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An effort has been made to avoid those topics covered by the two previous
reviews under the title Electolyte and Mineral Metabolism in this Annual
Review (1, 2). This was facilitated by the personal taste of the reviewers.
Emphasis has been placed here on problems of electrolyte metabolism at
excitable tissues. It will be noted throughout that under each heading, some
aspects will be found that deviate somewhat from the heading. Headings are
used in this review as rather broad guidelines. We apologize for the exclusion
of many valuable references and of much valuable material within the articles
mentioned, all for the sake of conciseness.

Carpiac GLycosIDES, AcTIVE CATION TRANSPORT, AND INOTROPISM

Since the original observation by Schatzmann that strophanthin-K pre-
vents the active transport of Nat and K* in red cells (3), a considerable
amount of work has been done extending this finding to other glycosides and
tissues, including, of course, the heart (4-20, 35). The mechanism by which
these ionic effects of cardiac glycosides are produced is most probably
through inhibition of the Nat-, K*-, and Mg?*-dependent ATPase system
(20-39). This enzyme system appears to be almost universal in promoting
active Nat eflux and K+ influx of living cells (20, 28, 30-32, 38), although
recently the alga Ulva lactuca was found to have a K+ influx much larger
than the Na' efflux and to lack a ouabain-sensitive Nat-K*-dependent
ATPase (40).

The ATPase system on which cardiac glycosides are supposed to act is
probably a combination of a phosphokinase plus a phosphatase (30-33, 41—
45). There are possibly diverse ATPase systems in living cells, but there is
evidence that points to a localization of the Na*-, K*-, and Mg*"-dependent
one, which is inhibited by ouabain, on a membrane-microsomal fraction
(39, 42, 46). There is evidence both for (42, 43) and against (41) correlation
of K*-dependent p-nitrophenyl-phosphatase with ouabain-sensitive ATPase
activity. It is possible that not all authors deal with the same enzyme prep-

I The survey of the literature pertaining to this review was concluded in March
1966.

2 The following abbreviations will be used: ATPase (adenosine triphosphatase);
e.p.p. (end plate potential); m.e.p.p. (miniature end plate potential).

3 Present address: Cétedra de Farmacologia, Instituto de Ciencias Quimicas,
Ciudad Universitaria, Cérdoba, Cba., Argentina.

125



Annu. Rev. Pharmacol. 1967.7:125-144. Downloaded from www.annualreviews.org

by John Carroll University on 12/16/11. For personal use only.

126 IZQUIERDO & IZQUIERDO

arations, as the tissues and extraction procedures differ (41, 42, 43). Purified,
highly specific Nat- and K*-dependent ATPase preparations have been ob-
tained. Perhaps some of the earlier work using less purified preparations,
contaminated to some extent by other ATPases, Nat- and K+-independent,
might need revision (39, 46). Using procedures by which membranous and
microsomal fractions could be separated, Nat-K*-dependent ATPase
activity was found in the former (41).

Cardiac glycosides exert their action on the second, K*-dependent,
phosphatase step of the ATPase reaction [(33); see also (44, 45)]. There
seems to be an electrogenic Nat pump sensitive to ouabain in papillary
muscle (15).

A point worthy of discussion is whether the effect of cardiac glycosides
on Nat and K* movements bears any relation to their cardiotonic action
(20). No definite answer can be given at present, although there are some
indications that it might not be so, and others that it might. The structural
requirements for glycosides to exert both sets of effects are analogous (20).
Chemically different Erythrophloeum alkaloids exert cardiotonic and ATPase
effects akin to those of glycosides (25, 47, 48), and their effect on AT Pase can
be antagonized by K*, as can that of glycosides (25). Erythrophleine and
ouabain have similar effects on membrane potential and K+, Nat, and Cl—
concentrations in frog sartorius muscle (49). The diverse sensitivity of hearts
of several species to cardiotonicactivity of strophanthin is roughly correlated
with their red cell ATPase sensitivity to this glycoside (37). The toad heart
shows seasonal variations in the membrane-microsomal Nat-K+-Mg?t-de-
pendent ATPase activity (50), which might correlate with seasonal variations
in the sensitivity of these hearts to glycosides. At high concentrations or
doses of cardiac glycosides which produce toxic effects on the heart, there is
increased (Na%); and decreased (K*); [see (20)], and the toxic effects of
digitalis can be antagonized by Kt (51).

However, there is considerable doubt as to whether the cellular Na* and
K* concentrations of the heart are modified at all at glycoside concentrations
which bring about increased inotropism rather than standstill [(5-8); see also
(20)]. Some investigators have found that at low (10~8 M or less) concentra-
tions of ouabain, the Nat- and K*-dependent ATPase is stimulated (19,
25, 52), or the Nat* transport is enhanced (16) under certain experimental
conditions and in certain preparations. The ‘‘therapeutic’’ concentration of
ouabain in human beings has been calculated to be around 1078 M (53). The
stimulatory effect on ATPase has not been found by some authors, however
(54).

