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Abstrac t t 
Humann 3,4-methylenedioxymethamphetamine 
(MDMA,, "Ecstasy") users may be at risk of developing 
MDMA-inducedd neuronal injury. Previously, there were 
noo methods available for directly evaluating the neuro-
toxicc effects of MDMA in the living human brain. 
However,, development of in vivo neuroimaging tools 
havee begun to provide insights into the effects of 
MDMAA in human brain. In this review, contributions of 
brainn imaging studies on the potential neurotoxic 
effectss of MDMA and functional consequences is high-
lighted.. An overview will be given of PET, SPECTand MR 
Spectroscopyy studies employed, most of which show 
evidencee of neuronal injury in human MDMA users. In 
addition,, different neuroimaging tools will be discussed 
thatt have investigated potential functional consequen-
cess of MDMA-induced 5-HT neurotoxic lesions. Finally, 
thee contribution of brain imaging in future studies is 
discussed,, emphasizing the crucial roie it will play in our 
understandingg of MDMA's short- and long-term effects 
inn the human brain. 

Introductio n n 
Findingss in animals suggest that the popular recreation-
all drug 3,4-methylenedioxymethamphetamine (MDMA 
orr Ecstasy) might damage brain serotonin (5-HT) neur-
onss in human beings, MDMA-induced 5-HT neurotoxi-
cityy has been demonstrated in animals, including pri-
mates,, using a variety of experimental techniques at 
dosess that approach or overlap those used recreational-
lyy by human beings. In these animals, 5-HT neurotoxici-
tyy is evidenced by losses in various markers unique to 5-
HTT neurons, such as 5-HT, 5-hydroxyindolacetic acid 
(5-HIAA),, tryptophan hydroxylase, and 5-HT transpor-
terss (Battagliaetal.,1987; Comminsetal.,1987; Insel et 
al.,1989;; Molliveretal.,1990; O'Hearn etal„i988; 
Ricaurtee et al.,1988a; Ricaurte et al.,1988b; Schmidtig87; 
Slikkeretal.,1988).. The effects of MDMA are highly 
selective,, exclusively damaging brain 5-HT neurons. The 
effectss of MDMA on 5-HT neurons may be long-lasting 
sincee studies in non-human primates suggest that while 
somee brain regions show evidence of complete reco-
very,, others remain denervated up to seven years after 
treatmentt with MDMA (Hatzidimitriou et at.,1999). 

Iff MDMA does produce 5-HT neurotoxicity in 
humans,, there would be important ramifications for the 
mentall health and psychological function of people who 
usee this drug, because irreversible toss of 5-HT neurons 
mayy be responsible for an immediate or delayed onset 
off neuropsychiatry disorders in which 5-HT has been 
implicated.. Specifically, 5-HT imbalance has been postu-
latedd to underlie psychiatric disorders including depres-

sion,, anxiety, panic disorder, and disorders off impulse 
control.. In line with this, there have been many case 
reportss of neuropsychiatry sequelae after MDMA use, 
includingg paranoid psychosis, anxiety, depression and 
panicc disorder (Hegadorenet al.,1999; Schifanoet 
a!.,1998).. Furthermore, since 5-HT appears to play an 
importantt role in cognitive function, and greatest neuro-
toxicc effects of MDMA in animals are observed in the 
frontall cortex and hippocampus - areas known to play 
cruciall roles in cognitive function and memory-, it is 
atsoo important to study these effects of MDMA in the 
humann brain. 

Previously,, potential 5-HT neurotoxic changes in 
thee living human brain have only been identified using 
indirectt methods. For example, some studies have eva-
luatedd the cerebrospinal fluid 5-H IAA concentrations in 
MDMAA users and found either normal (Peroutka 1987) 
orr decreased levels (McCann et al.,1994; Ricaurte et 
al.,1990).. Neuroendocrine challenge tests are another 
strategyy for detecting 5-HT dysfunction by indirect 
meanss (Verkes et al., 2001). However, in vivo neuroima-
gingg toots, such as positron emission tomography 
(PET),, single photon emission computed tomography 
(SPECT),, and several magnetic resonance (MR) ima-
gingg applications have begun to directly provide 
insightss into the effects of MDMA on the living human 
brain.. Furthermore, these imaging-techniques have 
beenn shown to identify several potential functional con-
sequencess of MDMA-induced neurotoxicity, and may be 
usefull in identifying unknown but potential long-term 
effects. . 

Thee purpose of this review will be to present an 
overvieww of the contributions that in vivo brain imaging 
toolss have made to our understanding of the neurotoxic 
effectss and functional consequences of MDMA use, and 
howw such imaging tools could be used in future studies. 

