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Abstract
The indirect serotonin (5-HT) agonist 3,4-methylenedioxymethamphetamine (MDMA) produces a
distinct behavioral profile in rats consisting of locomotor hyperactivity, thigmotaxis, and
decreased exploration. The indirect 5-HT agonist α-ethyltryptamine (AET) produces a similar
behavioral profile. Using the Behavioral Pattern Monitor (BPM), the present investigation
examined whether the effects of MDMA and AET are dependent on the novelty of the testing
environment. These experiments were conducted in Sprague-Dawley rats housed on a reversed
light cycle and tested during the dark phase of the light/dark cycle. We found that racemic MDMA
(RS-MDMA; 3 mg/kg, SC) increased locomotor activity in rats tested in novel BPM chambers,
but had no effect on locomotor activity in rats habituated to the BPM chambers immediately prior
to testing. Likewise, AET (5 mg/kg, SC) increased locomotor activity in non-habituated animals
but not in animals habituated to the test chambers. These results were unexpected because
previous reports indicate that MDMA has robust locomotor-activating effects in habituated
animals. To further examine the influence of habituation on MDMA-induced locomotor activity,
we conducted parametric studies with S-(+)-MDMA (the more active enantiomer) in habituated
and non-habituated rats housed on a standard or reversed light cycle. Light cycle was included as a
variable due to reported differences in sensitivity to serotonergic ligands during the dark and light
phases. In confirmation of our initial studies, rats tested during the dark phase and habituated to
the BPM did not show an S-(+)-MDMA (3 mg/kg, SC)-induced increase in locomotor activity,
whereas non-habituated rats did. By contrast, in rats tested during the light phase, S-(+)-MDMA
increased locomotor activity in both non-habituated and habituated rats, although the response in
habituated animals was attenuated. The finding that habituation and light cycle interact to
influence MDMA- and AET-induced hyperactivity demonstrates that there are previously
unrecognized complexities associated with the behavioral effects of these drugs.
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3,4-Methylenedioxymethamphetamine (MDMA) is a derivative of amphetamine that
increases the non-exocytotic release of serotonin (5-HT), dopamine (DA), and
norepinephrine (Nichols et al., 1982, 1986; Baumann et al., 2008). MDMA, a popular drug
of abuse for several decades, can induce stimulation, heightened mood, empathy, feelings of
closeness to others, and minor perceptual alterations (Vollenweider et al., 2002). Although
there are similarities between the effects of MDMA and psychostimulants such as
amphetamine, qualitative differences exist as well (Gouzoulis-Mayfrank et al., 1999). It has
been proposed that MDMA belongs to a novel class of psychoactive compounds known as
entactogens (Nichols, 1986; Nichols et al., 1986; Nichols and Oberlender, 1990). In support
of this distinction, it appears that the effects of MDMA are mediated primarily by increases
in 5-HT release (Callaway et al., 1990; Liechti et al., 2000a,b), whereas amphetamine acts
largely via effects on DA efflux (Kelly et al., 1975).

MDMA and related compounds produce a distinct profile of behavioral effects in rats,
including locomotor hyperactivity, thigmotaxis, and a reduction in the frequency of
investigatory rearings and holepokes (Gold et al., 1998; Callaway et al., 1990, 1991).
MDMA-induced hyperactivity is markedly attenuated by 5-HT uptake inhibitors (Callaway
et al., 1990, 1991), indicating that the effects of MDMA are dependent on carrier-mediated
release of 5-HT. There is extensive evidence that the 5-HT1B receptor is responsible for
mediating the behavioral effects of MDMA. For example, the 5-HT1A/1B agonist RU 24969
produces effects that are qualitatively similar to those of MDMA (Rempel et al., 1993), and
RU 24969 and MDMA produce cross-tolerance (Callaway and Geyer, 1992). Furthermore,
the locomotor-activating effects of MDMA are blocked by the selective 5-HT1B/1D
antagonist GR127935 and attenuated in 5-HT1B knockout mice (McCreary et al., 1999;
Scearce-Levie et al., 1999; Fletcher et al., 2002). There is also evidence that 5-HT2A
receptors (Ball and Rebec, 2005; Kehne et al., 1996; Fletcher et al., 2002), D1 and D2
dopaminergic receptors (Bubar et al., 2004; Risbrough et al., 2006), and α1 adrenergic
receptors (Selken and Nichols, 2007) contribute to the MDMA-induced locomotor response.

