the muscle cell membrane of carp muscle is permeable
to Na+ (Kaplanskii and Boldyreva 1933, 1934.)

1939: Cohn and Cohn injected radioactive isotope, 23Na in isotonic saline into the
veins of dogs and assayed the radioactivity of samples of blood plasma and red
blood cells at different lengths of time after the initial injection. They showed
that the ratio of the radioactivity in the red blood cells as a fraction of that in
the blood plasma steadily rose until it reached above 65% after about a day. The
authors concluded that the red blood cell membrane of the dog is permeable to
Na+ (Cohn and Cohn 1939.) 

1939: Heppel fed rats on a low potassium diet for from 34 to 44 days before the ani-
mals were sacrificed and their muscle analyzed for its water, K, Na (Cl, P) con-
tents. Heppel’s data showed that the average K content of the muscle tissue had
fallen from the normal tissue value of 109 mmoles per kg. fresh weight to 64.1
mmoles/kg., while the Na content rose from the normal value of 19 mmoles/kg
to 54 mmoles/kg. Other studies show that the gain of Na in the muscle tissue
was almost entirely inside the muscle cells. The author concluded that the
muscle cell membrane of rats is permeable to Na+ (Heppel 1939.) 

In a later paper published in 1940, Heppel showed that the time it took for
radioactive 24Na in the muscle of K+-depleted rats to reach the same ratio to the
total muscle Na+ as that found in the blood plasma was only 60 minutes (Hep-
pel 1940.) 

1940: B. Steinbach incubated isolated frog muscles in a modified Ringer’s solution
containing no K+ for 17 hours and found the muscles lost a substantial amount
of their intracellular K+ in exchange for an equi-molar concentration of Na+.
When similar K+-depleted muscles were subsequently incubated in a Ringer’s
solution containing 10 mM K+, the muscles regained their lost K+ simultane-
ously with extrusion of the extra Na+ gained. These data indicate that the muscle
cell membrane is fully permeable to both K+ and Na+. The author concluded
that the exchange is fully reversible (Steinbach 1940.) 

1940: S.C. Brooks studied the accumulation of Na+ and other alkali metal ions in Spir-
ogyra — the alga on which Overton conducted much of his famous plasmoly-
sis studies —, Nitella and Amoeba proteus. In Spirogyra bathed in water
containing 5 mM labelled Na+, the time for the radioactive Na+ in the cells to
reach a level ten times higher than in the bathing medium was only 15 seconds.
The much slower accumulation of radioactively labeled alkali metal ion in the
cell sap inside the central vacuole than in the surrounding protoplasm further
affirms the earlier finding of the much lower permeabiliity of the tonoplast than
the plasma membrane by Höfler (and Chambers) mentioned earlier (Brooks
1939, 1940.) 

In summary, the seven sets of independent studies unanimously demonstrated that the
cell membrane of both animal and plant cells are permeable to Na+. This result fully and
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squarely contradicts Boyle and Conway’s landmark paper on the sieve theory of the liv-
ing cell before it even got published in the year 1941. 

In theory, demonstration that cell membrane is permeable to Na+ is by itself sufficient
to disprove the theory of Boyle and Conway. However, other evidence show that virtually
all the other cations and anions supposedly too big to traverse the pores of the sieve-like
cell membrane and listed in Table 6 are able to permeate the cell membrane as well:

(1) Li+:: Fenn (1936) 
(2) Ca2+: Campbell & Greenberg (1940); Rothenberg & Field (1948)
(3) Mg 2+: Conway & Cruess-Callaghan (1937); Fenn & Haege (1942)
(4) acetate ion: no data on acetate per se but carnosine, alias β-alanylhistidine, which

contains in it an acetate moiety, is permeant (Eggleton & Eggleton 1933)
(5) sulfate ion (SO4): (Ling 1962, Figure 11-31 on p. 333)
(6) inorganic phosphate ion (HPO4): no data on membrane permeability per se but

hexose monophosphate, which contains the phosphate moiety is cell membrane
permeable (Roberts & Wolffe 1951)

Other solutes long considered impermeable to copper-ferrocyanide membranes of Traube,
and Pfeffer and to living cell membranes of de Vries and Overton are sucrose and free
amino acids. They too have also been shown to be membrane-permeable:

(7) sucrose: (Kolotilova & Engel’gardt 1937; Levine & Goldstein 1955) 
(8) (free) amino acids: (Eggleton & Eggleton 1933)

Boyle and Conway’s sieve theory was not put forth de novo for the first time. It was
the culmination of a great deal of research beginning with Moritz Traube’s Atomic
Sieve Theory introduced in 1867. Therefore, the year 1940 could be taken as the date
that the early (sieve) versions of the membrane theory came formally to an end. That
was 67 years ago. 

The membrane theory now began an internal change. Instead of sieves or ultrafilters,
the sodium pump moved to center-stage, only to be disproved also in the course of an-
other twenty years. Since I played a significant role in this part of the history, I will con-
tinue my narrative with a talk I gave in the world-famous Physiology Department of the
University of Chicago on a Monday afternoon in the spring of 1948.

My first encounter with the sodium pump hypothesis

I was born in Nanking, China to a scholarly family of Confucian beliefs. The two coun-
tries in which I have spent most of my life are China and America. However, before I was
born, these two countries were once at war — following what was known as the Boxer
Rebellion. After the sacking of Peking, the Chinese government paid indemnities over the
years to eight nations including the United States.

However, the United States decided not to use the indemnity money for her own bene-
fits. Instead, she persuaded the Chinese government to build two new institutions with that
money. 
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One institution was the Tsing Hua University built in the suburb of Peking. In time, this
university has become what I may call a blend of MIT and Harvard. 

Parenthetically, a sizable number of the current political leaders in China were educated in
that University. As an example, the current President of China, Hu Jin-tao was graduated
from Tsing Hua with a degree in Hydraulic Engineering. 

The second institution the US helped China to set up was the Boxer Scholarships. Its
purpose was to provide full financial support for advanced education in the United States
for twenty-some chosen scholars — one in each field of study, including physics, biology,
mathematics, economy, medicine. These Boxer scholars were chosen on the basis of a na-
tion-wide, competitive examination. Following traditional civil servant examinations, the
examination lasted a whole week and the names of the participants were sealed at the out-
set and not disclosed to anyone until the result were announced. 

Since its inauguration, five Boxer examinations had been held until 1938 when the
Japanese invasion of China put an end to many hopes including that of winning the Boxer
Scholarship. Then, for reasons unknown to me to this day, it was resumed once more in
1943 (for the last time) — and with it, came an unprecedented new rule: fresh college grad-
uates with no working experience were allowed to participate — a small technical change
of momentous importance to me, because I would be graduating from college in the sum-
mer of that year and would have no working experience to qualify for participation in that
examination if the old rule had not been changed. 

Then the best of the best breaks arrived. I won the biology (or more exactly, zoology)
slot of the Boxer Scholarship. My roommate, Chen-ning Yang won the physics slot.
Figure 11 is a copy of the list of chosen scholars announced by the Tsing Hua University
administering this the Sixth Boxer Exam. 

In 1945, Yang, I and most of the other 20 Boxer scholars flew over the Himalayan, vis-
ited Calcutta and Bombay before boarding the USS Liberty Boat, General Steward on her
return to the US. The voyage lasted one month, taking us through the Suez Canal, the
Mediterranean Sea and the Atlantic Ocean. 

Then, on a cold November afternoon, we approached Manhattan as a light snow was
falling on the Hudson River. The tall, dark and totally motionless skyline set against the
sky of a darkening evening was a visual experience I could never erase from my mind nor
duplicate in the long years to come. 

By Christmas time, I was already in Chicago. Better still, I had the opportunity of meet-
ing my much-admired professor, Ralph W. Gerard. Right away, he was enthusiastically
talking about the topic of a Ph.D. thesis for me, something about a small piercing elec-
trode. 

Beside taking required courses, the first leg of my Ph.D. program was largely techni-
cal. A microelectrode technique initiated earlier by Professor Gerard and his student, Ju-
dith Graham (Gerard and Graham 1942; Graham and Gerard 1946) was not yet in
working condition. A random set of membrane potentials measured across individual
muscle cells of frog sartorius muscles ranged from 41.0 to 80.4 millivolts — far too scat-
tered for the technique to be used to make quantitative measurements, which were badly
needed. 

