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Abstract

3,4-Methylenedioxymethamphetamine (MDMA or Ecstasy) stimulates the transporter-mediated
release of monoamines, including serotonin (5-HT). High-dose exposure to MDMA causes persistent
5-HT deficits (e.g., depletion of brain 5-HT) in animals, yet the functional and clinical relevance of
such deficits are poorly defined. Here we examine functional consequences of MDMA-induced 5-
HT depletions in rats. Male rats received binges of 3 ip injections of MDMA or saline, one injection
every 2 h; MDMA was given at a threshold pharmacological dose (1.5 mg/kg x 3, low dose) or at a
5-fold higher amount (7.5 mg/kg x 3, high dose). One week later, jugular catheters and intracerebral
guide cannulae were implanted. Two weeks after binges, rats received acute iv challenge injections
of 1 and 3 mg/kg MDMA.. Neuroendocrine effects evoked by iv MDMA (prolactin and corticosterone
secretion) were assessed via serial blood sampling, while neurochemical effects (5-HT and dopamine
release) were assessed via microdialysis in brain. MDMA binges elevated core temperatures only in
the high-dose group, with these same rats exhibiting ~50% loss of forebrain 5-HT two weeks later.
Prior exposure to MDMA did not alter baseline plasma hormones or dialysate monoamines, and
effects of iv MDMA were similar in saline and low-dose groups. By contrast, rats pretreated with
high-dose MDMA displayed significant reductions in evoked hormone secretion and 5-HT release
when challenged with iv MDMA. As tolerance developed only in rats exposed to high-dose binges,
hyperthermiaand 5-HT depletion are implicated in this phenomenon. Our results suggest that MDMA
tolerance in humans may reflect 5-HT deficits which could contribute to further dose escalation.
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(%)-3,4-Methylenedioxymethamphetamine (MDMA, or Ecstasy) is an illicit drug that
stimulates transporter-mediated release of monoamines from neurons (White et al., 1996,
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Green et al., 2003). High-dose administration of MDMA to rats causes impairments in central
serotonin (5-HT) neurons, including inhibition of tryptophan hydroxylase (Stone et al.,
1987), depletion of tissue 5-HT (Commins et al., 1987) and loss of 5-HT transporter (SERT)
binding sites (Battaglia et al., 1987). The spectrum of MDMA-induced deficits can last for
months, prompting general acceptance that the drug is a 5-HT neurotoxin (Ricaurte et al.,
2000, Green et al., 2003). Nevertheless, there are unresolved issues surrounding MDMA
neurotoxicity in rats (Wang et al., 2005), especially with regard to functional consequences
and their potential clinical relevance (Easton and Marsden, 2006, Baumann et al., 2007).

Functional correlates of MDMA-induced 5-HT deficits in rats have been examined, but
findings are often ambiguous. For example, rats pretreated with high-dose MDMA are reported
to exhibit tolerance or reverse tolerance (i.e., sensitization) to locomotor effects of the drug
(Kalivas et al., 1998, Brennan and Schenk, 2006). Similarly, neuroendocrine studies show that
rats given neurotoxic doses of MDMA can display a reduction or enhancement in pituitary
hormone responses to serotonergic drug challenge (Poland et al., 1997, Baumann et al.,
2007). Our preliminary data indicate that neuroendocrine responses to MDMA are uniformly
blunted in rats previously exposed to the drug, in agreement with findings in human Ecstasy
users (Gerra et al., 1998, Gerra et al., 2000, Verkes et al., 2001). Importantly, tolerance to the
subjective effects of MDMA is a common complaint in human drug users and has been
implicated in dangerous dose escalation (Verheyden et al., 2003, Parrott, 2005).

Evaluating the clinical relevance of MDMA toxicity data from rats is complicated because
humans take much lower doses than those given to rats. In laboratory studies, humans are
typically given doses of 1-2 mg/kg (po) which are well tolerated (Cami et al., 2000, Harris et
al., 2002), whereas rats receive non-contingent doses of 10-20 mg/kg (sc or ip) which cause
hyperthermia and even death (Green et al., 2003). Many investigators have cited principles of
interspecies scaling (i.e., allometric scaling) to support the view that high doses of MDMA in
rats are equivalent to recreational doses in humans (Ricaurte et al., 2000, Green et al., 2003).
However, allometric relationships are not always valid for extrapolating doses across species,
especially for drugs that are extensively metabolized like MDMA (Lin, 1998, de la Torre and
Farre, 2004). The biotransformation of MDMA in vivo generates a number of metabolites,
including the N-demethylated analog, 3,4-methylenedioxyamphetamine (MDA), which is a
potent monoamine releaser. The extent of MDA formation varies between species, with rats
forming much more of this metabolite when compared to humans. In any case, behaviorally-
relevant doses of MDMA appear to be equivalent in rats and humans, as both species can
readily discriminate 1.5 mg/kg under controlled laboratory conditions (Schechter, 1988,
Johanson et al., 2006).

The purpose of the present investigation was three-fold. First, we wished to employ an MDMA
binge regimen in rats based on threshold pharmacological doses. In vivo neurochemical effects
of a discrimination training dose of MDMA (1.5 mg/kg, ip) were examined, and this dose was
used as a reference point for designing a repeated injection regimen. Second, we sought to
determine functional consequences of MDMA binge exposure by implementing a
neuroendocrine challenge paradigm in rats, similar to the approach used in clinical studies.
Finally, it was of interest to see whether neuroendocrine changes observed after MDMA binges
were reflective of neurochemical changes in brain regions involved with locomotor and
rewarding effects of abused drugs. To this end, in vivo microdialysis was carried out in the n.
accumbens and caudate n. of rats exposed to MDMA or saline binges.
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EXPERIMENTAL PROCEDURES

Subjects

Male Sprague-Dawley rats weighing 280-320 g were double-housed (lights on: 0700-1900 h)
in conditions of controlled temperature (22+2° C) and humidity (45+5 %), with free access to
food and water. Experiments were carried out in accordance with the National Institutes of
Health (NIH) Guide for the Care and Use of Laboratory Animals (NIH Publications No. 80-23),
as revised in 1996. Vivarium facilities were fully accredited by the Association for Assessment
and Accreditation of Laboratory Animal Care (AAALAC), and study procedures were
approved by the Animal Care and Use Committee of the National Institute on Drug Abuse
(NIDA) Intramural Research Program (IRP). All efforts were made to minimize the number
of animals used and their suffering.

