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SUMMARY

The effect of various factors which block electrical activity have been tested on the
efflux of K from the electroplax of Electrophorus electricus.

1. Increase of K concentration from 5 mM to 110 mM in the Ringer’s solution
bathing the innervated site of the electroplax, with corresponding decrease in Na
concentration, caused an immediate increase of the K efflux. Surprisingly, this
increased rate was maintained for a few minutes only and then returned to about
the original level. When the K concentration in the outside fluid was raised from
110 to 165 mM, no further change of the rate of K efflux was observed.

2. Addition of d-tubocurarine in high concentrations (1 mg/ml} did not affect
the efflux, thus suggesting that the increased efflux with a high external K concen-
tration must be attributed to an increased flow of K ions across the conducting
membrane.

3. When the Ringer K concentration was increased to 110 or 165 mM, without
corresponding removal of Na, the effects observed with this hypertonic solution were
essentially the same.

4. Exposure of the electroplax to either carbamylcholine or to pyridine aldoxime
dodeciodide, both known to block electrical activity and to depolarize the conducting
membrane, as does high K concentration, affected the rate of efflux of K in essentially
the same way as exposure to high K concentration.

5. In contrast, replacement of external Na by either sucrose or choline, in which
case activity is blocked without depolarization, did not affect the rate of potassium
efflux.

INTRODUCTION

It has previously been shown that during activity, an electroplax from the electric
eel, Electrophorus electricus, loses 5-8 pumoles of K/cm?/impulse!. This is the same
order of magnitude as the K loss from cephalopod and crustacean giant axons?3
and suggests the basic similarity of the bioelectric currents propagating the action

Abbreviation: PAD, pyridine aldoxime dodeciodide.
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K EFFLUX AND BLOCK OF EXCITABILITY IN ELECTROPLAX 337

potential in membranes of excitable cells from different species. It appeared pertinent
to test this conclusion further by studying how various factors which block electrical
activity affect the efflux of K. The electroplax preparation possesses certain features
discussed by ScHOFFENIELS? which make it possible to obtain more information
about the mode of action of certain compounds for which other preparations are
unsuitable.

The response to direct and indirect stimulation in electroplax can be abolished
by replacing the sodium in a saline medium with choline, sucrose or glucose, by
increasing the external K concentration and by a number of drugs. By analogy with
muscle and nerve, a small amount of Na probably enters the electroplax during
stimulation, and its absence in the medium would prevent the inward Na current
and the evanescent depolarization during the spike. The block of activity with
sufficiently high external K concentrations may be explained by a depolarization of
the membrane. The indirect response only is abolished by curare® ¢, which does not
depolarize and does not affect the efflux of K from the innervated membranes of
resting electroplax!. Carbamylcholine, a depolarizing agent, blocks the response to
both indirect and direct stimulation although the latter effect is not produced by a
direct action upon the conducting membrane but by an action upon the synaptic
region®?. A block of both responses is also obtained with lipid soluble quaternary
nitrogen compounds such as dodecyl pyridinium chloride and PADS.

Several ways are therefore available to block conduction. Since electrical activity
of the membrane is accompanied by changes in the efflux of K, it might be expected
that a block of activity in various ways would produce changes in efflux charac-
teristic of the mode of blocking which might be of help in the determining of the
mechanism of action of drugs. This paper describes the effect of various methods of
blocking conduction on the efflux of K from the innervated membranes of electroplax
from the organ of Sachs of Electrophorus electricus L. The most interesting and un-
expected finding is that block with depolarizing agents, like high external K or
carbamylcholine or PAD, produces a transient increase in the efflux of K, suggesting
that the membrane permeability does not reach a new constant level after depola-
rization.

METHODS

These were the same as those described in a previous paper!. Na free solutions were
prepared by replacing Na,HPO, and NaH,PO, with K phosphates, and NaCl with
the osmotically equivalent amounts of either sucrose, choline chloride, KCl or K,SO,.
The pH was 7.2. When chemicals were added to the Ringer’s solution, the pH was
re-adjusted, if necessary, to 7.2 with either 0.x N NaOH or 0.1 N HCL

