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Foundations
General physiology was traditionally a special introduc-
tory section of physiology books that dealt with general 
mechanistic and physical principles needed to under-
stand life (e.g., Ludwig, 1852, 1856; Bayliss, 1918). That 
section would typically include physical chemistry and 
properties of protein solutions (colloids); viscosity; en-
zyme reactions; osmosis; properties of gases; electricity; 
laws of diffusion; temperature effects; oxidation–reduc-
tion; growth; properties of cells; effects of salts, acids, 
and bases; muscle mechanics, and more. General phys-
iology [allgemeine Physiologie] was exemplified by 
disciples of Johannes P. Müller (1801–1858) and their 
circle, particularly Hermann von Helmholtz, Emil Du 
Bois-Reymond, Ernst Wilhelm von Brücke, Carl Lud-
wig, and Ludwig’s teacher, Adolf E. Fick. Paul Crane-
field (editor of JGP 1966–1995) cites Ludwig as saying 
in 1847 that “We four imagined that we should consti-
tute physiology on a chemico-physical foundation, and 
give it equal rank with physics” (Cranefield, 1957). Lud-
wig was referring to his contemporaries Helmholtz, du 
Bois-Reymond, von Brücke, and himself. When they 
were 26–30 years old, they were declaring the demise 
of vitalism and the ascent of physical explanations in 
biology. von Brücke (1843) proposed pore theories of 
biological membranes; Fick (1855) proposed the laws 
of diffusion, even specifically for pores in membranes; 
and Helmholtz measured the conduction velocity of the 
nerve action potential. The great physiologist Claude 
Bernard (1813–1878) also could be said to promote 
general physiology with his emphasis on the scientific 
method and experiments to establish ultimate causes 
of physiological phenomena and his insistence that the 
laws of life are the same as those for inanimate objects.

Founding JGP.  While in Jena in 1894, Max Verworn 
(1863–1921) first published his textbook Allgemeine 

Physiologie (Verworn, 1895), which emphasized the 
cellular underpinnings of physiology, and in 1902 he 
founded the journal Zeitschrift für allgemeine Physiolo-
gie. This German journal was published only until 1923, 
two years after Verworn died. In 1912, Jacques Loeb (bi-
ologist, Rockefeller Institute) published his first book, 
The Mechanistic Conception of Life (Loeb, 1912), and 
in 1918 he founded JGP in New York with himself and 
Winthrop J.V. Osterhout (botanist, Harvard) as coedi-
tors. Both frequented the Marine Biological Laboratory 
(MBL) at Woods Hole in the summers—a powerhouse 
of general physiologists working on marine animals, 
plants, and model systems. Before 1918, Loeb had been 
publishing many times a year in Science magazine and 
in Proceedings of the National Academy of Sciences of 
the USA. After he founded JGP, he switched to publish-
ing in this new journal, and amassed 61 articles within 
six years until he died at age 64. Osterhout, too, had 
published frequently in Science, but with the founding 
of JGP, he switched and eventually published 124 pa-
pers in its pages. One of them was an elegant, analytical, 
informative, and admiring obituary of his senior col-
league, Jacques Loeb (Osterhout, 1928). In 1926, Oster-
hout moved to the Rockefeller Institute to replace 
Loeb, continuing as an editor until 1964. John Northrop 
(biochemist, Rockefeller Institute) and William J. Cro-
zier (visual physiologist, Rutgers University, later mov-
ing to Harvard University) were subsequently added as 
coeditors. In 1946, Wallace O. Fenn (physiologist, Uni-
versity of Rochester) was added as well. Northrop pub-
lished 121 papers in JGP, Crozier, 119, and Fenn, 23.

These early events set a pattern. JGP started as a 
Rockefeller journal, a vehicle noted for the papers of 
its early editors that was edited in house. As well, there 
were papers from many other Rockefeller faculty and 
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from others elsewhere. The journal also had an imme-
diate association with the MBL in Woods Hole, and 
when much later the Society of General Physiologists 
was founded (1946), the Society and JGP maintained 
a loose association with each other and with the MBL. 
The number of JGP papers that included work from the 
MBL was considerable. Table 1 provides more informa-
tion on selected scientists who published in JGP, em-
phasizing the early days. Inter alia, it shows their years 
of publication in the journal, the number of publica-
tions, and whether they were associated with the jour-
nal editorial board or with the Rockefeller Institute. A 
thoughtful, scholarly, and more complete discussion of 
the founding of JGP, the philosophy of the founding 
editors, the editorial process, and the early content is 
found in an editorial by Olaf Andersen (editor of JGP 
1995–2008; Andersen, 2005).

From the beginning, papers in JGP ranged broadly in 
biology and biological physical chemistry with a quan-
titative or “biophysical” style. In the first eight years, 
subjects included cow, chicken, and human growth 
curves; infection of bread; tropisms in plants (helio-, 
geo-, photo-, and galvanotropisms); osmosis, tempera-
ture effects on many biological processes; and nervous 
responses of comb jellies, anemones, sea worms, Lim-
ulus, Planaria, and Drosophila. The cascade of papers 
from the editors was membrane- and permeation-bi-
ased, with titles like “A comparative study of permea-
bility in plants” (Osterhout, 1919), “Influence of the 
concentration of electrolytes on the electrification and 
the rate of diffusion of water through collodion mem-
branes” (Loeb, 1919), “Influence of the concentration 
of electrolytes on some physical properties of colloids 
and of crystalloids” (Loeb, 1920), “Donnan equilibrium 
and the physical properties of proteins: I. Membrane 
potentials” (Loeb, 1921), and “Conductivity and per-
meability” (Osterhout, 1921). They began the focus 
on penetration of electrolytes and water into cells or 
across model membranes. By way of reminder, collo-
dion (from nitrocellulose) can form an inert, porous, 
semipermeable membrane used for the classical dialy-
sis sac, and the Donnan (Gibbs-Donnan) equilibrium 
(Donnan, 1911) describes the unequal ion, potential, 
and osmotic distributions at equilibrium across a semi-
permeable membrane when a dissolved component 
on one side is charged and impermeant. Loeb used 
what he called gelatin chloride as the impermeant mol-
ecule, and found for example that trivalent ions and 
pH changes modified the permeability of the collodion 
membrane. Amusingly, after 14 articles and a book on 
the Donnan equilibrium from Loeb, Archibald V. Hill 
(1923a,b) wrote a brief complaining note in the Pro-
ceedings of the Royal Society and then in JGP proclaim-
ing his impatience with too much ado about Donnan. 
He said the results were self-evident from the second law 
of thermodynamics and they were not logical proofs of 

the Donnan mechanism. Loeb’s junior colleague David 
I. Hitchcock (physical chemist, later at Yale) wrote a 
rebuttal in JGP (Hitchcock, 1923). Loeb’s extended 
focus on membrane potentials in Donnan equilibria at 
that time may have contributed to a residual invocation 
even today in some textbooks of Donnan potentials for 
discussions of the plasma membrane potential of excit-
able cells. Donnan potentials can arise between blood 
and tissue fluids across the vasculature, but the Gold-
man-Hodgkin-Katz (GHK) style of explanation is usu-
ally a better choice for excitable membranes, which are 
never at equilibrium.

E. Newton Harvey published a long series of papers 
on bioluminescence (1919–1941). Northrop and Moses 
Kunitz published many papers on proteins, their first 
crystallization, their ionic properties in solutions, their 
kinetics, and their digestion by acid. For example, 
Northrop concluded from collodion membrane di-

Table 1. Founders and key authors on permeation

Name Publications in JGP Ed? Born Deceased RI?

