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The Effects of Gallamine on Nerve Terminals
and Endplates

M. D. Sokoll, M.D.,* K. L. Dretchen, Ph.D.,i S. D. Gergis, M.D.,*
J. P. Long, Ph.D.}

Using standard microclectrode recording tech-
niques, the effects of gallamine on nerve terminals
and endplates of the isolated frog sartorius muscle
were eval) d. In low ion (10~ g/1),
the agent increased MEPP frequency and twitch
strength and caused antidromic firing from the
nerve terminal. In the concentration range of
(5% 10° to 5 10™* g/1), which inhihited twitch
height, nerve-terminal activity remained elevated.
In this range, MEPP amplitude and endplate sen-
sitivity were markedly reduced, and resting mem-
brane potential was reduced by 10-15 mV. At
high doses (107 g/I) gallamine finally inhibited
nerve-terminal function. The reduction in twitch
height was explained by blockade of the post-
junctional b It is p lated that galla-
mine has three effects on the myoneural junction:
1) stimulation of the nerve terminal at low doses;
2} reduction of endplate sensitivity to acetylcho-
line concomitant with reduction in twitch height
at higher doses; 3) inhibition of nerve-terminal
function at the highest doses studied. (Key
words: Gallamine; Nerve terminal; Neuromuscu-
lar transmission; Endplate.)

GaLLavaxe s usually considered to have
neuromuscular blocking activity similar to that
of curare, in that it has a depressant action on
the postjunctional membrane. This impression
has been gained principally from nerve-muscle
twitch tension studies.’* However, curare has
pronounced effects on the nerve terminal.?
Evidence that the neuromuscular blockade pro-
duced by curare is primarily a presynaptic phe-
nomenon has also been cited.* > In addition,
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Gallamine 10°5g/1

Fic. 1. Eflect of Gallamine, 107 g/1, on twitch
height of the indirectly-stimulated frog sartorius
musele. This record is typical of ten muscles.

d-tubocurarine has a stimulatory action on the
nerve terminal at concentrations far below
those needed to produce blockade.*

The purpose of this work was to examine
the effects of a wide range of concentrations
of gallamine on spontaneocus acetvlcholine re-
lease, twitch height, endplate sensitivity to
acetylcholine, and nerve-terminal activity re-
corded from the ventral root. In this way
the relative cffects of gallamine on the motor
nerve terminal and endplate could be deter-
mined.

Methods

Froc Scratic NERvE-SarTORIUS MUSCLE
TwiTcH PREPARATION

Studies of the effects of gallamine (Lederle
Laboratories) on the twitch strength of the
indirectly-stimulated frog sciatic nerve-sar-
torius muscle preparation were conducted as
described previously.>

RECORDING AMPLITUDE aND FREQUENCY
oF MiNtaTURE ExprraTe PoTENTIALS

The methods of recording miniature end-
plate potential (MEPP) amplitudes and fre-
quencies and sensitivity of the endplate region
to iontophoretically applied acetylcholine were
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Fic. 2. Effects of gallamine, 5 X 107 to 5 < 107
/1, on twitch height of the indircctly-stimulated
frog aartorius muscle. Values are means =SE,
n=10.

similar to those described by del Castello and
Katz ¢ and Sckoll et al.*
DexenvaTiox oF Froc Santonms MuscLE
Frogs (Rana pipicns) 2 to 24 inches long
were anesthetized by immersion in a solution
of 5 per cent ether in water for 2 to 3 min-
utes.” The skin of the dorsal part of the left
leg was incised longitudinally for a length of
about 10 mm above the thigh. The branch of
thie sciatic plexus which innervates the sartorius
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Gallamine 5x107%/1
Fic. 3. Patterns of the blockade induced by gallamine, 3 X 107 g/, in the indirccd)'-slix?ulatcd frog

sartorius muscle.
ten muscles.
of blockad

showing

Arrow indicates when drug was administered. Each of these records
A, onset of blockade showiny one episode of relatively increased twitch height: B, onset
iple episodes of relatively increased twitch height.
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muscle was isolated and a 4-5 mm segment
was removed. The skin was then closed with
four to five sutures.

