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Chloroquine interacts with muscarinic receptors and
inhibits cholinergic effects in the heart
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Summary

Binding and clectrophysiological studies were
carried out in order to investigate the mechan-
isms underlying the cardiac anticholinergic
action of chloroquine. Muscarinic receptors of
guinea-pig heart homogenates were labelled
with tritiated  quinuclidinyl-benzilate  ([*H]-
ONB) in the absence and in the presence
of chloroquine. Chloroquine (107°%-107* )
produced a shift of the ONB saturation binding
curve to the right. Increasing the chloroquine
concentration in the presence of a constant
ONB concentration produced a progressive
decrease in QNB  binding. but the QNB-
chloroquine competition curves were shallow
(Hill coefficients 0.65). Chloroquine also
shifted the QNB-carbachol competition curve
to the right without changing its Hill slope. In
electrophysiological experiments. chloroquine
inhibited the negative chronotropic effect of
carbachol in Langendorff-perfused hearts. This
inhibitory effect of chloroquine was obtained at
concentrations lower than those expected to
produce significant binding to muscarinic
receptors, and was not completely reversible. It
is concluded that the binding of chloroquine to
cardiac muscarinic receptors is complex and
that in addition to the interaction at the
receptor, other mechanisms are involved in the
inhibition of the muscarinic agonist-induced
negative chronotropic effect.

Résumé

Des expériences de liaison aux récepteurs ainsi
que d'électrophysiologie ont ¢té mencées afin
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d'investiguer les mécanismes de 'action anti-
cholinergique cardiaque de la chloroquine. Les
récepteurs muscariniques présents dans  des
homogénats de coeur de cobaye ont été
marqués a l"aide du quinuclidinylbenzilate tritié
([*H]ONB) en présence ou en absence de
chloroquine. La chloroquine (10741073 1) a
produit un déplacement vers la droite de la
courbe de saturation en ONB. L'augmentation
de la concentration de chloroquine en présence
d’une concentration constante de QNB a causé
une diminution progressive de la liaison de
QNB. mais les courbes de compétition ont une
faible pente (coefficient de Hill 0.65). La
chloroquine a également produit un déplace-
ment vers la droite de la courbe de compétition
ONB-carbachol, sans en modifier la pente.
Dans les ¢tudes électrophysiologiques, la
chloroquine a inhibé I'effet chronotrope négatif
du carbachol sur des cocurs perfusés selon la
technique de Langendorff. Cet effet inhibiteur
de la chloroquine a ét¢é obtenu A des concentra-
tions inféricures 4 celles néeessaires  pour
produire une liaison considérable aux récep-
teurs, et n’était pas complétement réversible. 11
est conclu que la liaison de la chloroquine aux
récepteurs muscariniques cardiaques est com-
plexc et que, en plus de I'intéraction au niveau
du récepteur, des méchanismes supplémen-
taires sont en jeu au cours de I'inhibition de
Peffet  chronotrope négatif  des  agonistes
muscariniques.

Introduction

Chloroquine is a 4-aminoquinoline derivative
which exerts a variety of pharmacological
effects, the best known of which are its antimal-
arial and anti-inflammatory actions. Chloro-
quine has a cardiac anti-arrhythmic action [1],
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which is probably related to its local anaesthetic
propertics. Chloroquine has also been shown to
increase the heart rate as well as electrocardio-
graphic voltages in the frog [2]. In a recent
study in which clinical doses (225 or 600 mg
base) of chloroquine were administered orally
to healthy volunteers, we have shown that the
drug causes (1) an increase in resting heart rate,
(2) a deerease in the influences of deep breath-
ing, of postural change. as well as of the
Valsalva manocuvre on heart rate, and (3) a
decrease in the mean beat-to-beat variation of
the cardiac cycle (R-R interval) [3]. Similar
cffects are known to be produced by atropine.
suggesting that the effects of chloroquine are
duc to an antimuscarinic action. Anticholin-
ergic actions of chloroquine have been re-
ported [4-6], and some ecvidence has been
provided for the binding of chlorogquine to
muscarinic receptors [7.8]. However, none of
the previous studies used cardiac tissues. As
muscarinic receptors in various organs can be of
different  pharmacological  subclasses.  the
present study was undertaken to assess the
nteraction of chloroguine with cardiac mus-
carinic receptors (predominantly of m-2 type).

