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Stellinge n n 

behorendee bij het proefschrift 

investigatinginvestigating the potential neurotoxicity of Ecstasy (MDMA): 
AnAn imaging approach 

1.. Personen die MDMA gebruiken lopen schade op aan serotonerge 
hersencellen.. De schade herstelt zich waarschijnlijk in de meeste 
hersengebieden. . 

2.. Bij gelijke doseringen treedt bij vrouwen vaker schade op dan bij 
mannen. . 

3.. Het gebruik van MDMA is geassocieerd met een aantal stoornissen in 
functiess waarbij serotonine een belangrijke rol speelt, zoals geheugen. 

4.. De effecten van MDMA op (serotonerge) hersencellen en geheugen zijn 
dosiss gerelateerd. 

5.. De effecten van MDMA op geheugenprestaties zijn van lange duur. 

6.. Geheugenproblemen bij MDMA gebruikers correleren met biologische 
markerss van neuronale schade. 

7.. Functionele beeldvormings technieken, zoals SPECT en MRI, zijn zoveel 
belovendd dat zij een nieuwe fase kunnen inluiden in het onderzoek naar 
dee oorzaken en gevolgen van (recreatief) drug gebruik. 

8.. Bij het bepalen van de noodzaak van onderzoek naar potentiële 
schadelijkee effecten van (recreatieve) drugs mag de legale of illegale 
statuss geen doorslaggevende factor zijn. 

9.. Het valt nog te bezien of de roes van Ecstasy het haalt bij de extase van 
dee wetenschap. 

TO.. Zoals een mens uit vele mensen bestaat, bestaat een onderzoek uit vele 
onderzoekenn (naar Adriaan van Dis). 



i l .. De komst van de beeldverwerkingsoftware stelt de wetenschappelijke 
integriteitt van een onderzoeker nader op de proef. 

12.. De Nederlandse vrouw gebruikt haar laatste ei voor haar eerste kind 
(Prof.. dr O. P. Bleker). 

13.. Tussen een tabberd en een toga zit slechts één etmaal. 

Liesbethh Reneman 
66 december 2001 
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Ann ecstasy tablet is unlike pretty much every other 
illicitt drug. It produces a sensation of euphoria that 
onee can't quite get anyhow else. "It gives me this 
greatt pleasure. All my worries seem to go away. I don't 
thinkk of what was or will be. I am just enjoying the 
presentt moment" says Vlata River (TIME Magazine 
2000).. "I couldn't dance all night without it. I would 
gett tired soon". It is not physically addictive, teena-
gerss everywhere have begun experimenting with it. 

Thee evolution of ecstasy, from an underground 
urbann drug to an almost mundane feature of middle-
classs life in the U.S. and Europe, peaked in popularity 
inn the early 1990s, when raves began to infiltrate the 
nightlife.. In the U.S., ecstasy remained common only 
inn several subcultures, but in the past few years, it has 
gonee mainstream both in U.S. and Europe. Drug 
laboratories,, most of which have their origins in the 
Netherlandss and Eastern Europe, have taken over the 
trade.. Currently around 5% of young adults in Europe 
sayy they have tried ecstasy. In a survey of illicit drug 
usee amongst British university students 13% stated 
thatt they had taken ecstasy at least once, while 3% 
usedd it regularly (Webb eta!., 1996). In 1999, 5% of 
thee Dutch pupils (14 and 15 years old) indicated 
havingg tried ecstasy (source: N DM Annual report 
2000).. Several studies suggest that the recreational 
usee of the drug seems to be increasing in every 
westernizedd country studied (Schifano et al., 1998; 
Parrottett al., 2000; N1DA, 1997). 

Ecstasyy is popular because one experiences few 
negativee consequences. On the surface it appears to 
bee a saferdrug than alcohol and cocaine, at least in 
thee short run. However, this perceived safety is at 
oddss with evidence from animal studies indicating 
thatt the ring-substituted amphetamine derivative and 
activee component of ecstasy tablets, -
lenedioxymethamphetaminee (MDMA), produces toxic 
effectss on brain serotonin (5-HT) neurons (for review 
seee Ricaurte et al., 2000). This raises the question of 
whetherr MDMA is also neurotoxic in humans. 

Thiss thesis focuses on the potential neurotoxic 
effectss of M DMA, although problems associated with 
pillss adulterated with other substances and potential 
neurotoxicityy of other amphetamine derivatives will 
alsoo be discussed. In this introduction, the back-
groundd of MDMA's neurochemistry and neurotoxicity 
iss given, and aim and outline of the thesis are discus-
sed. . 

Neurochemistr y y 
MDMAA belongs to a group of ring-substituted amphe-
taminee derivatives which bear structural and phar-

macologicall similarities to both the psychomotor 
stimulantt amphetamine and hallucinogens such as 
mescalinee (Steele et al., 1994). 

MDMAA is a potent monoaminergic agonist 
whichh both inhibits the reuptake and promotes the 
releasee of serotonin (5-HT) (Steele et al., 1987) and, 
too a lesser extent of dopamine (Hiramatsu et al., 
1990;; Yamamoto et al., 1988). The stereochemical 
profilee for MDMA's neurochemical effects is similar 
too related amphetamines in which the S-(+)-MDMA is 
moree active than R-(-)-MDMA (Johnson etal., 1986; 
Steelee et al., 1987). 

Itt is presently unclear whether the psychoactive, 
ass opposed to the neurotoxic, effects of MDMA result 
fromm the pre-synaptic release of 5-HT, or from inter-
actionss with postsynaptic target receptors, particular-
lyy 5-HT receptors (McKenna et al., 1990). Radioligand 
bindingg assays have shown that MDMA has highest 
affinityy for the 5-HT transporter («, = 0.6 (iM), follo-
wedd by 5-HTjA receptors (1.5 U.M), the a2-adrenergic 
receptorr (3,6 U.M), the histamine H, receptor 
(5.77 P-M), and the muscarinic M, receptor (5.8 U.M). 
MDMAA has no clear affinity for dopamine D, or D2 

receptorr sites (Battaglia et al., 1988a; McKenna & 
Peroutkaa 1990). 

Inn vivoo metabolic pathways of MDMA in the rat 
includee N-demethylation, O-dealkylation, deamina-
tionn and conjugation (Lim et al., 1988). The O-dealky-
lated d 

catecholl metabolite appears only in the brain, 
iss mediated by cytochrome P45D isozyms and is a 
primaryy route of metabolism in rats (Lin etal,, 1992). 
Inn vivoo stereochemical studies have suggested a more 
rapidd and extensive metabolism of the S-(+)-MDMA 
(Choo et al., 1990; Fitzgerald et al., 1990). Half life 
estimatess in rats for the enantiomers are 73.8 and 
100.77 min for S-(+) and R-(-)-MDMA, respectively 
(Choo et al., 1990). 

Neurotoxicit y y 
Moree than a decade ago the first evidence emerged 
indicatingg that MDMA produced selective toxic effects 
onn brain 5-HT neurons {Ricaurte et al., 1985). Dose-
relatedd reductions in brain markers of 5-HT axons, 
suchh as 5-HT and 5-hydroxyindoleacetic acid (5-HIAA) 
(Comminss et al., 1987; Schmidt et al., 1987a; 1986; ; 
Stonee et al., 1986), the density of 5-HT transporters 
(Battagliaa et al., 1987; Commins et al., 1987), the den-
sityy of vesicular monoamine transporters (Ricaurte et 
al.,, 2000), and the activity of tryptophan hydroxylase 
(Schmidtt et al., 1987b; Stone 1986) have consistently 
beenn reported in animals treated with MDMA. These 
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neurochemicall deficits, which last well beyond the 
periodd of drug administration, have been correlated 
withh the disappearance of 5-HT immunoreactive 
axonss (Molliver et al., 1990; O'Hearn et al., 1988; 
Wilsonn et al., 1989) and have been confirmed using 
silverr impregnation of degenerating neurons 
(Comminss et al., 1987). 

Neurotoxicc effects of MDMA on 5-HT neurons 
havee been demonstrated in a variety of animal 
species.. The magnitude and duration of MDMA's 
effectss are dependent upon the dose and number of 
injectionss given (Steele et al., 1994). Single doses of 
100 mg/kg have been shown to produce marked 
transientt depletions in 5-HT and 5-HIAA in rat brain 
persistingg for one week or longer (O'Shea et al., 
1998).. Primates are much more vulnerable to the 
neurotoxicc actions of MDMA than rodents. A single 
dosee of 5 mg/kg MDMA has been shown to produce 
long-lastingg depletion of 5-HT in monkey brain 
{Ricaurtee et al., 1988). Brain levels of dopamine and 
itss metabolite are not reduced by low doses of 
MDMA,, but are depleted after Higher doses 
{Comminss etal., 1987), suggesting that while MDMA 
iss more toxic to 5-HT than dopaminergic systems, 
itt can also damage dopamine neurons. 

Theree is evidence indicating that 5-HT rich brain 
regionss differ in their sensitivity to MDMA neurotoxic 
effects.. Areas rich in 5-HT terminals such as the cere-
brall cortex show more severe deficits than brain 
regionss containing fibers of passage (hypothalamus) 
orr cell bodies (brain stem) (Commins et al., 1987; 
O'Hearnn et al., 1988). Some evidence exists that the 
5-HTT system of rats is able to recover within six 
monthss to one yearfollowing repeated injections with 
100 or 20 mg/kg MDMA (Battaglia etal., 1988b; 
Scanzelloo et al., 1993). In non-human primates the 
neurotoxicc effects of MDMA may be permanent in 
somee (particularly cortical) brain regions 
(Hatzidimitriouu et al., 1999; Ricaurte et al., 1992a; 
Ricaurtee et a!., 1992b), while other brain regions 
(hypothalamuss and thalamus) show evidence of com-
pletee recovery. It has been suggested that the distance 
off the affected axon terminal field from the rostral 
raphee nuclei influences recovery of 5-HT axons after 
MDMAA injury {Hatzidimitriou et al., 1999). 

Thesee observations in animals may be relevant 
too humans, since doses used by humans fall squarely 
intoo the range of dosages that are toxic in animals, 
whenn dosages are adjusted to account for interspecies 
differencess (Ricaurte et al., 2000). The observation 
thatt smaller animal species require higher doses of 
drugg to achieve equivalent drug effects is predicted by 

thee principle of interspecies scaling. This method utili-
zess known relations between body mass/surface area 
andd accounts for differences in drug clearance 
(Mordentii & Chappell 1989) . Using this method, the 
equivalentt known neurotoxic dose of MDMA in rats 
(200 mg/kg, body weight) is found to be 5 mg/kg in 
monkeys,, which dose, indeed, has been shown to be 
neurotoxic.. Similarly, using the same technique, it is 
possiblee to predict dosages of MDMA that would be 
neurotoxicc in humans, based on those that are neuro-
toxicc for rats or monkeys. The equivalent dose in 
humanss of 5 mg/kg in a 1 kg squirrel monkey is found 
too be i .28 mg/kg or approximately 96 mg for a 75 kg 
individuall (McCann etal., 2001). Human MDMA 
userss typically use single doses of MDMA of 75-125 
mg.. As such, animal models of MDMA-induced neur-
otoxicityy suggest that human MDMA users might be 
att high risk for incurring 5-HT neurotoxicity. 

Iff MDMA damages serotonergic circuits in 
humans,, what functional consequences could be 
expectedd ? 5-HT is thought to play a role in regulating 
cognitivee function, mood, anxiety, impulsivity, sleep 
andd appetite. Therefore, 5-HT neurotoxic lesions in 
humanss may induce important ramifications for the 
mentall health and psychological function of people 
whoo use this drug. For instance, 5-HT imbalance has 
beenn postulated to underlie psychiatric disorders 
includingg mainly depression, anxiety, panic disorder, 
andd disorders of impulse control. Steep and personali-
tyy studies have demonstrated altered sleep architectu-
ree and increased impulsivity in MDMA users (Allen et 
al.,, 1993; Cerra et al., 1998; Morgan 1998). In addi-
tion,, there have been many case reports of neuropsy-
chiatryy sequelae after MDMA use, including depres-
sion,, psychotic disorders, panic disorders, social 
phobiaa and bulimic episodes (for review see Schifano 
ett al., 2000}, Finally, a number of studies have evalu-
atedd cognitive function in MDMA users as an indica-
torr of MDMA-induced 5-HT functional impairment. 
Thee bulk of these studies found deficits in verbal and 
visuall memory in MDMA users using neuropsycholo-
gicall testing (for review see Parrott et al., 2000). 

Aimss of the thesis 
Inn view of MDMA's popularity as a recreational drug, 
animall studies demonstrating serotonergic degenera-
tionn after MDMA administration at doses that overlap 
thosee used by humans, and the role 5-HT plays in 
severall essential functions, it is important to determi-
nee whether MDMA is neurotoxic to 5-HT neurons in 
humans. . 

Inn contrast to the numerous animal studies, the 
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numberr of studies investigating the neurotoxic poten-
tiall in human MDMA users is limited. This is probably 
becausee previously no methods were available for 
directlyy evaluating the neurotoxic effects of MDMA in 
livingg humans. Studies of MDMA's neurotoxic poten-
tiall in humans had to rely on indirect methods, inclu-
dingg measurements of 5-HIAA in cerebrospinal fluid 
(CSF),, and neuroendocrine challenge techniques. 
However,, recent development of in vivo neuroimaging 
tools,, such as positron emission tomography (PET), 
singlee photon emission computed tomography 
(SPECT),, and several magnetic resonance (MR) ima-
gingg applications are able to directly provide insights 
intoo the effects of MDMA on the living human brain. 
Furthermore,, these imaging-techniques have the abili-
tyy to identify several potential functional consequen-
cess of MDMA-induced neurotoxicity, and may be use-
full in identifying unknown but potential long-term 
effects. . 

Therefore,, the present study was designed in 
orderr to investigate more directly, with the use of 
SPECTT and MRI, the potential neurotoxicity of MDMA 
inn the human brain, and to study potential functional 
consequencess hereof. 

Inn this thesis the following questions are addressed: 
1.. Can MDMA-induced 5-HT neurotoxicity be studied 

usingg SPECT? 
Hypothesis;; [12!l|(i-CIT SPECT is a useful method in 
detectingg MDMA-induced 5-HT neuronal loss. 

2.. Are heavy and moderate MDMA users at risk of 
developingg {5-HT) brain pathology ? 
Hypothesis:: MDMA users demonstrate a dose-rela 
tedd reduction in biological markers of {5-HT) neur 
onall loss. 

Subb 2.1. If MDMA users are at risk of developing 

(5-HT)) brain pathology, are there gender differences 
inn the susceptibility of the neurotoxic effects of 
MDMA? ? 
Hypothesis:: males and females differ in their 

susceptibilityy to MDMA's neurotoxic effects. 
Subb 2.2. If MDMA users are at risk of developing 
(5-HT)) brain pathology, what are the effects of long 
termm abstention ? 
Hypothesis:: In ex-MDMA users, biological markers 
off (5-HT) neuronal loss are reduced in some brain 
regions,, while at control levels in other brain 

regions. . 
3.. Are MDMA users at risk of developing dopamine 

brainn pathology ? 

Hypothesis:: Use of MDMA does not reduce dopa 
minee transporter densities. 

4.. If M DMA use leads to 5-HT brain pathology, this 
mayy result in impairments of functions in which 
5-HTT plays an important role. Thus, the following 
questionn was examined: is the use of MDMA asso-
ciatedd with 5-HT functional impairments as eviden-
cedd by alterations in: (1) post-synaptic 5-HTj recep-
torr densities, (2) brain microvasculature, and (3) 
cognitivee functioning ? 

Hypothesis:: MDMA use alters markers of 5-HT 
function, , 

5.. If indeed MDMA use leads to impairments in func-
tionss in which 5-HT has been implicated, are these 
associatedd with MDMA-induced neuronal loss? 
Hypothesis:: memory impairments in MDMA users 
aree associated with a reductions in biological mar 
kerss of (5-HT) neuronal loss. 

Outlinee of the thesis 
Thiss thesis has five parts. In part I a general introduc-
tionn and outline of the thesis is given. Part II reports 
onn the potential neurotoxicity of MDMA in the human 
brain,, part III studies potential functional consequen-
cess of MDMA-induced neuronal loss, part IV studies 
whetherr biological markers associated with MDMA-
inducedd neuronal loss are correlated with memory 
function,, and part V gives a summary and conclusion 
off the thesis. 

PartPart I: introduction 
AA general introduction and outline of the thesis is 
given. . 

PartPart II: Biological markers of neuronal loss 
Inn part II different techniques and (by inference) biolo-
gicall markers are studied to investigate whether 
MDMAA use is associated with neuronal loss in the 
humann brain. 

Chapterr i includes the general introduction and 
outlinee of the thesis. Chapter 2 describes a set of 
experimentss in rats and monkey brain to identify and 
validatee the radioligand best suited to study MDMA-
inducedd loss of 5-HT neurons with SPECT. In Chap-
terr 3, the effects of MDMA on the human brain are 
describedd by quantification of brain 5-HT transporter 
densitiess using ['^IJp-CIT SPECT, in different groups 
off MDMA users and control subjects. In Chap te r a 
studyy is described in which the effects of MDMA use 
onn (non-specific) neurons are studied by measuring 
W-acetylaspartatee levels in several brain regions using 
protonn MR Spectroscpie ('H MRS). Chapters reports 
onn the effects of ecstasy on DA neurons in the human 
brainn by quantification of brain DA transporter dens 
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tiess using [^l]p-CITSPECT. 
Inn addition, the potential neurotoxicity of another 
amphetaminee derivative, methylphenidate, on 5-HT 
andd DA transporter densities is studied in rat brain. 

PartPart III: Potential functional consequences of MDMA-

inducedinduced neuronal loss 
Partt III of this thesis investigates whether the use of 
MDMAA is associated with impairments of functions in 
whichh 5-HT is thought to play an important role. 

Sincee 5-HT has been shown to regulate post-
synapticc 5-HT2 receptor densities, chapter 6 investi-
gatess the relation between regional 5-HT levels and 
5-HTlAA receptor densities in rat brain. In parallel, 
5-HTjAA post-synaptic receptor densities in the cerebral 
cortexx of recent as well as ex-MDMA users were stu-
diedd using [ , i } l]R9ii50 SPECT. Since 5-HT2 receptors 
playy a role in the regulation of brain microvascutature, 
chapterr 7 discusses whether changes in brain 5-HTjA 

receptorr densities are associated with alterations in 
bloodd vessel volumes (rCBV) using [,!3|]Rgn50 and 
perfusionn MR imaging, respectively. In addition, the 
diffusionall motion of water molecules, a potential 
markerr for tissue changes in degenerating brain tis-
sue,, is studied in MDMA users using diffusion weigh-

tedd MR imaging. Chapter 8 reports on the effect of 
MDMAA on cognitive function, since 5-HT has been 
shownn to play an important role in cognitive functio-
ning.. Different groups of MDMA users and control 
subjectss were studied using a neuropsychological test 
batteryy that specifically relates to serotonergic func-
tions,, particularly memory. 

PartPart IV: Linking biological markers of neuronal loss with 

memorymemory function 
Too further investigate whetherthe functional impair-
mentss described in part II of this thesis are indeed 
causedd by MDMA use, the association between diffe-
rentt biological markers of neuronal loss and memory 
functionn is discussed in chapter 9 of this thesis. 

PartPart V: Summary and conclusion 
Chapterr no gives an overview of the contributions that 
inn vivo brain imaging tools have made to our under-
standingg of the neurotoxic effects and functional con-
sequencess of MDMA use, thereby bringing most of 
thee studies presented in this thesis in perspective with 
thee international literature. Chapter TI discusses the 
outcomee of this thesis and the implications thereof. 
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Abstrac t t 
lodine-1233 labelled 2p-carbomethoxy-3p-(4-todophe-
nyl)nortropanee (nor-p-CIT), a radioiodinated cocaine 
analogue,, was evaluated as an agent for the in vivo 
labelingg of serotonin transporters by biodistribution 
studiess in rats. Intravenous injection of [1i3l]nor-p-CIT 
resultedd in high accumulation of radioactivity in brain 
areass with high densities of serotonin (hypothalamus) 
andd dopamine transporters (striatum), although the 
bindingg was less pronounced in the hypothalamus. 
Whilee binding of [,2'l]nor-P-CIT in the hypothalamus 
wass blocked significantly by fluvoxamine (a selective 
serotoninn transporter blocker) but not by G8Ri2,909 
(aa selective dopamine transporter blocker), the oppo-
sitee was observed in the striatum. The results of this 
studyy indicate that [1!3!]nor-p-CIT, although not being a 
selectivee radioligand, binds specifically to serotonin 
transporterss in the hypothalamus in vivo and thus 
suggestt that [,z5l]nor-p-CIT promises to be a suitable 
radioligandd for single-photon emission tomography 
imagingg of serotonin transporters in humans. 

Introductio n n 
Disturbancess of the serotonergic neurotransmitter 
systemm have been implicated in the pathophysiology 
off a number of diseases of the nervous system. For 
instance,, changes in serotonin {5-HT} levels in the 
centrall nervous system have been considered to play 
aa role in the etiology of depression and other neuro-
psychiatricc disorders. Reduction in the number of cen-
trall 5-HT neurons has been reported in post-mortem 
studiess performed inpatients with Alzheimer's disea-
se,, and recent studies suggested neurotoxic effects on 
5-HTT neurons of the widely used recreational drug 
ecstasyy (3,4-methylenedtoxymethamphetamine; 
MDMA)) (Tejani-Butt etal., 1995; Squier et al„ 1995). 

Visualizationn and quantification of 5-HT neurons 
inn the living human brain by means of imaging techni-
quess such as positron emission tomography (PET) 
andd single-photon emission tomography (SPET) facili-
tatee the detection of degeneration of 5-HT neurons. 
Thee 5-HT transporter is considered to be a reliable 
markerr of 5-HT neurons. The plasma membrane 5-HT 
transporterr is located on the pre-synaptic 5-HT nerve 
terminal,, and plays a keyrole in the regulation of the 
5-HTT concentration in the synaptic cleft. 

Severall potential tracers have been tested for 
theirr in vitro ability to bind to the 5-HT transporter. 
Amongg these tracers, the cocaine analogue 2P-carbo-
methoxy-3P-(4-iodophenyl)) nortropane (nor-P-CIT) 
showedd high affinity for the 5-HT transporter (IC5Q = 
0.366 nM) {Boja et al., 1994). Interestingly, the results 

off recent studies showed that , i}l-labelled nor-P-CIT 
promisess to be a novel SPET tracer for the 5-HT trans* 
porterr (Bergström etal., 1997; Hiltunen et al., 1998). 

Thee goal of the present study was to obtain addi-
tionall information on the in vivo characterization of 
I'2'I]] nor-p-CIT. Selectivity of [,!3l]nor-p-CIT as an in vivo 
labell for the central 5-HT transporters was investiga-
tedd by performing biodistribution studies in rats. 

Material ss  and method s 
ChemicalsChemicals and radiolabeiing ofnor-j5-CIT 
Thee selective 5-HT blocker fluvoxamine (Claassen et 
al.,, 1977) was a generous gift from Solvay Pharma-
ceuticalss (Weesp, the Netherlands). The selective 
dopaminee uptake blocker CBRi 2,909 (Andersen 
1989)) was obtained from Research Biochemicals 
Internationall (RBI, Natick, Mass., USA). ,J3| labeling of 
nor-P-CITT was performed by oxidative radio iodode-
stannylationn (Amersham Cygne, Technical University 
Eindhoven,, the Netherlands) of its trimethylstannyl 
precursor.. [,IJI]nor-P-CIT had a specific activity of > 
2000 MBq/nmol and a radiochemical purity > 97%. 
[1!3l]nor-P-CITT was dissolved in a sodium acetate 
bufferr (pH 4.7) with 5% ethanol, passed through a 
0.22-jJmm membrane filter, and subsequently diluted to 
thee appropriate concentration for intravenous (i.v.) 
injectionss in rats. 

InIn vivo distribution studies 
Malee Wistar rats (obtained from Broekman Institute 
B.V.,, Someren., the Netherlands) received an injection 
off approximately 1.85 MBq ['^IJnor-P-CIT /0.4 ml 
bufferr into the tail vein under ether anesthesia. 

Inn a first study, groups of rats (n = 3; 250-350 g 
bodyy weight) were sacrificed at several time points 
afterr injection of [,23l]nor-p-CITto investigate the time 
coursee of binding in rat brain. The hypothalamus was 
chosenn as an area representative of binding to the 5-
HTT transporter because it contains many 5-HT but few 
dopaminee transporters (Kuhar et al., 1972). The stria-
tumm was chosen as a brain area reflecting binding to 
dopaminee transporters due to its high concentration 
off dopamine transporters. The cerebellum has a low 
densityy of 5-HT and dopamine transporters (Back-
strömm et al., 1989; De Keyseret al., 1989) and was con-
sequentlyy chosen as a brain area reflecting free and 
non-specificc [,2Jl]nor-p-CIT binding in rat brain. 

Inn blocking experiments, rats (n = 4-6; 300-400 g 
bodyy weight) received 5 min prior to injection of 
[1Z3l]nor-(3-CITT an i.v. injection with an excess of bloc-
kerr (fluvoxamine or GBR12,909:5-10 mg/kg body 
weightt dissolved in 0.4 ml buffer), whereas a control 

23 3 



Investigatin gg th e potentia l neurotoxicit y o f Ecstac y ( M D M A ) : An imagin g approac h 

groupp of rats {« = 4-6) received an i.v. injection of 0.4 
mll buffer. Rats were sacrificed 4 h after injection of the 
radiotracer,, since the time course study (see Results) 
showedd high specific binding in the striatum and 
hypothalamuss at that particular timepoint. 

Ratss were killed by bleeding via heart puncture 
underr ether anesthesia. Blood, several brain regions 
(striatum,, hypothalamus and cerebellum) and pieces 
off various peripheral tissues (lung, heart, liver, kidney, 
fatt and muscle}, were rapidly excised and weighed. 1?3I 
radioactivityy was assayed in a gamma counter. The 
dataa were corrected for radioactivity decay, and the 
amountt of radioactivity was expressed as percentage 
off injected dose, multiplied by the body weight in kilo-
grams,, per gram tissue or blood (Rijks et al., 1996; 
Booijj et al., 1997}. 

StatisticalStatistical analysis 

Differencess between groups were analyzed by analysis 
off variance (ANOVA). In the case of multiple compa-
risons,, the Bonferroni correction method was used. In 
alll statistic analyses, probability values < 0.05 were 
consideredd significant. 

Result s s 
Injectionn of [,?3i]nor-|3-CIT resulted in high absolute 
bindingg in hypothalamus and striatum in comparison 
withh cerebellum (Table i ) . For measuring ['^t]nor-p-
CITT binding to 5-HT transporters in the hypothalamus 
andd to dopamine transporters in the striatum, the 
cerebellumm appeared to be a representative brain area 
forr non-specific binding, since fluvoxamine and 

CBRi2,9099 were not able to block absolute [^'Ijnor-p-
CITT binding in the cerebellum (Table 2}. 

Uptakee of [IIJl]nor-p-CIT in the hypothalamus 
wass fast in time, resulting in high hypothalamus-to-
cerebellumm ratios of approximately 4.5 and 5.1 at 4 h 
andd 6 h post-injection, respectively. Uptake of the 
radiotracerr was also fast in the striatum, resulting in 
highh striatum-to-cerebellum ratios of approximately 
6.88 and 8.4 at 4 hand 6 h post-injection, respectively. 
Thee binding ratios of [,i5!]nor-p-CIT were higher for 
dopaminergicc than for serotonergic brain areas 
(Tablee i ) . 

Pre-injectionn of fluvoxamine, but not of 
GBRi2,909,, significantly decreased the absolute bin-
dingg of [1S3l]nor-P-CIT in the hypothalamus (Table 2) 
andd the hypothalamus-to-cerebellum binding ratio 
(Figuree i ) . Intravenous injection of fluvoxamine did 
nott significantly change the absolute binding of 
[,!M]nor-P-CITT in the striatum (Table 2) or the striatum-
to-cerebellumm ratio (Figure i ) . Pre-injection of 
GBRi2,9og,, however, significantly decreased the 
absolutee striatal binding (Table 2) and the striatum-
to-cerebellumm ratio of [,2Jl]nor-P-CIT (Figure 1). 

Besidess high binding in the brain, [1!3|]nor-P-CIT 
alsoo rapidly accumulated in liver, lung and kidney. For 
eachh peripheral organ, except for adipose tissue, bin-
dingg of the radiotracer declined gradually after 15 min 
post-injectionn (Table 1}. Injection of fluvoxamine, but 
nott GBRi2,9og, significantly blocked [,2M]nor-p-CIT 
bindingg in lung (data not shown). However, neither 
GBRi2,9C>99 norfluvoxamine blocked [12Jl]nor-p-CIT 
bindingg in the other peripheral organs. 

TableTable 1. Biodktribution of ',JI radioactivity and hypothalamic and striatal uptake ratios at different times after intravenous injection of 
 mature rati' 

Hypothalamus s 
Striatum m 

Cerebellum m 

Blood d 

Fat t 

Muscle e 

Kidney y 

Liver r 

Lung g 

Heart t 

Hypothalamus s 

cerebellum m 

Striatum/ / 

cerebellum m 

155 min 

0.672*0,024 4 

O O 

8 8 

6 6 

7 7 

0.069*0.015 5 

0,604*0.045 5 

0 0 

2.600*1.198 8 

0.356*0.083 3 

1.488*0,198 8 

1.811*0.253 3 

300 min 

0.679*0.014 4 

0.869*0.012 2 

0.406*0.011 7 

0.143*0.013 3 
0,076*0.021 1 

0,061*0,009 9 

0.494*0.069 9 

8 8 

1.430*0.267 7 

0.253*0.044 4 

1.76*0.154 4 

2.200*0.112 2 

i h h 

0.691*0.068 8 

0.940*0.079 9 

0.316*0.027 7 

0.090*0.008 8 

0,093*0.007 7 

0,051*0,005 5 

0.314*0.016 6 
0.478*0.023 3 

0.782*0.041 1 

0.145*0,005 5 

2.200*0.281 1 

2,977*0,074 4 

2 h h 

00 594*0.032 

0.908*0.041 1 

7 7 

0,083*0.00) ) 

O.08ÜO.O04 4 

2 2 

0.241*0.013 3 

7 7 

0.494*0.048 8 

8 8 

3.400*0.310 0 

5.199*0.392 2 

3h h 

0,486*0.120 0 

0,785*0.016 6 

0.122*0.016 6 
0.060*0.012 2 

0.057*0.009 9 

0.032*0.003 3 

0.191*0,039 9 

0.489*0.037 7 

0.323*0.035 5 

0.079*0.005 5 

2 2 

6.400*0.631 1 

4 h h 

0.422*0.024 4 

0.639*0.029 9 

0.094*0.002 2 

0.053*0.002 2 

0.049*0.006 6 

1 1 

0,171*0.087 7 

0.516*0.070 0 

0.284*0.043 3 

0.069*0.002 2 

4.500*0.339 9 

6.811*0.201 1 

6 h h 

0.320*0.051 1 

0.528*0070 0 

0.063*0.007 7 

0,049*0.003 3 

0.036*0.003 3 

0.025*0.002 2 

0.127*0.008 8 

0.532*0.076 6 

0.191*0.022 2 

0.055*0.004 4 

5.122*1.154 4 

8.422*1,397 7 

244 h 

0.016*0.002 2 

0.043*0.038 8 

0.009*0.005 5 
0.012*0.002 2 

0.006*0.003 3 

0.005*0.001 1 

0.023*0,017 7 

0.294*0.009 9 

0.170*0.254 4 

0.011*0.003 3 

1.355*1,200 0 

4.199*2.045 5 

'Dataa are given as the%ID x kg/g and represent the mean  SD of three rats. 
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Discussion n 
Inn vivo b ind ing o f ["3 l ]nor-|}-CIT in the hypotha lamus 

o ff the rat is med ia ted by the 5-HT t ranspor ter since 

onlyy f luvoxamine, and not G B R i 2 , 9 0 9 , was able to 

blockk the b ind ing o f the radiotracer. This observat ion 

iss in l ine w i th the results o f recent studies. An autora-

d iograph icc study pe r fo rmed in h u m a n brain showed 

b ind ingg o f [ '? ; l ]nor-( i-CIT in the t ha lamus (a 5-HT-rich 

TableTable 2. Blockade of''l radioactivity uptake by fluvoxamine or 

C8R72,9099 in hypothalamus, striatum and cerebellum 

afterafter i.v. injection of['"l]nor-ji-CIT in mature rats" 

Control l Fluvoxaminee GBR 12,909 

Hypothalamuss 4 ' 0.39210.092 

Striatumm 0.82710.146 0.64410.096 0.45110.098-' 

Cerebellumm 0.11510.013 0.09410.014 0.094+0.012 

Statisticallyy significant different from controls 
-- Data are given as %ID_kg/g and represent the meanrSD of four to six 

rats.. The drugs were injected i.v. 5 min before injection of the radioligand 
andd radioactivity was measured at 4 h. 

brainn area) to be fully inh ib i ted by the selective 5-HT 

reuptakee blocker c i ta lop ram but not by G B R I 2 , Q O Q 

(Bergst römm et a l . , 1997). In add i t i on , PET and SPET 

studiess showed that the in v ivo b i n d i n g o f radiolabe-

ledd nor-fJ-CIT in 5-HT-r ich brain areas o f monkey and 

66 -1 

E E 

££ 2 

h u m a nn bra in was s igni f icant ly reduced by pre-treat-

men tt w i th c i ta lop ram (Bergs t röm et al., 1997; 

H i l t unenn et a l . , 1998). 

Inn th is study, b ind ing o f [ , 2 ' l ]nor-p-CIT in the rat 

hypo tha lamuss was no t fully b locked by pre- t reatment 

wi thh a high dose o f f luvoxamine. This finding is in con -

trastt to the finding o f the above-ment ioned autorad io-

graphicc study (Bergs t röm et a l . , 1997) which showed 

thatt b ind ing o f p25l]nor-(3-CIT in the h u m a n tha lamus 

wass fully inh ib i ted by 1 u/W c i ta lop ram. However, in 

v ivoo exper iments the percentage o f blockade is depen-

dentt not only on the concen t ra t ion o f the blocker bu t 

also,, for example, on kinet ic di f ferences between the 

blockerr and the radiotracer. In th is study, we showed a 

h ighh and long last ing uptake o f [ '23 l]nor-(i-CIT in the 

l ungg o f rats, wh ich is in agreement w i th data obta ined 

inn h u m a n s (H i l t unen et al., 1998). Impor tant ly , pre-

t rea tmentt w i t h f luvoxamine blocked the [uM]nor-p-CIT 

b ind ingg in the l ung signif icant ly, wh ich was expected 

sincee the lungs are 5-HT-rich regions (H i l tunen et al., 

1998) . . 

Thee results o f the present study show tha t the 

ratioo o f hypotha lamus- to -cerebe l lum b ind ing o f 

[,?5|]nor-[3-CITT in rat brain is approx imate ly 5.1 at 6 h 

pos t - in jec t ion .. This rat io is m u c h higher than that 

recentlyy repor ted for ["=I]FP-CIT in rat brain (hypotha-

lamus- to -cerebe l lumm rat io o f approx imate ly 2.0 at 2 h 

B B 

== 6 

E E 
BB 4 

control l GBR R fluv v control l GBR R 

FigureFigure 1. A. B. Blockade of[''Ijnor-jS-CIT binding in rat hypothalamus by injection of fluvoxamine but not by that 0fGBR12.c109.and the oppo-

sitesite for blockade of binding in rat striatum. Drugs were injected i. v. 5 min before injection of the radiotracer, and radioactivity was measured at 

44 h p.i. Control rats received buffer injections. The data are expressed as radioactivity ratios of hypothalamus-to-cerebellum binding (A) and 

striatum-to-cerebellumstriatum-to-cerebellum binding (B) (mean 1 SD of four to six rats). 
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post-injectionn (Booij et al., 1997). Interestingly, 
Hiltunenn and co-workers {1998) compared the in vivo 
bindingg of [,i5l]nor~P-CIT and [ ^ p - C I T to central 5-HT 
transporterss in humans. They showed that specific 
[,i5l]nor-(3-CITT binding atthe level of the midbrain (a 5-
HTT transporter-rich region) was 33% higher compared 
withh that of pIJp-CIT. So, [^l)nor-f3-CIT, in comparis-
onn with the cocaine analogues [,I!l]ji-CIT and [,2}I]FP-
CIT,, might be the tracer with the greatest potential for 
visualizationn of 5-HT transporters with SPET. 
However,, it may be of interest to examine in future 
studiess whether, apart from higher specific binding, 
theree are additional advantages of [,!3l]nor-ji-CIT over 
otherr cocaine analogues for the visualization of 5-HT 
transporterss with SPET 

Inn addition to cocaine analogues, [,2ïl)nitroquipa-
zinee has been studied as a potentially useful SPET 
ligandd for visualization of 5-HT transporters. However, 
aa relatively low target-to-non-target ratio (2,3) was 
observedd in primates (Jagust et al., 1993). 
Additionally,, [,!5f]nitroquipazine was metabolized 
rapidly,, and a high non-specific binding was observed 
afterr injection of the radiotracer (Jagust et al., 1996). 
Consequently,, [ , ! jl]nitroquipazine seems not to be a 
usefull tracer for SPET imaging of 5-HT transporters. 

Recentt PET and SPET studies performed in mon-
keyss and humans showed relatively high striatal bin-
dingg of ["C]nor-f}-CIT and [, i3l]nor-p-CIT, respectively 
{Bergströmm et al., 1997; Hiltunen et al., 1998). An 
autoradiographicc study performed in human brain 
alsoo showed high striatal binding of ['^l]nor-p-CIT 
{Bergströmm et al., 1997),which is in line with the 
observationn that nor-{ï-CIT showed not only high 
affinityy for the 5-HT transporter (IC50 = 0.36 nM) but 
alsoo for the dopamine transporter(IC50 = 0.69 nM) 
(Bojaa et al., 1994). In addition, Bergström and co-wor-
kerss (1997) demonstrated that striatal [,z;,l]nor-{i-C)T 

bindingg is due to binding to the dopamine transporter 
sincee pre-treatment with CBRi2,909 did significantly 
blockk the in vitro striatal binding. As anticipated by 
thee assumption that the concentration of striatal 
dopaminee transporters in rats is approximately ten-
foldd higher than the concentration of striatal 5-HT 
transporterss (Yeghiayan et al., 1997), the results of the 
presentt study show that the in vivo [,!3l]nor-P-CIT bin-
dingg in rat striatum is predominantly mediated by the 
dopaminee transporter since CBRi2,909,but not flu-
voxamine,, significantly blocked striatal binding of the 
radiotracer.. Moreover, this result suggests that 
[,23l]nor-p-CITT is not a selective in vivo tracer for the 5-
HTT transporter. 

Thee present investigation shows that in vivo bin-
dingg of [,2M]nor-p-CIT is higher in the striatum than in 
thee hypothalamus, which is in line with results of 
otherr studies (Bergström etal., 1997: Hiltunen et al., 
1998).. Although [,2M]nor-p-CITshowsa high target-to-
non-targett ratio, future studies should focus on the 
developmentt and evaluation of radiotracers for the 5-
HTT transporter that show even higher in vivo selectivi-
tyy for this transporter. It is also of interest to determi-
nee whether radioactive metabolites of newly 
developedd radiotracers for the 5-HT transporter pass 
thee blood-brain barrier and have affinity to monoami-
nee transporters. 

Inn conclusion, the results of this study indicate 
thatt ['^IJnor-p-CIT, although not being a selective 
radioligand,, binds in vivo specifically to 5-HT trans-
porterss in the hypothalamus (a brain area known to be 
richh in 5-HT transporters) and thus suggest that 
[l2'l)nor-p-CITT promises to be a suitable radioligand 
forr SPET imaging of 5-HT transporters in humans. 
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Abstrac t t 
Bothh iodine-123-labeled P-CIT (2|3-carbometHoxy-3(i-
{4-iodophenyl}} tropane) and nor-p-CIT (2P-carbomet-
hoxy-3P-{4-iodophenyl)nortropane)) have shown to be 
suitablee radioligands for imaging serotonin {5-HT) 
transporters.. [,Z31] nor-p-CIT has the highest in vitro 
affinityy for 5-HT transporters among the P-CIT analo-
guess reported so far. However, no direct comparison-
studiess of these two radiotracers as to their in vivo 
bindingg to 5-HT transporters have been reported so 
far.. Therefore, it is still unclear which of the two radiot-
racerss is more suitable for single photon emission 
computedd tomography (SPECT) imaging of 5-HT 
transporters.. The purpose of this study was to compa-
ree directly in a controlled design the in vivo [12JI]JJ-CIT 
andd [,!3l]nor-P-CIT binding to 5-HT transporters under 
thee same conditions in rats with the focus on brain 
kineticc characteristics by means of a two-compart-
mentt analysis. We observed that [,Ï}I]P-CIT has a hig-
herr binding potential and faster kinetics for 5-HT 
transporterss than pljnor-p-CIT, suggesting that [12M]p-
CITT may be a more suitable radioligand than [,J'l]nor-
P-CITT for imaging 5-HT transporters with SPECT. 

Introductio n n 
Disturbancess of the serotonergic neurotransmitter 
systemm have been implicated in the pathophysiology 
off a number of diseases of the nervous system. For 
instance,, changes in serotonin (5-HT) levels in the 
centrall nervous system have been considered to play 
aa role in the etiology of depression and other neuro-
psychiatryy disorders. Reduction in the number of cen-
trall 5-HT neurons has been reported in postmortem 
studiess performed in patients with Alzheimer's and 
Parkinson'ss disease, whereas recent studies sugge-
stedd neurotoxic effects on 5-HT neurons of the widely 
usedd recreational drug Ecstasy (3,4-methylenedioxy-
methamphetamine;; MDMA), and of the anorectic 
drugg dexfenfluramine. Visualization and quantifica-
tionn of 5-HT neurons in the living human brain using 
positronn emission tomography (PET) or single pho-
tonn emission computed tomography (SPECT) could 
potentiallyy allow the detection of degeneration of 5-HT 
neurons.. The 5-HT transporter is considered to be a 
reliablee marker of 5-HT neurons. The plasma mem-
branee 5-HT transporter is located on the pre-synaptic 
5-HTT terminal. 

Inn recent years, extensive efforts have led to the 
developmentt of suitable radioligands for imaging the 
5-HTT transporter. One of these radioligands is iodine-
2P-carbomethoxy-3p-(4-iodophenyl)) tropane (p-CIT), 
whichh can be used simultaneously for 5-HT and dopa-

minee (DA) transporter imaging in the living human 
brainn with single photon emission computed tomo-
graphyy (SPECT) {Kuikka et al., 1995; Kuikka et a!., 
1993;; Briicke et al., 1993; Bergström et al., 1994). 
Recentt studies confirmed differential kinetics of [,23l]p-
CITT binding to 5-HT and DA transporters. The hypo-
thalamuss contains much more 5-HT than DA trans-
porterss (Kuhar et al., 1972), whereas the striatum 
containss much more DA transporters than 5-HT trans-
porterss (Innis et al., 1993). Therefore, assessment of 
thee binding to both transporters can be performed in 
onee series of experiments (Lamelle et al., 1993, Fujita 
ett al., 1996). 

Anotherr suitable radioligand for imaging the 5-
HTT transporter is nor-P-CIT (2P-carbomethoxy-3P-(4-
iodophenyl)nortropane),, which is a desmethyl analo-
guee of [[1M]p-aT. ['^IJnor-p-CIT has the highest in vitro 
affinityy for 5-HT transporters among the P-CIT analo-
guess reported so far. The in vitro affinity of J,S3l]nor-P-
CITT is tenfold higher {IC50= 0.36 r\M) when compared 
withh ['^l]p-CIT (ICso= 4.2 r\M) {Boja et al., 1994). 
However,, no direct comparison studies of these two 
radiotracerss as to their in vivo binding to 5-HT trans-
porterss have been reported so far. In addition, the 
kineticss of [,23l]nor-p-CIT has not been studied extensi-
vely.. Therefore, it is still unclear which of the two radi-
otracerss is more suitable for SPECT imaging of 5-HT 
transporters.. The purpose of this study was to directly 
comparee in a controlled design the in vivo [,23l]p-CIT 
andd [,23l)nor-p-CIT binding to 5-HT transporters under 
thee same conditions in rats, with the focus on brain 
kineticc characteristics by means of a two-compart-
mentt analysis. In addition in vivo binding to DA trans-
porterss was studied. 

Material ss  and Method s 
Croupss of male Wistar rats (« = 3) were i.v. injected 
withh either approximately 1.85 MBq [,2!l]nor-p-CIT or 
[123I]P-CITT and sacrificed at several time points after 
tracerr injection (up to 24 h p.i.), as described pre-
viouslyy (Booij et al., 1998). The brains were quickly 
removed,, dissected into cerebral cortex, striatum, tha-
lamus,, hypothalamus, hippocampus and cerebellum, 
andd weighed. The radioactivity of [12Jl]nor-p-CIT or 
[,23l]p-GTT in each region was measured and radioacti-
vityy concentrations were expressed as percent injected 
dose,, multiplied by the body weight per gram tissue 
weightt (% ID x kg/g tissue), as earlier described (Rijks 
ett al., 1996). For both radioligands, the cerebellum 
wass used as a reference region for the estimation of 
freee and nonspecifically bound radioligand. The hypo-
thalamuss was chosen as an area of binding of the 5-
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HTT transporter, whereas the striatum was chosen as 
ann area of binding of the DA transporter. The specific 
bindingg at each time point was estimated by subtrac-
tionn of radioactivity in cerebellum from total radioacti-
vityy in the region of interest. 

Results s 
Figuree l shows the time-course of [1!il]nor-(i-CIT and 
[,23l]p-CITT specific and nonspecific binding and bin-
dingg ratios. [l2Jl]nor-p-CIT showed higher specific bin-
dingg in the hypothalamus than [,;3l]p-CIT. However, 
thee kinetics of [,2!IJJ}-CIT seem to be faster in this brain 
area.. [,IJl]p-CIT binding reached a plateau in binding 
beginningg at i h after the injection, lasting up to 4 h 
afterr injection, whereas ['23t]nor-p-CIT reached its peak 
22 h after the injection (Figure I A ) , Highest specific 
bindingg for both tracers was detected in the striatum 
(Figuree iB). [,2'l]nor-p-CIT showed higher specific bin-
dingg in the striatum than [,2Jl]p-CIT. Moreover, the 
kineticss of [,Z3l]nor-p-CIT in the striatum was faster 
thann for [,2ii](3-CIT, Peak striatal specific binding of 
['2il]nor-(3-CITandd [1!il]p-CITwas reached approxima-
telyy 2 h and 3 h after the injection of the radiotracer, 
respectivelyy (Figure iB). In the cerebellum, washout of 
bothh tracers was faster than in the hypothalamus and 
striatum.. Nonspecific binding of [123l]nor-p-C1T was 
higherthann that of ['^IjP-CIT (Figure iC). 

Kineticc differences of the two tracers under 
studyy were further clarified by a two-compartment 
analysis,, as previously described by Fujita et al. (1996} 
(Figuree 2}. 

Thee rate constants [k.3 and Jc.4) were estimated by 
thee least squares method (Table 1). With regard to the 
estimatedd k$ values, both tracers showed the highest 

andd lowest values in striatum and hippocampus, 
respectively.. With regard to estimated k$ values, for 
bothh tracers the occipital cortex showed the highest 
values.. Lowest k.4 values were calculated for p^ljnor-p1-
CITT in the hypothalamus and in the striatum for [,i5l]P-
CIT.. With the exception of the frontal cortex, the bin-
dingg potential (BP; unitless, kj/k4), was overall higher 
forr ["3|]p-CIT than for p^jjnor-P-CIT, although statisti-
callyy significance was reached only in the striatum 
(Tablee 1). 

Inn this study, binding in the hypothalamus and 
striatumm was assumed to reflect binding to 5-HT and 
DAA transporters, respectively. This assumption is 
basedd on results of recent blocking and displacement 
studiess performed in rats, which showed that in vivo 
bindingg of ['^Ijp-CIT and ["'Ijnor-p-CIT in the hypotha-
lamuss and striatum is mediated by 5-HT and DA 
transporters,, respectively (Fujita et al., 1996; Laruelle 
etal.,, 1993; Booij et al., 1998). 

Discussion n 
Inn this study, we showed that the beginning of peak 
specificc binding of [12Jl]p-CIT in the hypothalamus and 
striatumm started i h and 3 h after injection of the radio-
tracer,, respectively. The differential kinetics of [,2ii]p-
CITT binding to 5-HT and DA transporters was clarified 
byy the two-compartment kinetic analyses. This analy-
siss revealed that k} in the striatum was almost twice 
kjkj in the hypothalamus, which is in line with the 
resultss reported by Fujita and co-workers (1996). They 
suggestedd that this differential kinetics reflects the dif-
ferentiall kinetics of [13^I]P-CIT binding to 5-HT and DA 
transporters.. In this study, peak specific binding and 
peakk in binding ratios (Figures iD and lE) of [,2M]nor-

TableTable  1. Kinetics ofp',l]nor-P-CITand[™si]li-CtTin individual brain regions' 

Brai nn regio n 

pIjNor-p-CIT pIjNor-p-CIT 

k.k. (min '} 

kktt (min"1} 

BPP (unitless) 

rw-oT rw-oT 
k.k. (min ') 

fcfc44 (min-1} 

BP P 

Frontall cortex 

0.056*0.013 3 

6 6 

1.58*0.07 7 

4 4 

0.00811 4 

1.199 3 

Occipitall cortex 

0.038*0.012 2 

3 3 

6 6 

3 3 

O.OlliO.OOl l 

1.0310.10 0 

Striatum m 

5 5 

8 8 

8 8 

n n 

0003*0.001 1 

12.41t2.55' ' 

Thalamus s 

7 7 

2 2 

2.0410,10 0 

0.0093*0.002 2 

0.0043*0.001 1 

2.1510.58 8 

Hypothalamus s 

6 6 

0.015*0.003 3 

1,7810.11 1 

0.022*0.009 9 

0.00910.001 1 

2,422 2 

Hippocampus s 

2 2 

0.016*0.016 6 

1.0410.05 5 

0.0091*0.002 2 

0.006210.001 1 

1.48*0.24 4 

Dataa are expressed in mean  SE values. 
-'' Statistical significant difference in binding potential (BP) between [ T and [ ':l]f3-ClT (unpaired Student's (test; p < o.oi) 

32 2 

http://12.41t2.55'


P a r tt I I I B i o l o g i c a l m a r k e r s o f n e u r o n a l l o s s 

E E 
_™ ™ 
nn v 
OO $ a.a. -f; 

onn oo 
CC -at 

.EE Q 
-OO — 

^ ~ ~ 
0) ) a. . 

0,8n n 

O J 1 1 

o,6--

o,5--

o,4--

o.3n n 

0,22 -

0,11 -

00 -

p*ü ü 
££ £ 

^ ^ 

r--
r r 

1 1 

A A 

,, n.r-b 

fc fc 
5-5 5 

E E 
33 ,—, 

.22 § 

155 x 

u= = 

Q. . 
00 0 

0,8-| | 

o,7--

o,6--

o,5--

0,4--

o.3--

0,22 -

o,ii  -

OO -

B B 

/M M 
T/l>N^ i i 
#H^T^i i Jl l 

— a —— b-cit 

: : 
Timee (hours) Timee (hours) 

o,8-i i 

o,7--

o,6--

?? o.5-

BOO 0 ,4 -
00 0 

QQ o.3-
5? ? 

0,22 -

o,ii  -

c c 

TT _ , — 
VV ^ ^ H— b-cit 

_r\ \ SrX X 
AA N. 

VV v^ 
^ ° < ! ^ ^ — * * 

6 1 1 

4 --

Timee (hours) Timee (hours) 

2 5 --

! 5 --

5" " 

FigureFigure i. Time-activity curves for specific and non-spe-

cific braincific brain binding of["3l]P-CITandl»3l]nor-l}-aT 

(24(24 h data not shown) in hypothalamus (A), striatum 

(B),(B), and cerebellum (C). Regional activities were nor-

malizedmalized to injected dose multiplies by the body weight 

perper gram tissue (% IDxkg/g tissue). Binding ratios of 

f'UJp-CITandf'UJp-CITand p33l]nor-fi-QT (24 h data not shown) in 

hypothalamushypothalamus (D) and striatum (E). as expressed as 

hypothalamus-to-cerebellumhypothalamus-to-cerebellum and striatum-to-cerebel-

lum,lum, respectively (mean  SE of three rats). 

Timee (hours) 
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FigureFigure 2. 2. Two-compartment model to determine the forward (k$) 

andand dissociation (Lj) rate constants ofp'Hjji-CITand ["iljnor-ji-CIT 

inin individual brain regions in vivo. The cerebellum was used as a 

referencereference region for the estimation of free and non-specifically bound 

radioligand.radioligand. Specific binding in individual brain regions was determi-

nedned by subtracting the radioactivity in the cerebellum. 

(B-CITT was approx imate ly at the same t ime po in t in the 

hypo tha lamuss as in the s t r i a tum. In l ine w i th th is fin-

d ing ,, we previously repor ted hypo tha lamus- and stria-

tum- to -cerebe l lumm rat ios to be bo th h ighest 6 h after 

in jec t ionn o f [ ,2>l]nor-p-CIT (Booi j et a l . , 1998). 

However,, es t imated k} values, as ob ta ined in the pre-

sentt study, in the s t r ia tum were a lmos t three t imes fcj 

valuess in the hypo tha lamus. F ind ing di f ferent k j valu-

ess in the s t r ia tum and hypo tha lamus suggests that 

[ ,23 l ]nor-(i-CITT displays di f ferent b i n d i n g kinet ics to 5-

HTT and DA t ranspor ters . Interest ingly, H i l t unen et al . 

(1998)) recently reported di f ferent t i m e p o i n t s o f the 

peakk rat io in specif ic ['2M]nor-(i-CIT b ind ing in the 

h u m a nn hypotha lamus and s t r i a tum (4 and 21 h p.i., 

respect ively),, wh ich suppor t di f ferences in k inet ics o f 

[ l 2 , l ]nor-P-CITT b ind ing to 5-HT and DA t ranspor ters . 

Cons ider ingg that the ca lcu la t ion o f k} values is more 

" re l iab le"" than the calculat ion o f peak specif ic b in-

d ing ,, we suggest that [ , 2 ! l ]nor-( i -CIT displays di f ferent 

b i n d i n gg kinetics to 5-HT and DA t ranspor te rs in rats. 

Therefore,, it may be just i f ied to assess the concentra-

t ionn o f 5-HT and DA t ranspor te rs at d i f ferent t ime 

po in tss after in jec t ion o f [ l 2- ! l ]nor-p-CIT (Fujita et a l . , 

1996). . 

Thee BP is a f requent ly used o u t c o m e measure for 

exper iments,, s ince the BP cor responds to the product 

o ff the site densi ty (Bmdx) and aff inity ( i / K D , where KD is 

thee equ i l i b r i um d issoc ia t ion cons tan t o f the receptor-

l igandd complex) . In th is study, we report a 36 % higher 

b ind ingg potent ia l o f [ ! ; 3 l ] ( i -CIT to the 5-HT t ranspor ter 

thann [ ' " l ]nor-P-CIT in rat bra in . In cont ras t to our fin-

d ings,, H i l t unen et al. (1998) reported that the ratio o f 

inn vivo specific b ind ing o f [ ,2M]nor-|3-CIT in the h u m a n 

mid-bra inn was 33% higher as compared to [,2!I]|3-CIT. A 

higherr specific [,23|]nor-(3-CIT b ind ing to 5-HT trans-

porterss was also observed in p r imate bra in . The relati-

vee low BP o f [ 25l]nor-(3-CIT to 5-HT t ranspor ters obser-

vedd in the present s tudy as compared to the above 

men t ionedd studies may be due to a species dif ference. 

Anotherr possib i l i ty is that the lower observed BP der i -

vess f r o m the mode l used to es t imate kinet ic parame-

ters.. However, we calculated the es t imated kinetics o f 

[ , 2M]P-CITandd [^ IJnor -p-CIT w i th the mode l descr ibed 

byy Fujita et al. (1996). By us ing th is m o d e l , we f ound 

s imi larr kinetics o f [,23l]f3-ClT b ind ing in rat brain as 

reportedd by Fujita, wh i ch give suppo r t for the obser-

vedd kinet ic character is t ics o f [ ,2 i l]nor-|3-CIT. 

[ ,2H]P-CITT and [ l 2 ' l ]nor-p-CIT are both nonselect i -

vee radiotracers for label ing 5-HT and DA t ranspor ters 

inn vivo. Interest ingly, they can be used in c l in ical s tu-

diess to examine both t ranspor te rs in one series o f exa-

mina t ions ,, by es t ima t ing the b ind ing in the hypothala-

muss (to 5-HT t ranspor ters) and in the s t r ia tum (to DA 

t ranspor ters) ,, respectively. In th is study, we observed 

thatt in rats ['2'I]|3-CIT has a h igher BP than ['2 ' l]nor-(}-

CITT for both t ranspor te rs . This finding suggests that 

['2M]p-CITT may be a m o r e sui table rad io l igand than 

[ , 2 i l ]nor-P-CITT for imag ing both m o n o a m i n e t ranspor-

ters.. Future compara t i ve s tud ies in humans wil l be 

neededd to examine whether [ , 2 ; l ]p-CIT is indeed a 

moree sui table rad io l igand than [ ,2^l]nor-P-CIT for ima-

g ingg o f 5-HT t ranspor te rs w i th SPECT 
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Abstrac t t 
Losss of serotonin transporter (SERT) sites has been 
implicatedd in various neurodegenerative conditions. 
Forr instance, animals exposed to the neurotoxic drug 
MDMAA {"Ecstasy") display long-lasting decrements in 
regionall brain SERT density. Recent [,1!l]fi-CIT single 
photonn emission computed tomography (SPECT) stu-
diess revealed decreased SERT density in the brain of 
humanss with a hist07 of MDMA use. However, [,!3I]P-
CITT SPECT has until now not been validated as a 
methodd for detecting such serotonergic lesions. 
Therefore,, the present study was undertaken to evalu-
atee the suitability of [12JI]J}-CIT in detecting MDMA-
inducedd serotonergic neurotoxicity. Following baseline 
['^IjP-CITT SPECT scans, a rhesus monkey was treated 
withh MDMA (5 mg/kg, s.c. twice daily for four conse-
cutivee days). SPECT studies 4,10 and 31 days after 
MDMAA treatment revealed decreases in [,s*1]p-CIT bin-
dingg ratios in the SERT-rich brain region studied 
(hypothalamic/midbrainn region), with SERT density 
reducedd by 39% in this brain region 31 days after treat-
ment.. Data obtained with SPECT studies correlated 
welll with SERT density determined with autoradiogra-
phyy after sacrifice of the animal {-34%). In addition, ex 
vivoo [123l]p-GT binding studies in rats one week after 
treatmentt with neurotoxic doses of MDMA (20 mg/kg 
s.c.. twice daily for four consecutive days) revealed sig-
nificantt reductions in p l ]p-CIT binding in SERT-rich 
regionss (including the hypothalamus) when compa-
redd to saline treated rats. The combined results of 
thesee studies indicate that SPECT imaging of SERT 
withh pl jP-CIT can detect changes in SERT density 
secondaryy to MDMA-induced neurotoxicity in the 
hypothalamic/midbrainn region, and possibly other 
brainn regions. 

