
Abstract Rationale: 3,4-Methylenedioxymethamphet-
amine (MDMA) produces a long-term depletion of sero-
tonin (5-HT) in the rat brain; this depletion may have
some functional consequences. Objective: The aim of
the present study was to evaluate the acute effects of
MDMA on the extracellular concentrations of dopamine
and 5-HT, body temperature and the 5-HT behavioral
syndrome in rats 7 days following a neurotoxic regimen
of MDMA. Methods: One week after the rats were treat-
ed with a neurotoxic regimen of MDMA (10 mg/kg, IP,
every 2 h for a total of four injections), the rats were in-
jected with a subsequent injection of MDMA. In vivo
microdialysis combined with HPLC was utilized to
measure the extracellular concentration of 5-HT and do-
pamine in the striatum. The increase in body tempera-
ture was determined by rectal temperature measure-
ments, and the 5-HT behavioral syndrome was scored
using a rating scale following the administration of
MDMA.Results: The neurotoxic regimen produced a
45% reduction in brain 5-HT concentrations. The mag-
nitude of the MDMA-induced increase in the extracel-
lular concentration of 5-HT, but not dopamine, in the
striatum produced by an acute injection of MDMA 
(7.5 mg/kg, IP) was reduced in rats treated previously
with the neurotoxic regimen of MDMA when compared
with that in control animals. In addition, the magnitude
of the 5-HT behavioral syndrome, as well as the hyper-
thermic response, produced by MDMA was markedly
diminished in rats that had previously received the neu-
rotoxic regimen of MDMA. Conclusions: It is conclud-
ed that the long-term depletion of brain 5-HT produced
by MDMA is accompanied by impairments in 5-HT
function, as evidenced by the deficits in the neurochem-
ical, thermal and behavioral responses to subsequent
MDMA administration.
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Introduction

The amphetamine analog 3,4-methylenedioxymetham-
phetamine (MDMA) is a recreational drug of abuse
which is considered to be potentially toxic to serotoner-
gic nerve terminals of rodents and non-human primates
(Green et al. 1995; Scheffel et al. 1998). The evidence of
MDMA-induced 5-HT toxicity is based on biochemical
studies in which there is a reduction in the tissue concen-
tration of 5-HT and its major metabolite 5-hydroxyin-
dole acetic acid (Stone et al. 1986; Schmidt 1987); re-
duction in the activity of the enzyme tryptophan hydrox-
ylase (Schmidt and Taylor 1987; Stone et al. 1987) and
reductions in [3H]-paroxetine-labelled 5-HT reuptake
sites (Battaglia et al. 1987). Moreover, there is immuno-
cytochemical evidence of 5-HT axon terminal damage
(Commins et al. 1987; O’Hearn et al. 1988; Scallet et al.
1988). The long-term effects of MDMA have been
shown to persist for at least 32 weeks in rats (Scanzello
et al. 1993; Sabol et al. 1995) and may even be perma-
nent in non-human primates (Ricaurte et al. 1992).

In addition to the long-term effects of MDMA on se-
rotonergic neurons, MDMA also exerts effects that are
thought to involve the acute release of 5-HT from axon
terminals. Indeed, MDMA has been shown to increase
the extracellular concentration of 5-HT, as well as dopa-
mine, in several brain regions in vivo (Yamamoto and
Spanos 1988; Nash 1990; Schmidt et al. 1992; Gudelsky
et al. 1994; Gudelsky and Nash 1996) and enhance the
release of 5-HT from brain slices or synaptosomes in vit-
ro (Johnson et al. 1986; Crespi et al. 1997). The acute re-
lease of 5-HT elicited by MDMA is thought to underlie
the behavioral and thermal responses produced by this
amphetamine analog. In rats, the administration of
MDMA results in a specific behavioral response known
as the 5-HT behavioral syndrome which consists of fore-
paw treading, head-weaving and low body posture
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(Spanos and Yamamoto 1989). The finding that the be-
havioral syndrome elicited by p-chloroamphetamine and
fenfluramine is attenuated by 5-HT antagonists and prior
depletion of 5-HT (Trulson and Jacobs 1976; Sloviter et
al. 1978a) supports the view that 5-HT, presumably re-
leased by these amphetamine analogs, mediates the in-
duction of these behaviors. MDMA also produces a sig-
nificant increase in body temperature that is thought to
be mediated by the activation of 5-HT2 receptors (Nash
et al. 1988; Schmidt et al. 1990).

