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Abstract

Cocaine cardiotoxicity is partly due to sympathetic activation of the heart resulting from inhibition of catecholamine uptake at the
sympathetic nerve terminal and possible central sympathetic stimulation andror inhibition. This study evaluated the role of postsynaptic

Žmechanisms in potentiation by cocaine of cardiac adrenergic responses. Cardiovascular responses arterial and left ventricular pressure,
.contractility and heart rate to increasing doses of noradrenaline and to isoproterenol were obtained in anesthetized cats during a control

Ž . Ž .period, after irreversible a-adrenoceptor blockade with phenoxybenzamine 5 mgrkg i.v. , and after cocaine 5 mgrkg, i.v. . Responses
to noradrenaline were significantly reduced by phenoxybenzamine with lowering of the maximal rise of all parameters. Cocaine shifted
the dose–response curve of noradrenaline to the left and enhanced its maximal effects. Some responses to isoproterenol, which is not
taken up by nerve terminals, were also enhanced by cocaine. Pretreatment with chlorisondamine or verapamil prevented the
cocaine-induced enhancement of the maximal response to noradrenaline and the response to isoproterenol, but it did not inhibit
potentiation of submaximal doses. Lidocaine did not potentiate the response to noradrenaline or isoproterenol. Use of chlorisondamine
instead of cocaine potentiated responses to all noradrenaline doses and enhanced the responses to isoproterenol. These results suggest that
the potentiation by cocaine of cardiac responses to adrenergic stimuli involves presynaptic mechanisms to block noradrenaline re-uptake,
and postsynaptic mechanisms to raise the maximal responses. The latter may result from inhibition of central sympathetic outflow or from
activation of cardiac Caq channels, leading to increased cardiac sensitivity to noradrenaline. q 2000 Elsevier Science B.V. All rights
reserved.
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1. Introduction

The major toxic effects associated with cocaine abuse
are those related to the cardiovascular system. These mani-
fest as increased arterial pressure, myocardial ischemia,

Žinfarction, and arrhythmias that are potentially fatal Nanji
and Filipenko, 1984; Pasternak et al., 1985; Isner et al.,

.1986; Majid et al., 1990 , as well as numerous other
Ž .manifestations such as myocarditis Virmani et al., 1988

Žcardiomyopathy Weiner et al., 1986; Hogya and Wolfson,
. Ž1990 and subarachnoid hemorrhage Lichtenfeld et al.,
.1984 . Numerous studies have tried to explain the mecha-
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nisms responsible for these effects. There appears to be
agreement that one of the major factors involved in the
cardiotoxic effects of cocaine is its sympathomimetic ac-
tion, which leads to cardiac stimulation and increased
oxygen demand, and predisposes to arrhythmias. Cocaine’s
local anesthetic effect, when superimposed, may further

Ž .the arrhythmogenic potential Billman, 1990 .
The mechanisms of the sympathomimetic action of

cocaine have also been studied. While the classically ac-
cepted mechanism of action involving inhibition of periph-
eral neuronal amine re-uptake is accepted by most investi-
gators, its quantitative contribution to the magnitude of the
effects of cocaine is controversial. A number of studies
have shown increases in heart rate, blood pressure and

Žcontractility following cocaine administration Fischman
.and Schuster, 1982; Wilkerson, 1988 . These effects have

been ascribed to both peripheral inhibition of re-uptake
Žand central stimulation of sympathetic output Tella et al.,
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.1989; Knuepfer and Branch, 1992 although in most cases
no direct measurement of sympathetic nerve activity was
undertaken and these conclusions were based on changes
in cardiovascular parameters or in plasma catecholamine
levels. Other studies in dogs and other animals have failed
to demonstrate changes in these parameters after adminis-

Žtration of cocaine Roszkowski and Koelle, 1960; Seifen et
.al., 1989 . Furthermore, a cocaine-induced decrease in

central sympathetic output has been demonstrated in sev-
eral studies, and has been linked to inhibition of neuronal

Žamine re-uptake in the central nervous system Gantenberg
and Hageman, 1991; Raczkowski et al., 1991; Hernandez

.et al., 1996 . There is thus a discrepancy among studies as
to the effects of cocaine on adrenergic activation of the
heart. Results of these studies suggest that low doses of

Ž .cocaine 0.1–2 mgrkg are usually associated with find-
ings suggestive of increased sympathetic outflow from the

Ž .central nervous system, while higher doses 3–5 mgrkg
result in decreased sympathetic nerve activity.

In the present study, a third possible explanation for the
cardiac effects of cocaine is explored, based on prelimi-
nary observations in our laboratory suggesting a post-junc-
tional site of action in the heart to potentiate adrenergic
responses. These preliminary results were further explored
to characterize the mechanism of this postsynaptic poten-
tiation. The findings suggest that cocaine enhances the
sensitivity of the heart to adrenergic stimuli by an indirect
mechanism related to its inhibition of central sympathetic
outflow.