No. of 
papers

First 
year

Last 
year

Jacques Loeb 61 1918 1924 Ed 1859 1924 Y
W.J.V. Osterhout 124 1918 1956 Ed 1871 1964 Y
Leonor Michaelis 14 1925 1941 Ed 1875 1949 Y
Wallace O. Fenn 23 1919 1968 Ed 1883 1971 N
Moses Kunitz 55 1923 1962 1887 1978 Y
John H. Northrop 121 1919 1968 Ed 1891 1987 Y
William J. Crozier 119 1919 1950 Ed 1892 1955 N
Kenneth S. Cole 25 1928 1975 1900 1984 N
Karl Söllner 16 1940 1960 1903 1986 N
H. Keffer Hartline 12 1923 1983 1903 1983 Y
Harry Grundfest 46 1932 1974 1904 1983 Y
Torsten Teorell 7 1936 1959 1905 1992 N
David E. Goldman 7 1943 1968 1910 1998 N
Ichiji Tasaki 9 1951 1976 1910 2009 N
Arthur K. Solomon 50 1952 1983 EB 1912 2002 N
Ahron Katchalsky 2 1961 1963 1914 1972 N
Lorin J. Mullins 31 1942 1986 EB 1917 1993 N
Gilbert N. Ling 4 1960 1967 1919 N
John W. Moore 20 1960 1979 1920 N
Susumu Hagiwara 20 1957 1980 EB 1922 1989 N
Daniel C. Tosteson 29 1955 1991 EB 1925 2009 N
George Eisenman 9 1953 2011 1929 2013 N
Paul Horowicz 8 1965 1984 EB 1931 1995 N
Clay M. Armstrong 29 1964 2014 EB 1934 N
Knox Chandler 27 1965 2006 EB 1933 2017 N
Alan Finkelstein 41 1958 2015 1935 Y
Bertil Hille 39 1967 2016 EB 1940 Y
Robert S. Eisenberg 22 1967 2009 EB 1942 N
Francisco Bezanilla 54 1969 2013 EB 1944 N
David C. Gadsby 23 1977 2015 EB 1947 Y
Olaf S. Andersen 36 1976 2015 Ed 1945 Y
Henry A. Lester 27 1975 2014 EB 1945 N
Christopher Miller 39 1979 2014 EB 1946 N
Ted Begenisich 24 1974 2012 EB 1947 N
Michael D. Cahalan 21 1976 2014 EB 1948 N

The table includes founding contributors and representative authors focused 
on permeation with publications in JGP that began before 1980. Ed, editor; EB, 
editorial board; N, no; RI, some direct association with the Rockefeller Institute 
or its successor, The Rockefeller University; Y, yes.
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alysis experiments that trypsin acts like a monovalent 
cation between pH 2.0 and 10 (Northrop, 1924) and 
pepsin acts like a monovalent anion between pH 1.0 
and 7 (Northrop, 1925). Northrop was later awarded 
a Nobel Prize for his work on crystallization of pro-
teins and viruses.

Subsequent years.  After Loeb died, collodion mem-
brane work in JGP was continued by Leonore Michaelis 
(Berlin, Johns Hopkins, then Rockefeller Institute), 
starting in 1925. He and Maud M. Menten had earlier 
developed the famous Michaelis-Menten equation for 
enzyme kinetics (Michaelis and Menten, 1913). Michae-
lis was mechanistic. He considered the molecular di-
mensions of pores. The titles sound familiar, e.g., 
“Studies on permeability of membranes: VII. Conduc-
tivity of electrolytes within the membrane” (Green et 
al., 1929). In the period 1924–1941, Hugo Fricke and 
then Kenneth S. Cole were publishing many papers in 
JGP on impedance and capacitance measurements of 
red blood cells, marine eggs, giant algae, and eventually 
of the squid giant axon, including the landmark “Elec-
tric impedance of the squid giant axon during activity” 
(Cole and Curtis, 1939). Such impedance measure-
ments set the stage for a new style of membrane bio-
physical studies in JGP a few decades later. The 1930s 
also began continuing studies on vision from H. Keffer 
Hartline, Selig Hecht, Maurice Henri Pirenne, George 
Wald, and W. J. Crozier. By the late 1950s, JGP was pub-
lishing flux work with radioisotopes and explicit studies 
of ion pumps and active transport. The 1960s brought 
the glass micropipette electrode, calcium actions, volt-
age clamp of excitable membranes and planar lipid bi-
layers, and studies of ion channels of excitable cells. 
The 1970s added vertebrate and invertebrate mus-
cle contraction.

Search queries on PubMed show that JGP has re-
mained solidly in the general physiology camp over 
its 100 years. PubMed shows ∼8,250 JGP articles alto-
gether (June 2017). Using terms for organisms suggests 
that many articles did not concern a specific organism: 
frog (17% of articles); rat or mouse (15%); plant terms 
(6%); bacteria, squid, and fish (3 to 4% each); virus or 
bacteriophage (2%); yeast (2%); and fly (0.4%). At the 
tissue level, we find cell (63%), nerve and neuron terms 
(29%), muscle (20%), and epithelia (5%). On the sub-
ject level, we find electrical terms, membrane, ion, and 
protein (39–45% each); channel (30%); transporter 
(30%); permeability (15%); enzyme (12%); water 
(10%); gene and nucleic acid terms (6%); and mito-
chondria, antibody, nucleus, and cytochrome (∼1% 
each). Thus historically, cell, membrane, electricity, ion, 
protein, channel, and transporter predominate. The 
gene revolution starting with Watson and Crick (1953) 
was not reflected quickly in JGP, nor was the contempo-
raneous membrane biophysics revolution of Hodgkin 

and Huxley (1952). Indeed, the Hodgkin-Huxley work 
was sufficiently complex, different, and complete that 
for more than a decade, there was very little follow-up, 
and there were relatively few citations in any journal.

Permeation
We turn now to ideas important for understanding 
membrane permeability and ion selectivity, concepts 
that were dear to the early editors. Many seminal papers 
and series of investigations appeared in JGP. Although 
the term “permeability” yielded only 15% of the pub-
lished JGP articles, the background ideas come from 
many more. My choice of articles to highlight is narrow, 
subjective, and not comprehensive. It emphasizes the 
first 60 years. JGP has played a central role in these con-
cepts, although much important work has appeared in 
parallel in many other journals.

Julius Bernstein (German physiologist, trained with 
du Bois-Reymond and von Helmholtz) postulated that 
cells are surrounded by a membrane that is selectively 
permeable to K+ ions at rest (Bernstein, 1902, 1912). 
This would account for the negative resting potential of 
excitable cells. He called his hypothesis “the membrane 
theory.” The absence of intracellular microelectrodes, 
radioisotopes, electron microscopy, or experimental 
distinction among various possible permeation mech-
anisms meant that for many decades, the membrane 
theory remained one hypothesis among several. During 
the first half of the twentieth century, experimentalists 
gradually recognized ways to measure fluxes and mem-
brane potentials, to distinguish plasma membranes 
of individual cells from tissue membranes formed by 
sheets of cells, to distinguish flux mechanisms like pas-
sive diffusion from active transport, and to measure one 
mechanism while preventing others. At the same time, 
new model lipid membranes were developed, and per-
meation and transport theories were elaborated.

Michaelis and Osterhout: Pores and carriers.  The pore 
hypothesis was developed by von Brücke (1843); he 
called them kanäle) for osmosis in pig bladders, and 
extended to glomerular filtration by Ludwig (1856). 
The hypothesis was repeated by many in the following 
100 years but not accepted for cell membranes until the 
1960s. A history of the pore concept is given in Hille 
(2001). Michaelis was a clear proponent in many papers 
in JGP measuring diffusion across “dried collodion” 
membranes. His was an appropriate mechanistic view, 
as seen in the following excerpt from Weech and Mi-
chaelis (1928): “In offering an explanation for the large 
differences in the diffusion rates of different substances 
through the same membrane there are two theories re-
quiring consideration. On the one hand we may con-
ceive of the membrane as a phase working as a solvent 
for the diffusing substance [the “solubility theory”]. In 
this case the partition coefficient would determine the 
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gradient of concentration of the substance in the mem-
brane and thus control the rate of diffusion. On the 
other hand it is possible that the specific mobility of the 
substance expressed as a diffusion coefficient has a dif-
ferent value within the membrane from that in water. In 
this case it is not necessary to use a concept of solubility 
although the two theories do not exclude each other…. 
In previous papers we have treated the dried collodion 
membrane as a sieve membrane with pores almost of 
molecular size. When the membrane channels are as 
minute as this a distinction between a molecule in solu-
tion in the membrane and one within a channel be-
comes doubtful…. In attempting then to form a mental 
picture of the mechanism of diffusion in our experi-
ments which would account for the observations made 
two possibilities were kept in mind. We thought it prob-
able that the great difference in the diffusion rates be-
tween molecules of different sizes was due to the fact 
that the membranes contained pore channels [empha-
sis mine] of varying sizes, that only the largest of these 
channels would serve for the passage of a large mole-
cule such as glucose, and that many more channels 
could be used by the smaller molecules such as acetone 
and urea…. However it is possible to formulate another 
hypothesis in which the great difference with which 
molecules of larger and smaller size diffuse may be at-
tributed to increased frictional resistance of the larger 
molecules against the pore walls rather than to varia-
tions of pore size.”

