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(±)-3,4-Methylenedioxymethamphetmine (MDMA, or Ecstasy) is an illicit drug that evokes transporter-
mediated release of monoamines, including serotonin (5-HT) and dopamine (DA). Here we monitored the
effects of MDMA on neurochemistry and motor activity in rats, as a means to evaluate relationships between
5-HT, DA, and behavior. Male rats undergoing in vivo microdialysis were housed in chambers equipped with
photobeams for measurement of ambulation (i.e., forward locomotion) and stereotypy (i.e., head weaving and
forepaw treading). Microdialysis probes were placed into the n. accumbens, striatum or prefrontal cortex in
separate groups of rats. Dialysate samples were assayed for 5-HT and DA by microbore HPLC-ECD. Rats
received two i.v. injections of MDMA, 1 mg/kg followed by 3 mg/kg 60 min later; neurochemical and
locomotor parameters were measured concurrently. MDMA produced dose-related elevations in extracellular
5-HT and DA in all regions, with the magnitude of 5-HT release always exceeding that of DA release. MDMA-
induced ambulation was positively correlated with dialysate DA levels in all regions (Pb0.05–0.0001) and
with dialysate 5-HT in striatum and cortex (Pb0.001–0.0001). Stereotypy was strongly correlated with
dialysate 5-HT in all areas (Pb0.001–0.0001) and with dialysate DA in accumbens and striatum (Pb0.001–
0.0001). These data support previous work and suggest the complex spectrum of behaviors produced by
MDMA involves 5-HT and DA in a region- and modality-specific manner.
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1. Introduction

(±)-3,4-Methylenedioxymethamphetamine (MDMA or Ecstasy) is a
popular “club” drug which produces unique psychoactive effects,
including mood elevation, altered sensory perception, and feelings of
emotional closeness to others (Liechti and Vollenweider, 2001). In
recent years, MDMAhas received increasingmedia attention due to its
propensity to cause serotonin (5-HT) dysfunction in the brains of
laboratory animals (Baumann et al., 2007; Ricaurte et al., 2000) and
possibly humans (Gouzoulis-Mayfrank and Daumann, 2006; McCann
et al., 2000). From a molecular perspective, MDMA interacts with
monoamine transporter proteins to reverse the normal direction of
transmitter flux, thereby causing non-exocytotic release of transmit-
ters (Green et al., 2003; Hilber et al., 2005; Rothman and Baumann,
2002). Because MDMA-induced transmitter efflux requires the trans-
porter-dependent internalization of drug molecules (Verrico et al.,
2007), transporter blockers (i.e., reuptake inhibitors) can antagonize
MDMA's releasing effects.

Early in vitro experiments suggested that MDMA is a selective 5-
HT releaser in nervous tissue (Johnson et al., 1986; Schmidt et al.,
Section, IRP, NIDA, NIH, DHHS,
ed States. Tel.: +1410 550 1754;

mann).

nc.
1987), but more contemporary investigations reveal the drug releases
5-HT, dopamine (DA) and norepinephrine (NE) with comparable
potency (Rothman et al., 2001; Verrico et al., 2007). It is noteworthy
that MDMA taken by humans is a mixture of (+) and (−) stereoisomers,
and (+)-MDMA is a more potent monoamine releaser when compared
to (−)-MDMA (Baumann et al., 2007; Schmidt et al., 1987). In vivo
microdialysis findings in rats confirm that MDMA evokes concurrent
elevations in extracellular levels of 5-HT and DA in forebrain regions
such as n. accumbens, striatum and prefrontal cortex (Baumann et al.,
2005; Gough et al., 2002; Gudelsky and Nash, 1996; Kankaanpaa et al.,
1998; Shankaran and Gudelsky, 1999; Yamamoto et al., 1995). No
published microdialysis studies have reported the effects of MDMA on
the release of NE, and such studies are warranted.

The administration of MDMA to rats causes hyperactivity char-
acterized by forward locomotion and elements of the 5-HT behavioral
syndrome (Gold et al., 1988; Shankaran and Gudelsky, 1999; Spanos
and Yamamoto, 1989). When compared to effects of prototypical
stimulants like amphetamine, motor effects of MDMA are peculiar in
several ways: (1) rats display thigmotaxis, an affinity for the walls of
the locomotor chamber, and avoid the center area (Gold et al., 1988);
(2) flattened body posture reduces rearing in the vertical plane
(Spanos and Yamamoto, 1989); (3) stereotypic movements of the 5-HT
syndrome, namely reciprocal forepaw treading and side-to-side head
weaving, tend to predominate (Hiramatsu et al., 1989). In accordance
with in vitro studies, (+)-MDMA exhibits more potent locomotor
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stimulant properties than (−)-MDMA (Hiramatsu et al., 1989; Paulus
and Geyer, 1992).

Based on the molecular mechanism of MDMA, behaviors produced
by the drug likely involve transporter-mediated release of mono-
amines, followed by activation of multiple 5-HT, DA and NE receptor
subtypes (e.g., Bubar et al., 2004; Fletcher et al., 2002; Selken and
Nichols, 2007). It is convenient to divide locomotor effects of MDMA
into two basic types: ambulation (i.e., forward locomotion) and
stereotypy (i.e., forepaw treading and head weaving). In our
laboratory, we have quantified both types of behaviors using
commercially-available activity monitors and direct observation
with behavioral scoring (Baumann et al., 1998, 2005). Many studies
have examined the DA and 5-HT receptor mechanisms underlying
MDMA-induced ambulation (reviewed by (Bankson and Cunning-
ham, 2001)), while few have addressed the mechanisms responsible
for eliciting 5-HT syndrome. Furthermore, the role of NE receptors
has received little attention. A recent study by Selken and Nichols
(2007) showed that pretreatment with the α1 receptor antagonist
prazosin blocks ambulation produced by i.p. administered MDMA,
suggesting the importance of NE mechanisms in MDMA's locomotor
effects.

