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Abstract
In animals, repeated administration of 3,4-methylenedioxymethamphetamine (MDMA) reduces
markers of serotonergic activity and studies show similar serotonergic deficits in human MDMA
users. Using proton magnetic resonance spectroscopy (1H-MRS) at 11.7 Tesla, we measured the
metabolic neurochemical profile in intact, discrete tissue punches taken from prefrontal cortex,
anterior striatum, and hippocampus of rats administered MDMA (5 mg/kg IP, 4× q 2 h) or saline and
euthanized 7 days after the last injection. Monoamine content was measured with HPLC in
contralateral punches from striatum and hippocampus to compare the MDMA-induced loss of 5HT
innervation with constituents in the 1H-MRS profile. When assessed 7 days after the last MDMA
injection, levels of hippocampal and striatal serotonin (5HT) were significantly reduced, consistent
with published animal studies. N-acetylaspartate (NAA) levels were significantly increased in
prefrontal cortex and not affected in anterior striatum or hippocampus; myo-inositol (INS) levels
were increased in prefrontal cortex and hippocampus but not anterior striatum. Glutamate levels were
increased in prefrontal cortex and decreased in hippocampus, while GABA levels were decreased
only in hippocampus. The data suggest that NAA may not reliably reflect MDMA-induced 5HT
neurotoxicity. However, the collective pattern of changes in 5HT, INS, glutamate and GABA is
consistent with persistent hippocampal neuroadaptations caused by MDMA.
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1. Introduction
Several studies, using both humans and animals, have sought to determine if 3,4-
methylenedioxymethamphetamine (MDMA) produces permanent changes in brain structure
and function. Animal studies show that MDMA reduces brain levels of serotonin (5HT),
tryptophan hydroxylase, and the serotonin reuptake transporter (SERT or 5HTT) (Battaglia et
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al., 1987, Commins et al., 1987, O'Hearn et al., 1988, Ricaurte et al., 1988, Slikker et al.,
1988), as well as increasing mitochondrial oxidative stress and microglial activation (Kuhn
and Geddes, 2000, Thomas et al., 2004, Yamamoto and Raudensky, 2008). These findings
support the hypothesis that MDMA is neurotoxic to serotonin neurons; however, the effect of
MDMA on 5HT neurons is observed in the absence of glial activation (Fantegrossi et al.,
2008, Wang et al., 2004). Human neuroimaging studies have focused on measurements of 5HT
markers, neuronal function, and viability (reviewed by (Cowan, 2007, Cowan et al., 2008)).
For example, positron emission tomography studies have uncovered similar findings as that
seen in animals, showing lower levels of SERT and altered 5HT receptor expression in active
or abstinent human MDMA users (McCann et al., 1998, McCann et al., 2005, Reneman et al.,
2002a, Reneman et al., 2002b, Ricaurte et al., 1988, Scheffel et al., 1998). On the other hand,
results from magnetic resonance spectroscopy studies on MDMA users or abstinent users are
inconsistent in regards to levels of N-acetylaspartate (NAA) and myo-inositol (INS), which are
indirect markers of neuronal and glial cell integrity, respectively (Chang et al., 1999, Cowan
et al., 2007, Daumann et al., 2004, Obergriesser et al., 2001, Reneman et al., 2002c, Reneman
et al., 2001). The fact that 5HT markers are consistently reduced by MDMA in animals and
humans while glial activity markers are not consistently changed by MDMA requires further
study to determine the nature of MDMA induced neurotoxicity. Furthermore, it is important
to determine if proton-magnetic resonance spectroscopy (1H-MRS) can detect MDMA-
induced loss of 5HT containing neurons or axonal projections.

