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Abstract Rationale: Contradictory evidence exists re-
garding the role of the 5-HT2A receptor (5-HT2AR) in
hyperactivity and hyperthermia elicited by the substituted
amphetamine (+)-3,4-methylenedioxymethamphetamine.
Objectives: The present studies examined the ability of
the selective 5-HT2AR antagonist M100907 to block hyper-
activity and hyperthermia produced across the (+)-MDMA
dose-effect curve. Methods: Male rats were pretreated
with M100907 (0, 0.25, 0.5, 1, and 2 mg/kg) followed by
treatment with (+)-MDMA (0–12 mg/kg); activity was
recorded for 90 min followed by determination of rectal
temperature. Additionally, we investigated the ability of
M100907 (0 and 0.5 mg/kg) to reverse hyperthermia elic-
ited by (+)-MDMA (12 mg/kg). Results: The first study
demonstrated that M100907 attenuated hyperactivity in the
periphery of the monitor and eliminated rearing induced by
(+)-MDMA (3 mg/kg) with no effect on basal activity. In
two subsequent studies, (+)-MDMA (0–12 mg/kg) dose-
dependently increased peripheral activity and rearing and
produced hyperthermia. Pretreatment with M100907 de-
creased peripheral activity evoked by (+)-MDMA, right-
shifted the dose-effect curve for rearing, and blocked
(+)-MDMA-induced hyperthermia, while having no effect
when administered alone. A final study demonstrated the
ability of M100907 (0.5 mg/kg) to reverse hyperthermia
produced by (+)-MDMA (12 mg/kg). Conclusions: These
results suggest that the 5-HT2AR contributes to the gen-
eration of peripheral hyperactivity and rearing and, es-
pecially, the hyperthermia evoked by (+)-MDMA and that

5-HT2AR antagonists should be further investigated as
treatments for the psychological and hyperthermic effects
of (±)-MDMA.
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Introduction

3,4-Methylenedioxymethamphetamine (MDMA) is a sub-
stituted amphetamine that was originally patented by
Merck in 1914 as an appetite suppressant but never mar-
keted (Cami et al. 2000). In recent years (±)-MDMA, the
form used “on the street,” has emerged as a popular re-
creational drug due to its unique subjective effects, in-
cluding increased confidence, elevation of mood, and a
sense of closeness with other people (Morgan 2000). Upon
acute administration, (±)-MDMA has been shown to in-
duce effects such as hyperthermia, nausea, and jaw clench-
ing, while withdrawal from repeated exposure has been
associated with depression, memory impairments, and
sleep disorders (Dar and McBrien 1996; Davison and
Parrott 1997; Morgan 2000). The behavioral and physio-
logical effects of (±)-MDMA in animals include an in-
crease in locomotor activity, particularly in the periphery of
the activity chamber (Paulus and Geyer 1992), serotonin
(5-HT) syndrome behaviors (Spanos and Yamamoto 1989),
and hyperthermia (Dafters 1994). These effects of (±)-
MDMA are thought to be mediated through the release of
monoamines via reversal of serotonin, dopamine (DA), and
norepinephrine transporters as well as vesicular trans-
porters (Rudnick and Wall 1992; Rothman et al. 2001;
Mlinar and Corradetti 2003), although (±)-MDMA does
appear to have modest affinity for some 5-HT receptors,
including 5-HT1 (5-HT1R) and 5-HT2R (Battaglia et al.
1988).

Our laboratory is interested in the role of 5-HT1R and 5-
HT2R in the behavioral and physiological effects of the
more potent isomer (+)-MDMA. While a 5-HT1AR an-
tagonist was ineffective (McCreary et al. 1999), 5-HT1BR
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antagonists effectively attenuated hyperactivity induced by
a low dose of (+)-MDMA (McCreary et al. 1999) or (±)-
MDMA (Fletcher et al. 2002). The 5-HT2R family also
appears to be involved in the production of (±)-MDMA-
induced hyperactivity, since the non-selective 5-HT2R
antagonist ritanserin decreased hypermotility produced by
a high dose of (±)-MDMA (Kehne et al. 1996b). Studies
employing more selective antagonists suggest that the 5-
HT2AR and the 5-HT2CR may play different roles in the
generation of hyperactivity produced by (+)-MDMA or
(±)-MDMA. For example, selective 5-HT2CR antagonists
have been shown to greatly increase hyperactivity induced
by a low dose of (+)-MDMA (Herin and Cunningham
2001; Bankson and Cunningham 2002) or (±)-MDMA
(Fletcher et al. 2002). These data suggest that indirect
activation of the 5-HT2CR serves to self-limit MDMA-
evoked hyperactivity and that the 5-HT2CR has a similar
role in modulation of hyperactivity evoked by low doses
of (+)-MDMA and (±)-MDMA.

The role of the 5-HT2AR in MDMA-evoked hyperac-
tivity is more difficult to discern because a comprehensive
analysis of the ability of a selective 5-HT2AR antagonist to
alter horizontal hyperactivity and rearing induced by
MDMA has not been undertaken. Pretreatment with a
single dose of antagonists of varying selectivity for the 5-
HT2AR attenuated (Kehne et al. 1996b; Fantegrossi et al.
2003), enhanced (Fantegrossi et al. 2003) or failed to alter
(Bankson and Cunningham 2002) horizontal activity in-
duced by (+)-MDMA or (±)-MDMA. Similarly, the lit-
erature is inconsistent regarding the role of 5-HT2AR
in hyperthermia evoked by (+)-MDMA or (±)-MDMA
(Mechan et al. 2002; Fantegrossi et al. 2003), a potentially
life-threatening consequence of (±)-MDMA use in hu-
mans, which can lead to disseminated intravascular coag-
ulation, rhabdomyolysis, organ failure, and death (Dar and
McBrien 1996). These conflicting studies warranted a
comprehensive, systematic examination of the role of 5-
HT2AR in MDMA-evoked hyperactivity and hyperthermia.

