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Abstract

We examined the long term effect of 3,4 methylenedioxymethamphetamine (MDMA, 10, 20 and 30 mg/kg, i.p.) on the cerebral
5-hydroxytryptamine (5-HT) and dopamine content in Swiss Webster mice. Three injections of MDMA (20 or 30 mg/kg, i.p.) given
3 h apart produced a marked depletion in the striatal content of dopamine and its metabolites 3,4-dihydroxyphenylacetic acid
(DOPAC) and homovanillic acid (HVA) 7 days later. None of the doses administered altered the concentration of 5-HT or its
metabolite 5-hydroxyindoleacetic acid (5-HIAA) in several brain areas. Pre-treatment with the dopamine uptake inhibitor GBR
12909 (10 mg/kg, i.p.), 30 min before each of the three MDMA (30 mg/kg, i.p.) injections, completely prevented the long term
loss in the striatal catechol concentrations. However, GBR 12909 (10 mg/kg, i.p.) not only failed to prevent the acute effects induced
by MDMA (30 mg/kg × 3, i.p.) on dopamine metabolism 30 min later, but in fact potentiated them. The 5-HT uptake inhibitor,
fluoxetine (10 mg/kg, i.p.) failed to prevent both the acute and long term dopaminergic deficits. MDMA (30 mg/kg× 3) altered
the body temperature of the mice biphasically, producing a rapid hyperthermia followed by prolonged hypothermia. In contrast,
MDMA (20 mg/kg × 3) produced an initial hypothermia followed by hyperthermia. The present experiments therefore appear to
rule out any direct relationship between the neurotoxic effects of MDMA and its acute effects on body temperature in mice.
Fluoxetine administered 30 min before each MDMA (30 mg/kg) injection prevented these temperature changes, while GBR 12909
was without effect. This suggests that the neuroprotective effect of GBR 12909 against MDMA-induced neurotoxicity is not directly
related to its ability to inhibit the MDMA-induced acute effects on dopamine metabolism or alter the MDMA-induced temperature
change. The data illustrate major differences in the neurotoxic profile of MDMA in mice and rats.
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1. Introduction

Administration of 3,4-methylenedioxymethampheta-
mine (MDMA, ‘ecstasy’) to rats produces 2 major acute
events. The first is a marked release of 5-hydroxytrypta-
mine (5-HT) in several regions of the brain. This has
been demonstrated both in vitro using a synaptosomal
preparation (Schmidt et al., 1987) and also by using in
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vivo microdialysis (Schmidt et al., 1987; Gough et al.,
1991; Gudelsky and Nash, 1996). The second is a major
release of dopamine. Again this is demonstrable using
both in vitro techniques (Koch and Galloway, 1997) and
microdialysis (Koch and Galloway, 1997; Sabol and
Seiden, 1998; Colado et al., 1999). Interestingly the
dopamine release appears to result from both an
‘amphetamine-like’ release and as an indirect result of
the 5-HT release (Gudelsky and Nash, 1996; Koch and
Galloway, 1997). Administration of either 5-HT neuro-
toxins or antagonists in vivo prevents a major component
of the dopamine release (Nash, 1990; Schmidt et al.,
1990; Gudelsky and Nash, 1996), while 5-HT agonists
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enhance release (Gudelsky et al., 1994), indicating the
importance of increased 5-HT release in the mechanism
of the enhanced dopamine release (Gudelsky and Nash,
1996; Koch and Galloway, 1997).