2. Materials and methods

Cats of either sex weighing between 2 and 4.5 kg were
used for these experiments. The investigation conformed
with the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health
Ž .NIH publication No. 85-23, revised 1996 , and was ap-
proved by the Animal Care Committee of the Faculty of
Medicine, American University of Beirut. Anesthesia was

Žinduced by an intraperitoneal injection of pentobarbital 30
.mgrkg , following which the cats were intubated and

artificial respiration was instituted using a Harvard respira-
tor. Glass cannulae were introduced into the jugular vein
for drug and fluid administration, and into the carotid
artery for monitoring of systolic, diastolic and mean arte-
rial pressures, using a Gould transducer connected to a

Žpressure processor and TA11 recorder Gould Instruments,
.Valley View, OH, USA . The chest was opened through a

midline incision, the pericardium was cut and a needle
puncture made at the apex of the left ventricle through
which a polyethylene catheter was introduced. This catheter
was connected to another pressure transducer and served to
record left ventricular pressure. The maximal rate of rise in

Ž .left ventricular pressure d prd t was derived from this
pressure signal using an electronic differentiator linked to

the same recorder. An electrocardiograph was obtained
using the four limb leads and a Burdick Elite II electrocar-

Ž .diogram machine Milton, WI, USA . This was used to
monitor heart rate and any disturbances in rhythm.

2.1. Preliminary studies

In preliminary studies, only mean arterial pressure was
measured. In these animals, five groups were studied. The
general protocol consisted of three experimental periods
per animal and was as follows: responses to increasing

Ž .intravenous doses of noradrenaline 0.5, 1, 2, 4 mg were
Ž .obtained during the first control experimental period.

Ž .Phenoxybenzamine 5 mgrkg i.v. was then administered
over 20 min and was followed by a stabilization period of
1 h allowing for establishment of irreversible a-adrenocep-
tor blockade. The injections of noradrenaline were then
repeated, but with the addition of a large dose of nor-

Ž .adrenaline 20 mg to obtain the maximal effect. Cocaine
Ž .was then administered 5 mgrkg, i.v., ns9 , a period of

10 min was allowed for stabilization, and then the same
injections of noradrenaline were repeated. The same proto-
col was followed in 4 other groups but with the following
differences: in one group, an infusion of 0.9% saline was

Ž .administered instead of cocaine ns6 ; in the second
group infusions of noradrenaline at 2 mgrmin and then 4

Ž .mgrmin were administered instead of cocaine ns4 ; the
injections of noradrenaline were repeated during each infu-
sion. In the third group, the cats were pretreated with

Ž .propranolol 1 mgrkg prior to the control experimental
period, and the experiment was repeated as in the first

Ž .group ns5 . In the fourth group, the cats were vago-
tomized prior to the start of the experiment to examine the

Ž .role of baroreflexes in the effects of cocaine ns8 .

2.2. Mechanisms of potentiation of cardiac adrenergic
responses by cocaine

Further experiments were conducted with five other
groups of cats. The protocol followed in these experiments
was similar to that described above with a control, phe-
noxybenzamine and cocaine period, but with measurement
of systolic pressure, diastolic pressure, mean arterial pres-
sure, left ventricular pressure, d prd t and heart rate re-
sponses, and with the modification described below. In the

Ž .control group ns10 , responses to increasing intra-
Ž .venous doses of noradrenaline 0.5, 1, 2, 4 mg and one

Ž .dose of isoproterenol 1 mg were obtained during the first
Ž .experimental period. Phenoxybenzamine 5 mgrkg i.v.

was then administered as described above. The injections
of noradrenaline and isoproterenol were then repeated, but

Ž .with the addition of a large dose of noradrenaline 20 mg
to obtain the maximal effect. Cocaine was then adminis-

Ž .tered 5 mgrkg, i.v. , a period of 10 min was allowed for
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stabilization, and then the same injections were repeated,
including the 20-mg dose of noradrenaline.

In another group the same protocol was followed except
that the cats were treated with the ganglionic blocker

Ž .chlorisondamine 1.5 mg i.v., ns6 , prior to the control
period. In addition, cats in this group received two lower

Ž .doses of noradrenaline 0.1 and 0.25 mg and no isoprote-
renol doses. A third group was pretreated with verapamil
Ž .2 mgrkg i.v., ns5 and the same protocol as in the
control group was repeated. In a fourth group, the same

Žprotocol was followed except that chlorisondamine 1.5
.mg i.v., ns5 was used instead of cocaine prior to the

third experimental period, while, in a fifth group, lidocaine
Ž .5 mgrkg i.v., ns8 was infused instead of cocaine prior
to the third experimental period. The dose of chlorison-
damine used in this study was shown, in pilot experiments
in our laboratory, to completely inhibit the rise in mean

Ž .arterial pressure 51"8 mm Hg, ns4 induced by
Ž .acetylcholine 100 mgrkg in atropinized cats, an effect

secondary to stimulation of ganglionic and adrenal nico-
tinic receptors, since it was also eliminated by combined
treatment with phenoxybenzamine and propranolol.

In all experiments, the peak change in systolic pressure,
diastolic pressure, mean arterial pressure, left ventricular
pressure, d prd t and heart rate was obtained in response to
noradrenaline and isoproterenol. With the isoproterenol

Ž .and noradrenaline 20 mg injections, the peak changes
were obtained at the peak increase in systolic pressure,

which occurred prior to the peak reduction in diastolic
pressure.

2.3. Drugs

The following drugs were used: lidocaine hydrochlo-
ride, noradrenaline bitartrate and verapamil hydrochloride
Ž .Sigma, St. Louis, MO, USA , isoproterenol hydrochloride

Ž .and propranolol ICN Biochemicals, Aurora, OH, USA ,
Žphenoxybenzamine hydrochloride Sterling Winthrop Re-

.search Institute, Rewselaer, NY, USA , chlorisondamine
Ž .hydrochloride Ciba-Geigy, Basle, Switzerland , cocaine
Ž .hydrochloride May and Baker, UK .

