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(1) 29–34, 1999.—Ingestion of MDMA (“ecstasy”) by humans can cause acute toxicity manifested by hyperthermia and
death. Demethylenation of MDMA is catalyzed by cytochrome P-450 2D6 (CYP2D6) and cytochrome P-450 2D1 (CYP2D1)
in humans and rats, respectively, and is polymorphically expressed. It has been proposed that CYP2D6 deficiency may ac-
count for the unexplained toxicity of MDMA. The female Dark Agouti rat is deficient in CYP2D1, and serves as a model for
the human poor metabolizer. We investigated thermogenic and locomotor actions of MDMA in adult female Sprague–Daw-
ley (CYP2D1 replete) and Dark Agouti rats. MDMA (2, 5, and 10 mg/kg) and saline were injected subcutaneously at ambient
temperatures of 22 and 31

 

8

 

C. There was no difference in core temperature responses between the two rat strains. Hypother-
mia occurred in the first 30 min and temperature elevation thereafter. MDMA increased locomotor activity in Sprague–Daw-
ley but not in Dark Agouti rats. However, MDMA had pronounced lethal effects at 31

 

8

 

C ambient in the Dark Agouti rats
only. We conclude that the poor metaboliser phenotype may predispose to lethality, but the mechanism is as yet
unknown. © 1999 Elsevier Science Inc.
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3, 4- METHYLENEDIOXYMETHAMPHETAMINE
(MDMA, “Ecstasy”) is an illicit drug with significant abuse po-
tential. Ingestion of MDMA in humans has been associated
with severe adverse reactions and unexplained deaths in a small
proportion of users following a single dose (3,10). This acute
toxicity is characterized by hyperthermia, and subsequent rhab-
domyolysis and disseminated intravascular coagulation (13,28).
In rats, MDMA also causes temperature elevation, which is
dose dependent, and which is exaggerated at high ambient tem-
peratures (7,8,13). This is important, as MDMA is often con-
sumed at night clubs and dance parties, which are characterized
by hot, crowded conditions. MDMA causes increased serotonin
release in vitro (17,29), and the hyperthermic effects may, there-
fore, be a consequence of acutely elevated brain serotonin con-
centrations, as this transmitter has been shown to be involved in
temperature regulation (27). In addition, MDMA also causes
increased locomotor activity (7,8,11,13,23,24,34). The mecha-

nisms of these effects are unclear, and may involve both sero-
toninergic (2) and/or dopaminergic systems (11,19,33).

One of the elimination pathways of MDMA is demethyl-
enation to dihydroxymethamphetamine (DHMA) (14). This
reaction is mediated via the cytochrome P450 2D6 (CYP2D6)
enzyme in humans (14), and is expressed polymorphically.
Approximately 10% of Caucasians lack the functional activity
of this enzyme, and are classified as poor metabolisers of sub-
strates of this CYP isoform (12). The remainder of the popu-
lation is classified as extensive metabolizers. It has been pro-
posed that a deficiency in this enzyme may result in
substantially impaired elimination of MDMA, leading to
higher and sustained concentrations of the parent drug in the
body and increased toxicity, and hence, could possibly explain
the seemingly random deaths that occur in humans (5,12,30).

The female Sprague–Dawley and Dark Agouti rats are the
animal counterparts of the human extensive and poor metab-
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oliser phenotype, respectively (20,22), with the corresponding
enzyme being CYP2D1 (1,4,35). In an extensive study, Chu
and co-workers (4) showed that the female Dark Agouti ac-
cumulated MDMA in brain and blood to levels several fold
higher than Sprague–Dawleys treated with identical doses of
MDMA. Thus, it is clear that the enzyme deficiency in the
Dark Agouti rat results in higher tissue concentrations of
MDMA, and that this may be reflected in greater toxicity.
Colado and co-workers (5) reported that the hyperthermic re-
sponse to MDMA was indeed enhanced in female Dark Ago-
uti rats but not in the male Dark Agouti, and suggested that
the human poor metabolizer phenotype was more susceptible
to the acute toxicity of MDMA. The male Dark Agouti rat,
however, is an inappropriate control, because its capacity to
metabolize CPY2D1 substrates is also partly deficient and is
less than that of the Sprague–Dawley (31). Thus, the effect of
the genetic polymorphism of CYP2D6/2D1 expression and of
the deficient demethylenation (which occurs in the female
Dark Agouti but not Sprague–Dawley rats) on the acute ef-
fects of MDMA in vivo has not been satisfactorily examined.

