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INTRODUCTION

Although lacking the simplicityof the singlefibersobtainable from the squid,
the leg nerves of the crab are of value from a comparative standpoint for a
study of negative and positive after-potentials.
A prolonged depolarization following bursts of activity was noted by Levin
(34); Furnsawa (21) demonstrated its failure to disappear in the absence of
oxygen. Bayliss et aL (5) observed the action of veratrine and yohimbine, but
the use of only a condenser-coupled amplifier or a galvanometer limited their
observations.
A reexamination of these phenomena, as well as of the resting state of polarization, was prompted by recent findings which suggest that they are governed
by the potassium concentration at the surface of the fibers and that this concentration in turn is regulated by a labile permeability and metabolism (48,
51, 53). The strikinglygreater anion permeability of crab nerve, as compared
to frog and squid fibers (45, 49) offers an additional possible test for the involvement of these factors.
The effectsof a variety of agents of theoreticalinterest(~z., potassium, calcium, procaine, cocaine, veratrine, D D T , yohimbine, anoxia, substrates, and
iodoacetate) will be examined on the "resting" potential, and, to a lesser extent, on the various components of the action potential. The changes in polarization resulting from anoxia and activity,and from their cessation, are found
to have remarkably similar properties. This will be analyzed from the standpoint of the available evidence for potassium involvement.

Method
The nerves used in these studies were taken from the proximal segments of the
larger legs of Libinla emarginata, as previously described (53). In addition tosea water
a simplified artificial sea water was employed. Except for the KC1 content, the latter
* This investigation was supported in part by a research grant from the Division
of Research Grants and Fellowships of the National Institutes of Health, United
States Public Health Service, and from the American Philosophical Society.
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was made up equivalent to 0.52 ~ NaC1 and contained 30 m~s CaCI2, 15 m~ KCI,
and an all-sodium Sgrensen phosphate buffer osmotically equivalent to 0.05 m~ NaCI.
Calcium was changed at the expense of the sodium, but potassium was modified by
adding KCI. The latter is necessary to prevent volume changes and for better survival
(45, 53). Other experimental agents were used in very low concentrations and therefore merely added to the solutions. Where necessary the following terminology will be
used: 10-e part for 1 part in a million, 5 X 10-6 part for 5 parts in a million, etc. The
p H of all solutions was adjusted to 7.4.
Three pairs of leg nerves were dissected out daily. After soaking for 1 hour in sea
water or other solution they were gently blotted on filter paper and mounted in a
small moist chamber. Each nerve could be stimulated and its action as well as resting
potential observed independently of the others. One ligated end usually was placed
into a trough containing 530 rnM KC1 in sea water or in artificial sea water. A drop of
this KCI solution was applied to the fibers about 0.5 cm. away to assure monophasicity
of the action potential. The central intact region, 0.4 cm. long and 1.4 cm. from the
trough, was placed into one end of a U-tube containing sea water or an appropriate
experimental solution. The application of experimental agents usually was restricted
to this area, all changes of solution being accomplished from outside the chamber by
way of the U-tube. The other end of the nerve, also ligated, lay in a sea water pool 1.5
cm. distant. A bright silver wire 0.5 can. closer to the U-tube usually served for stimulation, the anode being provided by a silver wire in the sea water pool. Action and
potassium 1 potentials were both recorded at the central region relative to the end in
KC1, agar bridges and calomel ceils serving as conductors to the solutions in contact
with these parts of the nerves.
In several experiments on the resting potential (i.e., the polarized state), the
trough was filled with sea water or artificial sea water and a filter paper strip inserted.
An intact region of nerve, about 1 cm. from the segment in the U-tube and equally
distant from the end now in air instead of KC1, was put in contact with the strip.
This permitted measurement of a demarcation and diphasic action potential. The
results so obtained did not differ from those with the nerves in contact with KCI.
A partition in the moist chamber separated each nerve into two segments for the
anoxia experiments. The segment in contact with the trough was about 1 cm. long
and was kept in oxygen; the other, on the stimulating electrodes and raised on a
filter paper strip in the U-tube, was subjected first to oxygen to establish a baseline,
then to Linde highly purified tank nitrogen (99.9 per cent), and finally to oxygen
again. As usual, the gases were humidified prior to passage through the chamber.
One hour sufficed for observations under each of these conditions (53). In many of
these experiments the whole length of both control and experimental nerves was
treated with appropriate solutions for an hour prior to mounting. This was done after
the effects of the more usual procedure of localized treatment had been observed. The
results under these conditions were essentially the same and eliminated the need for
opening the chamber to raise the nerves on filter paper strips.
Potassium and demarcation potentials were measured with a Rubicon Type B precision potentiometer, the Rubicon No. 3415 galvanometer (0.007 microamperes/mm.)
1 An injury potential to which potassium at the cut end contributes (53).
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permitting readings to better than 0.05 inv. With the potassium potential balanced
out by the potentiometer, the deflection of the galvanometer during repetitive stimulation and after the tetanus could be followed as an index of the polarization changes;
a calibration in millivolts was obtained for each nerve by measuring the deflection
obtained with known small voltages applied with the nerve in series. Such use of a
galvanometer was desirable because (a) of the negligible drift over long periods, (b)
of the small response time of the galvanometer (half-time *= 1.6 seconds) compared
to that of the phenomena observed, (c) the nerves obey Th~venin's theorem as well
as frog nerve despite the larger currents provided, demonstrating that the state of
polarization is not altered by drawing current (of. reference 44), and (d) of the negligible contribution of the spikes since low frequencies of stimulation were usually employed. With higher frequency volleys the polarization changes were checked with the
stable direct-coupled amplifier employed for the action potentials. This instrument has
a Toennies' differential input and a Miller compensating stage and feeds the final
direct-coupled push-pull stage in a DuMont 208 cathode ray oscillograph. A maximum
amplification of 150 microvolts per inch was obtainable with a frequency response
flat to 1 kilocycle. The potentiometer or a measured A.C. signal served for calibration.
Condenser discharges with a time constant of 100 microseconds were used as stimuli. These were obtained singly or at different frequencies from a battery-operated
neon relaxation oscillator. A slight shock artifact apparent following the spikes at the
highest amplification could be corrected for by killing the nerves at the point of observation (e.g., with acid) and observing the residual potentials. The artifact was small
and brief compared to the after-potentials and therefore was usually neglected. In
order to minimize fatigue, most observations or photographic records were obtained
with single shocks and ample time was provided for recovery. Under these conditions
the action potentials remained practically constant for 5 to 6 hours. The effects of
most experimental changes were almost complete by 15 minutes; final measurements
were therefore usually made within half an hour. To assure equilibrium conditions
for action potential observations, the alkaloids and D D T were allowed to act at least
0.5 hour.
The average room temperature at which these experiments were performed gradually increased during the summer from 20 to 25~C. During the course of a day's run,
however, the temperature seldom changed more than a degree.
P.ESULTS

