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Neurotoxicity of methylenedioxyamphetamines
(MDMA; ecstasy) in humans: how strong is the evidence
for persistent brain damage?

E. Gouzoulis-Mayfrank & ]J. Daumann

Department of Psychiatry and Psychotherapy, University of Cologne, Germany

ABSTRACT

Background The popular dance drug ecstasy (3,4-methylenedioxymethamphetamine: MDMA and some analogues)
causes selective and persistent neurotoxic damage of central serotonergic neurones in laboratory animals. Serotonin
plays a role in numerous functional systems in the central nervous system (CNS). Consequently, various abnormalities
including psychiatric, vegetative, neuroendocrine and cognitive disorders could be expected in humans following
MDMA-induced neurotoxic brain damage. Aims In recent years, the question of ecstasy-induced neurotoxicity and
possible functional sequelae has been addressed in several studies with drug users. The aim of this paper was to review
this literature and weigh the strength of the evidence for persistent brain damage in ecstasy users. Methods We
used Medline to view all available publications on ‘ecstasy’ or ‘MDMA'. All available studies dealing with ecstasy users
entered this analysis. Findings and conclusions Despite large methodological problems the bulk of evidence suggests
residual alterations of serotonergic transmission in MDMA users, although at least partial restitution may occur after
long-term abstinence. However, functional sequelae may persist even after longer periods of abstinence. To date, the
most consistent findings associate subtle cognitive, particularly memory, impairments with heavy ecstasy use. How-
ever, the evidence cannot be considered definite and the issues of possible pre-existing traits or the effects of polydrug
use are not resolved. Recommendations Questions about the neurotoxic effects of ecstasy on the brain remain highly
topical in light of its popularity among young people. More longitudinal and prospective studies are clearly needed in
order to obtain a better understanding of the possible long-term sequelae of ecstasy use in humans.
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INTRODUCTION

The ring-substituted amphetamine derivative 3,4-
methylenedioxymethamphetamine (MDMA) is a popular
recreational drug best known by its street name, ecstasy.
MDMA and some analogues are used mainly by young
people aged 18-30 years and are particularly popular
among visitors of raves and disco clubs. In recent epide-
miological surveys in Europe and the United states 4.7—
13% of young adults reported use of MDMA at least once
in their life-time with evidence of abuse of or dependence
on MDMA in 15-20% of these users (e.g. [1-4]). The
prevalence of MDMA use among ravers was found to be
as high as 50% or even 80% [ 5,6]. Estimates suggest that
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in the United Kingdom alone 500 000 young people take
ecstasy every weekend [2].

An ecstasy tablet will usually contain 70-120 mg of
MDMA, but sometimes the concentration is higher or
lower. Occasionally tablets will contain similarly acting
analogues such as 3,4-methylenedioxyamphetamine
(MDA) and  3,4-methylenedioxyethylamphetamine
(MDEA), or stimulant amphetamines, and more rarely
substances from different classes [7]. The psychological
effects of MDMA and its congerers MDA and MDEA last
about 3-5 hours and include relaxation, euphoria, less-
ening of anxiety, feelings of closeness to and empathy for
other people, and openness to communication. This psy-
chological profile has been called ‘entactogenic’, a term
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which derives from the Latin root tactus (touch) and the
Greek roots en (inside) and general (to produce) and has
the connotation of ‘inducing a feeling of touch with the
world within” [8]. Due to these entactogenic effects
MDMA has been considered as a possible adjunct to psy-
chotherapy, because it could help to overcome anxiety
and defence mechanisms and could therefore enhance or
speed up the therapeutic process [8,9]. However, MDMA
and the other ‘entactogens’ (MDA and MDEA) also have
stimulant-like effects and this aspect is likely to be the
driver for their widespread use in the dance scene. Finally,
they also alter perception and may occasionally induce
marked hallucinogenic effects [10]. Thus, the psychotro-
pic profile of ecstasy is complex. This is not surprising in
view of the chemical/structural similarity of the entacto-
gens to both stimulant amphetamines and phenethy-
lamine hallucinogens, such as mescaline [11].

The acute pharmacology of MDMA has been studied
widely in experimental animals and includes direct and
indirect aminergic and serotonergic mechanisms [2].
Among other actions, MDMA binds to all presynaptic
monoamine transporters, most strongly to the serotonin
transporter (SERT), and induces rapid and powerful
release of serotonin (5-HT) and dopamine (DA) from pre-
synaptic terminals. These actions are crucial for both the
acute psychological and the physiological effects of
ecstasy, which include rising of blood pressure and heart
rate, nausea, sweating, tremor, jaw clenching, bruxism
and modest rise of body temperature. Every year there
are several well-documented fatalities including cases
with severe hyperthermia, rhabdomyolysis, disseminated
intravascular coagulation and multi-organ failure, and
cases with intracranial bleeding or cerebral infarction
arising possibly from increased blood pressure or angiitis.
Considering the widespread use of ecstasy these acute,
dramatic complications from its use are thankfully rela-
tively rare [12]. However, another important danger may
be associated with the use of MDMA and MDMA-like
drugs, particularly when taken repeatedly and in high
doses. Animal studies evidence clearly that MDMA is
neurotoxic and will cause persistent alterations in the
brain serotonin system when given in high doses. The
important question is whether similar changes may
occur in humans. Current evidence is alarming, but not
conclusive. In this paper, we will review the literature
focusing on human studies and will outline future
research perspectives.