Drugs and Reagents

(%)-3,4-Methylenedioxymethamphetamine HCl (MDMA) was provided by the NIDA Drug
Supply Program, Rockville MD. Sources of reagents for in vivo microdialysis, biochemical
assays and radioimmunoassays (RIA) have been reported (Baumann et al., 1998, Baumann et
al., 2005).

Surgical Procedures

For neuroendocrine studies, rats were anesthetized with sodium pentobarbital (60 mg/kg ip),
and catheters made of Silastic tubing (Dow Corning, Midland, MI, USA) were implanted into
the jugular vein (Baumann et al., 1998). Briefly, the proximal end of the catheter was inserted
into the r. jugular vein and advanced to the atrium, whereas the distal end was exteriorized on
the nape and plugged. Rats were single-housed post-operatively.

For microdialysis studies, rats were anesthetized with pentobarbital, and jugular catheters were
implanted as above. Rats were placed into a stereotaxic apparatus, and guide cannulae (CMA
12, CMA Microdialysis, North Chelmsford, MA) were implanted into the caudate n. or n.
accumbens (Baumann et al., 2005). Each rat received a single guide aimed at either caudate or
accumbens. Caudate coordinates were: ML+2.4 mm and AP+1.6 mm from bregma, DV—-3.4
mm from dura, whereas accumbens coordinates were: ML+1.7 mm and AP+1.6 mm from
bregma, DV—6.0 mm from dura (Paxinos and Watson, 2005). Guide cannulae were secured to
the skull using stainless steel screws and dental acrylic. Rats were single-housed post-
operatively.

Effects of Acute MDMA on Extracellular 5-HT and Dopamine (DA)

In the first experiment, we investigated the ability of a discrimination training dose of MDMA
(1.5 mg/kg, ip) to release 5-HT and DA in vivo. Rats were tested 1 week after implantation of
jugular catheters and n. accumbens guide cannulae. On the night before testing, dialysis probes
with 2x0.5 mm exchange surface (CMA/12, CMA Microdialysis) were inserted into guide
cannulae and extension tubes were joined to catheters. Each rat was placed into a container
where a flexible wire tether was connected to a plastic neck collar. Probes were perfused
overnight with artificial cerebrospinal fluid (aCSF) at a flow rate of 0.6 pL/min. The next
morning, dialysate samples were collected every 20 min and assayed for 5-HT and DA by
HPLC with electrochemical detection (HPLC-ECD). Once three baseline samples were
obtained, rats received ip injections of saline, 1.5 or 7.5 mg/kg MDMA; dialysate samples were
collected for 2 h post-injection.

Dialysates (5 pL) were injected onto a microbore HPLC column linked to an amperometric
detector (Model LC-4C, Bioanalytical Systems, Inc., West Lafayette IN). Mobile phase
consisting of 150 mM monochloroacetic acid, 150 mM sodium hydroxide, 0.03% sodium
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octanesulfonic acid, 250 uM disodium EDTA, 6% methanol and 6% acetonitrile (final pH=5.3)
was pumped at 60 puL/min. Data were acquired by a Millennium software system (Waters
Associates, Milford, MA, USA) where peak heights of unknowns were compared to those of
standards. The lower limit of assay sensitivity was 100 fg.

After dialysis perfusion, rats were decapitated and brains were stored in 10% formalin. Brains
were sectioned, and placement of microdialysis probe tips within the n. accumbens was verified
by visual inspection.

Hyperthermia and 5-HT Depletions Produced by MDMA Binges

In experiment 2, we assessed the effects of MDMA binge administration on acute hyperthermia
and long-term 5-HT depletions. Rats were double-housed and received binges of 3 ip injections
of saline or MDMA, one injection every 2 h. Injections were carried out in the vivarium where
rats were returned to home cages immediately after each injection. MDMA was administered
at a discrimination training dose of 1.5 mg/kg x 3 (low dose; cumulative dose of 4.5 mg/kg)
or a 5-fold higher amount of 7.5 mg/kg x 3 (high dose; cumulative dose of 22.5 mg/kg). Rats
were observed every h for 6 h post-injection, and core temperatures were measured via insertion
of a RET-2 probe (Physitemp Instruments Inc., Clifton, NJ) into the colon.

Two weeks after binges, rats were decapitated and brain tissue was dissected to obtain the n.
accumbens, caudate-putamen and mediobasal hypothalamus. These brain regions were chosen
for specific reasons: the n. accumbens is a brain region involved in the rewarding effects of
abused drugs (Ikemoto and Panksepp, 1999), the caudate-putamen is implicated in mediating
locomotor effects of MDMA (Ball et al., 2003), and the hypothalamus regulates secretion of
anterior pituitary hormones which are affected by MDMA administration (Nash et al., 1990).
We wished to compare the effects of MDMA binges on these diverse brain regions. Tissue
samples were weighed, homogenized in 0.1 N HCIO,4 and spun at 15,000 rpm for 15 min.
Concentrations of 5-HT, DA and metabolites were quantified in the supernatant using HPLC-
ECD (Baumann etal., 1998). Briefly, 20 uL aliquots were injected onto a HPLC column linked
to a coulometric detector (Environmental Sciences Associates, Bedford, MA, USA). Mobile
phase consisting of 50 mM sodium phosphate monobasic, 250 uM Na,EDTA, 0.03% sodium
octanesulfonic acid and 25% methanol (final pH=2.75) was recirculated at 0.9 ml/min. Data
were acquired by a Millennium software system, where peak heights of unknowns were
compared to those of standards. The lower limit of assay sensitivity was 1 pg.

