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SUCCINYLCHOLINE BLOCKADE OF THE MAMMALIAN NEUROMUSCULAR
JUNCTION AFTER ACETYLCHOLINESTERASE INHIBITION WITH DFP
Shirley E, Freeman and R.J, Turner
Australian Defence Scientific Service, Department of Supply, Defence
Standards Laboratories, Melbourne, Australia
(Received 8 April 1968; in final form 7 June 1968)
Evidence has accumulated in recent years that suggests that succinylcholine
(SCh) exerts its characteristic blockade of the mammalian neuromuscular
junction at least partly by decreasing the presynaptic release of acetyl-
choline (ACh). Thus the quantum content of the end-plate potential is reducedl,
post-tetanic repetition is abolishedz, and alteration of the external ionic
environment either augments or reduces the rate of onset of blockade, ina
manner consistent with a presynaptic rnechanislzn3. Further, drugs such as
tetraethylammonium and triethylcholine, which increase ACh release,
prevent or reverse SCh block_ade4.

Measurement of the amount of ACh released during stimulation in the
presence of SCh was carried out with a technique very similar to that of
Beani et a.15, in order to test this hypothesis directly.

Methods

The phrenic nerve-diaphragm of the immature guinea pig (300-370 gm)
was used, Companion hemidiaphragms were set up in organ baths at 29°C;
di-isopropylfluorophosphonate {DFF) at a concentration of 500 ng/ml was
used to inhibit acetylcholinesterase. The preparations were treated with the
inhibitor for two hours; it was then removed by repeated washing in nutrient
solution3 prior to the collection of ACh, Stimulation at a frequency of
20/sec for 10 min followed by 10 min rest was used as the collection period;
resting release of ACh was estimated from the solution bathing the preparat-
ions for 10 min at rest. SCh (9x10_6M) was added to the bath prior to the
second period of stimulation. Acetylcholine collected was assayed using the
isolated ileum of the guinea pigs. Preliminary experiments showed that SCh

at the concentration used did not alter the dose-response curve of the assay.

Isometric tension was recorded using Statham UC2 transducing cells and a
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876 SUCCINY LCHOLINE BLOCKADE Vol. 7, No, 15

Beckman type R Dynograph recorder.
Results
The results of these experiments are illustrated in Fig, 1, It may be seen
that this concentration of SCh did not significantly affect the release of ACh

under our experimental conditions,
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FIG. 1

An explanation of this apparently anomalous result was evident when a
study was made of the nature of SCh blockade in the DFP-poisoned preparat-
ion, Experiments were carried out with companion hemidiaphragm preparat-
ions. One was poisoned with DFP in the usual way, the other was maintained
in the normal solution for the same period of time, It was found that SCh at a
concentration of 3x10—6M was sufficient to block completely the control

preparation which was stimulated at a frequency of 0.1 per sec. However, a
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concentration of 9x10—6M SCh was needed for complete blockade after DFP
treatment. Further, the form of the curve of twitch tension against time
differed in the poisoned preparation. In the control preparation blockade
occurred at an approximately exponential rate after a latent period of
approximately 6 min, The same concentration of SCh did not completely
block the DFP-treated preparation; the block occurred exponentially after a
much shorter latent period. At 3x10 -61\/1 SCh the latent period in the DFP-
treated preparation was 2.5 + 0. 6 min (S.E. of 5 observations) and the time
to half—blockac}e was 8.8 + 1.2 min. In the untreated preparation the latent
period was 6.0+ 0.7 min (S.E. of 6 observations) and the time to half-
blockade was 1.3 + 0.2 min., The differences in latency and time to half
block were significant at P<L0.006. It was noted that the semilogarithmic
plot of twitch tension against time (Fig. 2) could not be as neatly divided into
a latent period followed by an exponential decline in tension as was found

previously for the rat diaphragm
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FIG, 2
Semilogarithmic plots of the decline i SCh
blocks of paired diaphragms. SCh nd

blocléB was carried out at 20. SOC,
29.5°C. 27 mm tension = 10 g.



878 SUCCINY LCHOLINE BLOCKADE Vol. 7, No, 15

This may be related to the greater mean thickness of the muscle (1.3 mm
compared with 0.64 mm in the rat) and also to the fact that one side of the
diaphragm tended to cling to the rib-cage in a rather variable way. These
two facts introduce uncertainties due to variation in rates of diffusion; however
comparisons between paired preparations remain meaning ful,

It was shown previously3 that SCh blockade of the rat diaphragm
proceeded more rapidly at 20°C than at 29OC. This is evident also in the
guinea pig preparation {Fig.2). This figure shows the increased rate of
block at 20.5°C compared with prior and subsequent blocks at 29, SOC; a
slight but consistent development of tachyphylaxis in the third block is also
evident. Fig.2 also shows a similar experiment carried out on the
companion hemi-diaphragm after DFP treatment. It is clear that the second,
low temperature block proceeded at a far slower rate than prior and
subsequent blocks at 29, 5°C, Again tachyphylaxis was found to develop to
repeated SCh blockade.

The inference that blockade differed in mechanism after DFP treatment
was confirmed in further experiments, Fig. 3 illustrates the effects of
alterations of the external ionic environment during the course of blockade
in both the treated and control preparations,

As was found in the rat diaphragm the time to half-blockade was reduced
5 fold by doubling the external K+ concentration (9.2 mM). Raising the Mg++
concentration from 1 to 3 mM brought about a 60 per cent reduction in the
time to half block. Since the rate of blockade of the preraration is normally
very rapid these effects were most easily demonstrated in preparations which
had developed a slight degree of tachyphylaxis to SCh, and where blockade
was slower than usual. Doubling the external Ca++ level (3.0 mM Ca++)
alleviated an existing block and restored twitch tension to an average of 75
per cent of the original level. It was further noted that exposure to high
external Ca++ caused a permanent increase in the time to half blockade upon
subsequent addition of SCh.

After DFP treatment high Ca++ solution doubled the time to half block;
in no experiment was Ca++ elevation able to halt or to alleviate blockade.
Doubling the external K+ level caused a consistent slowing of SCh blockade
after DFP treatment; the time to half block was increased 4 fold. The effect

++
of raising the external Mg  level to 3 mM was somewhat similar to the effect
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in the untreated preparation, the time to half block was reduced by half
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FIG. 3

The effect of alteration of the ionic environment on the rate of SCh blockade
K, Ca and Mg levels were raised at arrows. Semilogarithmic plot; 27 mm

tension = 10 g.

It will be noted from Fig. 3 that the ionic effects were only evident after
a delay of 1-2 min, It is likely that this reflects, at least in part, the
slowness of diffusion into these preparations.

Interactions between d-tubocurarine {dTC) and SCh were also different
after DFP treatment. In distinction to the finding with SCh, blockade by dTC
(1. 3x10—6M) was approximately 50 per cent faster in the DFP treated
diaphragm. SCh (3x10—6M) stopped the progress of a dTC block in the
untreated preparation, but did not reverse it. After treatment with DFP,
SCh caused a barely susceptible slowing of the dTC blockade.

It was shown previous1y4’ 6 that the dicarboxamide, methoxy-ambenonium,
completely reversed SCh blockade of the rat phrenic-nerve diaphragm
preparation, This has been confirmed in the guinea pig. It was noted
however that after treatment with DFP, methoxyambenonium increased the

rate of SCh blockade of the junction.
It may be infe:red from these results that blockade of the untreated
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guinea pig diaphragm at 29°c may be likened to Phase 1 block (for references
see 7), whereas after DFP treatment SCh blockade resembles Phase II blockade,
It has been suggested that Phase I blockade is a depolarizing blockade, which
after prolonged exposure to the depolarizing drug changes in character, and
becomes '"non-depolarizing'", It is assumed that Phase II blockade
resembles, but is not identical with competitive block due to dTC or its
congeners. As such itis relieved by neostigmine, high K+ solutions and
reduction in temperature,

The hypothesis is put forward that Phase I blockade results from a
reduction in the presynaptic output of ACh, as well as from depolarization of
the postsynaptic membrane. Such a hypothesis is supported by the ionic
evidence3, as well as by the effects of temperature change and drug
antagonisrn4. Prolonged exposure to a depolarizing drug, whether it be SCh
or endogenous ACh, leads to changes in the junction which are apparent as
Phase II blockade. The high level of DFP which is necessary to inhihit
AChE5 may promote Phase II blockade by some mechanism additional to the
inhibition of this enzyme. It is likely however that blockade after DFP
treatment lacks entirely the presynaptic component, and results from changes
in the postsynaptic membrane due to prolonged depolarization and subsequent
desensitization. These changes result in an altered configuration of the
membrane whereby the drug-receptor complex resembles that due to dTC.

A note of caution may be sounded to all those who attempt a
pharmacological dissection {as it were) of the neuromuscular junction, The
manipulation may produce unexpected changes,

Acknowledgements

We wish to thank Glaxo-Allenburys (Australia) Pty. Ltd. for a gift of
succinylcholine, and the Sterling-Winthrop Research Institute for a gift of
methoxyambenonium.

References

1 EDWARDS, C and IKEDA, K., J. Pharm. exp. Therap. 138, 322
(1962).
2 STANDAERT, F,G., and ADAMS, J,E., J. Pharm. exp, Therap 149,

113, {1965).
3 FREEMAN, S,E., Brit. J. Pharmac , 32, 546, (1968)

FREEMAN, S,E., J. Pharm. exp Therap. n press



Vol. 7, No. 15 SUCCINY LCHOLINE BLLOCKADE 881

BEANI, L., BIANCHI, C., and LEDDA, F., J. Physiol. (Lond.) 174,
172, (1962). —

6. KARCZMAR, A.G,, J. Pharm. exp. Therap., 119, 39, {1957).

7. TAYLOR, D.B., and NEDERGAARD, O,A., Physiol. Revs., 45, 523,
{1965). .



A PHARMACOLOGICAL STUDY OF THE TOXIN OF
A CNIDARIAN, CHIRONEX FLECKERI SOUTHCOTT

BY

SHIRLEY E. FREEMAN and R. J. TURNER

Reprinted from BRITISH JOURNAL OF PHARMACOLOGY, March, 1969, vol. 35, No. 3, p. 510

COPYRIGHT © 1969
BriTiSH JOURNAL OF PHARMACOLOGY

ALL RIGHTS OF REPRODUCTION OF THIS REPRINT ARE RESERVED
IN ALL COUNTRIES OF THE WORLD.

LONDON
MACMILLAN (Journalsy LIMITED
4LITTLEESSEX STREET, W.C.2



Br. J. Pharmac. (1969), 35, 510-520.

A pharmacological study of the toxin of a
Cnidarian, Chironex fleckeri Southcott
SHIRLEY E. FREEMAN AND R. J. TURNER

Australian Defence Scientific Service, Defence Standards Laboratories, Maribyrnong, Australia

1. A h n made of the phar ac xic pre
tions o d the box jellyfish Ch eri Two
a r ly
se s al
m r in
1 t s ly dea
al ses u mi Re
a be t ev all
an s of cardiot The heart was slowed,
r, d degrees of tion delay. Terminally it
at v
3. ssure ch ere biph An initial rise in caro es
was by a p fall; a nd rise to an above n 1
fre ly d this. The essure oscill  ns down
by tr with hexam ut the hyper  ive ained.
4, les rminal apnoea showed a variable degree of
hae ] ar

5. Experiments with isolated organ preparations suggested that the toxin had

pecific lytic on cells, but ot con ogically active
ces of small cular weight as 5-h ne.
It is sug that the toxin(s) act by altering rane permeability;
signs at may reflect the sensitivity of the organs to such a

nge.

The Cnidarian Chironex fleckeri Southcott 1956, popularly known as the box
jellyfish, or sea wasp, has been responsible for some sixty deaths among swimmers
in Australian tropical waters (Barnes, 1967; Cleland and Southcott, 1965). When
it is considered that most stings from C. fleckeri and related cubomedusae are non-
fatal, and produce minor (though extremely painful) injuries. it will be appreciated
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that these species constitute a considerable hazard to public health in Northern
Australia. The medical aspects of fatal and non-fatal stings have been well docu-
mented by Barnes (1966); he has also reported on the zoology and ecology of the
species.

The nature of the toxic material which produces the lash-like lesions and death
is not known, nor has its pharmacology been studied. The present communication
describes an investigation of pharmacological aspects of the toxin; so far, no specific
treatment of the stinging can be indicated. The biochemistry of the toxic material
will be described elsewhere.

Methods
Collection and preparation of toxin

Live specimens of C. fleckeri were caught in North Queensland waters in mid-
summer by Dr. J. H. Barnes. They were placed in sea water containers in a cold
room at approximately 8° C for from 3-24 hr. They were then carefully lifted from
the sea water by grasping the apex of the umbrella and the tentacles were cut oft
at each pedalium and allowed to fall into a container of liquid nitrogen. They
were freighted to the laboratory in this container.

F1G. 1. Nematocysts isolated from frozen Chironex tentacle. t t
cles contain several other typ S,
c ; most were in this st

d le with the long lash
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The preliminary cooling of the animals before freezing seemed to reduce nemato-
because nematocysts isolated from the
. 1); this finding was confirmed by Dr.

ions.

Toxi Cts were pr  ed by ng the thawed tentacle in 7% sucrose at
0° C. n (1953) fo that s e reduced nematocyst discharge in Cory-
nactis. Two volumes of sucrose solution were ed to one of te nd the

as s ugh a stai s steel mesh to coarse
t cen 5n to throw down the nematocysts. All
operations were carried out at approxim 4° C.

assumed that the toxin had leaked out of the apparently intact nematocysts during
preparation.

sucrose solution of toxins was ally puri gel filtra through a
S ex G-75 column at 5° C; the mn was d to pH with Tris-
Sucrose extract was extremely labile at tem ure, not los
for upwards of 24 hr after gel filtration. S ons gel n were

or faintly opalescent ; the material was non-dialysable. A fuller description of the
biochemistry of the toxin will be published separately.

of the ogical in n was ed using a e of
0 d from es, who it by cedure ana to
milking. Tentacles applied to one side of an amniotic membrane were stimulated
electrically; on nematocyst discharge the injector threads penetrated the membrane
and deposited toxin (Barnes, 1967).

Pharmacological testing of toxin

the t ed using
2-3 anaesthe
by injecting a 20% solution of urethane the ear vein; the rats received o-
barbital 40-50 mg/kg by the intraperito route. Arterial and venous pr es
u ty
n
ve ec

leads T, IT and IIT; heart rate was recorded with a cardiotachometer. Abdominal
respiratory movements were recorded using a colloidal carbon-in-rubber pneumo-
graph transducer placed just below the xiphisternum; body temperature was
monitored with a rectal thermistor.
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In other experiments the phrenic nerve of the rabbit was exposed in the neck and
platinum electrodes placed on it. A myograph needle was placed in the diaphragm
muscle and the respiratory activity of both nerve and muscle was displayed on a
two channel oscilloscope and photographed on moving film.

