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Abbreviations

5-HIAA 5-Hydroxyindoleacetic acid
5-HT 5-Hydroxytryptamine (serotonin)
COX Cyclooxygenase

DAT Dopamine transporter

FLX Fluoxetine

GABA Gamma-aminobutyric acid
GADG67 Glutamate decarboxylase 67
GFAP Glial fibrillary acidic protein
METH Methamphetamine

MDMA 3.,4-Methylenedioxymethamphetamine
SERT Serotonin transporter

SSRI Selective serotonin reuptake inhibitor
X, Cystine-glutamate antiporter

INTRODUCTION

(+/-) 3,4-methylenedioxymethamphetamine (MDMA; ecstasy) is a
ring-substituted methamphetamine (METH) derivative and a com-
mon drug of abuse (Figure 1). MDMA elicits subjective effects in
abusers including euphoria, increased empathy, and psychotropic
alterations via its unique stimulation of neurotransmitter release
(Gudelsky & Yamamoto, 2008). It has been well-established that
MDMA binds the serotonin transporter (SERT) with high affinity,
inhibiting and reversing its function, leading to the rapid release of
high levels of serotonin (5-HT) into the synapse (Kuczenski, Segal,
Cho, & Melega, 1995). MDMA has a similar, but lesser, effect on
the dopamine (DAT) and norepinephrine transporters (Kuczenski
etal., 1995), and has also been shown to promote the release of the
neurotransmitter acetylcholine in a mechanism secondary to the
release of 5-HT and dopamine (Nair & Gudelsky, 2006).

A well-documented, long-term effect of MDMA in the brain
is a significant reduction in biochemical markers for 5-HT axon
terminals, as evidenced by reductions in the tissue concentration
of 5-HT and its metabolites, SERT protein levels, and immunore-
activity of the 5-HT nerve terminals across multiple brain regions,
including the striatum, cortex, and hippocampus (Yamamoto
& Raudensky, 2008). These findings have been reproduced in a
number of species, including rats, nonhuman primates, and human

abusers of the drug (Yamamoto & Raudensky, 2008), while in the
mouse this toxicity is directed toward dopaminergic rather than
serotonergic nerve terminals (Logan, Laverty, Sanderson, & Yee,
1988). This serotonergic toxicity has been found to persist for
prolonged durations; although there is evidence of recovery in the
cortex of rats at 24 weeks following MDMA exposure, depletion is
still evident in the hippocampus (Adori et al., 2010). In a study of
nonhuman primate MDMA exposure, Ricaurte, Martello, Katz, and
Martello (1992) found that most brain regions examined exhibited
depletions in 5-HT and its metabolite, 5S-hydroxyindoleacetic acid,
18 months following drug administration. Abnormally high 5-HT
levels indicated a hyperinnervation of the few brain regions that
showed recovery at 18 months, suggesting that any recovery that
may occur following MDMA may be functionally compromised.

Evidence for the persistence of MDMA 5-HT toxicity in
humans is less consistent, as some studies document recovery in
SERT levels shortly following abstinence (Erritzoe et al., 2011;
Selvaraj et al., 2009; Thomasius et al., 2006), while other stud-
ies report elevated expression of 5-HT,, receptors in the cortex
persisting up to two years following the last exposure to MDMA
(Benningfield & Cowan, 2013; Di Iorio et al., 2012). It was
proposed in these studies that the elevated expression levels of
postsynaptic 5-HT,4 receptors reflect chronically reduced 5-HT
release. Such long-term decreases in serotonergic activity are
thought to underlie persistent mood alterations observed in former
users of MDMA, including depression and anxiety (Thomasius
et al., 2006).

§ N
CHjy » CHs

Methamphetamine 3,4-Methylenedioxymethamphetamine
(MDMA)

FIGURE 1 The comparative structures of methamphetamine and
MDMA. Methamphetamine (left) has a methyl group bound to the amine
of its precursor, amphetamine. In addition to the methyl group, MDMA
(right) contains a methylenedioxy side chain at the third and fourth carbons
of the benzene ring. These structural differences impart a unique binding
and toxicity profile to each compound.
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MECHANISMS OF MDMA 5-HT TOXICITY

