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Abstract We investigated several behavioural responses
induced by repeated administration of MDMA in mice that
could be related to its potential abuse liability. Mice treated
with MDMA at the dose of 10 mg/kg displayed a signifi-
cant conditioned place preference with respect to saline
treated controls, while lower doses (0.3, 1.0, 3.3 mg/kg) had
no effect. The development of physical dependence was
also investigated. Mice were treated with MDMA (10 mg/
kg) twice daily for 5days. On day 6, following a single
administration of MDMA mice received the following
monoaminergic antagonists: metergoline (0.1 and 1 mg/kg),
ritanserin (0.25 and 1 mg/kg), timolol (2 and 10 mg/kg),
prazosin (0.25 and 1 mg/kg), SCH 23390 (0.05 and 0.25 mg/
kg), raclopride (0.1 and 0.5 mg/kg) or vehicle, and several
somatic manifestations of withdrawal were evaluated for
45 min. Metergoline induced paw tremor, face rubbing, as
well as an increase in locomotor activity in mice chroni-
cally treated with MDMA. Ritanserin, and timolol in-
duced only paw tremor, while SCH 23390 and raclopride
did not produce any somatic manifestation indicative of
abstinence. The possible modification of the rewarding
properties of MDMA (10 mg/kg) by the monoaminergic
antagonists producing the most relevant somatic signs of
withdrawal namely, metergoline (0.1 and 1 mg/kg) and
timolol (2 and 10 mg/kg) were tested in the conditioned
place preference paradigm. Results showed that metergo-
line did not significantly modify the rewarding properties
of MDMA, whereas only the highest dose of timolol was
able to decrease MDMA reward. No signs of dopaminer-
gic neurotoxicity were observed following chronic treat-
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ment with MDMA as revealed by [*H] mazindol binding.
The possible motivational and affective components of
the withdrawal syndrome were assessed in the suppres-
sion of operant responding for food, the conditioned place
aversion, and the lit/dark paradigms. Results showed that
the somatic symptoms observed were not accompanied
by any aversive/dysphoric or anxiogenic-like behaviours.
These results reveal the rewarding properties of MDMA
in mice, and suggest that chronic MDMA administration
does not induce classical manifestations of physical de-
pendence in mice.

Keywords Reward - Abstinence - Dopamine - Serotonin -
Noradrenaline - Place preference/aversion - Operant
responding - Lit/dark box

Introduction

MDMA (3,4-methylenedioxy-methylamphetamine, “ec-
stasy”) is a phenethylamine derivative with psychostimu-
lant properties widely used by young adults during night
parties. Its acute effects in humans include hyperactivity,
emotional closeness, mental acuity and reduced fatigue
(Greer and Tolbert 1986; Peroutka et al. 1988; Cami et al.
2000). Studies in laboratory animals have attributed its
locomotor stimulating effects to both the activation of
serotonergic and dopaminergic systems (Gold et al. 1989;
Callaway et al. 1990).

Although the evidence for MDMA rewarding proper-
ties in experimental animals seems undoubtedly strong
(Beardsley et al. 1986; Lamb and Griffiths 1987; Bilsky et
al. 1991; Marona-Lewicka et al. 1996; Ratzenboeck et al.
2001; Braida and Sala 2002; Meyer et al. 2002), the ques-
tion still remains as to whether or not MDMA produces
these effects in mice. This is an important issue considering
the species differences that exist with respect to MDMA
neurochemical effects, and the prospect of using geneti-
cally modified mice to study the neurobiological substrates
of these effects. Indeed, it has been shown that repeated
MDMA administration induces a sustained loss in dopa-



mine, but not in serotonin concentrations in the mouse
striatum, while in rats the opposite occurs (Stone et al.
1987; Logan et al. 1988; Colado et al. 1999; O’Shea et al.
2001).

At doses that produce rewarding effects, MDMA in-
creases the release of dopamine in the nucleus accumbens
of rats (Yamamoto and Spanos 1988; Marona-Lewicka et
al. 1996; White et al. 1996; Kankaanpai et al. 1998). In-
creased activity in the mesolimbic dopaminergic system is
thought to be a common neuronal substrate mediating the
rewarding properties of prototypical drugs of abuse in-
cluding alcohol, psychostimulants, nicotine, opioids, and
cannabinoids (Chen et al. 1990; Yoshimoto et al. 1992;
Pontieri et al. 1996; Koob and Le Moal 2001). This effect
on dopamine release has been reported to be responsible,
at least in part, for MDMA rewarding properties (Bilsky et
al. 1998).

An important aspect of MDMA action that is unex-
plored to date is the capacity of this substance for produc-
ing physical dependence. The majority of human studies
have concentrated on correlating the cognitive and affective
impairments observed in MDMA users with the neuro-
toxic damage produced, and on evaluating the duration of
these effects (Reneman et al. 2000; Gouzoulis-Mayfrank
et al. 2000). Clinical studies to date do not reveal the devel-
opment of physical dependence in humans after MDMA
consumption. However, this negative result could be biased
by the pattern of consumption since most ecstasy users con-
sume this drug intermittently during weekends. Further-
more, there are no studies in animals examining whether
or not MDMA can produce physical dependence probably
owing to the complexity of MDMA action involving a
multiplicity of neurotransmitter systems. Animal studies are
suitable to address this issue since they allow optimizing
of pharmacological treatment conditions required to de-
velop physical dependence. This is an important question
given that there is a considerable amount of data suggest-
ing the abuse liability of MDMA (Cami et al. 2000). Thus,
human studies have recognized small sub-populations of
long-time consumers of elevated quantities of MDMA
fulfilling DSM-IV criteria for abuse or dependence (von
Sydow et al. 2002). Furthermore, a variety of new differ-
ent patterns of MDMA use has become known in recent
years, including “bingeing” or taking multiple doses over
a period of hours or days, and intravenous administration
(Hammersley et al. 1999; Topp et al. 1999). These chang-
ing patterns of ecstasy use, in addition to increasing the
health hazard related to ecstasy use, may also represent
increase risk for abuse and dependence.