MDMA administration also produces long term
changes in the brain of rats and also the brain of guinea
pigs and several species of non-human primates. In rats,
for example, there is clear and unequivocal evidence for
a substantial and sustained long term neurotoxic loss of
5-HT nerve terminals in several regions of the brain
(Stone et al., 1986; Schmidt, 1987; Schmidt and Kehne,
1990; Steele et al., 1994; Green et al., 1995; White et
al., 1996; Colado et al., 1997, 1999; Huether et al.,
1997). The degeneration has been demonstrated histo-
logically (O’Hearn et al., 1988; Molliver et al., 1990)
and biochemically and is reflected in a substantial
decrease in the concentration of 5-HT and its metabolite,
5-hydroxyindoleacetic acid (5-HIAA), and a decrease in
the density of 5-HT uptake sites labelled with [3H]-
paroxetine (Sharkey et al., 1991; Hewitt and Green,
1994; Colado et al., 1997). Two early studies suggested
that there was also a long term loss in striatal dopamine
content (Logan et al., 1988; Schmidt et al., 1987). How-
ever Logan et al. (1988) only saw this change following
a very large dose (150 mg/kg in 24 h) and not at half
this dose and Schmidt’s later papers appeared not to con-
firm his initial report (see for example, Schmidt and
Kehne, 1990). Indeed there are many other reports indi-
cating that MDMA, given at a dose that produces a
major neurotoxic loss of 5-HT leaves long term dopam-
ine and noradrenaline concentrations unaltered (Stone et
al., 1986; Battaglia et al., 1987; Schmidt and Kehne,
1990; Lew et al., 1996; Sabol et al., 1996; Colado et al.,
1997, 1999).

There have been relatively few studies on the effects
of MDMA in mice when compared to the number of
studies in rats. However the consensus is that MDMA
behaves as a relatively selective dopaminergic neuro-
toxin in mice having little effect on 5-HT containing
neurons, but inducing a sustained loss in the concen-
tration of dopamine and its metabolites in the striatum
(Stone et al., 1987; Logan et al., 1988; O’Callaghan and
Miller, 1994). The MDMA-induced loss in the striatal
catechol content induced by MDMA in mice probably
reflects a neurotoxic degeneration of dopamine nerve ter-
minals similar to that which occurs following metham-
phetamine administration (Green et al., 1992; Baldwin
et al., 1993; Bowyer et al., 1994; Itzhak and Ali, 1996).

In spite of the existence of a substantial amount of
information on the neurotoxic effects induced by
MDMA in rats, studies focusing on evaluating the mech-
anism by which MDMA produces selectively toxic dam-
age to dopamine containing neurones in mice are scarce.
We have now therefore conducted a systematic study to
further characterise the acute and long term effects
induced by MDMA on 5-HT and dopamine concen-

trations in the brain of Swiss Webster mice and to inves-
tigate the possible relationship between MDMA-induced
changes in body temperature and the long term neuro-
toxicity. The role of dopamine and 5-HT transporters on
both these effects has also been evaluated since there is
some evidence that blockade of either the 5-HT
(Schmidt, 1987) or dopamine (Stone et al., 1988) trans-
porter attenuates MDMA-induced neurodegeneration in
the rat (and see Discussion).

2. Methods

2.1. Animals, drug administration and experimental
protocol

Adult male Swiss–Webster mice (CFW1, Interfauna,
Barcelona, Spain) weighing 30–35 g were used. They
were housed in groups of 10, in conditions of constant
temperature (21°C ± 2°C) and a 12 h light/dark cycle
(lights on: 07 h.00 min) and given free access to food
and water.

The following drugs were used: (±) 3,4-methylene-
dioxymethamphetamine HCl (MDMA, Ministry of
Health, Spain), fluoxetine (Lilly S.A., Spain) and GBR
12909 (R.B.I., Spain). MDMA, fluoxetine and GBR
12909 were dissolved in 0.9% w/v NaCl (saline) and
injected i.p. in a volume of 10 ml/kg. Control animals
were injected with saline. Doses are always quoted in
terms of the base.

The effects of repeated administration of MDMA (10,
20, 30 mg/kg, 3 times, every 3 h) on brain catechol and
indole concentrations were examined either 3 h or 7 days
later. We used this regimen, because, when applied to
methamphetamine, it produces a loss of dopamine nerve
terminals (Itzhak and Ali, 1996). In the neuroprotection
studies, GBR 12909 (10 mg/kg), fluoxetine (10 mg/kg)
or saline were always given 30 min before each of three
MDMA (30 mg/kg) or saline injections 3 h apart, ani-
mals being sacrificed 30 min or 7 days after the last
MDMA administration.