The purpose of the present study was to thoroughly
investigate the role of the 5-HT2AR in the behavioral
and physiological effects of the more potent isomer
(+)-MDMA. In these studies, we utilized the selective 5-
HT2AR antagonist M100907, which has 100-fold selec-
tivity for 5-HT2AR versus 5-HT2CR (Kehne et al. 1996a),
to determine its ability to block hyperactivity and hyper-
thermia induced by (+)-MDMA (0–12 mg/kg) as well as
reverse hyperthermia produced by the substituted amphet-
amine. Hyperactivity in the periphery of the chamber was
measured since (+)-MDMA and (±)-MDMA primarily in-
creases locomotion in this area of the activity monitor
(Paulus and Geyer 1992; McCreary et al. 1999), and rear-
ing was determined since the substituted amphetamine has
been shown to enhance rearing (McCreary et al. 1999). As
indicated, incomplete and contradictory evidence exists
regarding the role of 5-HT2AR in horizontal hyperactivity
and hyperthermia and our goal was to establish the efficacy
of multiple doses of (+)-MDMA to evoke hyperactivity,
rearing and hyperthermia in the presence or absence of
multiple doses of the 5-HT2AR antagonist M100907. In

addition, we are the first to study the ability of a 5-HT2AR
antagonist to reverse (+)-MDMA-evoked hyperthermia.
Overall, our data suggest that activation of 5-HT2AR plays
an important role in the generation of hyperactivity, rearing
and, especially, hyperthermia induced by (+)-MDMA.

Materials and methods

Animals

Male Sprague–Dawley rats (Harlan Sprague–Dawley, Inc.,
Indianapolis, Ind., USA) weighed 225–275 g at the
beginning of the study. The rats were housed either two
or four per cage in standard plastic rodent cages in a
temperature (21–23°C) and humidity (55–65%) controlled
environment under a 12-h light/dark cycle (lights on
0700 hours). Animals were acclimated to the colony for at
least 1 week prior to the start of experimental sessions and
separate cohorts of animals were used for each study. All
experiments were conducted during the light phase of the
light/dark cycle (1200–1800 hours) and were carried out in
accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals and with
approval from the Institutional Animal Care and Use
Committee.

Behavioral apparatus

Locomotor activity was quantified using a modified open-
field activity system under low-light conditions (San Diego
Instruments, San Diego, Calif., USA). Each enclosure
consisted of a clear Plexiglas open field (40×40×40 cm)
and a 4×4 photobeam matrix located 4 cm above the cage
floor for the measurement of horizontal activity; each
monitor was housed within sound-attenuating chambers.
Activity recorded in the inner 16×16 cm of the open field
was counted as central activity, while activity in the outer
12 cm band registered peripheral activity. A second hor-
izontal row of 16 photobeams located 16 cm from the floor
allowed the measurement of rearing. Activity counts were
made by the control software (Photobeam Activity Soft-
ware; San Diego Instruments) and stored for statistical
evaluation. Video cameras located above the enclosures
were used to monitor activity continuously without dis-
ruption of behavior.

Temperature apparatus

Animal temperature was measured in experiments 2 and 3
using a thermometer (Model 43TA; Yellow Springs In-
strument Co., Yellow Springs, Ohio, or Physitemp Model
TH-8; Physitemp Instrument, Inc., Clifton, N.J., USA)
connected to a rectal probe that was coated with petroleum
jelly and inserted 4 cm into the rectum. Animals were
lightly restrained until a stable temperature was obtained
(30–60 s maximum). Measurements of rectal temperatures

506



were taken following the completion of behavioral testing
and return to the animal colony (experiment 2) or in the
behavior laboratory (experiment 3).

Drugs

(+)-MDMA [(+)-3,4-methylenedioxymethamphetamine]
HCl salt (National Institute on Drug Abuse, Research
Triangle, N.C., USA) was dissolved in 0.9% NaCl.
M100907 [R-(+)-(2,3-dimethoxyphenyl)-1-[2-(4-fluorophe-
nylethyl)]-4-piperidine-methanol] (synthesized by Thomas
Ullrich and Kenner Rice, National Institutes of Health) was
dissolved in a 10% solution of 2-hydroxypropyl-β-cyclo-
dextrin (Cyclodextrin Technologies, Gainesville, Fla.,
USA) in 0.9% NaCl. All doses of (+)-MDMA and
M100907 were chosen based on previous research (Kehne
et al. 1996b; Hitchcock et al. 1997; Wettstein et al. 1999;
Bankson and Cunningham 2002; Fantegrossi et al. 2003;
McCreary et al. 2003) and injections were given either IP
(M100907) or SC [(+)-MDMA] in a volume of 1 ml/kg.
Doses of all drugs refer to the weight of the salt.

Behavioral procedures

Experiment 1: Effects of M100907 (0, 0.5, 1, and
2 mg/kg) pretreatment on hyperactivity induced by a
low dose of (+)-MDMA (3 mg/kg)

Rats were randomly assigned to one of eight groups (n=10
rats per group) and habituated to the activity chamber for
3 h/day for the 3 days prior to the experiment. On the test
day, rats were placed in the activity monitors for 15 min
before an injection of vehicle (1 ml/kg, IP) or M100907
(0.5, 1, and 2 mg/kg, IP), followed 45 min later by an
injection of saline (1 ml/kg, SC) or (+)-MDMA (3 mg/kg,
SC). Measurements of locomotor activity began immedi-
ately after the second injection and were taken for a total
of 90 min.

Experiment 2: Effects of M100907 (0, 0.25, 0.5, and
1 mg/kg) pretreatment on the ability of (+)-MDMA
(0–12 mg/kg) to induce hyperactivity and
hyperthermia

Rats were habituated to the activity chambers for 3 h/day
for the 3 days prior to the experiment. This study was
conducted in two cohorts of rats that were randomly
assigned to groups. On the test day, animals in the first
cohort (n=8–16 per group) were placed in activity
monitors 15 min before injection with vehicle (1 ml/kg,
IP) or M100907 (1 mg/kg, IP), followed 45 min later by an
injection with saline (1 ml/kg, SC) or (+)-MDMA (2, 4, 8,
and 12 mg/kg, SC); the second cohort (n=7–13 per group)
received vehicle or lower doses of M100907 (0.25 and
0.5 mg/kg, IP), followed 45 min later by saline or (+)-
MDMA (2, 4, 8, and 12 mg/kg, SC). Measurement of

locomotor activity began immediately following the
second injection and lasted for a total of 90 min.
Immediately following the termination of the test session,
rats were removed from monitors, and rectal temperature
was measured [90 min following (+)-MDMA administra-
tion]. The temperature of the laboratory ranged from 23°C
to 25°C during this experiment.

Experiment 3: Ability of M100907 (0 and 0.5 mg/kg)
to reverse hyperthermia produced by a high dose of
(+)-MDMA (12 mg/kg)

Following random assignment to one of four groups (n=8
per group), the rectal temperature of each animal was
measured in the laboratory (23°C ambient temperature),
followed immediately by treatment with either saline
(1 ml/kg) or (+)-MDMA (12 mg/kg, SC). Animals were
injected 60 min later with vehicle or M100907 (0.5 mg/kg,
IP). Rectal temperature was measured in each animal
every 15 min following the first injection for a total of 4 h.