In this study, we first investigated the rewarding prop-
erties of MDMA in mice using the conditioned place pref-
erence paradigm. In addition, we attempted to develop a
set of optimal experimental conditions for producing phys-
ical dependence to MDMA in the mouse. This protocol
consisted in treating mice repeatedly twice daily for 5 days
and once on day 6 with non-neurotoxic doses of MDMA
(10mg/kg), and subsequently blocking the action of dif-
ferent neurotransmitter systems known to be involved in
the behavioural actions of MDMA namely, dopamine, sero-
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tonin and noradrenaline. Thus, we blocked [3;,-adrenergic
receptors with timolol, o,-adrenergic receptors with pra-
zosin, 5-HT),-serotonergic receptors with metergoline,
5-HT,-serotonergic receptors with ritanserin, D,-dopami-
nergic receptors with SCH 23390, and D,-dopaminer-
gic receptors with raclopride. Furthermore, we examined
whether the antagonists producing the most relevant so-
matic signs of withdrawal, metergoline and timolol were
capable of modifying the rewarding properties of MDMA
in the place-conditioning paradigm. Considering the pre-
dominant neurotoxic effects of MDMA on dopamine path-
ways in mice, dopamine terminal integrity was verified
using [*H] mazindol binding. Finally, we examined the pos-
sible motivational and affective components of MDMA
abstinence in the suppression of operant responding for
food, the conditioned place aversion, and the lit/dark par-
adigms. Metergoline (0.1 mg/kg, i.p.) was selected for these
studies since it produced the most prominent somatic man-
ifestations of withdrawal in mice chronically treated with
MDMA.

Materials and methods

Animals. CD1 male mice weighing from 25 to 30 g were housed five
per cage and acclimatized to the laboratory conditions (12 h light/
dark cycle, 21£1°C room temperature, 55+10% humidity) 1 week
before the experiment with ad libitum access to food and water.
Behavioural tests and animal care were conducted in accordance
with the standard ethical guidelines (National Institutes of Health,
publication 85-23, revised 1985; European Communities Directive
86/609) and approved by the local ethical committee. The observer
was blind to the treatments in all experiments.

Drugs. MDMA hydrochloride [(+/-) 3,4-methylenedioxymetham-
phetamine] was obtained from Lipomed, A.G. (Arlesheim, Switzer-
land), and dissolved in 0.9% physiological saline. Metergoline, ri-
tanserin, timolol maleate and prazosin hydrochloride (Sigma, Spain)
were dissolved in 0.5% carboxymethylcellulose. SCH 23390 and
raclopride (Sigma, Spain) were dissolved in 0.9% physiological
saline. All compounds were injected intraperitoneally (i.p.) in a
volume of 0.1 ml per 10 g body weight.

Chronic MDMA administration. Mice were treated twice daily
(9:00 a.m. and 7:00 p.m.), with MDMA (10 mg/kg i.p.) or with saline
for 5 consecutive days. Since spontaneous withdrawal manifesta-
tions were not observed after this chronic MDMA treatment, on the
6th day mice received the morning injection of MDMA or saline and
4 h later, they were injected with one of the following antagonists:
the SHT) ,-serotonergic-antagonist, metergoline (0.1 and 1.0 mg/kg),
the SHT,-serotonergic antagonist, ritanserin (0.25 and 1.0 mg/kg),
the D;-dopaminergic antagonist SCH 23390 (0.05 and 0.25 mg/kg),
the D,-dopaminergic antagonist raclopride (0.1 and 0.5 mg/kg), the
B1,-adrenergic antagonist, timolol (2 and 10 mg/kg), the o.;-adren-
ergic antagonist, prazosin (0.25 and 1.0 mg/kg), or vehicle. Imme-
diately after the antagonist injection, mice were placed in a circu-
lar clear plastic observation area (25 cm diameter, 40 cm height)
for a 45 min observation period. Measurements of somatic signs af-
ter the antagonist challenge were divided into 5 min time intervals,
as previously described (Maldonado et al. 1996). The number of
wet dog shakes, face rubbing and front paw tremor were counted.
Body tremor, ptosis, and piloerection were scored 1 for appearance
and O for non-appearance within each 5min time period. Scores
for the level of activity were made by giving in each 5 min period
a value of O for low activity (less than 5 complete crossings of the
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observation area), 1 for normal activity (between 5 and 20 com-
plete crossings of the observation area), or 2 for increased activity
(more than 20 complete crossings of the observation area). A quan-
titative value was calculated in each animal for the different checked
signs by adding the scores obtained in each 5-min time period. Im-
mediately after the observation period, animals were sacrificed in
order to quantitatively assess presynaptic dopamine transporter
binding sites. In order to assess a possible influence of vegetative
effects of chronic MDMA administration in the behaviour of mice,
measures of temperature and weight were taken 30 min before, and
4 h after the first and last injection of MDMA and saline.

Place conditioning paradigm. The place conditioning protocol used
was non-biased. The apparatus is composed of two main square
conditioning compartments (15x15x15 cm) separated by a triangu-
lar central area (Maldonado et al. 1997). The light intensity within
the conditioning chambers was 30+5 lux. During the pre-condi-
tioning phase, drug-naive mice were placed in the middle of the
central area and had free access to both compartments (striped and
dotted) of the apparatus for 20 min. The time spent in each com-
partment was recorded by computerized monitoring software (Video-
track; View Point, Lyon, France). In Experiment 1, during the con-
ditioning phase, mice were pre-treated with MDMA (0.3, 1.1, 3.3
and 10 mg/kg, i.p.) or saline 30 min before being confined into one
of the two conditioning compartments for 30 min. In Experiment 2,
animals were pre-treated with MDMA (10 mg/kg, i.p.) or saline
30min before conditioning and with either vehicle, metergoline
(0.1 and 1 mg/kg, i.p.) or timolol (2 and 10 mg/kg, i.p.) 15 min be-
fore conditioning. In both experiments, four pairings were carried
out with MDMA and four pairings with vehicle. MDMA and
saline were administered on alternate days, and the animals were
exposed to only one pairing per day. Treatments were counterbal-
anced as closely as possible between compartments. Control ani-
mals received vehicle every day. The test phase was conducted ex-
actly as the preconditioning phase, i.e., free access to each compart-
ment for 20 min. A preference score was calculated for each group
as the difference between the times spent in the drug-paired com-
partment during the test and pre-conditioning phases.

Aversiveldysphoric effects induced by the administration of meter-
goline to animals chronically treated with MDMA. Two different
paradigms were used to study the possible aversive/dysphoric ef-
fects of MDMA withdrawal: the suppression of operant respond-
ing for food and the conditioned place aversion paradigms.

