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I. NOTATION
Ca Membrane capacitance, specific
E; Injury potential
En Resting potential
Ex , Ex., Eci Equilibrium potential (of K, Na, Cl)
Ga (also Gk , Gya , Go1) Membrane conductance, specific (also potassium,
godium, chloride conductance)
Ix, Ing , Iox Influx (of K, Na, Cl)
Ok , Ox. , Ooy Outflux (of K, Na, Cl)
Px, Pxa, Pos Membrane permeability (to K, Na, Cl)
[ ],eg. K], K], [Na)o, etc. Concentration, e.g. of extracellular K, intracellu-
lar K, extracellular Na, etc.
R Protoplasmic resistance, specific
Ra Membrane resistance, specific (1/Gm)
(] Ohm

II. INTRODUCTION

It has become increasingly clear in the past decade that certain features y(
cellular functioning—bioelectrical potentials, ion distribution, and ion meve-
ment—and the influence of some physiological and pharmacological agep}s/ on
these, are more readily understood in terms of interactions involving physical
properties of ions and cellular membranes which are relatively nonspeciff¢, rather
than from the standpoint of specific enzymatic reactions alone. Enzymatic reac-
tions, included under the general term metabolism, are by no m important.
They are necessary at the very least for the establishment and fiaintenance of
the basic structure of protoplasm and cellular membranes as wel as for the main-
tenance of an ionic composition peculiar to protoplasm. And j the case of mus-
cle, of course, they play an important part in contraction p

Here we shall be concerned with the ‘“‘electrochemical”
tain excitable cells and the general role of metabolism i
electrochemical characteristics are meant the electrigf potential differences,
the ion distributions and movements which appear to be related to them, and
the physical properties (electrical conductivity or resistance, capacitance, per-
meability) of the phases present, namely, the membranes, protoplasm, and ex-

racteristics of cer-
eir maintenance. By
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tracellular “spaces”. Muscle contraction is necessarily excluded. These will be
discussed in Part I for the condition of ‘“rest”, t.e., for excitable cells in which
the physiological state is relatively constant or in which slow, small, or graded
changes are induced experimentally. Cells that have been altered experimentally
must be considered since it is otherwise impossible to elucidate the mechanisms
involved. The alterations to be described are the changes of cellular electrical
potentials, membrane resistance, ion distribution, and ion movement in response
to ions, drugs, metabolic inhibitors and substrates, and junctional transmit-
ters.

Part II, to appear later, will deal with the condition of “‘activity”’, thesituation
associated with the all-or-none impulse or action potential, including excitation
and recovery processes. This division does not imply a basic difference in the
mechanisms. Actually, both aspects—rest and activity—are complementary,
for it is now clear that principles governing one contribute to an understanding
of the other.

Biological systems will be dealt with for which measurements are available
of both electrical and chemical (ionic) characteristics: Invertebrate and verte-
brate nerve; striated (vertebrate and invertebrate), cardiac, and smooth muscle;
and junctions, including the myoneural junction, motoneuronal synapses, and
invertebrate sensory receptors. Such a comparative approach has the advantage
that general principles as well as special peculiarities of different cells are more
likely to be recognized. Only brief reference will be made to certain other systems,
particularly frog skin and red cells, which have provided important clues to
mechanism.

The extensive work on the electrical properties and the action of drugs on
electric organs has been thoroughly reviewed recently by Grundfest (185); since
the associated ionic characteristics, especially with respect to ionic movement,
remain to be worked out in detail, the important studies on these organs are
mentioned only briefly here.

The pharmacological and physiological agents and conditions to be discussed
are those for which both electrical and ionic data are available. They will in-
clude the inorganic ions, sodium, potassium and calcium; local anesthetic and
other compounds, such as cocaine, procaine, urethane, antihistaminics, and
veratrine and its component alkaloids; substances active at junctions, like
acetylcholine, y-aminobutyrate, and epinephrine; and compounds or conditions
which act as metabolic substrates or as inhibitors of metabolism.

This review will describe results obtained chiefly in the past ten years. Papers
not available bf‘.July, 1957 are not included unless advance information had
already been inco¥porated. It is not intended to be exhaustive but rather deals
with findings on nerve and skeletal and heart muscle cells in vitro and/or
under conditions which provide (a) control of or a reasonable evaluation of en-
vironmental and expefimental factors and (b) precision of measurement. Such
selection is absolutely essential since procedural artifacts or secondary effects
may otherwise easily be confused with cellular properties. Of course, more sub-
tle artifacts may remain, but certainly those currently recognized should be
eliminated or taken into account. Cautionary sections are included in connection



ELECTROCHEMICAL ASPECTS IN EXCITABLE CELLS. I 63

with various techniques and measurements to indicate some of their limita-
tions.

The studies which are carried on in this field generally represent efforts to ac-
cumulate information sufficient to set up a working hypothesis or, very often,
simply to test such hypotheses. A discussion of the details of hypotheses which
have appeared in recent years, and their variants, is far beyond the scope of this
review.

For convenience, a quantitatively formulated hypothesis, subsequently shown
to be oversimplified, serves as a useful basis for the organization of the facts.
According to this hypothesis, the relatively steady potential difference between
the interior and exterior of each cell—the resting membrane potential—is a
consequence of the selective permeability characteristics of the membrane and of
the concentrations of the ions bathing the extracellular and intracellular surface.
If this is correct, one should be able to collect electrical and chemical (ionic) data
which conform to the equation. With this in mind, first resting potential then
chemical measurements are described.

The relative effectiveness of sodium, potassium, and other ions in changing
the resting potential is given in detail and it is noted that multivalent ions and a
variety of drugs classified as “stabilizers” reduce the electrical effectiveness of
these ions; attention is called to other conditions or agents which are “labilizers”
and accentuate the ionic effects on membrane potential. The action of the drugs
alone on the resting potential is considered and, finally, the consequences of
metabolic inhibition on the resting potential, as modified by drugs, substrates,
ions, and certain other experimental conditions, are described.

A formula derived from the working hypothesis is given. It shows that the
relative magnitude of the change in resting potential with a change in ion con-
centration provides a measure of the ‘“permeability’’ to the ion, z.e., the ease
with which this ion enters and tends to pass through the cellular membrane.
Decrease of monovalent cation effects by stabilizers is shown to indicate re-
duced permeability whereas labilizer action indicates increased permeability.
These conclusions are shown to be consistent with the action of the physiological
and pharmacological agents directly on the membrane potential and on the mem-
brane electrical conductivity as well as on the changes in resting potential with
metabolic inhibition. Stabilizer effects are noted to be more striking when they
prevent an increase in permeability, but the decrease in permeability noted
above, while small, is usually evident.

Data which have accumulated on ion distribution and net ion movements un-
der the previously described conditions are then compared with the electrical
results and the working hypothesis. The correlations found agree well with hypo-
thetical expectations. This is followed by a more detailed analysis of the electro-
chemical relationships obtained with radioisotopes on unidirectional ionic fluxes.
These findings reveal that “permeability”’ of living membranes to ions involves
processes more complicated than those which appear to be present in familiar
artificial porous or solvent-type membranes.

Nevertheless, the concept of ion permeability as an overall measure of ion
penetration has been found to be particularly useful for integrating electrical
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potential changes with membrane conductivity changes and ionic movement as
brought about by ions and stabilizer and labilizer drugs. This is further exempli-
fied by the recently acquired data on electrical (membrane potential and con-
ductance) changes and on ion movements connected with the action of trans-
mitters, related drugs, and antagonists at a variety of junctional membranes, as
distinguished from the membranes previously discussed.

In conclusion, several suggestions are made to account in more detail for the
permeability characteristics of living membranes as revealed by the literature
which has been surveyed. These are designated a “pore-solvent’ hypothesis be-
cause certain factors involved in ion uptake by solvents, such as hydration energy

_of ions (i.e., the difficulty involved in removal of water from ions), as well as pore
size limitations, appear to govern ion entry. Also, it appears not unreasonable
from recent studies that agents which alter permeability or permeability changes
act on the region between the pores, stabilizers by ‘“dissolving” in this region (by
displacing membrane molecules) and thereby increasing the “lateral pressure”
or spreading tendency. Such lateral pressure would tend to decrease channel
size (and permeability) but especially to interfere with an increase in channel
size during an increase in permeability. Membrane “rigidity’’ is also noted as a
probable factor. Solvation (interaction with the membrane components) may in
some cases be involved in ion penetration, and labilizers may act to reduce lateral
pressure by being adsorbed on rather than dissolving in the interchannel region;
however, an experimental basis similar to that for stabilizers remains to be es-
tablished for these proposals.

In addition to the strictly physical (electrochemical) factors described above
(viz., membrane potential, permeability, and ion concentration), data on the
relation of metabolism to them are presented. In general, interference with
metabolism has little or no effect on membrane potential, although potassium
uptake and either intracellular sodium “extrusion” or extracellular sodium
“exclusion” are markedly depressed. Metabolism therefore contributes directly
to ionic movement, designated as ‘‘active transport”, but not directly to mem-
brane potential. Cardiac glycosides characteristically suppress such active trans-
port, whereas a typical stabilizer, such as cocaine, does not but acts instead on
ionic movement that is independent of active transport, viz., the ‘“passive”
fluxes, governed by the physical (¢.e., electrochemical) factors already discussed.
Physical characteristics of active transport are noted (e.g., independence of
membrane potential, dependence on ion concentration) which require move-
ment of at least sodium as part of an uncharged complex. A scheme involving the
escape of acid metabolites is pointed out to provide some of the characteristics of
ion transport.

This review concludes with a summary, based on the facts described, of a
current outlook of the resting excitable cell and of the nature of its electrochemical
response to physiological and pharmacological agents. It is a picture inescapably
colored by some of the author’s opinions and will be recognized as a greatly re-
fined version of the classical view of the cell. There is the familiar description of
an aqueous phase of protoplasm, with a high concentration of potassium but
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with low concentrations of sodium and chloride, bounded by an ion-selective but
labile membrane such that the interior is usually electrically negative to the
outside, surrounded in turn by supporting structures and by an aqueous phase,
the bathing medium, with ion concentrations the reverse of those in the proto-
plasm (e.g., 44, 200, 215, 219, 271, 411, 428). One important difference is the
enormous advance which has been made in the techniques for actually measuring
permeabilities to specific ions and the changes in these permeabilities. Another is
the possibility of distinguishing the contribution of metabolism to ion transport
and ion distribution and its contribution thereby to cellular electrochemistry.
Still another is a recognition experimentally of the complexity of the physical
factors governing passive ion transfer across living membranes.

III. THE RESTING POTENTIAL, Ep
A. General principles

-Much of recent research has been directed towards accurate measurements of
the membrane potential difference and its changes, made possible chiefly by the
use of microelectrodes with sufficiently small tips. This is of great importance
for a full analysis of the electrochemistry of the system and will be discussed
later at length. But valuable qualitative and semiquantitative information of
importance to the more refined measurements as well as to the concepts involved
has continued to accumulate with the familiar gross techniques associated with
nerve trunks and small nerve bundles and entire muscles, that is, those employing
external electrodes, usually in conjunction with the moist chamber (66, 68, 310,
311, 317, 319, 320, 412).

It is customary to speak of potentials although reference actually is to dif-
ferences of electrical potential, either the exterior relative to the interior, or one
region of the surface relative to another. Microelectrode techniques have led
some to the use of the external medium as the zero reference. This introduces
the necessity of minus signs for all figures since the interior now determines the
sign. More serious is the possibility of confusion when comparisons are made with
results obtained prior to the microelectrode era, all of which refer to the external
potential relative to the interior and hence are positive. The latter convention,
which will be continued in this review, has the additional important advantage
that a decrease (z.e., a negative change) in membrane potential is consonant with
a decrease in the potential difference across the membrane, whereas the reverse
is true for the other convention. Certainly, this is no more serious than the long-
preserved convention of indicating current flow in good conductors from plus to
minus, although we have known for some time that electrons flow in the opposite
direction.

“Membrane potential,” E,, will henceforth refer to the best estimate of the
potential difference across the cell membrane. This is determined in most cells
with the intracellular electrode. “Injury potential,” Ei, will designate the poten-
tial at an intact region relative to a cut or otherwise damaged or treated end of
one or more fibers; this is roughly proportional to the resting membrane poten-
tial, and provides a measure of the changes in membrane potential brought about
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by experimental conditions applied to the intact region. When qualitative com-
parisons are made, no distinction will be drawn. Myelinated nerve fibers, which
do not withstand too well impalement with an electrode (55, 476), must still be
studied with the injury technique; several procedures have been developed which
give promise of providing the full magnitudes of the membrane potential despite
the use of external electrodes, for example, by balancing out external currents
with a potentiometer (246) or by electronic feedback (155) or by greatly increas-
ing the external resistance (383, 456, 458, 479). The terms ‘“‘depolarization” and
“hyperpolarization’’ will be used in the customary qualitative sense to indicate
a decrease or increase in the potential difference across the membrane.

The potential of a treated, intact region, relative to another intact region
which serves as a reference, is designated the demarcation potential. This differ-
ence of potential will, in general, equal the change in injury potential brought
about by the same experimental conditions. Small changes are detected with
greater precision as demarcation potentials, since drift in the potential difference
prior to treatment, ¢.e., the baseline, can be much smaller or absent than when
the injury potential is used.

B. Cautionary comments

1. Magnitudes of potentials. a. Multifiber preparations. Under moist-chamber
conditions, injury potentials and demarcation potentials actually represent the
product of the external resistance and the current flowing longitudinally outside
the fibers. Since the external resistance is in series with the protoplasmic and
membrane resistances, the proportion of the total membrane potential change ac-
tually detected is determined by the ratio of the external resistance to the total,
chiefly the internal and external resistances. Obviously, application of hyper-
tonic or hypotonic solutions, involving changes in either external or internal
resistance as well as in membrane potential, will alter the magnitude of the
potential changes; hence quantitative estimates require the use of suitable con-
trol solutions (319).

When experimental agents are locally applied, as frequently is the case in
moist chamber experiments, slow augmentation of effects with time may be the
consequence of longitudinal diffusion from the site of application. Conversely,
when the regions adjacent to that on the electrode undergo change, their elec-
trical behavior will be detected by the same electrode.

This can be seen when nerves are deprived of oxygen on either side of a region kept in
solution. The segment in solution may undergo little electrical change (402, 413), but de-
polarizations are observed nevertheless due to the adjacent segments in the gas phase
(434). The slow rise in potential seen when glucose is applied to segments of sciatic nerves
with their intermediate regions in mercury (516), appears to be due to the lateral diffusion
and utilization of the glucose to restore the membrane potential of the segments made
anoxic by the mercury (402). The slow depolarizations seen with the application of KCl to
sheathed nerves in a moist chamber (310) may be due in part to such lateral diffusion.

These limitations of the moist chamber technique can be circumvented by
removing electrolyte from the interstitial spaces by a continuous flow between
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electrodes of an electrolyte-free solution such as isotonic sucrose, as described
by Stémpfli (456). By this means Straub (469) has been able to obtain injury
potentials practically identical with the membrane potential of single medullated
fibers as estimated by the potentiometric procedure (246). This will be referred
to as the sucrose-gap technique.

b. Single fiber preparations. Measurements on single fibers depend chiefly on
(a) a capillary electrode containing usually KCI (preferably 3 M) inserted into
the axoplasm of larger fibers, and a suitable electrode system outside the prep-
aration, or (b) two electrodes outside the smaller fibers, one on a normal region,
the other on a segment treated with isotonic KCl. While estimates of E,, are
improved by these procedures, neither can be considered to be without limita-
tions.

1) Microelectrodes. There are at least four sources of error. While diffusion potentials
are minimized by the high (3 M) KCI concentration in the internal electrode, they cannot
be taken as zero even under optimum conditions since the mobilities of potassium and
chloride are not identical, as originally believed (36, 328); the possibility of at least several
millivolts error, in a direction reducing the measured potential, must be allowed for from
this source, especially in vertebrates, where much of the internal negative charge probably
is immobile. If this is assumed for vertebrate muscle, we can easily show that 3 M KCl will
give a diffusion potential of 5 mV while 0.1 M KCl will produce 22 mV; the difference be-
tween these calculated values compares favorably with the 13.6-17.6 mV difference in Ex
obtained for frog muscle using these solutions in microelectrodes (305).

Adrian (2) has called attention recently to the possibility of a much larger error resulting
from exaggerated differences in K+ and Cl~ mobility possibly brought about by charge de-
veloped on the glass of the microelectrode or by protoplasmic plugs at the electrode tip.
Large variability in measured potentials, such as has been reported for giant axons (186)
or for muscle fibers (437, 438), may be attributable to this; certainly, only until precautions
are taken such as outlined by Adrian, preferably supplemented by studies of En values
with different KCl concentrations in microelectrodes to evaluate diffusion potentials, can
other factors be sought to account for apparent discrepancies from theoretical relation-
ships such as will be discussed later.

Another source of variability is the extent of ‘“‘sealing-in’’ of the electrode at the site of
puncture. Where possible, this should be followed, as can be done by observing the rise in
membrane resistance after entry of the microelectrode (83). In larger cells, the negligible
change of E, with the entry of a second microelectrode nearby has been considered an index
of membrane integrity (344). Usually, simply the lack of change in membrane potential,
or more usually in action potential, following the puncture by the single electrode used for
measurement, has been considered adequate (305, 499). The last approach led to the impor-
tant discovery by Ling and Gerard (305), confirmed by others (e.g., 523) that, electrode
tips below one micron in diameter, preferably not exceeding one-half, are satisfactory mi-
croelectrodes. However, their applicability particularly to small fibers is limited in two
ways: (a) the size of the damaged region relative to surface area may be so large as to cause
an appreciable shunt of E, so that small fibers tend to give smaller measured membrane
potentials (28, 27, 55, 145, 476, 499) and (b) leakage of electrolyte from the electrode into a
small cell may alter the membrane potentials (51, §2). Some control of the latter is now pos-
sible by application of small potentials to the tips, a procedure still not in general use.

A fourth source of error in microelectrode determinations of En may be present under
tn vitro conditions, viz., potassium accumulation around even single or superficial fibers
because of leakage, so that |K], at the surface of the fibers is somewhat larger than in the
medium (158, 305, 306, 307). This should be checked by determining that rate of flow or
stirring of solution does not alter the potential (cf. 366, 469).
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8) External electrodes. Estimates of En with external electrodes depend on the abolition
of membrane potential at one electrode with KCl. Regions so treated do not necessarily
have sero membrane potential. Potassium concentrations within vertebrate cells may exceed
that of isotonic KCl, while those of invertebrates are less (see Tables 1, p. 71 and 2, p. 72);
moreover, the membrane may give rise to a KCl diffusion potential even near a cut end (434).
In vertebrate nerve, isotonic KCI alone may cause irreversible damage over longer periods
of time (209, 426), although not when KCl is added without removal of NaCl from Ringer
(428) ; but even if KCl action were prolonged in single fiber studies to minimise membrane
effects, the possibility of a diffusion potential in the axoplasm remains as an element of
uncertainty.

A special aspect of single medullated fibers is their longitudinally heterogeneous struc-
ture resulting from the alternate succession of nodes and internodes. The special role played
by the nodes, and the modifying influence of the heavily medullated internodes, have been
summarized in several recent excellent reviews (455, 457, 477). It should be emphasised
that in all studies of medullated nerve, including those of single nodes of Ranvier, substan-
tial lengths of internode are necessarily involved in the techniques employed since the nodes
are less than one micron long and the internodes at least 1000 times longer. And since the
internodes can undergo changes, for example, in resistance with changes in the salinity of
the medium (477) or with the addition of drugs (229, 478, 481), and in potential with KCl1
(246, 477), their contribution to the phenomena observed in most cases remains to be evalu-
ated.

In conclusion, while studies with single fibers offer the best opportunity for
measurements of E,, allowance must be made for the several sources of error
now recognized and for an element of uncertainty, in the neighborhood of mV,
in the absolute values.

2. Diffusion limitations. The rate with which substances act on the nerve
fibers depends in part on the speed with which they arrive at the susceptible
locus. The exit of physiologically active cellular components (e.g., potassium or
lactate) may also contribute to observed phenomena if there is a restraint to their
escape which causes accumulation around the fibers (5, 6, 158, 305, 409, 413,
415, 434); this is observed even with single fibers located at the very surface of
a tissue unless good irrigation is provided (305, 307).

Passage through the interstitial region of nerve and muscle is governed not only by the
usual factors of viscosity and electrochemical gradients but by the lengthening of the mean
free path and the reduction of the effective diffusion area by the fibers themselves, acting
as impervious rods (48, 200, 386). Calculations for tissues under in vitro conditions based
on this model can describe most but not all of the eatry or exit even of substances like su-
crose or inulin, which seem not to penetrate the cells themselves (60, 256, 423, 428). These
deviations probably arise from inhomogeneities within the tissue, such as (a) external or
internal perineuria or perimysia which surround the nerve trunk or muscle and separate it
into several bundles of fibers, (b) variation in the packing of the fibers which has the effect of
creating a number of extracellular compartments, with different degrees of stasis, between
contiguous fibers of each bundle, and (¢) membranes surrounding individual cells, par-
ticularly in nerve fibers. The reality of the membranes separating the tissues into smaller
bundles is indicated by experiments in which mineral oil, containing a suitable dye, was
injected into toad sciatic nerves through their thick, superficial sheath; the oil persistently
penetrated only part of the trunk diameter, and invariably moved longitudinally into only
one of the two distal branches despite attempts to build up enough pressure to force it into
the other branch (425). The probability of the second type of inhomogeneity is indicated
by the time course of the loss of electrolyte from an agar-coated, multistranded wire; this
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loss fails to become the single exponential process expected at later times (232), much as in
nerve (428) and in muscle (2568). Evidence that superficial membranes around individual
fibers exert a resistance to diffusion is very limited; it will be described in Part II in con-
nection with after-potentials.

The considerable furor created by a vehement denial that the peripheral con-
nective tissue sheath, the perineurium-epineurium surrounding vertebrate nerve
trunks, is a barrier to diffusion of ions and polar substances (310-313), has
subsided with general agreement that the older evidence, demonstrating its inter-
ference with penetration (127), is valid. Establishment of this point was impor-
tant inasmuch as most experiments are performed tn vitro and deal with applica-
tion of substances to, or their removal from, the surface of the trunk. Sheaths
around nerve trunks of herbivorous insects, such as the locust, have been found
to perform the important function of providing protection from the high po-
tassium content and low sodium levels of hemolymph (239). Evidence for the
diffusion resistance of the peripheral sheath of vertebrate nerve is as follows:

(a) Rates with which physiological effects are induced by experimental substances of
polar character applied to the trunk are greatly increased upon removal of the sheath (68,
69, 130, 132, 283, 443) and reduced again upon return of the sheath (68, 132).

(b) Penetration of stains and of radioisotopes in the intact nerve trunk is governed
largely by the sheath (288, 423); in the absence of the fibers, emergence of radioisotopes
from the sheath exhibits the same kinetics as in the intact nerve (417).

(c) In spinal roots, where the thick sheath is absent, penetration is similar to that in
desheathed nerves (132, 319); also, in invertebrate nerve the absence of dense connective
tissue or epithelial-like layers (299) is associated with rapid penetration (e.g., 434).

(d) Physiological changes by vascular perfusion of intact nerve with experimental agents
are rapid and similar to those of desheathed preparations (282).

(e) The sheath exhibits the electrical properties of capacitance and high resistance to be
expected of a highly impermeable structure and contributes to the electrical characteristics
of peripheral nerve trunks (363, 373); these properties are weak or absent at spinal roots
(318, 372).

(f) The effects of potassium accumulation during potassium leakage, as with anoxia (411,
414) or aside inhibition (146), are reduced by sheath removal, especially with good circula-
tion of the medium (146, 425).

Whenever possible, this sheath must be routinely removed to facilitate pene-
tration, for not only does it delay attainment of equilibrium distribution, but
penetration may be so slow as to obscure effects readily demonstrable when the
sheath is absent. Thus, the action of acidification of the medium in lowering
excitability is readily shown in the absence of the sheath but is not evident when
the sheath is present (58).

A difficulty with the removal of the sheath from the trunk for studies with
frog nerve is the swelling which follows (313, 413, 416).

This involves the interstitial space, possibly the connective tissue, rather than swelling
of and damage to the fibers, for the potassium content and functional activity of frog nerve
remains intact (416), individual fibers do not show such swelling (159), and the diameter in-
crease of the nerve is at a minimum at a pH of 5, which suggests the isoelectric point of con-
nective tissue (350). In cat nerve, however, the weight gain following sheath removal is
accompanied by substantial potassium loss (71). The pH effect merits further study in view
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of the large variability of the data; preliminary studies in our laboratory indicated no
marked dependence of Ringer uptake on pH. However, oncotic agents—bovine albumin
and dextran-reduce the amplitude and rate of swelling (420). The viscosity of the solutions
is an important element in swelling; strong concentrations of high-molecular-weight dex-
tran (e.g., 20%w/v, of Swedish ‘‘F’’ dextran, with an average molecular weight of 260,000)
can prevent uptake of Ringer solution by desheathed frog nerve for three hours (420).

The negligible weight gain of the desheathed nerve of the giant tropical toad
(Bufo marinus) in Ringer makes it the preparation of choice for studies involv-
ing both electrolytes and electrical measurements on trunks (418) and perhaps
for single fibers as well. This species may also be preferable with the sucrose-gap
procedure, for the weight gain of desheathed bullfrog nerve in isotonic sucrose
(with calcium at the same concentration as in Ringer) is even faster and larger
than in Ringer (420). On the other hand, if such swelling in sucrose involves only
the interstitial region, it may have the advantage of facilitating the removal of
the electrolytes.

Other alternatives are to use preparations in which diffusion is a less limiting
factor, e.g., spinal roots, invertebrate nerves, or, better still, single fibers, or to
employ perfusion techniques. Each raises its own questions, such as the physi-
ological state of the preparation, the adequacy of control of perfusion through the
tissue, the consequences of non-uniform distribution of blood vessels (60), and
the applicability of results from the invertebrates to vertebrates. A combination
of techniques is undoubtedly the best approach.

C. Results

1. Ion effects and interacting ions and compounds. a. Potassium. 1) Effects. The
early demonstration with crab nerve that, at lower potassium concentrations,
increments in external potassium are relatively less effective than at higher con-
centrations in decreasing the injury potential, and at high concentrations E;j
varies as the logarithm of external potassium (61), has been confirmed with solu-
tions in which KCl is added without removal of sodium from the medium (434).
The potassium-excess solutions were selected because KCl diffuses rapidly into
the crab nerve fibers and therefore is not osmotically effective (212, 399); replace-
ment of K for Na therefore can cause swelling of the fibers and irreversible dam-
age (399). Similar E,-[K], curves have been obtained for desheathed frog and
toad nerve, but with potassium (or rubidium) replacing sodium (131). This type
of solution is necessary for frog nerve fibers because KCl does not penetrate at
moderate (i.e., 14 isotonic) concentrations (423); at isotonic concentrations entry
occurs with damaging swelling (209, 423).

The same general relationship between E, and extracellular potassium concen-
trations, [K],, has been obtained more recently with single medullated and in-
vertebrate nerve fibers. These studies also provide absolute values for Ey, the
most reliable of which are tabulated in Table 1. Except for crab fibers, which
have appreciably higher membrane potentials, E,, for the nerve fibers lies between
sixty and seventy mV. In frog (247), Loligo (70), and Sepia (226) axons the slope
of the linear portion of the Ex-log [K], curve is 50 mV for a ten-fold change in
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TABLE 1
Electrical and polassium characteristics of ezcitable cells
Ref- | Di- .
Animal Fiber er- |am-| R; | R, Rm Cn | Em [K)i |[Kl|Ex
ence | eter
» Qm |Qom | Qomr | uF/omt| mV mM | mM | mV
8quid (Loligo) | Hind-most Stel- | 44 |500 | 30 | 22 | 1,500/ 1.1 |65, 68! 360* (10 | 91
lar nerve 391 44.5(22.6
Cuttlefish 509 1200 | 63 | 22 | 9,200/ 1.2 623 | 330~ (10 |88
(Sepia) 223 46 360 91
Lobster Leg nerve 228 (75|61 | 22| 2,300/ 1.3 62
(Homarus)
Crab (Carci- | Leg nerve 217 |30 |9 |[22]| 7,700 1.1 82¢ | 300t (10 | 86
nus) 265 (40 | 55 | 22| 3,360| 1.2
Crab (Portu- | Leg muscle 123 |180 | 69 | 22 12042 72
nas)
Frog Sciatic nerve 457 110 | 87
Node 478 | 8 8-20| 3-7 71% | 115¢ | 2.5| 97
Internode 478 | 15 100,000( 0.005)
457 | 15 160,000( 0.003
M. sartorius 120 (100 (250 | 87 | 4,000/ 6-8 92" | 139" | 2.5 94
345 | 80 |1330 | 87 | 5,000( 4.1 89% | 153¢ | 2.5/104
M. adducter 285 | 75 |176 | 87 | 1,500 6.0
magnus
M. ext. longus IV|265 | 40 [255 | 87 | 4,300| 4.4
Toad Motoneuron 3 27018 40-50
Cat Motoneuron 51 | 70 51 500 8 69 89
154 1,000| 1-1.5
Calf, Sheep Heart (Purkinje) | 59 | 756 |154 | 561 | 1,200|11 94 | 140 | 2.7(106
Goat Heart (Purkinje) (510 | 75 (106 | 51 | 1,900(12 94

References: 1(70,158); *(219); *(226,509); (217,246); *(246,401); ¢(414,426); 7(2); *(92);
9(96); 19(73, for ox heart A-V bundle, corrected for extracellular space of 16% as in mam-
malian ventricle, ¢f. 365,370).

* From 512.

potassium concentration—a result of theoretical importance since the maximum
possible is 58 mV if potassium concentrations are solely responsible for the po-
tential.

Studies with single fibers have also revealed the great rapidity of potassium
depolarization. A technique particularly designed for rapid application of solu-
tions to single nodes of Ranvier reveals completion of depolarization in one
second (458).

In skeletal and heart muscle fibers microelectrode measurements reveal gen-
erally high membrane potentials, most often between 80 and 90 mV (Tables 1
and 2). Kuffler and Williams (288, 289) have called attention to the need to dis-
tinguish two types of muscle fibers, present in various proportions in different
striated muscles, that have distinctive electrical, contractile (and probably ionic)
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characteristics (30, 31). The “slow” tonus muscles, which are present in sub-
stantial numbers in M. rectus abdominis and in M. extensor longus IV, have
significantly lower resting potentials (60 mV) than those of the “fast” twitch
muscles (90 to 95 mV), which are in the majority in the skeletal muscles usually
employed.

Exceptionally low values have been obtained for some heart fibers—from the
cat auricle and frog ventricle—but since high values are also reported for these,
technical factors, such as the nature of the solutions used, may be involved.
Until electrodes are systematically checked for excessive diffusion potentials,
(see Section B 1 above), high values are not necessarily more acceptable; for
the time being, however, they are considered the more reliable.

We may note in Table 2 the low values of E,, found for smooth muscle; ad-
ditional low values for other smooth muscles are given in (27) and (514).

The E-log [K], curve of skeletal and heart muscle also resembles that of nerve
(2, 28, 30, 162, 191, 239, 512); a complication in such determinations is that
special precautions are necessary to assure a stationary state at the time of
measurement (48) because KCl diffuses into muscle (18). Measurements under

TABLE 2

Comparison of in situ (1.8.) and in vitro (i.v.) polassium conceniraiions and
electrical potentials in skeletal, heart, and smooth muscle

Reference Animal Fiber K} (4N Ex Een
mM mM mV wV

169 Rabbit (i.s.) Skel. muscle 144 4.7 91

500 Cat (i.s.) Skel. muscle 4.8 80

500 Guinea pig (i.s.) Skel. muscle 85

169 Rabbit (i.s.) Ventricle 107 4.7 83
73 Ox (i.s.) Ventricle 140 (12.5)*

208, 365 Rat (i.8.) Ventricle 140 4.5 91

208, 365 Rat (i.v., 6 hrs) Ventricle 112 5-5.6 | 79-82
57, 230, 499 | Dog (i.s.) Ventricle 4.43 80-90

369, 370 Cat (i.s.) Ventricle 151 4.8 91

230, 499 Cat (i.s.) Ventricle 4.8 81

396 Frog (i.s.) Ventricle 137 3.6 92

499 Frog (i.s.) Ventricle 3.6 64

396 Frog (i.v.) Ventricle 140 6 79

284 Frog (i.v.) Ventricle 62 2 87

508 Frog (i.v.) Ventricle (62?) 1.9 (88) 85

523 Frog (i.v.) Ventricle (100?) 4 81) 65
73 Ox (i.8.) - Rt. auricle 90 (12.5)* | (78)

73 Ox (i.s8.) Lft. auricle 130 (12.5)* | (88)

230 Cat (i.8.) Auricle 4.8 85
28 Cat (i.v.) Auricle 5.6 60
72 Rat (i.s.) Small intestine 193 4.5 100
26 Guinea pig (i.v.) | Taenia coli 4.7 50

520 Rabbit (i.v.) Uterus 98 2.7-4.7 | 81-95 | 48

* From shot animals; the value 4.8 for cattle (453) is probably more appropriate.
References: 1(369,370) ; *(72); *(453)
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such conditions give a final slope for amphibian skeletal muscle approaching the
theoretical 58 mV maximum—52 (2) and 57 (48) mV per ten-fold K} concen-
tration change. In mammalian Purkinje fibers the slope is 45 mV (512), and only
40 mV in the cat auricular fibers with a low E,, (28).

2) Inleractions. In whole crab nerve calcium depletion of the medium lowers
the maximum injury potential which can be attained with low external potas-
sium; this limiting effect, evident also with higher concentrations of calcium,
can be counteracted at least in part by agitation of the solution in contact with
the nerve, but only as long as agitation is continued (434)—a result suggesting
that the potassium leakage, to be expected at low external potassium levels
(137, 272, 409, 415), prevents the potassium level immediately surrounding the
fibers from falling to as low a value as in the surrounding medium, thereby limit-
ing the rise in potential as extracellular potassium is decreased. This has been
observed to be the case even with single fibers (158). Hence attempts at theoreti-
cal deductions based on E,, changes at low [K], should be preceded by an evalua-
tion of the magnitude of the effect of such leakage on the measurements. More-
over, a depolarization induced by a given experimental condition must be checked
for the involvement of increased potassium leakage and potassium accumulation
around the fibers [see Section B 1 b 1)].

The effectiveness of intermediate concentrations of external potassium in caus-
ing depolarization can be reduced by high concentrations of multivalent ions
(Ba > Sr > Ca) in crab nerve (189), in sheathed frog nerve (216), and in muscle
(148, 153, 214), and enhanced by a decrease in the calcium concentration of the
medium surrounding desheathed frog nerve bundles (468). In muscle eight-fold
higher calcium maintains a 10 mV higher potential but does not prevent potas-
sium depolarigation (251). In the case of sheathed nerve the possibility that
reduced sheath permeability is a factor requires examination.

Calcium has been classed as a “‘stabilizer” (19, 398, 402, 404) since, in common
with this group of compounds, it produces little change in membrane potential
or a slight hyperpolarization when added in excess (e.g., 19, 61, 314, 406, 461,
469), yet markedly decreases changes in E, brought about by potassium and
by other experimental conditions (discussed below). In keeping with this, other
stabilizers duplicate the action of calcium on potassium depolarization. This was
observed many years ago by Hober (214) and again recently (153, 403, 410) in
muscle. Straub (468) has now shown for medullated fibers that procaine and
cocaine are effective in concentrations of 1-3 mM (0.03-0.08 %) ; additional im-
portant observations by Straub are (a) partial reversal of potassium depolariza-
tion by procaine when applied after potassium has acted, (b) that the rapidity of
the protective action of local anesthetics against potassium is as great as the
potassium depolarization itself (equivalent to the diffusion time of 10 to 30 sec
in the nerve bundles), and (c) the wearing off of procaine protection, as judged
by the gradual increase of successive potassium depolarizations in the continued
presence of procaine. He points out that observation (a) rules out the possibility
of increased resistance to potassium diffusion by an external barrier around the
membrane and that (b) indicates the anesthetics act at the fiber surface. Straub
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also notes that procaine effectiveness against potassium is greater at pH 7 than
at 9, and suggests that the cation form of the anesthetic may be involved.

These local anesthetics as well as antihistaminics have been shown earlier to
reduce potassium depolarization in muscle (403, 410). Attempts at that time to
demonstrate effects by local anesthetics on potassium depolarization in sheathed
nerve were unsuccessful (405, 412), presumably because of diffusion limitations
(468) as noted more recently for the action of pH change on rheobase (58, 348).

Physostigmine (eserine) (1-10 mM) and neostigmine (Prostigmin) (10 mM)
also reduce potassium depolarizability in small frog nerve bundles (467). Tetra-
ethylammonium at high concentrations acts similarly in spinal roots (317).
Epinephrine is effective in musecle (352).

Anodal current, that is, current directed inward across the membrane, increases
the membrane potential and exerts effects like those of stabilizers. In keeping
with this, sheathed sciatics, depolarized in relatively strong KCl solutions, are
repolarized under the anode (297, 310, 311), an effect observed even with iso-
tonic KCl in contact with single fibers (459).

In frog spinal roots, KCl depolarization is slower in Ringer made twice hypertonic with
NaCl than in Ringer made equally hypertonic with choline chloride or diethanol-dimethyl-
ammonium chloride (317). Considerably more hypertonicity with sucrose than with electro-
lytes is required to reduce the rate of depolarization of frog roots by potassium, but less
suffices on the peripheral trunks (317). Desheathed, small nerve bundles also are depolarized
more slowly by potassium in Ringer hypertonic with sucrose, and more rapidly in hypo-
tonic Ringer; these effects develop gradually to a maximum (460).

The action of hypertonic solutions may reflect in part reduced rates of diffusion of potas-
sium to the physiological membranes. Thus, after depolarization of roots in Ringer by potas-
sium, excess NaCl does not reduce the depolarization (317). This negative result is surpris-
ing since the higher conductivity of the extracellular space should have reduced the
measured depolarization; however, since excess NaCl will depolarize (317, 444), this may
have balanced the conductivity effect. Monnier and his colleagues (339) have observed that
inadequacy of the osmotic pressure of Ringer widens the gap at the node of Ranvier, where
the predominant effect of potassium occurs, and that the addition of oncotic agents narrows
it; such changes with hypertonic solutions could slow the action of applied potassium. Also,
water removal from the sheathed nerve trunk (402) with hypertonic solutions substantially
exceeds that from desheathed nerve (416) and from single fibers (209) ; this may be expected
from the low diffusibility of polar substances through the sheath (417, 423), which would
cause water removal from the interstitial space and hence tighter packing of the fibers
than in the absence of the sheath. This may account for the need for stronger sucrose solu-
tions at roots to slow potassium depolarization.

Depolarization by potassium may not only be depressed, it may be augmented
as well. This occurs when the calcium content of the medium is reduced (461),
when veratridine is present (469) or when the sodium level of the medium is
reduced by replacement with choline (322).

b. Other small (hydrated) ions. 1) Rubidium, cesium, ammonium. In keeping
with the older literature on intact nerve (215), rubidium depolarizes desheathed
myelinated nerve less effectively than potassium (131). The same was reported
for European crab leg nerve (61), but the reverse has been described for Ameri-
can spider crab preparations (516). Nerve and muscle are even less affected by
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cesium (215), an observation of considerable theoretical importance, as is the
finding for muscle that depolarization by NH} also is weak (163) (see Section
VII).

2) Hydrogen and carbon dioxide. Medullated nerve fibers. The gas, CO,, is in-
cluded under ions because it probably acts at least in part by virtue of the H*
it produces in solution. Its effects on membrane potential and excitability are
the same as those of hydrogen ions except more marked (58, 348, 471). The greater
effectiveness usually is attributed to better entry into the axoplasm, but a
more marked uptake by the membrane itself should not be overlooked as a possi-
bility. The exceptionally high lipid activity of CO, hydration products has been
noted with emulsions (397).

Two obvious effects are produced by an elevation in H* and CO,: (a) An ini-
tial rapid hyperpolarization (310, 402, 471), which is depressed in the absence of
extracellular sodium (471), and (b) a slow secondary depolarization (93, 310, 402,
468), which in the case of CO, is suppressed by improved buffering (402). CO,
hyperpolarization is accelerated and overshoots in low calcium but is slowed in
elevated calcium (402); it is depressed or actually changed to a depolarization in
blocking concentrations of cocaine and pyribenzamine (413).

H+ acts as a stabilizer as well. Thus, in preparations in which a hyperpolariza-
tion effect is not apparent, it reduces K+ depolarization as rapidly as the potas-
sium action itself (93). It also reduces the depolarization of nerve bundles caused
by the lowering of extracellular calcium (468).

Other fibers. CO2 lowers the potential of crab nerve, an effect depressed by im-
proved buffering (400). In muscle, too, a depolarizing ‘action has been reported
(e.g., 305, 337). Excitability studies with arthropod nerves strongly suggest that
depolarization results when membrane potential is high, and hyperpolarization
when potential is low (14, 15, 296). This is in keeping with the hyperpolarizing
effect of CO. in medullated fibers, where Ey, is low, and its depolarizing action
in muscle and crab nerve, which have higher values of E,, (Tables 1 and 2).
However, E., is probably secondary to another more basic factor in the polarity
of the CO, effects, for pyribenzamine, which has a negligible effect on the mem-
brane potential of medullated nerve (69, 413), nevertheless reverses the CO,
effect (413).

c. Sodium. Reduction of the sodium content of the medium, for example by
replacement with choline cation, augments the potential of small medullated
nerve bundles (468, 469), of single myelinated fibers (206, 221, 247), and of mus-
cle (344), an effect which is well maintained (459).

Excess sodium chloride (469), choline chloride (206), and sucrose (402), added
to make the medium hypertonic, cause depolarization. Lowered sodium in
spinal roots (322) and intact nerve trunks (425) also causes a depolarization,
but since this represents a secondary decline (425), it is more likely due to an
accumulation of potassium in the interstitial spaces which, by its depolarization
effect, obscures the hyperpolarization by low sodium. This is to be expected
from the leakage of potassium whick occurs at low extracellular sodium levels
(422).
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As in the case of potassium, potential changes associated with changes in the
sodium content of the medium can be depressed or enhanced. Thus, in small
nerve bundles, veratridine (469) and reduction of the calcium content of the
medium (461) augment the depolarizing action of sodium. Procaine and cocaine
depress the hyperpolarizing effect of low sodium and the depolarizing action of
excess sodium in the same preparations (468).

d. Lithium. In crab nerve this ion has little effect (61), but in spinal roots and
small nerve bundles its replacement of sodium causes a hyperpolarization, which
is augmented by lower temperatures (316) and by veratridine (469). The aug-
mentation at low temperature may be due to the reduction of a secondary de-
polarization which occurs at higher temperatures (316).

e. Calctum. In general, elevation of the calcium level of the medium above
normal produces either no change or a slight elevation in potential; a decrease
in calcium usually lowers E,, or E;. In whole medullated nerve, an increase
in Ca** to 17 mM causes only a hyperpolarization; at higher concentrations
irreversible changes accompany a secondary depolarization (314). In small
medullated nerve bundles calcium removal causes a depolarization of 8 to 10
mV (461, 469), but a preliminary report on single nodes of Ranvier indicates no
potential change (206). Similarly, in giant axons calcium removal causes a small
(5%) depolarization (424) or none (21), also noted in Purkinje fibers of the heart
(499, 511). All agree, however, on a small or negligible hyperpolarization in ex-
cess calcium (206, 405, 469, 511).

