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J. Physiol. 211(3): 746-754. 1966.—Studies of membrane
impedance and potential variation were made on squid giant
axons under sodium-free external conditions. Intracellular
perfusion by the double-cannulation method was employed.
It was found that with favorable internal conditions, excit-
ability could be maintained with several organic and inorganic
sodium substitutes, and that the excitation process in sodium-
free media is not dissimilar from that in sodium-containing
media. Tetrodotoxin was found to suppress excitability in all
cases. The implications of these findings for the concept of
sodium-specificity are discussed.
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IN SEVERAL RECENT ARTICLES it has been shown that
sodium ion is not absolutely essential for the mainte-
nance of excitability. For example, the sodium ion in
the external medium of frog nerve fibers can be replaced
by various nitrogenous cations without eliminating the
ability of the axon to produce action potentials (5). A
number of investigators have extended sodium-substitu-
tion experiments of this type to other biological systems,
including dorsal root ganglia of the frog (4), frog heart
muscle (18), and single frog nerve-fiber preparations
(6). This laboratory has recently reported that many of
the nitrogenous cations (e.g., hydrazinium) used by
Lorente de N6 (5) for frog nerve excitation are very
favorable sodium substitutes in squid giant axons intra-
cellularly perfused with solutions of RbF or CsF; under
these conditions excitability can be maintained for
hours (16). References to other sodium-free systems may
be found in earlier articles (13, 16)

The present report deals with several extensions of
the sodium-substitution experiments in the internally

Received for publication 28 January 1966.
! Visiting scientist. Permanent address: Dept. of Physiology,
Tokyo Medical and Dental University, Tokyo, Japan.

746

perfused squid giant axon. In one series of experiments
variations in the a-c impedance of the membrane were
recorded together with the action potential. In addition,
it was shown that not only can ammonium and other
nitrogenous cations replace external sodium, but that
potassium and rubidium may also substitute for external
sodium when internal conditions are favorable. Further-
more, tetrodotoxin was found to be effective in blocking
the excitation process in these sodium-free media.

METHODS

Giant axons were obtained from Loligo pealii, available
at the Marine Biological Laboratory, Woods Hole,
Massachusetts. The major portion of the small nerve
fibers around the giant axon was removed under a dis-
secting microscope (Zeiss otoscope) in conjunction with
dark-field illumination. Such cleaning was necessary for
subsequent manipulation of the intracellular perfusion
cannulas under direct visual observation. The double-
cannulation method developed in this laboratory was
employed for intracellular perfusion (9, 15). A giant
axon (850—600 u diam.) was mounted in a Lucite cham-
ber filled with natural sea water. A glass cannula for
intracellular perfusion was inserted into each end of the
axon. The tip of the smaller (inlet, 150—200 u diam.)
cannula was placed concentrically within the larger
(outlet, 250-300 u diam.) cannula. The length of the
perfusion zone, i.e., the distance between the tips of the
two cannulas during perfusion, was 15-20 mm.

Internal perfusion solutions were prepared by mixing
0.6 M CsF, RbF, or NaF solutions with 12 vol % glycerol
solutions. The pH of the perfusion fluid was adjusted
between 7.2 and 4.4 with an isotonic phosphate salt
solution of the corresponding alkali cation. After adjust-
ment of the pH, the ratio of phosphate to fluoride salts
in the perfusion solution was approximately 1:9.

Typical sodium-free external fluid media were pre-
pared by mixing 0.6 M solutions of (e.g.) hydrazinium
or guanidinium chloride (both obtained from Eastman
Organic Chemical Co.) with 0.4 M CaCl, solution. Hy-
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drazinium chloride was prepared by neutralizing a 64 %
hydrazine solution with hydrochloric acid (less than 5
muM) by flame photometry (Coleman Instrument Co.,
model 22) (see also DISCUSSION).