Maverials and methods

tlears obtained from guinca-pigs (weighing
LT gy were used in the study. Hearts
Cestned (Or radiohgand studies were Langen-
woilt-perfused with Tyrode's solution for 1 min
15 remove blood from the coronary svstem and
were processed as described below. Hearts
destined for electrophysiological studies were
perfused for at least 1 h before the experiment.
They were immersed in a bath filled with
Tyrode's solution.

Binding studies were performed on homo-
genates obtained from whole hearts. The pro-
tocol followed is practically the same as the one
used in previous studies [9.10]. Homogenates
(100 1l or ¢. 50 pg protein) were incubated in
Tyrode’s solution  containing  quinuclidinyl-
benzilate (ONB) (total volume of incubation:
1.2 ml). The incubation was carried out at 37°C
for 90 min, in the presence or in the absence of
chloroquine. Each experiment was done in
duplicate. The separation of bound from un-
bound radioactive ligand was achieved by rapid
filtration through glass fibre filters (GF/C or

GF/B. Whatman) followed by washing twice
with 5 ml ice-cold Tyrode's solution. The
washed filters were placed in vials to which
10 ml of scintillation fluid (Dimilume-30 +
Soluene-350, Packard) were added. Radio-
activity was counted in a [-counter after
12-24 h at 45% efficiency. Muscarinic-specific
binding defined as the atropine-displaccable
binding was calculated as difference between
the total binding and the non-specific binding
remaining in the presence of 107" m atropine.

For clectrophysiological experiments. clec-
trocardiograms  (ECGs) of isolated hearts
were recorded with two electrodes attached to
the walls of the incubation bath. The signal
from the electrocardiograph (EK-8. Burdick)
was amplified and filtered (frequency band: 10-
100 Hz: Bio-Amplifier 631, Phipps and Bird)
before being displayed on a pen recorder
(Biocorder 5-200, Science Instruments). The
muscarinic agonist-induced negative chrono-
tropic effect was determined by measuring R-R
intervals at different times following the ad-
ministration of carbachol. in the absence or in
the presence of chloroquine. The experiments
were carried out at 25-26°C. This temperature
is lower than the one used in binding studies
due to a high frequency of occurrence of
arrhythmias  at  37°C, especially  during
muscarinic agonist application.

The composition of the Tyrode's solution was
(in ma): NaCl 127, KCI 5.4, CaCl, 1.8, MgCl,
0.5. glucose S, and either NaHCO; 23 (for ECG
studies) or tris-shydroxymethylaminomethane-
HCI 10 (for binding studies). When NaHCO;
was used, the solution was bubbled with carbo-
gen (95% O; + 5% CO,) to give a pH of 7.5 at
25°C. Chloroquine, quinine hydrochloride and
carbamylcholine chloride (carbachol) were
from Sigma. Atropine sulphate was from
Bochringer. Tritiated ONB (['H]ONB; specific
activity 43.3 Ci/mmol) was from Amersham.

Results

Evidence for the interaction of chloroquine
with muscarinic receptors is provided in Fig. 1.
Figure la illustrates the results of an experi-
ment in which muscarinic receptors were label-
led with increasing concentrations of ONB in
the absence or in the presence of chloroquine.
In the absence of chloroquine, QNB bound
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Fig. 1. Binding ol chloroquine to muscarinic receptors. (a) Shiflt of ONB saturation curve by chloroquune.
Labelling of muscarinic receptors was done using increasing ONB concentrations in the absence and in the
presence of chloroquine. (b) Shift of ONB-carbachol competition curve by chloroquine. Various carbachol
concentrations were used to decrease ONB binding. in the absence and in the presence of chloroquine. The ONB
concentration used to label the receptors was 750 pM. (¢) Inhibition of muscarinic-specific ONB binding with
increasing chloroquine or quinine concentrations in the presence of a constant QNB concentration (750 pa). (d)
Inhibition of ONB binding with increasing chloroquine concentrations as in (¢), but for three dilferent QNB

concentrations.

with an apparent dissociation constant of 94 pa.
In the presence of 107° or 10 s chloroquine,
the saturation curve was shifted to the right
without an apparent change in the maximal
binding capacity. The dissociation constant for
the chloroquine-muscarinic receptor inter-
action could be roughly estimated from the
magnitude of the shift produced by chloroquine
in two such experiments: (K; = (concentration

of chloroquine)/(ECs, ratio — 1), where K is
the apparent dissociation constant and ECsy is
the ONB concentration  producing  50%
binding) and was found to be 2.0 x 107°
The binding of chloroquine to muscarinic
receptors was also revealed by its ability to
influence the QNB-carbachol competition (Fig.
Ib). Carbachol decreased the QNB binding in a
concentration-dependent  way, with a half-
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maximum inhibitory concentration (ICs,) of
6.5 x 1073 M in the presence of 750 pv ONB.
The competition curve was shifted to the right
in the presence of chloroquine. The Hill coeffi-
cient for carbachol inhibition of QNB binding
was low (n;; = 0.62) and was not changed in the
presence of chloroquine.