II Biologica l marker s of neurona l injur y 
StudyingStudying 5-HT neuronal toss using PET en SPECT 
Thee introduction of an increasing number of radioactive 
tracerss and the development of special detecting sys-
tems,, enable the detection of molecules in vivo and the 
productionn of functional images of brain chemistry. The 
mostt advanced detecting systems nowadays are PET 
andd SPECT. PET uses relatively short-lived positron-
emittingg isotopes (such as n C or , whereas SPECT 
utilizess radioligands with a longer half-life (such as ,2JI 
andd 99mTc). Spatial resolution of most recently develo-
pedd PET systems is approximately 4 mm. The spatial 
andd temporal resolution of SPECT is lower than that of 
PET.. However, because of the lower costs of the logistics 
andd production of SPECT radiotracers, this technique is 
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moree widely available than PET. 
Thee 5-HT transporter is a structural element of the 

5-HTT neuron, and thought to be a reliable marker of the 
integrityy of the 5-HT neuron (Zhou et al., 1998; SchefFel 
andd Ricaurteiggo). Recently, PET and SPECT radioli-
gandss have been developed for neuroimaging of 5-HT 
transporterss in the human brain. Because animal stu-
diess already showed that MDMA-induced neurotoxicity 
iss associated with loss of 5-HT neurons, imaging of the 
5-HTT transporter with PET or SPECT is ideally suited for 
studyingg the potential neurotoxic effects of M DMA in 
thee living human brain. However, because there are 
importantt features for a good in vivo tracer for 5-HT 
transporters,, there are only a few radioligands which ful-
filfil at least some of the criteria and subsequently only 
twoo tracers have been used to investigate the effects of 
MDMAA in vivo. 

ppiiqMcN5Ö52qMcN5Ö52 PET 
Trons-i,2,3,5,6,io-p-hexahydro-6-[4-(methylthio)) phenyl] 
pyrrolo-[2,i-a]] isoquinoline ([nC]McN5652) is the first 
PETT radioligand successfully developed in 1992 to label 
5-HTT transporters in the living human brain (Boja et 
al.,1992).. In vitro, the active enantiomer (+)-
[nC]McN56522 is a selective and potent inhibitor of 5-HT 
uptake.. The in vivo regional distribution of (+)-
[nC]McN56522 in rats, baboons, and humans correlated 
withh known regional concentrations of 5-HT transpor-
ters,, and the specific uptake of (+)-[11C]MclSl5652 is 
blockedd after pre-treatment with the 5-HT uptake block-
err fluoxetine. In contrast, the brain uptake of the inactive 
enantiomerr (-)-[nC]McN5652 is relatively uniform 
acrosss brain regions. Scheffel and co-workers (1998) 
weree the first to validate the use of [inC]McN5652 PET in 
detectingg MDMA-induced 5-HT neuronal loss. To this 
purpose,, following baseline scans with [l1C]McNs6s2 
PET,, a baboon was treated with MDMA. PET studies at 
13,199 and 40days post-MDMA revealed decreases in 
meann radioactivity of {+)-[11C]McN5652, but not (-)-
n iqMcN5652,, in all brain regions studied. Reductions 
inn specific [nC]McN5Ê52 binding (calculated as the dif-
ferencee in radioactivity concentrations between (+} and 
(-)[11C]McN5652}} ranged from 44% in the pons to 89% 
inn the occipital cortex. Data obtained from PET studies 
correlatedd well with regional 5-HTaxonal marker con-
centrationss in the CNS measured after sacrifice of the 
animal,, although [nC]McN5Ö52 PET tended to undere-
stimatee the extent of 5-HT damage found post-mortem. 
Therefore,, is was concluded that using f 1C]McN5652 
PETT it should be possible to determine whether human 
MDMAA users are susceptible to MDMA's neurotoxic 
effects. . 

Subsequently,, after having validated fnC]McN5652 PET 
fordetectingg MDMA-induced 5-HT neuronal loss, a PET 
studyy with [11C]McN5652 was carried out in 1998 in 
humann MDMA users (McCann et al., 1998). The purpo-
see of the study was to compare [nC|McN5652 labelled 5-
HTT transporter densities in human MDMA users with 5-
HTT transporter densities in control subjects. Nine 
maless and 4 females who reported previous use of 
MDMAA were enrolled, along with 9 male and 6 female 
controll subjects. Participants agreed to abstain from 
usee of psychoactive drugs for at least 3 weeks before the 
study.. As in the MDMA-treated baboon, global decrea-
sess in 5-HT transporter densities were observed in the 
MDMAA users, which correlated with the extent of pre-
viouss MDMA use. Taken in conjunction with the results 
off previous animal studies showing selective decreases 
inn 5-HTaxonal markers after treatment with MDMA 
(Scheffell et al., 1998), this was the first report providing 
directt evidence that M DMA users are susceptible to 
MDMA-inducedd brain 5-HT neuronal injury. 

