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Abstract

 

The recreational use of 3,4-methylenedioxymethamphetamine (MDMA) has increased as have the number of clinical reports linking
MDMA use with cardiovascular toxicity. Nonetheless, the cardiovascular and sympathetic nerve responses elicited by MDMA have not
been well characterized. The purpose of this study was to characterize the mean arterial pressure (MAP), heart rate (HR), and renal sym-
pathetic nerve responses elicited by the acute administration of MDMA and to determine whether neurotoxic doses of MDMA change
cardiovascular and/or cardiovascular reflex function. In conscious rats, MDMA or 

 

d

 

-amphetamine elicited similar dose-dependent in-
creases in MAP. MDMA elicited significant bradycardia at doses above 1.0 mg/kg. Pretreatment with phentolamine significantly reduced
the duration but not the magnitude of the pressor response elicited by MDMA. In pentobarbital-anesthetized rats, MDMA (0.1 mg/kg)
increased renal sympathetic nerve activity (RSNA; 33 

 

6

 

 10%), while larger doses significantly decreased RSNA (

 

2

 

91 

 

6

 

 3%, max). Neu-
rotoxic doses of MDMA (20 mg/kg, s.c., b.i.d. for 4 days) significantly enhanced the bradycardic component of the Bezold–Jarisch reflex
elicited by i.v. serotonin when tested either 2 days or 2 weeks after the last neurotoxic treatment. However, neurotoxic treatment did not
significantly affect baroreceptor reflex function. These results indicate that the acute administration of MDMA and 

 

d

 

-amphetamine pro-
duce similar cardiovascular and sympathetic responses. Neurotoxic doses of MDMA can also significantly alter cardiovascular reflex
function. These findings raise the possibility that MDMA may have the potential to produce cardiovascular and/or cardiac toxicity similar
to that elicited by other amphetamine analogs. © 2000 Elsevier Science Inc. All rights reserved.
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1. Introduction

 

3,4-Methylenedioxymethamphetamine (MDMA) is an
amphetamine derivative, possessing both stimulant and hal-
lucinogenic properties [16,34]. The recreational use of
MDMA has increased dramatically in recent years along
with the popular perception that this is a relatively safe drug
[8]. However, increasing clinical reports indicate that
MDMA use is associated with significant cardiovascular
toxicity including tachycardia, cardiac ischemia, arrhyth-
mia, and death [15,19,27]. Despite the potential to produce
cardiovascular toxicity, the cardiovascular actions of MDMA
have not been well characterized. MDMA produces tachy-
cardia and hypertension in humans [11,36] and tachycardia

in rats [14]. Most likely, the sympathomimetic actions of
MDMA result from its ability to stimulate the release of
monoamines [12,13,21]. In view of the limited data regard-
ing the cardiovascular affects of MDMA, one of the main
goals of this study was to characterize the acute cardiovas-
cular and sympathetic nerve responses elicited by the ad-
ministration of MDMA.

MDMA is also a selective serotonergic neurotoxin pro-
ducing prolonged (lasting months) decreases in the levels of
serotonin (5-HT), its primary metabolite, 5-hydroxyin-
doleacetic acid, and the number of 5-HT uptake sites on
serotonergic nerve terminals in many brain regions [4,
10,29,31]. Immunohistochemical studies have also veri-
fied extensive decreases in the number of 5-HT reactive
nerve fibers in many brain regions after MDMA treatment
[7,29].

The majority of studies examining MDMA-mediated
neurotoxicity have focused on the affected forebrain sero-
tonergic systems and the potential behavioral and/or psy-
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chological consequences resulting from this damage (see
[16,34]). To our knowledge, no studies have examined the
neurotoxic effects of MDMA on descending central or pe-
ripheral serotonergic systems that play a significant role in
the basal and reflex control of cardiovascular function [17].
Alteration of these monoaminergic systems via the neuro-
toxic actions of MDMA has the potential to cause either
acute and/or chronic cardiovascular changes leading to hy-
pertension, arrhythmia, syncope, and/or other clinically rel-
evant problems. Therefore, the second major goal of this
study was to determine whether the administration of neuro-
toxic doses of MDMA could alter cardiovascular or cardio-
vascular reflex function by damaging descending central
and/or peripheral monoaminergic neural systems.