Skeletal muscle potentials are more sensitive to calcium, an appreciable in-
crease occurring in an excess of the divalent cation (249, 251) and a marked
decrease in its absence (250, 332). In the former studies, Er, in Ringer was about
10 mV lower than found in the careful investigations of (2) (Table 1).

The absence of sodium in the medium can prevent the depolarization of medul-
lated nerve bundles in low calcium, although at elevated potassium levels de-
polarization will occur even in the absence of external sodium (461); as already
noted, at lower pH levels depolarization in low calcium is depressed (468). De-
polarization by low calcium is prevented in squid axons by 0.9 mM cocaine and
higher (424), and reduced in nerve bundles by as little as 0.05 mM procaine, an
effect augmented at higher pH presumably because the effective form is the free
base (468).

The initial depolarization of small medullated nerve bundles in low calcium
solutions is slow compared to potassium depolarization, but successive alterna-
tion of Ringer and low calcium solutions speeds up the low calcium effect pre-
sumably by depleting a calcium reserve which delays calcium deprivation; re-
polarization upon return to normal calcium levels is as rapid as upon removal of
excess potassium (461). Liittgau (324) has also noted that the excitability charac-
teristics of single nodes of Ranvier change progressively in citrate solutions over
15 to 20 min.

f. Anions. Early studies established that the bioelectrical effects of extra-
cellular monovalent anions are negligible in vertebrate nerve as judged from the
lack of changes in E,, in substitution experiments; crab nerve, however, shows
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minor effects on replacement of the anions similar to muscle (516). The small
inéreases in potential noted in muscle vary inversely with the degree of ion

ydration (Table 3) and hence as SCN > NO; > I > Br > Cl (215, Chapt.
17). Héber (214) showed very early that this hyperpolarization is reduced by
stabilizers (see Section VIII B6).

More recent research attempting to judge the role of anions has employed sul-
fate and phosphate as substitution anions; unfortunately, these anions may be
expected to bind calcium since the solubility products are low. Consequently,
reports of depolarization obtained with them in small nerve bundles and muscle
(204, 469) must be regarded tentatively as the consequence of a lowering of the
calcium in the medium. The lack of an effect by NO; replacement in small verte-
brate nerve bundles (469) corroborates the older data for such tissue.

When the chloride ion is removed with sodium, e.g., by substitution with glu-
cose or sucrose, the polarization changes are not greatly different from those
resulting from removal of sodium alone, e.g., by replacement with choline chloride.
This is indicated by studies with giant axons (221); in muscle, the hyperpolariza-
tion may be reduced (343, 344) indicating that chloride does contribute somewhat
to En. However, in small bundles of medullated fibers a much larger hyper-
polarization occurs and then gradually subsides (459, 469), as though chloride
were originally depolarizing the membrane. In view of the substantial pH
changes which can occur at interfaces when the electrolyte content of the bathing
solution is very low, this may underlie the hyperpolarization, linked perhaps
to permeability changes or to phase boundary effects. The high oxygen consump-
tion of muscle in pure sucrose, which is greatly reduced by small quantities of
many different ions, is consistent with this view, as is the early demonstration
that small quantities of KCI greatly reduce the electrical effect of pure sucrose
(133). The transitory nature of the hyperpolarization also is in keeping with
these possibilities. Moreover, Tasaki (personal communication) reports that a
large anion like glutamate can replace chloride with no obvious bioelectrical
effect in vertebrate fibers.

Microinjection studies are discussed in Section III D 3 a.

2. Drug effects. a. Stabilizers. Agents categorized as stabilizers were originally
defined as those which block the nerve or muscle impulse with small or negligible
¢hange of the resting potential (13, 33). The concept of ‘‘stabilization’” was
broadened as much as fifteen years ago with the recognition that it is associated
with the reduction or prevention of any change in membrane potential (398,
403, 404). Thus, calcium, cocaine and procaine were shown to reduce anoxic
depolarigation of nerve, and the latter two to decrease potassium depolarization
of muscle. Actually, as early as 1907 Hober (214) called attention to the reduced
effectiveness of ‘“negativizing” (KCl, RbCl, etc.) and ‘“‘positivizing” salts
(NaSCN, Nal, etc.) on muscle in the presence of narcotics (chloroform, phenyl
carbamate, ethyl carbamate), which themselves do not affect membrane poten-
tial. This was extended by Okamata (352) to procaine and other drugs. We have
seen in the preceding section that this concept of stabilization is indeed generally
applicable to E, changes by ions including CO,. It will soon be discussed in
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relation to depolarization by anoxia and “labilizers,” and later with respect to
more basic effects (Sections III D, IV, V). Let us consider first the direct effect
of stabilizers on the resting potential.

A description of the effect of stabilizers on E,, must take careful account of
the concentrations employed. Thus in vertebrate nerve, various carbamates
(urethanes) (65), higher members of the alcohol series (13, 360), methylfluor-
acetate (17), and iodoacetamide (316), which hyperpolarize at lower, blocking
concentrations, or antihistaminics, e.g., Benadryl (diphenhydramine), Pyri-
benzamine (tripelennamine), Histadyl (methapyriline), and related but non-
antihistaminic agents, e.g., methadone (Amidon) (69, 413), which produce no
detectable potential change at low, blocking concentrations, nevertheless all
depolarize at higher concentrations (65, 69, 361). This effect with concentration
has also been noted with ions, for example calcium and lithium, as already men-
tioned (314, 316). The depolarization frequently is only partly reversible (65,
69). It is not due to leakage and interstitial accumulation of potassium for it is
accelerated by improved penetration of drugs in the absence of the peripheral
sheath (69).

The frequent disagreements as to whether stabilizers do or do not produce a
hyperpolarization in medullated nerve (e.g., 13, 33, 413, 468, 477, 491a, 526)
therefore are attributable (a) to too small a change in membrane potential to be
detected by the technique employed or (b) to the use of excessive concentrations,
at which the depolarization masks the hyperpolarization. The negligible poten-
tial change so often seen may well reflect a nice balance between two opposing
processes—one hyperpolarizing, the other depolarizing—which are individually
apparent with other drugs at appropriate concentrations or, as will be shown, un-
der certain experimental conditions. The presence of two such processes is cer-
tainly indicated by the aliphatic alcohols; thus, the lower members only de-
polarize, the higher members hyperpolarize at low concentration and depolarize
at higher concentrations, and an intermediate alcohol has no effect on mem-
brane potential at low concentration (292, 360, 361).

Other drugs which act as stabilizers for a variety of depolarizing conditions
in frog and rabbit nerve are (a) carbonic anhydrase inhibitors, including sul-
fanilamide, thiophene-2-sulfonamide (402), and Diamox (acetazoleamide) (349),
(b) physostigmine sulfate (526), and (¢) quinoline (67). (a) and (b) are of inter-
est since their stabilizing action is probably quite independent of their “‘specific”’
enzymatic inhibitory properties. Thus, carbonic anhydrase is not present in
detectable quantity in vertebrate nerve (349) and anoxic depolarization also is
affected (402). A small depolarization accompanies physostigmine sulfate ap-
plication (309, 526); however, the possibility of removal of ionized calcium
through complex formation with the sulfate requires examination since the cal-
cium sulfate solubility product was approached. In invertebrate fibers quinoline
causes repetitive firing (179) rather than block, an effect which may be related
to an important difference in the response of muscle and invertebrate nerve
fibers to the stabilizers.

Muscle and invertebrate (especially crab) nerve are rather similar to each
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other and differ from vertebrate nerve in that there is either no potential change
or only a decrease upon application of stabilizers, especially at higher concentra-
tions, never a hyperpolarization. This has been described for cocaine applied to
squid axons (405) and to crab leg nerve (406) and for a variety of stabilizers
(local anesthetics, antihistaminics), including CO,, in skeletal muscle (151, 214,
410, 488) and in heart fibers (254, 507, 511).

This difference is probably related to the higher values of E, which were
noted to be characteristic of muscle and crab nerve fibers (Tables 1 and 2). In
keeping with this are (a) the hyperpolarization of muscle from 60-day starved
animals by 1.1 mM procaine, which normally causes a depolarization (251), (b)
the change of the CO, hyperpolarization of frog nerve to a depolarization by a
hyperpolarizing local anesthetic such as cocaine (413), (c) the indirect observa-
tions on arthropod nerves, already mentioned, that suggest that the polarization
response to CO, depends similarly on membrane potential (14, 15, 296), and
(d) the alteration of the direction of the polarization changes induced by procaine
in medullated nerve as a result of changing the initial level of polarization elec-
trically (470). We have already noted, however, that a higher initial membrane
potential does not accompany the reversal of CO; action in frog nerve by pyri-
benzamine (413); moreover, most stabilizers have only a small effect on En.
Hence, we may conclude that while elevation of E,, induces changes comparable
to those brought about by stabilizers, the membrane potential changes which
accompany stabilizer action are usually only incidental to and reflect other more
basic changes, changes which will soon be related to the permeability character-
istics of the cell membranes. The stabilizing action of electrical hyperpolarization
against a variety of depolarizing conditions has been described in a number of
studies on nerve and muscle (147, 148, 149, 151, 153, 297, 310, 459), as has that
of CO; (291, 293, 310, 338, 348, 402). In the case of the latter, a stabilizing effect
independent of the increase in Ey, is likely in view of the action of H* in depress-
ing potassium depolarization [Section III C 1 b 2)].

Low temperature and low extracellular sodium concentrations produce effects
similar to the stabilizers. Thus, the former prevents or counteracts depolariza-
tion of spinal roots by veratrine and by anoxia and the secondary depolarization
following the initial hyperpolarization produced by CO., iodoacetamide (316)
amyl carbamate (66), and replacement of sodium by lithium (316); as a result,
the hyperpolarization phases, when present, are augmented. The effect on potas-
sium and rubidium depolarization is slight, however (316). Low sodium reduces
or prevents the polarization changes produced by veratridine (469), low calcium
(461), and CO; (471) in medullated nerve, and by anoxia in vertebrate (322)
and invertebrate (407) nerve; unlike the stabilizers, however, it accentuates
potassium depolarization (317).

b. “Labilizers.” A term is required to refer to the action of experimental agents
which is the reverse of that of the stabilizers, namely, the accentuation of electri-
cal changes. “Unstabilizer”” has been employed (404, 413), but “labilizer’’ seems
preferable and will be used henceforth with suitable modifications to conform
to different parts of speech.



80 SHANES

It has long been recognized that removal of calcium from the medium, espe-
cially when supplemented by calcium precipitants or complexing agents, renders
nerve and muscle hyperirritable (e.g., 19, 324, 338). Recently attention has been
called to other effects by low calcium which are the reverse of stabilizers, viz.,
accentuation of anoxic depolarization (402, 403, 413), of CO, hyperpolarization
(348, 413), and of potassium and of sodium depolarization (461). It has already
been pointed out that depolarization may or may not occur, in contrast with
the hyperpolarization which may or may not occur with stabilizers. Obviously,
experiments which may change the calcium content of the medium (by addition
of Ca-complexing agents, such as SOy, HCO;3, POy, of organic phosphates like
adenosine triphosphate, or by changes in pH of solutions containing such com-
plexing agents) must be carefully controlled.

The spontaneous repetitive activity which occurs in the complete absence of extracellular
calcium no doubt contributes to accentuation of anoxic depolarisation (126); however, the
latter and the other effects of low calcium are still apparent when calcium concentration is
reduced to only half (413), at which concentration no repetitive activity ocours (21). More-
over, veratrine, now to be discussed, acts like low calcium although it is known not to cause
spontaneous activity (e.g., 405, 406, 413)."

Alkaloids derived from veratrine, and probably other veratrum derivatives,
but not all—e.g., veratramine (281), which resembles quinine and quinidine
instead—exhibit the properties of labilizers. Thus, in veratrine concentrations
too low to affect appreciably the membrane potential, frog nerve (413) and crab
nerve (406) depolarize more rapidly in the absence of oxygen; also, in CO,,
veratrine makes frog nerve hyperpolarize with an overshoot, as does lowered
calcium (413). Depolarization by potassium is enhanced by veratridine (469), an
effect which may account for the increased sensitivity of rectus abdominis
muscle to potassium in the presence of related drugs (175). At higher concentra-
tions, veratrine depolarizes whole vertebrate nerve (310, 413), invertebrate nerve
(188), and striated muscle (153) and veratridine small medullated nerve bundles
(469), an effect prevented or reversed by stabilizers such as procaine, cocaine
(153, 413), calcium (153, 469), barium (188), CO; (310), low temperature (316),
by removal of sodium from the medium (469), and by electrical hyperpolariza-
tion (153, 310).

It has been concluded from the stoichiometric relation of the antagonism
between calcium and veratrine (and other compounds) on repetitive activity
that calcium is displaced from the cell surface (e.g., 179, 513). However, veratrine
still markedly accentuates anoxic depolarization of medullated fibers after long
periods of exposure to strong solutions of a calcium precipitant such as phos-
phate; on the other hand, the alteration of CO, hyperpolarization by veratrine
disappears (413). The effect of veratrine on CO; action therefore appears to be
dependent on the presence of calcium in the medium which maintains a calcifi-
cation of the membrane surface that is reduced by veratrine, while that on
anoxic depolarization involves an additional factor.

It should be noted that the agents discussed as labilizers have a demonstrable
effect on the changes in membrane potential produced in the resting cell by a
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variety of experimental agents. Labilizers are to be distinguished from compounds
which cause repetitive activity without involving the properties of the resting
cell [e.g., insecticides such as DDT (1,1,1-trichloro-2,2-bis(p-chlorophenyl)-
ethane); see 406, 413], a phenomenon which will be discussed in Part II.

3. Metabolic factors. a. Inhibition. 1) Nerve. Under moist chamber conditions
vertebrate and invertebrate nerves undergo depolarization with deprivation of
oxygen, interference with oxygen utilization, or through action of glycolytic
inhibitors (e.g., 310, 406, 431, 525). Glucose utilization under anaerobic condi-
tions initially delays anoxic depolarization in frog nerve, an effect prevented by
iodoacetate, which itself accentuates anoxic decline (402, 406, 413); prolonged
anoxia in glucose eventually leads to faster depolarization (310). Inhibition by
iodoacetate alone is delayed by pyruvate and lactate; that by fluoride by pyru-
vate only. Pyruvate and lactate are ineffective as substrates under anaerobic
conditions (402). Cat spinal roots require glucose even in oxygen to maintain the
resting potential (322).

In nerve, metabolic inhibitors and various substrates have the same effects
on metabolic intermediaries and oxygen consumption as in other systems (112,
164, 165, 166, 236, 390). These effects appear to be related to the bioelectrical
data from the general standpoint that the membrane potential is at least partly
dependent on continuous energy turnover, a view in accord with the parallelism
between heat production and membrane potential during anoxia and return to
oxygen (126). In keeping with this, Wright (524) finds for nerves from a wide
range of animal species that sensitivity of the polarization level to oxygen lack
is proportional to the resting level of oxygen consumption, a phenomenon also
observed with change in temperature. A similar conclusion may be drawn for
calcium precipitants and for excess calcium, which augment or depress oxygen
consumption (19, 21). Less sensitive preparations may make greater use of
anaerobic processes—as will be pointed out for muscle—or may be less dependent
on metabolic turnover because of mechanisms which reduce the leakiness of the
fibers to ions, a matter discussed later.

It must be emphasized that the studies which have just been described were
conducted under moist chamber conditions, with an epineurium present in the
case of vertebrate nerves. Since potassium leaks from the fibers during inhibition
(see Section IV B 4), obviously the change in E,, is at least partly dependent on
potassium accumulation in the interstitial spaces during such experiments.
However, a comparison of the E,, changes with well washed and unwashed fibers
offers a means of separating the potassium effect from any other which may
underlie changes in E,, with anoxia. Recent studies with desheathed toad nerve
reveal E,, changes with anoxia half as great as in the moist chamber (425).

Development of a slight depolarization in dinitrophenol has been seen in
small, washed vertebrate nerve bundles (93, 469); this effect is obtained only
at lower pH (e.g., pH 6), apparently because penetration of the inhibitor requires
the lower pH (93), an effect also noted for invertebrate fibers (34). In keeping
with the role of potassium accumulation discussed above, intact trunks of
C fibers depolarize more in 0.1 mM dinitrophenol, cyanide, iodoacetate, and
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azide than small, sheath-free bundles composed of these fibers; also, the same
observers note that 15 uM ouabain causes depolarization of whole trunks but
not of small bundles of C fibers (366).

While a depolarization of vertebrate nerve fibers independent of potassium
accumulation in the extracellular space may occur with inhibition, available
evidence indicates this does not occur in giant invertebrate axons. Thus, washing
of squid axons during anoxia completely restores functional activity over long
periods of time (412). Direct measurements of E,, in Sepia giant fibers, during
exposure to strongly inhibitory concentrations of cyanide, dinitrophenol, and
azide, revealed no significant change (224, 225).

Stabilizers mimic the action of glucose in slowing anoxic depolarization, but
differ from it in exerting many other effects (e.g., conduction block, lowered
excitability, modification of CO; action on membrane potential) as well as in
exerting protection against an inhibitor such as iodoacetate rather than being
blocked by it (413, 414). Stabilizing agents and experimental conditions which
delay anoxic depolarization under moist chamber conditions are barium (314),
calcium (310, 398), magnesium (308), low external sodium (308, 322, 407), low
temperature (316), physostigmine (308, 526), carbonic anhydrase inhibitors
like sulfanilamide and thiophene-2-sulfonamide (402), local anesthetics and
antihistaminics (403, 413), yohimbine (413), and CO; (291, 293, 310). With
washed desheathed nerve cocaine and low sodium nearly obliterate anoxic
depolarization (425). .

Labilizers (low calcium, calcium-complexing agents, veratrum alkaloids) super-
ficially resemble the glycolytic inhibitors in accelerating anoxic depolarization,
but again differ from the inhibitors in inducing repetitive firing, in modifying
CO; action on E,, and in not impairing recovery following anoxia (405, 406,
411, 413, 431). Moreover, the antagonism of stabilizers to depolarization by
higher concentrations of labilizers can be complete whereas the antagonism to
depolarization by metabolic inhibition is only partial (413). Consequently the
mechanism of action of stabilizers and labilizers is unlikely to be that of sub-
strates and inhibitors, a conclusion repeatedly pointed to in many studies (33,
241). Rather the mechanism must be one which is common to other functional
aspects of excitable cells, an electrochemical one to be discussed shortly. In
keeping with this view, no good evidence is at hand for metabolic influences by
these agents related to their effects. Thus, at pharmacologically active concen-
trations stabilizers generally lack a demonstrable effect on respiration (thermal
measurements would be more crucial) (33, 439) while labilizers either augment
it slightly (39, 387) or have no influence but accelerate it at high concentration
(364).

2) Muscle. In frog skeletal muscle anoxia and cyanide poisoning cause only a
slow, small fall in E,,; iodoacetate substantially accentuates the decline. Here,
too, flow of solution past the impaled surface fibers is necessary to prevent
accentuation of depolarization, probably because of potassium accumulation
(306). The depolarization of muscle by metabolic inhibitors is slowed by a lower-
ing of temperature (306), as in nerve.
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Ischemia of mammalian muscle leads to immediate depolarization (500), but
potassium accumulation in the extracellular spaces may have been involved
under these conditions.

The depolarization of heart muscle is delayed during anoxia (496, 507, 508).

b. Recovery from inhibition. In both vertebrate and invertebrate nerve, under
moist chamber conditions, return to oxygen after anoxia causes a larger increase
in potential than the decline during anaerobiosis (310, 431, 434). This overshoot-
ing is larger in mammalian than in amphibian nerve (322). It is depressed by
low sodium (322), by inhibitors (431) and by conditions which reduce the anoxic
decline (413); conversely, increased anoxic decline augments overshooting except
when inhibitors hasten anaerobic depolarization (413). The possibility of account-
ing for the overshooting in terms of potassium depletion in the extracellular
spaces has been pointed out (411). According to this, the secondary decline in
potential following the maximum repolarization would be due to entry of potas-
sium into the extracellular spaces from the external medium or to secondary
leakage from the fibers; reduction of the potassium level of the medium does
reduce the secondary fall in potential during recovery (322). Repolarization of
skeletal muscle following inhibition by cold (92, 466) and in papillary muscle of
the heart following anoxia (496) has been observed but is not as striking as in
nerve.

D. Hypothetical considerations

1. The cell as a 3-phase system. The approach most likely to prove substantial
is that expressed in the simplest terms consistent with cellular structure and
composition and with the observed phenomena. The cell cannot be divorced
from its environment, with which it forms a 3-phase system—an intracellular
and extracellular phase and the intervening membrane.

a. Ezxtracellular phase. This is best known with respect to ionic composition,
particularly under in vitro conditions with single cells. In whole tissues, especially
in situ, the complexities (Donnan equilibria, binding, efc.) increase; these have
been summarized by Manery (329) and noted more recently for mammalian
(71, 283) and amphibian (427, 428) nerve and for heart (208, 370). Such diffi-
culties contribute to the uncertainty of estimating the ionic content of the proto-
plasm; the error for potassium, which is predominant in the cells, is much less,
of course, than for sodium and chloride, which are present there in small amounts
although in high concentrations extracellularly. Potassium concentrations in
plasma, which are somewhat larger than in the extracellular spaces in situ (329),
and those in various bathing media which have been employed n vitro, are listed
in Tables 1 and 2. Sodium and chloride data are given in detail in the references
in this and the immediately following section.

b. Intracellular phase. The “‘effective” concentrations of the free ions in the
protoplasm—more properly known as the thermodynamic activities of the ions
—must be known with considerable exactness to determine the validity of
electrochemical models proposed to account for the resting potential. This
involves (a) distinguishing the ions in the extracellular spaces and in the sheath-
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ing elements, perhaps in the membrane itself, from those in the protoplasm,
and (b) determining the thermodynamic activity of the ions in the protoplasm.

With respect to (a), the situation is simplest for giant axons, where the protoplasm can
be extruded from the fibers (e.g., 10, 374, 464, 465), but this is by no means a panacea. Thus
few have taken the precaution of pretreating the sheaths with low electrolyte solutions to
minimise contamination, particularly by sodium and chloride, during extrusion. Moreover,
in many early measurements the ends of the axons, where substantial interchange of sodium
and potassium as well as gain of chloride occur (414, 429), contributed appreciably to the
results. And, finally, it must be remembered that the large squid fibers have many branches,
which must be cut, through which some exchange can occur; this can be kept small by leav-
ing sufficiently long branches, although better still, work carried on with cuttlefish (Sepia)
fibers, which lack branches, eliminates this particular problem.

In more complex systems, such as whole nerve and muscle, the peculiarities of the extra-
cellular spaces with respect to volume, ion content, binding, efc., must be defined with
maximum precision by the use of compounds that remain exclusively extracellular and by a
study of the kinetics of entry and exit of these compounds and of the ions of interest. Until
kinetics data are available, simple analyses cannot be considered an adequate test of cur-
rent hypotheses (e.g., 437, 438). Available evidence for the binding of sodium, calcium, and
chloride in the extracellular spaces, especially by connective tissue (201, 205, 283, 330),
certainly dictates caution in interpretations based solely on direct analytical results.

Unoertainty also arises from the inhomogeneity of tissue with respect to the cells present.
Thus, skeletal muscles differ in the proportions of their ‘‘fast’’ and ‘‘slow” fibers (288) and
nerve trunks with respect to their A, B, and C fibers; hence, if one fiber type should have a
high sodium content, this would ordinarily be averaged for all the fibers. Information is
needed on electrolyte distribution in tissues composed predominantly of the fibers whose
presence hitherto has been neglected in the commonly studied preparations—e.g., abdomi-
nal muscle for slow fibers, autonomic nerves for small axons. One systematic comparison of
sodium and potassium in various parts of the heart (e.g., Table 2, p. 72) reveals interesting
differences (73); although the significance of the findings is limited by the absence of data
on the extracellular spaces, the presence of real intracellular differences is quite likely.
Obviously, the application of analytical data from one part of the heart to another is cer-
tain to involve some error.

A final element of uncertainty in the determination of the ions actually contained in the
protoplasm is the inhomogeneity of individual cells—the mitochondria, many nuclei, and
perhaps striations in muscle and the myelin sheaths in nerve. Myelin appears to be part of
the extracellular space (427, 428). The organelles (nuclei, mitochondria) must be considered
suspect as a possible basis for the dual kinetics—a faster and slower component—of potas-
sium entry and exit in muscle. This kinetics has been interpreted as the consequence of a
free and bound fraction of potassium (197, 198, 205). However, the membranes of mito-
chondria and nuclei may enclose potassium at essentially the same concentration as in the
protoplasm but function as additional barriers. A high sensitivity of such membranes to
temperature could account for the accentuation of the 2-stage kinetics at low tempera-
ture (197, 198, 200, 334).

The technical difficulties which have been outlined by no means obscure the
basically different distribution of ions inside and outside cells which has been so
long known. Data for potassium, based on the best available corrections and
given in Tables 1, p. 71 and 2, p. 72, are seen to be consistently high for the
cell interior. Sodium and chloride concentrations are usually low in the cells.
Further details, especially with respect to sodium and chloride, will be found
in the references in the text and in the tables and in 48, 200, 329, 512.
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The concentration figures for potassium in Tables 1 and 2, and most estimates
of intracellular concentrations of sodium and chloride, are based on the assump-
tion that the ions are completely dissociated in the water of the protoplasm as
they are in ordinary aqueous solutions. However, chloride binding by blood
protein is known and its occurrence within cells is likely (e.g., 276). Multivalent
cations like calcium have long been known to be bound by protein and lipid;
consequently one is not surprised at its absence as the free ion in squid proto-
pla.sm (37), at its indiffusibility when injected (227), at its anomalous transport
in the electric field because of binding to a protoplasmic anion in mammalian
nerve (452), nor at other available evidence of binding within the cell (171, 201,
490).

On the other hand, the case for binding of sodium and potassium may be
considered questionable. It is certainly not easily demonstrable as for calcium
and chloride. Hill’s early data on the vapor pressure of muscle (210) and recent
findings on diffusibility and mobility of potassium within giant axons and muscle
(199, 223, 227) and on the emergence of radioactive sodium injected into giant
fibers, in contrast to the behavior of calcium (237), point to negligible binding of
the monovalent cations. In Table 1 the specific resistance of protoplasm can be
seen to range from twice to three times that of the medium. Although this seems
high, it must be remembered that organic anions, especially in vertebrates, are
not likely to be free to migrate, hence intracellular resistance will be at least
twice that of the medium; since cellular volume is generally taken on a geometri-
cal rather than on an aqueous basis, this will further increase the value; and,
finally, the protoplasmic viscosity is likely to exceed that of water, which would
further raise protoplasmic resistance.

Available measurements therefore are consistent with the existence of the
monovalent cations largely in unbound form. The complete or nearly complete
exchangeability of intracellular ions for radioisotopes—observed for pofassium
in invertebrate nerve (272), for chloride, sodium, and potassium in amphibian
nerve (426—427), and for potassium in some amphibian (269) and mammalian
(35, 64) muscle—is in keeping with this. However, it by no means constitutes
final evidence of free ionization because binding is not usually the poorly revers-
ible process (276) seen in the case of potassium in Escherichia colt (62, 367) or
of calcium generally.

" In addition to high potassium and low sodium and chloride concentrations,
axoplasm and myoplasm are characterized by a substantial deficit of intra-
cellular inorganic anions relative to the cations (e.g., 10, 135, 137, 138, 329, 462,
465). Among invertebrate nerves much of the anion deficit is made up of organic
anions, chiefly aspartate in lobster and crab fibers, isethionate (2-OH-ethane-
. sulfonate) and aspartate in squid (277, 303, 440, 441); in muscle the organic
phosphates represent a major fraction of the anion deficit (18, 304); and in
vertebrate nerve the anion deficit is met largely by structural components (441).

Since the organic anions composing the deficit are largely indiffusible, the
conditions for a Donnan equilibrium are present and diffusible cations will
greatly exceed diffusible anions, in keeping with the situation as described for
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skeletal muscle (18, 48). A major difference from the simple Donnan equilibrium
lies in the predominance of potassium over sodium within the cell (brought about
by work processes to be described later). Because of this there is a continuous
leak of potassium outward, and of sodium inward, which gives rise to a membrane
potential not quite equal to the equilibrium value for potassium (see Section 3
below). The situation is only slightly modified in systems such as vertebrate
nerve, where anion penetrability may be low.

Muscle is outstanding in the lability of its diffusible anions. Important shifts
in potassium may be expected to take place which depend on the rise and fall
of the organic phosphates; this may not involve extracellular sodium, but rather
exchange with hydrogen ions or diffusion with an anion (e.g., lactate or phos-
phate) (304, 306). The organic anions of invertebrates also may function as a
labile pool of indiffusible ions (277, 303). In small cells, e.g., smooth muscle,
shifts of this kind could bring about rapid concentration changes by virtue of
the high surface to volume ratio. This may be expected to contribute to observed
electrical changes and will be discussed later.

c. The membrane. The delicacy of this phase apparently requires one or more
relatively rigid structures surrounding it which occasionally are mistaken for the
membrane—in muscle the sarcolemma, which is substantially thicker than the
estimates of the physiological membrane (7), and in nerve the myelin layer or
layers, Schwann cells, and connective tissue sheaths (11, 90, 91, 168, 356, 388,
527). Investigations of the giant axons of cephalopods show that much equipment
and disturbance can be tolerated in the axoplasm for hours, but functional de-
rangement immediately follows scraping of the inner surface.

Electrical measurements with direct and alternating current have demon-
strated that the physiologically active surface of excitable cells is a relatively
high resistance to current flow, of 10 to 10,000 ohms for 1 cm?, shunted by a
capacitance, ranging from 1 to 40 microfarads/cm? (Table 1, p. 71), which rep-
resents the ion-impermeable portion of the membrane.

That the resistance is an attribute chiefly of the physiological membrane
rather than of the supporting structures is demonstrated by its large decline
with excitation in nerve and muscle (43, 120, 264, 393, 480, 481). The capacitance
allows high-frequency currents to bypass the membrane resistance, and hence it
necessarily is in parallel with the resistance (44); yet it undergoes no appreciable
change with excitation (43), with temperature (88, 344, 478, 482), nor with
hydrostatic pressure (454), and consequently it is a relatively inert component
which, as will soon be seen, probably represents the major structural expanse of
the membrane. i

The absolute magnitudes of resistance and capacitance of the membrane were
early shown to provide estimates of membrane thickness. In the case of a mem-
brane predominantly composed of large fatty molecules (dielectric constant 3), or
of smaller molecules, for example guaiacol (dielectric constant 12) 1 micro-
farad/cm? represents a thickness of 30 to 150 A (0.3-1.5 X 10~¢ cm or 0.003-0.015
u); similar values have been obtained for a variety of other cells by this and
other techniques (76, Chapt. 15; 215, Chapt. 15).

The myelin lamellae which surround each internode of myelinated fibers in
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“jelly-roll”’ fashion (originally assumed to be concentric), while not part of the
active membrane which occurs only at the node of Ranvier, nevertheless each
represents a double cellular membrane derived from the investing Schwann cell
(167, 368). The relation of these membranes to physiological membranes is
further emphasized by their similar dimensions (140-142), by their comparable
resistance, capacitance, and dielectric constant (219), by their similar increase
in resistance in local anesthetics (477, 478), and by their depolarization in KCl
(246, 477). It is of interest that X-ray and polarized light studies (141-144, 388)
assign a structure to the 85.5 A half-section of a lamella that is essentially the
same as inferred for the cell membrane from early physiological studies, ., a
double-layer of lipid molecules, radially (or normally) oriented, perhaps bounded
at each aqueous surface by a layer of protein (76). If we accept 100 A as the
approximate thickness of the physiological membrane, it is still large on the ionic
scale, being about 50 potassium ions thick (see Table 3, p. 135). The inner and
outer faces of the membrane may be expected to differ in their properties, if not
composition, by virtue of the different surface-active components in the intra-
cellular and extracellular phases. That they really are different in myelin is
indicated by low-angle X-ray spectra, which show that the two membrane
layers forming each lamella actually constitute a distinctive unit of 171 X thick
(141, 389), as might be expected from the observations indicating that each
myelin lamella represents 2 Schwann cell membranes deposited with the origi-
nally outer surfaces in contact, the inner surfaces directed outward. Other data,
of a physiological nature, also suggest this difference and will be mentioned
later.

In addition to inhomogeneity in a direction perpendicular to the surface, we
may note the possibility of inhomogeneity laterally. It has already been pointed
out that excitation (in the squid axon) occurs with a negligible change in capaci-
tance, so that the ion-impermeable surface may be regarded as essentially con-
stant. It is interesting to compute from resting and excited membrane resistances
the minimum proportion of the surface area which might be occupied by channels
containing electrolyte at, say, the concentration of the medium, to see whether
this would be small relative to the total. For squid axon membrane, containing
sea water with a specific resistance of 20 ohm cm, the channel area would be
2 X 107*% of the total at rest and 8 X 10~*% when excited; for the node of
Ranvier, which has a much lower resistance (Table 1, p. 71), the corresponding
proportions would still be 10*% and 4 X 102 %, all more than small enough to
account for constancy of the capacitance.

If the channel resistance at rest is greater than given by the specific resistance
of the surrounding media, more of the surface area will be proportionately
occupied by the channels; this resistance can be at least 1000 times higher
without involving more than 1% of the physiological membrane at the node of
Ranvier, and substantially higher still for squid axon. The resistance change of
activity could now involve a decrease of resistance of such pre-existing channels
rather than the increase in the number of low resistance channels implied by the
previous calculation.

The distance between such hypothetical channels may now be estimated



88 SHANES

roughly. If we take the average channel diameter as 10 A—about double that of
the smaller hydrated ions (Table 3, p. 135)-—and its specific resistance as compar-
able to that of the medium, it would be separated from its neighbors by 100,000 A
in squid axon and 3000 & at the node of Ranvier. Channels with 1000 times this
resistance would still be separated by 2000 A and 100 &, respectively. These are
still large dimensions on a molecular scale. As we shall see later, channel diam-
eters, at least at rest, are probably closer to 3 A. Similar calculations are de-
scribed by Tobias (490a).

Whether such channels represent pores, faults, or intermolecular spaces in
an otherwise relatively homogeneous membrane, or further specialized regions,
will be considered later when more data are at our disposal. Here we may note
that the channels and interchannel regions may be expected to show a variability
consistent with the semi-rigid, semi-fluid characteristics of cell membranes. The
rigidity is reflected, for example, by the resistance of myelin to manipulation
or injection (91, 356) and by the low surface tension in cells where this is meas-
urable (76). Fluidity is indicated by the reversible deformability of myelin by
manipulation (91) and by dehydration (141), as well as by the “snapping in”
of oil drops in desheathed egg cells (38, 278). Hence, the lateral molecular forces
in the membrane may be looked upon to be such as to create a “smecti¢ mixed
fluid-crystalline’” structure, as described by Schmitt and his collaborators (388)
and in keeping with theoretical considerations (76). Such a structure would
allow entry of relatively large molecules by virtue of their solubility, ¢.e., their
ability to displace laterally the membrane molecules by intermolecular attrac-
tions, as observed by Skou (445, 448) on the uptake of local anesthetics by whole
nerve and by myelin films. This need not involve entry into the channels through
which the ions move. Such channels are probably best looked upon as having a
certain lability with respect to size and perhaps charge as well—a lability de-
pendent on the balance between thermal (kinetic, vibrational) and attractive
and dispersive intermolecular forces; the latter in turn are susceptible to the
surface-active components present in the aqueous phase bathing the membrane.
A generalized approach to the thermal characteristics of penetration which
would follow from some of these properties has been described and utilizsed (76,
114, 357), but cannot be discussed here. We should note, however, that this view
of the membrane, which will be developed in greater detail in Section VII,
provides for penetration of large molecules by virtue of their solubility in the
region between channels, and passage of ions through small channels; this is
consistent with many of the permeability characteristics described by classical
physiology (76, 215).

At this point in the presentation no commitment is necessary concerning the
detailed mechanism of penetration of ions into and through the membrane.
Instead, we may lump the one or more steps involved by expressing the ability
of ions to penetrate in terms of their transference numbers, i.e., their relative
ability to carry electric current (96, 275, 451), or in terms of their permeability
coefficients, i.e., the net effect of their relative uptake at the interfaces of the
membrane (the distribution coefficients) and their relative mobilities in the
membrane (177, 221). Permeability is the more familiar concept in biology and
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closer to the measurements actually made in living systems, and consequently
it will be employed in this review.

2. Implication of the membrane. a. Ion effects. In addition to providing magni-
tudes of depolarization which are close to the absolute values, modern techniques
were pointed out in Section C above to have reduced diffusion limitations to the
point that one may state unequivocally that the electrical effects of ions applied
to the surface are extremely rapid and in keeping with surface action. The same
conclusion must be drawn from earlier observations. Thus, the depolarization
of myelinated nerve by potassium occurs without entry of potassium into the
fibers when concentrations are not too high (426); statements to the effect that
potassium entry into vertebrate nerve fibers is required for depolarization (129,
310) have been shown to be erroneous (426). In invertebrate nerve and in muscle,
although potassium (and chloride) entry accompanies depolarization (3, 18,
399), depolarization is completed much sooner (2, 403, 434), again as may be
expected from a surface effect. Moreover, in these preparations potassium entry
may occur without appreciable change in internal potassium concentration (due
to the water uptake by the fibers when potassium replaces sodium in the me-
dium) ; nevertheless, the depolarization obtained is about the same or larger
than when the potassium concentration of the fibers increases (2, 434).

b. Drugs: By virtue of the alteration of the effectiveness of cations as depolar-
izing agents by labilizers and stabilizers, the latter also may be considered to act
at the cell surface. This is further verified by the rapidity of action of local anes-
thetics (468), of hydrogen ions (93), and of calcium ions (323) which is compa-
rable to that of potassium. Labilizers, on the other hand, generally act more
slowly—e.g., calcium precipitants and low calcium (209, 324, 461) and veratri-
dine (467). Stimpfli and Nishie point out in the case of lowered calcium that the
rate of depolarization is slow with the first deprivation of calcium, but repolariza-
tion upon restoration of calcium, and depolarization with succeeding depletions
of calcium, are much faster and comparable to rates with potassium (461);
consequently, a surface effect still is the likely situation. The initial delay is
attributable to a cellular reserve of ionic calcium which must be removed; the
amount of this reserve is probably small compared to the total fiber calcium,
which is largely bound (227, 452, 490). The slower action of veratridine, which
persists for succeeding applications (469), is less easily explained. It may be due to
a slow displacement of calcium from the membrane surface (see Section VII C 2).

¢. Metabolism. Since the contribution of metabolism to membrane potential
may be small or negligible when precautions are taken to prevent changes chiefly
of the potassium ion concentration in the extracellular spaces, its role appears
to be a secondary one related to maintenance of ion distribution. The effects of
extracellular sodium and cocaine on the depolarization of washed, desheathed
vertebrate nerve during anoxia implicate some alteration of the membrane in this
preparation during metabolic inhibition.

With these considerations and the preceding facts before us, a simplified model
will be presented to integrate this material and to provide a basis for under-
standing (a) additional facts which will be brought forward and (b) other phe-
nomena characteristic of excitable cells which will be discussed in Part II.
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3. A quantitative formulation of membrane potential. The difference in potential
across the cell membrane must arise from asymmetry in the system. The asym-
metry of the ion concentrations on both sides of the membrane is most obvious.
We have seen, too, that cations differ from each other in their relative effective-
ness in decreasing E.,. That K+ applied to the outside does so more effectively
than Na+ means that K+ can enter the membrane more readily to discharge the
negativity of the protoplasm (or to discharge the positivity of the extracellular
phase). However, the effectiveness of this discharge will depend, too, on separa-
tion from anions. If CI- could enter the membrane as readily as K+ the effective-
ness of the latter would be nullified.

Obviously, the concepts involved are simply an extension of those which
have given us the rigorous Planck equation and the approximate Henderson
equation of classical electrochemistry for predicting diffusion potentials in
homogenous solutions (328). These equations have proven useful for analyzing
the origin of potentials in model membranes and some natural membranes from
the standpoint of modified diffusion potentials (352, 486, 516). But even these
become somewhat involved when applied to the living membrane. In view of our
ignorance of the detailed characteristics of this membrane, a still simpler formu-
lation is preferable as a working basis pending accumulation of data which will
permit a more realistic model to be constructed. A particularly useful and sur-
prisingly effective equation in this respect is that derived by Goldman (177, 221).

It is obtained on the basis that in the membrane, which is considered homogeneous, the
electric field is uniform, the ions move by virtue of differences in concentration and in
electrical potential essentially as in free solution, and that in the interfaces in contact with
the intracellular and extracellular phases ionic concentrations are governed by distribu-
tion coefficients, 1.e., are directly proportional to the concentrations in the adjoining
aqueous solution; also, that the ion permeabilities, which are proportional to the mobilities
and distribution coefficients of the ions, are unaffected by the ions or membrane potential
and that there are no interactions between ions moving in opposite directions or between
different ion species. We have already had occasion to note membrane inhomogeneity; the
other assumptions will later be seen to be oversimplifications. Nevertheless, it may be re-
garded as a semiquantitative approach for relating E. to membrane characteristics and to
ion concentrations and, as we shall see, especially for evaluating changes in En in terms of
these parameters.

If we regard the potassium, sodium, and chloride ions as most important be-
cause of their high concentrations and because of appreciable permeability to
them, we may write that, at 18° C,

Px(K]; + Pn.[Na]; + Pg)[Cl], 100
Px[K]o + Pxa[Na)o + Pci[Cl]:

Equation (I) summarizes several general principles: (a) The addition of
cations to the outside solution (in the denominator as subscript o) will decrease
En, while addition of anions (in the numerator as phase o) will increase E.. The
reverse electrical change occurs if the concentration is decreased or if the addi-
tion is made inside (subsecript i). (b) The effectiveness of this change in potential
will depend on the amount of the ion added relative to that originally present

Ew (in mV) = 58 log
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and the magnitude of its permeability coefficient relative to the permeability
coefficient? and concentrations of other ions of the same charge on the same side
of the membrane, and relative to oppositely charged ions on the other side of the
membrane. (¢c) Everything else being equal, an increase in permeability to a cat-
ion will make the phase with the lower concentration of the same ion positive.
When the permeability to any one ion greatly exceeds that of the others, the
terms containing the other ion concentrations become negligible. We then have
the familiar equilibrium potential, which is the largest obtainable for that ionic
species. Thus, in the case of potassium, it would be

(K]
(Klo

The effect of a change in permeability on En will depend on whether the ion ratio is
greater or less than the equilibrium potential. Thus, an increase in P will cause E, to move
in the direction of the equilibrium potential. In cells in the steady state, [K]i/[K], generally
exceeds that to be expected from En, (Section IV B 1), a consequence of work done in trans-
porting potassium; hence, an increase in Px generally will raise En. Under ideal conditions,
if chloride moves solely as a free ion through the membrane, it may be expected to attain the
ratio fixed by En, and hence a change in Pg, alone would have no effect on E.. However, the
chloride ratio usually is actually somewhat smaller than the theoretical, possibly because
chloride may also enter as an “‘ion pair”’ (Section V C 1 b); in this case an increase in Pg;
will depolarize.