Judith Graham was an intelligent and capable young woman, then trying valiantly to do
her Ph.D. thesis while also raising two young children. Such a combined enterprise would
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be difficult at any time, but that was wartime. In my view, she simply did not have the
time to do the nitty-gritty details. As my full scholarship took care of all my worldly
needs, I had the time to try out different ways to make the electrode work better. Good
luck once more favored me and I was able to get the microelectrode in working order be-
fore too long. 

Two years later in 1948, I completed my Ph.D. thesis on the effects of metabolism, tem-
perature and other factors on the membrane potential of single frog muscle fibers. The
thesis was also published conjointly with Professir Gerard and, a visiting scientist from
the West Coast, Walter Woodbury in four papers in the Journal of Cellular and Compar-
ative Physiology. The findings by and large confirmed Bernstein’s membrane theory of
cellular resting potentials. 
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FIGURE 11. 1944 Tsing Hua University announcement of the list of chosen scholars, one in each
of the twenty-two fields of study, on the basis of the 6th (Boxer) nationwide examination held in
1943 at different locations throughout China. Each chosen scholar would receive full financial sup-
port to complete advanced education in a University in the US chosen by the scholar involved.



So, for a while, I enjoyed being quite popular among my peers — including the privi-
lege of teaching Nobel laureate, Professor Alan Hodgkin of the Cambridge University of
England how to prepare a usable microelectrode — then referred to not infrequently as
the Ling-Gerard microelectrode. After that, the microelectrode technique spread rapidly
worldwide. 

To the best of my knowledge, there is no record on just how wide it has spread. How-
ever, there is a partial record made by the Swiss cardiac physiologist, Professor Silvio
Weidemann, who wrote in 1971 a review on “The Microelectrode and the Heart; 1950-
1970” (Weidemann 1971.) Under the section heading, “The cardiac descendents of
Gilbert Ling”, Weidmann showed how the art of pulling, filling and prodding was mostly
handed on through personal contacts. He then provided detailed documentation on the
names and locations of scientists engaged in heart physiology research with the micro-
electrodes. 

A summary of this documentation was given in the form of three maps reproduced here
in Figure 12. This reproduction is, in my view, important for the integrity of history. Since
my subsequent challenge of the sodium pump hypothesis — to be described below — has
drastically diminished my popularity among some of the most influential cell physiolo-
gists. As a symbol of displeasure, the term, Ling-Gerard microelectrode has become
stripped of its marker and reduced to a nondescript “glass capillary microelectrode.” This
said, I return to the time I was actively using and improving that microelectrode to fathom
what lies at the foundation of the electric potential of single frog muscle fibers.

Indeed, we were so excited about our success in affirming Bernstein’s membrane the-
ory of electric potential, we had little time for anything else. And that included the time
needed to learn about and face the cataclysmic impact of the new radioactive-tracer tech-
nology that had by this time already played a key role in shattering the foundation of the
(sieve version of the) membrane theory — with which, the reader of the prior pages of
this review by now has been well acquainted. 

As a result and suddenly, the sodium pump hypothesis was getting attention. Next thing
you know, I was invited to do a library research and report what I found to my fellow
graduate students and the faculty — in the departmental seminars held regularly on each
Monday afternoon. The time was somewhere in the spring of 1948 and the title of my
scheduled talk, the Sodium Pump.

Monday came. I began my talk with an apology. I told my audience that try as I did, I
just could not find anything substantial about the sodium pump. Indeed, the only thing
that I was sure of was that nobody seemed to know much about the sodium pump. 

After that brief introduction, I went on to tell my audience my general dissatisfaction
with the sodium pump hypothesis. I found on the library shelves an abundance of new ev-
idence showing that it was not just the sodium ion that was in difficulty. A lot of other
ions and non-electrolytes also exist in the cell at a concentration quite different from that
in the bathing medium and yet fully membrane-permeable. It was the entire sieve version
of the membrane theory that was in trouble. And, that included my own Ph.D. thesis,
which was founded on the assumption that the membrane theory had full validity. And,
the electric potential differences measured across the surface of individual muscle cells is
truly a membrane potential — as described in the title of my Ph.D. Thesis, “Membrane
Potential and Metabolism of Muscle” (Ling 1948.)
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FIGURE 12. Geographic locations of research laboratories that have adopted the Gerard-Graham-
Ling (alias Ling-Gerard) microelectrode to study the physiology and pathology of the heart. (from
Weidemann’s The Microelectrode and the Heart 1950–1970, Aulo Gaggi Publisher, Bologna)



So I asked myself and my audience what is the point of singling out one item and pro-
pose a theory specifically dealing with that one item alone and turn our back on every-
thing else? That was more or less the question on which I ended my talk. I was entirely
unprepared for what followed almost immediately after I stepped down from the podium.

For two of my most respected professors approached me in turn and using almost
exactly the same words, gave me the same message: The sodium pump is a sacred cow.
Leave it alone. There is no point making yourself a martyr. 

I was at once startled and moved by what they told me. I thanked each most sincerely
for their concern about my future. At that time, I thought that they were just overly wor-
ried. Who else beside myself could care about what one of the countless graduate students
thinks about such a purely academic idea? Moreover, the central issue as I saw was a lack
of solid information on the postulated sodium pump. It was just floating on hearsay.

I then asked myself, Why not do some simple bread-and-butter experiments testing the
sodium pump hypothesis? After that, we will have some real thing to argue about.
Furthermore, at that time I not only had all the needed facilities and frogs to carry out that
kind of a study and the time needed to do the experiments. All I needed was to switch my
attention from the membrane potential to the sodium ion content of the same tissues. 

So I did go ahead with a simple bread-and-butter experiment. Its aim was to find out if
cutting off the energy sources of the muscle cells would stop or at least slow down the
postulated pumping and thus bring about a rise of cell Na+ and a fall of cell K+?

Now, the two major sources of energy are respiration, which converts glucose or glyco-
gen to carbon dioxide and glycolysis, which converts glucose or glycogen to lactic acid.
To block the energy production, I exposed isolated frog muscles and nerves to both pure
nitrogen (N2), which suppresses respiration, and iodoacetate (IAA), which suppresses gly-
colysis and to a 0°C temperature, which would decrease the rate of inward leakage of Na+

into the muscle or nerve cells less ( by diffusion with a low temperature coefficient) than
it would decrease the postulated outward pumping ( a chemical process with a higher tem-
perature coefficient.) After five hours of incubation, the K+ contents of frog muscle and
nerve were analyzed; and the results, presented in Table 7 show that the concentration of
K+ does not change in either the muscles or the nerves.

Table 8 presents the result of a later study in which both the K+ and Na+ contents of
five kinds of frog tissues (muscle, nerve, testis, kidney, and heart) were analyzed after they
were exposed to IAA, 99.99% pure nitrogen for 7 hours and 45 minutes at 0°C. Neither
the K+ nor the Na+ contents of all five kinds of tissues thus treated showed any significant
departures from their control pairs. 

This finding was at once surprising and not surprising. Surprising because metabolic
poisons like those used have as a rule profound influence on the accumulation of inor-
ganic salt ions in plant cells (Lundegårdh and Burström 1933; Machlis 1944) and so is
low temperature (alone) (Ulrich 1941.) 

However, it is also not surprising because frog muscle (and nerve) are known to con-
tain a third source of energy in the forms of adenosinetriphosphate (ATP) and creatine
phosphate (CrP.) Thus, according to the then widely-taught theory of Lipmann (1941),
each molecule of ATP carries two high energy phosphate bonds represented as ~P and
each creatine-phosphate bound contains one ~P and this (high) energy (supposedly to be
stored in these high energy bonds) is supposed to be available for biological work per-
formance. That being the case, the store of ATP and CrP in the muscle and nerve cells
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could have explained why normal concentrations of cell Na+ and K+ were maintained for
at least 5 hours in the N2-IAA poisoned muscles and nerves kept at 0° C.