[^I]P-CIT5PSCT [^I]P-CIT5PSCT 
Sincee then, similar observations have been made using 
["3l]p-CITT SPECT. The cocaine analogue 2f3-carbomet-
hoxy-33 (i-(4-iodophenyl)tropane (p-CiT) is presently the 
bestt studied and most used SPECT tracer for labeling of 
5-HTT transporters. [inC]p-CIT binds with high affinity to 
bothh dopamine and 5-HT transporters (Boja et al., 
1991).. The in vivo regional distribution of [1?3I](3-CIT in 
rats,, monkeys, and humans correlates well with known 
regionall concentrations of 5-HT transporters. The speci-
ficfic uptake of [,2M]p-CIT in the striatum is primarily asso-
ciatedd with DA transporters, since it is blocked by the 
selectivee DA uptake inhibitor GBR 12,909 but not by 
selectivee 5-HT uptake inhibitors (Laruelle et al., 1993). 
Byy contrast, uptake of J3-CIT in 5-HT rich brain regions 
suchh as the brainstem, thalamus and cerebral cortex 
cann be blocked by 5-HT uptake inhibitors (Farde et al., 
1994;; Kuikkaetal., 1995; Laruelle etal., 1993). Thus, 
thesee studies indicate that in selected brain areas, e.g., 
brainstem,, thalamus, cerebral cortex and other regions 
inn which 5-HT transporter densities far exceed those of 
DAA transporters, it is possible to estimate 5-HT trans-
porterr densities using [,2M]P-CIT. 

Exx vivo and in vitro studies in animals have shown 
thatt [,IJl]fi-CIT adequately detects changes in cortical as 
welll as subcortical 5-HT transporter densities secondary 
too 5-HT neurotoxicity (Lew et al., 1996; Scheffel et al., 
1992a).. To validate the use of [,!JI]PCIT in combination 
withh SPECT in detecting 5-HT neurotoxic lesions, recent-
lyy a study was undertaken in a rhesus monkey 
(Renemann et al., submitted for publication). Following 
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baselinee [,!Jl]p-CIT SPECT scans, the monkey was tre-
atedd with MDMA. SPECT studies at 4, ïoand 31 days 
post-MDMAtreatmentt revealed decreases in [,13I]P-CIT 
bindingg ratios in the hypothalamic/midbrain region. 
Dataa obtained from SPECT studies in this brain region 
correlatedd well with regional 5-HT transporter densities 
obtainedd with autoradiography after sacrifice of the ani-
mal. . 

Onee other study has investigated reductions in 5-
HTT transporter densities after MDMA-treatment with 
SPECT.. In that study the 5-HT transporter ligand 5-iodo-
6-nitroquipazinee (INQUIP) was used in controll and 
MDMA-treatedd rhesus monkeys (Jagust et al., 1996). 
[,2M]INQUIPP was able to detect some cortical as well as 
subcorticall reductions in 5-HT transporters in the 
MDMAA treated monkeys when compared to the non-
treatedd monkeys. 

Severall studies have recently been conducted 
usingg pl]P-CIT SPECT to study the effects of MDMA 
onn human brain 5-HT neurons. Semple and colleagues 
{1999)) observed decreased ["MJP-CIT binding only in 
thee cerebral cortex (particularly prominent in the prima-
ryy sensory cortex) of io male MDMA users as compared 
too i o well-matched controls. Reductions in binding 
inverselyy correlated with time since last MDMA use. No 
correlationss were observed between [123I](3-CIT binding 
ratioss and a variety of neuropsychological measures. 
However,, there are several problems associated with 
thiss study. Subjects were asked to abstain from psycho-
activee drugs for one week, whereas this was 3 weeks in 
thee [nqMcN5652 PET study (McCann et al., 1998). 
Furthermore,, [,2M](3-CIT SPECT scans were acquired 90 
minutess post injection of the radiotracer. However, 
[123l]p-CITT does not reach near-equilibrium conditions 
earlierr than about four hours post injection (Pirker et al, 
2000}.. At scanning times this early, factors related to 
radioligandd delivery and washout, rather than 5-HT 
transporterr binding per se, play a prevalent role in deter-
mining[,IJ!]P-CITT binding. 