Neuroendocrine Responsiveness in Rats Exposed to MDMA Binges

In experiment 3, we examined neuroendocrine effects of iv MDMA challenge injections in rats
that had been previously exposed to saline or MDMA binges. Rats received saline, low-dose
MDMA (1.5 mg/kg, x 3) or high-dose MDMA (7.5 mg/kg x 3) as described for experiment 2.
One week after binges, indwelling jugular catheters were implanted and rats were single-
housed. Two weeks after binges (i.e., one week after surgery), rats received acute injections
of MDMA, and blood samples were removed.

Onthe day of an experiment, rats were moved to the testing room in their home cages; extension
tubes were connected to iv catheters and threaded outside the cages. Catheters were flushed
with 0.3 ml of 48 IU/ml heparin saline, and acute injections of MDMA were administered.
Rats received 1 mg/kg iv MDMA at time zero, followed by 3 mg/kg iv MDMA 60 min later.
Blood samples (0.4 ml) were withdrawn immediately before and at 15, 30, 60, 75, 90 and 120
min after the first injection. The 60 min sample was drawn immediately before the 3 mg/kg
MDMA injection. Blood was spun for 10 min at 1500 rpm; plasma was decanted and stored
at —80°C. The occurrence of 5-HT behavioral syndrome was evaluated during the challenge
test procedure. At 2, 15, and 30 min after each injection, rats were observed for 1 min and the
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presence of forepaw treading and flat-body posture was scored using the graded scale:
O=absent, 1=equivocal, 2=present and 3=intense (Baumann et al., 1998). Rats were given a
single “syndrome” score after each dose of MDMA that consisted of the summed scores.

Plasma hormone levels were quantified using double-antibody RIA. Corticosterone levels were
determined using [2°1]-corticosterone RIA kits (MP Biomedicals, Irvine CA, USA). Plasma
samples (10 ul) were assayed in duplicate and average intra-assay coefficient of variability
was 8.8%. Prolactin levels were determined using materials provided by the National Hormone
and Pituitary Program (Rockville, MD, USA). Plasma samples (50 ul) were assayed in
duplicate and average intra-assay coefficient of variability was 6.9%

In Vivo Microdialysis in Rats Exposed to MDMA Binges

In the last experiment, we examined neurochemical effects of iv MDMA challenge injections
in rats that had been previously exposed to saline or MDMA binges. Rats received saline, low-
dose MDMA (1.5 mg/kg, % 3) or high-dose MDMA (7.5 mg/kg x 3) as described in experiment
2. One week after binges, indwelling jugular catheters and intracerebral guide cannulae were
implanted. Each rat was fitted with a single guide cannula aimed at either the caudate n. or n.
accumbens, and rats were single-housed. Two weeks after binges (i.e., one week after surgery),
rats were subjected to in vivo microdialysis perfusion and received acute injections of MDMA.

On the night before testing, rats were prepared for microdialysis as described in experiment 1.
CMAV/12 dialysis probes with 2x0.5 mm exchange surface were inserted into guide cannulae,
and extension tubes were attached to catheters. Probes were perfused overnight with aCSF.
The next morning, dialysate samples were collected at 20-min intervals and assayed for 5-HT
and DA by HPLC-ECD. Once three baseline samples were obtained, rats received 1 mg/kg iv
MDMA at time zero followed by 3 mg/kg iv MDMA 60 min later. This challenge procedure
was identical to the one used for examining neuroendocrine responsiveness. Dialysate samples
were collected for 2 h after the 60 min MDMA injection. At the end of the dialysis perfusion,
placement of the microdialysis probe tip within the caudate n. or n. accumbens was verified
by visual inspection.

Data Analysis and Statistics

RESULTS

Data are expressed as mean+SEM. Microdialysis, temperature, neuroendocrine and 5-HT
syndrome data were evaluated using two-factor analysis of variance (ANOVA). When
significant F values were obtained, a one-factor (Dose) ANOVA was run at each time point
followed by Newman-Keul’s post-hoc test to detect differences between group means. Post-
mortem neurochemical data were analyzed by one-factor ANOVA followed by Newman-
Keul’s test. Relationships between acute hyperthermic effects of MDMA and subsequent
monoamine depletions were carried out using Pearson correlation analyses. P<0.05 was the
minimum criterion for significance.

Effects of Acute MDMA on Extracellular 5-HT and DA

Fig. Lillustrates the effects of ip MDMA administration on levels of 5-HT (top panel) and DA
(bottom panel) in dialysate samples from rat n. accumbens. There were main effects of Dose
(F2,135=354.87, P<0.0001) and Time (Fg 135=41.89, P<0.001) on extracellular 5-HT, with
significant increases in 5-HT after both doses of MDMA. Specifically, 1.5 and 7.5 mg/kg
MDMA produced elevations in 5-HT that peaked at 5-fold and 30-fold above saline control
levels 40 min post-injection. There were main effects of Dose (F2 135=135.20, P<0.0001) and
Time (Fg 135=14.47, P<0.001) on extracellular DA as well, but only 7.5 mg/kg MDMA
significantly elevated DA, to about 5-fold above control. It is noteworthy that 1.5 mg/kg
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MDMA did not cause overt behavioral effects, while 7.5 mg/kg produced motor stimulation
and elements of the 5-HT behavioral syndrome including forepaw treading and flat-body
posture (data not shown).