These passages reiterate thinking that dates back as 
far as von Brücke and Ludwig (Ludwig, 1856) and their 
successors. They were written as conditional or subjunc-
tive hypotheses, but they are a nice anticipation of what 
was to come much later for permeation in real biologi-
cal cell membranes. Recall that here they are about dial-
ysis sacs. In other papers, Michaelis postulates selective 
adhesion and charges on the pore wall as accounting 
for differences in the “transfer number” of anions and 
cations, and he anticipates effects of pore saturation 
with higher solute concentrations and related clogging 
of pores by the permeating substances.

At the same time, Osterhout was publishing his many 
studies of penetration of substances into giant algae in 
JGP. Experiments with NH3 entering Valonia showing 
saturation of influx at higher concentrations led him 
to propose a carrier-like theory in a Proceedings of the 
National Academy of Sciences of the USA paper enti-
tled “How do electrolytes enter the cell?” (Osterhout, 
1935): “A very simple explanation (suggested by the 
study of models) is that electrolytes enter by combining 
reversibly with a constituent HX of the protoplasm. The 
simplest assumption is that NH3 enters the nonaqueous 
layer [we would now say membrane] and reacts with 
HX…assuming that under the conditions of these ex-
periments the rate of entrance is proportional to NH4X 
at the outer surface of the protoplasm (which we may 

call NH4X0). Adsorption at the surface might give a 
curve somewhat like [the experimentally observed 
saturation curve] if adsorption occurred on a micelle 
[protein?] at the outer surface and if the micelle moved 
across the outer nonaqueous protoplasmic surface layer 
[outer face of the membrane] and reacted in the aque-
ous layer of the protoplasm to form a salt which then 
passed through this layer, and repeated the process at 
the inner nonaqueous layer [inner face of the mem-
brane]…. It is not impossible that strong electrolytes 
also enter by combining with one or more constituents 
of the protoplasm.”

Thus by the 1930s, membrane solubility, pores, and 
saturable carriers were being advanced in JGP as hy-
potheses for substances to cross into cells. None of 
them had been established, and some authors were 
still cautious about the use of the word membrane and 
about implicating specific classes of biochemicals or 
macromolecules.

Fricke and Cole: Capacitance and cell membrane.  Fricke 
published five papers in JGP on capacitance measure-
ments in suspensions of red blood cells or ghosts (1924–
1935) and gave a molecular interpretation. He extracted 
a fair value for the specific membrane capacitance from 
which he estimated that, if the membrane was “lipoid,” 
its thickness would be “from 20 to 30 carbon atoms, if 
we assume that the distance between two neighboring 
carbon atoms of an organic molecule is 1 to 1.5⋅10−8 cm 
[1 to 1.5 Å],” citing Langmuir’s estimates with fatty acids 
(Fricke, 1925). Cole continued with a series of imped-
ance measurements in JGP, mostly on whole cells or sus-
pensions of cells (1927–1941). He was a physicist who 
interpreted his measurements as linear electrical ele-
ments in an electrical equivalent circuit. He was not a 
physiologist, and he did not think about molecular ex-
planations so much as formal electrical ones. Cole’s 
most cited papers were in physics, concerning the elec-
trical properties and phase–angle behavior of physical 
capacitors. Nevertheless, his exquisite biological mea-
surements eventually showed that marine eggs, giant 
algal cells, and the squid giant axon were surrounded 
by membranes of very high resistance and capacitance 
(0.6–1.1 µF/cm2) and contained “sap” that was sever-
al-fold less conductive than seawater. The measure-
ments from Fricke and Cole significantly increased the 
probability that the postulated invisible membrane ac-
tually existed and that it was a major but exceedingly 
thin permeability barrier at the cell surface. Consistent 
with his formal electrical and nonmolecular style, Cole’s 
papers from this period may have mentioned only once 
(Cole, 1928) that Fricke had used membrane capaci-
tances (values similar to Cole’s later numbers) to calcu-
late a membrane thickness. All of these papers used 
only extracellular electrodes. They preceded intracel-
lular recording.
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Two of Cole’s papers in JGP had very special signif-
icance. Curtis and Cole (1938) initiated study of the 
squid giant axon at the MBL. Noting the difficulty of 
studying impedance of nerve bundles, they said, “It is 
therefore necessary to further simplify matters by mak-
ing transverse measurements on a single axon, but this 
was not considered possible until we were introduced to 
the squid giant axon by Dr. John Z. Young (1936). We 
are also very much indebted to him for his assistance 
in preliminary experiments which were made during 
the summer of 1936 at the Biological Laboratory, Cold 
Spring Harbor, Long Island.”

This was followed by the milestone discovery (Cole 
and Curtis, 1939) of large impedance changes during 
the propagated action potential of the squid giant 
axon as well as in Nitella (Cole and Curtis, 1938). It was 
through spending a month working with Cole and Cur-
tis at the MBL in 1938 and observing these impedance 
experiments that Alan L. Hodgkin first learned about 
the squid axon preparation and, as he says in his autobi-
ography (Hodgkin, 1992), that working as a team beats 
doing complex experiments alone. The key discovery 
of these squid papers was that the conductance of the 
membrane rose 40-fold during the action potential, 
and yet the capacitance did not change, leading Cole 
and Curtis (1939) to say, “We may reason, as we did for 
Nitella, that the conductance is a measure of the ion 
permeable aspect of the membrane and we see that the 
maximum conductance is far from a complete perme-
ability [i.e., the membrane does not break down fully]. 
And indeed the capacity, which represents the ion im-
permeable portion of the membrane, has not been en-
croached upon by more than 2%. Thus if the change on 
excitation is uniform throughout the structure of the 
membrane it must be so delicate as to leave the capac-
ity and phase angle nearly unchanged and conversely 
if there are drastic changes they must be confined to a 
small fraction of the membrane area.”

The last 17 words here are as close as Cole got to 
thinking about ion channels, a concept that even in the 
1970s he, Gilbert N. Ling, and Ichiji Tasaki (American 
cell physiologists born in China and Japan, respectively) 
were unwilling to accept (personal communication 
from K.S. Cole and I. Tasaki). For Cole and Tasaki, it 
was the entire membrane that became permeable to 
ions rather than specific structures within the mem-
brane. For Ling (1960), there was no membrane.

Theories for passive fluxes, membrane potentials, and 
ion selectivity.  Understanding formal physical rules of 
diffusion was a requirement for analyzing permeation 
in membranes. Once the concept of free ions was estab-
lished by Svante Arrhenius, Nernst (1889) could write 
the formula for equilibrium potentials, and Planck 
(1890) could formulate the equations of free diffusion 
of dissolved ions in concentration gradients based on 

individual ionic mobilities and concentrations solved in 
conjunction with the Poisson-Boltzmann equation. The 
Planck formulation was conceptually simple but led to 
difficult mathematical expressions in practice. Several 
practical simplifications were introduced by electro-
chemists. Henderson (1907) had given a formula for 
the steady-state potential (electromotive force) devel-
oped at the junction of two electrolytes in terms of 
free-solution mobilities and concentrations, based on 
the assumption that the concentrations varied continu-
ously as a linear gradient across the liquid junction. Ex-
pressions like his are the basis for our modern 
liquid-junction potential calculations and were used 
until the 1950s as the basis for concluding that K+ is by 
far more “mobile” than Na+ or Cl− in resting membranes 
of many cells (e.g., in JGP, Osterhout, 1930, 1939;  
Damon, 1932).

Over the years, many variations on the Nernst-Planck 
theory have been published in JGP. In the period 1939–
1959, Torsten Teorell advanced the theory of thick 
membranes containing a dense fixed charge (e.g., Te-
orell, 1953), with further tests by Karl Sollner and by 
Alexander Mauro and Alan Finkelstein (1958). Ora 
Kedem and Aharon [Katzir-] Katchalsky (Israeli physi-
cal chemists) described how to bring the phenomeno-
logical coefficients (mobilities) into accordance with 
the Onsager relations of irreversible thermodynamics 
(Kedem and Katchalsky, 1961). However, the most in-
fluential theoretical paper was one that assumed a con-
stant electric field in the membrane (Goldman, 1943).