Statistical analysis

Peripheral activity and rearing counts were summed for
each individual rat across the 90-min test session. All data
are presented as mean activity counts or mean temperature
(±SEM). A two-way ANOVA for independent groups was
used to analyze the effects of pretreatment with M100907
(factor 1) and (+)-MDMA treatment (factor 2) on either
activity or temperature (experiments 1 and 2). A three-way
ANOVA was used to analyze the effects of (+)-MDMA
administration (factor 1), M100907 challenge (factor 2),
and time (factor 3) on temperature (experiment 3) with a
between-subjects design for the first two factors and re-
peated measures for the third factor (time). Because group
comparisons were specifically defined prior to the start of
the experiment, a priori planned pairwise comparisons were
then made with the Student–Newman–Keuls test (SAS for
Windows, Version 8.1) to determine statistical differences
between the treatment groups (experimentwise α=0.05).
This approach to statistical analysis is supported by a num-
ber of statisticians (Keppel 1991; Sheskin 2000).

Results

Effects of M100907 (0, 0.5, 1, and 2 mg/kg)
pretreatment on peripheral hyperactivity and rearing
induced by a low dose of (+)-MDMA (3 mg/kg)

A main effect of M100907 pretreatment [F(3,79)=9.34, P<
0.0001] and (+)-MDMA treatment [F(1,79)=167.65, P<
0.0001], and a pretreatment×treatment interaction [F(3,79)
=7.74, P=0.0001] were observed for total peripheral
activity summed across the 90-min test. As shown in
Fig. 1a, (+)-MDMA (3 mg/kg) significantly increased pe-
ripheral locomotor activity, and pretreatment withM100907
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(0.5, 1, and 2 mg/kg) attenuated (+)-MDMA-evoked hyper-
activity (P<0.05) without altering basal levels of activity
(P>0.05). The degree to which each dose of M100907 (0.5,
1, and 2 mg/kg) suppressed (+)-MDMA-evoked hyperac-
tivity was equivalent and levels of activity were not de-
creased to the control baseline.

A main effect of M100907 pretreatment [F(3,79)=4.39,
P=0.0068] and (+)-MDMA treatment [F(1,79)=6.66, P=
0.0119], and a pretreatment×treatment interaction [F(3,79)
=4.58, P=0.0054] were observed for total rearing summed
across the 90-min test. Rearing was significantly increased
by (+)-MDMA (3 mg/kg) and all doses of M100907 (0.5,
1, and 2 mg/kg) significantly and completely blocked (+)-
MDMA-induced rearing to control levels (Fig. 1b; P<
0.05). Again, basal rearing was unaffected by any dose of
M100907 (0.5, 1, and 2 mg/kg) (P>0.05).

Effects of M100907 (0, 0.25, 0.5, and 1 mg/kg)
pretreatment on the dose-effect curve for (+)-MDMA
(0–12 mg/kg) to induce peripheral hyperactivity,
rearing and hyperthermia

A main effect of M100907 (0 and 1 mg/kg) pretreatment
[F(1,127)=11.4, P=0.001] and (+)-MDMA treatment [F
(4,127)=138.82, P<0.0001] were observed for peripheral
activity. A dose-dependent increase in peripheral locomo-
tor activity was induced by (+)-MDMA (Fig. 2a; P<0.05).
The (+)-MDMA dose–response curve was shifted to the
right after M100907 and the shift was parallel as indicated
by the lack of a significant interaction between M100907
pretreatment and (+)-MDMA dose [F(4,127)=1.72, P=
0.1499]. A priori comparisons indicated that that M100907
(1 mg/kg) significantly attenuated hyperactivity evoked by
8 mg/kg and 12 mg/kg (+)-MDMA (P<0.05). M100907
alone had no effect on basal peripheral activity (P>0.05).

In the absence of a main effect of M100907 (0 and 1 mg/
kg) pretreatment [F(1,127)=0.17, P=0.6811], a main effect
of (+)-MDMA treatment [F(4,127)=18.61, P< 0.0001] and
a pretreatment×treatment interaction [F(4,127)=6.06, P=
0.0002] were observed for total rearing summed across the
90-min test. (+)-MDMA alone produced an inverted-U-
shaped increase in rearing (Fig. 2b; P<0.05), with the
greatest level of rearing observed at a dose of 8 mg/kg. In
the case of (+)-MDMA-induced rearing, the extent of the
effects of M100907 were dependent upon the dose of
(+)-MDMA tested. A priori comparisons indicated that
M100907 (1 mg/kg) significantly suppressed rearing
evoked by 8 mg/kg (+)-MDMA (P<0.05). Rearing induced
by 12 mg/kg (+)-MDMA was significantly increased fol-
lowing M100907 pretreatment (P<0.05). M100907 alone
had no effect on basal rearing (P>0.05).

A main effect of M100907 (0 and 1 mg/kg) pretreat-
ment [F(1,127)=73.78, P<0.0001] and (+)-MDMA treat-
ment [F(4,127)=15.6, P<0.0001], and a pretreatment×
treatment interaction [F(4,127)=17.6, P<0.0001] were
observed for temperature recorded immediately following
behavioral testing. As shown in Fig. 2c, 8 mg/kg and
12 mg/kg (+)-MDMA significantly increased the rectal
temperature of experimental animals (∼2.5°C increase). A
priori comparisons demonstrated that pretreatment with
1 mg/kg M100907 completely prevented the hyperther-
mic response elicited by (+)-MDMA, reducing rectal tem-
peratures to those of saline-treated animals (P<0.05).
M100907 alone did not alter basal temperature (P>0.05).

The ability of lower doses of M100907 (0, 0.25, and
0.5 mg/kg) to alter (+)-MDMA-induced hypermotility and
hyperthermiawere also assessed. Amain effect ofM100907
pretreatment [F(2,128)=20.45, P<0.0001] and (+)-MDMA
treatment [F(4,128)=127.16, P<0.0001], and a pretreat-
ment×treatment interaction [F(8,128)=2.89, P=0.0057]
were observed for total peripheral activity summed across
the 90-min test. (+)-MDMA dose-dependently increased
peripheral activity (Fig. 3a; P<0.05). Pretreatment with
0.25 mg/kg and 0.5 mg/kg M100907 did not alter basal
activity (P>0.05), but did reduce peripheral activity pro-
duced by either 8 mg/kg or 12 mg/kg (+)-MDMA (P<0.05).