Hyperthermia and 5-HT Depletions Produced by MDMA Binges

Given the increases in extracellular 5-HT and DA produced by 1.5 and 7.5 mg/kg MDMA
shown in Fig. 1, we sought to examine acute and long-term pharmacological effects of these
same doses when administered as repeated injection binges. The data in Fig. 2 show acute
effects of MDMA binges on core body temperature, where ip injections of saline or MDMA
were given a time zero, 2 h and 4 h. There were main effects of MDMA Dose (F3,105=218.11,
P<0.0001) and Time (Fg 105=23.72, P<0.001) on body temperature, with 7.5 mg/kg MDMA
producing marked and sustained hyperthermia. Core temperatures were significantly increased
after the first injection of 7.5 mg/kg MDMA; temperatures continued to rise with subsequent
injections, peaking at 40°C, or 3°C above saline control levels, 2 h after the third injection. By
contrast, repeated injections of 1.5 mg/kg MDMA did not significantly increase core body
temperature above saline control levels at any time point.

Two weeks after the binges, rats were killed by decapitation, and tissue from the n. accumbens,
caudate-putamen and mediobasal hypothalamus was dissected. Fig. 3 shows post-mortem
tissue concentrations of 5-HT (top panel) and DA (bottom panel) in brain regions from rats
exposed to MDMA binges. The neurochemical data in Fig. 3 are derived from the same rats
whose temperature data are depicted in Fig. 2. There was a main effect of MDMA Dose on
tissue 5-HT concentrations in the n. accumbens (F, 17=50.52, P<0.0001), caudate-putamen
(F2,17=25.49, P<0.0001) and hypothalamus (F2 17=14.31, P<0.001), with 7.5 mg/kg causing
significant 5-HT depletions. The extent of 5-HT loss was about 50% of saline-treated control
values in all three areas examined. It should be noted that repeated injections of 1.5 mg/kg
MDMA did not alter tissue 5-HT concentrations in any region, and MDMA binge
administration produced no changes in post-mortem tissue concentrations of DA.

Given that high-dose MDMA caused acute hyperthermia and persistent 5-HT depletions, we
examined the relationship between body temperature and post-mortem tissue monoamines
using Pearson correlation analysis. Body temperature was negatively correlated with tissue 5-
HT in the n. accumbens (r=—0.8630, P<0.0001), caudate-putamen. (r=—0.8089, P<0.0001) and
hypothalamus (r=—0.6910, P<0.001). In contrast, there were no significant correlations
between body temperature and tissue DA. Figure 4 depicts representative data from the n.
accumbens, where MDMA-induced elevations in core temperature were significantly
correlated with depletion of tissue 5-HT (top panel) but not DA (bottom panel).

Neuroendocrine Responsiveness in Rats Exposed to MDMA Binges

Given the long-term 5-HT depletions produced by high-dose MDMA binges shown in Fig. 3,
we wished to examine functional consequences of such depletions using a neuroendocrine
challenge paradigm similar to that employed in clinical investigations (Gerra et al., 1998,Gerra
etal., 2000). The data in Fig. 5 illustrate the effects of acute iv injections of MDMA on plasma
prolactin (top panel) and corticosterone (bottom panel) in rats pretreated with MDMA binges.
MDMA binges did not alter baseline (time zero) prolactin levels measured two weeks later;
values were 2.4+0.6, 1.9+0.5 and 1.8+0.5 ng/ml for saline, 1.5 and 7.5 mg/kg groups,
respectively. Acute iv administration of MDMA produced significant dose-related increases
in plasma prolactin in all groups, but there were main effects of MDMA Pretreatment Dose
(F2,147=21.03, P<0.0001) and Time (Fg 147=35.12, P<0.0001) on this response. In particular,
rats pretreated with 7.5 mg/kg had blunted prolactin responses to acute MDMA challenge
injections, such that peak prolactin levels evoked by 1 and 3 mg/kg MDMA were reduced to
40% and 60% of corresponding levels measured in saline-pretreated controls. By contrast, rats
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pretreated with 1.5 mg/kg MDMA displayed prolactin responses similar to those of rats
pretreated with saline.

MDMA binges did not alter baseline levels of plasma corticosterone measured two weeks later;
values were 7318, 52+14 and 98+25 ng/ml for the saline, 1.5 and 7.5 mg/kg groups. Acute
MDMA injections produced significant increases in plasma corticosterone, and there were
main effects of MDMA Pretreatment Dose (F; 147=12.20, P<0.0001) and Time (Fg 147=56.68,
P<0.0001) on this response. Post-hoc tests revealed that rats pretreated with 7.5 mg/kg binges
had reduced corticosterone responses to a 3 mg/kg MDMA challenge, with peak corticosterone
levels significantly less than those of saline-pretreated controls. Rats pretreated with 1.5 mg/
kg MDMA binges exhibited corticosterone responses similar to those of rats pretreated with
saline.

Fig. 6 shows the effects of acute MDMA injections on 5-HT syndrome scores in rats previously
exposed to MDMA binges. Behavioral data in Fig. 6 are derived from the same rats whose
hormone data are depicted in Fig. 5. Acute iv administration of MDMA produced robust 5-HT
syndrome, and there was a main effect of MDMA Pretreatment Dose (F; 4,=8.15, P<0.001)
on this response. Specifically, rats pretreated with 7.5 mg/kg binges displayed lower syndrome
scores after 3 mg/kg iv MDMA when compared to corresponding scores in saline-pretreated
rats.