A non-biased conditioned place aversion procedure was con-
ducted in the same apparatus previously described for the condi-
tioned place preference. During the preconditioning phase on day 1,
animals freely explored both compartments, and the time spent in
each one was measured during 20 min. On days2-5 mice were
treated twice daily (9:00 a.m. and 7:00 p.m.) with MDMA (10 mg/
kg, i.p) or saline in order to induce a dependence-like state. During
the conditioning phase, on day 6, animals received the morning in-
jection of MDMA (10 mg/kg, i.p) or saline, and returned to their
home cages. Four hours later, metergoline (0.1 mg/kg, i.p.) or ve-
hicle was administered and the animals were confined in one of the
compartments for 45 min. This same day, the animals received the
afternoon injection of MDMA or saline, and returned to their home
cages. On day 7, 4 h after the morning injection of MDMA (10 mg/
kg, i.p.) or saline, all animals received vehicle and were confined
in the other compartment for 45 min. The afternoon injection of
MDMA or saline was administered at 7:00 p.m. On day 8, the pos-
sible expression of a place aversion to the compartment associated
with MDMA withdrawal was tested allowing the mice to visit both
compartments during 20 min. A score value was calculated for
each mouse as the difference between the time spent in the drug-
paired compartment during the post-conditioning and precondi-
tioning phases.

For the suppression of operant responding for food paradigm,
mice were first deprived of food (3.5 g of food were provided daily)
in order to obtain 95% of their initial weight. The same food depri-
vation regime was maintained during the whole evaluation of food-

maintained operant behaviour. Water was available ad libitum dur-
ing this experimental phase. Five days after starting food depriva-
tion mice were trained in operant chambers (Med Associates, Geor-
gia VT, USA) to nose-poke for food pellets. First, mice were trained
under a fixed ratio (FR1) schedule of reinforcement, where they
performed 1 nose-poke in the active hole to obtain 1 food pellet. A
10 s time-out period was imposed after each reinforcement. During
this 10-s period the cue light was off and no reward was provided
on the active hole. Responses on the inactive hole and all the re-
sponses during the 10-s timeout period were also recorded. The
session was terminated after 100 reinforcers or after 1 h, whichever
occurred first. When mice maintained their number of responses in
the active hole for 3 consecutive days with more than 75% of the
total possible reinforcers earned (100), the FR schedule was pro-
gressively increased to FR3 and FRS. Stable responding on a FR5
was defined using the same criteria. Once animals maintained this
response, they were treated with MDMA (10 mg/kg) or vehicle
twice daily (9:00a.m. and 7:00 p.m.) during 5 days, and once on
day 6 (9:00 a.m.). On the first day of this chronic treatment, after
the morning injection of MDMA or saline, animals were immedi-
ately placed in the operant chambers for a test session of 60 min
(acute effect). On the 5th day, mice received the morning injection
of MDMA or saline and were returned to the home cage. Four
hours later they were injected with vehicle and placed in the oper-
ant chambers for a 60-min test session. On the 6th day, animals re-
ceived the morning injection of MDMA or saline, were returned to
their home cages, and 4 h later they were treated with metergoline
(0.1 mg/kg) and placed in the operant chambers for a test session
of 60 min.

Anxiogenic-like effects induced by metergoline in mice chronically
treated with MDMA. The possible anxiogenic-like effects of MDMA
withdrawal were evaluated in the lit/dark box. Mice were individ-
ually exposed for 5min to the lit/dark box consisting of a small
compartment (15x20x25 cm) with black walls and black floor dimly
lit (5 lux) connected by a 4 cm long tunnel to a large compartment
(30x20%25 cm) with white walls and a white floor, under intense
illumination (500 lux). Lines were drawn on the floor of both com-
partments to allow measurement of locomotor activity by counting
the number of squares (5x5 cm) crossed. Floor lines separated the
lit compartment into three equal zones, from the tunnel to the oppo-
site wall, designated as proximal, median and distal zone. On days
1 to 5, mice were treated twice daily (9:00 a.m. and 7:00 p.m.) with
MDMA (10 mg/kg, i.p) or vehicle. The 6th day, animals received
MDMA (10 mg/kg, i.p) or saline in the morning, and 4 h later they
received an injection of metergoline (0.1 mg/kg, i.p.) or vehicle.
Thirty minutes later, each animal was placed in the dark compart-
ment of the lit/dark box facing the tunnel. The latency for the first
entry into the white compartment, the number of entries, and num-
ber of squares crossed, and the time spent in each compartment
were recorded during 5 min.

Autoradiography of [3H]-mazindol binding. In order to quantita-
tively assess presynaptic dopamine transporter binding sites in the
striatum of control and MDMA-treated mice, [?H]-mazindol au-
toradiographic studies were carried out according to the protocol
used was by Ryan et al. (2001) with slight modifications. Briefly,
animals were decapitated and their brains were quickly removed
and frozen by immersion in 2-methyl-butane surrounded by dry
ice. All samples were stored at —80°C before use. Coronal sections
20 um-thick were cut in a cryostat according to the Paxinos and
Franklin atlas (1997), and thaw-mounted on gelatine/chrome-coated
slides. To determine total mazindol binding, sections were prein-
cubated at 4°C for 15 min in 50 mM Tris-HCI buffer (pH 7.9) con-
taining 300 mM NacCl and 5 mM KCl, before incubation for 60 min
in the same buffer containing 300 nM desipramine (Sigma Chemi-
cal Co., Madrid Spain) and 4nM [*H]-mazindol (New England
Nuclear; specific activity 24 Ci/mmol). Desipramine was included
to block the binding of [*H]-mazindol to noradrenaline uptake sites.
Sections were then washed twice for 3 min in the Tris-HCI prein-
cubation buffer and dried under a stream of cold, dry air. To deter-
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Fig.1 Effects of MDMA (0.3, 1.1, 3.3 and 10mg/kg, i.p.), or
saline on the conditioned place preference paradigm in mice. Data
are expressed as mean = SEM of score values. MDMA and saline
were administered 30 min before conditioning. Four pairings were
carried out with MDMA and four pairings with vehicle on alter-
nate days (n=14 per group). Black star indicates p<0.05 vs. saline
(Dunnett’s post-hoc test)

mine the non-specific binding, consecutive sections were incubated
in the same buffer for 60 min at 4°C with the addition of 100 pM
nomifensine (Sigma Chemical Co., Madrid Spain). Autoradiograms
were generated by apposing the labelled tissues, together with au-
toradiographic standards ([*H] micro-scales, Amersham), to tritium-
sensitive film (Hyperfilm-[3H], Amersham) for a period of 6 weeks
and developed for 5 min at 20°C. Films were analysed and quantified
with a computer-assisted video-densitometer (MCID, St. Catherine,
Ontario Canada) using the standard curve generated from [*H]-stan-
dards. Specific binding measured in the entire striatum was deter-
mined by subtracting the non-specific binding image from that of
total binding.