Introductio n n 
Alterationss of serotonin (5-HT) transmission have 
beenn implicated in numerous neuropsychiatric disor-
ders.. 5-HT transporters (SERTs), located on presynap-
ticc terminals, terminate the action of 5-HT by reuptake 
intoo the pre-synaptic neuron. Because the SERT is a 
structurall component specifically located on 5-HT ter-
minalss and cell bodies, SERT density can serve as a 
markerr of the number or integrity of 5-HT nerve termi-
nals.. Thus the ability to measure 5-HT transporters in 
vivovivo with positron emission tomography (PET) or sing-
lee photon emission computed tomography (SPECT) is 
criticall in characterizing putative abnormalities of 5-HT 
neuronss in neuropsychiatric disorders. 

Imagingg of the SERT is currently employed to 
investigatee the potential neurotoxicity of the popular 

recreationall drug 3,4-methylenedioxymethaphetamine 
(MDMAA or "Ecstasy") in the human brain (McCann et 
al.,, 1998; Semple et al., 1999; Reneman et al., 2001a; 
2001b).. Though generally regarded as relatively safe, 
itt has become increasingly apparent that MDMA use 
cancan lead to toxic effects on brain 5-HT neurons in 
rodentss and non-human primates. Damage to 5-HT 
neuronss has been demonstrated by reductions in 
variouss markers unique to 5-HT axons, including brain 
5-HT,, 5-hydroxyindoleacetic acid, and the density of 
SERTss (Battagliaet al., 1987; Commins et al., 1987; 
Schmidtt 1987; Schmidt et al„ 1986; Stone et al., 1986). 

Feww data are available on the neurotoxic effects 
off MDMA in the human brain. Since SPECT is widely 
availablee at relatively low cost, it could greatly contri-
butee to our understanding of MDMA's short- and 
long-termm effects in the human brain. Recent p'CjMcN 
56522 PET and [,!3l]p-CIT SPECT studies have shown 
decreasess in the number of central SERTs in humans 
withh a history of MDMA use (McCann et al., 1998; 
Semplee et al., 1999). Whereas the use of ["C]McN 
56522 PET in detecting MDMA-induced 5-HT neuro-
toxicc lesions has been validated in a baboon (Scheffel 
ett al., 1998), the use of'^l-labelled p-CIT SPECT has 
untill now not been validated to detect such 5-HT 
lesions. . 

Thee present study was undertaken in an effort to 
validatee the use of ['^Ijp-CIT SPECT to visualize and 
quantifyy regional changes in SERT in the living mon-
keyy brain following MDMA exposure. The suitability of 
[,23I]P-CITT for the detection of serotonergic neuronal 
damagee was also evaluated using ex vivo [, i jl]p-CIT 
bindingg studies in rat brain. 

Material ss  and Method s 
AnimalsAnimals and drug treatment 

ee hydrochloride 
(certifiedd reference compound, purity > 98.9%) was 
obtainedd from the Netherlands Forensic Institute 
(Rijswijk,, the Netherlands). ]1H labeling of p-CIT was 
performedd by oxidative radioiododestannylation 
(Radionuclidee Center, Vrije University, Amsterdam, 
thee Netherlands, respectively) ofthetrimethylstannyl 
precursorr obtained from RBI. [1!M]p-CIT had a specific 
activityy > 185 MBq/nmol and a radiochemical purity of 
>> 97%. 

Alll experiments involving procedures using ani-
malss were approved by the local Animal Care Commit-
tee.. For the in vivo experiment a male rhesus monkey 
[Macca[Macca mulatto) was used, who had been in a pre-
viouss experiment in which neuronal synchronizations 
afterr visual stimulation of the occipital cortex were 
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recordedd with electrodes. SPECT studies were on 5 dif-
ferentt occasions, two times before and three times 
afterr treatment with MDMA. Control baseline studies 
weree carried out over a 3-week period, the post-
MDMAA treatment studies were performed 4,10 and 
311 days after administration of the last dose of MDMA 
hydrochloride.. Dissolved in saline, MDMA was injec-
tedd subcutaneously in doses of 5 mg/kg twice a day 
forr 4 days. One male rhesus monkey served as control 
forr autoradiography. 

Malee Wistar rats (obtained from Broekman 
Institutee B.V., Someren, the Netherlands) weighing 
200-2500 g were used in ex vivo [,S3l]fS-CIT binding stu-
dies.. Croups of rats {n = 4-5) were given either a vehi-
clee or a neurotoxic regimen of MDMA which consis-
tedd of a subcutaneous dose of 20 mg/kg MDMA given 
twicee a day subcutaneously for 4 consecutive days. 
[!1JI](3-CITT binding analysis was performed 7 days after 
thee last treatment. 

InIn vivo SERT imaging in monkey brain 
Onee day before SPECT scanning the monkey received 
potassiumm iodide orally in order to prevent thyroid 
uptakee of free radioactive iodide. During the scanning 
procedure,, the monkey was anesthetized by an intra-
muscularr injection of a mixture of ketamine-HCI (0.1 
mg/kg),, acepromazine maleate (0.02 mg/kg), and 
atropinee sulphate (0.05 mg/kg). Anesthesia was 
maintainedd during the experiment with hourly injec-
tionss of ketamine (0.1 mg/kg). SPECT studies were 
performedd using the Strichman Medical Equipment 
810XX tomographic system. This 12-detector single-
slicee scanner has a full-width at half-maximum resolu-
tionn of approximately 7.5 mm. Each acquisition con-
sistedd of at least 9 slices (acquired in a 64 x 64 
matrix),, 3 min per slice (interslice distance 5 mm). 
Thee energy window was set at 135-190 keV. Acquisition 
wass started 2 and 3 h after intravenous injection of 
approximatelyy 222 MBq ['^IJfi-CIT (specific activity > 
1855 MBq/nmol; radiochemical purity > 98%), when 
equilibriumm at the SERT was approached (Lamelle et 
al.,, 1993}. To ensure reproducible positioning of the 
monkey'ss head in the camera, a headholder was used. 
Thee head of the monkey was oriented parallel to the 
canthomeatall (CM)-line with the help of beams from 
gantry-mountedd lasers. Attenuation and reconstruc-
tionn correction of the SERT images were performed as 
earlierr described (Booij et al., 1997). 

Imagee analysis was performed using a region of 
interestt (ROI) analysis. ROIs for the hypothalamic/ 
midbrainn region, striatum and cerebellum were posi-
tionedd by reference to the activity distribution, a neur-

oanatomicall rhesus monkey atlas and co-registered 
MRII scans. MR images were obtained at i .5Twith a 
Siemenss Magnetom SP 63 SP/4000 scanner. The 
hypothalamic/midbrainn region was defined as 10 mm 
belowthee level of the basal ganglia (this is the level 
wheree the highest activity could be identified), where-
ass the cerebellar level 20 mm below the level of the 
basall ganglia. Because electrodes had been placed in 
aa previous experiment in the occipital and parietal cor-
texx of the rhesus monkey, we did not analyze neocorti-
call brain regions. The measured concentration of 
radioactivityy was expressed as Strichman Medical 
Unitss SMUs; i SMU = 100 Bq/ml (as specified by 
Strichmann Medical Equipment Inc.). The uptake in the 
cerebellum,, presumed free from SERT, was used as a 
referencee for background radioactivity. Binding of 
[,Jjl]P-CITT in the hypothalamic/midbrain region and 
striatumm was analyzed using the ratio of specific 
(== total binding in the ROI - nonspecific binding) to 
nonspecificc binding (= binding in cerebellum). 

AutoradiographyAutoradiography in monkey brain 
Threee weeks after the last SPECT experiment, the rhe-
suss monkey was sacrificed with an intravenous over-
dosee of pentobarbital. An additional rhesus monkey 
wass used as a control. The brains were immediately 
dissectedd on ice and samples stored at C until 
processed.. Autoradiographic studies of SERT were 
carriedd out using [3H]citalopram as previously descri-
bedd (Fischer et al., 1995). 

ExEx vivo SERT binding studies in rat brain 
MM DMA and saline treated rats were injected intrave-
nouslyy with approximately 1.85 MBq [ l ï3l]rj-CIT7days 
afterr last treatment. Three hours after injection of 
[!ÏJl]p-CITT (Reneman et al., 1999), animals were killed 
byy bleeding via heart puncture under ether anesthesia. 
Thee brains were quickly removed, dissected into the 
followingg regions: prefrontal cortex, temporal cortex, 
parietall cortex, occipital cortex, hippocampus, stria-
tum,, thalamus, raphe nuclei, midbrain (containing 
raphee nuclei, substantia nigra, and superior colliculi) 
andd cerebellum, and weighed. I I ;I radioactivity of 
[,!5!]J3-CITT in each region was assayed in a gamma 
counter.. The data were corrected for radioactivity 
decayy back to the time of preparation of the injection 
syringess in order to compare relative concentrations 
inn the tissues taken and to relate the results to the 
injectedd dose. The amount of radioactivity was expres-
sedd as a percentage of the injected dose, multiplied by 
thee body weight per gram tissue weight [% ID x kg/g 
tissue),, as earlier described (Rijks et al., 1996). As in 
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TableTable 1. SERT binding in rhesus monkey 

["'IJP-CI TT SPECT 

pre-MDMA^^ post-MDMA delta (%) 

311 days; 

['H]Citalopram ' ' 

Controll post-MDMA 

522 days4 

deltaa (%) 

Hypothalamic/midbrainn 1.68 

region n 
Striatumm M-53 10.79 9 

3---

- 2 6 6 

8.10 0 

2.40 0 

5.03 3 

1.83 3 

-38 8 

-24 4 

Expressedd as specific to non-specific binding ratios 
:: Mean of 3-4 sections expressed in nCi/mg of tissue 
•• Mean of two observations 
** Days after last MDMA injection 

thee SPECT exper iment , the uptake in the cerebe l lum, 

p resumedd free f rom SERT, was used as a reference for 

backgroundd radioactivity. B ind ing o f ["'IJP-CI T t o 

SERTT was analyzed us ing the rat io o f specif ic to non -

specif icc b ind ing . 

Statistics Statistics 

Statist icall s ignif icance o f the ex v ivo b i n d i n g studies in 

ratss were evaluated us ing Student t - tests. Corre lat ions 

weree assessed by Pearson's p roduc t m o m e n t . The cr i -

te r ionn for signif icance was p < 0.05. 

Result s s 
InIn vivo SERT imaging in monkey brain 

H y p o t h a l a m i c / m i d b r a i nn [2JI](3-CIT b i n d i n g rat ios were 

reducedd after t rea tment w i th M D M A c o m p a r e d to the 

non-t reatedd s i tua t ion. SERT densi t ies were lowest 4 

dayss after M D M A t rea tment . O n day 31 (last SPECT 

measurement )) SERT densi t ies were h igher compared 

too day 4 and 10. [ , 2 ' I ]P-CIT b ind ing rat ios obta ined 10 

dayss after M D M A t rea tmen t in the h y p o t h a l a m i c / m i d -

brainn region were reduced by 3 9 % , w h e n compared to 

thee non-treated s i tua t ion . After 31 days th is was 3 4 % 

(Tablee 1, Figures. 1 and 2). 

Striatall [ l 2 i l ]P-CIT b i n d i n g rat ios were reduced by 

13%% after 10 days and 2 6 % after 31 days. 

Thee reproducib i l i ty o f the SPECT measurements 

seemss to be good . This is demons t ra ted by the relati-

velyy smal l var iat ions in mean [123l]p-CIT b ind ing rat ios 

obta inedd on two di f ferent occas ions before M D M A -

t rea tmentt ( 4 % for the h y p o t h a l a m i c / m i d b r a i n region 

andd 9 % for the s t r i a tum) . 

Theree was good agreement between the in vivo 

SPECTT data and [»H]c i ta lopram b i n d i n g o f the cont ro l 

andd MDMA- t rea ted rhesus monkeys in the hypothala-

m i c / m i d b r a i nn region and s t r i a tum (Table 1). 

FigureFigure 1. (A) Transverse MR image at the level of the hypothalamic/midbrain region. Multislice 3D saggital images (80 slices; 1 mm) were 

obtainedobtained using gradient-echo imaging (TR/TE; Q.7/4 ms. 256 mm FOV, 256 x 256 matrix). Transverse and coronal slices were reconstructed 

fromfrom the sagittal series. (B) Co-registration image from (A) and SPECT image at the same level, showing uptake ofP23l]l5-CITin the hypotha

lamic/midbrainlamic/midbrain region. Co-registration of MR and SPECT images was performed using the Hermes Multi Modality software package (Nuclear 

Diagnostics,Diagnostics, Stockholm, Sweden). (C) Voxel analysis comparing mean specific P'HJp-CITbinding ratios in a rhesus monkey (as measured with 

SPECT)SPECT) before (n = 2) and after treatment with MDMA (n = 3), displayed on a co-registered MR image. After registration in the same orienta

tiontion an unpaired Student's t test was performed on each voxel of generated SPECT images. The yellow region represents significant lower (p < 

0.025)0.025) specific p23l]{l-CITbinding ratios after MDMA treatment compared to the non-treated situation in the hypothalamic/midbrain region. 
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FigureFigure 2. 2. Voxel analysis as in Figure 1 (C) on sagittal MR image. The 

yellowyellow region represents significant lower (p < 0.025) specific P23l]l$-

CITCIT binding ratios after MDMA treatment compared to the non-tre-

atedated situation in the hypothalamic/midbrain region and thalamus. 

ExEx vivo SERT binding studies in rat brain 

Signi f icantt reduct ions in specif ic b ind ing rat ios 

o ff [ l 2 i l ]P-CIT occur red after t rea tment w i th M D M A 

(Tablee 2). 

Stat ist ical lyy s igni f icant decreases in ["'IJpVCIT b ind ing 

weree especially p r o m i n e n t in areas o f h igh concent ra-

t ionss o f SERT but low concent ra t ions o f dopam ine 

t ranspor ters .. For instance, the decrease in the hypo-

tha lamuss was 55% f rom con t ro ls , 57% in the m id -

bra in ,, 5 9 % in the tha lamus and 7 4 % in the occipi ta l 

cortex. . 

O nn the other hand , in the s t r ia tum [ ,23I]P-CIT b ind ing 

rat ioss increased non-s igni f icant ly by 19%. [ , 2 i l ]p-CIT 

b ind ingg ratios were not s igni f icant ly reduced in the 

raphee nuclei o f M D M A - t r e a t e d rats as compared to 

cont ro lss (Table 2). Overal l cort ical b ind ing rat ios 

(meann specif ic b ind ing rat io o f f ronta l - , t empora l - , 

par ietal- ,, and occip i ta l cortex) were strongly and posi-

t ivelyy associated w i th b i n d i n g rat ios in the midbra in 

(Figuree 3). 

TableTable 2. Specif c ['>l]ji-OT SERT binding ratios in saline and 

MDMA-treatedMDMA-treated rats' 

Prefrontall cortex 

Temporall cortex 

Parietall cortex 

Occipitall cortex 

Amygdala a 

Hippocampus s 

Striatum m 

Thalamus s 

Hypothalamus s 

Raphee nuclei 
Midbrain n 

Control l 

8 8 

3 3 

5 5 

1 1 

8 8 

5 5 

14.1*2.74 4 

6 6 

3.34*0.84 4 

4 4 

i i 

MDMA A 

0 0 

3 3 

8 8 

0.37*0.08 8 

2 2 

5 5 

7 7 

1.43*0.28 8 

1.511 2 

6 6 

4 4 

delta(%) ) 

-63 3 

-55 5 
-65 5 
-74 4 
-51 1 

-53 3 
+19 9 

-59 9 
-55 5 
-26 6 

-57 7 

P P 

<o.o i i 

0.01 1 

<o .o i i 

<o.oi i 

0.015 5 

0.012 2 

0.135 5 

•eo.01 1 

<o.oi i 

0.142 2 

<o.oi i 

1 1 
0 0 
^^ 1.2-

tio
o 

ce
re

br
c 

b
in

d
in

g
g

 r<
 

P
P

 
0 

<^
^ 

bo
 

g.o-4--
O O 

/o /o 

0 / / 

'' 0 

•• y 

0 0 

1 1 

• # # 

/ • • 

rr = o.94 

pp < 0.01 

'•5 5 2-5 5 

Expressedd as specific to nonspecific binding ratios 

Discussion n 
Inn the present study, we examined the val idi ty o f [,22I]P-

Specifkk binding ratio midbrain 

OO MDMA 

•• Control 

FigureFigure 3. Correlation between specific to non-specific P23I]I5-CIT 

bindingbinding ratios in the cerebral cortex (overall cortical binding ratios: 

meanmean specific binding ratio of frontal-, temporal-, parietal-, and 

occipitaloccipital cortex displayed on vertical axis) and midbrain (horizontal 

axis)axis) in control and MDMA treated rats. 

CITT SPECT in detec t ing M D M A - i n d u c e d serotonergic 

neurotoxic i ty.. Treatment o f rats w i th neurotoxic doses 

o ff M D M A led to s igni f icant reduct ions in [ ,2 !I]P-CIT 

b i n d i n gg in SERT-rich reg ions. Us ing [,2M]P-CIT SPECT, 

comparab lee observat ions were made in an M D M A -

treatedd monkey. Au to rad iog raphy showed clear loss o f 

SERTT in the M D M A - t r e a t e d monkey as compared to 

thee con t ro l monkey. These results indicate that [ ,2 ,I]P-

CITT SPECT is capable in detect ing M D M A - i n d u c e d 5-

H TT neurotox ic lesions in the hypo tha lam ic /m idb ra in 

region. . 

Inn a prev ious study, ["C]|5-CIT PET was no t f ound 

too be a sui table techn ique to detect neurotoxic effects 

o ff M D M A , s ince no s igni f icant changes in [' C](3-CIT 

b i n d i n gg before and after M D M A admin is t ra t ion were 

observedd in baboon brain (Scheffel et al., 1998). As 

po in tedd ou t in that paper, th is is probably due to the 

loww separat ion between specif ic and nonspeci f ic b in

d ingg because o f the shor t physical half-life (20 min ) o f 

t h e ' C -- labeled t racer and the s low kinetics o f ["C]P-

CITT By cont rast , we presently demons t ra te that the 

'? i l - label ledd vers ion o f the radiotracer is capable o f 

de tec t ingg M D M A induced neurotoxic effects in 5-HT 

r ichh brain reg ions, both in ex v ivo b ind ing assays as in 

v ivoo SPECT. The half- l i fe t i m e o f " ! l (6.2 h) offers the 

oppor tun i t yy to await separat ion between specific and 

non-specif icc b ind ing . These findings con f i rm and 
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extentt previous in vitro and ex vivo studies in which 
[12M]p-CITT was found to adequately detect MDMA and 
fenfluraminee induced 5-HT neurotoxic lesions {Lewet 
al.,, 1996; Scheffel etal., 1992). 

Thee observed decreases in hypothalamic/mid-
brainn SERT densities in rat and monkey brain after 
MDMA-treatmentt very likely reflects MDMA-induced 
brainn 5-HT neurotoxicity, since numerous other stu-
diess have also documented reductions in SERT densi-
tiess in animals with known MDMA-induced 5-HT inju-
ry,, while leaving dopamine and dopamine transporter 
densitiess unaffected (Battaglia etal., 1987; Commins 
ett al., 1987). It should be kept in mind, however, that it 
iss an assumption that a decrease in SERT density 
directlyy reflects axonal loss. Several factors, such as 
internalizationn of the SERT could also result in decre-
asedd binding. In this respect, the lower SERT values 
observedd in the SPECT study at 4 days when compa-
redd to days 10 after treatment with MDMA may be 
relatedd to SERT internalization rather than MDMA-
inducedd loss of SERT, whereas at TO days and 31 days 
thee pharmacologic effects of MDMA are negligible 
andd SERT reductions more likely reflect SERT loss. 
Nevertheless,, it has been shown that other 5-HT axon-
all markers are also reduced after MDMA treatment 
(Saboll et al., 1996), Furthermore, correlative anatomic 
studiess indicate that loss of pre-synaptic SERT in 
MDMA-treatedd animals is related to damage of 5-HT 
axonss and axon terminals (Battaglia et al., 1987; 
Comminss et al., 1987; Fischer etal 1995). 
Consequently,, it can be concluded that the observed 
decreasee in [1ïjl}p-CIT binding in the 
hypothalamic/midbrainn region, reflects degeneration 
off 5-HT axons induced by MDMA. 

Exx vivo experiments in rats confirmed the SPECT 
resultss obtained in monkey brain. Significant decrea-
sess in [1=L3l]p-CIT accumulation were noticeable in all 
areass examined (except for the raphe nuclei) after tre-
atmentt of rats with neurotoxic doses of MDMA. 
Reductionss in rat brain in specific [,S3I]J}-CIT binding 
ratioss were highest in cortical brain regions, such as 
thee occipital cortex (-74%), prefrontal cortex (-63%), 
parietall cortex (-65%) and temporal cortex (-55%). In 
subcorticall brain regions, the highest reductions were 
observedd in thalamus (-59%), midbrain (-57%), hypo-
thalamuss (-55%), and hippocampus (-53%). These 
observationss are in agreement with previous in vitro 
andd in vivo studies in which significant decreases in 
corticall as well as subcortical [,I5l]p-CIT binding were 
observedd after treatment with MDMA as well as the 5-
HTT neurotoxin fenfluramine (Lewet al., 1996; Scheffel 
ett al., 1992). In the fenfluramine study, decreases in 
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[18M](3-CITT binding paralleled pH]paroxetine reductions 
inn the same animals (Scheffel et al., 1992). 

Thee presence of SERTs in neocortical regions is 
welll documented in human brain (Backstrom et al., 
1989;; Gurevich et al., 1996; Laruelle etal., 1988). 
Usingg the highly selective SERT ligand pHJcyanoimip-
ramine,, the density of SERT in human brain tissue 
wass estimated to be 107 fmol/mg protein in the cingu-
latee gyrus of the prefrontal cortex, 82-97 fmol/mg in 
thee temporal lobe, and 107 fmol/mg in the occipital 
lobee (Gurevich et al., 1996). However, there has been 
somee discussion in the literature about the ability of 
[li3l]P-CITT to bind to SERT in the cerebral cortex. 
Nevertheless,, Farde and co-workers (1994) have 
shownn that ["C]P-CIT uptake in monkey cortex could 
bee displaced by 50% by citalopram, a selective SERT 
inhibitor,, but not by GBR 12909, a selective dopamine 
transporterr inhibitor. These findings are consistent 
withh reports on binding of [,ss/li5ljj3-CIT to SERTs in the 
neocortexx of rats (Boja etal., 1992; Scheffel etal., 
1992).. Unfortunately, we were presently not able to 
investigatee cortical SERT reductions in the monkey 
brainn with SPECT. However, the strong and positive 
associationn between [12Jl]p-CIT binding in the rat cere-
brall cortex and midbrain suggests that the binding of 
[,13)]p-CITT in the cerebral cortex is associated to that in 
thee midbrain. Thus, the present findings in rats sugge-
stt that [liJl]p-CIT very likely binds to SERT in the cere-
brall cortex. Future studies should be conducted to 
validatee the use of ["M]P-CIT SPECT in detecting SERT 
reductionn in the cortex. 

Ann interesting observation was that the density 
off SERT in the raphe nuclei in rat brain was unaffected 
byy MDMA. This observation is consistent with pre-
viouss autoradiography (Battaglia et al., 1991; Lewet 
al,,, 1996) and immunohistochemical (Hatzidimitriou 
ett al., 1999; O'Hearn etal., 1988) studies with MDMA. 
Thesee observations suggest that M DMA treatment 
doess not cause loss of a particular group of 5-HT 
nervee cell bodies. 

Wee presently observed increased (although not 
significantly,, p = 0.135) striatal binding of [,=3l]p-CIT in 
MDMA-treatedd rats as compared to controls. 
Displacementt studies have shown that striatal [,2JI]P-
O TT uptake is associated with dopamine transporters, 
ass it is displaced by GBR 12909 but not by citalopram 
(Laruellee et al., 1993). The inverse is true for the hypo-
thalamic/midbrainn region, suggesting that uptake in 
thiss region is associated with SERT. Previous studies 
havee demonstrated increased binding of [,iJl]p-CIT to 
thee DA transporter after administration of 5-HT reup-
takee inhibitors (Fujita etal,, 1997; Scheffel et al,, 
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n994)-- This probably reflects inhibition of [,=3l]p-CIT 
bindingg to the SERT, and consequently increased avai-
labilityy to bind to dopamine transporters. Another 
possiblee explanation for this enhancement of binding 
iss regulation of the DA transporter through inhibition 
off 5-HT uptake. It has been suggested that {rapid) 
regulation,, such as post-translational regulation, is 
evokedd by the inhibition of 5-HT uptake (Fujita et al., 
"•997)11 r instance by MDMA. However, the present 
observationss made in rat striatum are in contrast to 
thosee observed in the rhesus monkey. Using [,33I]|}-CIT 
SPECT,, we observed a 13% decrease in striatal binding 
I OO days after MDMA treatment, and a reduction of 
26%% after 31 days. Whereas the present pHJcitalopram 
autoradiographyy data shows evidence of reduced 
striatall SERT after MDMA-treatment in monkey, the 
SPECTT data obtained in the same monkey suggest 
thatt apart from SERT also dopamine transporter den
sitiess are reduced after MDMA treatment. Since dopa
minee transporters greatly outnumber SERT densities 
inn the striatum, binding in this region to SERT is rela
tivelyy small compared to dopamine transporters and 
mayy therefore explain some, but not all, of the striatal 
reductionss observed using SPECT. Therefore, the pos
sibilityy that dopaminergic neurones are affected after 
MM DMA treatment cannot be definitively excluded. 
Althoughh previous studies have consistently failed to 
findd any alterations in brain dopaminergic function fol
lowingg MDMA treatment, a recent study (Taffeetal., 
2001)) reported significant reductions of the dopamine 
metabolitee homovanillic acid in MDMA-treated rhesus 
monkeyss when compared with a control group {but not 
pre-treatmentt values). A possible explanation for the 
discrepancyy between the observations in rat and mon
keyy brain may be related to species differences since it is 
welll known that primates are more sensitive to MDMA 

thann rats (Ricaurteetal., 1988; Slikkeretal., 1988). 
Inn the present study, the cerebellum was used as a 
referencee region for nonspecific binding, enabling us 
too correct, among other things, for differences in 
tracerr delivery between animals. Although there is 
goodd evidence that the cerebellum is innervated by 5-
HTT axons and that it, therefore, contains SERT, the 
densityy of SERT in the cerebellum is much lower than 
inn other brain regions (Cortes et al,, 1988; Laruelle et 
al.,, 1988; Fuxeet al., 1993; Bishopetal., 1993). Hence, 
whilee we cannot exclude the fact that MDMA-treat
mentt may have affected 'nonspecific' binding in the 
cerebellum,, the commonly employed use of specific 
bindingg ratios, in which specific binding in the ROI is 
dividedd by cerebellar binding, would have resulted in 
ann overestimation of SERT density, and consequently 
ann underestimation of MDMA's neurotoxic effects on 
5-HTT neurons. Additional studies are needed to inves
tigatee the presence of other brain regions devoid of 
SERT,, better suited to serve as a reference region 
whenn calculating SERT with [,!M](i-CIT. 

Inn summary, our data suggest that [,i3l](3-CIT 
SPECTT may be a valuable tool in detecting MDMA-
inducedd 5-HT neurotoxic lesions in the hypothala
mic/midbrainn region. Future studies are required to 
furtherr investigate the ability of [,25i](3-CITto image 
SERTT in the human cortex. 
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Abstrac t t 
BackgroundBackground - 3,4-Methylenedioxymethamphetamine 
(MDMAA or "Ecstasy") is a popular recreational drug 
thatt has been shown to damage brain serotonin {5-
HT)) neurons in humans when used in high dosages. 
Too date, effects of moderate MDMA use on 5-HT neur-
onss have not been studied. Furthermore, gender diffe-
rencess and the long-term effects of MDMA use on 5-
HTT neurons have not been identified. In the present 
studyy we investigated the effects of moderate and 
heavyy MDMA use, gender differences and long-term 
effectss of MDMA use on 5-HT neurons in different 
brainn regions. Methods - Fifteen moderate MDMA 
users,, 23 heavy MDMA users, 16 ex-MDMA users who 
hadd stopped using MDMA for more than 1 year, and 
155 controls who claimed never to have used MDMA 
weree enrolled. The effects of MDMA on brain 5-HT 
neuronss was studied using [,13l]p-CIT single photon 
emissionn computed tomography (SPECT) by quantifi-
cationn of brain 5-HT transporter densities. Findings -
Significantt effects of group and group by gender 
(mixedd linear methodology; p = 0.041 and p = 0.022, 
respectively)) on overall [,IJl]j}-CIT binding ratios were 
observed.. In female, but not in male heavy MDMA 
users,, significant decreases in overall binding ratios 
weree observed (p = 0.000, and 0.587, respectively). 
Lowerr binding ratios were observed in the parieto-
occipitall cortex and occipital cortex of female modera-
tee MDMA users, which did not reach statistical signifi-
cancee (p = 0.102, and 0.096, respectively). In female 
ex-MDMAA users, overall 5-HT transporter binding was 
significantlyy increased when compared to heavy 
MDMAA users {p = 0.004), but not when compared to 
controlss (p = 0.524). However, 5-HT transporter bin-
dingg in the parieto-occipital cortex (p = 0.059) and 
occipitall cortex (p = 0.096) of female ex-MDMA users 
tendedd to be decreased when compared to controls. 
InterpretationInterpretation - Evidence is provided that heavy use of 
MDMAA is associated with neurotoxic effects on 5-HT 
neuronss in several 5-HT rich brain regions. Our data 
suggestt that females may be more susceptible than 
maless to the neurotoxic effects of MDMA, and that 
MDMA-inducedd neurotoxic changes in most, but not 
ail,, brain regions of female ex-M DMA users may be 
reversible.. Furthermore, our findings suggest a trend 
thatt moderate MDMA use may lead to neurotoxic 
changess in the parieto-occipital cortex and occipital 
cortex,, brain regions which seem to be particularly 
sensitivee to MDMA's effects. 

Introductio n n 
3,4-Methylenedioxymethamphetaminee MDMA 
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("Ecstasy")) is an amphetamine congener that has gai-
nedd significant popularity as a recreational drug. 
However,, the perceived safety of MDMA is at odds 
withh animal evidence of MDMA neurotoxicity. 
Damagee to 5-HT neurons in animals has been demon-
stratedd by reductions in various markers unique to 5-
HTT axons, including brain 5-HT, 5-hydroxyindoleacetic 
acidd (5-HIAA), and the density of 5-HT transporters 
(Stonee etal., 1986; Schmidt etal., 1987; Battaglia et 
al.,, 1987; Ricaurteet al., 1988; 1992). Since the plasma 
membranee 5-HT transporter is located on the pre-
synapticc terminal of the 5-HT neuron, it is considered 
too be a reliable marker of 5-HT neurotoxic changes. 
Recentt positron emission tomography (PET) and 
singlee photon emission computed tomography 
(SPECT)) studies have shown decreases in the number 
off central 5-HTtransporters in MDMA-treated prima-
tess and human MDMA-users (McCann etal., 1998; 
Scheffell et al., 1998; Sempleetal., 1999). 

Too date, neuroimaging studies have demonstra-
tedd dose-related decreases in central 5-HT neurons in 
heavyy MDMA users (McCann et al., 1998; Scheffel et 
al.,, 1998; Semple etal., 1999). It is unclear, however, 
whetherr moderate use of M DMA can produce these 
changess (Boot et al., 2000), It is not known whether a 
'noo observed adverse effect level' for MDMA exists, 
whichh would mean that there is a threshold dose 
abovee which neurotoxicity may become likely. 
Furthermore,, gender differences in the susceptibility 
too the neurotoxic effects of MDMA have not been stu-
diedd directly. However, a recent study suggested a 
moree pronounced subjective response to MDMA in 
femaless compared to males (Liechti et al., 2001). In 
addition,, McCann and co-workers observed greater 
reductionss in 5-HIAA in female than in male MDMA 
userss (McCann et al., 1994) suggesting that females 
mayy be more susceptible than males to the neurotoxic 
effectss of MDMA. Finally, while the short-term neuro-
toxicc effects of MDMA on 5-HT neurons have been 
studiedd extensively, little is known about the long-term 
effectss on the human brain (Boot et al., 2000). 
Studiess in non-human primates have shown that up 
too seven years after treatment with M DMA some 
brainn regions remain denervated while others show 
evidencee of complete recovery (Fischer et al., 1995; 
Hatzidimitriouu et al., 1999). It still remains to be esta-
blishedd what the fate of brain 5-HT neurons after 
MDMAA injury is in the human brain. This is of consi-
derablee interest since irreversible loss of 5-HT neur-
onss can be responsible for an immediate or delayed 
onsett of neuropsychiatry disorders in which 5-HT has 
beenn implicated. Specifically, 5-HT imbalance has 
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beenn postulated to underlie psychiatric disorders 
includingg depression, anxiety, panic disorder, and dis-
orderss of impulse control. In line with this, there have 
beenn many case reports of neuropsychiatry sequelae 
afterr MDMA use, including paranoid psychosis, anxie-
ty,, depression and panic disorder (Hegadoren et ai., 
1998;; Schifano et al., 1998). 

Thee development of'!3iodine-2(3-carbomethoxy-
3b-(4-iodophenyl)tropanee (p-CIT), a radioligand which 
bindss with high affinity to both dopamine and 5-HT 
transporters,, has made it possible to assess the den-
sityy of 5-HT transporters in the living human brain, 
usingg SPECT (Lamelle et al., 1994; Pirkeret al., 1995). 
P-CITT hass been shown to adequately detect changes in 
corticall as well as subcortical 5-HT transporter densi-
tiess secondary to 5-HT neurotoxicity (Scheffel et al., 
1992;; Fardeet al., 1994; Lewet al,, 1996). 

Thiss study investigated the effects of moderate 
andd heavy M DMA use on the density of the [123l]fj-CIT 
labeledd 5-HT transporters. Furthermore, possible dif-
ferencess between males and females in the effects of 
MDMAA exposure, and the effects of long-term absten-
tionn from MDMA use on f^lJp-CIT labeled 5-HT trans-
porterss were analyzed. 

Methods s 
Participants Participants 
Threee different groups of ecstasy users were compared 
withh ecstasy-naive but drug using controls. Subjects 
weree recruited with flyers distributed at venues asso-
ciatedd with the "rave scene" in Amsterdam with the 
helpp of UNITY, an agency which provides harm reduc-
tionn information and advice. Experimental and control 
groupss were thus recruited from the same community 
sources.. Subjects selected were matched for gender 
andd age, between 18 and 45 years, otherwise healthy, 
andd with no psychiatric history. Three different groups 
off ecstasy users were recruited: 15 moderate ecstasy 
userss {"MDMA group"), 23 heavy ecstasy users 
{"MDMA++ group"), and 16 ex-ecstasy users ("ex-
MDMAA group"). The eligibility criterion for the MDMA 
groupp was previous use of maximum 50 tablets of 
ecstasy,, whereas the MDMA+ group had to have used 
att least 50 tablets prior to the study. The ex-MDMA 
groupp had to have taken a minimum of 50 tablets but 
stoppedd using ecstasy for at least i year prior to the 
study.. The cut-off point of 50 lifetime tablets was based 
onn previous findings of increased risk of developing 
psychiatricc disturbances in people with a lifetime con-
sumptionn of 50 or more MDMA tablets (Schifano et 
al.,, 1994). The 15 controls were healthy subjects with 
noo self-reported prior use of ecstasy. 

Participantss agreed to abstain from use of all psycho-
activee drugs for at least 3 weeks before the study, and 
weree asked to undergo urine drug screening (with an 
enzyme-muitipliedd immunoassay for amphetamines, 
barbiturates,, benzodiazepine metabolites, cocaine 
metabolite,, opiates, and marijuana) before enrol-
ment.. Subjects were interviewed with a fully structu-
redd computer assisted diagnostic psychiatric inter-
vieww (Composite International Diagnostic Interview: 
GDI ,, version 2.1) to screen for current axis I psychia-
tricc diagnoses. After testing urine samples, exclusion 
criteriaa were: a positive drug screen; pregnancy; a 
severee medical or neuropsychiatric illness that preclu-
dedd informed consent, and use of medication with 
affinityy for the 5-HT transporter (e.g. 5-HT re-uptake 
inhibitors)) that could compete for [12MJP-CIT binding. 
Furthermore,, the Dutch version of National Adult 
ReadingTestt (NART) (Nelson 1991) was administered 
ass an estimate ofverbal intelligence (DART-IQ). 
Writtenn informed consent was obtained from all parti-
cipants.. The institutional Medical Ethics Committee 
approvedd the study. 

imaging imaging 
Thee subjects in each group were examined using 
SPECTT with the 5-HT transporter ligand ,i3l-labelled 
2P-carbomethoxy-3p-(4-iodophenyl)) tropane ([,I3l](i-
CIT).. ,sM-labelled p-CIT was prepared by oxidative 
radioiododestannylationn of its corresponding trim-
ethylstannyll precursor (obtained from Research 
Btochemicalss International; Natick, Mass., USA) by 
thee Radionuclide Center, Vrije Universiteit, 
Amsterdam,, the Netherlands. Radiolabeling and 
HPLCC purification yielded the tracer at high radioche-
micall purity (> 99,0%) and high specific activity 
(( > 185 GBq/mmol or > 5,000 Ci/mmol). Potassium 
iodidee was used to block thyroid uptake of free radio-
activee iodide. 

SPECTT studies were acquired in all subjects with 
aa brain dedicated SPECT system (Strichman Medical 
Equipmentt 810X, Strichman Medical Equipment Inc., 
Medfield,, Mass., USA). This 12-detector single-slice 
scannerr has a full width at half maximum (FWHM) 
resolutionn of approximately 7.5 mm. Trans-axial slices 
parallell to and upward in 5 mm steps from the orbito-
meatall (OM) line to the vertex were acquired after 
positioningg of the subject in the camera with a fixed 
lightt source oriented along the OM line. Each acquisi-
tionn consisted of approximately 15 slices, (acquired in a 
644 x 64 matrix) with 3 minutes scanning time per slice. 
Thee energy window was set at 135-190 keV. Acquisition 
wass commenced 4 h after iv. injection of approximately 
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1400 MBq [13!I}P-CIT, a time when specific binding to 5-
HTT transporters is at a maximum and stable for up to 
ï o hh after injection.(Pirkeret a!., 2000). Reconstruc-
tionn and attenuation correction of all images were per-
formedd as earlier described (Booij et al., 1999). 

Densityy {mean counts per pixel) for the different 
regions-of-interestt (ROIs) were calculated by an inves-
tigatorr unaware of the participant's history. We carried 
outt the ROI analysis using a standard template con-
structedd manually from co-registered MR images in 4 
controll subjects. ROIs were the midbrain, thalamus, 
frontall cortex, temporal cortex, parietooccipital cor-
tex,, and occipital cortex. The template, including ROIs 
forthee frontal cortex, temporal cortex, parieto-occipi-
tall cortex, occipital cortex, and thalamus was placed 
onn three consecutive SPECT slices, demonstrating 
bestt visualization of the striatum (typically 30 mm 
abovee the OM line). An additional template was con-
structedd with an ROI forthe midbrain and cerebellum. 
Thee binding in the cerebellum, presumed free from 5-
HTT transporters, was used as a reference for backg-
roundd radioactivity (non-specific binding + free 
ligand).. The ratios of (li3l]|3-CIT binding were calculated 
byy dividing ROI binding by binding in the cerebellum. 

Statistics s 
CharacteristicsCharacteristics of the sample 
Differencess in continuous variables (log transformed 
iff necessary) between the four groups were analyzed 
usingg a two way analysis of variance with group and 
genderr as factors. Differences in the prevalence of 
depressedd subjects between the four different groups 
underr study were investigated using the Chi-square 
test. . 

Ejectss of MDMA use on SPECT measures 
Too analyze the [1I3l]p-CIT binding ratios at six different 
brainn regions simultaneously, a mixed linear model 
wass tested. Mixed model methodology has the advan-
tagee that all data can be analyzed simultaneously 
takingg into account both within and between subject 
variationss and the possibility to identify interaction 
effectss and confounders including direct estimates of 
thee effect sizes. Using this analysis, the correlations 
(covariancee structure) between binding ratios in diffe-
rentt brain regions within the same individual were 
measured.. No mathematical pattern was imposed on 
thee covariance structure within the same individual 
(unstructured). . 

Too answer our research questions, our basic 

TableTable  1. Demographics, prevalence of current depression and other recreational drug exposure 

Control ss  (0 = 15) 

Malee Female 
n = 77 « = 8 

MDMAA (n = 15) 
Malee Female 
n = gg  n=6 

MDMA++ (n = 23) 

Malee Female 

ex-MDMAA (n = 16} 

Malee Female 

n = 88 n = 8 
grou pp gende r 

Agee (yean) 29.3(6.9) 23.3(1.3) 25.6(7.5) 22.7(2.8) 27.1(6.0) 25.0(4.1) 26.4(6.2) 24.1(4.7) O.63 O.02 

DART-IQ** 104.7(6.2)106.9(7.4} 111.2(11.5)112.2(8.1) 106.0(9.0} 104.5(8.4) 105.9(11.8)102.0(7.7) o.io 0.73 

Currentt depression 

(no.subjectt)(no.subjectt) - 2 1 2 2 2 1 3 0.86s 

AlcoholAlcohol and other recreational drug use: 

Alcohol l 

(no.(no. alcoholic 

consumption/week)consumption/week) 14.1(12.8) 7-1(74) 18.2(14.8} 5.3(3.2) 13.0(8.2) 5.8(3.5) 4.5(3.9) 7-9(54) 0.14 O.OO 

Tobacco o 

(cig./day)(cig./day) 9-5(3-3) 10.3(6.1) 11.0(6.5) 9-4(9-2) 12.4(13.0) 6.0(7.1) 11.8(8.5) i3-3<8-6) 047 0.21 

Lastt 3 months use of; 

Cannabis s 

(nojoints)(nojoints) 2.3(0.6) 4-5(5-0) 68.1(6.5) 31.8(51.6) 94.6(153.0) 67.5(101.9) 73.1(110.4) 196.3(369-3) O.37 O.23 

Amphetamine e 

(no.(no. times used) - - 04(0 .8) - 3-8(7-4) 3.6(5.5) - - 0.O4 O.80 

Usuall dose 

amphetaminee (g) - - 0.3(0.2) 0.1(0.1) 0.4(0.3) 0.3(0.3) 0.7(04) 1.0(0.8) 0.07 0.83 

Cocainee - - 1.2 (1.1) - 42(28) 44(34) - - 0 0 9 0.74 

Twoo way analysis of variance 
'DART-Dutchh Adult Reading Test 
11 Chi-square test 
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TableTable 2. Characteristics, of MDMA use 

Durationn of use (years) 

Usuall dose (tablets) 

Lifetimee dose (tablets) 

Lifee time dose (tablets/weight in 

Timee since last tablet (months) 

Durationn of use (years) 

Usuall dose (tablets) 

Lifetimee dose (tablets) 

h) h) 

Average e 

(SD) ) 

MDMA(nn = 

4.1(2.6) ) 

1.4(0.5) ) 

28.6(17.8) ) 

0.4(0.2) ) 

3-6(5-9) ) 

Ex-MDMA A 

4.6(2.6) ) 

2.1(1.0) ) 

268.1(614.3) ) 

Female-male e 

differencee [95% CI) 

15) ) 
-i.2[-4.2;i.7] ] 

4.2[-56.7;65.i] ] 

-2.i[-23.i;i8.8) ) 

0.11 [-0.2:0.4] 

- i .6[[ -8.5:5-3] 

nn = i6) 

i.2[-i.7;4.o] ] 

o.2[-o.9;i.2] ] 

282.4[-38o.o:9447] ] 

P P 

0.38 8 

0.89 9 

0.83 3 

0.66 6 

0.62 2 

0.39 9 

0.76 6 

0.38 8 

Average e 

(SD) ) 

4.6(2.1) ) 

2.2(0.7) ) 
530.0(621.1 1 

6.4(8.0) ) 

2-3(2-4) ) 

Female-male e 

differencee [95% CI] 

MDMA+(nn = 23) 

-i.8[-4.i;o.5] ] 

-o.8[-i.3;-o.3] ] 

-630.8[-i i02.6;-i59.o] ] 

-7-i[-i3-8;-o.35] ] 

0-7[-ii -4:27] 

P P 

0.12 2 

0.00 0 

0.01 1 

0.06 6 

0.52 2 

Lifee time dose (tablets/weight in I 

Timee since last tablet (months) 
1.8(1.3)) -0.2[-l.7;l.3] 
29.00 (20.4) —i6.i[—36.7:4.6] 

mode ll inc luded brain region (6 levels), g roup (4 

levels),, gender (2 levels), the in terac t ion te rm 

betweenn group and gender, and the interact ion 

betweenn group and brain reg ion. We extended the 

mode ll by inc lud ing several potent ia l con founders , 

i nc lud ingg the presence o f depress ion ( two levels) and 

agee (con t inuous) , to de te rm ine whether a mean ing fu l 

changee in results occur red. From the final mixed 

m o d e l ,, we quant i f ied the effect o f M D M A on b ind ing 

rat ioo in relevant (sub)groups . 

Thee relation between overall [ ,2 ! l ]p-CIT b inding 

ratioss and extent o f previous M D M A use was assessed 

usingg Spearman's correlat ion coefficient. Power analy-

siss was carried out es t imat ing the cohor t size in males 

andd females to demonst ra te a signif icant effect o f heavy 

MM D M A use on mean 5-HT transporter b ind ing. Data are 

presentedd as overall tests of signif icance and differences 

inn means with 95% confidence intervals. P-values below 

0.055 were considered signif icant. All mixed models were 

donee in SAS 6.12 using the proc mixed procedure. 

Results s 
CharacteristicsCharacteristics of the sample 

N oo dif ferences between the four di f ferent groups 

underr study w i th regard to age, verbal intel l igence and 

usee o f a lcohol , tobacco and cannabis were observed 

(Tablee 1). M D M A users repor ted more a m p h e t a m i n e 

andd cocaine use than cont ro ls (Table 1). The four 

g roupss under study did not di f fer in the percentage o f 

subjectss suf fer ing f r o m cur rent depress ion (p = 0 .864; 

Tablee 1). Males were on average 3.1 years older [95% 

CI:: 0 .6 ; 5.6] than females and on average consumed 

7.77 m o r e uni ts o f a lcohol per week [95% CI: 3.7; 11.8] 

thann females, except for the e x - M D M A group. 

Apar tt f r o m ant ic ipated di f ferences between 

groupss due to inc lus ion cr i ter ia, males in the M D M A + 

g roupp had used, on average, signif icantly more 

M D M AA tablets than the females in the M D M A + subg-

roupp (p = 0 .01 , Table 2). In add i t i on , the usual dose 

andd total a m o u n t o f M D M A tablets taken, expressed 

perr kg body weight , was higher in the male M D M A + 

subgroupp c o m p a r e d to the female M D M A + subgroup 

(pp = 0 . 0 0 , and 0 .06 , respectively, Table 2). 

EffectsEffects of MDMA use on 5PECT measurements 

Meann [ ,2M]p-CIT b ind ing rat ios for the di f ferent g roups 

andd brain regions are shown in Figure 1. 

Inn the mixed l inear m o d e l , the overall tests for 

g roupp and g r o u p by gender were signi f icant, indica-

t i ngg a s igni f icant overall effect o f M D M A use on b in-

d ingg rat ios wh ich was s igni f icant ly di f ferent for males 

2 2 

i-55 " 

ll -

0.55 -

I I 
9 9 « « 2 2 

Control l MDMAA MDMA+ ex-MDMA 

FigureFigure 1. Mean  overall {" I] ji-QT binding ratios for different 

subgroupssubgroups of MDMA users and controls. Open circles: males, closed 

circles:circles: females. 
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TableTable  3. Results from the linear mixed model analyses off'tyP-CIT binding ratios 

OverallOverall fixed effects Crou p Gender Grou p x gende r Brai n regio n Crou p x brai n regio n 

pp value 0.041 0.487 0.022 0.000 0.124 

DifferenceDifference in overall fljfi-CIT binding ratios 

Maless Females 
Meann (95% CI] p Mean [95% CI] p 

Controll vs MDMA 

Controll vs MDMA" 

MDMAvss MDMA-

Controll vs ex-MDMA 

MDMA+vss ex-MDMA 

0 , 0 4 0 0 

0 .025 5 

- 0 . 0 1 5 5 

- 0 . 0 1 8 8 

- 0 . 0 4 4 

- 0 . 0 6 11 ;o . 142] 

-0 .06710.117] ] 

- 0 . 1 0 6 : 0 . 0 7 5 ] ] 

-o.n8;o.o82] ] 

-0 .13210.046] ] 

0 .428 8 

0.587 7 

0-737 7 

0.723 3 

9 9 

0 .058 8 

0 .168 8 

0.110 0 

0 .031 1 

-0 .137 7 

[ - 0 . 0 4 6 : 0 . 1 6 2 ] ] 

[0 .078:0 .259] ] 

[ 0 .014 :0 .207 ] ] 

[ - 0 . 067 :0 .129 ] ] 

[ - 0 . 2 2 7 ; - o . O 4 6 ] ] 

0 . 2 6 9 9 

0 . 0 0 0 0 

0 . 0 2 6 6 

0 .524 4 

0 . 0 0 4 4 

TableTable  4. Difference in regional ['!;lj(i-CIT binding ratios 

Brainn regio n 
Maless Females 
Meann [95% CI} p Mean [95% CI] p 

Midbrai n n 
Controll vs MDMA 

Controll vs MDMA* 

Controll vs ex-MDMA 

MDMA+vss ex-MDMA 

Thalamu s s 
Controll vs MDMA 

Controll vs MDMA-

Controll vs ex-MDMA 

MDMA+vss ex-MDMA 

Fronta ll  corte x 
Controll vs MDMA 

Controll vs MDMA-

Controll vs ex-M DMA 

MDMA+vss ex-MDMA 

Tempora ll  corte x 

Controll vs MDMA 

Controll vs MDMA-

Controll vs ex-MDMA 

MDMA+vss ex-MDMA 

Parieto-occipita ll  corte x 

Controll vs MDMA 

Controll vs MDMA* 

Controll vs ex-MDMA 

MDMA+vss ex-MDMA 

Occipita ll  corte x 

Controll vs MDMA 

Controll vs MDMA' 

Controll vs ex-MDMA 

MDMA+vss ex-MDMA 

0.073 3 

o.on n 

- 0 . 0 1 9 9 

- 0 , 0 3 0 0 

0 .026 6 

0.078 8 

- 0 . 0 9 5 5 

-0 .174 4 

0 .022 2 

0 .005 5 

- 0 . 0 0 1 1 

- 0 . 0 0 6 6 

- 0 . 0 0 3 3 

- 0 . 0 0 9 9 

-0 .051 1 

- 0 . 0 4 2 2 

0 . 0 6 0 0 

0.034 4 

0.035 5 

O.OOl l 

0.065 5 

0.032 2 

0,025 5 

- 0 . 0 0 6 6 

[ -0 ,061:0 .207] ] 

[-0.110:0.132] ] 

[-0.151:0.112] ] 

[ -0 .148:0.087] ] 

[ -0 .198:0 .249] ] 

[ -0.122:0.278] ] 

[-0,312:0.121] ] 

[ -0 .369 :0 .022] ] 

[ -0 .062 :0 .106] ] 

[ -0 .072 :0 .082] ] 

[ -0 .085:0 .082] ] 

[ - 0 , 0 8 0 ;; 0 .06 8] 

[ -0.146:0.140] ] 

[-0.138:0.120] ] 

[ -0 .191:0.089] ] 

[ -0 .168:0.083] ] 

[-0.031:0.151] ] 

[ -0.048:0.117] ] 

[-0.055:0.125] ] 

[ -0 .079:0 .081] ] 

[ -0.030:0.159] ] 

[-0.054:0.118] ] 

[-O.o68;o.n8] ] 

[o.o77;-o.o8g] ] 

0 .280 0 

0.857 7 

0.767 7 

0 .607 7 

0.819 9 

0.438 8 

0.382 2 

0.503 3 

0 .607 7 

0 .901 1 

0.977 7 

0.872 2 

0.972 2 

0 . 8 9 0 0 

0 . 4 6 6 6 

0.503 3 

0.120 0 

0.411 1 

0 .439 9 

0.985 5 

0.176 6 

0,464 4 

0,589 9 

0 .880 0 

0 .091 1 

0.154 4 

0 ,030 0 

- 0 . 1 2 4 4 

0 .043 3 

0.221 1 

- 0 . 0 4 6 6 

- 0 . 2 6 8 8 

0 .039 9 

0.148 8 

0 .048 8 

- 0 . 1 0 0 0 

0.015 5 

0,134 4 

- 0 , 0 0 2 2 

-0 .136 6 

0 .078 8 

0.177 7 

0 . 0 8 4 4 

- 0 . 0 9 3 3 

0 .082 2 

0.175 5 

0.075 5 

- 0 . 1 0 0 0 

[ -0 .045:0 .227] ] 

[0.034:0.274] ] 

[ -0.100:0.159] ] 

[-o.243;-o.oo6] ] 

[ -0.181:0.268] ] 

[0.022:0.421] ] 

[ -0 .262:0.170] ] 

[-o.464;-o.07i] ] 

[ -0 ,048 :0 .126] ] 

[0.073:0.223] ] 

[ -0,033:0.129] ] 

[-0,1751-0.025] ] 

[ - 0 .130 :0160 ] ] 

[0 .006:0 .262] ] 

[ -0.140:0.136] ] 

[ - o . 2 6 2 i - o . 0 1 0 ] ] 

[-0.016:0.171] ] 

[0 .096:0.259] ] 

[ -0.003:0.172] ] 

[-o.i74;-o.oi3] ] 

[-0.015:0.179] ] 

[ 0 .090 :0 .260 ] ] 

[ -0.017:0.165] ] 

[ -0 .184 ; -0 .016 ] ] 

0.188 8 

0.013 3 

0 .649 9 

0 . 0 4 0 0 

0 .702 2 

0 ,030 0 

0 . 6 7 0 0 

0 . 0 0 8 8 

0.371 1 

0 . 0 0 0 0 

0.241 1 

0 .010 0 

0.836 6 

0 . 0 4 0 0 

0 .976 6 

0 .034 4 

0.102 2 

O.OOO O 

O.O59 9 

O.O24 4 

O.096 6 

O.OOO O 

0.1O7 7 

0.O2O O 
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andd females (Table 3). Therefore, we presented the dif-

ferencee between various groups for males and fema-

less separately (Tables 3 and 4) . 

Overa l l ,, ['2SI]P-CIT b ind ing rat ios were s igni f icant ly 

decreasedd in female, bu t no t male, heavy M D M A 

userss (Figure 2; Table 3), suggest ing s t ronger effects 

o ff M D M A exposure on 5-HT neurons in females than 

inn males. The overall effect o f brain region was h ighly 

s ign i f icantt (p = 0 .000 ) w i th the corre lat ions between 

thee di f ferent bra in regions rang ing f r o m 0.22 to 0.92. 

W h e nn analyz ing the di f ferent brain regions separately 

(Tablee 4 ) , [ ,2 ' I]P-CIT b ind ing rat ios were s igni f icant ly 

lowerr in all brain regions s tud ied o f female, bu t no t 

male ,, heavy M D M A users when compared to con-

t ro ls . . 

Inn female, nor in male modera te M D M A users 

weree [ ,23 l ]p-CIT b ind ing rat ios signi f icant ly d i f ferent 

whenn compared to cont ro ls (Table 3), sugges t ing no 

effectss o f modera te M D M A exposure on [ ,2M]P-CIT 

b ind ingg rat ios. However, a t rend o f decreased [12JI]P-

CITT b ind ing was observed in the par ieto-occip i ta l cor-

texx (p = 0.102) and occipi ta l cortex (p = 0 .096) o f 

modera tee female M D M A users when compared to 

con t ro ls . . 

Overal l ,, ["'IJfJ-CIT b ind ing rat ios were s igni f icant-

lyy h igher in female ex- M D M A users compared to 

femalee M D M A + users (p = 0 . 0 0 4 ) , D u t not cont ro ls (p 

== 0.524; Table 3), suggest ing reversibi l i ty o f the effects 

o ff M D M A . Simi lar observat ions were made in the 

regionall analysis (Table 4) . However, a t rend o f decre-

asedd [ ,23I]P-CIT b ind ing rat ios in the par ieto-occip i ta l 

cortexx (p = 0.059) a r | d t n e occipi ta l cortex (p = 0.107) 

o ff female e x - M D M A users was observed when 

comparedd to contro ls (Table 4 ) , possibly suggest ing 

thatt the effects o f M D M A in these part icular bra in 

regionss may be long- last ing or part ial ly reversible in 

femaless us ing M D M A . 

Thee effects o f potent ia l con founders were no t 
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FigureFigure j. Correlation between overall [•••Ijfi-CIT 

bindingbinding ratio of all brain regions studied and extent 

ofof previous MDMA use. 

Gender r 

^ M a l e e 

•• Female 

signi f icantt (age: p = 0 .492 , cur rent depress ion p = 

0.539).. Inc lus ion o f t h e s e potent ia l con founders in the 

mode ll d id not change the overall effect o f g roup on 

[23 I ]P-CITT b ind ing rat ios. 

AA signi f icant corre la t ion was observed between 

overalll 5-HT t ranspor ter b ind ing (mean b ind ing rat ios 

o ff all brain regions studied) and log - t rans fo rmed 

extentt o f previous M D M A use in females but not 

maless (females: p = -0.33, p = 0 .048 ; males: p = 

+0.07,, p = 0 .699) (Figure 3; un t rans fo rmed scale). 

Discussion n 
Thee results o f the present study suggest tha t M D M A 

usee may lead to decreases in bra in 5-HT t ranspor te r 

densi t ies,, and that males and females dif fer in their 

suscept ib i l i tyy to the neurotox ic effects o f M D M A . We 

observedd that in females, use o f M D M A is associated 

FigureFigure 2. ['• Ijfi-CIT SPECT images of a female control subject, a female moderate MDMA user (MDMA), a female heavy MDMA user 

(MDMA+)(MDMA+) and a female ex-MDMA user (ex-MDMA). Transverse slices from the brain at the level of the midbrain. In the three images the 

levellevel of['"Ij /5-CIT activity is color encoded from low (black) to high (white) andscaledto the maximum in the slice ofthe control subject. The 

imagesimages show loss of 5-HT transporters in the midbrain of a female heavy MDMA user. 
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withh dose-related decreases in brain 5-HT transporter 
densities.. A reduction in brain 5-HT transporter densi-
tiess was also observed in males, but this was not sta-
tisticallyy significant. The use of MDMA in quantities 
thatt may be considered 'moderate' may not lead to 
reductionss in 5-HT transporter densities, although a 
trendd towards reduced 5-HT transporter densities was 
observedd in the parieto-occipital cortex and occipital 
cortexx of female MDMA users. Lastly, our data sugge-
stt that MDMA-induced decreases in 5-HT transpor-
terss may be reversible in female MDMA users, but we 
cannott rule out the possibility that they may be long-
lastingg or partially reversible in the parieto-occipital 
cortexx and occipital cortex. 

