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Abstract
Exposure to stress alters the behavioral and neurochemical effects of drugs of abuse. However, it is
unknown if chronic stress can affect the serotonergic depletions induced by the psychostimulant drug
3,4-methylenedioxymethamphetamine (MDMA). Rats were exposed to 10 days of chronic
unpredictable stress (CUS) which resulted in the predicted elevation of basal plasma corticosterone
concentrations. On the 11th day, rats received 4 challenge doses of MDMA (5 mg/kg every 2 h, i.p.)
or saline. Five days later, rats were killed and 5-HT and dopamine content were measured in the
striatum, hippocampus, and frontal cortex. MDMA produced greater depletions of 5-HT in all 3 brain
regions of rats pre-exposed to CUS compared to rats not exposed to CUS. CUS-exposed rats also
had an augmented acute hyperthermic response but a similar increase in plasma corticosterone after
challenge injections of MDMA compared with non-stressed rats similarly challenged with MDMA.
Moreover, CUS-exposed rats exhibited an MDMA-induced depletion of striatal dopamine that was
absent in non-stressed rats that received MDMA. To investigate the role of corticosterone in these
effects, the corticosterone synthesis inhibitor, metyrapone (50 mg/kg, i.p.), was administered prior
to each stressor on each of the 10 days of CUS. Metyrapone blocked the chronic stress-induced
elevation in basal plasma corticosterone, prevented the enhancement of MDMA-induced
hyperthermia, and blocked the enhanced depletions of 5-HT and dopamine in CUS-exposed rats, but
had no effect on the acute MDMA-induced increases in plasma corticosterone. These findings suggest
that CUS alone can increase the basal level of corticosterone that in turn, plays an important role in
enhancing the sensitivity of both 5-HT and dopamine terminals to the hyperthermic and monoamine
depleting effects of MDMA without altering the acute corticosterone response to an MDMA
challenge.
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Stressful life events are associated with drug addiction in humans (Rhoads, 1983; Najavits et
al., 1998; Koob and LeMoal, 2001) and repeated exposure to stress in rodents alters the
behavioral and neurochemical responses to abused drugs. Prior exposure to stressors augments
amphetamine- and cocaine-induced locomotor activity (Herman et al., 1984; DeRoche et al.,
1995; Haile et al., 2001), the acquisition of psychostimulant drug self-administration (Piazza
et al., 1990; Haney et al., 1995; Piazza and LeMoal, 1998), and the reinstatement of drug-
seeking behavior in extinguished animals (Erb et al., 1996; Shalev et al., 2003), evidence
indicative of a cross-sensitization between stress and the behavioral effects of psychostimulant
drugs. However, little is known about the possible long-term consequences of the interaction
between chronic stress and psychostimulants on monoamine depletions.

Stress results in activation of the hypothalamic-pituitary-adrenal axis and the subsequent
release of glucocorticoids from the adrenal cortex (Munck et al., 1984). Chronic exposure to
stress leads to loss of negative feedback inhibition of the corticosterone (CORT) response
resulting in elevated circulating levels of CORT (Herman et al., 1995). These persistent
elevations in CORT can result in increased susceptibility to depression, disease, and cognitive
deficits (McEwen and Sapolsky, 1995; McEwen, 1998; Holsboer, 2000), as well as dendritic
atrophy in the hippocampus and cortex of rodents (Woolley et al., 1990; Magarinos and
McEwen, 1995a, b; Cook and Wellman, 2004). The relatively selective vulnerability of the
hippocampus and cortex to the damaging effects of stress may be due to the high density of
glucocorticoid receptors in these regions (Reul and de Kloet, 1985). Moreover, administration
of CORT to rodents potentiates hippocampal neuronal damage in response to neurotoxins such
as kainic acid and 3-acetylpyridine (Sapolsky, 1985a, b). Recently, our laboratory has
demonstrated that prior exposure to chronic unpredictable stress (CUS) results in the
enhancement of methamphetamine-induced dopamine (DA) and serotonin (5-HT) depletions
in the striatum of rats (Matuszewich and Yamamoto, 2004; Tata et al., 2007). Taken together,
these studies suggest that chronic stress-like elevations in CORT can enhance the vulnerability
of the brain to the monoamine depleting effects of psychostimulants.

The psychostimulant MDMA is a widely abused “club drug” and member of the amphetamine
family of compounds. High doses of MDMA result in selective long-term decreases in 5-HT
concentrations in striatum, hippocampus, and frontal cortex of rodents and non-human primates
(Schmidt, 1987; Commins et al., 1987; Ricaurte, 1988). Damage to 5-HT terminals of the
striatum, hippocampus, and cortex induced by MDMA is also evidenced by decreases in the
5-HT metabolite, 5-hydroxytryptamine, tryptophan hydroxylase activity, and in the density of
5-HT reuptake sites (Stone et al., 1987; Schmidt and Taylor, 1987; Battaglia et al., 1987). These
alterations have been shown to endure for as long as 52 weeks after exposure to MDMA (Sabol
et al., 1996). The most severe and long-lasting depletions occur in the hippocampus and frontal
cortex (Sabol et al, 1996), two areas that are also highly vulnerable to chronic stress (Magarinos
and McEwen, 1995a, b; Cook and Wellman, 2004).