The mechanism underlying MDMA-induced 5-HT toxicity is
thought to primarily involve oxidative stress. MDMA is known to
generate reactive oxygen and nitrogen species in the brain regions
in which toxicity has been observed (Yamamoto & Raudensky,
2008). These oxidative species are thought to result, in part, from
the abnormal uptake of dopamine into 5-HT terminals due to the
alteration in SERT function induced by MDMA, as both pharma-
cological depletion of dopamine and blockade of its release was
shown by Stone, Johnson, Hanson, and Gibb (1988) to attenuate
the depletion of 5-HT evoked by MDMA. It was proposed in the
same study that dopamine undergoes autooxidation to generate
reactive oxygen and quinone species, which promote protein and
lipid peroxidation in nerve terminals. In support of this hypoth-
esis, multiple studies have demonstrated that the administration
of antioxidants, such as ascorbic acid and cysteine, provide neu-
roprotection against the depletion of 5-HT evoked by MDMA
administration in rodents (Gudelsky, 1996; Shankaran, Yamamoto,
& Gudelsky, 2001). Alternatively, thioether metabolites of MDMA
itself may function as reactive neurotoxicants (Monks, Jones, Bai,
& Lau, 2004). For a more detailed mechanistic discussion of
oxidative damage and MDMA serotonergic toxicity refer to the
review by Yamamoto and Raudensky (2008).

MDMA AND GAMMA-AMINOBUTYRIC
ACID TOXICITY

The reduction in markers of 5-HT have been interpreted as a loss
of fine 5-HT axonal projections (axotomy), while the cell bod-
ies of 5-HT neurons themselves have been thought to be spared
(Gudelsky & Yamamoto, 2003). However, studies support the
view that MDMA produces toxicity toward cell bodies of neurons
in selective brain regions. Capela et al. (2013; 2007) reported cell
death in rat cortical and hippocampal neuron cultures following
MDMA exposure. In addition, Schmued (2003) demonstrated cell
death in the rat forebrain utilizing Fluoro-Jade B staining, while
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Soleimani Asl et al. (2012) reported increased bax and decreased
bcl-2 gene expression patterns in the rat hippocampus following
MDMA exposure in vivo, indicating an increase in neuronal apop-
totic signal. Additionally, MDMA-mediated increases in the apop-
totic markers caspase-3 and calpain-1 have been demonstrated in
rat cortical and hippocampal tissue (Wang et al., 2009; Warren
et al., 2007). Further work has shown other indicators of apoptotic
activation in the rat forebrain subsequent to MDMA exposure,
including increased TUNEL staining and cytochrome C release
(Wang et al., 2009).

Despite the aforementioned evidence indicative of MDMA-
induced cell loss, there are relatively few studies that have
addressed the specific neuronal populations impacted by repeated
exposure to MDMA. Data are supportive of the view that MDMA -
induced neurotoxicity extends beyond 5-HT axon terminals to
gamma-aminobutyric acid (GABA) neurons in the hippocam-
pus. Perrine et al. (2010) reported that the concentration of the
inhibitory neurotransmitter GABA was decreased in the rat hip-
pocampus following MDMA administration. In addition, a binge
regimen of MDMA has been shown to significantly reduce the
number of parvalbumin-positive GABA neurons in the dentate
gyrus of the hippocampus (see Figure 2) (Anneken, Cunningham,
Collins, Yamamoto, & Gudelsky, 2013). Moreover, repeated
MDMA treatment has been shown to reduce glutamate decar-
boxylase 67 (GAD67) mRNA within the hippocampus (Kyser
et al., 2011), as well as the number of GAD67-positive neurons
within this brain region (Anneken, Huff, et al., 2013). Evidence
of MDMA-induced deficits in hippocampal GABA neurons is not
limited to rodent studies. Human abusers of MDMA also exhibit
an impairment in GABA interneuron signaling in the hippocam-
pus (Jacobsen, Mencl, Pugh, Skudlarski, & Krystal, 2004). Inas-
much as the hippocampus is a critical brain region for cognitive
function, an understanding of MDMA-induced damage to neuro-
nal populations within this structure may provide an insight into
the neurochemical abnormalities underlying cognitive impairment
in human abusers of MDMA. These implications will be discussed
later in this chapter.
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FIGURE 2 MDMA decreases the number of parvalbumin-positive GABA neurons in the rat dentate gyrus. Administration of a binge regimen of
MDMA (4 x 10mg/kg given every 2h) evoked a significant decrease in the number of parvalbumin-positive GABA neurons in the dentate gyrus of adult
male rats. This effect was not observed in either the CA1 or CA3 regions in the same animals. N =6 animals/group, +/— SEM.
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Although the mechanisms underlying the MDMA-induced
damage to hippocampal GABA neurons remain to be conclusively
addressed, evidence suggests the involvement of 5-HT, receptors
and neuroinflammatory processes. Anneken, Huff, et al. (2013)
reported that the 5-HT,, antagonist MDL100907 prevented the
MDMA-induced reduction in parvalbumin-positive GABA neu-
rons in the hippocampus. In addition, the MDMA-induced reduc-
tion of hippocampal GABA neurons was shown by these authors
to be diminished in rats treated with the nonselective cyclooxy-
genase (COX) inhibitor ketoprofen; however, the MDMA-induced
depletion of hippocampal 5-HT was not prevented by ketoprofen
administration. Hence, neuroinflammatory processes, particularly
those involving COX, appear to contribute to MDMA-induced
GABAergic, but not serotonergic, neurotoxicity.