Potassium Potential and Spike.--The potassium potentials and spikes of
twenty nerves, equilibrated for 1.5 hours in artificial sea water in the moist
chamber, averaged 34.5 and 5.4 my. The spikes are considerably longer than
those of single fibers (cf. reference 27), lasting 20 to 40 milliseconds.
The relation of the potassium potential and spike height to extracellular
potassium concentration, from 0 to 25 m~, is given in Fig. 1 A and B. B o t h
electrical characteristics decline linearly with increasing potassium, the former
at a rate of 0.46 m v . / n ~ , the latter 0.068 mv./m_~. The ratio of these slopes to
each other is practically identical with that of the potassium potential to the
spike; this suggests that, aside from the factors which govern their relative
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magnitudes (cf. discussion of p. 91), the mechanism of potassium action in
both cases is the same.
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FIc. 1. Effect of different extracellular potassium concentrations (Ko) on (A) potassium potential, (B) spike height, and (C) the maximum amplitude of the negative
after-potential in 5 X 10-r part veratrine. Each point the average of at least 5 measurements.
Both the spike and the potassium potential were reduced about 5 per cent by
a lowering of the calcium in the medium to 10 m~; an increase to 60 ra~ usually
elevated the spike height about 5 per cent without consistently altering the
potassium potential (~. reference 25).
The weakest procaine or cocaine concentration which perceptibly affected
the potassium potential, when locally applied, was about 0.05 per cent. Spikes
were consistently reduced at about double this concentration. At 0.05 per cent
the potassium potential declined slowly--about 2 my. per hour--but at higher
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concentrations an initial decline of 1 to 2 inv., completed within a few minutes,
preceded a gradual decline (e.g., 3 inv. per hour in 0.5 per cent). Associated
with these effects was a depressed response of the resting potential to anoxia
and to a return to oxygen; this was consistently observed after 1½ hours of
exposure to 0.05 per cent and was more marked at higher concentrations. These
two actions on the resting potential, viz. a continuous running down in the
presence of oxygen and a reduced sensitivity to anoxia, when occurring together, ~
are usually indicative of the inhibition of an aerobic process supporting the
polarized state (52, 53). Dr. Hoyt S. Hopkins very kindly checked this for procaine with the differential manometric technique previously described (53).
With increasing concentration, up to 0.02 per cent; the respiratory rate was
increased, reaching at this concentration a maximum 20 per cent above the
original level of 100 mm3/gm, wet weight/hr.; at still higher concentrations
respiration was reduced, so that by 0.3 per cent it was half normal.
Veratrine, at a concentration of 10 -6 part, resembled higher concentrations
of the anesthetics in causing a rapid depolarization of several millivolts (Fig.
2 A). The presence of a slow decline was uncertain. There was no question
however, of a basic difference with respect to the response to anoxia. Thus, at
10 -6 part, the maximum amplitude of the decline during anoxia and of the
postanoxic recovery was either unaltered or actually augmented (Fig. 2 A).
This increased sensitivity to anoxia was also apparent at ½ >( 10-6 part, especially with brief exposures to nitrogen (Fig. 2 B). Prolonged anoxia in veratrine
occasionally interfered with oxidative recovery sufficiently to make the potential change less than that of the controls.
The greater sensitivity to anoxia caused by veratrine, also observed in frog
nerve (50), is contrary to the results reported by Lorente de N6 (35). Unfortunately, full experimental details are not given by Lorente. In the present
experiments the veratrine concentration was kept low to minimize direct depolarization; failure to limit the depolarization by veratrine itself may have been
responsible for Lorente's observations.
In the higher veratrine concentrations the spike height was reduced, but
during postanoxic recovery it often became appreciably greater than that
existing just prior to the introduction of nitrogen; in some instances nerves
rendered inexcitable by the alkaloid mixture became active upon return to
oxygen. Such behavior, apparently a consequence of the large repolarization
performed by the veratrinized fibers, was never observed in controls. I t is consistent with the considerable evidence availablc recently reiterated by Lorente
de N6 (35)--for the importance of a minimal level of polarization in conduction.
The above concentrations of veratrine, when locally applied with sea water,
Lorente de N6 (35, p. 144) concludes that a modification in the anoxic decline
suffices to indicate an alteration in metabolism; however, agents which do not affect
metabolism likewise may exert an effect (cf. reference 47).
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caused a repetitive response to single spikes. As may be seen in Figure 3 A, B,
the depolarization which develops may exceed the initiating impulse and dedines very slowly. A spike sent into the treated region before this repolarization
is complete is transmitted without repetitive firing but leaves a marked negaI'
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FIG. 2. (A). Effect of application of i0 -B part veratrine in seawater to the recording
region on the potassiLmapotential and on its sensitivity to anoxia. (]3) Demarcation
potential changesof a control (closedcircles) and a I0-s part veratrine-soakednerve
(open circles) during and following a brief bout of anoxia. (C) Supporting action of
glucose in sea water against anoxia with respect to the potassium potential (open
circles) and the spike amplitude (open triangles) as compared to the controls (closed
circles and triangles).