Several factors mediate MDMA-induced 5-HT depletions in naïve, non-stressed rats.
Hyperthermia induced by high doses of MDMA is a known contributor to long-term 5-HT
terminal damage. Prevention of elevations in core body temperature during MDMA
administration prevents 5-HT depletions, while increasing ambient temperature during
MDMA administration enhances the depletions in 5-HT concentrations (Broening et al.,
1995; Malberg and Seiden, 1998). Our laboratory demonstrated that prior exposure to CUS
enhances methamphetamine-induced hyperthermia and that prevention of the enhanced
hyperthermia eliminates the ability of CUS to exacerbate the long term depletions of striatal
DA and 5-HT produced by methamphetamine (Tata et al., 2007), suggesting an important role
for hyperthermia in the ability of CUS to enhance monoamine depletions induced by this
psychostimulant. In contrast, the relationship between hyperthermia, CUS, and MDMA is not
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known. Although MDMA has the ability to induce CORT secretion (Nash et al., 1988) and
stress-induced CORT can cause neuronal atrophy in the hippocampus and cortex (Magarinos
and McEwen, 1995b; Cook and Wellman, 2004), the role of MDMA-induced CORT in long-
term 5-HT depletions has been controversial (Johnson et al., 1989, but also see Aquirre et al.,
1997; Fernandez et al., 2002). Moreover, it is unknown if chronic stress will influence CORT
or body temperature to potentiate MDMA-induced 5-HT depletions in the brain.

The current study examines the impact of CUS on changes in body temperature as well as 5-
HT and DA tissue content in the striatum, hippocampus, and frontal cortex produced by
MDMA. The role of CORT in mediating these effects is also investigated. It is predicted that
the hippocampus and frontal cortex may be particularly vulnerable to the combination of CUS
and MDMA due to the sensitivity of these brain regions to both MDMA and chronic stress.

EXPERIMENTAL PROCEDURES
Animals and stress exposure

Male Sprague-Dawley rats (175–250 g) were purchased from Harlan (Indianapolis, IN USA).
Rats were group housed in clear plastic containers (45 × 24 × 20 cm) with food and water
available ad libitum, in a temperature (21–23°C) controlled environment on a 12-h light/dark
cycle (lights on 07:00 h and off 19:00 h). All procedures were carried out in accordance with
the Boston University Institutional Animal Care and Use Committee and within the National
Institutes of Health Guide for the Care and Use of Laboratory Animals.

Stressed rats were exposed to stressors that varied by day and time, two per day, for 10 days.
The chronic unpredictable stress model varies the type, time, and exposure length of each
stressor to avoid adaptation to the stressors (Herman et al., 1995). This model better mimics
unexpected stressful life events encountered by humans. The following schedule was used:
day 1: 10:00h 50 min cold room (4°C) and 13:00 h 60 min restraint; day 2: 11:00 h 60 min
cage rotation and 18:00 h lights on overnight; day 3: 10:00 h 3 hr lights off and 15:00 h 3 min
swim stress (23°C); day 4: 11:00 h 50 min restraint and 17:00 h food and water deprivation
overnight; day 5: 12:00 h 15 min cold room isolation (4°C) and 12:30 h isolation housing
overnight; day 6: 10:00 h 4 min swim stress (23°C) and 18:00 h lights on overnight; day 7:
9:00 h 2 h lights off and 18:00 h food and water deprivation overnight; day 8: 10:00 h 30 min
restraint and 15:00 h 40 min cage rotation; day 9: 11:00 h 3 min swim stress (23°C) and 18:00
h lights on overnight; day 10: 10:00 h 3 h lights off and 13:00 h 20 min cage rotation. Non-
stressed rats were transported daily to the area where stressors were administered but were not
exposed to the stressors.

Drugs and drug administration
2-methyl-1,2-di-3-pyridyl-1-propanone (metyrapone) was purchased from Sigma-Aldrich (St.
Louis, MI). Metyrapone inhibits corticosteroid biosynthesis by binding to 11β-hydroxylase,
the enzyme that converts 11-deoxycorticosterone to corticosterone in the adrenal glands
(Sonino, 1982). Metyrapone (50 mg/kg) was dissolved in 10% ethanol and was administered
intraperitoneally (i.p.) at a volume of 1 ml/kg, 15 min. prior to each stressor on each of the 10
days of CUS. Control rats were injected with 10% ethanol (1 ml/kg, i.p.). +MDMA
hydrochloride was provided by the National Institute on Drug Abuse (Rockville, MD, USA).
The day after the last stressor (day 11), 5 mg/kg MDMA, dissolved in 0.9% NaCl, or 0.9%
NaCl was injected i.p. either once (5 mg/kg × 1) or once every 2 h for a total of 4 injections (5
mg/kg; q 2 h × 4) at volumes of 1 mg/kg. This lower repeated dosing regimen of MDMA was
selected for its less severe effects on 5-HT tissue content depletions as determined in
preliminary experiments.
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Measurement of plasma corticosterone
Rats were killed by rapid decapitation either the morning after (08:00 h), approximately 18 h
after the last stressor, or 1 h after (09:00 h) a single injection of MDMA (5 mg/kg, i.p. × 1) or
saline administered the morning after (08:00 h) the last stressor (day 11). Trunk blood was
collected into microcentrifuge tubes on ice, centrifuged at 800 × g for 14 min at 4°C, and the
plasma was collected and centrifuged further at 800 × g for 7 min at 4°C. Plasma was stored
at −80°C until analysis. Plasma CORT was analyzed using a commercially available
corticosterone EIA (Diagnostic Systems Laboratories, Webster, TX).

Temperature measurement
On the day of the experiments in which rats received repeated MDMA (5 mg/kg, i.p.; q 2 h ×
4) or saline treatment (day 11), body temperature was measured using a rectal probe digital
thermometer (Thermalert TH-8 monitor, Physitemp Instruments, Inc., Clinton, New Jersey).
Temperature measurements were recorded prior to the first injection of MDMA or saline and
1 h after each injection by holding each rat at the base of the tail and inserting a probe (RET-2)
4.6 cm past the rectum into the colon for 6–8 s until rectal temperature was maintained for 3
s.

