J. Physiol. (1969), 205, pp. 377-391 377
With 10 text-figures

Printed in Great Britain

A STUDY OF
THE ACTION OF PICROTOXIN ON THE INHIBITORY
NEUROMUSCULAR JUNCTION OF THE CRAYFISH

By A. TAKEUCHI axp NORIKO TAKEUCHI

From the Department of Physiology, School of Medicine,
Juntendo University, Hongo, Tokyo, Japan

(Received 12 May 1969)

SUMMARY

1. The effect of picrotoxin on the neuromuscular junction of the crayfish
(Cambarus clarkit) was investigated. The potential changes were recorded
intracellularly and extracellularly with micro-electrodes. The membrane
conductance of the muscle fibre was also measured.

2. Picrotoxin depressed the amplitudes of the inhibitory junctional
potentials and the potential changes produced by iontophoretically ap-
plied y-aminobutyric acid (FABA), but had no appreciable effect on the
excitatory junctional potentials and the potential changes produced by
L-glutamate.

3. The presynaptic action of GABA and the neural transmitter was
depressed by picrotoxin. The presynaptic action of #-guanidinopropionic
acid was also depressed by picrotoxin.

4. The increase in the membrane conductance produced by the addition
of GABA in the bath fluid was depressed by picrotoxin. The dose-response
relation showed that picrotoxin depressed the conductance increase pro-
duced by GABA in a non-competitive manner. The action of picrotoxin
on the conductance increase produced by GABA was more effective in
low Cl- solution.

5. The analysis of the dose-response curves showed that the action of
picrotoxin was well expressed by the Michaelis—-Menten equation, but the
slope of the dose-response curve of GABA was steeper than this relation.
It is proposed that the conductance of the junctional membrane was
increased by the combination of two molecules of GABA with a receptor,
and the attachment of one molecule of picrotoxin to a specific site de-
pressed the conductance increase.
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INTRODUCTION

It is known that picrotoxin has a strong convulsant action in vertebrates
and invertebrates. Neurophysiological investigations have shown that
picrotoxin blocks several types of inhibitory synapses in crustacea (Elliott
& Florey, 1956; Robbins & Van der Kloot, 1958; Robbins, 1959; Van der
Kloot & Robbins, 1959 ; Grundfest, Reuben & Rickles, 1959 ; Kuffler, 1960;
Van der Kloot, 1960) and in insects (Usherwood & Grundfest, 1965) and
that it depresses the presynaptic inhibition in the mammalian central
nervous system (Eccles, Schmidt & Willis, 1963). Recent investigations
have demonstrated that y-aminobutyric acid (GABA) is released by
inhibitory stimulation at the lobster neuromuscular junction (Otsuka,
Iversen, Hall & itz, 1966) and acts at the inhibitory neuromuscular
junction of the crayfish (Takeuchi & Takeuchi, 1965), and that the action
of GABA on the crustacean synapse is blocked by picrotoxin. Since
GABA is a possible inhibitory transmitter in some synapses of the mam-
malian central nervous system (Obata, 1965; Krnjevié¢ & Schwartz, 1967),
the action of picrotoxin and GABA on the crustacean inhibitory synapses
may be of some general application.

It has been postulated that picrotoxin acts as a competitive antagonist
of both the inhibitory transmitter substances and GABA by combining
reversibly at inhibitory receptor sites on the post-synaptic membrane
(Robbins & Van der Kloot, 1958; Grundfest et al. 1959; Van der Kloot,
1960). Experimental work demonstrating the mode of action of picrotoxin
is lacking. The present study was undertaken to obtain quantitative
information concerning the action of picrotoxin by measuring the mem-
brane conductance of the crayfish muscle fibre. It was observed that
picrotoxin acts as a non-competitive antagonist at the crayfish inhibitory
neuromuscular junction.