Statistics. The data were analysed using two-way ANOVAs be-
tween subjects. When significant interactions between factors were
observed, individual comparisons were carried out using one-way
ANOVAs followed by the Dunnett’s post-hoc test. The CPP data
in regard to the time spent in the drug-paired compartment during
the pretest and the test sessions was analyzed using one-way
ANOVA and paired Student’s #-test.
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Results
MDMA -induced conditioned place preference in mice

One-way ANOVA revealed a significant effect of treat-
ment with MDMA, F(4,75)=3.69, p<0.01, and the post-
hoc test showed that the dose of 10 mg/kg MDMA pro-
duced a significant place preference with respect to saline
(p<0.05; Fig. 1).

Behavioural manifestations induced by serotonergic,
adrenergic and dopaminergic antagonists
in mice chronically treated with MDMA

Timolol challenge

The following somatic signs were significantly revealed
in the different experimental groups: paw-tremor, body
tremor, piloerection, wet-dog shakes, locomotor activity
and ptosis. For paw-tremor, a main effect of chronic treat-
ment, F(1,62)=21.62, p<0.001, antagonist treatment,
F(2,62)=6.46, p<0.01, and a significant interaction be-

Fig.2 Somatic manifestations induced by the acute administra-
tion of the B, ,-adrenergic antagonist, timolol (2 and 10 mg/kg, i.p.)
in mice chronically treated with MDMA (10 mg/kg twice daily for
5 days, and once on day 6; black bars) or saline (white bars). Data
are expressed as mean = SEM incidents of checked and counted
signs observed over a period of 45 min (n=10-12 per group). Two
white stars indicate p<0.01 vs. similar chronic treatment group re-
ceiving vehicle (Dunnett’s post-hoc test). One black star indicates
p<0.05, two black stars p<0.01 vs. similar acute treatment group
receiving chronic saline (ANOVA one-way). Paw tremor was in-
creased in animals chronically treated with MDMA, F(2,33)=6.60,
p<0.01, but not in those receiving saline. In animals chronically
treated with MDMA, only the dose of 10 mg/kg of timolol signifi-
cantly increased paw tremor (p<0.01) compared to vehicle (Dun-
nett’s). Comparisons between groups for each dose of antagonist
revealed a significant increase in paw tremor in mice treated with
MDMA and receiving timolol 2.0 mg/kg, F(1,20)=7.63, p<0.05,
and 10.0mg/kg F(1,20)=12.58, p<0.01, with respect to similar
groups of mice treated with saline
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Table1 Somatic manifestations induced by prazosin and raclopride in mice chronically treated with MDMA or saline

Treatment Locomotion Body tremor Piloerection Ptosis Paw tremor Wet dog shakes
MDMA + VEH 11.27+£1.28 3.45+1.18 3.09£1.16 0.64+0.45 13.18+4.63 4.56+1.26
MDMA + PRA 0.25 5.27£1.21 8.00+0.40 6.09+1.04 6.82+0.52 7.91+3.16 1.27+0.81
MDMA + PRA 1.0 4.82+1.04 7.45+0.55 5.27£1.12 7.45+0.51 26.18+8.39 1.18+0.69
MDMA + VEH 13.30+1.19 3.70+1.21 0.60£0.31 0.00+0.00 7.10+£3.98 2.00+0.47
MDMA + RACLO 0.1 10.10£1.07 6.00£1.05 1.60+0.91 0.00+0.00 5.00£1.40 2.20+0.68
MDMA + RACLO 0.5 6.50£0.62 7.70£0.45 4.104+0.89 0.40+0.27 6.80+2.24 1.20+0.33
Saline + VEH 7.50£0.71 0.17+0.11 1.25+0.86 0.08+0.08 4.83+1.28 1.92+0.51
Saline + PRA 0.25 2.64+0.58 5.27+0.83 1.09+£0.48 6.55+0.69 6.00+3.35 0.91+0.31
Saline + PRA 1.0 3.18+0.77 6.55+1.06 2.64+1.15 5.91+0.79 2.91+1.95 0.45+0.21
Saline + VEH 7.90£1.04 2.00+0.91 1.50+£0.92 0.80+0.70 2.00+0.54 3.60+0.93
Saline + RACLO 0.1 7.60+0.82 5.50+0.99 2.30+£0.91 0.00+0.00 3.50£1.30 1.70+0.42
Saline + RACLO 0.5 4.60+0.92 6.80+0.94 4.00£1.07 0.50+0.34 1.40+0.48 1.90+0.35

Mice were chronically treated with MDMA (10 mg/kg twice daily
for 5 days, and once on day 6) or saline, and received an acute ad-
ministration of the o-adrenergic antagonist, prazosin (PRA, 0.25
and 1.0 mg/kg, i.p.), the D,-dopamine antagonist, raclopride (RACLO,

tween these two factors, F(2,62)=4.90, p<0.01, were ob-
served. A significant main effect of chronic treatment was
also observed for locomotor activity, F(1,62)=23.79,
p<0.001, piloerection, F(1,62)=4.95, p<0.05, and wet-dog
shakes, F(1,62)=12.26, p<0.001, but no main effect of an-
tagonist treatment or significant interaction between these
two factors was obtained for these signs. For body tremor,
only a main effect of antagonist treatment was observed,
F(2,62)=4.91, p<0.01 (Fig.2).

