EFFECT OF GALLAMINE ON CHOLINERGIC RECEPTORS*

Frora J. RaThBUN, M.sc., AND Joun T. HaMILTON, PH.D.

Ever sincE the introduction of gallamine triethiodide (Flaxedil®) into clinical
anaesthesia in 1948 by Huguenard and Boué,! there have been numerous reports
of sinus tachycardia as a side effect.** Gallamine was found to have a vagolytic
action localized in the heart, and for a long time it was presumed that this was
the cause of the tachycardia.® Recently, however, Brown and Crout®” and Smith
and Whitcher? have demonstrated that gallamine may cause positive inotropic
and chronotropic activity in both animals and man due to the release of catecho-
lamines from cardiac sympathetic nerves. It therefore seemed appropriate to have
a closer look at the action of gallamine on the heart to see if we could demonstrate
a true antiacetylcholine activity and moreover to determine if this was a competi-
tive or non-competitive receptor interaction.

As a potentiation or activation of the sympathetic nervous system would result
in an antagonism similar to antimuscarinic action, it was decided to conduct these
experiments in the presence of doses of propranolol hydrochloride sufficient to
block cardiac sympathetic receptors. In an attempt to measure the antiacetylcholine
activity of gallamine in spontaneously beating, yet sympathetically blocked hearts,
in vivo preparations were chosen.

To avoid the use of anaesthetics and the complications of either reflex or central
actions of any of the drugs employed, pithed rats and spinally transected cats
with their brains destroyed were employed.

MATERIALS AND METHODS

Male Sprague-Dawley rats, mean weight 340 = 7 gm, were anaesthetized with
diethyl ether and a tracheal cannula inserted for controlled respiration by means
of a Palmer Ideal Respiration Pump set at a rate of 67 strokes per minute and at a
suitable stroke volume. The rats were then pithed, as described by Shipley and
Tilden,® by inserting a metal rod through the orbit and down the vertebral
column. Blood pressure and heart rate were recorded by cannulating the right
carotid artery using Statham transducers and a Grass »7 polygraph. All drugs
were given intravenously via a cannula in the right femoral vein in a volume of
0.1 ml 0.9 per cent sodium chloride. Experiments were performed on a total of
29 rats given either 8, 16, or 64 mg/kg of gallamine; 10 similar rats, chosen at
random, served as saline-treated controls. Half of the rats were pretreated with
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propranolol (1.5 mg per rat); the other rats received no propranolol. As proprano-
lol did not significantly change the dose-response curves to acetylcholine iodide,
the propranolol and non-propanolol groups were treated as one.

For comparison, dose-response curves were measured in 15 rats after 0.125,
0.250, or 1.00 mg/kg of atropine sulphate; seven rats served as controls. No
propranolol was given this time, as in the previous study it did not significantly
affect the dose-response curves.

Dose-response curves were repeated following pretreatment with 4 mg/kg
hexamethonium and 16 mg/kg gallamine (five rats) or 0.250 mg/kg atropine
(five rats). Four similar rats given hexamethonium and saline served as controls.
All rats in this series were pretreated, as a precaution, with propranolol.

Healthy cats, mean weight 2.50 kg, were likewise anaesthetized with diethyl
ether and a tracheal cannula was inserted for subsequent controlled respiration
by means of a Harvard Respiration Pump at 18 strokes per minute and a stroke
volume of 70 cc. The cats maintained under ether were prepared by the method
of Burn® by cutting the spinal cord at the level of the second cervical vertebra
and destroying the brain by pushing a stout probe through the foramen magnum
(hereafter called a spinal preparation). Blood pressure was recorded from the
right carotid artery with a Statham transducer and a Grass P7 polygraph and
all drugs were administered via a cannula in the right femoral vein. Dose-
response curves for the negative chronotropic response of intravenously adminis-
tered acetylcholine iodide were obtained in 12 cats after 1, 4, or 16 mg/kg of
gallamine, each cat serving as its own control. Five similar experiments were
performed on cats selected randomly and treated with 2 mg/kg of atropine. All
animals were also pretreated with 1 mg/kg propranolol. Dose-response curves
were re-established following pretreatment with an initial dose of 4 mg/kg hexa-
methonium, followed by 2 mg/kg hexamethonium every 30 minutes in seven
cats which received 16 mg/kg gallamine, and in five cats which received 2 mg/kg
atropine. Three similar cats served as controls, only they received saline instead
of gallamine or atropine.