During the course of a series of pilot behavioral experiments with MDMA, we found
evidence that the drug does not increase locomotor activity in animals tested in a familiar
environment (data not shown). This finding was surprising because several other groups
have reported that racemic MDMA and the more active enantiomer S-(+)-MDMA produced
robust hyperactivity in rats habituated to the test chambers (Kehne et al., 1996; McCreary et
al., 1999; Bankson and Cunningham, 2002; Fletcher et al., 2002). Given these discrepant
observations, we conducted a series of experiments to determine whether habituation alters
the behavioral response to MDMA. Parallel studies were conducted with α-ethyltryptamine
(AET), a 5-HT releasing agent (Baker et al., 1980) that produces an MDMA-like behavioral
profile in rats (Krebs and Geyer, 1993; Glennon, 1993). While most drugs with MDMA-like
effects are based on the phenethylamine structure, AET is derived from tryptamine and thus
more related structurally to 5-HT; hence, studies with AET were included to assess the
generality of any findings with MDMA. In rodents, the baseline level of activity (Iuvone and
Van Hartesveldt, 1977), as well as the behavioral response to serotonergic ligands
(Singleton and Marsden, 1981; Lu and Nagayama, 1996; Darmani, 1998), varies over the
diurnal light/dark cycle. Most investigators have tested MDMA in rats housed on a standard
light cycle (i.e., behavioral testing occurred during the light phase), whereas our studies with
MDMA were conducted in rats housed on a reversed light cycle. To determine whether the
effects of MDMA are influenced by the phase of the light/dark cycle, we also conducted
parametric studies with MDMA in habituated and non-habituated rats housed under a
standard or a reversed light-dark cycle.
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2. MATERIALS AND METHODS
2.1. Subjects

Male Sprague-Dawley rats (250–300 g; Harlan, San Diego, CA) were housed in pairs and
maintained on either a standard or reversed 12-hour light/dark cycle (lights on or off at 0700
h, respectively) based on random group assignment. All animals were housed in compliance
with AAALAC guidelines, and all procedures were conducted in accordance with the NIH
Guidelines for the Care and Use of Laboratory Animals and were approved by the
Institutional Animal Care and Use Committee at the University of California San Diego.
Food and water were provided ad libitum. Testing occurred between 0900 and 1600 h.
Animals were handled upon arrival and allowed to acclimate for 1 week prior to testing.

2.2. Drugs and solutions
Racemic 3,4-methylenedioxymethamphetamine hydrochloride (RS-MDMA) and S-(+)-
MDMA hydrochloride were generously donated by the National Institute on Drug Abuse
(Rockville, MD, USA); α-ethyltryptamine acetate (AET) was obtained from Sigma-Aldrich
(St. Louis, MO, USA). MDMA and AET were dissolved in 0.9% (w/v) sterile saline and
injected subcutaneously at a volume of 1 ml/kg. MDMA and AET were injected 10 min
prior to testing in the BPM.

2.3. Behavioral Pattern Monitor (BPM)
The BPM consisted of a 30.5 x 61 cm black Plexiglas chamber that provided quantitative
and qualitative measures of exploratory and investigatory behavior, including sequential
patterns of activity (see: Geyer et al., 1986 for more details). Each of the 8 chambers was
enclosed for sound isolation, well ventilated, and illuminated with a red light bulb (7.5 W)
for testing within a darkened room. A microcomputer recorded the animal’s successive
holepokes, rearings, and position within the chamber. Holepokes were measured at 2.5-cm
holes placed along the walls (3 along each long wall, 1 along the back short wall) and 3
along the floor of each chamber. Nose pokes in the holes were detected using infrared (IR)
photobeams. The chamber contained a 4 x 8 array of IR photobeams located 2.5 cm above
the floor, which detected the position of the animal in an X-Y plane. Rearing behavior along
the walls was detected by a thin metal plate located 15.5 cm above the floor, on all four
walls. A rearing was recorded when the animal’s forepaws touched the wall plate as the hind
paws touched the floor. Activity within each chamber was monitored continuously by a
computer (all the IR beams were sampled every 55 msec) and data were collected and stored
for later analysis.