2.4. Statistical analysis

Values are reported as means"S.E.M. Comparison of
two or more values from different periods in the same
group of cats was conducted using the paired Student’s

Ž .t-test or repeated measures analysis of variance ANOVA ;
multiple comparison post-hoc tests after ANOVA were
done with the Student–Newman–Keuls test. Values from
different groups of cats during the same experimental
period were compared by ANOVA followed by Student–
Newman–Keuls test. A P value -0.05 was considered
significant.

Ž . Ž . Ž .Fig. 1. Noradrenaline NA -induced change in mean arterial pressure MAP during the control, phenoxybenzamine PBA and last experimental period in
Ž . Ž .five groups of cats where the last experimental period was a 0.9% saline infusion a, ns6 , cocaine 5 mgrkg b, ns9 , noradrenaline infusion at 4

Ž . Ž . Ž .mgrkg c, ns4 , cocaine in cats pretreated with propranolol 1 mgrkg d, ns5 , or cocaine in vagotomized cats e, ns8 . Values are means"S.E.M.
) P-0.05 compared with control period. qP-0.05 compared with phenoxybenzamine period.
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3. Results

Ž .The design of this study allowed us to: 1 compare the
dose–response relationship for noradrenaline during a con-

Žtrol period, after phenoxybenzamine and after cocaine or
.other interventions in different groups under different

Ž .conditions and 2 to compare the maximal responses to
noradrenaline but only in the phenoxybenzamine and co-

Ž .caine or other intervention periods, since we did not
attempt to achieve a maximal effect during the control
period. Hence, any referral to ‘‘maximal effects’’ hereafter
necessarily involves comparisons between these two peri-
ods only.

3.1. Preliminary results

( )3.1.1. Baseline parameters data not shown
In all groups studied, phenoxybenzamine induced a

significant reduction in baseline mean arterial pressure. No
further change was observed after cocaine. However, al-
though the mean arterial pressure values were different in
the same group among periods, they were similar among
groups during corresponding periods.

3.1.2. Effects of noradrenaline on mean arterial pressure
in the fiÕe groups

In all groups studied, increasing doses of noradrenaline
produced progressive increases in mean arterial pressure as

Ž .expected Fig. 1 . After phenoxybenzamine, the responses
to noradrenaline were markedly inhibited, such that the
dose–response curve became horizontal except in the pro-
pranolol pretreated group. At this time, a very high dose of

Ž .noradrenaline 20 mg failed to increase mean arterial
pressure further, but actually reduced it. The responses to
noradrenaline during the last experimental period differed
among groups, however. Following 0.9% saline infusion,
the responses to noradrenaline were the same as those
observed after phenoxybenzamine, and remained signifi-
cantly depressed compared with those observed during the

Ž .control period Fig. 1a . Cocaine, in contrast, potentiated
the noradrenaline-induced rise in mean arterial pressure
Ž .Fig. 1b . The maximal effect of noradrenaline was signifi-
cantly greater after cocaine than that seen during the
phenoxybenzamine period. Infusion of noradrenaline at

Ž .either dose only the higher dose is shown failed to
reproduce the effects of cocaine. Paradoxically, noradrena-
line caused decreases in mean arterial pressure, responses
significantly different from those obtained during both

Ž .control and phenoxybenzamine periods Fig. 1c . Pretreat-
ment with propranolol successfully abolished the depressor

Ž .effect of isoproterenol not shown . Subsequent administra-
tion of cocaine did not potentiate the mean arterial pres-
sure responses to any dose of noradrenaline, so that re-
sponses after phenoxybenzamine and after cocaine were
not significantly different and remained significantly de-

pressed compared to those obtained during the control
Ž .period Fig. 1d , in contrast to what was observed in the

Ž .cocaine-treated group Fig. 1b . In cats vagotomized prior
to the start of the experiment, the effects of cocaine on
adrenergic responses were identical to those described
above for cocaine: there was potentiation of the effects of
noradrenaline at all doses including enhancement of the

Ž .maximal responses Fig. 1e .

3.2. Mechanisms of potentiation of cardiac adrenergic
responses by cocaine

( )3.2.1. Baseline Õalues data not shown
Administration of phenoxybenzamine reduced the mean

arterial pressure in all groups of cats except in those
pretreated with chlorisondamine and verapamil. These two
groups already had a reduced mean arterial pressure during
the control experimental period relative to the control

ŽFig. 2. Change in systolic, diastolic and mean arterial pressure SP, DP,
. Ž . Ž .MAP in response to noradrenaline NA and isoproterenol ISO during

Ž .the control, phenoxybenzamine PBA and cocaine experimental periods
Ž . )ns10 . Values are means"S.E.M. P -0.05 compared with control.
q P -0.05 compared with phenoxybenzamine period.
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group. Thus, after phenoxybenzamine, the mean arterial
pressure was similar among all groups. Similarly, during
the last experimental periods, the baseline mean arterial
pressure was also similar in all groups of cats. There were
no differences in baseline systolic pressure, diastolic pres-
sure, left ventricular pressure or heart rate among groups
during the phenoxybenzamine or the last experimental
period either. As for d prd t, baseline values during the
control period were higher in the control group than in the
groups pretreated with chlorisondamine or verapamil, as
well as in the group treated with lidocaine. These differ-
ences persisted during the ensuing two periods.