Prazosin challenge

The following somatic signs were significantly revealed
in the different experimental groups: paw-tremor, body
tremor, piloerection, wet-dog shakes, locomotor activity
and ptosis. For locomotor activity, wet-dog shakes and
body tremor a main effect of chronic treatment, F(1,61)=
11.37, p<0.01; F(1,61)=4.29, p<0.05; F(1,61)=12.94,
p<0.05 respectively, and a main effect of antagonist treat-
ment, F(2,61)=20.86, p<0.001; F(2,61)=6.60, p<0.01;
F(2,61)=27.57, p<0.001 respectively, but no interaction
between these two factors were observed. For paw tremor
and piloerection only a main effect of chronic treatment
was observed, F(1,61)=9.59, p<0.01 and F(1,61)=14.85,
p<0.001 respectively. For ptosis, only a main effect of the
antagonist treatment was observed, F(2,61)=89.50, p<0.001
(Table 1).

Metergoline challenge

The following somatic signs were significantly revealed
in the different experimental groups: paw-tremor, face rub-
bing, body tremor, piloerection, wet-dog shakes and loco-
motor activity. For paw tremor, face rubbing and body
tremor a significant main effect of chronic treatment,
F(1,60)=21.35, p<0.001; F(1,25)=44.01, p<0.001; F(1,60)=

0.1 and 0.5 mg/kg) or vehicle (VEH). Data are expressed as mean
+ SEM incidents of checked and counted signs observed over a pe-
riod of 45 min (n=10-12 per group)

8.82, p<0.01 respectively, antagonist treatment, F(2,60)=
7.53, p<0.001; F(2,25)=18.27, p<0.001; F(2,60)=4.88,
p<0.01 respectively, and significant interaction between
these two factors were observed, F(2,60)=7.09, p<0.01;
F(2,25)=17.07, p<0.001; F(2,60)=10.10, p<0.001 respec-
tively. For locomotor activity, a significant main effect of
chronic treatment, F(1,60)=66.69, p<0.001, and a signifi-
cant interaction between chronic and antagonist treatments,
F(2,60)=6.32, p<0.01] were observed. For piloerection, a
significant main effect of chronic treatment, F(1,60)=
5.46, p<0.05, and antagonist treatment, F(2,60)=10.98,
p<0.001, but no interaction between these two factors was
observed (Fig. 3).

Ritanserin challenge

The following somatic signs were significantly revealed
in the different experimental groups: paw-tremor, face rub-
bing, body tremor, piloerection, wet-dog shakes and loco-
motor activity. For paw-tremor, a significant main effect
of chronic treatment, F(1,63)=37.39, p<0.001, antagonist
treatment, F(2,63)=5.63, p<0.01, and significant interaction
between these two factors were observed, F(2,63)=4.35,
p<0.01. For locomotor activity, body tremor, ptosis and
face rubbing only a significant main effect of chronic treat-
ment was observed, F(1,63)=28.26, p<0.001; F(1,63)=22.80,
p<0.001; F(1,63)=4.29, p<0.05; F(1,28)=16.40, p<0.001
respectively). For piloerection, only a significant main ef-
fect of antagonist treatment was observed, F(2,63)=3.25,
p<0.05 (Fig.4).

Raclopride challenge
The following somatic signs were significantly revealed

in the different experimental groups: paw-tremor, body
tremor, piloerection and locomotor activity. For locomotor
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Fig.3 Somatic manifestations induced by the acute administra-
tion of the 5-HT,-serotonergic antagonist metergoline (0.1 and
1.0 mg/kg) in mice chronically treated with MDMA (10 mg/kg twice
daily for 5days, and once on day 6; black bars) or saline (white
bars). Data are expressed as mean £ SEM incidents of checked and
counted signs observed over a period of 45min (n=9-12 per
group). One white star indicates p<0.05, two white stars p<0.01 vs.
similar chronic treatment group receiving vehicle (Dunnett’s post-
hoc test), one black star indicates p<0.05, two black stars p<0.01,
three black stars p<0.001 vs. similar acute treatment group receiv-
ing chronic saline (ANOVA one-way). A significant effect of me-
tergoline treatment in MDMA treated mice was observed for paw-
tremor, body tremor, and face rubbing, F(2,27)=6.13, p<0.01;
F(2,27)=5.47, p<0.01; F(2,10)=12.04, p<0.01 respectively. The dose
of 0.1 mg/kg significantly increased paw-tremor and face rubbing
in this group (p<0.01) compared to vehicle. A significant effect of
metergoline treatment for body tremor, F(2,33)=10.23, p<0.001,
was observed only in the saline group. Both doses of metergoline
significantly increased body tremor in this group (p<0.01) with re-
spect to vehicle. Comparisons between groups for each dose of the
antagonist showed that body tremor was significantly higher in mice
treated with MDMA receiving vehicle, F(1,21)=21.99, p<0.001,
and metergoline 0.1 mg/kg, F(1,20)=10.35, p<0.01, compared to
similar groups of mice treated with saline. Paw tremor was also
higher in mice treated with MDMA receiving vehicle, F(1,21)=
5.62, p<0.05, metergoline 0.1 mg/kg, F(1,19)=29.61, p<0.001, and
1.0mg/kg, F(1,20)=11.12, p<0.01, with respect to similar groups
of mice treated with saline. Face rubbing was increased in mice
treated with MDMA receiving metergoline 0.1 mg/kg, F(1,8)=11.56,
p<0.01, and 1.0 mg/kg, F(1,8)=31.80, p<0.001, with respect to sim-
ilar groups treated with saline. For locomotor activity, a significant
effect of the antagonist was observed only in the group treated with
MDMA, F(2,27)=3.98, p<0.05. Metergoline 1.0 mg/kg significantly
increased locomotor activity with respect to vehicle (p<0.05) in
this group. Comparisons between groups for each dose of the an-
tagonist showed a significant increase in locomotor activity in mice
treated with MDMA receiving vehicle, F(1,21)=4.79, p<0.05, me-
tergoline 0.1 mg/kg, F(1,20)=19.80, p<0.001, and 1.0mg/kg,
F(1,19)=90.10, p<0.001, compared to similar groups of mice treated
with saline

activity, a main effect of chronic treatment, F(1,54)=
17.31, p<0.001] and antagonist treatment, F(2,54)=14.23,
p<0.001, but no interaction between these two factors was
observed. For body tremor and piloerection, only a main
effect of antagonist treatment was observed F(2,54)=10.98,
p<0.001; F(2,54)=6.27, p<0.004 respectively. For paw
tremor, only a main effect of chronic treatment was re-
vealed, F(1,54)=5.75, p<0.02 (Table 1)
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SCH 23390 challenge

The following somatic signs were significantly revealed
in the different experimental groups: body tremor, pilo-
erection, wet-dog shakes and locomotor activity. For loco-
motor activity, a significant main effect of chronic treat-
ment, F(1,54)=7.78, p<0.01, antagonist treatment, F(2,54)=
41.63, p<0.001 and significant interaction between these
two factors were observed, F(2,54)=5.72, p<0.01. For pi-
loerection, a significant main effect of antagonist treat-
ment, F(2,54)=10.08, p<0.001, and a significant interac-
tion between chronic and antagonist treatments were ob-
served, F(2,54)=3.42, p<0.05. For body tremor, only a main
effect of the antagonist treatment was observed, F(2,54)=
14.33, p<0.001. For wet-dog shakes, only a main effect of
chronic treatment was revealed, F(1,54)=5.80, p<0.05
(Fig.5).