In general, rather high concentrations of external
divalent cations were used in these experiments. These
concentrations were required in order to suppress spon-
taneous repetitive firing of action potentials. An exten-
sive discussion of this problem, particularly when cesium
and rubidium salts are used for internal perfusion, has
been presented in an earlier article from this laboratory
(15). There is no doubt that calcium plays a vital role
in the process of excitation, both in sodium-containing
and sodium-free media (14), and that the precise mecha-
nism by which this role is played will have to be investi-
gated directly.

Generally, electric stimuli (1 shock/sec) were applied
to the axon near the proximal end of the perfusion zone.
In later experiments, when action potentials were re-
corded without simultaneous recording of the mem-
brane impedance, stimuli were delivered through an
intracellular platinum electrode located in the middle
of the perfusion zone. A coil of platinum wire was im-
mersed in the fluid medium in the perfusion chamber
to serve as the ground electrode. Neither agar-gel nor
cotton was placed around the ground electrode, so that
rapid and complete exchange of the external fluid me-
dium was ensured.

The method of measuring a-c impedance losses during
excitation was slightly different from the method orig-
inally developed by Cole and Curtis (1) and was essen-
tially the same as that used in this laboratory previously
(10). A pair of platinum wire electrodes (one wire for
measurement of a-c impedance and the other for record-
ing action potentials) was introduced through the outlet
cannula into the middle of the perfusion zone of the
axon. The impedance electrode had a platinized surface,
approximately 4 mm in length, near its tip; the remain-
der of the wire surface was left completely insulated
with enamel. The potential electrode had an uninsulated
portion, approximately 2 mm in length, which was
positioned adjacent to the middle of the platinized area
of the impedance electrode (Fig. 1, top).

The impedance bridge used in these experiments is
shown diagrammatically in Fig. 1, top. The fixed re-
sistance and capacitance, R and C, were 100 k-ohms
and o.001 uf, respectively. The output of the oscillator
(Western Electric Co.) was attenuated so that the a-¢
amplitude across the axon membrane did not usually
exceed 10 mv peak-to-peak. The output of the imped-
ance bridge was led through a pair of high-pass filters
(consisting of capacitors of 200 uuf, and resistors of 100
k-ohms, respectively) to a low-level preamplifier (Tek-
tronix, model 122). The output of the preamplifier was
brought through a band-pass filter (Allison Labora-
tories) tuned to the bridge ac, and displayed on a dual-
beam oscilloscope (Tektronix, model 502). The a-c fre-
quency used was 16 kc/sec. Simultaneous recordings of
action potentials and impedance losses were obtained
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with this experimental arrangement. However, precise
quantitative treatment of the impedance data was not
possible, largely due to the stray capacitances present in
various parts of the bridge. Therefore, the impedance
records obtained in the present series of experiments
were treated simply as qualitative measurements, re-
flecting the time course of the increase in the membrane
conductance.

All the experiments were carried out at room temper-
ature (1g—0 C).

RESULTS
Replacement of External Sodium Ion With

Hydrazinium or Guanidinium Ions

This series of experiments was carried out in the fol-
lowing manner. After insertion of the glass cannulas into
a mounted giant axon (see METHODS), the natural sea
water in the chamber was replaced with a sodium-free
solution containing 0.3 M tetramethylammonium chlo-
ride (TMA-CI) and o.2 M CaCl,. This replacement
blocked the conduction of nerve impulses within 1-5
min. In order to wash out residual sodium ions as com-
pletely as possible, the sodium-free mixture in the cham-
ber was replenished with fresh sodium-free solution
several times during the following 5-min period. The
fluid in the chamber was then replaced with the test
solution, containing, for example, 0.4 M hydrazinium
chloride and 0.2 M CaCl,. No restoration of nervous
conduction along the axon was observed following this
replacement. (Further details of this procedure may be
found in a previous article (16).) The next step in this
experimental procedure was to initiate intracellular
perfusion by separating the two cannulas and to observe
the a-c impedance losses associated with the electric
responses to stimulation.