Proton-MRS provides a chemical shift spectrum of MR-visible chemicals in a biological matrix
by first suppressing the prominent signal from water protons and then measuring signals from
chemicals that have MR-visible protons. In the brain, MR-visible compounds include γ-amino-
butyric acid (GABA), glutamate (GLU), and glutamine (GLN) in addition to INS and NAA
(Moore and Galloway, 2002, Shulman et al., 1993); however most clinical 1H-MRS studies
focus on INS and NAA because of sensitivity limitations associated with clinical magnets. In
humans, this non-invasive technique has revealed decreased levels of the neuronal marker
NAA in human depression (Sharma et al., 1992), epilepsy (Duc et al., 1998, Hajek et al.,
1998, Mendes-Ribeiro et al., 1998), schizophrenia (Maier et al., 1995, Sharma et al., 1992) and
Parkinson’s disease (Camicioli et al., 2007). Despite the neurotoxic effect of MDMA on 5HT
neurons and the potential to discern this effect with 1H-MRS (i.e. alterations in NAA levels),
studies in past MDMA users show inconsistent results regarding NAA levels, with a decrease
or no change in the neuronal marker (reviewed by (Cowan, 2007, Cowan et al., 2008)). Potential
changes in NAA under controlled conditions of MDMA-induced 5HT deficits remain to be
determined. In order to consider NAA as a marker sensitive to MDMA induced neurotoxicity,
controlled preclinical studies must first establish the relationship between these 2 agents.

The inconsistencies of human studies investigating MDMA related neurotoxicity and the
indications in animal studies that deficits in 5HT markers may not reflect neuronal loss or
axonal degeneration, suggest that MDMA neurotoxicity is complex. Structural alterations in
medium spiny neurons of the striatum and neurons in the prefrontal cortex (Ball et al., 2009,
Schmued, 2003), which are unlikely to be serotonin-containing neurons, may be related to the
observed decrease in NAA in a few human 1H-MRS studies. Confounding factors like polydrug
use or pre-existing stress may contribute directly to neurotoxicity or be additive to the effects
of MDMA observed in humans.

In this study rats were treated with MDMA using an established neurotoxic regimen (i.e.
serotonin-depleting) (Fantegrossi et al., 2008) to determine if MDMA administered under a
controlled setting in laboratory rats affects NAA levels. The primary hypothesis was that
if 1H-MRS can detect MDMA-induced loss of 5HT containing neurons or axonal projections,
then the neuronal marker NAA will be decreased in these areas. Additionally, this study was
done to determine if a serotonin-depleting regimen of MDMA causes long-lasting changes in
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brain GLU and GABA levels using 1H-MRS since monoamines modulate the synaptic efficacy
of the amino acid neurotransmitters (Sesack and Grace, 2010). Finally, additional
neurometabolome information measured by 1H-MRS was used to make inferences about
functional tone of neurotransmitters.

2. Materials and Methods
2.1 Animal Welfare, Research Materials, and Experimental Paradigm

Male Sprague-Dawley rats were group housed four per cage in standard microisolator rat cages.
Housing conditions, including light cycle (12 h light/dark cycle; on 7 AM off 7 PM),
temperature (~24°C) and humidity (35–40%), were controlled and food and water was
available ad libitum. Rats were acclimated to the new environment for at least 5 days before
testing. Rats were handled and weighed daily throughout the experiment. Eighteen rats were
split into two experimental groups (saline and MDMA); samples sizes are stated in the figure
legends. All experimental procedures were approved by the Wayne State University
Institutional Animal Care and Use Committee. The Division of Laboratory Animal Resources
maintains AAALAC accredited animal facilities, and animals are cared for in accordance with
applicable portions of the Animal Welfare Act and “Guide for the Care and Use of Laboratory
Animals”.

All supplies where purchased from Bruker Biospin Corp. (Billerica, MA), ESA Biosciences
(Chelmsford, MA), Sigma-Aldrich (St. Louis, MO), or Fisher Scientific (Pittsburgh, PA). Rats
were purchased from Charles River Laboratories (Wilmington, MA).

Racemic (±)MDMA (5 mg/kg; dissolved in saline) or saline (1 ml/kg; 0.9% NaCl) was injected
intraperitoneally (IP; 1× body weight) every 2 hours for a total of 4 injections using an
established dosing paradigm (Fantegrossi et al., 2008, Perrine et al., 2008). Animals were
euthanized by rapid decapitation without anesthesia 7 days after the last injection to obtain
brain tissue samples. Brains were rapidly removed, placed into an ice-cold brain matrix, and
sliced into 2 mm coronal slices. Coronal slices were placed on a block of solid CO2, and using
a 1.5 mm diameter tissue biopsy-punch, tissue punches were taken from individual slices
containing regions of interest. Regions of interest included medial prefrontal cortex, anterior
dorsal striatum, and dorsal hippocampus (Paxinos and Watson, 2006). A single medial punch
was taken for the prefrontal cortex and used for 1H-MRS analysis; two bilateral tissue punches
were taken from anterior striatum and hippocampus and one used for 1H-MRS and the other
used for high pressure liquid chromatography (HPLC) analysis. Tissue samples were stored at
−80°C until use. The drug regimen did not cause a significant decrease in weight gain between
groups when determined 7 days after drug treatment (saline = 386±5 g, MDMA = 368±9 g;
P>0.05). Core body temperature was not recorded during drug treatment.

