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SUMMARY

1. The effect of anticholinesterases in lengthening the end-plate
potential is much more pronounced in a low-sodium solution than in an
ordinary Ringer-curare solution.

2. To investigate this difference, intracellular recordings of end-plate
potentials and of end-plate currents in voltage-clamped muscle fibres
were used.

3. It was found that the very large lengthening of the end-plate
potential in a low-sodium solution was due to a combination of three
factors: (i) lengthening of the underlying end-plate current, (ii) an in-
creased membrane resistance and (iii) marked inward-going (anomalous)
rectification of the muscle membrane.

INTRODUCTION

It is well known that, after anticholinesterases are added to the bathing
solution, the end-plate potential (e.p.p.) in a curarized muscle becomes
larger and more prolonged. This effect has been attributed to the accumu-
lation of the transmitter acetylcholine (Brown, Dale & Feldberg, 1936;
Feng, 1940; Eccles, Katz & Kuffler, 1942; Eccles & MacFarlane, 1949;
Fatt & Katz, 1951; Takeuchi & Takeuchi, 1959). However, a much more
striking lengthening of the e.p.p. occurs if prostigmine is added to a nerve-
muscle preparation which has been kept in a sodium deficient solution:
the rise time of the e.p.p. is increased to 10 msec or more (about 3 msec
in the curarized and prostigmine-treated preparation) and the whole e.p.p.
lasts for about 100 msec or more (about 40 msec in the curarized and pro-
stigmine-treated preparation; Fatt & Katz, 1951). Takeuchi & Takeuchi
(1959) reported that under this condition the active phase of the e.p.p.
is longer than in the curarized preparation. However, in their experiments
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the effect of anticholinesterase was not as striking as that reported by
Fatt & Katz (1951).
The aim of the present work was to examine the prostigmine-induced

lengthening of the low-sodium e.p.p. in more detail. The time course of
the e.p.p. is determined by, among other factors, the time course of its
active phase (end-plate current, e.p.c., Takeuchi & Takeuchi, 1959,
1960a) and the membrane resistance of the muscle fibre. In this study the
e.p.p.s and the underlying e.p.c.s were recorded at different membrane
potential levels and the membrane resistance of the muscle fibres was
measured in different ionic media.

METHODS

The procedure for recording the e.p.p. and measuring the input resistance of the muscle
fibre was similar to that described by Fatt & Katz (1951). In addition, voltage-clamp
conditions were used for e.p.c. measurements as described by Takeuchi & Takeuchi (1959,
1960a; see also Kordas, 1968).
During the clamping procedure, the e.p.p. was always reduced to less than 10 % of the

'unclamped' size (Figs. 1, 2 and 3). The input resistance was also measured under clamp
conditions, by applying known voltage steps to the cathode follower input of the recording
system, and measuring the resulting clamping current.
A technical difficulty arose in low-sodium solutions because the resting potential of

muscle fibres, impaled with two low-resistance micro-electrodes, was not usually very well
maintained. But when micro-electrodes of about 20-30 MQ were used, the resting potential
during the course of an experiment fell by only a few millivolts. Under these conditions,
with recording and current-passing micro-electrodes inserted into the same muscle fibre,
the time constant of the feed-back loop was 150-200 csec, which was adequate for the
present purpose. The distortion of the intracellularly recorded e.p.p.s by the e.p.p.s in
nearby end-plates was minimized by recording the e.p.p. in end-plates which were remote
from other end-plates.

'Normal Ringer' (NaCl 116 mm, KCI 2 mM, CaCl2 3-6 mm, Tris 4 mM, HCI 3, 3 mm;
pH 7-4; ionic strength, I = 0-132 M) and 'low-sodium Ringer' (NaCl 23 mM, KCI 2 mM,
CaCl2 3-6 mm, sucrose 168 mM, Tris 4 mM, HCI 3-3 mm; pH 7-4; I = 0-039 M) were used.
Prostigmine, tetra-ethylpyrophosphate (TEPP) and tetrodotoxin (TTX) were added in
different experiments to make final concentrations of 10-6 M, 10 4 M and 106 g/ml.,
respectively.

All experiments were carried out at room temperature (18S20o C) on sciatic nerve-
sartorius muscle preparations of the frog (Rana pipiens).

RESUILTS

The effect of anticholinesterases on the e.p.c. in sodium deficient solution.
Figure 1 illustrates the change brought about by prostigmine in curarized
muscle and Fig. 2 the change in sodium deficient solution. It is clear that
the anticholinesterase induced lengthening of the e.p.p. is mainly due to a
prolongation of underlying e.p.c. The effect is much more striking in low-
sodium than in curarized muscle, which confirms the results of Fatt &
Katz (1951) and Takeuchi & Takeucbi (1959). In the anticholinesterase-
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E.P.P. IN SODIUM DEFICIENT SOLUTION
treated curarized preparations the rise and half-decline time of the e.p.c
are about 1X5 and 28 msec, respectively (Takeuchi & Takeuchi, 1959;
Kordas, 1968), whereas in the similarly treated low-sodium preparation
the corresponding values are 2-2 msec (mean of 18 experiments, range
1-5 msec) and 13-3 msec (mean of 18 experiments, range 7-5-23 msec),
respectively. In lengthening the e.p.c., prostigmine and TEPP had similar
effects, though different concentrations were required (prostigmine,
106 M, TEPP, 104 M for 120 min).