It is well known that mesolimbic DA neurons are critical mediators
of motor activity produced by amphetamine-type stimulants (Gold
et al., 1989a; Ikemoto, 2002). Cell bodies of mesolimbic DA neurons
reside in the midbrain ventral tegmental area (VTA) and send axonal
projections to various forebrain regions, notably the n. accumbens
(Moore and Bloom, 1978; Ungerstedt, 1971). The n. accumbens is an
important limbic–motor interface receiving afferent inputs from the
prefrontal cortex, hippocampus and amygdala, while sending efferent
outputs to the ventral pallidum and other areas modulating motor
activity (Mogenson et al., 1980; Pennartz et al., 1994). Destruction of
DA nerve terminals in the n. accumbens markedly inhibits ambulation
produced by systemically injected MDMA (Gold et al., 1989b).
Moreover, microinjection of (+)-MDMA into the accumbens stimulates
ambulation, and this effect involves DA but not 5-HT (Callaway and
Geyer, 1992a). Such findings implicate accumbens DA in the mechan-
ism of MDMA's locomotor actions. Additionally, pretreatment with D1

or D2 receptor antagonists can reduce ambulation produced by i.p.
administered MDMA, suggesting that both receptor subtypes are
involved (Bubar et al., 2004; Kehne et al., 1996).

Serotonergic mechanisms also play a prominent role in the
locomotor effects of MDMA (Bankson and Cunningham, 2001;
Geyer, 1996). In rats, pretreatment with selective 5-HT reuptake
inhibitors (SSRIs) like fluoxetine can significantly attenuate MDMA-
induced 5-HT release (Gudelsky and Nash, 1996; Mechan et al., 2002)
and forward locomotion (Callaway et al., 1991, 1990). Studies in
“knockout” mice reveal that deletion of the 5-HT transporter (SERT)
gene causes parallel reductions in 5-HT release and ambulation
produced byMDMA (Bengel et al., 1998; Trigo et al., 2007). Thus, SERT-
mediated release of 5-HT is an important factor in MDMA-induced
locomotor activation in both rats and mice.

Determining the role of specific 5-HT receptors in MDMA's effects
in vivo is complicated by the presence of 14 different 5-HT receptor
subtypes (Barnes and Sharp, 1999; Hoyer et al., 2002), many of which
affect DA function (Alex and Pehek, 2007; Bubar and Cunningham,
2006). Nonetheless, there is general agreement that 5-HT1B, 5-HT2A
and 5-HT2C receptor subtypes influence locomotor effects of MDMA.
Hyperactivity produced by MDMA is mimicked by administration of
the 5-HT1B agonist RU-24969 (Rempel et al., 1993), and 5-HT1B
antagonists inhibit MDMA-induced ambulation (Callaway and Geyer,
1992b; Fletcher et al., 2002; McCreary et al., 1999). 5-HT2A antagonists
reduce ambulation produced by MDMA (Fletcher et al., 2002; Kehne
et al., 1996), whereas 5-HT2C antagonists markedly enhance it
(Bankson and Cunningham, 2002; Fletcher et al., 2006). Taken
together, these data reveal that 5-HT1B and 5-HT2A receptors facilitate,
while 5-HT2C receptors suppress, forward locomotion evoked by
MDMA administration. Importantly, the neural circuits underlying
serotonergic modulation of MDMA-induced activity are largely
unexplored.

The measurement of real-time neurochemistry in awake freely-
moving animals provides a powerful approach for assessing the role
of monoamines in behavior (Olive et al., 2000; Robinson et al., 1988;
Yurek et al., 1998). To this end, a number of investigators have
examined the effects of amphetamine-type drugs on locomotor
activity in rats undergoing in vivo microdialysis (Kuczenski and
Segal, 1989; Kuczenski et al., 1995; Sharp et al., 1987). Sharp et al.
(1987) found significant correlations between dialysate DA levels in
the n. accumbens and hyperactivity produced by low-dose (+)-
amphetamine, such that higher DA levels corresponded to greater
ambulation. Kuczenski and Segal (1989) reported an overall positive
correlation between dialysate DA levels in the striatum and perse-
verative stereotypies produced by high-dose (+)-amphetamine,
although DA levels alone could not explain the complex nature of
such behaviors. These microdialysis findings agree with historical
evidence indicating that mesolimbic DA neurons mediate ampheta-
mine-induced ambulation, whereas nigrostriatal DA neurons mediate
stereotypy (Creese and Iversen, 1974; Kelly et al., 1975; Pijnenburg
et al., 1976). The role of 5-HT neurons in the modulation of ambulation
versus stereotypy is less clear and warrants further investigation
(Bankson and Cunningham, 2001; Geyer, 1996; Kuczenski and Segal,
1989; Kuczenski et al., 1995).

In the present study, we combined in vivo microdialysis with
automated analysis of motor activity to examine the effects of MDMA
in male rats (Baumann et al., 2005; Rothman et al., 2005). To the best
of our knowledge, no study has used this strategy to correlate
neurochemical and behavioral effects of MDMA. Microdialysis probes
were inserted into guide tubes aimed at the n. accumbens, striatum
(i.e., caudate-putamen) or prefrontal cortex in separate groups of rats,
and dialysate samples were assayed for 5-HT and DA using high-
performance liquid chromatography coupled to electrochemical
detection (HPLC-ECD). Rats undergoing microdialysis were housed
in chambers equipped with photobeams to allow measurement of
ambulation and stereotypies associated with the 5-HT syndrome. Each
rat received two i.v. doses of MDMA, 1 mg/kg followed by 3 mg/kg
60 min later; the i.v. injection regimen eliminated handling stress, and
afforded rapid bioavailability of MDMA with diminished metabolism.
This strategy allowed us to examine interrelationships between 5-HT,
DA and behavior in MDMA-treated rats.