ECSTASY IS NEUROTOXIC—EVIDENCE
FROM ANIMAL STUDIES AND POSSIBLE
RELEVANCE FOR HUMANS

Several studies in different laboratories and with different
species demonstrate long-term alterations in brain
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serotonin systems following high and repeated doses of
MDMA and MDA. The alterations include depletion
of 5-HT and its major metabolite 5-HIAA, reduced
[*H]paroxetine binding reflecting reduced density of SERT
and reduced serotonergic axonal density in brain tissue
(e.g. [13,14]). When reviewing these studies, it is impor-
tant to note that the bodies of the serotonergic neurones
lie tightly together in the raphe nuclei of the brain stem,
and their long axons project to virtually every area in the
central nervous system. However, some regions such as
the hippocampus, the basal ganglia, the thalamus, the
substantia nigra, the amygdala and the primary sensory
cortex show particularly dense serotonergic innervation
[15].

All but one species tested so far, including non-human
primates, have confirmed the pattern of selective neuro-
toxicity for serotonergic axons, with the only exception of
mice that exhibit neurotoxic alterations of serotonergic
and dopaminergic axons (for review see [2]). Neurotoxic-
ity is clearly dose-dependent. In rats 5-HT depletion was
demonstrated 7 days post-treatment after a single high
dose of MDMA [10 mg intraperitoneally (i.p.)] and after
multiple closely spaced moderate doses of MDMA (4 mg
i.p. twice-daily for 4 days, resulting in a 40% loss of cor-
tical 5-HT), but not after a single moderate dose (4 mgi.p.)
or multiple largely spaced moderate doses of MDMA
(4 mg i.p. daily for 4 days or 4 mg i.p. twice-weekly for
8 weeks) [16]. Two weeks after multiple very closely
spaced high doses of MDMA (4 x 10 mg i.p. at 2-hourly
intervals), 40—-80% reductions of 5-HT and 40-60%
reductions of SERT binding were demonstrated depending
on the brain region examined [17]. The rate of recovery
was shown to be region-dependent. This probably corre-
sponds to the very different distances that must be covered
in the process of reinnervation by re-growing axons, from
their origin in the serotonergic cell bodies in the raphe
nuclei of the brain stem to the different terminal areas of
the brain. In rats, full recovery was shown in most studies
and most brain regions after 1 year, but some individual
studies reported only partial recovery in the hippocampus
and some cortical areas and hyperinnervation in the
hypothalamus. In non-human primates, sensitivity to the
neurotoxic effects of MDMA was shown to be more pro-
nounced than inrodents, resulting in higherrates of 5-HT
depletion with smaller doses of MDMA and persisting
hypoinnervation patterns in most neocortical regions
and the hippocampus for as long as 7 years post-treat-
ment[13,17,18]. Two weeks after multiple closely spaced
moderate doses of MDMA (5 mgi.p. twice-daily for 4 days)
the reductions in 5-HT axon density were about 80-95%
in the cortex and striatum and 7 years post-treatment;
they were still about 35-75% in the same areas [18].

Although a large amount of research has been per-
formed, the precise mechanism of neurotoxicity resulting
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from MDMA is not entirely understood (for review see
[2]). It seems that a metabolite initially produced periph-
erally, and not MDMA itself, is responsible for the long-
term neurotoxic effects on 5-HT systems because central
injections of MDMA, even in large doses, fail to induce
long-term neurotoxicity although they do induce acute
release of 5-HT. The neurotoxic metabolite is probably
taken up into the 5-HT neurone terminals via the SERT.
Its further metabolism results in increased generation of
free radicals, exhaustion of the antioxidant capacity of
the brain tissue and induction of oxidative stress, which is
believed to be a key factor in MDMA related neurotoxicity
[2]. Hyperthermia enhances the formation of free radi-
cals and both hyperthermia and high ambient tempera-
tures enhance the neurotoxic effects of MDMA. In line
with these mechanisms, 5-HT uptake inhibitors, radical
trapping agents, antioxidants and several drugs with
hypothermic effects (partially) protect against MDMA-
induced neurotoxicity. In addition, some role of dopamine
in 5-HT neurotoxicity from MDMA is supported by some
data, but this issue still remains controversial [2].
Interestingly, the long-term functional abnormalities
seen in laboratory animals after neurotoxic MDMA regi-
mens have been only subtle. This may correspond to a
complex role of the neuromodulator 5-HT in ‘fine tuning’
and stabilising neural transmission in cerebral networks
[19,20]. Broadly speaking, 5-HT appears to play impor-
tant roles in several functional systems such as cognition,
stimulus processing, psychological wellbeing, sleep con-
trol, vegetative and neuroendocrine functions, without it
being critical for the essential functioning of any of these
domains. Thus, unlike animals with neurotoxic lesions of
the dopaminergic system that are clearly parkinsonian,
the behaviour of MDMA-treated rats and monkeys with
clear neurotoxic lesions of the serotonergic system can-
not be distinguished easily from control animals [21-23].
In general, although 5-HT is involved in most brain func-
tions, it is a ‘soft modulator’of other neurotransmitters
and neuropeptides and as such, removal of 5-HT usually
does not induce a pronounced phenotype. Nevertheless,
some studies using specialized behavioural test methods
and pharmacological challenges reported subtle func-
tional disturbances such as increased anxiety and poor
memory performance in MDMA-treated rodents and
monkeys [22-30]. However, other studies reported
normal or back-to-normal performance within 2-3
weeks following MDMA treatment [31-33], and studies
using behavioural tests for the assessment of anxiety
and risk-taking behaviour yielded conflicting results
[28,29,34,35]. These data strongly suggest that even if
ecstasy users are indeed suffering neurotoxic damage of
their serotonergic systems, the functional consequences
may be subtle and detectable only through demanding
behavioural tests or after pharmacological probes. We
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should, however, emphasize that even a relatively subtle
dysfunction in important cognitive and psychological/
emotional domains may have a serious impact on
the development of young people in both social and
educational/occupational terms.