2.2. Measurement of rectal temperature

Temperature was measured by use of a digital readout
thermocouple (Type K thermometer, Portec, UK) with a
resolution of±0.1°C and accuracy of±0.2°C attached to
a CAC-005 Rodent Sensor which was inserted 2 cm into
the rectum of the mouse, the animal being lightly
restrained by holding in the hand. A steady readout was
obtained within 10 s of probe insertion. Mice receiving
different doses of MDMA as well as those injected with
MDMA (30 mg/kg) plus GBR 12909 or fluoxetine were
evaluated in parallel.
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2.3. Measurement of monoamines and their
metabolites in cerebral tissue

Mice were killed by cervical dislocation and decapi-
tation, the brains rapidly removed and cortex, hippocam-
pus and striatum dissected out on ice. Tissue was hom-
ogenised and 5-HT, 5-HIAA, dopamine, homovanillic
acid (HVA) and 3,4-dihydroxyphenylacetic acid
(DOPAC) measured by high performance liquid chroma-
tography (HPLC). Catechol concentration was only
determined in the striatum since in this area the majority
(95%) of monoaminergic terminals are dopaminergic.
Briefly, the mobile phase consisted of KH2PO4 (0.05 M),
octanesulphonic acid (0.16 mM), EDTA (0.1 mM) and
methanol (16%), and was adjusted to pH 3 with phos-
phoric acid, filtered and degassed. The flow rate was 1
ml/min and the working electrode potential was set at
+0.8 V.

The HPLC system consisted of a pump (Waters 510,
Spain) linked to an automatic sample injector (Loop 200
µl, Waters 712 WISP), a stainless steel reversed-phase
column (Spherisorb ODS2, 5µm, 150 × 4.6 mm) with
a precolumn and an amperometric detector (Waters
M460). The current produced was monitored by using
an integrator (Waters M745).

2.4. Statistics

Data from the monoamine studies were analysed using
one-way ANOVA followed by the Tukey multiple com-
parison test when a significantF value was obtained.
Statistical analyses of the temperature measurements
were performed using the statistical computer package
BMDP/386 Dynamic (BMDP Statistical Solutions, Cork,
Eire). Data were analysed by analysis of variance
(ANOVA) with repeated measures (program 2V) or,
where missing values occurred, an unbalanced repeated
measure model (program 5V) was used. Both used treat-
ment as the between subjects factor and time as the
repeated measure. ANOVA was performed on both pre-
treatment and post-treatment data.

3. Results

3.1. Acute effects of MDMA on dopamine and 5-HT
concentrations in mouse brain

Repeated administration of MDMA (10, 20 and 30
mg/kg, i.p.), 3 times, every 3 h, resulted in a dose-depen-
dent depletion in the DOPAC content and a modest
decrease in dopamine concentration 3 h after injection of
the higher dose tested. The HVA concentration remained
unaltered (Fig. 1).

At this time, MDMA (10, 20 and 30 mg/kg, i.p.) also
produced a modest decrease in the 5-HT and 5-HIAA

Fig. 1. Effect of MDMA (10, 20 and 30 mg/kg) given 3 times 3 h
apart on the striatal concentrations of (a) dopamine (DA) and (b) 3,4-
dihydroxyphenylacetic (DOPAC) and homovanillic (HVA) acids 3 h
after last MDMA injection. The results are shown as mean± SEM
(n=5–6). Different from saline: *p,0.01, **p,0.001. Different from
10 mg/kg MDMA: fp,0.05, ffp,0.01, fffp,0.001. Different from 20
mg/kg MDMA: =p,0.05,==p,0.01.

concentration in cortex and hippocampus and a decrease
in the 5-HIAA concentration in the striatum (Fig. 2).
These changes were similar in the examined interval
of doses.

3.2. Effects of GBR 12909 and fluoxetine on acute
changes induced by MDMA in dopamine concentration

In these experiments, fluoxetine or GBR 12909 was
administered 30 min before each of the 3 MDMA (30
mg/kg, i.p.) injections, the animals being sacrificed 30
min after the last injection. Repeated administration of
the dopamine uptake inhibitor, GBR 12909 (10 mg/kg,
i.p.) to saline-treated mice produced a significant
decrease in the concentration of dopamine and DOPAC
in the striatum (Fig. 3). When GBR 12909 was given
30 min before MDMA it enhanced the MDMA-induced
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Fig. 2. Effect of MDMA (10, 20 and 30 mg/kg, i.p.) given 3 times 3 h apart on the indole concentrations of (a) hippocampus, (b) cortex and (c)
striatum 3 h after the last MDMA injection. The results are shown as mean± SEM (n=5–6). Different from saline: *p,0.05, **p,0.01, ***p,0.001.

depletion of dopamine, produced no change in DOPAC
content and increased the HVA concentration in the stri-
atum (Fig. 3).