The dose of propranolol chosen was sufficient to reduce the tachycardia in-
duced by 4 ug/kg of isoproterenol, administered intravenously, to 10 per cent
or less. One-half of this amount of isoproterenol in the absence of propranolol
consistently caused a 40-50 per cent increase in the heart rate. This was equiva-
lent, in retrospect, to about a four-fold shift of the dose-response curve to iso-
proterenol.

Due to the brevity of the response to acetylcholine on both species the dose
response curves could be rapidly determined, at least in duplicate, in within 30
to 40 minutes. Always 5 to 10 minutes were allowed for equilibration following
the appropriate pretreatment therapy.

All results were analysed by the method of Litchfield and Wilcoxon.?® Affinity
constants'* for gallamine and atropine were then estimated. As it was impossible
to know the actual concentration of antagonist at the receptor, approximations
were made by assuming that the quaternary ammonium compound, gallamine,
was restricted to the extracellular fluid space, whereas atropine was distributed
throughout the total body water. Thus “apparent” rather than “true” affinity



576 CANADIAN ANAESTHETISTS SOCIETY JOURNAL

constants were obtained. In the rat the extracellular space is approximately
30 per cent of the total body weight,!*8 whereas the total body water averages
660 ml/kg body weight.!* In the cat the extracellular fluid space is approximately
300 ml/kg'® and the total body water is 677 ml/kg body weight.16-18

In vitro experiments were also performed on the guinea pig ileum?®® and the
guinea pig ileum longitudinal muscle strip®*2! in order to determine the affinity
of gallamine for cholinergic gut receptors. Carbachol was used as the stimulant
throughout, and all solutions contained 1 X 10~*M hexamethonium. The mus-
carinic drug carbachol was used on this preparation as it is believed that the
affinity constant of an antagonist is independent, whether acetylcholine or car-
bachol is employed as the agonist.

Tests for competition

1. Classical Lineweaver-Burk or double-reciprocal plots as described by
Webb?? and Dowd and Riggs?*® were drawn for both atropine and gallamine in
the rat and cat.

2. A test recently described in detail by Abramson, Barlow, Mustafa, and
Stephenson®t was carried out in both species. These authors have employed a
method previously applied by Ariens, Simonis, and Van Rossum.? Paton and
Rang?® have pointed out that the dose ratio bRy obtained when two competitive
antagonists are given together is equal to DRy + DRy — 1, where DR, and DR, are the
dose ratios obtained with these concentrations of antagonists acting separately.
However, if either antagonist is acting noncompetitively, then the dose ratio
of the two acting together would be pR; X pRa. Thus if both antagonists are
competitive and can compete with each other as well as with the agonist, then
the experimentally determined value of pm;.2/PR; will be equal to the theo-
retically calculated value of [1 4+ (pRs — 1)/DR4], a value usually between 1 and
2. However, if the drug-receptor interaction of either antagonist is non-competi-
tive, then the experimentally determined value of bRy ;2/DR; will be equal to the
theoretically calculated value of DR; X DRy/DRy, i.e. DRy, the dose ratio found with
the non-competitive drug alone as though no other drug was present.

REsuLTs

Table I and Figure la show that gallamine, in doses of 8, 16, or 64 mg/kg,
caused a parallel shift of the acetylcholine log-dose-response curves to the right,
as determined on 29 pithed rat preparations. All dose-response curves differed
significantly (p < 0.05) from the control curve determined on ten rats and from
each other except in the case of the 8 and 16 mg/kg gallamine curves. Table II
and Figure 1b show a similar series of curves when 0.125, 0.250, or 1.00 mg/kg of
atropine was administered to 22 similar rats. Analogous results were obtained in
12 spinal cat preparations pretreated with 1, 4, and/or 16 mg/kg gallamine
(Table III, Figure 1¢) and in five spinal cats given 2 mg/kg atropine ( Figure 1d).