2.2 High Pressure Liquid Chromatography
Monoamine tissue levels were determined using previously described HPLC techniques (Koch
and Galloway, 1997, Perrine et al., 2008). The tissue punches were weighed, sonically
disrupted in 200 µL of 200 mM HClO4, and centrifuged for 5 minutes to remove cellular debris.
An aliquot of the supernatant was placed in an ESA 542 autoinjector (ESA Biosciences,
Chelmsford, MA) maintained at 4°C and a portion injected onto a C18-RP column (30°C) with
ESA mobile phase (MD-TM; 75 mM sodium dihydrogen phosphate monohydrate, 1.7 mM 1-
octanesulfonic acid sodium salt, 100 µl/l triethylamine, 25 µM ethylenediaminetetraacetic acid,
10% acetonitrile and pH=3 with phosphoric acid) running at a flow rate of 0.6 ml/min.
Coulometric detection was performed with an ESA 5011A dual electrode cell (220 mV) and
signals analyzed on an EZChrome Elite data processing platform. Absolute tissue values for
serotonin, dopamine and norepinephrine were determined by comparison with external
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standard curves and corrected for tissue weight. Data are presented as mean ± standard error
of the mean (s.e.m.) and are expressed as ng monoamine / mg tissue (figure 2).

2.3 1H-MRS
A specialized application of 1H-MRS, High Resolution-Magic Angle Spinning (HR-
MAS) 1H-MRS was applied to intact brain samples to provide highly resolved resonance peaks
at 11.7 Tesla (T). HR-MAS 1H-MRS minimizes dipole-dipole interactions by rapidly spinning
the sample around its own axis while positioned at 54.7° (magic angle) relative to the static
magnetic field (Bo). This specialized application greatly improves sensitivity and provides high
resolution of the chemical shift spectrum when compared to clinical 1H-MRS. Under the
conditions used here, MR-visible neurochemical sensitivity is limited to compounds with tissue
concentrations greater than 0.5 nmol / mg (i.e. millimolar range); therefore, these neuroimaging
tools currently do not have the capacity to measure monoamines (Fowler et al., 2007).

The details for this measurement are published (Ghoddoussi et al., 2010, O'Leary-Moore et
al., 2007, O'Leary-Moore et al., 2008, Perrine et al., 2008) and briefly described here. Frozen
intact tissue samples, weighing ~3 mg, were placed into a 10 µL Bruker zirconium rotor
containing buffer (pH = 7.4 100 mM K2HPO4/KH2PO4, 200 mM HCOONa, 1 g/L NaN3
diluted 50% with D2O containing 3 mM trimethylsilyl-propionate, which served as an internal
chemical shift reference). The rotor was inserted in a Bruker magic angle spinning probe
mounted in a vertical 8.9 cm-bore Bruker 11.7 T magnet (Bruker Biospin Corp., Billerica,
MA). The internal temperature in the probe was maintained at 4°C and the samples were spun
at 4.2 ± 0.002 kHz. The Bruker system was controlled with an Avance DRX-500 console, field
inhomogeneities were compensated for using a semi-automated shimming procedure using
Bruker Smart Magnet Systems, and data were acquired using Bruker-XWINNMR version 3.6
software. Following water suppression, spectra were acquired with a 1-D Carr-Purcell-
Meiboom-Gill pulse sequence [90-(τ-180-τ)n-acquisition], where n=12 with recycle-time (TR)
= 6210 ms, and τ = 0.15 ms for total echo-time (TE) of 3.6 ms; spectral bandwidth = 7.0 kHz
(14 ppm), 16,000 complex data points, and 32 averages for total acquisition time of 3 min 48
s.