The key question is whether the animal data are rele-
vant for humans. In studies with primates even single
doses of MDMA were found to elicit some degree of sero-
tonergic depletion lasting over a few weeks [2]. However,
the lowest MDMA dose which was shown to produce
long-term neurotoxic effects that persisted over months
and years has been 5 mg/kg twice daily over 4 days, i.e.
40 mg/kg overall in 4 days [13,17,18]. Compared to that,
the typical dose of a recreational weekend user, with one
to two pills of 75-125 mg MDMA or analogue every 1-4
weeks, is clearly lower [7,36,37]. However, according to
some formulae for interspecies scaling the typical recre-
ational MDMA doses might well correspond to doses com-
monly given to animals in experimental studies [2]. On
the other hand, humans ingest the drug orally while in
experimental animals the drug is administered via
subcutaneous or intraperitoneal injection, and these
parenteral routes of administration have been shown to
result in higher acute plasma levels of MDMA and to pro-
duce more pronounced long-term neurotoxic effects [38].
Finally, one study with rodents replicated older findings of
neurotoxic effects after relatively closely spaced MDMA
doses (e.g. twice daily over 4 days), but failed to demon-
strate neurotoxicity after more widely spaced regimens
(once daily for 4 days or twice weekly for 8 weeks) [16];
these latter regimens may well correspond better to the
use patterns of typical recreational users. Nevertheless,
users typically take MDMA over some years and this may
result in long-term cumulative neurotoxic effects. Inter-
estingly, the only study which looked at the effects of self-
administration of MDMA in primates over a period aslong
as 18 months did show 5-HT depletions in the order of
25-50% in various cortical and subcortical regions [39].
These decrements in 5-HT content did not reach statisti-
cal significance, due possibly to the small sample in this
study (n = 3). Nevertheless, if the results are upheld in fur-
ther studies, they are clearly alarming [39]. In addition,
some heavy MDMA users take MDMA more frequently
than just at weekends, and they tend to take higher
amounts of up to 10 pills per session (e.g. [40]). This pat-
tern results in doses at least as high as those administered
in studies with experimental animals. Although these
heavy users are a minority, given the widespread use of
MDMA their absolute number is large. Furthermore, the
widespread parallel use of alcohol and other neurotoxic
stimulants (amphetamines and cocaine) may act syner-
gistically and enhance the neurotoxic effects of MDMA.
Finally, the neurotoxic effects of MDMA may also be
enhanced under the typical conditions associated with
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MDMA use such as hot, overcrowded surroundings and
long periods of dancing leading to further increases in
body temperature [2,41,42]. In conclusion, it is possible
that the animal data demonstrating MDMA induced neu-
rotoxicity are indeed relevant for humans and that
ecstasy users may be exposing themselves to the risk of
neurotoxic brain damage.

STUDIES WITH USER POPULATIONS
Brain morphology and global activity

In principle, it is rather unlikely that neurotoxic damage
confined to the serotonergic system will be visible in rou-
tine brain imaging procedures in terms of loss of brain
volume or atrophy or that it will manifest itself as an
alteration of global cerebral activity in positron and sin-
gle photon emission tomography (PET and SPECT) or
electroencephalographic (EEG) studies. However, seroto-
nin is not only a neurotransmitter or neuromodulator in
neuronal tissues; it also exerts powerful vasoconstrict
actions on small brain vessels [43], has neurotrophic
effects on brain tissue not confined to the period of brain
maturation [44] and has been shown to stimulate neu-
rogenesis in the hippocampus throughout adulthood
[45].