A point to be considered is whether Na* or K* plays any role in the car-
diac action potential, its coupling with contraction mechanisms, and con-
traction mechanisms themselves. The inotropic effect of glycosides (20) pre-
cedes any change in the action potential that these might produce (20, S5,
56). Recently it has been shown that the peculiar heart action potential con-
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sists of a Nat-conductance and of a Ca?*-conductance phase, coinciding with
the initial rise and the plateau (57, 58); the Nat-phase can be blocked by
tetrodotoxin and the Ca?*-phase by Mn?** (58). Under normal conditions, the
magnitude of cardiac contractions is roughly dependent on the magnitude of
the plateau phase (59), although once both are inhibited by acetylcholine,
Ca?* restores the contractile capability independently of the duration of the
action potential (60), and wide action potentials but no contractions may
occur in Ca?"-free tyrode (59). It is not known at present whether in all
species, circumstances, or preparations the plateau phase and the contrac-
tion are dependent on Ca?*, or whether it might be substituted by other di-
valent ions, such as for example Mg?* [see (59)]. Zn?* depresses cardiac mus-
cle (62, 63, 64) but it may restore contractility in the absence of Ca?t, as do
other divalent cations (61).

That the effect of cardiac glycosides on inotropism is sensitive to external
Ca?" has been known since the days of Clark (65) and Loewi (66). Since, in
some species, the time that glycosides take to reach a maximal inotropic
effect is shorter, the higher the predrug heart rate (67), and since each beat is
associated with an inward Nat and Ca?" movement (58), and since heart
work is associated sometimes with K+ loss (68-70), any enhancing effect of
glycosides on Ca?t entry, Nat entry, or Kt loss may be causally related to
the inotropic action. Indeed, cardiac glycosides increase the K* loss of work-
ing hearts (71). Reasons were given above to doubt somewhat the association
of the actions on Nat and K% transport and inotropism. A further reason
might be that certain Nat-K*-dependent ATPase preparations from red cell
membranes seem to induce Nat retention rather than loss (72). Some reasons
will be given below which might favor the idea of a correlation between the
cardiotonic action and some effect on Ca?" movement of cardiac glycosides.

Ouabain increases Ca?"-uptake by isolated rabbit atria at the same time
that an inotropic effect is being produced (73). Digitalis-like compounds
possibly increase Ca?t at the site of excitation-contraction coupling (74).
Lock (75), using a hen auricle preparation (76), found that temperature af-
fects similarly the inotropic effect of ouabain and that of Ca?" added to the
bath in excess of the normal Ca? concentration; indeed, the slopes of dose-
response curves for both ouabain and added Ca?* increase to the same ex-
tent with increased temperature. Several authors have found that the ino-
tropic effect of cardiac glycosides is accompanied by an increased exchange
of tissue Ca?t (73, 77). Ouabain induces no increase of 5Ca’t entry in quies-
cent rabbit atria but it increases it enormously if these are made to beat (78).

While all these observations seem to support the hypothesis that cardiac
glycosides exert their inotropic effect through a Ca** mechanism, there are
several rather obscure points. First, the original observation by Wilbrandt
et al. (67) on predrug heart rate and inotropic effect of glycosides has since
been extended to some species, but was shown not to apply to rabbit,
guinea pig (79), and hen (75) myocardia, all of which show increased ino-
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tropism by glycosides even if these are applied to the quiescent preparations.
Then, there is no agreement between the various authors as to what definite
effect the glycosides have on (Ca?"); when in ‘‘therapeutic” concentrations
[see (20)]. However, it is possible that the cardiotonic action of these sub-
stances does not depend as much on total (Ca?"); as on how much Ca?t goes
into the vesicles whose Ca?" uptake seems to regulate ‘‘relaxing factor’ ac-
tivity (20). Only myocardium containing the so-called ‘“‘relaxing factor”
seems able to respond to ouabain (80). The above mentioned findings by
Lock (75) on the effects of temperature on dose-response curves of ouabain
and of added Ca?" deserve also a cautious comment, which he has made him-
self: why does temperature affect the response to added Ca?*, but not in the
same way as those of substracted Ca?", that is to say, of lower than normal
(Ca*)o?

Other than ionic effects of cardiac glycosides may or may not be related
to their inotropic action. Direct effects on contractile proteins have been
postulated [see (20, 93)]. Very low (10~1¢ to 10~ M) ouabain concentrations
increase the production of CO; from glucose and pyruvate of ¢z vitro dog
myocardium (81); this effect is caused neither by catecholamine (82) nor by
acetylcholine release (83); what relation, causal or other, this might have
with the inotropic effect is not known. Effects of ouabain on tissue respira-
tion, with special reference to the brain rather than the heart, and to phos-
phate turnover, may be found in a recent article by Rose (84).