In contrast, fluoxetine (10 mg/kg, i.p.) did not produce
any effect on dopamine metabolism in saline-treated ani-
mals nor did it modify the acute changes induced by
MDMA on dopamine metabolism (data not shown).

3.3. Effect of MDMA on brain monoamine
concentrations 7 days later

Repeated administration of MDMA (20 or 30 mg/kg,
i.p. × 3) produced a dose-dependent loss in the striatal
concentration of dopamine and its metabolites, DOPAC
and HVA (Fig. 4), the effect following the dose of 10
mg/kg not being significant (Fig. 4). No effect was seen
on the concentration of 5-HT, or its metabolite 5-HIAA,
in the hippocampus, cortex and striatum, even at the
highest dose (Table 1).

3.4. Effects of fluoxetine and GBR 12909 on MDMA-
induced dopamine loss

Administration of GBR 12909 (10 mg/kg, i.p.) 30
min before each of the three MDMA (30 mg/kg, i.p.)

doses completely prevented the MDMA-induced loss
in the striatal content of dopamine and its metabolites
(Fig. 5). In contrast, fluoxetine (10 mg/kg, i.p.) failed
to provide protection (Fig. 5). Neither GBR 12909 nor
fluoxetine administration altered the striatal concen-
tration of dopamine and its metabolites in saline-treated
mice (Fig. 5).

3.5. Effect of repeated administration of MDMA on
rectal temperature

The first injection of MDMA (10 mg/kg, i.p.) induced
a marked hypothermic response lasting 2.5 h, the second
and third injections not producing any effect on body
temperature. The dose of 20 mg/kg of MDMA also
induced a decrease in body temperature after the first
injection and a modest hyperthermia after the second
injection which was maintained throughout the rest of
the experiment. Following MDMA (30 mg/kg) mice
became hyperthermic immediately after the first injec-
tion. The second injection progressively decreased rectal
temperature, mice showing marked hypothermia during
1 h after the third MDMA dose (Fig. 6).
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Fig. 3. The effect of GBR 12909 on the changes induced by MDMA
(30 mg/kg, i.p.) on the concentrations of (a) dopamine (DA) and (b)
3,4-dihydroxyphenylacetic (DOPAC) and homovanillic (HVA) acids
in the striatum of mice receiving saline or GBR 12909 (GBR, 10
mg/kg) 30 min before each of 3 MDMA injections 3 h apart. Mice
were sacrificed 30 min after last MDMA administration. The results
are shown as mean± SEM (n=5–10). Different from saline:
*p,0.05, **p,0.001. Different from MDMA:=p,0.05,==p,0.001.

3.6. Effects of GBR 12909 and fluoxetine on rectal
temperature of MDMA-treated mice

Pre-treatment with GBR 12909 (10 mg/kg, i.p.) did
not modify the changes on rectal temperature induced
by MDMA (30 mg/kg) (Fig. 7) whilst pretreatment with
fluoxetine (10 mg/kg, i.p.) abolished the effect of
MDMA on body temperature in such a way that mice
receiving fluoxetine and MDMA showed a temperature
similar to that observed in saline-treated animals (Fig.
7). The administration of either GBR 12909 or fluoxetine
to saline-treated mice did not produce any change in the
rectal temperature (data not shown).

Fig. 4. Effect of repeated administration of MDMA (10, 20 and 30
mg/kg, i.p.) on the striatal concentrations of (a) dopamine (DA) and (b)
3,4-dihydroxyphenylacetic (DOPAC) and homovanillic (HVA) acids 7
days after treatment. The results are shown as mean± SEM (n=5–11).
Different from saline: **p,0.001. Different from 10 mg/kg MDMA:
fp,0.05, ffp,0.01, fffp,0.001. Different from 20 mg/kg MDMA:
=p,0.01.