2.4. Testing procedure
One day before BPM studies, animals were taken to the testing room, weighed, handled
briefly, placed in a clear Plexiglas box (24 × 46 cm) for approximately 30 s, and then
returned to their cages in the vivarium. On the testing day, rats were brought to the testing
room under dark cover and allowed to acclimate for 1 hour under red lights. In Experiment
3, the standard and reversed light cycle animals were handled in the same manner, but were
tested on alternating days to avoid entry into multiple vivarium rooms on the same day.

2.5. Experimental design
Half of the animals tested in each experiment were habituated to the BPM chambers for 30
minutes prior to testing, and the other animals were naïve to the BPM environment. In the
habituated groups, animals were placed in the BPM testing chambers 30 min prior to testing.
Animals in the non-habituated groups were left in their transport cages during that time. At
10 min prior to testing, animals received injections of vehicle or the appropriate drug
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treatment, and were then returned to the same BPM chamber (habituated animals) or
transport cage (non-habituated animals). After 10 min, the non-habituated animals were
placed in the BPM chambers and then data collection commenced. All BPM test sessions
lasted 60 min. Chambers were cleaned thoroughly between sessions and checked to ensure
proper functioning. Details of the individual experiments are listed in Table 1.

2.7. Data analysis
Locomotor activity was quantified by the number of crossings between eight equal 15.25 x
15.25 cm sectors within the BPM (see: Geyer et al., 1986). Investigatory behavior was
quantified by the total number of rearings and holepokes. Locomotor activity was analyzed
in 10-min blocks, and rearings and holepokes were analyzed in 30-min blocks. For
Experiment 1 and Experiment 2, data were analyzed using three-way ANOVA with
habituation and treatment as between-subject factors and time as a repeated measure. For
Experiment 3, data were analyzed using four-way ANOVA with habituation, light cycle, and
treatment as between-subject factors and time as a repeated measure. Three-way ANOVAs
were also used in Experiment 3 to assess the two light cycle conditions individually.
Specific post hoc comparisons were made using Tukey’s Studentized Range Method. The
criterion for significance was set at p<0.05.

3. RESULTS
3.1. Experiment 1: Effect of habituation on the behavioral response to RS-MDMA

To determine whether the behavioral effects of MDMA are dependent on familiarity with
the testing environment, we compared the effects in non-habituated and habituated rats. To
induce habituation, rats were exposed to the BPM chambers for 30 min, which significantly
reduced the baseline level of locomotor activity (F(1,29)=99.86, p<0.0001; Fig. 1). Figure 1
illustrates the effects of RS-MDMA on crossings, a measure of locomotor activity. In
animals tested in a novel environment, RS-MDMA (3 mg/kg) increased locomotor activity
(F(1,29)=15.44, p<0.0005), an effect that occurred primarily during the last 40 min of
testing (MDMA × time: F(5,145)=7.43, p<0.0001). Interestingly, RS-MDMA had no effect
on locomotor activity in rats habituated to the BPM chambers immediately prior to testing
(MDMA × habituation: F(1,29)=4.94, p<0.04; MDMA × habituation × time:
F(5,145)=11.61, p<0.0001). Habituation also reduced the baseline level of rearing
(F(1,29)=14.56, p=0.0007) and holepoking behavior (F(1,29)=25.60, p<0.0001).
Administration of RS-MDMA significantly reduced the number of rearings and holepokes in
both non-habituated and habituated rats (see Table 2). Although there were significant
interactions of drug treatment, time, and habituation for rearings (F(1,29)=35.23, p<0.0001)
and holepokes (F(1,29)=19.02, p=0.0001), inspection of the data indicated that the
interaction is likely a consequence of floor effects in the habituated animals, as opposed to
changes in the effects of RS-MDMA.