Although routine structural MRI, perfusion and diffu-
sion MRI, SPECT with '**Xe and ?*™Tc-HMPAO and H,"°0
PET were all shown to be normal in ecstasy users [46—
49], one study reported an association between longer
periods of MDMA use and decreased global brain volume
[46] and another study [50] demonstrated reduced grey
matter density in several cortical regions. In addition,
recent studies with MR spectroscopy reported higher
concentration of the glia marker myoinositole with
heavier use of MDMA [51], dose-dependent reductions of
N-acetylaspartate levels (NAA/Cr and NAA/Cho ratios)
in the frontal cortex of MDMA users [52] and a tendency
towards lower NAA/Cr ratios in the hippocampus of
MDMA users compared to controls [53]. These findings
could be related to neurotoxic damage and glial prolifer-
ation indicating a repair mechanism. In addition,
another small pilot study reported a high diffusion coef-
ficient (ADC) and high regional cerebral blood volume
(rCBV) in the globus pallidus, a brain area that is partic-
ularly rich in serotonin. This finding could be related to
vasodilatation due to low serotonergic tone following
degeneration of serotonergic axons [48]. Finally, lower
metabolic activity (PET) was found in the basal ganglia
and amygdala of 93 ecstasy users compared to controls
[54], and higher B- and o-, lower &-activity and lower
coherence of brain activity between different electrode
positions was found to be associated with heavier pat-
terns of MDMA use [55,56]. These latter findings may
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well be the result of MDMA neurotoxicity, although alter-
native interpretations are clearly conceivable.

Central serotonergic parameters

Reduced 5-HT concentration would be the expected out-
come of widespread neurotoxic damage of serotonergic
axon terminals in the brain tissue of MDMA users. As the
5-HT concentration cannot be measured in vivo in human
brains, we may use the concentration of the major metab-
olite of 5-HT, 5-HIAA, in cerebrospinal fluid (CSF) as a
proxy for the concentration in the brain. An early study on
a small number of ecstasy users reported normal levels of
5-HIAA in the CSF [57]. Since then several studies with
larger samples have shown reduced concentrations of 5-
HIAA in cerebrospinal fluid of ecstasy users compared to
control groups [58-61]. However, only one study [59]
reported a correlation between the 5-HIAA concentration
and the extent of earlier ecstasy use. The absence of this
correlation in the majority of studies means that we can-
not disprove the alternative hypothesis of a relatively low
serotonergic tone prior to ecstasy exposure.

Recent improvements in nuclear medicine technol-
ogy, e.g. PET and SPECT using suitable ligands, make the
in vivo examination of brain tissue receptors and/or bind-
ing sites feasible today. In particular the serotonin trans-
porter (SERT) is currently considered as the most suitable
marker for presynaptic serotonergic damage. An early
PET study with the SERT ligand [''C](+)McN5652 on 14
ecstasy users [62] demonstrated a dose-dependent reduc-
tion in its binding, both globally and in most cortical and
subcortical brain regions examined. A further study on
10 ecstasy users [63] using SPECT and the SERT ligand [3-
CIT also demonstrated reduced cortical SERT availability.
However, correlations between the SERT availability
results, cumulative ecstasy consumption and length of
abstinence periods led the researchers to assume a tem-
porary occupation or down-regulation of the binding site
rather than structural neurotoxic damage [63]. Since
then there has been some debate on the validity of SPECT
and PET techniques with SERT ligands in measuring
MDMA-related neurotoxicity and on additional subject-
related methodological problems of these early studies
[64—66]. Nevertheless, more recent studies with refined
methods [67] and larger samples (up to 61 current and
former users in Thomasius et al. [68] confirmed reduced
SERT availability at least in female current users with a
relatively heavy use pattern (> 50 pills) [68—72]. All in
all, alterations were less pronounced in male users, and
were absent in former users following abstinence from
MDMA use of at least 12 months. These more recent data
indicate that women may be more susceptible to MDMA-
induced alterations of the serotonergic system than men
and, in addition, they suggest at least some degree of
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recovery of the assumed serotonergic lesion following
prolonged abstinence from ecstasy.

Interestingly, another SPECT study with the 5-HT,,
receptor ligand ['?*I]-R911 50 demonstrated reduced cor-
tical binding in current ecstasy users with short-term
abstinence and increased binding in former users who
had not used ecstasy for an average of 5 months [73].
This pattern is in line with animal data showing tempo-
rary (up to 1 month) down-regulation of postsynaptic
5-HT2 receptors resulting from high synaptic 5-HT
concentration after administration of MDMA, and long-
lasting up-regulation of the same postsynaptic receptors
following widespread presynaptic damage of serotonergic
neurones leading to 5-HT depletion [74,75]. Hence,
unlike the SERT data, postsynaptic receptor data suggest
alterations persisting over long periods of time in absti-
nent MDMA users.

In summary, CSF and PET and SPECT ligand studies
have yielded some evidence for long-term alterations in
brain serotonergic systems after MDMA use. This evi-
dence is alarming but not conclusive, with some data
pointing to at least a partial recovery after prolonged
abstinence. In any case, the changes in human brain are
not as pronounced as to be visible as reduction of brain
volume or atrophy with routine imaging methods. Nei-
ther was a clear picture of neurotoxic damage evident
when measuring global and regional brain activity with
nuclear medicine or EEG methods. Despite these mitiga-
tions, the risks posed by ecstasy and/or MDMA should
not be underestimated; it is conceivable that even subtle
residual changes in the serotonergic system could be
functionally important and may contribute to clinical or
subclinical alterations of psychological well-being and/or
the behaviour of ecstasy users.