2. Materials and methods

2.1. Animals

Male Sprague–Dawley rats weighing 300–350 g were housed
under conditions of controlled temperature (22±2 °C) and humidity
(45±5%) with food andwater freely available. Rats weremaintained in
facilities accredited by the Association for the Assessment and
Accreditation of Laboratory Animal Care, and procedures were carried
out in accordance with the Animal Care and Use Committee of the
National Institute on Drug Abuse (NIDA) Intramural Research Program
(IRP). Lights were on from 0700–1900 h, and experiments were
carried out between 0900 and 1400 h.

2.2. Drugs and reagents

(±)-3,4-Methylenedioxymethamphetamine HCl (MDMA) was
provided by NIDA Drug Supply Program, Rockville MD. Racemic
MDMA was used for the present experiments because this form of
the drug is used by humans, and no evidence indicates that
enantiomers of MDMA are available illicitly (Green et al., 2003).
MDMA was dissolved in saline immediately before use and
administered i.v. in a volume of 1 ml/kg. Sources of reagents required
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for microdialysis and HPLC-ECD methods have been previously
reported (Baumann et al., 2001, 2005).

2.3. Surgical procedures

Twenty four rats received sodium pentobarbital (60 mg/kg, i.p.) for
surgical anesthesia. Indwelling catheters made of Silastic Medical
Grade tubing (Dow Corning, Midland, MI) were implanted into the r.
jugular vein to allow for i.v. drug administration. Intracerebral guide
cannulae made of plastic (CMA 12, CMA/Microdialysis, Acton, MA)
were implanted above the n. accumbens, striatum or prefrontal cortex
in separate groups of rats (N=8 rats/region), according to stereotaxic
coordinates (Paxinos and Watson, 2005). Specifically, n. accumbens
coordinates were: ML±1.6 mm, AP+1.6 mm from bregma, DV—
6.0 mm from dura; striatum coordinates were ML±2.5 mm, AP+
1.6 mm from bregma, DV—3.2 mm from dura; prefrontal cortex
coordinates wereML±0.8 mm, AP+3.0 mm from bregma, DV—2.5 mm
from dura (see Fig. 1 for diagram of probe locations). Guide cannulae
were secured to the skull using stainless steel screws and dental
acrylic. Animals were individually housed post-operatively and
allowed 7–10 days for recovery.

2.4. Microdialysis methods

In vivo microdialysis sampling was carried out as described, with
minor modifications (Baumann et al., 2001). On the evening before an
experiment, rats were moved to the testing room and briefly
anesthetized with the short-acting barbiturate, methohexital
(10 mg/kg, i.v.). A plastic neck collar was placed on each rat, dialysis
probes (CMA/12, CMA Microdialysis) were inserted into guide
cannulae, and extension tubes were attached to jugular catheters.
The probe exchange surface was 2×0.5 mm for n. accumbens, and
3×0.5 mm for striatum and prefrontal cortex. Each rat was placed into
its own activity field arena (Coulbourn Instruments, Allentown, PA)
and connected to a tethering system which allowed motor activity
within the container. Tubing for microdialysis lines and catheter
extensions was connected to a fluid swivel (Instech Laboratories, Inc.,
Fig. 1. Diagrammatic representation of the placement of microdialysis probes in rat
brain for the present study. Anterior–posterior coordinates are noted (Paxinos and
Watson, 2005).
PlymouthMeeting, PA). Probes were perfused overnight with artificial
cerebrospinal fluid containing 150.0 mM Na, 3.0 mM K, 1.4 mM Ca,
0.8 mM Mg, 1.0 mM P, and 155 mM Cl (Harvard Bioscience, Holliston,
MA), pumped at a flowrate of 0.6 µl/min. On the morning of the
experiment, dialysate samples were collected at 20-min intervals.
Samples were immediately assayed for 5-HT and DA via HPLC-ECD as
described below. Once three stable baseline samples were obtained,
rats received two sequential i.v. injections of MDMA, 1 mg/kg at time
zero followed by 3 mg/kg 60 min later. Microdialysis samples were
collected throughout the post-injection period for 120 min. At the end
of the experiments, rats were euthanized with CO2, and brains were
removed and stored in 10% formalin. Brains were sectioned on a
cryostat and mounted on glass slides. The placement of microdialysis
probe tips within the specific area of interest was verified by visual
inspection, and only rats with correct placements were included in
data analyses.

2.5. Analysis of 5-HT and DA

Aliquots of dialysate (5 μL) were injected onto a microbore C18
column that was coupled to an amperometric detector (Model LC-4C,
Bioanalytical Systems, Inc., West Lafayette IN). A glassy carbon
electrode was set at a potential of +650 mV relative to Ag/AgCl
reference. Mobile phase consisting of 150 mMmonochloroacetic acid,
150 mM sodium hydroxide, 2.5 mM sodium octanesulfonic acid,
250 mM disodium EDTA, 6% methanol and 6% acetonitrile per liter of
water (final pH=5.3) was pumped at 60 μL/min using a syringe pump
(Model 260D, ISCO, Lincoln NE, USA). Chromatographic data were
acquired on-line and exported to a Millennium software system
(Waters Associates, Milford, MA, USA) for peak amplification, integra-
tion, and analysis. A monoamine standard mix containing 5-HT, DA and
their respective acid metabolites was injected before and after the
experiment to insure validity of the constituent retention times. Peak
heights of unknowns were compared to peak heights of standards, and
the lower limit of assay sensitivity (3×baseline noise) was 50 fg/5 µL
sample.