3.2. Experiment 2: Effect of habituation on the behavioral response to AET
Previous BPM studies have shown that AET induces a MDMA-like behavioral profile in
rats (Krebs and Geyer, 1993). Consistent with those findings, administration of 5 mg/kg
AET significantly increased locomotor activity in non-habituated rats (AET effect:
F(1,48)=6.61, p<0.02; Fig. 2). Importantly, as was found with MDMA in Experiment 1,
AET did not increase locomotor activity in habituated rats (AET × habituation:
F(1,48)=16.83, p<0.0002). AET reduced the total number of holepokes (F(1,48)=29.47,
p<0.0001) and rearings (F(1,48)=47.49, p<0.0001) in both non-habituated and habituated
rats (see Table 3). Habituation significantly reduced the baseline level of locomotor activity
(F(1,48)=51.29, p<0.0001), holepokes (F(1,48)=16.23, p<0.0002), and rearing
(F(1,48)=12.31, p<0.001).
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3.3. Experiment 3: Effect of light cycle and habituation on the behavioral response to S-(+)-
MDMA

Light cycle had no effect on the baseline level of locomotor activity of vehicle-treated
animals. Likewise, in non-habituated animals, there was no significant difference between
the amount of locomotor hyperactivity induced by S-(+)-MDMA in reversed-cycle rats
versus standard-cycle rats. There was, however, a significant three-way interaction between
light cycle, habituation, and S-(+)-MDMA (F(1,56)=11.17, p<0.002); therefore, the results
of Experiment 3 were analyzed separately for reversed-light cycle rats (i.e., rats tested
during their dark phase) and standard-light cycle rats (i.e., rats tested during their light
phase).

3.3.1. Reversed light-cycle rats—As we found in Experiment 1 with RS-MDMA, 3
mg/kg S-(+)-MDMA significantly increased locomotor activity in non-habituated rats
(MDMA effect: F(1,28)=27.11, p<0.0001; Fig. 3A), but had no effect on locomotor activity
in rats that were habituated to the BPM chambers (habituation × MDMA: F(1,28)=17.88,
p<0.0002; Fig. 3C). There was a significant interaction of habituation and time
(F(5,140)=8.16, p<0.0001), and habituation significantly reduced the locomotor activity of
vehicle-treated rats during the first 10 min of testing (p<0.05, Tukey’s test). In both non-
habituated and habituated rats, S-(+)-MDMA significantly decreased the number of
holepokes (F(1,28)=22.98, p<0.0001) and rearings (F(1,28)=58.15, p<0.0001) compared to
vehicle-treated animals (see Table 4).

3.3.2. Standard light-cycle rats—For the animals housed on a standard light cycle,
there was a main effect of S-(+)-MDMA (F(1,28)=22.28, p<0.0001) and an interaction
between S-(+)-MDMA, habituation, and time (F(5,140)=13.04, p<0.0001). S-(+)-MDMA
significantly increased locomotor activity in the non-habituated animals during the last 30
min of testing (p<0.01, Tukey’s test; Fig. 3B). Although S-(+)-MDMA also increased
locomotor activity in habituated rats, the effect was attenuated compared with the non-
habituated animals, and was only significant during the second 10-min block of testing
(p<0.01, Tukey’s test; Fig. 3D). Examination of the data at a lower time resolution (i.e., over
30-min blocks) confirmed that habituation almost completely attenuated the effect of S-(+)-
MDMA (data not shown). In the standard light-cycle rats, there was a significant interaction
of habituation and time (F(5,140)=5.39, p<0.0001), and habituation significantly reduced the
activity of vehicle-treated rats during the first 20 min of testing (p<0.01, Tukey’s test). As
was found in the reversed light-cycle animals, S-(+)-MDMA reduced the number of
holepokes (F(1,28)=44.87, p<0.0001) and rearings (F(1,28)=54.85, p<0.0001), regardless of
habituation group (see Table 4).