Previous studies also have provided evidence to support a
role of neuroinflammation in neurotoxicity elicited by amphet-
amine analogues. Kuhn, Francescutti-Verbeem, and Thomas
(2006) have described a role for dopamine quinones in dopami-
nergic and serotonergic toxicity wherein microglia are activated
by these toxicants to promote the formation of inflammatory
cytokines. Indeed, treatment with METH or MDMA results in an
activation of microglia (Escubedo et al., 1998; Kuhn et al., 2006;
Orio et al., 2004). Activated microglia are generally believed to
promote the secretion of a variety of reactive species, includ-
ing cytokines, prostaglandins, and nitric oxide, that are potential
neurotoxicants (Hanisch, 2002). Additional evidence support-
ing a role for microglia in amphetamine toxicities is the finding
that minocycline, an inhibitor of microglial activation, prevents
MDMA-induced 5-HT neurotoxicity (Orio et al., 2010; Zhang,
Shirayama, Shimizu, Iyo, & Hashimoto, 2006).

The neuroinflammatory processes that contribute to amphet-
amine neurotoxicity may include an increased generation of cyto-
kines. METH and MDMA increase the expression of cytokines
such as IL-6, TNF-a, and IL-1p (Goncalves et al., 2008; Orio
et al., 2010). Inhibition of MDMA-induced NFKf activity and
subsequent IL-1f formation reduces MDMA-induced 5-HT neu-
rotoxicity (Orio et al., 2010).

Microglia activation also may be linked to an increased activity
of COX, which may generate mediators of neurotoxicity. COX-2
activity was described as an obligatory factor in METH-induced
dopamine neurotoxicity (Thomas & Kuhn, 2005). METH-induced
dopamine toxicity is greatly diminished by ketoprofen, a non-
selective inhibitor of COX, as well as in COX-2 knockout mice
(Asanuma, Tsuji, Miyazaki, Miyoshi, & Ogawa, 2003; Thomas
& Kuhn, 2005).

One mechanism whereby cytokines or COX-derived pros-
tanoids may contribute to MDMA-induced neurotoxicity is
through an enhancement of glutamate-mediated neurotoxicity.
Zou and Crews (2005) demonstrated that TNF-a suppressed gluta-
mate uptake, thereby promoting glutamate neurotoxicity. In addi-
tion, prostaglandins have been shown under in vitro and in vivo
conditions to increase extracellular concentrations of glutamate
(Anneken, Cunningham, et al., 2013; Bezzi et al., 1998).

MDMA AND HIPPOCAMPAL GLUTAMATE

It is well documented that MDMA produces a rapid and relatively
short-lived (e.g., 2-3h) increase in the extracellular concentra-
tions of dopamine and 5-HT in multiple brain regions such as

striatum, prefrontal cortex, hippocampus, and nucleus accumbens.
Although the release of dopamine and 5-HT evoked by MDMA is
thought to involve reversal of the dopamine and 5-HT transporters,
respectively, activation of 5-HT,4,c or 5-HT,p,c receptors by 5-HT
is also thought to contribute to the magnitude of the evoked dopa-
mine release (see Gudelsky & Yamamoto, 2008). Furthermore,
acute MDMA treatment results in a rapid increase in the extra-
cellular concentration of acetylcholine in the striatum, prefrontal
cortex, and hippocampus that is relatively longer in duration (e.g.,
approximately 4h) compared with the effects on dopamine and
5-HT release (see Gudelsky & Yamamoto, 2008).