2.6. Locomotor measures

Locomotor measures were obtained as described, with minor
modifications (Baumann et al., 2005). During the overnight acclima-
tion period and while undergoing microdialysis, each rat was housed
within a square Plexiglass arena (43 cm length×43 cm width×43 cm
height) that was equipped with an activity monitoring system (Tru
Scan, Coulbourn Instruments). A sensor ring lined with photobeams
spaced 2.54 cm apart was positioned in the horizontal plane to allow
for real-time monitoring of various motor parameters. Activity was
monitored in 20-min bins, beginning 60min before i.v. drug injections
and continuing for 120 min thereafter. Ambulation and stereotypy
were quantified separately; ambulation is defined as the total distance
traveled in the horizontal plane (measured in cm), whereas stereotypy
is defined as the number of photobeam breaks less than ±1.5 beam
spaces and back to the original point, that do not exceed 2 s apart
(measured in number of events). Our previous experience shows that
i.v. MDMA produces a robust and reproducible pattern of stereotypic
movements that can be accounted for by two behaviors: repetitive
side-to-side head weaving and forepaw treading (Baumann et al.,
2005), both elements of the 5-HT behavioral syndrome (Green, 1984;
Jacobs, 1976). Additionally, as i.v. MDMA promotes flattened body
posture, minimal activity in the vertical plane is observed under our
experimental conditions.

2.7. Data analyses

All group data are mean±SEM. Neurotransmitter data are pg per
5 μL sample. Ambulation data are expressed as cm traveled, while



Fig. 2. Effects of i.v. MDMA administration on dialysate 5-HT (top panel) and DA (bottom
panel) in rat n. accumbens. Rats undergoing microdialysis in the accumbens received
two injections of MDMA, 1 mg/kg at 0 min followed by 3 mg/kg at 60 min. Data are
mean±SEM for N=6 rats. Baseline 5-HT and DA levels in accumbens were 0.24±0.04
and 2.18±0.40 pg/5 µL. ⁎=Pb0.05 compared to 0 min preinjection control.
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stereotypy data are expressed as number of repetitive events. Raw data
were evaluated by one-factor analysis of variance (dose), followed by
Dunnett's test to compare drug effects to time zero preinjection
baseline. Relationships between transmitter levels and motor para-
meters were assessed by Pearson correlation coefficients (r), using raw
data from individual rats. Amounts of 5-HTor DA (pg/5 μL sample) were
plotted against corresponding values for ambulation or stereotypy at
time points after injection of MDMA. Specifically, values from +20 min
(first time-point after 1 mg/kg) through +120min (last time-point after
3 mg/kg) were used for correlations. By this method, each rat
contributed six data points for a given correlation plot. Pb0.05 was
chosen as the level of statistical significance.

3. Results

3.1. General comments

For the present study, rats had to fulfill a number of criteria in order
for their data to be included in the final analyses. Each rat needed: (1)
Table 1
Effects of i.v. MDMA on locomotor activation in rats undergoing in vivo microdialysis

Dialysis probe
site

Ambulation (cm) Stereotypy (events)

Baseline
(0 min)

1 mg/kg
(+20 min)

3 mg/kg
(+80 min)

Baseline
(0 min)

1 mg/kg
(+20 min)

3 mg/kg
(+80 min)

Nucleus
accumbens

87±40 838±162⁎ 1343±249⁎ 89±21 421±57⁎ 790±82⁎

Caudate
nucleus

157±50 749±98⁎ 1429±277⁎ 174±47 431±37⁎ 896±63⁎

Prefrontal
cortex

116±56 624±196⁎ 1893±338⁎ 123±34 353±42⁎ 799±66⁎

Rats received 1 mg/kg MDMA at time zero, followed by 3 mg/kg 60 min later. Values are
mean±SEM for N=5–6 rats/group expressed as peak effects obtained in the first
sampling period after drug administration. *Pb0.05 compared to baseline control value
for each brain region.
a patent i.v. catheter for drug delivery; (2) detectable basal levels of
dialysate 5-HT and DA (N50 fg/5 μL sample); (3) complete sets of
transmitter and motor activity data (no missing data points); (4)
correct probe placement into the brain region of interest. Based on
these requirements, data from 17 of the original 24 rats were used for
analyses: N=6 for n. accumbens, N=6 for the striatum, and N=5 for
the prefrontal cortex. Two rats from each brain region group were
excluded because of undetectable baseline 5-HT levels or incomplete
data sets due to technical problems during experiments. One rat from
the prefrontal cortex group had an i.v. catheter blockage.

Intravenous MDMA evoked dose-related increases in extracellular
levels of 5-HT and DA in the brain regions examined (Figs. 2, 5 and 8),
with the magnitude of elevation in dialysate 5-HT always exceeding
that of dialysate DA. MDMA elicited dose-related stimulation of
ambulation and stereotypy (Table 1), and the region of probe
placement did not alter the profile of motor activation. As reported
previously (Baumann et al., 2005), i.v. MDMA produced a spectrum of
motor activity that was characterized by bursts of ambulation
interspersed with periods of in-place stereotypic head weaving and
forepaw treading. Rats exhibited flattened body posture with splayed
hind limbs, and moved in crawling fashion along the perimeter of the
arena.