In Section VI, particularly, it will be shown that, by suitable alteration of Ex or of
specific ion ratios, one may readily determine from the modified change of En to a physi-
ological or pharmacological agent how ion permeabilities are affected by the agent. The
principle involved is that of altering the equilibrium potential relative to Em.

The coefficient 58, which is 2.3 RT/F in mV, will change with absolute temperature, T.
Thus, it is 59 at 25° C, 61 at mammalian temperatures. Careful measurements, carried out
under conditions with negligible secondary effects, such as changes in intracellular and
extracellular concentrations, show indeed that E. is but little dependent on T in giant
nerve (222), skeletal muscle (307), and heart (497, 523) fibers. Because of the possibility of
such secondary effects, as well as of changes in ion permeabilities, to be expected on theo-
retical grounds and from the ‘‘stabilizer’’ action of lower temperatures, the relation of
En or Ex to a physical process on the basis of its dependence on temperature cannot be
pressed.

a. Applications to membrane potentials. It can be shown that equation (I)
satisfactorily describes the Ex-log [K], curve discussed in Section C 1 a above.
Thus, when K7 is completely removed, a maximum potential is attained governed
by [Na), and [Cl]i (and by the numerator, of course, which is considered as
essentially unchanged during the course of observation). As (K], is gradually
increased from low values, the sodium and chloride terms in the denominator are
relatively so large that the [K], increments reduce the potential only to a small
extent; but as the K, term increases relative to the others in the denominator,
it begins to dominate and finally reduces E,, as the logarithm of the K, concentra-
tion. Deviations will arise in part from leakage of potassium from the fibers when

* Hereafter, the term ‘‘permeability’’ will usually be used in place of ‘‘permeability co-
efficient’’, as has been customary for some time. Thus, ‘“potassium permeability’’ will refer
to the membrane permeability to the potassium ion.

Ex = 58 log (I1)
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the potassium content of the medium is small (due to inadequate active trans-
port, discussed later), so that the potassium level immediately at the fiber
surface is not as low as in the medium (434) even in single giant fibers (158) or
for superficial muscle fibers (305-307). Of course, allowance must also be made
for changes in the potassium content (Kj) of the fibers themselves if these are
appreciable, as they may be for small invertebrate fibers or for muscle, when
KCI penetrates (48, 399). When potassium equilibrium is complete at higher
potassium concentrations, or when SO7 is used in place of chloride to prevent
K entry, the final slope of the E,-log [K], for muscle approaches the theoretical
maximum of the 58 mV coefficient (2, 48, 438).

Changes in [K]i of muscle, induced by tonicity changes or by penetration of
excess potassium from the medium, also modify the equilibrium potentials very
much as expected (2).

By far the greater number of experiments on ions and potentials has been carried out
from the outside rather than the inside. Negative effects have been reported for injections of
potassium and chloride (and other ions) in giant squid fibers (183, 186), skeletal muscle
(117), and motoneurons (52). In the last instance, entry of chloride with potassium by
leakage from micropipettes left En unchanged, whereas ionophoretic injection of chloride
caused an antioipated depolarization once the injection current was stopped. This suggests
that the outward diffusion of KCl, when both ions are introduced, sets up a hyperpolarizing
diffusion potential since potassium diffuses more rapidly than chloride, which nullifies the
depolarization to be expected from an increase in [Cl); alone. The negative results with in-
jections of KCl in muscle may be similar in nature. However, the significance of these and
other injections for E, determinations cannot be pressed until answers are available for the
following important questions: (a) To what extent do microelectrode diffusion potentials,
which would be particularly marked when the pipette-electrodes are unselected for low
charge and filled with other than KCl, obscure expected changes in En because of a change
in the tip diffusion potential? (b) Since in the squid axon experiments large volumes fre-
quently were injected and the axon sheath is fairly inextensible (401), how much ion loss
occurred by filtration through the membrane and by leakage through cut branches? (c)
Since in the muscle and motoneuron experiments hypertonic solutions were involved, to
what extent did water uptake reduce effective ion concentrations? Osmotic experiments are
less complicated, which may explain the success obtained with them in muscle. Unfortu-
nately, squid, crab, and myelinated fibers are poor osmometers (189, 209, 213, 401), so that
such studies are not readily extended to them.

Adrian (2) noted that equation (I) seemed inapplicable to the effects of low [K], on En
in frog muscle. However, this is true only if the 3 M KCI microelectrodes employed are
assumed to be free of a diffusion tip potential. This was pointed out in Section IIIB1b 1)
as unlikely, and actually more likely to be in the neighborhood of 5 mV for amphibian mus-
cle. The addition of a diffusion potential term to Adrian’s calculations shows that if it is at
least 4 mV there is agreement with the Goldman equation!

According to equation (I) the effectiveness of extracellular potassium as a
depolarizing agent stems from a greater permeability to potassium ions than to
sodium. From the change in membrane potential with potassium at lower
potassium concentration levels Px/Py, has been estimated in squid giant axon
(221) as 1/0.04, in muscle (2, 204, 248) as 1/0.03, and in myelinated fibers (425)
as 1/0.06. The exact value assigned depends somewhat on the value taken for
Pc)/Pk; for giant axon and muscle 0.4 and 0.2 (221, 248) appear to be satisfac-
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tory, whereas for medullated fibers it may be taken as close to zero (425). How-
ever, a careful check on these values of Pc) based on a systematic study of Ex-
[C1), curves is not available.? See Section VIII B6.

The markedly smaller depolarizing action of sodium is in keeping with these
figures. We may note, too, that the reduced effectiveness of potassium in elevated
sodium and the increased effectiveness in low [Na], (317) follow from the increase
and decrease of the Py.[Na], term in equation (I).

The depolarizing action of rubidium, similar to but usually less than potassium,
is to be expected from a similar permeability to this ion. Direct measurements
of rubidium entry in muscle, and more so for cesium, show a somewhat slower
rate (49, 315) in keeping with their weaker depolarizing action (215); this has
been puzzling since the hydrated ion diameter, usually assumed to govern pene-
trability and depolarizability, is smaller for rubidium and especially cesium
(Table 3, p. 135) and should favor them. This is discussed in Section VII.

Consider, now, the effect of a change in potassium permeability. Because the
[K}i/[K], ratio usually exceeds that expected from E,, (i.e., Ex > E.), a decrease
in Px alone will cause a depolarization, an increase a hyperpolarization. The
effect of an increment in [K], will be reduced or increased depending on whether
Px is greater or less. If Py is sufficiently large (or all other permeabilities suffi-
ciently small) we are left with the equilibrium potential, Ex, which, from equa-
tion (IT), is independent of Px changes unless it is greatly reduced or unless the
other permeabilities are greatly increased, when equation (I) must be applied.

A change in the same direction in sodium permeability will have the opposite
effect on membrane potential from that of Px because of the opposite orientation
of the sodium ion gradient; hence an increase in sodium permeability depolarizes,
a decrease hyperpolarizes. Moreover, it is apparent from our equation (I) that
as the sodium in the medium becomes smaller, depolarization due to an increase
in sodium permeability may be reduced, prevented, and even reversed. And, of
course, the sensitivity of membrane potential to changes in the sodium content
of the medium is directly related to the sodium permeability.

The last two paragraphs summarize many of the facts reported (Section III C) if
stabilizers are recognized as agents or conditions which decrease permeability,
labilizers as those which increase permeability to sodium and polassium.

Thus, the reduction by local anesthetics, calcium, etc. of the E, changes in-
duced by increments or depletions of sodium and potassium in the medium
indicate that the permeabilities to both ion species are reduced. Similarly, the
augmentation by veratrine alkaloids, low calcium, etc. of the polarization changes

$ Mullins reports that anion substitutions in the medium leave En of the squid axon
unaltered (personal communication), as in frog nerve, and in keeping with the little differ-
ence in electrical response whether only Na* is removed, by replacement with choline*,
or both Na* and Cl- are removed, by replacement with sucrose. Hence, Pci may be much
smaller than estimated, a definite possibility in the light of evidence that potassium leakage
from the axon at low [K], can restrict the rise in Ex with decreasing [K], (158), a restriction
which was previously attributed to the Pci[Cl], term in equation (I).
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induced by alterations in the concentrations of these ions indicates that permea-
bility to both ion species ordinarily is increased. The usually weak effect of
stabilizers and labilizers on resting potential is ascribable in part, therefore, to the
fact that both sodium and potassium permeabilities are changed, since they have
opposite effects on the potential, but also to the small magnitude of the permea-
bility change (cf. Section 3 b 2) below). There is no a prior: basis to ascribe an
identical intensity to the two permeability changes; in fact, the different direc-
tions of the modification in resting potential—in some cases with concentration,
in others with position in a homologous series, and in still others with the tissue
studied—point to Px. and Px being altered to different degrees.

Additional features of the relative effectiveness of changes in these permea-
bilities in altering the potential are worth keeping in mind. In cells with membrane
potentials which are high and hence close to the potassium equilibrium values,
Px must be substantially larger than Py, ; hence, stabilizers will exert little effect
through Py,, which is already small, and little effect through Px until the action
is strong enough to lower Px to that of Py., which may involve drug concentra-
tions which not only lower potential via Px but cause secondary effects (engyme
inhibition, surface disruption) as well. In keeping with this, it has been shown
in Section III C that muscle and crab fibers, which have high membrane poten-
tials, when a stabilizer is added, undergo either no electrical change or only a
depolarization, which may not be reversible especially at higher drug concen-
trations. Conversely, in preparations like medullated fibers, where E,, is sub-
stantially below the equilibrium value for potassium, Py, is presumably higher
and therefore closer to Px; the condition is therefore favorable for hyperpolariza-
tion through a decrease in Px,, as observed. An explanation is also provided for
the reduction and even reversal of the CO, effect on nerve membrane potential
by stabilizers: In keeping with Straub’s demonstration that the usual hyper-
polarization by CO, is dependent on external sodium, CO; may be considered
to reduce sodium permeability; however, when other stabilizers reduce Py,
first, the change of Py, in CO, must be smaller or contribute less to the electrical
change, and the decrease in Pk, which may also be expected to occur with prior
stabilization, will be accentuated by CO. to the extent of causing depolarization.
(It will be recalled that the lowering of pH reduced potassium depolarizability
and hence Px.) The opposite effects of CO; action observed in insect nerve de-
pending on the type or condition of the fibers are readily explained on the same
basis. Thus, the approach presented accounts for the frequent correlation of the
direction of stabilizer changes with membrane potential. It can also account for
those cases in which stabilizers cause altered effects without a prior change in
En; in these cases both Py, and Px would have been reduced so that their op-
posite electrical effects canceled. Additional stabilization (e.g., in COs) would
still cause depolarization since only Px could be affected further.

The similarity of low extracellular sodium to stabilizers is understood from
the standpoint that both lower the sodium content and rate of penetration of
sodium ions in the membrane; or in terms of equation (I), both have the same
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effect on the Py, [Na), term. This readily accounts for the rapid and complete
reversibility of depolarizations in veratrine, veratridine, and low calcium by
calcium, local anesthetics, and removal of extracellular sodium.

The role of temperature must be left for discussion in Section VII.

Anions have not been given much attention because of the limited amount of
available information—a consequence of the lack or probable lack of striking
changes in their distribution under many experimental conditions (414, 424, 429).
The values of Pc, assigned on the basis of En-log (K], curves remain to be
verified by other measurements. In view of the probable relation of anion effects
on E., to chloride penetrability (Section IV B 2), Hober’s old observation that
stabilizers reduce the hyperpolarization resulting from anion substitution can be
related to the prior, similar effect by the stabilizers. The observation that rapid
depolarization in muscle by excess KCl, which must depend on K+ entry ex-
ceeding Cl-, is reduced by stabilizers (410), indicates that permeability to potas-
sium is reduced more than to chloride (403); if chloride permeability were de-
pressed more, of course, stabilizers would augment KCI depolarization.

In summary, therefore, the electrical data which have been discussed—largely
qualitative but to some extent quantitative—conform surprisingly well to an
equation which attributes the membrane potential to diffusion by the mono-
valent ions present in high concentration in the system; changes in this potential,
by agents at low concentration, are explainable as the consequence of alterations
in those properties of the membrane which govern the penetrability to these
ions.

b. Applications to membrane conductance. Formulations such as equation (I),
coupled with a specific procedure such as changing ion concentration for evalu-
ating permeabilties, serve to put the concept of permeability on a concrete basis.
They compel recognition not only that the permeabilities to various ion species
differ, but that they may be altered to different degrees, the direction of the
electrical change being a criterion of the permeability most affected; verification
of these permeability chariges has been seen to be obtainable through study of the
electrical effectiveness of individual ions. But, more important for establishment
of the principles of membrane behavior, the assumptions involved in the deriva-
tion of an equation such as (I) also permit predictions concerning two additional
parameters susceptible to measurement: Membrane resistance and the rate of
movement of ions. The latter will be discussed shortly.

Since conductance is directly related to permeability, rather than inversely as
in the case of resistance, it is more convenient for the present purpose. In electro-
lyte systems it provides a measure of the rate of transfer of charge by both
positive and negative ions for a given applied potential difference, and is governed
by the concentrations and mobilities of the ions present in the membrane. The
ionic mobility is a property of the membrane alone; however, membrane concen-
tration depends both on the characteristics of the membrane and on the concen-
trations of the ions in the aqueous phases bounding the membrane.

The total conductance of the membrane, Gn, is the sum of the contributions
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by each ion species, which may individually be designated Gg, Gy, etc. Changes
in permeability to a given ion will therefore affect the total conductance only in
proportion to its initial or final magnitude relative to the total.

Several different methods have served to measure membrane resistance. The most direct
involves the application of Ohm’s law and the use preferably of two electrodes within the
fiber, one to pass small direct or alternating current, the other to measure the potential
difference resulting from the RnI drop, where I is the membrane current (e.g., 81, 83, 120,
123). In cylindrical systems the absolute magnitude of R is obtainable with sufficiently
long electrodes and with a guard ring system, or when microelectrodes are used, by correc-
tion for the network characteristics of the fiber; such refinements are unnecessary when the
investigator is interested only in the relative changes of Rm. Another technique utilizes the
magnitude of the ‘‘electrotonic potential” attained at an electrode lateral to one but outside
the two current electrodes; this increases at constant currents with Rn. These procedures
may also utilize the rate of rise (or fall) of potential with passage (or cessation) of small
constant currents. The time taken to rise to within 1/e of the final potential or to fall to 1/e
of the initial value, gives a measure of the time constant (Rm Cm) of the membrane; since
Cu i8 known to be constant in the few cases in which it has been measured, an estimate of
R may be obtained (217, 218, 228). Still other methods involve impedance measurements
with external transverse or longitudinal electrodes (44, 45, 160, 392). Tasaki (477, 478)
describes additional special techniques applicable to the node and internode of single
myelinated fibers; of particular importance for evaluation of the nodal membrane is a
comparison of the internode and the nodal region so that the inescapable contribution of the
myelin in the nodal area can be corrected for [see Section III B 1b2)].

1) Ions and conductance. In crab fibers (218, 220), squid (41, 46, 392) and
Sepia axons (509), and the single node of Ranvier (327), elevation of extra-
cellular potassium raises the membrane conductance; where this effect has been
followed as a function of concentration (218, 220, 509) the factor by which con-
ductance increases is at least equal to, and usually greater than, the factor by
which concentration is raised. In a few experiments, a comparison of the relative
effectiveness of various cations in chloride solution, all of which act on the crab
nerve membrane in a matter of seconds, led Hodgkin to the following tentative
sequence: Rb > K > Cs > Na = Li; the proportions required for the same
conductance change, relative to potassium, were roughly as follows: 0.8:1.0:-
2.2:40, 40 respectively (218). Ringer made hypertonic with NaCl raises the con-
ductance of the region containing the node of Ranvier (326), but since the myelin
on either side of the node is necessarily involved in these measurements, and the
internode itself increases in conductance with salinity (477, 478), the actual effect
on the nodal membrane is uncertain. On the whole, these data on monovalent
ions are consistent with the expectation that cation entry into the membrane
determines the extent of depolarization. The relative conductance effects of the
cations merit more precise study to determine whether potassium and rubidium
really differ with respect to their depolarizing effectiveness.

In skeletal muscle, too, Gy, is reported to increase with [K], (248).

Early variable results with transverse impedance measurements of muscle (188) may
have been due to the use of solutions in which potassium replaced sodium; these have
already been pointed out to cause geometrical changes in addition to potassium uptake by
the fibers—alterations known to affect such measurements seriously. Tamasige (475), who
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also employed solutions with potassium substituted for sodium, noted no appreciable in-
crease in Ga until [K], attained a contracture level (ca. 15 mM). Below this concentra-
tion the volume changes certainly could not have been great; but the negligible effects after
exposure to such low K* concentrations may well have been the consequence of potassium
leakage into the extracellular space during the measurements, which were made in a moist
chamber (474).

Anions such as NO3 and Br—, which increase the polarization of muscle, de-
crease its conductance (356a). This is the reverse of the effect to be expected if
the hyperpolarization were due to greater penetrability by these anions than by
CI-. It will be shown in Section IV B 2 that the conductance data correctly in-
dicate the ability of the anions to penetrate. The significance of the electrical
effects are discussed in Sections V C 1 b, VII, and VIII B 6.

The addition or removal of divalent ions exerts effects in keeping with postu-
lated permeability changes. Thus, reduction of the calcium content of the medium
increases the membrane conductance of crab (220) and squid (41, 46, 157) nerve
fibers. In the latter, evidence of an increase in sodium and potassium conductance
has recently been presented (157). The nodal region of single myelinated fibers
does not change in conductance with an increase in calcium from 1.8 to 5 mM,
but complete substitution of calcium by 5 mM barium causes a substantial
decrease (325), presumably of Gg in accord with its depolarizing action at low
concentration (314). In muscle, addition of calcium (250, 475) and of magnesium
(475) is associated with a decreasein conductance. The effectiveness of magnesium
on conductance is surprising in the light of its inability to prevent the depolariza-
tion by low calcium (332), but since the resistance and potential measurements
were on nerves from cold and warm blooded forms, species or temperature differ-
ences may be involved. The large decrease in muscle resistance reported in
isotonic CaCl; (and BaCl,) (188) is probably related to the irreversible (toxic)
depolarization (membrane rupture?) of nerve at high concentration (314).
Kopac and Chambers (278) noted the increased brittleness of Arbacia membranes
_ in elevated [Cal,.

2) Drugs and conductance. Such data are meager, although supplementary
information is to be found in work done with transmitters (Section VI).

Local anesthetics such as sodium Pentothal (Thiopental) and procaine, at
about conduction-blocking concentrations (0.2 and 1%, respectively) do not
appreciably affect the conductance of single medullated fibers (394). Also, in
the case of cocaine, a significant decrease in conductance becomes apparent only
above the blocking concentration (478). Such findings are consistent with an
effect at low concentrations predominantly on sodium permeability, which does
not contribute appreciably to Gn but raises E., and at higher concen-
trations on Gg, which is a major part of Gn. The previously described polar-
ization changes with ion concentration apparently are more sensitive for
detection of the small changes in Px and Px.. Bufotenine, which does not block
conduction but reduces potassium depolarization (Tasaki, personal communica-
tion), appreciably reduces membrane conductance (478) ; this suggests a selective
decrease of Px.
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In muscle, lower concentrations of iso-amyl carbamate (which ¢ :spond to
those which hyperpolarize nerve) decrease membrane conductance, and higher,
toxic concentrations (which cause depolarization of nerve) increase the conduct-
ance (188). Chloralose, paraldehyde and pentobarbital are also reported to re-
duce G, whereas ethyl carbamate has little effect except at high concentrations,
at which level it increases conductance (488); presumably the former have a
marked effect on Pg (and Px.?), whereas the latter acts predominantly on Py,
until toxic levels are reached. These studies again indicate that resting permea-
bility changes are small.

IV. ION DISTRIBUTION AND RESTING POTENTIAL

The concept that membrane potentials reflect ion penetrability and that drugs
may act through their effects on permeability is by no means new. But in recent
years it has been consigned to limbo by those engaged in the search for explana-
tions in terms of enzymatic processes only. The loss of interest is understandable
in part as a reaction to the period when many phenomena were loosely ascribed
to “permeability’’ with little if any experimental facts besides electrical or even
less direct measurements to support such statements. Moreover, reports had
appeared (61, 134) that the well-known changes of membrane potential with
metabolic inhibition were unaccompanied by alterations in the ion contents of
the cells—observations thought to render unlikely any explanation of bioelectri-
cal phenomena solely in electrochemical terms.

We have seen that refinements in electrical measurements and in our concept
of membrane potentials have led to a gratifying correlation of much data, partic-
ularly those related toion and drug effects. But these views obtain their greatest
strength from a more direct analysis of the relation of ion movement to the bio-
electrical phenomena. Not only have these studies succeeded in showing that the
effects of metabolic inhibition are in keeping with strictly electrochemical
processes, but a number of clues to more detailed mechanism have been un-
covered.

We turn, then, from the predominantly electrical to the chemical aspect of
cellular electrochemistry.

A. Cautionary comments

This section will present data obtained by standard analytical methods. Such
data provide not only absolute values for the ionic contents of the tissues but a
means of following gross or net changesunder a variety of experimental conditions.
It is important to keep in mind that these changes are a consequence of a modifi-
cation in etther the rate of entry or rate of exit of a given ion species, or both.
Thus, a decrease in intracellular potassium content may result from an increased
exit of potassium and a reduced rate of entry. By the use of radioisotopes the
unidirectional rates of movement (fluxes) can actually be followed. These will
be discussed in Section V.

It should be recognized that net entry or exit of an ion by no means necessarily
signifies that the permeability to it has changed. The gain or loss may also be the
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consequ, .y of increased permeability to other ions, which now can exchange
or diffuse with it. A case in point would be the effect of an increase in sodium
permeability. In this instance, sodium would exchange more readily with potas-
sium, which therefore would emerge more rapidly; we know from equation (I)
that an increase in sodium permeability must lower the membrane potential,
which therefore serves as one means to identify this type of potassium loss. We
may note, too, that the increased exit of potassium may be looked upon as a
consequence of the depolarization, since the rate of outward movement (efflux
or outflux) of K+ is normally retarded by the membrane potential. Had the in-
crease in potassium movement been due to increased potassium permeability,
equation (I) tells us that the membrane potential would have been raised.
There is no need to expand on the limitations in evaluating intracellular ionic
concentrations described in Section III D 1 b. As in the case of bioelectrical
potentials, the uncertainties involved in estimates of absolute values render them
less favorable for testing theoretical relationships than changes in concentration
which, with certain precautions, are more certainly attributable to cellular

behavior.

B. Results in relation to electrical findings

1. Potassium conceniration. Despite the uncertainties inherent in the absolute
values of concentration and potential, it is remarkable that practically no ex-
ception exists with regard to one aspect, viz., that the resting potential, Ep,
does not exceed and frequently is less than the equilibrium value for potassium,
Ex. It will be recalled from Section IIT D 3 that Ex is the maximum obtainable
potential from the potassium concentrations when the system is in equilibrium
and when the permeability to potassium greatly exceeds that to other ions.

Hodgkin (219) pointed out this upper limit on the basis of data available for
a number of cells in 1951. This principle obtains with more recent data, on the
same and other cells, given in Tables 1, p. 71 and 2, p. 72. Unfortunately, the
comparison is usually not a strict one since the conditions for electrical measure-
ments are seldom the same as for the analytical determinations. Where this has
been done carefully (2) the principle holds. Only Shaw et al. (438) report values
for E. in excess of Ex—for tropical toad muscle—but since this could have been
due to unselected electrodes with additive diffusion potentials (2), verification
must be awaited.

2. Ion penetration. In keeping with the electrical evidence for anion as well
as cation permeability of muscle, KCl added to the medium bathing muscle
penetrates and attains a new equilibrium (18). The many conditions under
which this has been observed, and objections which have been raised, are fully
discussed by Conway (48). Moreover, the relative rates of penetration of K+,
Rb+, and Cs+ (49, 315) are in complete accord with those to be expected from
the relative effectiveness of the cations on En.

Br— and NOj salts of K* penetrate muscle more slowly than the Cl- salt (49).
This is in the reverse order to be expected from the increased hyperpolarization
in Br- and NO7, but in keeping with resistance measurements noted in Section
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III D 3 b 1). A remarkable feature of the resistance and diffusion data is their
quantitative agreement. Thus, G, in chloride, bromide, and nitrate Ringer is
as 1.0:0.67:0.5, which are exactly the ratios of penetrability to KCl, KBr, and
KNO;, whether the potassium content of the Ringer solution is normal or high.
One must conclude that the conductance and salt penetrability are governed by
the content of the potassium salts in the membrane which in turn is governed
by the anions according to their unhydrated diameters (Table 3, p. 135; see Sec-
tion VII). The possible significance of the electrical effects of the anions in muscle
is discussed later (Sections V C 1 b, VII, and VIII B 6).

In keeping with the electrical evidence for anion impermeability of vertebrate
nerve, potassium replacement of sodium in the medium, or in excess as KCl, does
not lead to potassium entry into the fibers except at very high potassium con-
centrations (426). Previous indications to the contrary were due either to damag-
ing swelling at high concentrations (137) or to a miscalculation (129; see p. 429
in reference 426).

The resemblance of crab nerve fibers to muscle extends to their high pene-
trability to chloride, as would be expected from their electrical sensitivity to
anions. Thus, unlike vertebrate nerve, but as in skeletal muscle, KCI diffuses
into crab fibers readily (399).

As may be expected from the electrical evidence for increased cation permea-
bility, a reduction in the calcium content of the medium causes an increased
loss of potassium from smooth muscle (301), from skeletal muscle (135), and from
vertebrate nerve (12, 134). In such studies it is essential to prevent spontaneous
repetitive activity which arises and causes interchange of sodium and potassium.
This may be done with low concentrations of stabilizers which do not otherwise
affect the functional activity (413); in the presence of low concentrations of the
stabilizers, potassium loss into Ca- and K-free Ringer is substantially reduced,
but still greater than in normal Ringer (12).

The action of CO, merits careful study. It has two distinct effects—formation
of intracellular anions (HCO3), which are poorly diffusible, and of H*; if the
external medium is well buffered, an exchange Hi-K?} takes place with an up-
take of potassium in nerve and muscle (136). The reverse has been described
for amphibian (4, 135, 136) and mammalian muscle (371) when external pH is
allowed to fall. These processes may be expected to cause En, to vary with [K]i;
on the other hand, the changes in permeability to be expected from changes in
H? and which remain to be verified by more direct measurements, should exert
a modifying influence on this. On the basis of the available data, it may be sug-
gested tentatively that the initial rise of potential in vertebrate nerve in CO, is
due to the depressed sodium permeability indicated by the electrical measure-
ments, and the secondary decline either to the outward movement of potassium
or to a slower decline in Px. In muscle only the latter are apparent.

3. Drugs and ion penelration. a. Stabtlizers. Observations with muscle first
called attention to a demonstrable reduction of ion penetrability by stabilizers
(408). These utilized the swelling of muscle in Ringer solution in which part of
the sodium is replaced by potassium; Boyle and Conway (18) had shown that



ELECTROCHEMICAL ASPECTS IN EXCITABLE CELLS. I 101

this swelling was in proportion to the entry of KCl, to which muscle is permeable.
A typical stabilizer, cocaine, was shown to reduce the rate of entry of KCI,
while the response to hypotonic solution was left unchanged or actually slightly
improved; the reduced depolarization in KCI also indicated a greater reduction
in permeability to potassium. This approach was successfully extended to other
local anesthetics and to antihistaminics (410); only yohimbine failed to alter
KCI penetration, which suggests its stabilizer effects are exclusively due to a
reduction of sodium permeability, in keeping with its similarity to low external
sodium on the active aspects of nerve and muscle functioning (435) (see Part II).

Another procedure for demonstrating ion permeability effects is that utilizing
the leakage of potassium in potassium-free solution which takes place because
of reduced active uptake of potassium (414). Thus, cocaine slows such potassium
leakage in vertebrate nerve (414) and in guinea pig auricles (234); quinidine
and physostigmine also exert this effect in the latter (233, 235).

It was noted earlier that while physostigmine sulfate exhibits properties of a stabiliser,
nevertheless minor labilizer action might be expected by virtue of the complexing of ionized
calcium by the sulfate. The poesibility that the slight depolarisation and potassium loss of
frog nerve in 20 mM concentration of the drug (5628) is due to this action, perhaps with
spontaneous activity, merits investigation.

In the light of the general use of phosphate, sulfate, and other calcium-
precipitating anions as substitutes for chloride, attention should be called to the
marked and reversible reduction in KCI penetrability and depolarizability as
well as in the response of muscle to hypotonic solutions, which were observed
as a result of treatment with phosphate and citrate but not oxalate (410). This
is suggestive of a surface precipitation or complexing action involving calcium
with a clogging of channels which may be peculiar to muscle. It would be of
interest to determine whether the reduced loss of potassium in potassium-free
solution with elevated extracellular phosphate (135) is due to this phenomenon
rather than to a contribution by the phosphate to the intracellular pool of in-
diffusible organic anions, such as creatine phosphate, adenosine triphosphate,
and phosphorylated intermediaries.

b. Labilizers. Probably the most complete correlation of permeability, mem-
brane potential, and ion distribution exists for veratrine and one of its com-
ponents, veratridine. We have seen that in the case of these alkaloids the evi-
dence for increased permeability to sodium consists in the strong dependence on
the external sodium concentration of the depolarization produced by these
drugs. But even before this electrical finding it was shown that depolarizing
concentrations of the alkaloids cause sodium to enter in exchange for intra-
cellular potassium, and that this interchange is prevented by the two conditions
which are now known to prevent the depolarization of washed nerves—low ex-
ternal sodium and local anesthetics (411, 413, 414). It has been pointed out al-
ready that depolarization is consistent with an increase in sodium permeability,
the depolarization and greater escape of potassium being attributable to this,
rather than to an increase in potassium permeability, which could cause only a
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hyperpolarization. Moreover, the action of the local anesthetic is fully in keep-
ing with the evidence for its action as a depressant of sodium permeability.
Since recovery of potential is far more rapid in low sodium and in stabilizers
than restoration of the intracellular ions, the electrical shifts are attributable
more directly to permeability changes than to the ion concentration changes
(469).

Two additional aspects of these studies may be noted: (a) Following loss of
substantial potassium in veratrine, the addition of cocaine in the continued
presence of veratrine not only prevents further loss of potassium but enables
the system to reabsorb this cation for a considerable period thereafter (411, 414);
presumably, reduction of the leak to sodium enables the metabolic processes to
function effectively to restore potassium (and to extrude sodium?). Cocaine has
been shown to reduce leakiness to ions without appreciably affecting active
transport (Section V C 4 b). (b) The block of conduction associated with de-
polarization, as with anoxia or veratrine, may be expected to be reversed or pre-
vented temporarily by stabilizers by virtue of a repolarization or sustained
polarization, as actually found (148, 403); a simple basis is therefore provided
to account for antagonism of two blocking agents under certain conditions.

Observations on limb muscle with a variety of other depolarising agents, par-
ticularly tribromoethanol (Avertin) and caffein, demonstrate a similar correla-
tion with potassium leakage as in the case of veratrine; likewise, prevention of
depolarization (and contracture) by stabiligers [e.g., procaine, 3-dimethylamino-
1,2-dimethylpropyl-p-aminobenzoate (Tutocaine), tetracaine (Pontocaine)] is
accompanied by potassium retention (194). Sodium movements were not
followed.

4. Metabolism. a. Inhibition. 1) Nerve. A “break-through” in the approach to
the role of metabolism resulted from the recognition that ion shifts much smaller
than originally expected had to be sought to account for the bioelectrical changes
associated with metabolic inhibition (402, 434). This came with the realization
that electrical studies had been carried out almost invariably under moist cham-
ber conditions, where small losses of potassium from the fibers would have caused
a substantial increase of [K], in the interstitial spaces—a view supported by a
few earlier comments in the literature to the effect that washing of inhibited
vertebrate nerve could delay or partly reverse the effects of inhibition (6, 125,
127) and by more recent experiments in which washing of invertebrate nerve
achieved even more rapid and complete recovery despite continued inhibition
(411, 412).

Indeed, the order of magnitude of this potassium leakage was successfully pre-
dicted in our laboratory from the electrical measurements (¢f. 402, 434 and 409,
414). Such leakage was corroborated first for invertebrate nerve (407, 409) and
shortly after for vertebrate nerve (128, 139, 408). Also, in keeping with their
slowing of anoxic depolarisation in nerve (94), glucose, cocaine (407-409, 411,
414), and low temperature (¢f. 139 and 414) were subsequently found to slow
potassium liberation during anaerobiosis. Iodoacetate, veratrine (408, 411, 413),
and high temperature, as exemplified by results with mammalian nerve (505),
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accelerated potassium leakage during anoxia, again in accord with their effects
on anoxic depolarization. In mammalian brain slices, anoxia, glucose and a gly-
colytic inhibitor (fluoride) affect potassium leakage as in nerve (94); glutamate
may also contribute to retention of potassium (75).

In general, the loss of potassium was paralleled roughly by corresponding entry
of sodium (411, 414). These studies therefore led to the conclusions (a) that
cessation of aerobic metabolism reveals an ionic leak to sodium and potassium
which normally is present (and is responsible for the diffusion potentials already
discussed) but that this leak normally is obscured by the metabolically linked,
aerobic transport of potassium and sodium against their gradients, (b) that
under anaerobic conditions glycolysis can supply energy, but not rapidly enough
in nerve even when glucose is supplied, to achieve adequate metabolic trans-
port, and (c) that the stabilizers and labilizers reduce or enhance the anoxic
interchange because of their effect on the permeability (leakiness) to the cations
(414), a conclusion reached before the findings in Section 3 above supporting this
were obtained. It was also noted (414) that one could not rule out from these
studies (a) a small change in permeability during metabolic inhibition and (b) a
direct contribution by metabolism to membrane potential over and above that
due to processes implicit in equation (I), but that radioisotope studies, soon to be
described, could provide answers to these questions.

The recent electrical measurements (425) demonstrating that metabolic inhibi-
tion (anoxia) of washed, desheathed toad nerves causes a depolarization which
is prevented by cocaine and low external sodium (much as in the case of vera-
trine and veratridine depolarization) indicate that an increase in sodium permea-
bility actually does occur during inhibition in vertebrate fibers. But the elec-
trical indifference of washed, cocainized vertebrate nerve during the early stages
of inhibition (425), as in the case of untreated cephalopod fibers (224, 433, 434),
despite the cessation of active Na-K interchange, is strongly indicative (a) of
the absence of a direct contribution by active transport to En, prior to inhibition
and (b) of the presence of the same ionic leak, evident during inhibition, also
prior to the inhibition.

2) Muscle. In muscle fibers, too, metabolic inhibition depolarizes and leads to
Na-K interchange; as might be expected from the well-developed glycolytic
system in this tissue, anaerobiosis alone is relatively ineffective in amphibian
muscle and requires inhibition of glycolysis as well to demonstrate marked
effects (77, 308, 442). Rat diaphragm at 38° C, on the other hand, loses potassium
with only partial anoxia (64) and guinea pig atria lose potassium in dinitrophenol
(234).

The decline of intracellular potassium and of membrane potential in muscle
may be dependent not only on the failure of active Na-K interchange but on
the breakdown of indiffusible organic phosphates to diffusible components as
well; changes in erganic phosphate, potassium content, and in membrane po-
tential can be delayed by suitable substrates (lactate and pyruvate in the case
of iodoacetate inhibition) (306) and by adrenaline (304, 352). Such correlations
may be anticipated if, as already pointed out, the potassium content depends
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in part on & Donnan equilibrium in which labile organic phosphates serve as the
requisite indiffusible, negatively charged intracellular ions. Such shifts would
be distinguished by the absence of corresponding sodium movement. The im-
proved retention of potassium by rat diaphragm when bicarbonate is in the
medium (63) should also be examined from this standpoint in the light of the
“sparking” effect of bicarbonate on pyruvate oxidation (181); the possibility of
a direct permeability effect as in the case of phosphate (Section IV B 3 a) also
requires exploration. .

3) Low temperature. Low temperature, which has been discussed as an agent
reducing permeability, also interferes with metabolic transport in muscle and in
the nerves of invertebrates, of toads, and of mammals (304, 336, 419, 436, 442).
In keeping with its antagonistic effect with respect to passive sodium and
potassium movement, low temperature is less effective than inhibitors (iodo-
acetate with cyanide) acting at normal temperatures in causing the decline of
ionic gradients (442).

b. Recovery. 1) Nerve and muscle. Restoration of potassium, following deple-
tion brought about in various ways, has been studied in nerve and muscle. Such
studies provide direct information concerning the metabolically linked transport
processes referred to as “active.” In crab and frog nerve it has been observed
following cessation of repetitive activity, but not in cephalopod fibers (20, 412,
419); in crab and sheathed and desheathed frog nerve on cessation of anoxia
(139, 411) ; in toad nerve upon return to Ringer following exposure to NaCl (427);
in skeletal muscle usually following exposure to a combination of low tempera-
ture and low extracellular potassium (78, 92, 315, 436, 443, 463, 464, 466) ; and
in mammalian heart muscle immediately following removal from the animal
(365). Following anoxia and repetitive activity of vertebrate nerve, sodium ex-
trusion accompanies the potassium uptake (20, 425); no extrusion of sodium
follows NaCl treatment (427). In heart muscle potassium uptake is also more
marked than sodium extrusion (365). This active transfer is depressed in nerve
by low temperature (442), by dinitrophenol (423), and by azide concentrations
which affect resting respiration (20); and in muscle by oxygen lack (78), by in-
sufficient intracellular sodium (463, 464), and by an insufficient excess of potas-
sium or an inadequate depletion of sodium in the bathing medium (48). When
equal quantities of K* and Rb*, or K* and C% are presented to K-depleted
muscles, the relative uptake is Rb+ > K+ > C% (315).

2) Cardiac glycosides and allied drugs. Studies of recovery also have proven
useful in demonstrating the interference of cardiac drugs with active transport.
Thus, ouabain and strophanthidin, but not the cardiac inactive drug dihydrostro-
phanthidin, at 10~7 to 10~* M, prevent the metabolically dependent Kt-Na¥
interchange in skeletal (257) and heart (365) muscle. Such experiments also
provide further evidence that active transport does not contribute directly to
the potential, for microelectrode measurements of E, showed no significant
difference whether active transport was present or not.

Similar experiments on ionic movement have been carried out on red cells, which have
been known for many years to gain sodium and lose potassium in the cold, and to reverse the
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transfer of these ions by a process requiring metabolism (see 173,200,492 for references).
Schatsmann (384) first called attention to the prevention of energy-dependent Na*-K+*
exchange in human erythrocytes by strophanthin, digitoxin, strophanthidin, and digi-
toxigenin. This has been carried substantially further by Kahn and collaborators (250-261),
who showed that a wide variety of compounds—certain simple lactones (e.g., a-butyrolac-
tone; S-propiolactone, a,8-angelicalactone), adenine, higher concentrations of adenosine
(e.g., 40 mM), and others—in addition to numerous cardiac glycosides and aglycones, block
active transport; adenosine at lower concentrations (between 0.3 and 15 mM) and inosine
above 0.3 mM accelerate the metabolic transport. No correlation was found between POy
- and K* transport; 8 compounds which inhibit K* uptake leave radiophosphate uptake un-
altered, while 2 which increase K+ uptake decrease P3 entry (259). It is also pointed out that
diisopropylphysostigmine, at a concentration fifty times that needed to inhibit cholin-
esterases, has no effect on active cation transport (260), in keeping with findings with
physostigmine, diisopropylfluorophosphate, and neostigmine (484). These and other
studies to be described provide evidence that the predominant effect of cardiac drugs
resembles inhibition of metabolism. Whether all the above compounds act in this fashion or
by another mechanism requires an analysis of their metabolic effects. It is discussed in
8ection V C 5.

C. Summary and preliminary conclusions

1. Recapitulation. The facts presented up to this point are consistent with the
view that the resting potential is an electrochemical process in the cell membrane
set up in response to the ionic and other components of the protoplasm and of
the extracellular fluid which bathe it. The absolute potential is governed by the
aqueous concentrations of the ions and by the relative membrane ‘“permeabili-
ties,” a term which encompasses not only the ionic mobilities but the distribu-
tion coefficients (governed by charge effects and other adsorbability or solubility
factors) as well. Membrane permeability is highly labile, that to different ions
being susceptible to change to different degrees, although the change usually is
in the same direction. Drugs and experimental conditions are conveniently classi-
fied as either “stabilizers” or “labilizers.” Stabilizers reduce or prevent an in-
crease in permeability, labilizers increase or enhance an increase in permeability.
Metabolism contributes to the potential only indirectly: (a) through prior work,
which is responsible for the ionic gradients and for the stable structure and
selectivity of the membrane; (b) through continuous energy turnover, which
maintains ionic gradients by supporting a labile reservoir of indiffusible anions
and by extruding or excluding sodium and restoring potassium at a rate equal
to the normal leakage, or which restores ionic gradients following a period of
uncompensated leakage; and (c) in some systems, such as vertebrate nerve, by
continuous energy turnover to accentuate further the selective properties of the
membrane.

2. Possible mechanisms for experimental effects. These studies focus attention
on several mechanisms whereby an ion, drug, hormone or other experimental
variable may act: (a) Metabolic stimulation or inhibition; (b) decoupling of the
enzymatic reactions from ions normally transported; (c) entry into the mem-
brane as an ion, thereby setting up a membrane potential, as in the case of Nat
and K+; (d) reversible change in the ion permeability of the membrane; and (e)
irreversible disruption of the basic structure upon which these mechanisms de-
pend. The last is readily discarded and should be since it is trivial; but we have
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seen that its occurrence may be overlooked when a search for positive results
leads to toxic concentrations which are unrecognized as such. Similarly, the
search for a metabolic effect has frequently led to concentrations well above
those which produce other effects; in such cases it may be suspected that lower
concentrations act on a physical mechanism, either by setting up a membrane
potential or by altering the membrane permeability characteristics.

Obviously, caution is necessary before the action of an agent can be ascribed
only to one mechanism. The use of the lowest feasible concentration is helpful,
but it by no means guarantees only one effect, any more than the use of a known
metabolic inhibitor assures action only through metabolic inhibition. A proper
evaluation of action requires that as many criteria as possible be available for the
selection of one mechanism and for the rejection of others.

3. Criteria for a physical effect by experimental agenis or conditions. Those dis-
cussed so far are:

(a) A rapid change in E, induced by the agent or condition when the rate of
diffusion is not limiting.

(b) A rapid alteration in the response of E,, to physiological ions by the experi-
mental condition when the latter is not diffusion-limited. Simply a change in the
effectiveness of ions or of other agents known to depend or act on permeability,
even if not rapid, is also an indication of a physical (permeability) effect in an
experiment.