 

2. Materials and methods

 

2.1. Animals

 

Experiments were performed on male Sprague–Dawley
rats (275–350 g; Harlan, Indianapolis, IN). All procedures
were in accordance with National Institutes of Health guide-
lines for the care and use of laboratory animals, and were
approved by the Institutional Animal Care and Use Com-
mittee at Louisiana State University Health Sciences Cen-
ter. During the experiments the rats were housed individu-
ally in a room with a 12-h light/dark cycle. The rats had
unlimited access to food and water. All testing was con-
ducted on animals in their home cages.

 

2.2. Acute and chronic implantation of cannulae

 

For the implantation of chronic cannulae, rats were anes-
thetized using an i.p. injection of a mixture of ketamine
(100 mg/kg) and xylazine (10 mg/kg). Anesthesia was sup-
plemented (20 and 2 mg/kg, i.v. or i.p.) in response to spon-
taneous movements or movements in response to tail or foot
pinch. Body temperature was maintained at 37 

 

6

 

 1

 

8

 

C using
a water-filled heating pad and/or a heat lamp. Catheters
(PE-50 fused to PE-10) were placed in the femoral artery
and vein for the recording of arterial pressure and adminis-
tration of drugs, respectively. The free ends of the cannulae
were tunneled subcutaneously and exteriorized between the
scapulae. Catheters were filled with heparinized saline (200
U/mL) to prevent clotting. In acute studies, arterial and
venous cannulae were implanted in pentobarbital-anesthe-
tized (40–50 mg/kg, i.p.) rats as described above. Supple-
mental doses of pentobarbital (25 mg/kg, i.v. or i.p.) were
administered as required. In acute and chronic studies, pul-
satile arterial pressure and mean arterial pressure (MAP)
were recorded using standard techniques [1]. Heart rate
(HR) was derived from the arterial pressure pulse using a
Grass (Quincy, MA) 7P tachygraph. HR, MAP, and pulsa-
tile arterial pressure were displayed on a Grass (Quincy,
MA) polygraph.

 

2.3. Sympathetic nerve recording

 

Renal sympathetic nerve activity (RSNA) was recorded in
pentobarbital-anesthetized rats (45–50 mg/kg, i.p.) using bi-
polar platinum electrodes as described previously [1]. RSNA
was recorded using a Grass (Quincy, MA) P511 preamplifier
(band pass 30–3000 Hz) and converted to slow-wave activity
using a moving averager (CWE, Ardemore, PA, Model
M821, 100 ms time constant). The moving average of RSNA
was integrated using a Grass (Quincy, MA) 7P10 cumulative
integrator and displayed on a Grass (Quincy, MA) chart re-
corder along with the moving average [1].

 

2.4. Experimental protocols

2.4.1. Cardiovascular responses to MDMA and
amphetamine in conscious rats

 

Rats were instrumented with chronic arterial and venous
cannulae. Two days later the venous and arterial lines were
connected to the recording equipment and the animals al-
lowed 30 min to acclimate to the testing conditions. After
achieving stable baseline recordings, bolus doses of MDMA
(0.01–3.0 mg/kg, i.v.) or amphetamine (0.01–3.0 mg/kg,
i.v.) were administered over 10–20 s, followed by a 10-s sa-
line flush (0.1 mL), and the changes in MAP and HR re-
corded. The doses were administered in ascending order,
with the interval between doses being sufficient to allow for
the return of cardiovascular parameters to predrug levels.
Interdose intervals ranged from 15–25 min for doses less
than 1.0 mg/kg, and up to 2–3 h for larger doses. Prelimi-
nary studies showed that very little tachyphylaxis develops
to the repeated administration of MDMA (1 mg/kg, i.v.)
when the doses are separated by 2 h (unpublished data).

A separate group of rats (

 

n

 

 

 

5

 

 5) were prepared with
chronic arterial and venous cannulae. Two days later, the con-
scious rats were given MDMA (2 mg/kg, i.v.) and the changes
in MAP and HR recorded. Approximately 5 to 6 h later the
rats were treated with phentolamine (3 mg/kg, i.v.) 10 min
prior to readministering MDMA. In preliminary studies, we
found that this dose of phentolamine completely blocked the
MAP and HR responses elicited by the i.v. administration of
norepinephrine (0.33 

 

m

 

g/kg) (unpublished data).