3.2. Effects of MDMA in n. accumbens

Fig. 2 depicts the effects of i.v.MDMAadministration on levels of 5-HT
(upper panel) and DA (lower panel) in dialysate samples from n.
accumbens. MDMA significantly increased dialysate 5-HT (F[8,45]=
12.31, Pb0.0001), with levels of 5-HT peaking at 8- and 18-fold above
baseline after 1 and 3 mg/kg injections, respectively. Dialysate DA
increased significantly over the same time course (F[8,45]=4.26,
Pb0.001), and DA levels reached a maximum of 1.5- and 3-fold above
baseline in response to 1 and 3 mg/kg. As shown in Table 1, rats
undergoing microdialysis in n. accumbens displayed dose-related
Fig. 3. Correlations between dialysate 5-HT in n. accumbens versus ambulation (top
panel) and stereotypy (bottom panel) produced by MDMA. Data points represent raw
values from individual rats, obtained from +20 min (first sample after 1 mg/kg) through
+120 min (last sample after 3 mg/kg). Pearson correlation coefficients (r) are shown
with corresponding P values.



Fig. 4. Correlations between dialysate DA in n. accumbens versus ambulation (top
panel) and stereotypy (bottom panel) produced by MDMA. Data points represent raw
values from individual rats, obtained from +20 min (first sample after 1 mg/kg) through
+120 min (last sample after 3 mg/kg). Pearson correlation coefficients (r) are shown
with corresponding P values.
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stimulation of ambulation (F[8,45]=9.89, Pb0.0001) and stereotypy
(F[8,45]=14.61, Pb0001) in response to MDMA. Fig. 3 shows
correlation plots of accumbens 5-HT versus ambulation (top panel)
Fig. 5. Effects of i.v. MDMA administration on dialysate 5-HT (top panel) and DA (bottom
panel) in rat striatum. Rats undergoing microdialysis in the striatum received two
injections of MDMA, 1 mg/kg at 0 min followed by 3 mg/kg at 60 min. Data are mean±
SEM for N=6 rats. Baseline 5-HT and DA levels in striatum were 0.28±0.05 and 6.28±
1.23 pg/5 µL. ⁎=Pb0.05 compared to 0 min preinjection control.
and stereotypy (lower panel). Dialysate 5-HT levels were positively
correlated with stereotypy (r=0.5276, Pb0.0001) but not with
ambulation (r=0.3214, NS). The data in Fig. 4 demonstrate that
accumbens DA levels were positively correlated with ambulation
(r=0.6409, Pb0.0001) and somewhat less so with stereotypy
(r=0.4490, Pb0.01).

3.3. Effects of MDMA in striatum

Fig. 5 illustrates the effects of i.v. MDMA on levels of 5-HT (upper
panel) and DA (lower panel) in striatal dialysate samples. MDMA
significantly elevated dialysate 5-HT (F[8,45]=12.22, Pb0.0001),
with peak levels reaching 5- and 7-fold above baseline after 1 and
3 mg/kg doses, respectively. Dialysate DA increased significantly as
well (F[8,45]=10.56, Pb0.0001), and DA levels rose to 1.5- and 3.5-fold
above baseline in response to 1 and 3 mg/kg. Rats undergoing
microdialysis in striatum exhibited dose-related stimulation of ambula-
tion (F[8,45]=11.22, Pb0.0001) and stereotypy (F[8,45]=15.97, Pb0001)
after MDMA injections. Fig. 6 shows correlation plots of striatal 5-HT
versus ambulation (top panel) and stereotypy (lower panel). Dialysate
5-HT levels displayed strong positive correlations with ambulation
(r=0.7141, Pb0.0001) and stereotypy (r=0.6211, Pb0.0001). The data in
Fig. 7 demonstrate that striatal DA levels correlated significantly with
stereotypy (r=0.6634, Pb0.001), and somewhat less sowith ambulation
(r=0.4273, Pb0.01).

3.4. Effects of MDMA in prefrontal cortex

Fig. 8 depicts the effects of i.v. MDMA administration on levels of 5-
HT (upper panel) and DA (lower panel) in dialysate samples from
prefrontal cortex. MDMA evoked a marked increase in dialysate 5-HT
(F[8,36]=14.82, Pb0.0001), where levels of cortical 5-HT peaked at
17- and 33-fold above baseline after 1 and 3 mg/kg doses, respec-
tively. Dialysate DA increased significantly over the same time course
Fig. 6. Correlations between dialysate 5-HT in striatum versus ambulation (top panel)
and stereotypy (bottom panel) produced by MDMA. Data points represent raw values
from individual rats, obtained from +20 min (first sample after 1 mg/kg) through
+120 min (last sample after 3 mg/kg). Pearson correlation coefficients (r) are shown
with corresponding P values.



Fig. 7. Correlations between dialysate DA in striatum versus ambulation (top panel) and
stereotypy (bottom panel) produced by MDMA. Data points represent raw values from
individual rats, obtained from +20 min (first sample after 1 mg/kg) through +120 min
(last sample after 3 mg/kg). Pearson correlation coefficients (r) are shown with
corresponding P values.