Decreasess in 5-HT transporter densities are 
thoughtt to reflect MDMA-induced brain 5-HT neuro-
toxicity,, as similar reductions have been documented 
inn rodents and primates with MDMA-induced 5-HT 
injuryy (Stone etal., 19S6; Battaglia et al., 1987; 
Comminss et al., 19S7; Schmidt et al., 1987; O'Hearn et 
al.,, 1988; Ricaurteet al., 1988; 1992; Inselet al., 1989; 
Scanzelloo et at., 1993; Fischer et al., 1995; Scheffel at 
al.,, 1998; Hatzidimitriou et al., 1999). We observed a 
trendd that while heavy M DMA use seems to be asso-
ciatedd with global decreases in 5-HT transporters, 
moderatee MDMA use may be neurotoxicc to the parie-
to-occipitall cortex and occipital cortex. Apparently, 
thesee regions are particularly sensitive to the neuro-
toxicc effects of MDMA. This finding is supported by 
studiess in MDMA-treated monkeys showing the most 
severee 5-HT depletion in the occipital cortex (Scheffel 
ett al., 1998). However, additional studies and conver-
gingg lines of evidence are needed to better delineate 
thee neurotoxic potential of moderate MDMA use in 
humans. . 

Inn the present study, females were more suscep-
tiblee than males to MDMA dose-related decreases in 
[,2'l]p-CIT-labeledd 5-HT transporters. Gender differen-
cess in the effects of MDMA exposure on 5-HT trans-
porterr binding have not been previously published 
(Semplee et al., 1999) only included male MDMA 
users,, and observed decreases in 5-HT transporter 
densitiess in posterior cortical areas. McCann and co-
workerss (McCann etal., 1998) observed global decrea-
sess in 5-HT transporter densities when investigating 
bothh male and female MDMA users. Contrary to the 
findingss by Semple, we did not observe significant 
reductionss in 5-HT transporter densities in male 
MDMAA users, though a similar trend was observed. 
Discrepanciess between Semple's study and ours may 
bee attributed in part to the fact that subjects in our 
studyy abstained from psychoactive drugs (including 

MDMA)) for at least 3 weeks, while only i week in the 
studyy by Semple. In our study, the observed gender 
differencee may have been related to inaccurate self-
reportt of MDMA use. However, the positive correla-
tionn between MDMA exposition and 5-HT transporter 
densitiess in females suggests accurate self-report of 
MM DMA use. Then why would male self-report not be 
accurate?? Secondly, the observed gender difference 
mayy be related to the fact that females, on average 
havingg a lower body weight than males, were exposed 
too higher doses of MDMA on a mg/kg basis. 
However,, on a tablet/kg basis males had a higher 
exposuree to MDMA than females (Table 2). Thirdly, 
samplee size could have contributed to the apparent 
absencee of neurotoxic effects in male MDMA users. 
However,, a power analysis demonstrated that in order 
too detect with 80% power a significant reduction in 
overalll [,J}l](i-CIT binding in heavy MDMA users, 7 
femaless and 393 males are required in each group. 
Anotherr potential explanation for the etiology of the 
observedd gender differences may be related to age. It 
iss well known that age affects 5-HT transporter densi-
tiess (Pirker et al., 2000). To that purpose, we analyzed 
ourr results with age as a potential confounder. 
However,, we did not observe a significant effect of age 
onn f,23l]fi-CIT binding ratios. Furthermore, addition of 
agee to the model did not change the overall effect of 
groupp on [,23|]p-CIT-labeled 5-HT transporters. 
Therefore,, we conclude that after accounting for the 
differencess in age, we observed an independent effect 
off gender. However, evidence is accumulating that the 
consequencess and mechanisms of MDMA (ab)use 
aree not identical in males and females. In line with our 
observations,, McCann and co-workers observed gre-
aterr reductions in 5-HIAA concentrations in the cere-
brospinall fluid of female compared to male MDMA 
userss (McCann et al., 1998). Furthermore, as pre-
viouslyy mentioned, Liechtt and co-workers recently 
reportedd more pronounced subjective responses to 
MDMAA in females than in males (Liechti et al., 2001). 
Thesee observations support the present findings that 
femaless may be more susceptible than males to the 
(neurotoxic)) effects of MDMA. Also with respect to 
otherr drugs of abuse it has been noted that the conse-
quencess and mechanisms are not identical in males 
andd females (Chang et al., 1999; Hommer et al., 
2001).. The etiology of these gender differences is unk-
nown,, but may be related to differences in innate hor-
monall profiles (Kawas et al., 1997) volume and morp-
hologyy of certain brain structures (Swaab et al., 1985} 
orr monoaminergic neurotransmission. Future studies 
inn larger experimental groups are needed to further 
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investigatee gender differences in the effects of MDMA 
exposure. . 

Ourr data also suggests reversibility of MDMA-
inducedd changes in brain 5-HT transporters in most of 
thee brain regions of female MDMA users. On the 
otherr hand, MDMA-induced lesions may be perma-
nentt in the parieto-occipital cortex and occipital cortex 
off female MDMA users, since 5-HT transporter densi-
tiess in female ex-MDMA users were below (0.084 a n d 
0.075,, respectively) age-matched controls. A similar, 
partiall reversible neurotoxic action of MDMA on the 
humann brain has been described by Gerra and co-wor-
kers,, when studying neuroendocrine responses after 
D-fenfluraminee administration {Gerra et al., 2000). 
Studiess in non-human primates show that MDMA-
inducedd changes in 5-HT terminal markers persist for 
longerr than 7 years in the neocortex, particularly the 
pyriformm and visual cortex, whereas brain regions 
proximall to the rostral raphe nuclei showed evidence 
off complete recovery. It has been shown that the dis-
tancee of the 5-HT terminal field to the rostral raphe 
nucleii influences recovery of 5-HT axons after MDMA 
injuryy (Hatzidimitriou etal., 1999), Clearly, to definiti-
velyy establish whether the presently observed changes 
inn 5-HT transporter densities in MDMA users are 
reversible,, a prospective study design would be nee-
ded.. However, since studies of MDMA in humans are 
subjectt to ethical and methodological constraints it is 
veryy difficult to perform such a study. Therefore, future 
studiess in human subjects with known MDMA-indu-
cedd neurotoxicity need to be conducted to allow 
definitee conclusions on reversibility or permanence of 
MDMA-inducedd changes in the human brain. 

Itt should be kept in mind that it is an assump-
tionn that a decrease in 5-HT transporter density direct-
lyy reflects axonal loss. Several factors, such as alloste-
ricc changes in the actual binding unit of the protein 
couldd also result in decreased binding. Nevertheless, 
itt has been shown that central 5-HT levels are also 
reducedd after MDMA treatment (Sabol etal., 1996). 
Furthermore,, correlative anatomic studies indicate 
thatt loss of pre-synaptic 5-HT transporter in MDMA-
treatedd animals is related to damage of 5-HT axons 
andd axon terminals (Battaglia et al., 1987; Commins et 
al.,, 1987; Fischer etal., 1995). 

Severall potential limitations of the current study 
shouldd be mentioned. First, we need to point out that 
givenn [ 23l]p-CIT's affinity for both 5-HT and dopamine 
transporters,, the present findings cannot be definiti-
velyy ascribed to 5-HT transporters alone. The mid-
brain,, thalamus and cortex also contain dopamine 
besidess 5-HT transporters. However, displacement 

studiess in animals have shown that binding of P-CIT is 
predominantlyy associated to 5-HT transporters in 
thesee brain regions {Scheffel et al., 1992; Fardeet al., 
1994).. Furthermore, since we did not observe differen-
cess in striatal [,:MJFJ-CIT binding ratios (obtained 24 h 
p.ii of the radiotracer) between heavy MDMA users 
andd controls we conclude that the present findings 
mostt likely reflect differences in 5-HT and not dopami-
nee transporter densities. Second, as with all retrospec-
tivee studies, there is a possibility that pre-existing dif-
ferencess between MDMA users and controls underlie 
differencess in 5-HT transporter densities. People with 
loww 5-HT transporter densities may be predisposed to 
usee MDMA and to have low brain 5-HT transporter 
densities.. Future studies taking the recently described 
functionall polymorphism in the promoter for the 5-HT 
transporterr gene into account (Lesch et al., 1996), 
couldd be of interest. Third, since [,23l]p-CIT binding 
ratioss have been shown to be reduced in drug free 
patientss suffering from depression (Malison et al., 
1998),, we can not completely rule out that the present 
findingfinding are unrelated to this disease. However, we 
observedd no significant effects of current depression 
onn [1!3l]p-CIT binding. Also, exclusion of depressed 
subjectss from our statistical analysis did not affect the 
mainn outcomes of the present study (data not 
shown),, and addition of current depression to the 
modell did not change the overall effect of group on 
[>2JljP-CITT binding. Consequently, we conclude that it 
iss unlikely that the observed reduction in [,2M]p-CIT 
labeledd 5-HT transporter densities is due to this 
potentiall confounding variable. Fourth, observed 
decreasess in brain [,!M]P-CIT labeled 5-HT transporter 
densitiess are unlikely to be due to direct pharmacolo-
gicall effects of MDMA or other drugs, since MDMA 
usingg participants reported that they had abstained 
fromm use of M DMA or other psychoactive drugs for at 
leastt 3 weeks before the study. Urine screening was 
performedd to detect concealed recent M DMA use. 
Otherr than self-report, we were not able to ensure 
abstentionn from MDMA, However, a recent survey in 
thee Netherlands investigated the validity of the drug-
historyy questionnaire that was used in this study. It 
wass found that in 93% of the cases (rr = 594) the 
reportedd use of MDMA was in agreement with the 
drug-urinee test (Van de Wijngaart et al., 1997). In futu-
ree studies, hair sample analysis would be a useful way 
too ascertain previous use of MDMA, 

Theoretically,, the presently observed changes in 
[l2'l]P-CITT binding to 5-HT transporters, could be due 
too other drugs than MDMA, since MDMA users in our 
studyy had more experience with other recreational 
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drugss (mainly amphetamine and cocaine} than con-
trols.. However, since none is a known 5-HT neuro-
toxinn in human beings, it seems unlikely that the fin-
dingss of the present study should be attributed to 
substancess otherthan MDMA. An important aspect 
off the present study is that we minimized the poten-
tiall confounding effects of psychosocial differences 
andd use of other drugs between users and controls 
influencee by studying participants from the same sub-
culture.. This differs conspicuously from most pre-
viouss studies, where controls came from a university 
orr general population. 

Inn summary, our data indicate that heavy use of 
MDMAA may be associated with neurotoxic effects on 
5-HTT neurons in 5-HT rich brain regions. Our results 

indicatee that females may be more susceptible than 
maless to the neurotoxic effects of MDMA, and that 
MDMA-inducedd neurotoxic changes in brain regions 
off female ex-MDMA users may be reversible. 
Furthermore,, our findings show a trend which sugge-
stss that moderate MDMA use may lead to neurotoxic 
changess in posterior cortical brain regions. 
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Abstrac t t 
BackgroundBackground - Several neuropsychiatric disorders are 
linkedd to disturbances of monoaminergic transmis-
sionn and exhibit gender differences. However, little is 
knownn about the basis of gender differences in mono-
aminergicc transmission in humans. Method - In 15 
young,, healthy human volunteers (8 females and 7 
males)) midbrain serotonin transporter (5-HTT) and 
striatall dopamine transporter (DAT) densities were 
examinedd with [,s*ljP-CIT SPECT. Data for a functional 
polymorphismm of the 5-HTT gene were also assessed. 
ResultsResults - 5-HTT and DAT densities were significantly 
higherr in females than males (p = 0.01 and p = 0.03, 
respectively).. A strong positive correlation was obser-
vedd between 5-HTT and DAT densities (p = 0.65, p < 
0.01).. 5-HTT density was not significantly associated 
withh 5-HTT genotype. Conclusion - Distinct liability for 
femaless and males to suffer from neuropsychiatry 
disorderss responding to monoaminergic agents may 
bee related to differences in brain 5-HTT and DAT den-
sities.. This study supports the view that there is a 
needd to examine gender-based treatment and preven-
tionn approaches. 

Introductio n n 
Evidencee is accumulating that several neuropsychiatric 
disorders,, such as schizophrenia and drug abuse, are 
linkedd to disturbances of monoaminergic transmission 
andd exhibit gender differences. For instance, it has been 
hypothesizedd that gender differences in monoaminer-
gicc neurotransmission play a role in lower vulnerability 
too alcohol dependence in females than males. 
However,, little is known about the basis of gender diffe-
rencess in monoaminergic transmission in humans. 

Therefore,, we assessed the effect of gender on 
serotoninn transporter (5-HTT) and dopamine transpor-
terr (DAT) densities in healthy volunteers imaged with 
[,2'i][j-CITT SPECT, and analyzed the data controlling for 
thee potential confounding effects of age and 5-HTT 
genotype.. In addition, previous studies have repeatedly 
demonstratedd correlations between cerebrospinal fluid 
(CSF)) measures of the 5-HT and DA metabolites 5-
hydroxyindoleaceticc acid (5-HIAA) and homovanillic 
acidd (HVA) (Geracioti et al., 1998). These data suggest 
thatt 5-HT and DA systems are coupled in the CNS. 
Therefore,, we hypothesized that 5-HTT and DAT densi-
tiess would be associated with each other. 

Experimenta ll  procedure s 
SubjectsSubjects and genetic analysis 
Fifteenn healthy, drug-free volunteers, were enrolled 
(eightt females aged 23.3  1.3 years, range 22-26 years 

andd 7 males aged 29.3  6.9, range 23-42 years). 
Subjectss were free from any neuropsychiatric diagno-
sis,, andd underwent urine drug screening. Women 
weree scanned randomly relative to their menstrual 
cycle.. Since a genetic contribution to the expression of 
5-HTTT was recently described, in which the activity of 
thee long allele of the 5-HTT promoter region has been 
shownn to be twice that of the short allele, polymerase 
chainn reaction based genotype analysis of the 5-HTT 
genee regulatory region was performed, as described 
elsewheree (Lesch et al., 1996). Exclusion criteria were: 
aa positive urine test for psychoactive drugs, pregnan-
cy,, severe medical or neuropsychiatric illness. Written 
informedd consent was obtained from all participants. 
Thee institutional Medical Ethics Committee approved 
thee study. 

Imaging Imaging 
Subjectss underwent SPECT imaging with the 
Strichmannn Medical Equipment 8ioX tomographic 
system.. This 12-detector single-slice scanner has a 
full-widthh at half-maximum resolution of approximate-
lyy 7.5 mm. Each acquisition consisted of at least 15 sli-
cess (acquired in a 64 x 64 matrix), 3 min per slice 
(interslicee distance 5 mm). The energy window was 
sett at 135-190 keV. Subjects lay supine with the head 
parallell to the orbitomeatal line. Acquisition was star-
tedd 4 and 20 h after intravenous injection of approxi-
matelyy 140 MBq [,sM]p-CIT (specific activity > 185 
MBq/nmol;; radiochemical purity > 98%), a time when 
specificc binding to 5-HTT and DAT in the midbrain 
andd striatum, respectively, is stable. Attenuation and 
reconstructionn correction were performed as descri-
bedd elsewhere (Lavalaye et al., 2000). 

Forr binding analysis, a standard template with 
regionss of interest (ROIs) was constructed manually 
fromm MR images. For positioning we used these ima-
gess as a guide. Analysis was performed blinded for 
gender.. The template for the striatum (representing 
bindingtoo DAT) was placed on three consecutive 
SPECTT slices demonstrating best visualization of the 
striatum.. An additional template was constructed 
withh an ROI for the midbrain (representing binding to 
5-HTT)) and cerebellum. The cerebellar binding was 
usedd as a reference for background activity (non-spe-
cificc binding + free radioligand). Midbrain and striatal 
['3,l]p-ClTT binding ratios were calculated by dividing 
bindingg in the ROI by cerebellar binding. 

Statistics Statistics 
Differencess in regional [,2Jl]p-CIT binding ratios 
betweenn females and males were assessed by 
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A N C O V AA w i th age as c o n f o u n d i n g variable. Us ing the 

samee stat ist ical analysis, we explored the potent ia l ly 

con found ingg inf luence o f the 5-HTT genotype on m id -

brainn [ ,23 l ]p-CIT b ind ing . Corre lat ions were assessed 

w i t hh Spearman 's rank corre la t ion coeff ic ient. The 

chancee o f a type I error was set at 0.05 us ing two-tai l -

edd tests o f s ignif icance. Al l data are presented as 

meann  SD. Results were cons idered s igni f icant at p < 

.05.. Data were analyzed us ing SPSS vers ion 9.0. 

Results s 
[ ,23 l ]p-CITT b ind ing rat ios in the m idb ra in and s t r ia tum 

weree signi f icant ly h igher in females than males (p = 

0.011 and 0.03, respectively; Figure 1). 

Thee covariance effect o f age was not s igni f icant 

(pp = 0.92 and 0.19 for the m idb ra in and s t r i a tum, 

respect ively).. Six females and 5 males were heterozy-

gotee carriers o f the l ong and shor t alleles o f the 5-HTT, 

wh i lee 2 females and 1 male were homozygo te for the 

l ongg allele. One male was homozygo te for the shor t 

allele.. The genotype d id not pred ic t m idb ra in [12}l]p-

CITT b ind ing rat ios (p = 0 .60 ) . A s t rong posi t ive corre-

la t ionn was observed between m idb ra in and str iatal 

[ l 2S l ]p-CITT b ind ing rat ios (p = 0.65, p < 0 .01 ; Figure 2). 

Discussion n 
Inn the present study, we observed higher 5-HTT and 

DATT densi t ies in healthy females compared to males. 

1.66 -

0.88 -

0.44 -

OO 1 

oo 5 10 

Bindingg ratio striatum 

FigureFigure 2. Correlation between ( ' \ ] \ i-CIT binding ratios in 

thethe midbrain (vertical axis) and striatum (horizontal axis) for 

individualindividual subjects. 

Furthermore,, we showed a s igni f icant corre lat ion 

betweenn 5-HTT and DAT dens i t ies . 

Whi lee the higher b i n d i n g o f [ : i i l ]P-CIT in the m id -

brainn and s t r i a tum o f w o m e n is mos t likely explained 

byy a h igher densi ty o f 5-HTT and DAT, respectively, 

th iss assert ion rests on several assump t i ons , inc lud ing 

1.66 -

0.88 -

0.44 -

Females s Males s 

44 -

Females s Males s 

Figurei.Figurei. [ -'l]|3-C/T binding ratios in the midbrain and striatum of75 healthy volunteers. Infemaks (n =8 ; mean = 1.43, SD=o.i2) the bin-

dingding ratios were significantly higher in the midbrain than in males (n = 7; mean = 1.25; SD = 0.13). This was also true for binding ratios in the 

striatumstriatum (ratios in females; mean = 7.27; SD = 7.10 versus mean = 5.81; SD = 1.21 in males). 
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thee comparability of nondisplaceable binding and 
transporterr affinities. However, there are no reasons 
too assume gender differences in nondisplaceable 
[,!3I]P-CITT binding or transporter affinities. Drugs with 
affinityy for the 5-HTT and DAT {e.g. methylphenidate, 
amphetaminess and cocaine) could compete for 
[[,2JI]P"CITT binding, thereby diminishing the apparent 
transporterr binding. For this reason we only included 
drug-freee volunteers with a negative drug screening. 

AA recent study has shown a lower post-synaptic 
5-HT22 receptor density in females than maies, sugge-
stivee of increased synaptic 5-HT concentration (Biver 
ett al., 1996). Our present observation of a higher 5-
HTTT density in females is also consistent with an 
increasedd synaptic 5-HT concentration in females. 

Thee effect of age and gender on 5-HTT densities 
havee been studied in a previous [1J3I]J}-CIT 5PECT 
studyy (van Dyck et al.T 2000). The authors reported 
thatt gender did not statistically improve the prediction 
off 5-HTT density after controlling for aging effects. 
Althoughh the sample size was large in their study, the 
divergencee between their and our study likely accrues 
fromm several important methodological differences. 
First,, the occipital cortex, instead of the cerebellum, 
wass used as a reference region. The occipital cortex, 
however,, contains a higher 5-HTT density than the 
cerebellum.. Consequently, smaller differences in 5-
HTTT densities may be detected easier when using the 
cerebellumm instead of the occipital cortex. Second, the 
agee range of controls was larger (from 18 to 88 years; 
presentt study 22 to 42 years). We have recently shown 
thatt the variation in DAT density is higher in young 
thann old adults (Lavalayeet al., 2000). Assuming that 
suchh a strong variation on 5-HTT density also exists in 
youngg adults, one may detect gender differences in 5-
HTTT densities when including young healthy volun-
teerss only. 

Thee higher density of DAT in females is in line 
withh a recent [,IJI]FP-CIT SPECT study (Lavalaye et al., 
2000),, but not with a [13!l]fï-CIT SPECT study {van 
Dyckk et al., 1995). In contrast to the [^IJP-CIT SPECT 
study,, more young healthy volunteers were included in 
thee [12'I]FP-CIT SPECT study, as well as the present 
study.study. We propose that the presently observed gender 
differencess in DAT and/or 5-HTT densities may relate 
too hormonal effects. For instance, it has been shown 
thatt DAT densities in female rats are higher than in 
malee rats, which was estrogen-dependent (Rivest et 
al.,, 1995). It is thus conceivable that gender differen-
cess in humans cart be detected only in young adults. 
However,, further studies including detailed endocri-
nologicall data are necessary to confirm this theory. 

Rodentt and human studies have established the exis-
tencee of functional interactions between 5-HT and DA. 
Thee positive correlation we observed between mid-
brainn and striatal [,2}l]|i-CIT binding is in line with a 
previouss study in which positive correlations between 
CSFF measures ofs-HIAAand HVA were observed 
(Ceraciotii etal., 1998). It was shown that 5-HIAAto 
HVAA ratio for an individual remains relatively stable 
overr time, with little variability. It has been hypothesi-
zedd that the balance between of 5-HT and DA function 
inn the CNS is of physiologic importance in the human. 
Thee imbalance of activity of 5-HT and DA systems is 
alreadyy an important consideration in the pathophy-
siologyy of psychoses and may become relevant to the 
treatmentt of depression. 

Itt could be argued that the presently observed 
associationn between 5-HTT and DAT may be attributa-
blee in part to the fact that midbrain [iaJ|][3-CfT binding 
includess some binding to DATs. Although displace-
mentt studies in primates have shown that the uptake 
off [,i3l]p-C!T in the brainstem is primarily associated 
withh 5-HTT (Lamelle etal., 1993), it cannot be comple-
telyy ascribed to 5-HTT alone, since the substantia 
nigraa is part of the brainstem and contains relatively 
highh DAT densities. 

Inn the present study, we explored the potentially 
confoundingg influence of heritable effects. We did not 
observee an association between the 5-HTT genotype 
andd density of midbrain 5-HTT, consistent with other 
reports.. Even though it has been suggested by Lesch 
andd co-workers {1996) that the long allele of the geno-
typee is associated with an increased 5-HTT density, it 
doess not seem to explain our present findings. 
However,, because of our small sample size, this 
remainss to be proven. 

Thee data may bear relevance to a number of 
fields.fields. For instance, numerous studies have noted dif-
ferencess in the age at onset, treatment response, 
course,, and outcome between females and males suf-
feringg from schizophrenia. Furthermore, it has been 
indicatedd that the causes and consequences of drug 
abusee may be different for females and males. For 
instancee it may be hypothesized that the observed 
higherr 5-HTT densities in females may play a role in 
lowerr vulnerability to alcohol dependence in females. 
Ourr findings may also have implications for the action 
off neurotoxic derivatives such as 3,4-methylenedioxy-
methamphetaminee (MDMA), since the 5-HT trans-
porterr has been shown to exert a critical role in the 
neurotoxicc action of MDMA. In line with this, females 
havee been found to experience stronger adverse 
effectss of MDMA than males and greater depletions in 
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5-HIAAA (Liechti et al„ 2001; McCann et al., 1994). 
Ourr preliminary data show gender differences in 

5-HTTT and DAT densities, and suggest a close rela-
tionshipp between these two systems. Our results indi-
catee the importance of taking gender into account in 

futuree 5-HTT and DAT imaging studies. Further stu-
diess including detailed endocrinological and genoty-
picc data obtained in large samples of healthy volun-
teerss are required to delineate the basis of variation in 
5-HTTT and DAT densities between males and females. 
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Abstrac t t 
BackgroundBackground and purpose - The perceived safety of the 
popularr recreational drug of abuse methylenedioxy-
methamphetaminee (MDMA, or "Ecstasy") is at odds 
withh animal evidence indicating that MDMA damages 
brainn cortical serotonin (5-HT) neurons at doses that 
closelyy approach those used by humans. Few data are 
availablee on the potential neurotoxic effects of MDMA 
onn the human brain. Methods - Fifteen abstinent male 
MDMAA users (mean cumulative lifetime exposure: 
7233 tablets; mean time since last tablet: 12.0 weeks) 
andd 12 age matched male controls who claimed never 
too have used MDMA were enrolled in the study. The 
effectss of M DMA use on cortical neurons was studied 
usingg single voxel proton magnetic resonance spec-
troscopyy ^ H MRS). Measurements of N-acetylaspar-
tate/creatinee (NAA/Cr), NAA/Choline (Cho) and myo-
inositoll {Ml)/Crwere obtained from mid-frontal gray 
matter,, mid-occipital gray matter, and right parietal 
whitee matter. Data were analyzed using general linear 
model-basedd MANOVA. Results - The ratios of NAA/Cr 
andd NAA/Cho, markers associated with neuronal loss 
orr dysfunction, were significantly reduced in the fron-
tall cortex of MDMA users (p = 0.04 and p = 0.03, 
respectively)) compared to controls. NAA/Cr nor 
NAA/Choo ratios were significantly different between 
bothh groups in occipital gray (p = 0.72 and p = 0.12, 
respectively)) matter and parietal white matter (p = 
0.18).. Furthermore, a significant association was 
observedd between extent of previous MDMA use and 
NAA/Crr or NAA/Cho ratios in the frontal cortex (p = -
0.50,, p = 0.01 and p = -0.55, p < o.oi , respectively). 
ConclusionConclusion - Reduced NAA/Cr and NAA/Cho ratios on 
1HH MRS provide evidence for neuronal pathology in 
thee frontal cortex of MDMA users, which correlates 
withh the degree of MDMA exposure. These data sug-
gestt that MDMA may be a neurotoxin in humans, as it 
iss in animals. 

Introductio n n 
Itt has become increasingly apparent that the popular 
recreationall drug 3,4-methylenedioxymethampheta-
mtnee MDMA ("Ecstasy") can lead to toxic effects on 
brainn serotonin (5-HT) neurons in animals and possi-
blyy human beings. In animals, damage to 5-HT neur-
onss has been demonstrated by reductions in various 
markerss unique to 5-HT axons, including brain 5-HT, 
5-hydroxyindoleaceticc acid (5-HIAA), and the density 
off 5-HT transporters (Battaglia et al., 1987; Ricaurteet 
al.,, 1988; 1992; Schmidt 1987; Stone et al., 1986). 
Anatomicall studies in MDMA-treated animals indica-
tee that these neurochemical changes are secondary to 
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aa distal axonotomy of 5-HT neurons (O'Hearn et al., 
1988;; Wilson et al., 1989). 

Althoughh there is good evidence for a neurotoxic 
potentiall of MDMA in animals, there is a lack of stu-
diess investigating the potential neurotoxic effects of 
MDMAA in humans. A few studies have evaluated the 
cerebrospinall fluid 5-HIAA concentrations in MDMA 
andd found either normal (Peroutka 1987) or decreased 
levelss (McCann et al., 1994; Ricaurte et al., 1990). 
Neuroendocrinee challenge tests have been employed, 
but,, to our knowledge, have not been validated for 
detectingg neuronal injury (Scheffel et al., 1998). 
Recentt brain-imaging studies have investigated the 
effectt of MDMA on human 5-HT neurons using either 
positronn emission tomography (PET) or single pho-
tonn emission computed tomography (SPECT) 
(McCannn et al., 1998; Semple et al., 1999; Reneman et 
al.,, 2001a; 2001b). These studies reported alterations 
inn the density of pre-synaptic 5-HT transporters in 
MDMAA users, similar to those observed in MDMA-
treatedd rodents and non-human primates (Scheffel et 
al.,, 1998), affecting 5-HT rich brain regions such as 
thee hypothalamus and cortical gray matter, while 
leavingg cortical white matter relatively unaffected. 

Thesee observations, suggestive for neurotoxicity 
inn human MDMA users, press for a need to further 
investigatee the possible neurotoxic effects of M DMA 
inn the human brain. Particularly since the perceived 
safetyy of MDMA is at odds with animal evidence of 
MDMAA neurotoxicity, and increasing prevalence of 
hazardouss patterns of use among recreational MDMA 
userss (Boot et al., 2000). For instance, a recent report 
suggestss that the intake of multiple tablets in a single-
usee episode is increasing (Topp et al., 1999). 
Furthermore,, MDMA is often used in environments 
thatt are hot and crowded with limited access to drin-
kingg water, increasing the risk of hyperthermia, which 
exacerbatess MDMA neurotoxicity in rats (Malberget 
al.,, 1998). 

Protonn magnetic resonance spectroscopy (^ H 
MRS)) of the brain is a noninvasive study for certain 
aspectss of cerebral biochemistry. Peaks of N-acetyl 
(NA)) groups (primarily N-acetylaspartate, NAA), cho-
line-containingg compounds (Cho) and creatine plus 
phosphocreatinee (Cr) are present in the spectrum. 
Determinationn of the myoinositol (Ml) peak is also 
possiblee using short echo times. NAA is contained 
almostt exclusively within neuronal cell bodies and 
axonss (Howeetal., 1993), and considered a marker 
forr neuronal loss or dysfunction (Higuchi et al., 1997; 
Urenjakk et al., 1993). Determining NAA/Cr and 
NAA/Choo ratios is commonly employed and seems 
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val idd since NAA/Cr and N A A / C h o ratios are reduced 

inn a variety of brain diseases associated w i th neuronal 

loss. . 

Thee present study was designed t o evaluate 

whetherr M D M A use leads to a l terat ions in metabol i te 

rat ios,, in part icular NAA/Cr and N A A / C h o , us ing 

singlee voxel ^ MRS. M D M A is known to induce 5-HT 

neurotoxic i tyy in cort ical gray mat ter o f an ima ls , 

leavingg cort ical wh i te mat ter relatively unaf fected. 

Therefore,, we hypothes ized that NAA/Cr and /o r 

N A A / C h oo ratios in gray-, bu t no t wh i te mat ter brain 

regionss s tud ied are lower in M D M A users compared 

too con t ro ls . 

Methods s 
Subjects Subjects 

M D M AA users were compared w i th ecstasy-naïve but 

d rugg us ing cont ro ls . Subjects were recru i ted w i th fly-

erss d is t r ibu ted at venues associated w i t h the "rave 

scene"" w i t h the help o f an agency that prov ides harm 

reduct ionn in fo rmat ion and advice. We reduced l im i -

t i ngg factors associated w i th potent ia l pre-exist ing dif-

ferencess and use o f other d rugs by rec ru i tmen t o f con-

trolss f r o m the same popu la t i on as the ecstasy users. 

Thiss dif fers consp icuous ly f r o m m o s t prev ious stu-

dies,, where cont ro ls came f r o m a universi ty or general 

popu la t ion .. Subjects selected were g roup-matched for 

genderr and age, between 18 and 45 years, o therwise 

healthy. . 

Thee el ig ib i l i ty c r i te r ion for the M D M A g r o u p 

wass prev ious use o f m i n i m u m 50 tablets o f ecstasy. 

Thee con t ro l s were heal thy sub jec ts w i t h no self-

repor tedd pr ior use o f ecstasy. A deta i led d rug-h is to ry 

ques t ionna i ree was ob ta i ned f r o m all sub jec ts . 

Par t ic ipantss agreed to absta in f r o m use o f psychoac-

t ivee d rugs for at least 1 week pr ior to the study, and 

weree asked to unde rgo ur ine d r u g screen ing 

(w i thh an enzyme-mu l t i p l i ed i m m u n o a s s a y for amp-

he tam ines ,, barb i tu ra tes , benzod iazep ine me tabo l i -

tes,, cocaine and me tabo l i t e , op ia tes , and mar i juana) 

beforee en ro lmen t . Exclus ion cr i ter ia were: a pos i t ive 

d r u gg screen, pregnancy, and a severe med ica l or neu-

r o p s y c h i a t r yy i l lness that p rec luded i n f o r m e d con-

sent.. Subjects were in te rv iewed w i t h a s t ruc tu red 

a u t o m a t e dd d iagnos t ic psychiat r ic in te rv iew 

(Compos i t ee In te rna t iona l D iagnos t ic In terv iew: G D I , 

ve rs ionn 2.1) to screen for cur ren t axis I psychiat r ic 

d iagnoses . . 

Thee ins t i tu t iona l Medica l Ethics C o m m i t t e e 

approvedd the study. After comp le te descr ip t ion o f the 

studyy to the subjects, wr i t ten i n f o rmed consent was 

ob ta inedd f r o m all par t ic ipants . 

MagneticMagnetic resonance spectroscopy 

Brainn ' H MRS was pe r fo rmed on a 1.5 T Signa Echo 

Speedd (General Electric Medica l Systems, Mi lwaukee 

Wl)) using the standard quadrature head coi l . The MR 

protocoll consisted o f mul t is l ice saggital and coronal 

fastt spin-echo PD/T2-weighted images (echo t ime 

/relaxat ionn t ime [TR/TE], 4 0 0 0 / 2 2 - 9 7 msec; slice thick-

ness,, 5 m m ; field-of-view, 23 c m ; matr ix, 256 x 256). 

Thee ] H spectra were col lected f rom three diffe-

rentt brain regions: m id - f ron ta l gray matter, mid-occ i -

pitall gray mat te r and r ight parietal wh i te mat ter 

(Figuree 1). 

FigureFigure 1. PD-weighted MR image (TR/TE 4000/22 msec) shows the 

threethree voxel locations for the localized ' H MRS studies: mid-frontal 

graygray matter (left), mid-occipital gray matter (middle), and right 

parietalparietal white matter (right). 

Voxell size was 4.5 cc (15 x 15 x 20 m m ) and cho-

senn careful ly t o ensure that each voxel conta ined pri-

mari lyy gray or wh i te matter. Data were acquired us ing 

aa fully au toma ted execut ion of PROBE (Proton Brain 

Examinat ion)) prov ided by the manufac turer o f the MR 

scanner.. The PRESS sequence was chosen for i t 's 

knownn robustness (Bo t tomley 1987) and was op t im i -

zedd for the chosen echo t imes and locat ions (TR/TE, 

3000/355 msec; 128 averages and 2.5 kHz bandwid th ) . 

Thee spectroscopic data acqu is i t ion provides a water 

suppressedd p ro ton spec t r um over a range f rom 4.3 -

0.55 p p m . The pure metabo l i c s ignal was apodized, 

zerof i l ledd and Fourier t r ans fo rmed to produce the 

spec t rum.. The numer ica l analysis was based on peak 

amp l i t udee by no rma l i z i ng the l inewid ths o f the peaks. 

Thiss analysis effectively measures areas and ratio of 

areass (Webb et a l . , 1994). Al l peaks in the designated 

spectrall area were curve-f i t ted us ing a Marquard t fit-

t i ngg rou t ine . Because absolute measures o f ] H MRS 

metabol i tess are in f luenced by var ious technical para-

meterss i nc lud ing t r ansm i t gain and receiver set t ings, 

MRSS signals are c o m m o n l y measured as ratios o f one 

metabol i tee o f another. Presently, NAA/Cr, N A A / C h o 

andd M l / C r rat ios were ca lcu la ted. 

Statistics Statistics 

Compar i sonss between M D M A users and contro ls for 
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descriptivee variables such as age, verbal intelligence 
andd other recreational drug exposure than MDMA, 
weree performed using two-tailed unpaired Student's t 
tests. . 

Thee main effect of MDMA use on metabolite 
ratioss (NAA/Cr, NAA/Cho, and Mt/Cr) was studied by 
generall linear model-based multivariate ANOVA 
(MANOVA),, taking possible correlations between 
brainn regions studied and multiple comparisons into 
account.. Gray matter (frontal cortex and occipital cor-
tex)) and white matter (white parietal matter) were 
analyzedd separately, with age, extent of previous can-
nabiss and amphetamine use as covariates. If MANO-
VAA revealed a significant effect, we investigated diffe-
rencess in metabolite ratios between groups by 
one-wayy ANOVA. 

Sincee the use of methamphetamine has been 
associatedd with reductions in NAA in the basa! gan-
gliaa and frontal white matter of MDMA users (Ernst et 
al.,, 2000), the data were also analyzed excluding 
thosee subjects who indicated having used ampheta-
minee in addition to MDMA the past 3 months (the 
usee of methamphetamine is very uncommon in the 
Netherlands,, unlike in for instance the United States). 

Thee a priori postulated correlation between NAA 
levels,, extent of previous MDMA use, and duration of 
abstinencee were assessed using Spearman's correla-
tionn coefficient. The chance of a type I error (a) was 
sett at 0.05. All data was analyzed using SPSS {SPSS 
Softwaree Inc, Chicago, IL, USA version 9.0). 

Result s s 
Thee two groups were similar for age. Recreational 
drugg use of alcohol and tobacco was comparable 
betweenn MDMA users and control subjects. MDMA-
userss indicated to have used more cannabis and amp-
hetaminee the past 3 months prior to this investigation 
thann controls. This difference was significant for the 
extentt of previous cannabis use (p = 0.006), but not 
forr amphetamine (p = o.i8) (Table i ) . 4 out of 15 
MDMAA users indicated having used amphetamine the 
pastt 3 months. 

Inn the MDMA group, participants had generally 
usedd more than 700 tablets over a period of 2-3 years. 
Mostt of the MDMA users had not used MDMA for 
weeks,, and some indicated not to have used MDMA 
forr several months (Table 1). 

MR/ / 
Visually,, no significant brain atrophy or white matter 
lesionss could be detected on the images in either 
MDMAA users or control subjects. 
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TableTable  1. Demograhpia, characteristics of MDMA use and other 

recreationalrecreational drug exposure' 

Control ss  MDMA user s 

Age e 

MDMA A 

Durationn of use (y) 

Usuall dose (tablets) 

Lifetimee dose (tablets) 

Timee since last tablet (weeks) 

Alcoholl (units/week) 

Tobaccoo (cig./day) 

Cannabis s 

(no.. joints last 3 months) 

Amphetamine e 

(no.. times used last 3 months) 

11 Data are expressed in mean  SD val 

27.00 (4.1) 

--
--
--
--

13.4(11.9) ) 

10.88 (3.7) 

2.33 (0.5) 

--
ues s 

11 Statistical significant difference between MDMA users 
andd controls (unpaired Student's ttest; p < o.oi) 

27-22 (5-3) 

5.66 [2.5-12.0] 

2.1(1.5-3.5] ] 

7233 [55-2176] 
12.00 [1-40] 

17.55 (13-8) 

13-33 (H-9) 

158.3(178.9)^ ^ 

5.00 (8.7) 

if-IMRS if-IMRS 
AA significant mean group effect was observed in the 
twoo gray matter brain regions studied (F = 2.82, d f = 
6.0,, p = 0.045), but not white matter (F = 1.79, df =3.0, 
pp = o.i8o).The covariance effects of age, extent of pre-
viouss cannabis and amphetamine use were not signifi-
cantt (p = 0.73, p = 0.77 and p = 0.14, respectively) on 
thee significant mean group effect observed in gray 
matter.. An ANOVA analysis demonstrated that 
NAA/Crr and NAA/Cho ratios in the frontal gray matter 
off MDMA users were significantly lower compared to 
controlss (p = 0.04 and p = 0.03, respectively), but not 
inn occipital gray matter (p = 0.72 and p = 0.12, respecti-
vely).. Results are summarized in Table 2 and Figure 2. 

Noo lactate or excess lipids were observed in any 
off the spectra. When amphetamine users were exclu-
dedd from the analysis, NAA/Cr and NAA/Cho ratios in 
thee frontal cortex were still significantly lower in 
MDMAA users when compared to controls (p = 0.004 
andd p = 0.046, respectively). 

Noo significant correlations were observed 
betweenn metabolite ratios and duration of abstinence 
fromm MDMA. However, a significant association was 
observedd in the frontal cortex between extent of pre-
viouss MDMA use (logtransformed) and NAA/Cr 
(pp = -0.50, p = 0.012) and NAA/Cho (p = -0.550, p = 
0.003;; Figure 3). The higher the MDMA exposure, the 
lowerr NAA/Cr and NAA/Cho ratios. 
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Discussion n 
Inn the present study we observed reduct ions in 

N A A / C rr and N A A / C h o in the f ronta l gray matter o f 

M D M AA users, and f ound that decreases in NAA/Cr 

andd N A A / C h o ratios are usage-related. 

N A AA is a correlate marker for healthy mature 

neu ronss (Urenjak et a l . , 1993) therefore, a reduct ion in 

NAAA indicates reduced neuronal density. NAA levels 

aree reduced in a n u m b e r o f pathological processes 

af fect ingg the integr i ty o f neurons (Arnold et al., 1994; 

Brownel ll et a l . , 1998). For instance neurotoxic damage 

too dopamine rg i c neurons induced by i -methyl-4-phe-

nyl-1,2,3,6,, te t rahydropyr id ine (MPTP) results in per-

s istentt decreases in NAA levels in monkey brain 

(Brownel ll et a l . , 1998). Reduct ions in NAA may be 

reversedd by t rea tmen t in some instances {Cendes et 

al . ,, 1997; De Stefano et al., 1995; V ion-Dury et al., 

1995). . 

Takenn in con junc t i on w i th the results o f prev ious 

s tud iess show ing selective decreases in concent ra t ions 

o ff cerebrospina l f lu id 5-HIAA (McCann et al., 1994., 

Ricaurtee et al., 1990) and 5-HT t ranspor ter densi t ies in 

M D M AA users (McCann et al., 1998; S e m p l e e t al,, 

1999;; Reneman et al., 2001a; 2001b) , and s imi lar f in-

d ingss in M D M A - t r e a t e d an imals w i th documen ted 

neurotox icc lesions (Battagl ia et al., 1987; 

Ha t z i d im i t r i ouu et al., 1999; O ' H e a r n et a l . , 1988; 

Scheffell et al., 1998; Schmid t 1987), these data prov i -

dee fur ther evidence that h u m a n M D M A users may be 

suscept ib lee to M D M A - i n d u c e d neuronal pathology. In 

suppo r tt o f th is are the presently observed dose-

dependen tt decreases in reduct ions o f NAA/Cr and 

N A A / C h oo in M D M A users. However, in v iew o f the 

smal ll bra in mass occupied by 5-HT nerve te rm ina ls 

(e.g.,, m u c h less than ^%), it is not likely tha t the pre-

sentlyy observed reduct ions o f a round 13% in NAA 

levelss are the result o f M D M A - i n d u c e d gross loss o f 5-

HTT neurons in the prefronta l cortex. Rather, that they 

reflectt non-speci f ic neuronal loss or dys func t ion o f 

neuronss in the prefronta l cortex o f M D M A users. 

Wee observed reduct ions in NAA/Cr and 

N A A / C h oo in f rontal gray mat ter bu t no t occ ip i ta l gray 

mat terr or r ight parietal wh i te matter. This f i nd ing was 

inn agreement w i th our hypothesis, w i th the except ion 

thatt no s igni f icant reduct ions in NAA levels were 

observedd in occipi ta l gray matter. Regional di f ferences 

inn the neurotox ic effects o f M D M A w i t h i n gray mat te r 

o ff t he cortex have been shown , but seem t o vary w i t h 

thee techn ique used. For instance, when look ing at 

reduct ionss in regional brain levels o f 5-HT or 5-HIAA 

(ass measured w i th HPLC-EC) in an M D M A - t r e a t e d 

baboon ,, the occipi ta l cortex was the brain region m o s t 

affectedd (Scheffel e t a l . , 1998). However, in that same 

TableTable  2. 'H MRSftndings in gray and white matter regions in MDMA users and control subjects' 

Control s s 

nn  = i 2 

MDMAA users Delta a 

% % 
Significanc e e 

Crayy matter 2 

Mid-frontalMid-frontal gray matter 

NAA/Cr r 

NAA/Cho o 

Ml/Cr r 

Mid-Mid- occipital gray matter 

NAA/Cr r 

NAA/Cho o 

Ml/Cr r 

1.622 0 

2.066  0.23 

0.655 s 0.08 

1.566 9 

3.044  0,52 

0.600  0.07 

1.433 1 

1.788 7 

0.644 6 

1.544 1 

2.677 1 

0.577 8 

- " • 7 7 
-14.0 0 

-12.2 2 

-5-0 0 

0.04 4 

0.03 3 

0.62 2 

0.72 2 

0,12 2 

0,29 9 

Whit ee matter 1 

RightRight parietal white matter 

NAA/Crr o 

NAA/Choo 6 

Ml/Crr 0,6410.06 

1.788 9 

1,966 2 

0,622  O.09 

-6.3 3 

f6.5 5 

-3-1 1 

Dataa are expressed in mean  SD values 
'' MANOVA: F=rSi.df=6.o, p=o,045 
'' MANOVA: F=i.79, df-j.o, p=o.i8 
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Controll subject MDMAA user 

NAA A 

ppm m ppm m 

FigureFigure 2. Proton MRS spectra from the mid-frontal gray matter region of a control subject (23 y of age) and an MDMA using subject (cumula-

tivetive lifetime exposure: 200 tablets; age: 26 y of age). The spectrum in the MDMA user is representative for the whole group and shows a reduc-

tiontion in NAA with similar Cr levels in the MDMA user. Note that Ml levels are elevated in this specific MDMA using subject, even though (for 

thethe group as a whole) mean Ml measures in MDMA users did not statistically differ from control subjects. 

baboon,, [3H] paroxetine labeled 5-HT transporters 
weree reduced by 85 % in the frontal and parietal cor-
tex,, whereas in the temporal and occipital cortex 
transporterr densities were reduced by 73 and 78%, 
respectively. . 

Inn line with the present study, reductions in NAA 
concentrationss have recently been reported for 
methamphetaminee users, a compound with similar 
actionss to MDMA (Ernst et al., 2000). In this study, 
NAAA concentrations in the frontal white matter and 
basall ganglia of methamphetamine users were signifi-
cantlyy reduced compared to controls. 
Methamphetaminee has shown to be neurotoxic to 
bothh dopaminergic as serotonergic neurons in 
rodents.. Recent PET studies in abstinent methamphe-
taminee users have shown reductions in dopaminergic 
terminalss similar to those reported in methampheta-
mine-treatedd non-human primates (McCann et al., 
1998b;; Villemagne et al., 1998). 

Onee other study has used ' H MRS to investigate 
thee effects of MDMA on brain neurochemistry (Chang 
ett al., 1999)- In this study, no difference between 
MM DMA users and control subjects in NAA/Cr was 
observed.. Discrepancies between the present study 
andd the study by Chang may be attributed in part to 
thee fact that the subjects in our study had on average 
usedd nearly 6 times as much MDMA: the cumulative 

lifetimee exposure to MDMA was on average 131 
tabletss in the study by Chang (based on 100 mg 
MDMA/tablett or capsule), whereas the MDMA users 
inn our study had exposed themselves on average to 
7233 tablets. 

Apartt from the observed reductions in NAA/Cr 
andd NAA/Cho ratios in the frontal cortex of MDMA 
users,, no metabolite abnormalities were observed in 

2-55 -1 

1 1 
II 2 

uu !-5 • 

Lifetimee no. MDMA tablets (log) 

FigureFigure 3. Correlation between NAA/Cho in the frontal cortex and 

extentextent of previous MDMA use. Open circles: controls, closed circles: 

MDMAMDMA using subjects. 
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thee present study. In particular, we did not observe 
significantt alterations in Ml/Cr ratios in MDMA users, 
evenn though in some subjects elevated Ml/Cr meas-
uress were observed {Figure 3). In contrast, Chang and 
co-workerss reported previously a significant increase 
inn Mt and Ml/Cr in the parietal white matter of MDMA 
userss (Chang et al., 1999). Ml is believed to be located 
primarilyy in glial cells and absent from neurons. 
Elevationss may be attributed to gliosis and reactive 
astrocytosis.. However, normal aging has been shown 
too increase Ml (Chang et al., 1996; Fowler et al., 1997). 
Discrepanciess between the study by Chang and the 
present,, may be attributed in part to age-associated 
differencess between both studies. In the present 
study,, subjects (both MDMA users and controls} were 
onn average younger with a much smaller age range: 
mediann age of MDMA users in the Chang study was 
43.00  14.6, with an age range of 19-75 years, whereas 
inn the present study median age of MDMA users was 
26.00  5.3, ranging from 20 to 38 years. However, pre-
cisee quantification of'near-water' resonance peaks, 
suchh as MI at 3.56 ppm, is difficult in water suppres-
sedd }H MRS, and may therefore also account for the 
discrepancyy between the studies. 

Althoughh NAA is found almost exclusively within 
neuronss (Urenjaket al., 1993), the exact functional 
implicationss of reduced NAA levels remain unclear. In 
additionn to serving as a storage form of aspartate, 
NAAA is in the metabolic pathway for glutamate and, 
althoughh not thought to be a neurotransmitter per se 
(Tsaii et al., 1995), is capable of inducing calcium influx 
byy means of N-methyi-D-aspartic acid receptors in 
vitroo (Rubin et al., 1995). Interestingly, a recent study 
hass shown increased NAA measures in rats during 
experimentall status epilepticus, suggesting that NAA 
correlatess with the functional status of neurons. In 
linee with this, NAA levels in the prefrontal cortex of 
patientss with schizophrenia have been shown to be 
stronglyy correlated with activation during a working 
memoryy task (Bertolino et al., 2000). Furthermore, we 
recentlyy reported a strong association between delay-
edd memory function and NAA/Cr ratios in the prefron-
tall cortex of ecstasy users (Reneman et at., 2001c). 

Severall potential limitations of the current study 
shouldd be mentioned. First, as with all retrospective 
studies,, there is a possibility that pre-existing differen-
cess between MDMA users and controls underlie diffe-
rencess in NAA concentrations. For instance, critics 
havee argued that low 5-HT function may be a cause 
ratherr than an effect of MDMA use, because low con-
centrationss of 5-HT have been linked to impulsivity 
andd sensation seeking in humans (Reed et al., 1999). 

However,, since NAA, to our knowledge, has not been 
linkedd to impulsivity and sensation seeking, the pre-
sentt study makes it less probable that observed decre-
asess in NAA/Cr and NAA/Cho are a cause rather than 
ann effect of MDMA use. Second, because most of the 
MDMAA users had experimented with other recreation-
all drugs, mainly cannabis and amphetamine, we can 
nott completely rule out the possibility that the present 
findingss are unrelated to cannabis or amphetamine 
use.. However, urine drug tests indicated that no parti-
cipantt had used cannabis in the week prior the study. 
Whilee the effects of cannabis use on NAA levels are 
(too our knowledge) still unknown, methamphetamine 
hass been shown to reduce NAA levels (Ernst et al., 
2000).. In the present study, NAA/Cr and NAA/Cho 
ratioss in the frontal cortex were still significantly lower 
inn MDMA users when compared to controls, when 
MDMAA users who also had used amphetamine in the 
pastt 3 months were excluded from the analysis. Also, 
noo significant effect of cannabis or amphetamine use 
onn NAA/Cr and NAA/Cho ratios in the frontal cortex 
wass observed in the statistical analysis, making it less 
probablee that the findings of the present study should 
bee attributed to either of these drugs. In addition, 
observedd decreases in NAA/Cr and NAA/Cho ratios 
aree unlikely to be due to direct pharmacological 
effectss of MDMA, since MDMA using participants 
reportedd that they had abstained from use of MDMA 
orr other psychoactive drugs for at least 1 week before 
thee study. Furthermore, we had to rely upon retrospec-
tivee accounts of drug history using a drug-history 
questionnaire.. A recent survey investigated the validi-
tyy of the drug-history questionnaire that was used in 
thiss study. It was found that in 93% of the cases the 
reportedd use of ecstasy was in agreement with the 
drug-urinee test (Van de Wijngaart et al„ 1997). 
However,, drug usage and abstention period were also 
verifiedd by urine drug screening. Blood and urine 
sampless can detect drugs like cannabis 2-3 weeks 
afterr use, but MDMA and other amphetamine deriva-
tivess can be detected only 24-48 h after the last dose. 
Therefore,, we were only able to objectively confirm 
abstentionn from cannabis, but not MDMA, in the 2-3 
weekss before the study. In future studies, hair-sample 
analysiss would be a useful way to assess more 
appropriatelyy what drug was taken at what time and to 
ascertainn previous use of MDMA. Finally, single voxel 
protonn spectra were acquired and processed automa-
ticallyy in this study. It has been shown that the stan-
dardd variations of NAA/Cr ratios are much lower 
usingg this method compared to studies relying on 
manuall adjustment of the instrument and/or manual 
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processing.. Of the remaining variability, how much is 
controllable,, and how much is biological variation in 
thee normal population ? One potential source of error 
iss the partial volume effect. Contamination of the volu-
mee of interest with different tissue types will lead to 
variationn in the results. In future studies this may be 
correctedd via tissue segmentation to identify 
gray/whitee matter fractions. NAA/Cr ratios are known 
too be higher in white than in gray matter. Therefore, 
contaminationn of a gray voxel with white matter will 
increasee NAA/Cr ratios, and consequently an undere-
stimationn of M DM A's neurotoxic effects on 5-HT neur-
ons,, because MDMA is known to induce 5-HT neuro-
toxicityy in cortical gray matter, leaving cortical white 
matterr relatively unaffected (Scheffe! et al„ 1998). 

Conclusio n n 
Ourr results suggest that MDMA use may lead to 
changess in NAA levels of the frontal cortex of 
MDMAA users as measured with ^H MRS, and that 
thesee changes are dose-related. These findings con-
firmfirm and extent previous observations suggesting 
thatt human MDMA users may be at risk of develo-
pingg neuronal injury. The present findings will provi-
dee a cogent argument for consumers to make infor-
medd decisions about recreational MDMA use. 
Additionall studies are needed to determine whether 
changess in NAA concentrations in MDMA users are 
reversiblee with longer periods of abstinence, and 
whetherr reduced NAA levels are associated with 
functionall impairments. 
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Usee of amphetamine by recreational users of 
ecstasyy (MDMA) is associated with reduced 
striatall dopamine transporter densities: 
a[123|]p-CITSPECTstudy y 
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Abstrac t t 
RationaleRationale • Tablets sold as ecstasy do often not only 
containn 3,4-methylenedioxymethamphetamine 
(MDMA)) but other compounds well known to cause 
dopaminergicc neurotoxicity, such as (meth)ampheta-
mine.. Furthermore, the use of ecstasy in trie 
Netherlandss is often combined with the use of amp-
hetamine.. However, little is known about the effects of 
ecstasyy use or the combination of ecstasy and amphe-
taminee use on dopamine (DA) neurons in the human 
brain.. Objectives - To investigate the effects of ecstasy 
ass well as the combined use of ecstasy and ampheta-
minee on the density of nigrostriatal DA neurons. 
MethodsMethods - [133I](3-CIT SPECT was used to quantify stria-
tall DA transporters. Striatal [,I3l]p-CIT binding ratios 
off control subjects (n = 15) were compared with bin-
dingg ratios of ecstasy users (« = 29) and individuals 
withh a history of combined ecstasy and amphetamine 
usee (n = 9) after adjustment for age. Results - Striatal 
[,!JI]P-CITT binding ratios were significantly lower in 
combinedd ecstasy and amphetamine users compared 
too sole ecstasy users (6.75 vs 8.46, respectively: -
20.2%,, p = 0.007). Binding ratios were significantly 
higherr in ecstasy users when compared to controls 
(8.466 vs. 7.47, respectively: + 13.2%, p = 0.045). 
ConclusionsConclusions - These initial observations suggest that 
thee sole use of ecstasy is not related to dopaminergic 
neurotoxicityy in humans. In contrast, the reported use 
off amphetamine by regular users of ecstasy seems to 
bee associated with a reduction in nigrostriatal DA 
neurons. . 

Introductio n n 
Amphetaminee and some of its analogues have been 
shownn to be neurotoxicc to dopamine (DA) and/or 
serotoninn (5-HT) neurons in animals. For instance, 
afterr administration of methamphetamine, animals 
developp long-lasting decreases in brain DA and 5-HT 
axonall markers, including the neurotransmitters 
themselvess (i.e., DA and 5-HT), and their transporter 
sitess (Seiden et al., 1976; Villemagne et al., 1998; 
Wagnerr et al., 1980). Administration of amphetamine 
too animals, including non-human primates, results in 
decreasess in DA levels and DA transporter densities 
(Melegaa et al., 1996; Steranka 1983; 1980). 
Furthermore,, the popular recreational drug 3,4-methy-
lenedioxymetharnphetaminee (MDMA, "Ecstasy") has 
beenn shown to be neurotoxic to brain 5-HT neurons in 
animalss and possibly humans (Reneman et al., 2001a; 
2001b;; McCann et al., 1998a; Ricaurte et al., 2000; 
Sempleett al., 1999). Brain levels of DA and its meta-
bolitee homovanillic acid (HVA) are not reduced by low 

dosess of MDMA but after higher doses, suggesting 
thatt while MDMA is more toxic to 5-HT than DA sys-
tems,, it can also damage DA neurons (Taffe et al., 
2001;; Commins et al., 1987} 

Whilee the potential neurotoxic effects of MDMA 
onn DA neurons have been extensively studied in ani-
mals,, little is known about the dopaminergic effects of 
MDMAA in the human brain. Only two studies have 
investigatedd the effects of MDMA on DA neurons by 
evaluatingg cerebrospinal fluid HVA (McCann et al., 
1994)) and DA transporter densities using SPECT 
(Semplee et al., 2000). HVA and DA transporter densi-
tiess in MDMA users were comparable with control 
subjects.. Furthermore, since the composition of 
tabletss sold as ecstasy do often not only contain 
MDMA,, but also other compounds weil known to 
causee DA neurotoxicity, such as amphetamine and 
methamphetamine,, it is important to study its effects 
inn the human brain directly. The Drugs Information 
andd Monitoring System (DIMS), a unique project in 
thee Netherlands to chemically monitor the ecstasy 
market,, reported that in 1997 a substantial proportion 
(32%)) of the street substances being marketed as 
ecstasyy contained amphetamine or methamphetami-
nee (Spruit et al., 1999), ranging from a low of 7 to 23% 
(onn average 32 mg) per tablet (Konijn et al., 1997). 
Furthermore,, a recent survey in the Netherlands 
investigatedd the prevalence of the combined use of 
ecstasyy and amphetamine (the use of methampheta-
minee is uncommon in the Netherlands). It was found 
thatt in 26% of the 847 cases ecstasy was often or 
alwayss combined with the use of amphetamine (Van 
dee Wijngaart et al., 1997). 