Using a basis set derived from a linear combination of 28 individual neurochemicals with a
chemical shift between 1.2 – 4.2 ppm, a customized version of LCModel 6.1-4 was used to
analyze spectral data (Provencher, 1993). A representative 1H-MRS spectrum from the
hippocampus of an MDMA treated rat (raw data at 32 averages) as well as the full LC Model
fit and LC Model fits for the NAA, INS, GABA, GLU, and GLN is shown in figure 1. Other
neurochemicals of the 1H-MRS profile reported herein include cholines, creatine, glutathione,
lactate and taurine. Note that (total) cholines are the sum of choline, phosphorylcholine, and
glycerophosphorylcholine in order to compare our results with clinical scans that report total
cholines. The precision of the LC Model fit to the spectral data was assessed with signal to
noise (S/N) ratios and Cramér-Rao lower bounds. Cramér-Rao lower bounds describe the
variance of estimators of a deterministic measure and, in the present experiments, they describe
the precision of metabolite quantification (Cavassila et al., 2001, Tkac et al., 2009). For the
hippocampus data the average ± s.e.m. for S/N was 23.6±0.5 and the average Cramér-Rao
lower bounds (%) were NAA=1.3, INS=2.5, GABA=4, GLU=2, GLN=8.6 and less than 13%
for all other metabolites reported herein. Spectral data were corrected for tissue weight, and
concentrations are expressed as nmol neurochemical / mg tissue and shown as the mean ±
s.e.m. for figures 3 and 4 and for table 1. In a single analytical session, all samples from a given
brain region were analyzed in random order by a researcher blind to the experimental condition.
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2.4 Statistics
Data were analyzed, graphed and tested for statistical significance using Microsoft Excel 2003,
Prism 4 (Graphpad) or SPSS v16.0 software, respectively. Statistical significance was set at
P<0.05 with a 95% confidence interval and independent student t-tests used to analyze control
versus MDMA groups by region and neurochemical. The primary 1H-MRS related hypotheses
focused on potential changes in NAA, INS and secondary hypotheses focused on potential
changes in GABA and GLU as well as other compounds in the neurochemical profile.

3. Results
3.1 Effects of MDMA on monoamine neurotransmitter levels

Serotonin, dopamine and norepinephrine levels were determined by HPLC seven days after
repeated MDMA injection (IP every 2 hours, 4 injections; figure 2). Serotonin levels were
significantly different between saline and MDMA groups, with lower serotonin levels seen in
anterior striatum (t16=5.96, P<0.0001) and hippocampus (t16=4.11, P=0.0008) of rats treated
previously with MDMA (figure 2A). Similar to its effect on 5HT, MDMA decreased dopamine
levels in the anterior striatum (t13=3.92, P=0.0018, figure 2B). Figure 2C shows that
hippocampal norepinephrine levels were also decreased by MDMA (t16=2.54, P=0.02).

Contralateral tissue punches from anterior striatum and hippocampus were analyzed by HPLC
and 1H-MRS; however, medial prefrontal cortex tissues were only analyzed by 1H-MRS due
to limited sample for this area.

3.2 Effects of MDMA on N-acetylaspartate and myo-inositol
The effects of MDMA administration on NAA and INS were determined seven days after
repeated injection since they may reflect effects on neuronal and glial cell integrity, respectively
(figure 3). MDMA treatment significantly increased levels of NAA (t14=3.62, P=0.0028) and
INS (t15=2.63, P=0.0191) in the prefrontal cortex whereas neither compound in the anterior
striatum was altered by MDMA (figure 3B). In the hippocampus, 7 days after MDMA
treatment, INS increased (t16=2.54, P=0.02) however NAA levels did not differ from saline
treated control.

3.3 Effects of MDMA on glutamate and GABA and intermediate metabolites
The effects of MDMA on the major excitatory neurotransmitter GLU as well as on the
inhibitory neurotransmitter GABA were determined seven days after MDMA treatment (figure
4). In the prefrontal cortex, GLU was significantly increased in MDMA treated rats (t16=2.43,
P=0.0274, figure 4A). Repeated MDMA administration had no significant enduring effects on
amino acid neurotransmitter levels in the anterior striatum when compared to saline
administration. Finally, both GLU (t14=2.95, P=0.0106, figure 4E) and GABA (t16=2.13,
P=0.0496, figure 4F) levels in the hippocampus were significantly decreased by prior MDMA
treatment. Glutamine (GLN) levels and the ratio of glutamine to glutamate (GLN/GLU) were
not affected by prior MDMA administration in any brain region (table 1).