tive after-potential in its wake (Fig. 3 C). Artificial sea water also is effective
in preventing the repetitive response, possibly because of its higher potassium
content. The studies of the negative after-potential to be described in the next
section were carried out with the artificial sea water in order to avoid the complications of this repetitive activity.
DDT, in concentrations ranging from 10-5 to 10-~ part, did not affect the
resting potential nor its sensitivity to anoxia. However, repetitive activity resulted upon the arrival of a spike at a region of nerve treated with 10-6 to 10 -7
part, whether in sea water or artificial sea water. Although a definite addition
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FIc. 3. Repetitive activity induced (A) by 5 × 10 7part veratrine in sea water seen
with a fast sweep and (B) with a slow sweep and (D) by 5 × 10.7 part DDT, also in
sea water, seen with a fast and (E) with a slow sweep. (C) Response in the same fiber
as A and B, but before repolarization is complete. (F) Response in same fiberasD and
E, but at high gain and still slower sweep. Unless indicated otherwise, the vertical
calibration shown is 3 my. The bright spot in the lower right corner indicates tbe potential level an instant before the impulse is initiated.
of spikes occurred at higher concentrations, the large prolonged depolarization
characteristic of veratrine poisoning was lacking, as m a y be seen in Fig. 3 D,
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E. Higher amplification revealed a small negative after-potential such as might
follow a tetanus (Fig. 3 F). Like veratrine, D D T did not initiate activity at the
concentrations employed. At lower D D T concentrations the repetitive response
was apparent merely as minor irregularities in an otherwise typical spike and
could be depressed by repetitive stimulation.
The action of several substrates and a metabolic inhibitor was examined for
an indication of the nature of the relationship between metabolism and the
electrical phenomena. Early preliminary experiments (46) indicated that glucose may prevent postanoxic recovery in crab nerve without appreciably preventing the anoxic decline, as subsequently reported by Lorente de N6 for
frog nerves subjected to long periods of anoxia (35). The earlier study was conducted with an artificial sea water which was poorly bufferecl. This experiment
has now been repeated with 20 mM glucose in sea water and spike heights were
followed in addition. The results sho-~vn in Figure 2 C are typical. Glucose prevents or reduces the anoxic decline of the potassium potential and sustains
activity. The localized application of glucose by itself had no effect for over 2
hours. Since sea water is relatively well buffered, the earlier suggestion, based
on the depolarizing action of CO2, that the depressed oxidative recovery in glucose is due to acidification (46) may account for the difference in the older
results. The same factor may be operative in Lorente's observations. However,
other possibilities are by no means excluded. In any event the present results
are considered to be more physiological and therefore more pertinent to nerve
functioning.
Previous observations of the action of iodoacetate in artificial sea water on
the potassium potential and its sensitivity to anoxia (46) have been duplicated
in sea water. Thus, in 1 to 2 mM iodoacetate the potassium potential declines
progressively with time; after 2½ hours it is 79 per cent, after 5 hours 63 per
cent, and after 15 hours 16 per cent of the controls. The response to anoxia,
after 2½ hours of inhibitor action, is also consistently less, as is the recovery
upon return to oxygen. After 2 hours in 1 m~ iodoacetate some spike heights
were still normal, but by 5 hours a definite decline had occurred.
In the presence of 1 mM iodoacetate 20 m~ glucose did not prevent the anoxic
decline of the potassium potential; return to oxygen led to recovery such as may
occur after corresponding periods of exposure to the inhibitor alone. Failure of
conduction in iodoacetate was not prevented by glucose.
Since lactate and pyruvate can prevent the aerobic decline of the potassium
potential in iodoacetate-treated frog nerve (52), their effects, with and without
the inhibitor present, were examined. At a concentration of 20 m ~ neither
caused an appreciable change in the potassium potential when locally applied
to nerves in sea water (cf. reference 58). The decline during anoxia was not
consistently altered, nor was recovery by lactate. Pyruvate, in 8 out of 9 experiments, caused a greater recovery which averaged 20 per cent above that of the
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FIa. 4. (A). The depolarization of a veratrinized (open circles) and unveratrinized
nerve (closed circles) with continual stimulation at progressively higher frequencies.
(]3) Recovery of the same nerves upon cessation of stimulation. ((2) Repolarization of
a vemtrinized (open circles) and an unveratrinized (closed circles) nerve following
10 seconds stimulation at 1.4/second and 9/second, respectively. (D) Repolarization
of a veratrinized (open circles) and unveratrinized (closed circles) nerve after stimulation at 3.3/second for 7 and 60 seconds respectively.
controls. Neither lactate nor pyru~ate altered the aerobic or the anoxic decline
of potential in iodoacetate-poisoned nerves; the disappearance of conduction
also was not prevented. Pyruvate not only did not counteract the iodoacetate
but in artificial sea water it depressed the postanoxic recovery in iodoacetate.

ELECTRICAL PHENOMENA IN NERVE. II

84

T h e results obtained with the substrates a n d inhibitor indicate (a) t h a t glucose m a y serve as a source of energy during anoxia, (b) t h a t the energy is derived from glycolysis a t a level below t h a t affected b y iodoacetate, (c) t h a t
neither lactate nor p y r u v a t e can serve as an energy source under anaerobic
conditions, a n d (d) t h a t p y r u v a t e m a y be utilized aerobically. Unlike the situation in frog nerve (52), aerobic p y r u v a t e utilization is blocked b y iodoacetate.
TABLE I
The depolarization (D), from the original potassium potentia] of 33.45 my., and the spike
height (S), both in millivolts, with continued stimulation at the indicated frequencies. Recording region of nerve 1 exposed to 2.5 X 10-v part veratrine in artificial sea water, that of
nerve 2 to artificial sea water.
Ne~e.

Frequency (per sec.)....

°

D

r

0

0.0

5.8

0.0

5.5

1.4

2.0
2.4
2.6

5.4
5.1
4.8

1.1

5.4

3.3

3.2
3.2
3.2

4.2
3.8
3.5

1.9
2.0

5.3
5.1

5.8

3.4
3.3

3.2
2.8

2.3
2.1

4.1
3.9

1.7

0.9

--1.3"

5.5

18.0
0.35
-0.83*

4.6
5.2

* Positive after-potential.

Negative After-Potential.--The negative after-potential following individual
spikes in u n t r e a t e d nerves was too small to be distinguished with certainty from
shock artifact. R e p e t i t i v e stimulation therefore was used in one series a n d the
potential changes followed with the galvanometer a n d the oscillograph.
Fig. 4 A demonstrates the time course of depolarization a n d the m a g n i t u d e
of the potential change as a function of frequency in a normal a n d veratrinized
nerve; Fig. 4 B illustrates the recovery upon cessation of stimulation. W h e n
these d a t a are p l o t t e d semilogarithmically straight lines are obtained, showing
t h a t the fall a n d rise of potential are exponential functions.
T a b l e I gives another typical series for a veratrinized a n d an u n t r e a t e d nerve
a n d includes the concomitant changes in spike height a t different frequencies
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of stimulation. At low frequencies the relative changes in polarization and spike
amplitude are the same, as with an increase of potassium in the medium. At
higher frequencies, however, the spike declines proportionately more, so much
so that the depolarization may actually decrease with increased frequency;
fatigue or lengthening of the refractory period may be responsible for the more
marked depression of the spike height.
Table I and Fig. 4 also demonstrate the development of a positive afterpotential during recovery. That this is real rather than due to drift in the potassium potential is indicated by (a) its gradual subsidence at still later times,
TABLE II
The effect of the mounting procedure on the disappearance of depolarization following
stimulation with respect to the (a) half time, T, (b) the time, to, for the polarization to return
to the original level, (c) the maximum amplitude of the succeedingpositive after-potential,
P, and (d) the positive after-potential relative to the original depolarization. The order in
which the methods were used reads from the top down.
Nerve

'0

Procedure

P/N

t

per cenJ

$~.