Serotonin-related functions
Psychiatric disorders and personality traits

A low serotonergic tone has been widely associated with
psychological disturbances, particularly with depression,
suicidality, aggressiveness and impulsiveness. There are
several anecdotal reports of depressive syndromes, anxi-
ety and psychotic episodes associated with ecstasy use
[76] and high psychiatric comorbidity was established in
studies with large samples of ecstasy experienced poly-
drug users [77,78]. A causal link between these disorders
and ecstasy may exist at least in a predisposed subgroup
of users. However, due to the widespread use of ecstasy
and the parallel use of other substances no firm conclu-
sion can be drawn from these reports. Moreover, results
from a prospective-longitudinal investigation on a large
representative sample of adolescents and young adults
(n=2462) over 4 years confirmed a high psychiatric
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comorbidity in MDMA users, but demonstrated that the
use of ecstasy started, in most cases, after the onset of the
comorbid disorder [79].

Several studies used standardized psychometric
instruments and demonstrated higher scores for impul-
siveness, depressive mood, emotional instability, anxiety,
novelty seeking, hostility/aggression and an overall
heightened level of psychological distress in mostly poly-
drug ecstasy users compared to control groups [56,80—
88]. However, results have not been entirely consistent;
for example, one study reported reduced impulsiveness
and aggression compared to the control group [60]. Two
studies [85,89] suggested a link between high scores and
heavy parallel cannabis use. Moreover, in a recent study
with a longitudinal design and a follow-up period of
18 months increases in self-rated psychopathology were
associated with continued cannabis rather than contin-
ued ecstasy use [90]. Finally, in recent studies with rela-
tively large samples of 234, 61 and 50 polydrug ecstasy
users and controls using other drugs only, elevated psy-
chopathology appeared to be associated with polydrug
use in general and not specifically with ecstasy use
[68,91,92].

All in all, it is still unclear whether the frequently
reported emotional instability and impulsive features
and/or the overall high level of psychological distress
result from ecstasy use or from the combined use of
several substances or whether, alternatively, these are
factors predisposing to a general affinity to drugs.
Interestingly, a recent combined SPECT and psychomet-
ric study established decreased SERT availability only in
current MDMA users, but elevated depression scores in
current and former users [93]. In this study higher
depression scores were associated with higher life-time
MDMA dose, but there was no association of psychomet-
ric scores with SERT availability [93]. Finally, another
recent study suggests an interaction between genetic fac-
tors and the effects of MDMA use on mood (high depres-
sion scores only in ecstasy users carrying the s allele of
the SERT encoding gene but not in users with the Il gen-
otype) [94]. These findings underline the complexity of
the issue and are in line with animal data showing differ-
ent long-term effects of MDMA on anxiety in rats depend-
ing on the level of their baseline anxiety and only a loose
association between the neurotoxic effects of MDMA
and its long-term impact on anxiety-related behaviour
[2,28,29,95].

Sleep and vegetative functions

The importance of 5-HT for the regulation of sleep, cir-
cadian rhythms and vegatative functions is undisputed,
but the mechanisms and effects are insufficiently
explained [96]. In animal experiments, widespread
lesions in the serotonergic system lead to marked reduc-
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tion in both non-rapid eye movement (REM) and REM
sleep [80]. Contrary to this, human studies with sub-
stances affecting the serotonergic system showed less
dramatic effects and an inconsistent picture [80]. In a
poll of 500 users of ecstasy and other drugs, 38%
reported sleep problems [9 7]. However, this study did not
differentiate between long-term and acute and lingering
effects of the drug for a few days after the use. To our
knowledge, there have been only two sleep EEG studies
on polyvalent ecstasy users and they have reported con-
tradictory findings: the first study [98] reported a small
reduction in sleep length, due solely to a reduction in
light sleep stages. The more recent study [80] reported a
lengthening of sleep together with an increase in the
proportion of deep sleep and a higher sleep efficiency
compared to the control group. In summary, there is no
convincing evidence to date of lasting sleep disorders fol-
lowing use of ecstasy. There is also no indication of clini-
cally measurable disorders in vegetative body functions
and pain perception.

Neuroendocrine secretion

5-HT stimulates the secretion of prolactin (PRL), growth
hormone, ACTH and cortisol via the hypothalamo—
pituitary—adrenal axis. When baseline hormone levels
are within the normal range pharmacological challenge
tests can be used to detect subclinical abnormalities in the
regulation of endocrine secretion caused by an imbalance
in the 5-HT system. The most frequent method is by
administering an indirect 5-HT agonist (e.g. L-tryp-
tophan, fenfluramine), thus increasing the rate of pro-
duction and/or release of 5-HT, that in turn leads to
increased secretion of cortisol and PRL with measurable
increase in the concentration of both these hormones in
peripheral blood. Occasionally a mixed direct/indirect 5-
HT agonist (meta-chlorophenylpiperazin =m-CPP) is
administered, thus adding the effect of stimulation of
postsynaptic 5-HT receptors. Patients with depression or
disorders of impulsivity—Dboth conditions associated with
a low serotonergic tone—have exhibited weakened hor-
monal response to indirect 5-HT agonists in several stud-
ies[99-101]. Accordingly, if ecstasy users were suffering
from neurotoxicity induced 5-HT depletion we would
expect to find weak hormonal responses in challenge tests
with indirect 5-HT agonists.