In Vivo Microdialysis in Rats Exposed to MDMA Binges

Based on the neuroendocrine findings shown in Fig. 5, we evaluated whether the blunted
hormone responses after 7.5 mg/kg MDMA might be reflective of neurochemical changes in
the brain. Fig. 7 shows the effects of acute MDMA injections on dialysate 5-HT (top panel)
and DA (bottom panel) in n. accumbens of rats previously exposed to MDMA binges. MDMA
binges did not alter baseline dialysate levels of 5-HT measured two weeks later; values were
0.23+0.05, 0.22+0.04 and 0.20+0.04 pg/5 pL for the saline, 1.5 and 7.5 mg/kg groups,
respectively. Acute iv MDMA evoked dose-related elevations in dialysate 5-HT in all groups,
but there were main effects of MDMA Pretreatment Dose (F3 161=22.95, P<0.0001) and Time
(Fs,161=67.93, P<0.0001) on this response. Specifically, rats pretreated with 7.5 mg/kg MDMA
had blunted 5-HT release in the n. accumbens in response to 1 and 3 mg/kg MDMA challenge.
The magnitude of 5-HT responses in the 7.5 mg/kg rats was about 50% of the corresponding
responses in saline-pretreated rats at both challenge doses of MDMA. Rats pretreated with 1.5
mg/kg MDMA binges exhibited 5-HT responses that were similar to saline-pretreated
responses.

MDMA binges did not affect baseline dialysate DA in n. accumbens; values were 2.28+0.44,
2.02+0.38 and 1.90+0.28 pg/5 pL for the saline, 1.5 and 7.5 groups. Acute MDMA evoked
dose-related increases in dialysate DA, and there was no significant effect of MDMA
Pretreatment Dose on this transmitter response. Rats from all pretreatment groups displayed
similar DA release in response to MDMA challenge.

The datain Fig. 8 illustrate the effects of acute MDMA injections on dialysate 5-HT (top panel)
and DA (bottom panel) in caudate n. of rats previously exposed to MDMA binges. MDMA

binges did not alter baseline dialysate levels of 5-HT measured two weeks later; specific 5-HT
values were 0.32+0.05, 0.31+0.07, 0.25+0.05 pg/5 pL for the saline, 1.5 and 7.5 mg/kg groups,
respectively. Acute iv MDMA evoked dose-related elevations in dialysate 5-HT in all groups,
but there were main effects of MDMA Pretreatment Dose (F; 16,=37.97, P<0.0001) and Time
(Fg,162=61.50, P<0.0001) on this transmitter response. Similar to the effects noted in the n.

accumbens, rats pretreated with 7.5 mg/kg MDMA displayed blunted 5-HT levels in response
to 1 and 3 mg/kg MDMA challenge. The magnitude of 5-HT release in the 7.5 mg/kg rats was
about 60% of the corresponding responses in saline-pretreated rats at both challenge doses of
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MDMA. Rats pretreated with 1.5 mg/kg MDMA exhibited 5-HT responses that were nearly
identical to those of saline-pretreated rats.

MDMA binges did not affect baseline dialysate DA in caudate; specific values were 3.93+0.56,
4.50+0.68 and 3.62+0.38 pg/5 pL for the saline, 1.5 and 7.5 groups. Acute MDMA evoked
dose-related increases in dialysate DA, and while the main effect of MDMA Pretreatment Dose
did not reach statistical significance (F» 152=2.85, P<0.06), there was a significant effect of
Time (Fg 162=32.30, P<0.0001). In general, rats from all pretreatment groups displayed similar
DA release profiles in response to iv MDMA challenge.

DISCUSSION

It is well established that MDMA administration to laboratory animals causes deficits in 5-HT
neurons (e.g., depletion of brain tissue 5-HT), but the functional significance and clinical
relevance of such changes are less clear (Easton and Marsden, 2006, Baumann et al., 2007).
A major aim of the present study was to examine in vivo functional correlates of 5-HT deficits
produced by MDMA in rats. We found that high-dose MDMA binges (7.5 mg/kg, ip, 3
injections) caused acute hyperthermia and long-term loss of brain 5-HT, whereas low-dose
binges (1.5 mg/kg, ip, 3 injections) did not. High-dose MDMA binges were associated with
blunted prolactin and corticosterone responses to MDMA challenge injections given two weeks
later, consistent with the development of tolerance. Interestingly, human MDMA users are
reported to display attenuated hormone responses to the 5-HT releaser d-fenfluramine, and this
reduced sensitivity can last for months after abstinence (Gerra et al., 1998, Gerra et al., 2000,
Verkes et al., 2001). In vivo microdialysis in the n. accumbens and caudate n. revealed that
rats exposed to high-dose MDMA binges had blunted 5-HT release, but unaltered DA release,
when challenged with acute MDMA injections. Collectively, the data suggest that tolerance to
neuroendocrine effects of MDMA is due to impairments in SERT-mediated release of 5-HT
from nerve terminals in the brain. Our findings could have implications for human MDMA
users who often report the development of tolerance to subjective effects after prolonged use
(Verheyden et al., 2003, Parrott, 2005).