3.2.2. CardioÕascular responses to noradrenaline and iso-
proterenol

3.2.2.1. Control group. Noradrenaline induced a dose-de-
pendent increase in systolic pressure during the control
period, which was significantly inhibited by phenoxyben-

Ž .zamine at all noradrenaline doses Fig. 2 . Even a dose of
20 mg of noradrenaline failed to raise systolic pressure
more than did the lower doses of 2 and 4 mg, indicating
that a maximal effect had been obtained. After cocaine, the
rise in systolic pressure in response to noradrenaline was

potentiated at all doses thus restoring, and at lower doses
exceeding, the responses observed during the control pe-
riod. The maximal rise in systolic pressure induced by
noradrenaline during the phenoxybenzamine period was
significantly enhanced by cocaine. Diastolic pressure re-
sponses to noradrenaline were significantly reduced and
almost flattened by phenoxybenzamine, but were not po-
tentiated by cocaine, the responses remaining significantly
lower than those observed during the control period. Mean
arterial pressure responses to noradrenaline were similar to
those reported for systolic pressure, with inhibition by
phenoxybenzamine and potentiation after cocaine, includ-
ing enhancement of the maximal response.

Isoproterenol induced a rise in systolic pressure that
Žwas not significantly altered by phenoxybenzamine Fig.

.2 . However, cocaine tended to potentiate the rise in
systolic pressure though this was not quite significant
Ž .Ps0.09 . Neither the isoproterenol-induced decrease in
diastolic pressure nor the slight rise in mean arterial pres-
sure was significantly influenced by phenoxybenzamine or
cocaine.

The noradrenaline-induced dose-dependent increase in
Žd prd t was significantly less after phenoxybenzamine Fig.

.3a . Even a dose of 20 mg noradrenaline could not restore
the rise in d prd t to control levels. Cocaine potentiated the

Ž . Ž . Ž .Fig. 3. Change in dprdt induced by noradrenaline NA and isoproterenol ISO during the control, phenoxybenzamine PBA and last experimental period
Ž .in cats in which the last experimental period consisted of treatment with cocaine 5 mgrkg a, ns10 , cocaine in cats pretreated with chlorisondamine 1.5

Ž . Ž . Ž .mg b, ns6 , cocaine in cats pretreated with verapamil 2 mgrkg c, ns5 , and chlorisondamine 1.5 mg d, ns5 . Values are means"S.E.M.
) P-0.05 compared with control. qP-0.05 compared with phenoxybenzamine period.
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response to all doses of noradrenaline and enhanced the
maximal effect. Interestingly, the isoproterenol-induced rise
in d prd t, lowered after phenoxybenzamine, was also
significantly potentiated by cocaine.

Noradrenaline induced a dose-dependent increase in left
ventricular pressure which was not markedly altered by

Ž .phenoxybenzamine Table 1 . Administration of cocaine
led to non-significant potentiation at 1, 2, and 4 mg doses
of noradrenaline. The isoproterenol-induced rise in left
ventricular pressure was not influenced by either phenoxy-
benzamine or cocaine. Phenoxybenzamine did not influ-
ence the dose-dependent increase in heart rate induced by

Ž .noradrenaline Table 2 . However, cocaine significantly
raised the maximal increase in heart rate induced by

Ž .noradrenaline 20 mg . The isoproterenol-induced increase
in heart rate was not altered by either phenoxybenzamine
or cocaine.

3.2.2.2. Group pretreated with chlorisondamine. The
dose-dependent increase in systolic pressure, diastolic
pressure and mean arterial pressure in response to nor-
adrenaline was significantly attenuated by phenoxybenza-
mine such that the maximal response was lower than

Ž .responses observed in the control period Fig. 4 . Cocaine
potentiated responses to the lower doses of noradrenaline.
In contrast to the previous group, however, the maximal

Table 1
Ž .Change in left ventricular pressure mm Hg induced by noradrenaline

Ž . Ž .NA and isoproterenol during the control, phenoxybenzamine PBA and
last experimental periods
Values are means"S.E.M.

Ž .Dose mg

NA 0.5 NA 1 NA 2 NA 4 NA 20 ISO 0.5 ISO 1

Cocaine group
Control 40"4 60"7 78"6 100"8 80"14
PBA 32"7 47"7 60"10 76"12 88"14 59"11

aCocaine 46"7 70"8 87"10 99"9 107"12 68"13

Verapamil pretreated group
Control 28"4 43"5 47"6 59"9 12"8 6"7
PBA 19"4 32"11 37"16 41"15 48"16 28"1429"13
Cocaine 27"4 37"9 47"15 48"17 42"16 28"1119"9

Chlorisondamine instead of cocaine group
Control 29"4 50"7 55"13 85"16 31"1339"12

b b b bPBA 8"5 18"10 24"15 29"23 14"2 13"8 13"8
b b a bChlorison. 20"3 26"4 33"5 42"12 40"10 16"7 20"12

Chlorisondamine pretreated group

NA 0.1 NA 0.25 NA 0.5 NA 1 NA 2 NA 4 NA 20

Control 18"3 32"4 34"8 72"4 79"4 114"12
b b b bPBA 9"2 19"4 17"5 36"7 36"8 40"5 50"16

a a a a,bCocaine 31"9 39"7 32"10 52"8 54"11 52"1349"5

a P -0.05 compared with phenoxybenzamine period.
b P -0.05 compared with control.