The present study compared the effects of MDMA on
thermoregulation and locomotor activity in female Dark Ag-
outi and female Sprague–Dawley rats to evaluate the role of
the CYP2D1 enzyme in mediating MDMA toxicity. Males
were not studied because of the documented gender differ-
ences in demethylation (to form MDA) (4) and temperature
responses to MDMA (25). The hypothesis to be tested was
that the Dark Agouti strain, which is deficient in CYP2D1,
would be more susceptible to hyperthermia and the enhanced
locomotor effect of MDMA than the Sprague–Dawley rat,
and that these responses would be exaggerated at elevated
ambient temperatures.

 

METHOD

 

Adult female Sprague–Dawley (weight 230–370 g) and
aged matched Dark Agouti (weight 180–240 g) rats were
used. They were housed four to a cage in a controlled envi-
ronment (20–24

 

8

 

C; 12 L: 12 D cycle) during acclimatization,
but were singly housed during the experiments to avoid the
hyperthermic effect of group housing (6). Standard rat chow
and water were available ad lib. All animals were allowed a
minimum of 2 weeks to acclimatize to the laboratory. During
this time they were handled daily and trained to accept the
temperature probe. Experiments were not commenced until
reproducible readings were obtained. A minimum of 48 h was
allowed for recovery between experimental sessions. Ethics
approval was obtained from the University of Adelaide Ani-
mal Ethics Committee.

Racemic MDMA (99.0% pure) was purchased from the
Australian Government Analytical Laboratories (Sydney,
NWS, Australia) as the hydrochloride salt. It was dissolved in
physiological saline (0.9%), and injected subcutaneously in a
1-mL/kg volume. Rectal temperatures were determined with
a handheld digital Anritherm HL600 thermometer (Anritsu
Meter Co. Ltd., Tokyo, Japan). The temperature probe was
inserted 6–8 cm into the rectum (13), for 30 s or until a stable
reading was obtained. The probe was calibrated regularly,
and was accurate to within 0.1

 

8

 

C. Locomotor activity was
measured in Perspex activity chambers (25 

 

3

 

 25 

 

3

 

 18 cm), by
means of infrared beams and photocells, arranged in a 10 

 

3

 

10 grid format. The output was analyzed on a personal com-
puter, and locomotor activity was quantified as the distance
traversed during a given period of time (16).

 

Experimental Procedure

Effect of MDMA on temperature at 22

 

8

 

C. 

 

Sprague–Dawley
(

 

n

 

 

 

5

 

 8) and Dark Agouti rats (

 

n

 

 

 

5

 

 8) were each administered
three doses of MDMA (2, 5, and 10 mg/kg), plus a saline con-
trol injection, in random dose order, separated by at least 48 h.
All injections were given between 0930 and 1230 h. Rectal
temperature was determined 30 min prior to drug administra-
tion, and at 0, 30, 60, 90, 120, 150, 180, 240, 300, and 360 min
postinjection. Throughout this period the ambient tempera-
ture was maintained at 22

 

8

 

C, within a range of 20–24

 

8

 

C.

 

Effect of MDMA on temperature at 31

 

8

 

C. 

 

Animals were
placed in an environmental chamber, the temperature of
which was maintained between 29 and 33

 

8

 

C for the duration
of the experimental session. Sprague–Dawley (

 

n

 

 

 

5

 

 8) and
Dark Agouti rats (

 

n

 

 

 

5

 

 8) received 2, 5, and 10 mg/kg of
MDMA, plus a saline control injection, in random dose order,
separated by at least 48 h, with the Sprague–Dawley rats also
receiving a 20-mg/kg dose. All injections were given between
0900 and 1230 h. Rectal temperatures were measured at the
same times as above. Animals were singly housed in similar,
but slightly smaller, plastic cages (30 

 

3

 

 16 

 

3

 

 13 cm), with
standard bedding. Any animal showing signs of distress was
removed from the environmental chamber and returned to an
ambient temperature of 22

 

8

 

C. This action was required on
three occasions only.

 

Effect of MDMA on locomotor activity at 22 and 31

 

8

 

C. 