Three studies with polydrug ecstasy users by the same
group of researchers yielded contradictory results: the
first study showed a slightly reduced PRL response to L-
tryptophan and the second study showed a normal
response [60,102]. Surprisingly, in their latest investiga-
tion [103] the authors observed a weaker instead of the
anticipated increased hormonal response to the mixed
agonist m-CPP (the anticipated increased hormonal
response should result from postsynaptic denervation
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sensitivity following presynaptic serotonergic damage).
Studies with D-fenfluramine have been more consistent:
one study [86] reported reduced cortisol response and
slightly reduced PRL response to the challenge. The most
clear results come from a group of Italian researchers
[83,84]: the authors were able to recruit a small but care-
fully chosen group of pure ecstasy users and examine
them after a 3-week abstinence period and again after
12 weeks of abstinence. Reduced PRL and cortisol
responses to D-fenfluramine were measured after 3 weeks
of abstinence. The cortisol response was back to normal
after 12 weeks of abstinence, whereas the PRL response
remained unchanged at the low level, and was associated
with a longer duration of earlier ecstasy use [84]. A fur-
ther study with small groups [104] also reported weak-
ened or reduced PRL response to D-fenfluramine; this
was, however, linked to the extent of parallel use of can-
nabis rather than ecstasy.

Allin all, there is still only limited evidence of the long-
term effects of ecstasy use on the endocrine system. Some
of the inconsistencies between studies may derive from
the use of different challenges with different pharmaco-
logical effects. However, one methodologically sound
study with longitudinal design [84] does suggest long-
lasting dysregulation of neuroendocrine secretion that
may well result from ecstasy use.

Central processing of sensory stimuli

5-HT appears to be involved in the fine tuning of sensory
and information processing. Interestingly, recent studies
suggest that electrophysiological measures of sensory
processing may be used to obtain an indirect indication
of central neurotransmitter malfunctions. One method
makes use of the intensity dependence of early cortical
components of sensory evoked potentials, with a strong
dependence (more robust increase of the amplitude with
more intense stimuli) indicating a low serotonergic
innervation tone and vice versa [105-107]. To date two
cross-sectional studies have established an increased
intensity dependence of auditory evoked potentials in
ecstasy users compared to control groups [108,109]. The
link with ecstasy use has, however, been less clear and
only one of the two studies showed an association of the
intensity dependence with the extent of previous ecstasy
use [109].

Another method relates to the plasticity of the startle
reflex, a primitive motor response to sudden intense sen-
sory stimuli, with the primary reflex pathway being
located in the brain stem. The startle reflex exhibits a
high degree of plasticity and 5-HT is involved in the fun-
damental phenomena of habituation, sensitization and
prepulse inhibition (PPI) of this reflex [110]. To date, one
study reported blunted PPI of the startle reflex in MDMA
users [111], but another study found no significant dif-
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ferences in habituation and PPI between MDMA users
and controls [112]. In the latter investigation sensitiza-
tion of the startle reflex was stronger in heavy MDMA
users compared to moderate users and non-users; how-
ever, the degree of sensitization was associated with a
younger age at the onset of MDMA (and other drug) use
rather than longer duration or heavier pattern of use. All
in all, it is unclear whether the electrophysiological find-
ings result from the use of MDMA, or whether they pos-
sibly reflect pre-existing traits that might predispose to
drug use.

Cognition

Although our understanding of the role of serotonin in
cognitive processes is incomplete, there are indications
that serotonergic neurotransmission may particularly
interfere with an individual’s cognitive style (impulsive
versus systematic cognition) as well as with memory and
learning processes [113,114].

Simple measurements of psychomotor speed and
attention (simple and choice reaction tasks, visual
scanning) taken in exploratory studies were generally
normal in ecstasy users. Some studies reported poorer
performance of ecstasy users versus control groups in
complex attention, problem solving and tests of frontal
executive functions [e.g. Wisconsin Card Sorting Test,
WCST and other ‘frontal’ tests] as well as elevated cogni-
tive impulsivity, i.e. a non-systematic cognitive style
[55,61,81,115-118]. However, results have been incon-
sistent and many other studies reported undisturbed per-
formance of ecstasy users in similar tests [86,119-122].
In addition, some investigations reported deficits in
short-term or working memory (WM) in ecstasy users
[55,61,81,86,89,116,119,121-127] including samples
of former MDMA users with an abstinence period of at
least 6 months [89,125,128]. Recent studies indicate
that the WM deficits are attributable to deficits in the
central executive function of WM [124,128], but again,
other studies reported normal
[88,117,118,127,129,130].