Although the long-term effect of MDMA on brain
5-HT content has been well documented, the potential
functional consequences associated with MDMA-in-
duced depletion of brain 5-HT have not yet been thor-
oughly evaluated. In the present study, the neurochemi-
cal, thermal and behavioral responses to an acute injec-
tion of MDMA were evaluated 1 week after the adminis-
tration of a neurotoxic regimen of MDMA.

Material and methods

Animals

Male rats of the Sprague-Dawley strain (200–275 g, Charles River
Labs, Portage, Mich., USA) were used in the studies. The animals
were housed three per cage in the vivarium in a temperature and
light controlled room (lights on 0600–1800 hours) and allowed
food and water ad libitum.

Drug treatment

Rats were housed two per cage at 22–24°C and given either the
vehicle or a neurotoxic regimen of MDMA which consisted of
4 IP injections of MDMA (10 mg/kg) at 2-h intervals (Scanzello et
al. 1993). Neurochemical, behavioral and thermal responses to a
subsequent injection of MDMA were assessed in separate groups
of rats 1 week after the neurotoxic regimen of MDMA during the
period of 0900–1600 hours.

The racemic mixture of MDMA hydrochloride was provided
by the National Institute on Drug Abuse. MDMA was dissolved in
0.15 M NaCl and administered IP in a volume of 1 ml/kg. Doses
are expressed in terms of the salt.

In vivo microdialysis procedures

One group of rats treated with the neurotoxic regimen of MDMA
or the vehicle was implanted with a stainless steel guide cannula
under ketamine/xylazine (70/7 mg/kg, IM) induced anesthesia
48–72 h prior to the insertion of the dialysis probe. On the day be-
fore the dialysis experiment, a concentric style dialysis probe was
inserted through the guide cannula. The coordinates for the stria-
tum were A, 1.2 mm; L, 3.1 mm; V, –7 mm from bregma accord-
ing to the stereotaxic atlas of Paxinos and Watson (1986). The mi-
crodialysis probes were constructed as described previously
(Yamamoto and Pehek 1990). The dialysis surface of the mem-
brane (Spectra Por, 6000 MW cut-off, 210 µm outside diameter)
for the striatum was 4.5 mm in length. The probe placement was
verified at the end of the experiment by visual examination of
brain sections. The in vitro recovery of the probes was 10–15%
for dopamine, and no correction was made for recovery.

On the day of the dialysis experiment, the probe was connected
to an infusion pump set to deliver Dulbecco’s phosphate buffered
saline containing 1.2 mM CaCl2 and 10 mM glucose at a rate of
1.8 µl/min. After a 2-h equilibration period, dialysis samples were

collected every 30 min. At least three baseline samples were ob-
tained prior to drug treatment.

Biochemical measurements

The extracellular concentrations of dopamine and 5-HT and
the tissue concentrations of 5-HT were quantified with high per-
formance liquid chromatography (HPLC) with electrochemical de-
tection using methods similar to those described elsewhere
(Gudelsky et al. 1994). Briefly, samples were injected onto a C18
column connected to a LC-4B amperometric detector (Bioanalyti-
cal Systems, West Lafayette, Ind., USA). The mobile phase con-
sisted of 35 mM citric acid, 54 mM sodium acetate, 50 mg/l diso-
dium ethylenediamine tetraacetate, 50 mg/l octane sulfonic acid
sodium salt, 3% methanol, 3% acetonitrile, pH 4.2, and was
pumped at a flow rate of 0.4 ml/min. Peak heights following injec-
tion of 50 µl samples were recorded with an integrator, and the
quantity of dopamine and 5-HT were calculated on the basis of
known standards. The retention times for dopamine and 5-HT
were approximately 6 and 18 min, respectively.