High-performance liquid chromatography for tissue 5-HT and DA content
Rats that received repeated MDMA (5 mg/kg, i.p.; q 2 h × 4) or saline treatment were killed
by rapid decapitation 5 days after treatment. The brains were quickly removed and whole
striata, hippocampi, and frontal cortices were dissected and frozen on dry ice. The tissue was
stored at −80°C for later analysis of 5-HT and DA tissue content. Tissues were sonicated in
cold 0.25 M perchloric acid and centrifuged at 14,000 × g for 20 min at 4°C. The supernatant
was analyzed with high-performance liquid chromatography with electrochemical detection
(HPLC-EC). Separation of biogenic amines from their metabolites was achieved with a 3 μm
particle size reverse phase C-18 column (100 × 2.0 mm, Phenomenex, Torrance, CA) and a
mobile phase consisting of 32 mM citric acid, 54.3 mM sodium acetate, 0.074 mM EDTA,
0.22 mM octyl sodium sulfate, and 3% methanol (pH 3.1). Compounds were detected with an
LC-4B amperometric detector (Bioanalytical Systems, West Lafayette, IN) with a 6 mm glassy
carbon working electrode maintained at a potential of +0.6 V relative to an Ag/AgCl reference
electrode. Data were collected using EZChrom Elite software (Agilent Technologies, Santa
Clara, CA). The pellet was dissolved in 1 N NaOH and protein content was determined using
a Bradford assay (Bio-Rad, Hercules, CA). Data is presented as pg/μg protein.

Statistical analyses
Basal plasma CORT concentrations obtained the day after the last stressor were analyzed using
a two-way analysis of variance (ANOVA; pretreatment × stress; Vehicle/No Stress, Vehicle/
Stress, Metyrapone/No Stress, Metyrapone/Stress). Plasma CORT levels obtained 1 h after
administration of a single injection of MDMA or saline were analyzed using a one-way
ANOVA. Rectal temperature measurements were analyzed using a two-way repeated-
measures ANOVA with treatment as the between-subjects factor and time as the repeated-
measures factor. A two-way ANOVA was used for the analysis of 5-HT and DA tissue content
(stress × drug; No Stress/Saline, Stress/Saline, No Stress/MDMA, Stress/MDMA). The
regional differences in 5-HT depletions induced by MDMA alone or by the combination of
stress and MDMA were analyzed by one-way ANOVAs (No Stress/Saline vs. No Stress/
MDMA and No Stress/MDMA vs. Stress/MDMA). A three-way ANOVA was used for the
analysis of 5-HT and DA content for the experiments determining the role of stress-induced
CORT (pretreatment × stress × drug; Vehicle/No Stress/Saline, Vehicle No Stress/MDMA,
Vehicle/Stress/Saline, Vehicle Stress/MDMA, Metyrapone/No Stress/Saline, Metyrapone No
Stress/MDMA, Metyrapone/Stress/Saline, Metyrapone Stress/MDMA). Further analysis
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within the MDMA-treated groups was analyzed with a two-way ANOVA. Significant
interactions for ANOVAs were further analyzed with Tukey’s post-hoc comparisons. Statistics
were determined using Sigma Plot 11.0. Statistical significance was set at p<0.05 for all tests.

RESULTS
Effects of CUS and metyrapone on basal plasma CORT levels

Figure 1 illustrates basal plasma CORT levels measured the day after 10 days of CUS or no
stress in rats pretreated with vehicle (10% EtOH, 1 ml/kg, i.p.) or metyrapone (50 mg/kg, i.p.)
15 min prior to each stressor. There was no main effect of the pretreatment condition (F1,34 =
1.596, p>0.05) or the stress condition (F1,34 = 2.205, p>0.05), however there was a significant
pretreatment × stress interaction (F1,34 = 9.348, p<0.005). Post hoc comparisons indicate a
significant enhancement in basal plasma CORT in chronically stressed rats relative to non-
stressed rats (p<0.01). Metyrapone pretreatment during CUS significantly blocked the
enhanced basal plasma CORT levels (p<0.01). Metyrapone had no effect on basal plasma
CORT when administered to non-stressed rats (p>0.05).

Effects of CUS and metyrapone on plasma CORT levels in response to MDMA or saline
Table 1 illustrates that plasma CORT levels are significantly increased an hour after a single
injection of MDMA (5 mg/kg, i.p. × 1) as compared to saline injected rats. There was an overall
effect of MDMA as compared to saline (F5,50 = 6.512, p<0.001) on plasma CORT levels. All
groups of rats receiving MDMA, regardless of pretreatment, demonstrated significant increases
in plasma CORT levels (p<0.05). There was no statistical difference in MDMA-induced plasma
CORT levels between stressed and non-stressed rats (p>0.05). There also was no impact of
pretreatment (vehicle vs. metyrapone) on MDMA-induced plasma CORT levels (p>0.05).

Effects of CUS and MDMA on body temperature
Figure 2 illustrates rectal temperature measurements made prior to administration of MDMA
or saline and 1 h after each MDMA (5 mg/kg, i.p.; q 2 h × 4) or saline injection to both non-
stressed and stressed rats. MDMA significantly increased temperatures over time compared to
saline treatment as revealed by significant main effects of MDMA (F3,164=105.661, p<0.001)
and time (F4,164=11.624, p<0.001) and a significant MDMA × time interaction
(F12,164=22.262, p<0.001). Post hoc comparisons showed that MDMA administration in non-
stressed rats caused a significant hyperthermic response relative to non-stressed, saline-treated
rats (No Stress/Saline vs. No Stress/MDMA, p<0.001). Prior exposure to CUS enhanced the
MDMA-induced hyperthermic response compared with non-stressed rats similarly treated with
MDMA (No Stress/MDMA vs. Stress/MDMA, p<0.001).