Strip
Solution
Strip

140
80
140

403
112
445

0.24
0.8
0.04

9.6
61.0
2.5

Solution
Strip
Solution

18
90
55

45
303
196

1.0
0.22
0.4

78.7
10.1
25.4

Solution
Strip
Solution

90
120
65

203
448
246

0.6
0.05
0.2

32.4
2.8
14.0

observed in most cases, and (b) its reduction by a decrease in the amount of
solution in contact with the region used for recording (Table II).
In Table II are shown the effects of changing the method of mounting on the
disappearance of the depolarization following repetitive stimulation with respect
to (a) the half time; dz., the time required for the polarization to return half
way to its final maximum amplitude, (b) the time required for the polarization
to return to its original level, (c) the maximum positive after-potential which
followed, and (d) the positive after-potential relative to the initial maximal
depolarization. The nerves were first mounted with the recording region either
on a filter paper strip or dipping in the solution in the U-tube and then observed successively with the 2 different procedures. An hour was allowed between series for equilibration and for a check of the constancy of the potassium
potential. It is clear from the data that an increase in the volume of solution
in contact with the nerves elevates the rate of disappearance of the depolariza-
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tion and increases the magnitude of the positive after-potential; these changes
contribute to the considerably shortened interval in which the polarization
first returns to the original level.
The development in veratrine of a depolarization during prolonged repetitive
stimulation as well as its decline with a cessation of activity seems to differ
only quantitatively from the phenomena in untreated nerves (Fig. 4 A and
B). However, with a brief volley a difference appears. As may be seen in Fig.
4 C, a 10 second tetanus, delivered to a veratrinized and normal nerve at different frequencies to make the depolarizations comparable, is followed in the
former by an initial rapid then a slow return to normal, wheras the control
recovers only slowly. If the same frequency is applied to both nerves, a much
shorter burst is necessary in the alkaloid mixture to produce the same degree
of depolarization as in the control and the same 2 phases of repolarization are
evident (Fig. 4 D). Evidently the recovery process, after a few impulses in
veratrine, differs from that obtained with prolonged stimulation.
The negative after-potentials following single spikes after veratrine treatment were also studied oscillographically. The nerves were in contact with the
U-tube solutions in these experiments. With [ and ½ X 10-* part in artificial
sea water the after-potentials measured 171 4- 37 and 423 :t= 60 microvolts
and disappeared in about 10 seconds. Semilogarithmic plotting revealed that
the decline was perfectly exponential for 1 to 2 seconds, the longest period
which could be satisfactorily measured with the available sweep. These temporal characteristics correspond with that of the rapidly declining phase in the
recovery of veratrinized nerves stimulated repetitively. No rising phase attributable to these after-potentials could be seen to precede them.
An increase of the calcium content of the medium to 60 m~ increased the
after-potentials about 50 per cent. Fig. 1 C shows the relationship between
the maximum amplitude of the negative after-potential and the potassium
concentration of the medium. The after-potential is far more sensitive to potassium than either the resting potential or the spike. Although the amplitude of
the after-potential was modified considerably by the ions the time constant
of repolarization was not consistently altered.
Positive After-Potential. No positive after-potential was ever observed during
the course of repetitive stimulation but, as pointed out above, it does develop
considerably later--after the depolarization produced by activity has subsided.
In 10 -4 part yohimbine a positive after-potential could be seen after individual
spikes. These ranged in amplitude between 50 to 200 microvolts and disappeared in about 5 seconds. Repetitive stimulation at the rate of 5.8 or 10 shocks
per second caused the after-potentials to sum, but only during the first 5 to 10
impulses (Fig. 5 C); thereafter a progressive depolarization appeared and continued as long as stimulation was effective. Cessation of stimulation during the
positive phase usually led not only to a disappearance of the after-potential but
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to negative overshooting as well (Fig. 5 C). The spike heights invariably declined during a tetanus in yohimbine, chiefly during the first few impulses
(Fig. 5 D), a phenomenon which never appeared in corresponding control
nerves (Fig. 5 B).
Preliminary experiments with potassium and calcium consistently demonstrated a depressant action by these ions. Elevation of the calcium in artificial
sea water to 60 mM reduced the after-potentials about 50 per cent; an increase

FIG. 5. (A). The addition of after-potentials before and (C) 1½ hours after the application of 10 4 part yohimbine in sea water to the recording region. (B) and (D)
are the corresponding spike amplitudes at the same frequency of stimulation, viz.
9/second.
of the potassium content of sea water by 10 mM was equally effective (3 experiments each). The same general effect was observed whether the after-potential
or the maximum elevation in polarization during repetitive stimulation was
employed as the basis for comparison. In 2 additional experiments complete
removal of potassium from an artificial sea water was seen to cause a two- to
threefold increase in positive after-potential.
DISCUSSION