Two exemplary sets of records obtained by this pro-
cedure are shown in Fig. 1, bottom. When intracellu-
larly perfused with o.1 M RbF (Fig. 1, bottom, left), a
sodium-free external medium containing 0.4 M hydra-
zinium chloride and o.2 M CaCl; was found to effec-
tively restore the ability of the axon to develop large,
all-or-none action potentials. As in natural sea water,
these sodium-free action potentials were invariably asso-
ciated with a distinct change in the balance of the im-
pedance bridge. Initially, the impedance bridge was
balanced for the membrane in the resting state. At the
time of the action potential there was a transient un-
balance in the bridge, where the maximum bridge un-
balance roughly coincided with the peak of the action
potential. The amplitude of the bridge unbalance in-
creased directly with the a-c intensity applied to the
bridge. A perfect bridge balance at or near the peak of
the action potential could be produced by properly
unbalancing the bridge in the resting state. These find-
ings indicate that the observed changes in the bridge
balance are signs of the impedance-loss associated with
the action potential.

With these chemically defined conditions (50—100
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r1G. 1. Top. Experimental
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arrangement  for  impedance
measurement. The Lucite cham-
ber is indicated at left; cross-
hatched area represents external
medium. Positions of the ex-

ternal paired platinum stimulat-
ing (S) and recording (R)
electrodes are indicated. The
platinum ground electrode s
represented by coil in outside
medium. Positions of inlet (In)
and outlet (Out) glass cannulas
are indicated after separation.
The internal perfusion medium
was a mixture of 100 mM RbF
and glycerol. The paired pla-
tinized impedance electrodes are
positioned midway between inlet
and outlet cannulas, concentri-
cally within the outlet cannula
and the axon, The smaller
electrode (upper, in diagram)
was led to the recording system
(B); the larger electrode (lower,
in diagram) received the output
of the a-¢ oscillator (AC).
Bottom. Impedance and poten-
tial variation in sodium-free
external media. In each record,
potential variations are indicated by upper trace; simultaneous
impedance variations are indicated by lower trace. In each pair of
records, the record at left was obtained when the impedance bridge
was balanced initially for the resting state. Record at right was
obtained when the bridge was unbalanced in the resting state, so
that best balance could be obtained in the excited state. Left.

——2 msec

mm RbI internally; 0.3 M hydrazinium chloride and
0.2 M CaCl, externally), the observed action potential
amplitude was 70—-100 mv; this is in good agreement
with wvalues reported previously (16). When s50-100
mum CsF was used instead of RbF in this type of experi-
ment, the action-potential amplitude was between 8o
and 120 mv (observations on 7 axons); in this case, both
the period of impedance loss and the duration of the
action potential were definitely increased.

The responses of an axon internally perfused with
0.1 M RbF and immersed in a solution containing 0.1
M guanidinium chloride, 0.2 M TMA-CI, and 0.2 M
CaCl, are shown in Fig. 1, bottom, right. The amplitude
of the action potential was roughly 60-80 mv under
these experimental conditions, which confirms results
previously reported from this laboratory (16). Both the
period of impedance loss and the duration of the action
potential were clearly longer in axons with external
media containing guanidinium chloride than with ex-
ternal media containing hydrazinium or sodium chlo-
ride.

Replacement of External Sodium Ion With Ammonium Ion

Lorente de N6 and his associates (5) have demon-
strated that with frog nerve fibers ammonium ion can
substitute for external sodium ion without a loss of ex-
citability; similar observations have been made more
recently with squid axons (13, 16). In the present series
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——— 4 msec

The external medium contained 0.3 M hydrazinium chloride and
0.2 M CaCly; the internal perfusion solution contained o.1 M RbF.
Right. The external medium contained 0.1 M guanidinium chloride,
0.2 M TMA-CI and o.2 M CaCly; the internal solution contained
o.1 M RbF. (Note differences in voltage and time scales.)

of experiments impedance studies were combined with
observation of the action potential, to confirm and ex-
tend these early findings.