Usingg [,3JI]P-CIT SPECT, Reneman and colleagues 
(2001a)) replicated findings of previous PET and SPECT 
studiess suggesting that heavy use of M DMA is associa-
tedd with neurotoxic effects on 5-HT neurons in several 5-
HTrichh brain regions. Three different subgroups of 54 
MDMAA users and 15 controls were scanned after a drug-
freee interval of at least 3 weeks. Subjects were recruited 
fromm the same community sources, and thus well 
matchedd for age, gender distribution and psychosocial 
factors.. Interestingly, the authors observed significant 
decreasess in overall binding ratios in female, but not in 
malee heavy MDMA users, suggesting that females may 
bee more susceptible than males to the neurotoxic 

effectss of MDMA. It was also observed that MDMA-
inducedd neurotoxic changes in most, but not all, brain 
regionss of female ex-MDMA users were reversible, and 
thatt moderate MDMA use may lead to neurotoxic chan-
gess in the parieto-occipital cortex and occipital cortex, 
brainn regions which seem to be particularly sensitive to 
MM DM As effects. 

Regionall differences in 5-HT transporter densities 
reportedd in MDMA users studied with ['^IjP-CIT SPECT 
byy Semple and Reneman are fewer than in the study of 
McCannn and colleagues. This may reflect higher non-
specificc binding of [,23l]p-CIT. However, data obtained 
fromm [,2M]p-CIT SPECT studies in the MDMA treated 
rhesuss monkey correlated well with regional 5-HT trans-
porterr densities obtained with autoradiography in some 
brainn regions. As for [nqMcN5652 PET, also [^IjP-CIT 
SPECTT may lack adequate sensitivity to detect smaller 
MDMA-inducedd 5-HT lesions. 

StudyingStudying non specific neuronal toss using 'H MR 
Spectroscopy Spectroscopy 
Thee reduction of the amino acid N-acetyl aspartate 
(NAA)) detected by proton magnetic resonance spectro-
scopyy (nH MRS) represents a robust but unspecific mar-
kerr for neuronal loss or dysfunction {Urenjak et 
al.,1993}.. In addition to NAA, myo-inositol (Ml, a possi-
blee glial marker) and creatine/phosphocreatine (Cr) can 
bee assessed. Determining NAA changes in relation to Cr 
iss commonly employed and seems valid, because Cr 
remainss stable in a variety of brain diseases. In 1999 
Changg and colleagues reported findings on }H MRS 
spectraa obtained in 22 MDMA users and 37 controls, 
whoo had to abstain from psychoactive drugs for at least 
22 weeks. Normal NAA levels were observedd in MDMA 
users,, but Ml and Ml/Cr levels were increased in the 
parietall white matter of MDMA users. The cumulative 
lifetimee MDMA dose showed significant effects of Ml in 
thee parietal white matter and the occipital cortex. The 
normall NAA levels suggest a lack of significant neuronal 
injuryy in MDMA users, whereas increased Ml may 
reflectt increased glial content, possibly reflecting 
ongoingg repair processes. 

Inn contrast, Reneman and co-workers (submitted 
forr publication) recently reported decreased NAA/Cr 
andd NAA/Cho levels in the frontal cortex of 15 male 
MDMAA users, studied at least 1 week after the last 
MDMAA tablet taken, as compared to 12 gender and age 
matchedd control subjects. Furthermore, a significant 
associationn was observed between extent of previous 
MDMAA use and NAA/Cr or NAA/Cho ratios in the fron-
tall cortex. Discrepancies between the study by Chang 
andd that of Reneman, may be attributed in part to age-
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associatedd differences between both studies. In the 
Renemann study, subjects (both MDMA users and con-
trols)) were on average younger with a smaller age range. 
However,, precise quantification of'near-water' resonan-
cee peaks is difficult in water suppressed 1H M RS, and 
mayy therefore also account for the discrepancy between 
thee studies. 

III Functiona l consequence s of MDMA-
induce dd neurona l injur y 
5-HTT is involved in various brain functions, such as 
mood,, sleep, appetite and cognitive function. In addi-
tion,, considerable evidence has accumulated sugge-
stingg that 5-HT plays a pivotal role in the regulation of 
post-synapticc 5-HT2 receptor densities (see for review 
Menesess 1999) and control of cerebral perfusion 
(Belohlavkovaa et al., 2001; Cohen et al., 1996), While a 
numberr of studies have shown evidence for cognitive 
problemss in MDMA users using neuropsychological 
assessmentss (for review see Parrott 2000) few neuroi-
magingg studies have simultaneously investigated 
potentiall functional consequences of MDMA-induced 5-
HTT neurotoxic lesions. This lack of studies is probably 
relatedd to the fact that these functions are difficult to 
studyy using functional neuroimaging techniques, except 
forr techniques focusing on cerebral perfusion and cere-
brall glucose metabolic rate, i.e. techniques indicating 
generall neuronal metabolic activity. Although some aut-
horss have investigated the acute effects of ecstasy on 
glucosee metabolism and cerebral blood flow 
(Schreckenbergerr et al., 1998 and 1999; Gamma et al., 
2000),, this review concentrates on the long-term effects 
off MDMA-induced 5-HT neurotoxic lesions. 