But there was still another theoretical possibility that should not be rejected offhand.
Namely, the possibility that an as-yet undetected energy source exists beyond respiration,
glycolysis and ~P-containing compounds, ATP and CrP. So I started to search for evi-
dence of the existence or non-existence of a fourth energy source. Before long, I found
the answer. 

Based on the total heat output in similarly poisoned frog muscle measured by Hill and
Parkinson (1931) and by Hukuda (1931) and some new data of my own (published even-
tually in 1973 by Ling et al 1973, pp. 11–12), I was able to conclude that there was no
fourth energy source beyond respiration, glycolysis and ~P carrying compounds (Ling
1952, pp. 764–765; Ling et al 1973, pp. 11–12.)

With the possibility of a fourth energy source out of the way, I was ready to design an
experiment, which had the potential of disproving the sodium pump hypothesis. The
essence of this study lay in finding out if the minimum energy need of the postulated
sodium pump maintained at 0°C would fall comfortably within the boundary set by the
maximum energy available to the muscle cell for a chosen period of time at 0° C, during
which the steady levels of both K+ and Na+ stay unchanged like those shown in Table 7.
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TABLE 7. The combined effect of Na iodoacetate, pure nitrogen and 0° C temperature on the
K+ concentration in frog muscles and nerves. Incubation lasted 5 hours in Ringer’s solution

containing 0.5 mM Na iodoacetate (IAA) at 0° C in an atmosphere of pure nitrogen. The
controls were in plain Ringer’s solution in air. (from Ling 1952, by permission of the Johns

Hopkins University Press, Baltimore)

Weight mM. K+/l. of
Type of Tissue Muscle No. (gms.) intracellular water

Sartorius 1 Control 0.0870 60.7
2 Expt’l 0.0750 69.8

Semitendinosus 1 Control 0.0710 72.6
2 Expt’l 0.0795 81.8

Tibialis anticus longus 1 Control 0.0938 71.1
2 Expt’l 0.0900 79.2

N. ischiadicus + 1 Control 0.0300 38.1
N. tibialis + N. peroneus 2 Expt’l 0.0260 39.5

Sartorius 1 Control 0.0730 73.4
2 Expt’l 0.0700 78.0

Semitendinosus 1 Control 0.0660 83.0
2 Expt’l 0.0730 77.4

N. ischiadicus + 1 Control 0.0260 42.8
N. tibialis + N. peroneus 2 Expt’l 0.0242 40.0

Muscles Nerves
Average Control 100.0% 100.0%

Expt’l 105.2% 98.5%



TABLE 8. The combined effect of iodoacetate, pure nitrogen and low temperature on the 
K+- and Na+-contents of various frog tissues. Isolated tissues of North American leopard frogs

(Rana pipiens pipiens, Schreber) were incubated at 0°C for 7 hours and 45 minutes. The
modified Ringer’s solution had been equilibrated with 99.99% pure nitrogen (Linde Corp.)

before the tissues were introduced. At the conclusion of the experiment, the individual tissues
were weighed and projected into 3 ml of distilled water to be heated in a 100°C water bath for

10 minutes or in 3 ml of 0.1 N HCl without heating. K+ and Na+ contents were analyzed by
flame photometry on a Beckman DU spectrophotometer with a flame photometer attachment

on aliquots of the tissue extracts containing a fixed amount of “radiation buffer”
(i.e., 100 mM Na for K+ assay; 100 mM K for Na+ assay.) Muscle 2 and 3 represent

respectively the semitendinosus and tibialis anticus longus muscles . 
“nerve” refers to sciatic nerve axons. (from Ling 1962)

Control or Tissue K, Na,
Frog No. Tissue experiment wt, mg μM/g μM/g

1 muscle 2a control 96.8 78.6 25.8
muscle 2 experiment 96.8 78.6 28.5
muscle 3a control 94.6 82.8 23.0
muscle 3 experiment 93.6 81.1 24.6

2 muscle 2 control 109.6 70.2 18.0
muscle 2 experiment 109.6 73.0 18.0
muscle 3 control 105.6 67.6 20.8
muscle 3 experiment 103.6 70.5 20.5

3 muscle 2 control 85.4 74.8 25.2
muscle 2 experiment 84.6 74.4 30.9
muscle 3 control 100.0 64.6 30.5
muscle 3 experiment 101.4 75.6 23.2

4 muscle 2 control 86.4 55.5b 41.6b

muscle 2 experiment 86.4 79.5 18.5
muscle 3 control 88.8 45.1b 57.7b

muscle 3 experiment 91.3 77.5 24.9
nerve control 33.0 34.8 73.0
nerve experiment 31.4 35.0 69.8

5 muscle 2 control 100.2 71.8 29.9
muscle 2 experiment 101.0 71.0 29.9
muscle 3 control 83.2 71.0 24.5
muscle 3 experiment 84.3 62.0 34.4
testis control 26.8 56.0 35.8
testis experiment 23.0 56.7 41.3
kidney control 66.4 30.0 51.4
kidney experiment 64.0 35.2 51.9
nerve control 32.8 38.7 62.8
nerve experiment 28.0 35.8 51.1

6 muscle 2 control 100.0 70.5 36.7
muscle 2 experiment 102.6 75.5 26.3
muscle 3 control 97.0 71.4 31.0
muscle 3 experiment 97.0 65.6 52.0
testis control 26.4 43.5 52.3
testis experiment 17.4 39.1 47.1
kidney control 74.2 40.4 60.7
kidney experiment 69.4 45.9 54.8
nerve control 30.2 37.1 79.5
nerve experiment 28.6 40.6 84.0
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Before going into more details, I shall begin with a brief account of why energy is
needed to pump the Na+ out of the cell (and K+ into the cell.) I shall then go into more
details on how to measure both the minimum energy need of the sodium pump and the
maximum available energy of the poisoned muscles all at 0°C. 

Since it is vitally important to maintain a constant temperature of 0°C, as much as pos-
sible, all operations and the instruments used to carry out these operations were kept at
0°C by being kept at temperature equilibrium with a mixture of water and cracked ice
mixture. The large container of this ice-water mixture as well as the essential measuring
at just above freezing were all installed in a constant temperature room maintained at just
above freezing. 

Suppose you have a wet basement. To remedy the situation one can install and operate
a sump pump to remove the unwanted water. This needs energy, because a weight of water
has to be moved by the pump against a gravity gradient. That is, pumping water from a
lower energy position on the floor of the basement to the higher energy position at the
street level. 
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7 muscle 2 control 102.2 75.2 38.6
muscle 2 experiment 103.6 86.7 27.5
muscle 3 control 97.0 83.8 29.5
muscle 3 experiment 97.0 82.6 28.1

8 muscle 2 control 88.0 83.0 27.6
muscle 2 experiment 82.0 86.2 31.7
muscle 3 control 80.4 78.4 33.7
muscle 3 experiment 83.4 84.4 27.6

9 muscle 2 control 98.2 80.0 28.6
muscle 2 experiment 94.8 84.3 27.4
muscle 3 control 92.6 78.9 30.4
muscle 3 experiment 92.8 77.4 35.9

10 muscle 2 control 90.8 71.5 29.6
muscle 2 experiment 90.8 72.7 32.8
muscle 3 control 98.2 73.5 28.1
muscle 3 experiment 100.3 72.8 26.1

9 heart experiment 97.6 29.8 52.5

5 heart experiment 104.0 21.4 38.7

6 heart experiment 88.6 33.9 48.6

7 heart experiment 90.4 22.2 63.0

8 heart control 83.4 36.3 56.3

4 heart control 80.0 45.0 49.0

10 heart control 83.4 40.2 47.2

TABLE 8 (continued)

Control or Tissue K, Na,
Frog No. Tissue experiment wt, mg μM/g μM/g



Pumping Na+ out of muscle cells involves moving each Na+ against, not one, but two
unfavorable gradients. One is an electrical gradient. Because the sodium ion is positively
charged, to move it from within the cell to outside it must be pushed against the 85 mV
inside negative-outside positive membrane potential (better, resting potential.) The other
gradient is a concentration gradient that arises from the much lower Na+ concentration in-
side the muscle cell than that outside in the bathing medium. 