One problem with extrapolating MDMA data from animals to humans is that laboratory
animals receive non-contingent doses of drug which are much higher than those taken
recreationally by humans (Easton and Marsden, 2006, Baumann et al., 2007). We sought to
minimize this obstacle by designing an MDMA dosing regimen in rats based on threshold
pharmacological doses. To this end, a typical dose of MDMA used for discrimination training
in rats is 1.5 mg/kg ip (Schechter, 1988, Glennon and Higgs, 1992). Interestingly, human
subjects discriminate this same dose administered orally in an experimental setting (Johanson
et al., 2006), and recreational doses are in the range of 1-3 mg/kg (Cole et al., 2002, Schifano
etal., 2006). When 1.5 mg/kg MDMA was given to rats undergoing microdialysis, extracellular
levels of 5-HT in n. accumbens were elevated 5-fold above baseline while DA levels were not
affected (Fig. 1). Our study represents the first to demonstrate in vivo neurochemical effects
of an ip administered discrimination training dose of MDMA. The ability of low-dose MDMA
to preferentially increase dialysate 5-HT supports the predominant role of serotonergic
mechanisms in mediating stimulus properties of MDMA (Schechter, 1988, Goodwin et al.,
2003). When the dose of MDMA was increased to 7.5 mg/kg ip, extracellular levels of 5-HT
and DA increased to 30-fold and 5-fold above baseline, respectively. Many investigators have
demonstrated that high-dose MDMA increases dialysate levels of 5-HT and DA in diverse
brain regions (Gudelsky and Nash, 1996, Kankaanpaa et al., 1998, Gough et al., 2002). The in
vivo microdialysis data are consistent with the established molecular mechanism of MDMA
which involves transporter-mediated release of monoamines from neurons (White et al.,
1996, Rothman and Baumann, 2002, Green et al., 2003).
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Based on the neurochemical actions of 1.5 and 7.5 mg/kg MDMA, we examined acute and
long-term effects produced by 3-injection binges of these same doses. Low-dose MDMA
binges failed to affect body temperature, while high-dose binges caused hyperthermia (Fig. 2)
analogous to previous reports (Nash et al., 1988,Dafters, 1995,Mechan et al., 2002). Since 1.5
mg/kg MDMA preferentially increases 5-HT release, it seems that 5-HT mechanisms alone
are not sufficient to evoke hyperthermia. In contrast, a dose of 7.5 mg/kg MDMA which evokes
simultaneous release of 5-HT and DA significantly elevates core body temperature, and D1
DA receptors have been implicated in MDMA-induced hyperthermia (Mechan et al., 2002).
The same rats that exhibited hyperthermia in our study had substantial loss of brain tissue 5-
HT when measured two weeks later (Fig. 3), suggesting a crucial link between hyperthermia
and 5-HT depletions. Indeed, we found significant negative correlations between acute effects
of MDMA on body temperature and subsequent measures of tissue 5-HT in the n. accumbens,
caudate-putamen, and mediobasal hypothalamus (Fig. 4). These findings support the work of
others who showed acute hyperthermic effects of MDMA can exacerbate the extent of long-
term 5-HT depletions (Broening et al., 1995,0’Shea et al., 1998). We observed that high-dose
MDMA binges produce about 50% loss of tissue 5-HT in the caudate, accumbens and
hypothalamus; this degree of depletion is similar to that reported by our laboratory (Wang et
al., 2005,Wang etal., 2007) and others who administered high-dose MDMA injection regimens
to rats (Battaglia et al., 1987,Commins et al., 1987,Stone et al., 1987).

We chose to employ a neuroendocrine challenge paradigm for examining in vivo correlates of
MDMA-induced 5-HT depletions. This strategy allows direct comparison of data from rats
and humans, as both species show similar hormone responses to 5-HT releasers like MDMA
and fenfluramine (Levy et al., 1994, Baumann et al., 1998). In particular, MDMA
administration increases prolactin and adrenocorticotropin (ACTH) secretion from the anterior
pituitary, and glucocorticoid secretion from the adrenals, in rats (Nash et al., 1988, Baumann
etal., 2007) and humans (Mas et al., 1999, Harris et al., 2002, Farre et al., 2004). These specific
MDMA-induced hormone responses involve the release of 5-HT from nerve terminals in the
hypothalamus, followed by activation of 5-HT receptors (Nash et al., 1990). We showed that
sequential iv injections of MDMA evoke dose-related elevations in plasma prolactin and
corticosterone (Fig. 5), but MDMA pretreatment influenced hormonal responsiveness.
Specifically, rats exposed to high-dose MDMA binges had significantly reduced hormone
responses to MDMA challenge, with prolactin secretion being more severely affected. The
blunted endocrine sensitivity to MDMA reported here confirms prior preliminary findings
(Baumann et al., 2007) and suggests the development of tolerance. In comparable experiments,
rats exposed to high-dose fenfluramine injections have reduced prolactin and corticosterone
responses to fenfluramine challenge (Baumann et al., 1998). Moreover, as mentioned earlier,
human MDMA users display suppression of prolactin and cortisol responses to d-fenfluramine
which lasts for months after abstinence (Gerra et al., 1998, Gerra et al., 2000, Verkes et al.,
2001). Notall studies report blunted neuroendocrine responses after pretreatment with MDMA.
For example, Poland and coworkers (Poland et al., 1997) demonstrated that rats pretreated with
high-dose MDMA exhibit decreases in fenfluramine-induced ACTH and corticosterone
secretion, but increases in prolactin secretion. While we can not explain the discrepancies
between our prolactin data and those of Poland et al., most evidence indicates that at least some
hormone responses evoked by 5-HT-releasing agents are reduced in rats and humans exposed
to MDMA.