Thesee observations press for a further investiga-
tionn of the effects of ecstasy, as well as the combined 
usee of ecstasy and amphetamine on brain DA neurons 
inn human beings. The development of 1IJiodine-2p-
carbomethoxy-3|i-(4-iodophenyl)) tropane (ji-CIT), has 
madee it possible to image concomitantly DA and 5-HT 
transporterss in the human brain using single photon 
emissionn computed tomography (SPECT) (Brücke et 
al.,1993).. The DA transporter is a structural element 
off the DA neuron that is substantially decreased in 
animalss given DA neurotoxins, such as methampheta-
minee and i-methyl-4-phenyl-i,2,3,6-tetrahydropyridine 
(MPTP)) (Villemagne et al.,1998; Booij et al., 1997a). 

Thiss study compared the density of striatal 
[,i3l]p-CITT labelled DA transporters in ecstasy users. 
Furthermore,, the effects of combined ecstasy and 
amphetaminee use on [,23l]p-CIT labelled DA transpor-
terss were analyzed. Previous studies in rodents have 
demonstratedd that drugs that bind to the 5-HT trans-
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porterr enhance binding of [,23IJfi-CIT to the DA trans-
porterr (Fujita etal., 1997; Scheffel et al., 1994), ait-
houghh this was not observed with other DA transpor-
terr ligands (Lavalaye et al., 2000; Booij et al., 1998}. 
Therefore,, striatal [,23l]fi-CIT binding ratios in a group 
off combined ecstasy and amphetamine users were 
comparedd both with ecstasy users and healthy con-
trols.. This study was part of a larger [,23l]p-CIT investi-
gation,, in which the effects of ecstasy on the 5-HT sys-
temm were studied in more detail (Reneman et al., 
20Cna;; 20001b) . 

Method ss and material s 
Participants Participants 
Ecstasyy users were compared with ecstasy-naive but 
drugg using controls. Subjects were recruited with fly-
erss distributed at venues associated with the "rave 
scene"" in Amsterdam with the help of UNITY, an 
agencyy which provides harm reduction information 
andd advice. Experimental and control groups were 
thuss recruited from the same community sources. 
Subjectss selected were matched for gender and age, 
betweenn 18 and 45 years, otherwise healthy, and with 
noo psychiatric history, 38 ecstasy users and 15 ecstasy-
naïvee subjects were recruited. The 15 ecstasy-naïve 
subjectss ('controls') were healthy subjects with no 
self-reportedd prior use of ecstasy. Of the 38 ecstasy 
users,, 9 reported that they intentionally used amphe-
taminee in the 3 months prior to this study ('Ecstasy + 
amphetaminee users'; Table i ) . Participants agreed to 
abstainn from use of ail psychoactive drugs for at least 
33 weeks before the study, and were asked to undergo 
urinee drug screening (with an enzyme-multiplied 
immunoassayy for amphetamines, barbiturates, ben-
zodiazepinee metabolites, cocaine metabolite, opiates, 
andd marijuana) before enrolment. After testing urine 
samples,, exclusion criteria were: a positive drug 
screen;; pregnancy; a severe medical or neuropsychia-
t ryy illness that precluded informed consent, and a life-
timee psychiatric disorder. Subjects were interviewed 
withh a structured computer assisted diagnostic psy-
chiatricc interview (Composite International Diagnostic 
Interview:: CI Dl, version 2.1) to screen for current axis I 
psychiatricc diagnoses. The institutional Medical Ethics 
Committeee approved the study. After complete 
descriptionn of the study to the subjects, written infor-
medd consent was obtained from all participants. 

Imaging Imaging 

Forr SPECT scanning the Strichmann Medical 
Equipmentt 810X tomographic system was used. This 
12-detectorr single-slice scanner has a full-width at 

half-maximumm (FWHM) resolution of approximately 
7.55 mm. Each acquisition consisted of at least 15 sli-
ces,, (acquired in a 64 x 64 matrix), 3 min per slice, 
andd with a slice distance of 5 mm. The energy window 
wass set at 135-190 keV. Subjects lay in the supine posi-
tionn with the head aligned in a parallel to the orbito-
meatall line, and were positioned such that the scan-
ningg volume initially included the cerebellum. 
Acquisitionn was commenced 20 h after i.v. injection of 
approximatelyy 140 MBq [,23l]p-CIT (radiolabeling as 
describedd by Neumeyeret al.1991}, a time when speci-
ficc bindingto the striatum is maximal and stable for 
upp to 24 h following injection (Brücke etal.,1993; 
Laruelleett al.,ig94). For analysis of [,ZJI][}-CIT binding, 
aa standard template with regions of interest (ROIs) 
wass constructed manually from MR images. For posi-
tioningg we used these MR images as a guide. The 
templatee with a ROI for the left and right striatum, a 
brainn region rich in DA transporters, was placed on 
threee consecutive SPECT slices, demonstrating best 
visualizationn ofthe striatum (Booij et al., 1997b). An 
additionall template was constructed with a ROI for the 
cerebellum.. An investigator unaware ofthe partici-
pant'ss history performed ROI analysis. The uptake in 
thee cerebellum, presumed free from DA transporters, 
wass used as a reference for background radioactivity 
(non-specificc binding + free ligand). Striatal p^l]p-CIT 
bindingg was calculated by dividing total binding in the 
striatumm by binding in the cerebellum. 

Statistics Statistics 
Differencess between the three groups with regard to 
demographicc variables and other drug exposure were 
analyzedd using ANOVA (log transformed if necessary). 

Thee difference in mean [,2JI]J}-CIT labelled DA 
transporterss was analyzed using a general linear 
regressionn model. The starting model included group 
(33 levels), gender (2 levels), age (linear) and extent of 
previouss cannabis use (linear; log transformed). 

Pearsonn correlation analyses was performed 
betweenn striatal [,J3I](3-CIT binding ratios, and extent 
off previous MDMA and amphetamine use. Results 
weree considered significant at p < 0.05. Data were 
analyzedd using SPSS (SPSS Software Inc, Chicago, IL, 
USAA version 9.0). 

Result s s 
Participants Participants 
Ecstasyy + amphetamine users were younger than con-
trolss and sole ecstasy users, though this did not reach 
statisticall significance (p = 0.10). The groups were 
similarr for gender distribution (Table 1}. 
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Thee two ecstasy using groups were simi lar w i th regard 

too use o f ecstasy, alcohol and other drugs, except for the 

usee of amphetamine (Table 1). Ecstasy + amphetamine 

userss indicated using more cannabis than controls 

(Tablee 1). Similar and only occasional use o f LSD (lyser-

gicc acid diethylamide), 'magic m u s h r o o m s ' and cocaine 

wass reported in both groups (data not shown) . 

SPECTSPECT imaging 

Genderr and extent o f previous cannabis use were 

d roppedd f r o m the star t ing mode l as they had no s igni-

f icantt con t r i bu t i on (p = 0.75 and 0 .62, respect ively). 

Agee had a highly s igni f icant effect (p = 0 . 0 0 0 ) on 

mea nn  ['23 l]p-CIT b ind ing rat ios and was therefore kep t 

inn the mode l . Compar isons o f g roups revealed that 

b ind ingg ratios were s igni f icant ly h igher in ecstasy 

userss compared to cont ro ls (p = 0 .045) . p I 3 l ]p-CIT b in-

d i n gg rat ios were s igni f icant ly lower in ecstasy + amp-

hetaminee users compared to sole ecstasy users (p = 

0 .007) ,, but not when compared to con t ro ls (p = 

0.275)) (Table 1 and Figure 1). 

Theree was no corre la t ion between the extent o f 

previouss ecstasy use and str iatal [ " ' l ]p -CIT b ind ing 

# # 

y.. 6 -

22 c 

H H 
44 -

T T 
1 1 

--
r . . 
1 1 

Control l Ecstasyy Ecstasy + 

amphetamine e 

FigureFigure  1. Estimated marginal means of ['''Ij/i-CIT binding ratios 

withwith 95% CI after correction for the difference in age distribution 

(evaluated(evaluated at 25.6 y of age) in each group, f Significantly different 

fromfrom controls. * Significantly different from sole ecstasy users. 

(rr = 0.05, p = 0.718). In add i t i on , the associat ion 

betweenn str iatal ["3I]J$-CIT b ind ing rat ios and extent o f 

previouss a m p h e t a m i n e use d id not reach stat ist ical 

s igni f icancee (n = 9, r = -0 .204, p = 0 .092 ) . 

TableTable  1. Demographics and comparison of striatal f'UjP-CIT binding ratios between controls, ecstasy and ecstasy + amphetamine users' 

Age e 

Men/woo men 

Ecstasy Ecstasy 

Durationn of use (y) 

Usuall dose (tablets) 

Lifetimee dose (tablets) 

Timee since last tablet (months) 

Amphetamine Amphetamine 

Amphetaminee (no. times used past year) 

Meann amphetamine dose (g) 

AlcoholAlcohol and other drugs 

Alcoholl (units/week) 

Tobaccoo (cig./day) 

Cannabiss (no. joints last 3 months) 

SPECT: SPECT: 

Estimatedd striatal ;>l]b-CITT binding ratios 

Controls s 

nn = ^s 

26.11 (5.5) 

7/8 8 

_ _ 
--
--
--

_ _ 

' ' 

10.66 (9.8) 

10.00 (5.0) 

1.77 (3-i) 

7.477 (SE 0.39) 

Ecstasyy users 

nn = 29 

26.11 (5.6) 

15/H H 

5-11 (2.9) 
1.7(0.7) ) 

3244 (527) 

3-44 (4-6) 

_ _ 
— — 

10.33 (8.6) 

8.55 (8.0) 

54.11 (1070) 

8.46(SEo.28)-= = 

Ecstasyy + amphetamine users 

nn = 9 

22.11 (2.8) 

6/3 3 

4-4(1-9) ) 
2.33 (0.7) 

3588 (610) 

1.0(0.3) ) 

47-55 (45-0) 
0.411 (0.31) 

12.8(13.9) ) 

12.7(13-2) ) 
87.00 (102.8)' 

6.755 (SE 0.52)' 

Dataa are expressed in mean  SD values except for estimated [' IJ/J-CIT binding ratios 
•• Significantly different from controls (Log transformed: ANOVA F=5.7.df=3$. p<o.Oi; Post hoc comparison p<o.Oi) 
'' Estimated marginal means after correction for the difference in age distribution (evaluated at 25.6 y of age) 
'' Significantly different from controls (Overall ANOVA F=4.g df=2. p< 0.01; Post hoc comparison p = 0.045) 
Significantlyy different from ecstasy users (Overall ANOVA F=4.9 df=2, p< 0.01; Post hoc comparison p < 0.01) 
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Discussion n 
Thee results of this preliminary study suggest that 
whilee sole ecstasy use does not decrease striatal DA 
transporterr densities in human beings, the combined 
usee of amphetamine and ecstasy may be associated 
withh reduced striatal DA transporter densities. 

Too our knowledge, this is the first study reporting 
onn the effects of amphetamine on striatal dopamine 
transporterdensitiess in human brain. PET studies in 
amphetaminee treated monkeys have shown reduc-
tionss in striatal [,8F]fluoro-L-DOPA uptake in vervet 
monkeyss (Melega et al., 1996; 1997)- Furthermore, 
studiess on rat striatal DA system have established 
thatt chronic amphetamine exposure results in neuro-
toxicityy characterized by decreases in dopamine levels 
andd DA transporter densities, swollen nerve terminals 
andd degenerated axons (Ridley et al., 1982; Ryan et al., 
1990).. Given the large body of evidence directly docu-
mentingg the DA neurotoxic potential of amphetamine 
inn rodents and non-human primates, our data provide 
preliminaryy evidence that recreational use of combi-
nedd amphetamine and ecstasy use might be neuro-
toxicc to DA neurons. 

Whilee few studies have investigated the effects of 
amphetaminee in humans, recently a number of stu-
diess have reported on the effects of methamphetami-
nee in the human brain. Like amphetamine, methamp-
hetaminee is an amphetamine derivative known to 
causee damage to DA neurons in animals treated with 
thiss drug {Seiden et al., 1976; Wagner eta!., 1980). 
Thee present findings are in good agreement with 
thesee studies in methamphetamine users. For instan-
ce,, using PET, reductions in DA terminal markers have 
beenn demonstrated in methamphetamine-treated 
monkeyss and human methamphetamine users using 
thee DA transporter ligands ["qWIN-35,248 and [vC]d-
threo-methylphenidatee (Villemagne et al.,1998; 
McCannn et al.,1998b). Reductions in DA transporter 
densitiess in methamphetamine users have been asso-
ciatedd with motor and cognitive impairments (Volkow 
ett al., 2001) and the severity of persistent psychiatric 
symptomss (Sekine et al., 2001). 

Thee presently observed absence of neurotoxic 
effectss of ecstasy on human DA neurons is in good 
agreementt with previous animal studies which failed 
too find any damage to DA neurons following MDMA 
treatmentt (Green et al., 1995; Steele et a I., 1994). It is 
alsoo in agreement with a recent [,2ÏI]P-CIT SPECT 
studyy (Semple et al., 2000), in which no reductions in 
striatall binding ratios were observed between ecstasy 
userss and control subjects. McCann and colleagues 
(1994)) also found no evidence of neurotoxic effects of 

MDMAA on DA neurons in the human brain, since 
HVAA levels in the cerebral spinal fluid of ecstasy users 
didd not differ from controls. 

Thee present finding of absence of neurotoxic 
effectss of ecstasy on human DA is of interest fora 
numberr of reasons. First, our findings may indicate 
thatt the effects of drugs with known DA neurotoxic 
effectss (such as amphetamine) in tablets sold as 
'ecstasy'' in the Netherlands, may be too small to be 
neurotoxic.. It can not be excluded that the ecstasy 
tabletss taken by our subjects did not contain amphe-
taminee or methamphetamine. However, there is sub-
stantiall support that a considerable proportion of the 
ecstasyy users in this study must have, unintentionally, 
beenn exposed to amphetamine or methamphetamine, 
sincee 83% of the ecstasy users indicated having used 
ecstasyy in 1997. In that particular year, 32% of all 
ecstasyy drug samples (*i = 7009) tested by DIMS con-
tainedd amphetamine or methamphetamine (on avera-
gee 32 mg per tablet; Spruit et al., 1999). Second, it has 
beenn suggested that a recent case of parkinsonism in 
aa chronic human ecstasy user (Baggott et al., 1999} 
mayy have resulted from a neurotoxic effect of M DMA 
onn the nigrostriatal dopaminergic neurons, Itwas 
suggestedd by Mintzer and co-workers (1999) that the 
parkinsonismm may have resulted from amphetamine 
orr methamphetamine present in ecstasy tablets taken 
byy the patient. However, in the present study we did 
nott observe evidence indicating loss of DA neurons in 
solee ecstasy users, whereas in the group of combined 
ecstasyy and amphetamine users [123|](3-CIT binding 
ratioss were only approximately 12% lower when com-
paredd to ecstasy users. It is well known that parkinso-
niann signs do not occur before more than 50% of DA 
terminalss are degenerated {Fearnley &, Lees 1991). 
Therefore,, we can now say that the parkinsonian signs 
weree most probably not caused by use of ecstasy or 
thee combined use of ecstasy with amphetamine or 
methamphetamine.. Third, the present findings stress 
thee importance to perform studies like these in well 
matchedd groups: not only with respect to age and 
gender,, but the use of other drugs as well. Ideally, two 
groupss understudy will differ only on one variable 
whichh is the focus of the study. In the present study, 
combinedd ecstasy and amphetamine users differed 
onlyy on the use of ecstasy, suggesting that it is the use 
amphetamine,, and not ecstasy, that may lead to loss 
off nigrostriatal neurons. 

Previouss studies in rodents have demonstrated 
increasedd binding of ["3l]fl-CITto the DA transporter 
shortt after administration of 5-HT reuptake inhibitors 
(Fujitaa et al., 1997; Scheffel et al., 1994). In line with 
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this,, we presently observed increased striatal binding 
off [ l]p-CIT in ecstasy users when compared to con-
trols.. One possible explanation for this enhancement 
off binding is regulation of the DA transporter through 
inhibitionn of 5-HT uptake, it has been suggested that 
(rapid)) regulation, such as post-translational regula-
tion,, is evoked by the inhibition of 5-HT uptake, for 
instancee by MDMA. However, since ecstasy users 
weree scanned at least 3 weeks after the last MDMA 
tablett taken, future experimental studies will have to 
findd out what the long-term effects of 5-HT reuptake 
inhibitorss (or MDMA) are on DA transporter densi-
ties.. Whatever the underlying mechanism, the present 
findingsfindings clearly demonstrate the need for careful mat-
chingg of study groups. To investigate the effects of 
amphetaminee use on DA neurons in ecstasy users it is 
off crucial importance to compare DA transporter den-
sitiess between ecstasy using subjects that only differ 
onn the intentional use of amphetamine, rather than to 
controll subjects, such as performed in the present 
study. . 

Displacementt studies in animals and humans 
havee shown that striatal uptake of P-CIT is associated 
withh DA transporters (Laruelle et al., 1993; 1994). 
Moreover,, it has been shown that striatal [,i3l]p-CIT 
binding,, measured 24 h p.i. adequately reflects the 
densityy of DA transporters (Laruelle et al.,1994). 
Whenn considered with results of previous SPECT stu-
diess directly documenting the validity of SPECT with 
[,!3I]P-CITT for detecting MPTP-induced DA neuro-
toxicityy {Shaya et al., 1992), the present findings of 
reducedd DA transporter densities in combined ecstasy 
andd amphetamine users may be related to damage to 
striatall DA axons and axon terminals. It should be 
keptt in mind, however, that it is an assumption that a 
decreasee in DA transporter density directly reflects 
axonall loss. The presently observed decreases in DA 
transporterr densities could also be related to a neuro-
adaptivee process, not associated with actual DA nerve 
terminall degeneration. 

Severall potential limitations of the current study 

shouldd be mentioned. The absence of effects of ecsta-
syy use on human DA neurons may be related to the 
factt that we had to rely upon participant's report of 
drugg abuse. As with all retrospective studies, it is 
impossiblee to determine exactly what drug at what 
dosee was taken, and to ensure abstention from 
MDMA.. Urine screening was performed to detect con-
cealedd recent MDMA use. In future studies, hair-
samplee analysis would be a useful way to assess more 
appropriatelyy what drug was taken at what time and to 
ascertainn previous use of MDMA. However, of parti-
cularr relevance to this study is that we were able to get 
aa fairly good impression on what an ecstasy tablet is 
likelyy to have contained in the Netherlands, because 
off the DIMS project. Second, there is a possibility that 
pre-existingg differences between amphetamine users 
andd amphetamine non-users underlie differences in 
DAA transporter densities. People with low DA trans-
porterr densities may be predisposed to use ampheta-
minee and to have low DA transporter densities. Future 
studiess taking the recently described functional poly-
morphismm in the promoter for the DA transporter 
genee into account, could be of interest (Heinz et al., 
2000a;; 2000b). However, the two groups of ampheta-
minee users were both regular users of ecstasy and 
differedd only on the point that one subgroup had a 
historyy of amphetamine use. It is therefore unlikely 
thatt pre-existing differences or the use of other drugs 
thann amphetamine should account for changes in 
striatall DA transporter densities. Considering the 
smalll sample size of the amphetamine group, the 
resultss of the present study should be interpreted as 
preliminary. . 

Wee conclude that the use of ecstasy seems not to 
bee associated with dopaminergic neurotoxicity in 
humans.. In contrast, the reported use of amphetami-
nee in regular ecstasy users seems to be associated 
withh toxic damage to dopaminergic neurons, in line 
withh previous studies in animals. These initial obser-
vationss suggest potential harmful effects of ampheta-
minee on DA system. 
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Abstrac t t 
Thee neurotoxic potential of amphetamine and related 
drugss is well documented. However, methylphenida-
te,, an amphetamine derivative used in the treatment 
off attention deficit hyperactivity disorder, and known 
too increase synaptic dopamine (DA) levels, seems to 
lackk neurotoxic potential. It is hypothesized that both 
dopaminergicc and serotonergic systems are involved 
inn trie neurotoxicity of amphetamine derivatives. The 
purposee of the present study was to evaluate the neur-
otoxicc potential of methylphenidate and to test 
whetherr stimulation of the serotonergic system may 
conferr neurotoxic properties to methylphenidate for 
DAA or serotonin (5-HT) neurons. In addition, the pre-
sentt study was undertaken to evaluate the necessity to 
performm future SPECT studies in individuals using 
bothh methylphenidate and 5-HT acting agents. We 
thereforee measured monoaminergic transporters in 
ratt brain using radioligands suitable for SPECT ima-
gingg (plJp-CIT and [12M]FP-CIT). Croups of rats were 
treatedd with methylphenidate or saline for 4 days. 
Additionall groups were treated with the selective 5-
HT22 receptor agonist quipazine or the selective 5-HT 
reuptakee blocker fluoxetine, alone or in combination 
withh methylphenidate. Binding studies were perfor-
medd 5 days after the last treatment. In a second expe-
riment,, methylphenidate in combination with quipazi-
ne,, along with a control group, was retested. In this 
experiment,, monoaminergic terminal density was 
estimatedd 2 weeks (rather than 5 days) after drug tre-
atment.. Five days, but not 2 weeks, after treatment a 
significantt reduction in specific [,2JI]FP-CIT binding 
wass observed in the frontal cortex and hippocampus 
off rats treated with methylphenidate in combination 
withh quipazine. These changes probably do not reflect 
neurotoxicc changes of frontal cortex and hippocampal 
DAA terminal markers, but a compensatory downregu-
lationn of DA transporters. These findings suggest 
potentiall harmful effects of concomitant use of drugs 
directlyy activating 5-HT2 receptors in patients using 
methylphenidate. . 

Introductio n n 
Severall amphetamine-related compounds are neuro-
toxicc to rodents, as shown by a profound and long las-
tingg decrease in the concentration of monoamines in 
thee brain. For example, administration of high doses 
off methamphetamine results in loss of dopamine 
(DA)) (Koda&Gibb, 1973) as well as serotonin (5-HT) 
(Hotchkisss & Gibb, 1980). In contrast, the ampheta-
minee derivatives 3,4-methylenedioxymethamphetami-
nee (MDMA or "Ecstasy") and fenfluramine are relati-

velyy selective in producing neurotoxic damage to 5-HT 
neurons,, while sparing dopaminergic neurons. 
Damagee to 5-HT neurons was demonstrated by reduc-
tionss in brain 5-HT content, 5-hydroxyindoleacetic 
acid,, or the density of 5-HT uptake sites (Ricaurte et 
al.,, 1993; Bataglia et aL, 1988; Stone et al., 1986; 
Schmidtt et al., 1987a; 1987b; O'Hearn et al., 1988). 
Moreover,, recent positron emission tomography 
(PET)) and single photon emission computed tomo-
graphyy (SPECT) studies have shown decreases in the 
numberr of central 5-HT neurons in MDMA-treated 
primatess and human MDMA-users, as well as loss of 
DAA neurons in methamphetamine users (McCann et 
al.,, 1998; Scheffel et al, 1998; Semple et al., 1999). 

Thee precise mechanisms underlying the neuro-
toxicc effects of amphetamines are not yet known. 
Severall lines of evidence now indicate that the neuro-
toxicityy of MDMA and related drugs is closely linked 
too DA release (Abekawa et al., 1994; O'Dell et al., 
1991;; Schmidt etal., 1985; Wagner et al., 1983). For 
example,, pretreatment with L-3,4-dihydroxyphenytala-
ninee (L-DOPA) potentiates the long-term serotonergic 
deficitss induced by MDMA (Schmidt etal., 1991), and 
theree appears to exist a linear correlation between the 
acutee increase of extracellular DA and the extent of 
serotonergicc toxicity {Nash& Nichols, 1991). 

Inn spite of this and other evidence favoring a role 
forr DA in the neurotoxicity of these agents, there are 
att least two considerations which have been sugge-
stedd to contradict this conclusion. First, fenfluramine, 
ann agent with extreme weak DA-releasing properties, 
iss known to be neurotoxic to 5-HT neurons (McCann 
ett al., 1997). Second, methylphenidate, an ampheta-
minee derivative clinically used in the treatment of 
attentionn deficit hyperactivity disorder (ADHD) and 
narcolepsyy (Ellison etal., 1978; Farajetal., 1974) and 
knownn to increase synaptic DA levels, lacked neuro-
toxicc potential in three studies which have evaluated 
thee neurotoxic potential of methylphenidate (Wagner 
etal.,, 1980; Zaczeket al,, 1989; Yuan etal., 1997). 
Apparently,, an increase in extracellular DA, although 
necessary,, is not a sufficient condition for neurotoxici-
tyy of amphetamine-related drugs. 

Itt has recently been suggested that both dopami-
nergicc and serotonergic systems are involved in the 
neurotoxicityy of amphetamine derivatives (Schmidt et 
al.,, 1990). For example, the potent 5-HT releaser, 5-
methoxy-6-methyl-2-aminoindann (MMAI), will cause 
long-termm central 5-HT deficits only when combined 
withh amphetamine (Johnson et al., 1991). 
Interestingly,, it was recently shown that 5-HT released 
byy MDMA plays a role in 5-HT neuron toxicity by incre-
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asingg DA synthesis and release through activation of 
5-HT22 receptors (Huang& Nichols, 1993; Schmidt et 
al.,, 1991). Thus, brain 5-HT2 receptors and DA con-
tentt appear to play a major role in the neurotoxicity of 
amphetamine-relatedd compounds. 

Recently,, a possible alarming tendency to add 5-
HTT acting agents to methylphenidate has been noted 
inn the treatment of children with ADHD. The combi-
nationn of methylphenidate with for instance, fluox-
etine,, led to a significant therapeutic improvement 
(Badett et al., 1998; Masand et al., 1998; Myronuket 
al.,, 1996; Findling, 1996). Theoretically, as previously 
discussed,, this new combination of medication could 
bee neurotoxic to DA and/or 5-HT neurons. To date, 
however,, it is not known what the effects on DA and 
5-HTT neurons are when methylphenidate is used in 
combinationn with direct or indirect 5-HT acting 
agents.. Several studies have shown that 5-HT reupta-
kee inhibitors prevent 5-HT neurotoxicity induced by 
severall amphetamine-derivatives (McCann et al., 
1995).. By occupying the 5-HT transporter, 5-HT reup-
takee inhibitors possibly prevent the parent ampheta-
minee and/or a toxic metabolite from entering the 5-HT 
neuron.. We therefore hypothesized that the combina-
tionn of methylphenidate with a 5-HT reuptake inhibitor 
mayy not be neurotoxic to 5-HT neurons. However, it is 
nott known what the effect of methylphenidate in com-
binationn with indirect stimulation of 5-HT2 receptors 
byy 5-HT reuptake inhibitors on DA neurons may be. 

Basedd upon these considerations, from a clinical 
ass well as a theoretical point of view, it seems relevant 
to:: 1) study whether the combination of methylpheni-
datee and 5-HT acting agents is neurotoxic to DA 
and/orr 5-HT neurons. 2) further evaluate the neuro-
toxicc potential of methylphenidate, not only on DA but 
onn 5-HT neurons as well, and; 3) evaluate the necessi-
tyy to perform future SPECT studies in individuals tre-
atedd with methylphenidate in combination with a 5-
HTT acting agent. Therefore, in the present studies 
neurotoxicityy was assessed by the extent of regional 
losss of monoaminergic transporters in rat brain using 
radioligandss suitable for SPECT imaging. 

Materialss and methods 
Malee Wistar rats (obtained from Broekman Institute 
B.V.,, Someren, the Netherlands}, 200-250 g, were used 
inn these experiments. All experiments involving animals 
weree approved by the local Animal Care Committee. 

AnimalAnimal experiments 
Inn experiment 1, studying short-term effects, methylp-
henidatee was administered at a dose of 10 mg/kgor 

400 mg/kg. Each dose was tested in a group of five 
rats,, given orally every 12 h, for 4 consecutive days. A 
controll group (n = 5) received saline, according to the 
samee schedule and route of administration. Two 
groupss of rats (n - 5 per group) received 5 mg/kg of 
thee 5-HT2 receptor agonist quipazine (Sigma-Aldrtch, 
Zwijndrecht,, the Netherlands; Titeler et al., 1987; 
Glennon,, 1987) or the 5-HT reuptake blocker, fluoxeti-
nee (Eli Lilly, Nieuwegein, the Netherlands) i.p, every 
244 h for 4 consecutive days. Finally, in one group of 
ratss (n = 5) 5 mg/kg quipazine, and in another group 
off rats 5 mg/kg fluoxetine, was co-administered 6 h 
{everyy 24 h) after 10 mg/kg methylphenidate was 
given,, according to the above schedule and route of 
administration,, for 4 consecutive days. Five days after 
treatment,, DA and 5-HT transporter densities were 
measured,, as described below. 5-HT transporter den-
sitiess were not measured in rats treated with fluoxeti-
nee alone, or in combination with methylphenidate. In 
Experimentt 2, a combination of 10 mg/kg methylp-
henidatee and 5 mg/kg quipazine, as in Experiment 1, 
wass retested, along with a saline-treated control 
group.. In this experiment, DA transporter density was 
measuredd 2 weeks (rather than 5 days) after drug tre-
atment. . 

MeasuringMeasuring DA and 5-HT transporter densities 
Fivee days or 2 weeks after treatment, rats were injec-
tedd i.v. with either approximately 1.85 MBq ['^l]FP-CIT 
or^MjP-CIT. '^ ll labeling of FP-CIT and (i-CITwas per-
formedd by oxidative radioiododestannylation 
(Amershamm Cygne, Technical University, Eindhoven, 
andd Radionuclide Center, Vrije University, Amsterdam, 
thee Netherlands, respectively) of their trimethylstan-
nyll precursors obtained from RBI (Natick, MA). Both 
["MJFP-CITT and [,25I]|}-CIT had a specific activity > 185 
MBq/nmoll and a radiochemical purity of > 97%. 

Bothh [,!M]FP-CIT and p'l]p-CIT bind to 5-HT as 
welll as DA transporters. We have previously shown 
thatt ['^l]FP-CIT binds in vivo predominantly to DA 
transporterss (Booij et al., 1997)- [l5Jl]p-CIT has higher 
inn vivo binding ratios for the 5-HT transporter than 
[12-I]FP-CIT.. Therefore, the combination of these two 
radioligandss was chosen to assess both the 5-HT and 
DAA system. Two hours after injection of ['^IjFP-CIT 
(Booijj et al„ 1997) and 1 h after injection of [,2!l]p-CIT 
(Renemann et al., 1999), animals were killed by blee-
dingg via heart puncture under ether anesthesia. The 
brainss were quickly removed, dissected into frontal 
cortex,, hippocampus, striatum, hypothalamus and 
cerebellum,, and weighed. 'ZH radioactivity of [,i?l]FP-
CITT or [,!5I]PC!T in each region was assayed in a 
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gammaa counter. The data were corrected for radioacti-
vityy decay back to the time of preparation of the injec-
tionn syringes in order to compare relative concentra-
tionss in the tissues taken and to relate the results to 
thee injected dose. The amount of radioactivity was 
expressedd as a percentage of the injected dose multip-
liedd by the body weight per gram tissue weight (% ID x 
kg/gg tissue), as described previously (Rijks et al., 
1996).. For both radioligands, the cerebellum was 
usedd as a reference region for the estimation of free 
andd non-specifically bound radioligand. The specific 
bindingg was estimated by subtraction of radioactivity 
inn cerebellum from total radioactivity in the region of 
interest. . 

StatisticalStatistical analyses 
Wee tested the main effect of drug administration on 
specificc radioligand binding in the four brain regions 
studiedd by general linear model-based multivariate 
ANOVAA (MANOVA), taking possible correlations 

betweenn brain regions studied and multiple comparis-
onss into account. When MANOVA revealed a signifi-
cantt effect, we investigated differences in regional 
[,2i|]FP-CITandd ["'Ijp-CIT binding between groups by 
one-wayy ANOVA. When more than two different 
groupss were compared, we used Dunnett's test for 
postt hoc analysis. Data are presented as means
SEM.. p < 0.05 was taken to be significant with a two-
tailedd test. We analyzed all data with SPSS version 9.0 
(Chicago,, IL). 

Results s 
SHORT-TERMM EFFECTS 

IsIs methylphenidate neurotoxic to $-HT and/or 
DADA neurons ? 
Wee investigated whether treatment with methylpheni-
datee (10 or 40 mg/kg) led to significant reductions in 
specificc ['-2'I]FP-CIT or specific [,23l]p-CIT binding, when 
comparedd to saline-treated rats. No significant group 
effectt was observed, either for [-";I]FP-CIT binding, nor 

0.05 5 

0.025--

II II III IV V VII VII VIM IX II II III IV V VI VII VIII IX 

0.24-1 1 

VII VII VIMM IX 

FigureFigure 1. Specific binding of f''3ljFP-CIT in frontal cortex (A), hippocampus (B), striatum (C), and hypothalamus (D). Specifc binding (expres-
sedsed as % ID x kg/g tissue) was calculated as total regional activity minus activity in the cerebellum (non-specifc binding) and represent the 
meanmean  SE of 5 rats. I: saline: II: to mg/kg methylphenidate: III: 40 mg/kg methylphenidate: IV: 10 mg/kg methylphenidate + 5 mg/kg quipa-
zinezine (short-term): V: 5 mg/kg quipazine: VI: io mg/kg methylphenidate + 5 mg/kg fluoxetine: VII: 5 mg/kg fluoxetine: VIII: saline: 
IX:IX: 10 mg/kg methylphenidate + 5 mg/kg quipazine (long-term). * p < 0.05 **p < 0.02. 
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FigureFigure 2. Specific binding of['"l]ji-CIT in frontal cortex (A), hippocampus (B), striatum (C), and hypothalamus (D). Specific binding (expres-

sedsed as % ID x kg/g tissue) was calculated as total regional activity minus activity in the cerebellum (non-specific binding), and represent the 

meanmean  SE of five rats. I: saline; II: to mg/kg methylphenidate; III: 40 mg/kg methylphenidate; IV: 10 mg/kg methylphenidate + 5 mg/kg qui-

pazine;pazine; V: quipazine. 

f o rr [ , 2 } l ] f3-CIT-binding (p = 0.184 and p = 0.254; 

Figuress 1 and 2, respect ively). 

IsIs quipazine neurotoxic to yHT and/or DA neurons ? 

Inn th is analysis we invest igated whether t rea tment 

w i t hh qu ipaz ine led to s igni f icant reduct ions in specif ic 

[ , ;s|]FP-CITT or specif ic [ l2il)(3-CIT b ind ing w h e n compa-

redd to sal ine-treated rats. A s igni f icant g roup effect 

wass observed for specif ic [ ,2H]FP-CIT. but not specif ic 

[12 i l ]p-CITT b ind ing (p = 0.016 and p = 0.540, respect i-

vely).. A N O V A analysis revealed that specif ic [ ,2-l]FP-

CITT b ind ing was signi f icant ly h igher in the hypothala-

m u ss o f groups o f rats t reated w i th qu ipaz ine 

c o m p a r e dd to cont ro ls (Figure 1D). 

IsIs fluoxetine neurotoxic to DA neurons ? 

Whenn we compared specific [ 2 i l ]FP-CIT b ind ing o f 

f luoxet inee treated rats wi th saline-treated rats, no signi-

ficantficant g roup effect was observed (p = 0.122; Figure 1). 

IsIs the combination of methylphenidate and quipazine 

neurotoxicneurotoxic to DA and'/or 5-HT neurons ? 

Wee invest igated whether t rea tmen t w i th the comb ina-

t ionn o f methy lphen ida te (10 m g / k g ) w i th qu ipaz ine (5 

mg /kg )) led to s igni f icant reduct ions in [ 2 )I]FP-CIT or 

[ l 2 i l ]P-CIT-b indingg when compared to sal ine-treated 

rats.. In specific ["'IJFP-CIT, bu t no t [ l2M][i-CIT b ind ing , 

aa signi f icant g roup effect was observed (p = 0.029 a r | d 

pp = 0.817, respect ively). 

A N O V AA analysis revealed that in the f rontal cor-

texx and h i ppocampus , specif ic ['2 ' I]FP-CIT b ind ing was 

signif icantlyy lower in rats t reated w i th the comb ina t i on 

o ff methy lphen idate w i th qu ipaz ine when compared to 

contro lss (p = 0.016 and p = 0 . 0 4 9 ; Figures 1A and I B , 

respectively).. N o di f ference in b ind ing was observed 

inn the s t r ia tum (p = 0.439; Figure lC) or hypothala-

m u ss (p = 0.912; Figure 1D). 

IsIs the combination of methylphenidate and quipazine 

significantlysignificantly different from either methylphenidate 

(to(to mg/kg) or quipazine alone ? 

Wee invest igated whether t rea tmen t w i th the comb ina-

t ionn o f methy lphen ida te (10 m g / k g ) w i th quipaz ine 

(( 5 mg/kg ) led to s ign i f icant reduct ions in [ 2 !I]FP-CIT 

90 0 



Par tt  11 I Bio logica l marker s o f neurona l los s 

orr [,23l]p-CIT binding when compared to groups of rats 
treatedd with methylphenidate (10 mg/kg) or quipazine 
alone.. MANOVA revealed a significant group effect for 
specificc [,2il]FP-CIT binding (p = 0.044), but not for 
[,i3l]p-CITT binding (p = 0.106; Figure 2). Using 
Dunnett'ss test for post hoc analysis of specific [,2JI]FP-
C!TT binding, it was shown that in the frontal cortex 
andd hippocampus of rats treated with the combina-
tionn of methylphenidate and quipazine there were sig-
nificantt reductions in [,S'I]FP-CIT binding when com-
paredd to quipazine-treated rats (p = 0.001 and p = 
0.005;; Figure 1 A, B, respectively). In addition, in the 
frontall cortex, [>23I]FP-CIT binding in rats treated with 
thee combination of methylphenidate and quipazine, 
wass significantly lower compared to rats treated with 
methylphenidatee (10 mg/kg) alone (p = 0.023; Figure 
lA).. Furthermore, in the hypothalamus a significant 
higherr [,2}I]FP-CIT binding was observed in combined 
treatedd rats, than in rats treated with methylphenidate 
alonee {p = 0.049; Figure lD). 

DoesDoes ["3t]FP-CIT binding differ significantly in rats tre-
atedated with the combination of methylphenidate and 
fluoxetinefluoxetine from rats treated with either methylphenidate 
(10(10 mg/kg) or fluoxetine alone ? 
Noo significant group effect was observed {p = 0.531) 
whenn we compared specific [,23I]FP-CIT binding in a 
groupp of rats treated with either a combination of 
methylphenidatee and fluoxetine, or fluoxetine and 
methylphenidatee alone (Figure 1). 

LONG-TERMM EFFECTS 
Sincee the 5-day survival period was relatively short, 
Experimentt 2 retested the effects of io mg/kg of 
methylphenidatee in addition of quipazine. Rats were 
allowedd a 2-week postdrug survival period to ensure 
thatt methylphenidate's effects on pre-synaptic mono-
aminergicc terminals were indeed long-lasting. 
Animalss were treated with methylphenidate in combi-
nationn with quipazine, together with a saline-treated 
controll group. Two weeks after treatment no reduc-
tionss in specific [,2JI]FP-CIT binding in the frontal cor-
texx or hippocampus were observed when compared to 
controlss {p = 0.988) (Figures lAand lB, respectively). 

Discussion n 
Co-administrationn of quipazine and methylphenidate 
producedd a significant reduction in specific [,2JI]FP-CIT 
bindingg in the frontal cortex and hippocampuss when 
ratss were examined 5 days after treatment. However, 
whenn animals were examined 2 weeks after combined 
quipazinee and methylphenidate administration no sig-

nificantt reduction in [,23I]FP-CIT binding in the frontal 
cortexx and hippocampus was observed,, even though 
animalss had been treated with identical dose regimes. 

Inn rats, ['^IJFP-CIT labels both DA and 5-HT 
transporterss in vivo (Booij et al., 1997). However, 
["MjFP-CITT binds in vivo predominantly to DA trans-
porters.. Therefore, reduced specific [,i3l]FP-CIT bin-
ding,, as observed in the present study after administ-
rationn of methylphenidate in combination with 
quipazine,, probably reflects changes in DA terminal 
markers.. In addition, since [,21I]P-CIT has higher bin-
dingg ratios for the 5-HT transporter than [,23I]FP-CIT 
(Renemann etal., 1999), and no reductions were obser-
vedd in [UJI]P-CIT binding after administration of 
methylphenidatee in addition of quipazine, it is likely 
thatt DA and not 5-HT terminal markers were affected. 

Itt could be argued that the decrease in ['^l]FP-
CITT binding caused by coadministration of methylp-
henidatee and quipazine is due to neurotoxic loss of 
DAA transporters terminals. A more favorable explana-
tion,, however, for the observed short-term changes in 
frontall cortex and hippocampal [1='ljFP-CIT binding is 
thatt activation of 5-HT2 receptors facilitated DA relea-
see from axonal terminals, leading to a reactive down-
regulationn of pre-synaptic DA transporters. Several 
studiess suggest that 5-HT may act via 5-HT2 and/or 
otherr receptor subtypes to facilitate DA release, since 
itt has been shown that stimulation of 5-HT2 receptors 
facilitatedd MDMA-induced DA release (Gudelskyet 
al.,, 1994). A previous study demonstrated that treat-
mentt with the selective 5-HT2 receptor agonist, i-(2,5-
dimethoxy-4-iodophenyl)-2-aminopropanee alone had 
noo effect on DA synthesis, but it potentiated the incre-
asee in DA synthesis produced by amphetamine 
(Huang&.. Nichols, 1993). A recent study by Parsons 
ett al. (1999) reported potentiation of cocaine-induced 
increasess in nucieus accumbens DA after 5-HT1B/1A 
receptorr agonist pretreatment. It was suggested by 
Schmidtt et al, (1992) that the regulation of DA synthe-
siss mediated by 5-HT2 receptors is likely to be a pha-
sicc effect which becomes significant only during sta-
gess of high serotonergic and dopaminergic 
transmission.. Thus, the results of the present study 
couldd be viewed as a potentiation of methylphenidate-
inducedd release of DA through activation of 5-HT2 
receptorss by quipazine in rat frontal cortex and hippo-
campus.. This demonstrates that while activation of 5-
HT22 receptors alone has little effect on dopamine 
transporters,, it may induce neurotoxic effects of 
methylphenidate. . 

Remarkably,, in the present study changes in DA 
terminall markers were observed in rat frontal cortex 
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andd hippocampus but not in the striatum. However, it 
iss worth noting that the frontal cortex and hippocam-
puss do receive a dopaminergic input (Bischoff et al., 
1979;; Mennicken et al., 1992), although this input is 
certainlyy more massive in the striatum. Other studies 
havee reported dopaminergic degeneration in the fron-
tall cortex and hippocampus {Elsworth et al., 1990). 
Interestingly,, Schmidt etal. {1991) showed that coad-
ministrationn of L-DOPA potentiated regional deficits 
producedd by MDMA in which the striatum was the 
leastt affected of the three brain regions examined. It 
hass been suggested that such considerations become 
relevantt only by assuming a terminal-terminal interac-
tionn between 5-HT and dopaminergic systems, a 
structurall aspect still unresolved. 

Thee addition of a 5-HT reuptake blocker, fluoxeti-
ne,, to methylphenidate did not result in a significant 
reductionn of DA terminal markers. Possibly, synaptic 
5-HTT levels were not high enough to stimulate 5-HT2 
receptorss sufficiently. Only sufficient stimulation of 5-
HT22 receptors, in the presence of an amphetamine-
derivative,, will elicit a marked increase in DA release 
andd a subsequent downregulation of DA transporters. 

Thee neurotoxic potential of methylphenidate on 
striatall DA axonal markers has been evaluated by only 
threee studies (Yuan et al., 1997; Wagner et al., 1980; 
Zaczekk et al., 1989). In these studies, animals treated 
withh methylphenidate did not develop long-lasting 
changess in regional brain catecholamine axon mar-
kers.. The present finding that methylphenidate alone 
lackss short-, as well as long-term DA neurotoxicity is 
inn agreement with these three previous reports. 
However,, if we were not to correct for multiple compa-
risons,, 5 days after treatment, specific [,i}l]FP-CIT bin-
dingg in the frontal cortex of the group of rats treated 
withh 40 mg/kg of methylphenidate would be signifi-
cantlyy lower than saline-treated rats. A similar trend is 
observedd in the hippocampus of rats treated with 
methylphenidate.. This would suggest that high doses 
off methylphenidate produce short-term changes in 
DAA terminal markers of rat frontal cortex, and possibly 
hippocampus.. However, future studies with a 2-week 
drugg free interval need to be conducted. 

Whilee the above-mentioned studies investigated 
thee neurotoxic potential of methylphenidate on DA 
neurons,, the effect of methylphenidate on 5-HT neur-
otransmissionn remained poorly defined. Only one 
investigationn has, to our knowledge, studied the 5-HT 
neurotoxicc potential of methylphenidate (Zaczek et 
al.,, 1989). In line with this study, we observed no 
reductionss in [,23i]P-CIT labeled 5-HT transporters fol-
lowingg administration of methylphenidate or in com-

binationn with quipazine. Since we did not observe any 
changess in 5-HT and DA terminal markers after 
methylphenidatee administration, methylphenidate 
seemss to lack both DA as well as 5-HT neurotoxic 
potential.. However, the present study suggests that 
thee DA neurotoxic potential of methylphenidate on 
brainn regions other than the striatum need be further 
clarified. . 

Thee present findings, coupled with previous fin-
dingss of Huang and Nichols (1993) and of Cudelsky et 
al.. (1994), may have important practical as well as cli-
nicall implications. From a clinical point of view, the 
concomitantt use of psychostimulants, such as 
methylphenidate,, and drugs activating 5-HT2 recep-
torss (eg, lysergic acid diethylamide, which is a 5-HT2 
receptorr agonist) should be avoided until a better 
understandingg of the interactions between these 
drugss is available and neurotoxic effects can be ruled 
out.. Therefore, future SPECT/PET studies may be con-
ductedd in children/adolescents treated for ADHD with 
methylphenidatee and concomitant (ab)use of drugs 
activatingg 5-HT2 receptors. On the other hand, our 
dataa do not support the hypothesis that the combina-
tionn of methylphenidate with fluoxetine (or other 
SSRIs)) is harmful to DA nerve terminals. From a theo-
reticall point of view, the present findings are of inte-
restt since they strongly suggest an interaction 
betweenn the dopaminergic and serotonergic system: 
stimulationn of 5-HT2 receptors in the presence of 
methylphenidatee potentiates methyl phenidate-indu-
cedd DA release, resulting in changes in DA terminal 
markerss in the frontal cortex and hippocampus. In 
addition,, the results from this study demonstrate a 
newlyy observed effect of amphetamine analogs on 
dopaminergicc neurons. As normal function of the DA 
transporterr is to regulate the action of released DA, 
disruptionn of DA transporter function can lead to dele-
teriouss effects such as changes in dopaminergic 
transmissionn and behavior (Ciros et al., 1996}. 

Inn summary, our results indicate that the combi-
nationn of a selective 5-HT2 receptor agonist and 
methylphenidatee produces short-term changes in DA 
terminall markers in rat frontal cortex and hippocam-
pus.. These changes probably do not reflect neurotoxic 
changess in DA terminal markers, but a compensatory 
downregulationn due to facilitation by 5-HT2 receptors 
off methyl phenidate-induced DA release. These fin-
dingss suggest potential harmful effects of concomi-
tantt use of drugs directly activating 5-HT2 receptors in 
childrenn and adolescents treated for ADHD with 
methylphenidate.. Finally, a trend was observed in the 
presentt study which suggests that methylphenidate 
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mayy have short-term DA neurotoxic effects of on brain 
regionss which do not have a massive DA inpgt, such 
ass the frontal cortex and hippocampus. 
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Abstrac t t 
Whilee the pre-synaptic effects of 3,4-methyl e nedioxy-
methamphetaminee (MDMA) on serotonin (5-HT) 
neuronss have been studied extensively, little is known 
aboutt its effects on post-synaptic 5-HT2 receptors. 
Therefore,, cortical 5-HT2A receptor densities and 5-HT 
concentrationn were studied in MDMA treated rats (10 
mg/kgg s.c). Furthermore, 5-HT2A post-synaptic recep-
torr densities in the cerebral cortex of recent as well as 
ex-MDMAA users was studied using [,1Jl]R9ii50 SPECT 
Inn rats we observed a decrease followed by a time-
dependentt recovery of cortical 5-HT2A receptor densi-
ties,, which was strongly and positively associated with 
thee degree of 5-HT depletion. In recent MDMA users, 
post-synapticc 5-HT2A receptor densities were signifi-
cantlyy lower in all cortical areas studied, while 5-HT2A 

receptorr densities were significantly higher in the occi-
pitall cortex of ex-MDMA users. The combined results 
off this study suggest a compensatory up-regulation of 
post-synapticc 5-HT2A receptors in the occipital cortex 
off ex-MDMA users due to low synaptic 5-HT levels. 

Introductio n n 
3,4-Methylenedioxymethamphetaminee MDMA 
{"Ecstasy")) is an amphetamine congener that has gai-
nedd significant popularity as a recreational drug. The 
neurochemicall mechanism of action of MDMA is wetl 
studiedd in animals. MDMA releases serotonin {5-HT) 
fromm pre-synaptic 5-HT neurons short after MDMA 
administrationn {Nichols etal., 1982; Nishisawa et al., 
1999;; Schmidt et al., 1986). It is thought that these 
acutee effects of M DMA {increase in extracellular 5-HT 
levels)) are responsible for the psychological effects of 
MDMAA in humans (Liechti et al., 2000). Also, it has 
becomee increasingly apparent that MDMA use can 
leadd to toxic effects on brain 5-HT neurons in animals, 
ass demonstrated by reductions in various markers 
uniquee to 5-HT axons, including brain 5-HT, 5-hydroxy-
indoleaceticc acid, and the density of 5-HT transporters 
(Battagliaa et al., 1987; Ricaurteet al,, 1988; 1992; 
Schmidtt 1987; Stone et al., 1986). Anatomical studies 
inn MDMA-treated rodents and non-human primates 
indicatee that these neurochemical changes are secon-
daryy to a distal axonotomy of 5-HT neurons. Although 
theree is good evidence for a neurotoxic potential of 
MDMAA in animals, there is a lack of studies investiga-
tingg the potential neurotoxic effects of MDMA in 
humanss (Boot et al., 2000). 

Whilee the effects of MDMA on 5-HT nerve fibers 
andd terminals have been studied extensively, little is 
knownn about its effects on post-synaptic 5-HT recep-
tors.. Only one study has evaluated post-synaptic 5-

HT22 receptor densities in MDMA-treated rats 
(Scheffell et al., 1992). There is considerable evidence 
fromm the literature that post-synaptic 5-HT2 receptors 
manifestt a down-regulation in situations with high 
levelss of synaptic 5-HT, while 5-HT depletion has been 
associatedd with a compensatory up-regulation of 5-
HT22 receptors (Kellar et al., 1981; Peroutka & Snyder 
1980a;; 1980b; Riceet al., 1998; Sharif et al., 1989; 
Stockmeierr &. Kellar 1989). The fate of post-synaptic 5-
HT22 receptors after MDMA-induced pre-synaptic 5-
HTT lesions is of considerable interest since there is 
evidencee that 5-HT2 receptors play an important role 
inn the regulation of a wide range of central mecha-
nismss including cognition and emotion, and since 
abnormalitiess of 5-HT2 receptors have been proposed 
inn several neuropsychiatric conditions such as major 
depressionn and dementia (Busatto 1996). In addition, 
recentt PET studies have shown that the in vivo occu-
pancyy of 5-HT2 receptors play an important role in the 
modulationn of action of antipsychotics (Offord et al., 
1999;; Talvik-Lotfi et al., 2000), 

Thee development of iodine-i23-4-arriino-N-[i-
[3[(4-fluorophenoxy)propylJ4-methyl-4-piperidinyl]5--
iodo-2-methoxybenzamidee ([,J3I]R9H50), a radioli-
gandd which binds with high affinity and selectivity to 
5-HT2AA receptors {Terriere et al., 1995), has made it 
possiblee to assess the density of cortical HT2A recep-
torss in the living human brain, using single photon 
emissionn computed tomography (SPECT) {Busatto et 
al->> 1997)' Post-synaptic 5-HT2A receptors are present 
inn high densities in cortical brain regions, whereas 
moderatee densities are localized in the hippocampus, 
globuss pallidus, and thalamus (Pazos et al., 1987). 

Inn the present study we investigated the acute and 
chronicc effects of M DMA on post-synaptic 5-HT2A 

receptorss in the cortical brain regions of rats with 
knownn MDMA-induced 5-HT neurotoxic lesions. In 
parallell we investigated 5-HT2A receptor densities in 
thee cerebral cortex of human MDMA users with 
[,I3l]R9ii 150 SPECT, In addition, the relation between 
synapticc 5-HT levels and 5-HT2A receptor densities was 
studiedd in rat brain. We hypothesized that acute effects 
off MDMA are associated with decreased 5-HT2A recep-
torr densities {reflecting high synaptic 5-HT levels), whe-
reass the long-term effects involve increased 5-HT2A 

receptorr densities (reflecting low synaptic 5-HT levels). 

Method s s 
Participants Participants 
Twoo groups of ecstasy users were compared with 
ecstasy-naivee controls. Recruitment was through 
advertisementss (local newspapers). Seventeen recent 
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ecstasyy users ("MDMA group"), and 7 ex-ecstasy 
userss ("ex-MDMA group") were recruited. The eligibi-
lityy criterion for both groups of MDMA users was a lif-
etimee previous use of minimum 50 tablets. Since ani-
mall studies showed that down-regulation of 5-HT2 
receptorss may persist for at least 1 month after the 
lastt MDMA administration (Scheffel et al., 1992), the 
cut-offf point of the drug-free interval in the ex-MDMA 
groupp was chosen at 2 months. Subjects selected 
weree group-matched for gender and age, between 18 
andd 45 years, otherwise healthy, and with no psychia-
tricc history. 

Alll participants agreed to abstain from use of 
psychoactivee drugs (including MDMA) for at least 1 
weekk prior to the study, since MDMA has some affini-
tyy for post-synaptic 5-HT2A receptors (McKenna &. 
Peroutkaa 1990), and were asked to undergo urine 
drugg screening to assess current exposure to psycho-
activee drugs (with an enzyme-multiplied immunoas-
sayy for amphetamines, barbiturates, benzodiazepine 
metabolites,, cocaine and metabolite, opiates, and 
marijuana)) before enrolment. After testing urine 
samples,, exclusion criteria were: a positive drug 
screen;; pregnancy; a severe medical or neuropsychia-
tricc illness that precluded informed consent, and a lif-
etimee psychiatric disorder. Subjects were interviewed 
withh the computer assisted 2.1, version of the 
Compositee International Diagnostic Interview (CIDt) 
too screen for current DSM-IV axis I diagnoses. 

Subjectss were informed that reimbursement for 
participationn was contingent on no evidence of drug 
usee on the urine sample. The institutional Medical 
Ethicss Committee approved the study. After complete 
descriptionn of the study to the subjects, written infor-
medd consent was obtained from all participants. 

SynthesisSynthesis oj{^i]R^i$o 

Radiolabelingoff Rgnjo is described elsewhere by 
Busattoo and co-workers (Busato et al., 1997). Briefly, 
radioiodinationn by electrophilic substitution was per-
formedd on the 5-position of the methoxybenzamide 
groupp of R91150, followed by high-performance liquid 
chromatographicc (HPLC) and mini-column recovery 
too ensure high purity (Radionuclide Center, Vrije 
University,, Amsterdam, the Netherlands). [ ,2;l]R9ii50 
hadd a specific activity > 185 MBq/nmol and a radio-
chemicall purity of > 97%. 

SPECTSPECT imaging 
Forr SPECT scanning the Strichman Medical 
Equipmentt 8ioX tomographic system was used. The 
transaxiall resolution of this camera is 7.6 mm full-

widthh at half-maximum of a line source in air, while 
thee axial resolution is 13.5 mm. Each acquisition con-
sistedd of 15 slices, (acquired in a 128 x 128 matrix), 3 
minutess scanning time per slice and with a slice dis-
tancee of 5 mm. The energy window was set at 135-190 
keV.. Subjects lay in the supine position with the head 
alignedd in a parallel to the orbitomeatal line, and were 
positionedd such that the scanning volume initially 
includedd the cerebellum. Acquisition was commenced 
twoo hours after i.v. injection of approximately 140 
MBqq [ , ï?l]R9ii5o, a time when specific binding is maxi-
mall and stable for up to 8 h following injection 
(Busattoo et al,, 1997). 

Forr binding analysis of [,J'l]R9i 150, a standard 
templatee with regions of interest (ROIs) was construc-
tedd manually from co-registered MR images. For posi-
tioningg we used these MR images as a guide. Co-regi-
strationn of MR and SPECT images was performed 
usingg the Hermes Multi Modality software package 
(Nuclearr Diagnostics, Stockholm, Sweden). The tem-
plate,, including ROIs for the frontal-, parietal-, and 
occipitall cortex, was placed on the three highest con-
secutivee SPECT slices, by an investigator unaware of 
thee participant's history. An additional template was 
constructedd with a ROI for the cerebellum. 
Radioactivityy estimates in the cortical ROIs were assu-
medd to represent 'total' ligand binding ((specific + 
non-specificc binding) + free ligand). The uptake in the 
cerebellum,, presumed free from S-HT2A receptors 
(Pazoss et al., 1987), was used as reference for backg-
roundd activity (non-specific binding + free ligand). 
ROI/cerebellumm activity ratios were calculated as a 
relativee measure of specific binding to 5-HT2A recep-
torss for a given brain region. 