Fig. 9. Correlations between dialysate 5-HT in prefrontal cortex versus ambulation (top
panel) and stereotypy (bottom panel) produced by MDMA. Data points represent raw
values from individual rats, obtained from +20 min (first sample after 1 mg/kg) through
+120 min (last sample after 3 mg/kg). Pearson correlation coefficients (r) are shown
with corresponding P values.
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(F[8,36]=5.99, Pb0.001), and DA levels achieved a maximum of 2.5-
and 6-fold above baseline in response to 1 and 3 mg/kg. MDMA
stimulated dose-related ambulation (F[8,36]=9.68, Pb0.0001) and
Fig. 8. Effects of i.v. MDMA administration on dialysate 5-HT (top panel) and DA (bottom
panel) in rat prefrontal cortex. Rats undergoing microdialysis in prefrontal cortex
received two injections of MDMA,1 mg/kg at 0 min followed by 3mg/kg at 60min. Data
are mean±SEM for N=5 rats. Baseline 5-HT and DA levels in cortex were 0.24±0.05 and
0.25±0.03 pg/5 µL. ⁎=Pb0.05 compared to 0 min preinjection control.
stereotypy (F[8,36]=16.91, Pb0001) in rats undergoing dialysis in
prefrontal cortex. Fig. 9 shows correlation plots of cortical 5-HT versus
ambulation (top panel) and stereotypy (lower panel). Dialysate 5-HT
Fig. 10. Correlations between dialysate DA in prefrontal cortex versus ambulation (top
panel) and stereotypy (bottom panel) produced by MDMA. Data points represent raw
values from individual rats, obtained from +20 min (first sample after 1 mg/kg) through
+120 min (last sample after 3 mg/kg). Pearson correlation coefficients (r) are shown
with corresponding P values.
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levels were positively correlated with ambulation (r=0.5792,
Pb0.001) and stereotypy (r=0.6259, Pb0.001). The data in Fig. 10
demonstrate that cortical DA levels were correlated with ambulation
(r=0.3774, Pb0.05), while there was no significant correlation
between DA and stereotypy in this region (r=0.2901, NS).

4. Discussion

The aim of this study was to use in vivo microdialysis to examine
the involvement of brain monoamines in locomotor activity produced
byMDMA. Dialysis probes were implanted into brain areas implicated
in motor behaviors, while dialysate 5-HT and DA were measured by a
sensitive HPLC-ECD assay. Consistent with previous findings, MDMA
caused concurrent increases in dialysate 5-HT and DA in all brain
regions examined (Baumann et al., 2005; Gough et al., 2002; Gudelsky
and Nash, 1996; Kankaanpaa et al., 1998). Dialysate monoamine levels
were positively correlated with ambulation and stereotypy in a
region-specific manner, and stratification of the correlation data
based on the degree of statistical significance [i.e., marginal
(Pb0.05), moderate (Pb0.01) and high (Pb0.001–0.0001)] reveals
important information. Dialysate 5-HT levels in all brain areas were
highly correlated with MDMA-induced stereotypy, whereas 5-HT
in striatum and cortex correlated with ambulation. Dialysate DA
levels in the accumbens were highly correlated with ambulation, as
predicted by previous microdialysis studies evaluating locomotor
effects of amphetamine (Sharp et al., 1987). Additionally, DA in
striatum was moderately correlated with ambulation, while DA in
striatum and accumbens was correlated with stereotypy. Although
such correlations cannot establish cause-and-effect relationships,
our data support the hypothesis that central 5-HT and DA systems
are involved with the complex spectrum of locomotor activity
produced by MDMA (Bankson and Cunningham, 2001; Geyer,
1996).

The elevation of extracellular 5-HT and DA levels evoked byMDMA
is consistent with the knownmolecularmechanism of the drug, which
involves transporter-mediated release of monoamines (Green et al.,
2003; Hilber et al., 2005; Rothman and Baumann, 2002; Verrico et al.,
2007). It seems logical to assume that extracellular NE levels also
increase after MDMA administration, but asmentioned previously, the
effects of MDMA on dialysate NE have not been reported. MDMA
exhibits somewhat greater affinity for SERT versus DA transporters
(DAT) (Crespi et al., 1997; Rothman et al., 2001), and recent in vitro
data show MDMA is a more efficacious releaser of 5-HT than DA
(Verrico et al., 2007). Accordingly, we found that MDMA produced
greater effects on 5-HT release, when compared to DA release, in all
brain areas examined. The propensity for MDMA to increase dialysate
5-HT more than DA has been reported by some investigators
(Gudelsky and Nash, 1996; Shankaran and Gudelsky, 1999) but not
others (Gough et al., 2002; Kankaanpaa et al., 1998).

Discrepancies regarding the relative effect of MDMA on 5-HT
versus DA release could be related to a variety of differences across
microdialysis studies. In particular, technical difficulty withmeasuring
baseline 5-HT is an important factor that is often overlooked (see
(Baumann and Rutter, 2003)). Many investigators rely on HPLC
methods which use reciprocating pump heads to deliver mobile
phase; the resulting oscillations in detector output increase baseline
noise and can artificially elevate baseline 5-HT measurements,
especially if noise pulsations are mistaken for “genuine” 5-HT peaks.
In our lab, we developed a microbore HPLC method which uses pulse-
free delivery of mobile phase, thereby increasing sensitivity for the
detection of 5-HT nearly 10-fold (Baumann et al., 2001; Baumann
et al., 2005). In the present study, for example, baseline levels of 5-HT
in rat striatum were exquisitely low ~0.05 pg/μL, whereas those
reported by Gough et al. (2002) were 8-fold higher. MDMA adminis-
tration increased extracellular 5-HT to about the same absolute
amount in both studies, yet data expressed as % control values differ
markedly. In general, elevated baseline 5-HT measurements will tend
to diminish the apparent magnitude of evoked 5-HT release.