For the analysis of 5-HT in tissue samples, rats were killed by
decapitation and the striatum was isolated and stored at –80°C un-
til analyzed for 5-HT content. The tissue samples were homoge-
nized in 0.2 N perchloric acid and centrifuged at 10 000 g for
10 min. An aliquot of the supernatant was analyzed by HPLC as
described above.

5-HT behavioral syndrome

In separate groups of rats treated with the neurotoxic regimen of
MDMA or vehicle, the 5-HT behavioral syndrome was assessed
according to the methods of Spanos and Yamamoto (1989). The
following components of the 5-HT syndrome were evaluated:
forepaw treading, headweaving and low body posture. On the day
of the experiment, the rats were placed individually in clear Plexi-
glas cages and allowed to acclimate for 1 h. Separate groups of
rats were injected IP with 7.5 or 15 mg/kg MDMA and the 5-HT
behavioral syndrome was observed and rated for a 1-min period
every 10 min for a duration of 90 min after MDMA administra-
tion. The scale used for rating was: 0=absent; 1=occasional (the
behavior is present for <30 s during the 1-min observation period);
2=frequent (the behavior is present for >30 s during the 1-min ob-
servation period); and 3=constant (the behavior is present for the
entire 1-min observation period). The scores for each behavior
were summed for the nine observation periods.

Body temperature measurements

Separate groups of rats treated with a neurotoxic regimen of
MDMA or the vehicle were transferred to a temperature-con-
trolled room (26°C) and allowed to acclimate for 1 h prior to the
measurement of body temperature. Rectal temperatures were re-
corded using a telethermometer and a thermistor probe. Measure-
ments were taken every 20 min for a 1-h period prior to the ad-
ministration of MDMA (7.5, 10 or 20 mg/kg, IP) and for a 2-h pe-
riod following the injection of the drug. Separate groups of rats
were used at each dose of MDMA.

Statistical analysis

Tissue concentrations of 5-HT and dopamine, and the data from
temperature studies were evaluated using a one-way analysis of
variance or Student’s t-test, respectively (Sigmastat, Jandel Scien-
tific). The behavioral syndrome elicited by a low dose (7.5 mg/kg)
of MDMA was analyzed by a non-parametric procedure (Kruskal-
Wallis test). The scores for each component of the behavioral syn-
drome in response to a high dose (15 mg/kg) of MDMA were ana-
lyzed with a one-way analysis of variance. Differences between
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treatment groups were determined with the use of the Student-
Newman-Keuls test. Data from dialysis experiments were ana-
lyzed using a two-way repeated measures analysis of variance fol-
lowed by a post-hoc analysis with Student-Newman-Keuls test for
multiple pairwise comparisons. Treatment differences for all the
data were considered statistically significant at P<0.05.

Results

The administration of MDMA (10 mg/kg, IP, every 2 h
for a total of four injections) produced a significant
decrease in the tissue concentration of 5-HT in the
striatum 1 week after drug administration [F(1,13)=35,
P<0.0001] (Table 1). However, this dosage regimen of
MDMA did not alter the tissue concentration of dopa-
mine in the striatum.

The acute injection of MDMA produced a significant
increase in the extracellular concentration of dopamine
and 5-HT in the striatum. The increase in the extra-
cellular concentration of 5-HT produced by MDMA

(7.5 mg/kg, IP) in rats that had received the neurotoxic
regimen of MDMA (10 mg/kg, IP, every 2 h for a total of
four injections) 1 week earlier was significantly less than
that in rats that had received the vehicle [main drug ef-
fect, F(1,16)=4.83, P<0.05] (Fig. 1A). However, the in-
crease in the extracellular concentration of dopamine
evoked by an acute injection of MDMA was not signifi-
cantly different in rats treated with the neurotoxic regi-
men of MDMA or the vehicle [main drug effect,
F(1,16)=0.01, P=0.92] (Fig. 1B). The neurotoxic regi-
men of MDMA did not alter the basal extracellular con-
centration of dopamine or 5-HT in the striatum.