(¢) Alteration by experimental agents of the rate of depolarization of tissues
in a moist chamber or of the ionic interchange during metabolic inhibition. It is
important in such experiments that the possibility that the agent modifies the
degree of inhibition be minimized. Ideally, prior complete inhibition is desirable
of the metabolic pathways that may be involved, and this should be achieved
with inhibitors that lack permeability effects themselves. In frog nerve, anoxia
combined with iodoacetate poisoning reduces heat production to zero (126). This
suggests complete inhibition and has been so utilized; but the possibility re-
mains of a balance between endothermic and exothermic reactions, or of the
stimulation of other pathways by experimental substances. Moreover, inhibitors
lacking permeability effects are certainly to be desired, but those currently
available have not been carefully studied from this standpoint. In aerobic
systems, displacement of oxygen with an ifiert gas is least likely to be compli-
cated by permesbility effects; the presence™f a glycolytic inhibitor assures more
complete inhibition, but iodoacetate ,an(_l’ iodoacetamide may behave as sta-
bilizers as well (316). Obviously, modification of the effects of metabolic inhibi-
tion must be carefully considered in the light of other criteria.

(d) Alteration by the experimental condition of the rate of depolarization in a
moist chamber during metabolic inhibition without interference with the return
of potential upon removal of inhibition.

(e) Change in membrane conductance when a permeability change induced
by an experimental agent involves an ion species contributing appreciably t0 Gn.

(f) Modification by an agent of the ionic mterchange occurring in the absence
of extracellular potassium.
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(g) Ionic shifts, brought about experimentally, which are in keeping with ac-
companying electrical effects as predicted by hypothesis [e.g., equation (I)].

(h) Alteration by experimental agents of the depolarization phase of spike
production which in Part II will be shown to serve as an index of the ability of
excitable fibers to produce an increase in Pya.

4. Criteria for a metabolic effect by experimental agents or conditions. These are:

(a) A slow change in E,, brought about by the agent under test, which is more
marked under moist chamber conditions than when the fibers are washed, espe-
cially if this occurs with known metabolic agents acting at expected concen-
trations.

(b) Alteration of the rate of depolarization of tissues in a moist chamber dur-
ing metabolic inhibition by agents known to act metabolically at the concen-
trations employed, especially when they also affect recovery of potential follow-
ing inhibition; these effects are prevented or reduced by washing.

(c) Sodium and potassium shifts occur under the experimental conditions
with no change in membrane potential in well washed fibers.

(d) Spike production is little affected by the agent until secondary changes
develop (Part II).

Until the nature of the coupling between ion transfer and metabolism is clari-
fied, one must bear in mind at least two possible means whereby active transport
could be hampered: (a) Interference with the metabolic reactions which provide
the necessary energy or (b) interference with physical interactions between the
ions and metabolites (such as in ion pair or complex formation; see Section VII
C 4 and 5) which are necessary to achieve transfer. The latter is equivalent to
decoupling metabolism from a final step which is itself not necessarily ensymatic
thereby leaving the biochemical reactions free-running, much as phosphoryla-
tions may be decoupled from respiratory processes or the wheels of a car disen-
gaged from a running motor. The presence of such decoupling would be reflected
by a cessation of active transport without or before a change in metabolism. The
time aspect is important since the failure of active transport necessarily leads to
& change in the intracellular ionic composition at a rate governed by the surface
to volume ratio of the cells and by their permeability. Such a change in ionic
composition can be anticipated to lead secondarily to altered metabolism be-
cause of the well-known dependence of the activity of many cellular enzymes on
the sodium and potassium content of the milieu (see 173 for references). The
finding that cardiac glycosides depress active transport in red cells without ap-
preciably affecting glycolysis (384) and in muscle without altering heat produc-
tion (201a) is suggestive of simple decoupling.

V. UNIDIRECTIONAL ION FLUX AND RESTING POTENTIAL
A. General

The criteria just given for the action of physiological and pharmacological
agents by way of metabolic transport are substantially fewer than for physico-
chemical effects. This situation has improved much in recent years through the
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use of radioisotopes. Because unstable (radioactive) ions exhibit chemical be-
havior indistinguishable from that of stable ones, they may be added as a
contaminant to predominantly stable ions and thereafter the investigator is in
a position to measure the rate of entry (the influx) or the rate of exit (the efflur
or outflux) individually for a given ionic species. Since the ionic content of a cell
is constant when the opposing fluxes are equal, and changes when one increases
or decreases relative to the other, the observer can better assess the cause of such
changes. Six years ago attention was called to the possibility of distinguishing
permeability from active transport as the mechanism responsible for increased
potassium retention; thus, everything else being equal, if permeability were
reduced, the rate of potassium influx and outflux would be decreased, but if
active transport were responsible, the influx would be increased (414).

B. Cautionary comments

The uncertainties inherent in estimating the distribution of the familiar stable
ions within tissues and single fibers, described in Section III D 1 b, apply equally
well to radioisotope studies. But flux measurements include several additional
sources of error.

The estimate of outflux depends on a determination of a percentage change in
the contained radioactivity and on the “effective’” ion concentration, i.e., the
thermodynamic activity, within the cell. If the estimate of the ionic activity is
incorrect—as in the case of ion binding or of misinterpretation as to the correct
location of the given ion species—the computed efflux will be too high. This can
be checked by determining the influx and the actual ionic content of the cell. The
influx is obtained with little error from the initial rate of radioisotope entry and
the ionic concentration of the medium, but only if measurements are made prior
to appreciable uptake of the isotope if sequestering of ions, as suggested in Section
III D 1 b, occurs in the cells. Corrections for diffusion limitations and for the
rise in intracellular radioactivity are too well recognized to require comment.
The net change in ionic content over a given period of time, especially if small,
substracted from the influx over the same interval, should equal the outflux
during that time. This test should be applied when incompleteness of isotope
exchange suggests ion binding; as pointed out in Section III D 1 b, limited ex-
change may be the consequence of trapping of the ion within intracellular struc-
tures. In any case, information on the intracellular content of ions is generally a
desirable adjunct to flux determinations.

In the light of the discussion in Sections IV A and IV B 4, a changein cation
(or anion) flux may reflect not only a change in permeability but (a) a change in
active transport, (b) a change in membrane potential, and (c) a change in the
cations available for exchange or in the anions available to accompany the cat-
ions. As we shall see later, fluxes may also depend on still other forms of penetra-
tion which are subject to modification. Ideally, therefore, an interpretation of the
action of a drug or other experimental agent should be based on a knowledge of
E. and of the fluxes of all major ions in the system. Thus, if for example the
membrane potential falls, it becomes necessary to assess whether this underlies
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an increase in the outflux, O, or a decrease in the influx, 7, of potassium should
these occur. An approximate check on this is possible by use of the following equa-
tions, which apply if the original assumptions (Section III D 3) are reasonably
correct and with the additional assumption that active transport 18 not taking place:

Ox = [K];Px(EnF/RT)(e®=¥/BT — 1) = [K],Px(En/25)(e®=" — 1)~  (III)

Ix = [K]oPx(Ex/25)(1 — e Em/2%)-1 (Iv)

The value for RT/F given in equations (II) and (III) is for 18° C and is in mV.
The ratio of the fluxes reduces to a convenient form:

IK - [K]o eEmlll = e(n...—nx)/zs (V)

Ox [Ki

This shows that outflux exceeds influx when E,, is less than Ey, as it usually is;
when the fluxes are equal the familiar equilibrium equation follows, and E,, then
becomes Eg.

Ussing (502) derived equation (V) from more general considerations than those
underlying equations (III) and (IV), one of the requirements still being inde-
pendent diffusion of ions; he pointed out that conformance to equation (V) by
potassium and other ions might be taken as evidence of passive diffusion and this
has been so utilized for measurements carried out in cephalopod axons, mye-
linated nerve, and muscle.

However, the application of such equations to metabolizing cells requires
caution until the role of active transport is clearly defined and until the equa-
tions can be shown to be a correct description of the behavior of the living cell
membrane (e.g., 503).

Implicit in the discussion of recovery of normal ion distribution was a defini-
tion of active transport, viz., ion transfer dependent on energy turnover. This is
an “operational” definition, 7.e., one susceptible of measurement by a specific
procedure, for example, as the loss in ionic transfer as a result of complete meta-
bolic inhibition. Ideally, this measurement is valid if indeed complete inhibition
is possible while no other changes take place, such as in the ion permeabilities,
ion concentration gradients, and membrane potential. Fortunately, in some sys-
tems subjected to inhibitors, permeabilities are sufficiently low and well sustained
(in amphibian nerve) and the volume to surface area sufficiently large (in giant
axons) that intracellular concentrations do not change rapidly and the membrane
potentials and structure are stable (225, 226, 414, 423).

The study of metabolically inhibited cells therefore offers a means of deter-
mining whether the equations we have been utilizing, and hence the underlying
assumptions, completely describe the properties of the cell membrane at least
under these particular conditions. From the changes which occur during the
transition from the uninhibited to the inhibited state, a reliable reconstruction
of the situation in the normal cell becomes a practical possibility. This is con-
sidered the best available means at present for distinguishing passive transfer—
that governed solely by electrical and concentration gradients—from active
transport—ideally described as transfer against or in excess of electrochemical
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gradients—and for determining the factors which govern both types of ion
movement.

C. Results

1. Metabolic inhibition and passive transfer. As already pointed out, an exam-
ination of the characteristics of the fluxes in inhibited fibers provides a prelim-
inary test of the applicability of membrane hypotheses to the cell membranes
without the complication of active transport.

a. Potassium. In the case of inhibited (anoxia plus iodoacetate, as usual),
cocainized toad nerve fibers, the residual fluxes and the concentrations of potas-
sium inserted into equation (V) provide an estimate of membrane potential which
agrees with that obtained directly on frog fibers and estimated for toad axons
(423). From this it may be concluded that potassium is moving as the free ion
in the membranes of this preparation. Since cocainization prevents the secondary
changes in membrane notential and in_notassinm outflnx assoriated with inhihi-

tion, the flux data may be regarded as approximating those normally present in
the uninhibited nerve, and hence the implication is that passive potassium
fluxes are behaving similarly during intact metabolism except for the super-
position of potassium influx through active transport. Moreover, the agreement
of the potassium data with the membrane potentials is in keeping with the pre-
liminary conclusion (Section IV C) that E, is determined largely by passive
diffusion of potassium.

The outstanding analysis of passive potassium flux in relation to K, and E,
is that of Hodgkin and Keynes on Sepia giant axons (226). This study confirmed
the passive nature of potassium flux in inhibited (chiefly dinitrophenol-treated)
fibers by demonstrating that at different equilibrium values of [K], (i.e., when
Ix = Og), E,, varied according to the calculated Nernst equilibrium potential,
Ex (Section III D 3). But two corrections to the simple model which has until
now been employed were discovered to be required for Sepia axons. First of all,
Px was not a constant independent of membrane potential; rather, it decreased
with hyperpolarization and increased with depolarization, in keeping with
“rectification,” as found in squid giant axons (42), which greatly exceeds that to
be expected from the simple theory (176, 485). Secondly, the increased transfer of
potassium in one direction interfered with the flux of potassium in the opposite
direction, an effect which could be accounted for by postulating very narrow
channels through which K+ passes; this was shown to be reflected by two changes
in the basic equations, viz., the flux ratio equation (V) became

Ix _ ([_I_(]_e)n 8Ea/2 _ n(En—EK)/2
Ox (K] ¢ ¢ VD)
and the simpler definition of conductance at 18° C at equilibrium (219):
Gg = FIx/25 = FOx/25 (VII)

became
Gx = nGg, (VIII)
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where n is greater than one. In other words, the flux ratio changed more rapidly
with E, than it should according to simple theory, and conductance was higher
than would be estimated from the fluxes at equilibrium.

Hodgkin and Keynes point out that the last result provides at least a partial
explanation of previous low estimates of potassium conductance from flux
measurements [from equation (VII)] compared to electrical estimates of this
parameter in Septa axons as well as in amphibian muscle.

The general applicability of these findings to other biological systems remains to be
determined. The simpler result obtained with frog nerve may reflect a genuine difference or
less precision in the available data. In general, rectification appears to be much less striking
in crab fibers (217), in myelinated nerve (395), mammalian motoneurons (51), and in muscle
(83, 248, 266). In slow muscle fibers rectification appears to be as marked as in giant axons
(30). In fast muscle fibers the situation is obviously complicated, for a reversal of the
normal rectification curve (i.e., Ga decreases under the cathode, increases under the anode)
is the consequence of an elevation of extracellular potassium, especially in sulfate solutions
(266, 267), or of removal of phosphate buffer (248). This raises the possibility of a second,
opposing effect which obscures a more marked rectification in these systems. One such
effect, in terms of ‘‘ion pairs’’ (see below), might be a decrease in the number of dissociated
ions (which are partly the consequence of disruption of ion pairs in the intense electric field
of the membrane) with depolarisation. In any case, further study of rectification in other
systems is certainly to be desired.

Another indication of the applicability of these findings is excessively large changes in
potassium flux with [K],. Influx should be studied in the absence of active transport, in
which case Ix should increase at least in proportion to [K], or more. In toad nerve, under
these conditions, we find in 4x and 20x [K], that Ik is approximately 4.5-fold and 19-fold
larger (425). Corresponding figures derived from Sepia data (226) are 26- and 90-fold. Ob-
viously, permeability changes and ionic interaction are more important factors in the giant
axon than in amphibian nerve. Potassium outflux, on the other hand, is less likely to be
affected by active transport, and hence it may be studied in either inhibited or in unin-
hibited preparations and compared with the predictions of simple theory on the effect of
[K], and the associated depolarisation. Thus, the Goldman equation predicts an increase
roughly inversely as the relative magnitude of En, and hence somewhat less than the
logarithm of the relative increment in [K],. For amphibian fibers this can be calculated to be
509% for a 4-fold rise in [K]., and almost 100% with a 20-fold increase in [K].. We actually
find increments of 100%, and 650%, for toad fibers, compared to 350% and 600% indicated by
Sepia data. The similarity between vertebrate and invertebrate fibers is therefore better
with respect to Ox than Ix.

In metabolizing muscle, increments in extracellular potassium produce about the same or
somewhat less than proportionately greater enhancement of Ix and Ox (197, 198, 202, 269,
333). With respect to outflux, then, but not to influx, muscle also appears to show behavior
resembling that of giant axons. :

On the whole, giant axons appear to be more extreme in the deviations of
fluxes from the simple hypothesis, although as careful a study remains to be
carried out in other systems. In any case, we may note that the major effect of
these findings is (a) that an increase in Px will be depressed secondarily if E,,
increases simultaneously (as when Py, is initially large); (b) that an increase in
Py., which causes depolarization, will tend to increase G, because Pgx will in-
crease as well; (c) fluxes will be modified correspondingly, and conductances
will measure higher than expected from flux measurements. While these con-
clusions are of special importance in rapid transitory phenomena, discussed in
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Part II, they may be considered as refinements which do not alter the largely
semi-quantitative data and relationships which are the subject of this review.

b. Sodium and the concept of ion pairs. With respect to sodium the flux situa-
tion is very different from that of potassium. Thus, the fluxes of sodium during
inhibition of vertebrate nerve bear no obvious relation to Ey; the fluxes in either
direction approach the relative magnitudes of [Na); and [Na), (423). This sug-
gests that sodium movement is not predominantly as the free ion, which would
be affected by E... A simple interpretation is that sodium moves chiefly as an ion
pair (e.g., with CI-), for preliminary measurements of flux by radioisotope tech-
niques show that the emergence of Nai in sucrose is identical with that of Cl;’
(433).

The data for inhibited cephalopod axons are given as Iy, = 15 X 1074,

Ona = 1.5 X 1072 moles/cm? sec, approximately (224, 225, 270); hence, the fluxes
are as the respective sodium concentrations, again suggesting an independence
of the electric field. Here, too, sodium passes through the membrane largely in
undissociated form, again most easily understood from the standpoint of ion
pairs.
It will be pointed out that at least some active sodium transport, like sodium
movement in the absence of such transport, is determined largely by sodium con-
centration, rather than by a combination of electrical and concentration gradi-
ents, and that ionic exchange can be ruled out. The concept of ‘““ion pairs”, t.e.,
association with oppositely charged ions by virtue of electrical attraction and/or
other forces in a region of low effective dielectric constant, could explain such
observations. It is consistent with indications (Section VII) that the ions may
penetrate the membrane in the unhydrated or weakly hydrated state. The theo-
retical and experimental aspects of ion pair formation in low dielectric solvents
have been extensively developed in recent years (161, 279, 280, 328).

The following are some important conclusions pertinent to ion pairs:

(a) Below a critical dielectric constant, depending on the effective radii (including
solvation when present) and on polarizability of the ions, ion association occurs.

(b) This association is greater the smaller the dielectric constant, the smaller the effective
radii, and the greater the polarizability of the components in the system.

(c) The greater the ion concentrations the greater the association, the quantitative re-
lationships being given by association constants, of which there may be several if multiple
ion pairs form.

The behavior of alkali picrates in nitrobenzene appears particularly pertinent to nerve.
Thus, the association constant for sodium, because of its smaller radius (unhydrated), is 25
times that for potassium (280). Hence, sodium could exist predominantly as ion pairs at
membrane concentrations that leave potassium unassociated, the situation suggested by the
data for nerve.

It, therefore, appears reasonable that within the membrane Na+ will tend to
associate with available anions, organic and inorganic, e.g., ClI-, more than K+
will. Moreover, since ion pair formation depends on polarizability, such associa-
tion will increase with larger anions (Table 3, p. 135). Ion pair formation by
sodium may account for the following additional phenomena:

(a) The faster swelling of muscle in proportion to the polarizability (ionic
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radius) of anions used to replace the chloride of Ringer (40); this would follow
from faster sodium entry with the anions because of a greater effective concen-
tration of ion pairs in the membrane.

(b) Increase or decrease of NaCl in muscle fibers roughly in proportion to
[NaCl], (138, 438, 442a).

(c) The frequency with which [Cl]; is in excess of that to be expected from E,.

(d) The high chloride fluxes in cephalopod and vertebrate nerve (428, 429)
despite the small P, suggested by the negligible effect on E,, of replacement of
CI; with much larger anions and by the failure of KCl to enter at moderate con-
centrations (426); in muscle, too, the flux rates appear very high (302) althougb
KCl entry is substantially slower (18, 410).

(e) The tendency of chloride to enter with sodium during membrane de-
polarization; the steep electrical gradient across the membrane should normally
tend to prevent ion pair formation just as high electrical gradients increase dis-
sociation of weak electrolytes or raise activity coefficients (dissociation field
effect).

Further study of sodium and especially anion fluxes obviously is necessary before the ap-
plicability of the concept of ion pairs to the above phenomena can be considered established.
The same physical characteristics of the ions may equally well be responsible for inter-
actions with membrane channels rather than between the ions alone, with similar final
effects. For example, in certain anion-selective artificial membranes unidirectional anion
fluxes substantially exceed those to be expected from membrane conductance (Gottlieb,
personal communication), a result which would be characteristic of ion fluxes due to ion
pair formation; transfer accomplished via anions strongly adsorbed along channel walls
might be responsible for this observation. But net movements of both sodium and chloride
such as obeerved in nerve and muscle would require a similar process for sodium as well.

The hyperpolarization of muscle by anions which penetrate more slowly and reduce
membrane conductance poses an interesting problem also not solved with the Goldman
equation [i.e., equation (I)]. We have seen that the rate of penetration of potassium salts
into muscle fibers parallels the effect of the anions on conductance. The question may be
raised whether the membrane conductance is governed primarily by the net uptake of
potassium with the anion within the membrane, and the polarization change by alteration
of the rate of efflux of intracellular chloride (see Section VIII B 6). Information on the
behavior of membrane potential as a function of [K], in media with different anion might
clarify the mechanisms involved. Details are also needed on cation and anion fluxes with
different anions composing the medium. Edwards et al. (108a) report negligible changes
in the sodium and potassium fluxes of muscle; however, since active transport, which tends
to obscure changes in passive fluxes (422, 423), can be reduced or eliminated in muscle with
ouabain (108), such studies with anions might be profitably repeated in the presence of
cardiac glycoeides.

2. Metabolic inhibition and active transport. a. Nerve. The most complete data
currently available for excitable cells are those on unstimulated sciatic nerves
of the toad (423, 430) and on giant axons from Sepia and Loligo which had
been previously stimulated to accentuate active transport (225). In both prepara-
tions a striking effect of metabolic inhibition is the decline of potassium influx,
I; the outflux, O, islittle changed or increases slightly in the cephalopod fibers
(see also 429), and clearly increases about 50 % in the vertebrate nerve.
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The behavior with respect to sodium differs in the two species. In the single
giant axons, Ox, falls proportionately more than I'x during inhibition, with little
change in In,, whereas in the amphibian fibers On. undergoes no detectable
change, as has been also reported for amphibian muscle (274, 519), and Ix.
increases appreciably.

Thus, the coupled active transport of potassium inward and of sodium outward
is quite evident for the invertebrate fibers; the loss of potassium with inhibition
is clearly due to a failure of its inward transport, and the gain of sodium to the
decline in its outward transport. Such coupling is not quite as obvious in the
sciatic nerve; here the loss of potassium is due to both an increased outward leak
and a reduced inward transport, whereas the gain in sodium is due only to in-
creased entry.

It was pointed out earlier that some depolarisation occurs in washed sciatic nerves,
probably because of an increase in Py,, which is absent in invertebrate fibers. This requires
the answer to 2 questions:

(a) Would this depolarization explain the increased Ox and the decreased Ix? By use of
equations (III) and (IV), the applicability of which has been pointed out, it can be shown
from the magnitude of the change in Ex that the increase in outflux is exactly accounted for,
but the decrease in influx is much too great to be so explained (425). Moreover, the question
of depolarisation as a factor in the reduced Ix during inhibition is easily eliminated by
having 0.1% cocaine in the medium during inhibition. Not only is depolarisation then
negligible, but the increase in potassium efflux is prevented, in keeping with the previous
conclusion that an increase in Py, now fails to occur, and potassium influx still declines,
even somewhat more than before because of the reduced Px (422, 423, 429). The same con-
clusion may be drawn from experiments in which [Na], is low; again depolmutlon and
increased Ox are reduced or prevented, owing to absence of an appreciable i in
K{—Na? exchange, but Ik still declines with inhibition (422, 423, 430).

(b) Could the increase in Py, have led to an increase in passive sodium outflux which, by
nearly equaling the loes of active outward sodium transport, masked the latter during in-
hibition? Quantitative considerations have seemed in keeping with this (423). That active
transport of intracellular sodium outward is possible is shown by an actual rise in sodium
outflux during the heightened metabolism immediately following recovery from inhibition—
an acceleration which is blocked by dinitrophenol and which is dependent on extraeellular
potassium, in accord with Nai—K? exchange.

However, the critical experiment of inhibition in the presence of cocaine, which prevents
the increase in Py, and in potassium exit, fails again to reveal a change in sodium outflux
(433), although it should have dropped by 3¢ or 34 if the original interpretation in terms of
greater passive leak had been correct.

We must conclude from the available facts that two types of active Na—K
exchange are possible and both may be present. They are shown schematically
in Figure 1. That exemplified by stimulated invertebrate nerve and recovering
vertebrate nerve is the more familiar type, A, which may be designated Na—K,
exchange and involves intracellular sodium. The other, exhibited by unstimu-
lated nerve, type B, will be called Na,—K, exchange; in this case, as soon as
extracellular sodium enters the membrane it is carried out again in exchange for
K,, and hence work is done not to accelerate exit of intracellular sodium but rather
to slow the entry of extracellular sodium. When this work process fails, extra-
cellular sodium continues to move in and exchanges with intracellular potassium,
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Fia. 1. A. Conventional active transport, as observed in previously stimulated cephal-
opod axons and in previously inhibited vertebrate nerve, which involves sodium extrusion
and potassium uptake. B. Another form of active transport seen in vertebrate nerve which
effects sodium exclusion and potassium uptake.

as shown by the broken arrows, giving the net effect of increased leak to sodium,
with depolarization and increased potassium exit. Thus, the latter phenomena
can no longer be considered fortuitous concomitants of the failure of active
transport but rather a natural consequence of the mechanism involved. Thus,
the increase in Ox and Ix, with inhibition are really equivalent to an increase in
Px., although it is not a genuine increase inasmuch as I'x and On, Will not be
altered except insofar as they are changed by the drop in E,. Put another way,
we can speak of work done by active transport to reduce the inward permeability
to sodium, or better still as sodium excluston in contrast to extrusion.

b. Muscle. The same transport mechanisms are indicated by studies on muscle.
The potassium fluxes in rat diaphragm change as in frog nerve during anoxia at
normal temperature (37°C), i.e., outflux increases, influx decreases (35); in
the same preparation low temperature reduces only the influx (35), as in the
squid axon, but since low temperature reduces all fluxes generally (35, 108, 196,
197, 333), the rise in outflux which might have occurred with inhibition by low
temperature may well have been obscured by a general decrease in permeability.
In rat ext. dig. longus muscle, inhibition by dinitrophenol, azide or cyanide re-
duces potassium influx to half (334).

The resemblance of frog muscle to frog nerve extends to the indifference of its
sodium outflux to inhibition of phosphorylations and of respiration and glycolysis
(274, 519). However, Edwards and Harris (108) have succeeded in demonstrat-
ing that half of the sodium outflux is linked to potassium influx by confirming
that it is dependent on [K],, as shown previously and by others for muscle (269,
335, 473) and for giant fibers (224, 225), and by the additional important finding
that ouabain, which blocks active transport (see section on cardiac glycosides
below), has the same effect as the absence of extracellular potassium. Preliminary
experiments of this nature in resting frog nerve have revealed no such effects
by removal of extracellular potassium (423, 433) nor by a cardiac glycoside (433)
although, as already mentioned, the potassium effect is quite apparent after
[Na]; is raised by prior inhibition (423, 430).

Hence, although data on potassium fluxes are needed for frog muscle and on
sodium fluxes for mammalian muscle, as well as on membrane potentials in both
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systems, the indications clearly point to similar active transport mechanisms as
elaborated in nerve. The same can be said for heart muscle, as pointed out below
in the section on cardiac glycosides.

¢c. Additional important findings. Certain additional aspects of these and other
studies are of considerable importance from the standpoint of the nature of the
ion transport mechanism:

(a) The demonstrations noted above that influx of potassium in nerve and
muscle is dependent on metabolism implies a transport mechanism located in the
cell membrane.

(b) The decline of sodium outflux with lowered extracellular potassium in
nerve and muscle is rapid, as it is with ouabain in muscle. This is in contrast with
the appreciable time required for metabolic inhibition to be effective in giant
axons. The rapidity again is indicative of a surface effect and one intimately
associated with the transport process. It is of interest that a lowering of tem-
perature also acts with great rapidity in depressing Oy, in the giant axon.

(c) Only part of the metabolically dependent sodium outflux of giant axons is
depressed by the absence of potassium from the medium. This suggests that
other ions may participate in sodium transfer. In the case of the giant axons an
intracellular anion is implicated, for the remaining sodium outflux which is
susceptible to inhibitors is not reduced by removal of all additional cations and
anions from the surrounding medium. Moreover, since sodium outflux in the
giant axon is unaffected by hyperpolarization (225), the sodium and this anion
must be combined as an uncharged complex or as an ion pair (Section 1 b above).

(d) While the metabolically dependent outflux of sodium is frequently in
excess of the active potassium influx, as in the case of the cephalopod axons (and
in red cells, summarized by reference 359), the reverse also may occur. Thus, net
potassium uptake in Ringer by toad sciatic nerve, following a decline of ionic
gradients in NaCl, occurs without sodium extrusion (427).

(e) Net loss of potassium may occur by other than exchange with extra-
cellular sodium during inhibition, one possibility being diffusion with an intra-
cellular anion such as may appear during inhibition (e.g., lactate), while less
diffusible bicarbonate is lost as CO, because of acid production, or by exchange
with another extracellular cation. Thus, in frog nerve the net loss of potassium
is independent of [Na], at the beginning of anoxia (413) and the net escape of
potassium in azide exceeds the net gain in sodium (20); in rat diaphragm Ox
rises during anoxia before Ik falls (35), accompanied by a large production of
lactic acid.

(f) Following or accompanying the depletion of cellular potassium through
bicarbonate loss, lactic acid production may itself contribute to potassium reten-
tion depending on the amount of lactate retained in the steady state and on the
rate of HY—K{ exchange in a manner similar to the CO, experiments of Fenn
and Cobb (136). In accord with this, prevention of lactic acid production during
anoxia with iodoacetate reduces potassium influx to half in mammalian muscle
(35). It was pointed out earlier for anoxic frog nerve that Hf —K exchange re-
sulting from lactic acid production accounts quantitatively for the different
rates of net potassium loss under a variety of experimental conditions (414).



ELECTROCHEMICAL ASPECTS IN EXCITABLE CELLS. I 117

(g) Potassium influx depends on [Na), in frog nerve under aerobic conditions,
but not in the absence of active transport (422), as would be expected from the
Na,—K,, sodium exclusion transport.

d. General transport mechanisms. These results therefore call attention to
active transport brought about by

(a) K,—Na; exchange, the familiar sodium extrusion principle;

(b) K,—Na, exchange, a new sodium ezclusion principle revealed by verte-
brate nerve studies;

(c¢) Na diffusion outward, without its charge exposed, by complex or ion pair
formation with another diffusible component; and

(d) Formation of indiffusible or slowly diffusible intracellular anions (organic
phosphates, bicarbonate, isethionate, aspartate, glutamate, and other organic
anions) with Hf —KZ exchange.

The last will function selectively for potassium because of the relative permea-
bilities of the membrane, but only during a period of change, for sodium must
eventually leak in and replace Ki unless mechanism (a), (b), or (c) is
functioning.

The flux changes corresponding to the cessation of these mechanisms are,
respectively, (a) a decline in sodium outflux and in potassium influx, or in sodium
outflux upon removal of K,, (b) a decline in potassium influx with a rise in po-
tassium outflux and sodium influx, (c) a decline only in sodium outflux whether
or not cations are present in the medium, and (d) augmented potassium outflux
without increased sodium influx.

e. Active transport and membrane potential. The fact that active transport
mechanisms are predominantly ion exchanges or involve combined transfer of
cation and anion makes quite understandable the absence of a change in E,, by
inhibition of active transport in giant axons (225), in muscle (257), and in
washed, cocainized, vertebrate nerve (425).

The clear-cut studies of Ussing on frog skin, which could demonstrate the active
transport only of sodium and its correlation with membrane potential under
most conditions, led to the conclusion that the transfer of sodium was itself the
source of potential and other ion movement purely passive (252, 501, 502, 504).
This view has had a strong influence in nerve and muscle physiology, for many
have assumed that the outward transfer of sodium generates the membrane
potential, which in turn is responsible for the potassium gradient. Early measure-
ments, particularly on giant axons, appeared to conform to this approach since
potassium data obeyed equation (V) (222, 268, 273); but a more careful analysis,
involving the removal of active transport, has required a rejection of single ion
transport in Sepia and Loligo axons (224, 225). Actually, the fact that in many
fibers in the stationary state the potassium concentration exceeds that possible
from the membrane potential is clear evidence for active potassium transport
(Section IV B 1). This has been known to be true of red cells for some time (501).

It is important to note that Ussing and his associates have rejected unidirectional trans-
port as the source of membrane potential for frog skin as well. It appears that a high perme-
ability to sodium and a low permeability to potassium at an outer layer of the skin obscured
active Na*—K* interchange occurring at the inner surface, which is selectively permeable
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to potassium. Consequently, the middle region of the skin is depleted of sodium and en-
riched with potassium and thereby gives rise to a diffusion potential which is the sum of that
due to sodium at the outer layer and that due to potassium at the inner layer (253). At least
two steps in potential have actually been noted with a microelectrode traversing frog skin
normal to the surface (237). Huf’s findings with regard to ion distribution and potential in
frog skin (240) are in harmony with the revised view.

Consequently, explanations of bioelectrical potentials and their changes in terms of the
active transport of only one ion species should be recognized as having no strong exper-
imental basis at the present time. ‘

3. The components of flur. By way of summary, we may note here the several
components of flux which have been discussed and others which are encountered:

(a) Movement as the free ion, e.g., through pores, susceptible to the electric
field and aqueous concentrations, and without chemical interaction with the
membrane or with other ions; this includes exchange with the same or other ion
species of the same charge from the opposite side of the membrane or diffusion
accompanied by an ion of opposite charge from the same side of the membrane;
it contributes to the conductance of the membrane. This would be described by
equations (I) to (V) (Section III D 3 and V B) and underlies the entry of po-
tassium salts in muscle and the potassium ion in vertebrate nerve.

(b) Movement as a free ion with interaction with the same ion species moving
in the oppoeite direction. A change of flux alters the opposite flux in the reverse
direction, equation (V) is altered as though the entire right side were raised by a
power greater than one, and the membrane conductance is greater by the same
factor than expected from the individual fluxes, as in equations (VI) and (VIII)
(this Section, C 1 a).

(c¢) Exchange diffusion, whereby a charged site is occupied alternately by ions
from one side, then from the other side of the membrane; in this situation thermal
energy accomplishes ionic transfer in both directions but no net or gross move-
ment of ions occurs despite an apparent electrochemical gradient, and hence no
work is actually performed (302, 473). Membrane potential will have no effect
on such fluxes, and lowering the ion level below saturation on one side of the
membrane will reduce the exchange flux in the opposite direction by an equal
amount. The half of sodium outflux in muscle which is unaffected by [K], appears
to be of this nature (473).

(d) Ion pair diffusion, whereby oppositely charged ions, by virtue of the low
effective dielectric constant of the membrane and possibly other forces, are
undissociated and diffuse independent of the electric field and simply as a func-
tion of concentration from the side on which they are formed. Passive and
possibly active sodium movement seem to be of this nature.

(e) Active transport, whereby ions are moved against electrochemical gradients
by a mechanism which appears to involve ionic exchange and ion pair diffusion.
This is discussed in greater detail in Section VII.

Electrical effects are obtainable only with the movement of free ions and,
conversely, only the movement of the free ions can be affected by membrane
potential. It follows, then, that electrical measurements are likely to be a better
index of free ion permeability than flux determinations; from the results with
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anions, we have seen this may be misleading unless all the ion fluxes involved
are carefully determined.

4. Stabilizers. a. Calctum. The effect of this ion on the flux of monovalent ions
apparently has been studied directly only on radiopotassium emergence from
rat diaphragm (180), where it almost instantaneously raises E, and greatly re-
duces Ok. This is qualitatively in keeping with a decrease in Py,. The effect on
Ok was larger than expected from the simplified theory from the change in Eq,
but this may reflect an additional decrease in Pk, either because of the depen-
dence of Px on E,, as described for Sepia, or because of a more direct effect of
Calt on Px. Addition of potassium to the medium in the presence of the
excess calcium elevates potassium outflux again, but the depolarization must be
substantially greater than the initial hyperpolarization before the original
potassium outflux is restored (180). This indicates a direct effect of calcium on
Px as well, in keeping with previously discussed findings.

That excess calcium brings about a decrease in Py, and Pk, and its reduction
causes an increase in both permeabilities, has been verified by indirect measure-
ments with the ‘“voltage clamp” technique applied to squid giant axons (157).
This study reinforces the well-known similarity of the effects of hyperpolariza-
tion to those of excess calcium, and of depolarization to calcium deficiency, which
has frequently led to the proposal that changes in permeability with E,, and with
experimental agents are a consequence of modifications in the calcification of the
fiber surface (e.g., 19, 179, 405, 406). Karreman (263) has provided a mathe-
matical model which has interesting possibilities for adaptation of this concept
to current knowledge of excitable cells.

The most promising direct evidence for surface calcification is the recent report
by Niedergerke and Harris (346) of a reversible enhancement of Ca* uptake by
frog vertricle strips when [Na], is lowered, and a slowing of Ca* outflux in low
[Na).. The rapidity of the effects suggests surface action. The increase in E,, to
be expected from the decrease in [Na], or [K], cannot be ruled out as a contri-
buting factor to increased Ca‘® entry, but this is generally small and the rapid
reversibility of the Ca* uptake in low [Na], is more in keeping with a displace-
ment effect suggested by the findings of Niedergerke and Liittgau (347).

Nevertheless, the concept of calcification may not suffice in all cases. Thus,
Stampfli (459) finds that repolarization of myelinated fibers in isotonic KCl
under the anode, presumably through a decrease in Pk, occurs in the absence of
Cai*. It will be recalled that veratrine, which acts like low [Ca],, nevertheless
still exerts its characteristic effect on the anoxic depolarization of frog nerve in
calcium-free solutions containing calcium precipitants; and local anesthetics
exhibit their characteristic effects on membrane depolarizability in the absence
of Cai*. The possibility remains, of course, that intracellular calcium may play
a part, but the demonstration of this would be very difficult. It will be recalled
that the slow development of low calcium effects in single fibers and its rapid
reversibility suggest a calcium reserve available in the cell despite its bound
nature.

b. Cocatne. Direct measurements of the effect of stabilizers on sodium and po-
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tassium flux have thus far appeared only from our laboratory; they have been
limited to cocaine on toad sciatic nerve (422, 423) and on squid giant axon
(429, 432). Because of their potential usefulness in explaining the detailed
mechanism of stabilizer action, as well as the considerable promise exhibited
by such agents as a tool for studying the nature of the passage of ions through
the membrane, the results obtained are carefully examined here.

In an effort to resolve effects via active transport as distinguished from passive ionic
movement, the action of this alkaloid has been observed on metabolically inhibited and un-
inhibited nerve. In the former preparation cocaine obliterates the increase in potassium
outflux which normally occurs with inhibition and reduces Ix proportionately to the same
extent (423). This effect is in keeping with a reduction in Px. However, since we have al-
ready seen that increased Ox during inhibition is dependent on [Na], and on the depolariza-
tion which occurs, the effect of cocaine on outflux appears more properly attributable to a
suppression of the increased sodium influx previously discussed. Cocaine may therefore
affect only the influx components of sodium and potassium. Apparently in keeping with this,
the alkaloid does not affect sodium outflux in either inhibited or uninhibited fibers (433).

In uninhibited toad and squid fibers cocaine causes an appreciable decrease in potassium
outflux, but in the former it is largely transitory; depression of potassium influx, on the
other hand, is well sustained (422, 423, 425, 429). The simplest explanation that can be
offered is in keeping with the above indications that cocaine acts only on an outer layer of
the membrane. This would reduce both sodium and potassium influx, but potassium outflux
would be delayed only initially, when cocaine is first applied. Such delay would occur while
outflowing potassium ions build up in the membrane at the inner boundary of this layer to a
concentration which reestablishes the outflux through this layer to that in the inner of
the membrane. The final outflux would be only slightly less than before because [K]; is so
large that the change in concentration gradient due to the increment in potassium concen-
tration in the outer layer of the membrane could not affect the outflux much.

The absolute decrease in influx of potassium in cocaine is about the same as or perhaps
only slightly greater in uninhibited nerves in the presence of cocaine than in inhibited
preparations despite the three-fold greater total potassium influx in the former (422). Since
the additional influx in metabolically active nerves is primarily due to active transport, the
conclusions appear justified (a) that cocaine affects the passive Ix in the same way whether
active transport is present or not and (b) cocaine does not appreciably affect potassium
transferred by active transport, presumably because its route and form are different from
that of passive transfer.

On the basis of these data three tentative proposals may be made:

(a) Cocaine depresses free ion movement but not other types of transfer,
e.g., ion pairs, whether of the “active’ or “passive’” variety. Thus, its failure to
act on sodium outflux and on active potassium influx would be in keeping with
other evidence for transfer as ion pairs.

(b) While experimental agents may act on the membrane as a whole, thereby
altering ionic movements in both directions in accord with the Goldman equa-
tion, the present data suggest the additional possibility of effects limited to the
outermost layer of the membrane, so that influxes are appreciably affected while
outfluxes are not. From this standpoint, which is equivalent to postulating a
phase boundary potential at the outermost interface, reduction of either potas-
sium or sodium penetrability in this region alone will augment E,, since move-
ment of these cations into the membrane from the medium is in a direction which
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will depolarize. This would explain why potassium must be present for frog
fibers to depolarize when calcium is removed from a medium containing no so-
dium (459). If this layer is sufficiently thin relative to the rest of the membrane,
its alterations may not be reflected by conductance changes.

(c) If our picture of active Na,-K, transport is correct, this layer on which
cocaine and possibly calcium act underlies the region of the fiber surface where
sodium first enters but is carried out again, for cocaine does not interfere with
active exclusion yet prevents Nal from entering the membrane when active
transport is blocked.

This would place at least one enzyme system related to sodium exclusion at the outermost
surface of the cell. The presence of ensymes at the cell surface is strongly supported by the
demonstrated high concentration of cocarboxylase in the sheath of giant axons (341) and
by the susceptibility of cellular reactions to inhibitors and to activating agents which do not
penetrate, for example in yeast (8, 375, 379, 380), in intestine (381), and in rat diaphragm
(377). The finding with respect to cocarboxylase is especially suggestive in the light of the
report that pyruvate oxidation (decarboxylation?) was the reaction most effective in the
metabolic support of E; (431), now recognized to be the consequence of active transport.

It is obvious that only a beginning has been made in relating stabilizer action
to ionic flux, and that much remains to be done with this and other stabilizers,
with other drugs, and with other biological systems. The technique of comparison
of drug action in the presence or absence of active transport is promising in its
ability to distinguish free ion flux from passive transfer of other types and from
transport due to metabolism.

Another form of flux measurement—the indirect voltage-clamp technique al-
ready mentioned in connection with calcium—applied to squid axons has re-
cently demonstrated that procaine and cocaine both reduce the increase in sodium
entry and potassium exit brought about by depolarization (432).

6. Cardiac glycosides and allied drugs. Only in recent years has the indirect
demonstration by Guttman and Cattel (190) that ouabain (g-strophanthin)
and digitoxin augment potassium leakage from muscle been exploited. Attention
was called in Section IV B 4 b 2) to the finding—in skeletal and heart muscle and
in red cells—that these and related drugs block reabsorption of potassium and
extrusion of sodium during recovery from inhibition or activity. It has also been
demonstrated that these agents act like metabolic inhibitors in causing a net
loss of intracellular potassium and a net uptake of sodium in heart muscle (192,
396) and a decline in [K]; of red cells (258).

The decline of [K]; in potassium-free solution must occur with little active
potassium uptake, hence the accelerated decline in guinea pig auricles exposed
to ouabain at a high concentration, 0.01 M (234), is more probably due to other
factors, e.g., to increased cellular permeability (to sodium, potassium, efc.) or to
formation of diffusible intracellular anions. The same conclusion appears appli-
cable to a comparable study in skeletal muscle, where the effect of 10-* M K-
strophanthin was weaker but the same (385).

Studies of the net changes in ions do not eliminate other possibilities (e.g.,
increased permeability, as with veratrine), which cause ionic interchange despite
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normal active transport or which prevent active transport from achieving re-
covery. But measurements of unidirectional. fluxes do rule out permeability
except as a secondary factor. Thus, in frog ventricle ouabain abolishes the slow
(active) components of potassium influx and sodium outflux withont affecting
Ox (396); in frog skeletal muscle it reduces sodium outflux to the same extent
as removal of K, (108). In human erythrocytes not only does digoxin reduce I'x
(172, 258) and Oy. (172), but the reverse fluxes are also reduced;.therefore,
passive penetrability may be affected in these cells (172). The lack of an appreci-
able change in resting potential (145, 472, 522), except at high drug concentra-
tions (56), also indicates little alteration in the ionic permeability of heart cells.