ExperimentsExperiments in rodents 
AnimalsAnimals and drug treatment 

Malee Wistar rats (obtained from Broekman Institute 
B.V.,, Someren, the Netherlands) weighing 200-250 g 
weree used in these experiments. The animals were 
housedd in a temperature- and humidity controlled 
environmentt with food and water available ad lib. 
Croupss of rats {n = 4-5) were given either a vehicle or 
aa neurotoxic regimen of MDMA which consisted of a 
subcutaneouss dose of 10 mg/kg (in 0.5 ml saline} 
MDMAA given twice daily for four consecutive days. 

ee hydrochloride 
(certifiedd reference compound, purity > 98.9%) was 
obtainedd from the Netherlands Forensic Institute 
(Rijswijk,, the Netherlands). All experiments involving 
proceduress using animals were approved by the local 
Animall Care Committee. 
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5-HT2AA receptor binding studies 
MDMAA treated rats were injected intravenously with 
approximatelyy 1.85 MBq [ i ;3l]R9ii5o6 at 6 h, 3 and 30 
dayss after last treatment. Control rats were injected 30 
dayss after treatment with a vehicle. One hour after 
injectionn of [''MJRcjiijo, animals were killed by blee-
dingg via heart puncture under ether anesthesia. The 
brainss were quickly removed, dissected into the follo-
wingg ROIs: frontal cortex, parietal cortex, occipital cor-
tex,, cerebellum, and weighed. ROIs located in the left 
hemispheree were used for [^ IJRgi^o binding analy-
sis,, those in the right hemisphere for biochemical 
analysiss {described below). ,!3i radioactivity of 
[,2!J]R9ii 150 in each region was assayed in a gamma 
counter.. The data were corrected for radioactivity 
decayy back to the time of preparation of the injection 
syringess in order to compare relative concentrations 
inn the tissues taken and to relate the results to the 
injectedd dose. The amount of radioactivity was expres-
sedd as a percentage of the injected dose, multiplied by 
thee body weight per gram tissue weight (% ID x kg/g 
tissue),, as earlier described (Rijks et al., 1996). The 
cerebellumm was used as a reference region for the esti-
mationn of free and non-specifically bound radioligand, 
ROI/cerebellumm activity ratios were calculated as a 
relativee measure of specific binding to 5-HT2A recep-
torss for a given brain region by subtraction radioactivi-
tyy in cerebellum from total radioactivity in the ROI. 

BiochemicalBiochemical measurements 
Immediatelyy after dissection tissue samples were fro-
zenzen in liquid nitrogen and stored at C until analy-
zed.. The tissue samples were homogenized in 0.2N 
perchloricc acid and centrifuged at 10000 gfor 10 
minutes.. An aliquot of the supernatant was analyzed 
withh electrochemical detection using an Antec-Decade 
electrochemicall detector equipped with a Hyref elec-
trochemicall flow cell at 0.6 Volt. Separation of 5-HT 
andd 5-HIAA from other electrochemical active comp-
oundss was achieved by injecting samples onto a 
Waterss Symmetry C18 HPLC column (4.6 x 250mm) 
protectedd by a Symmetry C18 guard column (4,6 x 10 
mm).. The mobile phase consisted of 0.1M sodium 
acetate,, o.iSM ethylenediaminetetraacetic acid, 1 
mmol/ ll sodium octanesulfonic acid, i6oml / l 
methanol,, pH = 4.55, pumped at a flow rate of 0.8 
ml/min.. Peak area's following injection of 50 ml 
sampless were collected within Waters Millennium 32 
chromatographicc software. The concentration of 5-HT 
andd 5-HIAA was calculated using dihydroxybenzylami-
nee as an internal standard and then expressed as 
pg/mgg protein. 

Statistics Statistics 
Differencess between the three groups in the SPECT 
studyy with regard to demographic variables and other 
drugg exposure were analyzed using ANOVA with 
Bonferronii post hoc analysis. Differences in characte-
risticss of MDMA use between both MDMA using 
groupss were studied with the Student t-test. 

Wee tested the main effect of M DMA on 
[ , !3l]Rgn500 binding ratios and biochemical measure-
mentss in the 3 cortical brain regions by general linear 
model-basedd multivariate ANOVA {MANOVA), taking 
possiblee correlations between brain regions studied 
andd multiple comparisons into account. In the SPECT 
studyy age and gender were used as covariates. If 
MANOVAA revealed a significant group effect, we 
investigatedd differences in regional [,J3l]R9n50 bin-
dingg ratios and biochemical measurements by one-
wayy ANOVA and Dunnet's post hoc analysis. 

Thee relationship between mean cortical 
[,!M]R9ii500 binding ratios and extent of 5-HT deple-
tionn (expressed as % of control level} obtained in 
MDMA-treatedd rats was investigated with Spearman's 
rankk correlation, since it has the advantage that is 
doess not specifically asses a linear association but a 
moree general association. The extent of 5-HT deple-
tionn at which up-regulation of 5-HT2A receptors was 
observedd (control mean + 2 SD) was determined from 
aa scatter plot. In the SPECT study Spearman's rank 
correlationn analysis was also performed between over-
alll cortical ['23l]R9ii50 binding ratios and extent of pre-
viouss MDMA use and duration of abstinence from 
MDMA.. The chance of a type I error was set at 0.05 
usingg two-tailed tests of significance. All data were 
analyzedd using SPSS version 9.0. 

Result s s 
HumanHuman subjects 
Demographicc variables are listed in Table 1. MDMA 
userss were slightly but significantly older than controls 
andd ex-M DMA users. Recreational use of drugs other 
thann MDMA was comparable between the different 
groups.. Apart from the anticipated differences between 
thee MDMA subgroups due to inclusion criteria, no sig-
nificantt differences were observed. In the MDMA and 
ex-MDMAA group participants had used on average 224 
andd 271 tablets of MDMA, respectively {Table 1). 
Participantss had not used MDMA on average 3.3 and 
19.66 weeks prior to this investigation, respectively. 

SPECTT imaging 
AA significant group effect was observed {F = 4.8, d f= 
6,, p< 0.01). In all brain regions studied, [ ,2 i l]Rgii50 
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TableTable  1. Demographics, characteristics of MDMA use and other recreational drug exposure 

Male/female e 

Age e 
Educationn (years) 

DART-1Q Q 

MDMA MDMA 

Durationn of use (years) 

Usuall dose (tablets) 

Lifetimee exposure (tablets) 

Timee since last dose (weeks) 

LastLast j months use of: 

Alcoholl (no. consumptions) 

Tobaccoo (no. cig) 

Cannabiss (no. joints) 

Cocainee (no. times used) 

Amphetaminee (no. times used) 

Controls s 

MM = l l 

5/6 6 
22.55 (2.7) 

14.88 (4-4) 
96.44 (5-6) 

--
--
--
--

43.11 (36.2) 

16.55 (20.2) 

3.00 (5.6) 

1.77 (0.2) 

--

MDMA A 

nn = i7 

12/5 5 

27.99 (3-8)J 

17.77 (3-5) 
92.88 (8.2) 

5-99 (2.9) 
2.2(1.7) ) 
224(311) ) 

3-33 (2.4) 

30.11 (31.4) 

52.00 (59.5) 

20.55 (38.3) 
0.88 (0.4) 

1.55 (2.2) 

ex-MDMA A 

r?? = 7 

5/2 2 

22.77 (4-6) 

M-OO (5-5) 
86.22 (11.5) 

4.66 (2.4) 

i.ii (2.1) 

2744 (238) 
19.66 (11.6) 

30.33 (33-0) 
78.66 (34.8) 

43.11 (36.6) 

1.11 (0.9) 

0.33 (0.5) 

Dataa are expressed in mean  SD values 
Significantlyy different from control and ex-MDMA group (p< 0.01 and p < 0.02, respectively; ANOVA. Bonferroni post hoc test) 
Significantlyy different from MDMA group (p < 0.01; Student (-test) 

b i n d i n gg ratios were lower in recent M D M A users c o m -

paredd t o cont ro l subjects , and higher in e x - M D M A 

userss as compared to the con t ro l and M D M A - g r o u p 

(Figuree 1). 

Frontall cortex Parietal cortex Occipital cortex 

FigureFigure  1. Specific [t22l]Rqn^o binding ratios in controls, recent 

MDMAMDMA users and ex-MDMA users as measured in the three 

corticalcortical brain regions studied (control: D; MDMA: • ; 

ex-MDMA:B).Theex-MDMA:B).The results are shown as mean  S.E.M. 

"•'•'' Statistical significant difference in binding ratio compared 

toto controls. 

Ann A N O V A analysis demons t ra ted that [ l 23 l ]Ro,i i50 

b i n d i n gg ratios were signi f icant ly lower in all cort ical 

brainn regions s tud ied o f recent M D M A users as c o m 

paredd to con t ro ls ( f rontal - , and parietal cortex : p< 

o . o i ;; occ ip i ta l cortex: p = 0 .04 ) . Interestingly, 

[U J l ]Ro, l l500 b ind ing rat ios were signif icantly h igher in 

thee occ ip i ta l cortex o f e x - M D M A users as compared to 

cont ro lss (p = 0 .04 ) . The covar iance effects o f age and 

genderr were not s igni f icant (p = 0.21 and p = 0 . 6 0 , 

respect ively). . 

AA s igni f icant posi t ive corre lat ion was observed 

betweenn cort ical 5-HT2A receptor b ind ing (mean 

b i n d i n gg rat ios o f the three brain regions studied) and 

dura t ionn o f abst inence f r o m M D M A (p = 0.57, 

pp < 0.01) but not between extent o f previous M D M A 

(pp = 0.10, p = o .66 ) . 

ExperimentsExperiments in rats 

5-HT2AA receptor binding studies 

M A N O V AA demons t ra ted a signi f icant g roup effect 

(FF = 16.2, d f = 3, p< o . o i ) . An A N O V A analysis d e m o n 

stratedd that in rats w i th a survival t ime o f 6 h, 

[ , 23 l ]Ro,l l500 b ind ing rat ios were signif icantly lower 

comparedd to con t ro l rats in all cort ical brain regions 

s tud iedd (Figure 2). [ " ' I JRgnso b ind ing rat ios in rats 

thatt were sacrif iced 3 days after last M D M A t rea tment 

weree lower compared to b ind ing rat ios in cont ro l rats, 
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1.08--

1.04--

Frontall cortex Parietal cortex Occipital cortex 

FigureFigure 2. 2. Specific ["'IJRcjn^o binding ratios in the three cortical 

brainbrain regions studied in saline treated rats (O) and rats treated 

withwith MDMA at different time intervals prior to this investigation 

(6(6 h:U; 3 days:G; and jodaysB). The results are shown as mean 

 = 4-5). 

"•'••• Statistical significant difference compared to saline treated rats. 

whichh reached stat is t ical s igni f icance in the occipi ta l 

cortexx (p = 0.04) only. B ind ing rat ios o f rats wi th a 30 

dayy survival per iod were comparab le or higher compa

redd to con t ro l rats. In th is g roup o f rats, [ , 2 3 l ]Rgn50 

b ind ingg ratios reached stat ist ical s igni f icance in the 

f rontall cortex (p = 0 .04 ; Figure 2), a t ime point when 

5-HTT and 5-HIAA levels were shown to be reduced by 

approx imate lyy 9 0 % (Figure 3). 

BiochemicalBiochemical measurements 

M A N O V AA revealed a s igni f icant ma in effect when 5-HT 

andd 5-HIAA levels were s tud ied (F = 53.9, d f = 3, p 

< o . o i ;; F = 16.6, d f = 3, p < 0 .01 , respectively). Data are 

presentedd in Figure 3. An A N O V A analysis demonst ra 

tedd that in rats that were sacrif iced 6 h after their last 

t rea tmentt w i th M D M A , 5-HT levels were signif icantly 

lowerr (-29%) in the f rontal cortex and occipi ta l cortex 

(-60%)) when compared to cont ro l rats. 5-HIAA deple

t ionss paral leled those o f 5-HT in all brain regions s tu

diedd (on average - 4 6 % ) o f rats wi th a 6 h survival 

per iod.. In rats w i th a 3 day survival per iod, 5-HT and 5-

H IAAA levels were signi f icant ly reduced when compared 

t oo con t ro l rats (approximately -50%) wi th the excep

t ionn o f 5-HT levels measured in the parietal cortex. 

Inn rats w i t h a 30 day survival per iod, 5-HT and 5-

HIAAA levels were s igni f icant ly lower in all cort ical 

brainn regions s tud ied when compared to cont ro ls : 

bothh 5-HT and 5-HIAA levels were reduced by on aver

agee - 9 0 % . The 5-HT level at wh ich statist ical ly higher 

cor t ica ll 5-HT2A receptor densi t ies were observed was 

de te rm inedd f r o m a scatter p lo t (Figure 4) . 

Itt was ca lcu lated that reduct ions of at least 8 0 % 

aree needed to induce a stat ist ical s igni f icant increase 

inn post-synapt ic 5-HT2 receptors. 

Discussion n 
Inn the present study we observed signif icantly h igher 

5-HT2AA receptor densi t ies in the occipi ta l cortex o f ex-

M D M AA users, wh i l ee 5-HT2A receptor densi t ies were 

signi f icant lyy reduced in all cort ical brain regions s tu

d iedd in recent M D M A users w h e n compared t o con

t ro ll subjects. These findings are in l ine wi th our hypo-

8 0--

6CM M 

4 0 --

Frontall cortex Parietal cortex Occipital cortex Frontall cortex Parietal cortex Occipital cortex 

FigureFigure 3. Levels of 5-HT and 5-HIAA in the three cortical brain regions studied and rats treated with MDMA (expressed as percentage of control 

data)data) at different time intervals prior to this investigation (6 fi:( I; 3 daysM; and }odays:@). The concentration ofs-HTand^-HIAA was calcu-

latedlated by means of dihydroxybenzylamine as an internal standard and then expressed as pg/mg protein. The results are shown as mean

S.. E. M. (n = 4-5). * Statistical significant difference compared to saline treated rats. 
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ii  1.02 1.04 1.06 1.08 i.i o 

Corticall 1*91150 binding ratio 

FigureFigure  4. Correlation between cortical p!3l]Rgn^o binding ratios 

andand extent of cortical 5-Hr depletion (% of control value) in MDMA 

treatedtreated rats ( • : 6 h group; 'J:} day group; : 30 day group). The 

doteddoted lines represent the extent of 5-HTdepletion at which up-regu-

lationlation ofyHT2fK receptors. 

thesiss and are suppor ted by the resul ts that we obta i 

nedd in M D M A - t r e a t e d rats. In rats, after t r ea tmen t 

w i t hh M D M A was d i scon t inued , a t ime-dependen t 

recoveryy o f 5-HT2A receptor densi t ies took place. The 

reduct ionss were greatest 6 h after the last dose o f 

MM D M A was admin is te red , whereas 5-HT2A receptor 

dens i t iess were signi f icant ly increased in the f ronta l 

cortexx 30 days after t rea tment . Increases in 5-HT2A 

receptorr densit ies were dependent upon the degree o f 

5-HTT dep le t ion . 

Thee observed decreased densi ty in post-synapt ic 

5 -HT2 AA receptors short after M D M A ingest ion / t rea t -

men t ,, is in agreement w i th other studies. We pre

v iouslyy reported signi f icant ly lower cort ical [ " ' I J R g i ^ o 

b ind ingss ratios in recent M D M A users when c o m p a 

redd to cont ro l subjects (Reneman et a l . , 2 0 0 0 a ) . In 

rats,, fen f lu ramine, a po tent 5-HT releaser, has been 

f oundd to cause reduct ions in 5-HT2 receptors 

(Koshikawaa et al., 1985). These findings were a t t r ibu

tedd to h igh levels o f synapt ic 5-HT It is wel l es tab l ish

edd that the most character ist ic acute effects o f M D M A 

iss a rapid and p ronounced release o f 5-HT in to the 

synapt icc cleft, as a result f r om massive release o f 5-HT 

f r o mm pre-synaptic vesicles. For instance, it has been 

s h o w nn that in dialysates o f rat f rontal cortex 5-HT 

levelss are increased 8-fold 20-40 m inu tes after a d m i 

n is t ra t ionn of 3 m g / k g M D M A i.v. (Garts ide et al., 

1997).. 5-HT levels were sti l l increased 3 - fo l d 2 h after 

adm in i s t ra t i on .. A recent a ( "CJmethy l - t ryp tophan 

pos i t ronn emiss ion tomography (PET) study, wh i ch 

assesss brain 5-HT synthesis, showed that the rate o f 5-

H TT synthesis in d o g brain was six t imes greater 1 h 

afterr M D M A admin i s t ra t i on than the basel ine (before 

M D M A )) synthesis (N ish isawa et a l . , 1999). 

Fol lowingg the acute 5-HT releasing effect o f 

M D M AA is a subchron ic down- regu la t ing effect o f 5-

HT2AA receptors. O u r data suggest that th is process is 

presentt in h u m a n and rat bra in a l though in rats the 

reduct ionn is less than that after 6 h and only signi f i 

cantt in the occipi ta l cortex. In another study, 5-HT2 

receptorr densi t ies in M D M A - t r e a t e d rats were redu

cedd for at least 7 days in the prefronta l cortex (Scheffel 

ett a l . , 1992). It seems likely that the present ly obser

vedd low cort ical 5-HT2A receptor dens i t ies in recent 

M D M AA users and rats s tud ied at 3 days reflect down-

regulat ionn o f these receptors. 

Studyingg the chron ic effects, we observed signi f i 

cantt higher b ind ing o f [ , 2 J I ]R9H50 in the occip i ta l cor

texx o f e x - M D M A users, and f ron ta l cortex o f rats trea

tedd w i th M D M A 30 days previously, possib ly ref lect ing 

aa compensatory up- regu la t ion due to low synapt ic 5-

HTT levels. We previously repor ted a t rend o f increased 

cort icall 5-HT2A receptor densi t ies in M D M A users 

w i thh a long abstent ion per iod (Reneman et a l . , 

2 0 0 0 b ) .. We speculated that in these subjects loss o f 

5-HTT neurons resul ted in low synapt ic 5-HT levels, lea

d ingg to up-regulat ion o f 5-HT2 receptors. The present 

dataa obta ined in rats fur ther suppo r t this hypothesis. 

AA s t rong and posi t ive associat ion between extent o f 

cort icall 5-HT dep le t ion and [ " ' ^ 9 1 1 5 0 b i n d i n g rat ios 

wass observed. It is wel l known that abuse o f M D M A 

eventual lyy leads to loss o f serotonerg ic axons and 

axonn termina ls . For example, cort ical 5-HT levels in 

MDMA- t rea tedd monkeys were sti l l s igni f icant ly redu

cedd 13 m o n t h s after t r ea tmen t (Ha t z i d im i t r i ou et al., 

1999) .. There is a lso cons iderable evidence f r o m the 

l i teraturee that post-synapt ic 5-HT receptors mani fes t a 

compensatoryy up-regulat ion after dep le t ion o f synap

t icc 5-HT In rat bra in , 5-HT receptor densi t ies are ele

vatedd by pret reatment w i th 5,7-dihydroxytryptamine 

(5,7-DHT,, a toxin wh i ch selectively destroys 5-HT neur

ons) ,, p-chlorophenyla lanine (PCPA, an inh ib i to r o f 

TRPP hydroxylase, the ra te - l im i t ing enzyme in 5-HT syn

thes is) ,, or reserpine (a pre-synapt ic m o n o a m i n e 

dep le t ingg agent) (Shar i f et a l . , 1989; S t o c k m e i e r & 

Kellarr 1989). A lso, in h u m a n subjects a compensatory 

up-regulat ionn o f 5-HT receptors is t hough t to occur 

afterr acute t ryp tophan dep le t ion (Price et al., 1997). 

However,, there are several o lder s tud ies invest igat ing 

post-synapt icc 5-HT2 receptor densi t ies in an imals 

w i thh 5-HT lesions induced by M D M A . 5,7-dihydroxyt

ryp taminee (5,7-DHT) or b isect ion o f the cortex, that 
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doo not report up*regulations of 5-HT2 receptors 
(Eisonn etal., 1989; Fischetteet al., 1987). This is pro-
bablyy due to the relative short survival time of animals 
thatt were studied in these reports; generally 1 week. 
Ourr findings suggest that at these early time points 5-
HTT levels are not depleted to the extent that up-regu-
lationn occurs. 

Wee are aware that the presently observed incre-
asedd binding of [,23l]Rgn50 in specific cortical regions 
inn rat and human brain may not only reflect a compen-
satoryy up-regulation of post-synaptic 5-HT2A receptors 
duee to low 5-HT levels, but may also result from an 
increasedd availability of the radiotracer to bind to 5-
HT2AA receptors, due to removal of endogenous 5-HT 
andd lower synaptic 5-HT concentration. Therefore, we 
concludee that the increased binding possibly reflects a 
combinationn of a compensatory up-regulation and 
increasedd availability to bind. Either way, these mecha-
nismss are likely to occur only in situations of synaptic 5-
HTdepletion,, such as caused by MDMA-induced 5-HT 
neurotoxicity.. In future studies, it would be of interest 
too examine the relative contribution of each mecha-
nism. . 

Inn the present study we calculated that reductions 
inn cortical 5-HT concentrations of at least 80% are nee-
dedd to induce up-regulation of post-synaptic cortical 5-
HT2AA receptors. In line with this, up-regulation of D2 
receptorss is rather consistently observed following tre-
atmentt with the dopaminergic neurotoxin i-methyl-4-
phenyi-i,2,3,6,-tetrahydropyridinee (MPTP), which has 
beenn attributed to post-synaptic compensatory mecha-
nismss that occur in response to deficiencies in synaptic 
dopaminee concentrations. Also in human brain, PET or 
autopsyy studies have shown an up-regulation of D2 
receptorss in the striatum of patients with early 
Parkinson'ss disease (Brooks et al., 1992; Rinne et al., 
1990}.. Studies in MPTP-treated monkeys have shown 
thatt post-synaptic up-regulation of striatal D2 receptors 
doess not occur until loss of striatal DA levels exceeds 
90%% (Elsworth et al., 1998; Falardeau et al., 1998). To 
thee extent that our animal data can be extrapolated to 
humans,, one may speculate that the observed up-regu-
lationn of 5-HT2A receptors in the occipital cortex of ex-
MDMAA users reflects a 5-HT depletion of approximate-
lyy 80%. However, interspecies differences in the 
MDMAA metabolism have been described and should 
bee kept in mind when extrapolating effects from rats to 
humans.. The dose of MDMA (10 mg/kg) used in the 
presentt work is closer to the doses used by humans for 
recreationall purpose, but the multiple injections proto-
colss applied here might not represent weli the patterns 
usedd by humans. However, humans usually take a 

boosterr dose several hours after the first one, which 
couldd be related to the multiple injections in the present 
protocol.. These data do indicate the need to perform 
similarr studies, as the present one, in non-human pri-
mates,, since primates have been shown to be more sen-
sitivee to MDMA than rats, and are thought to approach 
thee effects of MDMA in humans more closely. 

Wee observed regional differences in the effects of 
MDMAA on rat and human brain. With respect to the 
effectss of MDMA in rat brain, Battaglia and co-workers 
(1991)) have shown that the cingulate, entorhinal, and 
parietall cortex, showed the most extensive depletion in 
5-HTT uptake sites (i.e., > 90%) 2 weeks after MDMA 
treatment.. It has been postulated that 5-HT neurons 
mayy exhibit differential neurotoxic sensitivities to 
MDMAA based on the morphologic differences between 
5-HTT fibers originating from dorsal versus median 
raphee nuclei (Mamounas et al., 1991). 'Fine' 5-HT neur-
onss arising from dorsal raphe cell bodies have been 
reportedd to be vulnerable to MDMA, although 'beaded' 
5-HTT neurons from median raphe cell bodies are insen-
sitivee to the neurotoxic effects of amphetamine analogs 
(O'Hearnn et al., 1988}. The distribution of fine and 
beadedd 5-HT neurons in various brain regions is discre-
te.. Accordingly, innervation of cerebral cortex by fine 5-
HTT neurons is greatest in frontal cortex and is least in 
posteriorr cortical regions such as occipital cortex. In 
linee with this, we observed an increased density of 5-
HT2AA receptors in the frontal cortex, but not in the occi-
pitall or parietal cortex of rats treated with MDMA 30 
dayss previously. Although little regional differences 
weree observed in 5-HT and 5-HIAA levels (in all three 
corticall brain regions depletions of approximately 
- 9 0 %% were observed), the observed up-regulation of 5-
HT2AA receptors in the occipital-, but not frontal cortex 
off ex-MDMA users seems to contradict the contention 
off the existence of MDMA-sensitive and -insensitive 5-
HTT neurons. At present there is no apparent explana-
tionn for the discrepancy. Species differences have been 
shownn to play an important role in MDMA-induced 5-
HTT neurotoxicity. Also, the ex-M DMA users were stu-
diedd after a relatively long MDMA-free period (on aver-
agee 18 weeks) compared to the MDMA-treated rats 
(after(after 30 days). In line with the present findings in ex-
MM DMA users, the occipital cortex has been shown to 
bee particularly sensitive to MDMA's neurotoxic effects 
inn non-human primates, since the most severe 5-HT 
depletionn was observed in this brain region 13 months 
afterr MDMA treatment {Scheffei et al., 1998). These 5-
HTT neurotoxic changes have been shown to persist for 
upp to seven years after MDMA-administration, and 
weree particularly evident in the pyriform and visual cor-
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tex,, whereas brain regions proximal to the rostral raphe 
nucleii show evidence of complete recovery. It is 
thoughtt that the distance of the 5-HT terminal field to 
thee rostral raphe nuclei influences recovery of 5-HT 
axonss after MDMA injury. 

Severall potential limitations of the current study 
shouldd be mentioned. First, as with all retrospective 
studiess there is a possibility that pre-existing differen-
cess between MDMA users and non-users underlie dif-
ferencess in 5-HT2A receptor densities. For instance, 
peoplee with low 5-HT2A receptor densities may be pre-
disposedd to use MDMA. Second, this study was perfor-
medd using small samples. Nevertheless, 5-HT2A recep-
torr densities are unequivocal and these data do provide 
usefull preliminary evidence of the relationship between 
5-HT2AA receptor densities and 5-HT levels in animals 
withh known 5-HT neurotoxic lesions and their relevance 
too findings in human MDMA users as revealed by 
SPECT.. Third, as with all retrospective studies, it is 
impossiblee to determine exactly what drug at what dose 
wass taken, and to ensure abstention from MDMA, 
otherr than seff-report. Furthermore, the composition of 
tabletss sold as ecstasy do often not only contain 
MDMA,, but other compounds as well, such as amphe-
tamine,, cocaine, opiates, caffeine etc. Interestingly, a 
recentt survey in the Netherlands investigated the validi-
tyy of the drug-history questionnaire that was used in 
thiss study. It was found that in 93% of the cases (n = 
594)) the reported use of ecstasy was in agreement with 
thee drug-urine test {Van de Wijngaart et at., 1997). In 
futuree studies, hair-sample analysis would be a useful 
wayy to assess more appropriately what drug was taken 
att what time and to ascertain previous use of MDMA. 
Fourth,, we presentty observed reduced 5-HT2Areceptor 
bindingg in recent MDMA users and MDMA-treated 
rats,, while increased binding in ex-MDMA users and 
ratss with a long survival time. We suggest that the redu-
cedd and increased binding represents down and up-
reguiationn of 5-HT2A receptors, respectively. However, 
ass opposed to the currently used in vivo and ex-vivo 
bindingg assays, traditional homogenate studies must 
bee conducted to provide more compelling evidence 
thatt the presently findings indeed represent down and 
up-regulationn of 5-HT2A receptors. Nevertheless, there 
iss considerable evidence from the literature showing 
thatt post-synaptic 5-HT2A receptors manifest a down-
regulationn in situations with high levels of synaptic 5-
HT,, while 5-HT depletion has been associated with a 
compensatoryy up-regulation of 5-HT2 receptors (Kellar 
ett at., 1981; Peroutka& Snyder 1980a; 1980b; Price et 
al.,, 1998; Sharif et at., 1989; Stockmeier& Kellar 1989). 
Fifth,, si nee we did not simultaneously perform cerebral 

bloodd flow studies in our subjects, the possibility that 
thee changed [>I3l]R9ii50 binding observed in MDMA 
userss partly reflects flow changes (and consequently 
changess in non-specific binding) cannot be totally 
excluded,, especially since alterations in cerebral biood 
floww (Chang et al., 2000) and cerebral blood vessel 
volumee (Reneman et al., 2000} have recently been 
observedd in users of MDMA. Sixth, the present findings 
mayy be partially explained by differences in metabolism 
off the radiotracer by MDMA users compared to con-
trols.. Ifindeed MDMA users metabolize [,23l]R9ii50 dif-
ferentlyy than controls we would have observed similar 
bindingg ratios in the recent and ex-MDMA users, which 
wass not the case. Another potential explanation for the 
presentt findings may be related to age. PET and SPECT 
studiess have demonstrated an age related reduction in 
5-HT22 receptors (Ito et al., 1998; Kalduchi et al., 2000; 
Baekenn et at., 1998). To that purpose, we analyzed our 
resultss with age as a covariate. Therefore, it seems unli-
kelyy that the present findings are related to age. 
However,, future studies should be conducted to inves-
tigatee to what extent these potential confounders 
accountt for the present findings. Finally, although most 
off the MDMA users in our study had more experience 
withh other recreational drugs than control subjects, this 
wass statistically not significant. Also, since a strong and 
positivee association was observed between cortical 5-
HT2AA receptor densities and extent of previous MDMA 
use,, it seems likely that the findings of the present 
studyy should be attributed to M DMA. 

Inn conclusion, we have demonstrated that MDMA 
inducedd 5-HT neurotoxic lesions induced in rat brain 
aree associated with a time-dependent reduction and 
recoveryy of 5-HT2A receptors. We observed higher den-
sitiess of 5-HT2A receptors in the frontal cortex of rats in 
whichh 5-HT concentrations were reduced by more than 
90%.. The density of 5-HT2A receptors was strongly 
associatedd with the degree of 5-HT depletion. We there-
foree suggest that the higher 5-HT2A receptor densities 
observedd in the occipital cortex of human ex-MDMA 
userss are likely to reflect a compensatory up-regulation 
duee to 5-HT depletion, possibly caused by MDMA indu-
cedd 5-HT neurotoxic lesions. 
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Abstrac t t 
BackgroundBackground and purpose - Abuse of the popular recre-
ationall drug "Ecstasy" (MDMA) has been linked to 
thee occurrence of cerebrovascular accidents. It is 
knownn that MDMA alters brain serotonin (5-HT} con-
centrations,, and that brain post-synaptic 5-HT2 recep-
torss play a role in the regulation of brain microvascu-
lature.. Therefore, we used brain imaging to find out 
whetherr MDMA use predisposes to cerebrovascular 
accidentss by means of alterations in brain 5-HT neuro-
transmission.. Methods-The effects of MDMA use on 
brainn cortical 5-HT2A receptor densities were studied 
usingg ['^IJRgnso single-photon emission CT in 10 
abstinentt recent MDMA users, 5 former MDMA 
users,, and 10 healthy controlsubjects. Furthermore, to 
examinee whether changes in brain 5-HT2A receptor 
densitiess are associated with alterations in blood ves-
sell volumes, we calculated relative cerebral blood 
volumee (rCBV) maps from dynamic MR image sets in 
55 MDMA users and 6 healthy control control subjects. 

Results-- An analysis of variance revealed that 
meann cortical ['^IJRgnjo binding ratios were signifi-
cantlyy lower in recent MDMA users than in former 
MDMAA users and control subjects. This finding sug-
gestss down-regulation of 5-HT2 receptors caused by 
MDMA-inducedd 5-HT release. Furthermore, in MDMA 
users,, low cortical 5-HT2 receptor densities were sig-
nificantlyy associated with low cerebral blood vessel 
volumess (implicating vasoconstriction) and high cor-
ticall 5-HT2 receptor densities with high cerebral blood 
vessell volumes (implicating vasodilatation) in specific 
brainn regions. Conclusions- These findings suggest a 
relationshipp between the serotonergic system and an 
alteredd regulation of 5-HT2 receptors in human 
MDMAA users. MDMA users may therefore be at risk 
forr cerebrovascular accidents resulting from altera-
tionss in the 5-HT neurotransmission system. 

Introductio n n 
Recently,, several case reports have linked the abuse of 
thee popular recreational party drug 3,4-methylen-
edioxymethamphetaminee (MDMA, or "Ecstasy") to 
thee occurrence of cerebrovascular accidents (De stlva 
etal.,, 1992; Cledhill etal., 1993; Hanyu et al., 1995; 
Harriess et al., 1992; Henry 1992a; 1992b; Hughes et 
al.,, 1993; Teggin 1992). The brain area most vulnera-
blee to the vascular effects of MDMA is the globus pal-
lidus,, a region rich in serotonin (5-HT) nerve termi-
nalss (Spatt et al., 1997; Squier et a!., 1995). 
Considerablee evidence has accumulated over the 
yearss strongly pointing to the involvement of 5-HT 
andd 5-HT2 receptors in the regulation of brain micro-

circulationn (Cohen et al., 1996; Parsons 1991). MDMA 
inducess release of 5-HT from serotonergic neurons. 
However,, abuse of this drug eventually leads to loss of 
serotonergicc neurons, causing 5-HT depletion and a 
compensatoryy up-regulation of post-synaptic 5-HT2 
receptors.. It has therefore been suggested in several 
reportss that M DMA abuse may predispose to cerebro-
vascularr disease as a result of MDMA-induced effects 
onn brain 5-HT concentrations and 5-HT2 receptors 
(Greenn etal., 1995; Henry 1992b; Spatt et al., 1995; 
Squierr et al., 1995). Advances in neuroimaging techni-
quess such as single photon emission CT (SPECT), 
havee made it possible to study 5-HT2 receptors in the 
livingg human brain, using iodine-123 labelled Rgiiso. 
[,2Jl]R9ii500 binds selectively and with high affinity to 
thee 5-HT2A receptor subtype. Cortical binding of [,2JI]-
5-l-R9ii5oforr 5-HT2A receptors is specific and reversi-
ble,, as shown by inhibition of binding by ritanserin 
andd displacement by ketanserin (Busatto et al., 1997). 
Moreover,, by using cerebral blood volume (CBV) 
mapss calculated from dynamic MR imaging sets, it is 
noww possible to study relative CBV (rCBV) (Belliveau 
etal.,, 1990; Rosen et al., 1991) in the brain, in which 
regionall vasospasm will decrease rCBV values, and 
vasodilatationn will increase CBV values (Kaufman et 
al.,, 1998). 

Thee aim of the present preliminary study was to 
usee [,23l]R9"ti50 SPECT to investigate the effects of 
MDMAA use on brain 5-HT2A receptor density, and, 
withh the use of MR imaging sets, to ascertain whteher 
thesee effects are associated with alterations in rCBV in 
abstinentt recent MDMA users, former MDMA users, 
andd healthy control subjects. 

Method s s 
Participants Participants 
Fifteenn participants who reported previous heavy use 
off MDMA (mean age, 26 years) and 10 age-matched 
controll subjects (mean age, 23 years) (Table i) were 
enrolledd in the SPECT study. The eligibility criterion for 
thee MDMA group was previous use of at least 50 
tabletss of MDMA. Ten participants had recently used 
thiss drug (MDMA group) and five former MDMA 
userss had abstained from using MDMA (ex-MDMA 
group;; Table i ) .The eligibility criterion for the MDMA 
groupp was a drug-free interval of 1 week to 2 months 
priorr to the study. Because animal studies have shown 
thatt down-regulation of 5-HT2 receptors persists for 
att least 1 month after the last intake of MDMA 
{Scheffell et al., 1992), the cut-off point of the drug-free 
intervall for the ex-MDMA group was established at 2 
months.. The control group consisted of healthy sub-
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jectss with no self-reported prior use of psychoactive 
drugs,, including MDMA. Recruitment was through 
advertisementss in local newspapers. Participants 
agreedd to abstain from use of psychoactive drugs for 
att teast i week before the study, and were asked to 
undergoo urine drug screening (with an enzyme-mul-
tipliedd immunoassay for amphetamines, barbiturates, 
benzodiazepinee metabolites, cocaine and metabolite, 
opiates,, and marijuana) before enrollment. After the 
testingg of urine samples, exclusion criteria were a 
positivee drug screen, pregnancy, severe medical or 
neuropsychiatricc illness that precluded informed con-
sent,, claustrophobia, a cardiac pacemaker or surgical 
clip,, and neuropsychiatric disease in which 5-HT has 
beenn implicated. All participants gave written infor-
medd consent. 

5-HT22 receptor imaging 

Forr SPEC! studies, the Strichman Medical Equipment 
810XX tomographic system was used (Strichman 
Medicall Equipment, Inc., Medfield, MA). The trans-
axiall resolution of this camera is 7.6 mm full-width at 
half-maximumm of a line source in air, and the axial 
resolutionn is 13,5 mm. Each acquisition consisted of 15 
slicess acquired in a 128 x 128 matrix with a slice distan-
cee of 5 mm and a scanning time of 3 minutes per slice. 
Thee energy window was set at 135 to 190 keV. Subjects 
layy in the supine position with the head aligned paral-
lell to the orbitomeatal line, and were positioned such 
thatt the scanning volume initially included the cere-
bellum.. Acquisition of images began 2 hours after 
intravenouss injection of approximately 140 MBq 
[1231^911500 (radiolabeling as described by Busatto and 
co-workers;; Busatto et al., 1997), a time at which spe-
cificc binding is maximal and stable for up to 8 hours 
afterr injection. For assessment of the scans, reveiwers 
weree blinded to subject status. For analysis of 
[l2M]R9ii 150 binding, a standard template with regions 
off interest (ROIs) was constructed manually from 
coregisteredd MR images. For positioning, we used 
thesee MR images as a guide. Coregistration of MR 
imagess and SPECT scans was performed using the 
Hermess Multi Modality software package (Nuclear 
Diagnostics,, Stockholm, Sweden). The template, 
includingg ROIs for the frontal, parietal, and occipital 
cortices,, was placed on the three highest consecutive 
SPECTT slices. An additional template was constructed 
withh an ROI forthe cerebellum. Mean signal density 
off the left and right cortices (mean counts per pixel of 
frontal,, parietal, and occipital cortices) and of the 
cerebellumm was determined. ROI analysis was perfor-
medd by an investigator unaware of the participant's 

history.. The uptake in the cerebellum, presumed free 
fromm 5-HT2A receptors, was used as a reference for 
backgroundd radioactivity (nonspecific binding plus 
freee ligand). ROI/cerebellum activity ratios were calcu-
latedd as a relative measure of specific binding to 5-
HT2AA receptors for a given brain region (Busatto et 
al.,, 1997; Travis etal., 1998). 

CalculatingCalculating rCBV values 
rCBVV maps were calculated from dynamic MR image 
setss acquired with echo-planar spin-echo imaging 
afterr intravenous injection of gadolinium-based con-
trastt material. MR images were obtained at 1.5 T MR 
imagingg was performed, on average, 6 hours before 
SPECTT studies were obtained. An 18-gauge catheter 
wass inserted into a large peripheral vein before MR 
imagingg was performed. A saline drip was used to 
maintainn the vein's patency. Gadopentetate dimeglu-
minee (0.2 mmol/kg) was power-injected at a rate of 5 
mL/ss through the angiocatheter. A series of images 
(400 series of 12 slices in 64 seconds) was obtained at 
intervalss of 1202 milliseconds using a lipid-suppres-
sedd spin-echo echo-planar pulse sequence (TR/TE = 
0.8/54)) before, during, and after injection of the con-
trastt agent. Lipid suppression was used to suppress 
subcutaneouss fat. We used a 128 x 128 x 12 matrix with 
aa voxel size of i.8x 1.8 x 6.0 mm. 

Afterr data collection, rCBV maps were derived on 
aa voxel-by-voxel basis from the dynamic image sets 
{usingg software developed at MGH-NMR Center, 
Charlestown,, MA) (Ostergaard et al., 1996; Rosen et 
al.,, 1989). Since susceptibility contrast rCBV mapping 
methodd yields relative rather than absolute value of 
rCBV,, comparison among subjects is facilitated by 
referencee to an internal standard. In analogy to pre-
viouss studies (Aronen et al., 1994; 1995), normal 
whitee matter was used as this reference. To calculate 
rCBV/whitee matter, the ROI's of various brain regions 
(leftt and right frontal-, and occipital cortex, white mat-
ter,, putamen and globus pallidus) were defined on 
rCBVV maps by a radiologist unaware of the partici-
pant'ss history. Ratios were calculated by dividing the 
meann rCBVofthe brain region by that of unilateral 
meann white matter. Because rCBV maps enable quan-
tificationn of vascularization in relative terms (Aronen 
ett al., 1995), a high rCBV ratio implies high regional 
bloodd volume, or vasodilatation, whereas a low rCBV 
ratioo implies vasoconstriction (Kaufman et al., 1998). 

Statistics Statistics 
Differencess in mean cortical [ l i J l jR9ii50 radioligand 
bindingg among groups were tested by one-way analy-
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TableTable 7. 5-HT. receptor imaging. Characteristics of participants, mean cortical ['^IjRgn^o binding ratios: 

Meann age (y) 

Men/women n 

Timee since last dose (wk) 

Lifetimee no. of tablets 

LastLast 3 months use of: 

MDMAA (no. of tablets) 

Alcoholl (units) 

Tobaccoo (no. of cigarettes) 

Cannabiss (no. joints) 

Cocainee (no. of lines) 

LSDD (no.of times used) 

Corticall [';-'l]R9ii50 binding ratio 

Control l 

nn = i o 

23(3) ) 
4/6 6 

--
" " 

_ _ 
411 (38) 
177 (20) 

3(6) ) 

--
--
1.788 (0. 

su u 

5) ) 

jjects s MDMAA Group 

nn = i o 

27(5) ) 
7/3 3 

7(5) ) 
139(129) ) 

11 (0.8) 

277 (31) 

577 (45) 
200 (29) 

66 05) 
1.0(1.7) ) 
1.58(0.17)= = 

ex-MDMAA Croup 

nn = 5 

24(5) ) 

4/1 1 

188 (15) 

2188 (201) 

0.44 (0.6) 
388 (33) 
544 (44) 
466 (39) 

1.911 (0.11) 

'' Data are expressed as mean values (  SD) 
11 Statistically significant difference in binding in the MDMA group as compared with control group and ex-MDMA group (p = 0.02. and 0.001. 
respectively;; ANOVA; Tukey Post Hoc test) 

siss o f var iance. Dif ferences in rCBV values a m o n g 

groupss were analyzed us ing an unpai red Student 's t-

test .. The re la t ionsh ip between mean cort ical 

['2»l]Ro.ii500 rad io l igand b ind ing and rCBV values in 

specif icc bra in regions was invest igated wi th Spear-

man 'ss rank cor re la t ion , since it has the advantage that 

2-5 5 

• ii 1-5 -

0.55 -

1 — — 
Control l MDMAA ex-MDMA 

FigureFigure 1. The mean and individual p23ljRgn^o binding ratios in the 

cortex:cortex: control subjects versus MDMA and ex-MDMA users. Cortical 

bindingbinding ratios were calculated as cortical binding / binding in the cere-

bellum.bellum. Asterisk indicates a statistically significant difference in bin-

dingding ratio as compared with control subjects and ex-MDMA users. 

itt does not specif ically assess a l inear associat ion but 

aa more general one. A p value less than 0.05 was 

takenn to be s igni f icant w i th a two- ta i led test . We analy

zedd all data w i t h SPSS version 9.0 sof tware (Stat ist ical 

Packagee for the Social Sciences, Chicago, I I) . 

Result s s 
5-HT25-HT2 receptor imaging 

Participantss in the M D M A and ex -MDMA group had 

used,, on average, 139  129 tabelts and 218  201 

tabletss o f M D M A , respectively (Table 1). Part ic ipants in 

thee M D M A and ex -MDMA group had not used M D M A , 

onn average, 7  5 and 18  15 weeks, respectively, before 

th iss invest igat ion. All part ic ipants were r ight-handed. 

Leftt and r ight cort ical [ , 2M]R9i i50 b ind ing d id no t 

di f ferr s igni f icant ly between cont ro l subjects and 

M D M AA users. Therefore, mean cort ical 5-HT2A recep

to r -b ind ingg ratios were calculated (average o f left and 

r ightt f ron ta l , parietal, and occip i ta l [ ,J2|]R9i 150 b in

d ing ) .. Mean cort ical 5-HT2A receptor b ind ing rat ios in 

thee M D M A g roup were signif icantly lower than in 

thosee in the e x - M D M A and cont ro l g roup (p = 0 . 0 0 1 , 

andd 0 .02 , respect ively). Mean cort ical 5-HT2A receptor 

b i n d i n gg ratios were higher in the e x - M D M A g roup 

thann in the con t ro l g roup, a l though this d i f ference was 

no tt stat ist ical ly signif icant (Table 1, Figures 1 and 2). 

rCBVrCBV values 

Inn add i t i on to the SPECT studies, we per fo rmed dyna

micc MR imag ing in a random sample o f par t ic ipants 

o ff the SPECT study to calculate rCBV values. 
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FigureFigure 2. P'^ljRgn^o SPECT images of a control sub-

ject,ject, a recent MDMA user and an ex-MDMA user. 

TransverseTransverse slices from the brain at the level of the basal 

ganglia,ganglia, approximately 3 cm above the orbitomeatal 

line.line. In the three images, the level ofp^ljRgn^o 

activityactivity is color-coded from low (black) to high (white) 

andand scaled to the maximum in the slice obtained in 

thethe control subject. The three images are representative 

forfor the three groups: in the control subject, there is 

normalnormal p2il]Rgii^o binding, in the recent MDMA user, 

lowlow p'iljRgn^o binding, and in the ex-MDMA user, 

highhigh p•23/]Rgi75o binding. 

Eventually,, a r a n d o m sample o f 5 M D M A users (3 

recentt users and 2 e x - M D M A users) and 6 healthy 

con t ro ll subjects were enro l led in the MR imag ing 

studyy (Table 2). 

Noo signi f icant di f ference in left and r ight rCBV 

TableTable 2. CSV values: characteristics of participants and mean rCBV 

ratioratio in brain areas studied' 

Controll subjects MDMA users 

n = 66 n=5 

Meann age (years) 

Men/women n 

Timee since last dose (wk) 

Lifetimee no. of tablets 

LastLast 3 months' use of: 

MDMAA (no. tablets) 

Alcoholl (units) 

Tobaccoo (no. cigarettes) 

Cannabiss (no. joints) 

Cocainee (no. lines) 

LSDD (no. of times) 

rCBVrCBV ratios 

Frontall cortex 

Occipitall cortex 

Putamen n 

Globuss pallidus 

thee e x - M D M A users had higher rCBV in some specif ic 

brainn regions (Figure 3). 

22(1) ) 

3/3 3 

--

366 (24) 
18(21) ) 

6(7) ) 

25(5) ) 

4/1 1 

7(5) ) 
3100 (247) 

566 (36) 
722 (40) 
400 (46) 

1.99(0.45) ) 
3.06(1.05) ) 
1.54(0.30) ) 

1.066 (0.27) 

144 (20) 

2.022 (O.35) 

3.04(1.10) ) 

1.722 (O.42) 

1.299 (0.26) 

Dataa are expressed as mean values (1 SD) 

valuess was f ound between the cont ro l subjects and 

thee M D M A users. Therefore, a mean o f left and r ight 

cerebrall rCBV values was calculated for the brain 

regionss s tud ied. Mean rCBV values for the M D M A 

userss d id not differ s igni f icant ly f r o m those obta ined 

inn con t ro l subjects in the brain regions studied (Table 

2).. Th e subgroup o f 2 e x - M D M A users had higher 

rCBVV values in the brain regions studied than d id 

recentt M D M A users. Compared w i th con t ro l subjects, 

FigureFigure 3. Higher rCBV values are observed in the left globus pallidus 

andand right thalamus in the ex-MDMA users than in control subjects. 

AfterAfter registration in the same orientation (in six control subjects and 

twotwo ex-MDMA users), an unpaired Student's t test was performed 

onon each voxel of generated rCBV maps, revealing significant differen-

cesces in the colored regions (yellow, p < 0.025; red, P < 0.005). Iniages 

werewere obtained at intervals of 1202 milliseconds (800/54) before, 

during,during, and after injection of the contrast agent. 

CorrelationsCorrelations between 5-HT2 receptor densities 

andand rCBV values 

Inn M D M A users, but not in con t ro l subjects, a signi f i 

cantt posi t ive corre lat ion was f ound between cor t ica l 5-

H T 2 AA receptor b ind ing rat ios and rCBV values in the 

g lobuss pal l idus and occipi ta l cortex (in con t ro l sub

jects,, [rho] = - 0.12 and - 0 .06 , respectively, and p = 

0.744 and 0 .91 , respectively; in M D M A users, [rho] = + 

0 .90 ,, and = + 0 .90, p = 0 .04 and 0 .04 , respectively) 

(Figuree 4) . The covariance effects o f age, sex, and 

extentt o f previous M D M A use were not s ign i f icant in 

thee g lobus pal l idus (p = 0.89, p = 0.74, and p = 0.18, 
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respectively)) or in the occip i ta l cortex (p = 0.15, p = 

0.11,, and p = 0 .08, respect ively). 

Discussion n 
Dataa obta ined in M D M A - t r e a t e d rats have shown 

down-regu la t ionn o f 5-HT2 receptors unt i l several 

weekss after t rea tment , o w i ng t o h igh levels o f synaptic 

5-HTT (Scheffel et al., 1992). Other studies have also 

shownn that 5-HT release leads to a compensa to ry 

down-regu la t ionn o f post-synapt ic 5-HT2A receptors 

(Peroutkaa et al., 1980), whereas 5-HT dep le t ion leads 

too an up-regulat ion o f 5-HT2A receptors (Heal et al., 

1985).. Interest ingly, in th is study, we observed a s igni-

f icantt lower cort ical [ 2 J l ]R9 i i 50 b i n d i n g to 5-HT2A 

receptorss in the M D M A g roup , compared to cont ro ls 

andd e x - M D M A users. This f ind ing suggests down-

regulat ionn o f 5-HT2A receptors. M D M A is an amphe-

tam inee der ivat ive, wh ich induces release o f 5-HT f r o m 

serotonergicc neurons (Green et al., 1996; Wh i te et a l . , 

1996).. The present ly observed low cort ical 5-HT2A 

receptorr densi ty in the recent M D M A group therefore 

suggestss down- regu la t ion due to M D M A - i n d u c e d 5-

HTT release. 

Inn contrast , the h igh b ind ing o f [>2 ' l ]Rgi150 in the 

e x - M D M AA g roup ( though not stat ist ical ly s igni f icant) 

suggestss an up- regu la t ion o f post-synapt ic 5-HT2A 

receptorss due to M D M A - i n d u c e d 5-HT dep le t ion . It is 

knownn that abuse o f M D M A leads eventual ly to loss 

o ff serotonergic neurons . For example, cort ical 5-HT 

levelss in M D M A - t r e a t e d monkeys were stil l signif i-

ess - , 

i-5 5 

rCBVV ratio 

Frontall cortex 

2-55 -1 

^^ 1.7 -

rCBVV ratio 

Occipitall cortex 

2-55 -1 

i-55 -

'•5 5 

rCBVV ratio 

Putamen n 

2-5 5 

2-55 -1 

ïï I J -

e»-5 5 

o — - / - - - --

ii  1.5 

rCBVV ratio 

Globuss Pallidus 

2'5 5 

FigureFigure 4. Cortical f^Z/Rcji^o binding versus rCBV values in specific brain regions. Open circles: controls; closed circles: MDMA users. 
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cantlyy reduced 13 months after treatment (Scheffel et 
al.,, 1998). Thus, the presently observed high 
[, iJl]R9ii 150 binding may be the result of low synaptic 
5-HT,, possibly caused by loss of 5-HT neurons due to 
previouss MDMA use. In a recent study it was demon-
stratedd that MDMA causes loss of 5-HT neurons not 
onlyy in animals, but in human beings as well {McCann 
ett al., 1998). Therefore, it could be hypothesized that 
inn the ex-MDMA group loss of 5-HT neurons resulted 
inn low synaptic 5-HT levels, leading to up-regulation of 
5-HT22 receptors. The SPECT results obtained in the 
presentt study indicate the necessity, and would proba-
blyy justify, repeated 5-HT2 receptor studies within 
MDMAA users. 

Inn MDMA users, but not in controls, we found a 
significantt positive correlation between cortical 5-
HT2AA receptor densities (measured with [,25l]R9ii5o 
SPECT)) and rCBV values (measured with dynamic 
MR)) in the occipital cortex and globus pallidus. 
Interestingly,, several studies have pointed out that 
necrosiss of the globus pallidus was the most striking 
neuropathologies!! change in post-mortem material of 
MDMAA users (Spatt et al., 1995). The globus pallidus 
iss an area rich in 5-HT terminals. It is thought that 
locall release of 5-HT, as induced after recent intake of 
MDMA,, led to prolonged vasospasm and necrosis of 
thee globus pallidus (Henry etal., 1997; Squieret a)., 
1995),, possibly via stimulation of 5-HT receptors situ-
atedd on microvessels by 5-HT. In addition, several stu-
diess have described cortical cerebral vascular acci-
dentss after MDMA use (De Silva et al., 1992; Cledhill 
ett al., 1993; Hanyu et al., 1995; Harries & De Silva 
1992;; Henry 1992a; 1992b; Hughes et al., 1993; Teggin 
1992).. The occipital cortex is also a brain area rich in 
5-HTT releasing neurons and 5-HT2A receptors (Aronen 
ett al., 1995). It has been shown that the occipital cor-
texx is particularly sensitive to 5-HT neuronal injury, 
sincee MDMA-treated monkeys showed the most seve-
ree 5-HT depletion in the occipital cortex (Scheffel et 
al.,, 1998). 

Thee presently observed correlation between cor-
ticall 5-HT2A receptor availability and rCBV values in 
thee occipital cortex and globus pallidus in MDMA 
users,, but not in controls, suggests that 5-HT2A recep-
torss are involved in the pathogenesis of MDMA-indu-
cedd abnormal vascular reactions, possibly leadingto 
cerebrovascularr accidents. It is known that 5-HT2A 

receptorss play a key role in the regulation of brain 
microcirculation,, since they are located on brain 
microvesselss (Cohen et al., 1996; Parsons 1991). For 
years,, 5-HT2 antagonists were proven effective in pre-
ventingg migraine headache (Mylecharane 1991). It is 
thoughtt that stimulation of 5-HT2A receptors by 5-HT 

mediatee cerebral vasoconstriction. However, vasodila-
tationss have also been observed (Cohen et al., 1996). 
Thee short-term effect of MDMA involves excessive 5-
HTT release and stimulation of 5-HT2A receptors, lea-
dingg to vasoconstriction. In line with this, we found 
thatt recent MDMA users had a significantly lower den-
sityy of cortical 5-HT2A receptors (down-regulation due 
too high synaptic 5-HT levels), and a low rCBV (vaso-
constriction)) in the occipital cortex and globus palli-
duss of this group. On the other hand, former 
(ex-)MDMAA users had a high density of cortical 5-
HT2AA receptors (up-regulation due to 5-HT depletion), 
andd a high rCBV (vasodilatation) (as illustrated in 
Figuree 3). In such a 5-HT deprived system, 5-HT2A 

receptorss are not sufficiently stimulated, thus leading 
too vasodilatation instead of vasoconstriction. These 
findingss suggest that MDMA users are susceptible to 
cerebrovascularr accidents, due to vasoconstriction in 
recentt MDMA users, and vasodilatation in ex-MDMA 
users. . 

Thee ratio obtained in this study between cortical 
grayy and white matter rCBV in controls, approximately 
2.5,, correlates well other MR rCBV mapping studies 
(Aronenn etal., 1994; Lammertsma et al., 1985). In 
addition,, the ratios of ['^1^91150 binding in controls 
aree wholly consistent with other studies (Busatto et 
al.,, 1997; Travis etal., 1998). 

Severall potential limitations of the current study 
shouldd be mentioned. First, as with all retrospective 
studiess there is a possibility that pre-existing differen-
cess between MDMA users and nonusers underlie dif-
ferencess in 5-HT2A receptor densities and rCBV. Thus, 
peoplee with low 5-HT2A receptor densities may be pre-
disposedd to use MDMA and to have low occipital and 
pallidall rCBV values. Second, this study was perfor-
medd using small samples. Nevertheless, 5-HT2A 

receptorr densities are unequivocal and these data do 
providee useful preliminary evidence of the relations-
hipp between 5-HT2A receptor densities and rCBV as 
revealedd by SPECT and MR. Furthermore, despite the 
knownn presence of 5-HT2A receptors in the globus 
pallidus,, as demonstrated in in vitro and in vivo stu-
diess (Pazos et al., 1987; Schotte et al., 1983), it is not 
possiblee to visualize 5-HT2A receptors in the globus 
palliduss or basal ganglia, using SPECT. In cortical 
regions,, 5-HT2A receptor densities are about 10 times 
higherr than in the basal ganglia {Schotte et al, 1983). 
Therefore,, reliable quantification of 5-HT2A receptor is 
difficultt in the basal ganglia using SPECT. In a recent 
studyy it was shown that in MDMA users brain 5-HT 
transporterr densities were globally decreased 
(McCannn et al., 1998). It can be expected, therefore, 
thatt the extent of alterations in cortical 5-HT2A recep-
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torr densities, observed in the present study, reflect 
thosee in the globus pallidus. Third, in the present 
study,, a larger number of females than males was 
includedd in the control group. Since there is evidence 
fromm animal experiments that 5-HT2 receptor density 
inn brain is higher in female than in male animals, the 
observedd difference between controls and MDMA 
userss may be an artifact of the larger number of 
womenn in the control group. However, a recent 
I,J3|]R9ii5oSPECTT study, performed in healthy human 
subjects,, showed no influence of gender on 
[,13l]Roji500 binding (Baeken etal., 1998). Finally, all 
participantss in the MDMA group in our study repor-
tedd that they had abstained from use of MDMA or 
otherr psychoactive drugs for at least one week before 
thee study. Although most of the MDMA users had 
experimentedd with other recreational drugs (mainly 
alcoholl and cannabis), none was a known 5-HT neuro-
toxinn in human beings, and was therefore not likefy to 
accountt for changes in [173l]-5-l-R91150 binding to 5-
HT2AA receptors. 

Conclusio n n 
Wee now provide new support for the hypothesis that a 
relationn between 5-HT2 receptor density and rCBV in 
specificc regions of the brain exists. Taken in conjunc-
tionn with the clinical data from other published stu-

diess and historical findings of cerebrovascular acci-
dentss in MDMA users, one may infer that a relation 
betweenn the serotonergic system and MDMA-induced 
cerebrovascularr accidents exists. Our data suggest a 
trendd in which MDMA users may be susceptible to 
abnormall vascular reactions, induced by alterations in 
thee 5-HT system, eventually predisposing to cerebro-
vascularr accidents. Additional studies and converging 
liness of evidence are needed to better delineate the 
potentiall of MDMA to induce cerebrovascular acci-
dentss in humans by alterations in the 5-HT system. 
Ourr observations, in accord with other (case) reports, 
indicatee that people who use MDMA are not only 
unwittinglyy putting themselves at risk of developing 
neuronall 5-HT brain injury, but cerebrovascular acci-
dentss as well. Furthermore, this study indicates that 
thee putative relation between cortical 5-HT2A receptor 
densityy and rCBV values in the occipital cortex and 
globuss pallidus may implicate a target for prevention 
andd treatment in the form of selective 5-HT receptor 
agents,, in patients suffering from abnormal vascular 
reactionss after MDMA use. 
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Abstrac t t 
PurposePurpose - To evaluate the effects of 3,4-methylen-
edioxymethamphetaminee (MDMA, ecstasy) on the 
humann brain by using diffusion and perfusion magne-
ticc resonance (MR) imaging. 
MaterialsMaterials and Methods - Eight abstinent ecstasy users 
andd six ecstasy nonusers underwent diffusion and 
perfusionn MR imaging. Apparent diffusion coefficient 
andd relative cerebral volume maps were reconstruc-
ted.. Differences in apparent diffusion coefficient valu-
ess and relative cerebral blood volume ratios between 
thee groups were analyzed using the Mann-Whitney-
Wilcoxonn test. The relationship between apparent dif-
fusionn coefficient values and relative cerebral blood 
volumee ratios and the extent of previous ecstasy use 
wass investigated with Spearman rank correlation. 
ResultsResults - Apparent diffusion coefficient values (0.84 vs 
0.655 x io"5 cm2/sec, p < 0.025) a r ,d relative cerebral 
bloodd volume ratios {1.22 vs i .01, p < 0.025) were sig-
nificantlyy higher in the globus pallidus of ecstasy 
userss compared with nonusers, respectively. 
Increasess in pallidal relative cerebral blood volume 
weree positively correlated with the extent of previous 
usee of ecstasy (p = o.73, p< .04) . Conclusion - Ecstasy 
mayy be associated with tissue changes in the globus 
pallidus.. These findings are in agreement with case 
reports,, suggesting that the globus pallidus is particu-
larlyy sensitive to the effects of ecstasy. 