The effect of the toxin on the release of vaso-active substances from the skin was
tested using a technique similar to that of Rocha ¢ Silva & Rosenthal (1961). An
air pocket was formed under the dorsal skin of an anaesthetized rat, the animal
was hung upside down by its four paws and successive 5 ml. washings of Tyrode
solution were introduced into the air pocket. Toxin, equivalent to approximately
five lethal doses if given intravenously, was injected intradermally into the skin of
the pouch after the first control wash. The animal was finally killed by injection
of the toxin into the tail vein.

The effect of the toxin was also tested on the isolated phrenic nerve-diaphragm
preparation of the rat (Biilbring, 1946), the isolated guinea-pig ileum and the isolated
guinea-pig trachea (Jamieson, 1962). Histamine release was determined using a
mast cell preparation obtained by perfusing the abdominal cavity of rats with 20 ml.
of physiological saline (Rothschild, 1962). Histamine was assayed using the isolated
guinea-pig ileum. The specificity of the histamine-induced contraction was deter-
mined by blocking the response with diphenhydramine.

Plasma electrolytes were determined in heparinized samples using an EEL flame
photometer.

Results
Effects in mice

The lethality of the toxic effects in mice, after intravenous infection, was deter-
mined in an effort to arrive at a “mouse unit”. It was found that 0.1 ml. of a
5,000 fold dilution of the tentacle extract would kill a 20 g mouse in less than 2 min.
The extreme lability of the material, even at 0° C, however, made the determination
of the unit in the crude extract hazardous. Further, the dose-mortality curve was
extremely steep. However, fractions from the Sephadex column were standardized
in this way, as was also the relatively stable © milked ” toxin obtained from Dr.
Barnes.

Mice rarely died earlier than 60 sec after a fatal injection and no deaths later than
22 min were recorded. The progress of death was similar to that described by
Barnes (1967). The animals became lethargic and ataxic. Respirations appeared
forced and irregular; before death, the animals convulsed briefly but sometimes
quite violently. At autopsy the heart was frequently found to be beating with a
3.1 atrioventricular block. There was marked venous engorgement. Character-
istically, the lungs were stained a reddish-orange; however, both the intensity of
staining and the colour were variable. It was impossible to correlate the lung
changes with time to death or with the intensity of the terminal convulsions. No
other organs showed any macroscopically evident pathology, other than that refer-
able to venous engorgement.

The symptoms were identical whether the mice were injected with the crude
extract, with fractions from the Sephadex column or with the “ milked ” venom.
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Effects in rabbits

Arterial ve sure, re toryr a pth
were recor in zed rab Frac s the
used exclusively in these experiments. The quantity of toxin required to kill the
e, ng m 10 to 160 “ mouse units *. The varia-
w en r of non pre  ng the
t to from a of toxin.

Effects following lethal and non-lethal doses of toxin were recorded; in general death
followed a similar pattern to that seen in

did not convulse. Autopsy fin

shortest time to death was 90 s

than this showed virtually complete recdvery of all parameters monitored during
the next 5 min.

Blood pressitre changes. Effective do bi
in the d pressure. f e
varied n 120 mm 1 n
by 25-60 mm Hg. Thereafter the arteria ise
90 se in venous th
fall. g varied b H

following toxin injection were opposite in sign to arterial pressure changes. The
maximum venous pressure increase, noted immediately before respiratory arrest,
was 12.5 cm H,O; the arterial pressure was then 25 mm Hg.

Blood pressure changes can best be illu of
1 dose of toxin. Following in ssu
115 to 140 mm Hg over a d in
pr At th  oint the pulse pressure declined and the electrocardiogram
(e. owed s extrasystoles and T wave inversion. The arterial pressure
then fell, over a period of 20 sec, to 50 m
pr
s re
nd
block. Re n recommenced spc ntaneously at 99 sec followed by a slow
ase in arte ssure (which showed good pulse amplitude) to 100 mm Hg.

At this point respirations again ceased for 10 sec although arterial pressure con-
tinued to rise to a plateau of 190 mm Hg. The e.c.g. showed gross T wave
abnormality but no conduction block. There was then a slow recovery of all para-
meters over a further period of 5 min.

These arterial pressure oscillations were a characteristic effect of the toxin. One
ra four such osc ons of diminishing tude before death during
a phase some 5 after the toxin inje

Electrocardiographic changes. The resting heart rate of the rabbit under urethane
anaesthesia varied between 260 and 340 beats /min. This rate invariably declined
at the peak of the first hypertensive response, coincident with the onset of a variable
amount of ac irregularity. At this p the pressure, which was normally
25-30 mm fell to as low as 8 mm It be assumed that there was a
concurrent fall in cardiac output. Individual e.c.g. tracings showed a variable
change in T wave form at this point. Fig. 2 shows a characteristic record; about
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20 sec after the toxin injection there was an increase in the T-P interval and a
short period of gross T wave enlargement. As the arterial pressure declined the
heart rate fell to 100-150 beats/min. The e.c.g. at this time frequently showed T
wave inversion, conduction delay and irregular 2 : 1 atrioventricular block. It was
characteristic that the second blood pressure rise was associated with a dramatic
improvement in pulse pressure to 40-50 mm Hg, but with little increase in heart
rate. Apparently the cardiac output increased with the improved regularity of the
heart, although the e.c.g. was still abnormal. When lethal doses were given (as
in Fig. 2) the e.c.g. abnormalities progressed and coincident with respiratory arrest
the heart typically showed abnormal ventricular complexes after each third atrial
beat. Individual experiments often showed bizarre variations on this general pat-
tern. The heart rate was occasionally seen to decrease and increase several times
before death. Periods of nearly normal cardiac activity were sometimes interpolated
between chaotically irregular e.c.g. patterns.

Toxin effects after ganglionic blockade. An attempt was made to determine
whether the blood pressure changes seen after toxin injection were central or peri-
pheral in origin, by blocking the autonomic ganglia with hexamethonium.

Changes in the physiological parameters measured previously were monitored in
the rabbit before and following ganglionic blockade with hexamethonium. The
injection of hexamethonium 2.5 mg/kg reduced the arterial blood pressure by 30-45
mm Hg. Heart rate was unchanged; the respiratory rate tended to increase. The

Control 20 sec
30 sec 60 sec
140 sec 190 sec
240 sec 285 sec
1.0
0.5
315 sec 335 sec my ¢
| sec
injection. first panel sas t
re is an in ed T-P int and -
t is seen after 30 sec. At 60 sec there is 2:1
sec the s be ir

gular a the al
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most obvious effect of hexamethonium treatment was to damp down the arterial
pressure oscillations normally seen after

respiratory abnormalities developed in the usual way.

rate of the anaesthetized rabbit showed a
Th nd re -
sive de, al -
rovided the dose of toxin was sufficient,
a were found. The occurrence of apnoea
sure fall in any simple way, because it
to 100 mm Hg; however, terminal res-
period of acute hypotension. The dura-
gh one rabbit recovered temporarily after
60 sec of apnoea. During recovery (whether it was permanent or not) the respira-
tory rate usually, but not invariably, rose—sometimes to twice the resting level. A
second short period of apnoea was seen i e in al
e ed second hyp the al
re or ns became

The results obtained in the rabbit following injections of material obtained by
Sephadex filtration were confirmed when samples of Dr. Barnes “ milked ” venom
became available. The pattern of events following near-lethal and lethal injections
showed no significant difference from the preceding results. It was noted that an
injection of 10 mouse units was sufficient to produce blood pressure, e.c.g. and
respiratory changes closely similar to those reported above. A dose of 100 mouse

units proved fatal; respiratory failure occurred 5 min after injection into the
marginal ear vein.

Effect of vagotomy. Bilateral cervical
rate of the rabbit from 90/min to 70/min

ven
ve e ate.
rate fell the ns by
ing and r ons fo
on ph act Respi we ted
b toring sly mpulses the the

output of a myograph needle placed in the diaphragm muscle. Fig. 3 shows the
results of a typical experiment. Panel 1 illustrates the electrical activity associated
with one normal respiration. Inspiration lasted for approximately 0.3 sec. The
respiratory pause was 0.55 sec. Panel 2 shows the increased respiratory rate after a
non-lethal dose of toxin. The duration of inspiration was unchanged; the increased
tory pause. Subsequent panels illustrate

ing, due to a lengthening of inspiration at

At this Tes ion ared

d by the e ical rd, was

an augmented force of contraction. Panel 5 illustrates the terminal gasp, before
apnoea and death.
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The records show that neuromuscular transmission remained effective until death.
This was confirmed by placing stimulating electrodes on the nerve post-mortem,
when it was possible to elicit a vigorous diaphragmatic twitch. It is clear that the

respiratory centre remained capable of initiating respiratory signals until the final
respiration.

Effects in rats

The findings recorded in the rabbit were confirmed when the same physiological
parameters were monitored in the rat. Death followed the injection into the tail
vein of 2-4 mouse units of toxin. The time to death varied from 2 to 10 min.

Cardiovascular changes. The resting carotid arterial pressure varied from 155
to 165 mm Hg, pulse pressure was approximately 35 mm Hg and venous pressure

(at the level of the right atrium) varied from zero to 2 cm H;O. The heart rate
varied from 390-420 beats/min.

Following injection of toxin the arterial pressure showed a biphasic response
similar to that seen in the rabbit. In 10-15 sec there was a rise to 180200 mm Hg,
without change in venous pressure. This was followed by gross T wave enlarge-
ment in the e.c.g. The heart rate then slowed, pulse pressure fell and there was a
phase of T wave inversion. One animal showed a second transitory rise in arterial
pressure, similar to that seen in the rabbit. The rat differed from the rabbit in that
there was no rise in venous pressure coincident with the arterial pressure fall. After

respiratory failure the e.c.g. usually showed atrioventricular block and large
ventricular complexes.

Respiratory changes. Rats showed increases in respiratory rate after toxin injec-
tion, gasping and periods of apnoea similar to that seen in the rabbit.
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T 1
co
ood samples were taken from both rabbits
arrest. There was a variable amount of
ich could be correlated wi
5.8 mM/1. to 19.2 mm/1.
It that the ree of ning of the lungs seen at autopsy could also
be ¢ iththed eofh olysis.

Effects in isolated organs

ct animals were extended by the use of
art of the clinical picture was due to the

a

5

c
removed small molecules.

Isolated guinea-pig ileum. All three toxin preparations consistently produced

Isolated guinea-pig trachea. Similar concentrations of toxin also produced slow
contractions of the isolated trachea. These were small in amplitude and could be

They red bl by
ty of ing ed ses

e
Histamine release from mast cells. Toxin doses ranging from 1 to 5 mouse
units/ml. brought about some histamine release from mast cell ons.
Sephadex fractions were active in this respect, although less so than acle
extracts. It was noted, however, on microscopic examination of the mast cell
preparation that histamine release could be h cell dam |, su ing
the toxin may have a non-spec  lytic may also  oun its

n on the smooth muscle prepar  ns.

Histamine release from a skin pouch. An air pocket was made on the dorsal
skin of the rat. Washings of the pocket were made before and after the intradermal
injection of 5 times the lethal dose for the rat. All washings were found to contain

mine but in no experiment was '[/,hf? histamine content increased by treatment
the toxin. :
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toxin preparations on the diaphragm preparation. The results were similar in all
cases. Doses of toxin equivalent to 10 mouse units/ml. increased the base line
tension of the preparation for a period of approximately 10 min. Thereafter there
was a slight decline in twitch tension following direct or indirect stimulation. This
effect could not be reversed by washing, but did not alter the response of the
preparation to succinylcholine or (+)-tubocurarine. Further, the toxin did not
affect the response of a denervated diaphragm to acetylcholine, nor was the rate
of spontaneous fibrillation of the diaphragm altered. It appears therefore to lack
any specific anticholinergic effect.

Discussion

The similarity of the pharmacological effects produced by either the crude
tentacle extract, the Sephadex eluate or the “ milked ” venom suggests that the same
toxic principle was present in each preparation. However, there is no evidence to
decide whether one toxin or a family of molecules is involved. The possibility that
Sephadex filtration might remove pharmacologically active substances of small
molecular weight was covered by the use of the amnion-milked preparation. Sub-
stances such as 5-hydroxytryptamine, bradykinin, etc., seem to be either absent or
present in insignificant amounts. The toxic material is obviously extremely potent ;
it will be of considerable interest to investigate its biochemistry further.

The cause of death following injection of the toxin appears to be due to respiratory
arrest and cardiotoxicity. Respiratory arrest seems to be central in origin, as is
shown in Fig. 3 and the finding that stimulation of the phrenic nerve post mortem
elicited a strong diaphragmatic twitch. This was confirmed in studies using the
isolated phrenic nerve-diaphragm preparation. The cardiotoxicity of the toxin was
chiefly manifested as an interference with repolarization and conduction. The
heart was slowed, irregular and showed varying degrees of conduction delay,
terminating in atrioventricular block.

The finding that the toxin is haemolytic confirms the observation of Weiner
reported by Southcott & Kingston (1959). An investigation into the nature of the
haemolytic activity will be reported elsewhere (Keen & Crone, unpublished). The
haemolytic activity seems to be an integral part of the toxic activity, although the
associated rise in plasma K+ was not consistently high enough to be causally
related either to death or to the cardiac irregularities. It is possible, on the present
evidence, to propose that the toxin(s) alter membrane permeability. The respira-
tory arrest, cardiotoxicity and haemolysis would all derive from this permeability
change, and may reflect the sensitivity of the target organs to such a change. Such
a permeability change may be responsible for the pain and whealing experienced
by people who are stung by Chironex. Potassium accumulation at nerve endings
in the skin produces pain (Keele & Armstrong, 1964) ; changes in capillary permea-
bility may be responsible for oedema.

1t is of interest to compare Chironex toxin with the preparation from Physalia
which was investigated by Lane (1967). That author noted cardiotoxic and haemo-
Iytic effects similar to those produced by Chironex. Tt is likely, however, that the
Chironex toxin is either more potent or more abundant than in Physalia, for
Southcott (1959) could find no evidence of fatalities following Physalia stings. The
toxin also bears some resemblance to streptolysin O (Halpern & Rahman, 1968)
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and the basic proteins of cobra venom (Wolff, Salabe, Ambrose & Larsen, 1967).
Such resemblances confirm the hypothesis that Chironex toxin acts by causing a
membrane permeability change but offer no indication of the chemical nature of
the toxic material.
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Ionic interactions in acetylcholine contraction of
the denervated rat diaphragm
SHIRLEY E. FREEMAN anp R. J. TURNER

Australian Defence Scientific Service, Defence Standards Laboratories, Melbourne,
Australia

1. The nature of the drug-receptor interaction in the acetylcholine-induced
contraction of the denervated rat diaphragm was studied both by altering the
external ionic environment and by determining its drug sensitivity.