Frog hearts may beat and conduct action potentials for long periods in
nonionic media consisting of 0.112 M sucrose (85-87). Preliminary observa-
tions by Roth and the authors have shown that ouabain added to the per-
fusing fluid in this kind of preparation may produce cardiac standstill. We
have not been able to ascertain, however, whether the perfusing fluid had
been completely nonelectrolytic, or simply a low ionic strength solution. In-
deed, hearts of other species have been traditionally known to cease beating
altogether in nonelectrolyte media; rabbit hearts stop beating below critical
(Ca?t), levels (88), and in these animals a delicate (Ca?"), and (K?%), interre-
lation exists in order to maintain their excitability and contractility (89).
Brady (90) has questioned some aspects of the experiments of hearts func-
tioning in sucrose solutions, and he and Tan (91) have found that frog atrial
trabeculae can only beat and perform if the extracellular ionic concentration
remains above 2 per cent of normal. This is in clear contradiction with the
findings by Van der Kloot & Dane (87) that hearts beating under sucrose
solutions have no demonstrable Nat space, or with Singh’s statements (92)
that frog stomach muscle or heart loses all Nat in one hour when washed
with 0.112 M sucrose. Indeed, Singh & Singh (86) recently came to the truly
remarkable conclusion that action potentials are not due toionic mechanisms,
based on the assumption that they could not be due to Nat influx as they
can occur in Nat-free media, or to anion efflux as they are not abolished by
increasing the extracellular concentration of various anions so as to exceed
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the intracellular ones. One wonders whether the electrolyte washout by
sucrose is so absolute as to sweep away the ionic atmosphere presumably at-
tached to the fixed charges of the membranes, or whether (Nat) measure-
ments can be so precise as to be within 2 per cent error.

For references older than 1963 that are not mentioned here, the reader is
referred to the excellent review by Glynn (20). Useful references on the effect
of digitalis on the heart are also to be found in the review on cardiac metabo-
lism by Bing (93). Good reviews on active transport and Nat-K*+-dependent
ATPase have appeared (30, 31, 33, 38). As space does not allow us to be more
explicit on the role of Ca?t in excitation-contraction coupling, the following
relevant recent papers are recommended (59, 90, 94-100).

ELECTROLYTE MECHANISMS IN LIBERATION OF
TRANSMITTER SUBSTANCES

The role of Ca?t in transmitter release is now widely accepted [see (101)].
In nerve-muscle mammalian preparations, where acetylcholine is the trans-
mitter, the release of this agent starts 0.5 msec after the presynaptic spike
(102), and “‘the only known intermediate reaction is that the entry of Ca?* is
by all means necessary’ (103). In adrenal medullary granule preparations,
as low a (Ca?*), as 0.2 m M produces a detectable increase in catecholamine
release (104). This concentration is equal to the one which produces a detec-
table increase in m.e.p.p. frequency in the cholinergic nerve-muscle prepara-
tion (105), and higher than that found for earlier, more crude adrenal granule
preparations [see (104)].

The posterior lobes of rats release vasopressin when (K*t), is high (106,
107), or when electrically stimulated (108); the latter also applies to guinea
pig posterior lobes (109). The release is inhibited by Mg?" and Na¥, and
abolished by omitting Ca?t from the bathing fluid; it increases when Ca?"
is increased, and is accompanied by a #%Ca?* influx (106, 107, 110). The in-
terpretation afforded for these findings is that, as presumably happens in
cholinergic nerve cndings, Ca?" enters into neurosecretory terminals upon
arrival of spikes therein (107, 108, 110).

Low blood Ca2* blocks monosynaptic transmission in the cat spinal cord;
restoration of blood Ca?* levels to normal results in recovery (111). Mgt
suppresses a number of spinal cord potentials thought to reflect various types
of synaptic transmission. I't has the same effect on the potential found on one
ventral root upon stimulation of an adjacent ventral root which is considered
to reflect perhaps electrotonically transmitted depolarization (113) between
adjacent motoneurons (112). This latter potential is suppressed by Mgt
more slowly than the others, and in this particular case Ca?" increases this
suppression rather than reversing it as is the case with the other potentials
(113).

Recent work has been done on the relation between Nat, Ca?t, and trans-
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mitter release by cholinergic nerve endings. When (Ca?t), is low, e.p.p.’s are
reduced in size. Lowering (Nat), then restores e.p.p.’s to their original dimen-
sions (114). When (Ca?"), is normal, lowering (Nat), docs not increase e.p.p.
quantal content (115), but it does increase m.e.p.p. frequency (116). This
effect of low (Nat), seems rather similar to the well-known effect of high
(K*),. It has been suggested that Nat and Ca?* compete for membrane sites
involved in transmitter release (114) on the basis of the generally accepted
competition of these ions on cardiac contraction [(117); see also (20)]. In this
respect, the findings of Gage & Quastel (116) do not agree with the quantita-
tive aspects of this postulated competition (two Na't ions versus one Ca?*"
ion). They found that lowering (Na%), from 100 to 70 per cent was more
effective on m.e.p.p. frequency than lowering it from 70 to 40 per cent; this
decrease of (Nat), from 100 to 70 per cent of normal was approximately as
effective as a fourfold rather than a twofold increase of Ca?t.