3.4 Effects of MDMA on other neurochemicals of the 1H-MRS profile
In addition to the hypotheses tested with the neurochemicals listed above, the 1H-MRS profile
yields considerably more information about the neurometabolome. These additional data are
presented in Table 1. In particular, we analyzed the effect of MDMA on choline-containing
compounds, creatine, glutathione, glycerophosphorylcholine (GPC), lactate and taurine. In the
prefrontal cortex, prior exposure to MDMA administration increased taurine (t16=2.92,
P=0.01) and glutathione (t16=2.17, P=0.0459). Glutathione (t15=2.70, P=0.0164) along with
creatine (t15=2.48, P=0.0256) levels were significantly increased in the anterior striatum a week
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after MDMA. In the hippocampus, total cholines were not affected by prior MDMA; however,
resolution of the choline peaks by HR-MAS 1H-MRS revealed a significant increase in
glycerophosphorylcholine (t12=2.78, P=0.0168).

4. Discussion
4.1 Effects of MDMA on putative 1H-MRS markers of brain integrity

MDMA is a ring-substituted amphetamine thought to have neurotoxic effects akin to other
amphetamine analogs like methamphetamine. Multiple studies in animals have found that
repeated MDMA causes enduring disruptive effects on serotonergic activity in particular. For
example, high dose MDMA depletes brain serotonin levels, a finding replicated here (figure
2A), and it reduces SERT levels in non-human primates and rodents (reviewed by (Green et
al., 2003, Gudelsky and Yamamoto, 2008, Ricaurte and McCann, 2001)). In rodents, the 5HT
neurotoxicity may be mediated by reactive oxygen species and reactive nitrogen species, which
are elevated in the immediate period after high dose MDMA (Kuhn and Geddes, 2000, Thomas
et al., 2004, Yamamoto and Raudensky, 2008). PET studies in humans also show reductions
in SERT levels following MDMA use (Buchert et al., 2004, McCann et al., 1998, McCann et
al., 2005); however, the neurotoxic effects of MDMA have not been easy to identify using
other in vivo imaging modalities in humans.

Magnetic resonance spectroscopy, an imaging technique fundamentally similar to magnetic
resonance imaging (MRI), has considerable utility for diagnostic as well as etiological
neurochemistry in a number of brain diseases. One of the major peaks in the 1H-MRS chemical
shift spectrum arises from the methyl protons of N-acetylaspartate (NAA). The metabolic
significance of NAA is not completely understood, however its selective localization to
neuronal mitochondria makes it a candidate marker of neuronal integrity, namely neuronal loss
or dysfunction (Simmons et al., 1991, Urenjak et al., 1993). Capitalizing on its neuronal
localization, reduced NAA has been considered a potential biomarker for several psychiatric
disorders, including major depressive disorder (Sharma et al., 1992) and schizophrenia (Maier
et al., 1995, Sharma et al., 1992); however, attempts to determine if NAA levels are reliable
markers of brain toxicity in former MDMA users show inconsistent results.

Two 1H-MRS studies report reductions in NAA in midfrontal gray matter (Reneman et al.,
2002c, Reneman et al., 2001) of former MDMA users whereas others show no change in NAA
levels in hippocampus, midfrontal and midoccipital gray matter, or right parietal matter (Chang
et al., 1999, Cowan et al., 2007, Daumann et al., 2004, de Win et al., 2008, de Win et al.,
2007, Obergriesser et al., 2001). Given these conflicting observations, coupled with the idea
that the absence of an MDMA effect on NAA does not indicate a benign response of 5HT
containing neurons in humans exposed to MDMA, we sought to determine the 1H-MRS
neurochemical profile in animals with MDMA-induced 5HT neurotoxicity. Preclinical animal
research is scant with only one publication showing MDMA induced decreases in hypothalamic
NAA levels and had no effect in frontal or occipital cortex or caudate putamen of marmoset
monkeys (Meyer et al., 2006).