2. The response to acetylcholine was insensitive to tetrodotoxin or saxitoxin,
but was abolished by procaine.

3. 1t was unaffected by levels of MnCl, sufficient to block the response of the
innervated diaphragm to electrical stimulation, although higher levels reduced
the response. The effect of Mn++ on the innervated diaphragm was overcome
by raising the external Cat+ level; this was ineffective in the denervated
preparation.

4. In spite of its insensitivity to tetrodotoxin the acetylcholine contraction
was ed by 1 al Na+ levels. This prolongation was
not w uted

5. [Increasing the external level of Ca++ or Mgt+ 3 to 5-fold reduced the
acetylcholine contraction ; high Ca++ also prolonged it. Reduction in the
divalent cation level was without effect.

6. Procaine inhibition of the acetylcholine response was largely competitive,
as was inhibition due to (+)-tubocurarine. This was shown by probit
analysis and the dose-ratio test.

7. Thiocyanate (12 mm) augmented and prolonged the contraction ; this action
was modified by altering the Ca*t+ or Mg+ level of the solution.

8. The acetylcholine receptor resembles that of the innervated postsynaptic
membrane.

The pharmacology of the acetylcholine-induced contraction of denervated muscle
is of interest both for the observation of denervation phenomena and because the
nicotinic receptor may be conveniently studied in such a preparation. Axelsson &
Thesleff (1959) noted that denervated muscle responded to drugs in a manner
qualitatively similar to the innervated endplate. Berdnek & Vyskocil (1967)
reported, however, that the acetylcholine (ACh) receptor of denervated muscle is
less sensitive to (+)-tubocurarine (TC) blockade than is the innervated endplate,
and Loomis & Konker (1967) reported that TC produces a contracture of the intact
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denervated anterior tibial muscle of the rat. This finding confirmed the earlier
report of McIntyre & King (1943).

It is of interest, therefore, to study the ACh receptor of the denervated rat
diaphragm in an attempt to extend the observations of del Castillo & Katz (1954,
1955) on the post-synaptic ACh receptor, and to determine wherein the denervated
preparation differs from it. To this end the effects of changes in the ionic environ-
ment on the ACh-induced contraction and interactions between ACh and a number
of anticholinergic drugs have been studied.

Methods

Male hooded rats of the Wistar strain were anaesthetized with pentobarbital
40-50 mg/kg and the left diaphragm was denervated by evulsion of the phrenic
nerve in the neck. They were maintained postoperatively for 8-21 days, to allow
the nerve to degenerate. The ACh-induced contraction was constant during this
period, as noted by Elmqvist & Thesleff (1960). The animals were then killed by
a blow on the head, exsanguinated, and the innervated and denervated diaphragms
set up as described previously (Freeman, 1968). Isometric tension developed by the
muscles in response to drugs or electrical stimulation was recorded with Statham
UC2 transducing cells and a Beckman type R dynograph recorder. Innervated
preparations were stimulated either directly or through the nerve with 0-1 msec
rectangular pulses of supramaximal voltage.

The standard nutrient solution used has been described elsewhere (Freeman,
1968). Na+-free solutions were buffered with tris(hydroxymethyl)aminomethane
hydrochloride (Tris). They were aerated with oxygen rather than the 95% oxygen
and 59 carbon dioxide mixture used in the standard solution. Drugs were injected
into the stream of gas bubbles which was used to aerate and to stir the organ baths.
The bath temperature was monitored continuously with a thermistor. Unless other-
wise stated experiments were carried out at 29° +0-2° C.

The thickness of the muscles was determined at the end of experiments from their
weight and surface area, assuming a density of 1-05. The mean thickness was 0-63
mm, and the range was from 0-58 to 0-74 mm. This agrees with our previous
estimate of 0-66 mm (Freeman, 1968) and indicates that at the time of measurement
denervation had not altered the thickness of the muscles. The contractile response
to ACh or carbamylcholine was constant over a 5 hr experimental period, and
tachyphylaxis was not evident provided each drug addition to the organ bath was
separated by a 10 min wash period. Typical dose-response curves are shown in
Fig. 2. The slope varied slightly from one preparation to another, consequently
whenever possible each preparation was used as its own control.

aBLE 1. Time course of acetylcholine or carbamylcholine contraction of denervated diaphragm

Time to half Maximum
Rise time relaxation tension
(sec) (sec) (8)
ACh
5:5%10-°m 12:0+0-4 (45) 46-+2 (45) 55103 (45)
Carbachol
7-3%x10-°M 4544 (18) 52+3 (18) 7-94-0-4 (18)

Figures shown are -+ S.E. of the mean. The number of observations is shown in parenthesis.
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Results
Time course of the contractile response
Acetylcholine or carbamylcholine (carb ase

in is ri sion in the denerv di the
two s parallel, but 7-9 es the
same tension as ACh. The response to carbachol was, however, more prolonged.
As can be seen from Table 1 this result ow of

ol t n from a pr to ax

de onse to eith ex al
time.

The time course of the ACh contraction was relatively independent of the con-
centration of ACh used. The rise time increased slightly over the range 2-75 x 10~°m
to 275 x 10~°M, but the time to half relaxation fell with increasing ACh concentra-
tion from 64 sec at 2-75 x 10~°M to 31 sec at 2-75 x 105\,

The reason for the brevity of the ACh response is obscure. Liillmann & Reis
(1967) noted that the depolarization of the denervated diaphragm due to ACh per-
sisted after the muscle had relaxed. Consequently it cannot be ascribed to mem-

brane “ desensitization,” but is more likely related to a resequestration of reticular
Cat+,

The duration of the contraction must also be viewed in relation to the rate of
diffu the pre ion. Krnjevi¢ & Mitchell (1960) noted that
the t of ACh the diaphragm was 1-5 min. Their prepara-
tions appear to have been 509 thicker than ours, but it is obvious that the ACh
contraction is too brief for ACh to have diffused uniformly through the muscle.

One must assume that the measured contr ction is c tions and -
tions which occ ACh diffuses thro the pre se of this, -
tions which pro or shorten the con t
or decrease in the p tension dev S
finding of Letley (19 which was y

develops greater tension at 22° C than at 37° C. We observed that low temperature
markedly prolonged the contraction.

Effect of alteration of the external ionic environment

Castillo & Katz (1955) and Jenkinson & Nicholls (1961) noted that ACh was able
to decrease the membrane resistance of the endplate and denervated muscle respec-
tively in preparations soaked in Na+-free solutions.  Castillo & Katz (1955)
described this effect of ACh “as a short-circuit placed across a rectifying
membrane,” and concluded that the action of ACh is independent of the process of
electrical excitation. If this is so the decrease in membrane resistance in Na*-free
solution will be associated with currents due to ions other than Nat,

Sodium substitution with sucrose

The denervated diaphragm offers a convenient preparation in which to study the
effect of Nat depletion on the response to ACh. Sucrose, lithium or Tris hydro-
chloride were used to maintain the osmotic pressure of the nutrient solution.
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The replacement of half the external Na+ with an osmotically equivalent amount
of sucrose was without effect on the tension developed in response to ACh.
Replacement of all but 22 mM Nat with sucrose resulted in a slow decline in the
tension developed to a constant dose of ACh. The results varied slightly in the
eight diaphragms tested, but in general the tension developed in response to ACh
declined to between 25-50% of the control value over a period of 60-150 min. The
rise time was unchanged, but there was a gradual increasc in the time to half
relaxation, until at 60-70 min the ACh response had become a persistent contrac-
ture. These findings are illustrated in Fig. 1. It was noteworthy that in one experi-
ment there was a gradual recovery of tension between 60 and 100 min, until the
response was of nearly normal force.

Replacement of all the external Na+ with sucrose, using Tris as a buffering agent,
accelerated the changes seen in 22 mM Na+ (Fig. 1). In six experiments the ACh
response started to decline after 10 min, and levelled off at approximately 25% of
the control value at 30-40 min. It was still possible to obtain an ACh contraction
after 120 min in Nat-free solution, and again one preparation showed a partial
restitution of contractile force after 60 min exposure. The rate of rise fell off some-
what after 70 min in Na+t-free solution, and the duration of the response increased
until it equalled the time of exposure of the preparation to ACh. Washing the
preparation with normal solution for 10-12 min returned the duration of contraction
to less than normal ; further, the tension developed was from 140-170% of the
control value. These parameters returned to control values over a period of 30-40
min.

It is possible that the partial restoration of tension which was occasionally seen
after prolonged exposure to low Na+ or Na*-free solution may be related to the partial
dependence of the ACh contraction on the Na* gradient across the membrane. The
initial loss of extracellular Na+ would reduce this gradient, which would tend to be
restored by a later loss of intracellular Na* (Simon, Shaw, Bennett & Muller, 1957).
Some evidence for this hypothesis is derived from the observation that the restitu-
tion of extracellular Na+ brought about an initial increase in the ACh response to

=~
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: S [~ P~
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greater than normal levels ; one would expect the Na+ gradient to be temporarily
increased.

Exposure of a preparation to a Na+-free sucrose solution which was also Cat+-
free resulted in a marked slowing of the rate of rise of the contraction and a reduc-
tion in tension over a period of 20 min. By 40 min the ACh response was abolished.
The ineffectiveness of ACh in solutions lacking both Na+t and Ca+t* recalls the
similar findings of Pappano & Volle ( 1966), who used the perfused superior cervical
ganglion of the cat.

As would be expected, transmission was blocked by Nat-free solutions in contra-
lateral, innervated preparations in 1015 min.

Sodium substitution with Tris

Experiments were carried out in which an attempt was made to maintain the
ionic strength of the bathing solution by substituting all the Na+ with Tris hydro-
chloride. It was found that the response to ACh declined to 20-40% of the control
value over a period of 20 min (four experiments). Rise time and duration were also
shortened. These effects may have been partly due to Cat+ chelation by Tris
(Mahler, 1961), so the Ca++ concentration of the solution was then raised to 4-5 mm
(x 3 normal). Tension developed was but slightly improved by the Ca++ increase,
but the response lengthened until it equalled the time of exposure of the preparation
to ACh,

Sodium substitution with lithium

Since Li* can replace Na* in maintaining the action potential of nerve and muscle
(Gallego & Lorente de N6, 1951), experiments were carried out in which all the
external Na+t was substituted with Li+. Tris hydrochloride was used as buffer.

The rate of rise and relaxation time were not altered by Lit solution. However,
tension development fell off slowly over a 60 min period until it was 30-40% of the
control value. Restoring the normal Nat solution brought back tension develop-
ment to the control level in 10 min. The response to ACh in Li+ solution was
further depressed by increasing the external Ca++ level to 4-5 mM ; in contrast to
the findings in Tris and sucrose solutions, Cat+ increase did not prolong the
contraction.

Additional experiments were carried out with Li* solutions without Ca+ . Here
it was found that the ACh response declined to zero in 50 min. Restoring the
Ca*+ to normal (1'5 mm) at this point restored the ACh response to 60% of the
control value.

Neuromuscular transmission in the contralateral innervated preparation was
blocked completely in 6-8 min by Li* solution (Onadera & Yamakawa, 1966 ;
Freeman, 1968). If the response of the postsynaptic membrane is reduced by Li+
in a quantitatively similar way to that of the ACh receptor of denervated muscle,
then the greater efficacy of Li+ in blocking transmission must be related to a
reduction in the presynaptic output of ACh.

Divalent cation changes

Reduction of the external Ca+* or Mg++ concentration to 0-15 mm and 0-1 mm
respectively (x 0-1 normal) was without significant effect on the ACh-induced con-
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traction. An increase in the Mg++ concentration to 5 mm for 10 min before admin-
istration of ACh reduced the tension developed to 50-60% of the control value,
but did not alter the time course of the contraction. A threefold increase in Cat+t
reduced the response to approximately 70% of the control value, and increased the
relaxation time five-fold (see Fig. 3). A further increase in Catt to 75 mM con-
verted the ACh response to a sustained contracture.

The decreased tension developed in high Cat+ or Mg+ solutions may reflect
the membrane stabilizing effect of these ions, and recalls the results of Takeuchi
(1963), who determined the effects of Ca** and Mg++ on the ACh-induced con-
ductance change of the endplate membrane. The prolongation of the contraction
by raised Ca++ may be a function of the ability of the sarcoplasmic reticulum to
re-sequester Ca*t* in the face of continuing depolarization and an increased Ca*+
gradient.

Effect of MnCl; on ACh response

It has been shown that the action potentials of crustacean muscles are due to an
increase in conductance for divalent cations rather than for Na* (Hagiwara &
Nakajima, 1966) ; it is likely that the rising phase of the action potential in verte-
brate smooth muscle is also unrelated to an increased Nat+ conductance (Kuriyama,
Osa & Toida, 1966). It appeared possible, therefore, that an increase in Ca*+
conductance could be of major importance in ACh depolarization of denervated
muscle. Manganese ions have been shown to suppress such “Cat++ spikes” (for
references, see Hashimoto & Holman, 1967) ; consequently their effect on the ACh-
induced contraction was determined.

1t was found that 1 mm MnCl, added to a Tris-buffered Nat containing solution
completely blocked the innervated diaphragm to both direct and indirect stimula-
tion in 6 min. It was possible to break through the muscle membrane blockade by
increasing the stimulating voltage from a normal value of 6-8 V for supramaximal
stimulation to approximately 100 V.

This level of MnCl, was completely without effect on the ACh response of the
denervated diaphragm, even after 30 min exposure to Mn++. Increasing the Man*++
concentration to 4 mM reversibly depressed the ACh response. The dose-response
curve in the presence of 4 mm Mn**+ was parallel to the control, and the dose ratio
was approximately 2.

Increasing the external Cat+ level to 45 mm completely relieved the blockade of
the innervated preparation ; all parameters returned to normal. However, a similar
increase in Ca++ concentration did not affect the partial inhibition of the ACh
response in the denervated preparation. Further, the effect of Mn*+ on this

response was not altered by concurrenily re the + level to 0-15 mm,
although the time to half relaxation was so t sh ed in the low Cat™t
solution.