Introductio n n 
3,4-Methylenedioxymethamphetaminee MDMA 
("Ecstasy")) is an amphetamine congener that has gai-
nedd marked popularity as a recreational drug. MDMA 
inducess release of serotonin (serotonin) from seroto-
ninn neurons. However, it has become increasingly 
apparentt that M DMA use eventually can lead to toxic 
effectss on brain serotonin neurons in animals as well 
ass humans. In animals, damage to serotonin neurons 
hass been demonstrated by reductions in various mar-
kerss unique to serotonin axons, including brain sero-
tonin,, 5-hydroxyindoleacetic acid (5-HIAA), and the 
densityy of serotonin transporters (Battaglia et al., 
1987;; Ricaurteet al., 1988a; 1992; Schmidt 1987; Stone 
ett al., 1986). Anatomic studies in M DMA-treated ani-
malss indicate that these neurochemical changes are 
secondaryy to a distal axonotomy of serotonin neurons 
(O'Hearnett al., 1988; Wifson etal., 1989). Findings in 
recentt positron emission tomography, or PET, and 
singlee photon emission computed tomography, or 
SPECT,, studies have shown decreases in the number 
off central serotonin transporters in human MDMA 
users,, findings which are similar to those observed in 

MDMA-treatedd primates (McCann et al., 1998; 
Scheffell et al., 1998; Semple et al., 1999). 

Feww functional consequences of MDMA-induced 
neurotoxicityy have been identified, however, in either 
animalss or humans (Boot et al., 2000). Because 
MDMA-inducedd serotonergic damage may lead to 
impairmentt of functions in which serotonin is invol-
ved,, it is important to study the potential consequen-
cess of MDMA induced neurotoxicity. The brain micro-
circulationn is of particular interest since considerable 
evidencee (Cohen et al., 1996; Parsons 1991) has been 
accumulatedd in past years that strongly suggests that 
serotoninn is involved in the regulation of brain micro-
circulation.. It is, therefore, of interest to note that fin-
dingss in several case reports have linked the abuse of 
MDMAA to the occurrence of cerebrovascular acci-
dentss (Cledhill et al., 1993; Henry 1992a; Henry et al., 
1992b;; Spattetal., 1997; Squier etal., 1995), as a 
resultt of MDMA-induced effects on brain serotonin 
concentrations. . 

Diffusion-weightedd magnetic resonance (MR) 
imagingg provides a form of contrast that enables the 
quantitativee measurement of diffusional motion of 
waterr molecules in biological tissue, especially axons 
(Lee Bihan et al., 1992). Cellular structures, such as 
highlyy organized myelinated axons in white matter, 
restrictt water molecular motion, and the apparent dif-
fusionn coefficient (ADC) is reduced compared with 
diffusionn in bulk water (Basser et al., 1996; Conturo et 
al.,, 1995; Moseley et al., 1990; Pierpaoli et at., 1996; 
Vann Celderen et a!., 1994). Any process that results in 
changess in structural elements of tissue, such as 
removall of some of the restrictive barriers, can result 
inn increased ADC values. It is, therefore, thought that 
diffusion-weightedd MR imaging is a promising appro-
achh for the evaluation of tissue changes in degenera-
tingg brain and nerve matter (Horsfield et al., 1998; 
Kinoshitaa et al,, 1999; Larsson et al., 1992). Moreover, 
thee us dynamic contrast-enhanced perfusion-weigh-
tedd MR imaging has made it possible to study the 
brainn vasculature by means of calculating relative 
cerebrall blood volume (rCBV) maps (Rosen et al., 
1989). . 

Thee purpose of our study was to evaluate the 
effectss of ecstasy on the human brain with diffusion 
andd perfusion MR imaging techniques. 

Material ss  and Method s 
Participants Participants 
Thee study was carried out at the Academic Medical 
Centerr in Amsterdam, the Netherlands, from October 
throughh December 1998. Eight ecstasy users (seven 
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men,, one woman; mean age, 27.6 years  4.9 [SD]; 
agee range, 22-35 years) were compared with six ecsta-
syy nonusers (three men, three women; mean age, 22.3 
yearss  0.8; age range, 22-23 years) who were using 
drugs.. Recruitement was trough advertisements in 
locall newspapers. 

Subjectss selected were group-matched for age 
andd sex, were otherwise healthy, and had no history of 
psychiatricc illness. The six ecstasy nonusers reported 
noo prior use of ecstasy. Participants agreed to abstain 
fromm use of psychoactive drugs for at least 3 weeks 
beforee the study and were asked to undergo a urine 
drugg screening (with an enzyme-multiplied immuno-
assayy for amphetamines, barbiturates, benzodiazepi-
nee metabolites, cocaine metabolite, opiates, and can-
nabiss [marijuana]) before enrolment in the study. After 
urinee samples were tested, subjects were excluded on 
thee basis of the following criteria: positive results of 
thee urinetest for drug screening, pregnancy, or severe 
medicall illness. 

Subjectss were interviewed with a structured auto-
matedd diagnostic psychiatric interview, or Composite 
Internationall Diagnostic Interview (CORE, version 2.1; 
Worldd Health Organization, Geneva, Switzerland) to 
screenn for current axis I psychiatric diagnoses. A 
detailedd drug-history questionnaire was obtained, and 
inn addition, subjects were screened for left- or right 
handedness.. Written informed consent was obtained 
fromm all participants. The institutional Medical Ethics 
Committeee approved the study. 

TableTable 1. Demographics, characteristics of ecstasy users and ecstasy 

non-users' non-users' 

MRMR imaging methods 

MRR imaging was performed with a L5-T machine 
(Magnetomm Vision; Siemens, Erlangen, Germany) with 
echo-planarr imaging capability. Before perfusion and 
diffusionn MR imaging, transverseTi- and T2-weighted 
standardd spin-echo sequences were performed. 
Imagingg parameters were 670/14 (repetition time 
msec/echoo time msec) with one signal acquired forTi-
weightedd sequences and 3,500/90 with one signal 
acquiredd for fast spin-echo T2-weighted sequences. 
Sectionn thickness was 5 mm; matrix, 256 x 192; and 
fieldfield of view (FOV), 23 cm.Ti-andT2-weighted images 
weree evaluated for the presence of edematous changes. 

Diffusionn images were obtained by using echo-
planarr imaging with 700/118 and signal acquired, an 
FOVV of 23 cm, and a matrix of 96 x 200, Diffusion gra-
dientss were applied independently on each axis of the 

Meann age (years) 

Men/women n 

DART-IQ---

Ecstasy Ecstasy 

Durationn of use (y) 

Usuall dose (tablets) 

Lifetimee dose (tablets) 

Timee since last dose (weeks, 

Alcohol l 

(no.(no. consumptions/week) 

Tobaccoo (cig./week) 

Cannabiss (no.joints/week) 

Ecstas yy non 

nn = 6 

22.33  0.8 

3/3 3 
1122  5.8 

--
--
--
--

7.55 9 
i,88 4 

0.33  0.3 

userss Ecstas y users 
nn = 8 

27.66 9 

7/1 1 
98.33  14.3 

4-33 ( M - M 
2.4(0.5-5.0) ) 

154(30-500} } 

14.6(3.0-52.0) ) 

10.55 6 
42.99 2 

4.44 6 
Amphetamine e 

(no.times(no.times used/} months) - 2 -9 4 -5 i 

Dataa are expressed in mean  SD values 
11 DART = Dutch Adult Reading Test 

'•'• Statistical significant difference (p < 0.025) 

magnet.. Nine diffusion-weighted images were obtai-
nedd along each axis (bxj, byi, bzi, were i = 1.9). The b 
valuee is commonly used to describe the amount of dif-
fusionn sensitivity of the sequence. 

AA baseline image with minimum diffusion weigh-
tingg was acquired first by using small b value (b = o 
sec/mm2).. Then, a second diffusion-weighted image 
wass acquired with extended diffusion gradients to 
obtainn a larger b value (b = 1,000 sec/mm2). Although 
signall intensity in the diffu si on-weighted imaging is 
affectedd by Ti and T2, the ADC map is not. It is obtai-
nedd by calculating the logarithmic ratio of the signal 
intensityy at each pixel according to the following 
equation:: ADC = ln(Si/S2)/(b2-bi), where Si and S2 
aree the signal intensity of the baseline and diffusion-
weightedd images, respectively, and bi and b2 are the b 
valuess for the corresponding pulse sequences. 

Thee ADC value is also dependent on the direc-
tionn in which diffusion is measured, which makes a 
comparisonn of ADC values without taking into 
accountt the measurement direction, meaningless. By 
measuringg the ADC value in three orthogonal direc-
tionss and then averaging the results, with the 
equationn ADC = (ADCX + ADCy + ADCz}/3, we are able 
too measure diffusion that is independent of the orien-
tationn of structures. 

Echo-planarr T2*-weighted dynamic contrast-
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enhancedd images (0.8/54, one signal acqui red, 23-cm 

FOV,, 128 x 128 matr ix) were obta ined in 12 transverse 

sect ionss at 1,2-second intervals for 64 seconds i m m e -

diatelyy after in t ravenous bolus in ject ion o f gadopente-

tatee d i m e g l u m i n e (Magnev is t ; Schering, Berl in, 

Germany)) at o . i m m o l / k g o f body weight. The con-

trastt agent was power- in jected intravenously at a rate 

o ff 5 mL /sec t h r o u g h an 18-gauge antecubi ta l needle 

w i thh an MR-compat ib le power in jector (Spectris MR 

injector;; M e d r a d , Ind iano la , Pa). 

Quant i ta t i vee ADC and rCBV maps were au toma-

ticallyy der ived on a voxel-by-voxel basis by us ing soft-

waree (Massachuset ts General Hosp i ta l , N M R Center, 

Char les town,, Mass) (Ostergaard et al.. 1996; Rosen et 

al.,, 1989). Regions o f interest o f var ious brain regions 

(leftt and r ight f ron ta l cortex, occipi ta l cortex, wh i te 

matter,, p u t a m e n , and g lobus pal l idus) were def ined 

onn ADC and rCBV maps by a radiologist w h o was una-

waree o f the par t ic ipant 's history. Mean signal in tensi -

t iess were measured in the ROI on each ADC (expres-

sedd in io"5 x c m 2 / s e c ) and rCBV (expressed in 

arbi t raryy uni ts) m a p . Since suscept ib i l i ty-contrast 

rCBVV m a p p i n g m e t h o d yields a relative rather than an 

absolutee rCBV value, compar i son a m o n g subjects is 

faci l i tatedd by reference to an internal s tandard. 

Ana logouss to prev ious studies (Aronen et al., 1994; 

1995),, no rma l wh i te mat ter was used as th is referen-

ce.. Ratios were calculated by d iv id ing the mean rCBV 

o ff the bra in region by the mean rCBV o f whi te matter. 

i-5 5 

Trr 1-2 -

0.99 -

.. 0.6 -

0.33 -

Ecstasy y 

Non-users s 

Ecstasy y 

FigureFigure 1. Graph shows the mean (bar) and individual ADC values 

inin the globus pallidus in ecstasy nonusers and ecstasy users. Data 

showshow significantly higher ADC values in ecstasy users. * = statisti-

callycally significant difference in mean binding ratio between ecstasy 

nonusersnonusers and ecstasy users. 

VerbalVerbal intelligence 

TableTable 2. Mean rCBV; and ADC ratios in brain areas studied 

Ecstasyy non-users Ecstasy users 

n = 66 n = 8 

rCBVrCBV ratios 

Frontall cortex 
Occipitall cortex 

Putamen n 

Globuss pallidus 

ADCADC values (10''cm'/sec)-

Frontall cortex 

Occipitall cortex 
Whitee matter 

Putamen n 

Globuss pallidus 

1.900  0.24 

2.93*0.84 4 

1.48*0.17 7 

1.011  0.15 

3 3 

1.055  0.15 

0.811  0.06 

0.722  0.02 

0.655  0.03 

1.899  0.20 

2.677  1.28 
1.500 7 

1.222  0.14' 

1.233  0.09 

1.011 3 

0.899 5 
0.788 2 

0.844  0.22 

Dataa are expressed in mean  SD values 
-- rCBV = relative cerebral blood volume 
ADCC = apparent diffusion coefficient 

** Statistical significant difference (p < 0.025) 

Thee Du tch Adu l t Reading Test (DART) (Schmand et 

al.,, 1992) was admin is te red to obta in an es t imate o f 

verball in te l l igence. The DART is the Dutch adapta t ion 

o ff the Nat iona l Adu l t Reading Test (NART) (Ne lson 

1991),, a shor t reading test for the es t imat ion o f pre-

m o r b i dd verbal intel l igence quot ien t (IQ) (popu la t i on 

meann IQ, 100; SD, 15). Results o f th is test were used 

too descr ibe the sample. 

StatisticalStatistical analysis 

Differencess between the two groups w i th regard to 

demograph icc variables and exposure to other d rugs 

weree analyzed us ing the non-parametr ic M a n n -

Whi tney-Wi lcoxonn test. Differences in ADC values and 

rCBVV rat ios between both groups were also analyzed 

us ingg the Mann-Whi tney-Wi lcoxon test. The relat ions-

h ipp between ADC values and rCBV ratios in specif ic 

bra inn regions and the extent ( l i fet ime n u m b e r o f 

ecstasyy tablets taken) o f previous ecstasy and amphe-

t a m i n ee use was invest igated w i th the Spearman rank 

cor re la t ion ,, since it has the advantage that i t is no t 

usedd to specif ical ly assess a l inear associat ion but a 
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moree general association. To explore the effects age, 
sex,, and DART-IQ test results may have on rCBV 
ratioss and ADC values, a correlation analysis was per-
formedd between these variables and ADC values and 
rCBVV ratios. Because of the small sample size, the 
chancee of a type I error was set at a o.io, with the use 
off two-tailed tests of significance. To correct for mul-
tiplee comparisons, p values less than 0.025 (o.io + 4, 
forr four different brain regions) were considered signi-
ficant.ficant. All data were analyzed by using computer soft-
waree (SPSS version 9.0; SPSS Software, Chicago, III). 

Results s 
Noo statistical differences between any of the demo-
graphicc variables were found between both groups. 
Ecstasyy users consumed more alcohol and used more 
tobaccoo and cannabis than ecstasy nonusers before 
thiss investigation (Table 1), though this difference did 
nott reach statistical relevance. Ecstasy users ingested 
moree amphetamine compared with ecstasy nonusers, 
andd the difference was statostically significant. All par-
ticipantss were right-handed. 

Inn the ecstasy user group, participants had gene-
rallyy ingested more than 150 tablets of ecstasy over 
duringg a 2-3-year period. Most of the ecstasy users 
hadd not ingested ecstasy for several weeks, and some 

FigureFigure  2. ADC map obtained after voxel analysis to comapre mean 

ADCADC values between ecstasy nonusers (n = 6) and ecstasy users 

(n(n = 8). The green regions represent regions with significantly higher 

(p(p < 0.025) ADC values in ecstasy users compared with ecstasy 

nonusers.nonusers. These regions are located in the bilateral globus pallidus, 

thethe cingulate gyrus, the bilateral temporal cortex, and the left para-

hippocampalhippocampal gyrus. Diffusion imaging parameters were obtained 

byby using echo-planar MR imaging (700/718, one signal acquired, 

23-cm23-cm FOV, 96 x 200 matrix). After registration in the same orienta-

tion,tion, an unpaired Student t test was performed on each voxel of 

generatedgenerated ADC maps. 

••3 3 

m m 

* * 
1.22 - • • 

ss

o . 9 --

0.66 -

0.33 -

oo 1 1 
Ecstasy y 

Non-users s 

Ecstasy y 

FigureFigure 3. Graph shows the mean (bar) and individual rCBV ratios in 

thethe globus pallidus in ecstasy nonusers and ecstasy users. Data show 

significantlysignificantly higher rCBV ratios in ecstasy users. "v = statistically sig-

nificantnificant difference in the mean rCBV ratio between ecstasy nonusers 

andand ecstasy users. 

indicatedd that they had not ingested ecstasy for sever
all months (Table 1). 

Imaging Imaging 
Thee conventional Ti- and T2-weighted images showed 
noo edematous changes in the brain of ecstasy users 
andd ecstasy nonusers. In both groups, the differences 
betweenn left and right ADC values and rCBV ratios 
weree not statsitically significant. Because of this, and 
becausee we did not expect left-right differences in the 
effectss of ecstasy, a mean of left and right cerebral 
ADCC values and rCBV ratios was calculated for brain 
regionss studied. Overall, mean ADC values were hig
herr in ecstasy users compared with ecstasy nonusers. 
Thiss difference was statistically significant only with 
regardd to the globus pallidus (0.650 x io'5 x cm2/sec 
inn ecstasy nonusers vs 0.84 x io'5 x cm2/sec in ecstasy 
users)) (Table 2) (Figures 1 and 2). 

Similarr observations were made for rCBV ratios. 
Overall,, mean rCBV values were higher in ecstasy 
userss compared with ecstasy nonusers, although this 
differencee reached statistical significance only in the 
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FigureFigure 4. Correlation between rCBV in the globus pallidus and 

extentextent of previous ecstasy use, suggesting that the effects on rCBV 

valuesvalues are dosage-related in this brain region. 

globuss pallidus of ecstasy users (mean, 1.22) compa
redd with nonusers (mean, 1.01) (Table 2) (Figure 3). 

CorrelationsCorrelations of findings 
Noo significant correlations were observed between 
ADCC values and extent of previous ecstasy or amphe
taminee use. Age, sex, and DART-IQ test results were 
nott significantly associated with rCBV ratios or ADC 
values.. However, a significant association was obser
vedd between extent of previous ecstasy use and rCBV 
ratioo in the globus pallidus (p = 0.73, p < 0.04; Figure 
5).. The higher the ecstasy exposure, the higher the 
rCBVV ratio in the globus pallidus. 

Discussion n 
Inn the present study, we observed increased ADC valu
ess and rCBV ratios in the globus pallidus of ecstasy 
users.. As we have previously discussed, diffusion 
weightedd MR imaging enables evaluation of the ran
domm motion of water on a molecular level. ADC valu
ess are a rotationally invariant measurement of the 
amountt of total diffusion within a tissue (Basser & 
Pierpaolii 1996; Pierpaoli et al., 1996; Warach et al., 
1992).. The in vivo cellular environment contains cell-
membraness that form a restrictive barrier to water dif
fusion.. Findings in experimental models have shown 
thatt the axonal cell membrane is sufficient to account 
forr most of the restriction of water diffusion in white 

matterr (Beaulieu et al., 1994; Le Bihan et al., 1992). 
Diffusionn is much more restricted in a direction per
pendicularr to the axis of the axon, than in a direction 
parallell to the axon (Basser & Pierpaoli 1996; Conturo 
etal.,, 1995; Moseley et al., 1990; Pierpaoli et al., 1996; 
Vann Gelderen et al., 1994). It is, therefore, not surpri
singg that any process that disrupts the integrity of the 
axonn or results in axonal loss would change the diffu
sionn of water in this tissue. 

Thee increase in ADC value in the globus pallidus 
off ecstasy users may be due to axonal injury or loss or 
increasedd extracellular fluid (vasogenic edema). T2-
weightedd MR images are more sensitive to brain 
edemaa than are other measurements. However, local 
brainn edema was not detected on the T2-weighted 
imagess obtained in the ecstasy users. These results 
indicatee that changes in the globus pallidus of ecstasy 
userss at diffusion weighted MR imaging are not due 
too an increased water content in the extracellular 
spacee but may reflect axonal loss. 

Inn support of this idea, it is known that extensive 
serotonergicc axonal loss occurs in various brain 
regionss of animals treated with MDMA. These results 
havee been demonstrated anatomically in numerous 
studiess with the use of immunocytochemical methods 
forr visualization of axons that contain serotonin 
(Molliverr et al., 1990; O'Hearn et al., 1988; Wilson et 
al.,, 1989). In MDMA-treated monkeys, serotonergic 
axonss have shown to be reduced by 80-90% in cortical 
brainn areas, striatum and thalamus and by 60% in the 
globuss pallidus 2 weeks after MDMA administration. 
Inn time, some axonal sprouting also seems to take 
place,, but reinnervation patterns up to 7 years after 
treatmentt are abnormal, with some brain regions 
remainingg denervated and others showing evidence of 
reinnervationn (Hatzidimitriou et al., 1999). 

Theree is suggestive evidence that MDMA may 
alsoo be neurotoxic to serotonin neurons in humans 
(McCannn et al., 1998; Semple et al., 1999), as well as 
too serotonin neurons in animals and non-human pri
mates.. These observations support the suggestion 
thatt the increased ADC values which we observed in 
thee globus pallidus of ecstasy users, compared to 
ecstasyy nonusers, reflect a distal axotomy or axonal 
injuryy of ascending serotonergic projections to the 
globuss pallidus. In keeping with this idea, it has been 
shownn that a disturbance in the axonal integrity, pro
ducedd by the toxic action of methylmercury (methyl-
mercury),, resulted in increased ADC values in rats tre
atedd methylmercury (Kinoshita et al., 1999). Findings 
inn studies in patients with the demyelinating disease 
multiplee slcerosis have shown increased ADC values 
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inn multiple sclerosis lesions and increased ADC valu-
ess sometimes in normal white matter (Christiansen et 
al.,, 1993; Horsfield etaL, 1998; Larsson etal., 1992). It 
iss thought that the pronounced increase in diffusion 
inn the chronic stage of multiple sclerosis may repre-
sentt axonal loss and tissue destruction (Scanderberg 
e t a L ,, 2 0 0 0 ) . 

Inn addition to increased ADC values, we obser-
vedd increased rCBV ratios in the globus pallidus of 
ecstasyy users. Findings in studies have shown that 
administrationn of the potent cerebral vasodilatator 
acetazolamidee results in large increases in the rCBV 
ratioo {de Crespigny et al., 1998; Nighoghossian et al., 
1997).. Furthermore, it has been shown that following 
administrationn of cocaine, rCBV ratios in brain pial 
arterioless were consistent with the arteriolar diameter 
reduction.. Thus, a high rCBV ratio implies high 
regionall blood volume, or vasodilatation, whereas a 
loww rCBV ratio implies vasoconstriction (Kaufman et 
al.,, 1998). Therefore, the increased rCBV ratios in the 
globuss pallidus of ecstasy in this study most probably 
reflectss vasodilatation. 

Considerablee evidence has accumulated over the 
yearss that strongly points to a vasoconstrictor role of 
serotoninn in the control of brain microcirculation 
(Cohenn et al., 1996). The remarkable sensitivity of 
brainn vessels for serotonin has been paralleled by 
visualization,, as evidenced by autographical, bioche-
micall and immunocytochemical methods, of a rich 
networkk of nerve fibers around major cerebral arteries 
andd pial vessels that contain serotonin. In keeping 
withh this idea, it has been shown that induction of 
serotoninn lesions with systemic administration of 8-
hydroxy-2-(di-nn propylamino)tetralin (8-OH-DPAT) 
mediatess a vasodilator/ response in the cerebrovascu-
l a rr re (de Crespigny et al., 1998). It is thought that, 
becausee of reduced serotonin content, vasodilatation 
occurss due to removal of serotonergic constrictor 
effects.. The increases in rCBV ratios in the globus pal-
liduss of ecstasy users in this study may result from a 
similarr mechanism. 

Ass discussed previously, numerous studies have 
shownn that in animals and nonhuman primates 
MDMAA administration results in loss of serotonergic 
axonss and terminals, which leads to persistemt losses 
inn serotonin (Battaglia et al., 1988; Hatzidimitriou et 
al.,, 1999; Molliveretal., 1990; O'Hearn etal., 1988; 
Scanzelloo et al., 1993; Wilson et al., 1989). Findings in 
studiess in human ecstasy users have shown selective 
neurotoxicc effects on the serotonergic system, as indi-
catedd by decreases in 5-hydroxyindoleacetic acid in 
cerebrospinall fluid (McCann et al., 1994; Peroutka et 
al.,, 1987) and in the number of amount of serotonin 

transporterss (McCann et al., 1998; Semple etal., 
1999}.. These findings in human ecstasy users are 
similarr to findings in MDMA-treated animals with 
documentedd serotonergic neurotoxic lesions (Scheffel 
ett al., 1998; Ricaurte 1998b). There is, therefore, con-
sistentt evidence that the observed increased rCBV 
valuess in the globus pallidus of ecstasy users in this 
studyy may at least be attributed to MDMA-induced 
serotoninn deficits. In the present study, the positive 
associationn between ecstasy exposure and rCBV ratios 
furtherr supports this finding. 

Interestingly,, the finding of increased rCBV ratios 
inn the globus pallidus of ecstasy users in this study is 
inn agreement with the finding in a recent study by 
Renemann and co-workers (2000). Findings in that 
studyy show that in specific brain regions (particularly 
thee globus pallidus) high cortical serotonin2 receptor 
densities,, which are suggestive of low synaptic seroto-
ninn levels, were correlated with high rCBV ratios and 
implicatedd vasodilatation. On the other hand, low cor-
ticall serotonin 2 receptor densities, which are sugge-
stivee of high synaptic serotonin levels, were correlated 
withh low rCBV ratios, implicating vasoconstriction. 

Furthermore,, findings ina recent study by Chang 
andd co-workers (2000) show that in subjects who 
receivedd MDMA in a controlled setting, larger decrea-
sess in cerebral blood flow, which implicated vasocons-
triction,, were observed in subjects who received 
MDMAA more recently (on average, 2-3 weeks before 
thee examination). In addition, the authors observed 
increasedd cerebral blood flow values, which implica-
tedd vasodilatation, in several subjects who underwent 
imagingg after 2-3 months. The short-term effect of 
MDMAA involves excessive release of serotonin. It, the-
refore,, was suggested that, with normalization of the 
excesss of serotonin or depletion of serotonin in some 
regionss at later time, cerebral blood flow may return 
too normal or increase to greater thann normal values, 
duee to removal of serotonergic constrictive effects. In 
thiss study, we observed significant increases in rCBV 
ratioss in the globus pallidus in the ecstasy users with 
withh a long period of abstinence from ecstasy use, 
whichh was at least 3 weeks but on average was 3,5 
months. . 

Thee ratio obtained in this study between cortical 
grayy and white matter rCBV in ecstasy nonusers, 
whichh was approximately 2.5, correlates well with 
resultss in other MR rCBV mapping studies (Aronen et 
al.,, 1994}. The observed ADC values of approximately 
i.ii x iO"5xcm2/sec in gray matter in this study are in 
goodd agreement with those in the literature (1.0 x io"5 
xcm2/sec)) (Chien etal., 1992). 

Ass with all retrospective studies, there is a possibi-
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lityy that preexisting differences between ecstasy users 
andd nonusers underlie differences in rCBV ratios and 
ADCC values. Thus, people with high pallidal rCBV 
ratioss and ADC values may be predisposed to use 
ecstasy.. Another potential limitation of the present 
studyy may that the samples were small. Nevertheless, 
too our knowledge, there have been few studies in 
whichh the effects of ecstasy on the central nervous 
systemm have been investigated with MR imaging and 
noo studies with diffusion-weighted MR imaging. Age, 
sex,, and results of the DART-IQ test are not likely to 
havee influenced our findings, since they were not sig-
nificantlyy related to rCBV ratios or ADC values. Finally, 
althoughh most of the ecstasy users in our study had 
moree experience with other recreational drugs than 
ecstasyy nonusers, no statistically significant differen-
cess in the use of drugs other than amphetamine and 
ecstasyy were observed between the two groups in this 
studd and were, therefore, not likely to account for 
changess in rCBV ratios or ADC values. 

Wee cannot, however, completely rule out the pos-
sibilityy that the observed changes in the globus palli-
duss of ecstasy users were unrelated to amphetamine 
use.. Since amphetamine and the other drugs that 
ecstasyy users reported having used are unknown sero-

toninn neurotoxins in human beings, it seems unlikely 
thatt the findings in this study should be attributed to 
substancess other than MDMA. 

Inn conclusion, we provide suggestive evidence 
thatt ecstasy use is associated with changes in rCBV 
ratioss and ADC values in the globus pallidus of 
humann ecstasy users. These findings are consistent 
withh findings of serotonergic axonal loss and seroto-
ninn depletion in animals treated with MDMA, data in 
humanss from other published reports, and findings of 
cerebrovascularr accidents in medical histories of 
ecstasyy users. Future studies with larger samples of 
ecstasyy users will help in a further evaluation of the 
associationn between findings of cerebrovascular acci-
dentss in medical histories and findings of MDMA-
inducedd cerebrovascular accidents. Our data indicate 
thatt MR imaging may be a valuable tool in the investi-
gationn of the consequences of MDMA use in brain 
tissuee and the microvasculature. 
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Abstrac t t 
RationaleRationale - Although 3,4-methylenedioxymethamphe-
tarminee (MDMA or "Ecstasy") has been shown to 
damagee brain serotonin (5-HT) neurons in animals 
andd possibly humans, little is known about the long-
termm consequences of MDMA-induced 5-HT neuro-
toxicc lesions on functions in which 5-HT is involved, 
suchh as cognitive function. Because 5-HT transporters 
playy a key element in the regulation of synaptic 5-HT 
transmissionn it may be important to control for the 
potentiall covariance effect of a polymorphism in the 5-
HTT transporter promoter gene region (5-HTTLPR) 
whenn studying the effects of MDMA on cognitive 
functioning.. Objectives - To investigate the effects of 
moderatee and heavy M DMA use on cognitive func-
tion,, as well as the effects of long-term abstention 
fromm MDMA, in subjects genotyped for 5-HTTLPR. 
Methods-Methods-1515 moderate MDMA users (< 55 lifetime 
tablets),, 22 heavy MDMA users {> 55 lifetime tablets), 
166 ex-MDMA users {last tablet > 1 year ago) and 13 
controlss were compared on a battery of neuropsycho-
logicall tests. DNA from peripheral nuclear blood cells 
wass genotyped for 5-HTTLPR using standard polyme-
raserase chain reaction methods. Results - A significant 
groupp effect was observed only on memory function 
taskss (p = 0.04) but not on reaction times (p = 0.61) 
orr attention/executive functioning (p = 0.59). Heavy 
andd ex-MDMA users performed significantly poorer 
onn memory tasks than controls. In contrast, no evi-
dencee of memory impairment was observed in mode-
ratee MDMA users. Greater use of MDMA was associa-
tedd with greater impairment in verbal memory. No 
significantt covariance effect of 5-HTTLPR was obser-
ved.. Conclusions - While the use of MDMA in quanti-
tiess that may be considered 'moderate' is not associa-
tedd with impaired memory functioning, heavy use of 
MDMAA use may lead to long lasting memory impair-
ments.. No effect of 5-HTTLPR on memory function or 
MM DMA use was observed. 

Introductio n n 
Thoughh generally regarded as relatively safe, it has 
becomee increasingly apparent that the popular recre-
ationall drug 3,4-methylenedioxymethamphetamine 
MDMAA ("Ecstasy") can lead to toxic effects on brain 
serotoninn (5-HT) neurons in animals and possibly 
humanss (McCann et al., 1998; Semple et al., 1999; 
Renemann et al., 2001a; 2001b), In animals, damage to 
5-HTT neurons has been demonstrated by reductions 
inn various markers unique to 5-HT axons, including 
thee density of 5-HT transporters (Schmidt etal., 1986; 
1987;; Stone etal., 1986; Commins et al., 1987). 

Sincee MDMA-induced 5-HT neurotoxic damage may 
leadd to impairment of functions in which 5-HT is 
involvedd (e.g., memory function) (McEnteeS, Crook 
1991;; Altman etal., 1988; Hunter 1989) it is not only 
importantt to study the effects of MDMA on 5-HT 
neurons,, but on cognitive function as well. Memory 
functionn is of particular interest since several studies 
havee found that MDMA users display significant 
memoryy impairments, whereas their performance on 
otherr cognitive tests is generally normal (Krystal et al., 
1992;; Parrottetal., 1998; Parrott 2000). In animals, 
MM DMA severely damages 5-HT axons in brain regions 
involvedd in memory function, including the hippo-
campuss and cerebral cortex (O'Hearn et al., 1988; 
Steelee et al., 1994). 

Whilee the short-term neurotoxic effects of 
MDMAA on 5-HT neurons and memory have been stu-
diedd extensively, little is known about the long-term 
effectss in humans. Studies in non-human primates 
havee shown that up to seven years after treatment 
withh MDMA neocortical brain regions remain partially 
denervatedd while others show evidence of complete 
recoveryy (Hatzidimitriou et al., 1999). Furthermore, it 
iss unclear, whether moderate use of MDMA can pro-
ducee these changes. 

Severall studies suggest that 5-HT transporters 
mayy play an important role in cognitive processes 
suchh as memory function (Meneses 1999). As a key 
elementt in the regulation of synaptic transmission in 
serotonergicc neurons, the 5-HT transporter has beco-
mee an important research target. For instance, it has 
beenn shown that selective 5-HT reuptake inhibitors in 
non-dementedd elderly depressed patients improved 
bothh mood and cognitive function (Meltzer et al., 
1998).. Recently, a polymorphism in the 5-HTtranspor-
terr promoter gene region (5-HTTLPR; Heils et al., 
1995)) has been shown to regulate 5-HT transporter 
densityy in human cell lines (Lesch et al., 1996). 
Besidess reduced 5-HT transporter expression, the in 
vitroo transcriptionally less active 5-HTTLPR s allele has 
beenn associated with depression and anxiety-related 
personalityy traits (Collier et al., 1996; Lesch et al., 
1996).. In line with this, Heinz and colleagues (2000) 
foundd reduced in vivo 5-HT transporter densities (as 
measuredd with ['^IJp-CIT SPECT) in healthy subjects 
carryingg the s allele. It has been argued that low 5-HT 
functionn may be a cause rather than an effect of 
MDMAA use, since low 5-HT levels have been linked to 
impairedd cognitive functioning and impulsivity or sen-
sationn seeking in humans (Boot et al., 2000). Based 
onn these considerations, it could be hypothesized that 
thee s allele is associated with MDMA use and/or cog-
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nitivee function, and therefore an important confoun-
dingg variable when investigating cognitive function in 
userss of this drug. 

Therefore,, the present study investigated the 
effectss of moderate and heavy MDMA use on cogniti-
vee function in subjects genotyped for 5-HTTLPR. 
Furthermore,, the effects of long-term abstention from 
MDMAA use were analyzed. We hypothesized that we 
wouldd observe: (i) a dose related effect of MDMA on 
cognitivee function, (2) impaired cognitive function in 
subjectss with a long-term abstention period from 
MDMA,, and {3) that these effects are modified by the 
ss allele of the 5-HTTLPR genotype. 

Methodss and Materials 
Participants Participants 
Threee different groups of ecstasy users were compared 
withh ecstasy-naïve but drug using controls. Subjects 
weree recruited with flyers distributed at venues asso-
ciatedd with the "rave scene" in Amsterdam with the 
helpp of UNITY, an agency which provides harm reduc-
tionn information and advice. Experimental and control 
groupss were thus recruited from the same community 
sources.. Subjects selected were matched for gender 
andd age, between 18 and 45 years, otherwise healthy, 
andd with no psychiatric history. Three different groups 
off ecstasy users were recruited: 15 moderate ecstasy 
userss ("MDMA group"), 22 heavy ecstasy users 
("MDMA+group"),, and 16 ex-ecstasy users ("ex-
MDMAA group"). The eligibility criterion for the MDMA 
groupp was previous use of maximum 50 tablets of 
ecstasy,, whereas the MDMA+ group had to have used 
att least 50 tablets prior to the study. The ex-MDMA 
groupp had to have taken a minimum of 50 tablets but 
stoppedd using ecstasy for at least 1 year prior to the 
study.. The cut-off point of 50 lifetime tablets was based 
onn previous findings of increased risk of developing 
psychiatricc disturbances in people with a lifetime con-
sumptionn of 50 or more MDMA tablets (Schifano et 
al.,, 1994). The 13 controls were healthy subjects with 
noo self-reported prior use of ecstasy. 

Participantss agreed to abstain from use of all 
psychoactivee drugs for at least 3 weeks before the 
study,, and were asked to undergo urine drug scree-
ningg (with an enzyme-multiplied immunoassay for 
amphetamines,, barbiturates, benzodiazepine meta-
bolites,, cocaine metabolite, opiates, and marijuana) 
beforee enrolment. Subjects were interviewed with a 
fullyy structured computer assisted diagnostic psychia-
tricc interview (Composite International Diagnostic 
Interview:: GDI , version 2.1) to screen for current axis I 
psychiatricc diagnoses. After testing urine samples, 

exclusionn criteria were: a positive drug screen; preg-
nancy;; and a severe medical or neuropsychiatry 
illnesss that precluded informed consent. 

Subjectss were informed that reimbursement for 
participationn was contingent on no evidence of drug 
usee on the urine sample. The institutional Medical 
Ethicss Committee approved the study. After complete 
descriptionn of the study to the subjects, written infor-
medd consent was obtained from all participants. 

NeuropsychologicalNeuropsychological testing 
Wee selected a battery of widely used tests that have 
beenn related to serotonergic functions, particularly 
memoryy (Buhot 1997). 
Testt  o f genera l intelligenc e 
•• Dutch Adult Reading Test (DART; Schmand et al., 
1992).. Fifty words with irregular spelling are read 
aloud.. The number of correctly read words is transfor
medd into an estimate of verbal intelligence (DART-IQ). 
Thee DART is the Dutch counterpart of the National 
Adultt Reading Test (NART; Nelson 1982). This test 
givess an estimate of premorbid intelligence as it is 
relativelyy insensitive to cognitive deterioration due to 
neurologicc disorders. It was used to describe the 
samplee and as a covariate in the statistical analyses. 
Reactio nn Times 

•• Reaction times were tested using FePsy, an automa
tedd computerized battery of validated neuropsycholo
gicall tasks (Alpherts&Aldenkamp 1994). Reaction 
timess were evaluated separately on the non-dominant 
handd and dominant hand in response to simple auditi
vee and visual stimuli, and to a Binary Choice Task. 
Memor yy functio n 

•• Logical Memory of the Rivermead Behavioural 
Memoryy Test (Wilson et al., 1985). A 21-item news 
messagee is read to the subject, who repeats as many 
itemss as he or she can remember. After a 15-minute 
intervall he or she is asked to recall the message again. 
Scoree is the number of items recalled. In view of the 
limitedd reliability of this type of test, two messages 
weree used and the scores were summed. 

•• Visual Reproduction subtest of the Wechsler 
Memoryy Scale- Revised (WMS-R; Wechsler 1987) 
Fourr geometric figures are shown to the subject, one 
byy one during 10 seconds. Immediately after presenta
tionn the subject draws each figure from memory. After 
aa delay of 30 minutes he is asked to draw the figures 
oncee again. The number of correctly reproduced ele
mentss is scored. Total scores range to a maximum of 
411 points. 

•• Rey Auditory Verbal LeamingTest (RAVLT; Reyig64). 
Thee subject memorizes a series of 15 words in five lear-
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ntngg trials. Following a 20-minute delay, the subject is 
askedd to recall the word list. Raw scores are used. 
•• Corsi Block-tapping Test (Mi lner io j i ) This is a test 
off spatial memory span. The subject has to reproduce 
aa series of taps on blocks that are randomly dispersed 
onn a board. The length of the series is gradually incre
asedd until the subject consistently fails. 

Testss of attentio n and executiv e functionin g 
•• Category fluency (Luteijn & Van der Ploeg 1983). 
Namingg animals and occupations, for 1 minute each. 
Scoree is raw number correct in 2 minutes. 

•• Controlled Oral Word Association Test (COWAT; 
Bentonn & Hamsher 1976). During 1 minute the sub
jectt must say as many words as he or she can think of 
thatt begin with a given letter. Three trials with diffe
rentt letters were done. Score is raw number correct in 
22 minutes. 

•• Stroop Color Word Test (Stroop 1935; Hammes 
1971).. This test measures perceptual interference, 
responsee inhibition, and selective attention by having 
subjectt name colors, and name the color of ink of 
color-wordss when the words are printed in a non-mat
chingg colored ink. Score is the time to completion in 
secondss for 100 items. 

•• Trail making Test part A and B (Reitan 1958; 1992). 
Thee task is to connect numbers (part A) and to con
nectt numbers alternating with letters (part B) on a 
sheett of paper. This is a test of visual scanning, visuo-
motorr and conceptual tracking, mental flexibility, and 
motorr speed. Score is time to completion in seconds. 

•• Wisconsin Card Sorting Test (WCST; Heaton et al., 
1993),, This test uses a deck of cards on which diffe
rentt numbers of different forms in different colors are 
shown.. The task is to sort the cards according to one 
off three possible sorting rules (color, number, or 
form).. These rules are not told to the subject; he or 
shee must identify the sorting rules. However, after 
eachh sort feedback is given on whether it was correct. 
Oncee a sorting rule has been found (ten correct sorts 
onn a row), the sorting rule is changed without war
ning,, so that the subject has to shift to a different rule. 
Off particular interest are perseverative errors of the 
kindd where the subject keeps sorting according to a 
previouslyy correct rule or to a rule that he or she was 
toldd to be wrong in the immediately preceding sort. 
Thee WCST is a test of concept formation and set shif
ting.. Scores are the raw numbers of errors, persevera
tionss and sort shifts ("categories"). 

Genotyping Genotyping 
Genotypingg was performed using peripheral nuclear 
cellss obtained by centrifugation of approximately 5 mL 

bloodd from the antecubital vein. 5-HTTLPR I and s 

alleless were analyzed using polymerase chain reaction 

ass described elsewhere (Lesch et al., 1996; Heils et al., 

1995)--

StatisticalStatistical Analyses 
CharacteristicsCharacteristics of the sample 
Differencess in continuous variables (log transformed 
iff necessary) between the four groups were analyzed 
usingg ANOVA and Bonferroni post hoc analysis. 
Differencess in the prevalence of subjects carrying the 
ss allele between MDMA users and control subjects 
weree investigated using the Chi-square test. In addi
tion,, Pearson correlation analyses was performed 
betweenn the 5-HTTLPR genotype and extent of pre
viouss MDMA use. 
NeuropsychologicalNeuropsychological testing 

Differencess between the four groups in the three main 
cognitivee domains (reaction speed, memory function 
andd attention/executive functioning) were analyzed 
usingg general linear model-based MANOVA, with one 
betweenn group factor (Croup) and five potential cova-
riantss (age, gender, DART-IQ, 5-HTTLPR and extent of 
previouss cannabis use). If MANOVA revealed a signifi
cantt group effect, we investigated differences in cog
nitivee parameters between groups by one-way ANOVA 
andd Bonferroni post hoc analysis. 

Correlationss between cognitive parameters (on 
whichh the four groups differed significantly) and 
extentt of previous M DMA use were assessed using 
Pearsonn correlation analyses. Because age, gender, 
verball intelligence and extent of previous cannabis 
usee have been shown to be highly associated with the 
majorityy of memory tests, we also performed partial 
correlationss to control for age, gender, DART-IQ and 
extentt of previous cannabis use. In addition, partial 
correlationss were assessed between cognitive para
meterss and extent of previous cannabis use while con
trollingg for age, gender, DART-IQ and extent of pre
viouss MDMA use. 

Thee chance of a type I error a was set at 0.05 
usingg two-tailed tests of significance. In case 
Bonferronii corrections were made, statistical signifi
cancee within the text will be reported as a corrected p 
value.. All data were analyzed using SPSS version 10.0 
(SPSS,, Inc., Chicago., Ill, USA). 

Result s s 
CharacteristicsCharacteristics of the sample 
Thee three groups were similar for age, and gender dis
tribution.. The level of education was significantly 
lowerr in MDMA users. However, MDMA users did not 
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TableTable i . Demographics, prevalence of current depression and other recreational drug exposure' 

Agee (y) 

Male/female e 

Educationn (y) 

DART-IQ^ ^ 

AlcoholAlcohol and other recreational drug use 

Alcoholl (no.alcoholic consumptions/week} 

Tobaccoo (cig./day) 

Lostt J months use of: 

Cannabiss (no joints) 

Amphetaminee (no. times used) 

Cocainee (no. times used) 

Dataa are expressed in mean  SD 
•• DART = Dutch Adult Reading Test 
•• Significantly different from controls (Bonferroni corrected p value = 0.004} 
'' Significantly different from controls (Bonferroni corrected p value = 0,037) 
•• Significantly different from controls (Bonferroni corrected p value = 0.018) 

Control s s 

nn = T3 

25.00 (3.6) 

7/6 6 
U-5(i-3) ) 
105.88 (7.2) 

12.77 (12.2) 

9-33 (5 ) 

3-66 (37) 
0.33 (0.6) 

0 0 

MDMA A 

nn  = i S 

24.66 (6.1) 

9 / 6 6 

13.11 (2.3} 

111.6(9.9) ) 

15.4(12.5) ) 

8.88 (7-4) 

53-00 (69.4) 

i-33 (3-5) 
2.22 (2.1) 

MDMA + + 

nn = 22 

26.22 (5.3) 

11/11 1 

12.66 (2.2} 

105.22 (8.5) 

11.8(12.6) ) 

10.22 (10.6) 

81.77 (128.7)-= 

3-33 (6-3) 
4.11 (30) 

ex-MDMA A 

nn = i 6 

25-33 (54) 
8/8 8 
11.88 (2.4)5 

103.9(98) ) 

14.8(11.7) ) 

13.0(8.1) ) 

114.22 (220.5) 

0 0 

0 0 

differr from controls in verbal intelligence {DART-IQ} 
(Tablee 1}. 

Thee use of alcohol, tobacco, cocaine and amphe
taminee was higher in MDMA users compared to con
trols,, although not statistically different. MDMA-users 
indicatedd having used significantly more cannabis in 
thee three months prior to this investigation than con
trolss (Table 1}. None of the subjects under study repor
tedd using drugs other than the ones fisted in Table i, 
suchh as for instance phencyclidine or opiates. 

Apartt from the anticipated differences between 
groupss due to inclusion criteria, no significant differen
cess between the different subgroups of M DMA users 

TableTable 2. Characteristics of MDMA use 

MDMAA MDMA+ ex-MDMA 

Durationn of use (yean) 4,1 (2,6) 5.5 (2.7) 4.6 (2.6} 

Usuall dose (tablets) 1.4(0.5)' 2.2(0.7) 2.1(1.0) 

Lifetimee dose (tablets) 28.6(17.8)' 485.0(598.1) 268,1(614.3) 

Timee since last tablet 

(months)(months) 3.6 (5.9) 2,4 (2.4) 29.0 (20.4)' 

Significantlyy different from MDMA» (Bonferroni corrected p value = 
o.OO)) and ex-MDMA group (Bonferroni corrected p value = 0.03) 

;; Significantly different from MDMA» (Bonferroni corrected p value = 
0.00)) and ex-MDMA group [Bonferroni corrected p value = 0.02) 
Significantlyy different from MDMA (Bonferroni corrected p value = O.Oo) 
andd MDMA+ group (Bonferroni corrected p value = 0.00) 

wass observed. Whereas recent M DMA users (moderate 
andd heavy) were analyzed on average 2-4 months after 
takingg their last tablet, this was 29 months for the ex-
MDMAA group (Table 2). 

NeuropsychologicalNeuropsychological testing 

Tablee 3 represents the scores on the three main cogniti
vee domains (reaction speed, memory function and 
attention/executivee functioning) analyzed. MANOVA 
onlyy revealed a significant main effect of Croup on 
memoryy function (F = 1.66, d f= 24, p = o.03), but not 
onn reaction times (F = 0.87, df = 18, p = 0.61) or atten
tion/executivee functioning (F = 0.92, df = 27, p = 0.58). 
Sincee a significant covariance effect of DART-IQ (p = 
0.00)) and age (p = 0.03} was observed on main effect 
off Group on memory function in the MANOVA analy
sis,, within groups comparisons were controlled for 
thesee covariants, but not for gender (p = 0.10), 5-
HTTLPRR genotype (p = 0.44) or extent of previous can
nabiss use (log transformed; p = o.2i). 

Univariatee ANOVA demonstrated a significant 
groupp effect on RAVLT immediate (F = 7.1, df = 3, p = 
0.00)) and delayed word recall (F = 5.6, df = 3, p = 0.00}. 
Postt hoc analysis showed that heavy, but not moderate 
(pp = o.ti), MDMA users recalled significantly less 
wordss (p = 0.00) when compared to controls. Ex-
MDMAA users also recalled significantly less words on 
thee immediate RAVLT when compared to controls (p = 
o.oi).. Similar observations were made on the delayed 
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RAVLTT recall: heavy, but not moderate (p = o.2o), 
MDMAA and ex-MDMA users recalled less words {p = 
o.oii and p = 0.04, respectively) as compared to con-
trols. . 

Extentt of previous MDMA use (log transformed) 
wass significantly associated with immediate (r = -0.42, 
pp = o.oo) and delayed RAVLT scores (r = -o.33, p = o.oi) 
(Figuree l ) . When controlling for potential confounders 
(age,, gender, DART-IQ, and extent of previous cannabis 
use)) in the partial correlation analysis, the associations 
betweenn extent of previous MDMA use and RAVLT sco-
ress remained significant (r = -o.36, d f = 6 i , p = 0.00, 
andd r = -0.28, d f= 60, p = 0.03, respectively). 

Extentt of previous cannabis use (log transformed) 
wass significantly associated with immediate (r = -0.26, 

pp = o.o4) but not delayed RAVLT scores (r = -o.n, p = 
0.38).. However, when controlling for age, gender, 
DART-IQ,, and extent of previous MDMA use, the 
observedd association between extent of previous can-
nabiss use and immediate recall did not remain signifi-
cantt (log transformed; r = -o.i4, d f= 61, p = o.27), nor 
thee delayed recall (r = -o.o2, d f= 60, p = o.88). 

Genotype Genotype 
Genotypee distribution in MDMA users was in good 
accordancee with 5-HTTLPR genotype distribution pat-
ternss found in healthy white European subjects (Lesch 
ett al., 1996): l/l, 17 (3i-5%); l/s, 29 (537%); s/s, 8 
(14.8%).. Controls and MDMA users did not differ in 
genotypee distribution patterns (p = 0.38). Finally, corre-

TableTable 3. Reaction times and cognitive performance (memory and attention)' 

MedianMedian Reaction Tinnes (miec) 

Auditivee DH 

Auditivee NH 
Visuall DH 

Visuall NH 

Binairyy choice task 

Binairyy choice (total falses) 

MemoryMemory function (total scores) 

Logicall memory immediate 

Logicall memory delayed 

WMSS immediate 

WMSS delayed 

RAVLTT immediate 

RAVLTT delayed 

Corsii Block Spar 

Corsii Block Span plus one 

AttentionAttention and executive function 

Categoryy fluency (sum score) 

Letterftuencyy (sum score} 

Stroopp color (sec) 

Stroopp color-word (sec) 

Trailmakingg A (sec) 

Trailmakingg B (sec) 

WCSTT errors 

WCSTT perseverations 

WCSTT categories 

Control s s 
(11 = 13 

242.55 (22.1} 

244.44 (34-6) 
282.11 (52.2) 

316.00 (92.8) 

382.99 {112.6} 

2-55 (3-4) 

17.99 (6.1} 

15.33 (5.8) 

394( i -9 ) ) 
36.44 (3.4) 

59-11 (7-4) 
13.11 (2.1) 

5-22 (0.7) 
5.66 (0.6) 

rigg (total scores) 

44-33 (7-5) 

44-44 (9-3) 

53-99 (90) 
82.66 {144) 

24.88 (7.5) 
47-9(12.5) ) 

355 3 (24-0) 

19-33 05-7} 
4.66 (1.5) 

MDMA A 

nn  = i5 

246.77 (28.3) 

250.11 (24.1) 

287.77 (55-2} 
298.66 (56.2) 

368.22 (53.0) 

2.66 (3.1) 

16.11 (5.2) 

12-7(54) ) 
39.22 (1.8) 

36.22 (5.5} 
51.22 (8.6} 

10.77 (3.2) 

5-7(i.i) ) 

5-99 0-o} 

47.0(12.6} } 

41.55 (9.8) 

56.7(10.5) ) 

83.55 (12.0) 

20.66 (6.5} 

49-77 04-5) 
36.77 (22.8) 

15.88 (8.5) 

4-88 0-7) 

MDMA + + 

nn  = 22 

245.22 (30.2) 

245-55 (26.8} 

257-44 (30.7) 
268.7(31.7) ) 

353-77 (67-9) 
5.00 (7-2) 

17-99 (3-8) 

14-44 (3-9) 
38.44 (2.6) 

3544 (5-6) 
47-00 (8.6) 

9.88 (2.9) 

5-66 (1.3) 
6.0(1.1} } 

45-11 (74) 
41.66 (12.6} 

53-22 (9.0) 
82.00 (15.5) 

19-99 (3-7) 
46.4(15.7) ) 
38.88 (18.3) 

19-77 (14-6) 
4 4 ( ii .6) 

ex-MDMA A 

nn  = i 6 

244-11 (290) 

254-33 (3233) 
270.33 (46.6) 

279-99 (53-6) 
368.33 (69-5} 

2.66 (1.9) 

16.33 (5.8) 

13.88 (6.2) 

377 7 (3-2) 

355 9 (41) 
48.00 (12.5) 

10.ii (2.9) 

5-77 0-3) 
6.0(1.2) ) 

41.4(10.2) ) 

39.66 {10.4) 

53-55 (7-9) 

85-55 (144) 
24.00 (n.6) 

52-55 03-5) 

35-55 (192) 
15-11 03-6) 
4-77 (2.1) 

P P 

0.61 1 

0.04' ' 

0.15 5 
0.12 2 

O.44 4 

0.91 1 
O.OO' ' 

o.ooJ J 

0.59 9 

0.51 1 

0.59 9 

Dataa are expressed in mean  SD 
Significantt group effect (MANOVA: F., = 1.66) 
Postt hoc analysis: Control vs MDMA group, corrected p = 0.11, control vs MDMA-i- group, Bonferroni corrected p = 0.00. control vs ex-MDMA group, 
Bonferronii corrected p = 0.01. 
Postt hoc analysis: Control vs MDMA group, corrected p = 0.20, control vs MDMA-t- group, Bonferroni corrected p = O.Oi, control vs ex-MDMA group, 
Bonferronii corrected p = 0.04. 
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FigureFigure 1. A. Correlation between RAVLT immediate recalt scores and 

extentextent of previous MDMA use (log transformed). 

B.B. Correlation between RAVLT delayed recall scores and extent of 

previousprevious MDMA use (log transformed). 

lationn analysis demonstrated no significant relations-
hipss between the 5-HTTLPR genotype and extent of pre-
viouss MDMA use (p = 0.71). Thus, as also shown 
above,, the 5-HTTLPR genotype is not related to perfor-
mancee on the memory tests and is not a confounder of 
thee observed relation between MDMA use and memory 
performance. . 

Discussion n 
Ourr findings indicate impairments in memory function 
inn heavy users of MDMA with relatively intact perfor-
mancee in reaction times and tasks of attention and exe-
cutivee functioning. Similar observations were made in 
individualss who stopped using MDMA more than 1 
yearr ago. In contrast, no evidence of cognitive impair-
mentt was observed in subjects who indicated having 
usedd MDMA in quantities that may be considered 
'moderate'.. Ourr results indicate that higher lifetime 
dosess of MDMA are associated with greater decre-

mentss in memory function. Lastly, our data provide no 
evidencee for a role of 5-HTTLPR genotype in MDMA 
(ab)usee or cognitive performance. 

Thee present observations made in heavy users of 
MDMAA are generally consistent with previous reports 
suggestingg that recreational MDMA users display signi-
ficantficant memory impairments, whereas performance on 
otherr cognitive tests is generally normal (Parrott 2000; 
Spattt et al., 1997; Morgan 1998; Parrott et al., 1998). 
Impairmentss have been demonstrated in immediate 
andd delayed verbal recall (Parrott et al., 1998; Bolla et 
al.,, 1998; Morgan 1999) and in verbal working memory 
(Wareingg et al., 2000). Presently, differences in memory 
functionn between MDMA users and controls were 
observedd only using RAVLT. This may result from the 
factt that the RAVLT is known to be a very reliable test. 
Testt re-test correlation scores (with an interval of 2 
months)) for RAVLT are higher than for the other memo-
ryy tests administered in this study: 0.80 and 0.83 for 
RAVLTT immediate and delayed recall, respectively (Van 
denn Burget al., 1985). For the other memory tests 
administeredd in this study the correlation coefficient 
variess from 0.60 (WMS) to 0.75 (Logical memory) 
(derivedd from WMS-III, 1997; Wechsler 1997). 

Inn agreement with previous studies we observed 
thatt greater use of MDMA is associated with greater 
impairmentt in immediate verbal memory. Interestingly, 
wee observed that individuals who had stopped heavy 
usee of MDMA for more than year preformed equally 
poorr on the word recall test as recent heavy M DMA 
users.. Shum and co-workers (2000) reported on RAVLT 
scoress of patients with similar age and educational 
levell to our subjects who had suffered from severe trau-
maticc brain injury (TBI) 2 years previously. Criteria for 
severee TBI were: a Glasgow Coma Scale < 9 or a dura-
tionn of posttraumatic amnesia of more than 7 days. 
Scoress on the immediate RAVLT were 59.4 in controls 
vs.. 47.4 in the TBI patients, and approximately 13.8 vs. 
10.8,, respectively, on the delayed recall. These scores 
aree comparable to the scores presently observed in 
heavyy recent and ex-MDMA users, which may indicate 
thee severity and clinical significance of the memory dis-
turbancess induced by MDMA use. However, it is likely 
thatt the memory impairments will not be noticed by the 
subjectss themselves because the deterioration is a gra-
duall one and extends over a long period of time. It is 
possiblee that the cognitive impairment becomes appa-
rentt only after many years when the effects of normal 
agingg add to the possible 5-HT neurotoxic damage . 

Thee persistent memory problems in ex-MDMA 
userss may suggest irreversibility of MDMA-induced 5-
HTT neurotoxic changes in brain regions involved in 
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memoryy functions. In line with this, it has been shown 
inn non-human primates that cortical 5-HT terminal 
markerss remain decreased up to seven years after 
MDMAA treatment, particularly prominent in the hippo-
camuss (Hatzidimitriou et al., 1999). To our knowledge 
noo study has previously investigated the effects of long-
termm M DMA abstention on memory function. 