In the experiment of Fig. lc the receptors
were labelled with a constant QNB concentra-
tion in the presence of varying concentrations
of chloroquine or quinine. Quinine, another
quinoline-containing antimalarial drug, was in-
cluded in this experiment for comparison with
chloroqine. Both chloroquine and quinine pro-
duced a concentration-dependent decrease in
the amount of QNB bound. However, whereas
the inhibition of QNB binding by quinine
occurred over 2 logarithmic units of concentra-
tion, the decrease of ONB binding by chloro-
quine occurred over more than 4 units, with an
ICs,y of about 1.4 x 107° m. The Hill coeffi-
cients for the inhibition of QNB binding were
0.57 and 1.5 for chloroquine and quinine,
respectively. The pseudo K; for chloroquine
calculated from these results is 1075 a1, i.e.
close to the value obtained from saturation
experiments. The same experimental protocol
was repeated for chloroquine using three dif-
ferent QONB concentrations (Fig. 1d). Even
with high QNB concentrations chloroquine was
able to completely inhibit ONB binding. In all
cases the competition curves were shallow, with
Hill cocfficients of about 0.65.

In order to test for a functional implication of
this binding of chloroquine on receptors. the
influence of chloroquine on muscarinic agonist-
induced negative chronotropism was studied.
Figure 2a shows an experiment in which the
time course of carbachol-induced change in
R-R interval, before and after addition of
chloroquine was studied. In the absence of
chloroquine, carbachol (107 a1) produced an
increase in the duration of the cardiac cycle (i.c.
a slowing of heart rate). The negative chrono-
tropic effect of carbachol reached a maximum
before decaying to a steady value within 10-15
min. This fade of the negative chronotropic
response to carbachol is probably due to a
desensitization process [11.12] since it could be
shown in other experiments that such a fade
was accompanied by a decreased responsive-
ness to further carbachol application after short
(<10 min) washout periods. However, re-

covery from this desensitization  process
reached steady-state within 15 min of washout.
and most (>90%) of the responsiveness to
carbachol was recovered (K. Mubagwa, un-
published data). In the experiment of Fig, 2a,
after washout of carbachol. the heart was
perfused with 107 m chloroquine for 15 min.
Chloroquine alone produced an increase of the
R-R interval from 0.43 to 0.77 sce at the
concentration used. In the presence of chloro-
quine, carbachol had no cffect on the cardiac
cycle duration, suggesting that chloroquine
antagonizes the cardiac muscarinic receptor-
mediated response. It is to be noted that this
inhibitory effect of chloroquine on the mus-
carinic response was maximal at a concentra-
tion lower than the estimated K. i.e. at a
concentration which produces binding to less
than 50% of muscarinic receptors.  After
chloroquine washout, further application of
carbachol produced a negative chronotropic
effect, although the magnitude of the response
was small compared to the effect obtained
before chloroquine administration (Fig. 2a).
The fact that some responsiveness to carbachol
was recovered after chloroquine washout also
suggests that the lack of carbachol response in
the presence of chloroquine was not due to a
persistent desensitization following the control
carbachol application. Washing chloroquine for
longer (30-60 min) or increasing carbachol
concentration to 107°-107* M did not restore
the original responsiveness of the preparation
(data not shown). Figure 2b presents the results
of an experiment in which carbachol was
applied in the presence of various chloroquine
concentrations. Inhibition of the chronotropic
response to carbachol was obtained with con-
centration as low as 107" a1 chloroquine. Com-
plete dose—response studies were hampered by
the lack of reversibility of chloroquine action
and by the fact that even in preparations not
exposed to chloroquine the responsiveness to
carbachol tended to  decrcase  with ume.
although to a much lower degree than in
preparations exposed to chloroquine. How-
ever, in four out of cight preparations. 107%
chloroquine was able to completely inhibit the
carbachol-induced increase in R-R interval.