With both the magnitudes of the two gradients determined, we already know the mini-
mum amount of energy that must be spent to move one sodium ion out. That known, the
last task would be to determine the rate of sodium ion pumping or the number of Na+ that
must be pushed out from within the cell in a unit time. Multiplying the amount of energy
that must be spent to move one Na+ out of the cell by the number of Na+ that are moved
out of the cell per unit time, say an hour and again by the duration of the experiment in
hours yields the minimum energy need for the sodium pump to keep the level of Na+ at
the physiological low level for the duration of the experiment. With the design of the
experiment made clear, I describe next the experimental details. 

One begins with getting living tissue for the experiment. More specifically, one isolates
a number of small muscle-fiber (or muscle-cell) bundles — with some 50 to 150 totally
intact muscle fiber or cells in each bundle — from the pair of double-headed semitendi-
nosus muscles from each thigh of one North American leopard frog (Rana pipiens pipiens,
Schreber.)

Some of the isolated muscle fiber bundles would be used in Part 1 of the study with the
purpose of determining the maximum energy available — under the assumption that the
energy would be used for one and only one purpose: to pump Na+. To achieve that goal,
one determines the total contents of ATP and CrP of the poisoned muscle — by enzymatic
methods, described in Ling 1997a, Appendix 1 — at the beginning of an experiment and
at the conclusion of the experiment. Their differences would provide the data to compute
the maximum energy available to the muscle fibers to keep the postulated sodium pump
going for the duration of the experiment, which lasted as a rule from 4 to 10 hours.

Other muscle-fiber bundles isolated from the (same) frog would be used for Part 2 of
the study. The overall purpose of Part 2 is to determine the minimum energy need of the
sodium pump to keep the Na+ and K+ unchanged at their normal physiological levels
through the duration of the experiment.

The muscle fiber bundles were exposed to the metabolic poisons in exactly the same
manner but, in addition, also exposed to radioactive tracer, 22Na-, or 24Na. Each of the iso-
tope-loaded and N2-IAA-poisoned muscle fiber bundle was then tied to a long piece of
surgical thread and mounted at the bottom of an U-tube, which in turn was placed inside
the “well” of a well-type γ-scintillation counter shown in Figure 13. The radioactivity in
the muscle fiber bundle is then continually monitored while a stream of non-radioactive,
N2-IAA Ringer’s solution kept at 0°C flows through the U-tube at a steady rate. 99.99%
pure nitrogen gas, further purified by passage through heated copper coils, bubbles
through the reservoir of N2-IAA Ringer’s solution continually. The radioactivity counts
collected yield data on the rate of pumping of Na+ from the muscle cells.

Other similarly treated muscle fibers bundles were periodically pulled out of (and re-
turned to) the U-tube and had their resting potential measured with a Gerard-Graham-
Ling microelectrode (alias the Ling-Gerard microelectrode) in an electric potential
measuring setup placed within the same cold room maintained at just above the freezing
point. 
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The experiments outlined above were carried out more or less steadily with technolog-
ical improvements all along over a period of roughly six years between 1951 and 1956. 

Over the six-year period many experiments were performed some complete, others in-
complete (for more details, see legend of Figure 8.9 in Appendix I of Ling 1997a.) With-
out exception, all of them confirm and extend the earliest results reported in 1952: the
minimum energy need was 400% of that maximally available.

However, the work first reported in 1952 was done with less sophisticated methods. 
Refined methods which evolved as time went along reached the peak of accuracy in the
three sets of experiments performed in the year 1956. For their historic importance, the
data are given in figure form (Figure 14) and also as a table as they were first presented
in 1962 (Table 9.)

These three sets of data of September 1956 show that the minimum energy need of the
sodium pump is from 15 to 30 times, or 1500% to 3000% of the maximally available
energy. Based on these findings, I reached the conclusion that the sodium pump hypoth-
esis is in conflict with one of the most fundamental laws of physics: The First Law of
Thermodynamics also known as the Law of Conservation of Energy. 

It is of interest that this law was first enunciated by one of the greatest scientist in history,
physiology-physicist, Ludwig von Helmholtz.

By any standard, a disparity of 1500% to 3000% is highly significant. However, even
these figures are gross under-estimations for a variety of reasons including the following:

(1) ~P idea disproved. Truly available energy is far below that assumed in the computa-
tion that led to the 1500% to 3000% figure. To obtain the 1500% −3000% value, I took
what was then higher values of the free energy of the ~P bonds from the literature −14.3
kcal/mole (ATP → ADP + P), −15.0 kcal/mole (ADP → AMP + P) and −12.8 kcal/mole
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FIGURE 13. The U-tube, γ-scintillation counter assembly of Ling-Schmolinski for the study of
22Na- .24Na- (and other γ-emitting radio-isotope-) labelled Na+ efflux rate studies of single and mul-
tiple frog muscle cells. (from Ling 1962, in his Figure 8-5 on page 198)
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FIGURE 14. Graphical illustration of the energy balance sheet for the postulated Na pump in frog
sartorius muscles at 0° C. This is the same set of data presented in Table 9 but in greater detail. 
The minimum rate of energy delivery required to operate a Na pump according to the membrane-
pump theory was calculated from integrated values of the measured rates of Na+ exchange shown
in a table in the Ling 1962 monograph labeled Table 8.7 and the energy needed to pump each mole
of Na+ out against the measured electrical and concentration gradients (Table 8.5 and Figure 8.7.)
The maximum energy-delivery rate was calculated from the measured hydrolysis of CrP, ATP and
ADP, the only effective energy sources available to the muscles which were poisoned with IAA and
N2. Total inhibition of respiration and of glycolysis was assured by the simultaneous presence of
0.001 M NaCN (in addition to N2 ) and verified by the actual measurement of residual lactate pro-
duction (in addition to IAA.) There is no significant difference if the data on flux rate for series A
in Table 8.7 are used rather than those for series B. Details of one of the three complete sets of data
obtained in September of 1956 are given in Table 8.4 of 1962 monograph. It should be pointed out
that six more sets of similar experiments were completed (3-20-53, 4-12-54, 4-13-55, 5-20-55, 5-
30-55 and 8-9-55); the duration of soaking in the poison gave a mean maximum rate of energy de-
livery even lower than the data from the three sets used in these cacluations. Since the development
of the final procedure for ATP-ADP determinations as described in Appendix D of 1962 monograph
was not completed until the end of 1955, the earlier data have not been included. (from Ling 1962
in his Table 8.9 on page 211)
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TABLE 10. A (partial) list of membrane pumps already formally postulated assembled in
1968. For detailed information on the source references, see Ling et al 1973. 

(by permission of Annals of New York Academy of Sciences, Blackwell Publishing)

Solute Direction System Reference*

Na, K coupled many cells 169
Ca++ outward RBC, striated muscle 170, 171
Mg++ outward frog sartorius 172
Choline+ inward RBC 173
Amino acids inward RBC, muscle, tumor 174–176
D-xylose inward rat diaphragm 177
D-xylose outward rat diaphragm 178
Na+ inward frog sartorius 179, 180
Noradrenaline inward vascular smooth muscle 181
Prostaglandins inward mammalian liver 182
Curarine inward mouse diaphragm 183
Br−, I−, ReO4

−, WO4
− outward Ascites 184

CU+2 inward Ascites 185
Aminopterin inward Yoshida sarcoma 186
Cl− inward squid axon, motor neurons 187, 188
Mn++ inward E. coli 189
Cl− outward E. coli 189
Sugars inward E. coli 189
Amino acids inward E. coli 189
Tetracycline inward E. coli 190

(CrP → Cr + P). However, later work of Podolsky and Morales (1956) demonstrated that
the original value of the enthalpy change involved in the ATP → ADP reaction has a sub-
stantial contribution from the heat of neutralization of the H+ liberated during the reaction
and not free to energy biological work performance. So the very concept of high-energy-
phosphate bond has become untenable. Since virtually all the (maximally available)
energy is that involved in the hydrolysis of ATP, ADP and CrP, the “downsizing” would
further enhance the disparity between energy available and energy needed by large factors.