Groups of three frogs each were kept in
plastic animal cages in shallow water at room
temperature. The water was changed every
other day. For the first week the frogs were
fed tetracycline, 3 mg in 0.2 ml of water,
twice a day by a stomach tube. This treatment
has been shown to be very effective in prevent-
ing and curing red-leg disease.® After this,
they were fed one crushed mealworm every
other day by stomach tube until they were
sacrificed. The animals were kept in this way
for five to six weeks. MEPP frequencies and
amplitudes for these animals werc recorded
as previously described for normal frogs. In
addition, sensitivity of the endplate to ion-
tophoretically applied acetylcholine was in-
vestigated.

NERVE-TERMINAL ReconbiNes
Frogs (Rana cathesbiana) 6 inches long
were placed in an environment of —15 C for
90 minutes to induce hypothermic anesthesia.
A midline incision was made on the back and
the spinal and transverse processes were ex-

s is typical of
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posed. Laminectomies of vertebrie 4 to 9
were performed to expose the spinal cord.
The cord was cut and rotated 180 degrees to
expose the ventral roots. The roots of spinal
nerves 7, 8, 9 and 10, which comprise the
sciatic plexus, were sectioned as close as pos-
sible to the spinal cord. The sartorius muscle
was freed from its attachment to the knee and
a suture was placed around the tendon. This
suture was connected to a Grass strain-gauge
transducer, while the muscle rested in a hori-
zontal bath filled with frog Ringer's solution.
The nerve supply to the sartorius muscle was
isolated and all other branches of the sciatic
plexus were sectioned.

The individual ventral roots were stimulated
with bipolar electrodes to determine which in-
nervated the sartorius muscle. This particular
root was pulled into a pipette containing frog
Ringer’s solution and a silver—silver chloride
electrode.  Monopolar action potentials, re-
corded from the ventral root and an indifferent
clectrode, were monitored using a Tektronix
564B storage oscilloscope. A stimulating elec-
trode was placed on the nerve in the region
of the thigh. All exposed nerves were covered
with oxygenated mineral oil. The animal was
warmed to room temperature before the start
of the experiment. Stimulation conditions
were 0.2 Hz for 0.1 msec at supramaximal volt-
age. Tetanus was induced by a train of pulses
of 10 Hz for 5-10 seconds. All drugs to be
tested were added to the bath. The various
concentrations of gallamine were administered
in random order to six animals.

This methodology is based on the principle
that following orthodromic nerve stimulation
an increase in nerve-terminal activity will be
reflected by the appearance of antidromic ac-
tion potentials recorded at the ventral root of
the spinal nerve.®

The same apparatus can be used to deter-
mine whether certain drugs have inhibitory
effects on the motor nerve terminal.  Follow-
ing a period of tetanic stimulation, the height
of the muscle twitch will be increased on sub-
sequent nerve stimulation. This is referred
to as “posttetanic potentiation™ (PTP). Asso-
ciated with this is increased firing of the nerve
terminal, which is called “posttetanic repeti-
tive firing” (PTR). This PTR is recorded as
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Fic. 4. Effects of gallamine, 10”* to 10~ g/l,
on MEPP frequency and amplitude. A, frequency;
B, amplitude. Values are means =SE, n=10, P <
0.03. Asterisks denote significant differences from
control by Student’s t test for paired data.

antidromic action potentials at the ventral
root. A drug which inhibits nerve-terminal
function will reduce PTR and PTP.1®

STATISTICS

For the determination of dose-response rela-
tionships, regression analysis by the method of
analysis of variance was employed.’* When
the regression was significant and did not
deviate from linearity, the best-fitting straight
line was calculated and drawn. When there
was a deviation from linearity, comparisons
were made with Student’s t test for paired
data.’* P < 0.05 was considered significant.

Results

Gallamine in concentrations of less than 10-°
g/1 had no effect on the indirectly-stimulated
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frog sartorius muscle. In a wide range of
doses from 10-° to 10-* g/l, the agent pro-
duced 20-30 per cent increases in the force of
contraction when it was added to the bath.
Either the cffect was transient or, as observed
in most experiments, the contractions remained
clevated until drug-free Ringer's solution was
added to the bath. A typical record for one
of the ten muscles tested at 10-¢ g/l can be
seen in figure 1. At 5% 107 g/, the drug
produced a 7 per cent reduction in the twitch
lheight. At 10— g/, twitch height was re-
duced to 533 per cent of control, and at 5 X 10-*
#/1 the force of contraction was reduced to 7
per cent of control (fig. 2). In every instance
blockade was preceded by a period of stimula-
tion of twitch height. Furthermore, two dis-
tinct patterns of blockade were noted. In the
first, following the initial stimulation, there was
a transient blockade followed by a perjod in

6al 25x10%/!