The effect of increasing (K*), on transmitter release has recently been
reinvestigated (118-120). Increased (K%), results in increased m.e.p.p.
frequency, a result generally ascribed to presynaptic depolarization [(121);
see also (101)]. Gage & Quastel (118) have produced rather strong evidence
that it is not correct simply to convert (K*t), to presynaptic depolarization
in terms of the Nernst equation, as they found that the (KT), effect on
m.e.p.p. frequency continued for some time after the effect on membrane
potential had reached a maximum. Parsons et al. (119) found that by in-
creasing (K*), from 5 to 15 mM, the rate of transmitter depletion after a
tetanus is increased, doubling the absolute number of quanta per impulse.
On the basis of their results, they postulated two direct effects of K on
transmitter release: an increase in the probability of transmitter release per
impulse, and an increase in the number of quanta in the so-called ‘‘readily
releasable store.”

GLIA AND THE EXTRACELLULAR SPACE OF NERVOUS TISSUE

The extracellular space around nerve cells and their processes appears in
electron micrographs as if it consisted only of 100 to 200 A clefts, and there s
no certainty from the pictures that these are occupied by fluids or by a ce-
menting or other solid substance. Were it a fluid phase, the volume of the
“‘true” extracellular spacein the brain would be about 5 per cent (122). How-
ever, a variety of other measurements have given values of about 15 to 25 per
cent: electrical resistance (123), #Nat, and inulin spaces (124-126), etc. An
obvious suggestion from the comparison of electron micrographs and these
measurements is that some cellular compartment accounts for this extra
space in addition to the 5 per cent allowed by the clefts; indirect evidence
points to the glial cells as being such a compartment [see (125-127)]. The
question immediately arises whether glial cells are rich in Na* and relatively
poor in K+, which is what the ionic theory of electrogenesis would require of
an extracellular space (128~130). Such electrolyte determinations have been
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carried out just recently by Villegas et al. in squid giant axon Schwann cells
(‘‘peripheral glial cells”), and compared with the values found for the axons
(131). Schwann cells were indeed found to be richer in Nat (312 mM/1) than
the axons (52 mM), but they also contain a considerable amount of K+
(220 versus 335 mM/1 in axons) and a rather similar CI™ concentration.
These values by Villegas et al. may be compared with those found by Brinley
for squid axons (132). However, the data by Villegas et al. do not settle the
controversy of which is the extracellular space, the glia or the clefts. As they
stated themselves, they have been unable to show whether the high Nat of
Schwann cells is largely bound or not, and they mentioned the well-known
fact that phosphate esters, polyphosphate nucleic acids, and proteins inside
the cell may all bind alkali metal ions.

Toad brains immersed in isotonic solution take up water, and, after
fixation, their glial but not their nerve cells appearswollenin electron micro-
graphs (127). However, hydration and dehydration 4z vivo by perfusion with
hypotonic or hypertonic solutions of rabbit brains causes changes in their
Nat and CI~, but not in their Kt, which suggests that the changes occur in an
extracellular compartment (133). It remains, of course, to.be seen whether
cerebral glial cells are rich in free Nat or not. Mice were similarly hydrated
and dehydrated, and the cerebellar cortex was prepared for electron micros-
copy by way of a freeze-substitution method which is thought to preserve
water distribution better than the more usual immersion or perfusion fixa-
tion techniques (134, 135). No morphological changes suggestive of shrinking
or swelling were found in glial and nerve cells of the hydrated or dehydrated
cerebellar cortex when compared with controls (133). These results by Van
Harreveld et al. are apparently in conflict with those by De Robertis and his
group (127), which were obtained at a time when fixation for electron
microscopy was much cruder than it is now. It may be added that, on OsO,
fixation, Limnea eggs become completely permeable to all ions in a few
seconds (136). Anyway, the results on toad brain by the De Robertis group
were obtained #n vitro (127), so probably they cannot be too directly com-
pared with those obtained #% vivo by Van Harreveld et al. (133).

A number of physiologists have been reluctant to accept the idea that the
glial cells function as an extracellular space. They base this reluctancy on
evidence such as that by Frankenhaeuser & Hodgkin (137), who, by careful
calculation, concluded that a space no larger than 270 A, or perhaps even
less, around squid axons, was needed in order to account for some aftereffects
of spikes. Green (138) has advanced a coherent hypothesis for the peculiar
seizure susceptibility of the hippocampus, based on a necessarily reduced
size of the local extracellular space. Nicholls & Kuffler (139) have furnished
rather direct evidence that in the leech central nervous system glial cells do
not act as extracellular space for the neurons. These glial cells are rich in K¥,
behave as KT electrodes at high (K*), much in the same way as their neu-
rons do, and their resting potential does not vary appreciably during the



Annu. Rev. Pharmacol. 1967.7:125-144. Downloaded from www.annualreviews.org

by John Carroll University on 12/16/11. For personal use only.