(2) Many more pumps needed The sodium pump is, as already pointed out above, only
one of an ever-lengthening list of needed pumps to keep the cell afloat. Thus, it was not
surprising that in a by no means comprehensive search, Ling et al (1973) had compiled a
list of membrane pumps that have already been formally introduced and reproduced here
as Table 10. Some of these newly added pumps are pumps for whole categories of solutes
like sugars and free amino acids. Therefore, the real list in individual pumps required are
actually much lengthier than the table appears to tell. Each one of these many pumps
would require energy to keep on operating. Added together, that would truly dwarf the
1500% to 3000% figure cited above. 

Table 11 shows another list of the diverse compounds. A considerable portion of them
show below-unity intracelluar-extracellular concentration ratios — called the q-values. Yet
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TABLE 11. The time to reach full equilibrium in the distribution of all the listed
(radioactively labeled) chemical compounds between the bathing Ringer’s solution and the

frog muscle cells and the true equilibrium distribution coefficient or q-value ot each of the
chemicals listed. (data partly from Ling et al 1993)

Solute Equilibration Time (hours) q-value

water << 1 1.00
methanol <20 0.91
ethanol <20 0.81
acetamide <10 1.00
urea <24 1.05
ethylene glycol <10 1.02
1,2-propanediol 24 0.83
DMSO <1 0.72
1.2-butanediol 24 0.87
glycerol <20 1.00
3-chloro- 1,2-proranediol 24 0.89
erythritol <20 0.29
D-arabinose <45 0.27
L-arabinose <45 0.27
L-xylose <45 0.26
D-ribose <24 0.26
xylitol 24 0.22
D-glucose <15 0.23
D-sorbitol <10 0.23
D-mannitol <24 0.22
sucrose <8 0.13
raffinose 10 0.10

they are all fully membrane permeable, reaching diffusion equilibrium in the time speci-
fied in the second column. Most of these compounds are not found in the natural environ-
ment of frog muscle cells, some like DMSO and chloro-propanediols came into existence
on this planet in the laboratories of some organic chemists. Yet, they too are like Na+ found
with a below unity q-value and membrane-permeable, thus requiring an energy consuming
pump. In theory, the number of organic compounds that future efforts of organic chemists
could produce is without limits. So, the ultimate energy requirements of all of them to-
gether would be infinite. And the energy disparity would also become infinite. 

(3) No space in the cell membrane to accommodate an infinite number of pumps.
But even that is not the only argument against the membrane pump model. There is an-
other question that arises from the simple physical fact that two subjects cannot at the
same time occupy the same space. That is, the cell membranes which have been assumed
to accommodate the diverse pumps have only a limited volume — an extremely small vol-
ume if one recalls the usual value assigned is about 60 Å thick. How can that limited
space provided by the membrane of each living cell accommodate an infinity of pumps?
It simply cannot.
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In years following, the essence of the energy-disparity finding were twice confirmed
(Jones 1965; Minkoff and Damadian 1973.) Years later something truly bizarre happened.

A friend told me that he read an article written by a Science magazine reporter by the
name of Gina Kolata. In this article, she claimed that new experiments of two of my
former graduate students, Chris Miller and Jeffrey Friedman, had demonstrated that the
energy need of the sodium pump I calculated was excessive and that the sodium pump re-
ally exists. 

On further inquiry, I learnt that no such new experimental finding ever existed. The
whole thing represents a sad and miserable page in the history of science, when innocent
young students were coerced into activities of which they should be profoundly ashamed.
However, this episode had one minor redeeming value. It propelled me to update exten-
sively the earlier work in a 75-page article entitled: “Debunking the Alleged Resurrection
of the Sodium Pump Hypothesis.” Published in 1997, the article is also available online
as a searchable pdf file (Ling 1997a.)

In summary, the sodium pump hypothesis in specific and the membrane pump hypoth-
esis in general violate the most basic law of physics, the Law of the Conservation of
Energy and thus are totally erroneous. Since the pump model was the last remedy to keep
alive the disproved sieve version of the membrane theory, the disproof of the pump model
spells the end of the membrane theory. The date of this disproof is 1962 and hence more
than forty years ago. 

Notwithstanding, the sodium pump is being taught as truth to all American students —
and to students outside America also to this very day. This is admittedly a strange sce-
nario. However, I am confident that eventually, it would all come out all right. Meanwhile,
we must be very patient. Remember this. Nothing truly worthwhile comes easy.

Searching for the Physical Basis of Life — after the demise of the
membrane theory 

In the first edition of his book, Biology and Its Makers, first published in 1908, William
A. Locy wrote: “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 studying this living substance—the seat of vital activity. This
was the beginning of modern biology.” (Locy 1908, p. 275.) 

That was exactly a full century ago. Have we done what Locy suggested during this
long period of time? Broadly speaking, the answer is Yes. However, most of the investi-
gators no longer call themselves cell physiologists or even use the name, protoplasm.
Instead, they call themselves biochemists, biophysicists, endocrinologists, embryologists,
enzymologists, protein chemists, electro-physiologists, pharmacologists, toxicologists 
etc. etc.

To emphasize that within bounds this division of labor was not mistaken but rather, an
unavoidable and necessary step in the progress toward a fuller and more coherent under-
standing. One can make this point more convincingly with the help of an analogy, an anal-
ogy of a gigantic and multi-dimensional cross-word puzzle. As such, it is beyond what
anyone person could solve. So there is no better alternative beyond cutting up the cross-
word puzzle into small pieces and work on them separately — first. 
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The overall result is, of course, fragmentation. This would be a difficult phase of the
enterprise. A great deal of time, energy and resources would be wasted in efforts wrongly
directed. However, in theory at least, one day some one will be lucky enough to sew them
together into a whole again in the right way — if we know how to preserve and retrieve
what are truly valuable information and what is simply junk. Fortunately, Google could
be vastly helpful in this task (see below.)

However, for the physiologists, there is another hurdle to overcome. To explain we use
the cross word puzzle model again but in a different context. 

An ordinary cross word puzzle involves putting the right words in unique places. To do
that successfully requires the command of a large and suitable vocabulary. A New York
Times cross-word puzzle is thus beyond the reach of a third grader. Nonetheless, if he or
she continues to learn more and more words, one day he or she would be able to erase his
or her earlier wrong entries and replace them with the correct ones and solves the puzzle. 

In solving the physiological cross-word puzzle, it is the relevant physical and chemical
laws and concepts that are inserted at the right places. At the time when Locy called for
the study of protoplasm in 1908, some key physics and chemistry were not yet available. 

However, by the time I arrived at the United States in 1945, the essence of three major
advances were already on hand. They are (1) the molecular structure of proteins, worked
out mostly by the great German chemist, Emil Fischer (1852-1919); (2) the branch of
physics called Statistical Mechanics, — which connects the properties and behaviors of
atoms and molecules to the properties and behaviors of macroscopic subject made up of
the atoms and molecules — invented by the great Austrian physicist, Ludwig Boltzmann
(1844–1906) and (3) lastly, the Induction Theory, a theory first introduced by American
chemist, G. N. Lewis (1875–1946) who showed that electronic polarization (or depolar-
ization) emanating from atoms in one part of a molecule can affect the properties and be-
haviors of atoms in another part of the molecule. 

Thus armed, I was able to introduce what became known as Ling’s Fixed Charge
Hypothesis in 1952. This turned out to be the embryonic version of a unifying theory of
living phenomena at the cell and below-cell level and given the name, the association-
induction (AI) hypothesis. It was published in 1962 by the Blaisdel Publishing Co. under
the title: A Physical Theory of the Living State: the Association Induction Hypothesis.
Three years later in 1965, an integral part of the AI Hypothesis, called the Polarized-
(Oriented) Multilayer Theory of Cell Water was added (Ling 1965) thus completing the
presentation of the AI Hypothesis. 

Three other monographs have been added since then: In Search of the Physical Basis
of Life published by Plenum Publ. Co., in 1984; A Revolution in the Physiology of the
Living Cell published by Krieger Publ. Co. in 1992, and finally, Life at the Cell and
Below-Cell Level published by the Pacific Press in 2001. 

For those seriously interested, there is no substitute to reading these books, especially
the last one. However, as a starter, I would recommend that you go to http://www.
gilbertling.org/lp6c.htm for two abstracts of the association-induction hypothesis. 