Withh respect to moderate MDMA users, contrary 
too findings in previous studies in which 'novice' MDMA 
userss (Parrott et al., 1998; Bhattachary& Powell 2001) 
demonstratedd verbal memory deficits, we did not 
observee memory deficits in moderate users of this 
drug.. As discussed above, presently only subjects with 
highh MDMA exposure (> 55 tablets, on average 530 
tabletss lifetime) were found to have memory deficits. 
Discrepanciess between the previous studies may be 
attributedd in part to the fact that subjects in our study 
abstainedd from psychoactive drugs for at least 3 weeks. 
Thus,, acute or partial residual effects, or drug withdra-
wal,, may have caused the memory disturbances noted 
inn the study by Parrott (1998). Alternatively, subjects in 
thee previous mentioned studies may have used extre-
melyy high doses of MDMA, causing brain 5-HT neuro-
toxicityy despite the small number of separate drug 
exposures.. One other study reported memory pro-
blemss in moderate MDMA users (Verkes etal., 2001). 
However,, the moderate users had used on average 169 
tabletss (lifetime), as opposed to 29 tablets in the cur-
rentt study. In any case, it is well known from animal 
studiess that higher dosages of M DMA produce greater 
neurotoxicc lesions (Steele et at., 1994). In line with this, 
wee presently observed dose-related decreases in 
memoryy function. In a study by Bolla and colleagues 
{1998)) in which CSF 5-HIAAand memory function was 
assessedd in abstinent MDMA users, only individuals 
withh more profound decrements in CSF 5-HIAA (presu-
mablyy reflecting a greater extent of 5-HT injury) had 
detectablee difficulties with memory function. In line 
withh this, we previously reported that post-synaptic cor-
ticall 5-HT2A receptors {presumably reflecting lower 
synapticc 5-HT levels) correlated positively with RAVLT-
recalll in MDMA users (Reneman et al., 2000). 

Wee presently investigated the potentially confoun-
dingg influence of heritable effects on memory function 
andd the use of MDMA, It was observed that the 5-
HTTLPRR genotype was not associated with memory 
functionn or MDMA use. Although studies observed an 
importantt role of 5-HT transporters in cognitive proces-
sess such as memory function (Meltzeret al., 1998), we 
previouslyy did not observe a correlation between 
memoryy function and cortical 5-HT transporter densi-
tiess obtained in MDMA users and MDMA-naïve sub-
jectss (Reneman etal., 2001b). Although there are stu-

diess suggesting that the s allele is associated with 
depressionn and anxiety-related personality traits 
(Collieretal.,, 1996; Lesch etal., 1996), other studies 
failedd to find such an association (Hoehe et al., 1998; 
Mendess et al,, 1998}. Thus, the findings of the present 
studyy suggest that the observed memory deficits in 
MDMAA users do not result from a genetic predisposi-
tionn to low 5-HT transporter densities (the s allele), but 
probablyy result from the use of MDMA itself. 
Furthermore,, the use of MDMA does not seem to 
resultt from pre-existing differences in 5-HT transporter 
densities,, since genotype distribution in MDMA users 
wass in good accordance with 5-HTTLPR genotype 
foundd in healthy European subjects (Lesch et al., 1996), 
andd did not differ from the distribution found in control 
subjects.. However, because of our small sample size, 
thee preliminary findings remain to be proven. 

Wee previously reported gender differences in the 
neurotoxicc effects of MDMA (Reneman etal., 2001a}, 
sincee greater reductions in 5-HT transporter densities 
weree observedd in female than in male MDMA users, 
suggestingg that females are more susceptible than 
maless to the neurotoxic effects of MDMA. In line with 
this,, a recent study suggested a more pronounced sub-
jectivee response to MDMA in females compared to 
maless (Liechti et al., 2001). In addition, McCann and 
co-workerss (1994) observed greater reductions in 5-
HIAAA in female than in male MDMA users, suggesting 
thatt females may be more susceptible than males to 
thee neurotoxic effects of MDMA. In contrast to this, we 
presentlyy did not observe differences between males 
andd females in the effects of MDMA on memory func-
tion.. Previous studies have failed to investigate the 
effectt of gender on memory function in MDMA using 
subjects,, or not observed an effect. However, Bolla and 
colleaguess (1998) reported that females were less 
susceptiblee than males to MDMA dose-related decrea-
see in memory function. 

Itt is common for MDMA users to consume can-
nabis,, making it difficult to recruit MDMA users who 
havee not also used cannabis. Recent studies have poin-
tedd out the importance of taking cannabis consump-
tionn into account when studying MDMA-related cogni-
tivee impairment (Croftetal., 2001; Rodgers 2000). 
However,, the adverse effects of long-term cannabis use 
onn cognitive skills have not been clearly demonstrated 
inn the literature (Fletcher et al., 1996). For instance, 
Couzoulis-Mayfrankk and co-workers (2000) did not 
observee differences in cognitive performance between 
cannabiss users and ecstasy users or controls, whereas 
Croftt and co-workers (2001) observed no difference in 
cognitivee functioning between combined cannabis and 
MDMAA users as compared to sole cannabis users. In 
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thee present study, three lines of evidence suggest that 
thee deficits in the heavy recent and ex-MDMA users 
discussedd above were not related to cannabis con-
sumption.. The first is that if cannabis was responsible 
forr the observed memory impairments then a signifi-
cantt covariance effect of cannabis on memory function 
inn the MANOVA analysis might be expected, which 
wass not the case. The second piece of evidence is that 
noo association between extent of previous cannabis 
usee and memory function was observed after control-
lingg for potential confounders, as was observed for 
extentt of previous MDMA use. Previous studies have 
alsoo failed to demonstrate an association in MDMA 
userss between extent of previous cannabis use and 
memoryy function (Bhattachary & Powell 2001). Finally, 
thee poor memory performance in heavy and ex-M DMA 
usingg subjects is unlikely to be due to acute or partial 
residuall effects of cannabis since all participants 
reportedd that they had abstained from use of cannabis 
orr other psychoactive drugs (including MDMA) for at 
leastt 3 weeks before the study, which was checked in 
thee urine. Thus, although cannabis may have contribu-
tedd to some extent to the poorer performance of heavy 
andd ex-MDMA users compared with MDMA-naïve 
subjects,, cannabis is unlikely to fully account for the 
presentt findings. Recently a longitudinal study was 
publishedd (Zakzants &, Young 2001) in which memory 
functionn was assessed over the period of 1 year in 15 
currentt users of MDMA. Continued use of MDMA was 
associatedd with a progressive decline in terms of 
immediatee and delayed recall of a short passage (logi-
call memory). 

Wee cannot exclude the possibility that the use of 
otherr drugs than MDMA and cannabis (as discussed 
above)) may have differed between groups and have 

contributedd to the impairments observed here. We 
minimizedd the influence of other drugs than MDMA 
andd psychosocial factors by taking a control group 
fromm the same population as which the MDMA users 
weree recruited from. This differs conspicuously from 
mostt previous studies, where controls came from a 
universityy or general population. 

Unfortunately,, we were not able to assure absti-
nencee from M DMA for more than one year in the ex-
MDMAA users. In future studies, hair-sample analysis 
mayy be useful to ascertain long periods of abstinence 
fromm MDMA. In addition, follow-up studies in human 
subjectss with known MDMA-induced neurotoxicity 
needd to be conducted to allow definite conclusions on 
reversibilityy of memory impairments in humans. 

Thee observed memory impairments in heavy and 
ex-MDMAA users cannot readily be attributed to diffe-
rencess in verbal language skills, since the groups were 
alll comparable with one and another on a measure of 
verball IQ (DART). Likewise, it seems unlikely that they 
reflectt generalized impairments of attention or con-
centration,, since the groups did not differ on any of the 
taskss investigating these factors. 

Inn summary, our data suggest dose-dependent 
decreasess in memory function in MDMA users, which 
mayy not be reversible since individuals who had stop-
pedd using MDMA more than I year ago have impaired 
memoryy function, similar to recent MDMA users. In 
addition,, our data provide no evidence for a role of 5-
HTTLPRR genotype in cognitive performance or MDMA 
(ab)use. . 
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Abstrac t t 
BackgroundBackground - Although the popular recreational drug 
3,4-methylenedioxymethamphetaminee (MDMAor 
"ecstasy")) has been shown to damage brain serotonin 
(5-HT)) neurons in animals, the fate and functional 
consequencess of 5-HT neurons after MDMA injury are 
nott known in humans. We investigated the long-term 
effectss of MDMA use on cortical 5-HT neurons in 
humanss and memory function, because brain 5-HT 
hass been implicated in memory function. 

Methodss - Twenty-two recent MDMA users, 16 
ex-MDMAA users who had stopped using MDMA for 
moree than 1 year, and 13 controls were enrolled. The 
effectss of M DMA use on cortical 5-HT neurons was 
studiedd by menas of single-photon emission compu-
tedd tomography with iodine 123-labeled 2(i-carbo-
methoxy-3p-(4-iodophenyl)tropanee ([,I3l](i-CIT) by 
quantificationn of brain 5-HT densities. Verbal memory 
performancee was assessed with the Rey Auditory 
Verball Learning Test. Results - Mean cortical [[,2JI](3-
CIT-labeledd 5-HT transporter density was significantly 
lowerr in recent MDMA users than in controls (1.17 vs. 
1.288 [-9%]) but not in ex-MDMA users (1.24 vs. 1.28 [-
3%]).. Recent and ex-MDMA users recalled significant-
lyy fewer words than did controls on the immediate 
recalll {47.0 and 48.0 vs. 60.0, respectively; p = 0.001} 
ass well as the delayed recall (9.8 and 10.1 vs. 13.1, 
respectively;; p = 0.003). Greater use of MDMA was 
associatedd with greater impairment in immediate ver-
ball memory. However, memory performance was not 
associatedd with [II!l](3-CiT binding to cortical 5-HT 
transporterss or duration of abstinence from MDMA. 
Conclusionss - The present study suggests that, while 
thee neurotoxic effects of M DMA on 5-HT neurons in 
thee human cortex may be reversible, the effects of 
MDMAA on memory function may be long-lasting. 

Introductio n n 
Althoughh generally regarded as relatively safe, the 
popularr recreational drug 3,4-methylenedioxymet-
hamphetaminee MDMA ("Ecstasy") has increasingly 
beenn shown to lead to toxic effects on brain serotonin 
{5-HT)) neurons in animals and possibly in humans. In 
animals,, damage to 5-HT neurons has been demon-
stratedd by reductions in various markers unique to 5-
HTT axons, including the density of 5-HT transporters 
(SERTs)) (Schmidt et al., 1986; 1987; Stone et al., 1986; 
Comminss et al., 1987; Battaglia et al., 1988). Since the 
SERTT is located on the pre-synaptic axons and axon 
terminalss of 5-HT neurons, it is considered to be a 
reliablee marker of 5-HT neurotoxic changes. With the 
developmentt of imaging techniques such as positron 

emissionn tomography and single-photon emission 
computedd tomography (SPECT), it is now possible to 
measuree SERT densities in human brain. Recent ima-
gingg studies have shown decreases in central SERTs in 
MDMA-treatedd primates and human MDMA users 
(Scheffell et al., 1998; McCann et al., 1998; Sempleet 
al.,, 1999) 

Feww functional consequences of MDMA-induced 
neurotoxicityy have been identified, however, either in 
animalss or in humans. Since MDMA-induced 5-HT 
neurotoxicc damage may lead to impairment of func-
tionss in which 5-HT is involved (eg, memory func-
tion),, it is important to study the effects of MDMA not 
onlyy on 5-HT neurons but on memory function as 
well.. Memory function is of particular interest because 
severall studies have found that MDMA users display 
significantt memory impairments, whereas their per-
formancee on other cognitive tests is generally normal 
(Krystalett al., 1992; Parrott et al., 1998; Parrott 2000). 

Whilee the short-term neurotoxic effects of 
MM DMA on 5-HT neurons and memory have been stu-
diedd extensively, little is known about the long-term 
effectss in humans. Studies in nonhuman primates 
havee shown that, up to 7 years after treatment with 
MDMA,, neocortical brain regions remain partially 
denervatedd while others show evidence of complete 
recovery.. Therefore, it is of particular interest to esta-
blishh the long-term fate of cortical 5-HT neurons after 
MDMAA injury in the human brain. 

Thee development of iodine-i23-2p-carbometh-
oxy-3P-(4-iodophenyl)) tropane {['^IjP-CIT), a radioli-
gandd that binds with high affinity to SERTs, has made 
itt possible to assess the density of SERT in the living 
humann brain, by means of SPECT (Pirker et al., 1995; 
Scheffell eta!., 1992). 

Thee purpose of the present study was to investi-
gatee the density of cortical [,JJl](i-CIT- labeled SERTs 
andd memory function in recent MDMA users who 
weree abstaining from use, and MDMA users who had 
nott been using M DMA for more than 1 year. Also, this 
studyy examined whether possible memory deficits in 
MDMAA users correlate with decrements in the density 
off [,23I]J3-C!T labeled SERTs, and whether memory defi-
citss in M DMA users are dose related. 

Subject ss and method s 
Participants Participants 
Twoo groups of ecstasy users were compared with 
ecstasy-naïvee controls. Subjects were recruited by 
emanss of flyers distributed at venues associated with 
thee "rave scene" in Amsterdam, the Netherlands, with 
thee help of UNITY, an agency that provides harm-
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reductionn information and advice. Experimental and 
controll groups were thus recruited from the same 
communityy sources. Subjects selected were group-
matchedd for sex and age (between lS and 45 years), 
otherwisee healthy, and with no psychiatric history. 

Twenty-twoo recent but abstinent ecstasy users 
{meann ] time since fast dose before study, 2.4
2.4;; "MDMA group"), and 16 ex-ecstasy users (29.0
20.44 months; "ex-MDMA group") were recruited. The 
eligibilityy criterion for the MDMA group was lifetime 
previouss use of a minimum of 50 tablets of ecstasy. 
Thee ex-MDMA group had to have taken a minimum of 
500 tablets but stopped using ecstasy for at least 1 year 
beforee the study. The 13 controls were healthy subjects 
withh no self-reported previous use of ecstasy. 

Alll participants agreed to abstain from use of psy-
choactivee drugs (including MDMA) for at least 3 weeks 
beforee the study and were asked to undergo urine drug 
screeningg to assess current exposure to psychoactive 
drugss (with an enzyme-multiplied immunoassay for 
amphetamines,, barbiturates, benzodiazepine metabo-
lites,, cocaine and metabolite, opiates, and marijuana) 
beforee enrollment. After urine samples were tested, 
exclusionn criteria were as follows: a positive drug 
screen,, pregnancy, a severe medical or neuropsychia-
t r yy illness that precluded informed consent, and a life-
timee psychiatric disorder. Use of prescribed psychotro-
picc medications, such as 5-HT reuptake inhibitors, had 
too be stopped for at least 3 weeks before the study. 
Subjectss were interviewed with the computer-assisted 
2.1.. version of the Composite International Diagnostic 
Intervieww {Core version 2.1,1997; World Health 
Organization,, Geneva, Switzerland) to screen for cur-
rentt DSM-IV Axis I diagnoses. 

Subjectss were informed that reimbursement for 
participationn was contingent on no evidence of drug 
usee on the urine sample. The institutional medical 
ethicss committee approved the study. All participants 
providedd written informed consent after the study was 
completelyy described to them. 

Imaging Imaging 

Subjectss underwent SPECT imaging (810X tomograp-
hicc equipment; Strichman Medical Equipment Inc, 
Medfield,, Mass). This 12-detector single-slice scanner 
hass a full-width at half- maximum resolution of 
approximatelyy 7.5 mm. Each acquisition consisted of 
approximatelyy 15 slices (acquired in a 64 x 64 matrix) 
att 3 minutes per slice (interslice distance, 5 mm). The 
energyy window was set at 135-190 keV. Subjects lay 
supinee with the head parallel to the orbitomeatal line. 
Acquisitionn was commenced 4 hours after intrave-

nouss injection of approximately 3.8 mCi (140 MBq) of 
[È23l]p-CITT (specific activity, >5 mCi/nmol [>i85 
MBq/nmolj;; radiochemical purity, > 98%), a time 
whenn specific binding to SERTs is stable (Laruelle et 
al„„ 1994). Reconstruction and attenuation correction 
off all images were performed as earlier described 
(Booijj et al., 1999). 

Forr binding analysis, a standard template with 
regionss of interest was constructed manually from 
magneticc resonance images. For positioning we used 
thesee images as a guide. Atemplate, including regions 
off interest for the frontal, temporal, parieto-occipital-
andd occipital cortex, was placed on 3 consecutive 
SPECTT slices, demonstrating best visualization of the 
striatumm (typically 30 mm above the orbitomeatal 
line),, by an investigator unaware of the participant's 
history.. An additional template was constructed with a 
regionn of interest for the cerebellum. The binding in 
thee cerebellum, presumed free from SERTs, was used 
ass a reference for background radioactivity (non-
specificc binding + free ligand). Since no differences in 
[1i3l]p-CITT uptake ratios between cortical brain regions 
weree observed in all groups under study, we calculated 
meann cortical SERT densities (mean counts per pixel 
off frontal, temporal, parieto-occipitai, and occipital 
cortex).. Cortical binding ratios were calculated as corti-
call binding divided binding in the cerebellum. 

MemoryMemory testing 

Thee Dutch Adult Reading Test (DART) {Schmand et 
al.,, 1992; Bouma et al., 1996) was administered as an 
estimatee of verbal intelligence. The DART is the Dutch 
adaptationn ofthe National Adult ReadingTest (NART; 
Nelsonn 1991), a short reading test for the estimation 
off premorbid verbal IQ. 

Memoryy was assessed within i day from SPECT 
imagingg by means ofthe Rey Auditory Verbal Learning 
Testt (RAVLT; Vanden Burgetal., 1985). The subject 
memorizess a series of 15 words in 5 learning trials 
(RAVLTT immediate recall). After a 20-minute delay, the 
subjectt is asked to recall the words (RAVLT delayed 
recall),, followed by recognition ofthe 15 items 
betweenn 15 distractor words (RAVLT recognition). Raw 
scoress are used. 

Stotistico// Analyses 
Differencess in mean cortical ['^Ijp-CIT binding ratio 
andd RAVLT scores {RAVLT immediate recall, RAVLT 
delayedd recall, and RAVLT recognition) were analyzed 
byy analysis of covariance, with 1 between-group factor 
{group)) and 3 covariants {age, sex and DART IQ). 
Whenn a significant main group effect was observed, 
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Bonferronii post hoc tests were performed to analyze 
differencess between groups. Differences between the 3 
groupss with regard to demographic variables and other 
drugg exposure were analyzed by analysis of variance. 
Differencess in characteristics of MDMA use between 
bothh MDMA-using groups were studied with the t test. 

Pearsonn correlation analyses were performed 
betweenn RAVLT scores and mean cortical ["M]p-CIT 
bindingg ratio, between RAVLT scores and duration of 
abstinencee from MDMA, between RAVLT scores and 
extentt of previous MDMA, and between RAVLT scores 
andd extent of previous cannabis, amphetamine, and 
cocainee use. Because age, sex and vocabulary have 
beenn shown to be highly associated with most memo-
ryy tests, we also performed partial correlations to con-
troll for age, sex and DART IQ on those tests for which 
thee correlations were significant. The chance of a type 
II error (a) was set at 0.05 by 2-tailed tests of signifi-
cance.. In cases Bonferroni corrections were made, 
statisticall significance within the text is reported as a 

correctedd P {corrected p = 0.017 [0.05 -=-3] [3 paired 
comparisons].. All data were analyzed using SPSS ver-
sionn 9.0 {SPSS Inc, Chicago, III) and are presented as 

DD unless otherwise indicated. 

Result s s 
CharacteristicsCharacteristics of the sample 
Thee 3 groups were similar for age and sex distribution. 
Thee level of education was significantly lower in 
MDMAA users. However, MDMA users did not differ 
fromm controls in verbal intelligence {DART IQ) {Table). 

Apartt from the anticipated differences between 
groupss caused by inclusion criteria, no significant dif-
ferencess between MDMA groups were observed. 
Whereass the MDMA group had on average not used 
MDMAA for months, the ex-MDMA group had on aver-
agee not used MDMA for nearly 2,5 years (Table). 
Recreationall drug use of alcohol and tobacco was 
comparablee between the different groups. MDMA 
userss indicated having used more cannabis in the year 

TableTable  1. Characteristics of Subjects" 

Control s s MDMA A 

111 = 22 

Ex-MDMA A 

nn = 16 

Demographics Demographics 
Age e 
Men/women n 

Yearss of education 

OART-IQ Q 

MDMAMDMA use 

Durationn of use (years) 

Usuall dose (no. tablets/occasion) 

Lifetimee dose (tablets) 

Timee since last tablet (months) 

UseUse of other drugs in the past year 

Alcoholl (no. alcoholic consumptions) 

Tobaccoo (no. cigarettes) 

Cannabiss (no. joints) 

Amphetaminee (no. times used) 

Cocainee (no. times used) 

LSDD (no. times used) 

Psilocybinn (no. times used) 

25.00 {3.6) 

7 / 6 6 

H-55 M 
105.88 (7.2) 

N A A 

N A A 

N A A 

N A A 

478 .88 (452.0) 

3590 .4 (1952 .7 ) ) 

15.33 (16.0} 

0 0 

0 .077 (0.28) 

0 0 

0 .088 (0.28} 

26.22 (5.3) 

1 1 / n n 

12.66 (2 .2 ) ' 

105.22 (8.5) 

5-55 ( 2 7 } 

2.22 (0.7) 

4855 (598) 

2-44 (2-4) 

4 9 0 55 ( 3 7 2 9 ) 

3302.44 (38576) 

326 .99 {514.9) 

12.88 (18.7)-

7 22 ( 6 . 4 r 

i-99 (3-5) 

i-55 (2-3) 

25-33 (5-4) 

8 / 8 8 

n . 88 (2 .4 ) ; 

103.99 (9 .8} 

4 . 66 (2.6} 

2.11 ( l . o ) 

2688 (614) 

29.OO ( 2 0 . 4 ) ' 

323.77 (256.4} 

4572.55 (2996.5) 

4 5 6 . 7 ( 8 8 1 . 9 ) ) 

--
1-5(3-3) ) 

3-3(12-9) ) 

2-99 (9-2) 

Dataa are expressed in mean  SD values 

Significantt lower level of education in MDMA users compared to controls (ANOVA: F = 6.5, d f - 50, p - 0.003, P o s ' hoc analysis MDMA group vs 

controll group: Bonferroni corrected p value = 0.034, ex-MDMA group vs control group p = 0.003) 

Significantt longer time since last dose in ex-MDMA group compared to MDMA group (Student t test: t = -6 . t , d f = 36, p=o 000) 

Significantt more amphetamine consumption in the past year in MDMA users compared to controls and ex-MDMA users (ANOVA: F = 5.9. df = 50, 

pp = O 005, post hoc analysis MDMA group vs control group: Bonferroni corrected p value = 0.023, MDMA group vs ex-MDMA group p = 0.0014) 

Significantt more cocaine consumption in the past year in MDMA users compared to controls and ex-MDMA users 

(ANOVA:: F = i i . 8 , d f = 50, p = 0.000, post hoc analysis MDMA group vs control group: Bonferroni corrected p value = 0.000, 

MDMAA group vs ex-MDMA group p = O.OO2) 
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beforee this investigation than had controls, although 
thiss difference did not reach statistical significance. 
Thee use of amphetamine and cocaine was significant-
lyy higher in the MDMA group compared to the control 
andd ex-MDMA group (Table). None ofthe subjects 
underr study reported using drugs other than the ones 
listedd in the Table, such as for instance phencyclidine 
orr opiates, in the year before this study. 

Imaging Imaging 
Noo differences in ['2,l]p-CIT uptake between cortical 
brainn regions were observed in all groups under study. 
Analaysiss of variance showed a significant main effect 
off group (F2.5 = 4.63, p = 0.02), with current MDMA 
havingg lower (-9%) mean cortical p2'l]P-CIT binding 
ratioss than controls (Figure 1). No significant differen-
cess in mean cortical binding ratios of ex-MDMA users 
weree observed when compared with controls subjects 
(-3%;; Figure 1). 

0.66 -

II t 
•• * 

Control l MDMAA ex-MDMA 

FigureFigure 1. The mean and individual iodine-t2y2Ji-carbomethoxy-2ft-

(4-iodophenyl)(4-iodophenyl) tropane binding ratio in the cortex in controls (n = 

13)13) vs 3,4-methylenedioxymethamphetamine (MDMA or "ecstasy") 

usersusers (n = 22) and ex-MDMA users (n = 16). Cortical binding ratios 

werewere calculated as cortical binding divided by binding in the cerebel-

lum.lum. Asterisk indicates statistically significant difference in cortical 

bindingbinding ratio between recent MDMA users and control subjects 

 SD,  0.12, respectively) (analysis of 

variance:variance: F2.} = 4.63. p = 0.02, Bonferronicorrectedp = 0.03). 

DaggerDagger indicates no statistically significant difference in cortical bin-

dingding ratio between ex-MDMA users and control subjects (mean

SD,SD,  0.71 vs 1.28  0.12) (analysis of variance: F2.5 = 4.63, p = 

0.02,0.02, Bonferroni correctedp > 0.99J. 

MemoryMemory performance 

Ass with mean cortical [ 2il]|5-CIT binding ratios, analy-
siss of covariance showed a significant main effect of 
groupp on RAVLT immediate recall scores (F2.5 = 8.31, 
pp = 0.001). Both current and ex-MDMA users recalled 
significantlyy fewer words on the immediate RAVLT 
comparedd with controls (47.0  8.6 and 48.0  12.5 vs 
60.00  6.8, respectively; Figure 2). Similar findings 
weree observed for the RAVLT delayed recall (F2.5 = 
6.53,, p = 0.003; 9-8  2.9 and 10.1  2.9 vs 13.1  2.1, 
respectively;; Figure 2), but not for RAVLT recognition. 

Correlationn analysis demonstrated no specific 
relationshipss between RAVLT scores and cortical bin-
dingg ratio, duration of abstinence from MDMA, or 
extentt of previous cannabis, amphetamine, or cocaine 
use.. However, partial correlation analysis with RAVLT 
immediatee recall scores was significant for extent of 
previouss MDMA use (r 6 = -0.29, p = 0.049). 

Comment t 
Thee present study indicates that, in individuals who 
stoppedd using MDMA more than 1 year ago, cortical 
SERTT densities did not differ from those of control 
subjects,, whereas recent MDMA users showed global 
decreasess in SERTs. Our findings also indicate that 
individualss who stopped using MDMA had a deficit in 
verball memory, similar to that of current MDMA 
users,, and that higher lifetime doses of MDMA are 
associatedd with greater decrements in immediate ver-
ball memory function. 

Thee observed decreases in cortical SERT densi-
tiess in recent MDMA users most likely reflects 
MDMA-inducedd brain 5-HT neurotoxic effects, since 
reductionss in SERT densities have been documented 
inn animals with known MDMA-induced 5-HT injury 
(Comminsett al., 1987; Scheffel et al., 1998; O'Hearn 
ett al., 1988; Hatzidimitriou et al., 1999; Fischer et al., 
1995;; Battaglia et al., 1987; Ricaurte et al., 1988; 1992; 
Insell et al., 1989; Scanzello et al., 1993). For instance, 
reductionss in 5-HT axons in M DMA-treated monkeys 
varyy from approximately -95% in the temporal cortex 
too -83% in the pyriform cortex (Hatzidimitriou et al., 
1999).. This is a much stronger effect than on human 
5-HTT axons as observed in the present study (on the 
orderr of 9%). Interestingly, Semple and coworkers 
alsoo reported a 10% reduction in SERT densities in the 
occipitall cortex of recent MDMA users by emans of 
[,2'I]P-CITT SPECT (Semple et al., 1999). Even though 
corticall (3-CIT uptake is low, displacement studies in 
ratss and monkeys have shown that cortical uptake of 
(i-CITT is associated with SERTs (Scheffel et al., 1992; 
Fardee et al., 1994). Furthermore, ['-MjP-CIT has been 
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FigureFigure 2. The mean and individual Rey Auditory Verbal Learning Test 

(RAVLT)(RAVLT) immediate (A) and delayed (B) recall scoresin control sub-

jectsjects (n = 73) vs3,4-methylenedioxymethamphetamine (MDMA or 

"ecstasy")"ecstasy") users (n = 22), and ex-MDMA users (n = 16). Asterisk indi-

catescates significantly fewer words recalled by recent and ex-MDMA users 

comparedcompared with control subjects on RAVLT immediate recall (analysis 

ofof variance: F2.5 = &31, p = 0.001, Bonferroni corrected p = 0.001 

andand 0.005, respectively). Dagger indicates significantly fewer words 

recalledrecalled by recent and ex-MDMA users compared with control sub-

jectsjects on RAVLT delayed recall (analysis of variance: F2.5 = 6.53, p = 

0.003,, Bonferroni correctedp = 0.004 and 0.02. respectively). 

shownn to adequately detect changes in cortical as well 
ass subcortical SERT densities secondary to 5-HT neur-
otoxx effects (Scheffel et al., 1992; Lew et al., 1996). 
However,, it is an assumption that a decrease in SERT 
densityy directly reflects axonal loss. Several factors, 
suchh as allosteric changes in the actual binding unit of 
thee protein, also could result in decreased binding. 
Nevertheless,, it has been shown that central 5-HT 
levelss also are reduced after MDMA treatment (Sabol 
ett al., 1996). Furthermore, correlative anatomic stu
diess indicate that loss of pre-synaptic SERTs in 
MDMA-treatedd animals is related to damage of 5-HT 
axonss and axon terminals (Commins et al., 1987; 
Fischerr et al., 1995; Battaglia et al., 1987). 

Thee absence of decreases in SERT densities in 
ex-MDMAA users suggests reversibility of MDMA-indu
cedd changes in brain SERTs in MDMA users. In line 
withh this, autoradiographic studies have shown a par
tiall recovery of ["-Ijji-CIT binding 16 weeks after lesion 
inductionn in the frontal cortex of rats, and complete 
recoveryy by 32 weeks (Lew et al., 1996). In nonhuman 
primates,, cortical 5-HT terminal markers remain 
decreasedd up to 7 years after MDMA treatment, alt
houghh significant recovery occurs compared with 2 
weekss after the lesion induction (Hatzidimitriou et al., 

1999)--
Ourr findings of memory impairment in recent 

MDMAA users are consistent with those of previous 
reportss (Krystal et al., 1992; Parrott et al., 1998; Parrott 
2000;; Bolla et al., 1998; Curran &. Travil 1997; 
Couzoulis-Mayfrankk et al., 2000; Morgan 1999). In 
agreementt with these studies, we observed that gre
aterr use of MDMA is associated with greater impair
mentt in immediate verbal memory. Interestingly, 
Shumm and coworkers (2000) reported on RAVLT sco
ress of patients with age and educational level similar 
too those of our subjects who had suffered from severe 
traumaticc brain injury 2 years previously. Criteria for 
severee traumatic brain injury were a Glasgow Coma 
Scalee less than 9 or a duration of posttraumatic amne
siaa of more than 7 days. Scores on the immediate 
RAVLTT were 59.4 in controls vs 47.4 in the patients 
withh traumatic brain injury, and approximately 13.8 vs 
10.8,, respectively, on the delayed recall. These scores 
aree comparable to the scores observed in this study in 
recentt and ex-MDMA users (Figure 2), which may 
indicatee the severity and clinical significance of the 
memoryy disturbances induced by MDMA use. 

Studiess in rats and monkeys have shown that 
MDMAA produces serotonergic neurodegeneration in 
variouss brain areas important for memory function, 
includingg the hippocampus (Hatzidimitriou et al., 
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1999).. Unfortunately, because ofthe relative low reso-
lutionn of the SPECT imaging technique, it was not 
possiblee to study all brain regions implicated in lear-
ningg and memory. 

Severall studies suggest that SERTs may play an 
importantt role in cognitive processes such as memory 
functionn (Meneses 1999}. It has been shown that 
selectivee 5-HT reuptake inhibitors in nondemented 
elderlyy depressed patients improved both mood and 
cognitivee function (Meltzer etal., 1998). However, we 
didd not observe a correlation between memory func-
tionn and cortical SERT densities. It could be argued 
thatt memory testing is more sensitive to M DM A's 
neurotoxicc effects than are SERT densities are. 
Furthermore,, the observed memory deficits in ex-
MDMAA users may not be attributable to MDMA-indu-
cedd 5-HT deficits at all. However, we did observe a 
negativee correlation between extent of previous 
MDMAA use and immediate verbal memory recall, sug-
gestingg that immediate verbal memory deficits may be 
att least partially attributable to MDMA use. Another 
explanationn may be that SERT densities in brain areas 
implicatedd in learning and memory of former MDMA 
userss are still decreased but could, unfortunately, not 
bee visualized using SPECT (eg, hippocampus or hypo-
thalamus).. Finally, although loss of SERTs is indicative 
off neuronal degeneration, their restoration does not 
necessarilyy imply normal axonal or neuronal regenera-
tionn and therefore normal behavioral recovery. For 
instance,, after 5-HT axonal degeneration induced by 
5,6-dihydroxytryptamine,, abnormal reinnervation pat-
ternss of 5-HT axons coincide with the return of tritia-
tedd 5-HT uptake {Bjorklund et al., 1973}. Since it was 
previouslyy observed by our group that mean (post-
synaptic)) cortical 5-HT2A receptor binding positively 
correlatedd with RAVLT recall in MDMA users 
(Renemann et al., 2001), it could be hypothesized that 
functionall consequences of MDMA-induced brain 5-
HTT neurotoxic lesions may be related to post-synaptic 
ratherr than presynaptic 5-HT neurons. 

Thee implications of our findings are relevant to 
peoplee who use MDMA, In the present study we iden-
tifiedd that MDMA use is not only associated with 
short-termm consequences (5-HT neurotoxicity and 
memoryy impairment), but long-term consequences as 
welll (memory impairment). These findings will provi-
dee a cogent argument for consumers to make infor-
medd decisions about recreational drug use. 

Inn addition, since the consequences of loss of 
thee "serotonergic" reserve in later life is difficult to 
predictt but could be clinically significant, the present 
studyy indicates the necessity, and would probably jus-

tify,, prospective studies of psychiatric morbidity in 
MDMAA users to foresee future demands on healthca-
re.. Furthermore, the present study of MDMA-exposed 
individualss with highly selective brain SERT deficits, 
addss to our knowledge about a neurotransmission 
systemm thought to be involved in the etiology and tre-
atmentt of very common psychiatric illnesses, such as 
depression. . 

Severall potential limitations ofthe current study 
shouldd be mentioned. First, as with all retrospective 
studies,, there is a possibility that preexisting differen-
cess between MDMA users and controls underlie diffe-
rencess in SERT densities. People with low SERT densi-
tiess may be predisposed to use M DMA and to have 
loww SERT densities and/or lower performance on 
memoryy tests. Future studies taking the recently 
describedd functional polymorphism in the promoter 
forr the SERT gene into account could be of interest 
(Leschh et a!., 1996). Second, observed decreases in 
brainn ['^Ijp-CIT labeled SERT densities and memory 
performancee are unlikely to be caused by immediate 
pharmacologicall effects of MDMA or other drugs, 
sincee MDMA-using participants reported that they 
hadd abstained from use of M DMA or other psychoac-
tivee drugs for at least 3 weeks before the study. 
Unfortunately,, we were not able to ensure abstinence 
fromm MDMA for more than 1 year in the ex-MDMA 
users.. In future studies, hair-sample analysis may be 
usefull to ascertain long periods of abstinence from 
MDMA.. Third, follow-up studies in human subjects 
withh known MDMA-induced neurotoxic effects need 
too be conducted to allow definite conclusions on 
reversibilityy or permanence of MDMA-induced chan-
gess in the human brain. Finally, although the MDMA 
userss in our study had more experience with other 
recreationall drugs than did control subjects, none of 
thee drugs is a known 5-HT neurotoxin in human 
beings,, and they were therefore not likely to account 
forr changes in SERTs or memory performance. In 
addition,, since recent MDMA users had used signifi-
cantlyy more amphetamine and cocaine compared 
thann controls and ex-MDMA users, but memory 
impairmentss were observed in both recent and ex-
MDMAA users, amphetamine and cocaine are not like-
lyy to account for changes is SERTs and/or memory 
performance.. In support of this, we did not observe 
ann association between RAVLT scores and extent of 
previouss amphetamine or cocaine use. Furthermore, 
sincee no statistical differences in the use of LSD 
(lysergicc acid diethylamide) and psilocybin were 
observedd between the three groups under study, it 
seemss unlikely that the findings ofthe present study 
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shouldd be attributed to substances other than MDMA. 
Wee cannot, however, completely rule out the possibili-
tyy that the observed memory impairment in the 
MDMA-usingg subjects is unrelated to cannabis use. 
However,, no association between RAVLT scores and 
extentt of previous cannabis use was observed. In 
addition,, the adverse effects of long-term cannabis 
usee on cognitive skills have not been clearly demon-
stratedd in the literature and seem to contradict each 
otherr (Fletcher et al., 1996). For instance, Gouzoulis-
Mayfrankk and coworkers did not observe differences 
inn cognitive performance between cannabis users and 

ecstasyy users or control subjects (Couzoulis-
Mayfrankk etal., 2000). 

Inn summary, our data suggest that MDMA use 
cancan lead to neurotoxic changes in human cortical 5-
HTT brain neurons and that these changes may be 
reversible.. However, our data also suggest that the 
functionall consequences of MDMA on cortical brain 
5-HTT neurons may not be reversible because individu-
alss who had stopped using MDMA more than 1 year 
eralierr had impaired memory function, similar to that 
off recent MDMA users. 
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Abstract t 
BackgroundBackground - 3,4-methylenedioxymethampnetamine 
(MDMAA or "Ecstasy") is known to damage brain sero-
toninn neurons in animals and possibly in humans. 
Becausee serotonergic damage may adversely affect 
memory,, we compared verbal memory function 
betweenn MDMA users and MDMA-naïve control sub-
jects,, and evaluated the relationship between verbal 
memoryy function and neuronal dysfunction in the 
MDMAA users. Methods - An auditory verbal memory 
taskk (Rey Auditory Verbal LearningTest) was used to 
studyy eight abstinent MDMA users and seven control 
subjects.. In addition 'H MRS was used in different 
brainn regions of all MDMA users to measure N-acety-
laspartate/creatinee (NAA/Cr) ratios, a marker for 
neuronall viability. Results - The MDMA users recalled 
significantlyy fewer words than control subjects on 
delayedd (p = 0.03) but not immediate recall (p = 
0.08).. In MDMA users, delayed memory function was 
stronglyy associated with NAA/Cr only in the prefrontal 
cortexx (R2 = 0.76, p = 0.01). Conclusions - Greater 
decrementss in memory function predicted lower 
NAA/Crr levels -and by inference greater neuronal dys-
function-- in the prefrontal cortex of MDMA users. 

Introduction n 
Althoughh generally perceived by the public as safe, it 
hass become increasingly apparent that the popular 
recreationall drug 3,4-methylenedioxymethampheta-
minee (MDMA or "Ecstasy") can lead to toxic effects 
onn brain serotonin (5-HT) neurons in animals (Boot et 
al.,, 2000) at doses that approach or overlap those 
usedd by humans. Recent studies suggest that MDMA 
mayy also be neurotoxic to the human brain. For 
instance,, recent positron emission tomography (PET) 
studiess have shown decreases in a structural compo-
nentt of 5-HT neurons, similar to those observed in 
MDMA-treatedd monkeys (McCann etal., 1998; 
Scheffell etal., 1998). 

5-HTT neurotoxic damage induced by MDMA may 
leadd to impairment of functions in which 5-HT is 
involvedd (such as memory and other cognitive func-
tions);; however, few functional consequences of 
MDMA-inducedd neurotoxicity have been identified. 
Memoryy function is of particular interest because 
severall studies have found that recreational M DMA 
userss display significant memory impairments (Bolta 
ett al., 1998} and because the hippocampal formation 
mayy be particularly vulnerable to MDMA's neurotoxic 
effectss (Hatzidimitriou etal., 1999). 

Thee reduction of the amino acid N-acetylasparta-
tee (NAA) detected by proton magnetic resonance 

spectroscopyy f H MRS) represents a robust but 
unspecificc marker for neuronal loss or dysfunction 
(Urenjakk et al., 1993). in addition to NAA, 
creatine/phosphocreatinee (Cr) can be assessed. 
Determiningg NAA changes in relation to Cr is com-
monlyy employed and apparently valid, because Cr 
remainss stable in a variety of brain diseases. 

Thee purpose of our study was to determine 
whetherr memory deficits exist in MDMA users and, if 
theyy do, whether memory deficits correlate with 
regionallyy specific NAA/Cr ratios. We obtained 
NAA/Crr ratios in the prefrontal cortex, occipital gray 
matterr and temporo-parietal white matter, because 
PETT studies have shown that the bilateral prefrontal 
cortexx is the site of maximal increase in cerebral blood 
floww during execution of auditory verbal memory tasks 
(Crasbyy et al,, 1993), such as those used in the pre-
sentt study. Furthermore, although MDMA is known to 
inducee 5-HT neurotoxicity in cortical gray matter, corti-
call white matter remains relatively unaffected 
{Scheffell etal., 1998). 

Withh this in mind, we hypothesized that MDMA 
userss would perform worse on a memory test than 
MDMA-naïvee subjects, and that memory impairments 
inn MDMA users would only predict NAA/Cr ratios in 
brainn regions known to be affected by MDMA and 
involvedd in auditory verbal memory tasks. Thus, we 
expectedd that memory deficits in MDMA users would 
onlyy be associated with decrements in NAA/Cr of the 
prefrontall cortex. 

Methodss and Materials 
Subjects Subjects 
Eightt male subjects with a history of MDMA use parti-
cipatedd in the study. Subjects were recruited with fly-
erss distributed at venues associated with the "rave 
scene"" in Amsterdam. For a comparison group, we 
usedd our Rey Auditory Verbal LearningTest (RAVLT) 
databasee of seven male MDMA-naive control subjects 
matchedd for age, gender and IQ. The same inclusion 
andd exclusion criteria were applied to all control sub-
jects,, A detailed drug history questionnaire was obtai-
nedd from all subjects. All participants agreed to 
abstainn from use of psychoactive drugs for at least 1 
weekk before the study and were asked to undergo 
urinee drug screening with an enzyme-multiplied 
immunoassayy before enrollment. Exclusion criteria 
weree a positive drug screen and a lifetime psychiatric 
disorderr (obtained with Composite International 
Diagnosticc Interview, version 2.1). The institutional 
medicall ethics committee approved the study. After a 
completee description of the study to the subjects, 
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writtenn informed consent was obtained from all. 

Assessments Assessments 

Brainn ^H spectroscopy was performed on a i.5TSigna 
Echoo Speed {General Electric Medical Systems, 
Milwaukee,, Wl), Multislice coronal fast spin-echo T2-
weightedd images (TE/TR, 97/4000 msec; 5 mm slice 
thickness;; 23 cm field of view; 256 x 256 matrix) were 
obtained.. Voxel size was 4.5 cm3 and chosen carefully 
too ensure that each voxel primarily contained gray or 
whitee matter and placed consistently across subjects. 
Dataa were acquired using a fully automated execution 
off PROBE (Proton Brain examination), developed to 
automaticallyy and reliably acquire and process single-
voxell proton spectra, as described elsewhere (Webb et 
a UU !994)' The PRESS sequence was optimized for the 
chosenn echotimes and locations (TE/TR, 35/3000 
msec,, 128 averages). We computed NAA/Cr ratios 
fromm the fitted peak integrals. 

Memoryy was assessed in the MDMA users with-
inn 1 day from the ^ MRS study using the RAVLT, a 
verball memory test. It comprised immediate and 
delayedd recall. In addition, the Dutch adaptation of 
thee National Adult Reading Test (DART) was adminis-
teredd as an estimate of verbal intelligence (Schmand 
ett al„ 1992), 

StatisticalStatistical analysis 
Differencess between both groups with regard to 
demographicc variables and other drug exposure were 
analyzedd using Student t-test. Differences in RAVLT 
scoress were analyzed using ANCOVA, with one 
betweenn group factor (Croup) and two covariants 
(agee and DART-IQ). To examine the relation between 
NAA/Crr ratios and memory performance, we used 
linearr regression analysis with both immediate and 
delayedd recall as independent variables and NAA/Cr 
ratioss obtained in the three different brain regions as 
dependentt variables. In addition, the relation between 
RAVLTT scores and extent of previous MDMA and can-
nabiss use was assessed using linear regression. To 
correctt for multiple comparisons in the multiple 
regressionn analysis, p < 0.017 was taken to be signifi-
cantt [0.05 -5-3:3 brain regions studied]. 

Result s s 
Thee two groups were similar in age. The level of edu-
cationn was significantly lower in MDMA users; howe-
ver,, verbal intelligence (DART-IQ) was similar 
betweenn MDMA users and control subjects (Table 1). 
Thee use of drugs other than MDMA was higher in 
MDMAA users compared with control subjects, alt-

TableTable  1. Demograhpics, characteristics of MDMA use and other 

recreationalrecreational drug exposure in control subjects' and MDMA users' 

Contro ll  MDMA 

subject ss user s 

n = 77 n=% 

Age e 

Educationn (years) 

DART-IQ Q 

MDMA MDMA 

Durationn of use (years) 

Usuall dose (no. tablets) 

Lifetimee exposure (no, tablets) 

Timee since last dose (months) 

29.33 (6.9) 

15.0(1.1) ) 

92.44 (4.8) 

--
--
--
--

28.33 (70) 
11.5(2.1); ; 

92.66 (5.6) 

6.66 (3.3) 

2.66 (0.7) 
902.00 (801.2) 

7.11 (11-1) 

Lostt 3 months use of: 

Alcoholl (no. consumptions) 158.6 (140.7) 210.0 (165.1) 

Tobaccoo (no. cig) 516.1 (517.1) 1044.6 (1312.0) 

Cannabiss (no. joints) 1.3 (1.3) 138.5 (174.8) 

Amphetaminee (exposure g) 4.44 (8.2) 

Controll subjects are obtained from a RAVLT database 
11 Data are expressed in mean  SO values 
'•'• Significantly different from controls (p < 0.01; Student t-test) 

houghh not statistically different (Table 1). Three 
MDMAA users reported incidental use of cocaine and 
psiiocybinn in the 3 months prior to this study. 

Thee MDMA users recalled a significantly lower 
numberr of words compared with the MDMA-naive 
controll subjects on the delayed (10.6 [SD: 2.0J vs. 12.8 
[1.9],, respectively; F = 6.67, d f= 1, p = 0.03), but not 
onn the immediate recall (45.8 [SD: 9.3] vs. 53.8 [6.6], 
respectively;; F = 3.71, d f= 1, p = o.o8). 

Withinn the group of MDMA users, NAA/Cr ratios 
inn the prefrontal cortex were highly associated with 
delayedd (B = 0.16, SE = 0.04, R2 = 0.76, p = 0.013; 
Figuree i) but not with immediate recall (B = -o.oi, SE 
== 0.009, R2 = 0-76, p = 0.237). In contrast, no asso-
ciationss were observed between RAVLT scores and 
NAA/Crr ratios in midoccipital gray matter (delayed 
recall:: B = 0.08, SE = 0.06, R2 = 0.25, p = 0.238; 
immediatee recall: B = -o.oi, SE = 0.013, R2 = a 2 5 i P = 
0.573),, or parietal white matter (delayed recall: B = 
0.02,, SE = 0.06, R2 = 0.30, p = 0.748; immediate 
recall:: B = 0.01, SE = 0.012, R2 = 0.30, p = 0.402). 

Extentt of previous MDMA use was significantly 
associatedd with delayed (B = -0.01, SE = 0.001, p = 
0.047),, but not immediate recall (B=-o.oi, SE=o.oo3, 
pp = 0.208}. In contrast, the extent of previous canna-
biss use was not significantly associated with either 
immediatee or delayed verbal memory function 
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•== 1.6-

<< 1.4 -

99 I O 11 12 13 

RAVLTT delayed recall 

99 i o 11 12 13 

RAVLTT delayed recall 

'4 4 

99 IO 11 12 13 14 15 

RAVLTT delayed recall 

FigureFigure  1. Association between memory function (number of words 

rememberedremembered on RAVLT delayed recall trial) and the ratio ofN-

AcetylaspartateAcetylaspartate to creatine (NAA/Cr) in the prefrontal cortex, mid-

occipitaloccipital gray matter and temporo-parietal white matter. Adjusted 

R2R2 values, obtained with linear regression analysis, are shown for 

eacheach brain region studied. 

(BB = - 0 . 0 1 , SE = 0.017, p = 0.343; B = - 0 . 0 1 , SE = 0 . 0 0 4 , 

pp = 0.149, respectively). 

Discussion n 
Wee found signi f icant di f ferences in delayed recall 

betweenn M D M A users and M D M A - n a ï v e con t ro l sub

jects.. In add i t i on , a s t rong assoc ia t ion was observed 

betweenn impa i red m e m o r y func t ion in M D M A users 

andd neuronal pathology o f the prefronta l cortex. This 

re lat ionshipp was regional ly specif ic, invo lv ing only the 

prefronta ll cortex. 

Inn line w i th the ou r findings, a number o f studies 

havee reported verbal m e m o r y i m p a i r m e n t s in M D M A 

userss (Bolla et al., 1998), whereas their per fo rmance 

onn other cogni t ive tests is general ly no rma l . Similarly, 

itt has been shown that 5-HT appears to play a role in 

m n e m o n i cc func t ion and that M D M A severely dama

gess 5-HT axons in brain regions imp l i ca ted in learning 

andd m e m o r y in M D M A - t r e a t e d an ima ls 

(Ha tz i d im i t r i ouu et al., 1999). 

Wee observed that poorer per fo rmance on a ver

ball m e m o r y test predicted lower pref ronta l NAA/Cr 

rat ioss -and by inference greater neurona l loss or dys

func t ion-- in M D M A users. This finding was in agree

mentt w i th our hypothesis and con f i rms earl ier studies 

thatt detected an associat ion between ind icators o f 

M D M A - i n d u c e dd 5-HT neurona l damage and memory 

impa i rmen tt (Bol la et al., 1998; Reneman et a l . , 2 0 0 0 ) . 

Takenn in con junc t ion w i th repor ts o f reduced CSF 5-

HIAAA (McCann et a l . , 1994) and densi ty o f 5-HT t rans

porterss (McCann et a l . , 1998) in recreat ional M D M A 

userss and s imi la r observat ions in an ima ls w i t h docu

mentedd neurotoxic lesions, ou r findings suggest that 

thee associat ion between m e m o r y f unc t i on and pre

f rontall NAA/Cr rat ios and may be a t t r ibu ted to 

M D M A - i n d u c e dd neuronal patho logy or dys func t ion . 

Inn view o f the smal l bra in mass occup ied by 5-HT 

axonn te rmina ls in the prefronta l cortex (eg, m u c h less 

thann 1%) it is no t likely that the presently observed 

associat ionn between reduced NAA levels and poor 

m e m o r yy func t ion can be fully ascr ibed to M D M A -

inducedd gross loss o f 5-HT neurons in the prefronta l 

cortex.. It cou ld also be hypothes ized that ou r findings 

reflectt a low abundance o f 5-HT axon te rmina ls f rom 

otherr regions (eg, the t ha lamus ) . In line w i th th is , it 

hass been shown that neonata l mes ia l - tempora l l imbic 

lesionss can induce NAA def ic i ts in the dorsolatera l 

prefrontall cortex (Ber to l ino et a l . , 1997), perhaps 

ref lect ingg a loss o f inpu ts f r o m the lesioned areas. 

Frontall lobe les ions, a l though not general ly 

recognizedd as caus ing m e m o r y defici ts, are reported 

too impa i r the free recall o f wo rd lists s imi la r to the one 
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usedd in this study. Furthermore, PET measurements 
off regional cerebral blood flow show that the prefron-
tall cortex is involved in auditory-verbal long-term 
memoryy (Crasby et al., 1993). It has been suggested 
thatt the free recall of words requires extensive use of 
retrievall strategies and planning. A neuropsychologi-
call explanation for the observed association may rela-
tee to the retrieval strategies necessary for dealing with 
ann amount of information which exceeds the span of 
delayedd verbal memory such as present in the RAVLT. 

Becausee most of the MDMA users had experi-
mentedd with other recreational drugs, primarily can-
nabis,, we cannot completely rule out the possibility 
thatt the present findings are related to other drugs of 
abuse;; however, no significant differences in the use 
off recreational drugs other than MDMA were obser-
vedd between both groups. Also, we did not observe an 
associationn between RAVLT scores and extent of pre-
viouss cannabis use, whereas the extent of previous 
MDMAA use was significantly associated with delayed 
memoryy performance. Because recreational cannabis 
use,, as reported by our subjects, has not been shown 
too produce neurotoxic effects in animals (Scallet 1991} 
andd drug tests indicated that no participant used can-
nabiss in the week before the study, it is unlikely that 
thee findings of the present study should be attributed 
too substances other than MDMA. In addition, the 
adversee effects of long-term cannabis use on cognitive 
skillss compared with MDMA use have not been clearly 
demonstratedd in the literature. For instance, 
Gouzoulis-Mayfrankk et al {2000) did not observe dif-
ferencess in cognitive performance between cannabis 
userss , ecstasy users, and control subjects, whereas 

Rodgerss (2000) did. As with all retrospective studies, 
theree is a possibility that individuals engaged in the 
"rave"" scene have preexisting risk factors {eg, a fami-
liall history or psychiatric disorder) for impaired memo-
ryy function and reduced prefrontal NAA; however, by 
excludingg MDMA users with a lifetime psychiatric dis-
order,, this was not likely to account for changes in 
NAAA and memory performance. Clearly, to definitively 
establishh whether the presently observed relationship 
betweenn neuronal function and performance in the 
prefrontall cortex is caused by M DMA-induced neuron-
all loss or dysfunction, a prospective study design 
wouldd be needed; however, because studies of MDMA 
inn humans are subject to ethical and methodological 
constraintss it is difficult, if not impossible, to perform 
suchh a study. Another limitation of our study is that 
otherr than self-report, we have no confirmation that 
thee MDMA-using subjects did in fact take MDMA. 
AA recent survey in the Netherlands investigated the 
validityy of the drug istory questionnaire that was used 
inn this study. !t was found that in 93% of the cases 
(111 = 594) the reported use of MDMA was in agreement 
withh the drug urine test (van de Wijngaart et al., 1997). 
Inn future studies, hair sample analysis would be a use-
full way to ascertain previous use of MDMA, 

Inn sum, our preliminary data, which must be 
confirmedd in a larger number of subjects, suggest that 
verball memory impairment is associated with prefron-
tall cortex neuronal loss or dysfunction (as indicated 
byy low NAA measures) in MDMA users. Our study 
showss a potentially unique (regionally specific) rela-
tionshipp between function of cortical neurons and 
cognitivee performance. 
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Rationale-Rationale- Methylenedioxymethamphetamine (MDMA) 
iss known to damage brain pre-synaptic serotonin (5-HT) 
neurons.. Since loss of 5-HT neurons has been implica-
tedd in memory loss, it is important to establish whether 
MM DMA use may produce changes in postsynaptic 5-HT 
receptorss and memory function in humans. Objectives -
Too investigate whether MDMA use leads to compensati-
vee alterations in post-synaptic 5-HT2A receptors and 
whetherr there is a relation with memory disturbances. 
MethodsMethods - Brain cortical 5-HT2A receptor densities were 
studiedd with [1Z3l]-5-l-R9ii50 SPECT in 5 abstinent 
MDMA-userss and 9 heafthy controls. Memory perfor-
mancee was assessed using RAVLT. Results [,I3l]-5-l-
1*911500 binding ratios were significantly higher in the 
occipitall cortex of MDMA users than in controls, indica-
tingg up-regulation. Mean cortical 5-HT2A receptor bin-
dingg correlated positively with RAVLT-recall in MDMA 
users.. Conclusion - Our preliminary results may indicate 
alteredd 5-HT neuronal function with correlated memory 
impairmentt in abstinent MDMA users. 

Usee of the popular recreational drug -
edioxymethamphetaminee (MDMA, "Ecstasy") leads to 
toxicc effects on brain serotonin (5-HT) pre-synaptic 
neuronss in humans, as recently reported (McCann et 
al.,, 1998, Sempleetal., 1999). While neurotoxic effects 
off MDMA on 5-HT neurons lead to 5-HT depletion, little 
iss known about the effects of this depletion on post-
synapticc 5-HT2 receptors. Furthermore, since MDMA-
inducedd 5-HT depletion may lead to impairment of func-
tionss in which 5-HT and 5-HT2 receptors are involved 
(suchh as learning and mnemonic function), it is impor-
tantt to study the effects of MDMA on 5-HT2 receptors 
andd memory (Buhot et al., 1997}. This is of particular 
interestt since several studies have found that recreation-
all M DMA users display significant memory impair-
ments,, whereas their performance on other cognitive 
testss is generally normal (Krystal et al., •! 992, Parrott et 
al.,, 1998). 

Recentt development of |,23l]-5-l-Rgi 150, a radioli-
gandd with high affinity and selectivity for the 5-HT2A 

receptorr subtype, has made it possible to assess the 
densityy of post-synaptic 5-HT2A receptors in the living 
humann brain, using single photon emission computed 
tomographyy (SPECT). Cortical binding of [,2;l]-5-l-R9n50 
forr 5-HT2A receptors is specific and reversible, as shown 
byy inhibition of binding by ritanserin and displacement 
byy ketanserin. Furthermore, the cortico-cerebellar ratios 
att pseudo-equilibrium reflect a distribution similar to 
thatt expected from post-mortem studies (Busatto et al., 
1997}--
Thee pilot present study was designed to investigate 

whetherr MDMA use leads to quantitative alterations in 
[ l23']-5-'-R9'n500 labelled post-synaptic 5-HT2A receptors 
andd related memory functions. 

Fivee individuals with a history of MDMA use 
("MDMAA group"; mean age: 23.6 years [SD 5.3], 
men/women:: 4/1, time since last dose: 4.6 months 
[rangee 2-n], lifetime number of tablets: 218 [50-500], 
meann education: 13 yrs [6]), and nine age-, and educa-
tionn matched control subjects (mean age: 22.8 years 
[2.9],, men/women: 4/5, mean education: 15 yrs [SD 5]) 
participatedd in the study. All MDMA subjects had used 
att least 50 tablets. The controls were healthy subjects 
withh no self-reported use of psychoactive drugs, inclu-
dingg MDMA. Recruitment was through advertisements 
(locall newspapers). Participants agreed to abstain from 
usee of psychoactive drugs for at least 2 months before 
thee study, and were asked to undergo urine drug scree-
ningg (with an enzyme-multiplied immunoassay for 
amphetamines,, barbiturates, benzodiazepine metaboli-
tes,, cocaine and metabolite, opiates, and marijuana) 
beforee enrolment. After testing urine samples, exclusion 
criteriaa were: a positive drug screen; pregnancy; a severe 
medicall or neuropsychiatry illness that precluded infor-
medd consent; claustrophobia; and neuropsychiatric dis-
easee in which 5-HT has been implicated. We obtained 
writtenn informed consent from all participants. The pro-
ceduress used were approved by the local ethics board 
andd have therefore been performed in accordance with 
thee ethical standards laid down in the i964 Declaration 
off Helsinki. 