4. Discussion

The current studies suggest that both the acute and the
long term neurotoxic effects of MDMA in the mouse
brain are markedly different from its effects in the rat
brain. This appears to be true in terms of its effects on
both dopamine and 5-HT biochemistry. The effects will
now therefore be discussed in turn.

4.1. Effect of MDMA on 5-HT biochemistry in the
brain

Three hours after the last dose of MDMA to mice
there was a modest decrease in the 5-HT concentration
in the cortex and hippocampus, but not striatum. There
was also a small decrease in the 5-HT metabolite, 5-
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Table 1
The indole concentrations in hippocampus, cortex and striatum 7 days
after MDMA (10, 20 and 30 mg/kg, i.p.) given 3 times 3 h aparta

Saline MDMA

10 mg/kg 20 mg/kg 30 mg/kg

Hippocampus
5-HT 343±19 335±20 325±23 354±17
5-HIAA 387±8 374±18 367±29 376±19
Cortex
5-HT 444±43 408±31 380±32 415±41
5-HIAA 194±11 181±14 180±7 180±8
Striatum
5-HT 502±18 455±22 455±29 443±25
5-HIAA 480±19 456±25 490±18 436±50

a Results shown as mean± SEM, n=5–9. Indole concentrations
expressed in ng/g tissue.

HIAA, in all 3 regions. Stone et al. (1987) previously
reported that MDMA produced a slight and reversible
depletion of 5-HT and 5-HIAA concentration in mouse
striatum. The effect was not dose-related and may reflect
enhanced 5-HT release from nerve terminals (Steele et
al., 1987), since mouse tryptophan hydroxylase does not
appear to be inhibited by MDMA (Stone et al., 1987) in
contrast to rat brain (Schmidt and Taylor, 1987, 1988).
These data contrast strongly with the effect of MDMA
in rat brain where single or repeated doses of MDMA
produce a profound decrease in the cerebral 5-HT con-
tent in the first few hours following MDMA adminis-
tration (see Colado and Green, 1994).

In addition, in contrast to the data reported by Logan
et al. (1988), but in agreement with others (Battaglia et
al., 1988; O’Callaghan and Miller, 1994), our study
found MDMA administration to mice did not produce
any long lasting effect on the indole content. This is
again in marked contrast to the effect of MDMA in rats
where it produces sustained neurotoxic damage to 5-HT
nerve terminals, which is reflected in a long term loss
in the 5-HT concentration of several brain regions (Stone
et al., 1986; Schmidt, 1987; Schmidt and Kehne, 1990;
Steele et al., 1994; Green et al., 1995; White et al., 1996;
Colado et al., 1997, 1999; Huether et al., 1997).

4.2. Effect of MDMA on dopamine biochemistry in the
brain

Three hours after the last dose of MDMA there was a
dose dependent decrease in dopamine and its metabolite
DOPAC in mouse brain. Our study therefore confirmed
the report of Logan et al. (1988) showing that as early
as 3 h after administration, MDMA produced a modest
reduction in dopamine concentration. Measures of dopa-
mine metabolites do not allow accurate interpretations in
terms of dopamine release and microdialysis studies are
essential to clarify whether MDMA actually releases

Fig. 5. The striatal concentrations of (a) dopamine (DA), (b) 3,4-
dihydroxyphenylacetic (DOPAC) and (c) homovanillic (HVA) acids 7
days after saline, GBR 12909 (GBR, 10 mg/kg) or fluoxetine (Flu, 10
mg/kg) 30 min before saline or each of 3 MDMA (30 mg/kg) injections
3 h apart. The results are shown as mean± SEM (n=5–7). Different
from saline: *p,0.05, **p,0.01, ***p,0.001. Different from
MDMA: =p,0.05,==p,0.01,===p,0.001.