3.3.3. Comparison of S-(+)-MDMA effects in rats housed on reversed and
standard light-cycles—To directly compare the effects of S-(+)-MDMA over the
different light-cycle and habituation conditions, S-(+)-MDMA-induced locomotor activity
was normalized to baseline (saline injection) activity levels (Fig. 4). There was a significant
difference between the normalized levels of locomotor activity induced by S-(+)-MDMA in
the four groups of animals (F(3,28)=4.14, p<0.02). Compared to baseline activity levels, S-
(+)-MDMA increased locomotor activity to a similar extent in non-habituated rats housed on
a reversed light cycle (218.1% increase) and in habituated rats housed on a standard light
cycle (199.4% increase). MDMA had less of an effect on locomotor activity in non-
habituated rats housed on a standard light cycle (143.3% increase), and relatively little effect
on locomotor activity in habituated rats housed on a reversed light cycle (124.5% increase).
These data demonstrate that habituation markedly attenuates the ability of MDMA to
increase locomotor activity during the active phase of the diurnal cycle, whereas habituation
augments MDMA-induced locomotor hyperactivity during the sleep phase.
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4. DISCUSSION
Despite their different chemical structures, the indirect 5-HT agonists MDMA and AET
produce strikingly similar behavioral profiles in rats, including locomotor hyperactivity and
reductions in the frequency of investigatory behaviors (Gold et al., 1998; Callaway et al.,
1990; Krebs and Geyer, 1993). In this study, we investigated whether the effects of MDMA
and AET are sensitive to the novelty of the testing environment and/or the time tested
relative to the light/dark cycle. The present data demonstrate that a low dose of RS-MDMA
increases locomotor activity in rats tested in novel BPM chambers during the dark phase of
the light-dark cycle, but has no effect on locomotor activity in animals pre-exposed to the
test environment. Similar to MDMA, the locomotor-activating effects of AET are dependent
on the novelty of the test chambers. By contrast to the effect on locomotor activity,
habituation did not alter the reduction of investigatory behavior induced by RS-MDMA or
AET.

Although the present results indicate that RS-MDMA, S-(+)-MDMA, and AET induce
locomotor hyperactivity in a novel environment but not in a familiar environment, we only
tested single doses of those compounds, so we cannot eliminate the possibility that
habituation is actually producing a rightward dose-response shift. Nonetheless, these studies
clearly demonstrate that environmental factors exert a profound influence on the behavioral
response to 5-HT releasing agents. Similar to our findings, it has been reported the 5-HT
uptake inhibitor citalopram increases locomotor activity tested in a novel environment but
not in a familiar environment, although these studies were done in mice (Brocco et al., 2002;
Millan et al., 2003); therefore, it appears that sensitivity to environmental novelty may be a
property common to multiple classes of indirect 5-HT agonists. Although the mechanism
through which habituation influences the response to MDMA and AET is not certain, effects
on serotonergic transmission are likely to be involved. The locomotor-activating effects of
MDMA and AET are dependent on increases in carrier-mediated release of 5-HT (Callaway
et al., 1990; Krebs and Geyer, 1993), which in turn activates 5-HT1B receptors (Callaway
and Geyer, 1992; Rempel et al., 1993; McCreary et al., 1999; Fletcher et al., 2002).
Therefore, it is possible that environmental familiarity could influence MDMA- and AET-
induced hyperactivity by altering 5-HT release and/or the downstream 5-HT1B receptor-
mediated response. Additional studies are necessary to determine the exact mechanism
through which habituation alters the response to MDMA-like compounds.