Discussion

The results confirm that chloroquine interacts
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with muscarinic receptors as previously shown
in neuroblastoma-glioma cells {7]. and recently
in undifferentiated chick preparations [8]. The
pscudo K; of chloroquine for cardiac mus-
carinic receptors as roughly estimated from
experiments described in the present study is
1-2 X 1073 M. i.e. close to the value (0.6 X 107°
M) obtained earlier [8]. and indicates that
chloroquine interacts with muscarinic receptors
with relatively low affinity. One feature of the
chloroquine interaction with cardiac muscarinic
receptors obtained in the present study, how-
ever, is different from the results obtained
earlier. The inhibition by chloroquine of the
binding to cardiac muscarinic receptors
occurred at concentrations ranging over more
than 34 log units (Fig. lc and d). This was also
reflected in the low slopes obtained in Hill plots
(ny; = 0.57-0.60). Such a result is not consistent
with a simple competitive antagonism by
chloroquine for binding to a single population
of homogeneous sites. The low Hill slope of
chloroquine binding resembles the one ob-
tained with agonists, which show shallow
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competition curves as a result of their binding
to different agonist-affinity classes of mus-
carinic reeeptors [13,14]. Thus the results with
chloroquine could also be explained by assum-
ing that this drug interacts with a heterogencous
population of sites. Alternatively, it is possible
that chloroquine, besides acting as a competi-
tive antagonist, also binds to a secondary site on
the muscarinic receptor, which exerts co-opera-
tivity with the binding to the primary site. A
similar situation is obtained for the interaction
of muscarinic receptors with gallamine and
pancuronium [15] or with verapamil [16]. It is
also to be noted that chloroquine has been
shown to inhibit the response mediated by
other receptors [4.6]. It is thus very unlikely
that the interaction of chloroquine with mus-
carinic receptors is selective.

The electrophysiological results show that
carbachol’s effect on heart rate was decreased
or suppressed in the presence of chloroquine.
The diminished response to carbachol in the
presence of chloroquine is not due to a persis-
tent desensitization from a previous carbachol
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Fig. 2. Inhibition by chloroguine of the negative chronotropic effect of carbachol (10 “ s). (a) Time-course of
the effect of carbachol on R-Rinterval in the absence (). in the presence (@), and alter washout (A) of 10 ©at
chloroquine. (b) Time-course of the elfect of carbachol on R-R interval obtained in the absence (O). and in the

presence of various concentrations of chloroquine [(A) 10 Y n, (O) 10 7

M. (@) 10 “ aq]. In (a) and (b), the

duration of exposure to carbachol s indicated by a honizontal line below the data points.
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application because: (1) carbachol was applied
at a time when the recovery from desensitiza-
tion should have been complete (i.c. after 15
min of carbachol washout in the absence of
chloroquine and a further 15 min washout in its
presence): and (2) there was a partial recovery
of the responsiveness to carbachol after chloro-
quine washout. Thus, our data indicate that
chloroquine antagonizes the negative chrono-
tropic action of carbachol. However, this anta-
gonistic effect was obtained even at chloroquine
concentrations which do not produce significant
binding to muscarinic receptors. The discre-
pancy between the relatively low affinity of
chloroquine for muscarinic receptors and its
high potency to inhibit the negative chrono-
tropic action of carbachol is too large to be
accounted for by the difference in the tempera-
tures used in the two sets of experiments and
suggests that mechanisms other than competi-
tion for binding to the receptors are involved. A
possible mechanism for the antagonism to the
chronotropic action of carbachol is a direct
blocking effect of chloroquine on the receptor-
to-cffector coupling mechanisms or on the
effector system itself. That is. chloroquine
might have an inhibitory effect on the GTP-
binding protein (Gy) or on the membrane lipid
metabolism which couple [17-20] the agonist-
receptor interaction to the activation of K*
channels, or a direct blocking effect on these
channeis. [t is to be noted that a discrepancy
s also been observed between the effects of
aumnidine on isolated rabbit atrial muscle and
those on ventricular muscle and has been
tentatively explained by a blocking action of
guinidine on muscarinic-sensitive K* channels
{present in atrial but not in ventricular muscle)
{21). Recently, it has been shown that quini-
dine, besides its well-known muscarinic anta-
gonist properties [9.22], is also capable of
directly blocking the muscarinic-activated
channels of atrial tissues [23]. Whether chloro-
quine, which is structurally related to quinidine,
has similar effects on the muscarinic-activated
channel needs to be investigated.
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