Effects of CUS and MDMA on 5-HT and DA concentrations in striatum, hippocampus, and
frontal cortex

Table 2 illustrates the 5-HT and DA concentrations in the striatum, hippocampus, and frontal
cortex 5 days after MDMA (5 mg/kg, i.p.; q 2 h × 4) or saline injections to stressed and non-
stressed rats. In the striatum there was a main effect of stress (F1,32 = 8.813, p<0.01) and
MDMA (F1,32 = 64.197, p<0.001), and a stress × MDMA interaction (F1,32 = 9.858, p<0.001)
on 5-HT concentrations. Post hoc comparisons revealed that 5-HT tissue content was
significantly depleted after MDMA compared to saline (30.7% depletion; p<0.01), and prior
exposure to CUS enhanced this depletion (p<0.001). There was a 55.5% greater 5-HT depletion
in stressed than non-stressed rats similarly treated with MDMA. There was no main effect of
stress (F1,32 = 3.695, p=0.064), but there was a main effect of MDMA (F1,32 = 8.609, p<0.01)
and a stress × MDMA interaction (F1,32 = 9.756, p<0.01) on striatal DA concentrations. Post
hoc comparisons revealed that in non-stressed rats, MDMA had no effect on DA content
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compared to saline rats (p>0.05), but interestingly, MDMA treatment significantly depleted
DA in chronically stressed rats (p<0.001).

In the hippocampus there was a main effect of stress (F1,32 = 6.568, p<0.05) and MDMA
(F1,32 = 128.201, p<0.001), and a stress × MDMA interaction (F1,32 = 7.636, p<0.01) on 5-HT
concentrations. Post hoc comparisons revealed that 5-HT tissue content was significantly
depleted after MDMA compared to saline (47.4% depletion; p<0.001), and prior exposure to
CUS enhanced this depletion (p<0.001). There was a 56% greater 5-HT depletion in stressed
than non-stressed rats similarly treated with MDMA.

In the frontal cortex there was no main effect of stress (F1,31 = 3.397, p=0.076), but there was
a main effect of MDMA (F1,31 = 34.274, p<0.001) and a stress × MDMA interaction (F1,31 =
4.69, p<0.05) on 5-HT concentrations. Post hoc comparisons showed that 5-HT tissue content
was significantly depleted after MDMA compared to saline (28.7% depletion; p<0.05), and
prior exposure to CUS enhanced this depletion (p<0.01). There was a 44% greater 5-HT
depletion in stressed than non-stressed rats similarly treated with MDMA. There was no
significant effect of stress (F1,31 = 0.0448, p>0.05), MDMA (F1,31 = 2.178, p>0.05), or a stress
× MDMA interaction (F1,31 = 3.085, p>0.05) on DA concentrations in the frontal cortex.

There were no significant differences in the level of 5-HT depletions between brain regions
after MDMA to non-stressed rats compared to saline (F2,32 = 2.801, p>0.05) or the level of
enhanced MDMA-induced depletions in chronically-stressed rats compared to non-stressed
rats (F2,29 = 0.731, p>0.05).

Effects of CUS and metyrapone on MDMA-induced hyperthermia
Rectal temperatures were measured prior to administration of MDMA or saline and 1 h after
each MDMA (5 mg/kg, i.p.; q 2 h × 4) or saline injection to both non-stressed and stressed rats
that had been pretreated with vehicle (10% EtOH, 1 ml/kg, i.p.) or metyrapone (50 mg/kg, i.p.)
15 min prior to each stressor. There was no difference in baseline temperatures between vehicle
(37.65±0.06°C) and metyrapone (37.78±0.27°C; t(58) = 0.24) pretreated groups. Temperatures
in response to saline for all manipulations (Vehicle No Stress/Saline, Vehicle Stress/Saline,
Metyrapone No Stress/Saline, Metyrapone Stress/Saline) did not change over time or differ
between groups (data not shown). For clarity, only the data obtained from rats treated with
MDMA are depicted. Figure 3 illustrates the analysis of rectal temperatures for all rats treated
with MDMA and shows a significant main effect of treatment (F3,169 = 9.991, p<0.001) and
time (F4,169 = 10.25, p<0.001), and treatment × time interaction (F12,169 = 1.042, p<0.001).
Post hoc comparisons indicate that baseline temperatures did not differ among groups (p>0.05).
MDMA administration to both non-stressed and stressed rats resulted in increases in rectal
temperatures over time (p<0.01). Rats exposed to CUS showed overall greater rectal
temperatures during MDMA injections compared with non-stressed rats similarly treated with
MDMA (Vehicle Stress/MDMA vs. Vehicle No Stress/MDMA; p<0.001). Administration of
metyrapone to stressed, MDMA-treated rats significantly attenuated the stress-induced
enhancement in hyperthermia (Metyrapone Stress/MDMA vs. Vehicle Stress/MDMA,
p<0.05). There were no overall differences between metyrapone pretreated stressed and non-
stressed rats (p>0.05) or between non-stressed rats that were pretreated with either vehicle or
metyrapone (p>0.05).

Effects of CUS, metyrapone, and MDMA on 5-HT and DA concentrations in the striatum,
hippocampus, and frontal cortex

5-HT and DA tissue concentrations were measured in the striatum, hippocampus, and frontal
cortex 5 days after MDMA (5 mg/kg, i.p.; q 2 h × 4) or saline administration in both non-
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stressed and stressed rats that had been pretreated with vehicle (10% EtOH, 1 ml/kg, i.p.) or
metyrapone (50 mg/kg, i.p.) 15 min prior to each stressor.