While it was thought initially that the effects of MDMA and related substances were similar
to those of psychostimulants and serotonergic hallucinogens such as LSD or DOM, drug
discrimination studies (Glennon et al., 1988; Oberlender & Nichols 1988, 1990), BPM
experiments (Paulus and Geyer, 1992; Krebs and Geyer, 1993), and controlled trials in
humans (Hermle et al., 1993; Vollenweider et al., 1998; Gouzoulis-Mayfrank et al., 1999)
have shown that these compounds cannot be characterized simply as stimulants or
hallucinogens. Based on those findings, MDMA-like compounds are now recognized as
being members of a novel pharmacological class. Interestingly, however, the results of the
present studies demonstrate that there are at least some similarities between the effects of
hallucinogens and MDMA-like compounds on locomotor activity. Like MDMA and AET,
the effects of serotonergic hallucinogens on locomotor activity are sensitive to habituation
and are attenuated in a familiar environment (Adams and Geyer 1985a,b; Wing et al., 1990;
Halberstadt et al., 2008). Although hallucinogens typically reduce locomotor activity when
tested in rats (Adams and Geyer 1985b; Wing et al., 1990), they can also increase locomotor
activity under certain conditions (Mittman and Geyer, 1991; Halberstadt et al., 2008).
Despite the fact that hallucinogens and MDMA-like compounds belong to distinct
pharmacological classes, studies in rodents and humans demonstrate that there is some
degree of overlap between their effects (Glennon et al., 1997; Liechti et al., 2000c); the
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present findings provide additional evidence that behavioral similarities exist between
MDMA and hallucinogens.

In stark contrast to our finding that RS-MDMA has no effect on locomotor activity in a
familiar environment, other groups have reported that MDMA induces robust hyperactivity
in habituated animals (Kehne et al., 1996; McCreary et al., 1999; Bankson and Cunningham,
2002; Fletcher et al., 2002; Bubar et al., 2004; Herin et al., 2005). It is important to note,
however, that in those previous studies, behavioral testing was conducted during the light
phase of the light/dark cycle (i.e., the sleep period of rats, which are nocturnal). By contrast,
our studies with RS-MDMA were conducted using rats housed on a reversed cycle, and
testing occurred during the dark phase of the light/dark cycle. Previous reports have
demonstrated that the behavioral effects of serotonergic agents can vary considerably
depending on the phase of the light/dark cycle. One example is the head twitch response
(HTR) in rodents, a 5-HT2A receptor-mediated behavior evoked by many agents that
increase 5-HT outflow. p-Chloroamphetamine, a compound with MDMA-like effects on 5-
HT release, induces a more robust HTR during the light phase compared with the dark phase
(Singleton and Marsden, 1981). The selective 5-HT1A antagonist WAY-100635 induces the
HTR by disinhibiting serotonergic neurons, but this effect occurs only during the light phase
(Darmani, 1998). By contrast, behavioral and physiological sensitivity to the 5-HT1A agonist
8-OH-DPAT peaks during the dark phase (Lu and Nagayama, 1996, 1997). There is also
significant circadian variation in the behavioral response to psychostimulants (Gaytan et al.,
1997, 1998; Webb et al., 2009). Given those previous findings, it is possible that there may
be fluctuations in the response to MDMA depending on the time of administration.