 

2.4.2. Sympathetic nerve responses to MDMA in
anesthetized rats

 

Pentobarbital-anesthetized rats were instrumented with
arterial and venous cannulae. The trachea was cannulated
and the rats ventilated mechanically using a rate (60–70
breaths/min) and tidal volume (2–2.5 mL), which mimicked
normal respiration. A recording electrode was then placed
on a renal sympathetic nerve. After the neural and cardio-
vascular parameters had stabilized, doses of MDMA (0.01–
3.0 mg/kg) were administered, and the MAP, HR, and renal
sympathetic nerve responses recorded. The doses of
MDMA were administered in ascending order with inter-
dose intervals sufficient to allow HR, MAP, and RSNA to
return to predrug levels between doses.
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2.4.3. Cardiovascular reflex responses after neurotoxic 
doses of MDMA

 

Rats were treated with MDMA (20 mg/kg, s.c.) twice per
day for 4 days. This treatment regime has been shown to
significantly reduce 5-HT content in the brains of rats and
other animals [4,7]. Control rats received injections of sa-
line according to the same schedule. One or 13 days after
administering the last dose of MDMA or saline, chronic
cannulae were placed in the femoral artery and vein under
ketamine/xylazine anesthesia. The next day baroreceptor
and Bezold–Jarisch reflex function were assessed in the
conscious unrestrained rats. Baroreceptor reflex activity
was assessed by measuring the magnitude of the reflex-
mediated changes in HR produced in response to graded
changes in AP elicited by bolus i.v. doses of phenylephrine
(0.15–6 

 

m

 

g/kg) or sodium nitroprusside (3–60 

 

m

 

g/kg).
Doses of phenylephrine and nitroprusside were adminis-
tered in random order and interdose intervals were suffi-
cient to allow cardiovascular parameters to return to base-
line. Bezold–Jarisch reflex function was assessed by
measuring the magnitude of the peak changes in HR elicited
by the i.v. injection of graded doses of 5-HT (3.0–15.0 

 

m

 

g/
kg) in random order.

 

2.5. Data analysis

 

The peak changes in HR and MAP elicited by drug ad-
ministration were calculated directly from the polygraph
records. Changes in integrated RSNA were quantified by
comparing mean epoch length (integrated records) before
and after drug administration [1]. The level of background
noise in the neural recordings was determined after eutha-
nizing the animal and subtracted from total nerve activity.

Baroreceptor reflex function was quantified using the ex-
ponential curve fitting analysis program developed by Head
and McCarty [18]. The five parameters derived from this
analysis were: G, the sensitivity or gain of the reflex; P

 

2

 

, the
upper plateau that signifies the maximal increase in HR in re-
sponse to decreases in AP; P

 

1

 

, the lower plateau, which signi-
fies the maximal decrease in HR in response to increases in
AP; R, the reflex range (P

 

2

 

–P

 

1

 

), and BP

 

50

 

, which corresponds
to the MAP at the midpoint of the HR range. The analysis
program also calculated resting HR and MAP.

Bezold–Jarisch reflex function was calculated by mea-
suring the magnitude of the peak bradycardic response elic-
ited by graded i.v. doses of 5-HT.

 

2.6. Statistics

 

The dose–effect relationships of amphetamine and
MDMA for HR and MAP were compared using one-way
analysis of variance (ANOVA). Differences between means
were compared using the Tukey–Kramer multiple compari-
son test. Comparison of peak bradycardic responses elicited
by 5-HT in MDMA-treated and control animals were com-
pared using two-way ANOVA. Comparisons between indi-

vidual means were made using the Tukey–Kramer multiple
comparison test. The effects of phentolamine on baseline
MAP and HR were made using paired Student’s 

 

t

 

-tests.
Comparison of the baroreceptor reflex parameters in control
and MDMA-treated rats were made using Student’s 

 

t

 

-tests.
Significance was defined at 

 

p

 

 

 

,

 

 0.05.

 

2.7. Drugs used

 

Drugs used were 

 

d

 

-amphetamine HCl and 3,4-methyl-
enedioxymethamphetamine HCl (National Institute on Drug
Abuse), pentobarbital sodium and xylazine (Butler Co., Co-
lumbus, OH), heparin (Lymphomed, Deerfield, IL), phe-
nylephrine, norepinephrine, sodium nitroprusside, phentola-
mine, and serotonin (Sigma, St. Louis, MO), and ketamine
HCl (Mallinkrodt Veterinary, Mundelein, IL).