132 1ZQUIERDO & 1ZQUIERDO

movement of Nat, sucrose, or choline through the nervous system, although
the neuronal activity is correspondingly affected, and they presumably do
not act as active transporters of such substances to nerve cells. Upon surgical
removal of most of the surrounding glial cells, leech neurons continue to
function normally (139). It might be argued that the findings of Nicholls &
Kuffler (139) apply only to the leech and not necessarily to other species. The
same type of argument might be used for the findings of Zadunaisky et al.
(124-126) in the isolated toad brain, for those by Gerschenfeld et al. in
the same type of preparation (127), or for those by Lasansky & Wald in
the toad retina, where ferrocyanide space is in the glial cells (140). Recent
morphological evidence (141, 142) shows the leech nervous system to be no
different from those of other phyla in regard to the presence of narrow inter-
cellular clefts.

It might be interesting to try to repeat Nicholls & Kuffler’s experiments
using an isolated toad or frog spinal cord preparation, where the composition
of a bathing fluid can be changed, and then try to locate the tips of intracellu-
lar microelectrodes with a procedure such as the one recently described by
Thomas & Wilson (143). It is well known to anybody who has used intra-
cellular microelectrodes in vertebrate preparations that many high resting
potentials are found that do not respond to intracellular, antidromic, or
orthodromic stimulation; one wonders how many of those resting potentials
belong to glial cells.

A truly ambitious hypothesis on the role of glia as part of a ‘‘potassium-
mediated neuronal-glial-neuronal impulse transmission system’” has been
proposed, which includes explanations of memory processes and of spreading
depression (144). Some kind of metabolic rather than ionic connection be-
tween glia and neurons has been envisaged for a long time, and recently re-
suggested on experimental grounds [see (145, 146)].

TETRODOTOXIN

The puffer-fish toxin, tetrodotoxin, abolishes action potentials at low
(10~7 to 10~® g/ml) concentrations in excitable cells in which the initial in-
ward current of spikes is carried by Na*. It has been found to do so in frog
skeletal muscle fibers (147-149), in lobster axons (150), in eel electroplaques
(151), and in frog heart (58, 152). It does not block the initial conductance
component of spikes when this is caused by increased Ca?' rather than Nat
permeability, as in guinea pig taenia coli (153) or crustacean muscle fibers
(152, 154). Tetrodotoxin does not block the plateau of frog heart action po-
tentials, which is due presumably to Ca?f permeability (58). It does not
block the repolarization component of spikes, as measured under voltage
clamp, in squid giant axons (155) or eel electroplaques (156); in eel electro-
plaques this component is Kt inactivation (151). In vertebrate motor nerve-
muscle preparations, tetrodotoxin abolishes the axonal spike but not the end
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plate sensitivity to acetylcholine or the m.e.p.p.’s (147, 148, 157-159). It
does not affect generator potentials of crustacean stretch receptors (160), nor
endocochlear or cochlear microphonic potentials (161). The firing of
crustacean stretch receptors is, however, blocked by this substance (160),
and the cochlear potentials are blocked by tetraethylammonium (161).

All these data suggest a very specific action of tetrodotoxin on the Nat
conductance change of Nat spikes, as it does not block Ca? spikes, Kt
activation or inactivation leading to repolarization, or even the Nat con-
ductance change of e.p.p.’s or m.e.p.p.’s, However, Tasakiand his group (162,
163) have been able to obtain excitation of squid giant axons in Nat-free
media, and in such cases, tetrodotoxin also blocked the initial inward current
regardless of which cations (other than Nat) were responsible for it. This
suggested to them that either the carrier which has been postulated to trans-
port Nat inward during the spike rising phase is not Nat-specific, or that
tetrodotoxin blocks nonspecifically whatever mechanism is responsible for
the production of the inward current (162). At least the latter explanation is
not inagreement with the findings in crustacean muscle fibers (152, 154)
where the inward current cannot be carried by Nat at all, but by Ca?"
instead (or other divalent cations), and is not blocked by tetrodotoxin.

It should be noted here that procaine abolishes Nat spikes as does
tetrodotoxin (152, 164, 165), but it affects Kt conductance as well (164,
165).

Tetrodotoxin seems to be more effective in blocking Na* conductance
(or is it the initial inward current of normally Nat spikes?) when applied to
the outer than to the inner surface of squid axon membranes [(166) ; see also
(155)]. In the hands of Moore (166), a concentration which was effective
when applied externally, was ineffective when perfused internally. Applied
by Nakamura et al. (155), it was in general effective at either side at some-
what higher concentrations than those used by Moore. The possible lower
effectiveness of tetrodotoxin when perfused internally might be due to some
possible binding by residual axoplasm, or by the Nat permeability being
controlled better by the outer surface of the membrane [(167); see also last
section of thisreview].