In attempt to clarify the human studies and to determine in a controlled setting the effects of
MDMA on brain NAA levels, NAA in select brain regions was measured with the hypothesis
that if 1H-MRS can detect discrete loss of 5HT containing neurons or axonal projections, then
decreases in NAA would be observed. In the present study, NAA levels were unchanged in
anterior striatum and hippocampus 7 days after a high dose regimen of MDMA (figure 3). In
fact, prefrontal cortical NAA levels were increased in MDMA treated rats (figure 3A). Given
that NAA levels (as measured by 1H-MRS) correlate tightly with measures of neuronal viability
in vitro in rodent models of neuronal injury (Guimaraes et al., 1995,Strauss et al., 1997),
increased NAA may represent an increase in neuronal (mitochondria-dependent) activity or
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density. The major finding in this study that NAA levels are not decreased under conditions
of MDMA-induced 5HT depletion (figures 2A and 3A) suggests that 1H-MRS assessment of
NAA levels in MDMA users may not be an accurate index of drug-induced neurotoxicity in
5HT axon terminals. It should be emphasized that the lack of effect on NAA was determined
7 days after an acute MDMA exposure whereas potential MDMA-induced damage in patients
has been assessed after an extended period of repeated drug use and variable periods of
abstinence. Since human studies of drug users are fraught with uncontrollable variables such
as polydrug use as well as the dose and period of drug use, reported alterations in the MR-
visible neurochemical profile (e.g. NAA) in MDMA-abusing humans may reflect
neuroadaptations extraneous to MDMA exposure (Cowan et al., 2009). Moreover, our results
suggest caution when interpreting clinical changes in NAA; specifically, the absence of an
NAA effect is not evidence for the absence of neurotoxicity to specific neurons or terminal
axons such as those of the serotonin system. This interpretation is strengthened by considering
the ubiquitous presence of NAA and the relative density of a neuronal subtype in the total
population of neuropil in a particular region of interest. In other words, the volume of 5HT
axon terminals is minimal compared to the total neuronal gray matter in the region of interest;
this disproportionate distribution may limit the ability to detect neurotoxicity in a specific
neuronal subtype (i.e. 5HT terminals).

The clinical effects of MDMA on INS have been studied with 1H-MRS. Histological studies
of inflammatory demylination and stroke show a relationship between 1H-MRS INS and glial
cell activation suggesting that INS is a marker of glial cell scarring (Bitsch et al., 1999, Rumpel
et al., 2003). Chang and colleagues reported increased INS in right parietal white matter of
former MDMA users and suggested that this may reflect glial activation in response to
serotonergic neurotoxicity (Chang et al., 1999). Besides a potential marker of glial density,
INS may also reflect gliosis, microglial activation, or increased glial metabolism as a result of
neurotoxicity (Cowan, 2007). In the present study INS levels were significantly increased in
prefrontal cortex and hippocampus of rats 7 days following repeated MDMA administration
(figures 3A & C). Although NAA was not decreased in the hippocampus, the INS increase,
coupled with decreased 5HT, may indicate an early glial response to hippocampal damage (see
below).

Besides its association with glial function, INS is a synthetic precursor for inositol triphosphate
(IP3) and therefore plays a key role in the availability of phosphatidyl inositol and related signal
transduction cascades. Disruption of signaling pathways linked to IP3 (e.g. 5HT2A receptor)
may contribute to the observed increase in INS. Serotonin 2A receptors may be particularly
vulnerable since they are activated by both extracellular 5HT and MDMA itself; 5HT2A
receptors mediate hallucinogenesis and regulate GLU excitability in the prefrontal cortex
(Lambe and Aghajanian, 2001, 2007, Lambe et al., 2000). In rats, 5HT2A receptor density is
initially decreased then recovers to baseline or greater 7 days following MDMA cessation
(Reneman et al., 2002b). Interestingly, a similar biphasic effect on 5HT2A receptor density is
evident in MDMA users, depending on the extent of abstinence (Reneman et al., 2002b).

Human studies have shown that cholines are not changed as a result of past MDMA use (Chang
et al., 1999, Obergriesser et al., 2001) and the total cholines data shown here are similar (table
1). However, the ability (at 11.7T) to resolve the choline-containing neurochemicals in the
present analysis reveals increased hippocampal GPC in MDMA-exposed animals (table 1).
Since GPC is produced only after phospholipase A2 hydrolysis of phosphatidylcholine as the
first step in the synthesis of inflammatory mediators (e.g. leukotrienes, prostaglandins, and
platelet activating factor), increased GPC may reflect a heightened inflammatory state in the
hippocampus 7 days after MDMA (Aguirre et al., 1999). The anti-oxidant glutathione is also
resolved by high field HR-MAS 1H-MRS and we observed an increase in the prefrontal cortex
and striatum but not hippocampus, after prior MDMA exposure (table 1). The selective
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increases in glutathione suggest a compensatory neuroprotective response in the prefrontal
cortex and anterior striatum but not hippocampus.