dopamine in mouse brain. However the decrease in
dopamine content, even after 3 doses of MDMA was
small, suggesting a modest effect. In rats, there is sub-
stantial evidence that MDMA produces a large acute
increase in dopamine release (Koch and Galloway, 1997;
Sabol and Seiden, 1998; Colado et al., 1999), an effect
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Fig. 6. Effect of MDMA (10, 20 and 30 mg/kg, i.p.) given 3 times
3 h apart (indicated by the arrow) on rectal temperature in mice.
Results show change in temperature after subtracting all data by a
baseline value corresponding to saline-treated mice. The symbols are
shown as mean and the vertical lines indicate SEM (n=5–12). There
was no difference in the basal temperature of the groups. There was
a significant difference between the response of the mice to MDMA
20 mg/kg compared to 30 mg/kg after the first (F (1,22)=26.53,
p,0.001) and second injection (F(1,22)=12.32,p,0.01). Changes
induced by MDMA 20 mg/kg were not significantly different from
those of MDMA 10 mg/kg (F(1,15)=3.73,p=0.0725.

that is, in part, due to the enhanced 5-HT release occur-
ring at the same time. It has been shown, for example,
that fluoxetine prevents the increased dopamine release
(Gudelsky and Nash, 1996; Koch and Galloway, 1997).
For this reason we examined the effect of both fluoxetine
and GBR 12909 on the acute effects of MDMA on dopa-
mine metabolism.

In contrast to the effect in rats (Gudelsky and Nash,
1996; Koch and Galloway, 1997), fluoxetine had no
effect on the MDMA-induced change in dopamine
metabolism. Administration of GBR 12909 not only
failed to prevent the acute effects of MDMA on the
dopamine system, but in fact potentiated them. This is
hard to reconcile with the evidence in rats that GBR
12909 prevents MDMA-induced dopamine release in rat
brain slices (Koch and Galloway, 1997), but is consistent
with the observation that mazindol failed to block
methamphetamine-induced dopamine depletion in rat
brain in vivo (Marek et al., 1990a). Thus one may pro-
pose that the mechanisms involved in dopamine release
in rat and mouse brain differ and the question arises as
to whether the acute change in dopamine concentration
following MDMA involves the dopamine carrier.

Differences between the action of MDMA on dopam-
ine in mouse and rat brain are also emphasised in our
studies on the long term consequences of drug adminis-
tration. While there have been some reports that MDMA

Fig. 7. Effect of pretreatment of mice with GBR 12909 (GBR, 10
mg/kg, i.p.) or fluoxetine (Flu, 10 mg/kg, i.p.) 30 min before MDMA
(30 mg/kg, i.p.) on rectal temperature. MDMA was given 3 times 3 h
apart. Results show change in temperature after subtracting all data by
a baseline value corresponding to saline-treated mice. The symbols are
shown as mean and the vertical lines indicate SEM (n=5–8). There
was no difference in the basal temperature of the groups. Whilst GBR
did not alter the changes induced by MDMA on temperature either
after the first (F (1,8)=0.004, n.s.) or second injections (F(1,8)=0.952,
n.s.), fluoxetine prevented the first (F(1,11)=8.053,p,0.01) and
second response (F(1,11)=10.839,p,0.001).

produces long term neurotoxic loss of dopamine nerve
endings in rat brain, the majority of studies indicate that
there is no long term damage to dopaminergic systems
(see Introduction). In contrast, MDMA is clearly damag-
ing to dopaminergic terminals in mouse brain, producing
a major long term loss in cerebral dopamine content (this
paper; Logan et al., 1988; Laverty and Logan, 1990;
Miller and O’Callaghan, 1994) which probably reflects
a neurotoxic degeneration of dopamine nerve terminals
in the striatum (Mann et al., 1997). In rats, the dopamine
uptake inhibitor GBR 12909 protects against neurodeg-
eneration of 5-HT neurones (Stone et al., 1988), but in
mice GBR 12909 protects against damage to dopamine
nerve terminals (this paper). It is noteworthy that the
dopamine uptake inhibitor mazindol prevents metham-
phetamine-induced damage to dopamine nerve endings
(Marek et al., 1990b). In contrast, the 5-HT uptake
inhibitor protects against MDMA-induced damage to 5-
HT nerve endings in rats (Schmidt, 1987; Malberg et al.,
1996), but is ineffective against MDMA-induced dam-
age to dopaminergic neurones in mice (this paper).