 

3. Results

 

3.1. Acute cardiovascular responses to MDMA and 
amphetamine in conscious rats

 

The baseline levels of HR and MAP in the conscious rats
treated with MDMA (402 

 

6

 

10 bpm and 100 

 

6

 

 3 mmHg,
respectively, 

 

n

 

 

 

5

 

 5) or amphetamine (392 

 

6

 

 14 bpm and
100 

 

6

 

 4 mmHg, respectively, 

 

n

 

 

 

5

 

 6) were not significantly
different. Figure 1 compares the dose–effect relationships of
MDMA and 

 

d

 

-amphetamine for HR and MAP in conscious
rats. MDMA (0.01–3.0 mg/kg, i.v.) elicited significant, 

 

F

 

(4,
20) 

 

5

 

 10.7, 

 

p

 

 

 

,

 

 0.001, dose-dependent increases in MAP
(Fig. 1A). Amphetamine elicited similar dose-dependent,

 

F

 

(4, 23) 

 

5

 

 17.8, 

 

p

 

 

 

,

 

 0.001, increases in MAP (Fig. 1A).
The duration of the pressor responses elicited by 1.0 mg/kg
of MDMA was 4.02 

 

6

 

 1.3 min, while the duration of the
pressor responses elicited by amphetamine was 2.8 

 

6

 

 5
min. MDMA significantly changed HR, 

 

F

 

(4, 20) 

 

5

 

 7.3, 

 

p

 

 

 

,

 

0.001, producing a significant bradycardia (

 

p

 

 

 

,

 

 0.05) at the
highest dose (Fig. 1B). Amphetamine produced a similar
pattern of HR responses (Fig. 1B); however, due to large
variability, these responses were not significantly different
than baseline, 

 

F

 

(4, 21) 

 

5

 

 2.7, 

 

p

 

 

 

5

 

 0.062. The duration of
the HR responses elicited by 1.0 mg/kg of MDMA and am-
phetamine were 29 

 

6

 

 3 and 92 

 

6

 

 37 s, respectively.
In a separate group of conscious rats (

 

n

 

 

 

5

 

 5), pretreat-
ment with the nonselective 

 

a

 

-adrenergic receptor antagonist
phentolamine (3 mg/kg, i.v.) failed to attenuate the magni-
tude of the peak pressor response elicited by MDMA (2 mg/
kg, i.v.) (Fig. 2A). However, phentolamine significantly de-
creased the duration of the pressor responses elicited by
MDMA (5.2 

 

6

 

 2 min versus 20 

 

6

 

 2 s). In phentolamine-
treated rats the pressor response elicited by MDMA was fol-
lowed by hypotension (

 

2

 

22 

 

6

 

 5 mmHg). The hypotensive
response was reversed by the administration of propranolol
(1 mg/kg, i.v.) (data not shown). In these rats the adminis-
tration of phentolamine significantly reduced resting MAP
(113 

 

6

 

 4 to 93 

 

6

 

 6 mmHg) and increased resting HR (371 

 

6

 

19 to 462 

 

6

 

 15 bpm).
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Administration of phentolamine significantly increased
the magnitude of the bradycardic response elicited by
MDMA (Fig. 2 B). In the phentolamine-treated rats, the
bradycardic response was followed by an increase in HR of
52 

 

6

 

 16 bpm above baseline. The rebound tachycardia was
reversed by the administration of propranolol (data not
shown).

Sympathetic nerve responses to MDMA in anesthetized
rats. MDMA (0.01–3.0 mg/kg, i.v.) was administered to
five pentobarbital-anesthetized rats. Figure 3 summarizes
the peak HR, MAP and renal sympathetic nerve responses
elicited by the i.v. injection of MDMA (0.01–3 mg/kg) in
these rats. MDMA produced dose-related, 

 

F

 

(4, 20) 

 

5

 

 2.6,

 

p

 

 

 

,

 

 0.001, increases in MAP (Fig. 3B). MDMA produced
significant changes in HR, 

 

F

 

(4, 20) 

 

5

 

 2.2, 

 

p

 

 

 

,

 

; 0.001, al-
though only the increase in HR produced by the 1.0 mg/kg
dose was significantly different from baseline (Fig. 3A).
MDMA significantly, 

 

F

 

(4, 20) 

 

5

 

 40.0, 

 

p

 

 

 

,

 

 0.001, altered
RSNA (Fig.3A). The 0.01 mg/kg dose of MDMA elicited a
small, but significant increase in RSNA (Fig. 3C). How-

ever, at doses above 0.1 mg/kg, RSNA was significantly de-
creased (Fig. 3A). The duration of the decrease in RSNA
produced by MDMA at doses of greater than 0.1 mg/kg
ranged from 3.7 

