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Abstract
The neurochemical effects of MDMA (3,4-methylenedioxymethamphetamine) on monoaminergic
and cholinergic systems in the rat brain have been well documented. However, little is known
regarding the effects of MDMA on glutamatergic systems in the brain. In the present study the
effects of multiple injections of MDMA on extracellular concentrations of glutamate in the
striatum, prefrontal cortex, and dorsal hippocampus were examined. Two or four, but not one,
injections of MDMA (10 mg/kg, i.p. at 2 h intervals) resulted in a 2–3 fold increase in the
extracellular concentration of glutamate in the hippocampus; no increase was evident in the
striatum or prefrontal cortex. Reverse dialysis of MDMA (100 µM) into the hippocampus also
elicited an increase in extracellular glutamate. Treatment with the 5-HT reuptake inhibitor
fluoxetine prevented the increase in extracellular glutamate in the hippocampus following the
systemic administration of MDMA, as did treatment with the serotonin 5-HT2A/C receptor
antagonist ketanserin. Moreover, reverse dialysis of the sodium channel blocker tetrodotoxin did
not prevent the increase in extracellular glutamate in the hippocampus. These data support the
view that stimulation of 5-HT2A/2C receptors on non-neuronal cells by 5-HT released by MDMA
promotes glutamate efflux in the hippocampus.
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1. Introduction
3,4-Methylenedioxymethamphetamine (MDMA, ecstasy) is a popular drug of abuse among
teenagers and young adults. MDMA has been shown at high and/or repeated doses to induce
persistent neurochemical alterations, in particular to serotonergic nerve terminals in rats
(Schmidt, 1987; Yamamoto et al., 2008). Similar reductions in markers of 5-HT terminals
have been reported in imaging studies examining human abusers of the drug (de Win et al.,
2008; Kish et al., 2010). These long-term reductions in biochemical markers of 5-HT
terminals have been viewed as evidence of neurotoxicity that may underlie the long-lasting
cognitive deficits documented in abstinent human abusers (Kish et al., 2010; McCann et al.,
2008). However, the relationship between serotonergic toxicity and cognitive dysfunction
remains unclear, as some studies have shown that the effects of MDMA on serotonergic
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markers may not persist as long as the established cognitive abnormalities. Moreover, there
is evidence that serotonin toxicity can be dissociated from behavioral deficits in both rats
and human abusers (Piper et al., 2008; Thomasius et al., 2003). Thus, additional, as yet
unidentified, mechanisms of toxicity may be responsible for the cognitive impairment
induced by MDMA.

Recently, a role for excitotoxicity in the effects of MDMA has been proposed based on the
finding that an NMDA glutamate receptor antagonist prevents cortical neuronal cell death in
cultures exposed to high concentrations of MDMA (Capela et al., 2006). However, to date,
there is no evidence that glutamate release in vivo is increased in response to MDMA.
Indeed, Nash and Yamamoto (Nash et al., 1992) reported that MDMA, in contrast to
methamphetamine, does not increase extracellular concentrations of glutamate in the
striatum.

The purpose of the present study was to re-investigate the extent to which MDMA affects
glutamate release across several brain regions and to establish potential neurochemical
substrates mediating these effects. In vivo microdialysis was employed to assess the effects
of MDMA on the extracellular concentrations of glutamate in the striatum, prefrontal cortex,
and hippocampus.

2. Materials and Methods
2.1 Animals and Drug Treatments

Adult male Sprague-Dawley rats (250–350g) (Harlan Laboratories, Indianapolis, IN) were
used in this study. Animals were given free access to food and water in a temperature and
humidity controlled room. The animals were singly housed following cannula implantation
until the day of the experiment. All procedures were performed in adherence to the National
Institutes of Health guidelines and were approved by the institutional animal care and use
committee.