Thus Mn++ appears to block the innervated preparation by processes involving
competition with Ca*+ ; its inhibitory effect on the ACh response of the denervated
equires a hi concentration of Mn++ and cannot be modified by

e external C level.
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Drug effects on ACh response
Tetrodotoxin and saxitoxin

Katz & Miledi (1966) noted that tetrodotoxin, which appears to inhibit specifically
the inward Na+ current during the action potential (Kao, 1966), was without effect

on the electrical properties of the neuro also to
be so in the axo- ic se of (Katz &
Miledi, 1967). S xi colog

The effects of these drugs have been compared in both the innervated and
denervated diaphragm preparations. It was found that tetrodotoxin at a concentra-
tion of 107" g/ml. completely blocked the innervated diaphragm to direct and in-
direct stimulation in 3 min ; approximately twice as much saxitoxin was required
to block this preparation in the same time. These drug levels were totally without
effect on the ACh contraction of the denervated diaphragm, even after exposure for
60 min. Additional experiments were carried out in which tetrodotoxin (10~7 g/ml.)
was added to solutions in which all the Na+ had been replaced with sucrose, lithium

or Tris. Here again the contraction was not modified by the presence of tetrodo-
toxin,

Procaine hydrochloride

In distinction to tetrodotoxin and saxitoxin, procaine hydrochloride (PrHCI) was
found to block reversibly the ACh response of the denervated diaphragm ; dose-
response curves for ACh were shifted to higher concentrations. Figure 2 shows the
effect of two concentrations of PrHCI on the ACh dose-response curve. As the
control curves differed somewhat in slope the data could not be pooled ; the results

16
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o 15 104 M
s 8 PrHCI
3 20410 M
[}
l-

4

10-8 10-5 10-4
10-¢ 10-5 104

ACh (moles/l.)

rochloride on the ACh dose-response curve. Two levels of
a has been divided to show two s ; the upper figures
a hand segment, the lower to the segment.
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of two typical experiments are shown in Fig. 2. Using probit analysis the difference
in slope in each case was shown not to be significant at the 5% probability level.
Further it was possible to equal the maximum ACh contraction in the presence of
PrHCI by raising the ACh level. Higher concentrations of PrHCI were tested in
order to extend the data ; it was found, however, that at 3 or 4 x 107*M it was im-
possible to obtain a steady response to ACh. The data illustrated in Fig. 2 were
obtained by adding ACh to the organ bath after 10 min exposure to PrHCI ; the
preparation was then washed for 5 min and PrHCI added for 10 min before the
next ACh dose. This procedure did not produce consistent responses with higher
levels of PrHC] and one must assume that a sufficient quantity of the drug had
entered the cell to interfere with Cat+ release by the reticulum (Bianchi, 1968).

In order to test the apparently competitive nature of the PrHCI inhibition over the
limited concentration range available, we carried out the dose-ratio test described
by Paton & Rang (1965). Tubocurarine was used as the second ACh antagonist.
The finding of Elmqvist & Thesleff (1960) that TC competitively inhibits the ACh
response of the denervated diaphragm was confirmed. Dose response-curves were
drawn, and were found to be parallel over the range of concentrations of TC shown
in Table 2.

The dose ratio (DR) is defined as D,/D where D, is the dose of an agonist in the
presence of an inhibitor, required to produce the same response as the concentration
of the agonist, D, in the absence of inhibitor. If two antagonists giving dose ratios
DR, and DR, are both competitive inhibitors of the agonist (ACh) the dose ratio
obtained in the presence of both inhibitors (DR;..) should equal DR; +DR;—-1. If
the two inhibitors do not compete for the same active site on the receptor DR, 2=
DR, DR..

Experiments to test the nature of PrHCI inhibition were carried out in the follow-
ing manner. First, the ACh dose-response curve for each preparation was deter-
mined. The dose ratios for TC and PrHCI were then determined separately, and
then the combined dose ratio DR, ; was determined. A difficulty was encountered
in that the combined dose of TC and PrHCI caused a prolonged inhibition of the
ACh response which persisted for upwards of an hour in some preparations.
Consequently it was found difficult to obtain more than one or two values of DR 1+,
in each preparation. It was found (see Table 2) that the values obtained were con-
sistent with competitive inhibition, or were slightly too large. In no case was
DR.., =DR,DR,. Thus one may conclude that PrHCI is essentially a competitive
inhibitor of ACh, but that its action also contains a non-competitive element.

Interactions between Cat++, Mg++, PrHCl and ACh were also studied, in an
attempt to separate the membrane effects of PrHCI from those operative at the
reticular level (Bianchi, 1968). Thus Ca*+ and Mg+*+ may be expected to have
similar effects on the membrane (Takeuchi, 1963) but Mg++ cannot substitute for

TABLE 2. Dose ratio test for ACh antagonism by TC and procaine

TC (M) Procaine (M) DRije DR;+DR;—1 DR:.DR,
107 1-5x10* 29 32 4
1077 1:5% 10~ 44 40 62

2x1077 1-5% 10~ 67 4-8 79

3x10-7 1-5x10* 185 11-0 32:0

4x10" 1-5x10* 50 6-4 89
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Cat+ in excitation-contraction (E-C) coupling. The results of typical experiments
are shown in Fig. 3. As was noted earlier, low Ca++ or Mgt+ solutions did not
affect the ACh response. The inhibitory response to PrHCIl (15 x 10~*M) was
diminished by concurrently lowering either the Ca++ or Mg++ concentration. This
effect was particularly marked in 0:15 mm Ca*++. Increasing the level of divalent
cation increased the inhibitory power of PrHCI. Mg++ (5§ mm) did not affect the
time course of the contraction; 45 mm Ca*+ both reduced the amplitude and
prolonged the ACh contraction. Thus both PrHCI and divalent cations appear to
stabilize the membrane and their effects are synergistic.

PrHCI was found to block neuromuscular transmission in contralateral innervated
preparations at approximately 5x10~*M. It was noteworthy that the blockade
could be relieved by increasing the Ca*+ level of the solution to 45 mmM. Relief
was never complete ; twitch tension was restored to 50-70% of the control level.
Presumably the reduction in amplitude of the nerve action potential by procaine
inhibited ACh release. This effect was overcome by raising the Ca*+ level. Post-
synaptic inhibition by procaine may well have been potentiated by raised Ca++.

Effect of thiocyanate on ACh response

If one assumes that PrHCI acts at the level of the ACh receptor to block the
initial excitatory event in the E-C coupling sequence then it is of interest to deter-
mine interactions between ACh and events occurring more distally in the E-C
sequence. SCN™ is the most active of a lyotropic series of anions which in innerva-
ted amphibian muscle are believed to act on the transverse tubular element, to alter
the E-C process so as to increase the duration of the active state (Bianchi, 1968 ;
Hodgkin & Horowicz, 1960).

PrHCI PrHCI
Low Ca High Ca

o AN NS N N

PrHCI PrHCI
Low Mg High Mg

Control Low Ca High Ca PrHCI

Control  Low Mg High Mg Pr HCI

— | min

FIG. 3. Effect of divalent cation variation on
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(see above). Both the amplitude and duration of the ACh response in the presence
of SCN~ were dependent on the Ca++ and Mg ++ concentration of the external
medium. Figure 5 shows that reduction of the external Ca++ level to 0:15 mm
reduced the duration of the contraction, and slightly increased the amplitude.
Increasing the external Ca*+ level to 4-5 mM reduced the amplitude of the ACh
contraction and prolonged it until it equalled the time of exposure to ACh. On the
other hand, increasing the external Mg level to 4 or 5 mMm reduced the amplitude
to that of the control without SCN~. The contraction was still, however, prolonged
by a factor of two compared to the control contraction. Thus the ability of SCN—
to augment and prolong the ACh response can be modified by Cat+ and Mg++,

It may be noted that SCN~ augmented but did not prolong the indirectly elicited
twitch of the contralateral innervated preparation.

Discussion

The response of the chronically denervated diaphragm to acetylcholine appears
in general to resemble that of the postsynaptic membrane. Evidence from studies
involving alteration of the external ionic environment confirms the thesis of del
Castillo & Katz (1955) that ACh “ short-circuits ” the excitable membrane, allowing
ionic currents to flow according to their gradients. Thus the ACh contraction can
be related to the Nat gradient across the membrane, although it is not entirely
dependent upon the presence of Na+t. It may be that under conditions of almost
total Nat depletion movement of Ca*+ is sufficient to initiate contraction. Tt is of
interest that the lengthening of the ACh contraction seen in low Na+-sucrose solu-
tions did not occur when Tris or Li* was substituted for Na+. Raising the Cat+
concentration in Tris solution, as in Na+ solution, prolonged the response. This
prolongation was not seen in Li* solution when external Ca*+ was raised. Thus
Li* appears to be more effective than Na+ in maintaining the relaxing mechanism.

The reason for the brevity of the ACh response is obscure. It cannot be related
to ACh hydrolysis, because the denervated preparation contains AChE only in the
region of the degenerating synapse (Erinkd & Teriviinen 1967). Further, the car-
bachol response, although longer than the ACh response, is nevertheless of finite
length. The observation of Liillmann & Reis (1967) that the denervated diaphragm
relaxes in spite of a continuing depolarization suggests that, as in a K+-induced con-
traction, the sarcoplasmic reticulum is able to re-sequester Cat* although the mem-
brane remains depolarized. This observation makes a comparison of the duration
of conductance changes at the endplate with the contractile event hazardous.

The involvement of the reticular relaxing system in the ACh contraction means
that drug interactions may occur at three possible points: first at the ACh receptor
which may be located on the surface membrane, second at the level of the transverse
tubule where the membrane event is propagated into the muscle cell, and third at
the level of the terminal cisternae, where Ca+ is released to initiate contraction.

There is some evidence (Brody, 1966 ; Howell, Fairhurst & Jenden, 1966) that
the reticular relaxing system alters following denervation, and has an increased
ability to sequester Ca*+. Brody (1966) suggested that E-C coupling is facilitated
after denervation, and that this may be a factor in producing fibrillations.

The finding that the ACh response is totally unaffected by concentrations of
tetrodotoxin or saxitoxin that rapidly block the innervated preparation confirms
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the thesis that the permeability changes following ACh-receptor interaction differ
from those involved in the generation of the action potential. Whether the tetrodo-
toxin-sensitive receptor and the ACh receptor exist in series or in parallel is less
clear. It is possible that the ACh receptor may develop in response o denervation
in the transverse tubular element, and thus occur more distally in the chain of E-C
coupling than the tetrodotoxin receptor.

The findings that the ACh receptor is less sensitive to Mn*+ than the innervated
muscle rules out the possibility that the ACh generates a “Cat+t spike ” such as
occurs in smooth and crustacean muscle. The insensitivity of the Mn** inhibition
of the ACh receptor to variation in external Ca** suggests that Mn*+ is not com-
peting with Cat*, but offers no indication as to its site of action.

If it be granted that SCN~ affects the E-C coupling sequence by lowering the
threshold for excitation at the level of the transverse tubule system, then the ACh
receptor must be located either at this level or more proximal to it. The potentiation
of the ACh response by SCN~ was reduced by increased concentrations of either
Ca++ or Mg*++. This may represent stabilization of the ACh receptor, as has been
suggested for PrHCL

It is of interest that Ca*t+, Mg*t+ and PrHCI synergize in denervated muscle.
Other workers have noted antagonism between PrHCI and Ca* in other systems.
Thus in smooth muscle (Feinstein, 1966), lobster nerve (Blaustein and Goldman,
1966) or frog spinal ganglia (Aceves and Machne, 1963) Cat? increase relieved
local anaesthetic inhibition. These authors attributed their results to competition
between PrHCI and Cat+ at a membrane site which controls the increase in Nat+
conductance upon electrical stimulation. Our finding again emphasizes the separate-
ness of the membrane permeability changes following ACh, and the changes
associated with electric excitation.

We wish to thank Dr. E. J. Schantz, Fort Detrick, Maryland, for a gift of saxitoxin.
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the intact animal.

INTRODUCTION
STINGINGS due to the box jellyfish, Chironex fleckeri Southcott have caused a number of
deaths in Northern Australian waters (BARNES, 1966, 1967).The abundance of the animals
azard which study of the

9) that death ntal animals
is characterized by respiratory arrest with concurrent signs of marked cardiotoxic activity.
The heart was slowed, irregular and showed varying degrees of conduction delay termin-
ating i crease i edw ment
of bra consist inb cular
conduction and repolarization of the cardiac muscle.

The present study has been concerned with the effects of the toxin on the isolated per-
fused guinea pig heart, in an attempt to characterize the cardiotoxin further.

METHODS

Hearts from guinea pigs weighing between 300 and 450 g were used throughout this
study. Animals were anaesthetized with a 50 per cent CO,: 50 per cent O, mixture (SATCHELL
et al., 1968) or ether ; the heart was rapidly removed, the aorta cannulated and the preparation
mounted in the perfusion apparatus (SATCHELL, 1967). The time from opening of the thoracic
c to the be of p 3 Twin systems ¢ rapid
c es of fluid ition d. fusion was 65 cm
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Heart rate and isotonic contraction were measured with a differential transformer.
This consisted of three 120 Q coils with a 3 V 400 Hz signal supplied to the centre coil. Vertical
mo e cent uced an t s the o coils. use,
the a pers surroun t r exten the b f the
heart chamber. A weighted ferrite core (32 g) was attached to the apex of the heart, the vertical

movement of this core providing a measure of myocardial contraction. The response of
$

€

function. The heart chamber and transducer are illustrated diagrammatically in Fig. 1.

Toxin
Perfusion
fluid
Temperature-
controlled
water jacket
< 3
Output to ¢ 2 3V 400Hz
recorder < 3

FIG. 1. DIAGRAM OF HEART CHAMBER AND DIFFERENTIAL TRANSFORMER TRANSDUCER.

The three-way connector above the chamber allows entry of perfusion fluid from either of two
sources; the third arm is for removal of gas bubbles. The differential transformer could be
moved in a vertical plane to enable alignment with the ferrite core.

Perfusion fluid enters the coronary circulation from the aorta and passes via the coronary
veins to the right side of the heart from which it empties. Coronary flow was calculated by
conversion of the number of drops per min measured by a drop counter placed at the outlet
from the heart chamber to ml per min.

Outputs from the differential transformer and the drop counter were recorded on a
Beckman type RP dynograph recorder.

All preparations were perfused for a 20 min equilibration period and experiments were
then conducted over the following 90 min. After the initial equilibration period the para-
meters measured remained constant for approximately two hours. The recording showed

no appreciable base line shift representing overall contraction or relaxation of the heart
over this period.
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The normal perfusate had the following co

1-8mM, PO, 1-2mM
was bub 2.5 per cent
1954). In some experim 1 nt
bathing solution as a pos m of
tle or
ed to
This 1

had no observable effect on the parameters measured. The temperature of the perfusate
was 37-040-3°.
For most of this work the toxin was prepared by suspension of portions of frozen tentacle
in 154 mM NaCl and homogenization for 1 min using a mechanical tissue disintegrator
wed by fugation at 5°. res
es and s at —15°. This led

contained more than 100 mouse units per mg le) made exte dil n
before use. Thus modification of the action of in extracts by tis n
would be unlikely. Further, FREEMAN and T (1969) were e to detect -
ence in the pharmacological properties of the toxin prepar using a wi f

further purified without alteration in its pro-

on of

AN an

The
tim e se of eri to ensure that the dose of toxin remained constant.
a was to rfusion fluid at a point just proximal to the heart.