In his PhD thesis and in JGP, Cole’s student David E. 
Goldman used the Nernst-Planck theory to give a widely 
adopted formulation for the diffusion potential across 
a membrane with different ion mobilities (Goldman, 
1943). He assumed that the electric field varied linearly 
across the membrane diffusion regime (constant field) 
and followed an integration method used by Neville F. 
Mott (British solid-state physicist) who had assumed 
a constant electric field in a theory for copper–cop-
per-oxide rectifiers. Goldman obtained two equations: 
the ion fluxes for individual ions and the membrane 
zero-current voltage, equations that we usually call the 
GHK equations. For a single salt with concentrations 
n1 and n2 on the two sides, producing cations (+) and 
anions (−) with mobilities u+ and u-, he wrote the mem-
brane voltage as

  V =   (  RT / F )   ln   [    (   u  +    n  2   +  u  -    n  1   )    /   (   u  +    n  1   +  u  -    n  2   )    ]   . 

Hodgkin and Katz (1949) reexpressed this in terms of 
membrane permeabilities and as sums for several ions 
on the inside (i) and the outside (o) of the membrane, 
illustrated here for Na+, K+, and Cl−:

  V =   (  RT / F )   ln   [     (   P  Na     [  Na ]    O   +  P  K     [  K ]    O   +  P  Cl     [  Cl ]    i   )     _________________________    (   P  Na     [  Na ]    O   +  P  K     [  K ]    O   +  P  Cl     [  Cl ]    O   )     ]   . 
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This equation subsequently became the workhorse for 
interpreting reversal potential measurements in terms 
of relative ion permeability. These relative permeabil-
ities often were taken as an experimental definition 
of ion selectivity. For a deeper discussion of such con-
stant-field equations and their considerable impact on 
work in JGP, see the JGP Milestone article by Alvarez 
and Latorre (2017).

Solomon and Mullins: Pore radius and selectivity.  The 
period 1935–1955 saw theoretical discussions of effects 
of pore size on ultrafiltration accompanied by measure-
ments in collodion membranes. Pores were represented 
as cylinders, and solutes as spheres. In JGP, John D. 
Ferry (1936) introduced the notion of the pore as a tar-
get of molecular collisions that failed if the solute hit 
the rim of the pore. As in a basketball hoop theory, only 
solutes that missed the pore rim could enter. Conceptu-
ally, for capture, the center of the solute had to strike 
within a reduced circle whose radius was equal to the 
pore radius minus the solute radius. As the area of this 
capture circle decreased, so the predicted permeability 
decreased. Again, in JGP, Eugene M. Renkin supple-
mented this with theory from physical chemists and en-
gineers to account for friction of sliding along long 
pore walls (Renkin, 1954). The friction was expressed as 
a polynomial expansion of the ratio of solute radius to 
pore radius. Thus, from Renkin we have functions de-
rived from a theory of entry and flow of spheres of dif-
ferent sizes through a viscous medium in a long, narrow 
cylinder. The theory was a continuum theory because, 
although the test solute molecules were represented as 
spheres of approximately the right size, the medium in 
the cylinder was treated as a viscous continuum rather 
than as a realistic collection of water molecules and a 
wall made of molecules. Again, a solute that almost 
spanned the pore diameter was less permeant that one 
that was smaller.

By the late 1950s, serious efforts were made to define 
the molecular dimensions of pores in plasma mem-
branes. In a series of JGP papers, Arthur K. Solomon 
(biophysicist, Harvard University) determined what he 
called the equivalent pore radius of hypothetical water 
pores in the red blood cell membrane. Studying osmo-
sis, he measured initial swelling or shrinking rates of the 
cells as they were placed in media supplemented with 
small nonelectrolytes as osmoticants. Water would flow 
out of cells if the nonelectrolyte was large and imper-
meant and therefore osmotically active, but not if the 
solute was small and readily permeant. Some molecules 
like glycerol, urea, and several of their relatives fell in 
between these extremes, and their dimensions could be 
used to define a smoothly decaying function ending in 
absolute cutoff. The results were fitted to Renkin’s con-
tinuum theory. By these criteria, the equivalent water 
pore radius in human red blood cells was 4.2 Å (Gold-

stein and Solomon, 1960). Several decades later, we un-
derstand that the water is flowing through aquaporin 
water channels and that some subtypes of aquaporin 
pores are permeable to glycerol and urea.

For discussion of ion selectivity in the period between 
1940 and 1970, there was a gradual shift in the physio-
logical literature from considering the hydrated radius 
of ions to the crystal radius. The hydrated radius is a fic-
titious number that derives from the aqueous mobility 
of ions. To account for the lower mobility of Na+ com-
pared with K+ in electrophoresis and in diffusion, Na+ is 
assigned a larger effective hydrated radius even though 
it has a smaller crystal (ionic) radius. This was conve-
nient to try to explain the greater permeability of K+ 
in the resting cell membrane using a pore (sieve) the-
ory. However, from the perspective of molecular struc-
ture, one cannot construct a particle with this fictitious 
hydrated radius, which in some examples would be a 
number like, e.g., 1.2 times the ionic radius. Instead, 
one must start with the crystal ionic radius and add 
individual discrete water molecules as required. This 
kind of realistic approach was developed to describe 
ion exchange at binding sites. Thus, Gilbert N. Ling de-
veloped his association-induction model for binding of 
small cations to cytoplasmic anions (Ling, 1960), and 
George Eisenman developed his model for ion-selec-
tive glass electrodes on the basis of naked small cations 
trading waters of hydration for an anionic binding site 
(Eisenman, 1962). From the energetics, they realized 
that a series of different binding selectivity patterns 
among cations arise as the radius of the anionic site is 
made smaller (“stronger field strength”). New crystal 
structures of highly ion-selective ionophore complexes 
supported the idea of a bare cation binding to polar 
atoms of the carrier molecule. Thus, the valinomy-
cin-K+ complex showed K+ coordinated by six carbonyl 
groups pointing at it and forming a tight cage (Pinker-
ton et al., 1969).

Lorin Mullins considered realistic atomistic parti-
cles and pore sizes to develop the first comprehensive 
model for an excitable membrane (Mullins, 1959a,b, 
1960). His was a model where a close fit was best 
for permeation.

If an ion is to permeate through a membrane 
composed of small pores, it must replace the water 
molecules that are serving as hydration with other mol-
ecules (the pore walls), which will serve this function 
(Mullins, 1959a).

This is similar to the way that selective pores are de-
scribed today. He postulated that pores in the resting 
membrane of a frog muscle or squid giant axon would 
have a narrow, bell-shaped distribution of radii. At rest, 
the distribution was centered on a radius that closely fit 
a K+ ion surrounded by exactly one layer of water mol-
ecules (Fig. 1 A). The fraction of pores fitting the one-
layer hydrated Na+ ion was only 4%. However, when the 
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membrane was depolarized, all the pores were “com-
pressed” so that they acquired a size optimal for Na+ 
ions and too small for K+ ions (Fig. 1 B). The compres-
sion would account for the rise of Na+ permeability (ac-
tivation of Na+ channels) with depolarization. Mullins 
said that similar models would also work if cations with 
no waters or with two layers of waters were the permeant 
species. In this ingenious and parsimonious model, K+ 
channels and Na+ channels were the same molecules 
in different states of expansion, a view that Mullins es-
poused for at least another decade (Mullins, 1968).

Armstrong, Bezanilla, and Hille: Selectivity filter geome-
try.  During the 1960s, the membrane came to be re-
garded more clearly as having one set of permeability 
properties because of the lipid bilayer and another set 
because of intrinsic proteins that were boldly called ion 
channels, pumps, and transporters. The functions of 
these intrinsic transport proteins could be dissected by 
use of specific blockers and inhibitors. The arrange-
ment of membrane proteins in the membrane was de-
scribed as proteins swimming in a sea of lipids in the 
fluid mosaic hypothesis of Singer and Nicolson (1972). 
The concept of single channels came into sharper focus 

in JGP as electrical measurements on model mem-
branes revealed stepwise increases of ionic current in 
the picoampere range as pore-forming materials were 
introduced into the membrane (Bean et al., 1969; Fig. 2).