INTERNAL PERFUSION WITH ABNORMAL SALT SOLUTIONS

Theintroduction of methods to perfuse squid giant axons (168-170), and
the recently described (171, 172) barnacle giant muscle fibers (173, 174), have
allowed various groups of workers to experiment with changes in the intracel-
lular ionic environment of these excitable tissues that depart considerably
from the normal axoplasm.

The lowering of (Ca?t); by its binding with SO2~, EDTA, EGTA, or
citrate induces the production of spikes in barnacle muscle fibers in response
to depolarization; these muscle fibers do not normally fire (173). The critical
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(Ca?t); for excitation and contraction in these fibers has recently been
established (175). The changes in the overshoot of such spikes follow the
Nernst equation up to close to 100 m M (Ca?t),. It should be noted that in-
creases in (Ca?"), shift firing levels toward positivity. Changes in (Nat), do
not affect the spikes; replacement of (Ca*), by Sr** or Ba?t results in
restoration of abolished spikes, and then the overshoot follows (Sr?*), or
(Ba?*), changes, although largely departing from the Nernst equation when
Ba?t is used (173). As the spike overshoot depends on (Kt); as well as on
Ca?t (174), the effect of (Ba?t), is thought to be due to a depression of K+
permeability. Indeed, barnacle spikes under (Ba?*), instead of Ca?* are
heart-like (173), as are squid axon spikes (176). This also applies to squid
axon spikes (174) under tetraethylammonium.

The factors involved in obtaining plateau spikes with low (Kt); (174,
177-179), or when K* permeability is blocked, be it by internally injected
tetraethylammonium (176, 180) or external Ba?*t (173), are, however, pos-
sibly complex. One of these factors is no doubt K*. Adelman et al. (179)
measured Nat conductance against time in internally perfused squid axons.
Spike plateaux were found to be predominantly determined by a ‘‘slow
time-variant Nat conductance,” whose activation by (K*); would lead to
repolarization, as the lower the (K*); the longer the plateaux. Howcver,
even in the absence of (K*); and (K*), the plateaux did eventually termi-
nate, so other factors than K+ must also be involved.

In the squid giant axon, dilution of (K*); with nonelectrolytes ‘shifts the
threshold and inactivation curves in the direction of a more positive internal
potential” (169, 177, 178, 181-186). Chandler et al. (183, 184) produced quite
clear evidence in favor of the view that these effects are due to a decrease in
the ionic strength of the perfusing solution, rather than to the decrease of
(K*);. They found that dilution of (K*); with choline or NaCl lead to no
change in the inactivation and threshold curves, whereas dilution with
sucrose gave a shift of 420 mV. Hodgkin and his group developed an ex-
planation for these findings, based on the potential of the membrane itself,
rather than on the potential difference between the inner and outer solutions
(178, 184-186). Na'* permeability would depend on this actual membrane
potential, which in turn would depend on the fixed charges of the membrane
(POg#~ and COO~ groups), and on the ionic atmosphere near the inner sur-
face (the one presumably not neutralized by divalent cations, Ca?t or Mg?t)
(184-186).

The various, already described, results by Hagiwara and his collaborators
(152, 173-175) and those by Hodgkin and his colleagues on changes in Nat
and spike overshoot (181, 185-188) seem to agree very well with the now
classical Hodgkin and Huxley theory of spike production. The fact that the
initial inward current of barnacle muscle spikes would be carried by Ca?t in-
stead of Na't should be taken as an extension, rather than a contradiction to
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the ionic theory. The results obtained by Tasaki and his group (162, 163,
189-196) suggested to them instead a departure from such a theory. Con-
trary to Baker et al. (181), who found that the potential at the peak of the
spike over-shoot followed an equation coherent with the Nat theory, and
that it never exceeded Ey,, and to Hagiwara & Naka’s similar results with
Ca?t or Sr2* instead of Nat (173), Tasaki et al. consistently found overshoots
which varied little, and not according to the Nernst equation, over a wide
range of (Nat); (191, 193). Tasaki et al. also discovered resting and overshoot
potentials which varied differently from the Nernst equation over wide ranges
of (K*); (191), excitation of squid axons in the absence of external Nat when
this was replaced by a variety of organic and inorganic cations (162, 163,
194-196), and diverse effects of anions on excitability (162, 163, 194-196)
which have in part been confirmed by others (197). The ability of anions and
cations to maintain excitability followed the lyotropic number of these ions
(162, 163, 194-197). The earlier Tasaki & Takenaka experiments (189, 191,
192) on high overshoot upon very low (Nat),/(Nat); ratio were questioned
by Hodgkin and his collaborators (185-187), but were later repeated and
confirmed by Tasaki et al. (193), using technical modifications close to those
recommended by Hodgkin & Chandler (185, 187), albeit on a different squid
species than the one they had previously used.