Striatum—Analysis of striatal 5-HT tissue concentrations (Fig. 4A) revealed that MDMA
caused a significant depletion of 5-HT compared to saline controls as noted by a significant
main effect of MDMA (F1,57 = 69.399, p<0.001). The post hoc comparison showed that
chronically stressed rats treated with MDMA had enhanced depletions of striatal 5-HT content
as compared to non-stressed, MDMA-treated rats (p<0.001). While the pretreatment × stress
× drug interaction (F1,57 = 1.941, p=0.17) did not reach significance, the significant main effect
of metyrapone (F1,57 = 5.973, p<0.05), and the two-way interactions between metyrapone and
stress within the MDMA treated groups(F1,57 = 4.257, p<0.05) and between stress and MDMA
within the metyrapone treated rats (F1,57 = 5.85, p<0.05) demonstrate that pretreatment with
metyrapone blocked the enhanced MDMA-induced depletion of 5-HT in CUS-exposed rats.
Stress itself did not significantly impact 5-HT concentrations as noted by lack of a main effect
of stress compared to non-stressed rats (F1,57 = 2.373, p=0.13). Further analysis of MDMA-
treated rats using a two-way ANOVA with a Tukey’s post hoc comparison confirmed that
metyrapone administration during CUS significantly blocked the enhanced 5-HT depletions
after MDMA (Vehicle Stress/MDMA vs. Metyrapone Stress/MDMA, p<0.001). Analysis of
striatal DA tissue concentrations (Fig. 4B) revealed that MDMA caused a significant depletion
of DA in chronically stressed rats that in turn, was blocked by metyrapone administration
during CUS as noted by a main effect of MDMA (F1,57 = 9.522, p<0.01), a significant stress
× MDMA interaction within the metyrapone groups (F1,57 = 6.901, p<0.05), and a significant
pretreatment × stress × drug interaction (F1,57 = 4.887, p<0.05). Post hoc comparison confirmed
that MDMA treatment significantly decreased striatal DA concentrations in rats that had been
chronically stressed compared to non-stressed rats (p<0.001). Stress itself did not significantly
change DA concentrations as noted by lack of a main effect of stress compared to non-stressed
rats (F1,57 = 1.401, p=0.24). Further analysis of the MDMA-treated rats using a two-way
ANOVA with a Tukey’s post hoc comparison confirmed that metyrapone administration
during CUS significantly blocked the DA depletions induced by the combination of CUS and
MDMA (Vehicle Stress/MDMA vs. Metyrapone Stress/MDMA, p<0.01).

Hippocampus—Analysis of hippocampal 5-HT tissue concentrations (Fig. 5) revealed that
MDMA caused a significant depletion of 5-HT compared with saline controls as noted by a
significant main effect of MDMA (F1,56 = 123.058, p<0.001). The post hoc comparison showed
that chronically stressed rats administered MDMA had enhanced depletions of hippocampal
5-HT content as compared to non-stressed MDMA-treated rats (p<0.001). While the
pretreatment × stress × drug interaction (F1,56 = 0.421, p>0.05) was not significant, the
significant main effect of metyrapone(F1,56 = 4.009, p=0.05), and the two-way interactions
between metyrapone and stress within the MDMA-treated groups (F1,56 = 5.962, p<0.05) and
between stress and MDMA within the metyrapone-treated groups (F1,56 = 9.824, p<0.01)
demonstrate that pretreatment with metyrapone blocked the enhanced MDMA-induced
depletion in 5-HT in CUS-exposed rats. Stress itself did not significantly change 5-HT
concentrations as noted by lack of a main effect of stress compared to non-stressed rats
(F1,56 = 0.0004, p>0.05). Further analysis of the MDMA-treated rats using a two-way ANOVA
with a Tukey’s post hoc comparison confirmed that metyrapone administration during CUS
significantly blocked the enhanced 5-HT depletions after MDMA (Vehicle Stress/MDMA vs.
Metyrapone Stress/MDMA, p<0.01).

Frontal Cortex—Analysis of frontal cortex 5-HT tissue concentrations (Fig. 6A) showed
that MDMA caused a significant depletion of 5-HT compared with saline controls as noted by
a significant main effect of MDMA (F1,57 = 47.762, p<0.001). The post hoc comparison
revealed that chronically stressed, MDMA-treated rats had enhanced depletions of frontal
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cortex 5-HT content as compared to non-stressed, MDMA-treated rats (p<0.001). While the
pretreatment × stress × drug interaction (F1,57 = 0.746, p>0.05) was not significant, the
significant main effect of metyrapone (F1,57 = 3.577, p=0.05), and the two-way interaction
between metyrapone and stress within the MDMA-treated groups (F1,57 = 6.356, p<0.05)
demonstrate that the enhanced MDMA-induced depletion of 5-HT in CUS-exposed rats was
blocked by pretreatment with metyrapone. Stress itself did not significantly alter 5-HT
concentrations as noted by lack of a main effect of stress compared to non-stressed rats
(F1,57 = 0.231, p>0.05). Further analysis of MDMA-treated rats using a two-way ANOVA
with a Tukey’s post hoc comparison confirmed that metyrapone administration during CUS
significantly blocked the enhanced 5-HT depletions after MDMA (Vehicle Stress/MDMA vs.
Metyrapone Stress/MDMA, p<0.01). There were no significant main effects of metyrapone
(F1,57 = 0.722, p>0.05), stress (F1,57 = 0.003, p>0.05), or MDMA (F1,57 = 1.223, p>0.05) or
a pretreatment × stress × drug interaction (F1,57 = 3.53, p>0.05) on frontal cortex DA tissue
concentrations (Fig. 6B).

DISCUSSION
Ten days of unpredictable stress augmented the acute hyperthermic and long-term monoamine
depleting effects of repeated MDMA administration. Although the acute CORT production
was not enhanced, the hyperthermic effects and the long-term decreases in 5-HT tissue
concentrations in the striatum, hippocampus, and frontal cortex produced by MDMA
administration were potentiated by prior exposure to CUS. MDMA administration to naïve
rats did not result in long-term decreases in DA tissue concentrations; however, MDMA
administration to rats with prior exposure to CUS synergized to deplete striatal DA. Prevention
of CUS-induced increases in CORT with metyrapone attenuated the enhancements in MDMA-
induced hyperthermia as well as depletions in 5-HT and DA tissue concentrations. These
findings suggest that the potentiation of both MDMA-induced hyperthermia and monoamine
depletions by prior exposure to CUS was dependent on stress-induced elevated basal
concentrations of CORT but independent of MDMA-induced increases in CORT.