®
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F16. 5. Effects of gallamine,
2.5 X 10 and 10 g/}, on MEPP.
A, control; B, 2 minutes after gal-
lamine, 2.5 X 10 g/1; C, control:
D, 2 minutes after gallamine 107
/1. These tracings represent oscil-
Joscope recordings photographed
with 2 35-mm camera and are typ-
ical records from the fibers in the
muscles studi

W

Gal 1047

which twitch height rose to much higher than
control. It then began to decrease slowly, and
blockade ensued. In the second pattern, fol-
lowing the initial stimulation, the normal block-
ade occurred.  However, during blockade there
were two or three periods during which twitch
height was transiently increased slightly and
then returned to the preceding or lower levels.
Typical records of these two patterns can be
seen in figure 3.

In concentrations from 10-? to 10-% g/, gal-
lamine produced a dose-related increase in
\MEPP frequency to 530 per cent of control.
There was no effect on amplitude at 10-? to
10-* g/l. A dose of 10-¢ g/l reduced MEPP
amplitude to 93 per cent of control, and 10-*
/1 reduced it to 74 per cent of control (fg. 4).
These effects were found within a few seconds
of administration of the drug and remained as
long as the agent stayed in contact with the
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muscle.  In some instances this was as long
as two hours,

At a dose of 2.5 X 10-* g/l, the increase in
MEPP frequency was so great that it was im-
possible to make an accurate estimation of
cither frequency or amplitude. The amplitude
was reduced, but since the MEPP’s partially
overlapped each other, it was impossible to
determine adequately their exact shape, and
hence their exact amplitude. Typical oscil-
loscope recordings can be seen in figure 5.
Throughout the entire range of concentrations
which blocked twitch height, namely 5 x 10-5
to 53X 10+ g/], this marked increase in fre-

o
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quency was present, with a continual reduc-
tion in amplitude. At 10-4 g/l, the reduction
in amplitude was such that the MEPP’s begun
to become obscured by the inherent noise of
the recording system. This can be scen in
figure 5. However, there was no evidence that
in this range MEPP frequency was reduced.
Associated with the huge increase in frequency
was a 10-15-mv reduction of resting membrane
potential. It can be seen in figure 6 that the
increase in frequency and depolarization oc-
curred simultancously. Washing the prepara-
tion with Ringer's solution for 10 minutes re-
turned both to normal.

1mv[ ML adbdic
Control

Gallamine 5 min

it stk kbR i

e _

iy i - i

Wash 1Omin

F1c. 6. Graphic recording of the effects of gallumine, 2.5 X 10 g/l, on MEPP and resting mem-

brane potential. A, control.
MEPP frequency. Onc-mil!ivolt own-steps are used

B, appplication of gallamine (arrow).

Note depolarization and incre:
to kecp the potential tracing on the chart. C,
i in Ringer’s solution (arrow). Note re-

after application of gall. for 5 ,
polarization. E, after 10 minutes of washout. Note
quency to about the control level.

The time scale, top tracing of ecach pair, changes.

the stable potential and decrease in MEPP fre-

These records were made with an Elema-

Schonander Mingograph 81 recorder and are typical of the fibers in the muscles observed.

20z ludy 0z uo 3sanb Aq ypd°| 1L000-00020€ L6 L-Z¥S0000/06€E6Z/LS L/Z/BE/HPd-01o1n1e/ABO|0ISOUISBUE/WOD JIEUYDIDA|IS ZESE//:d}}Y WOI) papeojumoq



—
[=)]
™o

3
o

™
o
o1

Acelylcholine
Sensitivily =% of Conlro!
o [~2]
(=] (=]

n
[=]

i\
0 L 3 1 ¥

105 5110 10°* 5x107¢
Gallamine {g/1)

Fic. 7. Effects of gallamine, 10* to 3 X 107
g/l, on the sensitivity of denervated endplates to
jontophoretically applied acetylcholine. Values are
means =SE, n=10.

The effect of gallamine on the endplate alone
was evaluated using denervated muscles. The
appearance of small MEPP’s indicates the
proximity of the endplate region. Birks et al.x®
have shown that MEPP’s are still present in
denervated muscle. They have smaller ampli-
tudes and their frequency is 1/100 of normal.
When gallamine in a range of concentrations
from 2.5 X 10-* to 5 X 10~ g/] was added to
the bath, there was no alteration in the rest-
ing membrane potential and no increase in
MEPP frequency. Thus, it would appear that
the depolarization associated with the drug
was neural in origin.