Table 2
Ž . Ž .Change in heart rate beatsrmin induced by noradrenaline NA or

Ž . Ž .isoproterenol ISO during the control, phenoxybenzamine PBA and last
experimental periods.
Values are means"S.E.M.

Ž .Dose mg

NA 0.5 NA 1 NA 2 NA 4 NA 20 ISO 0.5 ISO 1

Cocaine group
Control 5"3 14"2 18"3 20"4 35"3
PBA 3"4 11"5 13"5 10"9 17"6 19"6

a aCocaine 11"4 22"4 26"3 25"3 38"6 32"5

Verapamil pretreated group
Control 4"1 11"2 19"5 45"12 37"6 35"4
PBA 17"6 23"9 31"9 36"9 44"9 33"10 33"8

bCocaine 34"10 32"6 40"9 37"7 39"5 22"3 26"4

Chlorisondamine instead of cocaine group
Control 3"1 2"1 12"4 18"5 22"9 23"8
PBA 0"1 6"2 9"3 11"5 11"4 9"4 7"3

a a,b a a aChlorison. 10"3 12"6 25"3 28"6 37"6 22"3 24"4

Chlorisondamine pretreated group

NA 0.1 NA 0.25 NA 0.5 NA 1 NA 2 NA 4 NA 20

Control 5"2 19"6 30"7 43"8 64"7 70"5
PBA 11"9 22"5 40"7 58"8 68"9 89"9 96"8

aCocaine 29"17 39"8 40"4 55"6 64"8 73"9 67"10

a P -0.05 compared with phenoxybenzamine period.
b P -0.05 compared with control.

responses of systolic pressure and mean arterial pressure
Ž .at 4 and 20 mg noradrenaline were not potentiated and
remained significantly lower than those observed in the
control period.

Similarly, cocaine potentiated the d prd t responses to
the lower doses of noradrenaline but did not enhance the
maximal response observed after phenoxybenzamine,
which remained significantly less than the responses ob-

Ž .tained during the control period Fig. 3b . Cocaine also
potentiated the increase in left ventricular pressure induced

Ž .by the lower doses of noradrenaline 0.1–1 mg but not by
the higher doses, and did not enhance the maximal effect

Ž .of noradrenaline Table 1 .
There were no significant effects of phenoxybenzamine

or cocaine on the noradrenaline-induced rise in heart rate
Ž .except at the highest dose of noradrenaline 20 mg , where

the response was less after cocaine.

3.2.2.3. Group pretreated with Õerapamil. The noradrena-
line-induced increase in systolic pressure, diastolic pres-
sure and mean arterial pressure was significantly attenu-

Ž .ated by phenoxybenzamine Fig. 5 . Cocaine potentiated
the rise in both systolic pressure and mean arterial pres-
sure, but not in diastolic pressure, at all noradrenaline

Ž .doses except for the two highest doses 4 and 20 mg , in
contrast to what was observed in the control group, but
similarly to the group pretreated with chlorisondamine.
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ŽFig. 4. Change in systolic, diastolic and mean arterial pressure SP, DP,
. Ž .MAP in response to noradrenaline NA during the control, phenoxyben-

Ž .zamine PBA and cocaine experimental periods in cats pretreated with
Ž . )chlorisondamine 1.5 mg ns6 . Values are means"S.E.M. P -0.05

compared with control. q P -0.05 compared with phenoxybenzamine
period.

ŽIsoproterenol responses increase in systolic pressure
and mean arterial pressure, and decrease in diastolic pres-

.sure were not affected by phenoxybenzamine nor were
they enhanced by cocaine.

The dose-dependent increase in d prd t in response to
noradrenaline was not significantly reduced by phenoxy-

Ž .benzamine except with noradrenaline 4 mg Fig. 3c .
Cocaine potentiated the responses to lower doses of nor-

Ž .adrenaline 0.5–1 mg but did not enhance the maximal
effect. The isoproterenol-induced rise in d prd t, also not
affected by phenoxybenzamine, was not potentiated by
cocaine, in contrast to the control group.

Phenoxybenzamine and cocaine did not affect any of
the left ventricular pressure or heart rate responses to any

Ž .noradrenaline or isoproterenol dose Tables 1 and 2 de-

spite a tendency for cocaine to potentiate the responses to
the lower but not the higher doses of noradrenaline.

3.2.2.4. Group treated with chlorisondamine instead of
cocaine. As in previous groups, the noradrenaline-induced
increases in systolic pressure, diastolic pressure and mean
arterial pressure were significantly inhibited by phenoxy-

Ž .benzamine Fig. 6 . Chlorisondamine potentiated responses
to almost all doses for all three parameters. In contrast to
the potentiation by cocaine observed in the control group
Ž .Fig. 2 , however, the systolic pressure responses after
chlorisondamine did not exceed those observed during the
control period. However, and as in the control group,
chlorisondamine potentiated the maximal responses to nor-
adrenaline. Moreover, isoproterenol induced increases in
systolic pressure, which were inhibited by phenoxybenza-
mine, but were significantly potentiated by chlorison-
damine.