Let us now turn our attention away to the past and to those that are to inherit the future
and how what we do or not do may shape their individual and collective destinies. As a
start, let us think about the thousands upon thousands of biology teachers in America
alone, who are now teaching year in and year out, generation after generation of young
Americans a theory of what we all are at the most basic level — that is no more valid than
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the flat-earth theory. Yet, this is done as part of public and private education in science,
which has no other purpose beyond the search for the truth. 

Partly in response to the (unspoken) need for help of both the teachers and their wards,
I wrote and published a fourth book, Life at the Cell and Below-Cell Level (Ling 2001,
pp. iv–v). 

In order to bring this book to the attention of biology teachers, I paid $ 1200 for a full-
page an ad in the popular American Journal of Biology Teachers. Then something hap-
pened just two weeks before its scheduled appearance in print. From the mailman, I
received a note returning the $1200 I had paid for the ad and the message, that the top
man of that organization believed that my ad is in conflict with the aim of the magazine.
I wrote no less than six letters pleading with him that he was wrong but all to no avail. I
did not get a single word in reply. 

This seemingly incredible episode brought back to mind what once long ago my pro-
fessors warned me — incredibly to me at the tiime — not to tangle with the sodium pump,
which in their minds, had even then ceased to be a scientific hypothesis open to criticism
and questioning by anyone, but has become a sacred cow; and as such, “exempt from crit-
icism and questioning” (Webster Collegiate Dictionary.) The incredible episode has
shown me most convincingly that this exempt from questioning is not just in theory but
in reality — through the actions of the likes of the Executive Director of NABT.

That said, I want to reassure my readers that things are not all that hopeless as it might
sound. There are ways to get around these petty tyranny. At the moment, it is a little ironic
that it is the scientists at two noted Russian scientific institutions, Dr. Vladimir Matveev
of the Leningrad Institute of Cytology and Dr. Alexander Maligin of the Pavlov Institute
of Physiology and their crews who who apparently realized the great potential opportu-
nity suddenly open to the high-school and college students to learn about what is hap-
pening to the “science of all sciences” (DuBoi-Reymond 1853,) (cell) physiology. As a
first step, presently these cell physiologists are translating into Russian, Life at the Cell
and Below-Cell Level.

I thank Dr. Raymond Damadian and the Fonar Corporation and its many friendly and helpful mem-
bers for their continued support. I also thank Margaret Ochsenfeld and Dr. Zhen-dong Chen for their
skilled and dedicated cooperation, and our librarian Anthony Colella and Michael Guarino, Direc-
tor of Media and Internet Serviees, for their patience and tireless assistance over the years.

References

Abderhalden, E. (1898) Z. physiol. Chem. 25: 65 (p. 100).
Ayala, F.J. and Kiger, J.A., Jr. (1980) Modern Genetics, Benjamin-Cummings Publ. Co., Inc.,

Menlo Park, CA.
Baker, J.R. (1948) The Cell. Part I, Quarterly J. Micros. Sci. 89: 103. 
Baker, J.R. (1952) The Cell. A Restatement, History and Critique. Part III The Cell as a Morpho-

logical Unit. Quarterly J. Micros. Sci. 93: 157.
Bary, A.D. de (1860) Zeit. wiss. Zool. 10: 88.
Bary, A.D. de (1864) Die Mycetozoan (Schleimpilze). Ein Betrag zur Kenntniss der niedersten

Organismen 2nd ed., Engelmann, Leipzig.
Bayliss, W.M. (1927) Principles of General Physiology 4th ed., Longmans, Green and Co.,

London.

62 LING



Bernstein, J. (1902) Pflügers Arch. ges. Physiol. 92: 521.
Bernstein, J. (1912) Elektrobiologie Braunschweig: Vieweg.
Berzelius, J.J. (1840) Lehrbuch der Chemie von Wöhler, Bd. 9 p. 574.
Bigelow, S.L. and Bartell, F.E. (1909) J. Amer. Chem. Soc. 31:1194.
Blanchard, K.C. (1940) Water, Free and Bound in Cold Spring Harbour Symp. Quant. Biology 8: 1.
Boyle, P.J. and Conway, E.J. (1941) J. Physiol. 100: 1.
Brooks, S.C. (1940) Cold Spring Harbour Symp. Quant. Biology 8: 171.
Brown, R. (1828) Edinburgh New Philos. J. 5: 358.
Brown, R. (1833) Trans. Linn. Soc., London 16: 685.
Buchsbaum, R., (1965) Protozoan in The World Book Encyclopedia, Vol 15, pp. 737–739.
Bungenberg de Jong, H.G. (1932) Protoplasma 15: 110.
Bungenberg de Jong, H.G. and Kruyt, H.R. (1929) Proc. Koninkl.  Nederland Akad. Wetenschap,

Amsterdam, 32: 849.
Campbell, W.W. and Greenberg, D.M. (1940) Proc. Nat. Acad. Sci. 26: 176.
Chambers, R. and Höfler, K. (1931) Protoplasma 12: 338.
Cohn, F. (1847) Nova Acta [1847] Academiae Caesareae Leopoldino-Carolinae [of Halle] 22

(1850): 605–764; for partial English translation, see Huxley, T. H. “Yeast” The Contemporary
Review 19 (1872): 34. 

Cohn, W.E. and Cohn, E.T. (1939) Proc. Soc. Exp. Biol. Med. 41:445.
Collander, R. (1954) Physiol. Planarum 7: 420.
Collander, R. (1959) in Plant Physiology: A Treatise (F.C. Steward, ed.) Vol. II, p. 3., Academic

Press, New York.
Conway, E.J. and Cruess-Callaghan, G. (1937) Biochem. J., 31: 828.
Davson, H. and Danielli, J.F. (1943) The Permeability of Natural Membranes, Cambridge Uni-

versity Press, Cambridge. 
Disney, A.N., Hill, C. and Baker, W.E. (1928) Origin and Development of the Microscope The

Royal Micrsocopic Society, London, Chapter 4, pp. 89–115.
Dobell, C. (1928) Anthony van Leeuwenhock and his “Little Animals”, Harcourt, Brace & Co.,

New York.
Donnan, F. C. (1911) Z. f. Elektrochem. 17: 572.
Donnan, F. C. (1924) Chem. Rev. 1: 73.
Dowben, R. M. (1959) General Physiology: A Molecular Approach, Harper-Row, New York.
Du Bois-Reymond, E. (1848–49) Untersuchungen über Thierische Elektricität, Vol. I and II,

Reiner, Berlin
Du Bois-Reymond, E. (1853) Letter to Carl Ludwig dated January 7, 1853 in Two Great Scien-

tists of the Nineteenth Century: Correspondence of Emil Du Bois-Reymond and Carl Ludwig
(collected by Estelle Du Bois-Reymond and edited by P. Diepgen) Johns Hopkins University
Press, Batltimore.

Dujardin, F. (1835) Annales des sciences naturrelles : partie zoologique, 2d Ser. 4: 364.
Dumortier, B.C. (1832) Nova Acta Phys.Med. Acad. Caesar Leopold-Carolinae Nat. Curios (Part

1) 16: 217.
Dutrochet, H. (1824) Recherches anatomique et physiologique sur la structur intime des animaux

and et des végetaux, et sur les motilité, Baillière, Paris.
Dutrochet, H. (1827–1832) Annales chim. phys. Vol. 35, 37, 49, 51.
Dutrochet, H. (1837) Mémoir pour servir a l’hitoire anatomiques et physiologiques des végetaux

et des animaux, Baillière, Paris.
Eggleton, G. and Eggleton, P. (1933) Quart. J. Exp. Physiol. 23: 391.
Embden, G., Hirsch-Kaufmann, H. Lehnartz, E. and Deuticke, H. J. ( 1926) Hoppe-Seyler’s Z.

Phyiol. Chem., -151: 209.
Ernst, E. (1963) Biophysics of the Striated Muscle, Publishing House of the Hungarian Academy

of Science, Budapest, p. 112.
Fenn, W.O. (1936) Physiol. Rev. 16: 450.
Fenn, W.O. and Haege, E.A. (1942) J. Cell. Comp. Physiol. 19: 37.