From this data the apparent affinity constants for gallamine and atropine in the
pithed rat and spinal cat preparations were calculated (Table IV). As the appa-
rent affinity constants, determined at the different dose levels of antagonist, were



(*219Yy 9sBD dYy3 J0U SI SIYT) "I9YI0 yord 0] [9]jesed-uou

Apuesyiudis are paredwod Suaq s3AINd 0M] 31]3 *ITWI] [BIDNPY SI1 UBY] 1918313 S 01381 9d0|S 93 USAN 'OUIPYUOD Jo 32130p 9,66 ITm
(4) 19YI0 Yoed woIj JuaidyIp AP3uedyrudis are paredwos Sulaq saAIND 0M] 9Y) ‘JIWILf [RIDNPY SJ1 UeY] I2)ea1d SI 011l ISOP Y] UYMW
*A[aar3oadsar oner adofs pue ‘vorduny adojs ‘oryel asop ‘0sad Y1 Jo sItuIl] [BIONPY Y] Judsardar sasayjuased ul s[eIOWNN ON

- . : 3y/3
wrawr  GRRE wrwr wwdsw GERE i B3 51 el
. . ) ; . . . . 92°1) 599 aa1nd 83/3w $9 surwe[jes)
(92°2)2l'1 Mmmw WMM SF 6-8%'¢C #(21°2) 62 ¥ MOB. 1) 0eT aAInd MW_\me aurwe[[ec)
. . 1) ¥9° . . 09° 1) €91 Ao 33/3w g1 surwe[[er)
SRR Mm NW NWM (08'2) €21 Mon. ﬂw mmH 24N mx\mE §durwe|es
. . M m
@awt  @PEE owow wore GRS Sk el
. . : 33/3
(e ) 011 amm. w T 265981 «(06°7) 6762 me. w e oA 33/ N e
. . : 3y/3
(cs 29171 R LOVFOL (86908 %61 &% i o e SOy
orjex uoiouny orjes asop kad e (8y/37)
adojg adolg Jo sjtwarf a2 = SeTg | “qa
0USPYUod
%56

VIV(] QENIINO)) 1002 %1 IVY QIHLIJ THI NI ANINVTTVO)

I 3T7dV.L



o578 CANADIAN ANAESTHETISTS SOCIETY JOURNAL

80
80
360
8 S 60
v &
5 -
o
3_—’40 8
T
c 40
= <
E‘ =
- c
* 20 F 20
control cT control atropine 0125/ /0250 /100 mg/kg
goliomine 8 16 64 mg/kg
Q1 05 09 13 17 21 25 29 33 06 10 14 18 22 26 30 34 38

& / Log Dose Acetylcholine (jg/kg) 6/ LogDose Acetyichohne (pg/kg)

a0

@
o)

% Fall in Heart Rate
n ~ fe)}
Q (o] o
% Fall in Heart Rate
n L (o)}
o o (@]

control  tmg 4mg 16 mg contro! atropine
gallamine /kg 2 mgrkg

g
.0 1.4 1.8 22 26 3.0 34 38 42 08 12 16 20 24 28 32 36 40

e/ Log Dose Acetyichohine (pg/kg) d / Log Dose Acetylcholine (pgrkg)

Ficure 1. The effect of one or more doses of antagonist (either atropine or gallamine) on
the negative chronotropic action of acetylcholine in the pithed rat (a and b) and spinal cat
(c and d). Graph @ shows combined propranolol-non-propranolol data. No rats in b received
propranolol. All cats (c and d) received propranolol.

not significantly different, as indicated by the fiducial limits, average values were
calculated for each antagonist in both species. A marked species difference was
noted when the ratio of the apparent affinity constants for atropine-gallamine was
examined. This ratio was 205 on the rat as compared to only 9 on the cat.

When hexamethonium was administered to pithed rats there was a parallel
and significant (p < 0.05) shift to the right of the control curve as well as the
curve obtained with 16 mg/kg of gallamine present (Figure 2a). There was a
non-significant shift to the right with 0.250 mg/kg of atropine present. The
apparent affinity constants were, however, not signiﬁcantly altered (p > 0.05).
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Ficurg 2. The effect of hexamethonium on the negative chronotropic action of acetylcholine
with and without gallamine in pithed rats (a) and spinal cats (b).

In the spinal cat, following the administration of hexamethonium, neither the
control curve nor the curve obtained in the presence of 2 mg/kg atropine was
significantly altered (p > 0.05); however, the curve obtained with 16 mg/kg of
gallamine on the cat was significantly shifted to the left, decreasing the apparent
affinity constant from 5.32 to 1.02 X 10° (Figure 2b).