PostPost synaptic 5-HT2 receptor densities 
Whilee [nC]McN5652 and p«l]p-CIT SPECT study pre-
synapticc 5-HT transporter densities, the development of 
iodine-i23-4-arriino-N-[i-[3[(4-fluorophenoxy)propyl]4--
methyl-4-piperidinyl]5-iodo-2-methoxybenzamide e 
(['^(^91150),, a radioligand which binds with high affini-
tyy and selectivity to 5-HT2A receptors (Terriere et al., 
1995),, has made it possible to assess the density of cor-
ticall HT2A receptors in the living human brain using 
SPECTT (Busattoetal., 1997}. While the effects of 
MDMAA on 5-HT nerve fibers and terminals have been 
studiedd extensively in animals, little is known about its 
effectss on post-synaptic 5-HT receptors. Only one study 
hass evaluated post-synaptic 5-HT2 receptor densities in 
MDMA-treatedd rats (Scheffel etal.,1992b). There is con-
siderablee evidence from the literature that post-synaptic 
5-HT22 receptors manifest a down-regulation in situ-
ationss with high levels of synaptic 5-HT while 5-HT 

depletionn has been associated with a compensatory up-
regulationn of 5-HT2 receptors (Sharif et al., 1989; 
Stockmeierr and Kellar 1989), Therefore, Reneman and 
colleaguess studied cortical 5-HT2A receptor densities in 
thee cerebral cortex of 17 recent as well as 7 ex-MDMA 
userss using [12>!]Rgii50 SPECT (Reneman 2001b). The 
cut-offf point of the drug-free interval in the ex-MDMA 
groupp was chosen at 2 months, while i week in the 
recentt MDMA group. The authors report that post-
synapticc 5-HT2A receptor densities were significantly 
lowerr in all cortical areas studied, while 5-HT2A receptor 
densitiess were significantly higher in the occipital cortex 
off ex-MDMA users. The results of this study suggest a 
compensatoryy up-regulation of post-synaptic 5-HT2A 

receptorss in the occipital cortex of ex-MDMA users pos-
siblyy due to low synaptic 5-HT levels. 

CerebralCerebral blood flow 
SPECTT as well as perfusion MR imaging, have been 
employedd to study the effects of MDMA-induced 5-HT 
alterationss on brain cerebrovasculature of MDMA 
users.. Chang and colleagues (2000) compared regional 
bloodd flow (rCBF) in 21 MDMA users and 21 age-and 
genderr matched control subjects using [^mTcJ hexam-
ethylpropyleneamineoximee (HMPAO) SPECT. In addi-
tion,, 10 of the MDMA subjects were scanned after recei-
vingg 2 doses of MDMA. Eight subjects were scanned 
withinn 3 weeks after they received MDMA, while 2 were 
scannedd more than 2 months later. The 21 MDMA users 
showedd no different regional or global rCBF compared 
too controls. However, 3 weeks after MDMA administra-
tion,, rCBF was decreased, implicating vasoconstriction, 
inn several cortical brain regions and caudate, whereas 
rCBFF tended to be increased, implicating vasodilatation, 
ratherr than decreased in the two subjects who were 
scannedd 2-3 months after MDMA administration. The 
short-termm effect of MDMA involves excessive release, 
andd it was therefore suggested that with normalization 
off the excess of 5-HT or depletion of 5-HT in some 
regionss at later time point, rCBF may return to normal 
orr increase above normal, due to removal of serotoner-
gicc constrictive effects. 

Similarr observations were made by Reneman and 
co-workerss (Reneman et al., 2000a). In order to exami-
nee whether changes in brain 5~HT2A receptor densities 
aree associated with alterations in blood vessel volumes, 
[,IJl]R9ii500 SPECT and perfusion weighted MRI was per-
formedd in 5 MDMA users and 6 control subjects. 
MDMAA using subjects were scanned after a drug-free 
intervall of on average 7 weeks. Using dynamic contrast-
enhancedd perfusion-weighted MR imaging, is has beco-
mee possible to study the brain vasculature by calcuia-
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tingg relative cerebral blood volume (rCBV) maps (Rosen 
ett a!., 1989). In specific brain regions, high cortical 5-
HT22 receptor densities, suggestive of low synaptic 5-HT 
levels,, correlated with high rCBV values, implicating 
vasodilatation,, whereas low cortical 5-HT2 receptor den-
sities,, suggestive of high synaptic 5-HT levels, correlated 
withh low rCBV values, implicating vasoconstriction. 
Thesee findings suggest that MDMA may affect the brain 
cerebrovasculature.. Future studies in animals would be 
mostt useful in sorting out specific effects of MDMA on 
cerebrall blood flow and vasculature. 