ŽFig. 5. Change in systolic, diastolic and mean arterial pressure SP, DP,
. Ž . Ž .MAP in response to noradrenaline NA and isoproterenol ISO during

Ž .the control, phenoxybenzamine PBA , and cocaine experimental periods
Ž .in cats pretreated with verapamil 2 mgrkg ns5 . Values are means"

S.E.M. ) P -0.05 compared with control. q P -0.05 compared with
phenoxybenzamine period.
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ŽFig. 6. Change in systolic, diastolic and mean arterial pressure SP, DP,
. Ž . Ž .MAP in response to noradrenaline NA and isoproterenol ISO during

Ž .the control, phenoxybenzamine PBA and chlorisondamine experimental
Ž . )periods ns5 . Values are means"S.E.M. P -0.05 compared with

control. q P -0.05 compared with phenoxybenzamine period.

The dose-dependent increase in d prd t induced by
noradrenaline was significantly attenuated by phenoxyben-

Ž .zamine, and became almost flat Fig. 3d . These responses
were significantly potentiated by chlorisondamine at all
submaximal and maximal doses. The extent of potentiation
at lower doses was also less than that with cocaine in the

Ž .control group Fig. 3a .
Phenoxybenzamine significantly reduced the increase in

left ventricular pressure induced by both noradrenaline and
Ž .isoproterenol Table 1 . After a-adrenoceptor blockade,

chlorisondamine tended to potentiate the responses to the
lower doses of noradrenaline, but only the response to the

Ž .maximal dose 20 mg was significantly enhanced. Chlo-
risondamine also potentiated the rise in heart rate induced
by both noradrenaline and isoproterenol, and enhanced the

Ž .maximal response to noradrenaline Table 2 .

3.2.2.5. Group treated with lidocaine instead of cocaine
( )data not shown . Lidocaine did not alter systolic pressure,
diastolic pressure and mean arterial pressure responses to
noradrenaline except for a slight increase in systolic pres-

Ž .sure at two doses of noradrenaline 1 and 2 mg . The
maximal responses observed during the phenoxybenza-
mine period were not enhanced by lidocaine. Similarly, the
responses to isoproterenol were not altered by either phe-
noxybenzamine or lidocaine.

The noradrenaline-induced increase in d prd t was also
not potentiated by lidocaine, and remained significantly
less than that observed during the control period. The
d prd t responses to isoproterenol were also not affected
by phenoxybenzamine or lidocaine.

The increases in left ventricular pressure and heart rate
in response to most noradrenaline or isoproterenol doses
were not significantly affected by either phenoxybenza-
mine or lidocaine, although phenoxybenzamine tended to
inhibit them.

4. Discussion

The results of this study suggest that cocaine potentiates
the cardiac responses to adrenergic stimuli by at least two
mechanisms: presynaptic inhibition of noradrenaline re-up-
take leading to potentiation of sub-maximal responses, and
a postsynaptic mechanism resulting in enhancement of
maximal effects. To our knowledge, this is the first in vivo
study providing results consistent with the latter mecha-
nism which may contribute to the cardiotoxic manifesta-
tions of cocaine abuse. This mechanism likely results from
a central site of action of cocaine to inhibit sympathetic
outflow, or from interference with baroreceptor function,
thus senstizing the heart to adrenergic effects. Its inhibition
by verapamil indicates the involvement of calcium mobi-
lization from the extracellular space in the mechanism of
potentiation. The local anesthetic property of cocaine does
not appear to contribute to this effect.

It is important to point out that the baseline values for
Ž .most parameters except for d prd t , were similar among

groups during corresponding experimental periods. This
made it possible to compare the responses to noradrenaline
and isoproterenol during the same experimental periods
eventhough, within the same group, baseline values
changed during different experimental periods. Thus, dif-
ferences among groups in the responses to noradrenaline
and isoproterenol observed during the last experimental
period relative to the phenoxybenzamine period cannot be
explained by differences in baselines.

The preliminary studies described here indicated that
cocaine potentiated the maximal responses to the endoge-
nous catecholamine, noradrenaline, compared to those ob-
served after phenoxybenzamine. This effect could not be
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explained by inhibition of noradrenaline uptake into nerve
terminals, since such a mechanism, which inhibits a major
route of dissipation of noradrenaline from its site of action,
should only increase the potency of noradrenaline. Thus,
for any dose of noradrenaline more drug would be avail-
able to interact with postsynaptic receptors, which leads to
a shift of its dose–response curve to the left. Conse-
quently, for any dose of noradrenaline, a greater effect
would be achieved in the presence of cocaine than in its
absence and the maximal effect would be obtained at a
lower dose of noradrenaline. However, the maximal effect
itself should not be altered, since it is determined by the
ability of the tissue to respond to noradrenaline, which in
such a case is not altered. The fact that in the present study
the maximal effects were found to be enhanced by cocaine,
therefore, suggests the existence of mechanisms of action
additional to inhibition of uptake. As the groups treated
with saline and noradrenaline infusions showed, this poten-
tiation of the maximal effect was not due to repeated
administration of noradrenaline nor to waning of the
a-adrenoceptor blockade with time or with increasing
concentrations of noradrenaline that would result from
cocaine’s action to block re-uptake. The potentiation
involved the cardiac effects of noradrenaline since b-
adrenoceptor blockade with propranolol prevented the
potentiation.