A

Fig. 1. End-plate current and end-plate potential in a curarized muiscle before
(A) and after (B) treatment of the muscle with prostigmine. In the left-hand blocks
the traces are intracellular recordings of the end-plate potential (inside positive
deflexion downwards). In right-hand blocks the upper traces are intracellular
recordings of the reduced membrane potential change during the flow of the
'clamping current', which is recorded on the lower trace (inward current upwards).
All records from the same end-plate.

The reason for the striking effect of anticholinesterases in low-sodium
solutions is not clear. One possibility is that a larger number of quantal
packets might be released, possibly leading to saturation of junctional
receptors in the presence of an anticholinesterase. A saturation effect
might easily lead to a protracted time course and slower decay of the
e.p.c. To test this suggestion, two nerve impulses were set up in rapid
successions and e.p.p.s and underlying e.p.c.s were recorded. When two
e.p.p.s are evoked at brief intervals, the second e.p.p. is larger than the
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first (Schaefer & Haas, 1939; Feng, 1940; Eccles, Katz & Kuffler, 1941;
Eccles & MacFarlane, 1949), owing to facilitation of transmitter release
(Hutter, 1952; Eccles, 1952; del Castillo & Katz, 1954a). As shown in
Fig. 3A, such a facilitation occurs also in low-sodium Ringer, provided
prostigmine is absent. In the presence of prostigmine, however, the second
e.p.p. and e.p.c. are smaller and slower than the first, the total amplitudes

.P

B

Fig. 2. End-plate current (right, lower traces) and end-plate potential (left) in a
muscle soaked in sodium deficient solution before (A) and after (B) treatment of
the muscle with prostigmine.

being only slightly larger than those evoked by a single nerve impulse
(Fig. 3B). When the time interval was increased, the second e.p.p. and
e.p.c. gradually became similar in shape to the first one. These observations
tend to support the suggestion that under the present experimental con-
ditions junctional receptors may approach saturation with transmitter,
thus giving rise to a flat-topped and prolonged e.p.c.

The muscle fibre membrane resistance in sodium deficient solution. The
time course of the end-plate potential is determined not only by the under-
lying e.p.c. but also by the resistance and time constant of the muscle
fibre. Hence, if in sodium deficient Ringer the membrane conductance is
reduced, a slowing of the time course of the e.p.p. would result.
As all experiments were made with 'chloride Ringer', sodium deficiency

was accompanied by a reduction of chloride concentration. Because of the
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E.P.P. IN SODIUM DEFICIENT SOLUTION
relatively high chloride permeability of the muscle membrane (Boyle &
Conway, 1941; Hodgkin & Horowicz, 1959, 1960; Adrian & Freygang,
1962), membrane resistance increases when the Cl- concentration in the
bathing solution is diminished (Hutter & Padsha, 1959; Hutter & Noble,
1960). ~~~~~~~A

_- ~ ~~~~~~~~~~~~~~~ I

Fig. 3. End-plate currents (right, lower traces) and end-plate potentials (left)
evoked by double nerve stimuli in a muscle kept in low-sodium solution before
(A) and after (B) treatment with prostigmine.

The input resistance (the effective resistance between inside and outside
of a muscle fibre (Fatt & Katz, 1951)) was measured in normal Ringer
solution and again in the same fibres after 1-3 hr soaking in sodium deficient
solution. In normal Ringer solution the input resistance in fourteen fibres
was 170-600 YK.. In sodium deficient Ringer the input resistance in-
creased in twelve out of fourteen fibres, on the average by 27 % (range
10-40 %). Furthermore, the slope of the current-voltage relation was

greater for outward than for inward currents (Fig. 4A). This might be due
to a regenerative 'local response', or to a passive rectification of the fibre
membrane. The former was eliminated by adding TTX, 10-6 g/ml.,
(Furukawa, Sasaoka & Hosoya, 1959; Narahashi, Deguchi, Urukawa &
Okhubo, 1960) to the solution. In a series of experiments in which TTX
was used in normal-sodium Ringer, the input resistance was 350-790 KQ.
In low-sodium Ringer with TTX the resistance increased on the average
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by 18% (range 5-50 %), and the voltage-current relation for outward
current still had a steeper slope (Fig. 4B), indicating the presence of
inward-going (anomalous) rectification (Katz, 1949; Adrian & Freygang,
1962). When the muscle membrane was further depolarized (by more
than 30-40 mV) the slope often diminished.