The results which have been described provide a basis for (a) defining aerobic
and anaerobic processes which may provide energy for maintenance of the
polarized state, (b) correlating these processes with the after-potentials, and
(c) indirectly testing for the involvement of potassium.
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Resling Polential.--The continuous decline of the potassium potential in
iodoacetate, correlated with its effect on heat production (8), and the failure
of pyruvate and lactate to arrest it, indicate the involvement of glycolysis but,
unlike the situation in frog nerve (52), not because pyruvate must be produced
and oxidized. Energy presumably is derived instead from the smaller phosphorylated intermediaries in the glycolytic cycle. This is also suggested by the
interference by iodoacetate with the utilization of pyruvate during postanoxic
recovery.
The support of the potential by glucose during anoxia, and the inhibition of
this action by iodoacetate, demonstrate that glycolysis may function as an
anaerobic source of energy. Neither lactate nor pyruvate can replace the monosaccharide. These relationships are identical with those found in frog nerve
(48, 52).
The inability of crab nerve to utilize pyruvate or lactate directly under aerobic conditions may be related to the high anion permeability of its fibers (45).
The decarboxylation of these substrates in conjunction with aerobic processes
in an anion-impermeable nerve such as the frog sciatic seems to provide hydrogen ions which can exchange with potassium at the fiber surface and thereby
contributes to potassium retention (48). Direct (Fenn, quoted by reference 35,
p. 56) and indirect (48, 53) evidence is available that oxygen consumption maintains the potassium gradient. The permeability of crab nerve to small anions
like bicarbonate would prevent COs production from contributing to this particular exchange process and thereby render unavailable some of the energy of
the carbohydrate reserves. This provides a basis for the higher resting metabolic
rate found in these nerves (7, 37).
The available literature is suggestive of a specific alternative mechanism
which may be involved in crab nerve for potassium retention. Thus, the membrane properties are such as to give rise to a modified Donnan equilibrium like
that in muscle (11, 45), but this can occur only if the anions are retained by the
fibers. The organic phosphates (17) and the high concentration of a labile carbohydrate reserve (31) may provide most of the necessary anions or their
equivalent charge. The glycogen content of Libinia leg nerves ranges from 0.5
to 2 per cent wet weight (32), in agreement with the figures for Maia (31). The
"free carbohydrate" probably equals the glycogen content (31), hence the
total reserve carbohydrate may be assumed to be twice the glycogen. This
represents the polymerization of 6 to 25 millimols per cent glucose. If, as in
yeast (41), potassium is retained in amounts exactly equivalent to the glucose,
all or nearly all the 13 to 16 millimols per cent in Libinia (20) could be accounted
for. The carbohydrate levels certainly suffice if, as in lobster nerve (54), amino
acids are present which supply -~ of the necessary anions. The breakdown of the
carbohydrate stores which has been observed during anoxia (31) might therefore account for potassium release and depolarization. Arginine phosphate and
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pyrophosphate also hydrolyze during anoxia (17); although these constituents
could retain only I or 2 miUimolsper cent potassium, the amount of potassium
liberated during the absence of oxygen may be no more than this (53). The
inhibition of anaerobic glucose utilization by iodoacetate also favors the involvement of the organic phosphates.
Regardless of the specific metabolic process which may ultimately prove to
be concerned, there can be no question but that the continuous expenditure of
energy is necessary for at least part of the resting potential. The correlation
between the potential level and the rate of heat production (cf. rderence 8) is
thus readily understandable. On the basis of earlier work (48, 53) this relationship may be assumed to be a result of the dependence of the potassium concentration at the surface on a metabolic reaction which causes the uptake of
potassium. Opposing this is the high intracelluiar potassium concentration
(14, 20) which tends to escape at a rate determined by the concentration (more
correctly the activity) gradient and the permeability. Under resting conditions
the balance between the metabolic and physical forces would contribute to the
steep potassium gradient in the membrane and hence to a low surface concentration approaching that of the medium. Fluctuations in this peripheral potassium concentration rather than that of the axoplasm must be considered the
cause of any rapid potential changes which may occur. This follows from the
fact that relative concentration changes govern the magnitude of the potential
response; the small value of the surface potassium concentration therefore
would make mild changes more readily detectable electrically. It is probable
that under non-equilibrium conditions the depolarizing action of potassium is
due to an inwardly directed membrane diffusion potential (of. reference 47),
while for changes occurring over long periods a Donnan equilibrium potential
may be involved (cf. references II and 53).
An additional factor which must be taken into account is the dependence of
the intensity of the metabolic process itself on potassium, presumably because
an enzyme located in the surface is activated by it (53). A similar potassiummetabolism relationship has been obtained in frog nerve (16).~ Hence an increase in the tendency for intracellular potassium to escape, for example as a
result of increased permeability such as may occur when the calcium of the
medium is lowered, would elevate the surface potassium and intensify the
restoring forces, thereby preventing a still higher increment in the peripheral
potassium and in the associated depolarization. This system would therefore
be important in conserving potassium and in restricting polarization changes
as long as metabolism were intact. Anoxia would stop the compensatory aerobic
reaction and lead to a greater or faster potential decline.
A reduction in medium calcium causes the described effects in frog nerve
s A number of biochemical reactions have been shown to be dependent on potassium (e.g. references 10 and 38).
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(48), and so does veratrine (50). Veratrine has now been shown to act similarly
in crab nerve. These results provide further support for the proposal by Welsh
and Gordon (57) that veratrine displaces calcium from the fiber surface. However, the lowered calcium appears to be secondary to the associated changes
in permeability (47, 48, 51).
The effect of reduced calcium on permeability is well known (cf. reference
26); Fenn (19) has demonstrated the increased loss of potassium by nerve in
low calcium, and Bacq and Goffart (4) have obtained similar results in resting
muscle with veratrine. These results, together with the elevation in respiration
which occurs under these conditions (12, 42), are in keeping with the potassiumpotential-metabolism hypothesis.
The failure of D D T to act like veratrine on the resting potential is of special
interest since the similarity of these 2 agents to low calcium in causing repetitive
firing has led to the suggestion that the insecticide also displaces calcium (22,
57). It is possible that D D T competes less effectively with the surface calcium
than vemtrine, and therefore is operative only when the membrane calcification
is reduced, such as may occur during an impulse. The absence of a marked
negative after-potential in D D T also seems indicative of this weaker competition. In any event, the differences between D D T and veratrine clearly relate
the negative after-potential to the greater energy requirements of vemtrinized
fibers, as revealed by their greater sensitivity to anoxia. This was recognized
by Schmitt and Gasser (43). The available data suggest a specific mechanism