Thirty days of CUS have been shown to increase basal concentrations of CORT in plasma as
a result of the loss of negative feedback on the HPA axis (Herman et al., 1995). We have found
that ten days of CUS also increased basal concentrations of CORT in plasma. Moreover, CORT
synthesis inhibition by metyrapone during exposure to CUS blocked this enhancement (Fig.
1). This suggests that the elevated concentrations of CORT over the ten days of exposure
determine the enhancement of MDMA-induced monoamine depletions by CUS. Metyrapone
administration to non-stressed rats produced a slight but non-significant increase in basal
plasma CORT (Fig. 1). While metyrapone has no effect on basal CORT when acutely
administered to naïve rats (Calvo et al., 1998), there may be a compensatory response when
administered chronically, although the effects of chronic metyrapone administration to naïve
rats has not been investigated. In contrast to the findings with basal plasma CORT, an
augmentation of an increase in CORT by the acute administration of MDMA was not observed
in chronically-stressed rats (Table 1), indicating that the elevation of basal concentrations of
CORT produced by CUS is a more important determinant of the enhanced monoamine
depletions to MDMA.

Chronic CORT administration and chronic stress produce dendritic atrophy in the hippocampus
and cortex (Wooley et al., 1990; Magarinos and McEwen, 1995a; Cook and Wellman, 2004).
This effect is mediated by stress-induced CORT because inhibition of CORT synthesis blocks
the atrophy associated with stress (Magarinos and McEwen, 1995b). However, Magarinos and
McEwen (1995a) also found that 21 days, but not 14 days, of unpredictable stressors caused
dendritic atrophy, suggesting that there is a threshold of CORT exposure necessary to produce
this damage. We found that ten days of CUS alone did not produce long-term depletions of 5-
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HT or DA content in any of the brain regions examined (Table 2), thus indicating that the ability
of CUS to enhance MDMA-induced monoamine depletions was not due to a pre-existing
decrease in 5-HT or DA tissue concentrations. Therefore, other stress-related events may be
responsible for an increase in the sensitivity of terminals to a subsequent exposure to MDMA.

Glucocorticoids have been shown to produce an energy-compromised and pro-oxidant
environment, which may increase vulnerability to a subsequent insult. Chronic stress or chronic
CORT exposure leads to decreased mitochondrial electron transport chain activity and
glutathione levels (Madrigal et al., 2001), increased nitric oxide production (Olivenza et al.,
2000), and decreased endogenous antioxidants enzymes copper/zinc superoxide dismutase and
glutathione peroxidase activity (McIntosh et al., 1998). MDMA itself reduces endogenous
antioxidants (Shankaran et al., 2001), increases hydroxyl radical production (Gudelsky and
Yamamoto, 1994; Colado et al., 1997), inhibits mitochondrial function (Burrows et al.,
2000), and causes ATP depletions (Darvesh and Gudelsky, 2005), suggesting that these pro-
oxidant effects could be additive with the effects of chronic stress. This is supported by findings
in neuronal culture which demonstrate that glucocorticoid application leads to accelerated
hypoxia-induced ATP loss (Lawrence and Sapolsky, 1994) and increased adriamycin-induced
reactive oxygen species accumulation and toxicity (McIntosh and Sapolsky, 1996).
Furthermore, in vivo CORT administration decreases the capacity of neurons to survive co-
incident insults by other neurotoxins such as kainic acid, and the ATP synthesis inhibitor 3-
acetylpyridine (Sapolsky, 1985).

As CORT plays a role in stress-induced neuronal vulnerability and CUS enhances circulating
CORT, we examined if stress enhances MDMA-induced monoamine depletions by
augmenting MDMA-induced CORT concentrations. Acute MDMA administration leads to
increases in plasma CORT (Nash et al., 1988; Table 1); however its role in MDMA-induced
5-HT depletions has been controversial. While Johnson et al. (1989) found that adrenalectomy
attenuated MDMA-induced decreases in hippocampal tryptophan hydroxylase activity; others
have shown that adrenalectomy did not block MDMA-induced depletions in 5-HT tissue
concentrations in striatum, hippocampus, or frontal cortex (Aquirre et al., 1997; Fernandez et
al., 2002). We found that MDMA significantly increased plasma CORT; however the increase
was not augmented by prior exposure to CUS (Table 1) despite the finding that CUS augmented
MDMA-induced monoamine depletions (Table 2). Metyrapone administration to chronically
stress rats was also unable to alter MDMA-induced CORT (Table 1) despite the finding that
it was able to prevent enhanced monoamine depletions such that 5-HT and DA concentrations
approximated those of non-stressed rats treated with MDMA (Figs. 4, 5, and 6). These findings
suggest that the enhanced monoamine depletions were not the result of a potentiation of
MDMA-induced CORT but depend on the CUS-induced enhancement of basal CORT.