Between 1965 and 1980, the ionic selectivity of sev-
eral ion channels was probed in detail by voltage clamp 
(Chandler and Meves, 1965; Hille, 1971, 1972, 1973; Be-
zanilla and Armstrong, 1972; Adams et al., 1980; Dwyer 
et al., 1980). The measured reversal potential changes 
and relative permeabilities from the GHK voltage equa-
tion gave the selectivity for a wide range of small cations. 
Except for the Chandler and Meves study, all were pub-
lished in JGP. For example, Chandler and Meves (1965) 
and Hille (1971, 1972) found that the voltage-gated Na+ 
channel of axons is permeable to 11 small organic and 
alkali metal ions and impermeable to 18 only marginally 
larger ones. Similarly, Bezanilla and Armstrong (1972) 
and Hille (1973) found that K+ channels of axons are 
permeable to four small cations and impermeable to 
seven others. Such measurements were interpreted 
in terms of a close fit of the largest permeant ion to 
a relatively short rigid pore lined with oxygen dipoles 
and, in the case of the Na+ channel, with an acid group 
(–COO−) as well. These biophysical studies led to very 

Figure 1. The Mullins model for pore 
selectivity based on a distribution 
of pore sizes. The curves show an as-
sumed Gaussian distribution of pore 
radii, and the vertical bars represent 
the fraction of pores matching the in-
dicated ion. (A) Distribution of radii in 
a resting polarized cell with many pores 
passing K+ ions (from Mullins, 1959a). 
(B) Original curve and, to the left, the 
new distribution of radii during mem-
brane depolarization. Pores have “com-
pressed” to smaller sizes suited for 
passing Na+ and no longer permeable 
to K+ (from Mullins, 1959b).
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specific speculative predictions of the pore dimensions 
(Fig. 3, A and B). Organic ions capable of forming hy-
drogen bonds with the oxygen dipoles were allowed the 
closer approach permitted by H-bonds. Similarly, Dwyer 
et al. (1980) and Adams et al. (1980) found that the nic-
otinic acetylcholine receptor of frog motor endplates is 
permeable to 55 small organic ions and 15 alkali and 
alkaline earth metal ions and not measurably perme-
able to 7 marginally larger ones. This clearly larger and 
poorly selective pore could be described by the mini-
mum rigid-pore approach (Fig. 3 C) and alternatively 
by the Ferry-Renkin continuum approach, which gave 
a pore radius of 3.7 Å (Dwyer et al., 1980), similar to 
Fig.  3  C. Only after several more decades have these 

several geometric hypotheses begun to be tested by di-
rect x-ray and cryo-electron microscope structures of 
the channels (Doyle et al., 1998; Payandeh et al., 2011; 
Morales-Perez et al., 2016). The early biophysical pre-
dictions have been gratifyingly validated, at least at the 
1.5–4 Å resolution level available so far. Still remaining 
to resolve is how much the channel pore flexes and ac-
commodates during the passage of each ion.

Flux ratio, selectivity, saturation, and block.  The initial 
thinking about fluxes in ion channels had assumed (1) 
free diffusion as embodied in the early description of 
Fick (1855) or at least, a century later, (2) ions moving 
independently as in the independence principle of 

Figure 3. Drawings of proposed pore dimensions from the JGP archive. The three pores are drawn to the same scale and crystal 
radii have been used for ions. (A) Voltage-gated K+ channel of squid axon showing four oxygen dipoles with close contact to a K+ ion 
and less perfect contact to a Na+ ion (Bezanilla and Armstrong, 1972). (B) Voltage-gated Na+ channel of frog node of Ranvier show-
ing Na+ and a water molecule fitting into the pore formed by eight oxygen dipoles. The bottom two (1, 1′) were proposed to be from 
an ionized carboxylic acid. The grid in the background is 1-Å squares (Hille, 1971). (C) The large nicotinic acetylcholine receptor pore 
of frog muscle represented only as a 1-Å grid would fit an alkali metal ion together with several water molecules (Dwyer et al., 1980).

Figure 2. Stepwise unitary currents induced by 
bacterial “excitability inducing material (EIM).” A 
planar lipid bilayer was treated twice with a small 
amount of EIM at arrows. The membrane potential 
is held at −15 mV starting just before the first EIM 
addition. The record shows a total of 14 min, reset 
to the left edge each time it goes off the right edge 
(Bean et al., 1969). This paper in JGP may be the first 
publication to show single-channel currents.
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Hodgkin and Katz (1949). These assumptions were im-
plicit when Danielli (1939) described solutes crossing 
the membrane as traversing a series of energy barriers 
(Fig. 4 A) and when Eyring et al. (1949) used rate the-
ory to add a voltage drop and electrical forces on the 
ions for such energy diagrams. The assumption of inde-
pendence had to be revised when Hodgkin and Keynes 
(1955) found that the ratio of inward and outward iso-
topic fluxes of K+ ions in K+ channels of squid giant 
axons could be described better by a model with several 
ions moving coordinately in single file in a long pore 
and not by free diffusion.

In JGP, evidence accumulated that fluxes in volt-
age-gated Na+ channels and in a sarcoplasmic reticu-
lum cation channel became saturated with increasing 
ion concentration (Hille, 1971; Coronado et al., 1980; 
Fig.  4  B). These would be deviations from indepen-
dence. Just as Michaelis and Menten (1913) had done 
before for enzymes, and Osterhout (1935) for trans-
porters, it became necessary to introduce occupancy 
and saturable binding sites in channels. The first ex-
amples in JGP were the model by Woodhull (1973) 
of proton permeation and the model by Hille (1975) 

(Fig.  4, C and D) of Na+ permeation in voltage-gated 
Na+ channels, both using concepts of rate theory. The 
former explained voltage-dependent proton block at 
the channel selectivity filter, and the latter, saturation 
by binding of permeant Na+ in the channel. Ion selec-
tivity was explained by supposing that at the transition 
state (the highest energy state), the ion lost water and 
gained interaction with an acid group of the selectivity 
filter, and the field strength of this interaction favored 
Na+ over K+ in the same way as in the glass electrode the-
ory by Eisenman (1962). Following leads by Hodgkin 
and Keynes (1955) and Heckmann (1972), these mod-
els were solved by writing down a list of the occupancy 
states of the channel and the voltage-dependent kinetic 
equations for transitions among them in terms of rate 
theory. An explicit long-pore model of the K+ channel 
was solved in the same way with occupancy states that 
included several ions in the pore (Hille and Schwarz, 
1978). That model gave the right flux ratio deviations 
and predicted a steep voltage-dependent block by 
poorly permeant particles as in inward rectification and 
anomalous mole-fraction effects for mixtures of ions. 
As rate-theory energy diagrams with wells and barriers 

Figure 4. Energy profile representa-
tions for selectivity and saturation. (A) 
Early conceptual model of activation 
energy barriers (μ) for a permeating 
molecule entering and passing through 
the membrane. The higher the barriers, 
the slower the permeation (Danielli, 
1939). (B) The conductance (in pS) of a 
cation channel in the sarcoplasmic retic-
ulum reaches a saturating value as the 
concentration (activity) of the permeant 
ion is increased (Coronado et al., 1980). 
(C) Proposed free-energy barriers and 
(D) their molecular interpretation for 
the passage of Na+ ions through volt-
age-gated Na+ channels (Hille, 1975). 
The sketch in D is a view orthogonal to 
the selectivity filter drawing of Fig. 3 B 
with a water molecule above and a car-
boxylic acid below the permeating Na+ 
ion. This corresponds to the transition 
state labeled “23” in C.
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proliferated in JGP, the editor Olaf Andersen had to re-
mind authors that the relation between absolute rates 
and barriers required an unknown “frequency factor,” 
so these diagrams had only qualitative significance and 
should not be presented as absolute (Andersen, 1999).

Finkelstein: Solubility theory.  Much of the cell mem-
brane surface area forms what Cole and Curtis (1939) 
had called “the ion impermeable portion of the mem-
brane.” Because a significant part of it is lipid bilayer, it 
is permeable to hydrophobic species. We already quoted 
Weech and Michaelis (1928): “We may conceive of the 
membrane as a phase working as a solvent for the diffus-
ing substance. In this case the partition coefficient 
would determine the gradient of concentration of the 
substance in the membrane and thus control the rate of 
diffusion.” In JGP, Alan Finkelstein made careful tests of 
that theory, showing that permeability in planar lipid 
bilayers and the oil-water partition coefficient are pro-
portional (Finkelstein, 1976; Orbach and Finkelstein, 
1980). The proportionality constant did vary with the 
lipid bilayer composition, e.g., the amount of choles-
terol. Thus, both the solubility theory and the sieve the-
ory that Michaelis described 90 years ago for dialysis 
sacs apply to biological membranes.