METHODS

Experimental procedures were similar to those reported previously (Takeuchi
& Takeuchi, 1964, 1965). The abductor muscle of the dactyl in the first walking leg
of the crayfish (Cambarus clarkii) was used. Potential changes produced by nerve
stimulation and by the iontophoretic applications of GABA and L-glutamate were
recorded intracellularly with a 3 M-KCl-filled micro-electrode and extracellularly with
a 3 M-NaCl-filled micro-electrode. Muscle membrane conductance was measured as
described previously (Takeuchi & Takeuchi, 1967), using 3 M-K-propionate- or 0-6 M-
K,S0,-filled micro-electrodes. The normal concentration of Cl- in the bathing solu-
tion was 246-5 mM and, as the Cl- concentration was decreased, it was replaced with
methyl sulphate (Tokyo Kasei) or methanesulphonate (Tokyo Kasei). In order to
increase Cl— concentration NaCl or choline-Cl was added to the solution. The pH of
the solution was adjusted to 7-2 by Tris maleate buffer. The pH and osmolarity of
the solutions were checked before each experimental run. Picrotoxin solution was
specially prepared for each experiment. The bath fiuid was replaced with the new
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solution continuously. When the solution was changed to one containing picrotoxin,
the action of picrotoxin reached 90 9, of its maximal value in 2-3 min. (The action
of GABA applied under the same condition reached the 909, maximal value in
20-50 sec.)

RESULTS
Effect on the post-synaptic inhibition
The excitatory and inhibitory axons were stimulated repetitively by
short trains of stimuli. The excitatory (e.j.p.s) and inhibitory junctional
potentials (i.j.p.s) recorded intracellularly are shown in Fig. 1a. When
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Fig. 1. Effect of picrotoxin on the e.j.p.s and i.j.p.s recorded intra-
cellularly from a muscle fibre. E.j.p.s and i.j.p.s were produced successively
by trains of stimuli (30/sec for 1 sec and 50/sec for 0-7 sec respectively).
a, recorded in normal solution; b,in 1 x 108 M;¢c, 5x 1078 Mm;d, 1 x 10-5 m;
¢, 3 x 10~5 m picrotoxin; f, 20 min after washing with normal solution.

the bath fluid was changed to one containing picrotoxin, the amplitude of
the i.j.p.s decreased, while no appreciable change was observed in the
e.j.p.s (Fig. 1b to e¢). The preparation was soaked in each solution for 10—
15 min. The amplitude of the i.j.p.s recovered about 20 min after washing
the preparation with normal saline solution (Fig. 1f). The concentration of
picrotoxin used in the present experiment produced no appreciable changes
in the reversal potential of the i.j.p.s, the resting membrane conductance
and potential.

The relationship between the concentration of picrotoxin and the ampli-
tudes of e.j.p.s and i.j.p.s is shown in Fig. 2. Since the reversal potential
of the i.j.p.s was close to the resting potential (in this case at 3-5 mV
depolarized level), the non-linearity of thei.j.p. size was corrected (Martin,
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1955) (filled circles in Fig. 2). The open circles represent the mean ampli-
tudes of the last five e.j.p.s in each train of stimuli (the stimulation rate
of 30/sec and duration of 1sec). While there were some variations in
amplitude, a marked decrease was observed in the i.j.p. size, but little
change in the e.j.p. The curve of Fig. 2 is drawn according to eqn. (1),
assuming Kp = 3x10-¢M, m = 1 and £ = 0-9. These constants are of
the same range as those obtained from the conductance measurements of
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Fig. 2. Relationship between the concentration of picrotoxin and the ampli-
tudes of e.j.p.s and i.j.p.s. O, mean amplitude of last five e.j.p.s pro-
duced at stimulation rate of 30/sec for 1sec. @, maximal amplitude of
i.j.p.’s at the end of stimulation (stimulation rate of 50/sec and duration
of 0-7 sec). The amplitude of i.j.p.s was corrected by method of Martin
(1955). Theoretical curve was drawn according to eqn. (1), assuming K, =
3x10°M, m =1and = 09. A and A, control amplitudes of e.j.p.s
and i.j.p.s after washing with normal solution.

GABA action (see p. 9). In Fig. 2, the amplitude of e.j.p.s had a tendency
to increase at higher concentrations of picrotoxin. However, the increase
in the e.j.p. size was not always observed and the control e.j.p.s obtained
after washing the preparation with normal solution (open triangles in Fig.
2) was of the same amplitude as that obtained with high concentrations
of picrotoxin. Therefore, the increase in the e.j.p. size may not be due to
the action of picrotoxin, but to the facilitation of e.j.p. after repeated
stimulations.