MDMA was generously provided by the National Institute on Drug Abuse (Bethesda).
Fluoxetine HCl was obtained from Tocris Bioscience. Ketanserin tartrate and tetrodotoxin
citrate were obtained from Sigma-Aldrich and Ascent Scientific, respectively. MDMA was
dissolved in 0.15M NaCl and injected i.p. at a dose of 10 mg/kg at two h intervals for a total
of 1, 2, or 4 injections. In one experiment, MDMA was dissolved in dialysis buffer at a
concentration of 100 µM and delivered to the hippocampus via reverse dialysis for a
duration of 7 h. Fluoxetine was dissolved in 0.15 M NaCl vehicle and administered as a
single i.p. injection of 10 mg/kg 30 min prior to the first MDMA injection. Ketanserin was
dissolved in 0.15 M NaCl and administered at 3 mg/kg i.p. 30 min prior to and five h after
the first MDMA injection. The doses of fluoxetine and ketanserin used in this study are
based on doses used in a previous study (Nash et al., 1988). Tetrodotoxin was administered
by reverse dialysis through the probe at a concentration of 10 µM, beginning 1 h prior to and
continuing throughout the MDMA treatment regimen.

2.2 Microdialysis
Rats were implanted with a stainless steel guide cannula under ketamine/xylazine (70/6 mg/
kg, i.p.) anesthesia 48–72 h prior to the insertion of the dialysis probe. On the evening prior
to the experiment, a concentric style dialysis probe was inserted through the guide cannula
into the striatum, prefrontal cortex, or dorsal hippocampus. The coordinates for the tip of the
probe were: A/P, 3.2 mm, L, 0.8 mm and D/V, −3.5 mm for the prefrontal cortex; A/P, 1.2
mm, L, 3.0 mm, and D/V, −7.0 for the striatum; A/P, −3.6 mm, L, 2.0 mm, and D/V −4.0
mm for the dorsal hippocampus. The active portion of the membrane for the probes was: 3.0
mm for the prefrontal cortex; 4.0 mm for the striatum; and 2.0 mm for the dorsal
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hippocampus. The probes were connected to an infusion pump set to deliver modified
Dulbecco's phosphate buffered saline containing 1.2 mM CaCl2 and 5 mM glucose at a flow
rate of 1 µl/min overnight. On the morning of the experiment, the flow rate was increased to
2 µl/min and the probes were allowed to equilibrate for 1.5 h. Three collections were then
taken at 30 min intervals to establish baseline values; thereafter, samples were collected
every hour for the duration of the experiment. All experiments were performed at an
ambient temperature of 24 °C. Data were calculated as a percentage of the baseline value for
glutamate which was obtained by averaging the three baseline samples.

2.3 HPLC analysis
Glutamate was derivitized according to the method described by Donzanti and Yamamoto
(Donzanti et al., 1988). The HPLC consisted of an OPA-HS column (Grace Discovery
Science) connected to an amperometric detector set at +700 mV (Bioanalytical Systems,
West Lafayette, IN) equipped with a glassy carbon target electrode. The mobile phase buffer
consisted of 0.1M Na2HPO4, 50 mg/L NaEDTA, 20% methanol, pH 6.4. Peak heights were
recorded with an integrator, and the concentration of glutamate was calculated on the basis
of known standards.

2.4 Statistical Analysis
All data were analyzed using two-way repeated measures ANOVA, and multiple pairwise
comparisons were performed using post-hoc analysis with the Student-Newman-Keuls test.
Treatment differences were considered statistically significant at P<0.05.

3. Results
3.1 Repeated exposure to MDMA increases extracellular glutamate concentrations in the
rat hippocampus

Extracellular glutamate was determined in the dorsal hippocampus of rats that had received
0 (vehicle), 1, 2, or 4 injections of MDMA (10 mg/kg i.p. at 2 h intervals) (Fig. 1). The
absolute basal concentration of glutamate in the dorsal hippocampus did not differ among
groups prior to drug treatments. The average basal concentration of glutamate was 2.81 ±
0.23 ng/20 µL. A two-way repeated measures ANOVA revealed a significant effect of
treatment (F(3,257) = 5.70 ; P<0.01) and time (F (10,257) = 11.93 ; P<0.001). In addition, there
was a significant drug treatment × time interaction (F (30,257) = 3.09; P<0.001). A single
injection of MDMA did not significantly alter extracellular glutamate. However,
extracellular glutamate concentrations were increased (p<0.05) in rats that received 2 or 4
injections of MDMA. The increase in extracellular glutamate produced by MDMA was
delayed, and was not significant until 4 hours after the first drug injection.