Tasaki and his colleagues have proposed a theory for the production of
resting and action potentials which diverges from the classical ionic one. The
Tasaki theory prefers to consider the membrane as a cation exchanger, and
uses what they term a ‘‘macromolecular approach,”’ based on colloid chemis-
try and other physicochemical considerations, to account for what they call
‘“the two stable-states of the membrane,”’ the resting and the active one (162
163, 191, 194-196). The ‘“two stable-state’’ concept is based on the already
mentioned finding of plateau spikes when Kt permeability (or perhaps,
the repolarization component) is blocked [see (176)] or (K1); is low (174,
179). Itisimpossible to describe the Tasaki theory in detail here, but for such
description and for pertinent references, the reader is referred to the most re-
cent articles on this theory (162, 163, 195).

Cation-exchange theorists postulate the possibility of membrane struc-
tural changes during the action potential (198). The compatibility or not of
the ionic theory with the concept of the membrane as a cation exchanger will
perhaps be clarified in the future.

The bibliography on intracellular perfusion of excitable tissues is rapidly
expanding. Only a few glimpses of certain aspects have been included here.
For those interested, the Miami Symposium is recommended (199), as well as
the brief but compact recent review article by Hodgkin (186). Some refer-
ences as well as useful comments will be found in the 1964 and 1965 articles
on “Nervous function at the cellular level” in the Annual Review of Physiol-
ogy (200, 201).
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ELECTROGENIC SopiuM PuMps

If the net active outward movement of Nat from a living cell is not
counterbalanced by positive charges (K*) going in (202, 208, 212, 213), there
would be an electrogenic Nat pump in that cell, tending to increase the nega-
tive resting potential. There is now evidence for such pumps in different
tissues (12, 13, 203-214). Such a pump should be stimulated by increasing
(Nat);. Indeed, upon injecting Na* into squid giant axons with a micro-
syringe, a small hyperpolarizing effect was noted by Hodgkin & Keynes
(203). By allowing Na* to flow out of a large intracellular NaCl electrode, a
large hyperpolarizing effect was found by Kerkut & Thomas in snail neurons
(212). An electrogenic Nat pump has been shown to account for the post-
tetanic hyperpolarization of crayfish stretch-receptor neurons where, how-
ever, the shorter-lasting hyperpolarizing after-potential which follows one or
a few spikes is due to K* conductance, as in many other cells (214).

Ito & Oshima (209) found that, upon the intracellular injection of Cs™,
Li*, or Nat, cat motoneurons became reversibly depolarized, and their rest-
ing potential recovered on extrusion of these cations. Depolarization in-
creases Nat extrusion from motoneurons, but the rate of this extrusion is in-
dependent of the resting potential level (210, 211). Intracellular N;3Na injec-
tions do not always depolarize motoneurons (211) ; however, an increase in
extracellular N;Na to muscle fibersdoes have thiseffect (13). The intracellu-
lar azide injection, acting presumably as a metabolic inhibitor, depresses the
Nat pump of motoneurons (211); extracellular azide depolarizes and thus
increases the Nat extrusion from muscle fibers (13). This diversity of action
of N;Na on Nat efflux, depending on which side of the membrane it acts, is
perhaps not too easy to explain. The increased Nat eflux of muscle fibers
when depolarized by N3Na (13) or by high (K*), (12) is blocked by strophan-
thin, which indicates that itis probably not simple diffusional Nat eflux, but
rather a metabolic one (12, 13). Metabolic inhibitors, such as the already
mentioned intracellular N3Na, strophanthin, fluoroacetate, iodoacetate, etc.,
depress the various electrogenic Nat pumps (12, 13, 211, 212).

There have lately been many observations, besides those on Na extru-
sion, on the effect of intracellular injections of cations into mammalian moto-
neurons (101, 209-211, 215-217). The results are too numerous to be analyzed
here in detail and the interested reader is referred to the original papers. We
would only like to summarize that restingmembranes seem highly permeable
to Rb* and K, less so to Cst, and even less to Lit and Nat (209). In the
active membrane, Lit would pass through Nat channels, Rb* through K+
channels, and Cs* through neither (217). The results of Rb* and K* corre-
late partly with those found by Adrian in striated muscle, where the path-
way that allows large outward K+ currents permits Rb+* movements, but the
one that allows large inward K* currents does not (218). It might be added
that Li* fails to replace Nat in mammalian sympathetic ganglionic responses
to electrical stimulation, potassium, and acetylcholine (219).
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It must be kept in mind that the concepts of channels or pathways that
allow the passage of certain but not of other ions have been altogether dis-
carded and replaced by others based on the lyotropic number of ions by
Tasaki et al. (162, 163, 195, 196).