Conclusion
JGP was founded and has adhered to the principles of 
general physiology as a mechanistic science. JGP has 
played a key and formative role in fostering the eluci-
dation of ion channels as molecular pores that mediate 
selective ion permeation across excitable membranes. 
Selectivity and permeation remain as exciting today as 
before, and we can expect many more important contri-
butions to appear in these pages.

A C k N o w L E D G M E N T S

The writing was supported by a grant from the National Insti-
tute of Neurological Disorders and Stroke of the National Insti-
tutes of Health (R37NS008174) and the Wayne E. Crill 
Endowed Professorship.

The author declares no competing financial interests.
Olaf S. Andersen served as editor.

R E F E R E N C E S
Adams, D.J., T.M. Dwyer, and B. Hille. 1980. The permeability of 

endplate channels to monovalent and divalent metal cations. J. 
Gen. Physiol. 75:493–510. https ://doi .org /10 .1085 /jgp .75 .5 .493

Alvarez, O., and R. Latorre. 2017. The enduring legacy of the 
“constant-field equation” in membrane ion transport. J. Gen. 
Physiol. 149:911–920. https ://doi .org /10 .1085 /jgp .201711839

Andersen, O.S. 1999. Perspectives on ion permeation. J. Gen. Physiol. 
113:763–764. https ://doi .org /10 .1085 /jgp .113 .6 .763

Andersen, O.S. 2005. A brief history of The Journal of General 
Physiology. J. Gen. Physiol. 125:3–12. https ://doi .org /10 .1085 /
jgp .200409234

Bayliss, W.M. 1918. Principles of General Physiology. Second edi-
tion. Longmans, Green Co., London. 858 pp.

Bean, R.C., W.C. Shepherd, H. Chan, and J. Eichner. 1969. Discrete 
conductance fluctuations in lipid bilayer protein membranes. J. 
Gen. Physiol. 53:741–757. https ://doi .org /10 .1085 /jgp .53 .6 .741

Bernstein, J. 1902. Untersuchungen zur Thermodynamik 
der bioelektrischen Ströme. Erster Theil [Studies on the 
thermodynamics of bioelectric currents. Part One]. Pflugers Arch. 
92:521–562 https ://doi .org /10 .1007 /BF01790181

Bernstein, J. 1912. Elektrobiologie [Electrobiology]. Vieweg, 
Braunschweig. 215 pp. https ://doi .org /10 .1007 /978 -3 -663 
-01627 -4

Bezanilla, F., and C.M. Armstrong. 1972. Negative conductance 
caused by entry of sodium and cesium ions into the potassium 
channels of squid axons. J. Gen. Physiol. 60:588–608. https ://doi 
.org /10 .1085 /jgp .60 .5 .588

Chandler, W.K., and H. Meves. 1965. Voltage clamp experiments on 
internally perfused giant axons. J. Physiol. 180:788–820. https ://
doi .org /10 .1113 /jphysiol .1965 .sp007732

Cole, K.S. 1928. Electric impedance of suspensions of Arbacia eggs. 
J. Gen. Physiol. 12:37–54. https ://doi .org /10 .1085 /jgp .12 .1 .37

Cole, K.S., and H.J. Curtis. 1938. Electric impedance of Nitella 
during activity. J. Gen. Physiol. 22:37–64. https ://doi .org /10 .1085 
/jgp .22 .1 .37

Cole, K.S., and H.J. Curtis. 1939. Electrical impedance of the squid 
giant axon during activity. J. Gen. Physiol. 22:649–670. https ://doi 
.org /10 .1085 /jgp .22 .5 .649

Coronado, R., R.L. Rosenberg, and C. Miller. 1980. Ionic selectivity, 
saturation, and block in a K+-selective channel from sarcoplasmic 
reticulum. J. Gen. Physiol. 76:425–446. https ://doi .org /10 .1085 /
jgp .76 .4 .425

Cranefield, P.F. 1957. The organic physics of 1847 and the biophysics 
of today. J. Hist. Med. Allied Sci. 12:407–423. https ://doi .org /10 
.1093 /jhmas /XII .10 .407

Curtis, H.J., and K.S. Cole. 1938. Transverse electric impedance of 
the squid giant axon. J. Gen. Physiol. 21:757–765. https ://doi .org 
/10 .1085 /jgp .21 .6 .757

Damon, E.B. 1932. Bioelectric potentials in Valonia: The effect of 
substituting KCl for NaCl in artificial sea water. J. Gen. Physiol. 
16:375–395. https ://doi .org /10 .1085 /jgp .16 .2 .375

Danielli, J.F. 1939. The site of resistance to diffusion through the 
cell membrane, and the role of partition coefficients. J. Physiol. 
96:3P–4P.

Donnan, F.G. 1911. Theorie der Membrangleichgewichte und 
Membranpotentiale bei Vorhandensein von nicht dialysier-
enden Elektrolyten. Ein Beitrag zur physikalisch-chemischen 
Physiologie [The theory of membrane equilibria and membrane 
potentials in the presence of a non-dialyzable electrolyte. A con-
tribution to physico-chemical physiology]. Z. Elektrochem. Angew. 
Phys. Chem. 17:572–581.

Doyle, D.A., J. Morais Cabral, R.A. Pfuetzner, A. Kuo, J.M. Gulbis, 
S.L. Cohen, B.T. Chait, and R. MacKinnon. 1998. The structure 
of the potassium channel: molecular basis of K+ conduction and 
selectivity. Science. 280:69–77. https ://doi .org /10 .1126 /science 
.280 .5360 .69

Dwyer, T.M., D.J. Adams, and B. Hille. 1980. The permeability of the 
endplate channel to organic cations in frog muscle. J. Gen. Physiol. 
75:469–492. https ://doi .org /10 .1085 /jgp .75 .5 .469

Eisenman, G. 1962. Cation selective glass electrodes and their mode 
of operation. Biophys. J. 2:259–323. https ://doi .org /10 .1016 /
S0006 -3495(62)86959 -8

Eyring, H., R. Lumry, and J.W. Woodbury. 1949. Some applications 
of modern rate theory to physiological systems. Rec. Chem. Prog. 
10:100–114.

Ferry, J.D. 1936. Statistical evaluation of sieve constants in 
ultrafiltration. J. Gen. Physiol. 20:95–104. https ://doi .org /10 .1085 
/jgp .20 .1 .95

https://doi.org/10.1085/jgp.75.5.493
https://doi.org/10.1085/jgp.201711839
https://doi.org/10.1085/jgp.113.6.763
https://doi.org/10.1085/jgp.200409234
https://doi.org/10.1085/jgp.200409234
https://doi.org/10.1085/jgp.53.6.741
https://doi.org/10.1007/BF01790181
https://doi.org/10.1007/978-3-663-01627-4
https://doi.org/10.1007/978-3-663-01627-4
https://doi.org/10.1085/jgp.60.5.588
https://doi.org/10.1085/jgp.60.5.588
https://doi.org/10.1113/jphysiol.1965.sp007732
https://doi.org/10.1113/jphysiol.1965.sp007732
https://doi.org/10.1085/jgp.12.1.37
https://doi.org/10.1085/jgp.22.1.37
https://doi.org/10.1085/jgp.22.1.37
https://doi.org/10.1085/jgp.22.5.649
https://doi.org/10.1085/jgp.22.5.649
https://doi.org/10.1085/jgp.76.4.425
https://doi.org/10.1085/jgp.76.4.425
https://doi.org/10.1093/jhmas/XII.10.407
https://doi.org/10.1093/jhmas/XII.10.407
https://doi.org/10.1085/jgp.21.6.757
https://doi.org/10.1085/jgp.21.6.757
https://doi.org/10.1085/jgp.16.2.375
https://doi.org/10.1126/science.280.5360.69
https://doi.org/10.1126/science.280.5360.69
https://doi.org/10.1085/jgp.75.5.469
https://doi.org/10.1016/S0006-3495(62)86959-8
https://doi.org/10.1016/S0006-3495(62)86959-8
https://doi.org/10.1085/jgp.20.1.95
https://doi.org/10.1085/jgp.20.1.95