As there was no recirculation there was only one contact between the heart and the toxin;
recirculation, however, would have had little effect as the toxin when dilute is extremely
labile at 37°.
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Drugs used in the study were: L-ascorbic a

K), - b
(isopr u
yd t
di t
RESULTS
Effects of Chironex toxin on the untreated heart
The 1 es for rate, heart rate and amplitude were consistent
through 8 of exp nar

(4= S.E. of 56 observations), and mean heart
observations). These values are consistent w

The h € rec trace
isoton ion. § con
related to other indices of ventricular functio
de n( of 56 vations) was

nje fasta dose of 0-03 ¢ perfusion
cir ough esint .

was in cor r the first

minute and was followed by a slower return to c
decrease in flow was a aniedby g
time scale. rt rate dec over the t
levels within 10 min of administration of the toxin. A decrease in amplitude was also ob-
served; this followed a similar time course to the ch . toxin p no
significant overall contraction or relaxation of the t. e ts are il in

Fig. 2 which shows the response to three consecutive doses of Chironex toxin in one heart.
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FIG. 2. EFFECT OF Chironex TOXIN ON HEART RATE, AMPLITUDE OF CONTRACTION AND
Y FLOW.
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Injections of toxin were separated by periods of 10-15 min throughout the course of all
experiments. Coronary flow and heart rate changes were reproducible both within experi-
ments and between experiments, but amplitude changes were subject to some variation. In
Fig. 2 the amplitude changes in response to the first and second doses of toxin are identical
but the third dose of toxin has had little effect. In most experiments, however, the degree of
variation was less than this.

The dependence of changes in coronary flow, heart rate and amplitude on the level
of toxin was also investigated. These results are illustrated in Fig. 3. The percentage change

Rate

Flow

60 Amplitude

control

40 40

Percent of

03 3 3 30 03 3 a 30
Chironex Toxin  (mouse unils X 100)
F1G. 3. EFEECT OF A RANGE OF DOSES OF TOXIN ON HEART RATE, AMPLITUDE OF CONTRACTION AND
CORONARY FLOW.

Semilogarithmic plot; the rep + S.E. of of 4-9 ob ions. Where
error bars ar est error was an 1-5 per

in coronary flow was calculated using the control level over 2-3 min prior to addition of
toxin and the minimum rate of flow obtained within 1 min after the addition of the toxin.
Ratc and amplitude changes were calculated similarly except that the minimum rate and
amplitude obtained within 3 min of the addition of the toxin was used.

The dose-response curve of change in coronary flow against log dose of toxin is sigmoid
over the heart of concentrations employed.

The decrease in heart rate was relatively constant over the range of toxin concentrations
employed.

Amplitude response to low levels of toxin was similar to that obtained with coronary
flow but at higher levels there was no tendency for the curve to flatten; instead amplitude
declined to zero. It can be seen from the standard error values in Fig. 3 that the change in
amplitude is subject to increasing variation with increasing levels of toxin.

Doses of toxin up to 0-3 ‘mouse units’ evoked reversible changes in coronary flow, heart
rate and amplitude of contraction. At or above this dose, these changes became partially
or completely irreversible. Heart rate became irregular at levels greater than 0-3 ‘mouse
units’ and at doses of 3-0 ‘mouse units’ ventricular contraction was usually abolished
although the atria continued beating for some time (FREEMAN and TURNER, 1969).

The marked ability of the toxin to reduce coronary flow prompted an investigation of
the effects of several vasodilator agents on this response.

C
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Effects of Chironex toxin in the presence of catecholamines

When epinephrine (0-3 M), norepinephrine (0-3 pM) or isoproterenol (0-36 uM) was
added to the perfusing fluid the following changes were observed. Coronary flow was
increased, the most marked rise being produced by isoproterenol which increased flow to
160 per cent of the control level; epinephrine was less effective and norepinephrine was least
effective. Heart rate was increased to the same extent by each compound and amplitude of
contraction was increased equally by epinephrine and isoproterenol. Norepinephrine had
little augmenting effect on amplitude and in some preparations a decrease in amplitude was
observed. The effects of catecholamines are consistent with those obtained by other
workers. (SATCHELL et al., 1968; GLOMSTEIN et al., 1967).

The effects of 0-3 uM epinephrine are illustrated in Fig. 4; epinephrine was added at
zero time in each case. For each of the three compounds the maximum response was obtained
after 2 min perfusion and remained constant over the next 10 min. This permitted the toxin
to be added after 2 min and the course of its action to be followed in the presence of cate-
cholamine. Control responses in the absence of catecholamines were obtained before and
after this procedure.

The effect of Chironex toxin in the presence of epinephrine is illustrated in Fig. 4. The
chronotropic response to the standard dose of toxin (0-03 ‘mouse units”) under control

125

Rale Amplitude Flow

Percent of conlrol

75

75
2 4
Minutes Minules Minules

conditions was small and it was not possible to say whether epinephrine had a significant
effect on this change. However, the presence of epinephrine produced substantial effects
on the changes in coronary flow and contraction amplitude resulting from toxin administra-
tion. The standard toxin dose administered in the presence of epinephrine produced no
significant change in the amplitude and even five times the normal dose of toxin had little
effect. The coronary flow in the presence of epinephrine was decreased only slightly by the
normal toxin dose and five times this level (0-15 ‘mouse units’) was required to approach the
flow changes observed in the control.

Toxin administered in the presence of 0-36 M isoproterenol produced similar effects.
Decrease in coronary flow by the standard toxin dose was insignificant and even at five
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times this dose the decrease was only about one-third of that observed in a standard control
dose. Changes in rate and amplitude were similar to those observed in the presence of
epinephrine. The standard toxin dose administered in the presence of norepinephrine
produced similar results to those observed with epinephrine and isoproterenol.

Effect of Chironex toxin in the presence of alpha or beta adrenergic blocking drugs

As perfusion of catecholamines modified the response to the toxin, experiments were
conducted to determine the effect of toxin on a heart in which either the alpha or the beta
receptors were blocked by phentolamine or propranolol respectively.

Phentolamine (27 pM) and propranolol (3-9 and 7-8 uM) both decreased heart rate
slightly and had little or no effect on coronary flow. Amplitude of contraction, however,
showed a slow decline over the period of perfusion but returned to normal levels when normal
fluid was restored.

The effect of the toxin on coronary flow, heart rate and amplitude or contraction was not
significantly modified by the presence of phentolamine at the level used. Propranolol had no
effect on amplitude or rate responses to the toxin, but the change in coronary flow was
consistently reduced by a small amount when the toxin was injected in the presence of the
beta blocking agent.

Effects of Chironex toxin in the presence of serotonin

The addition of 5 uM serotonin to the perfusion fluid produced increases in coronary
flow, heart rate and amplitude of contraction. Coronary flow was increased by 34 per cent,
heart rate was increased by 19 per cent and amplitude of contraction by 9 per cent (all in-
creases are means of four observations). The responses reached a maximum within 2 min
and then remained constant over the next 10 min.

Coronary flow and heart rate responses to Chironex toxin in the presence of serotonin
were not significantly different from those obtained as controls in the absence of serotonin.
The toxin appeared to have a greater effect on amplitude in the presence of serotonin than
in the control situation but the difference was not great. The results are summarized in
Table 1.

TABLE 1. CHANGES PRODUCED IN THE THREE HEART PARAMETERS AFTER 0-03 ‘MOUSE
uNITS® Chironex TOXIN IN THE PRESENCE AND ABSENCE OF 5 uM SEROTONIN
Results are the mean of two experiments

Heart rate Amplitude of Coronary flow
(beats/min) contraction (ml/min)
(mm)
Control 170 21 74
Control after toxin 150 175 4-0
5 pM Serotonin 200 22 99
Serotonin and toxin 180 17 53

Effects of Chironex toxin in the presence of adenosine and adenosine triphosphate (ATP)
Adenosine and ATP are both potent coronary vasodilators (WEDD, 1931; ROWE et al.,
1962; Rowe, 1968). ATP was found to be more effective in this series of experiments. The
changes in coronary flow, heart rate and amplitude produced by 1-5 uM adenosine are
shown in Fig. 5. 1-5 uM ATP had similarly small effects on heart rate (increased by 10 per



284 R.J. TURNER and SHIRLEY E. FREEMAN

cent, mean of four observations) and amplitude of contraction (increased by 18 per cent).
The effect of ATP on coronary flow, however, was considerable; the flow was increased from
the mean control level of 8-1 ml per min to 16-2 ml per min.

Both adenosine and ATP produced an initial decrease in heart rate and amplitude of
contraction. This effect is shown for adenosine in Fig. 5; 1:5 uM ATP produced smaller and
more shortlived decreases in both parameters.

The onset of response to adenosine and ATP was slower than for the other vasodilators,
taking 3—4 min to reach a maximum level. Chironex toxin in these experiments was therefore
added 4 min after the introduction of the vasodilator. The effect of the toxin in the presence
of adenosine is illustrated in Fig. 5. The percentage reduction in coronary flow and heart

]
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Rate 75 Flow
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EFFECT OF OSE OF TOXIN EOF 15 ENO
sine is adde toxin i the ar e changes add
of toxin presence 0s trate,am de and coronary
evels obs m s 100 per values.
O0———0 0:03 ‘mouse units’ toxin, normal perfusion fluid; O——O 1-5 uM adenosine added

to perfusion fluid at zero time; 0 03 ‘mouse units’ toxin in presence of 1-5 uM adenosine.

rate was not significantly altered by the presence of either adenosine or ATP. The amplitude
change, however, was reduced in both cases. In the presence of 1-5 uM ATP the reduction
in amplitude after the toxin was 12 per cent; the reduction due to the toxin alone was 45 per
cent. Thus these compounds can partially antagonize the negative inotropic effect of the
toxin, but are relatively ineffective antagonists of the negative chronotropic effect and the
coronary vasoconstriction.

In an attempt to characterize the rate and amplitude changes further, a work-time
relationship was investigated. Previous workers have used the product of isometric tension
and heart rate (BRINK et al., 1969) or the product of peak systolic pressure and heart rate
(MonRroOE and FRENCH, 1961) to give a measure of cardiac contractility. In the present
instance the product of heart rate and work done by the heart (mass of load x peak amplitude
of contraction) was used. The results of this procedure (Table 2) suggest that the inability

TABLE 2. EFFECT OF Chironex TOXIN AND VASODILATORS ON THE WORK-TIME FUNCTION (g per cm per min)
OF THE PERFUSED HEART

Control Epinephrine Adenosine ATP

0-3 uM 1-5 uM 1-5 uM
Control 2247 4036 2510 2925
After toxin 1133 4520 1645 1865

Per cent change after toxin —49-5 +12 —35 —36
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of the heart to maintai in the presence of the toxin is greatly altered by
adenosine or ATP but e the protective action of the ¢ holamines.
DISCUSSION

The isolated, perfused heart has been used in this series of experiments to examine further
the cardiotoxic effects of Chironex toxin (FREEMAN and TURNER, 1969). Although the pre-

tion is som ial in e 1965) the results showed a reasonable correla-
with those the i a dy ia followed a similar time course
i s di egular rhythms in both intact and
i ac rt
i in is
i rt al

control; this is in agreement with the concept of a direct action of the toxin on the heart

Ch ab rest.

ne rn MAN

and TURNER, 1969) and inadequate ventilation to cause hypoxic changes in the myocardium.
In the isolated heart the decrease in coronary flow at the standard dose of toxin (0-03 ‘mouse

units’) is toobr o produceas ant ee o ;h er es comp

to those which lethal in the ani the in is ged and
ounteract the toxic and
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amines either by a direct effect on the coronary vessels or by a secondary effect due to stimula-
tion of cardiac metabolism (GLOMSTEIN ef

produ y vasod on by a
vessel Eetal., The m
sed coronary flow in the control situation but
n.
be ect
nd in

antagonizing the coronary constriction may be due to a different site of action of these
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be a contributing factor to these changes, but the occurrence of the effects at low toxin doses
where hypoxia is absent requires the presence of another factor. It was suggested previously

(FREEMAN and 1969) that the exerted a non-specific lytic effect on cell mem-
branes; this co both the condu ¢

rov n of the

by and the

that these compounds may improve the metabolic status of the intoxicated heart.
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Maculotoxin, a Potent Toxin Secreted by Octopus maculosus Hoyle.
FREEMAN, SHIRLEY, E., and TURNER, R. J. (1970). Toxicol. Appl. Pharmacol.
16, 681-690. The posterior salivary (venom) glands of the blue-ringed
octopus, Octopus (Hapalochlaena) maculosus Hoyle have been shown to
contain a neurotoxin which is pharmacologically very similar to tetrodo-
toxin and saxitoxin. The toxin, which has been called ‘“‘maculotoxin,”
causes hypotension, bradycardia, and respiratory paralysis in rabbits and
rats. The hypotension can be temporarily reversed with l-epinephrine or
I-norepinephrine. Evidence is presented which, suggests that respiratory
failure after intravenous injection is due to blockade of muscular nerve
axons. The toxin blocks transmission in the sciatic nerve of the toad and
the rat, and at low dose levels appears to have neuromuscular blocking
activity. At higher dose levels the muscle membrane also becomes inexcit-
able. It is without significant effect on the acetylcholine-induced contraction
of the chronically denervated rat diaphragm, the toad rectus abdominis, or
the guinea pig ileum.

Animals can be resuscitated after a marginal lethal dose by artificial
ventilation alone, provided this is instituted before hypoxia becomes
severe.

The small, blue-ringed octopus Octopus (Hapalochlaena) maculosus Hoyle, has been
responsible for a number of cases of temporary paralysis among people who have
handled the animal on Australian beaches. Victims have described similar symptoms,
which include weakness, nausea, and respiratory difficulty. There have been 3 fata-
lities. Death has been ascribed to respiratory failure due to flaccid paralysis, with a
time of onset of 5-10 min. Sutherland and Lane (1969) have recently discussed
medical aspects of the envenomation.

This species of octopus appears to be moderately abundant in Australian coastal
waters during the summer months. It is not, however, a serious hazard to swimmers
since it is not aggressive, and has moreover a very small “beak,” which makes a
penetrating injection of venom into a victim difficult. As victims are usually unaware
of the envenomation until symptoms develop, it is possible that bites occurring under
water may go unnoticed, as the venom would wash out of a shallow wound. The
venom is secreted by the large posterior salivary glands of the octopus and appears
to be used to immobilize the small crabs that are its prey.

The present report of the pharmacology of the venom is an extension of a prelimi-
nary account (Simon ef al., 1964), in which the venom was found to be neurotoxic
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and to block neuromuscular transmission. A study of the chemistry of the toxin will
be published elsewhere.

It e the of the pres nth toxin, which has
been t d“ toxin,” is ally similar to tetro-
dotoxin and saxitoxin. The occurrence of these toxins in such a phylogenetically
diverse range of organisms is of some interest. Their presence in dinoflagellates,

cephalopods, and vertebrates suggests that they may be more widely distributed than
is now known.