CerebralCerebral glucose metabolic rate 
Twoo studies used 2-[lSF]-f1uoro-2-deoxy-D-g!ucose 
(FDC)) PET as an index of glucose metabolism. In the 
first,first, PET scans were performed 2-16 months after the 
lastt MDMA ingestion in 7 MDMA users and 7 age-
matchedd tumor patients (Obrocki et al., 1999). It was 
postulatedd that MDMA-induced 5-HT neurotoxic 
lesionss may lead to alterations in glucose utilization. 
Glucosee metabolic uptake of the MDMA using group 
wass reduced in the left hippocampus, a brain region 
knownn to be consistently affected by MDMA in animals 
treatedd with this drug. Recently, by the same group, a 
secondd study was published in which FDC PET scans 
weree performed between 3 days and 96 months after 
thee last MDMA ingestion in 93 MDMA users and 27 
age-matchedd oncology patients (Buchert et al., 2001). 
FDGG uptake was reduced in the putamen, caudate and 
leftt amygdala. No association between FDG uptake and 
extentt of previous MDMA use was observed. Because 
differencess between MDMA users were rather small and 
restrictedd to some brain regions, the authors concluded 
thatt FDG PET cannot be used as a diagnostic tool in 
detectingg MDMA-induced neuronal loss, and should 
ratherr be used complementary with other imaging tools 
suchh as PET and SPECT. 

Illl  Linkin g biologica l marker s of neurona l 
injur yy wit h impaire d cognitiv e functio n 
Byy combining imaging studies with neuropsychological 
assessmentt it is possible to study links between neuron-
all loss, or brain damage, and cognitive function. Several 
studiess have found an association between markers of 
neuronall injury and impaired cognitive function in 
MDMAA users. Reneman and colleagues (Reneman et 
al.,, 2000b) investigated whether MDMA use is related 
too compensatory alterations in post-synaptic 5-HT2A 

receptorss and whether there is a relation between the 
latterr and memory disturbances. Memory is of particu-
larr interest since several studies have found that recre-
ationall MDMA users display significant memory impair-

ments,, whereas their performance on other cognitive 
testss is generally normal (Parrott 2000). To this purpose 
brainn cortical 5-HT2A receptor densities were studied 
withh [,!J|]-5-l-R9ii50 SPECT in 5 abstinent MDMA-users 
andd 9 healthy controls. Memory performance was 
assessedd using a word recall test (Rey Auditory Verbal 
Learningg Test). [!^l)-5-l-R9ii50 binding ratios were signi-
ficantlyficantly higher in the occipital cortex of MDMA users 
thann in controls, indicating up-regulation. Mean cortical 
5-HT2AA receptor binding correlated positively with 
RAVLT-recalll in MDMA users, suggesting altered 5-HT 
neuronall function with correlated memory impairment 
inn abstinent MDMA users. 

Inn another study, Reneman and colleagues (2001c) 
comparedd cortical []iil]P-CIT labelled 5-HT transporter 
densitiess in different groups of MDMA users: twenty-
twoo recent MDMA users who did not use MDMA for at 
leastt 3 weeks, 16 ex-MDMA users who had stopped 
usingg MDMA for more than 1 year, and 13 controls who 
claimedd never to have used MDMA were enrolled. In 
addition,, memory was assessed using RAVLT. Reduced 
corticall 5-HT transporter densities were observed in 
recent,, but not ex-MDMA users. However, both recent 
ass well as ex-MDMA users recalled significantly less 
wordss compared to controls. Greater use of MDMA was 
associatedd with greater impairment in immediate verbal 
memory.. However, memory performance was not asso-
ciatedd with [,I3l]Ji-CIT binding to cortical 5-HT transpor-
ters,, in contrast to the previously mentioned study by 
Renemann {2000b} in which a strong association 
betweenn post-synaptic 5-HT2-receptor densities and 
memoryy performance was observed. These findings 
mayy suggest that while the neurotoxic effects of MDMA 
onn 5-HT neurons in the human cortex may be reversible, 
thee effects of MDMA on memory function may be 
long(er)) lasting. Finally, one other study has investiga-
tedd the relation between brain damage and memory 
functionn (Reneman et al., 200id). Again, RAVLT was 
usedd to study 8 abstinent MDMA users and 7 controls. 
Inn addition ]H MRS was used in different brain regions 
off all MDMA users to measure NAA/Cr ratios. MDMA 
userss recalled significantly less words compared to con-
trols.. In MDMA users, delayed memory function was 
stronglyy associated with NAA/Cr only in the prefrontal 
cortex,, suggesting that greater decrements in memory 
functionn predicted lower NAA/Cr levels -and by inferen-
cee greater neuronal dysfunction- in the prefrontal cortex 
off MDMA users. 