Effects of MDMA on body temperature and weight

For body weight and temperature, two-way ANOVAs re-
vealed no significant effects of chronic treatment, time of
measurement, or interaction between these two factors in-
dicating that both groups of animals showed similar basal
temperature and weight, and that chronic treatment with
MDMA did not affect these parameters (data not shown).

Effects of metergoline and timolol
on MDMA-induced conditioned place preference in mice

A two-way ANOVA analyzing the effects of treatment
with MDMA or saline and treatment with different doses
of metergoline on the preference scores revealed a signif-
icant effect of treatment with MDMA, F(1,73)=11.24
p<0.05], but no significant effect of antagonist treatment
or interaction between factors (Fig.6A). Further paired
wise comparisons (paired #-test) within each group for
pre-test vs. test revealed significant differences in the
groups treated with MDMA + vehicle (p<0.05), metergo-
line 0.1 mg/kg (p<0.05) and 1.0 mg/kg (p<0.05) (Fig. 6B).
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Fig.4 Somatic manifestations induced by the acute administration
of the SHT),-serotonergic antagonist, ritanserin (0.25 and 1.0 mg/
kg) in mice chronically treated with MDMA (10 mg/kg twice daily
for 5days, and once on day 6; black bars) or saline (white bars).
Data are expressed as mean £ SEM incidents of checked and
counted signs observed over a period of 45min (n=11-12 per
group). Two white stars indicate p<0.01 vs. similar chronic treat-
ment group receiving vehicle (Dunnett’s post-hoc test), one black
star indicates p<0.05, two black stars p<0.01, three black stars
p<0.001 vs. similar acute treatment group receiving chronic saline
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Fig.5 Somatic manifestations induced by the acute administra-
tion of the D,-dopaminergic antagonist SCH 23390 (0.05 and
0.25mg/kg) in mice chronically treated with MDMA (10 mg/kg
twice daily for 5days, and once on day 6; black bars) or saline
(white bars). Data are expressed as mean + SEM incidents of
checked and counted signs observed over a period of 45 min (n=10
per group). One white star indicates p<0.05, two white stars p<0.01,
three white stars p<0.001 vs. similar chronic treatment group re-
ceiving vehicle (Dunnett’s post-hoc test), one black star indicates
p<0.05, two black stars p<0.01 vs. similar acute treatment group
receiving chronic saline (ANOVA one-way). A significant effect
of SCH 23390 for locomotor activity was observed in both of these
groups, F(2,27)=7.49, p<0.01; F(2,27)=43.58, p<0.001 respec-
tively. Both doses of SCH 23390 (0.25 and 0.05 mg/kg) signifi-
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(ANOVA one-way). A significant effect of ritanserin treatment,
F(2,30)=4.75, p<0.05, was observed in the MDMA group. Ri-
tanserin 0.25 mg/kg significantly increased paw-tremor (p<0.01)
compared to vehicle. Comparisons between groups for each dose
of the antagonists showed a significant increase in paw-tremor in
mice treated with MDMA receiving vehicle, F(1,20)=6.49,
p<0.05, ritanserin 0.25 mg/kg, F(1,21)=12.58, p<0.01, and 1.0 mg/
kg, F(1,21)=42.61, p<0.001, as compared to similar groups of mice
treated with saline
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cantly decreased locomotor activity in the saline and MDMA
treated groups (p<0.01 and p<0.001 respectively) compared to ve-
hicle. Comparisons between groups showed that locomotor activ-
ity was significantly increased in mice treated with MDMA re-
ceiving vehicle, F(1,18)=11.66, p<0.01, as compared to the same
group treated with saline. For piloerection, a significant effect of
SCH 23390 was observed only in the group treated chronically
with MDMA, F(2,27)=16.62, p<0.001. The dose of 0.25mg/kg
and 0.05 mg/kg significantly increased piloerection in this group
(p<0.001 and p<0.05 respectively) with respect to vehicle. Be-
tween group comparisons for each dose of the antagonist showed a
significant increase in piloerection in mice treated with MDMA re-
ceiving SCH 23390 0.25mg/kg, F(1,18)=7.67, p<0.05, with re-
spect to the same group treated with saline
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Fig.6 Effects of the serotonergic 5-HT,,-receptor antagonist me-
tergoline (A, B), and the f3,, adrenergic receptor antagonist, timolol
(C, D) on the rewarding properties of MDMA in the conditioned
place preference paradigm (n=10-20 per group). In the left panels
white and black bars represent the preference scores for the drug-
paired compartment in animals treated with saline and MDMA
(10 mg/kg, i.p.) respectively, 30 min before conditioning. Vehicle
(VEH), metergoline at the dose of 0.1 mg/kg (MET 0.1), and 1.0 mg/
kg (MET 1), timolol at the dose of 2mg/kg (TIM 2) and 10 mg/kg
(TIM 10) were injected 15 min before conditioning. In the right
panels white and hatched bars represent the time spent in the drug-
paired compartment by the groups treated with MDMA during the
pretest and the test sessions respectively. One black star indicates
p<0.05, two black stars p<0.01 (paired ¢-test)

Similarly, statistical analysis of the effects of timolol
treatment on MDMA-induced CPP on preference scores
showed a significant effect of MDMA treatment, F(1,71)=
6.45, p<0.05, but no significant effects of timolol treat-
ment or interaction (Fig.6C). One-way ANOVA for the
time spent in the drug-paired compartment during the pre-
test sessions showed no significant differences between
groups. Paired wise comparisons (paired z-test) within each
group for pre-test vs. test revealed significant differences
in the group treated with MDMA + timolol 2 mg/kg
(p<0.01), but no significant differences in the group
treated with MDMA + timolol 10 mg/kg, indicating that
only this latter dose of timolol abolished MDMA -induced
CPP (Fig. 6D).