To determine whether differences in housing conditions (i.e., standard light cycle vs.
reversed cycle) were responsible for the discrepant observations regarding the sensitivity of
MDMA-induced locomotor-activating effects to habituation, we conducted a parametric
experiment to compare the effects of habituation and light-cycle on the response to MDMA.
As shown in Figure 3, S-(+)-MDMA failed to increase locomotor activity in habituated rats
tested during the dark phase, but did produce an increase in locomotor activity in habituated
rats tested during the light phase. These findings demonstrate that the locomotor-activating
effects of MDMA are less dependent on novelty during the light phase compared with the
dark phase; this difference may explain why previous studies detected MDMA-induced
hyperactivity in habituated animals. It is not clear why there is circadian variability in the
response to MDMA, but one possible explanation is that the ability of MDMA to provoke 5-
HT release varies over the light/dark cycle. MDMA preferentially releases 5-HT from the
newly synthesized cytoplasmic pool (Wichems et al., 1995), and the neurochemical and
electrophysiological effects of MDMA are potentiated by administration of the 5-HT
precursor L-tryptophan, which increases 5-HT synthesis (Bradberry et al., 1990; Sprouse et
al., 1990; Evans et al., 2008). As the rate of 5-HT synthesis increases during the light phase
(Hery et al., 1972), it is likely that the ability of MDMA to induce 5-HT release peaks
during the light phase of the diurnal cycle. There is also evidence that the sensitivity of 5-
HT1B receptors, as well as the density of 5-HT1 binding sites, increases during the light
phase (Akiyoshi et al., 1989; Garabette et al., 2000). These diurnal fluctuations in
serotonergic transmission could reduce the sensitivity of MDMA locomotor-activating
effects to habituation. Other neurochemical alterations that occur over the circadian cycle,
including changes in catecholaminergic transmission, intracellular signaling cascades, and
membrane properties (Weiner et al., 1992), could also potentially alter the response to
MDMA.

Electrophysiological investigations have established that the firing of serotonergic neurons
in the midbrain raphe nuclei increases across the sleep-wake-arousal cycle and is positively
correlated with the level of behavioral activation (Trulson and Jacobs, 1979; Sakai and

Halberstadt et al. Page 7

Pharmacol Biochem Behav. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Crochet, 2001). Therefore, the fluctuation we observed in the sensitivity to the locomotor-
activating effects of MDMA over the diurnal cycle could potentially be a consequence of
differences in serotonergic background activity. This interpretation, however, is difficult to
reconcile with two findings. First, microdialysis studies in rats have shown that the increase
in 5-HT efflux induced by 10 mg/kg MDMA is not altered by infusion of the Na+-channel
blocker tetrodotoxin through the dialysis probe (Gudelsky and Nash, 1996), demonstrating
that MDMA-induced 5-HT release is not dependent on impulse flow. Second, MDMA
suppresses the firing of serotonergic neurons by indirectly activating 5-HT1A autoreceptors
(Sprouse et al., 1989; Piercey et al., 1990; Gartside et al., 1997; Queree et al., 2009). Taken
together, these findings suggest that the locomotor-activating effects of MDMA are unlikely
to be influenced by fluctuations of serotonergic outflow over the diurnal cycle.

In summary, our experiments demonstrate that habituation reduces the locomotor-activating
effects of MDMA, and show that the sensitivity to habituation is most prominent during the
dark phase of the light/dark cycle. Although the exact mechanism for the observed effect of
habituation is unclear, these findings indicate that the locomotor-activating effects of
MDMA exhibit a complex dependence on the testing conditions. Although it is not clear
whether the behavioral effects of MDMA in humans exhibit a similar dependence on
environmental factors, there is some evidence that the human response to the drug can be
affected by setting and expectancy (Parrott, 2007). Therefore, it is possible that the clinical
effects of MDMA may be sensitive to the environment in which the drug is administered.
Because clinical trials are now investigating MDMA as an adjunct for psychotherapy
(Bouso et al., 2008; Mithoefer et al., 2011), it is important to consider the potential
environmental influence on MDMA effects when human studies with the drug are
conducted. The results of the present investigation highlight the fact that the behavioral
response to serotonergic agents can vary depending on the testing conditions. The findings
that the behavioral effects of MDMA-like compounds are influenced by the novelty of the
testing environment and the time of administration should be taken into account when
studies of these compounds are conducted. More generally, given the fact that the
serotonergic system plays a role in mediating or modulating the effects of a variety of
abused substances, the present findings raise the possibility that entactogens and
serotonergic hallucinogens may not be the only drug classes that produce behavioral effects
that are sensitive to environmental familiarity.