To date, the most consistent finding in ecstasy users

WM performance

is that of subtle deficits in episodic memory and learn-
ing abilities. Numerous cross-sectional studies reported
impairments of learning and memory performance
[59,88,89,119,120,127,130-138], and only a small
minority of studies reported no differences between
ecstasy users and controls [55,124,139] or small and
insignificant differences after adjusting for possible con-
founds [117]. In general, poor memory was associated
with a heavier pattern of ecstasy use, although a
minority of studies reported an association of memory
deficits with the extent of the parallel use of cannabis
or the combination of ecstasy and cannabis rather
than the use of ecstasy alone [119,138,140-143].
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Although most ecstasy users do not suffer cognitive
impairment of clinically relevant proportion and even
heavy users appear at first mostly unimpaired in their
every day life [119,143], several cases with severe defi-
cits have also been reported [144,145]. Interestingly, in
a small pilot study with MR spectroscopy the weak
memory performance of eight ecstasy users was linked
to a low N-acetylaspartate/creatin ratio in the pre-
frontal cortex, which may be viewed as a measure of
neurotoxic damage [146]. These data are in line
with recent animal studies which demonstrated subtle
impairments of memory performance in MDMA-treated
rodents and monkeys [19-24,27]. Moreover, there is
concern that the cognitive deficits of ecstasy users—
although subtle and mostly subclinical—might help to
accelerate the normal brain ageing process and so con-
tribute later on to early age-related cognitive impair-
ment [14,80,139,143].

However, and although the evidence in favour of
memory impairment emerging from cross-sectional
studies in ecstasy users is relatively strong, recent
investigations with larger samples of current and
former users and the first longitudinal studies have
yielded puzzling and conflicting data. Reneman et al.
[70] reported deficient memory performance in 22 cur-
rent and 16 former MDMA users, although serotonin
transporter (SERT) availability was reduced only in cur-
rent users. The authors concluded that neurotoxic
effects may be reversible, but effects on memory func-
tion may be long-lasting. However, alternative interpre-
tations of these data are also conceivable. Another
study with 30 current and 31 former ecstasy users
with an abstinence period of at least 5 months reported
poorer verbal memory compared to non-user controls
only in the former users, but not in the current users,
although—in line with the study by Reneman et al.
[70]—SERT availability was reduced only in the
current users, but not in the former users [68]. The
authors argued that memory impairments may have
been aggravated after abstinence. However, the unim-
paired performance of current users and the PET data,
which suggest recovery of the assumed neurotoxic
lesion following abstinence, are not in favour of this
interpretation [68]. Interestingly, a study with ex-
perimental tryptophan augmentation/depletion also
reported poor memory and altered tryptophan metabo-
lism in former MDMA users with an abstinence period
of at least 12 months, but not in the current users
[147]. The authors speculated that these findings
might reflect consequences of MDMA use that emerge
after abstention but also considered an alternative
interpretation of premorbid differences in serotonergic
neurotransmission of those who stop using the drug
compared to continuing users [147]. Finally, a small
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longitudinal study with 15 ecstasy users reported
memory decline after continued use over 12 months
[148], but a larger longitudinal study with 38 ecstasy
users reported no memory decline after continued use
and no improvement after abstinence over 18 months
[149].

If memory problems in ecstasy users were caused
by neurotoxicity then we would normally expect the
neurotoxic effect and its functional consequences to
increase with continued use and (partly) recover after
prolonged abstinence. Hence, the data from the most
recent longitudinal study [149] may be interpreted as
evidence against neurotoxicity related memory decline
in ecstasy users. Consequently, these results may imply
that a factor other than ecstasy use may be responsible
for the relatively low memory performance reported in
most cross-sectional studies with ecstasy users. This
factor might be loosely associated, but not causally
related to ecstasy use (e.g. prolonged stress and/or dis-
turbed sleep patterns in regular club attendants). How-
ever, it is possible that memory deficits in ecstasy users
persist even after 18 months of abstinence because, as
shown in primate studies [18], regeneration of seroton-
ergic axons may take very long and may remain
incomplete. In addition, the functional consequences of
neurotoxic lesions observed following a threshold use of
ecstasy may manifest themselves in binary (yes/no)
ways. Compensatory neural mechanisms that might
develop could possibly explain the absence of deteriora-
tion in these functional consequences despite subse-
quent ‘enlargement’ of the neurotoxic lesions. This
view would be in line both with findings of a dose-
dependent memory deficit in cross-sectional studies
comparing ecstasy users with control samples and with
findings of stable performance in within-subject longi-
tudinal designs with ecstasy users. In conclusion, the
linkage between ecstasy use and memory decline can-
not be considered proven, nor can it be rejected, at this
stage.

Brain activation studies

Recent studies utilizing the functional MRI technique
(fMRI) with the bold response looked at brain activation
patterns while subjects were engaged with working mem-
ory (WM) and memory tasks. All in all, these pilot studies
with small samples reported altered activation patterns
in MDMA users compared to controls; however, findings
have varied between samples and a link with neurotoxic
drug effects is difficult to establish. For example, one
study reported higher parietal and lower frontal and tem-
poral activation [150], but another study found higher
frontal, thalamic and hippocampal activation while per-
forming a WM task [151]. Interestingly, one study
reported altered WM activation patterns in a small group
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of relatively pure MDMA users (n=8), while polydrug
ecstasy users did not differ from controls [152]. Moreover,
using a longitudinal design the same group found a dose-
dependent increase of parietal activation in subjects who
continued using MDMA in the follow-up period of
18 months, but not in subjects who abstained from fur-
ther drug use after the first examination [153]. Finally,
ecstasy users showed diminished hippocampal activation
during memory retrieval [154] and reduced hippocam-
pal deactivation while performing a demanding WM task
[155]. In these small sample studies the neuropsycholog-
ical performance of ecstasy users was not significantly
different from controls. Hence, the alterations in the acti-
vation patterns might be viewed as a more sensitive or
earlier index of MDMA-related neurotoxicity, but on the
other hand they could also be unrelated to drug use.