Lack of aversive/dysphoric effects
induced by MDMA withdrawal

In the conditioned place aversion paradigm, two-way
ANOVA did not show any significant main effect of
chronic treatment with MDMA, antagonist treatment, nor
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interaction between these two factors (Fig. 7A). In the sup-
pression of operant responding for food, acute administra-
tion of MDMA did not significantly modify operant re-
sponding for food with respect to the administration of
saline. In addition, two-way ANOVA showed no signifi-
cant main effect of chronic treatment, antagonist treatment
or interaction between these two factors (Fig. 7B). Together,
these results indicate that the behavioural manifestations
of withdrawal precipitated by metergoline (0.1 mg/kg, i.p.)
in mice chronically treated with MDMA did not induce
aversive/dysphoric properties.

Lack of anxiogenic-like responses
induced by MDMA withdrawal

In the lit/dark paradigm, for time spent in the black com-
partment, two-way ANOVA revealed a significant interac-
tion between chronic and antagonist treatments, F(1,16)=
4.86, p<0.05. Further analysis (one-way ANOVAs) showed
no significant differences among the different experimen-
tal groups. For entries into the black compartment, statis-
tical analysis revealed a significant main effect of chronic
treatment only, F(1,16)=14.92, p<0.01. For latency to en-
ter the white compartment, number to entries into the white
compartment, squares crossed and time spent in the black
and white compartments, no significant main effects or in-
teractions between factors were observed (Fig. 7C).

Autoradiography of [*H]-mazindol binding

The distribution of [3H]-mazindol binding in the striatum
of mice treated chronically with MDMA (10 mg/kg, i.p.;
twice a day during 5 days, and once on day 6) was similar
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Fig.7 Effects of metergoline (MET, 0.1 mg/kg, i.p.) or vehicle in
mice treated chronically with MDMA (10 mg/kg twice daily for
5 days, and once on day 6) or saline in the place-conditioning para-
digm (A), the suppression of operant responding for food para-
digm (B), and the lit/dark box (C). In A, data are expressed as
mean = SEM of the score for the drug-paired compartment
(n=12-13 per group). In B, MDMA did not significantly modify
responding for food following one administration (ACUTE), or
following chronic treatment (VEH; see Materials and methods for
details). Animals chronically treated with MDMA receiving me-
tergoline (MET, 0.1 mg/kg) did not show any suppression of oper-
ant responding for food (n=4-5 per group). In C, data represent la-
tency (sec) for first white entry and time (sec) spent in black and
white compartments in the different groups. No significant simple
effects were observed in any of the different parameters measured
(see Materials and methods for details; n=7—10 per group)

to that observed in mice treated chronically with saline.
Quantitative autoradiography of [*H]-mazindol binding in
the striatum of mice repeatedly treated with MDMA did
not significantly differ from that of mice treated repeatedly
with saline (MDMA: 86.43+13.93 fmol/mg, n=4; saline:
88.4949.739 fmol/mg, n=5), indicating that this MDMA
injection regimen does not produce dopaminergic neuro-
toxicity in the striatum of mice (Fig. 8).

Discussion

Using the conditioned place preference paradigm, this study
corroborates previous findings showing that MDMA is
able to induce rewarding effects in mice (Salzmann et al.
2003). The establishment of an easy and reliable model to
reveal rewarding effects in mice represents an important
advantage considering the different lines of genetically
modified mice now available. These results are also in line
with previous studies in rats using this experimental model
(Bilsky et al. 1990; Schechter 1991; Marona-Lewicka et
al. 1996; Meyer et al. 2002). The rewarding effects observed
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Fig.8 Representative autoradiogram of [3H]-mazindol binding in
the striatum of mice chronically treated with MDMA (10 mg/kg,
i.p. twice daily for 5 days and once on day 6; right panel) or saline
(left panel) (A). Quantitative density of [*H]-mazindol binding sites
(fmol/mg) in mice chronically treated with MDMA (black bar) or
saline (white bar) (B)

in the present study were observed with high (10 mg/kg),
but not low doses (0.3, 1.0 or 3.0 mg/kg) of MDMA. One
possible explanation for the absence of rewarding effects
with low doses of MDMA in mice might be the induction



of motivational states that are in conflict with its reward-
ing properties. In this sense, mice studies using the elevated
plus maze indicate that MDMA at the dose of 4 mg/kg has
anxiogenic-like properties, while higher doses (20 mg/kg)
have anxiolytic-like effects (Lin et al. 1999). However,
anxiogenic effects have also been reported in the lit/dark
box after administration of high doses (8 and 15 mg/kg) of
MDMA (Maldonado and Navarro 2000).

Although the abuse liability of MDMA has been docu-
mented in humans (Cami et al. 2000), it has been difficult
to study the capacity of MDMA to induce physical depen-
dence due to the current pattern of consumption, i.e. dis-
continuous intake mainly during weekends. In order to in-
vestigate whether MDMA is able to produce physical de-
pendence in animals, we have developed a protocol of
chronic administration of MDMA in mice at doses that do
not produce neurotoxic effects on the dopaminergic sys-
tem, the most sensitive pathway in mice to MDMA toxic-
ity. The absence of neurotoxicity on the dopaminergic ter-
minals was demonstrated using [*H] mazindol autoradiog-
raphy techniques, which revealed that the chronic admin-
istration of MDMA (10 mg/kg twice a day for 5 days, and
once on day 6) did not change the density or distribution of
presynaptic dopamine transporter binding sites in the stria-
tum. The possible development of a physical withdrawal
syndrome after chronic MDMA was investigated by acutely
blocking different neurotransmitter receptors known to be
involved in the behavioural actions of MDMA, including
dopamine, noradrenaline and serotonin receptors.

Some of these monoaminergic antagonists produced
non-specific responses in both chronic MDMA - and saline-
treated mice, which revealed their intrinsic sedative effects.
Thus, the dopaminergic antagonists, SCH23390 and raclo-
pride, as well as the o;-adrenergic antagonist prazosin in-
duced a decrease in locomotor activity and ptosis in all ex-
perimental groups. Furthermore, these three monoaminer-
gic antagonists also induced an increase in body tremor in
all animals.