The average affinity constants obtained for gallamine and atropine in the guinea
pig ileum and guinea pig ileum longitudinal muscle strip in vitro are shown in
Table V. Gallamine had a very low affinity for gut receptors as compared to

TABLE V

CALCULATION OF THE AFFINITY CONSTANTS OF GALLAMINE AND ATROPINE ON THE
CHOLINERGIC GUT RECEPTORS OF THE GUINEA PIG i1 vitro

Antagonist Average dose Average affinity
concentration ratio == SEM constants & SEM
Guinea pig ileum )
1 X 107* M gallamine 2.914-0.19 (2)* (1.914+0.19) X 10¢
Guinea pig ileum longitudinal muscle strip
1 X 10™* M gallamine 1.5940.29 (3) (0.58£0.29) X 10¢
2 X 1077 M atropine 245411 (2) (1.2320.07) X 109

*Values in brackets represent the number of assays.

atropine, the ratio of affinity constants being 1:212,000. Gallamine was 1/1000
as active on gut as on cat heart receptors and 1/100 on gut as on rat heart recep-
tors. In contrast, atropine obviously had a greater affinity for gut than for cardiac
receptors (compare Tables IV and V).

The double-reciprocal plots for both gallamine and atropine in the cat and
the rat are shown in Figure 3. The lines varied in slope and x intercept, but had
the same y intercept.
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The results of the test described by Abramson et al?* are shown in Table VI.
In both species the experimental values of bRy;2/DR; were very close to the
theoretical value of this ratio that would be obtained if gallamine were competi-
tive in nature, and radically different from the values calculated for non-competi-
tive receptor interaction.

Discussion

A true antiacetylcholine action of gallamine on the heart of two mammalian
species, the rat and cat, has been demonstrated. This observation is in agreement
with the conclusions of Jacob and Depierre?” and Riker and Wescoe.® This investi-
gation gives more conclusive evidence, however, as the recently discovered sym-
pathomimetic catecholamine releasing effect of gallamine®%" was blocked by the
administration of a beta-adrenergic blocking agent, propranolol. The antiacetyl-
choline action of gallamine in the presence of hexamethonium, moreover, contra-
dicts the suggestion of other investigations that the vagolytic action of gallamine
was primarily due to vagal ganglion blockade.?*-3! The antiacetylcholine action
of gallamine fulfilled all the requirements for a competitive anatagonism of acetyl-
choline in the dose range used in these experiments: gallamine progressively
shifted the agonist dose-response curves to the right in a parallel fashion; maximal
responses could still be elicited by acetylcholine with gallamine present. Such
dose-response behavior is indicative of competitive antagonism.®23%

To further investigate the nature of the antagonism, double-reciprocal plots
were drawn for both gallamine and atropine in the rat and cat. The resulting
lines varied in slope and x intercept but had the same y intercept, a further indi-
cation of competition. The fact that the log-dose-response curves were shifted to
the right and the lines of the double-reciprocal plots passed through the same y
intercept is positive proof that gallamine’s antagonism of acetylcholine, as well
as atropine’s, is competitive.3*

Further proof of the competitive nature of gallamine was obtained from the
test described by Abramson et al.?* The calculated dose ratio bRy 4a/DR, was very
close to the theoretical value of the ratio if gallamine were competitive but very
different from the value if gallamine were non-competitive.

When pithed rats were pretreated with hexamethonium the dose-response
curves in the presence of either gallamine or atropine were shifted to the right.
This was expected, as hexamethonium was preventing the acetylcholine, given
intravenously, from releasing further acetylcholine from parasympathetic nerve
endings as a result of ganglion stimulation. Thus, more acetylcholine was required
intravenously to cause the same degree of bradycardia as before.