RESULTS

Effects of high external potassium concentration

Reversibility of the block of conduction: A single electroplax separating two pools
of Ringer’s solution in the apparatus developed by SCHOFFENIELS* % ?® was stimulated
directly and the amplitude of the spike was about 60 mV (Fig. 1). To find the effect
of an elevated K concentration on the amplitude of the spike, the fluid washing the
innervated membrane was replaced with Ringer’s solution in which sodium had been
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338 R. WHITTAM, M. GUINNEBAULT

replaced with potassium to.give concentrations of 25, 45 and 8o mM K. Fig. 1 shows
that the height of the spike was reduced by the raised X concentrations. It fell only
about 5 mV with 25 mM K and on washing again with Ringer’s solution, the spike
immediately returned to its initial level. With 45 mM K the height of the spike was
reduced by 50 9%, and on washing with Ringer’s solution, it again recovered completely
within about 3 min. 8o mM K caused a block of conduction and on washing with
Ringer’s solution afterwards, the height of the spike slowly increased until after
20 min it was 85 9, of its initial level. Both the direct and indirect responses were also
recovered after their abolition with 165 mM K, irrespective of whether NaCl was
replaced by KCI (Fig. 2) or K,50, (Fig. 3). The recovery in the height of the spike was
slower (40 min) and not so complete (75 %) in the presence of sulfate compared with the
85 9, recovery in 2o min in the presence of chloride. Similar results were obtained
when both sides of the electroplax were washed with high K Ringer’s solution and
show that the block of conduction was reversed when the electroplax was washed
afterwards with Ringer’s solution.

The efflux of K into tsotonic solutions: To find the effect of the block of conduction
by K on the efflux of K across the innervated membrane, electroplax previously
soaked for 2-3h in oxygenated labeled Ringer’s solution were mounted in the
apparatus with a pool of 2K labeled Ringer’s solution on the non-innervated side
and a stream of inactive Ringer’s fluid on the innervated side. The washing fluid
was counted for 2K until a constant rate was obtained; then it was replaced by a
high K solution. The K concentrations chosen, of 110 and 165 mM, were obtained by
a replacement of sodium of the saline with potassium. Fig. 4 shows that washing
the innervated membrane with Ringer’s solution containing 110 mM K caused an
immediate increase in the loss of 2K from the electroplax. Surprisingly, the high
rate of loss of 2K was not maintained for more than about 10 min, forafter that time
it fell slowly to the initial level. (The spike disappeared within about 30 sec after
exposure to the high K.) To test whether a further transient increase in the loss of
2K would occur on raising the external K concentration to 165 mM, the washing
fluid was altered to contain 165 mM K and Fig. 4 shows that no further change in
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Fig. 1. Decrease in the height of the direct spike on increasing the potassium concentration in
the Ringer’s solution bathing the innervated membrane.
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K EFFLUX AND BLOCK OF EXCITABILITY IN ELECTROPLAX 339

the efflux of K occurred. In 2 experiments the electroplax was bathed in high K
Ringer’s solution and subsequently washed with 5 mM K Ringer’s solution until the
electrical activity returned. The efflux of K was allowed to fall to the initial level,
after the transient increase, before the start of washing with Ringer’s solution. No fur-
ther change occurred as the electrical activity wasrecovered after about 30 min washing.
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Fig. 2. Reversibility of the block of activity  Fig. 3. The reversibility of the effect of 160
after bathing the innervated membrane with mM K,SO, solution on the direct spike.
165 mM K Ringer’s solution.
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Fig. 4. The efflux of potassium from theinnerva-  Fig. 5. The efflux of potassium from the inner-
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Ringer’s solution in which sodium had been ing it in the presence of curare and of high
partially or completely replaced with potassium. potassium concentrations.

Biochim. Biophys. Acta, 45 (1960) 336-347
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Fig. 5 shows that the addition of d-tubocurarine (r mg/ml) to the Ringer’s solu-
tion bathing the innervated membrane had no significant effect on the efflux of K,
although the indirect response was blocked, showing that nearly all the resting efflux
is probably through the conducting membrane. This is not surprising since the area
of the post-synaptic membrane at the synaptic junctions, in spite of their great
number, forms only a small fraction, about 3-6 %, of the conducting membrane!®. The
previous abolition of the indirect spike with curare did not affect the transient increase
in the loss of 42K when the external K concentration was raised to 110 mM, and, as
was found in the absence of curare, no further change in efflux occurred on increasing
the K concentration from 110 to 165 mM.