It has been shown that L-glutamate and GABA activate the excitatory
and inhibitory junctional membranes respectively (Takeuchi & Takeuchi,
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1964, 1965). Glutamate and GABA were applied iontophorstically to a
junctional area from a double-barrelled micropipette and potentials were
recorded intracellularly (Fig. 3a). A drop of 1x 10—2 M picrotoxin was
applied near the muscle fibre. The amplitude of GABA potentials de-
creased, while no change in the glutamate potential was observed (Fig. 3b).
After washing the preparation with normal solution, the GABA potential
recovered (Fig. 3¢). In this case, a high concentration of picrotoxin was
applied and the recovery of the GABA potential was incomplete.
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Fig. 3. Effect of picrotoxin on the glutamate and GABA potentials. Upper
trace, monitored injection current. Lower trace, glutamate and GABA
potentials produced successively by the iontophoretic injection of L-
glutamate and GABA from a double-barrelled micropipette. a, before; b, a
drop of 1x 10-3 M picrotoxin was applied near the muscle fibre. ¢, after
washing with normal solution.

Effect on the presynaptic inhibition

The excitatory axon was stimulated repetitively and the e.j.p.s were
recorded extracellularly with the recording micro-electrode placed on the
surface of the muscle at a junctional area. The effect of GABA on the pre-
synaptic terminal was investigated by the iontophoretic application of
GABA to this junction. The effect of iontophoretically applied GABA was
altered by a small change in the position of the tip of a GABA-filled micro-
pipette. In order to decrease this error the micropipette was placed at a
point a small distance away from the junction and the relatively larger
doses of GABA were applied. The bath solution was kept flowing and the
solution was replaced alternately with the normal and the picrotoxin
solutions. An example is shown in Fig. 4. The middle traces show the
extracellular e.j.p.s and the bottom traces the intracellular e.j.p.s.
The injection currents of GABA applications are monitored on the upper
traces. The extracellular e.j.p.s were abolished by the application of
GABA in normal solution (Fig. 4a, ¢) and a little change was observed in
picrotoxin solution (1x 10-3Mm) (Fig. 4b). Since the depression of the
extracellular e.j.p.s by the application of GABA is its action on the
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presynaptic nerve terminal (cf. Takeuchi & Takeuchi, 1966), picrotoxin
is considered to have depressed the presynaptic action of GABA.

The action of inhibitory stimulation on the e.j.p.’s is presented in Fig. 5.
In Fig. 54, 1 and 3 show the e.j.p.s and i.j.p.s produced at a stimulation
rate of 20/sec (about twenty traces are superimposed). Records in @ were
obtained in normal solution and those in b were recorded from the same fibre
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Fig. 4. Effect of picrotoxin on the extracellular e.j.p.s. Lower trace, intra-
cellular e.j.p.s produced at stimulation rate of 20/sec. Middle trace, extra-
cellularly recorded e.j.p.s recorded at a junctional area. Upper trace,
monitored current for injection of GABA. a, recorded in normal solution
before application of picrotoxin; b, in 1x 105 M picrotoxin; c, after
washing with normal solution.

in a solution containing 1 x 10-% M picrotoxin. When the inhibitory axon
was stimulated a few msec preceding an excitatory stimulation, the
amplitude of e.j.p.s was markedly decreased in the normal solution (a2)
and a little change was observed in the presence of picrotoxin (62). The
amplitude of e.j.p.s recorded intracellularly was measured at various
intervals between excitatory and inhibitory stimulations (Fig. 5B). The
abscissa shows the time interval between the inhibitory and the excitatory
nerve spikes as recorded in Fig. 54. Open and filled circles represent the
amplitudes of the intracellular e.j.p.s recorded in normal solution. Crosses
are those obtained in the solution containing 1 x 10~% M picrotoxin. The
amplitude of the e.j.p.’s at the peak inhibitory action was about 30 9%, of
the control in normal solution but was about 789, in 1x 10-5 M picro-
toxin (Fig. 5B). If the inhibitory action of the neural transmitter is
expressed by a decrease in the amplitude of the e.j.p.s, it was depressed
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to about 70 %, of the control by addition of 1 x 106 M picrotoxin, 30 %, by
1x10-5M and 209, by 3 x 105 M picrotoxin. It has been observed that
the inhibitory action of the neural transmitter in the abductor muscle is
attributable mainly to its action on the presynaptic terminal (Dudel &
Kuffler, 1961). Present results indicate that picrotoxin depressed the
presynaptic action of the transmitter.