for this fact; furthermore both the increased oxygen consumption and the
depolarization following the spikes of veratrinized nerves appear explainable
in terms of elevated surface potassium.
Metabolic inhibition, such as occurs with the anesthetics and iodoacetate,
would increase the tendency of potassium to escape, as in the case of lowered
permeability; however, the compensatory reaction for minimizing this loss
would be weak or absent. The reduced contribution of respiration to the state
of polarization, evident from the lowering of the potassium potential in the
presence of oxygen, would in itself largely account for the lessened response to
anoxia. 4 Whether the anesthetics block only by virtue of metabolic inhibition
4 The action of iodoacetate on frog nerve potentials during anoxia after 2 to 3
hours' treatment is somewhat different from that in crab nerve (52), but explainable
in terms of the membrane properties. Lorente de N6 has repeated these experiments
with iodoacetamide and fails to obtain similar results in bullfrog nerve; he states,
without additional details, that observations with iodoacetate, using the "oscillographic technique," agreed with those made with the more basic inhibitor (35, p.
132). However, Feng's resultson the activityof frognerve (18) correlate perfectly with
the earlier studies (52) rather than with Lorente's. A basis for the differences is provided by a purely physical effect which the inhibitors may exert. Iodoacetate can prevent the entry of KCI into muscle (56) and may produce an elevation of potential
with block in frog nerve (9); these are characteristics of "stabilizing" agents; that is,
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and the associated depolarization, or by another mechanism as well (of. reference 47), cannot be answered with certainty on the basis of the available results.
The failure of the anesthetics to produce a rise in potential such as occurs
in frog nerve is probably due to the difference in membrane properties; muscle,
which possesses membrane characteristics like those of the crab fibers, also
shows no increase (unpublished). The same differences exist with respect to
the action of CO2 on the polarization (36, 46, 48). This correlation between
anion permeability and polarizability provides further evidence of the importance of the membrane in some of the phenomena which have been observed
and may be of significance in the different effects frequently observed in the
central nervous system of vertebrates. These differences do not detract from
the remarkable similarity which nevertheless exists with respect to many
other agents; e.g., oxygen, glucose, potassium, calcium, veratrine, and yohimbine.
Spikes.--The wide disparity in the amplitude of the spike and potassium
potential has been noted before and attributed to incomplete stimulation (5,
21). However, this may be due largely to the lack of simultaneity in the development of the component spikes, such as would occur because of a wide range
in latent periods and conduction velocities. The spike durations are considerably longer than those of single fibers (of. reference 27). When the area of a
typical spike of 5.3 my. is computed and compressed into a triangle with a
base of 1 to 2 milliseconds, the height corresponds to 45 to 90 my.; this is more
in accord with the associated potassium potential of 34 my. and with the properties of single fibers (of. reference 29). The increase in spike height with repetitive activity, such as occurred in DDT, would follow from an improved
superposition of spikes from different fibers.
A comparison of the response of the fibers in veratrine and DDT to single
shocks reveals that the prolongation of the spike may be due to repetitive
activity independent of the production of a negative after-potential. Bayliss
et al. (5) concluded that the negative after-potential induced by veratrine
began at the peak of the spike; i.e., was initially the same amplitude as the
spike. However, their records give evidence of marked repetitive activity
(Plate I, in reference 5), hence the initial large magnitude of the after-potential
may have been more the result of the repetitive activity than a genuine afteragents which apparently reduce potassium permeability and thereby lower the sensitivity to anoxia (47). Iodoacetamide should be even more effective in this respect
which would explain its ability to impede the anoxic decline of polarization (35).
Lorente's conclusion that the reduced dedine in the absence of oxygen is attributable
to the inhibitory effects of these compounds therefore remains questionable unless, as
demonstrated for iodoacetate in the earlier studies, a reversal is obtainable with suitable substrates.
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potential. Their failure to observe such a large after-potential behind impulses
sent into veratrinized nerves still partially depolarized from a previous response
- - a n observation which has been corrfirmed--lends further weight to the possibility that the large after-potential they described was due, at least initially,
to spikes; subsequently, of course, due to the combined effect of prolonged
activity as well as the enhancement of the negative after-potential by veratrine, a true depolarization (i.e., independent of continued activity) must have
developed. Many observations have been made in the present study with artificial sea water, in which repetitive activity is not apparent, and in none of these
were the negative after-potentials induced with veratrine comparable to the
spike amplitudes.
The repetitive activity obtained in DDT in the absence of the marked depolarization which occurs in veratrine suggests that the multiple response is
not a consequence of the state of polarization. In the squid giant axon the spike
is followed by oscillations of potential (2, 3, 51), which cause repetitive activity
when sufficiently enhanced. These oscillations of potential have been observed
to be more sensitive to certain experimental conditions than the state of polarization, from which the conclusion was reached that the former are a more important element in excitability (51). The present results suggest that DDT
acts primarily to increase the oscillations, whereas veratrine also augments
the depolarization. The twofold action of the alkaloid mixture was described
in the axon, but DDT proved completely inert. It would be desirable to check
the effect of the insecticide on the subthreshold oscillatory properties of single
crab fibers.
Negative After-PotentiaL--The observations which have been reported and
others in the literature reveal a remarkable similarity between the depolarizations caused by activity and anoxia. Thus, both are augmented by veratrine
and are very sensitive to potassium (53), and their reversal requires oxygen
(21) and is modified by the volume of solution in contact with the fibers (53).
The very last is important as an indicator of the release and uptake of a potentiaMowering substance, which considerable evidence points to as being potassium (cf. references 30 and 53). In general terms it might be stated that both
depolarizations are a result of an excess in the energy requirements over that
available from the anaerobic reserves. More specifically, the retention of potassium appears dependent on a reservoir of energy maintained through the continuous operation of metabolic processes; interference with the level of this
reservoir, either through anoxia or by the drain put on it by activity, would
lead to potassium loss. The breakdown of indiffusible anions to diffusible ones,
as already suggested for anoxia, offers a concrete basis for the observed phenomena; another possibility is interference with an ion exchange mechanism
as in frog nerve (48) but involving an acid with larger anions (cf. references 13
and 41).
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Further support for the involvement of potassium in these depolarizations
is provided by a comparison of the calculated amount released with that determined analytically. Thus, the .millivolts change in potential, A E, resulting
from a small increment, k, in the potassium level, K,, originally present at the
surface of the fibers, has been shown to be (53)
,~ E -- 20 log K, +_____k
K.