MDMA administration produces a complex pattern of motor activity in rats that is characterized
by forward locomotion and elements of the 5-HT behavioral syndrome, including flat-body
posture and forepaw treading (Gold et al., 1988, Slikker et al., 1989, Spanos and Yamamoto,
1989). MDMA-induced motor activity depends upon monoamine release from neurons in the
brain, followed by subsequent activation of multiple 5-HT and DA receptor subtypes (Callaway
et al., 1991, Bankson and Cunningham, 2001). We monitored 5-HT syndrome during
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neuroendocrine challenge tests in MDMA-pretreated rats. As expected, we found that iv
injections of MDMA caused dose-related increases in flat-body posture and forepaw treading
(Fig. 6). Similar to the neuroendocrine findings, the ability of MDMA to elicit 5-HT syndrome
was significantly reduced in rats pretreated with high-dose MDMA binges. These behavioral
data are consistent with investigations showing reductions in evoked 5-HT syndrome after
repeated injections of high-dose MDMA (Slikker et al., 1989, Marston et al., 1999, Brennan
and Schenk, 2006). Not all studies have found evidence for such behavioral tolerance after
repeated MDMA treatments. In fact, several reports show reverse tolerance, or sensitization,
to locomotor effects of MDMA in rats pretreated with the drug (Spanos and Yamamoto,
1989, Kalivas et al., 1998, McCreary et al., 1999). Possible reasons for inconsistencies in the
behavioral findings include differences in MDMA dosing regimens, time intervals between
pretreatment and behavioral testing, and specific end-points examined. In general, investigators
that have employed repeated high-dose MDMA regimens (i.e., single or multiple doses of 10
mg/kg, ip or greater) have found evidence for tolerance, whereas those using lower doses have
found sensitization.

In our final experiments, we wished to address possible mechanisms underlying diminished
sensitivity to MDMA administration in MDMA-pretreated rats. Because high-dose MDMA
binges depleted brain 5-HT and engendered tolerance, we speculated that blunted
responsiveness to MDMA might be mediated by impairments in presynaptic 5-HT release. To
test this hypothesis directly, in vivo microdialysis was used to monitor extracellular levels of
5-HT and DA in the caudate n. and n. accumbens of rats pretreated with binges of saline or
MDMA. We demonstrated that sequential iv doses of MDMA increase extracellular levels of
5-HT and DA in the n. accumbens (Fig. 7) and caudate n. (Fig. 8), but MDMA pretreatment
modified neurochemical responses. Specifically, rats pretreated with high-dose MDMA
displayed blunted 5-HT release, but unaltered DA release, when challenged with MDMA.. Our
study is the first to provide evidence that MDMA causes impairments in SERT-mediated 5-
HT release in rat n. accumbens, a region implicated in the drug addiction (Ikemoto and
Panksepp, 1999). The magnitude of reduction in evoked 5-HT release was comparable in the
accumbens and caudate. Our microdialysis data agree with previous reports where rats
pretreated with high-dose MDMA had impaired 5-HT release in response to pharmacological
challenge (Series et al., 1994,Shankaran and Gudelsky, 1999) or physiological provocation
(Gartside et al., 1996,Matuszewich et al., 2002). In a study analogous to ours, Shankaran and
Gudelsky (Shankaran and Gudelsky, 1999) found reductions in striatal 5-HT release, 5-HT
syndrome, and hyperthermia produced by MDMA, in rats pretreated with doses that deplete
brain 5-HT. In contrast to our results, Kalivas et al. (1998) reported that MDMA-induced DA
release is enhanced in rats exposed to high-dose MDMA, and this heightened DA response
was correlated with behavioral sensitization. We have no simple explanation for the
discrepancies between our findings and those of Kalivas et al., but there are a number of
methodological differences between the two studies as noted above. Interestingly, high-dose
MDMA binges did not alter baseline levels of dialysate 5-HT or DA in our experiments, despite
50% loss of brain tissue 5-HT under similar dosing conditions. Others have shown that
depletions of brain 5-HT produced by substituted amphetamines, or the neurotoxin 5,7-
dihydroxytryptamine, do not change baseline levels of dialysate 5-HT (Series et al., 1994,Kirby
et al., 1995,Hall et al., 1999,Shankaran and Gudelsky, 1999). These observations suggest that
compensatory mechanisms (e.g., less 5-HT reuptake) maintain normal concentrations of
synaptic 5-HT even when intracellular transmitter stores are severely depleted. Taken together,
our data indicate that neuroendocrine and behavioral tolerance in MDMA-pretreated rats could
be related to specific impairments in SERT-mediated release of 5-HT from nerve terminals in
the brain.

Tolerance can be defined as the diminished responsiveness to a drug after repeated exposure
—and we have shown that rats are rendered less sensitive to pharmacological effects of MDMA
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after single high-dose binges. The blunted responsiveness to MDMA shown here agrees with
previous reports of tolerance to diverse effects of MDMA in rats, including anorexia (Zacny
et al., 1990), discriminative stimulus properties (Schechter, 1991, Virden and Baker, 1999),
hyperthermia (Shankaran and Gudelsky, 1999, Piper et al., 2006) and locomotor activity
(Callaway and Geyer, 1992, Brennan and Schenk, 2006). Tolerance to behavioral actions of
MDMA is also well documented in non-human primates (Frederick et al., 1995, Frederick and
Paule, 1997, Fantegrossi et al., 2004, Fantegrossi, 2007). On the other hand, a number of studies
in rodents provide evidence for sensitized responsiveness after repeated MDMA exposure
(Poland etal., 1997, Kalivas etal., 1998, Giorgi et al., 2005), suggesting tolerance development
is not a universal outcome. In humans, the emergence of tolerance to subjective effects of
MDMA is a chief complaint which often leads to dangerous dose escalation in an attempt to
recapture the “magic” of the initial Ecstasy experience (Verheyden et al., 2003, Parrott,
2005). The mechanisms underlying tolerance in humans are not well characterized, and obvious
ethical constraints have limited the investigation of repeated MDMA dosing in people. In one
clinical study, Farre et al. (2004) examined the pharmacological effects produced by two
successive doses of MDMA (100 mg, po) given 24 h apart in a controlled experimental setting.
These investigators showed that certain effects of MDMA (e.g. prolactin secretion) were
smaller than expected after a second dose, despite higher plasma levels of MDMA. Acute
tolerance of this type could be related to any number of mechanisms, including altered 5-HT
release or desensitization of post-synaptic receptor sites. In the present study, rats pretreated
with high-dose MDMA binges displayed a distinct triad of symptoms: 1) central 5-HT
depletions; 2) blunted pharmacological responsiveness; and 3) impaired SERT-mediated 5-HT
release. Our data suggest the possibility that humans who use repeated high doses of MDMA
may develop tolerance due to deficits in brain 5-HT function (Verheyden et al., 2003, Parrott,
2005). To this end, recent experiments in rats reveal that administration of the 5-HT precursor,
L-5-hydroxytryptophan, can restore MDMA-induced 5-HT depletions (Wang et al., 2007),
indicating a potential therapeutic approach for abstinent MDMA users who require treatment.
Clearly, more investigations are needed to determine the molecular underpinnings of MDMA
tolerance in animals and humans.
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Figure 1.