Several mechanisms contribute to MDMA-induced monoamine depletions of which
hyperthermia may play an integral role in the augmented depletions in chronically stressed
rats. MDMA-induced hyperthermia is correlated with MDMA-induced 5-HT depletions
(Broening et al., 1995; Malberg and Seiden, 1998). In the present study, MDMA-induced
increases in body temperature, along with 5-HT depletions, were enhanced in chronically
stressed rats (Table 2 and Fig. 2). The enhanced hyperthermia (Fig. 3), as well as enhanced 5-
HT and DA depletions, were prevented by the CORT synthesis inhibitor, metyrapone,
administered prior to each stressor during the ten days of CUS (Figs. 4, 5, and 6). Recent
findings from our laboratory demonstrated that preventing the enhancement of
methamphetamine-induced hyperthermia by CUS blocks the enhancement of
methamphetamine-induced depletions of DA and 5-HT produced by CUS (Tata et al., 2007).
Therefore, enhanced hyperthermia can explain the exaggerated depletions of both 5-HT and
DA observed 5 days after MDMA administration.
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Stress-induced CORT likely mediates this ability of CUS to enhance MDMA-induced
hyperthermia as metyrapone prevented both the augmentation of basal CORT and MDMA-
induced hyperthermia. The interaction between the effects of CORT and 5-HT2A receptors
may mediate this effect. Hypothalamic 5HT2A receptors contribute to temperature regulation
in rats (Sheard and Aghajanian, 1967; Salmi and Ahlenius, 1998). Rats subjected to 16 days
of chronic unpredictable stress have an increased 5-HT2A receptor density (Ossowska et al.,
2001). Findings from our laboratory demonstrate that ten days of CUS results in a greater
increase in rectal temperature to the systemic administration of the 5-HT2A/C receptor agonist
±1-(2,5-dimethoxy-4-iodophenyl)-2-amino-propane (Matuszewich and Yamamoto, 2003).
Therefore, the enhancement of MDMA-induced hyperthermia after CUS may be mediated by
a chronic stress-induced and CORT-dependent increase in 5-HT2A receptor density or
function. Hypothalamic 5-HT2 receptors are also responsible for CORT regulation (Koenig et
al., 1987), although we found enhanced MDMA-induced hyperthermia without a potentiation
of CORT. This may be the result of a differential regulation of hyperthermia and CORT by
5HT2A receptors in subregions of the hypothalamus. It has been demonstrated that the 5-HT2
receptors in the preoptic area of the hypothalamus are responsible for temperature regulation
(Lin et al., 1998) whereas 5-HT2 receptors in the paraventricular nucleus of the hypothalamus
regulate CORT (Zhang et al., 2002). Future studies in our laboratory will directly investigate
the expression of 5-HT2A receptors after CUS in these subregions of the hypothalamus.

An interesting finding of the current study is that prior exposure to CUS caused an MDMA-
induced depletion of DA in the striatum (Table 2, Fig. 4B). Although long-term depletions of
DA after MDMA have been reported in mice only (Logan et al., 1988;Granado et al., 2008),
this is the first report of such a DA depletion in rats, a species that typically responds with a
selective loss of 5-HT terminals after MDMA in a manner similar to that observed in non-
human primates and humans (Stone et al., 1986;Ricaurte et al., 1988;Steele et al.,
1994;Reneman et al., 2001). Based on the ability of chronic stress to create a pro-oxidant state
(Madrigal et al., 2001;Olivenza et al., 2000;McIntosh et al., 1998), an enhanced neuronal
sensitivity to oxidative stressors (Lawrence and Sapolsky, 1994;McIntosh and Sapolsky,
1996;Sapolsky, 1985), along with the particular vulnerability of DA neurons to oxidative stress
(Gibb et al., 1989; Gotz et al., 1990,1994) and excitotoxicity (Sonsalla et al.; 1989;1998), it is
reasonable to expect that regions with both DA and 5-HT terminals could be damaged by the
serial exposure to CUS and MDMA. While this appears to be the case for the striatum (Table
2,Fig. 4B), no depletions of DA were observed in the frontal cortex (Table 2,Fig. 6B), although
there does appear to be a slight trend, it does not reach significance. Terminal degeneration
can occur via oxidative stress, which can be produced by DA-derived reactive oxygen species
and quinones (Cohen, 1987). Consequently, the cortex may be less vulnerable to the detrimental
effects of DA-associated free radicals because it contains lower concentrations of DA than the
striatum (Mechanick et al., 1987, current study). In fact, methamphetamine produces relatively
less of an increase in extracellular DA (Kashihara et al., 1991), a reduced level of oxidative
stress (Gluck et al., 2001), as well as minimal DAergic damage (Ricaurte et al., 1980;Stephans
et al., 1998) in the frontal cortex compared to the striatum, suggesting that DA neurons in the
frontal cortex may be relatively resistant to the effects of DA-derived oxidative stress.

While prior exposure to CUS did not produce a MDMA-induced DA depletion in the frontal
cortex, 5-HT depletions were enhanced, suggesting that while DA terminals in this region may
be refractory to the effects of serial exposure to CUS and MDMA, 5-HT terminals remain
vulnerable. In the striatum, MDMA increases DA release and causes DA-dependent 5-HT
depletions (Yamamoto and Spanos, 1988; Shankaran et al., 1999); however the impact of DA-
derived oxidative stress on MDMA-induced 5-HT depletions in the cortex is unknown. Based
on the previous findings using methamphetamine and the current study on MDMA, a CUS-
induced increase in DA-derived oxidative stress may not be the sole cause of enhanced 5-HT
depletions in the frontal cortex. However, it remains to be seen if DA innervation can be
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predictive of 5-HT terminal vulnerability. Studies determining the impact of CUS on MDMA-
induced DA release and free radical production are warranted.

We predicted that the hippocampus and frontal cortex may be more susceptible to serial
exposure of CUS and MDMA based on the high density of glucocorticoid receptors (Reul and
de Kloet, 1985), their vulnerability to chronic stress (Magarinos and McEwen, 1995; Cook and
Wellman, 2004), as well as the more pronounced and long-lasting 5-HT depletions produced
by MDMA in these regions (Sabol et al., 1996). However, both regions and the striatum
appeared equally susceptible to MDMA-induced enhancements in 5-HT depletions after prior
exposure to CUS (Table 2, Figs. 4A, 5, and 6A). Rats exposed to the combination of CUS and
MDMA exhibited a greater than 80% depletion in tissue 5-HT content in all brain regions
studied. The inability to detect regional differences may be due to a maximal depletion of 5-
HT produced by the combined effects of CUS and MDMA. In fact, very high repeated doses
of MDMA (40 mg/kg, i.p., every 12 h for 4 days) resulted in no more than an 80% loss of tissue
5-HT in multiple brain regions (Commins et al., 1987). Lower doses of MDMA may reveal
regional differences in 5-HT depletions after CUS and MDMA. Nonetheless, the current results
demonstrate that prior exposure to CUS does enhance MDMA-induced depletions of 5-HT in
multiple brain regions including the striatum, hippocampus, and frontal cortex.