HISTORY OF MEMBRANE (PUMP) THEORY 63



Findlay, A. (1919) Osmotic Pressure 2nd edition, Longmans, Green, Inc., London.
Fujita, A. (1921) Biochem. Z. 159: 370.
Fujita, A. (1926) Biochem. Z.170: 18.
Gérard, P. (1912) Compt. Rend. 154: 1305.
Gerard, R.W. and Graham, J. (1942) Fed. Proc. 1: 29.
Glasstone, S. (1946) Textbook of Physical Chemistry, van Nostrand Co. Inc., New York.
Gortner, R.A. (1930) Trans. Farad. Soc., 26: 678.
Gortner, R.A. (1938) Outline of Biochemistry, 2nd ed., John Wiley  and Sons, New York, pp.

279–280.
Graham, T. (1861) Phil. Trans. 151: 183.
Graham, J. and Gerard, R.W. (1946) J. Cell. Comp. Physiol. 28: 99.
Grew, N (1672) The Anatomy of Plants wth a General Account of Vegetation founded thereupon.

Hickman, London.
Grew, N. (1682) The Anatomy of Plants with an Idea of a Philosophical History of Plants. And

Several of the Lectures, read before the Royal Society. Published by the Author, place not
given.

Hall, T.S. (1951) A Source Book in Animal Biology, McGraw-Hill, New York.
Hall, T.S. (1969) Ideas of Life and Matter: Studies in the History of General Physiology 600 B.S.

-1900 A.D., The University of Chicago Press, Chicago.
Hamburger, H.J. (1904) Osmotische Druck und Ionenlehre in den Medicinischen Wissenschaften

Band I (of a total of 3), Bergmann, Wiesbaden. 
Hannstein, J. von (1880) Das Protoplasm als Träger des Pflanzlichen und tierischen Lebensver-

richtungen. From Sammlung von Vorträgen für das deutsche Volk, Winter, Heidelberg, p. 169.
Harris, H. (1999) The Birth of the Cell,Yale Univ. Press, New Haven, London.
Heilbrunn, L.V. (1937) An Outline of General Physiology, 3rd ed, W.B. Saunders Co., Philadel-

phia.
Heppel, L. (1939) Amer. J. Physiol. 127: 385.
Heppel, L. (1940) Amer. J. Physiol. 128: 449.
Hermann, L. (1888) Pflügers Arch ges. Physiol. 42: 1.
Hill, A.V. (1930) Proc. Roy. Soc. London, Ser. B. , 106: 477.
Hill, A.V. (1932) Physiol. Rev.12: 56.
Hill, A.V. and Kupalov, P.S. (1930) Proc. Roy. Soc. London, Ser. B. , 106: 445.
Hill, A.V. and Parkinson, J.L. (1931) Proc. Roy. Soc. (London) B198: 148.
Höber, R. (1906) Physik. Chemie der Zellen und der Gewebe, 2nd ed.. Engelmann, Leipzig, Berlin.
Höfler, K. (1918) Ber. dtsch. bot. Ges. 36: 414.
Höfler, K. (1926) Planta , 2: 454.
Höfler, K. (1931) Ber. dtsch. bot. Ges.49: 19.
Höfler, K. (1932) Protoplasma 15: 462.
Hofmeister, F. (1891) Arch, Exp. Pathol. Pharmakol.28: 210.
Hooke, R. (1665) Micrographia or Some Physiological Descriptions of Minute Bodies Made by

Magnifying Glasses with Observationss and Inquiries Thereupon. London.
Hukuda, K. (1931) J. Physiol. (London) 72: 438.
Huxley, T. http://www.ucmp,berkeley.edu/history/huxley.html
Huxley, T. (1853) Brit. and Foreignr. Med. Chron. Rev. 12: 285.
Jones, A.W. (1965) Ph.D. Thesis, Appendix, University of Pennsylvania, Philadelphia.
Jones, T.R. (1841) A General Outline of the Animal Kingdom, van Voorst, London.
Kamnev, I, Ye. (1938) Arkh. anat. gistol. i embr. 19: 145.
Kaplanskii, S. Ya. and Boldyreva, N. (1933) Fiziol. Zh. 16: 219.
Kaplanskii, S. Ya. and Boldyreva, N. (1934) Fiziol. Zh. 17: 96.
Katz, J. (1896) Arch. f. d. ges. Physiol. 63: 1.
Kepner, G.K. and Stadelmann, E. J. (1985) Osmotic Investigations: Studies on Cell Mechanics ,

English translation of W. Pfeffer’s “Osmotische Untersuchungen”, van Nostrand, Reinhold
Co., New York.

64 LING



Kirchner, W. (1958) Western Civilization from 1500, 3rd ed., Harper Perennial, A Divison of
Harper-Collins Publishers.

Kolotilova, A.I. and Engel’gardt (1937) Biokhimiya 2: 387.
Kühne, W. (1859) Arch. Anat. Physiol. wiss. Med. 1859: 821.
Kühne, W (1864) Untersuchungen über das Protoplasma, Engelmann, Leipzig.
Kützing, (1841) Linnaea 15: 546.
Lehmann, H. and Huntsman, R.G. (1961) in Functions of the Blood R.G. MacFarland and A.H. T.

Robb-Smith, eds.) Academic Press, New York, pp. 73–148.
Lepeschkin, W.W. (1930) Protoplasma 9: 269. p. 275.
Levine, R. and Goldstein, M.S. (1955) Rec. Prog. Horm. Res. 11: 343.
Leydig, F. (1857) Lehrbuch der Histologie des Menschen und der Thiere, Meidinger, Frankfurt.
L’Hermite (1855) Ann. chim. phys. 43:420.
Liebes, S., Sahtouris, E., and Swimme, B. (1998) A Walk Through Time: From Stardust to Us,

Wiley and Sons, New York.
Liebig, J. von, (1847) Ann. d. chem. u. Pharm. Bd. 62, pp. 257–368.
Ling, G.N. (1948) Membrane Potential and Metabolism of Muscle Ph.D. Thesis, Univesity of

Chicago, Chicago, Il. 
Ling, G.N. (1952) In Phosphorus Metabolism (W.D. McElroy and B. Glass, eds.), Vol. II, Johns

Hopkins University Press, Baltimore, Maryland. p. 748.
Ling, G.N. (1962) A Physical Theory of the Living State: the Association-Induciton Hypothesis,

Blaisdell Publishing Co., Waltham, MA.
Ling, G.N. (1965) Persp. Biol. Med. 9: 87.
Ling, G.N. (1984) In Search of the Physical Basis of Life, Plenum Publ. Co., New York.
Ling, G.N. (1992) A Revolution in the Physiology of the Living Cell, Krieger Publ. Co., Malabar,

FL.
Ling, G.N. (1997) http://www.gilbertling.org
Ling, G.N. (1997a) Physiol. Chem. Phys. & Med. NMR 29: 123. available via http://www.physi-

ologicalchemistryandphysics.com/pdf/PCP29-2_ling.pdf
Ling, G.N. (2001) Life at the Cell and Below-Cell Level: The Hidden History of a Fundamental

Revolution in Biology, Pacific Press, New York.
Ling, G.N. (2006) Chapter 1, A Convergence of Experimental and Theoretical Breakthroughs Af-

firms the PM Theory of Dynamically Structured Cell Water at the Theory’s 40th Birthday. In:
Water and the Cell (Pollack, G.H., Cameron, I. L. and Wheatley, D.N., eds.), Springer Verlag,
Berlin, New York.