The similarity of the effects to those of metabolic inhibition raises the question
whether the drugs act by impairment of metabolism. This possibility appears
supported by the partial shift of glucose metabolism in dog heart slices from
aerobic glycolysis to CO, production in low concentrations of ouabain (518).
However, here one is faced with the problem as to whether alteration in the
spontaneous physiological activity or in the ionic content of the cells, brought
about by the glycoside, secondarily modifies metabolism. Such studies should
be repeated under conditions which prevent spontaneous activity (e.g., with a
low concentration of local anesthetic) and should be compared with the metabo-
lism of the same tissue with a similar internal milieu brought about by other
means (e.g., anoxia). In the red cell, the uptake of sodium still is rapid enough to
pose a problem, although anaerobic acid production, which is the major source
of energy in these cells, appears to be unchanged (384). More recently, the rate
of active transport in glucose-starved red cells has been described to parallel
the level of adenosine triphosphate (ATP); strophanthidin slows the decline of
ATP, with little effect on ATP generative processes, so that a change in ATP
utilization appears to be involved, but to an extent far too small to account
energetically for the decrease in transport (100). In skeletal muscle heat produc-
tion is unaltered by strophanthin although [Na);-[K], transport is blocked (201a).

The available data do not rule out the possibility that cardiac glycosides act
to inhibit a metabolic process intimately related to ionic transport. On the other
hand, their effect on heart contractility (e.g., 192, 365, 396, 517) and on membrane
phenomena, such as the action potential (e.g., 512, 522), is in some respects so
different from that of ordinary inhibitors (495, 496, 508) as to suggest another
mechanism, that of interference with the actual coupling process between
sodium, potassium, perhaps calcium movement and metabolism.:The technique
of examining glycoside action by comparing fluxes with and :without inhibition
as a function of membrane potential and ion concentrations shonld prove helpful
in further resolving the mechanism of action.

VI. APPLICATIONS TO TRANSMITTER-SENSITIVE MEMBRANES
A. Introduction

Until now we have dealt with membranes that are largely unaffected by
physiological concentrations of neurohumoral agents (also referred to as trans-
mitters) such as are liberated by axonal terminations at a variety of junctions.
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This may reflect a lack of reactivity rather than inaccessibility, for such neuro-
humoral agents when injected into giant axons or muscle cells are without the
effects they exert on post-junctional cells or at the endplates (117, 182). However,
close microinjections, effective from the outside, are also ineffective immediately
underneath the endplate (82, 87).

The neurohumoral agent has been positively identified as acetylcholine at
neuromuscular junctions, such as in fast and slow fibers of skeletal muscle
(e.g., 1) and of course in the sino-auricular fibers of the heart, and at autonomic
ganglia, such as the familiar superior cervical ganglion. In these cases careful
study has been possible of the nature of the interaction of acetylcholine, released
by stimulation or applied directly, with the effector cell membrane. Transmitter
action in electric organs appears to be quite similar, as might be expected from
the origin of these structures from muscle. Inasmuch as these systems have been
thoroughly reviewed recently (185), and detailed information on their ionic
characteristics is still largely lacking, they will not be discussed in detail here.

At other junctions—those of invertebrate muscles, motoneurons, and in-
vertebrate stretch receptors—the transmitter is as yet not definitely identified,
but the application of suitable techniques permits evaluation of the mechanism
whereby the transmitters alter the post-junctional membrane.

This membrane may be a distinct entity (but not as distinct histologically at myoneural
junctions as once believed, ¢f. 1, 368a), and occupies more or less of the cellular surface. An
important concept, most fully developed and discussed by Grundfest (184, 184a, 185), is that
the post-junctional myoneural and synaptic membranes or endplates are electrically inex-
citable and incapable of setting off the typical regenerative all-or-none action potential
unless they are adjacent to electrically excitable membranes. His studies of the modified
muscle cells which function as electric organs in fish have shown that two types of cells are
distinguishable—those which possess only the endplate type of membrane and therefore
respond electrically only to a transmitter such as acetylcholine, released by the pre-junc-
tional axonal termination or applied directly (as in elasmobranchs) and those which have
both this and the more familiar membrane capable of producing the all-or-none action po-
tential in response to direct electrical stimuli (as in teleosts).

Similar differences exist among muscle fibers in both vertebrates and invertebrates. Thus,
the slow fibers of vertebrates are completely inexcitable electrically and only they, not the
fast (twitch) fibers, respond with a sustained depolarization to acetylcholine (Ach) and
with a maintained contraction in Ach and KCl (31, 89, 118, 288, 289, 487). Indeed, Kuffier
and Vaughan-Williams (289) state ‘‘that all pharmacological assays of acetylcholine on, for
example, the frog rectus preparation have in fact been carried out upon the slow fiber
system.” The graded electrical changes in response to motor nerve stimulation appear
uniformly over these cells by virtue of the many fibers and branches which innervate them;
in this way a propagated action potential in the muscle fibers is unnecessary for complete
contraction, and graded contraction is also possible. Such innervation, but with membrane
potentials induced exclusively by transmitters of unknown nature (119), is extensive in
insect muscle (80, 191), although some fibers give evidence of the presence of an excitable
membrane as well (80). The crustacean muscle fiber resembles that of insects in having a
widespread series of endplates, but a substantial electrically excitable membrane is also
present (122, 123). And, of course, fast vertebrate muscle cells have a highly localised junc-
tion with properties which only in recent years have been recognized to be quite distinct
from those of the more prominent, electrically excitable membrane surrounding and ex-
tending from it (1, 86, 119, 286). Whether this principle of distinct membranes applies to
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individual sino-auricular fibers of the heart as well cannot be stated. But the absence of the
electrically excitable membrane in certain cells provides preparations of great potential
usefulness for the study of the reactions of transmitter-sensitive membranes without the
complications of the electrically excitable regenerative system which have usually required
involved techniques for separating their individual properties.

We shall be concerned in this section solely with the graded, non-regenerative
bioelectrical manifestations of the interaction of transmitters and related sub-
stances with the sensitive membrane of post-junctional fibers known as junc-
tional (endplate, post-synaptic) potentials, and the modification of this interac-
tion by other agents. The vast literature which deals with transmitter action
based on the final response of the effector cell—the nerve impulse or muscle con-
traction—to pre-junctional activity or drug action without specific attention to
the several individual intermediate steps which may be affected (cf., 1, 286)
cannot be discussed here.

It will be shown that, by the criteria of potential, conductance, and ionic
movement, in accord with the principles of cellular electrochemistry described
in previous sections, the action of transmitters is ascribable to an increase in
permeability to one or more ions, depending on the nature of the transmitter and
of the cell or junctional membrane on which it acts; also, that interference with
the action of the transmitter in many instances corresponds to the process we
have called stabilization.

B. Acetylcholine and sino-auricular fibers

- 1. Membrane potential. Since in heart fibers the rate of beating modifies bio-
electrical and contractile phenomena (493, 494), a proper evaluation of the effect
of pharmacological agents on other than the rate requires that it be either kept
constant by electrical stimulation or eliminated altogether. Some differences in
reported results are attributable to failure to control the rate.

In the beating heart, the membrane potential fluctuates with each action
potential, and hence the maximum polarization between impulses often is
referred to as the resting potential. Strictly speaking, of course, the potential of
quiescent heart cells is E,, but its measurement is not always practicable. In
pacemaker fibers of the frog, quiescence leads to a 10 mV higher value (245)
whereas in dog auricles a depolarization occurs (99).

The effect of acetylcholine (Ach) and vagal stimulation is predominantly on
pacemaker and auricular fibers (231, 245). The most prominent action is a
hastening of repolarization at the end of the action potential which is believed
to reflect an increase in Px (29, 84, 85, 231, 245, 255, 507). This will be discussed
in Part II. An increase in the resting and maximum membrane potential also is
usually evident, particularly in fibers in which the potentials are lower to begin
with (29, 84, 85, 231, 245, 255, 507). Carbachol (carbamylcholine) duplicates
the action of Ach in cat and rat auricles (29, 507). The increase in En, as well
as the steepening of the E,-log [K], curve, is that to be expected from an increase
in Pk relative to Py, (29) and is in keeping with equation (I) (Section III D 3).
These effects may be anticipated to be more marked when E,, is low by virtue of
a higher Py,, as in active frog fibers.
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Physostigmine (10~ M), by preventing the splitting of Ach, enhances the
effectiveness of the ester 100-fold (507). Atropine abolishes the action of car-
bachol, Ach, and vagal stimulation (29, 245).

2. Membrane conductance. The directly measured increase of the membrane
conductance of pacemaker fibers by Ach is also in accord with an increase in
potassium permeability (498).

3. Ion transfer. The first indication of the effect of Ach on ionic movement was
the discovery of potassium loss from mammalian hearts during vagal stimula-
tion (238). That this potassium was derived from the heart fibers was not clear
until Lehnartz (300) showed that in the tortoise auricle Ach acts like vagal stimu-
lation, and both are counteracted by atropine. The net loss of potassium in Ach
has more recently been described for guinea pig auricles (234, 235), where it is
also reduced by atropine (235).

Such losses, by themselves, do not reveal whether potassium is leaving be-
cause of increased diffusibility of intracellular anions (which enable potassium
to escape with them), of increased sodium permeability, or of increased potas-
sium permeability. The last is implicated by the hyperpolarization.

The increase in Px by Ach is further established by the demonstration that
both influx and outflux of potassium, in frog and tortoise sinus venosus fibers,
are increased by low concentrations of the ester and by vagal stimulation, and
these effects are abolished by atropine (203).

In accord with its action as a stabilizer, quinidine reduces net loss of potassium
from guinea pig auricles in Ach (233).

4. Mechanism of antagonism. Since quinidine exhibits stabilizer properties
in other respects, including reduction of potassium leakage from auricular fibers
in the absence of extrinsic Ach, the mechanism of its action may be suspected to
be that of preventing the increase of ion permeability directly rather than of
competition for “‘sites’’ with the ester. In the case of atropine, which is so much
more selective at ‘“muscarinic sites,” the possibility that it prevents Ach interac-
tion with the membrane is more appealing. However, its similarity in structure
to cocaine and its local anesthetic activity at high concentrations (178) certainly
make the alternative a possibility as well. A comparison of the antagonisms as
functions of concentration should be helpful in determining whether atropine
does indeed differ from stabilizers.

6. Summary. Thus, the hyperpolarization, increased membrane conductance,
and greater ionic fluxes produced by Ach are characteristic of auricular and pace-
maker fibers and are in keeping with an increase in Px.

C. Acetylcholine and skeletal muscle

1. Slow fibers. a. Membrane potential. This has been pointed out to average
substantially less than in the fast, twitch fibers. Its change with inward and out-
ward current may show considerable rectification; in other words, as in squid
axons, increase in E,, reduces G, (presumably at least Gx) and a decrease ele-
vates it (30).- As a result of the delay in the rise of G. (delayed rectification)
during passage of constant cathodal current, the membrane depolarization shows
some return to a higher although still depressed level; on cessation of the current
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E,, returns to a value temporarily higher than prior to the application of current,
as would be expected from a delay in the decline of an elevated Px (30). Insect
muscle fibers, which resemble the slow vertebrate fibers, do not exhibit. recti-
fication until depolarization is appreciable (191). Thus the difference in sus-
ceptibility of membrane permeability to E,, described for electrically excitable
membranes is apparent among transmitter-sensitive, electrically inexcitable
membranes as well.

The reaction of the membrane potential to acetylcholine by direct application
or through motor nerve stimulation is a depolarization; the temporary hyper-
polarization following withdrawal of the ester or of indirect stimulation is identi-
cal with that obtained following an electrically induced depolarization, presum-
ably for the same reason, viz., a temporarily sustained elevated Px (31, 288).

The magnitude of the indirect electrical response, referred to as the small-
nerve junctional potential (s.j.p.), varies directly with the membrane potential,
becomes zero when E,, is about 15 mV and reverses sign and becomes larger as
E., decreases further; this suggests that liberated acetylcholine increases Py, as
well as Pg, since as E,, is lowered the electrochemical gradient for net sodium
entry would be reduced, for net potassium exit augmented, until they balance
(at 15mV) (31). The presence of a change in P¢; cannot be determined from these
data. A similar dependence on E,, has been described for junctional potentials in
locust muscle, except that they disappear when E,, is zero (80).

Thus, at normal membrane potentials, the depolarization by the transmitter
apparently is due predominantly to the entry of Nai, which exchanges for K;
(see below). A further electrical test would be the demonstration, as found with
twitch fiber junctions (83, 118, 342, 343), that low [Na), reduces the s.j.p.
Moreover, in view of the similarity of Ach action at the junction to that of vera-
trine alkaloids, stabilizers might be expected to reduce the s.j.p,, as they do the
endplate potential of fast fibers (see below).

Since abdominal muscle in the frog is composed chiefly of slow fibers (289), the
studies of Fleckenstein and associates (147, 151-153) on this tissue supplement
those on the single fibers. Their work shows (a) that many junctionally active
drugs (e.g., nicotine, decamethonium, carbachol), as well as veratrine, depolarize
and cause contracture and (b) that a wide variety of stabilizers (local anesthetics
and antihistaminics, but calcium usually weakly or not at all) and anodal current
prevent the depolarization and contracture. These results strongly suggest that
the depolarization of the myoneural junction by the transmitter and related
drugs is very similar to that of veratrine or veratridine on electrically excitable
membranes, »z., it is brought about by increased Py, and Pg, but calcium is
less effective as an antagonist.

b. Membrane conductance. A. substantial increase in G, occurs during the s.j.p.
(31). Since this is associated with a depolarization, an increase in Py, is impli-
cated. The same has been described for endplate potentials in insect muscle
(191). .

2. Fast (twitch) fibers. a. Membrane potential. The transitory decline of the
membrane potential in response to indirect stimulation is called the endplate
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potential (e.p.p.). Since the endplate membrane is a minute portion of the total
cellular surface, its study in the presence of the surrounding electrically excitable
membrane has involved the application of a variety of ingenious techniques and
analytical procedures (e.g., 83, 120, 286, 343). This has included studies of the
e.p.p. in the presence of the action potential, which arises when the e.p.p. attains
a critical magnitude, and in the presence of derivatives of curare, particularly
d-tubocurarine, which depress the effectiveness of Ach and thereby reduce the
e.p.p. to magnitudes which fail to stimulate the muscle. Reviews of this and
many other aspects of junctional activity not discussed here have recently
appeared (86, 119).

The e.p.p. has a time course which indicates that the release of Ach and its
disappearance are very rapid processes, the maximum depolarization being at-
tained during its brief action (104, 120). The time course of repolarization is
governed by the dissipation of charge in two ways: (a) discharge through the
local membrane and (b) spread laterally in addition to discharge through the
membrane in more remote regions. Consequently, conditions which change the
resistance of the surrounding excitable membrane may affect the time course of
the e.p.p. Conversely, these membrane characteristics may obscure changes to be
expected from an alteration of the junctional membrane during the e.p.p.

The application of Ach and other “nicotinic”’ drugs to the entire muscle in-
duces a depolarization in the vicinity of the junctions when Na+, Li+, or NHY{ is
present (32, 89, 118, 487). The depolarization spreads laterally, gradually in-
volving more and more of the adjacent electrically excitable membrane—a
characteristic response of the latter to any type of depolarization, which disap-
pears only slowly after the junctional membrane repolarizes (32).

When the transmitter is applied directly, its effectiveness will depend on the presence and
activity of an ensyme in the post-junctional membrane (acetylcholinesterase in the case of
acetylcholine); since we are not concerned in this section with the interaction with the
ensyme, it is desirable to ascertain that a drug or ion does not modify the transmitter effect
by hastening or slowing its breakdown. This may be done by checking the effect of
the modifying agent on the ensyme directly (e.g., 79), by using a compound duplicating
the action of the transmitter but which is not split by the esterase (e.g., carbachol instead of
acetylcholine), or by inhibiting the ensyme completely with another drug. The last is com-
plicated by the poesibility of a secondary effect on transmitter action (Section ¢ 3) below).

In studies where the transmitter is applied indirectly, viz., by stimulation of the motor
fibers, experimental effects on transmitter action must be distinguished from alteration in
the rate of liberation of the transmitter; the latter is detected by analysis or bioassay of
perfusion fluid passing through the junction or, when the transmitter is known, by com-
parison of the action of the transmitter applied directly with that obtained indirectly. The
last procedure is subject to error since the direct application of the transmitter does not
duplicate the conditions of natural liberation (cf., 83, 121, 342, 343).

Unfortunately, a consideration of all these factors is not always found and this may be a
source of confusion. For this reason many studies, especially those dealing with overall
transmission, must be carefully evaluated. Consequently, as pointed out in Section A
above, the studies to be described are limited largely to those dealing with the e.p.p. and
which permit analysis of events solely in terms of interaction with the endplate, as distinct
from the splitting or release of the transmitter.

Particularly at higher concentrations, the depolarigation by Ach and “nico-
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tinic” agents is not sustained (89, 118, 487). This repolarization is associated
with reduced responsiveness to subsequent applications of these agents and with
failure of transmission through the junction (32, 487); brief application of
nicotine to the cat cervical ganglion leaves a persistent block although repolariza-
tion may be complete (106). Thesleff’s conclusion that Ach and nicotinic sub-
stances at high concentrations contribute to junctional block by interfering with
the action of the transmitter (487) therefore seems correct, although the action
is probably to be attributed to a relatively non-specific action like that of sta-
bilizers in preventing depolarization. Thus, Kuffler (285) and del Castillo and
Katz (87) have shown that procaine also prevents Ach depolarization at the
myoneural junction. This will be considered further in Section ¢ immediately
below.

That the e.p.p. or Ach depolarization is due to the influx of extracellular ca-
tions to which the endplate normally is poorly permeable is shown by the de-
pendence of the electrical change on extracellular sodium (83, 118, 342, 343),
lithium (118), or ammonium ion (163), all of which sustain the membrane po-
tential. The possibility of an effect of [Na), on e.p.p. by alteration of the Ach
released by prejunctional fibers was ruled out by studies on cat cervical ganglia
(243).

As already discussed for s.j.p., increase or decrease in E, augments or de-
presses e.p.p., the reversal being at about the same level of membrane potential
as for s.j.p. (81, 120); this is therefore evidence for a general increase in permea-
bility as for the s.j.p.

Of particular importance from the standpoint of the locus of transmitter action
is the observation by del Castillo and Katz (82) that ejection of Ach or carbachol
(with or without neostigmine) directly under a junction causes no e.p.p., whereas
its application in the same manner from the outside causes the usual depolariza-
tion. This suggests the reaction is with the outer surface of the endplate.

b. Membrane conductance. By a variety of direct and indirect methods the
endplate conductance has been shown to increase substantially during the
e.p.p. (81, 83, 120, 264). An elevation in Py, is indicated by the increase in con-
ductance to inward (Nat) current with fibers in Ringer solution, and in Px by
the rise in conductance to inward (K+) current with fibers in isotonic Ky;SO,
solution and to outward (K*) current in either Ringer or a K;S0, medium (83).
Of course, anion permeability changes may also be involved.

c. Synergists and antagonists. 1) Multivalent cations. Calcium and magnesium,
at lower concentrations, do not affect the sensitivity of endplates to Ach (79,
89). Isotonic solutions of these ions block the action of the transmitter (89, 163).
Great care is necessary in studies with these ions; for example, measurements
merely of myoneural transmission would not be able to distinguish the enhanced
release of Ach in elevated calcium nor its depression by magnesium and the en-
hancement of cholinesterase activity by the latter (79, 89, 242, 243).

2) Epinephrine and norepinephrine. Stimulation of the sympathetic supply of
frog muscle fibers enhances the e.p.p., as does the application of the amines
(244). This may be comparable to the action of labilizers, »z., an enhancement of
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the increase in Py,. The fact that the time course of the e.p.p. was unaltered
cannot be used to reject this since the decay is determined largely by the cable
properties of the surrounding muscle membrane rather than by the endplate.
The possibility that cholinesterase may be inhibited by these amines also merits
investigation; the absence of a change in time course may not have been an ade-
quate indication of the absence of such an effect. The significance of these ob-
servations for the block of single impulses with facilitation of transmission of
several successive impulses in mammalian sympathetic ganglia by the amines
(321) remains to be evaluated; such block is more likely to be related to the
hyperpolarization seen with skeletal and heart muscle (Section F below).

3) Blocking drugs. Attention has been called to the secondary blocking action
of Ach and nicotinic drugs on electrogenesis associated with repolarization. This
was compared with the effect of a stabilizer like procaine (Section a above).
Hence, an agent may have a primary depolarizing effect as well as a secondary,
less specific action which is duplicated by so many other different compounds
classed as stabilizers. The ionophoretic experiments of del Castillo and Katz
(87, 87b) most recently confirmed the stabilizing action of decamethonium
(and procaine) against Ach and stable depolarizing esters such as carbachol and
succinylcholine. The kinetics and weakness of the endplate depolarization in-
duced by ionophoretic application of decamethonium alone (87a), indicate that
with this agent, unlike most other nicotinic drugs, stabilization develops more
rapidly than its depolarizing action.

With usual methods of application, physostigmine, and to a lesser extent neo-
stigmine, also exhibit stabilizer action at high concentrations (105, 118), although
their more familiar action is that of cholinesterase inhibitors. With brief iono-
phoretic applications, neostigmine exhibits only the curariform effect (87b).

The stabilizer action obviously is not a very specific effect, as was noted for
electrically excitable membranes. It is therefore not surprising to find that, in
addition to the familiar stabilizers already mentioned, other drugs block trans-
mitter electrogenesis without inducing a depolarization. These are the same for
skeletal junctions and sympathetic ganglia (358), and largely the same for eel
electroplaques (184, 185), and include pentamethonium, hexamethonium,
tetraethylammonium, and d-tubocurarine. It will be recalled that tetraethyl-
ammonium reduced the depolarizing effectiveness of potassium in spinal roots
(317). It is of interest that in ganglia decamethonium lacks the depolarizing
action found at muscle junctions, exhibiting only the stabilizer effect which
appears as & concurrent phenomenon in muscle.

d. Mechanism of antagonism. The facts which have been presented indicate
that one form of antagonism to transmitter electrogenic action is of a nonspecific,
stabilizer type which is encountered with the transmitter itself, with other
depolarizing drugs, and with non-depolarizing agents which have included
cholinesterase inhibitors, local anesthetics, and antihistaminics. Whether this is a
consequence of a non-specific interaction with the membrane which prevents
Ach from reacting with the surface, or whether the Ach reaction is not affected
but only the increase in ion permeability is, cannot be answered with complete
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certainty. However, since stabilization has been observed in the previous sections
under so many conditions involving no reaction with external agemts, it seems
more reasonable to suppose that the latter certainly occurs.

In view of the wide variety of agents which can act as antagonists to Ach,
one is compelled to doubt that competition for the same specific “sites,” as
usually assumed, need necessarily take place. The similarity of procaine to
d-tubocurarine in its antagonism to Ach when they are applied by ionophoresis,
except for a faster disappearance of its effect (87), leads one to wonder whether
even the curare derivative does not act in the non-specific, physical fashion char-
acteristic of stabilizers. This is by no means inconsistent with formulations based
on the assumption of competitive inhibition as applied to final effector response
(3a); similar formulae are obtainable but with different assumptions concern-
ing the nature of the interaction with the membrane. On the basis of the ob-
servations which have been treated in this review, it seems not unreasonable
that the antagonism between Ach and at least procaine may reflect not displace-
ment of each other but interactions with different sites on or in the membrane
whereby they exert opposite effects on membrane permeability (see Section
VII C).

The recent experiments of del Castillo and Katz carried out by ionophoretic application
of curariform and endplate-depolarising drugs do not provide evidence for the concept of
competition for the same site, although del Castillo and Katz attempt to interpret certain
aspects of the interactions at endplates in conventional competitive terms (87b). If true
competition did exist between d-tubocurarine (DTC) and Ach, for example, the slow sub-
sidence of DTC action which occurs following a brief ionophoretic application to the end-
plate should be hastened by successive Ach applications. No such effect is described nor was
it sought; the statement is made that “it is very doubtful whether, in fact, the dissociation
of the inhibitor-receptor complex is fast enough to allow an appreciable displacement to
occur within the brief period of rise of the Ach potential’’ (87).

Here we may note at least two means whereby ‘“‘competitive” antagonism may
be distinguishable from less specific “‘stabilizer” action, #.e., that which reduces
the ion permeability change without interfering with Ach interaction with the
membrane:

(a) The concept of competitive antagonism customarily implies a similarity
of structure and/or charge in the agonist and the antagonist as the basis for
mutual interaction for the same site. “Curariform” agents are considered to
require a cationic charge (102, 483). Consequently, this is readily tested by alter-
ing the pH and using antagonists which are weak electrolytes. It will be recalled
that the stabilizer effect of procaine on an increase in Py,—by low calcium or
veratridine—was determined by the free base, not the cation (468) (see also
Section VIIC 1 a).

(b) Evans and Schild (113) suggest that the rapidity of action and the di-
mensions of molecules such as the transmitters restrict their immediate effect on
smooth muscle contraction to a surface reaction, which need not involve de-
polarization. If this is correct, the observation that in tetraethylammonium the
transmitter causes contraction in insect muscle without the more usual de-
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polarization (191) may be taken to indicate Ach interaction without the usual
change in ionic permeability. A systematic study of this phenomenon in slow
fibers of frog muscle with other Ach antagonists is desirable.

Del Castillo and Katz (87) note that d-tubocurarine does not directly affect
either the resistance or the membrane potential at the junction. Hence, it inter-
feres with the increase in permeabilities with little detectable effect on the
permeability at rest. However, the endplate is so small a part of the total area
at a junction that this is not surprising; measurements in slow fibers would be
more critical. :

e. Summary. We therefore emerge with the conclusion that transmitter action
at myoneural junctions, and possibly at sympathetic ganglia as well, consists of
an increase in sodium and potassium permeability. Chloride may also be in-
volved but evidence for this is unavailable. The effect is therefore very similar
to that of veratrine and veratridine, a similarity accentuated by the ability of
stabilizers to antagonize it. Antagonism may not necessarily involve “competi-
tion” for sites.

D. Motoneuron junctions

By ingenious use of double-barreled combination micropipettes and micro-
electrodes, Fatt, Eccles and their collaborators have added substantially to our
knowledge of the excitatory and inhibitory synapses as well as of the rest of the
soma membrane (reviewed by 103). In addition to studying the effect of varying
E. on the synaptic potential generated by the pre-synaptic fibers, they have
also altered the internal ionic milieu of the cell by using different salt solutions
in their pipettes and (a) allowing these to leak into the soma or (b) controlling
the ion species ejected with the direction of applied current flow.

1. Depolarizing (excilatory) synapse. As in the case of e.p.p. and s.j.p., the
excitatory post-synaptic potential (e.p.s.p.) is a depolarization (53). Like them
it decreases with E.,, and reverses in sign when E,, is sufficiently low, actually
when E,, is reversed, for as at invertebrate junctions it disappears only when E,,
is zero. This is in keeping with an increase in conductance equivalent to a non-
selective increase in all permeabilities which shunts the rest of the soma mem-
brane and thereby reduces E.. The lack of an effect by changes in cations and
anions in the motoneuron further suggests the disappearance of all ion selectivity
during the e.p.s.p.

Some peculiarities noted by Coombs et al. (53), such as failure of the amplitude to in-
crease beyond a maximum with hyperpolarisation, a refractory period following the action
potential which also is reflected by the e.p.s.p., and the absence of a shorting effect of
e.p.s.p. on the action potential, suggest that the synaptic membrane bears a closer resem-
blance to the rest of the soma surface than the myoneural endplate and the inhibitory
synapee now to be discussed.

2. Hyperpolarizing (inhibitory) synapse (52). The inhibitory post-synaptic
potential (i.p.s.p.) is a hyperpolarization which increases when E, is reduced,
decreases to zero as E,, is increased to 13 mV above the normal resting potential,
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and becomes a depolarization at higher values of E.,. This result is to be expected
if, because of the inhibitory transmitter, (a) Px increases, tending to give an
equilibrium potential which is indirectly estimated to be 22.5 mV above the
original resting level and (b) Pc) also increases, thereby tending to keep E, at
the resting level of 66 mV; the result would be the intermediate value of E,, at
which i.p.s.p. becomes zero.

This explanation receives strong support by the demonstration that increase
of [CI-]; (or of intracellular Br—, NOj, and SCN— as well), by simple leakage from
micropipettes or by ionophoresis, changes the hyperpolarizing i.p.s.p. into a
depolarizing one; this would follow from the outward diffusion of Cl- or the other
anions when anion permeability increases. Conversely, increase in [K*]; raises
i.p.s.p., a decrease lowers it; these effects would follow from an increase in Pg,
since the outflow of K+ hyperpolarizes.

Inhibitory extracts from brain and spinal cord have recently been found to
contain considerable y-aminobutyric acid (9). Purpura et al. (362, 362a), by
application of this and other w-amino acids to the cortex, obtain cortical poten-
tials which are interpreted as exhibiting inactivation of depolarizing synapses by
y-aminobutyric and smaller w-amino acids and inactivation of hyperpolarizing
synapses by larger amino acids. Unicellular studies comparable to those described
above are needed to establish that the mechanism of action of these agents in the
cortex differs from that of the hyperpolarizing transmitter at motoneuron
junctions.

E. Peripheral inhibitory junctions

1. Crustacean strelch receptor. This organ (115, 116), innervated by single
inhibitory fibers, has inhibitory transmitter potentials which behave like those
of motoneurons. Thus, as the membrane potential is changed (by stretch of the
receptor), the inhibitory potentials are altered, being a depolarization at the
higher values of E,,, disappearing with a certain decrease in membrane potential,
and becoming a hyperpolarization with a further reduction in E, (287). An
increase of ClI- (and Br~) permeability is revealed by the change of the trans-
mitter hyperpolarization, at lower values of Ey, to a depolarization by replace-
ment of either CI; or Br; with glutamate, I-, and NO; (107). The increase of
Pc) (or Pa:) causes Cl- (or Br-) to diffuse into the cell when E,, has been previ-
ously lowered, since the extracellular concentrations now exceed the equilibrium
value for the lower E; glutamate, I, and NOj apparently do not enter during
transmitter action, and hence their replacement of CI; now causes chloride to
leave during the increase in Pg,, thereby producing a depolarization because of
the outward flow of negative charge. An increase in Px may not be involved, for
elevated [K]},, which should reduce the hyperpolarizing effect of potassium escape
when E,, is less than Eg, enhances transmitter hyperpolarization instead (107);
apparently the action of [K], on E,, determines its effect.

An important advance in the study of these inhibitory potentials is the finding
by Edwards and Kuffler (109) that y-aminobutyric acid and other, shorter amino
acids to a lesser extent, duplicate the action of the inhibitory transmitter with
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respect to potential and conductance changes in the stretch receptor cells. The
action is stated to be upon dendrites, where increase in Gy, serves to short out
the spread of depolarization arising more peripherally. Such an effect, as well as
mere cancellation of the potentials of excitatory post-synaptic potentials, ap-
pears to be required to account for the two stages of i.p.s.p. which have been
observed to neutralize the e.p.s.p. of motoneurons (54).

2. Crustacean muscle. A different form of inhibition is apparent at crustacean
muscle fibers, where the transmitter induces.a decrease in G, (124). The magni-
tude of the inhibitory potential is exceedingly small and probably not responsible
for the marked reduction in e.p.p. Rather, the action is most easily explained as
being that of a stabilizer, which as usual prevents the increase of Py, during the
e.p.p. The behavior of the inhibitory potential with E, qualitatively, but not
quantitatively, resembles that described before; in the light of the associated
decrease in G, it may be accounted for by a small decrease in Pg,. Ionic studies
may be expected to clarify the situation further. In any case, these findings show
that the mechanism of transmitter inhibition need not be restricted to an increase
in Px and/or Pg,.

F. Epinephrine and skeletal, heart, and smooth muscle

In mammalian skeletal muscle the sympathomimetic amines cause a transitory
hyperpolarization and decrease in net potassium leakage which involves the
electrically excitable membrane rather than the junctions (23, 174, 176). The
temporary electrical and leakage effects can be accounted for by a decrease in
Pyx.. The absence of an electrical effect in frog skeletal muscle would be a conse-
quence of the low value of Py, in this preparation, reflected by the proximity of
E., to Ex. In keeping with these proposals, a hyperpolarization also occurs in dog
auricles which is more marked when E, is initially lower (i.e., Py, initially
larger) and, as might be expected from the involvement predominantly of Py,
the membrane conductance does not change (119). Smooth muscle, too, is hyper-
polarized by epinephrine (25); in this case the effect cannot be attributed simply
to decreased Py,, for the change in E,, alone should slow potassium outflux and
accelerate potassium influx, whereas only the latter occurs with a net uptake of
potassium (16). An explanation for the ionic and electrical effects could very
well be the synthesis of indiffusible anions—possibly the organic phosphates as
described for frog skeletal muscle (304) and rat diaphragm (110, 111)—which
we have seen may be associated with reduced leakage of potassium and phosphate
as well as with better sustained membrane potentials in frog muscle (304, 352);
H+ released during their synthesis would augment Ix by H;-K, exchange.
Whether this and/or Py, is the basis of action of the amines in skeletal and heart
muscle can be checked further by measurements of both potassium fluxes and of
the sensitivity of the E,, changes to alterations in [Na],.

G. Summary

The response of the excitatory synaptic membrane to its transmitter resembles
that of the myoneural endplate in producing an increase in permeability to all
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ions which have been examined; the response of most inhibitory synaptic mem-
branes duplicates that of heart fibers to Ach insofar as Py, is not appreciably
altered. Thus, the difference between an excitatory or inhibitory effect usually
involves the presence or absence of an increase in Py, in addition to the increase
of other permeabilities. Since this difference is obtainable with the same trans-
mitter, viz., Ach, it is clearly a membrane property. It is tempting to propose
that the presence or absence of a response of Py, reflects the presence or absence
of a membrane constituent. The fact that certain uterine muscles are electrically
excitable only when supplied with estrone (see 184 for references) is suggestive of
this situation.

The significance of Py, changes for the actual process of excitation and inhibi-
tion must be left for Part II. Here we may note again that the change in mem-
brane potential is but a sign of the alteration in membrane properties reflected
by the ion permeabilities [our familiar equation (I)]. Moreover, the presence of
an electrical response, as well as its direction, hinges on the initial membrane
potential and on the parameters of our equation (I), viz., the relative magnitudes
of the permeabilities and the ion concentrations inside and outside the cell.

VII. THE CONCEPT OF PERMEABILITY

The many facts and interrelationships which have been described indicate
that the general electrochemical principles which have been developed here do
indeed underlie the electrical characteristics of the excitable cell at rest and its
electrical and ionic changes in response to ions and other physiological and
pharmacological agents.

With respect to the intimate details of the interactions of these agents with
the cell, particularly the cell membrane, much remains to be learned, as the flux
measurements already have indicated. Up to this point the concept of permea-
bility has been kept as general as possible, an approach that has proven conveni-
ent for an analysis and integration of the many phenomena dealt with.

A number of features of membrane permeability have been noted which indi-
cate the possibility of a more detailed characterization of this important property,
particularly with respect to the relative permeabilities to cations and anions and
their alteration by physiological and pharmacological agents. Many of the
hypotheses and models which have appeared on this subject are summarized by
Beutner (11a), Davson and Danielli (76), and Hober (215), and more recently by
Butler (33) and Mullins (340a). Only a brief discussion of certain aspects bearing
on the findings covered in this review can be attempted here. Following this, a
somewhat modified approach will be presented which seems to integrate the facts
summarized in this review and suggests several additional avenues of experi-
mental study.

A. Permeability in model systems

Artificial membranes which have received the greatest attention have been of
the oil or non-aqueous solvent type and rigid, porous structures such as collodion.
In the case of the former, penetration by ions is governed by the relative solu-
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bility or distribution coefficient, which in turn depends in part on the hydration
and solvation energies of the ions, i.e., the ease with which water attracted to the
ions can be removed and the extent to which the oil interacts with the ion.
Davies (74) has systematically studied the relative rates of penetration of cations
and anions into nitrobenzene from water. These conform well to the relative
hydration energies (Table 3); thus, the rate of entry increases with decreasing
hydration energy, so that the sequenceis Li < Na < K < Rband Cl < Br < I.
When the solubility of anions is less than cations, the polarity of electrical effects
with the physiological ions conforms with those observed in living systems (74a,
354). It will be recalled that living membranes differ in that the cations Rb and
especially Cs penetrate less readily and depolarize less effectively than potassium
(61, 131, 215); also, the relative penetrability of the anions in muscle is the re-
verse of that in nitrobenzene (49, 315).

In the case of porous membranes, the ions are visualized as passing through
channels of diameters, at least along certain points in each channel, which are
close to those of the hydrated ions (.e., the effective diameter of the ions includ-
ing water molecules which remain intimately associated with the ion) so that
the relative velocities in water are exaggerated within the membrane. Moreover,
the difference in the velocity of cations compared to anions can be controlled by
altering the charge on the walls of the channels, a net negative charge making
the membrane selectively permeable to cations, a net positive charge favoring
anion selectivity (150, 215, 450, 451, 515).

In cation-selective artificial membranes the effectiveness of cations in pene-

TABLE 3

Some physical properties of unhydrated and hydrated sons (879)*

: tal Toni i
Ton Crylw c P(Ll:ﬂnll'asl‘i.w ngon Eﬂecﬁy‘e.g{'dnud

A ot keal y |

Li 0.6 0.075 131 4.5
Na 0.95 0.21 116 3.4
K 1.33 0.87 92 2.2
Rb 1.48 1.81 87 1.9
Cs 1.69 2.79 63 1.9
F 1.38 0.99 94 2.6
Cl 1.81 3.02 67 2.2
Br 1.95 4.17 63 2.2
I 2.16 6.28 49 2.2
Mg 0.65 0.012 460 5.9
Ca 0.99 0.531 3956 4.5
8r 1.13 1.42 355 3.7
Ba 1.35 1.69 305 3.7

* Tables 11, 5; II, 3; 10; III, 18; respectively
t Kielland values converted to A on the assumption I is unhydrated; figures about 1§
larger would conform better to theoretical derivations (200).
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trating and in causing depolarization conforms well to the sequence of estimated
hydrated diameters (¢f. 98, 215, 515, with our Table 3), which is the same as in
nitrobenzene.

Anion penetration in artificial anion-selective membranes does not conform to
the hydrated diameters. Thus, although among the halides hydrated diameters
do not differ appreciably (Table 3), and the greater weight of larger anions
makes them less mobile in free solution, it has long been known that the elec-
trical effectiveness and presumably penetrability of the larger anions, in arti-
ficial membranes, is greater (98,215), again as in nitrobenzene. It is generally
assumed that this is due to ion polarizability (z.e., the ease with which an ex-
ternal charge distorts the electron cloud of the ion to make the latter behave
like a dipole), which is particularly marked in anions and is in the necessary di-
rection, as may be seen in Table 3. Since the polarizability of cations is also in
the proper order, it might be a factor but less important. In any case, the permea-
bility of rigid porous membranes to cations and anions is similar to that of
nitrobenzene and conforms only in part to that of living membranes. Mullins
(340a) suggests that the entry of ions into membrane pores may involve a solva-
tion with the pore walls which makes larger as well as smaller pores inaccessible
to the ions. The distribution of available pore sizes estimated on this basis, how-
ever (his figure 2), would make Rb* more effective than and Cs* almost as
effective as K+ in causing depolarization, which is out of keeping with the experi-
mental findings. Therefore, other considerations not within the framework of
conventional pore or solvent membranes are called for to account for such findings.

B. A Pore-solvent hypothesis

Reasons were given in Section III D 1 ¢ for considering the membrane to
be not a rigid but rather a semi-rigid, semi-fluid structure, with lipid molecules
held together by intermolecular forces with an effectiveness dependent some-
what on the vibrational, thermal energy of the molecules. Protein has been sug-
gested to contribute at the aqueous interfaces to rigidity, but the fact that
large oil drops can “snap” into cells (Arbacia eggs, from which extraneous coats
can be removed) without undergoing constriction and the continuity of the mem-
brane is then reestablished (38), shows that such protein may not be important
at least on the outer surface in some cases; rather, the intermolecular forces of
membrane lipid, especially in the presence of small amounts of calcium, would
appear to suffice for the low surface tension known to exist, for the entry of the
oil with reconstitution of the membrane (much as dissolved collagen can be
reconstituted), and for the electrochemical characteristics of the excitable cell.

In keeping with the properties of compressed lipid films on solutions, we may
expect a certain flexibility in spacing, depending on how normal to the surface
the molecules are oriented, on the entry or attachment of foreign molecules and
ions, on alterations of the intermolecular forces (e.g., due to coulombic effects
or modified interaction of the lipid molecules with water), and on temperature
(e.g., 195, 447). These will be considered shortly in connection with experi-
mental effects and drug action.
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Here let us restrict our attention to the semi-rigid aspect of the membrane,
which must provide certain more or less fixed spacings for ion entry, and consider
the sequence of ion permeability which would be obtained if ion penetration in-
volved only the unhydrated ions. In this case entry would be governed inversely
by both the hydration energies and by the crystal ionic radii. Thus, although the
decrease in hydration energy which occurs with increasing crystal ionic radius
would favor the uptake of the larger ions, a restriction in the number of larger
channel diameters would ultimately limit the entry of larger unhydrated ions
despite their more favorable hydration energies. Entry of ions under such condi-
tions has been referred to as “interstitial solution’ (187).

Thus, the permeability sequence P1; < Py, < Px may be due to the decreas-
ing hydration energies of the respective cations, and the sequence Px > Py, >
P, to the fewer pores of large size available to the larger naked cations (Table 3,
p- 135). The failure of NH{ to cause much depolarization in muscle (163) is also
easily understood on this basis, for its naked diameter is about that of rubidium
(295).

In the case of the anions, although the hydration energies are particularly
favorable for membrane entry, the crystal ionic radii of anions which have been
studied run substantially larger than those of cations (Table 3). Hence, the com-
plete electrical indifference of vertebrate nerve to anions could be attributed
solely to their larger size. Because F— is comparable to K+ in size and hydration
energy, if it could be shown that KF, and particularly RbF, depolarize strongly
and rapidly, the presence of a negative charge in the channels to retard F- entry
would be indicated. Anions penetrate muscle according to their naked radius.

The sequences of cation and anion permeabilities therefore are accounted for
in terms of hydration energies and naked ion diameters. The process whereby
water is removed from the ions cannot be specified. It probably does not involve
metabolic work, for it will be recalled that the depolarizing effectiveness of po-
tassium, which depends on its selective entry, is unaltered by metabolic inhibi-
tion in the squid axon (226). A physical process, for example thermal fluctuations
in the state of hydration, seems more likely. The complete removal of water by
this means cannot be expected (340a), but if the number of water molecules
which remains associated with each ion is limited to the same minimum, say one
as suggested by Mullins (340a), then the relative ionic radii will still vary pro-
portionally with the naked ionic radii, but increased by a term governed by the
average dimensional increase caused by the attached water molecule. If solvation
(i.e., interaction with membrane components) occurs, then complete water
removal is a possibility, and steric hindrance would still limit the entry of the
larger naked ions. In the last case, the smaller penetrability to Rb+ and Cs* than
K+ would indicate that pore radii diminish appreciably above 1.5 & (Table 3).