Fig. 1 Effects of M100907 (0, 0.5, 1, and 2 mg/kg) pretreatment on
(+)-MDMA-induced (3 mg/kg) peripheral activity and rearing. a
Mean total peripheral activity (counts per 90 min; ±SEM) in rats
(n=10) following pretreatment with vehicle (Veh; 1 ml/kg, IP) or
M100907 (M100; 0.5, 1, and 2 mg/kg, IP) and treatment with saline
(Sal; 1 ml/kg, SC) or (+)-MDMA (3 mg/kg, SC). b Mean total
rearing (counts per 90 min; ±SEM). Same symbols as in a. *Activity
counts that were significantly different than vehicle-saline controls
(P<0.05); ^activity counts that were significantly different than
vehicle-(+)-MDMA controls (P<0.05)
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Additionally, 0.5 mg/kg M100907 blocked hyperactivity
evoked by 4mg/kg (+)-MDMA (P<0.05) and animals given
this combination of treatments exhibited activity that was
not different from control animals.

In the absence of a main effect of M100907 pretreatment
[F(2,128)=2.77, P=0.0672], a main effect of (+)-MDMA
treatment [F(4,128)=37.6, P<0.0001] and a pretreatment×
treatment interaction [F(8,128)=7.19, P<0.0001] were ob-
served for rearing summed across the 90-min test, demon-
strating that the effects of M100907 on (+)-MDMA-evoked
rearing depended upon the dose of (+)-MDMA evaluated.
Animals administered vehicle plus saline had low levels of
rearing (Fig. 3b) and M100907 did not significantly alter
this response (P>0.05). (+)-MDMA dose-dependently in-
creased rearing in a pattern similar to that shown in Fig. 2b,
with the greatest level of rearing observed at 8 mg/kg (+)-
MDMA,with reduced rearing seen at 12mg/kg (+)-MDMA
(Fig. 3b; P<0.05). Pretreatment with either 0.25 mg/kg or
0.5 mg/kg M100907 significantly suppressed (+)-MDMA-
induced rearing at 8 mg/kg (P<0.05), as shown by a priori
comparisons. In contrast, both 0.25 mg/kg and 0.5 mg/kg
M100907 significantly enhanced rearing evoked by 12 mg/
kg (+)-MDMA (P<0.05).

A main effect of M100907 pretreatment [F(2,128)=
47.47, P<0.0001], a main effect of (+)-MDMA treatment
[F(4,128)=4.27, P=0.0029], and a pretreatment×treatment
interaction [F(8,128)=17.90, P<0.0001] were observed
for temperatures assessed following behavioral testing.
Treatment with 8 mg/kg or 12 mg/kg (+)-MDMA evoked
a significant increase (∼2.5°C) in rectal temperature
(Fig. 3c; P<0.05). Interestingly, both 0.25 mg/kg and
0.5 mg/kg M100907 had no effect on basal rectal tem-
perature (P>0.05), but completely blocked hyperthermia
induced by (+)-MDMA (8 and 12 mg/kg; P<0.05) to an
equal degree, reducing the temperature of these animals to
that of control animals.

Ability of M100907 (0 and 0.5 mg/kg) to reverse
hyperthermia produced by a high dose of (+)-MDMA
(12 mg/kg)

A main effect of (+)-MDMA administration [F(1,543)=
60.08, P<0.0001] and M100907 challenge [F(1,543)=
46.80, P<0.0001], time [F(16,543)=13.02, P<0.0001], and
a pretreatment×treatment×time interaction [F(16,543)=
14.92, P<0.0001] were observed for temperatures mea-
sured across the 4-h test period. Animals pretreated with
12 mg/kg (+)-MDMA alone exhibited a significant in-
crease in rectal temperature across the entire 4-h measure-
ment period (Fig. 4; P<0.05). Subsequent injection of
M100907 (0.5 mg/kg) rapidly and completely reversed
this response to control levels at every time point except
at 135 min, a time at which the temperature of animals
treated with the combination of (+)-MDMA and M100907
was actually significantly lower than control levels (P<
0.05); M100907 alone did not alter basal temperature
(P>0.05).

Fig. 2 Effects of M100907 (0 and 1 mg/kg) pretreatment on (+)-
MDMA-induced (2, 4, 8, and 12 mg/kg) peripheral activity, rearing,
and hyperthermia. a Mean total peripheral activity (counts per
90 min; ±SEM) in rats (n=8–16) following pretreatment with vehicle
(1 ml/kg, IP) or M100907 (M100; 1 mg/kg, IP) and treatment with
saline (“0 dose”; 1 ml/kg, SC) or (+)-MDMA (2, 4, 8, and 12 mg/kg,
SC). bMean total rearing (counts per 90 min; ±SEM). Symbols as in
a. c Mean rectal temperature (°C; ±SEM) in rats (n=8–16) following
behavioral testing. Symbols as in a. *Activity counts or tempera-
tures that were significantly different than vehicle-saline controls
(P<0.05); ^activity counts or temperatures that were significantly
different than vehicle-pretreated animals administered the same dose
of (+)-MDMA (P<0.05). Each experimental group contained 12
animals except vehicle/saline (n=16), vehicle/MDMA (8 mg/kg;
n=16), M100907/saline (n=8), M100907/MDMA (8 mg/kg; n=16)
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Discussion

The present studies indicate the involvement of the 5-
HT2AR in the hyperlocomotive and hyperthermic effects
of the substituted amphetamine (+)-MDMA. We found
that pretreatment with the selective 5-HT2AR antagonist
M100907 attenuated peripheral hyperactivity and rearing
produced by (+)-MDMA, and completely prevented and
reversed hyperthermia produced by (+)-MDMA. The ef-
fective doses of M100907 did not alter basal activity or
temperature.

These effects of M100907 are most likely due to 5-
HT2AR antagonism, given its high affinity (Ki=0.85 nM)
for 5-HT2AR; M100907 is selective with low affinity for
all other receptors, including the 5-HT2BR, 5-HT2CR, α1-
adrenergic receptor, and sigma receptor (Ki=261, 88, 128,
and 87 nM, respectively; Kehne et al. 1996a; Roth et al.
2000). Additionally, the ability of M100907 to block be-
haviors generated by stimulation of 5-HT2AR in Sprague–
Dawley rats supports the specificity of the range of doses
used here (Hitchcock et al. 1997; Wettstein et al. 1999;
McCreary et al. 2003). However, M100907 does lose
selectivity for the 5-HT2AR at higher doses (≧3 mg/kg;
Patel et al. 2001; Bonaccorso et al. 2002). These data
support the range of doses utilized in the present study and
suggest that our results are due to blockade of the 5-
HT2AR.