 

To
assess the influence of MDMA on locomotor activity, the ani-
mals undergoing core temperature readings were placed in
the locomotor activity chambers for a 30-min period, begin-
ning 30 min after MDMA administration. These chambers
were maintained at the designated temperature during this
period, and the total distance travelled was recorded.

 

Data and Statistical Analysis

 

For body temperature, the following variables were calcu-
lated: (a) the peak change (increase or decrease), and (b) the
area under the body temperature–time curve (AUC) from 0
to 360 min, calculated by the linear trapezoidal method. The
AUC provides a measure of the integrated temperature
change over the entire experimental period. Changes in body
temperature were frequently biphasic, with an initial decrease
followed by an increase. For this reason, maximum hypother-
mic and hyperthermic changes were analysed separately. For
locomotor activity the total distance travelled in the 30-min
period was calculated. Dose–response was assessed by analy-
sis of variance (ANOVA), followed by post hoc analysis by
Tukey’s multiple comparison test. The minimum level for sta-
tistical significance was 

 

p

 

 

 

,

 

 0.05. Results are expressed as
mean 

 

6

 

 standard error of the mean (SEM). The influence of
the order of drug treatment on dose effects was tested by two-
way ANOVA, and no significant order effects were observed.

 

p

 

-Values ranged from 0.056 to 0.840.

 

RESULTS

 

Body Temperature Responses at 22

 

8

 

C

Sprague–Dawley. 

 

A dose-dependent initial hypothermic
response, which occurred in the first 30 min, was observed
(Fig. 1A), with the effect of the highest dose (10 mg/kg) of
MDMA being significantly different (

 

p

 

 

 

,

 

 0.05) from saline.
The subsequent increase in temperature was not dose depen-
dent (Fig. 1B). There was no difference (

 

p

 

 

 

.

 

 0.05) in the area
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under the temperature–time curve between any of the doses,
including the control (Fig. 2A).

 

Dark Agouti. 

 

There was no dose-dependent initial hypoth-
ermic effect (Fig. 1A). Following administration of 10 mg/kg
MDMA, a biphasic response was noted. Hypothermia was
observed in the first 30 min postinjection, after which the
body temperature increased. There was a greater hyperther-
mic response at 10 mg/kg compared to 2 and 5 mg/kg (

 

p

 

 

 

,

 

0.01, Fig. 1B). There was no difference (

 

p

 

 

 

.

 

 0.05) in the area
under the temperature–time curve between any of the doses,
including the control (Fig. 2B).

There were no statistically significant differences (

 

p

 

 

 

,

 

0.05) in the magnitude of the hypo- or hyperthermic re-
sponses or area under the temperature–time curve between
the strains at any of the doses tested (Fig. 2).

 

Body Temperature Responses at 31

 

8

 

C

Sprague–Dawley. 

 

No significant decrease in initial temper-
ature was observed for any of the doses (Fig. 1A), and the hy-
perthermic effect was not significantly different between any
of the doses and the saline control (Fig. 1B). However, the
area under the temperature–time curve significantly increased
with dose (Fig. 2A). There were no deaths in this strain.

 

Dark Agouti. 

 

There was an inverse relationship between
MDMA dose and hypothermia in which the control and 2-mg/
kg doses were significantly (

 

p

 

 

 

,

 

 0.05) different to the 5- and
10-mg/kg doses (Fig. 1A). There was a dose-dependent in-
crease in body temperature, with the largest change being ap-
proximately 2.5

 

8

 

C at 10 mg/kg MDMA (Fig. 1B). At this dose

the exact magnitude of temperature elevation was difficult to
determine because the first two animals died 1–2 h after
MDMA administration, and this dose was, therefore, not fur-
ther investigated. The area under the temperature–time curve
was significantly greater (

 

p

 

 

 

,

 

 0.05) at 5 mg/kg compared to
the control and 2 mg/kg.