The sensitivity of the endplate region to
focal jontophoretic application of acetylcholine
was investigated in denervated muscle prepara-
tions exposed to gallamine belween concentra-
tions of 10-5 and 5 X 10-* g/l. Innervated
muscle was not used because the drug-induced
reduction of the resting membrane potential
to close to —70 mv would itself alter acetyl-
choline sensitivity as well as MEPP amplitude.
At 10-5 g/l sensitivity was reduced to 65 per
cent of control. At 5 X 10-% g/l, the concen-
tration at which the twitch height was initially
reduced, sensitivity was down to 40 per cent
of control. Finally, at 5 X 10-* g/l, the re-
sponse to acetylcholine was almost completely
inhibited (fig. 7).

When gallamine concentrations from 10-* to
10-* g/1 were added to the bath around the
sartorius muscle, twitch height increased. Asso-
ciated with this was the appearance of anti-
dromic action potentials (fig. 8). In the six
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muscles tested, these potentials varied con-
siderably in number, amplitude, duration, and
time interval from the orthodromic stimulus.
The mean levels ranged from 100 to 300 pv
in amplitude, with durations of 5-10 msec.
Antidromic action potentinls were seen so long
as the drug-induced increases in twitch height
were above control levels. \Washing returned
twitch height to normal and the antidromic
potentials vanished.

When gallamine, in all concentrations which
had reduced the height of the muscle twitch,
was added to the bath, there was no alteration
in either posttetanic potentiation (PTP) or
posttetanic repetitive firing (PTR). Following
tetatnus, these antidromic action potentials
were still seen in the presence of gallamine,
10-¢ g/1 (fig. 9). Upon increasing the concen-
tration to 10-3 g/l, PTP and PTR were finally
abolished (fig. 9). The reduction in PTR was
seen within two minutes of application of the
drug, and a washout period of 10-15 minutes
was needed for PTP and PTR to return.

Discussion

The data indicate that at concentrations well
below those necessary for depression of twitch
height gallamine has a stimulatory action on
the nerve terminal. It increases MEPP fre-
quency and produces repetitive firing of the
nerve terminal in response to a single stimulus,
concomitant with an increase in the force of
contraction. Stimulation of the nerve terminal
persists throughout the concentration range
which produces myoneural blockade. Nerve-
terminal function is still normal, as can be seen
by the fact that PTP and PTR are still present.
At a dose of 10-% g/] there is no obvious de-
cline in twitch height, yet MEPP amplitude
and acetylcholine sensitivity are reduced by
30 per cent. In the dose range at which gal-
lamine reduces twitch height, the sensitivity
of the endplate region to acetylcholine is re-
duced to from 40 to 3 per cent of control.
According to Fatt and Xatz,' an endplate po-
tential below 40 per cent of control is not suffi-
cient to generate an action potential. There-
fore, it must be concluded that blockade of the
postsynaptic membrane is the mechanism
whereby this drug produces failure of conduc-
tion. At very high doses, at which muscle
twitch is completely inhibited, gallamine has
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an inhibitory action on the motor nerve ter-
minal. A concentration of 10-* g/l inhibits
both PTP and PTR.

The mechanism by which gallamine pro-
duces myoneural blockade differs from that
of the other so-called “competitive blocking
agents.” d-Tubocurarine and pancuronium also
stimulate the nerve terminal in low doses.
However, in the range of concentrations at
which they produce neuromuscular blockade
these agents markedly inhibit nerve-terminal
function, with only slight depression of the
endplate. The action on the neuronal mem-
brane is postulated to be the mechanism
whereby curare and pancuronium inhibit neu-
romuscular conduction.® 4

In recent years, it has become apparent that
anticholinesterase agents, such as physostig-
mine and neostigmine, and depolarizing myo-
neural blockers, such as succinlycholine and
decamethonium, have marked stimulatory ac-
tions on the nerve terminal?®* In response to
a single nerve action potential, the drugs cause
the nerve terminal to fire repetitively and
hence increase twitch height. This is referred
to as “post-drug repetitive firing” (PDR).
The appearance of antidromic action poten-
tials recorded at the ventral root following the
administration of small doses of gallamine is
analogous to this PDR.