SUMMARY AND PERSPECTIVES FOR
FUTURE RESEARCH

In summary, the data covering neurotoxic effects of
ecstasy in humans are still patchy and partly contradic-
tory. CSF, PET and SPECT studies have brought evidence
of alterationsin the central serotonergic system of MDMA
users. However, SERT availability was shown to be nor-
mal in former users with abstinence periods of 5 months
or more, suggesting at least a partial recovery. A large
number of cross-sectional studies on psychological func-
tioning, neurocognition, neuroendocrine regulation and
vegetative functions reported subtle abnormalities in
MDMA users that may reflect functional sequelae of long-
lasting alterations in serotonergic systems. However, at
least in some part, these findings may equally well reflect
pre-existing traits of people prone to drug use or sequelae
of drug use in general and/or of the associated life-style,
as most MDMA users exhibit the common polydrug use
pattern and associated behaviours.

Reviewing the literature, we should keep in mind that
many studies have significant methodological limita-
tions: some of the earlier investigations have either not
captured vital data on the parallel use of other drugs or
length of abstinence periods, or the abstinence periods
were so short that the recorded effects may well
result from the pharmacological effect of short-term
depletion of intracellular 5-HT deposits and do not
necessarily point to permanent neurotoxic damage
(e.g. [123,130,132,156]). Furthermore, many studies
have used poorly matched control groups (mostly
non-users or polydrug users with overall more moderate
use patterns than the polydrug ecstasy users)
[56,59,61,80,81,124,133,134,157]. Moreover, there
are methodological problems without an obvious solu-
tion to date, e.g. questionable reliability of statements by
the subjects themselves on their current and earlier con-
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sumption habits, difficulties recruiting adequate control
groups, uncertainties related to the precise chemical
composition of ecstasy tablets, etc. Even elaborate toxico-
logical hair analysis, as performed in some studies
[68,139,158,159], offer little benefit over and above the
taking of a thorough history of drug use: short hairstyles
permit insights into the drug use of the most recent
month(s) only; moreover, the adherence of drugs onto
hair varies strongly depending on the physical character-
istics of the hair and the kind of care applied to it. Never-
theless, without wishing to belittle the importance of
these methodological problems, we must point out that
the results of studies with relatively careful methodology
(e.g. [86,119,143]) (relatively pure ecstasy users, appro-
priate, well-matched control groups and sufficiently long
abstinence periods) are very similar to those of studies
with less optimal designs.

Among all functional domains examined so far, the
most extensive and consistent findings from cross-
sectional studies support a subtle cognitive dysfunction in
MDMA users. Several studies support a relative weaken-
ing of mnemonic functions compared to control groups
with a good correlation between the degree of impair-
ment and the extent of ecstasy use in most cases. Evi-
dence of impairment in central executive functions and
increased cognitive impulsiveness is less consistent while
other functions such as attention, vigilance and interfer-
ence appear unaffected. However, a recent well-designed
study with large samples reported poor memory perfor-
mance in former ecstasy users with long-term absti-
nence, but not in current users [68], and another
longitudinal study reported stable memory performance
over time (18 months) irrespective of ecstasy use patterns
in the follow-up period (continued use or abstinence)
[149]. These recent reports challenge the hypothesis of
memory dysfunction related to MDMA-induced neuro-
toxicity without being sufficiently strong to disprove it.

In light of the popularity of ecstasy among young peo-
ple, questions around its neurotoxic effects on the brain
remain highly topical. To date, the message we have to
convey to young people in information campaigns is:
‘MDMA neurotoxicity for humans is not yet proven, but it
is highly likely’. The methodological problems mentioned
mean that future research designs will remain a compro-
mise between desirability and practicality. Further longi-
tudinal studies are clearly needed, but may not be
sufficient to address every issue. Aspects of polydrug use
should be looked at more carefully in future studies with
user populations. However, in our view it is critically
important for research strategies to evolve gradually
towards prospective designs; starting with large cohorts
of young people who are not (yet) users, but belong to a
risk group for recreational drug use (e.g. attendants of
rave parties). Following-up on and re-examining these
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people over years, recording their drug histories using
psychometric instruments and carrying out neuropsy-
chological tests, should hopefully lead to a better under-
standing of the relation between drug use and subclinical
psychological symptoms or neuro-cognitive failures and,
also, of questions around progression, persistency and
(partial) reversibility of the alterations. One can always
debate the ethical aspects of such prospective studies, but
we do need to know the answers to the crucial questions
around possible long-lasting adverse effects of MDMA on
the brain to be able to inform persuasively the many
young people at risk.
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