The 5-HT behavioral syndrome produced by an acute
injection of MDMA (7.5 mg/kg, IP) predominantly con-
sisted of low body posture, and this response was signifi-
cantly attenuated in animals that had received the neuro-
toxic regimen of MDMA 1 week earlier [H(1)=8.22,
P<0.005] (Fig. 2). The acute IP administration of MDMA
at a dose of 15 mg/kg produced all the behaviors of the
syndrome, and the score for each component of the syn-
drome in rats treated earlier with the neurotoxic dose reg-
imen of MDMA was significantly less than the scores for

Table 1 Dopamine and 5-HT concentrations in the striatum 7
days following a neurotoxic regimen of MDMA. The rats were in-
jected with vehicle (VEH) or MDMA (10 mg/kg, IP; every 2 h for
a total of four injections). All animals were killed 7 days after
drug administration. The values represent the mean±SE of six to
eight rats

DA (ng/mg tissue) 5-HT

VEH 10.0±1.5 0.33±0.02
MDMA 8.6±1.5 0.18±0.02*

*Indicates values that differ significantly (P<0.0001) from VEH-
treated animals

Fig. 1A, B Effect of a neurotoxic regimen of MDMA on the
MDMA-induced increase in the extracellular concentration of 5-HT
(A) and dopamine (B) in the striatum. Seven days after treatment of
rats with vehicle (VEH) or the neurotoxic regimen of MDMA, all
animals were injected at time 0 with MDMA (7.5 mg/kg, IP). The
values represent the mean±SE of six to eight rats. *Indicates values
that differ significantly (drug×time interaction P<0.05) from vehi-
cle-pretreated animals. ● VEH, ■ MDMA pretreatment

Fig. 2 Effect of a neurotoxic regimen of MDMA on the 5-HT be-
havioral syndrome elicited by subsequent MDMA treatment. Sev-
en days after treatment of rats with vehicle (VEH, clear bars) or
the neurotoxic regimen of MDMA (hatched bars), the animals re-
ceived an injection of MDMA (7.5 mg/kg, IP). Each component of
the syndrome was rated for a 1-min period at 10-min intervals for
a total duration of 90 min. The scores for all three components
were added and a total score was obtained by summation of the
values for the nine observation periods. The values represent the
mean±SE of the total score for six to eight rats. *Indicates values
that differ significantly (P<0.005) from vehicle-pretreated animals

MDMA (7.5 mg/kg)
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the control rats [forepaw treading, F(1,11)=5.77, P<0.05;
head weaving, F(1,11)=7.23, P<0.05; low body posture,
F(1,11)=6.84, P<0.05] (Fig. 3).

The IP administration of MDMA (7.5–20 mg/kg) pro-
duced a dose-dependent hyperthermic response of ap-
proximately 1.2–2.2°C. The administration of 7.5 mg/kg
MDMA produced a hyperthermic response that was sig-
nificantly less [t(12)=3.24, P<0.001] in rats treated with
a neurotoxic regimen of MDMA, when compared to that
in the control rats (Fig. 4); the hyperthermic response to
10 mg/kg MDMA was also significantly diminished
[t(27)=2.87, P<0.001] in rats treated with the neurotoxic

regimen of MDMA. However, the increase in body tem-
perature produced by larger dose of MDMA (20 mg/kg,
IP) was not significantly different in the two groups of
animals [t(11)=1.32, P=0.2].