Mice chronically treated with MDMA receiving an acute
injection of vehicle showed increased locomotor activity
with respect to mice chronically treated with saline, indi-
cating that the stimulating effects of MDMA at the dose
of 10mg/kg persist after eleven consecutive administra-
tions. Metergoline specifically potentiated this hyperloco-
motion in mice chronically treated with MDMA. These
results are in line with other studies showing that block-
ade of 5-HT),-serotonergic receptors with methysergide
also potentiates the acute locomotor activating properties
of MDMA (Gold and Koob 1988). The possible involve-
ment of serotonergic neurotoxicity in the observed effects
can be neglected since it has been reported that repeated
injections of MDMA (20 mg/kg) twice daily during 4 days,
do not produce significant changes in serotonin uptake
sites in the striatum of mice (Battaglia et al. 1988a). Fur-
thermore, three injections of MDMA (20 and 30 mg/kg)
given 3 h apart, a neurotoxic regimen producing a marked
depletion in striatal dopamine content in mice, was reported
to be ineffective for depleting striatal serotonin or its
metabolites (O’Shea et al. 2001).
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Acute administration of the different monoaminergic
antagonists also induced several somatic manifestations in
mice chronically treated with MDMA that could be
specifically related to a withdrawal syndrome since they
were not observed in control saline-treated animals. Thus,
the 5-HT),-serotonergic antagonist, metergoline induced
a significant presence of paw tremor and face rubbing,
while the 5-HT,-serotonergic antagonist, ritanserin induced
only a significant incidence of paw tremor. The presence
of face rubbing in addition to other classical behavioural
signs related to a withdrawal syndrome such as paw tremor
in mice treated with metergoline, suggests that this antag-
onist produces more relevant behavioural manifestations
of abstinence to MDMA, and supports a role for seroton-
ergic SHT, receptors in these behavioural changes. With
respect to the adrenergic antagonists, only the [3;,-adren-
ergic antagonist, timolol significantly increased the inci-
dence of paw tremor, while the o, antagonist, prazosin
had no significant effects. Although it is known that some
vegetative responses induced by MDMA involve the
adrenergic system (Battaglia et al. 1988b), the role of this
neurotransmitter in mediating the behavioural effects of
MDMA has been poorly studied. The present results sug-
gest that [-adrenoceptors could also participate in the
adaptive changes produced by chronic MDMA adminis-
tration. However, in general, the somatic manifestations
observed following these drug challenges are minor com-
pared to those observed for other drugs of abuse. Finally,
the D;-dopaminergic antagonist, SCH 23390 induced only
piloerection, while the D, antagonist raclopride did not
produce any specific behavioural manifestation of with-
drawal. These data indicate that dopamine D, and D, an-
tagonists play a negligible role in the adaptive responses
induced by chronic MDMA treatment, and contrast with
the role played by the dopaminergic system in several be-
havioural responses induced by MDMA (Gold et al. 1989;
Bilsky et al. 1998).

Since metergoline and timolol induced the most rele-
vant signs of withdrawal, their possible involvement in
the rewarding properties of MDMA was evaluated in the
conditioned place preference paradigm. We found that the
motivational effects of MDMA were not significantly mod-
ified by metergoline. On the other hand, timolol attenu-
ated conditioned place preference to MDMA but only when
administered at the highest dose. Although there is no ex-
isting data corroborating the contribution of [3;,-adrener-
gic receptors in MDMA rewarding effects, some studies
have reported a modulatory action of propanolol in the re-
warding properties of other psychostimulants such as co-
caine and amphetamine (Yokel and Wise 1975; Harris et
al. 1996). Together, these studies suggest that the motiva-
tional properties of MDMA and the somatic manifestations
of MDMA withdrawal are probably mediated through dif-
ferent mechanisms. We cannot exclude however, the pos-
sible involvement of dopamine receptors in the motiva-
tional properties of MDMA.

Withdrawal from a chronic treatment with all the pro-
totypical drugs of abuse is associated with the presence of
negative motivational and/or emotional effects, even in the
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case of drugs that are unable to develop somatic manifes-
tations of withdrawal (Koob and Le Moal 2001). In order
to better understand the significance of our results, we
therefore evaluated if the somatic manifestations precipi-
tated by monoaminergic antagonists in MDMA chroni-
cally treated mice were associated to these negative effects.
For this purpose, we chose the monoaminergic antagonist
producing the most severe somatic manifestations in
MDMA-treated mice, i.e., metergoline at the dose of
0.1 mg/kg. First, the possible aversive/dysphoric manifes-
tations of withdrawal were evaluated in the suppression of
operant responding for food, and the conditioned place
aversion paradigms. Mice chronically treated with MDMA
receiving an acute administration of metergoline did not
show suppression of operant responding for food. Simi-
larly, metergoline did not induce conditioned place aver-
sion in mice chronically treated with MDMA. These re-
sults indicate that the somatic manifestations of MDMA
withdrawal precipitated by this serotonergic antagonist
are not associated to dysphoric/aversive properties. Finally,
we evaluated if these somatic manifestations appeared to-
gether with anxiogenic-like effects. Metergoline adminis-
tration to mice treated chronically with MDMA did not
significantly modify any of the parameters studied in the
lit/dark box, suggesting the absence of anxiogenic-like
properties in the observed withdrawal syndrome. These
results contrast with other data showing that drugs of abuse,
including those that do not produce physical dependence,
such as psychostimulants, induce a motivational withdrawal
syndrome characterized by dysphoria/aversion and/or neg-
ative emotional effects (Koob and Le Moal 2001).

In conclusion, this study indicates that blockade of
5-HT,,-serotonin receptors induces several somatic mani-
festations in mice chronically treated with MDMA, which
are not accompanied by dysphoric or anxiogenic-like be-
haviours, and does not modify the rewarding properties of
MDMA. Timolol on the other hand, induces some somatic
manifestations of MDMA abstinence, but only modifies
MDMA reward when administered at the highest dose.
Therefore, chronic administration of MDMA in these ex-
perimental conditions does not develop a relevant state of
dependence since it was not possible to precipitate a with-
drawal syndrome with the classical properties reported for
the abstinence of prototypical drugs of abuse.
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