Studies have documented the effects of MDMA on the
extracellular concentration of glutamate. Although MDMA was
shown to be ineffective in altering glutamate release in the stria-
tum (Nash & Yamamoto, 1992), findings illustrate a stimulatory
effect of MDMA on hippocampal glutamate release. In contrast
to the stimulatory effect of a single injection of MDMA on extra-
cellular dopamine, acetylcholine, and 5-HT, a single injection of
MDMA does not alter extracellular glutamate in the hippocampus.
However, the repeated administration of MDMA at 2h intervals
(binge regimen) results in a delayed and sustained increase in the
extracellular concentration of extracellular glutamate in the dorsal
hippocampus (Anneken & Gudelsky, 2012). A similar treatment
regimen of METH has also been shown to elevate hippocampal
glutamate release (Tata & Yamamoto, 2008). In addition, the effect
of MDMA on extracellular glutamate appears to be relatively spe-
cific for the hippocampus, inasmuch as binge regimen MDMA
treatment does not alter glutamate release in the striatum or pre-
frontal cortex (Anneken & Gudelsky, 2012). Hence, the temporal
pattern of increase in extracellular glutamate elicited by MDMA,
as well as pattern of brain regions in which this increase occurs,
differs considerably from that for the elevation of dopamine, 5-HT,
and acetylcholine (see Figure 3).

The release of hippocampal glutamate evoked by MDMA
appears to be secondary to the increased release of 5-HT and the
subsequent activation of 5-HT,,,c receptors. This contention is
based on the observations that both fluoxetine and the 5-HT,,,c
inhibitor ketanserin attenuate the stimulatory effect of MDMA
on extracellular glutamate in the hippocampus (see Figure 4)
(Anneken & Gudelsky, 2012). Although the neuronal circuitry
involved in the hippocampal glutamate response to MDMA is
unknown, it appears to involve a local effect of MDMA within
the hippocampus. The exact nature of the involvement of 5-HT,
receptors in mediating MDMA-induced glutamate release
remains to be determined. However, it is known that 5-HT,
receptor activation activates phospholipase A2 to promote the
formation of arachidonic acid in astrocytes and that increased
arachidonic acid concentrations can drive prostaglandin forma-
tion via COX (Mackowiak et al., 2002). Importantly, prostaglan-
dins have been shown to stimulate glial glutamate release (Bezzi
et al., 1998).

A role for COX in the mechanism underlying MDMA-stim-
ulated glutamate release in the hippocampus has been proposed
based on the finding that ketoprofen and the selective COX-2
inhibitor nimesulide prevent MDMA-induced hippocampal gluta-
mate release (see Figure 4) (Anneken, Cunningham, et al., 2013).
Thus, neuroinflammatory processes, as well as 5-HT, receptor
activation, contribute to the mechanisms underlying the stimula-
tory effect of MDMA on hippocampal glutamate release.
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FIGURE 3 Extracellular concentrations of neurotransmitters in the
rat hippocampus following MDMA administration. In the top panel,
administration of a single dose of MDMA (10mg/kg) to adult male rats
elicits an increase in extracellular serotonin (5-HT) and dopamine (DA)
in the hippocampus. In the bottom panel, administration of MDMA as a
single dose (ACh data) or as a binge regimen (3x 10mg/kg given every
2h; GLU data) elicits an increase in extracellular concentration of ace-
tylcholine and glutamate, respectively. Data are presented as percent of a
baseline value determined by averaging the three samples prior to MDMA
administration. N=6-9 animals/group, +/— SEM.

Although a causal relationship between MDMA-induced glu-
tamate release and hippocampal GABA cell damage has not been
established, several findings are supportive of this hypothesis. First,
hippocampal parvalbumin-positive GABA neurons express group
I metabotropic receptors (Kerner, Standaert, Penney, Young, &
Landwehrmeyer, 1997), as well as alpha-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA) glutamate receptors
enriched in the GIuR3 receptor subunit (Moga et al., 2003). These
receptor subtypes are known to render neurons vulnerable to
glutamate excitotoxicity. Secondly, blockade of 5-HT, receptors
diminishes MDMA-stimulated glutamate release and MDMA-
induced reductions in parvalbumin-positive GABA neurons.
Finally, inhibition of COX also prevents both the MDMA-induced
increase in glutamate release and the reduction in hippocampal
GABA neurons (Anneken, Cunningham, et al., 2013; Anneken,
Huff, et al., 2013). A hypothetical model that incorporates
5-HT, receptors, neuroinflammatory processes, and glutamate in
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FIGURE 4 Administration of ketoprofen or ketanserin attenuates
the MDMA-evoked increase in extracellular hippocampal glutamate.
Adult male rats were given either the nonsteroidal anti-inflammatory
drug ketoprofen (3x5mg/kg, s.c.) or the 5-HT,,,c inhibitor ketanserin
(2x3mg/kg, intraperitoneally (i.p.)) or vehicle (Veh), along with MDMA
(2x 10mg/kg, i.p., 2h apart). Extracellular hippocampal glutamate, deter-
mined by microdialysis, is represented as a percentage of baseline levels
on the graph, +/— SEM. #, * indicates a significant (p<0.05) difference
from vehicle+ MDMA animals.