PossiBLE FuNcTiONAL DIFFERENCES BETWEEN INNER AND OUTER SIDE
oF EXCITABLE MEMBRANES

Phosphatidyl-serine might provide negatively charged sites in membranes
for cation exchange (220, 221). Phosphatidyl-serine monolayers effectively
act as cation exchangers; in such layers, Ca?* adsorption depends on the con-
centration of other cations which can compete with it, La®*t in particular be-
ing a strong competitor (222). This fact had been suspected from electron
micrographs using La’t, in which it densely stained the outer side of nerve
membranes [see (167, 222)], which is presumably normally occupied by
divalent cations (184-186). This would also explain why La’t reversibly
blocks excitable membranes [see refs. in (222)]. By autoradiography, Shi-
mamoto found that when squid axons are immersed in seawater containing
45Ca?*, this goes mainly to the surface layer of the axon [cited in (191)]. The
idea of phosphatidyl-serine providing polar groups for cation exchange is con-
sistent with current concepts of membrane chemical structure.

The participation of gangliosides in the structure and function of living
membranes, including especially those of nerves, has also been repeatedly
suggested (223-225). There is recent convincing evidence that a sialic acid
conjugate (sialo-lipid or -peptide) might participate in a Kt-dependent
phosphatase reaction which might well be the second step of Nat-K+-Mg?t-
dependent ATPase activity (226). In this reaction, ‘‘the COO~ group of sial-
ic acid conjugate . . . would act as a cation-receptor (carrier or exchanger)
in the active transport of cations’’ across the membrane of liver cells (226).

One seemingly logical a prioriidea would be that Na* permeability should
be controlled by the outer and K+ permeability by the inner side of excitable
membranes (167). In favor of such an idea are the experiments which show
that tetrodotoxin is more active when in the external than in the internal
solution bathing squid axon membranes (166, 232, 233), and that tetraethyl-
ammonium and similar compounds block K* permeability from the inside
and not as much from the outside [(176, 209); see also (167)]. Against this
idea are the facts that Na' conductance can be regulated by the ionic
strength of the internal solution (178, 183-186), the alleged nonspecificity of
tetrodotoxin action (162, 163), the data by Hagiwara & Naka on external
Ba?* blocking Kt permeability (173), and perhaps the old evidence by
Shanes (227) that veratrine, acting presumably from the outside, increases
the K* leakage per spike. External procaine abolishes Nat and K* conduct-
ance alike (164, 165). Some data by Hagiwara et al. (174, 228) are of interest
in this connection. They found that in internally cannulated barnacle giant
muscle fibers, when (K*); was changed below and up to the normal value of
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150-200 m M, the resting potential suffered modifications according to the
Nersnt equation for changes in K* or CI~ on either or both sides of the mem-
brane; above 200 mM(Kt); the resting potential became less sensitive to
(K%);, and it even decreased when (K*); was above 300 m ). Narahashi (229)
found that in perfused squid axons the membrane behaves symmetrically to
K, in the sense that membrane resistance was highest with low Kt on both
sides, lowest with high K+ on both sides, and intermediate with high K+ on
one side and low K% on the other. This symmetry did not extend to delayed
rectification, however, as it occurred in the normal direction only when
(K*)i was high and (K*), was low, Delayed rectification decreased with de-
polarization; with great hyperpolarization, anomalous rectification took
place independently of the K+ gradient across the membrane (229).

Diverse proteases and lipases cause no damage to excitability when
applied externally (230), but block the action potential when applied to the
interior of squid giant axons. Other further comments on the asymmetry of
the membrane will befound in (167, 229).

ADDENDUM

Since this manuscript went to press, some references have appeared which
significantly modify or add to some reviewed facts.

Glia and extracellular space of nervous tissue.—The existence of a “‘true’’ extra-
cellular space in the frog brain, permeable to particles as large as ThO., was
demonstrated; this space includes synaptic clefts (231).

Tetrodotoxin.—Further data on the diverse effectiveness of this substance on
either side of squid axon membranes have been produced by Moore et al.
(232, 233): external perfusion with 1077/ or less blocks inward Na* current
and resulting spikes, whereas internal perfusion with 107¢ 3/ does not (232).
Also, tetrodotoxin blocks inward Lit flow through the Nat channel (233);
this points toward an effect of tetrodotoxin on the (normally Na)-inward ion
carrier system. It might do this by getting lodged in the ‘“‘gate of the Na*
channel” (whatever that is) by its guanidinium group (232). A thorough re-
view on tetrodotoxin and saxitoxin has appeared recently, covering from
folkloric to chemical and pharmacologic aspects (234).

Inner versus outer side of excitable membranes.—UQ %", which has high affinity
for phospholipids, sensitizes frog sartorius end plates to carbaminoylcholine;
this is prevented by high Ca?t (235). This is taken as an indication that
postjunctional membrane receptors are PO,-containing macromolecules
(235), presumably on the outer surface.
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