It has been suggested that MDMA acts as a substrate
of the dopamine uptake system in rat brain (Crespi et
al., 1997). If that were so in mouse brain then GBR
12909 would be expected to inhibit the entry of MDMA
into the nerve terminal. Our data does not support this
hypothesis because co-administration of GBR 12909
with MDMA produced a greater effect on dopamine
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release than that obtained with each compound separ-
ately. On the other hand, MDMA is relatively lipid sol-
uble and could therefore enter the nerve terminal by
passive diffusion as occurs in synaptosomes (Zaczek et
al., 1990). Taken together, these observations indicate
that the neuroprotective effect of GBR 12909 against
MDMA-induced toxicity in mice is probably not due to
its ability to prevent either the entry of MDMA into the
neuron or inhibit dopamine release into the synaptic
cleft. In this context, it is worth noting that MDMA-
induced dopamine release involves both a Ca2+-inde-
pendent process mediated by the transporter (Schmidt et
al., 1987; Nash and Brodkin, 1991; Crespi et al., 1997)
and a Ca2+-dependent mechanism which involves an
increase in the Ca2+ intracellular concentration leading
to an exocytotic-like release (Crespi et al., 1997).

The proposal that the mechanism of neurotoxic dam-
age induced by MDMA is not due to the parent com-
pound but to a metabolite is supported by the fact that,
in the rat, i.c.v. injection, or the continuous perfusion of
MDMA into the hippocampus does not produce any long
term effect on 5-HT nerve terminals or cell bodies (Paris
and Cunningham, 1991; Esteban et al., 1999). MDMA
must therefore have to be transformed to both quinone
and catechol metabolites which, on further metabolism,
would result in the formation of free radicals in the rat
hippocampus (Colado et al., 1997) and in changes in the
activities of various antioxidant enzimes (CuZn superox-
ide dismutase, catalase and glutathione peroxidase) in
several areas of the mouse brain (Cadet et al., 1995; Jay-
anthi et al., 1999). The current results appear to allow
two possible interpretations: (1) GBR 12909 is pre-
venting the entry into the terminal of a neurotoxic metab-
olite of MDMA via the dopamine transporter or, (2)
GBR 12909 may have additional actions on dopami-
nergic neurones. The first possibility seems to be the
most likely if we take into account that GBR 12909 is
a rather selective dopamine uptake inhibitor (Van Der
Zee et al., 1980; Andersen, 1989), not producing
appreciable effects on either norepinephrine (Heikkila
and Manzino, 1984) or 5-HT (this work) uptake mech-
anisms. Our findings are thus consistent with those of
Marek et al. (1990a) showing that other dopamine
uptake inhibitors such as amfonelic acid or mazindol,
did not block the acute depletion of dopamine neostriatal
levels induced by administration of a single high dose
of methamphetamine, but did prevent the long term loss
of cerebral dopamine (Marek et al., 1990b).

4.3. Effects on rectal temperature

Traditionally the release of 5-HT and dopamine
induced by amphetamine derivatives has been associated
with the drug-induced hyperthermia (Bowyer et al.,
1993; White et al., 1996). However, the acute 5-HT
depletion induced by MDMA in mice was similar for all

the doses tested while the temperature change followed
different patterns. In addition, the current experiments
also appear to rule out any direct relationship between
the neurotoxic effects of MDMA and its acute effects on
body temperature. MDMA (30 mg/kg) altered the body
temperature biphasically, producing rapid hyperthermia
followed by prolonged hypothermia. Fluoxetine admin-
istered before each MDMA injection prevented these
changes but did not provide protection. Furthermore,
GBR 12909 did not modify the MDMA-induced change
in body temperature, indicating not only that its neurop-
rotective effect is unrelated to effects on body tempera-
ture but also that changes in dopaminergic activity are
not the mechanism by which MDMA alters rectal tem-
perature.

Finally, the MDMA-induced acute change in body
temperature, specifically acute hyperthermia, plays a
major role in the occurrance of the subsequent neurodeg-
eneration in rats (Malberg et al., 1996; Colado et al.,
1998, 1999), but temperature changes appear to have
little if any role in the neurotoxic effect of MDMA in
mice.

4.4. Summary

The current results favour the view that MDMA has
very different effects on both 5-HT and dopamine neuro-
chemistry in mouse brain when compared with its effects
in rat brain. Further in vitro and in vivo studies are
required to clarify the reasons for these differences.
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