Discussion

The administration of a single dose of MDMA produced
an increase in the extracellular concentration of dopa-
mine and 5-HT in the striatum, consistent with previous
studies (Yamamoto and Spanos 1988; Nash 1990;
Schmidt et al. 1992; Gudelsky et al. 1994; Gudelsky and
Nash 1996). However, the MDMA-induced increase in
the extracellular concentration of 5-HT in the striatum
was suppressed in rats that had received a neurotoxic
regimen of MDMA. The suppression of MDMA-induced
5-HT release in rats in which brain 5-HT has been de-
pleted is consistent with the findings of Series et al.
(1994), who reported that treatment of rats with a neuro-
toxic regimen of amphetamine analogs, such as p-cloro-
amphetamine, MDMA and d-fenfluramine, attenuated
the release of 5-HT in the cortex in response to a subse-
quent injection of d-fenfluramine. In addition Gartside et
al. (1996) have reported that treatment of rats with high
doses of MDMA results in a marked reduction in 5-HT
release in the cortex following electrical stimulation of
the dorsal raphe nucleus. These results are consistent
with the view that the suppression of the MDMA-in-
duced increase in the extracellular concentration of 5-HT

Fig. 3 Effect of a neurotoxic regimen of MDMA on the 5-HT be-
havioral syndrome elicited by subsequent MDMA treatment. Sev-
en days after treatment of rats with vehicle (VEH, clear bars) or
the neurotoxic regimen of MDMA (hatched bars), the animals re-
ceived an injection of MDMA (15 mg/kg, IP) and each component
of the syndrome was rated for a 1-min period at 10 min intervals
for a duration of 90 min. The total score was obtained by summa-
tion of the values for the nine observation periods. The values re-
present the mean±SE of the total score for six to eight rats. *Indi-
cates values that differ significantly (P<0.05) from vehicle-pre-
treated animals

Fig. 4 Effect of a neurotoxic regimen of MDMA on subsequent
MDMA-induced hyperthermia. Seven days after treatment of rats
with vehicle (VEH, clear bars) or the neurotoxic regimen of
MDMA (hatched bars), body temperatures were recorded prior to
and following the acute injection of MDMA (7.5, 10 or 20 mg/kg,
IP). The values (mean±SE for six to eight rats) represent the in-
crease in body temperature, as calculated from the peak body tem-
perature following MDMA treatment minus the body temperature
at time 0. *Indicates values that differ significantly (P<0.001)
from vehicle-pretreated animals



may be due to the loss of 5-HT nerve terminals follow-
ing the repeated dose regimen of MDMA. The resulting
defect in 5-HT neurotransmission may only be evident
under conditions of stimulated 5-HT release, inasmuch
as the basal extracellular concentration of 5-HT in the
striatum, as well as in other brain regions (Gartside et al.
1996), is not altered by neurotoxic regimens of MDMA.
In accordance with the view that MDMA produces selec-
tive neurotoxicity to 5-HT axon terminals, the neurotoxic
regimen employed in the present study did not alter the
tissue concentration of dopamine in the striatum or the
basal or MDMA-induced increase in the extracellular
concentration of dopamine in the striatum.

The acute administration of MDMA produced a char-
acteristic 5-HT behavioral syndrome response, similar to
that observed by others (Slikker at al. 1989; Spanos and
Yamamoto 1989). However, the neurotoxic regimen of
MDMA resulted in a marked attenuation of the 5-HT
syndrome elicited by a subsequent injection of MDMA.
Series et al. (1995) and Baumann et al. (1998) have re-
ported an attenuation of behavioral responses to an acute
injection of d-fenfluramine, following treatment with
neurotoxic amphetamines such as p-chloroamphetamine,
MDMA and fenfluramine. Moreover, Frederick et al.
(1995, 1998) have reported decreased behavioral re-
sponses to MDMA in monkeys following a short-course,
high-dose exposure to MDMA. Slikker et al. (1989) have
also reported a decrease in the behavioral syndrome dur-
ing the repeated, daily, oral administration of MDMA,
although this attenuation may be attributed to the rapid
phase of MDMA-induced 5-HT depletion that occurs
within 24 h of drug treatment (Schmidt 1987). The
mechanism involved in the reduced behavior during dai-
ly administration of MDMA (Slikker et al. 1989) may be
different from that observed with the dosage regimen of
the present study, which may be a consequence of the
long-term degeneration of 5-HT axon terminals. Inas-
much as the behavioral response (e.g., head weaving,
fore-paw treading, flat body posture) evoked by MDMA
and other amphetamine analogs is considered to be me-
diated by 5-HT receptors following the enhanced release
of 5-HT from pre-synaptic neurons (Jacobs 1976;
Sloviter et al. 1978b), it is proposed that the reduction in
the MDMA-induced 5-HT behavioral syndrome in rats
in which brain 5-HT had been depleted is the result of a
reduction in the MDMA-induced release of 5-HT, and
reflects the functional consequences of the long-term de-
pletion of brain 5-HT.