 

6

 

 0.9 to 8.3 

 

6

 

 2.3 min.
Cardiovascular reflex responses in rats after neurotoxic

doses of MDMA. After 4 days of treatment with neurotoxic
doses of MDMA or saline, baroreceptor and Bezold–Jarisch
reflex function were assessed in conscious rats. Two days
after the last neurotoxic dose of MDMA (

 

n

 

 

 

5

 

 7) or saline (

 

n

 

 

 

5

 

7), resting HR and MAP in the two groups were not sig-
nificantly different (355 

 

6

 

 8 bpm and 115 

 

6

 

 2 mmHg ver-
sus 397 

 

6

 

 11 bpm and 115 

 

6

 

 2 mmHg, respectively). Simi-
larly in the groups tested 2 weeks after administering the
last neurotoxic dose of MDMA (

 

n

 

 

 

5

 

 8) or saline (

 

n

 

 

 

5

 

 8),
resting HR and MAP were also not significantly different
(368 

 

6

 

 4 bpm and 118 

 

6

 

 2 mmHg versus 393 6 12 bpm
and 114 6 2 mmHg, respectively). Treatment with MDMA

Fig. 1. Comparison of the dose–effect relations for MDMA and d-amphet-
amine (amph) and mean arterial pressure (MAP) and heart rate (HR) in
conscious rats. In A and B, respectively, peak changes in MAP and HR are
plotted versus dose. *p , 0.05, response to MDMA different from base-
line. **p , 0.05, response to amph different from baseline.

Fig. 2. Comparison of the changes in mean arterial pressure (MAP) and
heart rate (HR) elicited by MDMA (2 mg/kg, i.v.) before and after a-adren-
ergic blockade using phentolamine (3 mg/kg, i.v.). (A) and (B), respec-
tively, magnitude of the peak changes in MAP and HR elicited by MDMA.
*p , 0.05, different from control.
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significantly shifted the dose–effect curves for 5-HT and
HR to the left, both 2 days, F(1, 36) 5 6.35, p , 0.05, and 2
weeks, F(1, 41) 5 7.96, p , 0.05, after administering the
last dose of MDMA (Fig. 4A and B, respectively).

Treatment with neurotoxic doses of MDMA did not alter
any of the baroreceptor reflex parameters when reflex func-
tion was tested either 2 days or 2 weeks after administering
the last neurotoxic dose of MDMA (Table 1).

4. Discussion

In conscious and anesthetized rats, MDMA elicited dose-
dependent increases in MAP that were nearly identical to
those produced by d-amphetamine. These results are consis-
tent with reports that MDMA increases AP in humans
[11,36]. MDMA stimulates the release of catecholamines

from cardiovascular tissue in vitro [13]. Thus, it would
seem logical to conclude that the pressor responses result
from the MDMA-mediated release of norepinephrine from
peripheral sympathetic nerves. Alpha-adrenergic receptor
blockade completely blocks the pressor response elicited by
other amphetamines such as methamphetamine [30]. How-
ever, in the present study, complete a-adrenergic receptor
blockade using phentolamine failed to decrease the magni-
tude of the pressor response elicited by MDMA, suggesting
that the release of norepinephrine from peripheral sympa-
thetic terminals does not produce this initial pressor re-
sponse. Whether the initial pressor response involved a di-
rect action of MDMA on the vascular smooth muscle, an
increase in cardiac output, the release of an endothelial fac-
tor, or the release of a cotransmitter from sympathetic termi-
nals remains to be determined. Although phentolamine pre-
treatment did not affect the magnitude of the pressor
response to MDMA, a-adrenergic receptor blockade signif-
icantly shortened the duration of the pressor response, sug-

Fig. 3. Dose–effect relations for MDMA and heart rate (HR), mean arterial
pressure (MAP) and renal sympathetic nerve activity (RSNA) in rats anes-
thetized with pentobarbital. In A and B, respectively, peak changes in HR
and MAP are plotted versus dose. (C) Magnitude of the peak changes in
RSNA (percentage of control) quantified by comparing 1-min intervals of
integrated RSNA (epochs/min) before and after drug administration. *p ,
0.05, different from baseline.