Both (+)-MDMA and (±)-MDMA are well character-
ized to generate horizontal hyperactivity in the periphery
of the activity monitor (Paulus and Geyer 1992; McCreary
et al. 1999). We demonstrate that the effectiveness of
M100907 in blocking (+)-MDMA-induced horizontal hy-

Fig. 4 Ability of M100907 (0 and 0.5 mg/kg) to reverse (+)-
MDMA-induced (12 mg/kg) hyperthermia. Mean rectal temperature
(°C; ±SEM) in rats (n=8) pretreated with saline (1 ml/kg, SC) or (+)-
MDMA (12 mg/kg, SC) and treated with vehicle (1 ml/kg, IP) or
M100907 (M100; 0.5 mg/kg, IP). *Temperatures that were
significantly different than saline-vehicle controls at same time
point (P<0.05); ^temperatures that were significantly different than
(+)-MDMA-vehicle group at same time point (P<0.05)

Fig. 3 Effects of M100907 (0, 0.25, and 0.5 mg/kg) pretreatment on
(+)-MDMA-induced (2, 4, 8, and 12 mg/kg) peripheral activity,
rearing, and hyperthermia. a Mean total peripheral activity (counts
per 90 min; ±SEM) in rats (n=7–13) following pretreatment with
vehicle (1 ml/kg, IP) or M100907 (M100; 0.25 and 0.5 mg/kg, IP)
and treatment with saline (“0 dose”; 1 ml/kg, SC) or (+)-MDMA (2,
4, 8, and 12 mg/kg, SC). b Mean total rearing (counts per 90 min;
±SEM). Symbols as in a. c Mean rectal temperature (°C; ±SEM) in
rats (n=7–13) following behavioral testing. Symbols as in a.
*Activity counts or temperatures that were significantly different
than vehicle-saline controls (P<0.05); ^activity counts or tempera-
tures that were significantly different than vehicle-pretreated animals
administered the same dose of (+)-MDMA (P<0.05). Each group
contained 8–9 animals except for groups administered vehicle/saline
(n=13) and those given vehicle/MDMA (12 mg/kg; n=7)
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peractivity is dependent upon the dose of (+)-MDMA
under study, an observation which explains some dis-
crepancies in the literature. Low doses (3 mg/kg or 4 mg/
kg) of (+)-MDMA generate peripheral hyperactivity some-
what resistant to 5-HT2AR blockade (present results;
Bankson and Cunningham 2002). In contrast, the 5-HT1BR
antagonist GR 127935 completely blocked hyperactivity
evoked by a low dose (3 mg/kg) of (+)-MDMA (McCreary
et al. 1999). The diverging ability of the 5-HT2AR and 5-
HT1BR antagonists to attenuate (+)-MDMA-induced hy-
peractivity suggests a more dominant role for the 5-HT1BR
over 5-HT2AR in hyperactivity generated at 3 mg/kg or
4 mg/kg (+)-MDMA. Serotonin released consequent to
(+)-MDMA administration at low doses may interact pref-
erentially at the 5-HT1BR which has a very high affinity
for 5-HT (Roth et al. 2000). The superior ability of the 5-
HT2AR antagonist to alter the expression of hyperactivity
evoked by higher doses of (+)-MDMA (8 and 12 mg/kg;
present results) and (±)-MDMA (Kehne et al. 1996b) may
be related to a greater indirect stimulation of 5-HT2AR
under conditions of greater 5-HT efflux, like that produced
by higher doses of (±)-MDMA (Kankaanpaa et al. 1998);
5-HT has a modest affinity for the 5-HT2AR (Peroutka
1986; Roth et al. 2000; Rothman et al. 2000) and stim-
ulation of these receptors may occur predominantly fol-
lowing greater levels of 5-HT release. Additionally, higher
doses of (+)-MDMA may directly stimulate 5-HT2AR to
evoke hyperactivity given its affinity for this receptor
(Battaglia et al. 1988; Nash et al. 1994). This is a pos-
sibility, as 5-HT2AR stimulation has been implicated in
mediating the hyperactivity induced by such non-selective
5-HT2AR agonists as D-lysergic acid diethylamide (LSD;
Ouagazzal et al. 2001) or (±)-1-[2,5-dimethoxy-4-iodo-
phenyl]-2-aminopropane (DOI; Hillegaart et al. 1996). For
example, the hyperactivity induced by low doses of DOI
(and seen largely in the periphery of the activity monitor;
Bankson and Cunningham, unpublished observations;
Hillegaart et al. 1996) or by LSD (Ouagazzal et al. 2001)
is blocked by pretreatment with a 5-HT2R antagonist. In
particular, LSD-induced hyperactivity in rats habituated to
the activity monitors was completely blocked by pretreat-
ment with M100907 (Ouagazzal et al. 2001). Taken togeth-
er, these data do support a role for activation of 5-HT2AR
in the production of (+)-MDMA-evoked hyperactivity.
However, based upon the involvement of the 5-HT1BR
(McCreary et al. 1999) and also the DA D1R and D2R
(Gold et al. 1989; Kehne et al. 1996b; Bubar et al. 2004),
the 5-HT2AR is a component in a complex interplay of
neural systems that underlie the behavioral and physio-
logical effects of MDMA.

A recent study in mice showed that M100907 enhanced
horizontal hyperactivity elicited by 32 mg/kg (+)-MDMA
(Fantegrossi et al. 2003). High doses of (±)-MDMA evoke
behaviors characteristic of the 5-HT syndrome, including
flat body posture (unpublished observations; Spanos and
Yamamoto 1989). At the doses of (+)-MDMA utilized
here (2–12 mg/kg), the expression of flat body posture did
not correlate with reduced horizontal activity evoked by
(+)-MDMA in rats, since animals still exhibit horizontal

hyperactivity regardless of body posture (unpublished
observations). However, the magnitude of 5-HT syndrome
behaviors elicited by 32 mg/kg (+)-MDMA in mice could
limit full expression of horizontal hyperactivity; inhibition
of this behavioral syndrome by M100907 might enhance
horizontal activity. This possibility is supported by reports
indicating a role for the 5-HT2AR in components of the 5-
HT syndrome (Nisijima et al. 2001; Van Oekelen et al.
2002).