It is well known that chronic stress facilitates behavioral responses to psychostimulants, such
as producing enhancements in locomotor activity, self-administration, and reinstatement of
drug-seeking behavior (Marinelli and Piazza, 2002). The present study extends the influence
of chronic stress on the effects of drugs of abuse and demonstrates for the first time that prior
exposure to CUS also enhances the long-term monoamine depleting effects of the highly
abused psychostimulant MDMA in the rat. While the precise mechanisms by which chronic
stress mediates the increase in MDMA-induced monoamine depletions remain unknown, our
studies demonstrate that chronic stress-induced increases in circulating CORT and the
subsequent enhancement in MDMA-induced hyperthermia play a role in enhanced 5-HT
depletions. Moreover, the current findings provide evidence that the interaction between
chronic stress and MDMA is more pervasive and can also affect DA terminals. Given the role
of 5-HT in mood, anxiety, sleep, appetite, and cognition and based on the co-morbidity of stress
and drug abuse (Koob and LeMoal, 2001), these findings highlight the importance of
examining MDMA abuse and its long-term consequences within the context of stressful life
situations.
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Figure 1.
Basal plasma corticosterone levels the morning after 10 days of CUS. Non-stressed and stressed
rats were pretreated i.p. with metyrapone (50 mg/kg) or vehicle (10% EtOH) 15 min prior to
each stressor. * p<0.01 compared to Vehicle No Stress; & p<0.01 compared to Metyrapone
No Stress. Values are expressed as means ± SEM; n = 7–10/group.
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Figure 2.
Effect of MDMA (5 mg/kg, i.p.; q 2 h × 4) or saline on body temperature of stressed and non-
stressed rats. Body temperatures (°C) were measured prior to and 1 h after each MDMA
injection. * p<0.01 compared to No Stress/Saline; # p<0.01 compared to No Stress/MDMA.
Arrows indicate each injection of MDMA of saline. Values are expressed as means ± SEM; n
= 6–11/group.
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Figure 3.
Effect of MDMA (5 mg/kg, i.p.; q 2 h × 4) on body temperature of stressed and non-stressed
rats pretreated i.p. with metyrapone (50 mg/kg) or vehicle (10% EtOH). Body temperatures (°
C) were measured prior to and 1 h after each MDMA injection. + p<0.01 compared to Vehicle
No Stress/MDMA; & p<0.05 significantly different overall between Vehicle Stress/MDMA
and all other groups. Arrows indicate each injection of MDMA. Values are expressed as means
± SEM; n = 6–11/group.
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Figure 4.
Effect of metyrapone (50 mg/kg) or vehicle (10% EtOH) during CUS on (A) 5-HT and (B)
dopamine (DA) concentrations in the striatum 5 days after administration of MDMA (5 mg/
kg, i.p.; q 2 h × 4) or saline. * p<0.01 compared to saline controls, # p<0.01 compared to Vehicle
No Stress/MDMA; & p<0.01 compared to Metyrapone Stress/MDMA. Values are expressed
as means ± SEM; n = 6–11/group.
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Figure 5.
Effect of metyrapone (50 mg/kg) or vehicle (10% EtOH) during CUS on 5-HT concentrations
in the hippocampus 5 days after administration of MDMA (5 mg/kg, i.p.; q 2 h × 4) saline. *
p<0.01 compared to saline controls, # p<0.01 compared to Vehicle No Stress/MDMA; &
p<0.01 compared to Metyrapone Stress/MDMA. Values are expressed as means ± SEM; n =
6–11/group.
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Figure 6.
Effect of metyrapone (50 mg/kg) or vehicle (10% EtOH) during CUS on (A) 5-HT and (B)
dopamine (DA) concentrations in the frontal cortex 5 days after administration of MDMA (5
mg/kg, i.p.; q 2 h × 4) or saline. * p<0.01 compared to saline controls, # p<0.01 compared to
Vehicle No Stress/MDMA; & p<0.01 compared to Metyrapone Stress/MDMA. Values are
expressed as means ± SEM; n = 6–11/group.
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Table 1
Effect of chronic unpredictable stress and metyrapone on corticosterone levels 1 h after a single injection of MDMA
or saline

Pretreatment Condition Stress Condition Drug Condition Corticosterone (ng/ml ±
SEM)

Vehicle No Stress Saline 85.3 ± 24.5

Vehicle Stress Saline 125.3 ± 25.6

Vehicle No Stress MDMA 464.7 ± 89.2*

Vehicle Stress MDMA 381 ± 63.3*

Metyrapone No Stress MDMA 501 ± 91.9*

Metyrapone Stress MDMA 431.8 ± 58.1*

*
p<0.05 when compared to vehicle pretreated non-stressed rats. n = 6–11 per treatment group.
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Table 2
Effect of chronic unpredictable stress and MDMA on 5-HT and DA tissue content

Brain Region Stress Condition Drug Condition 5-HT content (pg/μg
protein ± SEM)

DA content (pg/μg
protein ± SEM)

Striatum No Stress Saline 5.11 ± 0.53 134.8 ± 5.06

Stress Saline 5.16 ± 0.19 144.9 ± 6.33

No Stress MDMA 3.5 ± 0.25* 136.4 ± 4.69

Stress MDMA 1.6 ± 0.27*# 94.2 ± 11.09*#

Hippocampus No Stress Saline 4.4 ± 0.28

Stress Saline 4.4 ± 0.30

No Stress MDMA 2.3 ± 0.23*

Stress MDMA 1.0 ± 0.15*#

Frontal Cortex No Stress Saline 3.9 ± 0.13 0.66 ± 0.09

Stress Saline 3.9 ± 0.23 0.79 ± 0.09

No Stress MDMA 2.8 ± 0.30* 0.67 ± 0.03

Stress MDMA 1.6 ± 0.27*# 0.57 ± 0.04

*
p<0.05 compared to No Stress/Saline,

#
p<0.01 compared to No Stress/MDMA

n = 6–11 per group.
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