METHODS

Collection and preparation of toxin. The authors are indebted to members of the
public for the collection of octopods from coastal waters, Early in the investigation,
the animals were maintained in an aquarium until required, and fed daily on small
crabs. However, on several occasions they died when the seawater was changed.
apparently due to the presence of a pollutant. Thereafter the posterior salivary glands
were dissected out soon after capture, and kept in liquid nitrogen or in the deep freeze
at —15°,

Glands from different animals contained widely differing amounts of toxin per
milligram of gland tissue; in particular it was noted that animals in poor condition
frequently contained virtually no toxin. Consequently the present study was carried
out on an extract made from the pooled glands of 11 animals. Tissue, 3.2 g, was
homogenized in 30 ml of distilled water, and the debris was centrifuged. The water-
soluble toxin was partially purified by filtration through Sephadex G-25 columns
buffered to pH 8.0 with an isotonic tris-buffered saline solution. The lethal fraction was

eluted from the col i iscre k, 1 hich contained approximately 70 % of the
lethality of the ori ct,a nsequently must represent the major or only
lethal component.

It was possible by this dure to sep arate the lethal fraction, which does not
absorb in the ultraviolet n, from a contaminant which absorbs at 274 nm,
(Simon et al., 1964). The carlier study was also cated by the fact that one

acts of the were used as starting mat has now been shown the
nis only p soluble in acetone.

F 1ill the separat  of m from the t-absorbing
mat by S G-25 filtra . The lume of sa also shown

for comparison. It is clear that maculotoxin has a similar size and molecular con-
figuration to saxitoxin.

Pharmacologic testing of toxin. The Iethality of the toxin for mice (23-25 g) was
determined by injection of 0.1 ml of material with a Hamilton 100-ul syringe into the
tail veins of groups of 5-6 mice, or by ip injection of the toxin diluted to 1 ml with
water. It was found that the iv mouse unit was comparable to the ip mouse unit, as

defined by workers with saxitoxin and tetr 1
e of the toxin on us i u New
4 d  bits (2.2-3.2 kg) w w  anes-

thetized with urethane and maintained with chloralose injected into the marginal ear
vein. Rats received 50 mg/kg of pentobarbital ip. When experiments were prolonged,
anesthesia was maintained with supplementary doses,
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Arterial and venous pressures were monitored with Statham pressure transducers;
the venous catheter was placed in the jugular vein and passed down to the level of the
atrium. Lead II electrocardiograms were recorded; heart rate was recorded with a
cardiotachometer. Abdominal respiratory movement was recorded with a colloidal
carbon-in-rubber pneumograph; body temperature was monitored with a rectal
thermistor. All parameters were monitored on a Beckman type R dynograph recorder.

In other experiments, the phrenic nerve of the rabbit was exposed in the neck and
platinum electrodes were placed on it. A myograph needle was placed in the diaphragm
muscle, and the respiratory activity of both muscle and nerve was displayed on a dual
beam oscilloscope and photographed on moving film.
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FiG. 1. The Sephadex G-25 separation of maculotoxin from an aqueous extract of Octopus maculosus
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from 1 after the void volume. Bed volume was approximately 200 ml.

Isolated organ preparations. The effect of the toxin was tested on the isolated phrenic
nerve-diaphragm preparation of the rat (Biilbring, 1946), the chronically denervated
rat diaphragm (Freeman and Turner, 1969), the toad rectus abdominis preparation,
the isolated guinea pig ileum, the isolated toad (Bufo marinus) sciatic nerve (Kao and
Fuhrman, 1963), and the isolated perfused guinea pig heart (Turner and Freeman,
1969).

RESULTS
Effects in Mice

After intravenous injection of the toxin, mice became agitated, ataxic, and the hind
limbs splayed and became paralyzed. Breathing was labored and ceased after 60-90
sec. Terminally there were brief but violent convulsions. At autopsy the heart was
found to be beating irregularly. There was no macroscopically evident pathology. The
dose-mortality curve was extremely steep. The relationship between the iv minimum
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lethal dose and the ip “mouse unit” as calculated by workers with other neurotoxins
may be seen from Fig. 2, in which the logarithm of dose is plotted against the reciprocal
of the time to death after ip injection. One iv mouse unit caused death in approximately
20 min when given by the ip route, Therefore, if the mouse unit (M.U.) is defined as the
dose required to kill a mouse in 10 min after ip injection (Kao, 1966), then approxi-
m 1.8 iv M. U. are equivalent to 1 ip unit. Data in the present study are expressed
in s of the iv unit.

Figure 2 also shows the relationship between the iv and the ip unit for tetrodotoxin.
It may be seen that the data for the two toxins coincide, suggesting a close similarity
between them. Further, death after tetrodotoxin followed an identical pattern to that
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s  oxin i ly rent s from te ta.

maculotoxin appears to resemble tetrodotoxin more closely than saxitoxin.

Effects in Rabbits

Arterial and venous pressure, respiratory rate and depth, and electrocardiograms
(ECG) were recorded as described in the Methods section. Anesthetized rabbits

proved to be very sensitive to the toxin: i -8 t to
h on, brady a, re ess de-
] nonlethal pr ed ys

The systolic arterial pressure was reduced from the control level of 110-135 mm Hg
(5 animals) to 50-65 mm Hg over a 3-min period. There was no change in venous pres-
sure or pulse pressure. The heart rate fell from 300-330 beats per min to 250-270 per
minute over the same period; the ECG showed no other abnormality. These effects
persisted for 0 min. Th dej ression was rather more variable; the rate
fell from an age of 60 to 35-48 per minute, and there was a slight
decrease in amplitude. This depression was more transient than the cardiovascular
effects.

The toxin appeared to have a cumulative effect, since a second dose of similar size
given after all symptoms had subsided was usually sufficient to cause respiratory failure
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Simon et al. terial pressure fell ntly with the respiratory
es, and range 45 mm Hg when b ceased. Venous pressure
rose, and the ECG showed marked bradycardia and T-wave enlargement.

Effects in Rats

Rats showed essentially similar symptoms after injection of the toxin into a tail vein.
App ely 15 M toxin red the systolic arterial pr e the con-
trol 135-180 gSa 1s) to 75-95 mm Hg. The u sure was
unchanged or rose slightly concurrently with the arterial pressure fall. The heart rate
fell from 390-400 beats per minute to 280-320. The respiratory rate fell from the
usual level of 66-80 per minute to 55-60 per minute over a 3-min period. There was
occasionally a transient increase in amplitude immediately after injection of the toxin.

Hypotension and bradycardia persisted for more than 30 min in the rat, although
after this interval respirations were again normal. A second dose of 24-40 M. U./kg
toxin brought about respiratory arrest in 1-4 min. Respirations slowed immediately
following injection of the toxin, and the amplitude declined. In instances where death
was prolonged over several minutes, respirations became very slow, prolonged, and

Occ lyape ofapnea cededa iratory t. The rial

fell rently these ch  es, and 50 mm when ira-
tions ceased. Venous pressure rose as arterial pressure fell, and the ECG showed
hypoxic alities.

The o on that hypotension after maculotoxin injection in both the rabbit
and rat always accompanied or preceded respiratory depression suggested a closer
similarity with tetrodotoxin than with saxitoxin (Kao and Nishiyama, 1965). We con-
firmed that respiratory failure due to tetrodotoxin in the rat was accompanied by a
more profound hypotension than was seen after saxitoxin.

Effects of Catecholamines on the Hypotensive Response

In both rabbits and rats hypotension due to a nonlethal dose of toxin was tempor-
arily reversed by epinephrine or norepinephrine. Experiments were designed so that a
test dose of the catecholamine was given before and after a nonlethal dose of toxin.

In the rat 1.5 ug/kg of I-norepinephrine bitartrate raised the systolic arterial pressure
to approximately 200 mm Hg without changing heart rate or venous pressure. A
similar dose some 5 min after 15 M.U./kg maculotoxin also raised the systolic arterial
pressure to 200 mm Hg, although the arterial pressure had been reduced by maculo-
toxin. Heart rate and venous pressure were again unchanged.

The arterial pressure was raised by a similar amount by l-epinephrine bitartrate

/ ut ch in rat a  htincrease in
with ulo , €p ai  the depressed 1
to the same level, but in this instance there was a significant increase in heart rate.
Comparable experiments were carried out with tetrodotoxin, with closely similar

results. Rabbits responded to doses of 2.5 ug or 7 pg/kg -
phrine in the same way. These results may bec of Kao and -
man (1963).

Since the terminal drop in arterial pressure is precipitous and is likely to contribute
to the fatal outcome, norepinephrine (2.5 pg/kg) was given to rabbits during the period
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of respiratory depression prior to terminal apnea. It was ineffective however in pre-
venting the terminal fall in arterial pressure, and moreover precipitated a cardiac

arrhythmia.

Effect of Maculotoxin on Phrenic Nerve Activity

The respir ssion by maculot in the rabbit was
examined by t the r y volleys pas down the phrenic n
1 - v 500
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unction with the o of a needle placed in the diaphragm. The
Its of one such expe tarei n Fig. 3.

The anesthetized animal had a respiratory rate of 50 per minute and an arterial
pressure of 120 mm Hg. Inspiration lasted 0.5 sec and the respiratory pause was 0.7
sec. Maculotoxin (5 M.U./kg) reduced the arterial pressure to 60 mm Hg and the

iratory rate to 3 e. Diaphrag: atic activity lasted approximately 1.2 sec,
the respiratory 0.5 sec in duration. The animal appeared to be ade-
quately ventilated, and during the next 15 min the arterial pressure rose to 105 mm Hg,
and the respiratory rate returned to the control level. A second slow iv injection of
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5 M.U./kg was given at this time. Arterial pressure fell to 60 mm Hg, and respirations
were reduced to approximately 30 per minute. The diaphragm showed almost con-
tinuous electrical activity, although both amplitude and frequency of muscle potentials
was somewhat reduced (see Fig. 3, panel 2). There was a concurrent increase in ampli-
tude of phrenic volleys. However, the animal survived, and a final dose of 7 M.U./kg
was necessary to abolish respirations; apnea occurred 3 min after this injection.
Initially breathing became largely intercostal, coincident with a decline in the ampli-
tude of the myograph output. The phrenic volleys increased in amplitude, although
they produced only a ripple on the myograph trace. Finally they diminished in
frequency and amplitude until at death there was electrial silence. These effects are
illustrated in Fig. 3, panels 3-6. After respirations ceased a tetanic stimulus applied to
the phrenic nerve produced a weak diaphragmatic contraction.

Neuromuscular Blocking Activity of Maculotoxin

Maculotoxin brought about complete blockade of the isolated phrenic nerve-
diaphragm preparation of the rat at concentrations equal to or greater than 0.15

21

S

Twitch  Tension — mm
o
o

Maculotoxin 29 5° Telrodotoxin
355° 35 5°

4 8 12 20 4 8 12 16 20
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FiG. 4. The onset of neuromuscular blockade after equivalent doses of maculotoxin and tetrodo-
toxin at 21-35.5°. Semilogarithmic coordinates; 20 mm twitch tension = 18.2 g.

M.U./ml. The muscle remained responsive to direct stimulation after transmission was
blocked, but the threshold was raised. A 5- to 10-fold increase in stimulating voltage
was required for maximum tension development. High doses or prolonged treatment
rendered the muscle inexcitable. Shortly before transmission failed, the preparation
was able to sustain a 10-sec tetanus. The rate of onset of blockade was independent of
the frequency of nerve stimulation over the range 0.1-1.0 per second.

Neuromuscular blockade was characterized by a long latent period when twitch
tension declined very little, followed by a rapid decline in tension which followed an
exponential time course. Figure 4 illustrates the onset of blockade. It may be recalled
that Kao and Nishiyama (1965) found a similar latency when measuring the decline in
end plate potential after saxitoxin treatment. Recovery was prolonged; it was found
necessary to wash preparations for upward of 90 min to avoid residual effects of
retained toxin. Because of this effect, minimum doses consistent with complete block-
ade were always used.
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The rate of development of blockade showed the same steep dose dependency as was
found for lethality in the intact animal.

Both maculotoxin and tetrodotoxin were more effective as neuromuscular blocking
agents at high temperature than at low temperature. Figure 4 illustrates the effect of
temperaturc on equivalent doses of maculotoxin and tetrodotoxin. Toxin doses that
were almost without effect at 21° caused complete blockade in 16-17 min at 35.5°. Ina
further series of experiments it was found that equivalent doses of both toxins (cali-
brated as mouse units) caused neuromuscular blockade at a similar rate, when both
the length of the latent period and the time to half decay of tension were compared.

Effects on the Nerve Action Potential

As was found previously (Simon et al., 1964) maculotoxin caused a reversible
blockade of the desheathed toad sciatic nerve. Dose levels of 0.2 M.U./ml caused
widening of the compound action potential and a decrease in conduction velocity
prior to transmission block. Rat sciatic nerve was similarly blocked by maculotoxin.
The rat sciatic nerve was difficult to desheath, so the relatively fine peroneal branch
was used in these experiments.

Effects on the Chronically Denervated Rat Diaphragm and Toad Rectus Abdominis
Preparation

Acetylcholine dose response curves were plotted for the chronically denervated rat
diaphragm (Freeman and Turner, 1969) and were repeated after the addition of
maculotoxin to the organ bath. Levels of maculotoxin ranging from 0.3 to 1.0 M.U.
per millilitre produced no direct effect on the diaphragm, neither was the acetylcholine
dose-response curve altered by the presence of the toxin. The rectus abdominis pre-
paration was similarly unaffected by maculotoxin, These two preparations are also
insensitive to tetrodotoxin and saxitoxin (Freeman and Turner, 1969; Kao, 1966).
Like these toxins, maculotoxin (15 M.U./ml) was also found to be without anticholin-
esterase activity (H. D. Crone, personal communication).

Effects on Guinea Pig Ileum Preparation

The maculotoxin preparation caused a slight contraction of the ileum preparation.
This effect was blocked by diphenhydramine (10-7 g/ml) but was unaffected by atro-
pine or lysergic acid diethylamide. It is likely that the gland extract contained some
histamine, which was not separated from it by the process of Sephadex filtration.
However, the presence of 0.25 M.U. of maculotoxin per milliliter did not affect the
acetylcholine-induced contraction of the ileum over a wide concentration range.

Isolated Perfused Guinea Pig Heart

Maculotoxin (10 M.U.) was injected into the perfusion system just proximal to the
heart. This resulted in a marked reduction in coronary flow rate coincident with an
increase in heart rate over the first 30 sec followed by a return of both to control levels
after 1 min. Isotonic contraction amplitude increased over the first min and then
decreased to about 30 9 of the control value for 2-3 min with a slow return to normal
over the following 5 min. Doses less than 5 M.U. were without any observable effect
on the heart.
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The cardiac effects of maculotoxin are probably insignificant in the overall toxin
response since the amounts required to affect the heart are more than sufficient to
cause rapid death through hypotension and respiratory paralysis.

Resuscitation of Animals

Since the cause of death after maculotoxin envenomation appears to be respiratory
paralysis which is associated with profound hypotension, attempts to resuscitate rats
and rabbits were made by respiring them with a ventilation pump.

It was found possible to revive animals only after marginally lethal doses of maculo-
toxin or tetrodotoxin, and then only if the pump was started before respiratory depres-
sion became severe. Animals that were breathing but cyanotic, and that had a systolic
blood pressure of less than 40 mm Hg, had a poor prognosis. In some cases artificial
ventilation was effective in raising the arterial pressure to approximately 60 mm Hg
and in restoring a near normal ECG pattern, but spontaneous respiration did not
occur even after ventilating the animal for 120 min.