4.2 Effects of MDMA on neurotransmitters
As described above the effects of MDMA on monoamine neurotransmitter levels, particularly
5HT, are severe and widespread in the brain (figure 2). Since monoamines modulate the
synaptic efficacy of glutamate and GABA (Sesack and Grace, 2010), it was of interest to
understand how monoamine decrements affect the amino acid transmitters. At high field
strength using HR-MAS 1H-MRS, GLU and GABA and the metabolite GLN are reliably
measureable in intact tissue samples (figure 1).

Glutamate levels were increased in prefrontal cortex, not affected in anterior striatum, and
decreased in the hippocampus of MDMA treated compared to saline treated rats (figure 4). In
the most basic interpretation, changes in 1H-MRS levels of GLU (or GABA) may reflect a
change in their respective nerve terminal density. Additionally, GLU levels may telegraph the
magnitude of GLU neurotransmission, anaplerosis, or GLN-GLU cycling in astrocytes. Since
the GLN-GLU cycle is influenced by astrocyte function (Rothman et al., 2003), the stability
of the GLN/GLU ratio after MDMA treatment suggests that GLU homeostasis is maintained
(table 1). Lactate, alanine, and succinate are TCA cycle precursors and intermediates, and
studies have shown that 1H-MRS lactate levels reflect oxidative metabolism (Saneto et al.,
2008) and 1H-MRS succinate levels are altered in mitochondrial diseases (Bianchi et al.,
2007). Since prior MDMA treatment did not affect these biochemicals (table 1), mitochondrial
homeostasis appears intact and changes in GLU are not likely the result of anaplerotic reactions
that shunt GLU into the TCA cycle by way of α-ketoglutarate. Taken together, the data suggest
that MDMA-induced changes in GLU likely reflect changes in neurotransmission or GLU
neuron density. Further studies are necessary to fully understand how changes in 1H-MRS
GLU levels relate to behavior and cognitive changes associated with former MDMA abuse.

GABA levels were unchanged in prefrontal cortex and anterior striatum; however, similar to
the GLU response, prior exposure to MDMA reduced hippocampal GABA. Although
hippocampal GABA has yet to be measured in human MDMA users, disruption of GABA
innervation (figure 4) may be related to the behavioral deficits associated with MDMA abuse
such as disinhibition and depression (Guillot and Berman, 2007,McCann et al., 1996,Montoya
et al., 2002,Thomasius et al., 2006). For example, major depressive disorder is associated with
lower brain GABA levels, and in patients with depression, the GABA deficit is reversed with
selective-serotonin reuptake inhibitor (SSRI) antidepressant pharmacotherapy (Sanacora et al.,
2000,Sanacora and Saricicek, 2007). As related to neurochemistry, drugs that increase
GABAA receptor channel opening ameliorate the neurotoxic effect of MDMA on hippocampal
5HT, an effect that appears to be related to MDMA-induced hyperthermia (Colado et al.,
2001). Lastly, as suggested by Gao (Gao et al., 2007), who reported decreased hippocampal
GABA in morphine-withdrawn rats, drug-induced alterations in GABA (and GLU) may
represent an adaptive metabolic response. Whether the GABA deficit noted in the present
experiment represents a loss of GABA innervation or enables 5HT neurotoxicity remains to
be determined.

4.3. Limitations and Summary
This study has limitations. First, although NAA and myo-inositol are often considered markers
of neuronal and glial cell integrity, respectively, the physiological role of these compounds is
either extensive (myo-inositol) or not clearly understood (NAA). NAA is localized to
mitochondria within neurons and therefore it is a reasonable marker of neuronal density;
however its role in cellular homeostasis is unknown and levels may change in response to
energy demands. The use of INS as a marker of glial cell integrity and activity is based on
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studies using traditional histological techniques to validate the 1H-MRS findings (Bitsch et al.,
1999, Rumpel et al., 2003); nonetheless, other processes that utilize INS (e.g. a substrate for
PIP2, an osmolyte) conceivably could alter levels of INS. Second and similar to the first
limitation, the ability of the 1H-MRS technique to detect MDMA-induced loss of 5-HT
containing neurons or axonal projections is by inference from the neurochemical profiles. Thus,
it is possible that neuronal function is impaired in the absence of neuronal loss. Third, MDMA-
induced hyperthermia was not measured nor was core body temperature adjusted during drug
treatment. Thus, potential inter-individual differences in core body temperature were not
corrected or weighted in the analysis, and comparisons to other studies (with similar dosing
regimens but higher or lower ambient temperature) is limited. Finally the statistical analysis
does not include a correction for multiple comparisons across neurochemicals; therefore the
potential for Type I error is acknowledged.