Fig. 6 shows the results with 3 electroplax of increasing the external K concentra-
tion and, for the sake of comparison of cells with different resting fluxes, the ordinate
is given as the percentage of the initial efflux of K. The graph illustrates the variability
of the increase in efflux with high external K, for the increase may be for a short
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Fig. 6. The variability of the transient effect on the efflux of potassium of bathing the innervated
membranes of electroplax with Ringer’s solution containing a high potassium concentration.

period (2 min) in one cell, or more prolonged (12 min) in another. In each cell, however,
the efflux returned to the initial level. In the curve of the cell with the biggest increase
(o), the washing solution was changed to Ringer’s solution before the initial level
was reached again and the efflux seemed then to fall more quickly to the initial level
than when the electroplax was washed with high K medium. No explanation is
offered for the variability of the response.

Replacement of NaCl with K,SO,: Ringer’s solutions in which NaCl is replaced
with KCl probably allow K to enter the electroplax more freely, as well as causing
an increase in efflux. It is unlikely that a net eutry of K or of water occurred, however,
because the highest external concentration (165 mM) was less than the internal
concentration of about 175 mmoles/kg tissue water:. By replacing NaCl with K,SO,
instead of KCl it is to be expected that the same effects due to K itself would be found.
Fig. 7 shows that this is so, for when the NaCl in Ringer’s solution was replaced with
0.083 M K,SO,, the same transient increase in the efflux of K occurred as when
NaCl was replaced with KCl.

Addition of KCI to Ringer’s solution: To test the effect on the eflux of K of
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K EFFLUX AND BLOCK OF EXCITABILITY IN ELECTROPLAX 341

maintaining the Na concentration in the Ringer’s solution at 165 mM and of increasing
the K concentration, hypertonic solutions were prepared by adding solid KCl to
Ringer’s solution to raise the K concentration to 110 or 165 mM K solutions. Fig. 8
shows a 110 %, increase in the loss ot 42K from the electroplax when the direct spike
was blocked with 110 mM K in a hypertonic medium and also the subsequent fall
to the initial level. Washing with 165 mM K solution caused no further change in
efflux from the initial level, after the pre-treatment with 110 mM K. This result is
exactly the same as that found with isotonic high K solutions in which NaCl of the
Ringer’s solution was replaced with KCL
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Fig. 7. The efflux of potassium from the innervated membrane of an electroplax bathed first with
0.083 M K,50, and then with Ringer’s solution containing 5 mM carbamylcholine.
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Washing both membranes of the eleciroplax: The results already described in
which high K Ringer’s solution was added only to the innervated side could possibly
be artifactual due to a net potential difference (p.d.) across the cell caused by a
depolarization of only the innervated membrane which might cause a flow of current
carried by K. (With high K on the innervated side only, a net p.d. would be expected
across the cell since there would still be a p.d. across the non-innervated membrane
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Fig. 9. The efflux of potassium from the two membranes of an electroplax on replacing Ringer’s
solution with 165 mM K-medium.

and the innervated membrane would be negative to the non-innervated.) To test
whether the transient increase in the efflux of K across the innervated membrane
might be due to some such cause, an electroplax was soaked for 3 hin labeled Ringer’s
solution and then washed on both sides, first with Ringer’s solution, next with
isotonic 165 mM K solution and finally again with Ringer’s solution. The washings
were counted for %K and the results are shown in Fig. g. Initially, the rates of
loss corresponded to losses of 42K across the membranes by first order processes
since straight lines are given in the semi-logarithmic plot. The loss from the non-
innervated side was about tenfold that from the innervated. On replacing the
Ringer’s solution with 165 mM K solution, the loss of K from the innervated
membrane increased, and after about 6 min it was, for 4 min, about twice the rate
it would have been with Ringer’s solution. (The dotted line is a continuation of the
linear slope with Ringer’s solution.) However, the higher rate was not maintained
and the rate fell to a level similar to that for Ringer’s solution. Further washing
with Ringer’s solution again gave a linear semi-logarithmic rate of loss although the
slope was a little steeper than during the first washing. In contrast to the marked rise
and fall in the loss of 42K found on the innervated side, no striking change was seen
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in the washings from the non-innervated side. In 3 experiments made in this way
the same effect was observed on the innervated side. In one experiment, the loss
from the non-innervated membrane also showed a rise (middle section of upper curve
in Fig. 9) although this was not so pronounced. The results therefore show that the
same rise and fall in the loss of #2K occurred from the innervated membrane when
both sides were washed with 165 mM K as when only the innervated side was
washed. The effect found when washing the innervated side alone is therefore unlikely
to be an artifact and may be considered to be the typical way in which the efflux
of potassium changes when the membrane is exposed to a high potassium concentra-
tion (r10 or 165 mM) that blocks conduction.