The method employed was somewhat different from
that used in the previous section. After introducing the
two perfusion cannulas into the axon, the external natu-
ral sea water was replaced with a mixture of 0.3 TMA-
Cl and 0.2 M CaCl,. Repeated washing with this sodium-
free solution brought about a complete loss of excita-
bility within 5 min. Intracellular perfusion was then
instituted with o.1 M CsI (glycerol) solution by sepa-
rating the glass cannulas. No distinct action potentials
could be observed at this time. Finally, a small amount
of a mixture of, for example, 0.54 M NH,Cl and 0.14 M
CaCly, was added to the external medium, and the
medium was very gently stirred. If no action potentials
could be produced by stimulation at this stage, small
quantities of the NH,CI-CaCl, mixture were successively
added to the external medium. When clear all-or-none
responses could be obtained by electric stimulation
under these conditions, the impedance bridge was con-
nected to the internal platinum wire electrode and the
bridge was balanced in the resting state. The axon was
then stimulated, and the impedance change (bridge
unbalance) which accompanied the action potential of
the axon was observed.

Examples of the records obtained under these experi-
mental conditions from seven different axons are shown
in Fig. 2, top (see also Fig. g, bottom.) In these cases,
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the amplitudes of the action potential reached a maxi-
mum when the ammonium ion concentration in the
external medium reached approximately 60-80 mw.
When more ammonium ion was added to the medium
the action potential amplitude fell rapidly. Since it is
well known that ammonium is a strongly depolarizing
cation, it is not surprising that high concentrations of
ammonium in the medium can lead to rapid membrane
depolarization and subsequent loss of excitability. When-
ever all-or-none action potentials were produced under
these experimental conditions, there was a concomitant
reduction in the membrane impedance, although the
time course of the impedance loss was considerably
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longer than that of the positive phase of the action po-
tential.

Replacement of External Sodium With Rubidium or
Potassium Ion

The effect of substituting rubidium for sodium in the
external medium was investigated by a procedure simi-
lar to that used in the preceding experiments with am-
monium replacement (Fig. 3, top). The internal perfu-
sion fluid was 0.1 M CsE (glycerol) solution; 0.6 M RbhCl
solution was successively added in small quantities to
the sodium-free external medium (containing 0.3 M
TMA-CI and 0.2 M CaCly). In most of these cases the

KCl

F1G. 2. Effects of replacement of sodium ion with ammonium
or potassium ion. In each record, upper trace represents the
potential variation and lower trace represents the simultaneous
impedance variation, Top. Ammeonium replacement (see also Fig.
3, bottom). The external medium was a mixture of NH,Cl, TMA-
Cl, and CaCly; the ammonium ion concentration was approxi-
mately 8o mm. The internal solution contained o.1 M RbF. Record
at left was obtained when the impedance bridge was at best
balance during excitation; record in the center was obtained when
the bridge was at best balance when the membrane was at rest;
record at right was obtained with the electrodes at the distal end of

e 50 miseC

the perfusion zone. Bottom. Potassium replacement (see also Fig.
4). The external medium was a mixture of KCl, TMA-CI, and
CaClz; the potassium ion concentration was approximately 7.5 ms.,
The internal solution contained o.1 M CsF. These records were
obtained when the impedance bridge was at best balance when the
membrane was in the resting state. The impedance variation
followed the time course of the potential variation throughout the
plateau period following the peak. Records 2 and 3 were obtained
from one axon at nearly the same stimulus intensity; note did
ference in configuration of the responses to supra- and subthresholf-
stimulation. (Note the 10-fold difference in time scale.)
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FIG. 3. All-or-none excitation
in sodium-free external media.
Top. Rubidium ion substitution,
The external medium contained
a mixture of RbCl, TMA-CI,
and CaClg; the rubidium-ion
concentration was  approxi-
mately 50 mus. The internal solu-
tion contained o.07 M CsF and
0.007 M Cs-phosphate. First
and third records show super-
posed subthreshold and supra-
threshold responses. Second rec-
ord shows three suprathreshold
responses. Bottom. (See also Fig.
2, top). Ammonium ion sub-
stitution. The external medium
contained a mixture of NH,CI,
TMA-Cl, and CaCly; the am-
monium ion concentration was
approximately 8o mm. The
internal solution contained o.0g
M CsIF and o.01 m Cs-phos-
phate. First record shows a suprathreshold response; third rec-
ord shows a subthreshold response. Second record shows super-
posed subthreshold and suprathreshold responses, and a plateau