The generation of rearing by MDMA has not been well
characterized and we provide the first evidence that the 5-
HT2AR controls rearing evoked by (+)-MDMA. The 3 mg/
kg dose of (+)-MDMA appears to be a threshold dose for
the induction of rearing, as this dose has been shown to
increase rearing or have no effect under identical test con-
ditions (McCreary et al. 1999; Bankson and Cunningham
2002). In the present studies, (+)-MDMA alone produced
an inverted-U-shaped dose–response curve for rearing, with
the maximal level of rearing seen at 8 mg/kg. M100907
pretreatment shifted this dose-effect curve to the right,
without altering basal rearing, and attenuated rearing
elicited by doses of (+)-MDMA as high as 8 mg/kg, sug-
gesting that activation of the 5-HT2AR subsequent to (+)-
MDMA administration results in the production of rearing.
However, the frequency of rearing produced by 12 mg/kg
(+)-MDMA alone was reduced below that observed at
8 mg/kg. At this dose (12 mg/kg), 5-HT syndrome behav
iors, especially flat body posture (unpublished observa-
tions), may compete with the expression of rearing. An
attenuation of some components of the 5-HT syndrome by
5-HT2AR blockade, particularly flattened body posture,
might be expected to enhance rearing at 12 mg/kg (+)-
MDMA.

The mechanisms underlying the attenuation of (+)-
MDMA-induced hyperactivity with M100907 potentially
involve a 5-HT2AR modulation of the mesoaccumbens DA
system, which contains DA cell bodies in the ventral
tegmental area (VTA) that project to the nucleus accum-
bens (NAc). This pathway plays a key role in the gen-
eration of stimulant-induced behaviors (Delfs et al. 1990)
and appears to mediate the locomotor stimulant effects of
(±)-MDMA (Gold et al. 1989). We postulate that 5-HT
released consequent to (+)-MDMA administration stimu-
lates the 5-HT2AR on DA neurons (Doherty and Pickel
2000) to enhance their firing (Pessia et al. 1994) and result
in increased DA efflux in the NAc (Schmidt et al. 1992). A
second possible mechanism for 5-HT2AR antagonism to
alter (+)-MDMA-evoked hyperactivity may involve block-
ade of DA synthesis by M100907, resulting in decreased
DA release in terminal regions (Schmidt et al. 1992).
Previous studies have suggested that activation of 5-
HT2AR may be necessary for enhanced DA synthesis
under conditions of stimulated DA neurotransmission, like
that produced by (±)-MDMA (Schmidt et al. 1992). Thus,
antagonism of 5-HT2AR by M100907 may interrupt the
(+)-MDMA-evoked enhancement of the DA system and
suppress (+)-MDMA-evoked hyperactivity, a hypothesis
supported by a recent study demonstrating that M100907
decreased hyperactivity produced by elevated synaptic
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levels of DA in DA transporter knockout mice (Barr et al.
2004).

The more potent isomer (+)-MDMA dose-dependently
elevated rectal temperature and pretreatment withM100907
blocked this response. This finding is in agreement with
studies in which M100907 attenuated hyperthermia elicited
by (±)-MDMA in rats and mice (Mechan et al. 2002;
Fantegrossi et al. 2003). However, our data conflict with
one study in which M100907 did not alter hyperthermia
induced by the (+)-isomer of MDMA in mice (Fantegrossi
et al. 2003), suggesting that the contribution of the 5-
HT2AR to hyperthermia elicited by the more potent isomer
(+)-MDMA may depend on the species or strain of animal.
Interestingly, the magnitude of the blockade of (+)-
MDMA-induced hyperthermia following administration
of M100907 greatly exceeds the blockade of peripheral
hyperactivity or rearing evoked by (+)-MDMA. This dis-
sociation between hyperthermia and motor activity sug-
gests that the generation of hyperthermia is independent of
motor activity and that the underlying mechanisms overlap
but are not identical.

The present study is the first to investigate reversal of
(+)-MDMA-evoked hyperthermia by a selective 5-HT2AR
antagonist. We found that hyperthermia evoked by a high
dose (12 mg/kg) of (+)-MDMA was rapidly and com-
pletely reversed by M100907, suggesting that this phys-
iological consequence of (+)-MDMA administration is
largely dependent upon activation of the 5-HT2AR.
Interestingly, the antipsychotic clozapine was shown to
reverse hyperthermia evoked by (±)-MDMA in rats and
rabbits, an effect attributed to either antagonism of 5-
HT2AR or activation of 5-HT1AR (Blessing et al. 2003).
Our findings suggest that the reversal of (±)-MDMA-
induced hyperthermia induced by clozapine is due to 5-
HT2AR antagonism.

Collectively, our results suggest a possible therapeutic
role for selective 5-HT2AR antagonists in the treatment of
the behavioral, psychological, and physiological effects of
MDMA in human users of the drug. The 5-HT2R antag-
onist ketanserin was shown to attenuate emotional exci-
tation, perceptual changes, and increased temperature
evoked by (±)-MDMA in humans, supporting the possible
clinical utility for 5-HT2AR antagonists in the treatment
of these effects in human (±)-MDMA users (Liechti et
al. 2000). Treatment of (±)-MDMA-induced hyperther-
mia is of particular importance, as it can lead to life-
threatening medical complications (Dar and McBrien
1996). Animal studies suggest that hyperthermia exacer-
bates (±)-MDMA-evoked 5-HT neurotoxicity (Malberg
and Seiden 1998), which may produce long-term psy-
chological effects (Morgan 2000). Current treatments for
hyperthermia in humans include administration of the
muscle relaxant dantrolene and/or ice baths (Dar and
McBrien 1996). While both treatments do reverse hyper-
thermia, neither of them is specific for direct blockade at
the key central sites of action for (±)-MDMA, which likely
contribute to the generation of hyperthermia (Blessing et al.
2003). M100907, however, completely prevented hyper-
thermia produced by (+)-MDMA, most likely through a

direct action at 5-HT2AR. Thus, by attenuating the sub-
jective (Liechti et al. 2000) and hyperthermic effects of
(±)-MDMA, M100907 or other selective 5-HT2AR antag-
onists may be effective in reducing the medical and psy-
chological consequences of (±)-MDMA use.

Acknowledgements This research was supported by National
Institute on Drug Abuse grants DA 00260, DA 13595, DA 07287,
and DA 15272. Portions of these data were presented at the 64th
annual meeting of the College on Problems of Drug Dependence
(Quebec City, Canada, 2002) and the biannual meeting of the
European Behavioral Pharmacology Society (Antwerp, Belgium,
2003). We gratefully thank Teri Tarrant for secretarial assistance and
Marcy J. Bubar, Jeff J. Burmeister, Julie D. Ross, and Regina P.
Szucs for their comments and suggestions. We would also like to
thank the National Institute on Drug Abuse for providing us with
(+)-MDMA.