Effect of carbamylcholine on potassium efflux

A high external K concentration depolarizes the membrane!2-14 and the same
result is produced by carbamylcholine®, although at a relatively slow rate with the
concentrations usually used. In view of the transient character of the effect of high
external K concentration on the efflux of K across the innervated membrane, it was
clearly desirable to find whether the effect was due to K per s¢, or to its depolarizing
action. An electroplax was therefore washed with Ringer’s solution containing 5 mM
carbamylcholine chloride, which was used in this high concentration in order to
depolarize fairly quickly. The result (Fig. 10) shows that the drug blocked conduction
and also caused a rapid rise in the loss of 2K and, later, a slow fall approximately
to the starting level. After the return to the resting level, the washing solution was
changed to isotonic 165 mM K solution to see if the high external K concentration
would still produce an effect on the efflux of K as it does before treatment with the
drug. Fig. 10 shows that 165 mM K had no effect on the loss of 42K across the inner-
vated membrane once the direct spike had been abolished by carbamylcholine.

The converse experiment of adding carbamylcholine after high potassium showed
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Fig. 10. The efflux of potassium and the height of the direct spike in the presence of 5 mM carba-
mylcholine and of 165 mM K in the Ringer’s solution bathing the innervated membrane.

Biockim. Biophvs. Acta, 45 (1960) 336—347
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that no further change in efflux occurred with carbamylcholine once the spike had
been abolished with 165 mM K solution. Since the peculiar effect on the efflux of
K is the same with carbamylcholine as that with high external K concentrations,
and since the response is abolished by pre-treatment with the other agent, the results
suggest that the same reaction in the process of membrane depolarization is the cause
of the phenomenon.

Effect of 2-PAD on potassium efflux

A drug that abolishes the direct spike even after the indirect spike has been
abolished by curare in high concentrations, is 2-PAD, which therefore affects the
conducting membrane directly®. Carbamylcholine affects the direct spike by way
of the nerve synapses only® and was therefore used in the absence of curare. The
innervated membrane of an electroplax was exposed to 1 mg/ml of curare, to abolish
the indirect spike, and then to 400 ug/ml of 2-PAD. The effect of PAD on the efflux
of K (Fig. 11) is the same as the effect of carbamylcholine and of a high external K
concentration in producing a temporary rise in the loss of 2K which then fell in
about romin to the original level. The direct spike was abolished within 2 min
after exposure of the innervated membrane to Ringer’s solution containing PAD.

Block of conduction by removal of external sodium

The results have shown that, when activity was abolished by high external K,
by carbamylcholine or by PAD, the efflux of K from the innervated membrane
increased rapidly by about 70-1009%, and then fell to the original level. The
common feature of these blocking agents is membrane depolarization. To find the
effect of block of activity without depolarization, the efflux of K has been measured
from electroplax whose conduction had been blocked by replacing external Na ions
with choline or sucrose. This procedure does not affect the resting membrane poten-
tial'2. The results showed that the efflux of K from the resting cell was not affected
by a removal of Na from the Ringer’s solution, a procedure which blocked both
the direct and indirect spikes. This shows that conduction can be blocked without
changing the permeability of the membrane to K.
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Fig. 11. The effect of 2-PAD (400 ug/ml) in the bathing Ringer’s solution on the efflux potassium
from the innervated membrane of an electroplax. (D.S. == direct spike).
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DISCUSSION

The block and recovery of activity

The experiments described in this paper were designed to find out whether
different methods of blocking electrical activity in electroplax from the organ of
Sachs of Electrophorus electricus affected the efflux of K in characteristic ways. Block
of activity has been obtained in two ways, viz. by removal of Na from the medium
and by the action of depolarizing agents like K and drugs. Replacement of Na in
Ringer’s solution with choline or sucrose does not affect the resting potential'?;
presumably the driving force on K movements is essentially the same and it is not
surprising that the efflux of K from the resting, yet unexcitable, electroplax was also
unchanged. It was also shown!? that the block obtained in sucrose medium was
reversed on washing with Ringer’s solution but not after immersion in choline
medium; the reason for this difference remains to be explained.