long, internal electrode (Fig. 1, top) was connected to
the source of the stimulating currents rather than to the
impedance bridge.

It was found that all-or-none action potentials ap-
peared when the rubidium concentration in the external
medium reached approximately 25-50 mm. When the
rubidium concentration was significantly below this
level, there was no clear sign of membrane excitability.
With rubidium concentrations much above this level
the membrane became depolarized, as described in the
previous section for ammonium. The maximum value
of the action-potential amplitude obtained under these
conditions was between g0 and 60 mv. The configura-
tion of the action potential was roughly triangular
(Fig. 3), resembling those seen in single frog nerve fibers
(10). However, the duration of the action potential was
far longer than that observed in frog nerve fibers, rang-
ing from 20 to 100 msec. The responses obtained under
these conditions were somewhat labile, and the mem-
brane showed a tendency toward depolarization with
repeated stimulation.

Similar observations were made by using potassium
(instead of ammonium or rubidium) as a substitute for
external sodium ion (Fig. 4). As in previous experiments,
giant axons were immersed in a sodium-free external
medium containing 0.3 M TMA-Cl and o.2 M CaCly;
the internal solution was 0.1 M CsF (glycerol). A solution
containing 0.01 M KCl, 0.29 M TMA-CI, and 0.2 m CaCl,
was gradually added. When the potassium concentra-
tion reached approximately 8-10 mwm in the external
fluid medium, relatively small, but definite all-or-none
action potentials could be elicited from the axons. The
amplitude of the action potential obtained when potas-
sium ion replaced the external sodium ion was usually
between 40 and 8o mv. The action potential was rela-
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following the peak of the suprathreshold response, similar to those
observed with external potassium ion in Figs. 2 (bottom) and 4.

tively long in duration (often greater than 1o msec),
but was always accompanied by a corresponding im-
pedance change (7 axons; Fig. 2, bottom).

This finding concerning external potassium is quite
interesting since it is known that in many experimental
systems in colloid and polymer chemistry, as well as in
several biological systems, the physicochemical effects of
potassium are intermediate between those of ammonium
and rubidium. For example, it has been shown that the
effect of internal potassium on the excitability of intra-
cellularly perfused squid giant axons is also intermediate
between ammonium and rubidium (15).

One significant finding obtained with rubidium or po-
tassium ion added to the external fluid medium was
that a gradual increase in the concentration of these
cations often brought about a sudden, sharp rise in the
membrane potential, in the absence of any applied
electric current. These sudden rises in potential were
observed most frequently during intracellular perfusion
with 0.1 M CsF (glycerol) solution. This finding indicates
that there is close similarity in the excitation processes
which occur in isolated giant axons of the squid, single
nodes of Ranvier of the frog, and preparations of Nitella.
It has been shown by Hill and Osterhout (3) that a
gradual increase in the external potassium ion concen-
tration can initiate an action potential which has no
repolarization phase. Similar phenomena were observed
in single nodes of Ranvier of the frog nerve fiber treated
with transition metal ions (11). The similarity of the
phenomena observed in at least three different excitable
tissues suggests that the same interpretation might apply
to the excitation process in each of these excitable tissues,
A detailed macromolecular model of the excitation
process may be found elsewhere (14).
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FIG. 4. Effects of replacement of external sodium ion with
potassium ion. The external medium was a mixture of KCIl, TMA-
Cl, and CaCly; the potassium ion concentration was approxi-
mately 8-10 my. The internal solution was a mixture of 0.09 M
CsF and o.01 M Cs-phosphate (pH %.2). Upper and lower sets of
records were taken from two different axons. Subthreshold