MDMA-induced GABA neurotoxicity in the hippocampus is pre-
sented in Figure 5. MDMA-induced glutamate release may result
from increased 5-HT release and activation of 5-HT, receptors,
leading to activation of COX, a subsequent prostaglandin-medi-
ated release of glial glutamate and excitotoxicity. An additional
mechanism underlying MDMA-induced glutamate release and
excitotoxicity of hippocampal GABA neurons may involve the
induction of oxidative stress and nitric oxide production, reduc-
tion of endogenous antioxidants (e.g., glutathione), and subse-
quent activation of cystine—glutamate antiporter (system X ) and
increased efflux of glial glutamate.

POTENTIAL CONSEQUENCES OF MDMA
GABA TOXICITY

The functional implications of the reduction in GABA neurons
following MDMA administration remain to be investigated. The
hippocampus has been implicated in the cognitive dysfunction
observed in both rats (Able, Gudelsky, Vorhees, & Williams, 2006
Piper & Meyer, 2004; Skelton et al., 2008) and human abusers
of MDMA (den Hollander et al., 2012; Thomasius et al., 2006;
Wagner, Becker, Koester, Gouzoulis-Mayfrank, & Daumann,
2013). A study by Jacobsen et al. (2004) provided preliminary evi-
dence that the GABA interneurons that comprise the inhibitory
circuits of the hippocampus are impaired in MDMA users, and
as a result, it was proposed that this may underlie the cognitive
dysfunction observed in the same human subjects. In support of
that interpretation, den Hollander et al. (2012) reported a decrease
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FIGURE 5 Proposed integrated model of MDMA-induced gluta-
mate release and GABAergic toxicity. In this model, it is proposed that
MDMA increases extracellular glutamate through two potential mecha-
nisms and ultimately promotes excitotoxicity to hippocampal GABA
neurons. First, stimulation of 5-HT,4,c receptors by the MDMA-induced
release of 5-HT promotes increased COX activity leading to the production
of prostaglandins and other proinflammatory signals which may directly
stimulate astrocytic glutamate release or increase the activity of system
XC_. Second, depletion of GSH following an MDMA-evoked increase in
nitric oxide (NO) or hydroxyl radical formation could also drive XC_ func-
tion and lead to increased glutamate release. It is proposed that the elevated
concentration of extracellular hippocampal glutamate activates ionotropic
NMDA and AMPA receptors on GABA neurons in the dentate gyrus, ulti-
mately leading to excitotoxic cell death.

in hippocampal volume in MDMA users compared with control,
consistent with neuronal loss.

Alterations in the inhibitory input in the hippocampus could
disrupt learning and memory. Cognitive impairments have been
reported by Morellini et al. (2010) in transgenic mice with altera-
tions to the balance of inhibitory and excitatory signaling due to an
excess of GABA neurons. These mice display impairments in syn-
aptic plasticity and long-term potentiation, particularly in the den-
tate gyrus. The increase in inhibitory signaling was found to alter
animal performance in the Morris water maze, improving reversal
learning. Based on this study, it is tempting to speculate that a
reduction in dentate gyrus inhibitory signaling, such as would be
expected following the MDMA-evoked loss of GABA neurons,
would impair maze learning and potentially underlie verbal mem-
ory deficits in human users.