3.2 MDMA increases extracellular glutamate in the hippocampus, but not in the prefrontal
cortex or striatum

The effect of MDMA on extracellular glutamate in the hippocampus was also compared to
that in the prefrontal cortex and the striatum (Fig. 2). Rats received MDMA (10 mg/kg i.p. at
2 h intervals) or vehicle for a total of 4 injections. The basal concentrations of glutamate in
the hippocampus, prefrontal cortex, and striatum were 2.61 ± 0.56, 3.37 ± 0.28, and 4.52 ±
0.61 ng/20 µL, respectively. Results of the ANOVA revealed a significant effect of region
(F (2,150) = 5.80; P<0.05) and time (F (10,150) = 1.95; P<0.05), as well as a significant region
× time interaction (F (20,150) = 1.93; P<0.05). Whereas MDMA increased extracellular
glutamate concentrations in the hippocampus, no significant effect was evident in the
prefrontal cortex or striatum. Extracellular glutamate concentrations were not altered in any
brain region in response to vehicle treatment (data not shown).
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3.3 Reverse dialysis of MDMA increases extracellular glutamate concentration in the rat
hippocampus

The local effect of MDMA on extracellular glutamate in the hippocampus was determined
by infusing the drug at a concentration of 100 µM via reverse dialysis for a duration of 7 h.
As shown in Fig. 3, MDMA produced a significant elevation (p<0.05) in the extracellular
concentration of glutamate in the hippocampal glutamate when compared to control animals.
Results of the ANOVA revealed a significant main effect of drug treatment (F (1,87) = 9.86 ;
P<0.01).

3.4 Fluoxetine attenuates the MDMA-evoked increase in hippocampal glutamate
concentration

Inasmuch as MDMA evokes a well-documented increase in the extracellular concentration
of 5-HT in multiple brain regions, it was hypothesized that the MDMA-induced increase in
glutamate release was secondary to an increased extracellular concentration of 5-HT. To test
this hypothesis, the MDMA-induced glutamate release was examined in rats treated with
fluoxetine (10 mg/kg i.p.) prior to the first of two injections of MDMA (10 mg/kg i.p.). As
depicted in Fig. 4, fluoxetine significantly (p<0.05) attenuated the MDMA-induced increase
in extracellular glutamate in the hippocampus. Fluoxetine alone did not alter extracellular
glutamate. The ANOVA revealed a significant main effect of treatment (F (3,180) = 7.67;
P<0.01) and a significant treatment × time interaction (F (30,180) = 2.31; P<0.001).

3.5 The 5-HT2A/C antagonist ketanserin attenuates the MDMA-evoked increase in
hippocampal glutamate concentration

Involvement of 5-HT2 receptors in the MDMA-induced increase in glutamate release was
investigated in rats treated with the 5-HT2A/C antagonist ketanserin (Fig. 5). Ketanserin (3
mg/kg i.p.) was administered 30 min prior to and 3 h following the first of two injections of
MDMA (10 mg/kg i.p.). Rats treated with MDMA alone exhibited a delayed increase in the
extracellular concentration of glutamate that was significantly (p<0.05) diminished in rats
treated with ketanserin. Ketanserin treatment alone did not significantly alter extracellular
glutamate. The ANOVA revealed a significant main effect of treatment (F (3,284) = 7.76;
P<0.001), as well as a significant treatment × time interaction (F (30,284) = 2.20; P<0.001).