Intracellular Perfusion With Dilute NaF Solutions

As has been stated earlier, replacement of the natural
sea water outside an unperfused squid giant axon with
an isotonic mixture of TMA-CI and CaCl, rapidly leads
to a virtually complete loss of axon excitability. Addition
of hydrazinium chloride to such a sodium-free medium
(in the manner described for the alkali metal cations)
usually resulted in the production of small, graded re-
sponses. In such unperfused axons application of a
strong cathodal pulse often produced a graded response,
whereas an anodal pulse of the same current intensity
evoked no distinct response (Fig. 5, record g). (Rarely,
all-or-none action potentials were observed.)

In an axon immersed in a mixture of hydrazinium
chloride and CaCls, the ability of the unperfused axon
to produce all-or-none action potentials was restored by
intracellular perfusion with a dilute solution of NaF. An
example of experiments of this type is shown in Fig. 5.
Record 1 in this figure was obtained from an unper-
fused axon immersed in natural sea water, with a glass-
covered, steel wire electrode (30 w diam.), discussed in a
previous article (12). When the external natural sea
water was replaced with a sodium-free mixture of 0.3
M choline chloride and 0.2 M CaCl; (see record 2), strong
electric stimuli applied to the axon produced roughly
exponentially decaying potential variations; when the
polarity of the applied current was reversed, no signifi-
cant change was observed in the time course of the po-
tential variation. Record g was obtained approximately
1 min after replacement of the external fluid medium
with a solution containing 0.3 M hydrazinium chloride
and o.15 M CaCls. At this stage, with no internal perfu-
sion, there was a small graded response to cathodal

|

responses are shown in grd, 5th, and 8th records. Third and
eighth records also show superposed suprathreshold responses. All
other records show suprathreshold responses, with a typical
plateau following the peak (see also Fig. 2, bottom). Eighth record
shows a marked plateau period; such plateaus may last more than
I sec.

stimuli. Records 4-8 show the successive changes in the
electrophysiological properties of the axon membrane
following institution of intracellular perfusion with a
solution containing go mM NaF, 10 mM cesium phos-
phate buffer (pH 7.3), and glycerol. Initially, a graded
response of relatively short duration was observed (be-
fore the onset of perfusion, record 3), which rapidly
changed (after perfusion), first to a prolonged graded
response, and then to a slow all-or-none response. (Note
that the sweep speed of the oscilloscope was altered
between records 5 and 6.) Occasional repetitive firing
of impulses, following single-shock stimulation, may
also be seen in the figure. In this experiment, flow of
the perfusion fluid was maintained during the entire
period of observation. Furthermore, in order to elim-
inate any possible spread of electrical activity from the
unperfused (distal) portion of the axon, the outlet can-
nula was withdrawn to the cut end of the axon, so that
the entire distal portion of the axon was perfused with
the NaF solution. The excitability of such axons could
be maintained for more than g0 min.

Action of Tetrodotoxin on Excitability
wn Sodium-Free Media

The puffer-fish poison, tetrodotoxin, is known to
suppress action potentials in various excitable tissues
(2). Recently, some investigators have speculated that
tetrodotoxin specifically suppresses the “sodium carrier
system” in the membrane (7, 8). In the present series of
investigations, the effect of tetrodotoxin was examined
in axons in which excitability was maintained in various
sodium-free media.