It has been shown that #-guanidinopropionic acid has a presynaptic
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Fig. 5. A : Effect of picrotoxin on the action of inhibitory nerve stimulation
on the amplitude of e.j.p.s. a, obtained in normal solution. b, in 1 x 10—m
picrotoxin. 1, e.j.p.s and, 3, i.j.p.s produced at stimulation rate of 20/sec
and recorded intracellularly. 2, the inhibitory axon was stimulated about
2 msec before excitatory stimulation. E.j.p.s are markedly reduced in
size in normal solution (a@2), but a little changed in the solution containing
picrotoxin (b2). About twenty traces were superimposed. The excitatory
and inhibitory nerve spikes are seen preceding e.j.p.s and i.j.p.s.

B: Effect of inhibitory stimulations on the amplitude of e.j.p.s. Abscissa,
interval between the excitatory and inhibitory stimuli (the interval was
measured from the excitatory and the inhibitory nerve spikes recorded as
in Fig. 54); it is expressed as minus when i.j.p. follows e.j.p. and plus when
1.j.p. precedes e.j.p. Ordinate, relative size of e.j.p.; 1009, is the mean
amplitude of control. O, recorded in normal solution before application
of picrotoxin. x, in 1x 10-° M picrotoxin. @, after returning the prepara-
tion to the normal solution.
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inhibitory action but does not increase the post-synaptic membrane con-
ductance (Kuffler, 1960; Dudel, 1965). The amplitude of the e.j.p.s was
decreased to about 409, of the control by the addition of 2 x 10—% m-4-
guanidinopropionic acid. Picrotoxin in a concentration of 2 x 10-5 M res-
tored the e.j.p. size to about 80 9, of its original value.

Pentylenetetrazol in concentrations of up to 10 mm showed no appre-
ciable action on e.j.p.s, i.j.p.s or presynaptic inhibition.
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Fig. 6. Dose-response curve of the GABA action. Abscissa, log concentra-
tion of GABA. Ordinate, conductance increase of the muscle membrane
produced by GABA (g9,L). O, measured in normal solution; @, in
1x10%m; x, 2x10®M; +, 5% 10-® M picrotoxin. Curves were drawn
according to eqns. (1) and (2), assuming K, = 3:6 x 10—°M2%; K;,,=1-5x 10-¢ M,
n=2m=1and 8 = 0-88.

Effect of picrotoxin on the membrane conductance change produced by GABA

The membrane conductance of the muscle (¢gmL) was measured as
described previously, gm being the membrane conductance per unit length
and L, the half-length of the muscle fibre (Takeuchi & Takeuchi, 1967).
The increase in the membrane conductance (¢ mL) produced by GABA was
plotted against the log concentration of GABA (Fig. 6). When picrotoxin
was added to the solution, the dose-response curve declined. This result
suggests that picrotoxin depressed the action of GABA in a non-com-
petitive manner (cf. Barlow, 1964).