Ling, G.N. (2006a) Physiol. Chem. Phys. & Med. NMR 38: 55. http://www.physiologicalchem-
istryandphysics.com/pdf/PCP38-55_ling.pdf

Ling, G.N. and Gerard, R.W. (1949) J. Cell. Comp. Physiol. 34: 383.
Ling, G.N., Miller, C. and Ochsenfeld, M.M. (1973) Ann. N.Y. Acad. Sci. 204: 6.
Ling, G.N., Niu, Z. and Ochsenfeld, M. (1993) Physiol. Chem. Phys. & Med. NMR 25: 177.
Link, [D.]H.F. (1807) Grundlehren der Anatomie und Physiologie der Pflanzen, Dankwerts,

Göttingen.
Lipmann, F. (1941) Adv. Enzymolgy 1: 99.
Locy, W.A. (1908) Biology and Its Makers. Henry Holt, New York.
Loeb. J. and Beutner, R. (1912) Biochem. Z. 41: 1.
Lucké, B. and McCutcheon, M. (1932) Physiol. Rev. 12: 68.
Lundegårdh, H. and Burström, H. (1933) Planta, 18: 683.
Lundsgaard, E. (1930) Biochem. Z., 227: 51.
Macallum, A.B. (1905) J. Physiol.(London) 2: 95.
MacDonald, J.S. (1900) Proc. Roy. Soc. London, 67: 310.
Machlis, L. (1944) Amer. J. Botany 31: 183.
Malpighi, M. (1675) Anatomy Plantarum Royal Society, London.
Manuel, F.E. (1968) A Portrait of Isaac Newton Da Capo Paperback, a subsidiry of Plenum Press,

New York

HISTORY OF MEMBRANE (PUMP) THEORY 65



Malpighi, M. (1686) Opera omnia, figuris elegantissimis in aes incisis illustrata . 2 vol. Saw-
bridge, London.

McClelland, C.E. (1980) State, Society and University in Germany 1700–1914, Cambridge Uni-
versity Press, Cambridge, London, New York.

McQueen, A. (2000) Group Gives Biology Textbooks a Failing Grade, Phila. Inquirer , June 28,
2000, p. A4C.

Menken, H.L. (1925) Thomas Huxley http://www.freedomsnest.com/mencken_huxley.html
Menten, M.L. (1908) Trans. Canad. Inst.8: 403.
Meyen, F.J.F. (1837) Neues System der Pflanzen Physiolgie, Vol. 3, Haude und Spenersche Buch-

handl., Berlin.
Michaelis, L. (1925) J. Gen. Physiol. 8: 33.
Michaelis, L. (1926) Naturwissenschften 14: 33.
Michaelis, L. and Fujita, A. (1925) Biochem Z. 161: 47. 573.
Miller (1936?) Plant Physiology, McGraw Hill Publ. Co. New York
Minkoff, L. and Damadian, R. (1973) Biophysical J. 13: 167.
Mirbel, Brisseau de, (1835) Mem. Acad. Roy. Sci. Inst. de France, 13: 337.
Mohl, H. (1837) Allg. bot. Zeit, 1 : 17.
Mohl, H, von (1844) Bot. Zeit. 2: Col. 273.
Mohl, H. von (1846) Bot. Zeit. 4: Col. 73.
Mohl, H. von (1851) Grundzüge der Anatomie und Physiologie der vegetabilischen Zelle, Vieweg,

Braunschweig. 
Moldenhawer, J. G. (1812) Beyträge zur Anatomie der Pflanzen. Wäser, Kiel
Mond, R. and Amson, K. (1928) Pflügers Arch. ges. Physiol. 220: 69, p. 78.
Morse, H. N. (1911) Amer. Chem. J. 45: 558.
Nägeli, C. (1844) Z. wiss. Bot. , 1: 1, 34.
Nasonov, D.N. and Aizenberg, E.I. (1937) Biol. Zh. 6:165.
Nathanson, A. (1904a) Jahrb. wiss. Bot. 39: 607.
Nathanson, A. (1904b) Jahrb. wiss. Bot. 40: 403.
Nernst, W.H. (1889) Z. f. Physik. Chem. 4: 129.
Netter, H. (1928) Pflügers Arch. ges. Physiol. 220: 107.
Nollet (1748) Histoire de L’Acad. Roy. des Sciences, p. 101.
Oken, L. (1805) Die Zeugung. Goebbardt , Bamburg and Wirzburg
Ostwald, W. (1890) Z. phys. Chem. 6: 71.
Overton, E. (1895) Vierteljahrsschr. Naturf. Ges. Zürich 40: 159
Overton, E. (1899) Vierteljahrsschr. Naturf. Ges. Zürich 44: 88.
Overton, E. (1902) Pflügers Arch. ges. Physiol. 92: 346.
Pauli, W. and Rona, P. (1902) Beitr. Chem. Ohysiol. Path. 1902: 114.
Pfeffer, W. (1881) Pflanzenphysiologie Vol. 1, p. 26, Engelmann, Leipzig .
Pfeffer, M.F. (1877, 1st ed.) (1921, 2nd ed.) Osmotische Untersuchungen: Studien zur Zell-

Machanik, Engelmann, Leipzig. 
Pfeffer, M.F. (1985) Osmotic Investigation Studies on Cell Mechanics (English transl. by G.K.

Kepner and Ed. J. Stadelmann, Leipzig ), van Nostrand, Rheinhold, New York.
Pfeffer, W. (1897) Pflanzenphysiologie vol. 1, p. 116, Emgelmann, Leipzig.
Podolsky, R.J. and Morales, M.F. (1956) J. Biol. Chem. 218: 945.
Pringsheim, N. (1854) Untersuchungen über den Bau und die Bindung der Pflanzenzelle repr. in

Gesammelte Abhandlungen von N. Pringsheim 3: 33.
Purkinje, J.E. (1840) Uebers Arb. Veränd. Schles. Ges. vat Kult 16: 81.
Quinke, G. (1898) Ann. Physik. 64: 618.
Remak, R. (1852) Müller’s Arch. f. Anatomie, Physiologie and wisenschafliche Medizin, p. 49.
Rich, A.S. (1926) The Place of H. Dutrochet in the Development of the Cell Theory, Bulletin

Johns Hopkins Hospital 39: 330.
“Robert Hooke” Wikipedai, The Free Encyclopedia, Wikimedia Foundation, Inc. 20 Sept. 2007.

http://en.wikipedia.org/wiki/Robert Hooke p.2

66 LING



Roberts, I.Z. and Wolffe, E.L. (1951) Arch Biochem. Biophys. 33: 165.
Rothenberg, M.A. and Field, E.A. (1948) J. Biol. Chem. 172: 345.
Rothschuh, K.E. (1973) History of Physiology (G. B. Risse, transl.) Kriegers Publ. Co., Malabar.

Fl.
Rubner, M. (1922) -Abh.Preuss. Akad. Phys-nath. Klasse, pp. 3–70.
Rudolphi, K. (1807) “Vom Zellgewebe” Anatomie der Pflanzen, Myliussischen Buchhandlung,

Berlin.
Ruhland, W. (1908) Ber. dtsch. bot. Ges. 26a: 772.
Ruhland, W. (1912) Ber. dtsch. bot. Ges.30: 139.
Ruhland, W. and Hoffmann, C. (1925) Planta, 1: 1.
Schleiden, M. J. (1838) Beiträge zur Phytogenesis . Müller Arch Anat. Physiol. wiss. Med (no vol-

ume number) p. 137. Transl. In Sydenham Soc. (London)(1847).
Schultze, M. (1861) Arch. Anat. Physiuol. wiss. Med. 1861: 1. English transl. of part of this arti-

cle found in Hall, 1951, pp. 449–455.
Schwann, T. (1839) Nikroskopische Untersucheungen über die Übereinstimmung in de Struktur

und dem Wachstum der Tiere and Pflanzen. Engelmann, Leipzig. 
Schwann, T. (1847) Microscopical Researches into the Accordance in the Structure and Growth

of Animals and Plants (English translation by Henry Smith), Sydenheim Society, London. 
Science for All Americans (1990) Project 2061, Amer. Assoc. Adv. Science (AAAS), Oxford Univ.

Press., Oxford. 
Scruton, R. (1986) Spinoza, (Past Master Series) Oxford Univ. Press, Oxford, New York.
Singer, C. (1915) The Dawn of Microscopic Discoveries, J. Roy. Microsc. Soc. pp. 317–340. 
Singer, C. (1959) A History of Biology to About the Year 1900: A General Introduction of the

Study of Living Things, Abelard-Schuman, London, New York.
Singer, S.J. and Nicolson, G.L. (1972) Science, 175: 720.
Steinbach, H.B. (1940) J. Biol. Chem. 133: 695.
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