Hydrazinium ion substitution. The effect of tetrodotoxin on
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ric. 5. Excitation of an axon with internal Nal’ solutions.
Upper tracing in cach record represents the potential variation
recorded with a glass-covered steel wire internal microelectrode.
Lower tracing represents the conducted potential variation re-
corded with the external pair of platinum electrodes (see Fig. 1,
top). Record 1 was obtained in external natural sea water prior to
perfusion. All subsequent records were obtained after removal of
Na ion from the external medium. Record 2 was obtained after
the natural sea water was changed to a mixture containing 0.3 M
choline chloride and 0.2 M CaCls. No differences are observed in
the superposed upper tracing between cathodal and anodal stirnu-
lation; i.c., there is no sign of excitation. Record g was obtained
after the cxternal solution was changed to a mixture containing
0.3 M HzCl and o.15 M CaCl,. There is no conducted action
potential (lower tracing), but there is a clear sign of excitation in

the action potential produced by axons in a solution of
hydrazinium chloride and CaCly, was investigated on
four axons. All axons were internally perfused with o.1
M CsF or RbF (glycerol) solution. As described above,
when immersed in an external fluid medium initially
containing 0.4 M TMA-CI and o.2 m CaCl,, the axon
lost the ability to develop distinct action potentials;
however, replacement of this external medium with a
mixture of 0.4 M hydrazinium chloride and o.2 m CaCl,
restored excitability. When approximately g0 ul of a
107% g/ml tetrodotoxin solution (dissolved in the initial
mixture of TMA-CI] and CaCl,) was added to the exter-
nal medium (total volume 1.5 ml), the amplitude of the
action potential rapidly declined; simultaneously, the
threshold for excitation rose rapidly. Frequently the ex-
citability of the axon was completely suppressed in 1-2
min. When tetrodotoxin was removed from the medium

S E———
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the superposed upper tracing. (The cathodal stimulus evokes a
small peak, but there is no comparable response to anodal stimula-
tion.) Records 4-8 were obtained after internal perfusion was
instituted with a solution containing 0.09 M NaF and o.01
cesium-phosphate (pH 7.3). In rccord 4 there was only a graded
response, which was not conducted. In record 5 a delayed, but
definitely conducted impulse is observed. The all-or-none naturc
of this response is shown in record 6, where responses to sub-
threshold and suprathreshold stimuli are superposed on the upper
tracing. (Note difference in time scale for this and subsequent
records.) Records 4 and 8, obtained approximately 30 min after
the onset of internal perfusion, show a gradual broadening of the
potential variation, with a second spontaneous potential variation
barely visible to the right of the record.

there was a tendency toward recovery of excitability;
however, recovery was rarely, if ever, complete.
Guanidinium ion substitution. The effects of tetrodotoxin
on excitability maintained by external guanidinium ion
were investigated in two axons. Either o.1 M CsF or RbF
was used for intracellular perfusion. The external me-
dium contained 0.1 M guanidinium chloride, 0.2 M
TMA-C], and 0.2 M CaCl,. Tetrodotoxin (at a level of
approximately 1076 g/ml) was found to strongly sup-
press the process of excitation. The effect of tetrodotoxin
was similar to that observed when 0.5% procaine was
added to the external medium; but the effect of pro-
caine was more reversible than the effect of tetrodotoxin.
Potassium ion substitution. Axons were immersed in a
mixture of 0.4 M TMA-CI and 0.2 M CaCl, and were
internally perfused with o.1 M CsF (glycerol) solution.
As in the experiments described in a previous section,
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excitability was restored by gradually introducing a
solution containing o.01r M KCl, 0.29g M TMA-CI, and
0.2 M CaCl, into the external medium. When repro-
ducible action potentials were obtained in response to
cathodal stimulating currents, tetrodotoxin (at a con-
centration less than 107% g/ml) was added to the exter-
nal medium. Following tetrodotoxin application, the
threshold for excitation was raised, the duration of the
action potential was distinctly decreased, and the am-
plitude of the action potential was reduced. It has been
noted that the action potentials observed under these
conditions have a rather slow rising phase; tetrodotoxin
appeared to be less effective in suppressing these slow
responses than in suppressing responses of short duration.