References

Bankson MG, Cunningham KA (2002) Pharmacological studies of
the acute effects of (+)-3,4-methylenedioxymethamphetamine
on locomotor activity: role of 5-HT1B/1D and 5-HT2 receptors.
Neuropsychopharmacology 26:40–52

Barr AM, Lehmann-Masten VL, Paulus M, Gainetdinov RR, Caron
MG, Geyer MA (2004) The selective serotonin-2A receptor
antagonist M100907 reverses behavioral deficits in dopamine
transporter knockout mice. Neuropsychopharmacology
29:221–228

Battaglia G, Brooks BP, Kulsakdinun C, de Souza EB (1988)
Pharmacologic profile of MDMA (3,4-methylenedioxy-
methamphetamine) at various brain recognition sites. Eur J
Pharmacol 149:159–163

Blessing WW, Seaman B, Pedersen NP, Ootsuka Y (2003)
Clozapine reverses hyperthermia and sympathetically mediated
cutaneous vasoconstriction induced by 3,4-methylenedioxy-
methamphetamine (ecstasy) in rabbits and rats. J Neurosci
23:6385–6391

Bonaccorso S, Meltzer HY, Li Z, Dai J, Alboszta AR, Ichikawa J
(2002) SR46349-B, a 5-HT(2A/2C) receptor antagonist,
potentiates haloperidol-induced dopamine release in rat medial
prefrontal cortex and nucleus accumbens. Neuropsychophar-
macology 27:430–441

Bubar MJ, Pack KM, Frankel PS, Cunningham KA (2004) Effects
of dopamine D1- or D2-like receptor antagonists on the
hypermotive and discriminative stimulus effects of (+)-
MDMA. Psychopharmacology 173:326–336

Cami J, Farre M, Mas M, Roset PN, Poudevida S, Mas A, San L, de
la Torre R (2000) Human pharmacology of 3,4-methylenediox-
ymethamphetamine (“ecstasy”): psychomotor performance and
subjective effects. J Clin Psychopharmacol 20:455–466

Dafters RI (1994) Effect of ambient temperature on hyperthermia
and hyperkinesis induced by 3,4-methylenedioxymethamphe-
tamine (MDMA or “ecstasy”) in rats. Psychopharmacology
114:505–508

Dar KJ, McBrien ME (1996) MDMA induced hyperthermia: report
of a fatality and review of current therapy. Intensive Care Med
22:995–996

Davison D, Parrott AC (1997) Ecstasy (MDMA) in recreational
users: self-reported psychological and physiological effects.
Hum Psychopharmacol 12:221–226

Delfs JM, Schreiber L, Kelley AE (1990) Microinjection of cocaine
into the nucleus accumbens elicits locomotor activation in the
rat. J Neurosci 10:303–310

Doherty MD, Pickel VM (2000) Ultrastructural localization of the
serotonin 2A receptor in dopaminergic neurons in the ventral
tegmental area. Brain Res 864:176–185

512



Fantegrossi WE, Godlewski T, Karabenick RL, Stephens JM,
Ullrich T, Rice KC, Woods JH (2003) Pharmacological
characterization of the effects of 3,4-methylenedioxymetham-
phetamine (“ecstasy”) and its enantiomers on lethality, core
temperature, and locomotor activity in singly housed and
crowded mice. Psychopharmacology 166:202–211

Fletcher PJ, Korth KM, Robinson SR, Baker GB (2002) Multiple 5-
HT receptors are involved in the effects of acute MDMA
treatment: studies on locomotor activity and responding for
conditioned reinforcement. Psychopharmacology 162:282–291

Gold LH, Hubner CB, Koob GF (1989) A role for the mesolimbic
dopamine system in the psychostimulant actions of MDMA.
Psychopharmacology 99:40–47

Herin DV, Cunningham KA (2001) Potentiation of (+)-3,4-
methylenedioxymethamphetamine [(+)-MDMA]-induced hy-
peractivity by the selective 5-HT2C receptor antagonist SB
242084. Soc Neurosci 26:221.18 (Abstr)

Hillegaart V, Estival A, Ahlenius S (1996) Evidence for specific
involvement of 5-HT1A and 5-HT2A/C receptors in the expres-
sion of patterns of spontaneous motor activity of the rat. Eur J
Pharmacol 295:155–161

Hitchcock JM, Lister S, Fischer TR, Wettstein JG (1997) Disruption
of latent inhibition in the rat by the 5-HT2 agonist DOI: effects
of MDL 100,907, clozapine, risperidone, and haloperidol.
Behav Brain Res 88:43–49

Kankaanpaa A, Meririnne E, Lillsunde P, Seppala T (1998) The
acute effects of amphetamine derivatives on extracellular
serotonin and dopamine levels in rat nucleus accumbens.
Pharmacol Biochem Behav 59:1003–1009

Kehne JH, Baron BM, Carr AA, Chaney SF, Elands J, Feldman DJ,
Frank RA, van Giersbergen PL, McCloskey TC, Johnson MP,
McCarty DR, Poirot M, Senyah Y, Siegel BW, Widmaier C
(1996a) Preclinical characterization of the potential of the
putative atypical antipsychotic MDL 100,907 as a potent 5-
HT2A antagonist with a favorable CNS safety profile. J
Pharmacol Exp Ther 277:968–981

Kehne JH, Ketteler HJ, McCloskey TC, Sullivan CK, Dudley MW,
Schmidt CJ (1996b) Effects of the selective 5-HT2A receptor
antagonist MDL 100,907 on MDMA-induced locomotor stim-
ulation in rats. Neuropsychopharmacology 15:116–124

Keppel G (1991) Design and analysis, a researcher’s handbook.
Prentice Hall, New Jersey

Liechti ME, Saur MR, Gamma A, Hell D, Vollenweider FX (2000)
Psychological and physiological effects of MDMA (“ecstasy”)
after pretreatment with the 5-HT2 antagonist ketanserin in
healthy humans. Neuropsychopharmacology 23:396–404

Malberg JE, Seiden LS (1998) Small changes in ambient temper-
ature cause large changes in 3,4-methylenedioxymethampheta-
mine (MDMA)-induced serotonin neurotoxicity and core body
temperature in the rat. J Neurosci 18:5086–5094