Fig. 4. Comparison of the dose–effect relations for HR and i.v. serotonin
(5-HT) in conscious rats pretreated with neurotoxic doses of MDMA (20
mg/kg, s.c., b.i.d. for 4 days) or saline. (A) Magnitude of the peak decrease
in heart rate (HR) plotted versus dose of 5-HT in rats tested 2 days after the
last MDMA or saline treatment. (B) Magnitude of the peak decrease in HR
plotted versus dose of 5-HT in a separate group of rats tested 2 weeks after
the last MDMA or saline treatment.
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gesting that catecholamine release, possibly from the adre-
nal gland played a role in maintaining the pressor response.
In the a-adrenergic receptor blocked rats the initial, brief
pressor response was followed by hypotension and tachy-
cardia, both of which could be reversed by propranolol.
These results further indicate that MDMA releases cate-
cholamines in vivo.

The HR responses elicited by MDMA were dependent
on the dose administered. Low doses of MDMA produced
small but not statistically significant increases in HR, while
higher doses elicited bradycardia. In conscious rats, am-
phetamine also elicited a similar pattern of responses, but
due to the variability of the responses, these failed to
achieve statistical significance. In a previous study [26] we
reported that amphetamine (0.01 to 1 mg/kg, i.v.) elicited
small increases in HR (36 617 bpm, max) in conscious rats.
Whether doses greater than 1.0 mg/kg would have de-
creased HR in our original study is unknown. Cocaine, an-
other sympathomimetic stimulant, also elicits a pattern of
bradycardic responses in conscious and anesthetized rats
that is similar to that elicited by MDMA [1,2,23]. Although
the mechanism(s) mediating the changes in HR are un-
known, the bradycardic responses elicited by higher doses
of MDMA may result from pressor-mediated baroreceptor
reflex activation. However, in sinoaortically denervated rats
(SAD; lacking a baroreceptor reflex) only a small portion of
the bradycardic response elicited by large doses of amphet-
amine can be attributed to baroreceptor reflex activation
[26]. Presumably, the bradycardic response observed in
SAD rats reflects the drug’s ability to activate vagal input to
the heart. Whether the acute administration of MDMA also
increases vagal input to the heart remains to be tested.

This study provides the first demonstration that the i.v.
administration of MDMA in anesthetized rats produces
primarily sympathoinhibition. We have previously shown
that amphetamine dose dependently decreases sympathetic
nerve activity in pentobarbital-anesthetized rats, and that
these responses are mediated, in large part, by the activation
of a2-adrenergic receptors in the rostral ventrolateral me-
dulla [26]. Pressor-mediated baroreceptor reflex activation

provided only a small component of the sympathoinhibitory
response to amphetamine. Although not yet tested, it is rea-
sonable to predict that MDMA also inhibits sympathetic
nerve activity by an action on medullary a2-adrenergic re-
ceptors.

A surprising finding in this study was the observation
that i.v. administration of 0.01 mg/kg of MDMA elicited a
small, but significant increase in RSNA in anesthetized rats.
The increase in RSNA was not accompanied by significant
changes in AP or HR. In our previous study, amphetamine
did not increase SND in pentobarbital-anesthetized rats at
any of the doses tested [26]. However, in some chloralose-
anesthetized and conscious rats cocaine produces a brief
(lasting less that 5 s) increase in sympathetic nerve activity
that precedes a large, prolonged sympathoinhibitory re-
sponse [1,23]. Although the mechanism responsible for the
brief increase in SND elicited by cocaine is unknown, the sym-
pathoinhibitory response that follows results from the acti-
vation of medullary a2-receptors [2]. In the present study,
the sympathoexcitatory responses elicited by small doses of
MDMA were not followed by decreases in RSNA. Whether
this sympathoexcitatory response reflects an action of
MDMA in the central nervous system, sympathetic ganglia
or spinal cord is not known.

The repeated administration of MDMA, at doses known
to produce serotonergic neurotoxicity, significantly en-
hanced the sensitivity of the bradycardic portion of the Be-
zold–Jarisch reflex for at least 2 weeks after giving the last
dose of MDMA. The vasovagal, Bezold–Jarisch reflex, is
the primary mechanism responsible for vasodepressor or
neurocardiogenic syncope [33]. The clinical literature con-
tains reports of syncope and respiratory depression occur-
ring in individuals using MDMA [25,32]. An increase in the
sensitivity or effectiveness of the Bezold–Jarisch reflex may
also increase the risk of cardiac arrhythmia, especially in the
presence of elevated catecholamine levels [22,37].