Another functional implication of the MDMA-evoked loss of
hippocampal GABA neurons may be an increased vulnerability
to seizures. Clinically, one of the most common acute complica-
tions resulting from MDMA use is the onset of seizures, but it
has not been determined if the drug predisposes former users to
chronic seizures (Brown, Dunne, Fatovich, Lee, & Lawn, 2011).
Interestingly, mice exposed to a binge regimen of MDMA exhibit

long-lasting alterations in electroencephalogram signals com-
pared to saline-treated animals (Giorgi et al., 2005). Moreover,
MDMA-treated animals are hypersensitive to the proconvulsant
effects of the glutamate receptor agonist kainic acid. At both 2
and 8 weeks following exposure to MDMA, low, normally non-
convulsant doses of kainic acid were shown to elicit significant
seizure activity in drug-treated mice compare to saline controls.
This group of investigators also provided evidence of neuronal
hyperexcitability in the hippocampus of MDMA-treated ani-
mals, consistent with an impairment in GABA signaling (Fren-
zilli et al., 2007). These findings support the hypothesis that the
MDMA-evoked loss of GABA interneurons in the hippocampus
results in a loss of inhibition and may predispose subjects to sei-
zure activity.

CONCLUSION

In conclusion, this review highlights findings that suggest a new
target and mechanism for MDMA neurotoxicity. Beyond the well-
documented induction of oxidative/bioenergetics stress produced
by MDMA and the accompanying reduction in biochemical mark-
ers of 5-HT axon terminals (Table 1), studies suggest that MDMA
damages neuronal cell bodies in selected brain regions. Indeed,
repeated exposure to MDMA reduces markers for GABA neurons
within the hippocampus. MDMA also produces a delayed, sus-
tained, and selective increase in the extracellular concentration of
glutamate in the hippocampus that may promote excitotoxic dam-
age to vulnerable GABA neurons within this brain region (Table 1).
These novel effects of MDMA within the hippocampus involve
activation of 5-HT, receptors and neuroinflammatory processes
(e.g., COX) that may act in concert to promote glial glutamate
release. It remains to be determined whether glutamate-mediated
excitotoxicity to GABA neurons within the hippocampus contrib-
utes to the cognitive impairment or altered seizure vulnerability
that accompanies repeated exposure to MDMA.

APPLICATIONS TO OTHER ADDICTIONS
AND SUBSTANCE MISUSE

MDMA is a member of the amphetamine derivative class of drugs
and, along with amphetamine and METH, illustrates the impact
small changes in the structure of designer drugs can have on the
effects these drugs have in the brain. Amphetamine is the most
basic member of this class of drugs and has a very high binding
affinity for the DAT, evoking a large release of dopamine through
this transporter. Adding a methyl group to the amine of amphet-
amine produces METH, which has a roughly equivalent affinity
for the DAT and SERT. As a result, METH releases a high amount
of both 5-HT and dopamine and elicits unique subjective effects
and toxicity on abusers. MDMA contains a methoxy group added
to the benzene ring of METH, imparting a higher affinity for the
SERT, a release of more 5-HT compared with dopamine, and con-
sequently, its own unique subjective effects and toxicity. The near-
endless chemical variations that can be made to the amphetamines
present a particularly difficult challenge to drug enforcement pol-
icy, as the ongoing generation of new compounds, e.g., the newer
“bath salts,” can create functionally unique and potentially dan-
gerous drugs of abuse.



TABLE 1 Mechanisms of MDMA Neurotoxicity

Mechanism Evidence

Oxidative stress MDMA increases oxidative species

5-HT neuroprotection afforded by free radical

spin-trapping agents and antioxidants

Bioenergetic stress Altered glucose metabolism

Decreased ATP production

5-HT neuroprotection afforded by energy supplementation

Glutamate
excitotoxicity

GADG67 in the hippocampus

GABA neuroprotection provided by drugs which also

blunt MDMA glutamate release

Inflammation Increased microglial activation

5-HT and GABA neuroprotection afforded by

anti-inflammatory drugs

Increased extracellular glutamate in the hippocampus

Reductions in excitotoxic-sensitive GABA neurons,
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Sources

Shankaran, Yamamoto, and Gudelsky (1999)
and Sprague and Nichols (1995)

Colado and Green (1995), Gudelsky (1996),
and Shankaran et al. (2001)

Darvesh, Shankaran, and Gudelsky (2002)
and Quate, McBean, Ritchie, Olverman, and
Kelly (2004)

Darvesh and Gudelsky (2005)
Darvesh and Gudelsky (2005)
Anneken and Gudelsky (2012)

Anneken, Cunningham, et al. (2013) and
Anneken, Huff, et al. (2013)

Anneken, Cunningham, et al. (2013) and
Anneken, Huff, et al. (2013)

Orio et al. (2004)

Anneken, Cunningham, et al. (2013), Orio
et al. (2010), and Zhang et al. (2006)

Listed above are both the classic (bioenergetic and oxidative stress) and emerging (glutamate and inflammation) mechanisms thought to underlie MDMA

neurotoxicity.