Measurements of the conductivity of picrates of the alkali metal ions Li*, Na*, and K*
in nitrobenzene indicate that the cations are unsolvated, t.e., do not interact with the sol-
vent (280). This unusual situation is no doubt related to Osterhout’s observation (354) that
nitrobenzene is unlike most other solvents because of the great selectivity it exhibits for
potassium over sodium, reflected by the much greater effectiveness of potassium in causing
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depolarization and by the approximately ten-fold greater uptake of potassium by nitro-
benzene from aqueous solutions. Osterhout’s findings have since been confirmed and ex-
tended (74, 74a). The absence of solvation accounts for Davies’ finding (74) that the rate
of exit of ions from nitrobenzene to water varies little with ion diameter, for solvation
should decrease appreciably as diameter increases and thereby increase exit rates corre-
spondingly; the rate of uptake of the ions by nitrobenzene from aqueous solution, on the
other hand, shows marked differences among the ions in keeping with the hydration (i.e.,
water interaction) of the ions (74).

Thus, nitrobenzene appears to differ from other solvents in that solvation contributes
less to the free energy changes involved in ion uptake. The net effect is that hydration
energy (difficulty of removal of water from ions in aqueous solution) is a dominant energy
barrier to be surmounted for entry of the ions into nitrobengene. Therefore, uptake will
vary inversely with the hydration energies, as actually found (cf. data in Table 3 with data
in reference 74, table 2).

From these considerations, then, ion entry in living membranes appears to
involve the hydration energies—a factor of importance for a solvent such as
nitrobengzene—but also the crystal ionic radii because of pore size limitations.
For this reason the suggestions made are referred to as a pore-solvent hypothesis.
The limitation of the size of the channels offers a basis for the “single-file” pas-
sage of potassium ions through the squid membrane suggested by the interaction
of influx and outflux observed by Hodgkin and Keynes (Section V C 1 a).

Several questions that may be raised are as follows:

(a) Is there an interaction of the hydrated ions with the membrane surface
which favors water removal, such as solvation or ‘“complexation’ (Part II)?

(b) Are several distinct phases normal to the membrane surface involved? At
least two are certainly indicated by the effectiveness of Ach, carbachol, and
d-tubocurarine applied ionophoretically to myoneural junctions from outside the
cell, and their ineffectiveness when similarly applied but from tnstde the same
cell (82,87), a difference also suggested by injections of inorganic ions. The ineffec-
tiveness of cocaine on sodium and potassium outflux, except for a transitory
depression of the latter, while influx remains reduced, indicates that ion uptake
can be affected only at the extracellular interface—a result strongly suggestive
of an altered distribution coefficient at the outer interface (Section V C 4 b).

(c) Are the channels, and the regions immediately around them, distinct,
specialized areas lying scattered in a more homogeneous lipid film, or are they
merely intermolecular gaps governed by a balance between attractive and re-
pulsive forces? More will be said about this when stabilizers are discussed below,

C. Applications of the pore-solvent hypothesis

On the basis of the hypothesis presented, eability changes to ions may
result from alteration in the size of the channels or from development of an inter-
action (e.g., solvation) with membrane constituents which thereby reduces the
energy barrier to entry. Only channel size changes will be considered since these
appear to suffice for the permeability changes which have been described in this
review.

1. Stabilizers. Many different kinds of compounds, including multivalent ions,
have been shown to reduce resting membrane permeability to sodium and potas-
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sium ions to & varying extent, but chiefly to prevent an increase in ion permea-
bility. The very variety of the agents suggests a physical interaction rather than
a chemical one which is specific. Stabilization is exhibited by agents which, be-
cause of other more prominent effects [e.g., cholinesterase inhibitors such as
physostigmine and neostigmine, junction depolarizing drugs such as acetylcholine
and decamethonium, and metabolic inhibitors such as neopyrithiamine (290)],
are frequently assumed to act by a more specific mechanism; however, a common
nonspecific action appears to be more appropriate for an interpretation of their
mode of action, for, as we have seen, the same results are obtained at other sites
where their specific effects are not demonstrable and with agents which do not
exhibit their “specific”’ effects.

a. Lateral pressure. The studies of Skou on a series of local anesthetics and on
butyl alcohol (443-448) are the most systematic and extensive available; they
lead to the conclusion that stabilization is linked with the tendency of the lipid
phase of the membrane to expand. Skou carefully compared the blocking?
potencies of 6 compounds (a) with the myelin-water distribution coefficients, (b)
with air-water surface and with water-hexane interfacial activity, (¢) with the
spreading pressure developed in stearate monomolecular layers and in mono-
molecular layers of myelin extract. Only with the last was the sequence of
effectiveness not only the same, but over a concentration range of equal anesthetic
potency covering a factor greater than 13,500, the effect on spreading pressure
agreed within a factor of about 2. This correlation is a further indication of the
similarity of myelin to nodal membranes (see Section III D 1 c).

Accordingly, one may conclude that solubility in or penetrability of the mem-
brane and the effective molecular volume of the stabilizer, which determine the
spreading tendency, are involved. The high lipoid solubility of the many com-
pounds which have been used in the past for narcosis certainly is consistent with
this view.

That lateral pressure rather than stabilizer charge is of primary importance in
stabilizer action is revealed also by pH studies. Thus, it has long been known that
local anesthetics are more effective at higher pH, at which the predominant form
is the free base rather than the cation. Skou showed quantitatively that the rela-
tive uptake of procaine by nerve lipid is increased by raising pH (445); his table
of the ratio of the partition coefficient to the free base in solution, corrected for
the different aqueous activity coefficients of the base revealed by his solubility
curves (444), shows that the anesthetic content of nerve lipid is directly propor-
tional to the free base, not the cation. A similar activity correction applied to his
estimates of aqueous base concentration for cocaine (443) reveal that the mini-
mum blocking concentrations at different pH correspond to the same activity
of base in solution. Thus, a specific mechanism can be attributed to the demon-
stration of the equal effectiveness of narcotics on the basis of their thermo-
dynamic activities (22). Of course, if more than one mechanism is involved, the
equality of thermodynamic activities will not necessarily hold.

¢ Since we shall see in Part II that action potential production also reflects an increase
in Py, and at least in some cases an increase in Px , the results are pertinent.
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These findings are in keeping with Straub’s (468) that the protective action
of procaine against an ¢ncrease in Py, in low calcium is enhanced at higher pH,
when the free base is predominant.

Of course, a wider variety of compounds remains to be studied to establish the
general applicability of the idea of lateral pressure to the many agents which
act as stabilizers. It is desirable, too, to demonstrate that drugs such as vera-
tridine behave differently. But accepting lateral pressure tentatively as the pri-
mary factor, we may inquire how this might be translated into stabilization. If
we accept the evidence discussed in Section III D 1 ¢ that the channels through
which the ions pass represent only a small part of the total surface area of the
membrane, and consider that the diameters of these channels cannot decrease
much further but increase with greater permeability, then we may postulate
that stabilizers ‘“dissolve” or enter in the region surrounding or between channels
because of intermolecular forces, rather than in the channels themselves as
frequently assumed. The increase in lateral pressure would then compress the
channels, if they can be reduced in diameter any further, and certainly would
interfere with the enlargement of these channels such as may be presumed to
occur during an increase in permeability. In contrast to previous efforts to ac-
count for stabilization in terms of entry into membrane pores, this viewpoint has
the advantage that the weakness or lack of an effect of stabilizers on membrane
permeability at rest is easily accounted for as due to the pores being close to the
minimum they can attain (due to repulsive forces and/or to rigidity), so that
unless they have been previously enlarged (e.g., by a labilizer), compression wilk
have little further effect.

The concept of an effect by entry into the region between pores which represents a major
part of the membrane surface offers a reasonable basis for understanding the effectiveness.
of drugs which act at such low concentrations that the probability of their encountering
the “‘sites’’ with which they are usually presumed to combine is very low. The wide variety
of compounds, including inert gases (340), which may function as narcotics appears ex-
plainable in terms of membrane solubility and molecular volumes. The possibility of a more
intimate association of some stabilizers with the regions immediately around the pores is of
course by no means ruled out, especially in those cases where the charge of the stabilizer
may be important (see below). Stabilizers may be expected to affect membrane capacitance
and high angle X-ray diffraction lines when the region between channels is markedly in-
volved, although much of a change may not take place at usual pharmacological levels.
Handovsky (193) noted sharpening of high angle X-ray lines in the lipid of the spinal cord
of frogs killed with chloroform; this he interpreted as improved alignment of fatty acid
molecules normal to the membrane surfaces, the effect to be anticipated from the lateral
pressure exerted by foreign molecules on lipid molecules originally somewhat less oriented
in the membranes.

b. Charge. Many stabilizers carry a positive charge by virtue of which, it has
been pointed out for muscle, permeability is reduced more to potassium than to
chloride (403, 410); this effect of stabilizers as well as of many other bases has
been demonstrated with negatively charged artificial membranes (e.g., 150, 515).

That stabilizer charge may be of importance for potassium permeability is in-
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dicated by the greater effectiveness of procaine in depressing depolarization by
potassium at low pH, at which the anesthetic is largely a cation (468).

¢. Dielectric constant. It has been pointed out that lower members of the
aliphatic alcohols depolarize, whereas the upper members hyperpolarize verte-
brate nerve (292, 360). As alcohol length increases, the dielectric constant de-
creases markedly. The mixing of miscible solvents of different dielectric con-
stants gives a mixture with an intermediate dielectric constant which affects
electrolytes accordingly (e.g., 280). If we now consider that the “solubility” or
distribution coefficient (solvation?) of the ions in the membrane may vary with
the effective dielectric constant, it follows that the penetrability (and depolariza-
tion) will increase with the smaller alcohols, which raise the coefficient for the
membrane, and decrease (causing hyperpolarization) with the larger alcohols.
The exact significance of “dielectric constant” for a semi-fluid, semi-rigid struc-
ture, such as the membrane is visualized to be, remains to be elucidated, but its
possible role should be explored.

d. Temperature. Low temperature may also stabilize by limiting channel ex-
pansion. The reduced thermal vibrational energy of molecular components
would augment the effectiveness of intermolecular forces and promote rigidity.
The protective action of low temperature against secondary depolarization (aug-
mented permeability) in high concentrations of drugs is attributable to these
more effective intermolecular forces, which would also tend to exclude the drugs.
The restoration of conduction of cocaine-blocked axons by low temperature
(482) may be in keeping with reduced “solubility”’.

e. Calcium. This ion, at low concentrations, shrinks stearate and myelin films
and makes them more rigid (195, 294, 448). The rigidity may be expected to
contribute to stabilization by interfering with an increase in permeability, while
the shrinkage will tend to make the system leaky through membrane rupture; if
ionic channels were within the shrunken areas, the net effect could be an in-
creased constriction of the channels as well. The hyperpolarization of nerve at
lower concentrations and the depolarization at higher concentrations may repre-
sent the last two effects, rigidity preceding rupture. The double positive charge
and the tendency of calcium to bind with organic constituents are undoubtedly
of importance, but the ineffectiveness of this ion at junctions except at high con-
centrations suggests a high dissociation constant with endplate membranes. Cal-
cium may also reduce permeability to Na+ and K+ by making negative sites in
the membrane unavailable for their transfer; this is discussed in Part II.

The expansion of calcium stearate films when the pH of the adjacent solution
is lowered (294) provides a basis for the stabilization noted under these condi-
tions in terms of lateral pressure.

f. Membrane potential. Improved alignment of dipolar or polarizable lipid
molecules of the membrane in a stronger electric field may, like low temperature,
improve rigidity by intermolecular forces. On the other hand, there is also evi-
dence that calcification of the membrane can be involved (e.g., 157), although
some experiments indicate this is not the only factor (Section V C 4 a).
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To summarige, then, it appears possible that stabilization may be the conse-
quence of at least two processes which interfere with a permeability increase in-
volving enlargement of membrane channels: (a) Increased lateral pressure, due
to the entry of foreign molecules in the region between pores and (b) increased
rigidity of the interpore region.

2. Depolarizing agents. We have seen that veratrine and its alkaloids, on
excitable membranes of nerve and muscle, and acetylcholine (Ach), other
excitatory transmitters, and other depolarizing agents on myoneural, ganglionic,
and motoneuron endplates, exert the same effects, vi2., an increasein permeability
to all ions studied. Whether the mechanism whereby the increase in permeability
is achieved is actually the same for veratrine and junctional drugs cannot be
stated with absolute certainty. Certainly in the case of Ach and nicotinic drugs
the fact that depolarization and increased permeability precede the stabilizing
action, presumably due to actual entry into the membrane, suggests a more
superficial influence (adsorption?) at first. In the light of the opposing action of
stabilizers, the simplest explanation seems to be that Ach and other excitatory
transmitters cause an opening of channels by reducing the spreading force be-
tween interchannel molecules, perhaps by neutralizing adjacent negative
charges in the membrane with their cationic charge.

The ineffectiveness of transmitter agents on the nerve and muscle membranes
could be due to chemical specificity; another possibility is a greater rigidity of
the membranes, perhaps because of a greater effectiveness of calcium in inducing
this rigidity than in junctional membranes. It will be recalled that only high
calcium concentrations affect the depolarization of junctions by Ach. From this
standpoint, veratrine and its alkaloids may be able to act where the transmitters
cannot be virtue of an additional effect, viz., displacement of membrane calcium,
perhaps because of the strong surface adsorption suggested by the tenacity of its
action on ion permesbility (469) and on the action potential (Part II), and indi-
cated by other studies (179, 405, 406, 413, 469, 513). It would be of interest to
test for an effect by Ach on nerve or curarized muscle in the absence of Caq ™,
preferably with calcium precipitants present, and also in the presence of veratrine.

It is noteworthy that histamine is effective on curarized muscle when calcium
is lacking from the medium, but not when calcium is present (26a).

The permeability increase brought about by depolarizing agents is most easily
attributed to an enlargement of the channels to a point which permits penetration
of hydrated ions. This would explain the effectiveness of Na+, Li+, and NHY in
such depolarization.

3. Inhibitory transmitters. The concepts which have been introduced above are
clearly speculative, but because they give promise of integrating the available
facts and of suggesting further avenues of study they are exposed to public view.
A few more possible applications will be briefly considered.

The increase of motoneuron permeability to monovalent anions and potassium
but not to sodium by the hyperpolarizing transmitter may be accounted for by
an increase of channel diameters to above that of all the hydrated ions but sodium
(Table 3, p. 135). In the case of thecrustacean receptor, where P, and Pg, in-
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crease, but not P; and perhaps not Px, pore size would have to increase in a very
restricted fashion, too restricted, it seems, to account for the results. Information
on Pgy and Pg, might clarify the situation, perhaps by indicating whether solva-
tion or complexation (i.e., interaction with the membrane) may play a part.

4. Active transport. It was pointed out earlier that active transport of sodium
in giant axons appears to involve combination with an anion which must accom-
pany it out of the cell. It is not unlikely that one or more of the organic anions
present in high concentration in invertebrate axoplasm, or those formed in the
metabolism of vertebrate cells, represent, are the forerunners, or are products
of anions which combine with membrane sodium and transport it outward by
diffusion. Such ion pairs or complexes may be expected to be ‘“‘soluble” in the
membrane and hence to pass readily through it, in contrast to the free ions.

Since the organic products commonly formed by metabolism are acids, they
could function effectively as carriers in the membrane only if their associated H+
were tied up by a suitable base, B, within the membrane which would diffuse
as a complex to the outer cell surface. There B could give up H+* in exchange
for K+, and then diffuse back as BK™), or as free B¢ and K+. B may or may
not have the indicated negative charge. Figure 2 shows how this system would
work to give the Na—K, (sodium extrusion) and Na,—K, (sodium exclusion)
type of active transport (see Fig. 1).

The net effect of this model, in addition to the transport of sodium outward
and potassium inward, is the appearance of the organic acid in the medium
which is removed as a waste product. On the basis of the small ionic radius of
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F1a. 2. Acid (HA) production and diffusion as a source of energy for active transport.
Dashed arrows represent the additional pathways in vertebrate nerve (Fig. 1B) which (a)
exclude extracellular sodium by its combination with A+ near the outer surface and (b)
transfer extracellular potassium by its combination with the base, B, which may or may
not have the indicated charge and which also transfers H*. The poesibility that B¢ and
K+ are not associated in cephalopod membranes could account for what is now regarded as
a fortuitous agreement between the ratio of potassium influx and outflux of uninhibited
preparations and that predicted by simple theory [equation (V)].
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lithium, one might expect poor reversibility of its combination with the carrier
anion. The accumulation of lithium in frog skin (528) suggests that this occurs.

The concept of organic acids produced metabolically for transport of ions is by no means
hypothetical. In yeast Hf—K?} exchange is clearly evident (50, 378); in the absence of K?
succinic and other acids gradually appear in the medium (378). An important element in
the Hf—K? exchange is its rapidity compared to the rate of escape of the organic acids, and
hence such exchange may be considered of importance for the buffering of the cell and
probably also for the removal of H* from the membrane, where its accumulation could
impede reversible H* generating reactions (376).

The experiments of Fenn and Cobb (136) have already been mentioned. These showed
that in nerve and muscle CO; leads to Hf—K3? exchange, HCO; becoming part of the fibers’
store of indiffusible anions. These are, of course, the familiar elements of the COs, potas-
sium-accumulating model of Osterhout and Stanley (355).

The rapidity of the Hf—K? exchange may account for the considerable evidence that
intracellular pH is higher than to be expected from a Donnan equilibrium (e.g., 37, 48, 211).
The removal of metabolically generated H* by K& may well underlie the general enhance-
ment of respiration and heat production by the increase of extracellular potassium in
invertebrate (434) and vertebrate (351) nerve and in muscle (207, 449). Available evidence
indicates that potassium acts at the surface. Thus, heat production in muscle is accentuated
by potassium far too rapidly to be attributed to penetration (449). Moreover, suspension of
tissues in air, which causes some accumulation of potassium in the extracellular space from
the intracellular store, also gives rise to increased metabolic activity (133, 190, 449).

According to the model proposed here, the situation in yeast and the effects
of CO. in nerve, muscle and the Osterhout-Stanley model differ in that ion pair
or complex formation does not take place between the anions (succinate or bi-
carbonate) and sodium. It may be suggested, moreover, that such sodium com-
plexes, by neutralizing the charge of the anions, would facilitate the escape of
the anionic portion of the metabolically generated acid (improved ‘‘solubility”’);
this in turn, might be expected to enhance reactions leading to such anions. In
keeping with this, all conditions which raise [Na];—e.g., veratrine, low extra-
cellular calcium, electrical stimulation, and prior metabolic inhibition— increase
respiration (21, 126, 387), which thereby can function as a governor to limit
potassium loss and sodium gain.

To test for the concept of acid production in active transport one must first
determine whether acids are produced in sufficient quantity to satisfy the pro-
posed hypothesis. If not, a more complicated system requiring recycling within
the membrane (e.g., 173, 489), or multiple ion formation such as can be demon-
strated in solvents of low dielectric constant, must be evolved.

The acid most easily checked is that derived from CO. production, which con-
ceivably might appear in the membrane in a manner much more favorable for
ion pair or complex formation than when CO; is applied externally. In Table 4
the best estimates of maximum equivalents of sodium or of potassium trans-
ported are compared with the maximum equivalents of 2H+ or CO5 which might
be available from the oxygen consumed for transport of sodium and potassium.
In the case of nerve such hypothetical CO; production might suffice, but in
muscle it would take care of only half the transport. It is desirable, then, to
determine whether other organic acids which appear under aerobic conditions—
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TABLE 4

Comparison of sodium or potassium aclive transport with COy
produced as estimated from Oy consumption

Fibers O3z Consumption coy Transport
ui/e h peg/g k| peq/om? sec neg/g k| ueg/cm? sec
Loligo giant axon................ 801, 150 18, 34 30%. ¢
Sepia giant axon................. 384
Frog,toad nerve................. 508 4 2.4¢
Frogmuscle. . ................... 347 2.8 4.4
Rat diaphragm................... 120¢ 10 24

References: 1(48); *(219); *(429); 4(225); *(524); *(423); (274); *(529); *(35).
* Taken as half the sodium outflux (see 108, 473).

e.g., lactate, as in intact brain (170) and in heart slices (518)—may contribute
appreciably to the balance sheet. It will be recalled that the equivalents of lactic
acid produced in vertebrate nerve under anaerobic conditions can account for the
additional equivalents of potassium retained and sodium excluded (414). It is
interesting in this connection that in the human red cell the equivalents of acid
produced do not exceed the cations transported (101).

Obviously, these possibilities can be considered only suggestive. Careful measurements
of oxygen consumption, or better still of production of CO; as well as of organic acids,
coupled with sodium and potassium flux measurements, should indicate more clearly the
extent to which active transport may involve only diffusion of acid metabolites. The action
of insulin in stimulating muscle metabolism and potassium uptake (262, 331) appears to
offer interesting potentialities for such studies. It is to be hoped they will be extended and
include an examination of the labile, indiffusible organic anions which may appear. The
acceleration of aerobic acid production by brain slices in elevated [K], (95) may also be
significant from the standpoint of transport.

6. Cardiac glycosides. Metabolic inhibition is by no means implicated with
any degree of certainty in the action of these drugs. In fact, in the light of their
effects which indicate a more specific membrane action (Section V C §), it would
be desirable to examine alternatives such as interference with sodium ion pair
or complex formation or with Hf —K3 interchange. The similarity of the action
of ouabain on Oy, to removal of K3 in muscle (108), whereas intense metabolic
inhibition is ineffective (274), certainly is more suggestive of the physical mech-
anism. According to the model suggested in the section immediately above,
ouabain may render the base B™) unable to combine with H+ (or possibly K+);
therefore H+ associates with its organic anion, that normally combines with
sodium, hence prevents sodium transport; the organic acid would appear as
before, perhaps more slowly, but now without having done any work. Absence
of K¢ would have the same final effect, with the difference that B¢ becomes
unavailable because of its saturation with H*. Glynn’s observation (172) that
glycosides affect ionic fluxes in red cells over and above those contributed to by
metabolism certainly indicates the desirability of exploring physical effects such
as have been proposed.
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D. Summary

Natural membranes appear to combine the properties of a solvent of low di-
electric constant as well as those of a porous structure. Available data suggest
that the penetration of ions into the untreated membrane is governed by the
ease with which water can be removed from them (hydration energies) and their
unhydrated diameters; and that permeability changes may be due (a) to changes
in diameters of the channels through which unhydrated, or incompletely or fully
hydrated ions move, and possibly (b) to changes in the membrane-ion interac-
tion (solvation). Stabilization by local anesthetics and related compounds may be
accounted for by entry of the molecules into the membrane between the pores or
channels, thereby tending to compress the channels but especially interfering
with their enlargement under conditions which cause increase of permeability.
The stabilizing action of agents such as calcium and low temperature seems more
likely to be due, at least in part, to increased rigidity of the membrane. Observa-
tions have been noted which suggest that at least some of these phenomensa are
restricted to the outermost layer of cellular membranes.

Considerably more data are needed to establish the validity of the concepts
which have been introduced. The approach presented is susceptible to analysis
in living membranes by studies of the permeabilities of and changes of permea-
bility to cations and anions, inorganic and organic, which cover a wide range of
diameters and of associated and other physical properties. In such studies,
metabolic disturbance should be minimized and its possible role considered when
interpretations are attempted. An extension appears desirable of studies such as
Skou’s to membranes and surface films composed of different fractions of lipid
extracts, preferably from tissues which contain the membranes of interest in ade-
quate amounts (e.g., abdominal muscle for endplate lipids), and to a wider variety
of drugs as well as to transmitters.

Observations have been described which suggest that sodium transfer in the
membrane—active and passive—is at least partly in the form of ion pairs or as
part of an uncharged complex. It is suggested that acid products of metabolism
may contribute to transport during diffusion if H+ is kept separate from the
anion so that the latter can combine and diffuse with sodium; the former would
have to be combined with a base which remains in the membrane but diffuses
with it to the surface where membrane selectivity favors H+—K* exchange. The
possibility of a recycling carrier within the membrane or of another of the many
mechanisms which have been proposed can be entertained only after the rate
of total acid production can be shown in specific cases to be unrelated to or inade-
quate to account for active transport.

VIII. CONCLUSIONS

A. The undisturbed cell

The available facts indicate excitable cells to be labile electrochemical sys-
tems—with respect to intracellular composition and particularly with respect to
membrane characteristics—carefully adjusted to and quite different from the
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environment. This difference from the surroundings is preserved by the selec-
tivity of the membrane for ions which greatly favors the entry of potassium over
sodium, and by energy turnover that performs the function of active transport,
viz., extrusion or exclusion of Nat+ and uptake of K+ at a rate sufficient to balance
the downhill leak of these ions in the opposite direction. The relative permea-
bilities to tons and their concentration gradients determine the membrane po-
tential. Permeability is governed in large part by hydration energies and unhy-
drated diameters of the ions. The rate of leak of the ions into and out of the cell
is governed by the membrane potential, the difference in ion concentrations, and
permeability to the tons and also to ton pairs if these form.

Energy turnover does not contribute directly to the membrane potential but
does so indirectly insofar as it affects membrane permeability and maintains the
labile and “fixed’’ anionic pools and ionic gradients. The importance of metabo-
lism in the maintenance of the steady state increases with the leakiness of the
systems (e.g., with temperature). The major function of metabolism in the ionic
and electrical phenomena which have been discussed is therefore storage of
potential energy in the form of ionic gradients.

Unlike the aerobic metabolism of activity, which increases with the surface-
to-volume ratio of fibers to meet the greater relative drain on ionic reserves by
activity (421), resting respiratory rate is little different on a wet weight basis for
large and small fibers (e.g., 47, 434, 521). In the case of medullated fibers this
reflects the low leakage rate made possible by the myelin. Whether other cellular
devices reduce dependence on resting aerobic metabolism for transport must
await more comparative studies of unidirectional fluxes and their dependence on
anaerobic as well as aerobic processes.

Further exploration appears desirable of the possibility that diffusion of acids,
produced metabolically, occurs at a rate sufficient to accomplish active transport.
It has been pointed out that HY —K$ exchange, accompanied by diffusion of Na+
with the organic anion in the form of an ion pair or complex, not only would
accomplish transport but would contribute to the escape of end products. Other
mechanisms are by no means ruled out, however.

The cell membrane, particularly its outermost layer, is visualized as a semi-
rigid, semi-fluid structure (the “smectic mixed fluid-crystalline structure’” of
Schmitt). The diameters of channels through which the unhydrated ions move
are considered to be predominantly those of intermolecular spaces that vary
somewhat because of thermal agitation of surrounding molecules, but not to the
extent possible in a fluid. The entry of ions therefore takes on the characteristics
of passage into highly polar nonaqueous solvents but is limited by the semi-
rigidity of intermolecular spaces.

B. The treated cell

1. Monovalent ions. Extracellular potassium causes depolarization because of
the generally high permeability to this cation, a permeability which is aug-
mented as [K], increases because of depolarization. An increase of Py, is also
likely with sustained depolarization (2) and possibly of Pc) as well, for in muscle
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at lower levels of depolarization (135, 438) and in nerve at higher levels (209,
426) swelling occurs as [K], increases, largely through the osmotic ineffectiveness
of KCI. The high permeability to potassium is also shown by the considerable
increase in membrane conductance with increase of [K],, an effect due to entry
of K+, !

Intracellular changes in potassium concentration of muscle brought about
osmotically or by entry of potassium are in accord with its bioelectrical action
via selective permeability. Additional data are considered necessary to establish
the significance of the negative findings with microinjections of potassium and
other ions. :

The relative depolarizing effectiveness of cations in nerve and muscle has long
been known not to conform to the hydrated diameters. The concept of the mem-
brane as a semi-rigid solvent accounts for the sequence as follows: Cations of
small crystal ionic radii (Nat+, Lit) are kept out by their large hydration ener-
gies, those of larger crystal ionic radius enter because of their lower hydration
energies (K*), but much larger (unhydrated) ions (Rb*, Cst) lose the advantage
of more favorable hydration energies because of the limited number: of large
enough membrane channels. The very large crystal ionic radii of anions may
suffice to account for the low permeability to them without the need to postulate
negative charges in the channels; the presence of negative charge cannot be
ruled out until experiments are carried out with smaller anions. In muscle, anion
penetration with potassium is again in keeping with unhydrated ionic radii; the
relative electrical effects of anions in this tissue suggest an additional factor,
possibly adsorption or reduced potassium penetrability, which remains to be
clarified. .

The importance of ion pairs in sodium and chloride fluxes must also be resolved.
A careful analysis of the effect of En, and of intracellular and extracellular con-
centrations on these fluxes, in the absence as well as presence of active transport,
should do much to establish their relation to the permeability to the ions and ion
pairs. Obviously, only the permeability to ions can be of significance for elec-
trical behavior, but that to ion pairs would contribute to ion distribution.

2. Metabolic alterations. Conditions which increase [Na}; or [K], have been
pointed out to accelerate metabolism, possibly by facilitating the escape of or-
ganic acids which contribute to their transport. Obviously, studies of alleged
metabolic effects of physiological and pharmacological agents must be examined
for the possibility that metabolic changes are secondary to alterations in the ion
distribution. A similar problem of distinguishing cause and effect has been noted
in connection with the action of drugs in brain slices, where metabolic changes
appear to be secondary to changes in spontaneous activity (24).

When bona fide inhibition occurs, the general effect is a decrease in potassium
influx. Sodium outflux may decrease or sodium influx may increase depending
on whether active transport involves sodium ‘‘extrusion” or sodium ‘‘exclusion”.
The latter is a new principle of sodium-potassium transport revealed by studies
on vertebrate nerve.

3. Drug action. The vast majority of agents studied change the permeability
to ions—some selectively, as in the case of transmitters which interfere with
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transmission, some non-selectively, as in the case of stabilizers and depolarizing
(excitatory) transmitters and agents.

The non-specific stabilizing action of local anesthetics, antihistaminics, and
many other lipid-soluble compounds is attributed to the development of in-
creased lateral pressure by entry of stabilizers into the inter-channel region of
the membrane; this in turn tends to compress the channels through which the
free ions normally move and interferes with the opening of such channels induced
by depolarizing agents. Stabilization may also be brought about by changes in
rigidity of the membrane, as with alterations in temperature and calcium con-
tent of the medium, by changes in the effective dielectric constant of the mem-
brane, and by the charge of the stabilizers; additional studies are needed to dis-
tinguish these and effects due to simple adsorption from the type of stabilization
due to entry into the lipid phase of the membrane.

Transmitters and depolarizing agents can exert their effects by acting on the
interchannel region to enlarge the channels sufficiently to admit all hydrated ions
(non-specific permeability increase), by a more limited increase in channel di-
ameter or by modifying hydration or solvation energies of the ions (specific
permeability increase). These possibilities and the nature of the interaction
remain to be resolved by studies particularly of junctions and of lipid films
with appropriate cationic and anionic series and by use of alcohols which may
modify effective dielectric constants.

Cardiac glycosides and related drugs resemble metabolic inhibition with
respect to their effects on active transport. But other effects, on fluxes and other
membrane properties, make more likely a physical interaction within the mem-
brane which decouples metabolism from ionic movement. In terms of a specific
mechanism for active transport—that involving organic acid production by the
cell—these may act on sodium combination with a carrier, the anion, or on an
H*-combining (or K*—combining) component in the membrane. Careful compari-
son of stabilizer and glycoside action on passive and active ionic movement
should contribute to an elaboration of the mechanisms involved.

4. “Specific” drug effects. The physical effects which have been described are
so general that great caution is necessary in interpreting the action of experi-
mental agents (anticholinesterases, antihistaminics, efc.) on living cells in terms
of what are purported to be their specific properties. Careful consideration of the
concentrations necessary for their ‘“specific”’ effects and for physiological or
pharmacological effects is undoubtedly helpful. But in the final analysis only a
systematic demonstration of the absence of the phenomena associated with
permeability and other physical changes, by criteria such as noted in this review,
can be considered convincing evidence that their specific action actually is in-
volved.

5. Implications for regenerative activity. This will be discussed in detai iln
Part II, but we may note here that considerable evidence is now at hand that
excitation and the action potential reflect specific alterations in ion permeability
which can be understood in large measure from the principles which have been
elucidated for the resting cell. Since the radius of the unhydrated sodium ion is
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smaller than that of K+, the concept of entry as unhydrated ions offers a basis
for the rise in permeability to sodium prior to that to potassium during excitation.

6. Antons in skeletal muscle (added in proof). The electrical effects onsingle mus-
cle fibersof application and removal of K+and Cl-, recently reported by Hodgkin®,
indicate that Cl- usually redistributes itself quickly between the interior and
exterior of the cell according to E., which is governed by [K] and [Na] and by
Pxa = 0.01 Pg. Thus, when [Cl], is reduced, a transitory depolarization occurs,
presumably due to outward diffusion of Cl- (with K+*); upon restoration of the
original [Cl],, a transitory hyperpolarization is obtained. The relative electrical
effectiveness of K+ and Cl- leads to the conclusion that the anion conductance
is twice that of potassium. Hence, G will be less affected by a given change in
Gg than usually assumed, and changes in Gg; will have an appreciable effect.
The decrease in R when Cl,~ is replaced by more polarizable anions is therefore
due in part to the poorer penetration by the latter; in addition, the other anions
reduce Oc) (Adrian, communicated by Hodgkin; communication from Harris). -

Single fibers do not exhibit the hyperpolarization, when Cl- is replaced by
other anions, described in the older literature on whole muscle; the older observa-
tions may have been due to a reduction in the transitory depolarization caused
by a slower exit of Cl—.

Data on Gn and on the fluxes, especially as affected by En, still remain to be
obtained, particularly in systems where permeability to the free anions appears

to be low.
REFERENCES

1. Acamsox, G. H.: Physiology of neuro-muscular junctions: Chemical aspects. Fed. Proc. 7: 447487, 1948.
3. Apmian, R. H.: The effect of internal and external potassium concentration on the membrane potential of frog
muscle. J. Physiol. 133: 631-658, 1986.
8. Araxi, T. anp Oraxi, T.: Response of single motoneurons to direct stimulation in toad’s spinal cord. J. Neuro-
physiol. 18: 473-488, 1088.
3a. Anifis, E. J. axp Vax Rossun, J. M.: pDy, pA.nndpD,',nln.intbombdno( pharmacodynamics. Arch.
int. Pharmacodyn. 110: 375-209, 1987.
4. Aupisaxt, M. L., Baruonp, F. anp Frurer, F.: Variations de l’excitabilité et des transits potassiques ches
e muscle strié de Grenouille, sous l’action du COs, en milieu normal et lors de Ia substitution d’anions Br-
ou NOj A l’ion chlore du Ringer. J. Physiol., Paris 49: 38-30, 1987.
8. AYxvur, R.: Die Bedeutung des Perineuriums fOr das Verhalten des Froachnerven. Piig. Arch. ges. Physiol.
286: 19-30, 1983.
6. AYxuT, R. AND WinTEReTEIN, H.: Anoxybiose des Froschnerven in rstoffreien L Arch. int. Phar-
macodyn. 81: 223-229, 1950.
7. Bansz, R.: The structure of the striated muscle fibre. Biol. Rev. 23: 150-300, 1948.
8. Bannon, E. 8. G., MuxnTs, J. A. AND GAsvODA, B.: Regulatory mechanisms of cellular respiration. 1. The role
of cell membranes: Uranium inhibition of cellular respiration J. gen. Physiol. 32: 163-178, 1948.
9. Baszuors, A., EvLLiorr, K. A. C. axD FLOREY, E.: Factor I and y-amino-butyric acid. Nature, Lond. 178: 1083-
1083, 1056.
10. Baar, R. 8. axp Scuurrr, F. O.: Electrolytes in the axoplasm of the giant nerve fibers of the aquid. J. cell.
ocomp. Physiol. 14: 305-315, 1939.
11. Beax, R. 8., Scaurrt, F. O. AND Youxg, J. Z.: The sheath components of the giant nerve fibres of the squid.
Proc. roy. S8oc. London B 123: 406-504, 1837.
11a. Beurnaz, R.: Bioelectricity. In: Medical Physics, ed. by O. Glasser, vol. 1, pp. 35-88. Yearbook Publ., Chi-
oago 19044,
13. Brawcni, C. P.: Personal communication.
13. Bsuor, G. H.: Action of nerve depressants on potential. J. cell. comp. Physiol. 1: 177-194, 1933.
14. Borsray, J. ANp ConaBORU?, E.: Action de ’anhydride carbonique sur 1’activité &ectrique du nerf isolé d’in-
secte. J. Physiol., Paris 46: 258-261, 1954.
15. Boterey, J. AND ComaBoxv?, E.: Btude de quelques facteurs modifiant 'action de 'anhydride carbonique sur
lo nerf isolé d'insecte. J. Physiol., Paris 47: 103-104, 1985.
16. Bonn, G. V. R. axp BOL , E.: The mo t of potassium b smooth je and the surrounding
fluid. J. Physiol. 131: 600-703, 1956.

$Talk on “Ionic movements in muscle” given at NIH Feb. 13, 1958.




ELECTROCHEMICAL ASPECTS IN EXCITABLE CELLS. I 151

17. Boramsxy, L. L., RosexsLATT, A. D., Poerzy, 8. AND GERARD, R. W.: Action of methyl fluoroacetate on res-
piration and potential of nerve. Amer. J. Physiol. 157: 201-308, 1049.

18. Boriz, P. J. aAxp Coxway, E. J.: Potassium accumulation and associated changes. J. Physiol. 100: 1-83, 1041.

19. Baivx, F.: The role of calcium ions in 1 Pharmaocol. Rev. 6: 243-298, 1054.

20. Brinx, F.: Ionio transfer in muscle and wvo.ln Metabolic Aspects of Transport Across Cell Membranes, ed.
by Q. R. Murphy, Univ. Wisconsin Press, Madison 1957.

31. Briwx, F., Bronx, D. W. axp Lazrasxz, M. G.: Chemical excitation of nerve. Ann. N. Y. Aoad. 8ci. 47: 457~
485, 1948.

23. Bainx, F. AND PosrmaNax, J. M.: Thermodynamic analysis of the relative effectiveness of narcotics. J. cell.
comp. Physiol. 32: 211-233, 1948.

23. Brown, G. L., Gorrarr, M. axp Dias, M. V.: The effects of adrenaline and of sympathetic stimulation on

the demarcation potential of lian skeletal le. J. Physiol. 111: 184-194, 1980.

34. Bucamy, L. axp McInwamn, H.: N: ics and the i ic and creatine phosphates of mammalian brain.
Brit. J. Pharmacol. 5: 465473, 1950. .

35. BOL , E.: Memb potentials of smooth muscle fibres of the taenia cols of the guinea pig. J. Physiol. 125:
303-318, 1954.

28. BOL3RiNG, E.: Properties of intestinal smooth muscle. Gastroenterologia, Basel 85: 130-140, 1088.

26a. BOLaxmna, E., Hormax M. axp Lovruax, H.: Effects of calium deficiency on striated musocle of the frog.
J. Physiol. 133: 101-117, 1986,

27. BoLeainag, E. anp HooroN, 1. N.: Membrane potentials of smooth muscle fibers in the rabbit’s sphincter pu-
pillae. J. Physiol. 125: 203-201, 1954.

23. Bunamx, A. 8. V. axp Trrrovux, K. G.: The membrane resting and action potentials of the cat auricle. J. Phys
jol. 119: 139-153, 1988,

2. Bunanx, A. 8. V. axp Tearoux, K. G.: On the negative inotropic effect in the cat’s auricle. J. Phyniol 120:
449464, 1053.

2. Buaxs, W. axp Gixasora, B. L.: The electrical properties of the slow muscle fibre membrane. J. Physiol. 133:
586508, 1956.

31. Burxs, W. axp Goeesorg, B. L.: The action of the neuromuscular transmitter on the slow fibre membrane.
J. Physiol. 132: 509-610, 1956.

33. Burws, B. D. axp Parox, W. D. M.: Depolarization of the motor endplate by d ethonium and acetylch
line. J. Physiol. 115: 41-78, 1951.

33. BurLer, T. C.: Theories of general anesthesia. Pharmacol. Rev. 2: 131-100, 1950.

34. Carowms, P. axp Kzywss, R. D.: Personal communication.

35. Cavxmms, E., Tarron, I. M. axp Hasrings, A. B.: Potassium exchange in the isclated rat diaphragm; effect
of anoxia and cold. Amer. J. Physiol. 177: 211-318, 1984.

36. CrHaMBERS, J. F., Sroxss, J. M. AxD Sroxzs, R. H.: Conductances of concentrated aqueous sodium and potas-
sium chloride solutions at 35°. J. phys. Chem. 60: 985-086, 1086.

37. Caausnns, R. awp K0, C.-Y.: The effect of electrolytes on the physical state of the nerve axon of the squid
and of Steator, a protosoan. Exp. Cell Res. 3: §64-873, 1053.

38. Cransans, R. axp Korac, M. J.: The coalescence of living cells with oil drops. I. Arbacia eggs immersed in
soa water. J. oell. comp. Physiol. 9: 331-344, 1937,

89. Crana, T. H., Suarraz, M. axp Gararp, R. W.: The influence of electrolytes on respiration in nerve. Amer.
J. Physiol. 111: 681-008, 1935.

40. Crao, I. awp Cuxx, K. T.: Osmotic properties of isolated amphibian skeletal musdle. Chin. J. Physiol. 11: 253-
270, 1937.

41. Covs, K. 8.: Dy io electrical characteristics of the squid axon membrane. Arch. Sci. physiol. 3: 253-358, 1949,

43. Cous, K. 8. axp Baxsz, R. F.: Transverse impedance of the squid giant axon during curreat flow. J. gen. Phys-
jol. 24: 535849, 1941.

43. Coum, K. 8. axp Cunrs, H. J.: Electric impedance of the squid giant axon during activity. J. gen. Physiol.
22: 640-670, 1920.

4. Cous, K. 8. axp Cunris, H. J.: Bioelectricity: Electric physiology. In: Medical Physics, ed. by O. Glasser,
vol. 3, pp. 83-90. Yearbook Publ., Chicago 1950.

48. Cous, K. 8. axp Hobaxix, A. L.: Memb and protopl resistance in the squid giant axon. J. gen. Phys-
iol. 22: 671-687, 1939.

46. Cous, K. 8. axp MaxuoxTt, G.: The effect of ionic environment upon the longitudinal impedance of the squid
giant axon. Fed. Proc. 1: 15-16, 1043.

47. Conwmay, C. M. axp CraxzrizLp, P. F.: The oxygen consumption of the stellar nerve of the aquid. Abetr.
Comm. XIX Internat. Physiol. Congress, Montreal 1983, pp. 376-377.

48. Coxway, E. J.: Nature and significance of concentration relations of potassium and sodium ions in skeletal
musocle. Physiol. Rev. 37: 84-133, 1057.