Highlights

• Studies examined whether the effects of MDMA are dependent on the novelty
of the test environment

• The ability of MDMA to induce locomotor hyperactivity was attenuated by
habituation to the test environment

• The effect of habituation on the locomotor response to MDMA varied over the
light-cycle
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Figure 1.
Effect of RS-MDMA (3 mg/kg) on locomotor activity. RS-MDMA increased crossings in
rats tested in a novel environment but had no effect in rats tested in a familiar environment.
The circles (○, ●) refer to non-habituated animals, and the diamonds (◇, ◆) refer to
habituated animals. Data are reported as group means ± S.E.M. *p<0.05, **p<0.01 versus
the non-habituated vehicle control group (Tukey’s test). ##p<0.01 versus the habituated
vehicle control group (Tukey’s test).
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Figure 2.
Effect of AET (5 mg/kg) on locomotor activity. AET increased crossings in rats tested in a
novel environment but had no effect in rats tested in a familiar environment. The circles (○,
●) refer to non-habituated animals, and the diamonds (◇, ◆) refer to habituated animals.
Data are reported as group means ± S.E.M. *p<0.05, **p<0.01 versus the non-habituated
vehicle control group (Tukey’s test).
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Figure 3.
Effect of S-(+)-MDMA (3 mg/kg) on locomotor activity. S-(+)-MDMA was tested in rats
housed on a reversed light cycle (A, C) or a standard light cycle (B, D). In animals housed
on a reversed light cycle, S-(+)-MDMA increased locomotor activity in non-habituated
animals (A) but had no effect in habituated animals (C). In animals housed on a standard
light cycle, S-(+)-MDMA increased locomotor activity in non-habituated animals (B) and
habituated animals (D). The circles (○, ●) refer to non-habituated animals, and the
diamonds (◇, ◆) refer to habituated animals. Data are reported as group means ± S.E.M.
*p<0.05, **p<0.01 versus the non-habituated vehicle control group housed on the same light
cycle (Tukey’s test). ##p<0.01 versus the habituated vehicle control group housed on the
same light cycle (Tukey’s test).
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Figure 4.
Effect of habituation and light cycle on the locomotor hyperactivity induced by S-(+)-
MDMA (3 mg/kg). S-(+)-MDMA-induced locomotor activity (collapsed across the 60-min
BPM session) was normalized to the mean activity of saline-treated rats. Data are reported
as group means ± S.E.M. *p<0.05 versus S-(+)-MDMA in non-habituated rats housed on a
reversed light cycle (Tukey’s test).
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Table 2

Effects of RS-MDMA on investigatory behaviora

Non-habituated Habituated

Vehicle RS-MDMA Vehicle RS-MDMA

Rearings

 0–30 Minutes 105.3±13.3 6.4±2.8b 37.5±6.5b 3.9±1.9c

 30–60 Minutes 24.0±6.5 40.4±12.8 26.6±5.9 8.0±5.6

Holepokes

 0–30 Minutes 188.0±25.2 35.8±6.5b 46.0±9.0b 7.7±2.0

 30–60 Minutes 100.6±24.0 75.5±16.1 68.8±9.4 27.7±7.9

a
Data are reported as the mean number of events ± S.E.M.

b
p<0.05 versus the non-habituated vehicle control group (Tukey’s test).

c
p<0.05 versus the habituated vehicle control group (Tukey’s test).
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Table 3

Effect of α-ethyltryptamine (AET) on investigatory behaviora

Non-habituated Habituated

Vehicle AET Vehicle AET

Rearings

 0–30 Minutes 113.2±12.2 19.2±5.7b 54.2±7.3b 16.4±4.8c

 30–60 Minutes 39.7±9.3 26.9±5.7 35.5±5.9 10.8±2.0c

Holepokes

 0–30 Minutes 147.4±9.7 50.4±11.4b 79.0±10.1b 13.8±3.7c

 30–60 Minutes 84.7±12.2 68.3±20.4 68.6±11.7 22.1±5.5

a
Data are reported as the mean number of events ± S.E.M.

b
p<0.05 versus the non-habituated vehicle control group (Tukey’s test).

c
p<0.05 versus the habituated vehicle control group (Tukey’s test).
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