(1)

In a series of experiments in which sea water-treated nerves (K, -~ 12) were
stimulated 180 times in 10 seconds the depolarization ranged from 1 to 1.6
Inv.; this corresponds to a concentration change of 0.6-1.1 X 10-8 m~/impulse.
If the extracellular spaces are assumed to be 50 per cent of the total weight
of the nerve, ~ the calculated potassium is 3-5.5 X 10-1° ~/gm. nerve, which
compares favorably with the 5.84 X 10-1° M/gin. nerve obtained analytically
in Maia (14). The calculated value is probably low since diffusion into the
liquid electrodes used for recording must have reduced the concentration attained. This would place the correct figure between the analytical one and that
determined indirectly by Hodgkin and Huxley (30).
To simplify future discussion the release of potassium during anoxia and
activity will be assumed without further argument.
The slow disappearance of the depolarization following a brief high frequency volley in control nerves contrasts sharply with the rapid recovery
achieved by veratrinized preparations. From the standpoint of rate and of the
subsequent development of an augmented polarization, only the slower process
seems comparable to the postanoxic recovery of the resting potential. Does this
mean that the depolarization in the alkaloid mixture is fundamentally different? That such is not the case is indicated by the effect of veratrine on the
anoxic decline of potential; furthermore, the recovery process following activity in veratrine takes on the qualities of that in the controls if depolarization
is sustained by continued stimulation. The simplest conclusion seems to be
that veratrine enhances potassium release, in accord with that reached by
Rosenblueth (39, 40), but after a few impulses the restoring force is greater
than when many impulses have been transmitted. These considerations suggest
(a) that potassium normally is released during the spike and is to a large extent
rapidly reabsorbed, (b) that veratrine interferes with the reabsorption process,
and (c) that activity leaves a residuum of potassium which can be restored only
by the operation of a considerably slower metabolic process, a process identical
with that which is responsible for postanoxic recovery of the resting potential.
The failure of the activity-induced depolarization to disappear in the absence
5The measurements of Fenn et al. (20) indicate a smaller figure for freshly removed
nerve and considerably larger values after long soaking periods.
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of oxygen (21) is in accord with the last point. The rapid and slow processes of
potassium uptake may be quite similar to those in yeast (41).
The absence of a rising phase to the negative after-potential, noted also in
the squid giant axon (51), is in accord with the view that the potassium release
occurs during the spike. Earlier suggestions of a rising phase in frog nerve have
been shown to be a misinterpretation of the tendency of the polarization to
overshoot in the opposite direction following the spike (35), a phenomenon
particularly clear in the giant axon of the squid (51).
On the basis of the interpretation here presented, the negative after-potential
is a consequence of the inadequacy of metabolic processes; this is in accord with
similar views expressed earlier (e.g. references 21 and 34). Amberson et al. (1)
have questioned such an approach on the ground that anoxia affects the afterpotentials considerably more than the spike, from which it is concluded that
the negative after-potential is a result of an active aerobic process. However,
Fig. 1 demonstrates that an increase in the potassium content of the medium
affects the negative after-potential far more than the spike. In view of the
evidence for potassium release during anoxia, their observation is subject to a
totally different explanation.
The action of potassium on the negative after-potential is explainable at
least partly on the same physical basis as that employed to account for a
similar relationship between anoxic depolarization and potassium concentration (53). Thus, from Equation 1, it follows that the effectiveness of a given
increment in potassium at the fiber surface will vary inversely with the potassium concentration there. The calculation of the liberated potassium from
the amplitude of the negative after-potential is rendered somewhat uncertain
because at the low medium concentrations of potassium (K0) employed leakage from the fibers would maintain the surface potassium level (Ks) somewhat
above that of the medium. The latter may be estimated, however, by applying
the potassium-potential relation which holds for the higher values of K0 to
the potassium-potentials obtained at the lower concentrations:
890

E = 20 log K-'-~- "

(2)

The values so obtained are given in Table III, from which it may be seen that
a significant divergence between K, and K0 appears when K0 is decreased to
9 m~. The potassium concentration changes resulting after the spikes, calculated from Equation 1, are found to increase as K0 is reduced; this is a quite
reasonable result, since it would follow from the steepened potassium gradient
and the depressed metabolism (53).
On the basis of the potassium-metabolism relationship which has been invoked the reduction of metabolic rate with a decrease in K0 or Ks should
lengthen the time constant of potassium reabsorption. This has been observed
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in Maia (30). An explanation is therefore to be desired to account for the absence of a difference in the time course of negative after-potential disappearance at various potassium concentrations. This is provided hy a consideration
of the potassium-potential relation.
Since k < < K,, we derive from Equation 1
d(~ p.) c dk
. . . .
dt

(3)

K , dt '

where C is a constant. From this it follows that the rate of repolarization is inversely proportional to the potassium concentration originally at the surface
of the fibers. Thus a change of Ks (or K0) from 20 to 10 mM, for example, would
double the potential recovery rate; but the same change in concentration reTABLE I I I
The surface potassium concentration, K,, calculated from the potassium potentials obtained with different medium concentrations (K0), and the corresponding increment in concentration k computed from the negative after-potential appearing in 5 )< I0-T part veratrine. All values in m~.
Ko