49. Conway, E. J. axp Mooas, P. T.: Cation and anion bility constants for the le fibre b
Nature, Lond. 156: 170-171, 1948.

80. Conway, E. J. axp O’MaLLEY, E.: The nature of the cation exchanges during yeast fermentation, with forma-
tion of 0.02N-H ion. Biochem J. 40: 50-67, 1046.

1. Coomns, J. 8., Eccums, J. C. axp Farr, P.: The electrioal properties of the mot. b J. Physiol.
130: 201-335, 1985.

83. Coouss, J. 8., Ecu.n,J.C.mFAﬂ,P The specific ionic conductances and the ionic movements across
the mot 1 memb that produoce the inhibitory post-synaptic potential. J. Physiol. 130: 336-373,

1056.



152 SHANES

83.

54.

585.

86.

§7.

g gx8 8

22

70. Curris, H. J. AND CoLE, K. 8.: M

7.

Coouss, J. 8., EccLes, J. C. AND Farrt, P.: Excitatory synaptic action in mot. J. Physiol. 130: 374
395, 1958.
Coonss, J. 8., EccLzxs, J. C. anp Farr, P.: The inhibitory suppression of reflex discharges from motoneurones.

J. Physiol. 130: 396-413, 1085.

Corasozxur, E. AND Boisrxy, J.: Polarisation et activité &ectrique de fibres nerveuses myelinisées uniques,
étudibes A I'aide de microblectrodes jumelées. J. Physiol., Paris 48: 461-464, 1056.

Corasozxur, E., Dz Lozé, C. aND Boisrey, J.: Action de la digitale sur les potentiels de membrane et d’action
du tissu conducteur du ooeur de chien, étudiée & I’aide de micro-8lectrodes intracellulaires. C. R. Soc. Biol.,
Paris 147: 1169-1172, 1983.

Corasoxur, E., Distr, R. AND Bosrew, J.: L’activité 8lectrique normale des différents tissus du coeur de
chien. C. R. Acad. Sci., Paris 240: 1927-1929, 1955.

. CoraBozxur, E. AND Nizprraerks, R.: Kohlenskure- und pH-Wirkung an der markhaltigen Einselfaser des

Froechs. Pflig. Arch. ges. Physiol. 258: 103-107, 1953.

. CoraBOEU?, E. AND WEIDMANN, 8.: Temperature effects on the electrical activity of Purkinje fibers. Helv. phys-

jol. acta 12: 33-41, 1954.
Corove, E.: Mechanism and extent of distribution of inulin and sucrose in chloride space of tissues. Amer. J.
Physiol. 176: 396410, 1954.

. Cowan, 8. L.: The action of potassium and other ions on the injury potential and action current in Maia nerve.

Proc. roy. Soc. London B 115: 216-200, 1934.

Cowizx, D. B, Rosexrs, R. B. AND RoBERTS, 1. Z.: Potassium metabolism in Escherichia cols. I. Permeability
to sodium and potassium ions. J. cell. comp. Physiol. 34: 243-258, 1049.

Crsmsz, R.: Bicarbonate ion and muscle potassium. Biochem. J. 50: xviii, 1051.

Caaess, R.: Measurement of cation fluxes in rat diaphragm. Proc. roy. Soc. London B 142: 497-813, 1984.

CrpscrrewLl, F.: The dual action of carb tes on the resting p ial of frog nerve. J. cell. comp. Physiol.
32: 187-210, 1948.

Crescrrennr, F.: A ¢ diff iation of the dual action of amyl carb te on frog nerve. J. cell. comp.
Physiol. 35: 261-272, 1950.

Crmecrrrinl, F.: Effects of oxine, carbostyril and quinoline on frog nerve. Amer. J. Physiol. 163: 197-200, 1950.

CraecireLLl, F.: Nerve sheath as a barrier to the action of certain substances. Amer. J. Physiol. 166: 220-240,
1951,

Cazscrrernr, F. AND GrmmemaN, T. A.: Certain effects of antihistamines and related pounds on frog nerve
fibers. Amer. J. Physiol. 164: 509-819, 1951.

b sting and action p ials from the squid giant axon. J. cell. comp.

Physiol. 19: 135-144, 1042.

. Dainty, J. AND KrNixvié, K.: The rate of exchange of Na¥ in cat nerves. J. Physiol. 128: 480-503, 1985.
. DaNixL, E. E. AND Bass, P.: Influence of sodium, potassium and ad 1 hor on gastrointestinal motility.

Amer. J. Physiol. 187: 253-258, 1956.

. Davizs, F., Davizs, R. E., Francs, E. T. B. AND WHITTAM, R.: The sodium and potassium content of car-

disc and other tissues of the ox. J. Physiol. 118: 276-281, 1952.
Davies, J. T.: The mechanism of diffusion of ions across a phase boundary and through cell walls. J. phys.
Chem. 54: 185-204, 1950.

74a. Davizs, J. T. AND Ripxay, E.: Interfacial potentials. Can. J. Chem. 33: 947-960, 1955.

78.

76.
.

82
8
84.
85
86
87

Davizs, R. E. ANp KreBs, H. A.: Biochemical aspects of the transport of ions by nervous tissue. Biochem. Soc.
Symp. 8: 77-92, 1952.

DavsoN, H. aNp DanixuLl, J. F.: The Permeability of Natural Membranes. Cambridge Univ. Press, London
1943.
Dzan, R.B.: A bic loes of potassium from frog le. J. cell. comp. Physiol. 15: 189-193, 1940.
. DzaN, R. B.: Anaerobic uptake of potassium by frog le. Proc. Soc. exp. Biol., N. Y. 45: 817-819, 1940.
. Dev Casriro, J. aND ENagBAEK, L.: The nature of the lar block duced by i J. Phys-
jol. 124: 370-384, 1954.
. DevL Castiro, J., Hoyre, G. AND MAcHNE, X.: N lar t ission in a locust. J. Physiol. 121: 539~
847, 1983.
. Dxr Castiiro, J. AND Katz, B.: The b h produced by the 1! itter. J. Phys-
jol. 125: 546-565, 1954.
. Dx1, Castiiro, J. AND KaTz, B.: On the localisation of acetylcholine receptors. J. Physiol. 128: 157-181, 1958.
. DL CastiLro, J. AND KaTz, B.: Local activity at a depolarised nerve le junction. J. Physiol. 128: 396-
411, 1985.
Dz Castinro, J. AND KaTz, B.: Effects of vagal and sy hetic nerve impulses on the b P tial
of the frog’s heart. J. Physiol. 129: 48P-49P, 1055.
. Dt Castinro, J. AND KaTz, B.: Production of b p ial ch in the frog’s heart by inhibitory
nerve impulses. Nature, Lond. 175: 1035, 1955.
. Dz CastiLLo, J. AND KaTz, B.: Biophysical aspects of lar ¢ ission. Progr. Biophys. 6: 123~
170, 1956.
. Dmw CastiLro, J. AND KaTz, B.: A study of curare action with an electrical micro-method. Proc. roy. 8oc. London

B 146: 339-356, 1057.

87a. DxL CastiLLo, J. AND KaTz, B.: A comparison of acetylcholine and stable depolarising agents. Proc. roy. 8oe.

London B 146: 362-368, 1057.



ELECTROCHEMICAL ASPECTS IN EXCITABLE CELLS. 1 153

87b. Dxr Castniro, J. AND KTz, B.: Interaction at end-plate receptors between different choline derivatives:
Proo. roy. S8oc. London B 146: 369-381, 1057.

88. Dz, Castnro, J. AND MacuNnE, X.: Effect of temperature on the passive electrical properties of the muscle
fibre membrane. J. Physiol. 120: 431-434, 1953.

89. Dmy, Casrniro, J. AND STaARK, L.: The effect of calcium ions on the motor end-plate potentials. J. Physiol. 116:
507-515, 1982.

90. D» Runry, 87.°G.: The structure of cells in tissues as revealed by microdissection. II. The physical properties
of the living axis cylinder in the myelinated nerve fiber of the frog. J. comp. Neurol. 47: 405-435, 1929.

91. D RexnY1, 8r. G.: The structure of cells in tissues as revealed by microdissection. III. Observations on the
sheaths of myelinated nerve fibers. J. comp. Neurol. 40- 293-310, 1929.

92. Desuuor, J. E.: Electrical activity and intracellul tration in frog le. J. Physiol. 121 191~
205, 1953.

93. DerrBARN, W. D. AND STAMPFLI, R.: Die Wirkung von 2,4-Dini henol auf das Memb ial der mark-
haltigen chenluu. Helv. physiol. acta 15: 25-37, 1987.

94. DixoN, K. C.: bic leakage of potassium from brain. Biochem. J. 44: 187-190, 1949.

95. Dixoxw, K. C.: Achon of potassium ions on brain metabolism. J. Physiol. 110: 87-97, 1949.

96. Drarnz, M. H. AND WEIDMANN, 8.: Cardiac resting and action potentials recorded with an intracellular elec-

trode. J. Physiol. 115: 74-94, 1951.
DRrayY, 8. AND SoLLNER, K.: A theory of dynamic polyionic potentials across membranes of ideal ionic seleo-
tivity. Biochim. biophys. acta 21: 126-136, 1956.
Dray, 8. anp SorLnzr, K.: Experimental studies on bi-ionic p ials across permselective b
Biochim. biophys. acta 18: 341-352, 1955.
99. Dupxw, J. AND TRAUTWEIN, W.: Die Wirkung von Adrenalin auf das Rubepotential von Myokardfasern des
Vorhofs. Experientia 12: 396-398, 1956.
100. DunnAM, E. T.: Parallel decay of ATP and active cation fluxes in starved human erythrocytes. Fed. Proc. 16:
33, 1987.
101. DunsaM, E. T.: Personal communication.
102. Dwyss, F. P., Grarras, E C., WrignT, R. D. AND SnULMAN, A.: Effect of inorganic complex ions on trans-

2

jesion at & i ction. Nature, Lond. 179: 425-426, 1957.
103. Eccuzs, J. C.: The central action of antidromic impulses in motor nerve fibers. Pfiig. Arch. ges. Physiol. 260:
385415, 1958.

104. Eccums, J. C., Karz, B. AND KUrrLER, 8. W.: Nature of the end-plate potential in curarised muscle. J. Neuro-
physiol. 4: 363-387, 1941.

105. Eccrxs, J. C. axp MacFarLANE, W. V.: Action of anticholinesterases on end-plate potential of frog )]
J. Neurophysiol. 12: 50-80, 1949.

108. EocLes, R. M.: The effect of nicotine on synaptic transmission in the sympathetic ganglion. J. Pharmacol. 118:
36-38, 1086.

107. Epwaroe, C., HaGIwaRa, 8. AND KurrLEr, 8. W.: Unpublished.

108. Epwaxps, C. ANp Harzis, E. J.: Factors influencing the sodium mo t in frog le with a discussion
of the mechanism of sodium movement. J. Physiol. 135: 567-580, 1957.

108a. Epwanve, C., Harnis, E. J. AND Nisu1x, K.: The exchange of frog muscle Na* and K* in the presence of the
anions Br-, NOj, I~ and CNS-. J. Physiol. 135: 500-566, 1957.

109. Epwanrps, C. axp KurrLxr, 8. W.: Inhibitory mechanisms of gamma aminobutyric acid on an isclated nerve
cell. Fed. Proe. 16: 34, 1987.

110. Erwis, 8. anp Brexrrr, 8. B.: The action of epinephrine on the bic or the iodoacetate-treated rat’s dia-
phragm. J. Pharmacol. 112: 203-209, 1954.

111. Erus, 8., Davis, A. H. AND ANDERsSON, H. L.: Effects of epinephrine and related amines on traction and
glycogenolysis of the rat’s diaphragm. J. Ph 1. 115: 120-128, 1955.

112. Exemi, G. L. AND GzraARD, R. W.: The phosphorous metabolism of invertebrate nerve. J. biol. Chem. 112:
379-303, 1935.

113. Evans, D. H. L. axp 8cump, H. O.: Mechanism of contraction of smooth muscle by drugs. Nature, Lond. 1803
341-342, 1957.

114. Eyring, H., LuMry, R. AND WoODBURY, J. W.: Some applications of modern rate theory to physiologieal
systems. Utah Rec. chem. Progr. 1949.

118. Evzaouinez, C. AND KurrLxr, 8. W.: Processes of excitation in the dendrites and in the soma of single isolated
sensory nerve cells of the lobster and crayfish. J. gen. Physiol. 39: 87-119, 1085.

116. Evzaguiraz, C. AND KurrLzr, 8. W.: Further study of soma, dendrite, and axon excitation in single neurons.
J. gen. Physiol. 39: 121-153, 1985.

117. Faux, G. AND GeraARD, R. W.: Effect of microinjected salts and ATP on the membrane potential and mechanical
response of muscle. J. cell. comp. Physiol. 43: 393-403, 1954.

118. Farr, P.: The electromotive action of acetylcholine at the motor end-plate. J. Physiol. 111: 408-422, 1950.

119. Farr, P.: Biophysics of junctional transmission. Physiol. Rev. 34: 674-710, 1954.

190. Farr, P. anp KaT2, B.: An analysis of the end-plate potential recorded with an intracellular electrode. J. Phys-
iol. 118: 320-370, 1961.

131. Farr, P. Anp KaTz, B.: The effect of sodium ions on neuromuscular t.mmm-wn J. Physiol. 118: 73-87, 1983.

123. Farr, P. Axp KaTz, B.: Distributed end-plate potentials of crustacean muscle. J. exp. Biol. 30: 433-439, 1053.

123. Farr, P. AND Kats, B.: The electrical properties of crustacean muscle fibres. J. Physiol. 120: 171-204, 1953.



154 SHANES

134. Farr, P. axp Kars, B.: The effect of inhibitory nerve impulses on a crustacean muscle fibre. J. Physiol. 1213
374-389, 1983,

125. Fxxg, T. P.: The rdle of lactic acid in nerve activity. J. Physiol. 76: 477-486, 1933.

126. Fxxg, T. P.: The heat production of nerve. Ergebn. Physiol. 38: 73-133, 1936.

127. Faxg, T. P. AND GEraARD, R. W.: Mechanism of nerve asphyxiation: With a note on the nerve sheath as a dif-
fusion barrier. Proc. 8oc. exp. Biol., N. Y. 27: 1073-1076, 1930.

138. Fexa, T. P., Hsv, C. H. axp L1v, Y. M.: The mechanism of the recovery of nerve asphyxiated in nitrogen whea
washed with Os-free Ringer. Chin. J. Physiol. 17: 347-388, 1950.

129. Faxa, T. P., Hsvu, C. H. anp Livu, Y. M.: Correlation of potassium movement into and out of the nerve with
its depolarisation and repolarisation. Chin. J. Physiol. 17: 281-286, 1950.

130. Fawa, T. P. axp Liu, Y. M.: The connective tissue sheath of the nerve as effective diffusion barrier. J. cell.
ocomp. Physiol. 34: 1-16, 1049.

131. Faxnag, T. P. axp L1u, Y. M.: The concentration-effect relationship in the depolariration of amphibian nerve
by potassium and other agents. J. cell. comp. Physiol. 34: 3342, 1949,

133. Fana, T. P. anp L1v, Y. M.: Further observations on the nerve sheath as a diffusion barrier. Chin. J. Physiol.
17: 207-318, 1950.

138. Fmuxe, W. O.: Tbmmmmpﬁondmmdomwmhbhbymdmm.&w
97: 635-647, 1931.

134. Frorx, W. O.: Nerve respiration. Science 79: suppl., 16-30, 1934.

135. Fmxx, W. O. axp Coss, D. M.: The potassium equilibrium in muacle. J. gen. Physiol. 17:“-“‘ 1834,

136. Fann, W. O. axp Coss, D. M.: Evidence for a potassium shift from plasma to muscles in responss to an in-
creased carbon dioxide tension. Amer. J. Physiol. 112: 41-58, 1035.

137. Faun, W. O.,Coss, D. M., HzoraUusnz, A. H. Axp Manss, B. 8.: Electrolytes in necrve. Amer. J. Physiol. 116:
7496, 1934.

138. Fawx, W. O., Coss, D. M. Axp MaxsH, B. 8.: Sodium and chloride in frog muscle. Amer. J. Physiol. 110: 201~
273, 1934,

139. Frwx, W. O. anp GursuMAN, R.: The loss of potassium from frog nerves in anoxia and other conditions. J.
gon. Physiol. 33: 105-303, 1980.

140. Farxaxoes-Morax, H.: The submicroscopic organisation of vertebrate nerve fibers. Exp. Cell. Res. 3: §-83,
1083.

141. Foeman, J. B.: Further observations on the structure of myelin. Exp. Cell Res. 5: 303-315, 1983.

143. Fomax, J. B.: X-ray analysis of the structure of peripheral nerve myelin. Nature, Lond. 173: 549, 1054.

143. Fivzan, J. B.: The role of water in the structure of peripheral nerve myelin. J. biophys. biochem. Cytol.., 13
98-103, 1987.

144. Forsax, J. B. anp Movinagrox, P. F.: Effects of ionic strength of immersion medium on the structure of periph-
eral nerve myelin. J. biophys. biochem. Cytol. 1: 80-94, 1967.

145. Fmvay, E., WoopBURY, L. A. Axp Hacur, H. H.: Effects of innervation and drugs upon direct membrane po-
tentials of embryonioc chick myocardium. J. Pharmacol. 104: 103-114, 1083.

46. Frrsauan, R.: Effects of aside and electrical polarisation on refractory period in frog nerve. J. edl.comp.l’hyo-
iol. 44: 117-140, 1054.

147. Fuacxexermin, A.: Kaliumsensibilisatoren. Arch. exp. Path. Pharmak. 212: 54-63, 1980. i

148. FLacxanermixn, A.: Elektrophysiologische Studien sum Mechanismus des Nerven-Blocks durch Schmersstoffe
und Lokalanisthetika. Arch. exp. Path. Pharmak. 212: 416433, 1061.

149. FuacxzxermIN, A.: Der Kalium-Natrium-Austausch als Energieprinsip in Muskel und Nerv. Springer, Berlin
1988.

150. FLeoxENSTEIN, A., GONTHER, H. AND WinksR, H. J.: Adsorption und Haftfestigkeit phrmhhcboh.kﬂvc
Alkaloid-Kationen an der Kollodium-Membran. Arch. exp. Path. Pharmak. 214: 38-54, 1961.

151. Fruacxsworsmn, A., Huys, H. axp Apax, W. E.: Aufhebung der Kontraktur-Wirkung depolarisierender Kat-
MMMMMMWMM&MMMM
Niootin, Coniin, Veratrin, Kalium, und Rubidium-Salsen usw. Pitig. Arch. ges. Physiol. 253: 364-383, 1981.

163. FuackzxerEne, A. AND Ricarzs, F.: Weitere Untersuchungen tiber die Aufhebung der Kontrakturwirkung
von Aocetyloholine, Cholin, Neurin, Nicotin, Coniin, Veratrin, Kaliumchlorid und Rubidiumehlorid durch
den Analektrotonus. Pflilg. Arch. ges. Physiol. 257: 1-11, 1983.

153. FuecxmermIN, A., WaaNER, E. AND GOaoxy, K. H.: Weitere Untersuchungen Qber die Abhlingigkeit der
Muskellinge von Membran-Potential. Piig. Arch. ges. Physiol. 253: 38-84, 1960.

154. Faawx, K. anp Fuorrzs, M. G. F.: Stimulation of spinal motoneurones with intracellular electrodes. J. Phys-
iol. 134: 451-470, 1956.

meB..AMhodlwmﬂumﬁunduﬁthmwwm
fibre of the frog. J. Physiol. 135: 850-550, 1957.

156. FRANXENRARUSER, B. AND HopaxiN, A. L.: The effect of calcium on the sodium permeability of a giant nerve
fibre. J. Physiol. 128: 40P-41P, 1088.

157. FRANKENHARUSER, B. Axp Hovaxix, A. L.: The action of calcium on the electrical properties of squid axons.
J. Physiol. 137: 318-344, 1067,

158. FRANKENHABUSER, B. Axp Hopaxx, A. L.: The after-effects of impulses in the giant nerve fibres of Loligo.
J. Physiol. 131: 341-376, 1956.

159. FRANKENHABUSER, B. Axp NYaTROM, B.: Swelling of peripheral nerve in Ringer’s solution. Acta physiol. scand.
30: 319-333, 1954.



ELECTROCHEMICAL ASPECTS IN EXCITABLE CELLS. 1 155

160. Faryeang, W. H.: The membrane impedance during the positive phase of the action potential in the aquid
giant axon. In preparation.

161. Fuoss, R. M.: Properties of electrolytic solutions. Chem. Rev. 17: 27-42, 1985.

163. Fuoruxawa, T.: Resting and action potential of single muscle fibres. Jap. J. Physiol. 3: 268-276, 1953.

163. Furuxawa, T., Taxaal, T. AND SvaiHara, T.: Depolarisation of end-plates by acetylcholine externally ap-
plied. Jap.-J. Physiol. 6: 98-107, 1956.

164. Gararp, R. W.: Nerve metabolism. Physiol. Rev. 12: 460-503, 1932.

165. GerARD, R. W. AND TUPIKOVA, N.: Creatine in nerve, muscle and brain. J. cell. comp. Physiol. 12: 325-300, 1938.

168. GerarD, R. W. aND Turixova, N.: Nerve and muscle phosphates. J. cell. comp. Physiol. 13: 1-13, 1939.

167. Genex, B. B.: The formation from the Schwann cell surface of myelin in the peripheral nerves of chick em-
bryos. Exp. Cell Res. 7: 558-563, 1954.

168. GenzN, B. B. axp S8camrrt, F. O.: The structure of the Sch cell and its relation to the axon in certain
invertebrate nerve fibers. Proc. nat. Acad. Sci., Wash. 40: 863-870, 19054.

169. GearLex, M. M., Krzan, J., Hruin, J. W., RoBINsoN, H. AND NxipLE, E. G.: Effect of digitoxin and quinidine
on intracellular electrolytes of the rabbit heart. Proc. S8oc. exp. Biol., N. Y. 92: 629-633, 1086.

170. Gisps, E. L., Laxnox, W. G., Nius, L. F. Anp G1BBs, F. A.: Arterial and cerebral venous blood. Arterial-venous
differences in man. J. biol. Chem. 144: 325-332, 1042.

171. Gresr?, D. L. anp FExn, W. O.: Calcium equilibrium in muscle. J. gen. Physiol. 40: 393-408, 19587.

173. GLYnN, 1. M.: Action of cardiac glycosides on red cells. J. Physiol. 128: 56P-57P, 1985.

178. Gryww, 1. M.: Sodium and potassium movements in human red cells. J. Physiol. 134: 278-310, 1956.

174. Gorranr, M:: Recherches relatives 3 l’action de I’adrénaline sur le muscle strié de mammifére. I11. L’augmenta-
mdohfmmwﬁledumw.wl’udrhdim ne dépend pas d’une libération de potassium. Arch.

int. Physiol. 60: 367-384, 1983.

175. Gorrart, M. AND Bacq, Z. M.: Les sensibilisat au potassi Ergebn. Physiol. 47: 355-617, 1983.

176. Gorrart, M. AND Pxary, W. L. M.: The action of adrenaline on the rate of loss of potassium ions from striated
muscle. J. Physiol. 112: 95-101, 1951.

177. GoroMan, D. E.: Potential, impedance, and rectification in membranes. J. gen. Physiol. 27: 37-60, 1943.

178. Gooomax, L. 8. AND GrLmax, A.: The Pharmacological Basis of Therapeutics. Macmillan, New York 1988,
2nd od.

79. Goroon, H. T. ANp Wrxiss, J. H.: The role of ions in axon surface reactions to toxic organic compounds. J.

cell comp. Physiol. 31: 398420, 1048.

180. Gosewaner, N., Krrren, K., Porerrs, G. AND RuMmzL, W.: Der Einfluss von Calcium auf den Kaliumaus-
tritt aus Muskelgewebe. Pfiig. Arch. ges. Physiol. 260: 154-160, 1984.

181. GreeN, D. E.: The citric acid cycle and the cyclophorase system. In: Respiratory Ensymes, ed. by M. A. Lardy.
Burgess Pub. Co., Minneapolis 1049.

183. GrunDresT, H.: Anomalous action of high conocentration of microinjected acetylcholine on the spike of the giant
axon of the squid. Arch. exp. Path. Pharmakol. 229: 136-142, 1953.

183. Grunoraer, H.: The of the el hemical ials of bioelectrio ti In: El hemistry in
Biology and Medicine, ed. by T. 8hedlovsky. Wiley, NchotklO“.

184. G zer, H.: General problems of drug actions on bioelectric Ann. N. Y. Acad. Sci. 66: 537~
501, 1087.

184a. Grunpreer, H.: Electrical inexcitability of synapees and some consequences in the central nervous system.
Physiol. Rev. 37: 337-361, 1987,

185. Grunpreer, H.: The mechanisms of discharge of the electric organs in relation to general and comparative eleo-
trophysiology. Progr. Biophys. 7: 1-85, 1057.

186. Grunpraeer, H., Kao, C. Y. AND ALTAMIRANO, M.: Bioelectric effects of ions microinjected into the giant axon
of Loligo. J. gen. Physiol. 38: 345-283, 1984.

187. Gurnny, R. W.: Ionic Processes in Solution. McGraw Hill, New York 1953.

188. GurTMAN, R.: The electrical impedance of muscle during the action of narcotics and other agents. J. gen. Phys-
iol. 22: 567-801, 1939.

189. GurruaN, R.: Stabilisation of spider crab nerve membranes by alkaline earths, as manifested in resting po-
tential measurements. J. gen. Physiol. 23: 346-364, 1940.

190. GurrMaN, 8. A. AND Carrrrn, McK.: The effects of digitoxin and potassium on striated le. J. Ph 1
68: 207-377, 1940.

191. Hagiwara, 8. AND WaTaNABE, A.: Action potential of insect muscle examined with intracellular electrode.
Jap. J. Physiol. 4: 65-78, 1954.

192. HaJpv, 8.: Mechanisms of staircase and contracture in ventricular muscle. Amer. J. Physiol. 174: 371-380, 1983.

193. Hanpovsxy, H.: Réat hische U hungen an erregter und gelihmter Nervensubstans. Kolloid-
stechr. 62: 21-22, 1933.

104. Haror, A. AND FrecxenereiN, A.: Uber die Kaliumabgabe des Mmmhb bei Einwirkung kontrakturer-

seugender. Stoffe und die H ung der Kaliumabgabe durch k verh de Lokalanisthetika. Arch.
exp. Path. Pharmak. 207: 80-64, 1049.
195. Harxins, W. D.: Some aspects of surface chemistry fund tal for biology. In: Recent Advances in Surface

Chemistry and Chemical Physics, ed. by F. R. Moulton, Science Pr., Lancaster, Pa. 1939.

198. Harnis, E.-J.: The transfer of sodium and potassium between muscle and the surrounding medium. Part I1.
The sodium flux. Trans. Faraday Soc. 46: 873-883, 1950.

197. Harns, E. J.: The exchangeability of the potassium of frog muscle, studied in phosphate media. J. Physiol.
117: 278-288, 1952.



156 SHANES

198.

Hagais, E. J.: The exch of frog le potassi J. Physiol. 120: 246-283, 1953.

199. Hagrris, E. J.: Ionophoresis along frog muscle. J. Physiol. 124: 248-253, 1954.

200.
201.

Hages, E. J.: Transport and Aecumulation in Biological Systems. Acad. Press, New York mo
Hagrnis, E. J.: The output of Ca* from frog le. Biochim. biophys. acta 23: 80-87, 1987.

201a. Harnis, E. J.: Permeation and diffusion of K ions in frog muscle. J. gen. Physiol. 41: 160-195, 1957.

203.

EEE

210.
211.
213.

213.
214,

2185.
216.

217.
218.

219.

g

§§5§§§.§§§

b

8

8
=

¥ REB

Hareis, E. J. AND BurN, G. P.: The transfer of sodium and potassium ions bet le and the sur d
ing di Trans. Faraday Soc. 45: 508-528, 1949.

‘Harnis, E. J. AND HUTTER, O. F.: The action of acetylcholine on the mo ts of potassium ions in the sinus
venosus of the heart. J. Physiol. 133: 58P-80P, 1956.

Haggis, E. J. AND MARTINS-FERREIRA, H.: Membrane potentials in the muscles of the South American frog,
Leptodactylus ocelatus. J. exp. Biol. 32: 530-546, 1955.

Hareus, E. J. aAND StrriNBacH, H. B.: The extraction of ions from muscle by water and sugar solutions with

-otudyofthedecreeolexohnwmchtrwuolthe-odmmmdpohmumxnthemmh J. Physiol. 133:
385-401, 1956.

HASHIMURA, A. AND WRIGHT, E. B.: Effect of electrolytes on excitability and electrical properties of single nerve
fiber of frog. Fed. Proc. 16: 56, 1957.

. HEGNAUERR, A. H., FENN, W. O. aAND CosB, D. M.: The cause of the rise in oxygen consumption of frog muscles

in excess potassium. J. cell. comp. Physiol. 4: 505-526, 1934.
Hzrcus, V. M., McDowaLL, R. J. 8. AND MeNpEL, D.: Sodium exchanges in cardiac muscle. J.- Phyllol 129:
177-183, 1958.

. Herrz, H.: Action potential and diameter of isol nerveﬁbalundavanouoondmou.Acupbyuol.md.

13: suppl. 43, 1-91, 1047,

Hm, A. V.: The state of water in muscle and blood and the csmotic behavior of muscle. Proc roy. S8oc. Lon-
don B 106: 477-505, 1930.

Hmy, A. V.: The influence of the external medium on the internal pH of muscle. Proc. roy. 8oc. London B 14:
1-22, 1955.

Hmy, D. K.: The effect of stimulation on the opacity of a crustacean nerve trunk and mld‘honwﬁbudl-
ameter. J. Physiol. 111: 283-303, 1950.

Hmy, D. K.: The volume change resulting from stimulation of a giant nerve fiber. J. Physiol. 111: 304-337, 1950.

H3BER, R.: Beitriige sur physikalischen Chemie der Erregung und der Narkose. Pfiiig. Arch. ges. Physiol. 120:
492-516, 1907.

HOsER, R.: Physical Chemistry of Cells and Tissues. Blakeston Co., Philadelphia 1945.

HoBER, R. AND StROME, H.: Uber den Einfluss von Salsen auf die elektronischen Strome, die Erregbarkeit
und das Ruhepotential des Nerven. Pfiig. Arch. ges. Physiol. 222: 70-88, 1929.

Hobaxin, A. L.: The membrane resistance of a non-medullated nerve fibre. J. Physiol. 106: 306-818, 1947.

Hoboxin, A. L.: The effect of potassium on the surf; b of an isolated axon. J. Physiol. 106: 319-340,
1947.

Hobaxin, A. L.: The ionic basis of electrical activity in nerve and muscle. Biol. Rev. 26: 339-409, 1981.

HobpaxiN, A. L. ANp HuxLzy, A. F.: Potassium leakage from an active nérve fibre. J. Physiol. 106: 341-367,
1947.

. HopakiN, A. L. ANp Karz, B.: The effect of sodium ions on the electrical activity of the giant axon of the squid.

J. Physiol. 168: 37-77, 1949.

. HopGkiN, A. L. AND KaTz, B.: The effect of temperature on the electrical activity of the giant axon of the squid.

J. Physiol. 109: 240-249, 1949.

HobpoxiN, A. L. ANp Keynes, R. D.: The mobility and diffusion coefficient of potassium in giant axons from
Sepia. J. Physiol. 119: 513-528, 1953.

HopoexiN, A. L. ANp Kxynes, R. D.: Movements of cations during recovery in nerve. Symp. 8oc. exp. Biol.
8: 423-437, 1954.

Hobaxix, A. L. ANpD KeYnes, R. D.: Active transport of cations in giant axons from Sepw and Loligo. J. Phys-
iol. 128: 28-60, 1955.

Hobpexin, A. L. aNp Keynes, R. D.: The potassium permeability of a giant nerve fibre. J. Physiol. 128: 61~
88, 1955.

Hopgxin, A. L. ANpD Kxynes, R. D.: Experiments on the injection of substances into aquid giant axons by
means of a microsyringe. J. Physiol. 131: 592-616, 1956.

HopexiN, A. L. AND Rusaron, W. A. H.: The electrical constants of a crustacean nerve fibre. Proc. roy. Soc.
London B 133: 444479, 1946.

HoboLenr, J., SrAmprL1, R. AND Tasaxi, I.: Die Wirkung von Veratrin auf die einselne markhaltige Nervenfaser.
Helv. physiol. acta 8: 62C-63C, 1950.

Horruan, B. F. AnD S8uckLiNg, E. E.: Cellular potentials of intact mammalian hearts. Amer. J. Pby-ol. 17e;
357-363, 1952.

. Horruan, B. F. aAND S8uckLING, E. E.: Cardiac cellular pomtu!a Effect of vagal stimulation and acetylcholine.

Amer. J. Physiol. 173: 312-320, 1953.
Hogsen, C. A. M. aAxp Gorruizs, M.:
HovLranp, W. C.: Poesibl hani of ction of quinidine. Fed. Proc. 16: 308, 1957.

Horranp, W. C. aNp DuNN, C. E.: Role of the cell b and mitochondria in the ph of ion trans-

port in cardiac muscle. Amer. J. Physiol. 179: 486490, 1984.

. HoLranD, W. C., Dunn, C. E. AnD Grrig, M. E.: Studies on permeability. VII. Effect of several substrates



ELECTROCHEMICAL ASPECTS IN EXCITABLE CELLS. I 157

and inhibitors of acetyl cholinesterase on permeability of isolated auricles to Na and K. Amer. J. Physiol.
168: 546-556, 1953.

236. Hovums, E. G.: Carbohydrates of crab nerve. Biochem. J. 23: 1182-1186, 1929.

237. Hosuixo, T. axp ExNGBAERK, L.: Microelectrode study of the frog skin potential. Abstr. Comm. XX Internat.
Physiol. Congress, Brussels 1956, p. 443.

238. Howzwr, W. H. AND Duxx, W. W.: The effect of vagus inhibition on the output of potassium from the heart.
Amer. J. Physiol. 21: 51-63, 1908.

239. Hovis, G.: Potassium ions and insect nerve muscle. J. exp. Biol. 30: 121-135, 1953.

240. Huw, E. G.: Ion transport and ion exchange in frog skin. In: Electrolytes in Biological Systems, ed. by A. M.
Shanes, Amer. Physiol. 80c., Wash., D. C. 1985.

241. Hunrar, F. E. AND Lowry, O. H.: The effects of drugs on ensyme systems. Pharmacol. Rev. 8: 80-135, 1956.

243. Hurrsg, O. F. AnDp KoeriaL, K.: Effect of magnesium and calcium ions on the release of acetylcholine. J. Phys-
iol. 124: 234-341, 1954.

243. Hurrar, O. F. anp Kosriar, K.: The relationship of sodium ions to the release of acetylcholine. J. Physiol.
129: 150-166, 1958.

344. Hurrer, O. F. axD Lowxnsrzin, W. R.: Nature of lar facilitation of sympathetic stimulation in
the frog. J. Physiol. 130: 559-571, 1988.

245. HUTTER, O. F. AXD TRAUTWEIN, W.: Vagal and sympathetic effects on the pacemaker fibers in the sinus veno-
sus of the heart. J. gen. Physiol. 39: 716-733, 1956.

246. Huxuey, A. F. AND Stramprul, R.: Direct determination of membrane resting potential and action potential
in single myelinated nerve fibres. J. Physiol. 112: 476405, 1951.

247. Huxwey, A. F. anp Sramrrul, R.: Effect of potassium and sodium on resting and action potentials of single
myelinated nerve fibres. J. Physiol. 112: 496-508, 1951.

248. Jawmmick, H. P.: Muscle membrane potential, resi and ext, 1 potassi J. cell. comp. Physiol. 42:
437-448, 1953.
249. Jenxrick, H. P.: The relations bet prepotential, resting potential, and latent period in frog muscle fibers.

J. gen. Physiol. 39: 773-787, 1056.

250. Jmemrick, H. P.: The effects of calcium on several electrical properties of muscle membrane. Unpublished.

251. Jexmricx H. P. ANp Gxramp, R. W.: Membrane potential and threshold of single le fibers. J. cell. comp.
Physiol. 42: 79-103, 1053.

253. Jounaxn, K. V., Levi, H. aAxp Ussing, H. H.: The mode of passage of chloride ions through the isclated frog
skin. Acta physiol. scand. 25: 150-163, 1953.

253. JornexN, K. V. anp Ussing, H. H.: Nature of the frog skin potential. Abstr. Comm. XX Internat. Physiol.
Congress, Brussels 1956, pp. 511-513.

284. JouxsoN, E. A.: The effects ol q\linidmc procaine amide and pyrilamine on the membrane resting and action
potential of guinea pig le fibers. J. Pharmaocol. 117: 237-244, 1956.

2858. Jonnson, E. A. axp McKinnoxn, M. G.: Effect of acetylcholine and adencsine on cardiac cellular potentials.
Nature, Lond. 178: 1174-1178, 1986.

256. Jounson, J. A.: Kinetics of release of radioactive sodium, mlfate and sucroee from thefrog-rwfiumu.de
Amer. J. Physiol. 181: 263-268, 1988.

257. JounsoN, J. A.: Influence of ouabain, strophanthidin md dihydrostrophanthidin on sodium and potassium
transport in frog sartorii. Amer. J. Physiol. 187: 328-332, 1956.

258. Joxcs, C. R. B. AND WaaTHERALL, M.: Cardiac glycosides and the potassi hange of h erythrocytes.
J. Physiol. 127: 33P, 1955.
250. Kanx, J. B.: Effects of ribosides and related pounds on phosphate transport in incubated fresh and cold-

stored human erythrocytes. J. Pharmacol., in prees.
200. Kann, J. B. AND AcHpsoN, G. H.: Effects of cardiac glycosides and other lactones, and of certain other com-
pounds, on cation transfer in human erythrocytes. J. Pharmacol. 115: 305-318, 1985.
261. Kanx, J. B. anp Conxx, 8. B.: Effects of ribosides and related pounds on cation transport in cold-stored
human erythrocytes. J. Pharmacol., in press.
203. Knnmuu,c E., Wn.:.nnm,A.F GRoxN, J. AND BLicxuaN, J. R.: Eﬂoctdnuulmonthpoh-ummd
tent of the medium in experi ts with isolated rat diaph 8ci 111: 30-31,

1950.

263. KarrmmaN, G.: Contributions to the mathematical biology of excitation with particular emphasis on changes in
membrane permeability and on threshold phenomena. Bull math. Biophys. 13: 189-243, 1951.

264. Katz, B.: Impedance changes in frog’s muscle associated with electrotonic and ‘‘endplate’ potentials. J. Neuro-
physiol. 5: 100-184, 1943.

365. KaTs, B.: The electrical properties of the muscle fibre membrane. Proc. roy. S8oc. London B 135: 506-534, 1948.

266. Katz, B.: Les constantes électriques de la membrane du muscle. Arch. Sci. Physiol. 3: 285-300, 1949.

267. Karz, B. anp Lou, C. H.: Electric rectification in frog’s muscle. J. Physiol. 106: 20P-30P, 1047.

268. Kxynes, R. D.: The ionic movements during nervous activity. J. Physiol. 114: 119-150, 1951.

209. Knynss, R. D.: Tboionicﬂmmfmmunlc Proc. roy. S8oc. London B 142: 350-382, 1954.

370. Kxrxms, R. D.: P, 1

271. Kxynes, R. D. AND Apmiax, R. H.: The ionic selectivity of nerve and muscle membranes. Faraday S8oc. Disec.
21: 265-271, 1986.

373. Knynzs, R. D. aAND Luwis, P. R.: The resting exchange of radioactive potassium in crab nerve. J. Physiol. 113:
73-98, 1951.




158 SHANES

273. Kxynzs, R. D. AND Lzwis, P. R.: The sodium and potassium content of cephalopod nerve fibres. J. Physiol.
114: 151-182, 1051.

274. Kxynzs, R. D. anp Maiszw, G. W.: The energy requirement for sodium extrusion from & frog musdle. Proc. roy.
8oc. London B 142: 383-393, 1954.

275. KrrrenBerGER, W. W.: The diffusion of electrolytes through organic membranes. J. phys. Chem. 53: 393409,
1949.

276. Kvrors, I. M.: The nature of some ion-protein complexes. Cold 8pr. Harb. Symp. quant. Biol. 14: 97-113, 1950.

277. KoxcHLIN, B. A.: On the chemical composition of the axoplasm of squid giant nerve fibers with particular refer-
enoe to its ion pattern. J. biophys. biochem. Cytol. 1: 511-539, 1985.

278. Korac, M. J. Anp CuanBERS, R.: The coalescence of living cells with oil drops. J. cell. comp. Physiol. 9: 345-361,
1937.

279. KorTOM, G. AND Booxais, J. O’M.: Textbook of Electrochemistry 11. Elsevier Publ., Amsterdam 1951.

2380. Kraus, C. A.: The ion-pair concept: Its evolution and some applications. J. phys. Chem. 69: 129-141, 1956.

281. Kravse, O. aND Groror, H. W.: S8tudies on veratrum alkaloids. XV. The quinine-like effect of veratramine
upon the single twitch and upon the “veratrine response’’ of the sartorius muscle of the frog. J. Pharmacol.
103: 249-358, 1981.

282. Krnsxvié, K.: SBome observations on perfused frog sciatic nerves. J. Physiol. 123: 338-356. 1954.

283. Krnsxvié, K.: The distribution of Na and K in oat nerves. J. Physiol. 128: 473488, 1955.

284. KroGH, A., LINDBRRG, A.-L. AND ScHMIDT-N1ELSEN, B.: The exch of ions between ocells and extracellular
fluid, 3. The exchange of K and Ca between frog heart muscle and the bathing fluid. Acta physiol. scand. 7:
221-237, 194.

KurrLer, 8. W.: The relation of electric potential ch to contracture in skeletal muscle. J. Neurophysiol. 9:
367-377, 1946.

KurrLeRr, 8. W.: Physiology of neur V! ti Eleoctrioal aspects. Fed. Proc. 7: 437-446, 1948.

KurrLzr, 8. W. aNv Evzaguires, C.: Sympuo inhibition in an isolated nerve cell. J. gen. Physiol. 39: 155-184,
1988.

KurrLsr, 8. W. AND WiLLiAMs, E. M. V.: Small-nerve junctional potentials. Distribution of small motor nerves to
frog skeletal muscle and the membrane characteristics of the fibres they innervate. J. Physiol. 121: 380-317,
1983.

Kurrez, 8. W. AND WiLL1AMS, E. M. V.: Pmparﬁ.olthedow-kelehlmu.doﬁbmdthofm J. Physiol. 121:
318-340, 1953.

Kuws, H. A.: Uber die Wirkung von Antimetaboliten des Aneurins auf die einselne markhaltige Nervenfaser.
Helv. physiol. acta 14: 411-423, 1956.

. Laget, P.: Le r8le de I’anhydride carbonique dans 1’ ie des nerfs périphériques de Mammiféres. J. Physiol.,
Paris 43: 760-773, 1951.