An increase in body temperature was also produced
by an acute injection of MDMA, as has been reported in
earlier studies (Nash et al. 1988; Dafters et al. 1995;
Malberg et al. 1996). In the present study, the hyperther-
mic responses produced by low doses of MDMA (7.5
and 10 mg/kg, IP) in rats that had previously received
the neurotoxic regimen were significantly less than
those in control rats; a larger dose of MDMA (20
mg/kg) produced similar hyperthermic responses in both
groups of animals. The attenuated hyperthermic re-
sponse to low doses of MDMA may be the consequence

of a suppression in stimulated 5-HT release in rats treat-
ed with the neurotoxic regimen of MDMA. It is con-
ceivable that the administration of a large dose of
MDMA evokes 5-HT release that activates sufficient 5-
HT2 receptors to elicit a maximal hyperthermic re-
sponse. Thus, MDMA pretreatment appears to produce
a shift to the right in the dose-response curve of hyper-
thermia induced by MDMA. Recently, Dafters and
Lynch (1998) have also found evidence of long term
changes in thermoregulation following the repeated ad-
ministration of MDMA.

An alternative explanation for the diminished func-
tional responses to MDMA is the possibility of altered
5-HT receptor sensitivity. There is evidence to suggest
that the repeated administration of MDMA results in up-
regulation of 5-HT1A receptor density and m-RNA ex-
pression in certain brain regions, such as the frontal cor-
tex and hypothalamus (Aguirre et al. 1997, 1998). In ad-
dition, Obradovic et al. (1998) have reported increased
5-HT2C receptor density in the nucleus accumbens fol-
lowing repeated injections of MDMA. Although it seems
unlikely that an up-regulation of 5-HT receptors could
contribute to the diminished responses to MDMA, it is
necessary to consider the role of multiple 5-HT receptor
subtypes in some functions, e.g., thermoregulation.
Whereas the activation of 5-HT2 receptors may result in
an hyperthermic response (Nash et al. 1988; Schmidt et
al. 1990), activation of 5-HT1A receptors may produce
hypothermic responses (Gudelsky et al. 1986). More-
over, functional interactions between 5-HT1 and 5-HT2
receptors have been shown to play a role in thermoregu-
latory mechanisms in the rat (Salmi and Ahlenius 1998).
In view of the above findings, the diminished hyperther-
mic response to MDMA may be reflective of an up-regu-
lation of 5-HT1A sites that negates functionally the 5-
HT2 receptor mediated hyperthermic response.

The diminished functional responses to an acute in-
jection of MDMA following the repeated administration
of the drug also may be due to pharmacokinetic altera-
tions, viz., alterations in the metabolism or distribution
of MDMA. Gygi et al. (1996) have reported that the
brain concentration of methamphetamine following an
acute injection was reduced in rats that had received
12 doses of methamphetamine during a 3-day period. Al-
though it is not possible to preclude pharmacokinetic dif-
ferences in the present study, it is noteworthy that the
multiple dose regimen of MDMA employed in the pres-
ent study resulted only in a suppression of serotonergic
responses; the increase in the extracellular concentration
of dopamine elicited by MDMA was unaffected by prior
treatment. In addition, the dosage regimen in the present
study involved only 1 day of treatment in contrast to the
3 days of treatment employed by Gygi et al. (1996).

In summary, the extent to which an acute injection of
MDMA increased the extracellular concentration of
5-HT, increased body temperature and evoked the 5-HT
behavioral syndrome was diminished in rats that had re-
ceived a neurotoxic regimen of MDMA. These findings
suggest that MDMA-induced depletion of brain 5-HT
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content is accompanied by functional deficits in 5-HT
neurotransmission.
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