When successful, ventilation had to be continued for upward of an hour after the
return of spontaneous respiratory efforts in order to maintain the animal. This slow
recovery of the paralyzed musculature is consistent with the slow washout of toxicity
from the isolated diaphragm preparation.

DISCUSSION

The pharmacology of the toxin of O. maculosus as described in the present com-
munication is consistent with the earlier report (Simon er al., 1964). The present
investigation suggests that the toxic effects are due to only one compound, whereas
pr ly there ared to be of Suth and (1969) also
su that the two chrom r istinct t The ation of this
point must await the results of studies now in hand, and will be reported at a later date.

Maculotoxin, whether it be one or two molecules, resembles tetrodotoxin and saxi-
toxin in that death after envenomation is due to respiratory paralysis accompanied by
profound hypotension. Maculotoxin preparations that have been calibrated as mouse
units show quantitatively similar effects to tetrodotoxin when compared in a variety of
pharma of hy on at doses just su tto
duce re s the ce that the toxin i ecl
related to tetrodotoxin than to saxitoxin (Kao and Nishiyama, 1965).

The failure of respiration in death after maculotoxin injection was characterized by a
loss of diaphragmatic activity which preceded the failure of phrenic nerve volleys.
Indeed for a short time these increased in amplitude, no doubt due to the effect of
inadequate ventilation on the respiratory centre. However the increase in phrenic
activity was at no time comparable to that seen after the administration of a neuro-
muscular blocking agent such as gallamine or d-tubocurarine. The rate of onset of
effects probably reflects the rate at which the toxin is carried to the various organs by
the circulation. The vascularity of the diaphragm may permit of muscular axonal
block before this is evident in the phrenic nerve. Any central effects are also likely to be
delayed by diffusion across the blood-brain barrier. Cheng et al. (1968) have discussed
such effects in regard to respiratory failure after tetrodotoxin.
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The lack of effect of maculotoxin on either the nicotinic or muscarinic acetylcholine
receptors, as exemplified by the denervated diaphragm, the toad rectus abdominis and
the guinea pig ileum, respectively, also confirms its similarity to tetrodotoxin and
saxitoxin. Local anesthetic drugs such as procaine, which block axonal transmission
and cause hypotension, also have anticholinergic effects.

Resuscitation by ventilating an intoxicated animal with a respiration pump required
that the animal have a marginal lethal dose, that ventilation be instituted before
cyanosis became evident, and that it be prolonged for some time after the return of
spoutaneous respiratory movements. Although the anesthetized animal cannot be
compared with man, this finding is in line with the clinical observation that respiratory
paralysis may last for upward of 8 hours. In his discussion of tetrodotoxin poisoning,
Li Shih-Chen (1596) noted in The Great Herbal that “the poisoning no remedy can
relieve.” It would appear to be true today that there is no specific antidote for the
neurotoxins related to tetrodotoxin.
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ABSTRACT

FremaN, SHirLeY E. avp R. J. Turner: Facilitatory drug action on the isolated phrenic
perve diaphragm preparation of the rat. J. Pharmacol. Exp. Ther, 174+ 550-559, 1970. The
action of facilitatory drugs was studied in the phrenic nerve-diaphragm preparation and the
chronically denervated diaphragm of the rat. The latter was used as a model of the post-
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triethylammonium. The acetylcholine depolarization was similarly affected. This potentia-
tion was suppressed by raised levels of Ca** or Mg*. Interactions between the facilitatory
drugs and succinylcholine are described. Succinylcholine abolished twitch potentiation of
the intact preparation at low concentrations; only 3-hydroxyphenyldiethylmethylam-
monium proved to be an effective antagonist of succinylcholine blockade. Facilitation in
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duced in the diaphragm by denervation is known
to differ quantitatively from the innervated post-
synaptic receptor with regard to interactions
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with bisquaternary compounds (Berinek and
Vyscodil, 1967; Vyscodil and Berinek, 1068),
this preparation has been shown to offer a rea-
sonable method for examining ACh-receptor in-
teraction and has certain advantages over the
intact junction.

First, this receptor is easy to approach experi-
mentally; drug concentrations and ionic levels
can be maintained as required. Second, it con-
tains acetylcholinesterase only in the region of
the degenerating synapse (Erdnkd and Teri-
viinen, 1967).

The effects of four facilitatory drugs have
been determined on the innervated and the
denervated preparation. In addition, interactions
with succinylcholine (SCh) have been studied
to determine the role of facilitatory processes in
the relief of SCh blockade.

The drugs studied are a series of hydroxy-
anilinjum compounds which includes edropho-
nium and the structurally unrelated compound
tetrahydro-4-aminoacridine (tacrine). The study
offers evidence of pre- and postsynaptic actions
of these compounds and permits tentative con-
clusions as to the structural features of the
series.
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MerHops, Male, hooded rats of the Wistar strain
h  from 225 to we e
mals were ed

both left and right hemidiaphragms were dissected
out and set up in separate organ baths. Isometric
tension developed by the muscles in response to
direct or indirect stimulation was measured with
Statham TUC2 transducing cells and a Beckman
type R D aph der. p ¢ were
stimulated 01- rect u es of
supramaximal voltage at 9/min.

Membrane potentials were measured by a tech-

nique similar to that of Liillmann and Reis (1967)..

Micropipettes were made from 2.5-mm glass tubing
(Micropet, Clay Adams, Parsippany, N.J.) and
were filled with 3 M KCl under reduced pressure.
Tip stances were 6 to 20 m ms, and tip
pote ls were less than 10 mV esleff, 1963).
The micropipette was attached by a Perspex holder
to a Singer micromanipulator and was connected
through a Ag/AgCl electrode to a preamplifier. A
calibrated voltage source between the organ bath
and earth permitted rapid measurement of the
membrane potental by acting as an opposing po-
tentiometer. The potential difference was read
when the current was zero. Preamplifier output
was fed into an oscilloscope and a Beckman type
RP Dynograph recorder. Membrane potentials
were measured with an accuracy of =0.5 mV.

. The diaphragm muscle was pinned to a silicone
rubber block (Rhodorsil) which covered the base
of the organ bath.

Denervation was carried out under pentobarbital
anesthesia by evulsion of the left phrenic nerve in
the neck (Freeman and Turner, 1968a, 1969). The
animals were maintained postoperatively for from
8 to 15 days to allow the nerve to degenerate.

Depolarization of denervated diaphragm mus-
cles by ACh was measured after the ACh-induced
contraction had passed, since the contraction dis-
placed the micropipette from the muscle cell. We
confirmed the observation of Liillmann and Reis
(1967) that depolarization persisted after relaxa-
tion.

The nutrient solution used has been described
elsewhere (Freeman, 1968a). The bath tempera-
ture was monitored continuously with a thermistor.
Unless otherwise stated, experiments were carried
out at 29 = 0.2°C.

The facilitatory drugs used were tetrahydro-4-
aminoacridine hydrochloride (tacrine), 3-hydroxy-
phenyldimethylethylammonium chloride (edropho-
nium), 3-hydroxyphenyldiethylmethylammonium
bromide (3-OHPEt.MeA) and 3-hydroxyphenyl-
triethylammonium bromide (3-OHPTEA). Succi-
nylcholine chloride and acetylcholine chloride were
dried before weighing out for stock solutions. These
were kept at —20°C until required.
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Resuwrts. Facilitatory drug action on neuro-
muscular transmission. Facilitation of the iso-
metric twitch oceurred with all the compounds
studied; it developed over a period of 5 to 8
minutes after addition of the drug to the organ
bath and persisted for the time of exposure of
the preparation to the drug. In the case of the
three hydroxyanilinium compounds the effect
subsided when the preparation was washed;
however, potentiation due to tacrine persisted
for upwards of 40 minutes after washout at
doses less than 5 X 10 M, and this effect was
virtually irreversible at higher doses. All com-
pounds with the exception of 3-OHPTEA caused
some degree of spontaneous twitching. Such
twitching was particularly marked with tacrine
(see fig. 1, panels 1 and 2), although it varied
among preparations.

As has been reported in experiments in vivo
(Kuperman et al., 1961; Blaber and Karczmar,
1967b) the drug concentration for optimal fa-
cilitation varied over a wide range; in our ex-
periments this extended from 5 X 10° M for
tacrine to 10° M for 3-OHPTEA. Figure 2
shows dose-response curves for tacrine, edro-
phonium and 3-OHPEt,MeA. The slopes of the
linear portions of the dose-response curves were
not significantly different at the 5% probability
level. The curve for 3-OHPTEA resembled that
of the other two hydroxyanilinium compounds
save that a 100-fold greater drug concentration
was required. However, tacrine showed twitch
depression at dose levels closer to those required
for maximal twitch potentiation than did the
hydroxyanilinium compounds.

Twitch potentiation after addition of each of
the drugs was frequency dependent. It was
maximal at stimulation rates between 6 and
12/min, and usually leveled off to the same
contractile force as the untreated preparation
at rates greater than 1/sec. The frequency de-
pendence was tested in all instances with drug
levels which produced optimal potentiation.

Temperature sensitivity. The facilitatory proc-
ess was found to be sensitive to the temperature
of the bathing solution. Lowering the tempera-
ture to 20°C abolished potentiation and spon-
taneous firing, which were maximal at 36°C.
Experiments were carried out to estimate the
apparen| energy of activation (I,) of the fa-
cilitatory process. Since the normal process of
neuromuscular transmission is itself temperature
sensitive, experiments were carried out so that
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mined regression. Several assumptions are im-
plicit in making such calculations: first, that
potentiation is proportional to reaction rate;
second, that one reaction in the sequence leading
to potentiation is dominant and provides a rate-
determining step; and third, that this reaction
retaing its dominance over the temperature range
studied. Some support for the latter two as-
sumptions is given by the fact that an analysis
of variance showed that there was a highly sig-
nificant linear correlation between log. poten-
tiation and the reciprocal of the absolute tem-
perature.

For tacrine, B, = 25.2 == 1.2 keal mol™ (95%
confidence limits). For edrophonium, E, =
26.7 = 3.3 keal mol™' (95% confidence limits).
The figures are not significantly different at the
5% probability level. It is of interest to note
the high values of E, obtained and to compare
them with the value of approximately 48 keal
mol™ obtained by Hofmann et al. (1966) for E,
of the miniature end-plate potential frequency
in the rat diaphragm.

Changes in external divalent cation levels.
Twitch potentiation was sensitive to small
changes in the divalent cation level of the bath-
ing solution. Raising the Ca** level to 3.0 or 4.5
mM was either without effect (tacrine) or in-
creased the drug-induced potentiation (all hy-
droxyanilinium compounds). It was noted that
30 mM Ca** increased twitch potentiation by
the hydroxyanilinium compounds more at low
drug levels than at optimal levels. That is, the
dose-response curve in high Ca* diverged from
the control curve, and the drug level necessary
for optimal potentiation was reduced.

On the other hand reduction in the Ca*™ level
to 0.38 mM (X 0.25 normal) completely abol-
ished twitch potentiation in all instances. If the
Ca** level was reduced to 0.15 mM (X 0.1 nor-
mal), a slow blockade of neuromuscular trans-
migsion occurred (Freeman, 1968b). Addition of
drugs to the organ bath during the course of
the low Ca* blockade caused varying effects.
Tacrine (5 X 10 M) caused a transient relief
of blockade lasting for one to two minutes;
twitch tension then continued to decrease at the
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slight relief of low Ca*™ blockade or halted its
progress. In this regard this compound some-
what resembles the structurally related drug
triethylcholine (Freeman, 1968b).

Reduction of the external Mg* level to 0.1
mM (X 0.1 normal) was without effect on twitch
potentiation in all instances. However, small
increases in external Mg**, which were in them-
selves without effect on twitch tension, com-
pletely abolished twitch potentiation. Raising
external Mg** from the usual level of 1 mM to
2 mM was sufficient in all instances to bring
about a slow reduction in twitch potentiation
to the control level. External Mg**, 3 to 4 mM,
reduced twitch tension to the control level in
three to four minutes (fig. 1, panel 5).

Thus, ionic conditions that do not reduce

transmitt to
transmiss e bol
tentiation. :

Drug effects on the- ACh receptor of the de-
nervated diaphragm. Interactions of Ca** and
Mg+ with the facilitatory drugs in the inner-
vated diaphragm suggest a presynaptic site for
the process and are consistent with the concept
of Werner (1960) that these drugs produce posi-
tive and negative after potentials in the motor
nerve terminals in response to nerve stimula-
tion, which modify the transmission process.
Other workers have, however, emphasized the
importance of end-plate sensitization (Katz and
Thesleff, 1957; Karczmar et al., 1965).

The ACh receptor of the denervated dia-
phragm offers a convenient approach to the post-
synaptic receptor, which, as was mentioned in
the introduction, is easy to study experimentally
and has the further advantage that it is largely
free of acetylcholinesterase. This means that
changes in receptor sensitivity cannot be as-
cribed solely to anticholinesterase properties of
the drugs.

Dose-response curves -for the ACh-induced

ction of  d ‘diap

as desc d y (F
Turner, 1969). The drug was then added to the
organ bath and the ACh dose-response curve
determined in the presence of the drug. Finally,
the preparation was washed for greater than 30
minutes to remove the facilitatory drug,.and the
ACh contraction was checked to ensure that the
sensitivity of the preparation had not altered.
It was not always possible to carry out this
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sence of the facilitatory drugs are shown in
figures 3 and 4. Data were not pooled for these
figures, since the slope of the ACh dose-response
curve tended to vary slightly among prepara-
tions (Freeman and Turner, 1969). Typical
curves from groups of three diaphragms/drug
are illustrated. It was noted that tacrine, edro-
phonium and 3-OHPEt,MeA all potentiated
the ACh-induced contraction at concentrations
which potentiate twiteh tension in the intact

phrenic nerve-diaphragm preparation. The
points about the potentiated ACh dose-response
curves scatt do co lecur
and p was ently at

levels of ACh than it was at levels producing
nearly maximal contractions.

Higher levels (10™* M) of edrophonium and
3-OHPEt,MeA caused an initial potentiation of
the ACh contraction which diminished with time
of ex to ‘the drug until one T,
when drug levels had a d sant t.
Similar drug levels also brought about twitch
potentiation followed by depression in the intact
phrenic nerve-diaphragm preparation.

In cont ction to these fin 3-
OHPTEA a depression of the -in-
raction at all d ( 5).

S of the ACh c at M
3-OHPTEA was so intense that doses of ACh

20

2
E ACh +
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greater than 107 M were needed to elicit a con-
traction. Dose response curves at 10 M and
5 X 10° M 3-OHPTEA were parallel with the
control, and the depression of the contraction
could be entirely reversed by washing the prepa-
ration.