Further evidence in support of the above was obtained
by measurement of cardiac parameters. The effects of
noradrenaline on systolic pressure, and not diastolic pres-
sure, were found to be potentiated by cocaine, and the
enhancement of the mean arterial pressure responses was
explained. Importantly, the fact that, in most cases, the
maximal effects of noradrenaline on systolic pressure,
mean arterial pressure, left ventricular pressure, d prd t
and heart rate were potentiated further supports the hypoth-
esis that cocaine acts by mechanisms additional to inhibi-
tion of peripheral amine re-uptake. These mechanisms
result from enhanced cardiac responsiveness to sympa-
thetic activation. In support of this conclusion is the find-
ing that the d prd t response to isoproterenol, which is not
taken up by nerve terminals, was significantly potentiated
as well, though less so than the response to an equi-effec-

Ž .tive dose of noradrenaline 1 mg .
The mechanisms responsible for this postsynaptic

potentiation could involve direct effects on the heart, indi-
rect effects relating to modification of reflexes or of
central sympathetic output, or to effects on neuronal activ-
ity possibly due to cocaine’s local anesthetic effect. Previ-
ous studies have shown that cocaine decreases sympathetic

Žoutput to the heart Gantenberg and Hageman, 1991;
.Raczkowski et al., 1991; Hernandez et al., 1996 . This

may sensitize it to the effects of agonists acting on adren-
ergic receptors, by inducing receptor or post-receptor mod-
ifications. This possibility was explored by pretreating
animals with the non-competitive ganglionic blocker, chlo-
risondamine, at doses known to inhibit ganglionic trans-

mission, thus interfering with sympathetic tone to the
heart. In these cats, cocaine could still enhance the re-
sponses to submaximal but not maximal doses of nor-
adrenaline, and failed to enhance the responses to isoprote-
renol. The enhancement of the submaximal effects was,
furthermore, less than that observed in the control group.
Thus, in this group, cocaine behaved as expected from an
inhibitor of neuronal uptake, enhancing the potency but not
the maximal effects of noradrenaline. It is conceivable,
therefore, that cocaine, itself inhibiting central sympathetic
outflow, could potentiate the effects of exogenous nor-
adrenaline and isoproterenol on the heart. By interrupting
the central sympathetic outflow to the heart using chlo-
risondamine, these effects of cocaine were eliminated. If
this hypothesis is true, then replacing chlorisondamine by
cocaine should induce potentiation of the responses to
adrenergic stimuli. To test this possibility, chlorisondamine
was administered instead of cocaine during the last period
of the experiment. This resulted in potentiation of both
submaximal and maximal responses to noradrenaline and
isoproterenol at all doses used. Here again, however, the
potentiation at lower doses of noradrenaline was distinctly
less than that observed in the control group. These results
support the suggestion that inhibition of central sympa-
thetic tone to the heart, whether by cocaine or by chlo-
risondamine, causes supersensitivity of the heart to adren-
ergic stimuli. In the case of cocaine, the peripheral effect
to inhibit re-uptake further contributes to the potentiation,
and therefore, the enhancement at lower noradrenaline
doses is greater than that caused by chlorisondamine,
which does not block re-uptake.

An alternative explanation for the enhancement of the
maximal responses is interruption of the baroreceptor re-
flex which, normally, counters the rise in mean arterial
pressure by withdrawing sympathetic activity and raising
parasympathetic activity. Upon interruption of this reflex,
the direct effect of noradrenaline to raise arterial pressure
is unopposed, and thus enhanced. Ganglionic blockade
with chlorisondamine can readily achieve this, but it is less
clear how cocaine can. Recent work suggests that cocaine
inhibits the baroreceptor discharge induced by suprathresh-
old pressure by a mechanism that may relate to its local

Ž .anesthetic effect Andersen et al., 1990 , and that it re-
duces the rise in arterial pressure induced by bilateral
clamping of the carotid arteries in rats at a total dose of 50

Ž .mg Trouve and Nahas, 1986 . While these two effects
suggest interference with baroreceptor function, their rele-
vance to our study is unclear. A dose of 50 mgrrat is
approximately 30 times that used in our experiments.

ŽFurthermore, an effective dose of lidocaine as judged
.from the lower baseline d prd t failed to reproduce the

effects of cocaine, suggesting no role for the local anes-
thetic activity of cocaine. Finally, the present experiments
on vagotomized cats, where the baroreflex is partially
interrupted, showed the same cocaine-induced potentiation
of the maximal effects of noradrenaline on mean arterial
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pressure. Irrespective of the mechanism, the important
finding in this study was the cocaine-induced exaggeration
in cardiac responses to adrenergic stimuli that was greater
than expected from blockade of neuronal re-uptake alone.

Pretreatment with verapamil induced effects similar to
those of pretreatment with chlorisondamine: potentiation
by cocaine of the effects of smaller doses of noradrenaline
but not of the maximal responses, nor of the responses to
isoproterenol. Thus, verapamil, by not interfering with the
inhibition of re-uptake, did not prevent cocaine from po-
tentiating the submaximal effects of noradrenaline. Vera-
pamil, however, inhibited the potentiation of the maximal
effect of noradrenaline and of the responses to isoprote-
renol, i.e., the other component of potentiation due to
postsynaptic mechanisms. This suggests that the post-
synaptic mechanism of potentiation is dependent on mobi-
lization of calcium ions from the extracellular space through
voltage-dependent channels. Whether this is a consequence
of cocaine’s effect on the adrenergic receptors or on
post-receptor events cannot be resolved from the present
results, however.

Finally, with a dose of lidocaine equal to that of
cocaine, and similar to doses used in other studies
ŽGantenberg and Hageman, 1991; Raczkowski et al., 1991;

.Hernandez et al., 1996 , no consistent potentiation of the
effects of noradrenaline or isoproterenol was observed.
These results suggest that the effects of cocaine, whether
exerted centrally or peripherally at the neural or cardiac
level, cannot be explained by its local anesthetic activity.