399JGP Vol. 150, No. 3

Fick, A. 1855. Ueber Diffusion. [About diffusion]. Ann. Phys. Chem. 
94:59–86. https ://doi .org /10 .1002 /andp .18551700105

Finkelstein, A. 1976. Water and nonelectrolyte permeability of lipid 
bilayer membranes. J. Gen. Physiol. 68:127–135. https ://doi .org 
/10 .1085 /jgp .68 .2 .127

Fricke, H. 1925. The electric capacity of suspensions with special 
reference to blood. J. Gen. Physiol. 9:137–152. https ://doi .org /10 
.1085 /jgp .9 .2 .137

Goldman, D.E. 1943. Potential, impedance, and rectification in 
membranes. J. Gen. Physiol. 27:37–60. https ://doi .org /10 .1085 /
jgp .27 .1 .37

Goldstein, D.A., and A.K. Solomon. 1960. Determination of 
equivalent pore radius for human red cells by osmotic pressure 
measurement. J. Gen. Physiol. 44:1–17. https ://doi .org /10 .1085 /
jgp .44 .1 .1

Green, A.A., A.A. Weech, and L. Michaelis. 1929. Studies on 
permeability of membranes: VII. Conductivity of electrolytes 
within the membrane. J. Gen. Physiol. 12:473–485. https ://doi .org 
/10 .1085 /jgp .12 .3 .473

Heckmann, K. 1972. Single file diffusion. Biomembranes. 3:127–153.
Henderson, P. 1907. Zur Thermodynamik der Flüssigkeitsketten 

[Concerning the thermodynamics of solution networks]. Z. Phys. 
Chem. 59:118–127.

Hill, A.V. 1923a. The potential difference occurring in a Donnan 
equilibrium and the theory of colloidal behavior. Proc. R. Soc. 
Lond. A Contain. Pap. Math. Phys. Character. 102:705–710. https ://
doi .org /10 .1098 /rspa .1923 .0029

Hill, A.V. 1923b. Membrane potentials and colloidal behavior. J. 
Gen. Physiol. 6:91. https ://doi .org /10 .1085 /jgp .6 .1 .91

Hille, B. 1971. The permeability of the sodium channel to organic 
cations in myelinated nerve. J. Gen. Physiol. 58:599–619. https ://
doi .org /10 .1085 /jgp .58 .6 .599

Hille, B. 1972. The permeability of the sodium channel to metal 
cations in myelinated nerve. J. Gen. Physiol. 59:637–658. https ://
doi .org /10 .1085 /jgp .59 .6 .637

Hille, B. 1973. Potassium channels in myelinated nerve. Selective 
permeability to small cations. J. Gen. Physiol. 61:669–686. https ://
doi .org /10 .1085 /jgp .61 .6 .669

Hille, B. 1975. Ionic selectivity, saturation, and block in sodium 
channels. A four-barrier model. J. Gen. Physiol. 66:535–560. https 
://doi .org /10 .1085 /jgp .66 .5 .535

Hille, B. 2001. Ion Channels of Excitable Membranes. Third edi-
tion. Sinauer Associates, Sunderland, MA. 814 pp.

Hille, B., and W. Schwarz. 1978. Potassium channels as multi-ion 
single-file pores. J. Gen. Physiol. 72:409–442. https ://doi .org /10 
.1085 /jgp .72 .4 .409

Hitchcock, D.I. 1923. Membrane potentials and colloidal behavior: 
Reply to the note by Professor A. V. Hill. J. Gen. Physiol. 6:93. https 
://doi .org /10 .1085 /jgp .6 .1 .93

Hodgkin, A.L. 1992. Chance and Design: Reminiscences of Science 
in Peace and War. Cambridge University Press, Cambridge, UK. 
115–117.

Hodgkin, A.L., and A.F. Huxley. 1952. A quantitative description 
of membrane current and its application to conduction and 
excitation in nerve. J. Physiol. 117:500–544. https ://doi .org /10 
.1113 /jphysiol .1952 .sp004764

Hodgkin, A.L., and B. Katz. 1949. The effect of sodium ions on the 
electrical activity of giant axon of the squid. J. Physiol. 108:37–77. 
https ://doi .org /10 .1113 /jphysiol .1949 .sp004310

Hodgkin, A.L., and R.D. Keynes. 1955. The potassium permeability 
of a giant nerve fibre. J. Physiol. 128:61–88. https ://doi .org /10 
.1113 /jphysiol .1955 .sp005291

Kedem, O., and A. Katchalsky. 1961. A physical interpretation of 
the phenomenological coefficients of membrane permeability. J. 
Gen. Physiol. 45:143–179. https ://doi .org /10 .1085 /jgp .45 .1 .143

Ling, G.N. 1960. The interpretation of selective ionic permeability 
and cellular potentials in terms of the fixed charge induction 
hypothesis. J. Gen. Physiol. 43:149–174. https ://doi .org /10 .1085 
/jgp .43 .5 .149

Loeb, J. 1912. The Mechanistic Conception of Life: Biological 
Essays. The University of Chicago Press, Chicago. 232 pp.

Loeb, J. 1919. Influence of the concentration of electrolytes on 
the electrification and the rate of diffusion of water through 
collodion membranes. J. Gen. Physiol. 2:173–200. https ://doi .org 
/10 .1085 /jgp .2 .2 .173

Loeb, J. 1920. Influence of the concentration of electrolytes on 
some physical properties of colloids and of crystalloids. J. Gen. 
Physiol. 2:273–296. https ://doi .org /10 .1085 /jgp .2 .3 .273

Loeb, J. 1921. Donnan equilibrium and the physical properties of 
proteins: I. Membrane potentials. J. Gen. Physiol. 3:667–690. https 
://doi .org /10 .1085 /jgp .3 .5 .667

Ludwig, C. 1852. Lehrbuch der Physiologie des Menschen 
[Textbook of Human Physiology]. Vol. 1. C.F Winter'sche 
Verlagshandlung, Heidelberg. 458 pp.

Ludwig, C. 1856. Lehrbuch der Physiologie des Menschen 
[Textbook of Human Physiology]. Vol. 2. C.F Winter'sche 
Verlagshandlung, Heidelberg, Leipzig. 142.

Mauro, A., and A. Finkelstein. 1958. Realistic model of a fixed-
charge membrane according to the theory of Teorell, Meyer, and 
Sievers. J. Gen. Physiol. 42:385–391. https ://doi .org /10 .1085 /jgp 
.42 .2 .385

Michaelis, L., and M.L. Menten. 1913. Die Kinetik der 
Invertinwirkung [The kinetics of invertase action]. Biochem. Z. 
49:333–369.

Morales-Perez, C.L., C.M. Noviello, and R.E. Hibbs. 2016. X-ray 
structure of the human α4β2 nicotinic receptor. Nature. 538:411–
415. https ://doi .org /10 .1038 /nature19785

Mullins, L.J. 1959a. The penetration of some cations into muscle. 
J. Gen. Physiol. 42:817–829. https ://doi .org /10 .1085 /jgp .42 .4 .817

Mullins, L.J. 1959b. An analysis of conductance changes in squid 
axon. J. Gen. Physiol. 42:1013–1035. https ://doi .org /10 .1085 /jgp 
.42 .5 .1013

Mullins, L.J. 1960. An analysis of pore size in excitable membranes. 
J. Gen. Physiol. 43:105–117. https ://doi .org /10 .1085 /jgp .43 .5 .105

Mullins, L.J. 1968. A single channel or a dual channel mechanism 
for nerve excitation. J. Gen. Physiol. 52:550–556. https ://doi .org 
/10 .1085 /jgp .52 .3 .550

Nernst, W. 1889. Die elektromotorische Wirksamkeit der Ionen. Z. 
Phys. Chem. 4:129–181. https ://doi .org /10 .1515 /zpch -1889 -0112

Northrop, J.H. 1924. A test for diffusible ions: I. The ionic nature of 
trypsin. J. Gen. Physiol. 6:337–347. https ://doi .org /10 .1085 /jgp .6 
.3 .337

Northrop, J.H. 1925. A test for diffusible ions: II. The ionic nature 
of pepsin. J. Gen. Physiol. 7:603–614. https ://doi .org /10 .1085 /jgp 
.7 .5 .603

Orbach, E., and A. Finkelstein. 1980. The nonelectrolyte 
permeability of planar lipid bilayer membranes. J. Gen. Physiol. 
75:427–436. https ://doi .org /10 .1085 /jgp .75 .4 .427