DEFINITION OF TERMS

Cyclooxygenase It is an enzyme that produces proinflammatory medi-
ators such as prostaglandins and thromboxanes. It is expressed as
two major isoforms: COX-1, which is constitutively expressed; and
COX-2, which is an inducible form.

Dopamine It is a neurotransmitter released by MDMA through its
binding to the DAT. Dopamine promotes the elevated mood and
hyperlocomotion experienced by MDMA users.

Excitotoxicity It is a neurotoxic process induced by the overstimula-
tion of NMDA and AMPA glutamate receptors on postsynaptic neu-
rons. The resulting influx of calcium ions both activates apoptotic
signaling and promotes necrotic cell damage, ultimately leading to
the death of the neuron.

GABA 1t is the primary inhibitory neurotransmitter in the brain.
GABA neurons in the hippocampus are reduced following repeated
MDMA exposure.

Glutamate It is the primary excitatory neurotransmitter in the brain.
It is released by MDMA in a delayed, 5-HT- and inflammation-
dependent manner.

Hippocampus It is a brain region critical for the formation and reten-
tion of memory. It is impacted by both serotonergic and GABAergic
MDMA neurotoxicity.

MDMA 1t is a ring-substituted amphetamine derivative abused for its
subjective effects on the user, including increased feelings of empa-
thy and psychotropic hallucinations. These effects are mediated
primarily by the release of 5-HT and dopamine. MDMA is toxic
to 5-HT but not dopamine nerve terminals, and also elicits a toxic
effect on GABA neurons.

Methamphetamine It is a commonly abused amphetamine derivative.
This substance is highly addictive and promotes psychostimulant

effects through the release of 5-HT and dopamine. METH also elic-
its serotonergic and dopaminergic neurotoxicity.

Microdialysis It is an experimental approach utilizing surgically
implanted dialysis probes that allows the sampling of neurotrans-
mitter levels in the awake, freely moving rat/mouse.

Serotonin It is a neurotransmitter released by MDMA through its bind-
ing to the serotonin reuptake transporter. 5-HT mediates the psy-
chotropic effects felt by MDMA users. Neurotoxicity mediated by
MDMA impacts 5-HT neurons throughout the forebrain.

Serotonin reuptake transporter SERT is a protein expressed on neu-
rons which actively transports 5-HT from the synaptic cleft back
into the cell for reuse or metabolism. It is the primary binding site
for MDMA in the brain.

KEY FACTS ABOUT MDMA ABUSE

e In 2013, it was estimated that between 5 and 13% of the popula-
tion in the United States has tried MDMA in their lifetime. The
great majority of those users are teenagers and young adults.

e MDMA is typically ingested orally as a pill or tablet and is
most often taken during “rave” dance parties. Heavy users of
MDMA will often stack several doses to prolong the effects of
the drug.

e The most common acute side effect of MDMA intoxication is
hyperthermia, which in extreme cases can be fatal.

e Negative long-term effects in MDMA users are thought to
include depression, anxiety, and cognitive impairment.

e Despite its classification as a Schedule 1 drug, studies inves-
tigating its usefulness as an adjunct in psychotherapy have
shown promising results in the treatment of anxiety disorders
and posttraumatic stress disorder.
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SUMMARY POINTS

e MDMA is known to elicit an acute release of 5-HT, dopa-
mine, acetylcholine, and norepinephrine across multiple brain
regions, as well as glutamate specifically in the hippocampus.

o The release of hippocampal glutamate has been shown to
be dependent upon serotonergic and neuroinflammatory
mechanisms.

e MDMA elicits a persistent depletion of serotonergic markers
across multiple brain regions, resulting primarily from oxida-
tive stress.

e A novel reduction in GABA interneurons has been observed
specifically in the hippocampus.

e Pharmacological blockade of 5-HT}, receptors and inflamma-
tory mediators prevents MDMA-evoked glutamate release and
the reduction in GABA neurons, indicating that glutamate
excitotoxicity may underlie the observed GABA toxicity.

e The observed loss of GABA interneurons could provide a
mechanism for the cognitive impairments and increased sei-
zure vulnerability observed following MDMA exposure.
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