To our knowledge, the results of this study are the first
in vivo evidence supporting a post-synaptic site of poten-
tiation of adrenergic responses by cocaine. Numerous ear-

Žlier studies had suggested this, but all were in vitro Bevan
and Verity, 1967; Varma and McCullough, 1968; Kasuya
and Goto, 1968; Greenberg and Innes, 1976; Summers and

.Tillman, 1979 . Furthermore, numerous investigators
demonstrated in vitro potentiation by cocaine of the effects
of sympathomimetic agents which are not taken up by

Žnerve terminals such as isoproterenol Roszkowski and
Koelle, 1960; Leszkovsky and Tardos, 1968; Davidson and

. ŽInnes, 1970 and methoxamine Kalsner and Nickerson,
.1969 . Some of the above studies suggested that cocaine

may change the utilization of calcium by tissues, as cal-
cium antagonists or chelating agents could prevent the

Žobserved potentiation Kasuya and Goto, 1968; Greenberg
.and Long, 1971; Greenberg and Innes, 1976 .

More recent studies also support our conclusions. A
reduction in central sympathetic outflow was demonstrated

Žin several recent studies Gantenberg and Hageman, 1991;
Raczkowski et al., 1991; Hageman and Simor, 1993; Her-

.nandez et al., 1996; Abrahams et al., 1996 . In those
studies, the intravenous doses of cocaine were, in most
cases, higher than 3 mgrkg. In other studies mostly with
rats, however, a cocaine-induced increase in central sym-
pathetic output was suggested, based mostly on indirect
evidence such as the development of a pressor response

and tachycardia, both of which were prevented by gan-
glionic blockers, and not on direct measurement of sympa-

Žthetic nerve activity Kiristy-Roy et al., 1990; Tella et al.,
.1992, 1993; Szabo et al., 1994 . These effects were dose-

dependent and occurred more consistently at doses lower
than 1 mgrkg. In some cases, increasing the dose led to a
greater effect, while in others the effect of cocaine shifted

Ž . Žto a depressor effect at higher doses 5 mgrkg Szabo et
.al., 1994 . A similar conclusion had been reached by Rhee

et al. who reported that, in rats and rabbits, cocaine doses
of 0.3–1 mgrkg raised the blood pressure, while doses of
3–5 mgrkg decreased blood pressure and other cardiac

Ž .parameters Rhee et al., 1990 . Numerous factors have to
be considered in interpreting these contradictory results,
such as animal species, doses of cocaine used, whether the
animals were conscious or anesthetized, conditions and
routes of administration of cocaine, and the time after
administration that the measurements were made. Nonethe-
less, it may be suggested that higher doses of cocaine
similar to that used in the present study decrease sympa-
thetic tone, while lower doses stimulate it. It is difficult to
extrapolate from this model to the human situation. Most
reports of cocaine-induced cardiac events which were able
to document the dose of cocaine reported relatively high

Ždoses, ranging between 0.25 g and 2 g Isner et al., 1986;
.Gillis et al., 1992 . In most cases, these doses were taken

by snorting or inhalation, not intravenously, and by ad-
dicts. In contrast, in the present study, acute i.v. doses
were used in cocaine-naive cats. It should be noted, how-
ever, that the human doses were sometimes much higher
than 5 mgrkg and that both routes of administration
Ž .intranasal, inhalation provide for rapid absorption and
by-passing of first-pass metabolism in the liver, thus lead-
ing to rapid elevations in plasma concentrations.

Further support for our results comes from studies
which demonstrated that calcium channel blockers inter-
fere with the effects of cocaine on the heart and other

Žtissues, and suppress cocaine induced arrhythmias Shibata
et al., 1971; Trouve and Nahas, 1986; Billman and Hoskins,

.1988; Billman, 1993 . A very recent study showed that
cocaine enhances, selectively and potently, L-type calcium

Žchannel currents in isolated rat myocytes Premkumar,
.1999 . Such an effect may contribute to the enhancement

of cardiac adrenergic responses by cocaine and may ex-
plain the inhibition by verapamil of this potentiation, which
was observed in our study.

In conclusion, this study has provided in vivo evidence
suggesting that the effects of cocaine on the heart may
involve potentiation of adrenergic responses through mech-
anisms additional to inhibition of neuronal re-uptake, and
sheds further light on the mechanisms involved in cocaine’s
cardiotoxicity. These mechanisms involve sensitization of
the heart to the effects of sympathomimetic agents, indi-
rectly through inhibition of central sympathetic outflow, or
through interference with baroreceptor function, or may
involve a direct effect on the heart through interaction with
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cardiac L-type calcium channels. It is conceivable that
such sensitization may, under conditions of sympatho-
adrenal discharge such as stress or exercise, exaggerate the
cardiac effects of cocaine mediated through peripheral
inhibition of catecholamine re-uptake and contribute to the
cardiotoxic manifestations of cocaine abuse. This is in
agreement with the results of a study in humans where
chronic cocaine abusers were found to have exaggerated

Ž .pressor responses to exercise Cigarroa et al., 1992 . The
results may also help explain the protective effect of
calcium channel blockers against cocaine cardiotoxicity.
The present results also emphasize the need to exercise
care in interpreting the results of experiments conducted
using cocaine as a selective inhibitor of neuronal re-uptake
as it may have additional direct or indirect mechanisms of
action in the cardiovascular system.
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