Osterhout, W.J.V. 1919. A comparative study of permeability in 
plants. J. Gen. Physiol. 1:299–304. https ://doi .org /10 .1085 /jgp .1 
.3 .299

Osterhout, W.J.V. 1921. Conductivity and permeability. J. Gen. 
Physiol. 4:1–9. https ://doi .org /10 .1085 /jgp .4 .1 .1

Osterhout, W.J.V. 1928. Jacques Loeb. J. Gen. Physiol. 8:IX–LVI II. 
https ://doi .org /10 .1085 /jgp .8 .1 .IX

Osterhout, W.J.V. 1930. Calculations of bioelectric potentials: I. 
Effects of KCl and NaCl on Nitella. J. Gen. Physiol. 13:715–732. 
https ://doi .org /10 .1085 /jgp .13 .6 .715

https://doi.org/10.1002/andp.18551700105
https://doi.org/10.1085/jgp.68.2.127
https://doi.org/10.1085/jgp.68.2.127
https://doi.org/10.1085/jgp.9.2.137
https://doi.org/10.1085/jgp.9.2.137
https://doi.org/10.1085/jgp.27.1.37
https://doi.org/10.1085/jgp.27.1.37
https://doi.org/10.1085/jgp.44.1.1
https://doi.org/10.1085/jgp.44.1.1
https://doi.org/10.1085/jgp.12.3.473
https://doi.org/10.1085/jgp.12.3.473
https://doi.org/10.1098/rspa.1923.0029
https://doi.org/10.1098/rspa.1923.0029
https://doi.org/10.1085/jgp.6.1.91
https://doi.org/10.1085/jgp.58.6.599
https://doi.org/10.1085/jgp.58.6.599
https://doi.org/10.1085/jgp.59.6.637
https://doi.org/10.1085/jgp.59.6.637
https://doi.org/10.1085/jgp.61.6.669
https://doi.org/10.1085/jgp.61.6.669
https://doi.org/10.1085/jgp.66.5.535
https://doi.org/10.1085/jgp.66.5.535
https://doi.org/10.1085/jgp.72.4.409
https://doi.org/10.1085/jgp.72.4.409
https://doi.org/10.1085/jgp.6.1.93
https://doi.org/10.1085/jgp.6.1.93
https://doi.org/10.1113/jphysiol.1952.sp004764
https://doi.org/10.1113/jphysiol.1952.sp004764
https://doi.org/10.1113/jphysiol.1949.sp004310
https://doi.org/10.1113/jphysiol.1955.sp005291
https://doi.org/10.1113/jphysiol.1955.sp005291
https://doi.org/10.1085/jgp.45.1.143
https://doi.org/10.1085/jgp.43.5.149
https://doi.org/10.1085/jgp.43.5.149
https://doi.org/10.1085/jgp.2.2.173
https://doi.org/10.1085/jgp.2.2.173
https://doi.org/10.1085/jgp.2.3.273
https://doi.org/10.1085/jgp.3.5.667
https://doi.org/10.1085/jgp.3.5.667
https://doi.org/10.1085/jgp.42.2.385
https://doi.org/10.1085/jgp.42.2.385
https://doi.org/10.1038/nature19785
https://doi.org/10.1085/jgp.42.4.817
https://doi.org/10.1085/jgp.42.5.1013
https://doi.org/10.1085/jgp.42.5.1013
https://doi.org/10.1085/jgp.43.5.105
https://doi.org/10.1085/jgp.52.3.550
https://doi.org/10.1085/jgp.52.3.550
https://doi.org/10.1515/zpch-1889-0112
https://doi.org/10.1085/jgp.6.3.337
https://doi.org/10.1085/jgp.6.3.337
https://doi.org/10.1085/jgp.7.5.603
https://doi.org/10.1085/jgp.7.5.603
https://doi.org/10.1085/jgp.75.4.427
https://doi.org/10.1085/jgp.1.3.299
https://doi.org/10.1085/jgp.1.3.299
https://doi.org/10.1085/jgp.4.1.1
https://doi.org/10.1085/jgp.8.1.IX
https://doi.org/10.1085/jgp.13.6.715


Founders, permeation, and ion selectivity | Hille400

Osterhout, W.J.V. 1935. How do electrolytes enter the cell? Proc. 
Natl. Acad. Sci. USA. 21:125–132. https ://doi .org /10 .1073 /pnas 
.21 .2 .125

Osterhout, W.J.V. 1939. Calculations of bioelectric potentials: V. 
Potentials in Halicystis. J. Gen. Physiol. 23:53–57. https ://doi .org 
/10 .1085 /jgp .23 .1 .53

Payandeh, J., T. Scheuer, N. Zheng, and W.A. Catterall. 2011. The 
crystal structure of a voltage-gated sodium channel. Nature. 
475:353–358. https ://doi .org /10 .1038 /nature10238

Pinkerton, M., L.K. Steinrauf, and P. Dawkins. 1969. The molecular 
structure and some transport properties of valinomycin. Biochem. 
Biophys. Res. Commun. 35:512–518. https ://doi .org /10 .1016 
/0006 -291X(69)90376 -3

Planck, M. 1890. Ueber die Potentialdifferenz zwischen zwei 
verdünnten Lösungen binärer Elektrolyte [Concerning the po-
tential difference between two dilute solutions of binary electro-
lytes]. Wiedemann's Annalen der Physik und Chemie. 40:561–576.

Renkin, E.M. 1954. Filtration, diffusion, and molecular sieving 
through porous cellulose membranes. J. Gen. Physiol. 38:225–243.

Singer, S.J., and G.L. Nicolson. 1972. The fluid mosaic model of 
the structure of cell membranes. Science. 175:720–731. https ://
doi .org /10 .1126 /science .175 .4023 .720

Teorell, T. 1953. Transport processes and electrical phenomena in 
ionic membranes. Prog. Biophys. Biophys. Chem. 3:305–369.

Verworn, M. 1895. Allgemeine Physiologie: ein Grundriss der Lehre 
vom Leben [General Physiology: A Basis for the Study of Life]. 
Verlag von Gustav Fischer, Jena. 812 pp.

von Brücke, E. 1843. Beiträge zur Lehre von der Diffusion 
tropfbarflüssiger Körper durch poröse Scheidenwände 
[Contribution to the study of diffusion of dissolved bodies 
through porous partitions]. Ann. Phys. Chem. 58:77–94. https ://
doi .org /10 .1002 /andp .18431340107

Watson, J.D., and F.H. Crick. 1953. Molecular structure of nucleic 
acids; a structure for deoxyribose nucleic acid. Nature. 171:737–
738. https ://doi .org /10 .1038 /171737a0

Weech, A.A., and L. Michaelis. 1928. Studies on permeability of 
membranes: V. The diffusion of non-electrolytes through the 
dried collodion membrane. J. Gen. Physiol. 12:55–81. https ://doi 
.org /10 .1085 /jgp .12 .1 .55

Woodhull, A.M. 1973. Ionic blockage of sodium channels in nerve. 
J. Gen. Physiol. 61:687–708. https ://doi .org /10 .1085 /jgp .61 .6 .687

Young, J.Z. 1936. Structure of nerve fibres and synapses in some 
invertebrates. Cold Spring Harb. Symp. Quant. Biol. 4:1–6. https ://
doi .org /10 .1101 /SQB .1936 .004 .01 .001

https://doi.org/10.1073/pnas.21.2.125
https://doi.org/10.1073/pnas.21.2.125
https://doi.org/10.1085/jgp.23.1.53
https://doi.org/10.1085/jgp.23.1.53
https://doi.org/10.1038/nature10238
https://doi.org/10.1016/0006-291X(69)90376-3
https://doi.org/10.1016/0006-291X(69)90376-3
https://doi.org/10.1126/science.175.4023.720
https://doi.org/10.1126/science.175.4023.720
https://doi.org/10.1002/andp.18431340107
https://doi.org/10.1002/andp.18431340107
https://doi.org/10.1038/171737a0
https://doi.org/10.1085/jgp.12.1.55
https://doi.org/10.1085/jgp.12.1.55
https://doi.org/10.1085/jgp.61.6.687
https://doi.org/10.1101/SQB.1936.004.01.001
https://doi.org/10.1101/SQB.1936.004.01.001