When compared to Sprague–Dawley rats, there was a
greater decrease in temperature in the Dark Agouti rats at 0
and 2 mg/kg MDMA (Fig. 1A). In addition, the area under
the temperature–time curve was significantly greater for the
Sprague–Dawley strain compared to the Dark Agouti animals
for the saline control, and 2 mg/kg doses (Fig. 2).

 

Locomotor Activity

 

At 22 and 31

 

8

 

C there was a dose-dependent increase in lo-
comotor activity in the Sprague–Dawley but not in the Dark
Agouti strain (Fig. 3). The Sprague–Dawley rats showed a sig-
nificantly greater increase in locomotor activity at 5 and 10
mg/kg compared to the Dark Agouti rats at 22

 

8

 

C. At 31

 

8

 

C,
there was no difference in locomotor activity between the two
strains given 2 or 5 mg/kg. The two rats that died exhibited
substantially reduced activity consistent with their premorbid
state.

 

DISCUSSION

 

We have confirmed the work of others that the acute ef-
fects of MDMA in the rat are manifested, in part, by disrup-
tion in thermoregulation (5,7,8,13,25,26) and increased loco-
motor activity (7,8,16,34), and that the thermoregulatory

FIG. 1. Maximum decrease (A) and maximum increase (B) in body temperature in
Sprague–Dawley (open bars) and Dark Agouti (closed bars) rats treated with MDMA
at an ambient temperature of 22 and 328C. Means 6 SEM, n 5 7–8 except # n 5 2. *p
, 0.05 **p , 0.01, ANOVA with post hoc test.
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changes are exaggerated at higher ambient temperatures
(8,13). All of the previously reported work has been carried
out in rat strains other than the female Dark Agouti, except
for the work of Colado et al. (5), who compared the effects
and disposition of MDMA in male and female Dark Agouti
animals. We are not aware that an appropriate strain compar-
ison (Sprague–Dawley against Dark Agouti) to examine the
effect of the CYP2D1 polymorphism has been hitherto re-
ported.

One of the major differences in outcomes between the two
strains was the lethality in the Dark Agouti rats. The highest
dose of MDMA could not be assessed in this strain at the 31

 

8

 

C
ambient temperature. In contrast, there was no lethality
among the Sprague–Dawley rats. This would appear to con-
firm the hypothesis that CYP 2D1/2D6 deficiency predisposes
to MDMA toxicity (5,30,32). The fact that the increased le-
thality occurred only at the high ambient temperature sug-
gests that it may be a result of hyperthermia.

The effect of MDMA on thermoregulation was complex
and the response pattern appears to be qualitatively different
in the two strains. The Sprague–Dawley group showed a dose-
dependent decrease in temperature at 22

 

8

 

C, but not at 31

 

8

 

C,
whereas in the Dark Agouti rats, hyperthermia occurred at
22

 

8

 

C only with 10 mg/kg, and there was an inverse relation-
ship between MDMA dose and hypothermia at 31

 

8

 

C. At
31

 

8

 

C, there was a nonsignificant increase in temperature in
the Sprague–Dawley rats, but a dose-related increase in the

Dark Agouti strain. The interstrain comparisons showed that
there was no difference in hypo- or hyperthermia or the AUC
between the two groups at 22

 

8

 

C. At 31

 

8

 

C, the Dark Agouti
strain showed a greater hypothermic effect than the Sprague–
Dawley animals, which in turn, had a larger AUC at 0 and 2
mg/kg than other group. Thus, overall, it appears that there is
little difference in temperature responses to MDMA between
the two strains at the doses given in this study, and our data do

FIG. 2. Area under the body temperature–time curve (AUC) at an ambient temperature of
228C (A) and 318C (B) in Sprague–Dawley and Dark Agouti rats treated with MDMA.
Means 6 SEM, n 5 7–8, except *# n 5 2. *p , 0.05 10 mg/kg compared with control in the
Sprague–Dawley group; **p , 0.05 5 mg/kg compared with 2 mg/kg and control in the Dark
Agouti group. The increase in AUC at an ambient temperature of 318C was significantly
(p , 0.05) greater in the Sprague–Dawley rats.

FIG. 3. Locomotor activity at 228C (22) and 318C (31) in Sprague–
Dawley (SD) and Dark Agouti (DA) rats treated with MDMA 0, 2,
5, or 10 mg/kg. Means 6 SEM, n 5 8. **p , 0.01 compared to Spra-
gue–Dawley at same dose and temperature, ANOVA with post hoc
test.
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not support a role for differential rates of CYP2D1-mediated
metabolism of MDMA influencing the thermogenic effects.