Block of activity was obtained by exposing either the innervated membrane
alone or both the innervated and non-innervated membranes to Ringer’s solution
in which NaCl had been partially (about 50 9;) or completely replaced with KCI or
K,S0,. The block was reversed on washing with the usual Ringer’s solution containing
5 mM K. Loss of activity occurred within 1 min, in contrast to the longer time (about
30 min) needed to restore activity.

A similar long period of washing is needed to restore the resting potential of
frog muscles after they have been immersed in high K solutions!®, and a slow re-
polarization of the membrane is the likely explanation for the slow recovery of
excitability in electroplax.

The block of the direct response obtained with the lipid soluble quaternary
nitrogen compound, 2-PAD, after the abolition of the indirect spike by the addition
of d-tubocurarine, confirms SCHOFFENIELS et al.8 and is probably due to the combina-
tion of 2-PAD with, and inactivation of, constituents of the membrane necessary
for activity'®. 2-PAD is a depolarizing agent® and so is carbamylcholine, but whilst
2-PAD acts after exposure of the electroplax to curare, carbamylcholine is then
ineffective8. Carbamylcholine exerts its depolarizing action (and block of both the
indirect and direct responses) upon the synaptic region of the membrane; the in-
nervated membrane was therefore exposed to carbamylcholine in the absence of
curare and the block of activity was observed.

Depolarizing agents and the efflux of potassium: The main results of this paper
show that the depolarizing agents, carbamylcholine, 2-PAD and a high external K
concentration are alike in blocking activity and in causing a rise in the efflux of
potassium from the innervated membrane which later fell to the initial level. After
the evanescent rise, the efflux from an inexcitable electroplax was thus identical
with that from the same electroplax when it was excitable, either before block of
activity or, after block with K, after washing and recovery of activity. The rise is
to be expected because, as the membrane potential is reduced, so is the restraint of
the membrane upon the movement of K in and out of the cell likely to be reduced.
The subsequent return of the efflux to the initial level is unexpected, however, and is
difficult to explain. Comparable effects have not been described in any other tissue
and, indeed, the results with crab nerve showed that the efflux increased five-fold
and remained constant at the high level when the external K concentration was
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also increased five-fold®. In Sepia nerve axons poisoned with 2,4-dinitrophenol
there was also a very rough proportionality between the external concentration and
the efflux of potassium over the range from 10 to 207 mM K (see ref. 17). This work
showed that depolarization increased the conductance of the membrane and that
K ions carry the current; the experiments did not indicate transitory effects like
those described here.

It is worth examining the evidence against the view that the effect is artifactual
since this possibility is the most obvious and least demanding. First the result could
be spurious if depolarization allowed a mnet loss of K from the electroplax which
might account for the extra radioactivity in the washings. However, since it may be
calculated that the total radioactivity collected above the initial level represented
only about 59, of the intracellular K, the return of the efflux to the initial level
cannot be explained by a loss of cell K. This result also rules out the possibility that
the non-innervated membrane might become the limitation to the movement of tracer
from the pool of Ringer’s solution on the non-innervated side of the electroplax to the
washing solution on the other side. A net loss of K from the electroplax is unlikely
when bathing with 110 or 165 mM K solutions, but this calculation shows that it also
was unlikely to occur as a result of the action of carbamylcholine or 2-PAD when the
external K concentration was 5 mM.

Secondly, the fall in efflux might be due to a decrease in the specific activity of
the intracellular X upon which the efflux is directly dependent. A fall in efflux due
to a lowering of intracellular specific activity should be related to the external K
concentration, which determines the amount of K that can enter the cell, since the
internal specific activity would fall to a greater extent as more K entered. This
possibility can be excluded because the efflux returned to the same initial levels
during exposure of the electroplax to carbamylcholine, 2-PAD and high K concen-
trations, when different amounts of K would be expected to enter the cell because of
the different external concentrations (5, 110 and 165 mM). The fact that the efflux
did not fall to lower levels with 110 and 165 mM external K than with 5 mA shows
that entry of external K could not have lowered the internal specific activity in a
way that would explain the fall to the same initial levels. These two considerations
argue that the effect of depolarizing agents on the efflux of K is not an artifact but
the typical response of the innervated membrane.

Although at the moment there is no explanation for the phenomenon of the
transient change in K efflux in the electroplax there are several hypotheses that can
be tested and the isolated electroplax is interesting material for further study of the
nature of the system controlling potassium permeability.
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