Seven days after a neurotoxic dose of MDMA, NAA levels were not reduced compared to
saline treated controls suggesting that NAA, thought to be localized to neurons, may not be a
suitable biomarker for loss of 5HT projections. However, 1H-MRS analysis revealed persistent
alterations in other neurotransmitter systems that may relate to the negative behavioral effects
of MDMA abuse. In this regard, the hippocampus shows a 1H-MRS pattern suggestive of a
particular vulnerability to MDMA insult. Although NAA was unchanged, 5HT, GLU, and
GABA were decreased while INS and GPC were increased in this brain region, a pattern of
changes consistent with hippocampal vulnerability to MDMA (Kindlundh-Hogberg et al.,
2008).

Amino acid neurotransmitters (measured by 1H-MRS) were altered in the rat medial prefrontal
cortex and the hippocampus, but not anterior striatum. These neurochemical alterations may
be associated with the behavioral effects of MDMA and the functional neuroanatomy governed
by these brain regions. For example, levels of striatal GLU or GABA are unchanged by prior
MDMA exposure, consistent with the reduced reinforcement property of MDMA (De La Garza
et al., 2007). On the other hand, MDMA significantly alters GLU levels in prefrontal cortex
and hippocampus and it is well established that MDMA affects cortical and hippocampal-
dependent behaviors including impulsivity and long-term memory deficits (Morgan et al.,
2006, Thomasius et al., 2005). The mechanism by which MDMA alters amino acid
neurotransmitter levels, as well as the functional implications of these adaptations is the focus
of ongoing investigations.
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Figure 1. Representative 1H-MRS spectrum
from the hippocampus of an MDMA treated Sprague-Dawley rat (raw data) as well as the full
LC Model fit and LC Model fits for N-acetylaspartate (NAA), myo-inositol (INS), gamma-
aminobutyric acid (GABA), glutamate (GLU), and glutamine (GLN).
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Figure 2. Effects of MDMA on monoamine neurotransmitter levels
The effects of MDMA administration on rat striatal and hippocampal levels of serotonin (A),
dopamine (B) and norepinephrine (C) were determined seven days after repeated injection (IP
every 2 hours, 4 injections). Sample sizes (N) were 9 rats per group, except for anterior striatum
dopamine where saline=7 and MDMA=8. Data are shown as mean ± standard error of the
mean. Data were analyzed by independent t-test (*P<0.05, **P<0.01, and ***P<0.001 for
saline versus MDMA).
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Figure 3. Effects of MDMA on 1H-MRS markers of neuron and glial cell integrity
The effects of MDMA administration on N-acetylaspartate (NAA) and myo-inositol (INS) were
determined seven days after repeated injection (IP every 2 hours, 4 injections) by 1H-MRS
analysis in the prefrontal cortex (A), anterior striatum (B), and hippocampus (C) of rats. Sample
sizes (N) were 9 rats per group, except for prefrontal cortex NAA where N=8 for saline and
MDMA, prefrontal cortex INS where saline=8, anterior striatum NAA and INS where saline=8,
and hippocampus INS where saline=8. Data are shown as mean ± standard error of the mean.
Data were analyzed by independent t-test (*P<0.05 and **P<0.01 for saline versus MDMA).
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Figure 4. Effects of MDMA on the major excitatory and major inhibitory amino acid
neurotransmitters in the brain
The effects of MDMA administration on glutamate and GABA were determined seven days
after repeated injection (IP every 2 hours, 4 injections) by 1H-MRS analysis in the prefrontal
cortex (A and B), anterior striatum (C and D), and hippocampus (E and F) of rats. Sample
sizes (N) were 9 rats per group, except for (A) and (B) where N=8 for saline and (E) where
N=8 for saline and MDMA. Data are shown as mean ± standard error of the mean. Data were
analyzed by independent t-test (*P<0.05 for saline versus MDMA).
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