In contrast to its effects on the Bezold–Jarisch reflex, the
administration of neurotoxic doses of MDMA failed to sig-
nificantly affect baroreceptor reflex control. To our knowl-
edge, no studies have looked at the effect of the repeated ad-

Table 1
Baroreceptor reflex function in rats 2 days or 2 weeks after administering neurotoxic doses of MDMA or control injections of saline

MAPa

mmHg
HR
bpm

P1

bpm
P2

bpm
R
bpm

BP50

mmHg Gn

2 days
Saline 7 115 6 2 379 6 11 312 6 16 472 6 12 160 6 14 111 6 2 22.83 6 0.3
MDMA 7 115 6 2 355 6 8 269 6 13 469 6 9 200 6 15 112 6 8 23.50 6 0.5

2 weeks
Saline 8 114 6 2 393 6 12 323 6 18 488 6 8 156 6 17 111 6 3 23.00 6 0.2
MDMA 8 118 6 2 368 6 4 303 6 4 473 6 9 171 6 9 113 6 1 23.68 6 0.5

Data are mean 6 SEM of number (n) of experiments in conscious unrestrained rats. Baroreceptor reflex function was assessed as described in the method
section. Neurotoxic doses of MDMA (20 mg/kg, s.c.) were administered twice per day for 4 days.

a MAP, baseline mean arterial pressure; HR, heart rate, P1, lower plateau showing the maximal decrease in HR elicited by increases in arterial pressure;
P2, upper plateau showing maximal increase in HR elicited by decreases in arterial pressure; R, range of the reflex (P2-P1); BP50, MAP at the midpoint of R;
and G, reflex sensitivity or gain.
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ministration of amphetamine-like drugs on baroreceptor
reflex control. However, several investigators have sug-
gested that the acute administration of cocaine attenuates
baroreceptor reflex control of HR [3,24]. The fact that neu-
rotoxic doses of MDMA altered Bezold–Jarisch, but not
baroreceptor reflex-mediated vagal control of HR, suggests
that separate pathways and/or mechanism(s) may be medi-
ating the vagal components of each reflex.

In our study, neurotoxic doses of MDMA enhanced the
vagal portion of the Bezold–Jarisch reflex without altering
baroreceptor reflex function. However, in human subjects
with a long history of MDMA use (1.5 to 7 years), examina-
tion of the cardiac responses to the Valsalva maneuver and
heart rate variability showed evidence of decreased vagal
tone and autonomic dysfunction [5]. Although these data are
tempered by the fact that all of the subjects in this study were
polydrug users, they do suggest that, in addition to neurotoxic
doses, long-term use of MDMA may also produce significant
cardiovascular and cardiovascular reflex changes. Supporting
this possibility are our preliminary findings that daily admin-
istration of MDMA to rats for a total of 28 days produces sig-
nificant myocardial pathology including contraction band ne-
crosis, inflammation, leucocytic infiltration, fibrosis, and
ultrastructural changes [9,35]. In addition, at autopsy the
hearts of five of seven individuals who died after using
MDMA showed evidence of necrosis and inflammatory re-
sponses similar to those seen in our rat study [27]. The
amount or duration of MDMA use by these individuals was
not reported. Amphetamine and methamphetamine also pro-
duce similar pathological alterations [6,20,28].

This study was the first to specifically evaluate the acute
cardiovascular and sympathetic nerve responses elicited
by MDMA in rats in vivo. We have demonstrated that the
acute administration of MDMA elicits HR, MAP, and sym-
pathetic nerve responses that are similar to those elicited by
d-amphetamine, and that these responses appear to in-
volve catecholaminergic and noncatecholaminergic-depen-
dent mechanisms. The administration of MDMA, at doses
known to produce serotonergic neurotoxicity, significantly
enhanced the sensitivity of the bradycardic portion of the
Bezold–Jarisch reflex for at least 2 weeks after administer-
ing the final dose of MDMA. As discussed above, such
changes in cardiovascular reflex function may be clinically
significant. Thus, it appears that MDMA has significant
acute and chronic effects on cardiovascular and cardiovas-
cular reflex function. MDMA may also produce cardiovas-
cular toxicity similar to that produced by other amphet-
amine analogs. In view of the increasing recreational use of
MDMA, further studies to evaluate the cardiovascular and
cardiac toxicity of this agent are warranted.
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