The pattern of neuromuscular blockade in
which there are periods of stimulation during
the decline of twitch height might be ac-
counted for by the tremendous increase in
MEPP frequency and repetitive firing of the
terminal. At some point in time, enough ace-
tylcholine might be released by huge stimula-
tion of the terminal to overcome the post-
synaptic blockade by gallamine, and more
muscle fibers might fire to increase the overall
muscle twitch height. In periods during which
the terminal is not stimulated to the same de-
gree, the postsvnaptic blackade would prevail.

The reduction of the resting membrane po-
tential by gallamine results from an effect on
the nerve terminal that causes it to release
large quantities of acetylcholine. The neuro-
transmitter produces the actual depolarization
by acting on the endplate. This is verified by
the fact that gallamine is devoid of a depolar-
izing effect on denervated muscle. It has been
shown that the so-called “depolarizing” neuro-

0.2 mv[

Control

Gallemine 10°

Fic. 8. Effects of gallamine, 10~ g/l, on twitch
height and nerve-terminal activity recorded from
the ventral root.  Top trace, nerve-terminal activity
recorded from the ventral root following stimula-

tion of the nerve in drug-free Ringer's solution.

Middle trace, nerve-terminal activity following
stimulation of the nerve in the presence of gal-
lamine, 107 g/l. Bottom trace, record of muscle
twitch. The arrow indicates when gallamine was
added to the bath. These recordings are typical of
those obtained from six frogs.

muscular blocking agents, succinylcholine and
decamethonium, depolarize the endplate di-
rectly.’® In addition, they too cause massive
release of acetylcholine from the nerve ter-
minal.

In the original investigation of gallamine,
Riker and Wescoe * found that in Jow doses it
increased the force of contraction of the in-
directly-stimulated gastrocnemius muscle of
the cat. Jones and Laity 1* also described the
increased twitch height produced by low
doses, and ascribed this to an action on the
motor nerve terminal. Patton and Shand s
reported that the drug stimulated the nerve
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Fic. 9. Effects of gallamine, 107 and 107 /1, on posttetanic repetitive activity in the nerve ter-

minal. A, nerve-terminal activity recorded at the ventral root
B, nerve-terminal activity following stimulation of the

d tetanus in the presence of gallamine, 10~ g/1. C, nerve-

a conditioning period of a 10-second tetanus.
nerve after a conditioning period of a 10-secon

following stimulation of the nerve after

terminal activity recorded at the ventral root following stimulation of the nerve after a conditioning

period of a 10-secon
conditioning perio
:‘x‘rc typical of those obtained from six frogs.
A ani

terminal while it reduced MEPP amplitude in
the frog sartorius muscle. Bulbring and De-
pierre ® showed that gallamine blocked the
responsiveness of denervated cat muscle to
acetylcholine.

This investigation confirms previous reports
that gallamine has a dual action on the neuro-
muscular junction. It produces massive stimu-
lation of the terminal at the same time that it
blocks the endplate. However, at very high
doses, it does inhibit nerve-terminal function.
This tvpe of dual action has been seen with
other drugs at other locations. Tetraethylam-
monium blocks the action of acetylcholine on
the postsynaptic membrane of isolated per-
fused ganglia and adrenal medulla while it
enhances presynaptic release.?® At the neuro-
muscular junction, triethylcholine also has this
dual action.*!

The combination of d-tubocurarine and gal-
lamine has been shown to lead to potentiation
of neuromuscular blockade rather than just

d tetanus. D, nerve-terminal activity following stimulation of the nerve after a
d of o 10-second tetanus in the presence of gallamine, 10°* g/l. These recordings
The frequency of the conditioning tetanus was 10 Hz.

B are from one preparation and C and D are from another.

simple addition. Wong and Jones ** reported
a potentiating action of the two drugs in the
rabbit and in the mouse. Ghoneim et al.®
have recently shown that this effect also oc-
curs in man and in the dog, and is caused by
an interaction at the neuromuscular junction
specifically. This potentiation might be ac-
counted for by the fact that whereas gallamine
primarily affects the endplate, d-tubocurarine
has depressant effects on both pre- and post-
junctional membranes.

It is concluded that gallamine has three dis-
tinct effects on neuromuscular conduction: 1)
at low doses there is nerve-terminal stimula-
tion; 2) at higher doses the sensitivity of the
endplate to acetylcholine is reduced concomi-
tant with reduction in twitch height; 3) at the
highest doses studied, nerve-terminal function
is inhibited.

The authors thank Mr. L. R. Davies for expert

technical assistance and Lederle Laboratories for
providing the gallamine used in this study.
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