3.6 Reverse dialysis of the sodium channel blocker tetrodotoxin does not prevent the
MDMA-evoked increase in hippocampal glutamate concentration

Lastly, tetrodotoxin (TTX) was employed to distinguish between impulse-dependent and
impulse-independent processes underlying the MDMA-mediated increase in extracellular
glutamate. TTX (10µM) was infused via reverse dialysis beginning 1 h prior to the first of 3
injections of MDMA (10 mg/kg i.p.). The TTX infusion continued until 2 h after the final
MDMA injection. The ANOVA for the data presented in Fig. 6 revealed no significant main
effect of treatment (F (1,180) = 2.02; P= 0.173), but did reveal a significant main effect of
time (F (11,180) = 10.11; P<0.001). Extracellular glutamate was significantly (p<0.05)
increased in both the MDMA and TTX + MDMA groups, and there was no significant
difference between the two groups.

4. Discussion
The key findings of the present study include the demonstration that 1) MDMA produces a
delayed and sustained increase in the extracellular concentration of glutamate that is specific
for the hippocampus, 2) the MDMA-induced increase in the extracellular concentration of
glutamate in the hippocampus is attenuated in rats treated with ketanserin or fluoxetine and
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3) the increase in extracellular glutamate produced by MDMA is not diminished in the
presence of TTX.

To our knowledge, this is the first demonstration that MDMA increases extracellular
glutamate in any brain region. However, the ability of MDMA to increase extracellular
glutamate in the hippocampus is consistent with the effects of another amphetamine analog,
methamphetamine, which also has been reported to elicit an increase in extracellular
glutamate in this brain region (Raudensky et al., 2007; Rocher et al., 2001). Interestingly,
Rocher and Gardier (2001) reported that fenfluramine, another substituted amphetamine, did
not increase hippocampal glutamate.

It is apparent that differences also exist in the actions of specific amphetamine derivatives
across different brain regions. Hence, MDMA increases extracellular glutamate in the
hippocampus, but not in the striatum or prefrontal cortex. This finding is in accord with the
report of Nash and Yamamoto (1992) in which MDMA also was shown not to increase
extracellular glutamate in the striatum, in contrast to the stimulatory effect of
methamphetamine in this brain region. At this time, an explanation is not readily apparent to
account for the relatively specific effect of MDMA on hippocampal glutamate.

Nevertheless, in the present study the stimulatory effect of MDMA on glutamate efflux in
the hippocampus was significantly diminished by treatment with fluoxetine or ketanserin.
On the basis of these results, it seems reasonable to conclude that the increase in
extracellular glutamate is dependent upon an initial increase in extracellular 5-HT and
subsequent activation of 5-HT2A/C receptors. Although MDMA can exert direct 5-HT2
agonist activity (Nash et al., 1994), the inhibitory effect of fluoxetine on this glutamate
response indicates that the activation of 5-HT2A/C receptors is most likely the result of the
well-documented effect of MDMA to promote the neuronal efflux of 5-HT (Gudelsky et al.,
1996; Johnson et al., 1986; Koch et al., 1997). The localization of 5-HT2A/C receptors
within the hippocampus (Appel et al., 1990; Cornea-Hebert et al., 1999) provides a
neuroanatomical basis for the contention that 5-HT2A/C receptors within this brain region
may mediate the MDMA-induced efflux of glutamate. This conclusion is further supported
by the present finding that reverse dialysis of MDMA directly into the hippocampus also
evokes an increase in extracellular glutamate. Although ketanserin has additional affinity for
non-5-HT receptors, e.g., alpha-2 adrenergic receptors (Israilova et al., 2002), it generally
has been employed as a nonselective 5-HT2 antagonist (Jha et al., 2008; Klisch et al., 2003).
Future studies will be required to definitively identify the 5-HT2 receptor subtype mediating
the glutamate response to MDMA.