Ks

k

0.0
4.6
9.0
15
20
25

7.0
8.6
11.2
14.8
20.4
24.6

1.97
1.01
0.97
0.72
0.56
0.35

duces respiration almost 50 per cent (53), which would neutralize the physical
effect and leave the rate of recovery unaltered as observed.
The action of calcium on the negative after-potential induced by veratrine
agrees with that found in the giant axon of the squid (51). In the absence of
veratrine calcium reduces the negative after-potential (51), which is in keeping
with its known effect on permeability and potassium loss. Lehmann (33) and
Graham and Blair (23) have reported an increase in the negative after-potential with elevated calcium; however, the brevity of the negative after-potential in vertebrate nerve causes its changes to be obscured by alterations in
the oscillatory properties of the fibers (of. references 33 and 51), therefore the
effectsprobably are not comparable to those obtainable in the squid axon where
the two phenomena are quite distinct. The action of calcium in veratrine is
consequently regarded as a reversal of that in untreated nerves. This has been
discussed in detail (of. reference 51), but it may be pointed out here that the
reversal is explainable in terms of the competition of veratrine and calcium for
the fiber surface (57). A continuation of the recalcification process after the
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spike would increase the amount of repolarization during this period at the
higher calcium concentrations since the final level of surface calcium to be
attained would be greater.
Positive Aftcr-potential.--The enhanced polarization following recovery from
repetitive activity must be regarded as a positive after-potential. Except for
the extended time scale, therefore, the repolarization in crab nerve follows the
general pattern of other nerves. The difference in times involved appears attributable to the poorer efficiency of potassium reabsorption in the invertebrate fibers, a difference also reflected by the slower rate of postanoxic recovery
of the resting potential (cf. references 14, 35, 52, and 53). The similarity of the
positive after-potential to the overshooting of polarization which occurs after
oxygen lack has already been pointed out; it also indicates the identity of the
basic factors underlying these phenomena.
A possible factor in the overshooting of potential may be a lag in the response of metabolism to changes in the potassium level at the surface. Thus,
if the increased metabolism resulting from an elevation in extracellular potassium declined more slowly than the surface potassium, the potentials would
be back to normal while metabolism was still elevated; potassium uptake therefore would continue and thus lead to a positive after-potential. The greater
overshoot in a large volume of solution would follow from the greater lag between the potassium and metabolism as a result of the faster disappearance of
the ion through diffusion as well as reabsorption, a greater positivity appearing
before metabolism became sufficiently depressed to cause a reversal. Other
factors are probably also operative, but it remains a remarkable fact that conditions tending to increase permeability--low calcium, calcium precipitants,
veratrine---augment overshootings whether they occur in connection with
"oscillations" (2, 51), postanoxic recovery of the polarization (48, 50), or the
response to COs (48), whereas reduced permeability is associated with the
opposite effect (35, 47, 50, 51). The possible significance of this in terms of a
lag between metabolic rate and potassium uptake has been discussed in relation
to the oscillatory properties of the squid axon membrane (51).
Although the action of yohimbine has been demonstrated to be essentially
the same as in other nerves, a striking feature is the limited extent of the addition of the after-potentials with repetitive stimulation. This emphasizes again
the weakness of the recovery process, compared for example with frog nerve,
but demonstrates nevertheless that the alkaloid can contribute to making
this process more effective. The effect of potassium is consistent with the
possibility that the positive after-potential represents an excessive uptake of
potassium. This would be a consequence of enhanced metabolism or a reduction
in the tendency of potassium to escape, as with lowered permeability. The latter
is suggested by unpublished experiments on frog nerve in which this alkaloid
causes the various effects typical of "stabilizers" (50). Calcium does not
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synergize this action of yohimbine, however, so that the mechanism of action
is probably more complex.
Concluding Remarks. Many similarities have been pointed out between the
potential changes resulting from anoxia and recovery and from activity and
its cessation. Both have been interpreted in terms of a potassium concentration existing at the surface of the fibers which is determined by a balance between diffusion and metabolic forces, the former tending to increase the potassium level and thereby lowering the potential and the latter to decrease it
and thus raising the potential.
On this basis metabolism, although contributing to ion retention, is distinguished from the purely physical resistance to diffusion known as impermeability. The assumption frequently is made that the permeability has been
increased by metabolic inhibition when certain cellular constituents escape.
Permeability may actually be unaltered but certain metabolic forces (e.g.,
ionic exchange or the maintenance of indiffusible anions) are rendered inoperative. The reversibility of such effects is readily understood. The demonstration
of an increase in conductivity with inhibition likewise cannot be considered incontrovertible evidence for increased permeability. Weakened metabolism would increase the tendency of intracellular potassium to escape, thereby
raising the potassium content of the membrane and With it the conductivity
(cf. references 28 and 30). The extent to which the conductivity change associated with spike production represents a true alteration in permeability remains
to be demonstrated by more critical methods. 6
A genuine modification in permeability could, on the other hand, produce
conductivity changes considerably greater than those to be expected from the
altered mobilities. For example, a decrease in permeability would render the
metabolism more effective in retaining potassium and hence steepen the potassium gradient and thereby lower the potassium content and conductivity of the
membrane. The potential level, of course, would be raised. The action of
carbamates in elevating the polarization of frog nerves (15) and in decreasing
the conductivity of muscle when first applied (24) is in accord with the proposed mechanism of "stabilization;" the opposite effects observed at higher
concentrations (15, 24) appear to correspond to metabolic inhibition and the
associated potassium leakage.
The conductivity of the membrane, contributed to by both the permeability
and potassium content, will determine its current density under the usual
*Dr. H. J. Curtis (personal communication) has since called attention to a single
preliminary experiment, done on the squid axon in collaboration with Dr. K. S. Cole,
in which veratrine was observed to prolong the membrane conductivity change which
develops during the spike. This suggests a more intimate relation between conductivity and the negative after-potential than to spike production per se, but more
experimental work in this direction is certainly to be desired.
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methods of stimulation. The threshold changes characteristic of "stabilizers"
(6, 50, 55) and "unstabilizers" (33, 57) would follow from corresponding modifications in potassium transport and the associated alterations in depolarizability (cf. reference 51).
The failure of the local anesthetics to raise the polarization of the crab fibers
may be a consequence of the greater sensitivity of their enzymatic systems to
the inhibitory effects of these agents, or, as already pointed out, to the peculiarities of their membranes. In any case it is dear that the blocking mechanism
may not necessarily be the same as in frog fibers. The indications are that
blockade in these invertebrate nerves is the result of the depolarization
attendant on metabolic inhibition.
Lorente de N6 has dismissed the involvement of potassium in the potential
changes resulting from anoxia and postanoxic recovery in frog nerve on the
basis of experiments which depend on the validity of his assumption that potassium diffusibility through the extracellular spaces is rapid (35, pp. 53-56).
On similar grounds he concludes that the slow depolarization of frog nerve as
well as its slow recovery from potassium solutions is indicative (a) of other
than potassium membrane potentials (35, pp. 26-28, p. 34) and (b) of a different mode of action by potassium in vertebrate and invertebrate nerve. These
various conclusions are questionable in view of the rapidity of the potential
changes in frog nerve after the perineurium has been removed (12, Fig. 11).
The basic similarity of the action of potassium in all nerves has been demonstrated by a number of earlier investigations and data demonstrating the actual
loss of potassium by anoxic frog nerve have been obtained by Fenn and his
associates (quoted in reference 35). 7
In view of the available evidence, therefore, it appears preferable to consider
the various bioelectrical phenomena in terms of more conventional parameters; viz., potassium, permeability, and metabolism. Pending the accumulation of further data, the interrelationships which have been suggested between
these variables are proposed as a working hypothesis for the available experimental observations on crab nerve and the squid axon as well as for those on
frog nerve to be presented subsequently.
The author is indebted to Miss Margaret Hines and Miss Tess Abramsky whose
competent assistance, made possible by the generosity of the National Institutes of
Health, considerably facilitated the accumulation and analysis of data and records.
7 Since the submission of the manuscript, the generosity of Dr. G. Marmont in
permitting the use of a Beckman flame spectrophotometer has made it possible to
analyze for changes in the potassium content of small volumes of solution in contact
with crab nerve. These experiments show an increased loss of potassium during anoxia
and a reversal upon return to oxygenas well as a reduction in these changes by glucose.
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SUMMARY

The resting and action potentials of the leg nerves of the spider crab are
seduced by procaine, cocaine, iodoacetate, KCI, and vemtrine. The first three
agents depress the sensitivity of the resting potential to anoxia, while the last
can be shown to augment it. Glucose sustains activity and the polarized state
in the absence of oxygen, an effect blocked by iodoacetate; corresponding concentrations of lactate and pyruvate are inert under most experimental conditions. D D T and veratrine both induce repetitive activity following an impulse,
but only the latter does so with a marked increase in negative after-potential.
The negative after-potential induced by veratrine is decreased by KC1 relatively more than the spike or the resting potential. Elevation of the calcium
content of the medium increases this after-potential. Neither ion appreciably
alters the time constant of repolarization. The recovery is more rapid than that
obtained following prolonged activity of both veratrinized and unveratrinized
nerves. Repolarization following a tetanus is accelerated by an increase in the
volume of solution in contact with the fibers; associated with this is an augmentation of the positive after-potential which normally follows a bout of
activity. Yohimbine induces a positive after-potential following individual
spikes which is depressed by an elevation of the potassium or calcium content
of the medium.
These observations are discussed from the standpoint of the available evidence for the involvement of potassium at the surface of the fibers as regulated
by a labile permeability and metabolism. The potassium liberated by the action
potential, calculated from the polarization changes, agrees closely with an
available analytical figure; less direct observations are also found to be consistent with this view.
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