McCreary AC, Bankson MG, Cunningham KA (1999) Pharmaco-
logical studies of the acute and chronic effects of (+)-3,4-
methylenedioxymethamphetamine on locomotor activity: role
of 5-hydroxytryptamine 1A and 5-hydroxytryptamine 1B/1D
receptors. J Pharmacol Exp Ther 290:965–973

McCreary AC, Filip M, Cunningham KA (2003) Discriminative
stimulus properties of (±)-fenfluramine: the role of 5-HT2
receptor subtypes. Behav Neurosci 117:212–221

Mechan AO, Esteban B, O’Shea E, Elliott JM, Colado MI, Green
AR (2002) The pharmacology of the acute hyperthermic
response that follows administration of 3,4-methylenedioxy-
methamphetamine (MDMA, “ecstasy”) to rats. Br J Pharmacol
135:170–180

Mlinar B, Corradetti R (2003) Endogenous 5-HT, released by
MDMA through serotonin transporter- and secretory vesicle-
dependent mechanisms, reduces hippocampal excitatory syn-
aptic transmission by preferential activation of 5-HT1B receptors
located on CA1 pyramidal neurons. Eur J Neurosci 18:1559–
1571

Morgan MJ (2000) Ecstasy (MDMA): a review of its possible
persistent psychological effects. Psychopharmacology
152:230–248

Nash JF, Roth BL, Brodkin JD, Nichols DE, Gudelsky GA (1994)
Effect of the R(−) and S(+) isomers of MDA and MDMA on
phosphatidyl inositol turnover in cultured cells expressing 5-
HT2A or 5-HT2C receptors. Neurosci Lett 177:111–115

Nisijima K, Yoshino T, Yui K, Katoh S (2001) Potent serotonin 5-
HT2A receptor antagonists completely prevent the development
of hyperthermia in an animal model of the 5-HT syndrome.
Brain Res 890:23–31

Ouagazzal A, Grottick AJ, Moreau J, Higgins GA (2001) Effect of
LSD on prepulse inhibition and spontaneous behavior in the rat.
A pharmacological analysis and comparison between two rat
strains. Neuropsychopharmacology 25:565–575

Patel S, Fernandez-Garcia E, Hutson PH, Patel S (2001) An in vivo
binding assay to determine central α1-adrenoceptor occupancy
using [3H]prazosin. Brain Res Brain Res Protoc 8:191–198

Paulus MP, Geyer MA (1992) The effects of MDMA and other
methylenedioxy-substituted phenylalkylamines on the structure
of rat locomotor activity. Neuropsychopharmacology 7:15–31

Peroutka SJ (1986) Pharmacological differentiation and character-
ization of 5-HT1A, 5-HT1B, and 5-HT1C binding sites in rat
frontal cortex. J Neurochem 47:529–540

Pessia M, Jiang ZG, North RA, Johnson SW (1994) Actions of 5-
hydroxytryptamine on ventral tegmental area neurons of the rat
in vitro. Brain Res 654:324–330

Roth BL, Kroeze WK, Patel S, Lopez E (2000) The multiplicity of
serotonin receptors: uselessly diverse molecules or an embar-
rasment of riches? Neuroscientist 6:252–262

Rothman RB, Baumann MH, Savage JE, Rauser L, McBride A,
Hufeusen SJ, Roth BL (2000) Evidence for possible involve-
ment of 5-HT2B receptors in the cardiac valvulopathy
associated with fenfluramine and other serotonergic medica-
tions. Circulation 102:2836–2841

Rothman RB, Baumann MH, Dersch CM, Romero DV, Rice KC,
Carroll FI, Partilla JS (2001) Amphetamine-type central
nervous system stimulants release norepinephrine more po-
tently than they release dopamine and serotonin. Synapse
39:32–41

Rudnick G, Wall SC (1992) The molecular mechanism of “ecstasy”
[3,4-methylenedioxy-methamphetamine (MDMA)]: serotonin
transporters are targets for MDMA-induced serotonin release.
Proc Natl Acad Sci USA 89:1817–1821

Schmidt CJ, Fadayel GM, Sullivan CK, Taylor VL (1992) 5-HT2
receptors exert a state-dependent regulation of dopaminergic
function: studies with MDL 100,907 and the amphetamine
analogue, 3,4-methylenedioxymethamphetamine. Eur J Phar-
macol 223:65–74

Sheskin DJ (2000) Handbook of parametric and nonparametric
statistical procedures. Chapman and Hall/CRC, New York/
Boca Raton

Spanos LJ, Yamamoto BK (1989) Acute and subchronic effects of
methylenedioxymethamphetamine [(±)MDMA] on locomotion
and serotonin syndrome behavior in the rat. Pharmacol
Biochem Behav 32:835–840

Van Oekelen D, Megens A, Meert T, Luyten WH, Leysen JE (2002)
Role of 5-HT2 receptors in the tryptamine-induced 5-HT
syndrome in rats. Behav Pharmacol 13:313–318

Wettstein JG, Host M, Hitchcock JM (1999) Selectivity of action of
typical and atypical anti-psychotic drugs as antagonists of the
behavioral effects of 1-[2,5-dimethoxy-4-iodophenyl]-2-amino-
propane (DOI). Prog Neuropsychopharmacol Biol Psychiatry
23:533–544

513


	Role of the serotonin 5-HT2A receptor in the hyperlocomotive and hyperthermic effects of (+)-3,4-methylenedioxymethamphetamine
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Animals
	Behavioral apparatus
	Temperature apparatus
	Drugs
	Behavioral procedures
	Experiment 1: Effects of M100907 (0, 0.5, 1, and 2 mg/kg) pretreatment on hyperactivity induced by a low dose of (+)-MDMA (3 mg/kg)
	Experiment 2: Effects of M100907 (0, 0.25, 0.5, and 1 mg/kg) pretreatment on the ability of (+)-MDMA (0–12 mg/kg) to induce hyperactivity and hyperthermia
	Experiment 3: Ability of M100907 (0 and 0.5 mg/kg) to reverse hyperthermia produced by a high dose of (+)-MDMA (12 mg/kg)

	Statistical analysis

	Results
	Effects of M100907 (0, 0.5, 1, and 2 mg/kg) pretreatment on peripheral hyperactivity and rearing induced by a low dose of (+)-MDMA (3 mg/kg)
	Effects of M100907 (0, 0.25, 0.5, and 1 mg/kg) pretreatment on the dose-effect curve for (+)-MDMA (0–12 mg/kg) to induce peripheral hyperactivity, rearing and hyperthermia
	Ability of M100907 (0 and 0.5 mg/kg) to reverse hyperthermia produced by a high dose of (+)-MDMA (12 mg/kg)

	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