Althoughh most of these studies were conducted 
usingg small sample sizes, they at least suggest an intri-
guingg relationship between markers of brain damage 
andd memory performance in MDMA users. However, 

177 7 



Investigatin gg th e potentia l neurotoxicit y of Ecstac y (MDMA) : An imagin g approac h 

theyy need be confirmed in a larger number of subjects. 

OtherOther neuroimaging techniques 
Functionall MR imaging (/MRI) may have tremendous 
potentiall for better delineating the consequences of 
MDMA-inducedd neurotoxicity./MRI is a novel imaging 
techniquee aimed at localizing cerebral functions, inclu-
dingg sensorimotor, vision, language and memory 
{Belliveauu etal., 1990). This technique is based on the 
phenomenonn that activation of specific brain areas cau-
sess changes in hemodynamic and oxygenation of the 
cerebrall blood at these locations, which can be visuali-
zedd with echo-planar MR imaging techniques,/MRI may 
bee particularly useful in visualizing brain activity pat-
ternss that correspond with cognitive functions in 
MDMAA users, because several research groups have 
foundd M DMA users to have cognitive deficits, particu-
larlyy on memory tasks. A study similar to/MR I was 
recentlyy conducted by Gamma and colleagues (2001) in 
whichh rC8F profiles obtained with [H^O] PET were 
comparedd between MDMA users and controls during 
cognitivee activation by a task requiring sustained atten-
tion.. No differences between the two groups were 
observed.. Since the bulk of studies utilizing classic neu-
ropsychiatryy testing reported deficits in memory func-
tionn (Bolla 1998), whereas performance on more basic 
cognitivee tasks is generally unimpaired (Parrott 2000), 
itt would be of interest to compare rCBF profiles between 
MM DMA users and controls during activation by a 
memoryy task. However,/M Rl may prove to be a more 
valuablee technique in identifying MDMA-induced func-

tionall consequences, since they can be made even fas-
terr than [H2 '50] PET, without engendering more radia-
tionn dosimetry with each sampling and with fine tem-
porall resolution. 

Anotherr technique of interest may be diffusion-
weightedd MR imaging, which provides a unique form of 
MRR contrast that enables the diffusional motion of 
waterr molecules to be quantitatively measured in biolo-
gicall tissue, especially axons (Le Bihan et al.0992). 
Cellularr structures, such as highly organized myelinated 
axonss in white matter, restrict water molecular motion, 
andd the apparent diffusion coefficient {ADC) is reduced 
comparedd to diffusion in bulk water (Moseley et al., 
1990;; Pierpaoli et al., 1996). Any process that results in 
changess in structural elements of tissue, removing 
somee of the "restricting" barriers, can result in incre-
asedd ADC values, It is therefore thought that diffusion-
weightedd MR imaging is a promising approach for the 
evaluationn of tissue changes in degenerating brain and 
nervee matter (Horsfield et al., 1998; Kinoshita et al., 
1999).. in a preliminary study Reneman and colleagues 
{2001e)) observed increased ADC values in the globus 
paliiduss of 8 MDMA users as compared to 6 controls, 
matchedd for age and gender distribution. These chan-
gess in the globus paliidus may reflect {non 5-HT speci-
fic)fic) tissue changes, which are in agreement with case 
reportss suggesting that the globus paliidus is particular-
lyy sensitive to the effects of MDMA (Spattetal., 1997). 

Inn the near future, diffusion tensor imaging (DTI) 
mayy turn out to be a useful technique in studying axonal 
projectionss in the living human brain. It enables in vivo 

TableTable t. Summary of neuroimaging studies investigating MDMA's effects in the human brain 