Non-competitive antagonism is expressed by eqn. (1). It is assumed that
picrotoxin binds at the sites and the formation of the complex with
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picrotoxin depends on the proportion of the sites not occupied by picro-
toxin. The picrotoxin-receptor complex does not result in a conductance
change but interferes with the GABA-receptors so that the available num-
ber of GABA-receptors is decreased. If the conductance change is assumed
to be linearly proportional to the number of receptors occupied by
GABA, the relative conductance change is expressed by

' B
v = (- rgme) .
1
y= m’ 2)

where y’ is the relative conductance change produced by GABA in the
presence of picrotoxin and y is that produced without picrotoxin. 4 and B
are the concentrations of GABA and picrotoxin respectively. K, and K,
are dissociation constants for GABA- and picrotoxin-receptor complexes.
m and n are the number of molecules of picrotoxin and GABA respectively
attached to receptors and f is a constant. The curves in Fig. 7 are drawn
according to eqns. (1) and (2), assuming n = 2,m = 1, Ky = 3:6 x 10? M2,
Ky = 1-5x10-% M and B = 0-88. The curves fit the experimental values in
general. However, it was observed sometimes that the action of picrotoxin
was greater at lower concentrations of GABA.

The non-competitive antagonism may be tested by plotting the log of
Y’ |(Ymax—y’) against the log concentration of GABA, yp,, being the maxi-
mal value of y’. This relation would be linear. If picrotoxin is a non-
competitive antagonist, the relations obtained in different concentrations
of picrotoxin would fall on the same line (Matsumoto & Kumoi, 1958).
An example in Fig. 7 indicates that this is the case.

The relative effect of picrotoxin (z) may be expressed by 1—y’/y. This
was plotted against the concentration of picrotoxin in Fig. 8, where
circles represent mean values of six to twelve experiments and bars repre-
sent +8.D. This may be expressed as

2= 1= = [T Ky B™

Y B 3)
When the concentration of picrotoxin was increased, z did not approach
unity but became saturated at f (cf. Ariéns, Simonis & Van Rossum,
1964). This value was estimated from the asymptote of the curve drawn as
in Fig. 8. When log {z/(f—2)} was plotted against the log concentration of
picrotoxin, the relation would be linear (Fig. 9). The slope of the line
would be m and the concentration of picrotoxin at which z/(f—z) is unity
would correspond to Ky,. Mean value (+s.E.) of m = 1-04 (+0-02) (nine

13 Phy. 205
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experiments), Ky, = 3-3(+0-49)x 106M (eight experiments) and g =
0-89( 4+ 0-01) (nine experiments). The curve of Fig. 8 was drawn according
to eqn. (3), assuming m = 1, # = 0-88 and Ky, = 2:6x 10~% m.

Mean values of » and K, may be calculated in a similar way by plotting
log {y/(1—y)} against the log concentration of GABA (see Fig. 7). The
mean value (+8.E.) of » was 1-9 (1 0-03) (fourteen experiments) and
the concentration of GABA at which y/(1—y) was unity was 4-1( + 0-22)
x 10-5 M (fourteen experiments).
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Fig. 7. Relationship between the concentration of GABA and y’/(¢pax—Y)
in various concentrations of picrotoxin. g’ is the conductance increase pro-
duced by GABA and y,,, is the maximal value of y’. O, measured in
normal solution; @, in 1 x 10-¢ M; x,2x 10-¢ M; +, 5 x 10-% M picrotoxin.
The slope of the line is 2.

Concentration of Cl- and action of picrotoxin

The action of picrotoxin was tested in solutions containing various
concentrations of Cl-. A fixed concentration of GABA was added to the
solution and the increase in membrane conductance was measured. The
membrane conductance was measured under the condition in which the
addition of GABA produced little or no potential change (cf. Takeuchi &
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Fig. 8. Relationship between the relative effect of picrotoxin and the con-
centration of picrotoxin. O, mean value of six to twelve experiments. Bars
indicate +s.p. The curve is drawn according to eqn. (3) (m = 1, 8 = 0-88
and K, = 2-6 x 10~¢ m).
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Fig. 9. Relationship between the concentration of picrotoxin and z/(8—z).
2 is the relative effect of picrotoxin and £ is a constant which corresponds
to the maximal value of z. The slope of the line is 1.
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Takeuchi, 1967). Picrotoxin was then added to the solution and the con-
ductance increase produced by GABA was compared with that measured
in the solution without picrotoxin. The relative effect of picrotoxin
(1—y'|y) was plotted against the concentration of Cl- (Fig. 10), where y’
is the conductance change produced by 2 x 10-% M-GABA in the presence
of picrotoxin and y is that in the solution without picrotoxin. In Fig. 10,
the concentration of Cl- was changed from 95 to 295 mm. It was observed
that the effect of picrotoxin was enhanced at lower Cl~ concentrations and
depressed at higher concentrations of Cl-.
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Fig. 10. The relative effect of picrotoxin in various concentrations of Cl-,
substituted with methylsulphate. Concentration of Cl- was increased to
295 mM by adding NaCl. O, measured in 2 x 10-% M picrotoxin; @,4 x 10-¢m
picrotoxin. The concentration of GABA applied was 2 x 10—4 M.