To the best of our knowledge, no studies have usedmicrodialysis to
evaluate correlations between monoamines and behavior in MDMA-
treated rats. Early investigations examined concurrent neurochemical
and locomotor effects of amphetamine in rats under going micro-
dialysis (Kuczenski and Segal, 1989; Kuczenski et al., 1995; Sharp et al.,
1987). Sharp et al. (1987) reported that dialysate DA in the n.
accumbens correlated with amphetamine-induced ambulation,
whereas dialysate DA in striatum correlated with stereotypy. By
contrast, Kuczenski et al. (1995) measured neurochemical and
locomotor effects of amphetamine stereoisomers, and found no
significant relationships between dialysate monoamines and behavior
across a broad range of doses.

In our experiments, conditions were optimized to increase the
probability of establishing correlations between monoamines and
behavior. First, we used a within-subjects design where each rat
provided data after two drug doses, thereby reducing inter-individual
variability. Second, MDMA was administered via i.v. catheters which
offered advantages over i.p. or s.c. routes. Rats were not disturbed
during i.v. injections, eliminating handling stress that might influence
subsequent motor activity. The i.v. route afforded rapid drug
bioavailability with minimal metabolism; MDMA is extensively
metabolized in rats, and certain metabolites display distinct pharma-
cological actions which could complicate data interpretation (de la
Torre and Farre, 2004; Schmidt et al., 1987). Finally, we used low doses
of MDMA that produce a consistent repertoire of behaviors. It is
noteworthy that 1 mg/kg i.v. MDMA has been used for self-
administration training in rats (Ratzenboeck et al., 2001; Schenk
et al., 2003), and this dose is similar to those used recreationally by
humans (Cole et al., 2002; Green et al., 2003; Harris et al., 2002).

As mentioned in the Introduction, DA nerve terminals in the n.
accumbens are important mediators of amphetamine-induced loco-
motor activity, especially ambulation (i.e. forward locomotion) (Kelly
et al., 1975; Pijnenburg et al., 1976). 6-Hydroxydopamine lesions of the
n. accumbens reduce hyperactivity produced by systemic administra-
tion of MDMA (Gold et al., 1989a,b), while local injection of (+)-MDMA
into the accumbens elicits ambulation (Callaway and Geyer, 1992a).
Our correlation data from the n. accumbens are fully consistent with
the lesion andmicroinjection findings. We found that MDMA-induced
ambulation was highly correlated with dialysate DA (Pb0.0001), but
not with dialysate 5-HT, in the n. accumbens. On the other hand, 5-HT
in this region was highly correlated with stereotypy (Pb0.0001),
implicating accumbens 5-HT in the repetitive movements produced
by MDMA. One recent investigation showed that neurotoxic lesions of
5-HT terminals in the ventral striatum can significantly diminish
locomotor effects of MDMA (Ludwig and Schwarting, 2007), but the
effects of such lesions on ambulation versus stereotypy were not
described. In any case, our data support the involvement of accumbens
DA, and perhaps 5-HT, in locomotor activation produced by MDMA.
The precise manner in which monoamine release in the accumbens
might stimulate motor activity is not known, but GABA output
neurons from the n. accumbens project to the ventral pallidum
(Pennartz et al., 1994; Swerdlow et al., 1986), a region involved in the
control of motor centers in the brainstem. Accordingly, it is tempting
to speculate that MDMA-induced monoamine release in the n.
accumbens stimulates locomotion via modulation of GABA efferents
projecting to the ventral pallidum (Amalric and Koob, 1993). Future
studies should examine the validity of this hypothesis.

DA nerve terminals in the striatum are implicated in stereotypy
produced by amphetamines (Creese and Iversen, 1974; Kelly et al.,
1975). Historically, the term “stereotypy” has been used to describe
repetitive behaviors elicited by high-dose amphetamine administra-
tion, such as head-bobbing, patterned sniffing and gnawing (Kuc-
zenski and Segal, 1989; Kuczenski et al., 1995). In our study, stereotypy
refers to specific repetitive elements of the 5-HT behavioral syndrome
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(Green, 1984; Jacobs, 1976), namely side-to-side head weaving and
forepaw treading (Baumann et al., 2005; Shankaran and Gudelsky,
1999; Spanos and Yamamoto, 1989). We found that MDMA-induced
stereotypy was highly correlated with dialysate 5-HT and DA in rat
striatum (Pb0.0001), suggesting that both transmitters are involved in
repetitive movements. Our data agree with findings showing 5-HT-
mediated head weaving and forepaw treading are diminished by
lesions of nigrostriatal DA neurons (Andrews et al., 1982). Likewise,
the selective 5-HT1A agonist 8-OH-DPAT elicits robust 5-HT syndrome
in rats, but this effect requires intact catecholamine systems
(Hillegaart et al., 2000; Tricklebank et al., 1984). Thus, it appears
that 5-HT and DA are required for full expression of the 5-HT
syndrome. Morley et al. (2005) recently provided evidence that 5-
HT1A sites mediate some aspects of 5-HT syndrome produced by
MDMA, but the brain areas involved are not known. Further
investigation is needed to determine the role of specific brain regions
and receptor subtypes in mediating MDMA-induced 5-HT syndrome.