Investigatin g g 

NeuronalNeuronal loss 

FunctionalFunctional consequences 

Biologica ll  marke r 

5-HTT transporter 

NAA A 

ADC C 

5-HTjj receptor 

Cerebrall blood flow 

Cerebrall glucose metabolic rate 

Cognitivee function 

Techniqu ee used 

['C]McN5652PET T 

[:^I]P-C!TSP£CT T 

'HH MRS 

Diffusionn MRI 

[ '^^911500 SPECT 

[«"TcjHMPAOSPECT T 

Perfusionn MRI 

FDCC PET 

/ M R I I 

Referenc e e 

McCann1998 8 

Semplee 1999; Reneman 2001a; 2001c 

Changg 1999 
Renemann 200id 

Renemann 2000b; 2001b 

Changg 2000 

Renemann 2000a; Reneman zooie 

Obrockii 1999; Buchert 2001 

Gammaa 2001 

LinkingLinking neuronal injury 

withwith cognitive function 

5-HT22 receptor + memory 

5-HTT transporter + memory 

MAAA + memory 

[ " '^911500 SPECT 

[^l][3-CITSPECT T 

HH MRS 

Renemann 2000b 

Renemann 2001c 

Renemann 2O0id 
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threee dimensional (3D) reconstruction of axonal projec-
tionss using a rapid 3D high-resolution diffusion-weigh-
tedd imaging technique combined with a recently 
designedd fiber reconstruction algorithm (Xue et al., 
1999).. However, it is of great importance that animal 
studiess are conducted in parallel to studies in humans 
too validate this technique, and other mentioned in the 
presentt report, in detecting MDMA-induced 5-HT neur-
onall lesions. 

Discussio nn and futur e studie s 
Inn summary, using brain imaging techniques, several 
liness of evidence provide suggestive evidence that 
humann MDMA users are susceptible to MDMA-indu-
cedd neuronal damage, and that this may lead to func-
tionall impairments such as memory loss and possibly 
alterationss in the brain cerebrovasculature. 

Itt is important to note that the presently dis-
cussedd studies are limited by a number of factors. Their 
conclusionss heavily depend upon results of experimen-
tall animal studies showing MDMA-induced serotoner-
gicc lesions. Studies in humans are clearly subject to 
ethicall and methodological constraints (Curran 2000). 
Consequently,, until now most studies conducted in 
humanss have had a retrospective design, in which evi-
dencee is indirect and differs in the degree to which any 
causativee links can be implied between MDMA use and 
neurotoxicity.. Clearly, to definitively establish a causative 
linkk between observed neurotoxic changes and MDMA 
use,, an experimental study design would be needed. 
However,, given that the drug is illicit, has potential neur-
otoxicityy and has resulted in some fatalities, it is very dif-
ficultficult to perform such a study. One possible approach 
wouldd be to assess people both before and after they 
tookk MDMA. Neuroimagtng techniques may be very 
helpfull in providing such longitudinal studies in human 
MDMAA users. 

Whereass both PET and SPECT have become com-
monlyy used techniques in assessing the potential risk of 
MDMA,, more recently introduced MR imaging tools 
holdd great promise, but will yet have to prove their 

potentiall to the field. Currently available radioligands 
mayy not have the requisite sensitivity to detect smaller 
MDMA-inducedd lesions. Without doubt more selective 
radioligandss for the 5-HT transporter will be developed 
forr PET or SPECT in the future that may be more sensiti-
vee in detecting MDMA-induced neuronal loss. Although 
nonee of the currently available techniques is perfect, 
convergingg lines of evidence are needed (using combi-
nationss of different imaging techniques) to make an 
adequatee risk assessment of MDMA. In any case, the 
currentlyy available preliminary data obtained using 
thesee methods can be strengthened considerably by 
layingg the groundwork with preclinical studies in ani-
malss where direct, post-mortem neurochemical and 
neuu roan atom teat studies can be conducted. 

Futuree studies will have to find out whether neuro-
toxicc effects in heavy M DMA users tested to date also 
occurr in less frequent users. Some have argued that 
evenn a single dose of MDMA may be neurotoxic in 
humann beings (Gijsman et a!., 1999; McCann and 
Ricaurtee 2001), MDMA users may be studied prospecti-
velyy to shed light on the fate of damaged 5-HT neurons 
withh age, and whether dysfunction (e.g., memory loss) 
resolvess with abstinence or increases with age. More 
studiess should be conducted combining neuroimaging 
studiess with neuropsychological assessments to study 
linkss between brain damage and memory loss. Finally, 
moree studies should be conducted focusing on other 
systemss than the serotonergic system to increase our 
understandingg on the effects of MDMA and subsequent 
compensatoryy mechanisms in the brain. 

Iff indeed MDMA leads to 5-HT neuronal injury the 
healthh implications may be considerable, in which 
MDMAA will be responsible for early or late neuropsy-
chiatryy morbidity. Neuroimaging techniques will greatly 
contributee to our understanding of M DMAs short- and 
long-termm effects in the human brain. The fact that all 
thesee techniquess are non-invasive and most of them 
cancan be used repeatedly in the same subject is a very cri-
ticall feature. 
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