The effect of the facilitatory drugs on the
depolarization of denervated muscle by ACh was
also determined, since potentiation of the con-
traction could have been due to an effect on the
process of excitation-contraction coupling.

The relationship between ACh concentration
(10°-10* M) and depolarization was deter-
mined and was found to conform closely to that
reported by Liillmann and Reis (1967). Experi-
ments were designed so that the membrane po-
tentials of a small population of muscle cells
were determined before addition of ACh to the
organ bath. The normal value for membrane
potential obtained from 37 sets of readings in
denervated muscle was 67.8 = 0.7 mV (S.EM.).
A series of six to eight penetrations was then
made over a 4-minute period in the same area
in the presence of ACh. After 20 minutes’ wash
the membrane potential had returned to the
control level, and the readings taken were pooled
with the first control group to obtain the ACh
depolarization.

The effect of the facilitatory drugs on the
ACh depolarization was determined at a fixed
ACh concentration of 10 M. Groups of mem-
brane potential measurements were made as be-
fore, and the effect of the facilitatory drug was
estimated by subtracting the depolarization due
to ACh in the presence of the drug from the
potential measured in the presence of the fa-
cilitatory drug alone. The facilitatory drug con-
centrations were optimal as determined in the
tension recording experiments and had no de-
polarizing effect on the membrane potential per
se. The results of these experiments are shown
in table 1; the drugs potentiated the ACh de-
polarization at the same concentration as they
potentiated the ACh-induced contraction. The
ACh depolarization was depressed by 3-
OHPTEA (10™ M), as would be expected from
the preceeding data. This concentration of 3-
OHPTEA did not affect the membrane potential
per se; 3-OHPEt,MeA (10™* M) was also with-
out effect. However, edrophonium (10 M) de-
polarized the membrane by 22 mV, and tacrine
(6 X 10° M) caused a barely significant de-
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TABLE 1

Facilitatory drug effects on the ACh depolarizaiion
of denervated muscle

ACh Depolarization

Drug
Control Treated
mV
Edrophonium, 10-5 M 26.4 = 1.9 )35.9 &= 3 (22) .001
3-OHPEt:MeA, 105 M 23.3 == 1.7 )|30.7 & 4 (15) .002
3-OHPTEA, 10¢ M 29.0 & 1.6  )(14.8 & 7 (16) .001
Tacrine, 5 X 107¢ M 23.9 = 1.8 ){33.8 &£ 0 (15) .001

Values shown are == S.E.M.; the number of observations is
shown in parentheses. Significance of difference of means was
determined with Student’s ¢ test. ACh concentration throughout
was 10~ M. Muscle resting potential was not altered by these
concentrations of facilitatory drugs.

polarization of 5 mV. These concentrations of
edrophonium and tacrine caused a transitory
potentiation of the indirectly elicited muscle
twiteh, followed by some depression.

It was noted that repeated exposure to ACh
in the presence of a facilitatory drug over a
period of several hours reduced the increase in
depolarization. It is possible that repeated de-
polarization of the membrane for 4- to 5-minute
periods may have led to a reduction in ionic
gradients which were not adequately reconsti-
tuted in vitro.

Sensitivity of the ACh-induced contraction
to divalent cation variation. It was shown pre-
viously (Freeman and Turner, 1969) that the
ACh-induced contraction of the denervated dia-
phragm was insensitive to reduction in the level
of external Ca** or Mg** to 0.15 mM or 0.1 mM,
respectively. However, a 3-fold increase in the
levelg of these ions (4.5 mM or 3 mM, respec-
tively) reduced the force of contraction which
was also prolonged by the high Ca** level.

The sensitivity of the potentiated ACh con-
traction to divalent cation variation was deter-
mined for all three potentiating drugs to obtain
a comparison with the ionic effects on drug ac-
tion in the intact phrenic nerve-diaphragm prep-
aration. The results of these experiments are
summarized in figures 6 and 7. As was noted
previously, low Ca* had little or no effect,
whereas high Ca*™ or Mg* depressed the ACh
contraction. Taerine (5 X 10 M) brought about
the usual potentiation of the contraction due to
10° M ACh; this potentiation proved to be
ingensitive to reduction in the external Ca** or
Mg* level. Increased levels of these ions, how-
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ever, reduced the tacrine-potentiated contrac-
tion to rather less than the control value (fig. 6).
These effects were essentially duplicated by edro-
phonium and 3-OHPEt,MeA, (fig. 7).

It is of interest that the ionic effects on the
drug-potentiated twitch of the intact phrenic
nerve-diaphragm preparation are essentially op-
posite to those observed for the denervated dia-
phragm receptor. Thus low Ca** abolishes twitch
potentiation, but is without effect on the po-
tentiated ACh contraction. Raised levels of Ca**
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or Mg" have opposing effects on the intact
junction but both abolish potentiation in the
denervated preparation.

Interactions with succinylcholine. Previous
publications from this laboratory have empha-
sized the importance of presynaptic factors in
SCh blockade of the rat neuromuscular junetion
(Freeman, 1968ab; Freeman and Turner,
1968b). Drugs which reverse SCh blockade were
shown to act largely by increasing the pre-
synaptic output of ACh. Since the experiments
reported in this study suggest that presynaptic
factors are dominant in twitch potentiation of
the intact diaphragm, it was of interest to in-
vestigate the ability of these drugs to relieve
SCh blockade. 4

Tacrine was found to be devoid of any anti-
dotal action against SCh blockade, although we
confirmed the earlier observation that prior
treatment with tacrine reduced the intensity of
blockade (Ho and Freeman, 1965). This effect
is opposite to that which would be expected if
tacrine inhibition of pseudocholinesterase were
a significant feature of the experimental situa-
tion. The three hydroxyanilinium compounds
all had some antidotal action under our experi-
mental conditions, although complete relief of
SCh blockade was found only with 3-OHPE#,-
MeA (fig. 1, panel 7). 3-OHPTEA was less
effective than the diethyl derivative and edro-
phonium brought about an average restoration
of twitch tension of only 33% (see table 2). As
was found previously (Freeman, 1968b) when
considering antagonism of SCh blockade by pyri-
dine-2-aldoxime methiodide, the antidotal action
of the hydroxyanilinium compounds fell off
sharply with the development of tachyphylaxis to

TABLE 2
Percent relief of SCh blockade by hydrozyanilinium
compounds
Conc. Edrophonium 3-OHPEt,MeA 3-OHPTEA
M
5 X 1076 93 + 2 (5)
10~*  No relief 85 4 5 (6) No relief
5X 107 33 &+ 3 (6) 45 &= 5 (5)
10~ Transient 47 = 2 (5)
relief

Values are &= S.E.M.; the number of observa-
tions is shown in parentheses. Concentration of
SCh was 9 X 1078 M.
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SCh blockade. Thus, the figures shown in table
2 were obtained from first and second exposures
to SCh, before the development of tachyphylaxis
at or after the third exposure to SCh.

It was noted earlier in this paper that re-
duction of the external Ca** concentration abol-
ished twitch potentiation by the hydroxyanilin-
ium compounds. It may be seen from figure 8
that antagonism of SCh blockade is also de-
pendent upon the presence of a normal Ca™
level. SCh (9 X 10° M) and 3-OHPEt.MeA
(10" M) were added sequentially to a prepara-
tion in which twitch tension was slowly de-
clining due to reduction in Ca* level to 0.15
mM. SCh caused a temporary alleviation of
the low Ca** blockade, followed after one minute
by a greatly incrcased rate of blockade. 3-
OHPEt,MeA added during the course of SCh-
low Ca** blockade did not affect the time course
of the exponential decline in tension. However,
when tension was reduced to zero, the Ca** level
was raised to 1.5 mM; this rapidly restored
tension to 85% of the control level. Similar re-
sults were obtained with 3-OHPTEA and edro-
phonium, except that restitution of the external
Ca** level achieved only partial alleviation of
the SCh blockade, as would be expected from
table 2.

These results recall those found with the three
isomers of pyridine aldoxime methiodide and
emphasize the Ca** dependence of the antago-
nistic action in both instances.

Although only the diethylmethyl hydroxy-
aniliniura compound was found to be an effective
SCh antagonist the converse applied in that
SCh antagonized drug-induced facilitation ex-
tremely effectively. Figure 1, panels 1 and 3,
shows the antagonism of facilitation due to
tacrine and edrophonium by SCh at a concen-
tration of 9 X 10 M. This concentration of
SCh is the minimum dose necessary to produce
complete blockade at an untreated diaphragm
(Freeman, 1968a,b). At this concentration an-
tagonism of twitch potentiation is followed by
SCh blockade. It was found however that SCh,
9 X 10" M (X 0.1 the blocking dose), was
sufficient to abolish twitch potentiation due to
tacrine, edrophonium and 3-OHPTEA. However,
3 X 10 M SCh was necessary to abolish po-
tentiation by 3-OHPEt,MeA (fig. 1, panel 8).
These findings are consistent with the observa-
tion of Standaert and Adams (1965) that post-
tetanic repetition is depressed at SCh doses 10
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times less than are required to depress trans-
mission.

DiscussioN. Potentiation of the indirectly
elicited isometric twitch may be due to facilita-
tion of one or several steps in the process of
neuromuscular transmission. Blaber and Karcz-
mar (1967a) have discussed the likelihood of
multiple cholinoceptive sites at the neuromus-
cular junction, all of which may interact with
drugs producing facilitation. One may categorize
these sites as follows: the motor end-plate,
acetylcholinesterage and two sites at the nerve
terminal, one of which may be the most distal
node of Ranvier (Hubbard et al., 1965; Free-
man, 1968b).

Three of the four facilitatory compounds pres-
ently studied have been shown to potentiate
both the ACh-induced contraction and the ACh-
induced depolarization of the denervated dia-
phragm and consequently are likely to have a
qualitatively similar effect on the postsynaptic
membrane; the fourth compound (3-OHPTEA)
had a depressant effect over a wide concentra-
tion range. All four facilitatory drugs are acetyl-
cholinesterase inhibitors of various potencies
(Ho and Freeman, 1965; Kuperman et al.,
1961).
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It remains to discuss effects of these com-
pounds upon the nerve terminals. Many authors
have produced evidence of such effects (Stand-
aert and Riker, 1967; Blaber and Karczmar,
1967a,b); however, neither the site nor the
mechanism of these prejunctional effects has
been determined.

The present evidence of the sensitivity of
twitch potentiation to small changes in divalent
cation concentration suggests that the unmyeli-
nated terminals, which are the site of ACh re-
lease, undergo repetitive activity in the presence
of these drugs either spontaneously or in re-
sponse to stimulation (Werner, 1960). The pos-
sibility that this activity might originate in the
most distal nodes of Ranvier, but be manifest
in the terminal arborization, must, however, be
considered. Thus, the Ca**-independent antago-
nism of SCh blockade by tetraethylammonium
and triethylcholine was previously ascribed to a
nodal action of these drugs, wherein prolonga-
tion of the action potential invading the termi-
nals increased the safety margin for ACh release
in the presence of low Ca** or SCh (Freeman,
1968b). The feasibility of such an effect may be
inferred from the finding of Katz and Miledi
(1967) that the release of ACh by brief de-
polarizing pulses applied to the terminals in-
creases in more than linear proportion when the
duration of the pulse is lengthened.

However, SCh antagonism by the hydroxy-
anilinium compounds is Ca** dependent, which
suggests that they act largely on the nerve
terminals, where Ca** plays a prime role in
transmitter release (for references see Katz and
Miledi, 1968). These authors obtained their
evidence from amphibian preparations; how-
ever, it is likely to be valid also in mammalian
preparations (Riker and Okamoto, 1969). One
may further reason that SCh suppression of
both drug-induced and post-tetanic potentia-
tion is related to competition between this drug
and Ca™ in the nerve terminal membrane, with
consequent damping of potential oscillations
(Freeman, 1968a,b).

Twitch potentiation cannot, however, be
equated with the mechanism of SCh antagonism,
as is clear from the present investigation and the
work of other authors (Blaber and Karczmar
1967a,b). Although tacrine causes twitch po-
tentiation, it shows no antagonism of SCh block-
ade. Further, it is an anticholinesterase of po-
tency comparable to that of 3-OHPEt,MeA and
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causes sensitization of the ACh receptor. Thus,
properties other than these three must account
for SCh antagonism by the hydroxyanilinium
compounds.

The finding that facilitatory drugs all have
some anticholinesterase activity may be regarded
as a function of the structural similarity of all
cholinoceptive sites rather than as a reflection
of a causal relationship. )

Structurally tacrine is unrelated to the hy-
droxyanilinium compounds. The amino group
of tacrine is largely ionized at physiologic pH
(pK. = 9.95, Albert and Goldacre, 1946) but
this compound lacks the substituted onium group
that appears to be common to SCh antagonists
(Freeman, 1968b). It is clear that grouping
around the quaternary nitrogen is critical in this
antagonistic action, since the diethylmethyl de-
rivative is many times more active than either
edrophonium or 3-OHPTEA.

In an evaluation of pre- and postsynaptic
factors in drug-induced facilitation the weight
of evidence in the present study falls in favor
of a predominantly presynaptic action. Thus,
the high temperature coefficient of facilitation
is opposite In sign to the known increase in
postsynaptic membrane sensitivity at low tem-
perature. Further, the effects of variation in the
divalent cation concentration of the bathing
solution on facilitation in the intact junction
are opposite to those found for the denervated
receptor. Whereas the denervated diaphragm
cannot be considered to offer more than a “rea-
sonable” model of the postsynaptic receptor,
the results here are so clear cut as to be un-
equivocal,

ConcrusioNs. In the intact neuromuscular
junction the four drugs studied (tetrahydro-4-
aminoacridine, edrophonium, 3-hydroxyphenyl-
diethylmethylammonium and 3-hydroxyphenyl-
triethylammonium) caused twitch potentiation
and spontaneous firing. Twitch potentiation was
temperature sensitive, with an apparent energy
of activation of approximately 26 kcal mol™.
The potentiation was somewhat increased by
45 mM Ca* (X 3 normal) but was abolished
by 3 mM Mg*™ (X 3 normal) or low Ca** solu-
tions.

The ACh-induced contraction of the dener-
vated diaphragm was potentiated by all drugs
except 3-hydroxyphenyltriethylammonium,
which had depressant action over a wide con-
centration range. The ACh depolarization was
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similarly affected. Potentiation of the ACh con-
traction of denervated diaphragm was insensi-
tive to reduced levels of Ca** or Mg* but was
reduced to the control levels or below by 4.5
mM Ca* or 3 mM Mg*. The divalent cation
effects on the denervated receptor are essen-
tially opposite to those on the intact junction.

Interactions with SCh are described. SCh
abolished twitech potentiation of the intact prep-
aration at low concentrations; only 3-hydroxy-
phenyldiethylmethylammonium proved to be an
effective SCh antagonist. Structural groups
around the quaternary nitrogen atom appear to
be critical in this antagonistic action.

On the basis of the evidence presented it is
suggested that drug-induced facilitation in the
intact junction is largely a presynaptie action.
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