Hexamethonium did not cause a significant change in the control curve nor in
that obtained with 2 mg/kg of atropine in spinal cat preparations. The significant
shift to the left with 16 mg/kg of gallamine was therefore unexpected. There
are a number of possible explanations for this: hexamethonium could be blocking
acetylcholine-induced release of catecholamines, which might have been inade-
quately blocked in the cat by propranolol; such an action would shift the dose-
response curve to the left. One would expect to see a similar effect on the atro-
pine curves if this were the sole explanation, but such an effect was not seen. It



586 CANADIAN ANAESTHETISTS SOCIETY JOURNAL

is possible, however, that gallamine, unlike atropine, is sympathomimetic, perhaps
by releasing catecholamines from nerve endings as suggested by Brown and
Crout,% or by potentiating already released amines,® or by having an anti-
cholinesterase activity.88:37

These results with hexamethonium on the cat are also consistent with the
possibility that a component of the vagolytic action af gallamine was due to
parasympathetic ganglion blockade,?-*! as gallamine was not as effective in the
presence of ganglion blocking doses of hexamethonium. The reason for this species
difference must therefore await further study, and we can only speculate which
species the human patient most resembles. Should the human resemble the cat
rather than the rat, one might, however, predict certain possible drug inter-
actions of relevance to clinical practice. Firstly, the concomitant administration
of these two agents, hexamethonium and gallamine, in man might result in fewer
cases of tachycardia than when gallamine alone is given; less concern, therefore,
might centre on the potentially undesirable effects of this tachycardia. The
second possibility relates to cholinomimetic agents such as edrophonium and neo-
stigmine, which are often routinely used to reverse the neuromuscular blocking
actions of gallamine. The present study indicates that if the cat resembles man,
the presence of hexamethonium could increase the cholinergic actions of these
agents on the heart, as gallamine is a less potent vagolytic drug in this situation.
Thus atropine pretreatment before the anticholinesterase is given is likely as
important from a cardiac viewpoint when it is used to reverse gallamine in the
presence of hexamethonium as when it is given to reverse d-tubocurarine.

This discrepancy between the rat and cat results might be resolved by repeat-
ing the experiments in the presence of larger doses of propranolol, in an attempt
to achieve better cardiac beta blockade. Propranolol's known quinidine-like
effect could make this impracticable and, in fact, in this laboratory, death ensued
in a few cats given 3 mg/kg propranolol. Perhaps newer beta blocking drugs
could be used, e.g. Sotalol (my 1999) which is reported to lack quinidine-like
activity.®

Alternatively, in the cat, hexamethonium may in some way be interfering with
gallamine’s ability to compete with acetylcholine for receptor sites. As hexa-
methonium is not by itself blocking acetylcholine, it seems improbable that it is
acting at the same receptor site; perhaps, rather, it is interacting with the acetyl-
choline-gallamine receptor system in a non-competitive way.

Despite the strong evidence that atropine and acetylcholine act on the same
receptor in a competitive manner in the heart, some workers have considered the
possibility that atropine “allosterically inhibits” acetylcholine by acting at some
other site.?® If this is true for atropine, it may also be true for gallamine, making
other types of hexamethonium-gallamine interactions possible at a receptor site
different than that for acetylcholine: e.g. hexamethonium could interact competi-
tively with gallamine; it could be acting uncompetitively by interacting with the
gallamine-receptor complex; or it could be acting non-competitively by combining
with yet a third receptor. Nevertheless, if atropine is in fact antagonizing acetyl-
choline in a competitive manner, then it is probable from this study that galla-
mine does the same.
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We have reconfirmed the cardiovascular selectivity of gallamine’s atropinic
activity as described earlier by Riker and Wescoe,® by determining the affinity
of gallamine as compared to atropine for cholinergic guinea pig gut receptors.
In addition, qualitative evidence for this selectivity was obtained, for gallamine
unlike atropine did not prevent the copious salivation and mucus secretion in-
duced by acetylcholine.

Although the experiments in the cat and the rat were not designed specifically
to study blood pressure effects, an antagonism by gallamine of the vasodepressor
action of acetylcholine was demonstrated (unpublished results). When apparent
affinity constants were determined, they were found to be very close to those
obtained for the cardiac action of gallamine and atropine. The apparent affinity
constants for gallamine in the rat and cat respectively were 2.88 X 10° and 2.06 X
108, and for atropine in the rat and cat, 2.34 X 10® and 2.23 X 107. Such results
indicate that the peripheral cardiovascular cholinergic responses to acetylcholine-
like agents might also be blocked by gallamine, and that the specificity of galla-
mine, although cardiovascular, is not simply cardiac.