It is well-established that repeated MDMA exposure elicits hyperthermia, and elevated
temperature has been reported to augment MDMA-induced release of dopamine and 5-HT
(O'Shea et al., 2005). Furthermore, Sharma (2006) has reported that heat stress results in an
increased hippocampal tissue concentration of glutamate. Thus, the possibility exists that
hyperthermia contributes to the MDMA-induced increase in extracellular glutamate in the
hippocampus. However, reverse dialysis of MDMA also evoked an increase in glutamate
efflux in the absence of behavioral activation or hyperthermia. Moreover, fluoxetine
diminished the glutamate response to MDMA despite the fact that fluoxetine does not
diminish MDMA-induced hyperthermia (Malberg et al., 1996; Pachmerhiwala et al., 2010).
Thus, hyperthermia per se appears to be neither necessary nor sufficient to increase
extracellular glutamate in the hippocampus. Nevertheless, inasmuch as the magnitude of the
MDMA-induced efflux of glutamate may be greater following systemic compared to local
administration, hyperthermia could contribute to the magnitude of the glutamate response to
MDMA.
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In the present study, reverse dialysis of TTX into the hippocampus did not alter either the
basal extracellular concentration of glutamate or the MDMA-induced increase in glutamate.
It is relatively well-documented that TTX does not substantially alter extracellular glutamate
in several brain regions (Baker et al., 2002; Moghaddam, 1993; Timmerman et al., 1997).
These reports and the present results support the contention that extracellular glutamate, as
determined from in vivo microdialysis, reflects a pool of glutamate that is not dependent on
action potential induced neuronal release. However, some reports document that TTX
attenuates increases in extracellular glutamate induced by certain behaviors or drugs
(Lorrain et al., 2003; Madayag et al., 2010; Raudensky et al., 2007). In the present study,
TTX did not alter the MDMA-induced increase in extracellular glutamate in the
hippocampus. Thus, it would appear that both basal and MDMA-induced increases in
extracellular glutamate reflect release that is action potential independent, viz., of glial
origin. Indeed, it has been demonstrated that glia express 5-HT2 receptors (Deecher et al.,
1993; Merzak et al., 1996) and that stimulation of glial 5-HT2 receptors evokes increased
glial glutamate efflux (Meller et al., 2002). On the basis of the effects of ketanserin and TTX
in the present study, it is tempting to speculate that MDMA promotes a 5-HT2A/C receptor
dependent efflux of glutamate from hippocampal glia.

Indications of the effects of MDMA on markers of glial activation in the literature have been
inconsistent. Studies on the effects of amphetamine derivatives on glial activation largely
have focused on increases in the expression of GFAP and Hsp 27 (O'Callaghan et al., 1993;
Pubill et al., 2003) or increases in microglia (Thomas et al., 2004) following
methamphetamine treatment. MDMA is largely without effect on these markers of glial
activation (O'Callaghan et al., 1993; Pubill et al., 2003; Wang et al., 2004). However, there
are reports that MDMA does promote astroglial activation, as evidenced by increases in
OX-42 or Hsp 27 expression (Adori et al., 2011; Orio et al., 2004). Nevertheless, it is
unclear whether an increase in astroglial glutamate efflux evoked by MDMA would
necessarily be reflected in biochemical markers of astroglial activation.

An additional source of MDMA-evoked glutamate efflux may be cytoplasmic glutamate
utilized in intermediary metabolism. MDMA, in conjunction with elevated body
temperature, may promote the “leakage” of cytoplasmic glutamate from bioenergetically
stressed neurons and/or glia.

The MDMA-induced increase in extracellular glutamate in the hippocampus was dose-
dependent, delayed and sustained. Increased glutamate efflux was evident after multiple
injections of MDMA (10 mg/kg); a single injection of MDMA was ineffective. Multiple
injections of MDMA have been considered a binge dosing regimen that is associated with
long-term reductions in biochemical markers of 5-HT axon terminals (cf, (Gudelsky et al.,
2003). However, there is little evidence that glutamate contributes to MDMA-induced 5-HT
neurotoxicity in the hippocampus. Indeed, we have observed that suppression of MDMA-
induced glutamate efflux in the hippocampus does not prevent the long-term depletion of
hippocampal 5-HT by MDMA (Anneken and Gudelsky, unpublished observations).
Nevertheless, sustained increases in extracellular glutamate have the potential to promote
excitotoxicity. In this regard, Cunningham and Yamamoto (2009) have reported that
MDMA reduces the number of parvalbuminpositive immunoreactive GABAergic cells in
the dentate gyrus, suggestive of MDMA-induced damage to GABAergic neruons in the
hippocampus. A potential role of MDMA-induced glutamate efflux in these effects on
GABAergic neurons is suggested by the finding that ketoprofen prevents not only MDMA-
induced glutamate efflux (Anneken and Gudelsky, 2009) but also the MDMA-induced
reduction in parvalbumin immunoreactive cells in the hippocampus (Cunningham and
Yamamoto, personal communication).
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In summary, MDMA produces a delayed and sustained increase in the extracellular
concentration of glutamate in the hippocampus. Results support the view that this glutamate
response is dependent upon an MDMA-induced increase in 5-HT release and subsequent
activation of 5-HT2A/C receptors. Furthermore, MDMA-induced glutamate efflux appears
not to be derived from action potential mediated neuronal release. The implications for
MDMA-induced increases in extracellular glutamate in excitotoxicity to non-5-HT neuronal
targets remain to be investigated.
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Highlights