Other substitutions. Tetrodotoxin was also found to
block excitability in sodium-free media when hydroxyla-
mine (2 axons) or ammonium (3 axons) replaced the
external sodium.

DISCUSSION

The experimental results described in this article
indicate that the action potentials produced in axons
immersed in sodium-free media are invariably associated
with reduction of the membrane impedance. Since the
angular frequency of the ac used for these impedance
measurements (10° sec™) is far greater than the recipro-
cal of the membrane time constant (approximately 103
sec!), there is little or no spread of the bridge ac along
the axons. Therefore, the impedance losses observed by
this method reflect the properties of the restricted portion
of the axon membrane near the impedance electrode.

There seems little doubt that the action potential
records presented in this article also reflect the mem-
brane properties of the axons. It might be argued that
there were some sodium ions bound at or near the critical
layer of the excitable membrane in these experiments.
Since many biocolloids are known to possess cation-
exchanger properties, it is quite likely that some fraction
of the alkali metal and alkaline earth metal ions is
tightly bound to various parts of the membrane struc-
ture. However, it is important to note that tightly bound
or immobile ions in the membrane do not contribute
either to the membrane potential or to the membrane
impedance; consequently, they should be regarded as
_ a part of the rigid structure of the membrane.

As far as mobile sodium ions remaining in the mem-
brane are concerned, there is good evidence indicating
that the time required for complete exchange is less than
1 min under the conditions of the present experiments.
For example, the fluxes of radioactive tracers of the
alkali metal ions introduced into the bulk solution on
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one side of the membrane are known to reach a station-
ary level within 1 min (17).

In a preceding article, we have shown that exten-
sively cleaned axons immersed in a hydrazinium chlo-
ride-CaCl, mixture maintain their excitability for more
than 1 hr (16). Repeated renewal of the external fluid
medium does not affect the excitability of the axon.
Since excitability can be eliminated within 1 min by
replacing the hydrazinium ion in the fluid medium
with TMA or choline ion and can be restored within 1
min by replacement with hydrazinium again, it does
not appear possible to attribute the excitability of the
axon in a hydrazinium-containing medium to a trace
amount of sodium which might be released from various
structures near the membrane. This argument is also
supported by the fact that large all-or-none action po-
tentials can be elicited from axons in sodium-free media
only during intracellular perfusion with very favorable
perfusion solutions such as 0.1 M CsF or RbF.

Since there is little doubt that under favorable con-
ditions sodium ion is not essential for the excitation proc-
ess in squid giant axons, as well as in many other bio-
logical systems, the property of sodium specificity does
not appear to be necessary for excitable systems in gen-
eral. There is no doubt that sodium is one of the most
favorable of the external univalent cations for the main-
tenance of excitability, and that in the natural environ-
ment of the axon sodium ion must play an important
role in excitation. However, the fact that under favorable
internal conditions external sodium may be replaced by
various nitrogenous cations and other alkali metals im-
plies that the difference between sodium and other cat-
ions is quantitative rather than qualitative.

On this basis, it is not surprising that external appli-
cation of tetrodotoxin is able to block the process re-
sponsible for excitation, regardless of which external
cations are involved. Voltage clamp experiments also
demonstrate that the inward current associated with
excitation is abolished by tetrodotoxin, regardless of
which cations may be responsible for that current (14
and manuscript in preparation).

The absence of any absolute specificity for sodium is
also consistent with observations of the lyotropic series
effects in macromolecular systems in general, as well as
in squid giant axons (13, 15). It would seem that a more
general mechanism than a ‘“sodium-specific carrier” or
a “sodium-specific pore” is necessary to account for the
nonspecificity of the excitation process and the existence
of the lyotropic series. The macromolecular model for
the excitation process is consistent with both of these
observations.
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