During this work, in parallel experiments, gallamine was noted to exert a potent
and apparently irreversible antagonism of histamine’s contractile effect on the
guinea pig ileum preparation in vitro (unpublished results). Perhaps the low
incidence of histaminic side effects seen clinically is related to this property of
gallamine, a factor not considered before.

The ability of the doses of gallamine used in these experiments to block muscle
twitches to indirect nerve stimulation on the rat gastrocnemius-sciatic nerve and
cat tibialis anterior-anterior tibial nerve preparations was measured: the lowest
dose of gallamine used which produced 100 per cent blockade was 16 mg/kg in
the rat and 4 mg/kg in the cat. It was noted in these experiments that extensive
vagal blockade occurred with doses of gallamine that had only a slight neuro-
muscular blocking effect and that vagolysis lasted longer than neuromuscular
block.

SUMMARY

Gallamine triethiodide causes tachycardia thought to be due to a specific
vagolytic action. Recently, Brown and Crout have shown that gallamine may
cause increased inotropic and chronotropic activity due to the release of cate-
cholamines from cardiac sympathetic nerves. As a further analysis of the mechan-
isms, experiments were performed on pithed rats and spinally transected, brain-
destroyed cats in vivo pretreated with hexamethonium and/or propranolol to
determine the nature of the antiacetylcholine action of gallamine on the heart.

A significant antagonism by gallamine of the negative chronotropic action of
acetylcholine on the heart of the pithed rat in vivo, pretreated with hexametho-
nium and/or propranolol, has been demonstrated. Similarly, gallamine was shown
to have a significant antiacetylcholine activity on the heart of the spinal cat
preparation. The effect of hexamethonium on the cat, however, differed from that
on the rat, as in the former it caused a significant decrease in the apparent affinity
constant of gallamine. The possible mechanisms whereby this is caused and the
clinical implications, should the cat be similar to man in this regard, are discussed.
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This antiacetylcholine activity of gallamine on the heart (negative chronotropic
response to acetylcholine) fulfils many of the requirements for competitive an-
tagonism. Parallel results were obtained with atropine except on the hexametho-
nium-treated cat. Thus, if atropine acts on the acetylcholine receptor in a competi-
tive manner, it is likely that gallamine does also.

Experiments on the isolated guinea pig ileum in vitro have re-demonstrated
the remarkable selectivity of the parasympatholytic activity of gallamine with
respect to the cardiovascular system and an interesting antihistaminic action
which deserves further study.

As the observed anticholinergic actions of gallamine on the heart of both
species were obtained with doses necessary for muscle relaxation, it is conceivable
that a true atropine-like action may complement any sympathomimetic action of
gallamine in producing the tachycardia encountered in clinical practice.

REsuME

On croyait que la triéthiodure de gallamine produisait une tachycardie a cause
de son action vagolytique spécifique. Récemment, Brown et Crout ont démontré
que la gallamine pouvait produire un effet inotropique et chronotropique accru a
cause de la libération de cathécolamines par les nerfs sympathiques cardiaques.
En guise d’analyses plus completes de ces mécanismes, nous avons fait des expé-
riences sur des rats décérébrés et cordotomisés, sur des chats vivants au cerveau
détruit et traités au préalable au propranolol et/ou & T'hexaméthonium pour pré-
ciser la nature de lactivité antiacétylcholine de la gallamine sur le coeur. Les
courbes dose-réponse de lactivité chronotropique négative de l'acétylcholine
donnée par voie endoveineuse obtenues apreés la gallamine par voie endoveineuse
et/ou latropine confirment lactivité “atropine-like” de la gallamine réalisant
plusieurs des exigences comme antagoniste compétitif. Les affinités constantes
apparentes pour latropine et la gallamine sont différentes chez le rat et chez le
chat. Des études faites sur I'iléon du cobaye confirment la sélectivité cardiovascu-
laire de l'action antimuscarinique de la gallamine. L’antagonisme intéressant de
la gallamine par 'hexaméthonium sur le coeur du chat est un exemple d'interac-
tion des médicaments que nous avons discutée, Cette activité antiacétylcholine de
la gallamine s'ajoute, selon toute vraisemblance, 2 toute libération de cathécola-
mines pour produire la tachycardie observée en clinique.
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