The biphasic response in temperature at 22

 

8

 

C has also
been noted by McNamara et al. (25) and Gordon (13), but not
by other authors (5,7–9,25), who may have missed the decline
in temperature because most workers have not measured
temperature in the first 30 min after MDMA administration.
The mechanism of this response is not clear. A large dose (10

 

m

 

g) of serotonin injected into the third ventricle or anterior
hypothalamus of the conscious monkey caused hypothermia
(27), which may occur because of transient overload of sero-
tonin receptors (26). A lower dose of 5 

 

m

 

g caused hyperther-
mia (27). Ambient temperature has a dramatic influence on
the direction and magnitude of MDMA-induced core body
temperature changes. Hypothermia has been reported at low
(about 10

 

8

 

C) ambient temperatures (7,13) in the Sprague–
Dawley strain and marked hyperpyrexia at 30

 

8

 

C, with some of
the animals dying (13).

Thus, there was little difference between the strains in the
thermal response to MDMA. The difference in lethality could
be explained by a relatively steeper dose–response curve for
hyperthermia among Dark Agouti rats. It is also possible that
lethality in Dark Agouti rats was due to some (unknown)
mechanism in addition to the effects on body temperature.

The existence of multiple differences in the actions of
MDMA between the strains is supported by the locomotor
activity data. The Sprague–Dawley group showed the ex-
pected dose-dependent increase in activity at both ambient
temperatures, but there was little response in the Dark Ago-
uti rats. There has been a consistent increase in locomotor ac-
tivity in response to MDMA (11,34), and where examined,
this has been dose dependent (7,9,19,23,24). All of the previ-
ous studies have been carried out in rat strains other than the
female Dark Agouti and at ambient temperatures of about
22

 

8

 

C, except for Dafters (7), who additionally examined the
effect of MDMA at 11

 

8

 

C. We are not aware that strain differ-
ences in locomotor activity at different ambient temperatures
have been previously reported. Our results lend weight to the
conclusions of Dafters (7) that there is a dissociation between
the thermic and kinetic effects of MDMA.

The pharmacokinetics and metabolism of MDMA are
complex, and make the results of in vivo studies very difficult
to interpret. In the rat, MDMA undergoes male-specific cyto-
chrome P450-mediated N-demethylation (4) to form 3,4-meth-
ylenedioxyamphetamine (MDA), whose pharmacological ac-
tivity is similar to MDMA (5,34), and two CYP2D1-mediated
demethylenation reactions to yield 3,4-dihydroxymetham-
phetamine (DHMA) (22) and 2,4,5-trihydroxymethamphet-
amine (THMA) (21), which is toxic to both serotonin and
dopamine neurones (18). THMA is formed from the precur-
sor ring hydroxylated metabolite 6-hydroxy-3,4-methylene-
dioxymethamphetamine (6-OHMDMA). In vivo, the relative
contribution of the demethylenation pathway to the overall
clearance and acute toxicity of MDMA is not known. In a
comprehensive study to compare the disposition and brain se-
rotonin-depleting effect of MDMA in male and female Sprague–
Dawley and female Dark Agouti rats, Chu and co-workers (4)
found that at 5 and 10 mg/kg MDMA, despite brain and
plasma concentrations of MDMA and MDA being signifi-
cantly higher in the female Dark Agouti group, serotonin de-
pletion was attenuated in the female Dark Agouti rat. Brain
concentrations of 6-OHMDMA were significantly greater in
the female Dark Agouti rats. These workers concluded that
the acute serotonin depletion caused by MDMA could also be
due to a CYP2D-catalyzed metabolite.

The major thrust of this study was to determine whether
the deficiency in CYP2D6 enzyme activity might enhance
acute MDMA toxicity and this then could explain the random
deaths that occur in humans. The results here suggest that if
this is so, it is not reflected in a simple increased hyperthermic
response to the drug. A better understanding of these mecha-
nisms may come about through the study of the metabolites
of MDMA and comparison of these with the actions of the
parent drug.
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