DISCUSSION

Present experiments indicate that picrotoxin depresses the increase of
the membrane conductance produced by GABA in a non-competitive
manner. The action of picrotoxin on the i.j.p.s may also be explained by
non-competitive antagonism, becaufe the depression of the i.j.p. size by
picrotoxin was expressed by eqn. (1) (Fig. 2). The neural inhibition of the
e.j.p.s produced by the stimulation of the inhibitory axon was depressed
by picrotoxin of the same concentrations. This suggests that picrotoxin
depresses the presynaptic inhibition in a similar way.

The non-competitive antagonism of picrotoxin may be explained in
several ways; e.g. it may be due to the fact that picrotoxin combines with
the GABA-receptor irreversibly, causing a decrease in the number of
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receptors available. The action of picrotoxin was abolished reversibly by
washing the muscle with normal solution. Therefore it seems unlikely that
the non-competitive nature of the action of picrotoxin is caused by its
irreversible binding with the GABA-receptor. Alternatively picrotoxin
may prevent GABA from binding with the GABA-receptor by combining
at a site different from the GABA-receptor. Another possibility is that
picrotoxin interferes with the ionic gating process at the junctional mem-
brane. The observation that the effectiveness of picrotoxin on the conduc-
tance increase produced by GABA was influenced by the Cl- concentration
might be related to the latter possibility. It has been reported that picro-
toxin depressed the Cl- conductance of the crustacean muscle membrane
(Grundfest, 1961). However, the concentration of picrotoxin used in his
experiment was about 100 times as high as that necessary to depress the
i.j.p.s and the mechanisms of the drug action might be different in these
cases.

It was observed that the dose—action curve of picrotoxin could be
reasonably well explained by the Michaelis—Menten equation, while the
slope of the dose-response curve of GABA was steeper than this. It is
suggested that two molecules of GABA combine with a receptor and pro-
duce the conductance increase (Takeuchi & Takeuchi, 1967). It is also
considered that the combination of GABA molecules with a receptor does
not take place at one instant but it occurs stepwise, as

(GABA) + Receptor = (FABA) (Receptor)
(GABA) + (GABA) (Receptor) = (GABA), (Receptor) -
Conductance increase

The relative response (y) could be expressed by the following relation,

1
Y = 1T K JA+ KK, A% “)

where K, is the dissociation constant for the first reaction and K, is that
for the second reaction. In order to fit this relation to the data, K,/K,
would be about 100, which suggests that the rate of conductance increase
is limited by the first reaction (approximate values of K, and K, would
be 5 x 10~% and 5 x 10—¢m respectively). At present, no evidence is available
to determine whether the complex formation occurs in one step or in stages.
It was observed that the dose-response curves of substances which have
molecular structures related to GABA could also be explained by eqn.
(2) or (4) (A. Takeuchi & N. Takeuchi, unpublished). Therefore it is proposed
that the combination of two molecules of a substance with a receptor is
necessary to produce the conductance increase of the crayfish junctional
membrane. ‘
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In the present experiment, it was observed that picrotoxin did not
abolish the i.j.p.’s or GABA action, but about 109, of the response re-
mained even with high concentrations of picrotoxin;i.e. # was less than 1.
This result may correspond to the observation that, in the mammalian
central nervous system, picrotoxin depressed the presynaptic inhibition,
but even large doses did not abolish the presynaptic inhibition (Eccles
et al. 1963).

The authors wish to express their thanks to Professors 8. W. Kuffler and M.
Otsuka for helpful comments on the manuscript. The work was supported in part
by grants from the Ministry of Education.
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