• MDMA produces a delayed, sustained increase in extracellular glutamate in the
hippocampus

• Treatment with fluoxetine or ketanserin attenuates MDMA-induced glutamate
efflux

• The increase in extracellular glutamate produced by MDMA is not diminished
in the presence of TTX
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Figure 1. Effect of MDMA on the extracellular concentration of glutamate in the rat
hippocampus
Rats received MDMA (10 mg/kg, i.p.) or vehicle at 2 hr intervals for a total of 1, 2 or 4
injections. (n= 6–12 per group) * Indicates values that differ significantly (P<0.05) from
vehicle-treated animals. The average baseline value for extracellular glutamate in the
hippocampus was 2.81 ± 0.23 ng/20 µL (uncorrected for recovery).
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Figure 2. Extracellular glutamate concentrations in the hippocampus, prefrontal cortex and
striatum following MDMA administration
Rats received MDMA (10 mg/kg, i.p.) or vehicle at two hour intervals for a total of four
injections (vehicle not shown). Microdialysis was performed in the hippocampus, the
prefrontal cortex, or the striatum of separate groups of animals. (n= 4–7 per group) *
Indicates values that differ significantly (P<0.05) from the corresponding vehicle-treated
animals. The baseline values (mean± SEM) for extracellular glutamate were (in ng/20 µL):
4.52 ± 0.61 for the striatum; 3.37 ± 0.28 for the prefrontal cortex; 2.61 ± 0.56 for the dorsal
hippocampus (uncorrected for recovery).
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Figure 3. Extracellular glutamate concentrations in the hippocampus following reverse dialysis
of MDMA
Extracellular glutamate was determined in the hippocampus of control animals and animals
that received MDMA (100µM) via reverse dialysis into the hippocampus for 7 h beginning
at time 0, as indicated by the solid horizontal line. (n=5–8 per group) *Indicates values that
differ significantly (P<0.05) from those animals that received vehicle.
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Figure 4. Effect of fluoxetine on the MDMA-induced increase in hippocampal glutamate efflux
Rats received fluoxetine (10 mg/kg, i.p.) or vehicle 30 min prior to the first of two injections
of MDMA (10 mg/kg, ip, at 2 hr intervals) or vehicle. (n =4–9 per group) *Indicates values
that differ significantly (P<0.05) from those for animals that received VEH+MDMA.
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Figure 5. Effect of the 5-HT2A/C antagonist ketanserin on the MDMA-evoked increase in
hippocampal glutamate efflux
Rats received ketanserin (3 mg/kg, i.p.) or vehicle 30 min prior to the first injection of
MDMA (10 mg/kg, i.p.) or vehicle, then one h after the second injection of MDMA or
vehicle. (n =5–13 per group) * indicates values that differ significantly (P<0.05) from those
for animals that received VEH+MDMA
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Figure 6. Effect of tetrodotoxin on the MDMA-evoked efflux of glutamate in the hippocampus
Tetrodotoxin (10 µM) or vehicle was administered via the dialysis buffer to the rat
hippocampus 1 h prior to the first of three injections of MDMA (10 mg/kg, i.p.). (n=7–12
per group)
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