Ambulation produced by MDMA was strongly correlated with
striatal levels of dialysate 5-HT (Pb0.0001) and somewhat less so
with DA (Pb0.01). A number of investigators have shown that
pretreatment with antagonists selective for 5-HT2A receptors can
diminish hyperactivity produced by MDMA (Fletcher et al., 2002;
Kehne et al., 1996; McCreary et al., 1999). As the striatum is enriched
in 5-HT2A sites (Bubser et al., 2001; Lopez-Gimenez et al., 1997), this
region may be involved in the serotonergic stimulation of ambula-
tion. In particular, 5-HT2A receptors exert a stimulatory influence
over DA neurons in the nigrostriatal pathway (Lucas and Spampi-
nato, 2000). MDMA-induced DA release in the striatum is reduced by
pretreatment with 5-HT2A antagonists (Schmidt et al., 1994;
Yamamoto et al., 1995), indicating that 5-HT release can facilitate
DA release via stimulation of 5-HT2A receptors. In studies pertinent
to the present work, Ball et al. (2003, 2005) examined the effects of
MDMA on single unit activity in striatum of conscious freely-moving
rats. These investigators demonstrated that systemic MDMA injec-
tions excite most striatal output cells, and the degree of cell
excitation is positively correlated with ambulation (Ball et al.,
2003). Prior treatment with antagonists selective for 5-HT2A or D2

receptors reduces MDMA-induced striatal excitations and ambula-
tion in a parallel fashion (Ball and Rebec, 2005). The single unit data,
coupled with our correlation data, provide compelling evidence that
striatal 5-HT and DA are involved in motor effects of MDMA. Exactly
how monoamine release in the striatum can stimulate locomotion is
unclear, but this process likely involves excitation of striatal output
neurons projecting to the globus pallidus or substantia nigra pars
reticulata (Rebec, 2006), as these regions are implicated in the
control of motor pathways (Grillner et al., 2005).

In the prefrontal cortex, dialysate 5-HT was highly correlated with
ambulation and stereotypy (Pb0.001) while dialysate DAwas margin-
ally correlated with ambulation, but not stereotypy. Our data suggest
the relative importance of cortical 5-HT rather than DA in mediating
MDMA's motor effects. It is noteworthy that 5-HT2A antagonists can
diminish evoked DA release in the prefrontal cortex (Gobert and
Millan, 1999; Pehek et al., 2001), indicating that 5-HT facilitates
mesocortical DA function analogous to effects in nigrostriatal DA
neurons. NE release in the prefrontal cortex also appears to play a key
role in locomotor-activating effects of MDMA (Selken and Nichols,
2007) and other amphetamine-type stimulants (Blanc et al., 1994;
Darracq et al., 1998). Specifically, cortical infusion of the α1 antagonist
prazosin reduces ambulation produced by systemic MDMA injection
(Selken and Nichols, 2007), suggesting the importance of α1
adrenergic receptors. Electrophysiological studies reveal that systemic
MDMA administration inhibits cell firing in most cells of the
prefrontal cortex, and this effect is mediated via activation of 5-HT
receptors by released 5-HT (Pan andWang, 1991a,b). It seems possible
that MDMA-induced suppression of cell firing in the prefrontal cortex
influences descending outputs to subcortical areas controlling motor
activity (Tzschentke and Schmidt, 2000), and this hypothesis warrants
further inquiry.

Our previous microdialysis findings indicate that central 5-HT
release is capable of antagonizing locomotor stimulant effects
mediated by DA release (Rothman and Baumann, 2006; Rothman
et al., 2005), and this view seems at odds with MDMA data presented
herein. For instance, amphetamine analogs which display high
potency at SERT relative to DAT elicit less ambulation than DAT-
selective analogs (Rothman and Baumann, 2006). In fact, SERT-
selective 5-HT releasers such as fenfluramine and chlorphentermine
do not stimulate ambulation, and prior treatment with fenfluramine
attenuates locomotor effects of the DA releaser phentermine (Bau-
mann et al., 2000; Rothman et al., 1998). Based on the work of others
(Di Matteo et al., 2001, 2000), we have speculated that 5-HT can
counteract the effects of DA via activation of 5-HT2C receptor
mechanisms in the brain. 5-HT2C receptors are characterized by high
levels of constitutive activity which affords potent inhibition of tonic
and evoked DA release in the mesolimbic, nigrostriatal and mesocor-
tical systems (Alex and Pehek, 2007; Bubar and Cunningham, 2006).
Indeed, ambulation produced by MDMA and other psychomotor
stimulants is markedly enhanced by pretreatment with 5-HT2C
antagonists (Bankson and Cunningham, 2002; Fletcher et al., 2002,
2006; McCreary and Cunningham, 1999). These findings suggest that
one overarching role of 5-HT is to dampen the magnitude of
locomotor activation, via agonist actions at 5-HT2C receptors. None-
theless, the evidence from a variety of experiments, including the
correlation data presented here, demonstrates that MDMA co-
activates specific 5-HT pathways that are coupled to stimulation of
ambulation and stereotypy (Bankson and Cunningham, 2001; Geyer,
1996).

In summary, our microdialysis data suggest that motor behaviors
elicited by MDMA depend upon central 5-HT and DA systems in a
region- and modality-specific manner. As with most amphetamine
analogs, DA release in the n. accumbens is involved with MDMA-
induced ambulation (Gold et al., 1989a,b; Ikemoto, 2002), whereas DA
release in the striatum seems to be involved with both stereotypy and
ambulation. In contrast to other stimulants, MDMA displays pre-
dominant serotonergic effects which modulate locomotor activity in a
complexmanner: 5-HT1B and 5-HT2A receptors facilitate, while 5-HT2C
receptors inhibit, ambulatory effects of the drug. We found that
stereotypy was highly correlated with dialysate 5-HT in the accum-
bens, striatum and prefrontal cortex, implicating these regions as
substrates for repetitive aspects of the 5-HT syndrome. Future
experiments should combine in vivo microdialysis with anatomical
(e.g., discrete lesions) and pharmacological (e.g., selective antagonists)
methods to characterize the circuitry and receptor mechanisms
responsible for the effects of MDMA.
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