60mV 60mV

A B
.30 30

-15 -10 -5 5 10x10'A -15 -10 -5 5 10x10-'A

-30 -30

-60 -60
Fig. 4. A: Voltage-current relation of a muscle fibre kept in normal (0) and
low-sodium (0) Ringer. B: Voltage-current relation of a muscle fibre in normal
(0) and low-sodium (0) Ringer, both with tetrodotoxin. Hyperpolarization
downwards.

It is clear that an increased membrane resistance contributed to the
antiesterase-induced lengthening of the e.p.p. The extent of this contri-
bution was not measured in the present experiments. Further, the inward-
going rectification of the muscle membrane added to this lengthening of
the e.p.p. This factor became apparent when the e.p.p. was evoked in the
same fibre at different levels of membrane potential (Figs. 5 and 6). This
was done in eighteen muscle fibres, and simultaneously the voltage-
current relation was recorded. During hyperpolarization the rise time of
the e.p.p. was reduced by up to 5 msec and the half-decline time by
4-20 msec.

Other observations. It is known that the 'equilibrium potential' for the
e.p.p. moves to larger inside-negative potentials in sodium deficient
solutions (del Castillo & Katz, 1955; Takeuchi & Takeuchi, 1960b;
Takeuchi, 1963). The 'low-sodium' e.p.p., in the presence of prostigmine,
is often of large amplitude. Therefore if the e.p.p. is large enough to
approach the equilibrium potential closely, one would expect its time
course to show a 'flat top' (Fatt & Katz, 1951; Katz & Miledi, 1967). To
examine whether this factor contributed significantly to the flat top and
protracted time course of the low-sodium e.p.p., the equilibrium potential
was determined in eight muscle fibres by plotting e.p.p. and e.p.c. ampli-
tude against membrane potential. Extrapolation of the observed relations
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Fig. 5. Tracings of records of end-plate currents (right), tracings of records of
end-plate potentials (left) and the voltage current relation (top), recorded from a
muscle fibre in sodium deficient solution with prostigmine. The numbers indicate the
membrane potential level (negative inside). The rise and half-decline time are
marked in each record.
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Fig. 6. Tracings of records of end-plate currents (right), tracings of records of end-
plate potentials (left) and the voltage-current relation (top), recorded from
another muscle fibre in sodium deficient solution with prostigmine. The numbers
indicate the membrane potential level. This experiment illustrates lengthening of
the half-decline time of e.p.c. with hyperpolarization.



for e.p.p.s and e.p.c.s crossed the abscissa at - 28-5 + 6 mV and - 29-7 + 6
mV (mean + S.D.), respectively. It may be concluded that in muscle fibres
with a resisting potential of 80-90 mV even the largest observed e.p.p.
(about 30 mV) did not approach the equilibrium level sufficiently closely
for this factor to become very important in affecting the time course. It
may be noted that the present value of the 'equilibrium potential' is
somewhat lower than that reported by Takeuchi & Takeuchi (1960) and
Takeuchi (1963).
An interesting feature was sometimes observed, when the muscle fibre

was hyperpolarized. There was on occasions a lengthening in the half-
decline time of the e.p.c. At a few end-plates this value became almost
twice as large as at the resting potential (Fig. 6), whereas in other fibres
no such change was seen (Fig. 5). The reason for this lengthening is not
known, but a similar effect has previously been observed in the e.p.c. of a
curarized preparation (Takeuchi & Takeuchi, 1959; see also Katz & Miledi,
1965a).

DISCUSSION

While there are several factors which contribute to the prolongation
of the end-plate potential by anticholinesterases in sodium deficient
solutions, the main effect is due to a very marked lengthening of the in-
ward end-plate current, that is of the phase of transmitter action. The
question why anticholinesterases prolong this active phase much more in
low-sodium than in curarized preparations remains to be investigated
further. The reason for this difference may lie in the action of curare, which
is known not only to reduce end-plate potential but also to shorten the
period of post-synaptic transmitter action (see Eccles et al. 1942; Beranek &
Vyskocil, 1968). One would expect, then, that in the absence of curare-like
agents the effect of anticholinesterases would generally resemble that
observed in the sodium deficient medium. This seems to be the case in
muscles kept in normal Ringer solution (Eccles et al. 1942) or treated with
excess Mg2+ (del Castillo & Katz, 1954b) and also in experiments in which
Ca2+ was applied iontophoretically to a single junction (Katz & Miledi,
1965b).
The fact that an added second e.p.p. had a smaller amplitude and slower

time course (Fig. 3B) might be explained by saturation of junctional
receptors with excess transmitter, possibly because of increased quantal
release in sodium deficient medium (Kelly, 1965; Birks & Cohen, 1965;
Rahamimoff & Colomo, 1967). Under these conditions, diffusion of trans-
mitter towards more distant receptors (Miledi, 1959, 1960) may occur and
contribute to the observed prolongation of end-plate current and end-plate
potential.
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