LAcn, P., Posrernax, J. M. anp MaxaoLp, R.: Données Slectrophysiologiques sur 1’action narcotique des

liphati Méoani de la N PP. 180-194, 1081.
. Laaer, P., VianNa, U. aAND Laviaxs, 8.: Effets protecteurs de I’anhydride carbonique vis-d-vis de la dépolarisa-
tion anoxique des racines rachidiennes de Mammiféres. C. R. 8oc. Biol., Paris 145: 630-633, 1961.

¥ B% B

g

2
=

¥

304. LanauUuir, I. AnD ScuarFes, V. J.: Composition of fatty acid films on water containing caleium or barium salts.
J. Amer. chem. Soc. 58: 284-287, 1936.

298. Latiuer, W. M. aAxp HipesRAND, J. H.: Ref Book of I jio Chemistry. Macmillan, New York 1940.

298. Lavianz, 8. axp CoraBoxur, E.: Action parée du gas carboni sur les fibres nerveuses motrices et sensi-
tives des Crustacés. J. Physiol., Paris 47: 209-311, 19585.

297. Legovurx, J. P.: Influence de 1’état physiologique du nerf sur sa polarisation par des constants. C. R.

8oc. Biol., Paris 147: 1882-1886, 1953.

298. Leamanw, H. J.: The epineurium as a diffusion barrier. Nature, Lond. 172: 1045, 1953. .

299. Lremany, H. J.: Uber Struktur und Funktion der peri len Diffusionsbarri Z. Zellforsch. 46: 333-341,
1987.

800. LeaNaARTs, E.: Potassium ions and vagus inhibition. J. Physiol. 86: 37P-38P, 1938.

801. LeuBuck, F. oxp SrRoBACH, R.: Kaliumabgabe aus glatter Muskulatur. Arch. exp. Path. Pharmak. 228: 130~
131, 1986.

302. Luvi, H. axp Usaing, H. H.: The exchange of sodium and chloride ions across the fibre membrane of the isolated
frog sartorius. Acta physiol. scand. 16: 333-249, 1948,

303. Lewis, P. R.: The free amino-acids of invertebrate nerve. Biochem. J. 52: 330-338, 1983.

304. Ling, G. N.: The role of phosphate in the maintenance of the resting potential and selective ionic acoumulation in

frog le cells. Phosph. Metabolism 2: 748-798, 1983.

308. Ling, G. aAND GxraRD, R. W.: The normal membrane potential of frog sartorius fibers. J. cell. comp. Physiol.
34: 383-396, 1049.

308. Lixvg, G. AND GERARD, R. W.: The b P ial and metabolism of le fibers. J. cell. comp. Physiol.
34: 413438, 1949.

307. Ling, G. AND WoODBURY, J. W.: Effect of temperature on the membrane potential of frog muscle fibers. J. cell.
comp. Physiol. 34: 407-4132, 1949.

308. LorznTE DB N6, R.: Effects of choline and acetylcholine chloride upon peripheral nerve fibers. J. cell. comp.
Physiol. M4: 8597, 1944.

309. LorxNTE DE N6, R.: Correlation of nerve activity with polarisati h Harvey Lect. 42: 43-108, 1946~
1947.




ELECTROCHEMICAL ASPECTS IN EXCITABLE CELLS. 1 159

310. LorxnTE DB N6, R.: A study of nerve physiology. Part 1. 8tud. Rockefeller Inst. med. Res. 132: 1-496, 1947.

311. Loamers pE N6, R.: A study of nerve physiology. Part 2. 8tud. Rockefeller Inst. med. Res. 132: 1-848, 1947.

313. Lormwra b3 N6, R.: The ineffectiveness of the connective tissue sheath of nerve as a diffusion barrier. J. cell.
ocomp. Physiol. 35: 195-240, 1950.

313. Lorunts D= N6, R.: Obeervations on the properties of the epineurium of frog nerve. Cold Spr. Harb. Symp.
quant. Biol. 27: 200-315, 1083.

314. Lorxnrs b3 N6, R. axp Faxa, T. P.: Analysis of the effect of barium upon nerve with particular reference to
rhythmio sctivity. J. cell. comp. Physiol. 28: 397-464, 1946.

318. Lunmn, M. AwD SCHNEIDER, P. B.: The exchange of potassium for caesium and rubidium in frog muscle. J. Physiol.
138: 140-188, 1957.

316. Luxpsa®a, A.: On the effect of temperature on the depolarisation of frog nerve fibers. Acta physiol. scand. 222
348-364, 1051.

317. Luwpaxne, A.: On the ability of some cations to inhibit the potassium depolarisation of frog nerve fibers. Acta
physiol. scand. 22: 368-375, 1961.

318. Luwpeang, A.: Electrotonus in frog spinal roots and sciatic trunk. Acta physiol. scand. 23: 234-262, 1951.

319. Lunpesno, A.: Differential effect of potassium and rubidium ions on frog nerve fibers. Acta physiol. scand. 23:
263-378, 1081.

320. Lunpsene, A.: Differences in after-potentials of frog motor and sensory A fibers. Acta physiol. scand. 23: 279-282,
1981,

331. Luxpeaae, A.: Adrenaline and transmission in the sympathetic ganglion of the cat. Acta physiol. scand. 26:
283-263, 1983.

323. Luxpsara, A. AxD Oscarsson, O.: Anoxic depolarisation of mammalian nerve fibers. Acta physiol. scand. 30:
99-110, 1983,

333. Lorreau, H.-C.: Die Abhingigkeit der Reisachwelle (Rheobase) isolierter Ranvierscher Schnlrringe von der
Ionenkonsentration. Z. Naturf. 8b: 363368, 1963.

324. LOTraAU, H.-C.: Uber die Bedingungen sur Auslbsung rhythmischer Erregungen an markhaltigen Nervenfasern
nach Na* und Ba**-Zusats sowie Ca-Entsug. Z. Biol. 107: 34-46, 1984.

335. LOTraav, H.-C.: Analyse der Wirkung von Bariumionen an der isolierten markhaltigen Nervenfaser. Pfitig.
Arch. ges. Physiol. 260: 141-147, 1954.

338. LO0rraavu, H.-C.: Das Na-Tramsportaystem wihrend der Erregungsprosesse am Ranvier-Knoten isolierter

Nervenfasern. Experientia 13: 483486, 1956.

327. Lorreav, H.-C.: Elektrophysiologische Analyse der Wirkung von UV-Licht auf die isolierte markhaltige Nerven-
faser. Pfiag. Arch. ges. Physiol. 262: 344-285, 1086.

3328. Maclwxss, D. A.: The Principles of Electrochemistry. Reinhold Publ., New York 1839.

339. Maxnny, J. F.: Water and electrolyte metabolism. Physiol. Rev. 34: 334-417, 1954.

330. Maxzry, J. F., Daxizisox, I. 8. Axp Hasrinas, A. B.: Connective tissue electrolytes. J. biol. Chem. 124: 359
375, 1638,

331. Mawnny,J. F., GourLxy, R. D. H. oAxp Fisuzs, K. C.: The potassium uptake and rate of oxygen consumption of
isolated frog skeletal muscle in the presence of insulin and lactate. Can. J. Biochem. Physiol. 34: 803-903, 1058.

333. McInTyYas, A. R., YoUng, P. AND Wans, F.: Effects of magnesi and calcium lack on frog muscle R. P.
sn vitro. Fed. Proc. 15: 488, 1056.

333. McLawwax, H.: The sfer of potassium b li le and the surrounding medium. Biochim.
biophys. acta 16: 87-9§, 1085.

334. McLaxnaw, H.: Physical and chemical factors affecting potassium mo ts in lian muscle. Biochim.
biophys. acta 22: 30-37, 1956.

$35. McLannaxn, H.: The transfer of sodium ions b 1i Je and the ding medium. Biochim.

biophys. acta 24: 3333939, 1057.

336. McLzxwaw, H. Axp Haznis, E. J.: The effect of temperature on the content and turnover of sodium and potas-
sium in rabbit nerve. Biochem. J. 57: 329-334, 1954.

337. Muysz, K. H. awp Bexurzwp, P.: The potentiometric analysis of membrane structure and its application to
living animal membranes. J. gen. Physiol. 29: 353-378, 1946.

338. Moxism, A. M.: Properties of nerve axons (II). The damping factor as a functional eriterion in nerve physiology.
Cold 8pr. Harb. Symp. quant. Biol. 17: 69-98, 1953.

$39. Moxninm, A. M.: Personal communication.

340. MurLws, L. J.: Some physical mechanisms in narcosis. Chem. Rev. 54: 280-323, 1954.

340a. MurLiws, L. J.: The structure of nerve cell b In: Molecular Str and Functional Activity of
Nerve Cells. Amer. Inst. Biol. 8ai., Washington, D. C. 1986.

$41. Nacamawsonn, D. axp Srmiwsacu, H. B.: Localisation of ensymes in nerves. 1. SBuccinic dehydrogenase and
vitamin Bi. J. Neurophysiol. 5: 109-130, 1943.

343. Nastux, W.: The electrical activity of the musocle cell b at the neuro lar memb J. cell. comp.
Physiol. 42: 340-273, 1083.

343. Nastux, W. L.: Relation between extracellular Na* and the depolarising action of acetylcholine* on the end-
plate membrane. Fed. Prooc. 13: 104, 1954.

344. Nasrux, W. L. awp Hopaexix, A. L.: The electrical activity of single muscle fibers. J. cell. comp. Physiol. 35:
39-74, 1980.

345. Nrcuowss, J. G.: The electrioal properties of denervated skeletal muscdle. J. Physiol. 131: 1-13, 1966.

346. NixpEnGERKE, R. AND HaRnis, E. J.: Calcium and contraction of the heart. Accumulation of ealdum (or stron-
tium) under conditions of increasing contractility. Nature, Lond. 179: 1068-1000, 1957.




160 SHANES

347. NizpERGERKE, R. AND LUTTGAU, H.-C.: Calcium and contraction of the heart. Antagonism bet lcium and
sodium ions. Nature, Lond. 179: 1066-1067, 1957.

348. leonoml. R AND Stimprul, R.: Die Kohlensiurewirkung an der einselnen markhaltigen Nervenfaser bei
Rheob Pflag. Arch. ges. Physiol. 258: 95-102, 1953.

349. Norpqvisr, P. AND WisTRAND, P.: The effect of leamide (Di ) on peripheral nerve. Act. 80c. Med.
Upealiensis 69: 5660, 1955.

350. NysrrOM, B. AND BODERBERG, U.: Note on the influence of hydrogen ion concentration upon swelling of de-
sheathed peripheral nerve. Acta physiol. scand. 33: 66-68, 1955.

351. OBErHOLSER, R.J. H.: Infl of various potassi trations on the oxygen consumption of frog nerves.
Biol. Bull. 101: 198, 1951.

383. OxamATA, Y.: Untersuchungen iiber die Wirkungen der vegetativen Gifte auf den Skelettmuskel. Pfidg. Arch.
ges. Physiol. 204: 726-746, 1924.

353. OsrErHOUT, W. J. V.: Diffusion potentials in models and in living cells. J. gen. Physiol. 26: 293-307, 1943.

354. OsrErEOUT, W. J. V.: A model of the potassium effect. J. gen. Physiol. 27: 91-100, 1943.

355. OsrEruOUT, W. J. V. AND S8TANLEY, W. M.: The accumulation of electrolytes. V. Models showing accumulation
and a steady state. J. gen. Physiol. 15: 667-689, 1933.

356. OrrosoN, D.: Structural properties of the myelinated nerve fibre as revealed by microinjection. Acta physiol.
scand. 29: suppl. 106, 161-169, 1956.

356a. PaDsHA, 8. M.: The infl of anions on the b i of skeletal le. J. Physiol. 137: 26P-28P,
1967.

387. PamuiN, R. B. aND EvRriNg, H.: Membrane permeability and electrical potential. In: Ion Transport Acroes
Membranes, ed. by H. T. Clarke, Acad. Press, New York 1954.

388. PaToN, W. D. M. aAND PerryY, W. L. M.: The relationship b depolarisation and block in the cat’s superior
cervical ganglion. J. Physiol. 119: 43-57, 19563.
359. Poer, R. L. aND JoLvy, P. C.: The linkage of sodium, potassium, and jum active rt acroes the

human erythrocyte b Biochim. biophys. acta 25: 118-138, 1957.

360. PoeTERNAK, J. AND ARNOLD, E.: Action de I’anélectrot. et d’une solution hypersodique sur la conduction dans
un nerf narcotisé. J. Physiol., Paris 46: 502-505, 1954.

361. PoerERNAK, J. AND MANGOLD, R.: Actions de narcotiques sur les fibres nerveuses. Abstr. Comm. X VIII Internat.
Physiol. Congress, Copenhagen 1950, p. 397.

362. Purpura, D. P., Girapo, M. AND GRUNDFEsT, H.: SBelective blockade of exci y 8y in the cat brain by
y-aminobutyric acid. Science 125: 1200-1203, 1957.

362a. PUurPuRa, D. P., Girapo, M. AND GRUNDrFEsT, H.: Mode of action of aliphatic amino acids on cortical synaptic
activity. Proc. 8oc. exp. Biol., N. Y. 95: 791-796, 1987.

363. Rasusass, C. AND RusuToN, W. A. H.: The relation of structure to the spread of excitation in the frog’s sciatic
trunk. J. Physiol. 110: 110-135, 1949.

364. Ruirxr, M.: Metabolic action of veratridine and of the secondary amine bases veratramine, veratrosine, and
peeudojervine on cardiac tissue of the nt J. Pharmacol. 99: 183-189, 1950.

365. Rerrer, M.: Wirkung von F Ni ug und 8tr hin auf Kontraktionskraft und Alkaligehalt
des Hersmuskels. Arch. exp. Path. Pharmak. 217. 300-3185, mo

366. RrrcuiE, J. M. AND BTRAUB, R. W.: The hyperpolarisation which follows activity in mammalian non-medullated
fibres. J. Physiol. 136: 80-97, 1957.

367. R R.B,R I. Z. anp Cowiz, D. B.: Potassium metabolism in Escherickia cols. I1. Metabolism in
the presence of carbohydrates and their metabolic derivatives. J. cell. comp. Physiol. 34: 250-293, 1949.

368. Ron:mou. J. D.: The ultrastructure of adult vertebrate peripheral myelinated nerve fibers in relation to mye-

is. J. biophys. biochem. Cytol. 1: 271-278, 1985.

368a. RoBERTSON, J. D.: The ultrastructure of a reptilian my 1 junction, J. biophys. biochem. Cytol. 2:
381-394, 1956.

369. RoBRTsON, W. VAN B. AND PrysxR, P.: Changes in water and electrolytes of cardiac muscle following epi-
pephrine. Amer. J. Physiol. 166: 277-283, 1951.

370. RoBERTSON, W. VAN B. AND PxysEr, P.: Estimates of extracellular fluid vol of my di Amer. J.
Physiol. 184: 171-174, 1956.
371. Roaers, T. A. Axp FENN, W. O.: Effect of extracellular pH on le electrolytes. Fed. Proc. 16: 109, 1957.

373. RosENBLUETH, A.: The local responses of axons. Ergebn. Physiol. 47: 34-69, 1953.

373. RossxL, W.: Der Einfluss der Nervenhillen auf die elektrolytische Polarisation und die Erregbarkeit des Frosch-
ischiadicus. Pfiilg. Arch. ges. Physiol. 246: 543-852, 1943.

374. ROTHENBERG, M. A.: Studies on permeability in relation to nerve function. II. Ionic mo ts acroes |

b Biochim. biophys. acta 4: 96-114, 1950.

375. RoTHsTEIN, A.: Ensyme systems of the cell surface involved in the uptake of sugars by yeast. Symp. S8oc. exp.
Biol. 8: 165-201, 1054.

376. RorHarriN, A. AND DxMis, C.: The relationship of the cell surface to metabolism. The stimulation of fer t
tion by extracellul tassi Arch. Bioch 44: 18-29, 1983.

377. ROTHSTEIN, A. AND Dnus, D. J.: Relationship of the cell surface to metabolism. XII. Effect of mercury and
ocopper on glucoss uptake and respiration of rat diaph Amer. J. Physiol. 180: 566-574, 1958.

378. RorusTEIN, A. AND ENNs, L. H.: The relationship of potassium to carbohydrate metabolism in baker’s yeast.
J. cell. comp. Physiol. 28: 231-253, 1946.

379. Rorrm:m. A., FRENKEL, A. AND LARRABEE, C.: The relationship of the cell surface to metabolism. III. Certain

istios of the ium lex with cell surface groups of yeast. J. cell. comp. Physiol. 32: 261-274, 1948.




ELECTROCHEMICAL ASPECTS IN EXCITABLE CELLS. I 161

380. RoTrarEIN, A. AND LaRRaBEE, C.: The relationship of the cell surface to metabolism. II. The cell surface of
yeast as the site of inhibition of gl tabolism by i J. cell. comp. Physiol. 32: 347-260, 1948.

381. RorasreIN, A., Mxixn, R. C. AND Sanlr.T G.: Relationship of cell surface to metaboli IX. Digestion of
phosphorylated compounds by ensymes located on surface of intestinal cell. Amer. J. Physiol. 173: 41-46, 1953.

383. Rup, J.: Personal communication.

383. SAUMONT, R. aND LaaxT, P.: Le potentiel de démarcation des nerfs de Mammifére. Méthode de mesure et ré-
sultats préliminaires. C. R. 8oc. Biol., Paris 147: 596-599, 1953.

384. ScuarzMann, H. J.: Hersglykoside als Hemmstoffe fir den aktiven Kali und Natri rt durch die
mbran. Helv. physiol. acta 11: 346-354, 1953.
385. ScHATIMANN, H. J. AND WiTT, P. N.: Action of k-strophanthin on potassium leakage from frog sartorius muscle.

Amer. J. Physiol. 112: 501-508, 1954.

386. SoumipT, G. W.: Determination of diffusion and permeability coefficients in nerve trunks. Bull. math. Biophys.
185: 489-500, 1953.

387. Scuurrr, F. O.: The oxygen consumption of stimulated nerve. Amer. J. Physiol. 104: 303-319, 1933.

388. BoumMrrT, F. O. AND BEAR, R. 8.: The ultrastructure of the nerve axon sheath. Biol. Rev. 14: 27-50, 1939.

389. BcauMrTT, F. O., BRAR, R. 8. AND PALMER, K. J.: X-ray diffraction studies on the structure of the nerve myelin
sheath. J. cell. comp. Physiol. 18: 3143, 1941.

390. ScuurrT, F. O. AND Con, C. F.: Lactic acid formation in medullated nerve. Amer. J. Physiol. 106: 339-349, 1933.

391. Scrurrr, O. H.: Some low freq h ics of \! and the nerve membrane. Biol. Bull. 99: 344, 1950.

393. Scumrrt, O. H.: Dynamic negative sdnnthnoe components in statically stable membranes. In: Electrochemistry
in Biology and Medicine, ed. by T. 8hedlovsky, Wiley, New York 1955.

393. ScuoxrprLx, G. M.: Kinetics of change of spike height during dal polarisation of isolated single nerve fibers.
Amer. J. Physiol. 187: 549-857, 1056.

394. 8 =, G. M.: P hal block of single nerve fibers and subsequentrevival by meansof anodal polarisation.
Fed. Prooc. 16: 114, 1987.
398. Scuorrrie, G. M. AND GrANT, J. M.: Relation betw lectrotonic p ial and b resistivity in frog

nerve. Amer. J. Physiol. 177: 187-193, 1954.

396. Bcnlmn, 8. 8.: Potassium and sodium exchange in the working frog heart. Effects of overwork, external con-

tassium and ouabain. Amer. J. Physiol. 185: 337-347, 1956.

397. Szams, D. F. mn Fznn, W. O.: Narcosis and emulsion reversal by inert gases. J. gen. Physiol. 40: 518530, 1987.

398. SuANEs, A. M.: A metabolic basis for the stabilisation of resting potentials by calcium. J. cell. comp. Physiol.
19: 349-253, 1942.

399. SaaNEs, A. M.: A neglected factor in studies of potassium distribution in relation to the resting potential of nerve.
J. cell. comp. Physiol. 27: 115-118, 1946.

400. Saanes, A. M.: Physical and metabolic factors governing the production of the resting potential in nerve. Yearb.
Amer. phil. 8cc. pp. 163-165, mo

401. Suaxes, A. M.: Medium in relation to the water content and electrical properties of nerve. Fed.
Proc. 7: 111, 1948.

403. Suanes, A. M.: Metabolic changes of the resting potential in relation to the action of carbon dioxide. Amer. J.
Physiol. 153: 93-108, 1948.

403. SHANES, A. M.: An experimental and theoretical approach to the mechanism of cocaine action. Science 107: 679-
681, 1948,

404. S8HANES, A. M.: The effect of ‘‘stabilising’’ and ‘‘unstabilising”’ ts in relation to the metaboli h
supporting the resting potential of nerve. Biol. Bull. 95: 245, 1048.

408. Saawns, A. M.: Electrical phenomena in nerve. I. 8quid giant axon. J. gen. Physiol. 33: 57-73, 1949.

406. Baanms, A. M.: Electrical phenomena in nerve. II. Crab nerve. J gen Physiol. 33: 75-102, 1949.

407. SHanEs, A. M. Eloemdchnmmmbmm lation to p mo t. Biol. Bull. 97: 247, 1949.

408. SHANES, A. I. i t in relation to drug and ion action in nerve. Biol. Bull. 99: 309-310, 1950.

409. Suanms, A. M.: Potassium retention in crab nerve. J. gen. Physiol. 33: 643-649, 1950.

410. Seawms, A. M.: Drug and ion effects in frog muscle. J. gen. Physiol. 33: 729-744, 1950.

411. S8aanms, A. M.: Factors in nerve functioning. Fed. Proc. 10: 611-631, 1951.

413. SaAxEs, A. M.: Potassium mo t in relation to nerve activity. J. gen. Physiol. 34: 795-807, 1951.
413. Sranms, A. M.: Electrical phenomens in nerve. 1I1. Frog sciatic nerve. J. cell. comp. Physiol. 38: 17-40, 1951.
414. Snaxms, A. M.: Ionic transfer in nerve in relation to bioelectrical ph Ann. N. Y. Acad. Bci. 55: 1-38, 19532.

415. Saanms, A. M.: The ultraviolet spectra and physiologi 1 effects of ‘“‘veratrine’’ alkaloids. J. Pharmacol.
108: 216-231, 1953.

416. SHANRS, A. M.: Effects of sheath removal on bullfrog nerve. J. cell. comp. Physiol. 41: 305-312, 1983.

417. SaaNEs, A. M.: S8odium exch hrough the epi ium of the bullfrog sciatic. J. cell. comp. Physiol. 43: 99-106,

1954.

418. Saanms, A. M.: Effects of sheath removal on the sciatic of the toad, Bufo marinus. J. cell. comp. Physiol. 43:
87-98, 1954.

419. Sranzs, A. M.: Effect of temperature on potassium liberation during nerve activity. Amer. J. Physiol. 177: 377-
383, 1954.

490. Snanms, A. M.: Some observations on the effect of dextran on the uptake of the medivm by desheathed bullfrog
nerve. National R h C il Conf , 1954.

431. Saaxms, A. M.: Factors governing ion transfer in nerve. In: Electrolytes in Biological Systems, ed. by A. M.
Shanes, Amer. Physiol. S8oc., Washington, D. C. 1985.

423. Snanzs, A. M.: Distinction between effects on metabolic transport and passive fer of ions. Sci 1M:

724-725, 1956.



162 SHANES

433. Snanes, A. M.: Ionic transfer in a vertebrate nerve. In: Metabolic Aspects of Transport Across Cell Membranes,
ed. by Q. R. Murphy, Univ. Wisconsin Press, Madison 1957.
424. Saanms, A. M.: Ion and anesthetic effects in relation to transient bioelectrical changes in the squid giant axon.
In preparation.
435. Suansms, A. M.: Unpublished.
436. SnaNEs, A. M. AND BxruAN, M. D.: Penetration of the intact frog nerve trunk by potassium, sodium, chloride
and sucrose. J. ocell. comp. Physiol. 41: 419-480, 1953.
. SrANES, A. M. AND Beauan, M. D.: Penetration of the desheathed toad sciatic nerve by ions and molecules. I.
Steady state and equilibrium distributions. J. cell. comp. Physiol. 48: 177-198, 1988. '
SuAN®s, A. M. AND BaruAN, M. D.: P tion of the desheathed toad sciatic nerve by ions and molecules.
II. Kinetics. J. cell. comp. Physiol. 45: 199-240, 1988.
8Suanms, A. M. AND Beruaxn, M. D.: Kinetios of ion movement in the squid giant axon. J. gen. Physiol. 39: 279-
300, 1985,
8uanps, A. M. AND BerxaNn, M. D.: Ionic transport in the sciatic nerve of the toad, Bufo marinus. Fed. Proe.
15: 168, 1988. .
. BaaxNms, A. M. aND Brown, D. E. 8.: The effect of metabolic inhibitors on the resting potential of frog nerve.
J. oell. comp. Physiol. 19: 1-13, 1942.
Suawms, A. M., Freveang, W., Gruxpreet, H. AND AMATNIEK, E.: Anesthetic and cevadine action in the
voltage-clamped aquid giant axon. In preparation.
Suanms, A. M. AND GxrsrrzLp, N. L.: Unpublished.
Snangs, A. M. anp Horxuns, H. 8.: The effect of potassium on ‘‘resting’’ potential and respiration of crab nerve.
J. Neurophysiol. 11: 331-343, 1048.
Suaw, F. H., HoLuan, M. axp MacKznzin, J. G.: Theaction of yohimbine on nerve and muscle of amphibia.
Aust. J. exp. Biol. med. Sci. 33: 496-508, 1955.
Suaw, F. H. axp 8:Mox, 8. E.: The nature of the sodium and potassium balance in nerve and muscle cells. Aust.
J. exp. Biol. med. Sci. 33: 153-178, 1988.
Suaw, F. H., 810N, 8. E. anp Jonnsroxs, B. M.: The nonocorrelation of bioelectric potentials with ionic gra-
dients. J. gen. Physiol. 40: 1-17, 1986.
8naw, F. H., B1M0N, 8. E., Jouxsroxx, B. M. axp HoLuax M. E.: The effect of changes of environment on the
eloctrical and ionic pattern of muscle. J. gen. Physiol. 40: 363288, 1986.
Susnr, M. A. F.: The effect of certain drugs on the axidation processes of mammalian nerve tissue. J. Pharmaocol.
38: 11-29, 1930.
Smwesx, R. H.: The free amino acids of lobster nerve. J. cell. comp. Physiol. 18: 31-30, 1941.
441. 8uaER, R. H. axD ScEMITT, F. O.: The role of free amino acids in the electrolyte balance of nerve. J. cell. comp.
Physiol. 16: 347-254, 1940.
443. Bruox, B. E.: The effect of yohimbine on sodium and potassium movements in resting nerve and muscle. Aust.
J. exp. Biol. med. Sci. 33: 179-188, 1988.
442. S81vox, 8. E,, 8aaw, F. H., Baxxzrr, 8. ANpD MuLLzs, M.: The relationship between sodium, potassium, and
chloride in amphibian muscle. J. gen. Physiol. 48: 783-777, 1957.
443. 8xov, J. C.: Local ansesthetics. I. The blocking potencies of some local anaesthetics and of butyl aleohol deter-
mined on peripheral nerves. Acta pharm. tox., Kbh. 10: 381-291, 1954.
444. 8x00, J. C.: Local anaesthetics. I1. The toxic potencies of some local anaesthetics and of butyl aloobol, determined
on peripheral nerves. Acta pharm. tox., Kbh. 10: 303-306, 1954.
&8>8x0v, J. C.: Looal ansesthetics. III. Distribution of local anaesthetios between the solid phase/aqueous phase of
peripheral nerves. Acta pharm. tox., Kbh. 10: 207-304, 1984.
#48) 8xou, J. C.: Local ansesthetics. IV. Surface and inter-facial activities of some local ansesthetics. Acta pharm.
tox., Kbh. 10: 305-316, 1954.
@) 8xov, J. C.: Local anaesthetics. V. The action of local anaesthetics on monomolecular layers of stearioc acid. Acta
pharm. tox., Kbh. 10: 317-334, 1054.
@ 8x0v, J. C.: Local anaesthetics. V1. Relation between blocking potency and penetration of a monomolecular layer
of lipoids from nerves. Acta pharm. tox., Kbh. 10: 335-337, 1954.
449. Soranp?, D. Y.: The effect of potassium on the excitability and resting metabolism of frog’s muscle. J. Physiol.

g 8 8 8

&

§EREEEEGB

3

86: 163-170, 1935.

450. SoLLmRr, K.: The origin of bi-ionic potentials across porous membranes of high ionic selectivity. J. phys. Chem.
53: 1311-1339, 1949.

481. SoLLnzn, K.: Recent ad in the electrochemistry of membranes of high ionic selectivity. Trans. electro-

chem. 8oc. 97: 139C-181C, 1980.

453. SoLoMON, B. AxD Tonias, J. M.: Influence of direct current on the long axis distribution of K, Ca, and Na in dog
nerve. Biol. Bull. 101: 198, 1951.

433. Spacrox, W. 8.: Handbook of Biological Data (Table 38). S8aunders, Philadelphia 1956.

454. SrYmorouLos, C. 8.: The effects of hydrostatic pressure upon the normal and narcotised nerve fiber. J. gen.
Physiol. 40: 840-857, 1987.

458. SrInrrul, R.: Bau und Funktion isolierter markhaltiger Nervenfasern. Ergebn. Physiol. 47: 70-168, 1983.

488. Srinrri, R.: A new method for measuring membrane potentials with external electrodes. Experientia 10: 508~
509, 1954.

457. 8rXmrrL1, R.: Saltatory conduction in nerve. Physiol. Rev. 34: 101-113, 1984.

488. SrimrrLi, R.: Nouvelle méthode pour enregistrer le potential d’action d’un seul étranglement de Ranvier et sa
modification par un brusque changement de la concentration du milieu extérieur. J. Physiol., Paris 48: 710-
714, 1956.



ELECTROCHEMICAL ASPECTS IN EXCITABLE CELLS. I 163

459. SrXmrrul, R.: Action and resting potentials of amhud” Ranvier nodes. Abstr. Comm. XX. Internat. Physiol.

Congress, Brussels 1986, p. 751 (and p ioation)

460. STimrrLi, R. AND Nisuis, K.: Effects of aniso- tic solutions on resting and action potential of myelinated
nerve. Helv. physiol. acta 13: 33C-34C, 1955.

461. Srimrrri, R. AxD Nmu1x, K.: Effects of calcium-free soluti b ial of myelinated nerve fibers

of the Brasilian frog Leptodactylus ocellatus. Helv. physiol. wta 14: 93-104, mo
463. SrervBacH, H. B.: Chloride in the giant axons of the squid. J. cell. comp. Physiol. 17: 57-84, 1941.
463. Srenvsach, H. B.: Sodium extrusion from isolated frog muscle. Amer. J. Physiol. 167: 284-287, 1051.

464. SrenvBacH, H. B.: On the sodium and potassium bal of isolated frog les. Proc. nat. Acad. 8ci., Wash.
38: 451-455, 1953.
465. SrervpacH, H. B. AND SrizoELMAN, B.: The sodium and potassium bal in squid nerve axoplasm. J. cell.

ocomp. Physiol. 22: 187-196, 1943.

468. SrerunNs0N, W. K.: Membrane potential changes in fibers of the frog sartorius muscle during sodium extrusion
and potassium accumulation. Biol. Bull. 165: 385-386, 1953.

467. 8TRAUB, R.: Der Einfluss von Acetylcholin, Eserin und Prostigmin auf das Ruhepotential markhaltiger Nerven-
fasern. Helv. physiol. acta 13: 34C-36C, 1955.

468. STrAUB, R.: Der Einfluss von Lokalanisthetika auf i bedingte Rubh tialinderungen von markhaltigen
Nervenfasern des Frosches. Arch. int. Pharmacodyn. 57: 414-430, 1956.

469. STrAUB, R.: Die Wirkungen von Veratridin und Ionen auf das Ruhepotential markhaltiger Nervenfasern des
Frosches. Helv. physiol. acta 14: 1-38, 1986.

470. STRAUB, R.: Effects of local anaesthetics on resting potential of myelinated nerve fibers. Experientia 12: 183-184,
1988.

471. BTRAUB, R.: The action of COs and pH on the resting potential of myelinated nerve fibers. Abstr. Comm. XX
Internat. Physiol. Congress, Brussels 1956, pp. 858-860.

473. Srurs, H., Fmaxrsox, E., Euzrson, J. AND Bing, R. J.: The effect of digitalis on the hanical and electrical
uﬁvitydcr—“ d and non-extracted heart muscle preparations. Circ. Res. 2: 555-564, 1954.

478. SBwax, R. C. axp Knynzs, R. D.: S8odium efflux from amphibian muscle. Abstr. Comm. XX Internat. Physiol.
Congress, Brussels 1956, pp. 869-870.

474. Tamasiax, M.: Membrane and sarcoplasm resistance in an isolated frog muscle fibre. Annot. sool. jap. 23: 125-134,
1960.

478. Tamasian, M.: Effect of potassium ions upon the electrical resist of an isolated frog muscle fibre. Annot. sool.
jap. M: 141-149, 1081.

476. Tasaxi, I.: Properties of myelinated fibers in frog sciatic nerve and in spinal cord as examined with micro-elec-
trodes. Jap. J. Physiol. 3: 73-94, 1053.

477. Tasaxi, 1.: Nervous Transmission. Chas. C. Thomas, Springfield 1953.

478. Tasaxi, I.: New measurements of the capacity and the resistance of the myelin sheath and the nodal membrane
of the isolated frog nerve fiber. Amer. J. Physiol. 181: 639-650, 1985.

479. Tasaxy, I. anp Frank, K.: M t of the action potential of myelinated nerve fiber. Amer. J. Physiol.
182: 573-878, 1988.
480. Tasaxy, I. AND Frevaana, W. H.: The parallelism between the action potential, acti t, and b

resistance at a node of Ranvier. J. gen. Physiol. 39: 211-223, 1985.
481. Tasaxi, I. anp MizueucH:, K.: The ch in the electric imped. during activity and the effect of alkaloids
and polarisation upon the bioelectric processes in the myelinated nerve fiber. Biochim. biophys. acta 3: 484483,

1949,

483. Tasaxi, 1. anp SrymorouLos, C. 8.: The infl of changes in temperature and p on the nerve fiber.
In: The Infl of Temperature on Biological Sy , ed. by F. Joh Amer. Physiol. 80c., Washing+.
ton, D. C. 1987.

483. TaYLOR, B.: Some basic aspects of the pharmacology of synthetic curariform drugs. Pharmacol. Rev. 3: 413-444,
1951,

484. Tun.on,l.l. Wlu.n..).l( AND HasTiNGs, A. B.: Effect of cholinesterase and choline acetylase inhibitors on
gradient and potassium exchange of human erythrocytes. Amer. J. Physiol. 168:

“&-W. 1983. .
485. Teormry, T.: Memb lectrophoresis in relation to bioelectrical polarisation effects. Arch. 8ci. Physiol. 3:
205-319, 1949.
486. TxommuL, T.: Zur quantitativen Behandlung der Membranpermeabilitit. Z. Ehhmchom 56. 400460, 1051.
487. TazsLury, 8.: The mode of lar block d by acetylcholine, nicotine, eth and inyl.

choline. Acta physiol. scand. 34: 218-231, 1955.

488. TaseLxr?, 8.: The effect of anaesthetic agents on skeletal muscle membrane. Acta physiol. scand. 37: 335-349,
1956.

489. TroMAs, C. A.: New scheme for performance of osmotic work by membranes. Science 123: 60-61, 1956.

490. Treron, 8. R.: The calcium content of frog nerve. Amer. J. Physiol. 109: 457-466, 1934.

490a. Tos1as, J. M.: On ultrastructure and function in nerve. In: Trends in Physiology and Biochemistry, ed. by
E. 8. G. Barron. Acad. Press, New York 1982.

491. Tobias, J. M. AND BryaxT, 8. H.: An isolated giant axon preparation from the lobster nerve cord. J. cell. comp.
Physiol. 46: 163-183, 1955.

491a. Toman, J. E. P., WooDBURY, L. A., AND WoODBURY, J. W.: Mechanism of nerve conduction block produced by
anticholinesterases. J. Neurophysiol. 10: 420441, 1047.

493. Tosrmson, D. C.: Sodium and potassium transport in red blood cells. In: Electrolytes in Biological Systems,
ed. by A. M. Shanes, Amer. Physiol. 80c., Washington, D. C. 1988.




164 SHANES

493

494,
495.
496.

497.

pory Waiouany, 8.: Effects of calcium jons and local ansesthetics on Purkinje fibers. J. Physiol. 129: 868-583, 1055,
pry
s,
515.
s16.

517.
518.

519.

§ & BF B B B

. TRAUTWEIN, W. AND DUDEL, J.: Aktionspotential und Mechanogramm des Warmbliterhersmuskels als Funktion
der Schlagfrequens. Pfliig. Arch. ges. Physiol. 260: 24-39, 1954.

TrRAUTWEIN, W. AND DUpmy, J.: Aktionspotential und Mechanogramm des Katsenpapillarmuskels als Funktion
der Temperatur. Pfliig. Arch. ges. Physiol. 260: 104-115, 1954.

TravrweiN, W. aNp Dubrw, J.: Aktionspotential und Kontraktion des Hersmuskels in Sauerstoffmangel.
Pfilg. Arch. ges. Physiol. 263: 23-39, 1956.

TravrweN, W., GorreriN, U. AND Dupkw, J.: Der Aktionsstrom der Myokardfaser im Sauerstoffmangel.
Pfiig. Arch. ges. Physiol. 260: 40-60, 1954.

TravrwEIN, W., GorrsTEIN, U. AND FEDERSCHMIDT, K. : Der Einfluss der Temperatur auf den Aktionsstrom des
excidierten Purkinje-Fadens, g mit einer intracelluliren Elektrode. Pfiig. Arch. ges. Physiol. 258:
243-200, 1953.

. TRAUTWEIN, W., KUPFLER, 8. W. AND EDWARDS, C.: Ch in b h istics of heart fe during

inhibition. J. gen. Physiol. 40: 135-145, 1956.

TRAUTWEIN, W. AND ZINK, K.: Uber Membran- und Aktionspotentiale einselner Myokardfasern des Kalt- und
Warmbliiterhersens. Pfiig. Arch. ges. Physiol. 256: 68-84, 1052.

TRAUTWEIN, W., ZINK, K. AND Kavskr, K.: Uber Membran- und Aktionspotentiale einselner Fasern des Warm-
blaterskeletmuskels und ihre Veriinderung bei der Ischimie. Pflig. Arch. ges. Physiol. 257: 20-34, 1983.

. UssiNg, H. H.: The active ion transport through the isolated frog skin in the light of tracer studies. Acta physiol.
scand. 17: 1-37, 1049.
Ussing, H. H.: The distinction by of t between active t: port and diffusion. Acta physiol. scand.
19: 43-56, 1949.
Useing, H. H.: Ion port across biological b In: Ion T rt Across Membranes, ed. by H. T.

Clarke, Acad. Press, New York 1954.

Ussing, H. H. AND ZzRrAHN, K.: Active transport of sodium as the source of electric current in the short-circuited
isolated frog skin. Acta physiol. scand. 23: 110-127, 1951.

Vax HarrxveLp, A.: Asphyxial potassi loes of lian nerve. J. cell. comp. Physiol. 38: 199-306, 1951.

Wazs, F. ANDp BeNNETT, A. L.: Resting potential and action potential of frog heart as influenced by calcium lack.
Fed. Proc. 15: 496, 1956.

WesB, J. L. AND HoLLANDER, P. B.: The action of acetylcholine and epinephrine on the cellular membrane poten-
tials and contractility of rat atrium. Circ. Res. 4: 332-336, 1956.

WesB, J. L. AND HoLLANDER, R. P.: Metabolic aspects of the relationship bet: the contractility and mem-
brane potentials of the rat atrium. Circ. Res. 4: 618-636, 1956.

WeIDMANN, 8.: Electrical characteristics of Sepia axons. J. Physiol. 114: 372-381, 1951.

WEIDMANN, 8.: The electrical constants of Purkinje fibres. J. Physiol. 118: 348-360, 1952.

WreipmaNy, 8.: Elektrophysiologie der H kelfaser. Huber, Bern, Stuttgart 1986.

Wriss, J. H. AND GorooN, H. T.: The mode of action of certain insecticides on the arthropod nerve axon. J.
oell. comp. Physiol. 38: 147-171, 1047.

Wsert, T. C. AND LANDA, J.: Transmembrane potentials and contractility in the pregnant rat uterus. Amer. J.
Physiol. 187: 333-337, 1956.

WBRANDT, W.: The significance of the structure of a b for its selective p bility. J. gen. Physiol.
18: 933-965, 1935.

WiLBrANDT, W.: The effect of organic ions on the membrane potential of nerves. J. gen. Physiol. 20: 519-841,
1937,

WILBRANDT, W.: Zum Wirkungsmechanismus der Hersglykoside. Schweis. med. Wachr. 85: 815-820, 1985.
WoLL , A.: Utilisation of C1-labeled glucose by cardiac muscle treated with a cardiac glycoside. Science
113: 64-65, 1951.

WoopBURY, J. W.: Effects of DNP and x-irradiation on resting potentials and sodium effiux of frog muscle. Fed.
Proc. 14: 166, 1955.

WoopBURY, J. W. AND McINTYRE, D. M.: Electrical activity of single muscle cells of pregnant uteri studied with
intracellular ultramicroelectrodes. Amer. J. Physiol. 177: 355-300, 1954.

531. WoopsURyY, J. W. AND McINTYRE, D. M.: Tr b ion p ials from pregnant uterus. Amer. J.

B

by

g B8 E EEE

Physiol. 187: 338-340, 1956.

. WooDBURY, L. A. AND Hecrr, H. H.: Effects of cardiac glycosides upon the electrical activity of single ventricular

fibers of the frog heart, and their relation to the digitalis effect of the el diogram. Circulation 6: 173-182,
1052,
WoobBURY, L. A., Hecur, H. H. AND CH H , A. R.: Memb sting and action potentials of single

cardiac fibers of the frog ventricle. Amer. J. Physiol. 164: 307-318, 1951.

Waianr, E. B.: A comparative study of oxygen lack on peripheral nerve. Amer. J. Physiol. 147: 78-89, 1946.

WhaienT, E. B.: The effects of asphyxiation and narcosis on peripheral nerve polarisation and duction. Amer.
J. Physiol. 148: 174-184, 1947.

WniGHT, E. B.: Action of physostigmine (eserine) sulfate on peripheral nerve. Amer. J. Physiol. 184: 309-219,
1956.

Youna, J. Z.: The structure of nerve fibres in cephalopods and crust: Proe. roy. 8oc. London B 121: 319-337,
1936.

ZxranN, K.: Studies on the active transport of lithium in the isolated frog skin. Acta physiol. scand. 33: 347-358,
1985.

Z1xrLER, K. L.: Effect of potassium-rich medium, of glucose and of transfer of tissue on oxygen consumption by
rat diaphragm. Amer. J. Physiol. 188: 13-17, 1986.