Effects of MDMA administration on extracellular levels of 5-HT (top panel) and DA (bottom
panel) in rat n. accumbens. Male rats undergoing in vivo microdialysis received single ip
injections of saline, 1.5 mg/kg or 7.5 mg/kg MDMA at time zero. Dialysate samples were
collected at 20 min intervals and assayed for 5-HT and DA by HPLC-ECD. Data are pg/5 puL
sample expressed as mean+SEM for N=6 rats/group. * = P < 0.05 compared to saline control
at a given time point.
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Figure 2.

Effects of MDMA binge administration on body temperature in rats. Male rats received 3 ip

injections of saline, 1.5 mg/kg (low dose) or 7.5 mg/kg MDMA (high dose); injections were

given at time zero, 2h and 4h. Core body temperature was monitored hourly by insertion of a
temperature probe into the colon. Data are degrees Celsius expressed as mean+SEM for N=6
rats/group. * = P < 0.05 compared to saline control at a given time point.
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Figure 3.

Effects of MDMA binge administration on tissue levels of 5-HT (top panel) and DA (bottom
panel) in microdissected rat brain regions. Male rats received 3 ip injections of saline, 1.5 mg/
kg (low dose) or 7.5 mg/kg MDMA (high dose). Rats were euthanized 2 weeks later, and tissue
was dissected from n. accumbens (NAC), caudate-putamen (CP) and mediobasal
hypothalalmus (HYP). Concentrations of 5-HT and DA were quantified by HPLC-ECD. Data
are pg/mg wet weight expressed as mean+SEM for N= 6 rats/group. * = P < 0.05 compared to
saline control for a specified brain region.
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Figure 4.

Correlations between acute body temperature and post-mortem tissue levels of 5-HT (top
panel) and DA (bottom panel) in rat n. accumbens measured two weeks later. Body
temperatures represent average values obtained from 1-6 h after MDMA or saline injections,
as shown in Fig. 2. Post-mortem tissue levels of 5-HT and DA were measured two weeks later
by HPLC-ECD, as shown in Fig. 3. Data points represent average temperature vs. tissue amine
concentration from individual rats (N=18 rats), and Pearson correlation coefficients (r) are
given.
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Figure 5.

Plasma concentrations of prolactin (top panel) and corticosterone (bottom panel) in rats
pretreated with saline or MDMA binges. Male rats received 3 ip injections of saline, 1.5 mg/
kg (low dose) or 7.5 mg/kg MDMA (high dose). Two weeks later, rats were given iv challenge
injections of 1 mg/kg MDMA at time zero, followed by 3 mg/kg MDMA at 60 min. Blood
samples were withdrawn immediately before and at 15, 30, 60, 75, 90 and 120 min after the
first iv injection. Plasma hormones were assayed by double-antibody RIA methods. Data are
ng/ml expressed as mean+SEM for N=8 rats/group. * = P < 0.05 compared to saline-pretreated
control at a given time point.
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Figure 6.

5-HT behavioral syndrome in rats pretreated with saline or MDMA binges. Male rats received
3 ip injections of saline, 1.5 mg/kg (low dose) or 7.5 mg/kg MDMA (high dose). Two weeks
later, rats were given iv challenge injections of 1 mg/kg MDMA at time zero, followed by 3
mg/kg MDMA at 60 min. The occurrence of flat-body posture and forepaw treading were
scored after each dose of acute iv MDMA. Data are syndrome scores expressed as mean+SEM
for N=8 rats/group. * = P < 0.05 compared to saline-pretreated control at the corresponding
challenge dose of MDMA.
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Figure 7.

Extracellular levels of 5-HT (top panel) and DA (bottom panel) in n. accumbens of rats
pretreated with saline or MDMA binges. Male rats received 3 ip injections of saline, 1.5 mg/
kg (low dose) or 7.5 mg/kg MDMA (high dose). Two weeks later, rats undergoing in vivo
microdialysis were given iv challenge injections of 1 mg/kg MDMA at time zero, followed by
3 mg/kg MDMA at 60 min. Dialysate samples collected at 20 min intervals were assayed for
5-HT and DA by microbore HPLC-ECD. Data are pg/5 pL expressed as mean+SEM for N=8
rats/group. * = P < 0.05 compared to saline-pretreated control at a given time point.
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Figure 8.

Extracellular levels of 5-HT (top panel) and DA (bottom panel) in caudate n. of rats pretreated
with saline or MDMA binges. Male rats received 3 ip injections of saline, 1.5 mg/kg (low dose)
or 7.5 mg/kg MDMA (high dose). Two weeks later, rats undergoing in vivo microdialysis were
given iv challenge injections of 1 mg/kg MDMA at time zero, followed by 3 mg/kg MDMA
at 60 min. Dialysate samples collected at 20 min intervals were assayed for 5-HT and DA by
microbore HPLC-ECD. Data are pg/5 pL expressed as mean+SEM for N=8 rats/group. * = P
< 0.05 compared to saline-pretreated control at a given time point.
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