Forr SPECT scanning the Strichmann Medical 
Equipmentt 8ioX tomographic system was used. The 
transaxiall resolution of this camera is 7.6 mm full-
widthh at half-maximum of a line source in air, while the 
axiall resolution is 13.5 mm. Each acquisition consisted 
off at least 15 slices, (acquired in a 128 x 128 matrix), 3 
minn per slice, and with a slice distance of 5 mm. The 
energyy window was set at 135-190 keV. Subjects lay in 
thee supine position with the head aligned in a parallel 
too the orbitomeatal line, and were positioned such that 
thee scanning volume initially included the cerebellum. 
Acquisitionn was commenced two hours after i.v. injec-
tionn of approximately 140 MBq ["MJ-s-l-Rgnso (radiola-
belingg as described by Busatto and co-workers, 1997), 
aa time when specific binding is maximal and stable for 
upp to 8 h following injection. Analysis of scans was 
performedd blind to subject status. For analysis of [,=3I]-
5-I-R911500 binding, a standard template with regions 
off interest (ROIs) was constructed manually from co-
registeredd M R images. For positioning we used these 
MRR images as a guide. The template, including ROIs 
forr the frontal-, parietal-, and occipital cortex, was 
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FigureFigure 1. The mean and individual P2^IJ-^-I-RC)11^O binding ratio in 

thethe occipital cortex: controls versus MDMA users. Mean occipital 

bindingbinding ratios were calculated as occipital binding / binding in the 

cerebellum.cerebellum. * Statistical significant difference in binding ratio 

betweenbetween controls and MDMA users. 

placedd on three consecutive SPECT slices. Additional 
templatess were constructed with ROIs for the cerebel-
lumm and temporal cortex. Mean cortical signal densi-
tiess were calculated (mean counts/pixel of frontal-, 
parietal-,, temporal-, occipital cortex). An investigator 
unawaree of the participant's history performed ROI 
analysis.. The uptake in the cerebellum, presumed free 
fromm 5-HT2A receptors, was used as a reference for 
backgroundd radioactivity (non-specific binding + free 
ligand)) (Busatto et al., 1997). Relative indices of "spe-
cific"" binding are calculated as: "mean" ROI binding / 
cerebellarr binding = 5-HT2A binding ratio. 

Memoryy was assessed the day prior to SPECT 
imagingg using the Rey Auditory Verbal Learning Test 
(RAVLT).. The RAVLT is a verbal memory test. The 
immediatee verbal memory comprised RAVLT logical 
memory,, the delayed verbal memory incorporated 
RAVLT-recall,, and RAVLT-recognition. 

Overall,, [">l]-5-l-Rgn50 binding ratios were hig-
herr in the MDMA group than in controls, and reached 
statisticall significance in the occipital cortex (mean 
2.044 [SD 0.20] vs 1.74 [0.19], p < 0.05 Mann-Whitney 
UU test Figure 1), indicating an up-regulation of post-
synapticc 5-HT2A receptors. 

Inn the MDMA group, a significant lower number of 
recalledd words in the RAVLT-recall was observed than 
inn controls (8.14 [3.4] vs 12.3 [1.8], p < 0.001; Figure 2). 
Inn the MDMA group, but not in controls, mean corti-
call 5-HT2A receptor binding highly correlated 
(Spearman'ss rho) with recall (p = -0.98 [p = 0.005], P 
== -0.29 [p = 0.46], respectively; Figure 2). Age, sex, 
extentt of previous MDMA use, and education had no 
significantt effect on this correlation (p = 0.28, 0.17, 
0.25,, and 0.16, respectively). 

Thee high 5-HT2A receptor binding in the occipital 
cortexx in the MDMA group may be caused by 5-HT 
depletion.. It is known that severe 5-HT depletion cau-
sess up-regulation of 5-HT2 receptors (Heal et al., 
1985).. Moreover, MDMA-treated monkeys showed 
mostt severe 5-HT depletion in the occipital cortex. In 
thesee monkeys, fourteen months after MDMA admi-
nistrationn 5-HT levels were still reduced in the occipi-
tall cortex by 97% (Scheffel et al., 1998). In a recent 
SPECTT study, MDMA users showed a significant 
reductionn only in occipital 5-HT neurons (Semple et 
al.,, 1999). Thus, the presently observed up-regulation 
off 5-HT2A receptors in the occipital cortex may reflect 
MDMA-inducedd brain 5-HT neurotoxicity. 

Inn the present study, MDMA users showed signi-
ficantficant deficits in delayed memory tasks, consistent 
wit hh  reports of memory problems in previous studies 
(Bollaa et al., 1998, Parrott et al., 1998). Numerous 
laboratoryy studies with rats and monkeys have shown 
thatt MDMA produces serotonergic neurodegenera-
tion.. This has been demonstrated in various brain 
areass including the hippocampus, which is importan t 
forr memory functioning (Hatzidimitriou et al., 1999). 
Theree is also clinical evidence for 5-HT brain damage 
inn humans (Squier et al., 1995, McCann et al., 1998, 
Semplee et al.,1999). There is therefore consistent evi-
dencee that memory deficits found in the present study 
mayy at least be attributed to MDMA-induced 5-HT 
deficits.. Particularly since high densities of 5-HT2A 

receptorss (an indirect measure of 5-HT depletion) 
weree associated with lower performance on the delay-
edd memory tests. This provisional finding is in agree-
mentt with a recent study which showed that the extent 
off memory impairment correlated with the reduction 
off brain 5-HT, as indexed by CSF 5-HIAA (Bolla et al., 
1998).. We presently observed that only individuals 
withh apparent higher densities of occipital 5-HT2A 

receptorss (presumably reflecting a greater extent of 5-
HTT injury) demonstrated detectable difficulties with 
memoryy function. 

Alll participants in the MDMA group in our study 
reportedd that they had abstained from use of M DM A 
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FigureFigure 2. Correlation between mean cortical ["'Ij-^-l-Rgii^o binding ratios and memory function (number of words remembered on 

RAVLTRAVLT recall trial) in control-, and MDMA group. SPECT data are expressed as cortical binding over cerebellar binding. 

orr other psychoactive drugs for at least 2 months 
beforee the study. Although most of the MDMA users 
hadd experimented with other recreational drugs 
(mainlyy alcohol and cannabis), none was a known 5-
HTT neurotoxin in human beings, and was therefore 
nott likely to account for changes in [,23|]-5-l-Ro,ii50 
bindingg to 5-HT2A receptors. 

Thiss pilot study was performed using small 
samples.. Nevertheless, this study at least suggests an 
intriguingg relationship between 5-HT2A receptor densi-
tiess and memory performance in MDMA users. 
Becausee of the small sample size, the observed corre-

lationn cannot be said to be a definitive finding, and 
futuree studies investigating 5-HT neurotransmission 
andd memory performance in MDMA users need to be 
conducted. . 

Inn conclusion, we provide additional evidence 
suggestingg that human MDMA users are susceptible 
too MDMA-induced brain 5-HT neuronal injury and rela-
tedd functional disturbances, by showing a correlation 
betweenn 5-HT2 receptor densities and memory distur-
bances.. Thus, reductions in 5-HT, as indexed by eleva-
tedd cortical 5-HT2 receptor densities, may be responsi-
blee for decrements in abstinent MDMA users. 
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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, 
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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 
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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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Summar y y 
Findingss in animals suggest that the popular recreation-
all drug Ecstasy (3,4-methyienedioxymethamphetamine 
orr MDMA) might damage brain serotonin (5-HT) neur-
onss in human beings. MDMA-induced 5-HT neurotoxi-
cityy has been demonstrated in animals at doses that 
approachh or overlap those used recreationally by human 
beings,, using a variety of experimental techniques. The 
effectss of M DMA seem to be highly selective, exclusively 
damagingg brain 5-HT neurons. If MDMA does produce 
5-HTT neurotoxicity in humans, there would be important 
ramificationss for the mental health and psychological 
functionn of people who use this drug, because irreversi-
blee loss of 5-HT neurons may be responsible for an 
immediatee or delayed onset of neuropsychiatric disor-
derss in which 5-HT has been implicated. Specifically, 5-
HTT imbalance has been postulated to underlie psychia-
tricc disorders including depression, anxiety, panic 
disorder,, and disorders of impulse control. However, 
feww data are available on the potential 5-HT neurotoxici-
tyy of MDMA in the human brain. Moreover, little is 
knownn on the long-term effects and potential functional 
consequencess of MDMA-induced neurotoxicity. The 
recentt development of brain imaging techniques such 
singlee photon emission computed tomography 
(SPECT)) and magnetic resonance (MR) imaging have 
thee potential to play an important role in our understan-
dingg of MDMA's short-and long-term effects in the 
humann brain. 

Thee aim of this thesis was to investigate the poten-
tiall neurotoxicity of MDMA in the human brain with the 
helpp ofdifferent neuroimaging toots. 

PartPart i: Introduction 

Inn part I ofthis thesis, a general introduction and 
outlinee of the thesis was given. . 

PartPart It: Biological markers of neuronal loss 
Partt II investigated whether MDMA use is associated 
withh neuronal loss. In Chapters 2 and 3 the effects of 
MM DMA use on the serotonergic system were discussed, 
inn Chapter 4 its effects on non-specific neurons, where-
ass Chapter 5 focuses on the dopaminergic system. 

Chapter ss 2,1-2.3 investigated the radioligand best suited 
too study loss of serotonin (5-HT} neurons using SPECT 
byy labeling of 5-HT transporters, a biological marker for 
thee integrity of 5-HT neurons. It was concluded that 
[,23l]p-CITT is the radioligand best suited, among the b-
CiTT analogues developed so far to visualize 5-HT trans-
porterr densities. Next, the ability of f33l]p-CIT to detect 
MM DMA-induced reductions in 5-HT transporter densi-

tiess was determined in rat brain using ex vivo [,i3l]Ji-CIT 
bindingg assays and in monkey brain using [,2JI]P-C1T 
SPECT.. It was concluded that [l2Jl]P-CITSPECT can relia-
blyy detect changes in 5-HT transporter densities secon-
daryy to MDMA-induced neurotoxicity in the hypothala-
mic/midbrainn region, and possibly other 5-HT brain 
regions. . 

Havingg validated the use of [,J'I]P-CIT SPECT in 
detectingg MDMA-induced 5-HT neurotoxicity, the 
effectss of moderate and heavy MDMA use on the densi-
tyy of the J,!3I]P-CIT labeled 5-HT transporters were inves-
tigatedd in human MDMA users. The results are descri-
bedd in chapte r 3.1. In addition, possible differences 
betweenn males and females in the effects of MDMA 
exposure,, and the effects of long-term abstention from 
MDMAA use on p l jp-CIT labeled 5-HT transporters 
weree analyzed. In female, but not in male, heavy MDMA 
userss significant decreases in 5-HT transporter densities 
weree observed, suggestive of MDMA-neuronal loss. 
MM DMA-induced neurotoxic changes seemed to be 
reversiblee in most, but not all, brain regions of female 
ex-MDMAA users. Finally, a trend was observed in female 
subjectss suggesting that moderate MDMA use is asso-
ciatedd with reductions in 5-HT transporter densities in 
thee parietooccipital cortex and occipital cortex, brain 
regionss that seem to be particularly sensitive to 
MDMA'ss effects. Differences in 5-HT transporter densi-
tiess between healthy male and female subjects were 
describedd in chapte r 3.2. 5-HT transporter densities in 
thee midbrain and DA transporter densities in the stria-
tumm were found to be significantly higher in females 
thann in males. This study indicates the importance of 
takingg gender into account in studies investigating the 
5-HTT and DA system, and may in part explain the gen-
derr differences observed in the neurotoxic actions of 
MDMA,, as discussed in chapter 3,1. 

Inn chapte r 4, the effects of MDMA on another bio-
logicall marker of neuronal loss, NAA, were studied in 
malee subjects with proton MR Spectroscopy ^ H MRS). 
Thee ratios of NAA/Cr and NAA/Chowere significantly 
reducedd in the frontal cortex of these male M DMA users 
ass compared to control subjects, which correlated with 
thee degree of MDMA exposure. 

Inn chapte r 5.1 the effects of ecstasy and ampheta-
minee on DA neurons in the human brain were studied 
withh [,2M]p-CIT SPECT. Striatal DA transporter densities, 
aa biological marker for the integrity of DA neurons, were 
significantlyy lower in combined ecstasy and intentional 
amphetaminee users as compared to sole ecstasy users. 
DAA transporter densities in sole ecstasy users did not 
differr from control subjects, suggesting that ampheta-
mine,, but not MDMA, is associated with loss of DA 
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neurons.. Furthermore, the effects of methylphenidate, 
ann amphetamine derivative which seems to lack 5-HT 
andd DA neurotoxic potential, were studied on 5-HT and 
DAA neurons in more detail in chapte r 5.2. It was obser-
vedd that DA transporter densities were significantly 
reducedd in rat frontal cortex and hippocampus 5 days 
afterr treatment with methylphenidate in combination 
withh the selective 5-HT2 receptor agonist quipazine. 
Activationn of 5-HT2 receptors by quipazine potentiated 
methylphenidate-inducedd release of DA, which may 
havee resulted in a reactive down-regulation of DA trans-
porters. . 

PartPart III: Potential functional consequences of MDMA-indu-
cedced neuronal loss 

Partt III of this thesis investigated whether the use of 
MDMAA is associated with impairments of functions in 
whichh 5-HT is thought to play an important role. 

Sincee 5-HT has been shown to regulate post-synaptic 5-
HT22 receptor densities, in chapte r 6 the effects of 
MDMAA on post-synaptic 5-HT2 receptor densities were 
discussed.. 5-HT2 receptor densities in human M DMA 
userss were studied with p^ljRgi^oSPECT. In parallel, 
exx vivo [1231^91150 binding assays in addition to HPLC 
analysiss of 5-HT levels were obtained in MDMA-treated 
rats.. In rats, a decrease followed by a time-dependent 
recoveryy of post-synaptic cortical 5-HT2A receptor 
densitiess was strongly and positively associated with the 
degreee of 5-HT depletion. In recent MDMA users, post-
synapticc 5-HT2^ receptor densities were significantly 
lowerr in all cortical areas studied, while 5-HT2^ receptor 
densitiess were significantly higher in the occipital cortex 
off ex-MDMA users. The combined results of this study 
suggestt that the compensatory up-regulation of 5-HT2A 

receptorss in the occipital cortex of ex-MDMA users may 
reflectt low synaptic 5-HT levels, because of MDMA-
inducedd neurotoxic lesions. 

itt is known that brain post-synaptic 5-HT2 recep-
torss play a role in the regulation of brain microvascula-
ture.. In chapter?/ ! 5-HT2 receptor densities in MDMA 
userss were studied with [123|}R9ii5o SPECT, and was 
cerebrall blood vessel volume (rCBV) studied with perfu-
sionn M R imaging. Low cortical 5-HT2 receptor densities 
weree significantly associated with low rCBV values 
(implicatingg vasoconstriction), and high cortical 5-HT2 
receptorr densities with high rCBV values (implicating 
vasodilatation)) in the globus pallidus and occipital cor-
texx of M DMA users. These observations suggest a rela-
tionn between the serotonergic system and an altered 
regulationn of the brain microvasculature in human 
MDMAA users. In chapte r 7.2 it is demonstrated, using 

perfusionn and diffusion MR imaging, that former 
MM DMA use is not only associated with increases in 
rCBVV values in the globus pallidus of abstinent MDMA 
userss (as discussed in chapter 7.1.) but also with an 
increasee in the diffusional motion of water (ADC value) 
inn the globus pallidus, possibly reflecting MDMA-indu-
cedd axonal loss. 

Inn chapte r 8 the effects of moderate and heavy 
MDMAA use on cognitive function were assessed using 
classicc neuropsychological testing. In addition, the 
effectss of long-term abstention from M DMA use on 
cognitivee function were studied. Finally, because 5-HT 
transporterss may play an important role in cognitive 
functioning,, the effect of a polymorphism in the 5-HT 
transporterr promoter gene region (5-HTTLPR) on cogni-
tivee function was investigated. In line with previous stu-
dies,, impairments in memory function were observed 
onlyy in heavy, but not in moderate, users of MDMA with 
relativelyy intact performance in reaction times and tasks 
off attention and executive functioning. Similar observa-
tionss were made in individuals who stopped using 
MDMAA more than 1 year ago. No evidence for a role of 
5-HTTLPRR genotype in MDMA (ab)use or cognitive per-
formancee was observed. 

PartPart IV: Linking biological markers of neuronal loss with 
memorymemory function 
Partt IV further investigated whether the functional 
impairmentss described in part III of this thesis are asso-
ciatedd with neuronal loss. 

AA study was described in chapte r 9.1 in which 5-HT 
transporterr densities and verbal memory function were 
evaluatedd in recent and ex-MDMA users. In recent, but 
nott in ex-M DMA users, cortical 5-HT transporter densi-
tiess were significantly lower when compared to control 
subjectss (see also chapter 3.1). Memory performance in 
bothh recent and ex-M DMA users was significantly redu-
cedd (see also chapter 8). In line with this, no association 
betweenn memory performance and cortical 5-HT trans-
porterss was observed, suggesting that while the neuro-
toxicc effects of MDMA on 5-HT neurons in the human 
cortexx may be reversible, the effects of MDMA on 
memoryy function may be long lasting. Similarly, chapte r 
9.2.. evaluated the relationship between verbal memory 
functionn and neuronal dysfunction in the M DMA users, 
byy using 'H MRS which measures NAA/Cr ratios (see 
alsoo chapter 4). In MDMA users, memory function was 
stronglyy associated with NAA/Cr in the prefrontal cor-
tex,, in which greater decrements in memory function 
predictedd lower NAA/Cr levels -and by inference greater 
neuronall dysfunction- in the prefrontal cortex of MDMA 
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users.. Chapte r 9.3 investigated whether alterations in 
corticall post-synaptic 5-HT2A receptors assessed using 
l123|]Rgii5oo SPECT (see also chapter 6), are related to 
memoryy disturbances in MDMA users. Cortical 5-HT2A 

receptorr binding correlated negatively with memory 
functionn in M DMA users, but not in control subjects. 
Thee findings suggest an altered 5-HT neuronal function 
withh correlated memory impairment in abstinent 
MDMAA users. 

PartPart V: Summary and conclusion 
Inn chapte r 10 contributions of brain imaging studies on 
thee potential neurotoxic effects of MDMA and function-
all consequences are reviewed. An overview is given of 
PET,, SPECT and ]H MRS studies employed, most of 
whichh show evidence of neuronal injury in human 
MDMAA users. In addition, different neuroimaging tools 
aree discussed that have investigated potential functional 
consequencess of MDMA-induced 5-HT neurotoxic 
lesions.. In chapte r 11 a summary of this thesis is given, 
andd a conclusion and implementation. 

Generall  discussio n 
Fromm the results of studies described in this thesis and 
thee review of the literature presented in chapter 10, it is 
concludedd that M DMA-induced 5-HT neuronal loss can 
bee studied in some 5-HT rich brain regions using [1ï3l]j3-
CITT SPECT. Using this and other imaging techniques 
thatt enable detection of neuronal loss, evidence was 
obtainedd suggesting that human MDMA users are 
susceptiblee to MDMA-induced neuronal loss. Females 
weree found to be more susceptible to MDMA's neuro-
toxicc effects than males. The effects are dose related, 
andd reversible in most brain regions. No evidence was 
obtainedd suggesting that MDMA affects the dopaminer-
gicc system in human MDMA users, in contrast to amp-
hetamine.. It was also observed that M DMA use is asso-
ciatedd with several impairments of functions thought to 
involvee 5-HT Of these functions, memory impairment 
inn M DMA users was associated with some biological 
markerss of neuronal loss. However, it is important to 
notee that the conclusions made in this thesis heavily 
dependd upon results of previous experimental animal 
studiess showing selective decreases in 5-HT neuronal 
markerss in MDMA-treated animals with documented 
neurotoxicc lesions. The present conclusions can be jus-
tifiedd in conjunction with these experimental studies. 
However,, some important limiting factors associated 
withh the studies conducted in this thesis related to: {1) 
populationn under study, (2) verification of drug usage 
and,, (3) techniques used. 

(1)(1) Population understudy- Most of the limiting factors 
associatedd with the populations under study have alre-
adyy been discussed in the thesis. They mainly concern 
baselinee differences between MDMA users and controls 
inn vulnerability factors. These are problems that charac-
terizee most research in this area, since these studies 
havee been retrospective and potentially vulnerable to 
selectionn bias and confounding (Curran et al., 2000). 
However,, in most studies presented in this thesis meas-
uress were taken to reduce the effect of potential pre-exis-
tingg differences between MDMA users and controls by 
recruitmentt of control subjects from the same popula-
tionn as the M DMA users and by statically controlling for 
potentiall confounding variables. This differs conspi-
cuouslyy from most previous studies, where controls 
camee from a university or general population. However, 
otherr potential confounders may still be relevant, becau-
see MDMA use had already occurred at entrance of the 
study.study. Vulnerability factors may predispose some people 
too experience more toxic effects following MDMA use. 
Forr instance, in the literature it was reported that one 
fatalityy had a serum level of 1.26 mg/l, while another 
patient,, whose serum level was 7.0 mg/l received sup-
portivee treatments only, and survived (Brown et al., 
1987;; Campkin etal., 1992). In keeping with this idea, it 
wass observed in this thesis that females may be more 
susceptiblee to MDMA's neurotoxic effects than males. 
Althoughh the etiology of this gender difference is unk-
nown,, it may relate to hormonal influences, because 
gonadall steroid hormones, particularly estrogen, have 
beenn shown to modulate some aspects of the function 
off the serotonergic system (McQueen et al„ 1999). 
However,, the observed gender differences may also 
relatee to differences between males and females in 5-HT 
transporterr densities (see also chapter 3.2.), and/or 
combinedd use of other drugs that antagonize MDMA 
inducedd hyperthermia (such as alcohol) (Malberg et al., 
1998).. Other factors that may modify MDMA's neuro-
toxicc potential include: (a) dose and patterns of MDMA 
usee (Bootetal., 2000); (b) age (McCann etal, 2000); 

(c)) 5-HT transporter polymorphism (Leschetal., 1996); 
(d)) pre-existing psychiatric morbidity (Schifano et al., 
2000);; (e) circumstances during MDMA use (e.g., tem-
perature,, noise, crowdedness) (Malberg &. Seiden 
1998);; (f) metabolism of MDMA (Ramamoorthy etal., 
2001;; Tucker etal., 1994). Future studies in larger experi-
mentall groups are needed to further investigate these 
vulnerabilityy factors, 

(2)(2) Verification of drug usage - In the studies presented in 
thiss thesis, it was impossible to determine exactly what 
drugg at what dose was taken. Analysts of tablets sold as 
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'ecstasy'' has shown that these may contain MDMA at 
dosess ranging from 40 to 150 mg. However, they may 
alsoo contain other drugs, including 3,4-methylenedioxy-
ethamphetamine,, 3,4-methylenedioxyamphetamine, 
amphetamines,, ketamine, LSD or a range of other che-
micalss and combinations of chemicals. However, in the 
Netherlandss the chemical composition of an ecstasy 
tablett it is fairly well known at the time of the study, 
becausee of the Drugs Information and Monitoring 
Systemm (DIMS), a unique project to chemically monitor 
thee ecstasy market. Overde period 1998-2000 the con-
tentt of M DMA in an ecstasy tablet was on average 98 
mgg (Planije et al., 2001). In the studies described in this 
thesis,, one had to rely upon retrospective accounts of 
drugg history using a drug-history questionnaire. A 
recentt survey investigated the validity of the drug-history 
questionnairee that was used in this thesis. It was found 
thatt in 93% of the cases the reported use of ecstasy was 
inn agreement with the drug-urine test (Van de Wijngaart 
ett al., 1997). In this thesis, drug usage and abstention 
periodd were further verified by urine drug screening. 
Bloodd and urine samples can detect drugs like cannabis 
2-33 weeks after use, but MDMA and other amphetamine 
derivativess can be detected only 24-48 h after the last 
dose.. Therefore, one can only objectively confirm 
abstentionn from cannabis but not MDMA in the 2-3 
weekss before the study. However, since MDMA may 
competee with binding of [,=3l]p-CITto the 5-HT transpor-
ter,, it was important to perform urine screening to 
detectt concealed recent MDMA use. In future studies, 
hair-samplee analysis would be a useful way to assess 
moree appropriately what drug was taken at what time 
andd to ascertain previous use of MDMA. 

(})(}) Techniques used - Although SPECT studies with 
['^l]p-CITT SPECT may be limited by several factors (eg, 
thee low cortical uptake of [1!!l]p-CIT, its high affinity for 
bothh 5-HT and dopamine transporters, the use of a non-
optimall reference region (cerebellum) and a relatively 
loww spatial resolution) several studies in animals and 
non-humann primates have shown that this technique 
cann adequately detect MDMA-induced reductions in 5-
HTT transporter densities in several 5-HT rich brain 
regions.. Since none of the currently available techniques 
iss perfect, it is all the more important that converging 
liness of evidence are gathered, using a variety of techni-
quess that point into the same direction. It is therefore 
noteworthyy that data from the different studies presen-
tedd in this thesis (SPECT studies of the 5-HT transpor-
ter;; nH MRS studies of NAA; SPECT evaluations of 5-
HT22 receptor densities; perfusion and diffusion MR!, 
andd cognitive studies) are all indicative of alterations of 

brainn (5-HT) structure and function in MDMA users. 
Withoutt doubt more optimal techniques to evaluate 
MDMA-inducedd neuronal loss will emerge in the future. 
Forr instance, more selective radioligands for the 5-HT 
transporterr are being developed for SPECT that may be 
moree sensitive in detecting M DMA-induced neuronal 
loss,, such as for instance 5-iodo-2-[[2-2-[(dimethylami-
no)methyl]phenyl]thio]benzyll alcohol ([,13I]IDAM), 
whichh has high binding affinity and selectivity toward 5-
HTT transporters (Acton etal., 1999). However, these 
radioligandss are currently not commercially available. 
Untill then, future SPECT studies will need to investigate 
thee sensitivity and specificity of [,J3|]P-CIT SPECT in 
detectingg MDMA-induced neuronal loss. Furthermore, 
otherr techniques such as n H M RS, perfusion and diffu-
sionn MR imaging may come to play an important role in 
thee future, once validated in M DMA-treated animals. 
Thee combined use of these techniques provides addi-
tionall insights into the neurotoxicity of MDMA in the 
humann brain. For instance, co-registration of SPECT 
withh MRI scans will helpto resolve the relatively low 
spatiall resolution of SPECT, combining functional with 
anatomicall information. In addition, although in most 
studiess a region-of-interest (ROI) type of analyses was 
performed,, automatic voxel-based analysis may be 
moree powerful than, but consistent with ROI analysis, 
andd turn out to be a valuable tool in detecting smalt dif-
ferencess between MDMA users and controls. 

Theree was a discrepancy between the different 
neuroimagingg techniques used as to which brain 
regionss were affected by MDMA. For instance, using 
[,23l]f}-CITT SPECT, reduced 5-HT transporter densities 
weree observed in all (except for the thalamus) 5-HT rich 
brainn regions studied of female MDMA users. However, 
usingg ^H MRS, reductions in NAA could only be demon-
stratedd in frontal gray-, but not occipital gray matter of 
malee MDMA users. Using f ^ l j R g i ^ o SPECT, long las-
tingg alterations in 5-HT2 receptor densities were obser-
vedd only in the occipital cortex, but not in other cortical 
brainn regions studied in MDMA users. Finally, using 
perfusionn and diffusion MR imaging, alterations in rCBV 
andd ADC values were primarily observed in the globus 
pallidusoff MDMA users. If every technique would 
measuree the same biological marker, one would expect 
thesee different techniques to demonstrate MDMA-indu-
cedd (5-HT) neuronal loss or loss of function equally, and 
inn all 5-HT rich brain regions. However, since every tech-
niquee studies a different aspect related to MDMA-indu-
cedd neurotoxicity, this can not be the case. Furthermore, 
everyy technique has its own sensitivity in detecting 
MDMA-inducedd neuronal damage. Therefore, future 
studiess should be conducted to further validate these 
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neuroimagingg techniques in animals with known 
MDMA-inducedd neurotoxic lesions. In addition, more 
studiess should be conducted combining neuroimaging 
studiess with neuropsychological and psychiatric asses-
smentss to study links between localized brain damage 
andd cognitive/clinical problems. 

Implication s s 
Thee results of the studies presented in this thesis are a 
{partial)) confirmation of our hypotheses and therefore 
raisee important questions as to the safety of MDMA by 
recreationall users of this drug. However, before the fin-
dingss of the present studies can be validly used in pre-
ventionn messages and clinical decision making, some 
off the results will have to be (re)confirmed in secondary 
studies,, particularly concerning gender differences and 
(ir-)reversibilityy of MDMA's neurotoxic effects. The fin-
dingss presented in this thesis have answered some 
importantt questions regarding MDMA's effects on the 
humann brain. Still, some crucial questions regarding the 
causality,, course and clinical relevance of MDMA's neur-
otoxicityy have not been answered. Since all studies have 
beenn retrospective, the results are potentially vulnerable 
too selection bias and confounding by factors that increa-
see the probability of becoming an MDMA user. 
Therefore,, at this moment, it cannot be ascertained that 
humanss are susceptible to MDMA-induced 5-HT injury. 

Clearly,, only an experimental study can overcome 
thesee problems and ascertain that recreational MDMA 
usee is neurotoxic in humans. However, given the exis-
tingg data such a study is ethically not acceptable. One 
possiblee approach would be to perform longitudinal 
studiess in high-risk groups in which subjects are compa-
redd in terms of brain pathology, cognitive function and 
clinicall symptoms, before and after they took MDMA. 
Thesee studies would not only confirm and better define 
thee relationship between MDMA exposure and the 
developmentt of neurotoxicity, but in addition determine 
whetherr individuals exposed to MDMA are at increased 
riskk of developing neuropsychiatric dysfunction. 
Potentiall functional consequences of MDMA induced 
neurotoxicc lesions are not yet clear but may include, 

depression,, anxiety, memory disturbance and other neu-
ropsychiatricc disorders in which 5-HT has been implica-
tedd (McCann et a!., 2000; Parrott et al., 2000; Schifano 
etal . ,, 2000) . 

Studiess in humans can be strengthened considera-
blyy by studies in animals. Obviously, there is still a lot to 
knoww about MDMA and its neurotoxic effects, and futu-
ree animal studies could be directed in a number of diffe-
rentt directions. Currently, an aspect that has received 
considerablee attention in the literature is, for example, 
thee effect of a single MDMA dose {McCann etal., 2001). 
Futuree animal studies could be directed at better charac-
terizingg the effects of dosage schemes. Moreover, 
recentt attention in the literature has been directed 
towardss the potential harmful interaction between 
MDMAA and other drugs. While an increasing number of 
MDMAA users combine MDMA with 5-HT reuptake inhi-
bitorss (SSRIs) to damphen the dysphoria experienced 
afterr MDMA use (Boot et al.T 2000}, there are concerns 
thatt SSRIs potentiate acute toxic effects of MDMA 
(Hegadorenn et al., 1999). In addition, the interaction 
betweenn MDMA and other widely used illicit drugs 
shouldd be identified in animal studies. They can also be 
directedd to further validate the usefulness of imaging 
techniquess in detecting MDMA-induced neurotoxic 
injuryy in the human brain and functional consequences 
thereof. . 

Neuroimagingg techniques will greatly contribute to 
ourr understanding of MDMA's short-and long-term 
effectss in the human brain. The fact that these techni-
quess are non-invasive and most of them can be used 
repeatedlyy in the same subject is a very critical feature. 
However,, it will not be possible to obtain a total picture 
off M DMA's neurotoxic potential and functional conse-
quencess in the human brain with neuroimaging alone. 
Onlyy in conjunction with other fields, e.g. neuropsycho-
logy,, psychiatry, neurochemistry and toxicology, more 
fundamentall insights can be acquired, resulting in a bet-
terr risk assessment of this potential pressing public 
healthh issue, and help to predict future demands on 
healthh care. 
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Samenvattin g g 
Bevindingenn in proefdieren suggeren dat the populaire 
partydrugg Ecstasy (3,4-methyleendioxymethamfetami-
ne,, MDMA) serotonine (5-HT) hersencellen kan bescha-
digenn in recreationale gebruikers van deze drug. 
MDMA-geïnduceerdee neurotoxiciteit in proefdieren kan 
all kan optreden bij doseringen die ongeveer overeenko-
menn met de dosis die recreationeel wordt gebruikt. De 
schadelijkee effecten van MDMA lijken zich te beperken 
tott 5-HT neuronen. Indien MDMA schadelijk blijkt voor 
5-HTT neuronen in de mens, heeft dit belangrijke gevol-
genn voor de geestelijke gezondheid en het psychisch 
functionerenn van personen die deze drug gebruiken, 
aangezienn onherstelbare schade aan 5-HT neuronen 
kann leiden tot vroege of late neuropsychiatrische stoor-
nissen.. Zo lijkt een verstoord functioneren van het 5-HT 
systeemm een rol te spelen bij het ontstaan van psychia-
trischee ziekten als depressie, angstaanvallen en paniek-
stoornissen.. Er is echter nog weinig bekend over de 
schadelijkee effecten van M DMA op het menselijk brein 
enn mogelijke functionele gevolgen daarvan. De recente 
ontwikkelingg van brain imaging technieken als single 
photonn emission computed tomography (SPECT) and 
magneticc resonance (MR) imaging kunnen een belang-
rijkee bijdrage leveren in ons begrip van MDMA's korte-
alss ook lange-termijn effecten in het menselijk brein. 
Doell van dit proefschrift was de potentiële neurotoxic-
teitt van MDMA in het menselijk brein te onderzoeken 
mett behulp van verschillende neuroimaging technieken. 

DeelDeel I: Introductie 
Inn deel I van dit proefschrift zijn een algemene inleiding 
enn de doelstelling van dit proefschrift gegeven. 

DeelDeel II: Biologische markers van neuronen verlies 
Inn deel II is onderzochtt of het gebruik van MDMA geas-
socieerdd is met neuronen verlies, tn hoofdstukken 2 en 3 
zijnn de effecten van MDMA gebruik op het serotonerge 
systeemm bediscussieerd en in hoofdstuk 4 M DMA's 
effectenn op niet-specifieke neuronen, terwijl in hoofd-
stukk 5 is ingegaan op het dopaminerge systeem. 

Inn hoofdstukke n 2.1-2.3 's besproken welk radioli-
gandd het meest geschikt is om verlies van 5-HT neuro-
nenn te bestuderen met behulpvan SPECT, middels het 
labellenn van 5-HT transporters. [I23l]p-CIT lijkt het meest 
geschiktee radioligand onder de op dit moment bekende 
p-CITT analogen, om 5-HT transporters te visualiseren. 
Vervolgenss werd onderzocht of [,2!I]P-CIT MDMA-geïn-
duceerdd verlies van 5-HT transporters kan detecteren 
werdd met behulp van ex vivo [!JÏI](3-CIT binding studies 
inn de rat, en in een aap in met behulp van [>23l]f3-CIT-

SPECT.. Geconcludeerd werd dat ['^Ijp-CIT SPECT 
betrouwbaarr veranderingen kan detecteren in 5-HT 
transporterr dichtheden ten gevolge van MDMA-geïn-
duceerdee schade in de hypothalamus/midbrain regio 
enn mogelijk ook in andere 5-HT rijke hersengebieden. 

Naa het gebruik van [,23|]p-CIT SPECT te hebben 
gevalideerdd voor de detectie van MDMA geïnduceerde 
5-HTT neurotoxicteit, werden de effecten van matig en 
regelmatigg MDMA gebruik op de densiteit van [i23l]b-
CITT gelabelde 5-HT transporters onderzocht in de mens. 
Dee resultaten zijn beschreven in hoofdstu k 3.1. 
Eveneenss werden mogelijke geslachtsverschillen in de 
effectenn van MDMA op [123|]p-CIT gelabelde 5-HT trans-
porterss en de effecten van lange termijn onthouding van 
MM DMA gebruik, geanalyseerd, In vrouwen maar niet in 
mannen,, werden significante reducties in 5-HT trans-
porterss geobserveerd, suggestief voor verlies van 5-HT 
neuronen.. MDMA geïnduceerde neurotoxische veran-
deringenn lijken herstelbaar in de meeste, maar niet in 
allee hersengebieden van vrouwelijke MDMA gebruikers. 
Tenslottee werd een trend geobserveerd dat matig 
MDMAA gebruik bij vrouwen is geassocieerd met een 
afnamee van 5-HT transporters in de parieto-occipitale 
enn occipitale cortex, hersengebieden welke bijzonder 
gevoeligg lijken voor MDMA's effecten. Verschillen in 5-
HTT transporter dichtheid tussen mannelijke en vrouwe-
lijkee proefpersonen zijn beschreven in hoofdstuk 3.2. De 
5-HTT transporter dichtheid in de midbrain en dopamine 
(DA)) transporter dichtheid in het striatum bleken signi-
ficantt hoger bij vrouwen dan bij mannen. Deze bevin-
dingg benadrukt het belang rekening te houden met 
geslachtt in onderzoeken die het serotonerge en dopa-
minergee systeem bestuderen. Bovendien zou deze 
bevindingg gedeeltelijk de geslachtsverschillen in de 
neurotoxischee effecten van MDMA kunnen verklaren, 
zoalss die eerder zijn beschreven in hoofdstuk 3.1. 

Inn hoofdstu k 4 zijn de effecten van MDMA op een 
anderee biologische marker van neuronen verlies, de 
neurometaboliett N-acetylaspartate (NAA), bestudeerd 
inn mannelijke proefpersonen met behulp van proton 
MRR Spectroscopie (nHMRS). Vergeleken met controles, 
warenn de ratios van NAA/ creatine (Cr) en NAA/Cho 
(choline)) significant lager in de frontale cortex van man-
nelijkee MDMA gebruikers, wat correleerde met de mate 
vann MDMA expositie. 

Inn hoofdstu k 5.1 zijn de effecten van ecstasy en 
amfetaminee op DA neuronen van het menselijk brein 
bestudeerdd met behulp van [,JM]p-CIT SPECT. Striatale 
DAA transporters, een biologische marker voor de integri-
teitt van DA neuronen, waren significant lager in gecom-
bineerdee ecstasy en amfetamine gebruikers vergeleken 
mett ecstasy gebruikers. De DA transporter dichtheid in 
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ecstasyy gebruikers bleek niet verschillend van die van 
controles,, wat suggereert dat amfetamine en niet 
MM DMA, geassocieerd is met verlies van DA cellen. 

Dee potentieel neurotoxische effecten van methylf-
enidaat,, een amfetamine derivaat gebruikt in de behan-
delingg van attention deficit hyperactivity disorder 
(ADHD),, op DA als ook op 5-HT neuronen werd in meer 
detaill bestudeerd in hoofdstu k 5.2. DA transporters 
warenn significant verlaagd in de frontale cortex en hip-
pocampuss van ratten 5 dagen na behandeling met 
methylfenidaatt in combinatie met quipazine, een selec-
tievee 5-HT2 receptor agonist. Activering van 5-HT2 
receptorenn door quipazine versterkte de door methylf-
enidaatt geïnduceerde afgifte van dopamine. Dit leidde 
tott een reactieve down-regulatie van DA transporters. 

DeelDeel III: Potentiële functionele gevolgen van MDMA geïn-
duceerdduceerd neuronen verlies 

Inn deel 111 van dit proefschrift is onderzochtt of het 
gebruikk van MDMA is geassocieerd met een aantasting 
vann functies waarbij 5-HT een belangrijke rol speelt. 

Aangezienn 5-HT een rol speelt bij de regulatie van post-
synaptischh gelegen 5-HT2 receptoren, zijn in hoofdstu k 
66 de effecten van MDMA op de dichtheid van corticale 
5-HT22 receptoren besproken. In MDMA gebruikers 
werdd de dichtheid van 5-HT2 receptoren bestudeerd 
mett behulpvan [123|]Rgn5o SPECT. Daarnaast werden 
inn met MDMA behandelde ratten ex vivo [123|]Rgii5o 
bindingg studies verricht naast H PLC analyse van [5-HT] 
enn [5-HIAA]. In ratten bleek een afname gevolgd door 
eenn tijdsafhankelijk herstel van corticale 5-HT2A recep-
torenn sterk en positief geassocieerd met de mate van 5-
HTT depletie. In recente MDMA gebruikers waren post-
synaptischee 5-HT2A receptoren significant lager in alle 
bestudeerdee corticale gebieden, terwijl significant hoger 
inn the occipitale cortex van ex-MDMA gebruikers. De 
gecombineerdee resultaten van deze onderzoeken sug-
gererenn datdecompensatoire up-regulatievan 5-HT2A 

receptorenn in de occipitale cortex van ex-MDMA gebrui-
kerss een uiting kunnen zijn van lage 5-HT concentraties 
tenn gevolge van MDMA geïnduceerde neurotoxische 
laesies. . 

Hett is bekend dat 5-HT2A receptoren een rol spe-
lenn bij de regulatie van de microvasculatuur in het brein. 
Inn hoofdstu k 7.1 zijn 5-HT2A receptoren in MDMA 
gebruikerss bestudeerd met behulpvan [123|]Rgi 150 
SPECTT en het cerebraal bloed volume (rCBV) met 
behulpp van perfusie MRt. In de globus pallidus en occi-
pitalee schors was een lage corticale densiteit van 5-HT2A 

receptorenn significant geassocieerd met lage rCBV waar-
denn (duidend op vaatvernauwing) en een hoge corticale 

densiteitt van 5-HT2A receptoren met hoge rCBV waar-
denn {duidend op vaatverwijding). Deze observaties sug-
gererenn dat er een verband bestaat tussen het serotoni-
nee systeem en een veranderde regulatie van het 
microvasculatuurr in MDMA gebruikers. 

Inn hoofdstu k 7.2. is met behulp van perfusie en dif-
fusiee MR imaging aangetoond dat het gebruik van 
MM DMA in het verleden niet alleen is geassocieerd met 
eenn verhoging van rCBV waarden in de globus paltidus 
vann MDMA gebruikers (zoals beschreven in hoofdstuk 
7.1)) maar ook met een toename van het diffusie vermo-
genn van water (uitgedrukt in een ADC waarde) van de 
globuss pallidus, mogelijk als uiting van door MDMA 
geïnduceerdd verlies van (5-HT) axonen. 

Inn hoofdstuk 8 zijn effecten van matigen regelma-
tigg MDMA gebruik op het cognitief functioneren onder-
zocht,, gebruik makend van neuropsychologische testen. 
Bovendienn zijn de effecten van lange-termijn onthou-
dingg van MDMA op het cognitief functioneren bestu-
deerd.. Aangezien in het algemeen wordt aangenomen 
datt 5-HT transporters een belangrijke rol zouden spelen 
bijj het cognitief functioneren, werd het effect van een 
polymorfismee in de 5-HT transporter promoter gene 
regionn (5-HTTLPRR) op het cognitief functioneren 
bestudeerd.. !n overeenstemming met eerdere studies 
werdenn geheugen problemen alleen gevonden in regel-
matige,, maar niet matige MDMA gebruikers, terwijl de 
prestatiee van de regelmatige gebruikers relatief intact 
bleeff bij testen van reactie tijden en testen voor aan-
dachtenn uitvoerende functies. Vergelijkbare resultaten 
werdenn verkregen met proefpersonen die langer dan 1 
jaarr geleden gestopt waren met het gebruik van MDMA. 
Err werden geen aanwijzingen gevonden dat het 
5-HTTLPRRR genotype een rol zou kunnen spelen in 
MDMAA gebruik of cognitief functioneren. 

DeelDeel IV: Verband tussen biologische markers van 
neuronenneuronen verlies en geheugen 
Inn deel IV werd nader onderzocht of de in deel III van dit 
proefschriftt beschreven functionele beschadigingen 
(geheugenn verlies) correleren met het verlies van neuro-
nalee markers. 

Inn hoofdstu k 9.1 werd een studie beschreven waarin niet 
alleenn het aantal 5-HT transporters werd bepaald, maar 
eveneenss geheugen testen werden afgenomen in recen-
tee en ex-MDMA gebruikers. In recente, maar niet in ex-
MM DMA gebruikers, was het aantal corticale 5-HT trans-
porterss significant lager dan in controles (zie ook 
hoofdstukk 3.1). Zowel recente als ex-MDMA gebruikers 
haddenn geheugen problemen (zie ook hoofdstuk 8). In 
overeenstemmingg hiermee, was de prestatie op de 
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geheugentestt niet geassocieerd met het aantal corticale 
5-HTT transporters. Deze bevindingen suggereren dat 
terwijll de neurotoxische effecten van MDMA op 5-HT 
neuronenn in de cortex reversibel lijken, de effecten van 
MDMAA op geheugen langdurig zijn. Evenzo is in hoofd -
stu kk 9.2 de relatie tussen verbaal geheugen en neurona-
lee dysfunctie in MDMA gebruikers onderzocht door het 
metenn van NAA/Cr ratios met behulp van 'H MRS {zie 
ookk hoofdstuk 4). In MDMA gebruikers was de prestatie 
opp een geheugentest sterk geassocieerd met NAA/Cr 
waardenn in de prefrontale cortex: hoe slechter de score 
opp de geheugentest hoe lager de NAA/Cr ratio en hier-
meemee samenhangend grotere neuronale dysfunctie- in de 
prefrontalee cortex van MDMA gebruikers. In hoofdstu k 
9,33 is onderzocht of veranderingen in post-synaptische 
corticalee 5-HÏ2A receptoren zoals gemeten met 
na3!]R9n500 SPECT {zie ook hoofdstuk 6) samenhangen 
mett geheugen problemen in MDMA gebruikers. 
Corticalee 5-HT2A receptor binding correleerde negatief 
mett prestatie op een geheugentest in MDMA gebrui-
kers,, maar niet in controles. Deze bevinding suggereert 
eenn verandering in 5-HT functie met samenhangende 
geheugenn problemen in MDMA gebruikers. 

DeelDeel V: Samenvattingen conclusie 
Inn hooft)stu k 10 wordt een overzicht gegeven uit de 
internationalee literatuur van studies waarbij met behulp 
vanvan neuroimaging technieken de potentiële neurotoxici-
teitvann MDMA in het menselijk brein is onderzocht. 
Verschillendee PET, SPECT en ' H MRS studies werden 
besproken,, waarbij de meeste studies bewijs aanvoeren 
datt MDMA schadelijk is voor het menselijk brein. 
Daarnaastt werden er verschillende beeldvormende tech-
niekenn besproken die de potentiële functionele gevolgen 
vann door MDMA geïnduceerde 5-HT neurotoxische lae-
siess hebben onderzocht. Tenslotte is in hoofdstuk 11 de 
samenvattingg van dit proefschrift gegeven en zijn con-
clusiess en implicaties besproken. 

Algemenee Discussie 
Uitt de resultaten van de studies die in dit proefschrift 
zijnn beschreven en de in hoofdstuk 10 geraadpleegde 
internationalee literatuur, valt te concluderen dat door 
MDMAA geïnduceerd verlies van 5-HT hersencellen 
bestudeerdd kan worden met [,ZJl]p-CIT SPECT. Met deze 
enn andere neuroimaging technieken die verlies van 
neuronenn kunnen detecteren werd bewijs aangevoerd 
datt mensen die MDMA gebruiken vatbaar zijn voor 
doorr M DMA geïnduceerde neuronale schade. Vrouwen 
blekenn gevoeliger voor MDMA's schadelijke effecten. De 
effectenn lijken dosis gerelateerd en herstelbaar in de 
meestee hersengebieden. Geen bewijs kon worden 

gevondenn dat MDMA het dopamine systeem aantast, 
ditt in tegenstelling tot amfetamine. Tevens werd gevon-
denn dat het gebruik van MDMA is geassocieerd met een 
aantall stoornissen in functies waarbij 5-HT een belang-
rijkee rol speelt. Geheugen problemen in MDMA gebrui-
kerss correleerden met enkele biologische markers van 
neuronalee schade. Echter, het is van belang te benadruk-
kenn dat de bovengenoemde conclusies mede berusten 
opp resultaten van eerdere experimentele studies in 
proefdierenn waarbij behandeling met MDMA resulteer-
dee in een afname van verscheidene 5-HT neuronale 
markers.. De huidige bevindingen in de mens kunnen 
alleenn in samenhang met deze experimentele studies in 
proefdierenn gedaan worden. De belangrijkste beperken-
dee factoren van de in dit proefschrift besproken studies 
hebbenn betrekking op: (1) deonderzoeks populatie; (2) 
dee verificatie van drugs gebruik; en (3) de gebruikte 
technieken. . 

(1)(1) Onderzoeks populatie - De meeste beperkingen 
betreffendee de onderzochte populatie zijn reeds in de 
verschillendee hoofdstukken van dit proefschrift 
genoemd.. Ze hebben vooral betrekking op preëxistente 
verschillenn tussen M DMA gebruikers en controles en 
verschillenn in vatbaarheid. Dit zijn problemen waarmee 
dee meeste onderzoeken tn de praktijk te maken hebben, 
aangezienn deze studiess retrospectief zijn en daardoor 
vatbaarr voor selectie bias en confounding {Curran et al., 
2000).. Echter, in de meeste studies die in dit proef-
schriftt zijn beschreven werden maatregelen genomen 
omm de effecten van eventuele preëxistente verschillen 
tussenn MDMA gebruikers en de controle groep te redu-
cerenn door de controle groep uit dezelfde populatie te 
rekruterenn als de MDMA gebruikers en daarnaast statis-
tischh te controleren voor mogelijke confounders. Dit is 
eenn opmerkelijk verschil met de meeste studies op dit 
gebied,, waarbij controle proefpersonen van een univer-
siteitt of uit de algemene bevolking werden geselecteerd. 
Desalnietteminn is het natuurlijk mogelijk dat de data 
doorr andere potentiële confounders worden verstoord, 
aangezienn MDMA gebruik al had plaats gevonden bij de 
startt van de studie. Zo valt niet uit te sluiten dat MDMA 
inn sommige personen toxischerzou kunnen zijn op 
grondd van bepaalde 'vatbaarheids factoren'. 
Bijvoorbeeld,, in de literatuur zijn 2 gevallen beschreven 
waarbijj een fataliteit een serum MDMA concentratie 
vann 1.26 mg/l had, terwijl een andere patiënt wiens 
serumm concentratie 7.0 mg/l was, alleen ondersteunen-
dee behandeling kreeg en overleefde (Brown et al., 1987; 
Campkinn et al., 1992). Bovendien is in dit proefschrift 
eenn studie beschreven waaruit blijkt dat vrouwen gevoe-
ligerliger zouden zijn dan mannen voor de schadelijke effec-
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tenn van M DMA. Ofschoon de etiologie van dit 
geslachtsverschill onbekend is, is het mogelijk dat zij 
onderr meer berust op hormonale invloeden aangezien 
hett is aangetoond dat gonadale hormonen, met name 
oestrogenen,, een aantal aspecten van het functioneren 
vanvan het 5-HT systeem moduleren, (McQueen et al., 
1999).. De genoemde geslachtsverschillen zouden ech-
terr ook kunnen berusten op verschillen in het aantal 5-
HTT transporters tussen mannen en vrouwen (zie ook 
hoofdstukk 3.2) en/of het gecombineerde gebruik van 
anderee middelen die de door MDMA geïnduceerde 
hyperthermicc antagoneren (zoals bijvoorbeeld alcohol) 
(Malbergett al., 1998). Andere factoren welke MDMA's 
neurotoxischh potentieel zouden kunnen modificeren 
zijnn onder andere: (a) dosis en patroon van MDMA 
gebruikk (Boot et al.T 2000); (b) leeftijd (McCann et al., 
2000);; (c) 5-HT transporter polymorfisme (Lesch et al., 
1996);; (d) preëxistente psychiatrische morbiditeit 
(Schifanoo et al., 2000); (e) omstandigheden waarin 
MDMAA gebruikt wordt (bijvoorbeeld temperatuur, 
lawaai,, drukte) (Malberg&Seidemg98); (f) metaboli-
seringvann MDMA (Ramamoorthyet al., 2001; Tucker et 
al.,, 1994). Toekomstige studies in grotere experimentele 
groepenn zijn noodzakelijk om deze vatbaarheids facto-
renn te onderzoeken, 

(2)(2) Verificatie van drugs gebruik - In de in dit proefschrift 
beschrevenn studies was het niet mogelijk om exact te 
bepalenn welke drug in welke dosering in het verleden 
wass gebruikt door de proefpersonen. Chemische analy-
see van als 'ecstasy' verkochte pillen heeft aangetoond 
datt deze MDMA kunnen bevatten in doses variërend 
vanvan 40 tot 150 mg. Ze kunnen echter ook andere drugs 
bevattenn zoals 3,4-metyleendioxyethylamfetamine 
(MDEA),, 3,4-methyleendioxyamfetamine (MDA), amfe-
tamine,, ketamine, LSD en een heel scala aan andere 
middelenn of een combinatie daarvan. In Nederland is 
hett echter redelijk goed bekend wat een pil ten tijde van 
dezee studie moet hebben bevat, vanwege het Drugs 
Informatiee en Monitoring Systeem (DIMS), een uniek 
projectt om de ecstasy markt chemisch te kunnen moni-
toren.. Over de periode 1998-2000 bevatte een ecstasy 
tablett gemiddeld 98 mg MDMA (Planije et al., 2001). In 
dee in dit proefschrift beschreven studies werd het drug 
gebruikk voorafgaand aan de studie retrospectief in kaart 
gebrachtt aan de hand van een vragenlijst. Een recent 
onderzoekk heeft de validiteit van deze vragenlijst onder-
zocht.. In 93% van de gevallen bleek het gerapporteerde 
gebruikk van MDMA in overeenstemming met de resul-
tatenn van urinetesten (Van de Wijngaart et al., 1997). 
Daarnaastt werd het drug gebruik alsook de lengte van 
dee onthoudingsperiode geverifieerd met behulp van 

urinetesten.. Cannabis kan in bloed en urine nog 2-3 
wekenn na inname gedetecteerd worden, maar MDMA 
enn andere amfetaminen alleen tot 24-48 uur. Om die 
redenn kan men met behulp van urinetesten geen ont-
houdingg van MDMA in de 2-3 weken periode voor een 
studiee bevestigen. Echter, aangezien MDMA competitie 
aangaatt met [,2M]P-CIT voor binding aan de 5-HT trans-
porter,, is het ook van belang urinetesten te verrichten 
omm verzwegen recentelijk gebruik van MDMA op het 
spoorr te komen. In toekomstige studies zou haaranaly-
see uitkomst kunnen bieden om te achterhalen welke 
drugg op welk tijdstip was genomen en om eerder 
gebruikvann MDMA te bevestigen. 

(3)(3) Gebruikte technieken - Ofschoon ['^(i-CITSPECT 
studiess kunnen worden beperkt door een aantal facto-
renn (zoals de lage opname van [,2il](3-CIT in de cortex, 
haarr hoge affiniteit voor zowel 5-HT als DA transporters, 
hett gebruik van een niet-optimaal referentie gebied 
(cerebellum)) en relatief lage resolutie), hebben verschil-
lendee studies in proefdieren en apen aangetoond dat 
dezee techniek adequaat door MDMA geïnduceerde 
afnamee in 5-HT transporters kan detecteren in verschil-
lendee 5-HT rijke hersengebieden. Aangezien geen van 
dee huidig beschikbare technieken perfect is, is des te 
belangrijkerr dat bewijzen uit verschillende hoeken wor-
denn vergaard, berustend op verschillende technieken 
diee alle in dezelfde richting wijzen. Het is om die reden 
opmerkelijkk dat de resultaten van de verschillende in dit 
proefschriftt beschreven studies (SPECT onderzoek naar 
5-HTT transporters en 5-HT2 receptoren; nH MRS bepa-
lingenn van NAA; perfusie en diffusie MR imaging en 
cognitievee onderzoeken) veranderingen in 5-HT morfo-
logiee en functie in de hersenen van MDMA gebruikers 
suggereren.. Er zullen in de toekomst zonder twijfel bete-
ree technieken komen om de door MDMA geïnduceerde 
schadee beter te kunnen bestuderen. Zo zullen selectie-
veree SPECT radioliganden ontwikkeld worden voor de 5-
HTT transporter die gevoeliger kunnen zijn in het detec-
terenn van MDMA geïnduceerde neuronale schade, zoals 
bijvoorbeeldd 5-iodo-2-[[2-2-[{dimethylamino)methyl]phe-
nyl]thio]benzyll alcohol (p23|]IDAM),dat een hoge affini-
teitt en selectiviteit voor de 5-HT transporter heeft (Acton 
ett al., 1999). Echter, op dit moment is dit ligand niet 
commercieell beschikbaar. Tot die tijd zullen toekomsti-
gee SPECT studies de sensitiviteit en specificiteit moeten 
bepalenn van [,2Jl]p-CIT SPECT om door MDMA geïndu-
ceerdee neuronale schade te kunnen detecteren. 
Daarnaastt is het mogelijk dat andere technieken als ] H 
MRS,, perfusie en diffusie MR imaging, een belangrijke 
roll komen te spelen in de toekomst, nadat deze technie-
kenn zijn gevalideerd in met MDMA behandelde proef-
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dieren.. Het gecombineerde gebruik van deze verschil-
lendee technieken zal nieuwe inzichten verschaffen in het 
neurotoxischh effect van MDMA in het menselijk brein. 
Bijvoorbeeld,, co-registratie van SPECTmet MRI scans 
zall het probleem van de lage spatiele resolutie kunnen 
oplossen,, door fusie van functionele met anatomische 
informatie.. Ofschoon in de meeste studies in dit proef-
schriftt een region-of-interest (ROI) analyse werd 
gebruikt,, is het mogelijk dat een automatische voxel-
gerelateerdee analyse krachtiger maar consistent is met 
eenn ROI analyse en daardoor waardevol kan blijken in 
hett detecteren van kleine verschillen tussen MDMA 
gebruikerss en controles. 

Discrepantiess werden geconstateerd tussen de 
verschillendee gebruikte neuroimaging technieken met 
betrekkingg tot het hersengebied dat aangedaan leek 
doorr MDMA. Bijvoorbeeld, met pI jp-CIT SPECT ble-
kenn 5-HT transporter afgenomen in alle hersengebie-
den,, behalve de thalamus, van vrouwelijke MDMA 
gebruikers.. Echter, m e ^ H MRS werd alleen een afname 
inn NAA gezien in de frontale- maar niet de occipitale-
grijzee stof van MDMA gebruikers.f^ijRgnso SPECT 
toondee veranderingen in 5-HT2 receptoren alleen aan in 
dee occipitale schors maar niet in andere corticale gebie-
den.. Ten slotte toonden perfusie en diffusie M R imaging 
eenn verandering in rCBVen ADC waarde vooral aan in 
dee globus pallidus. Indien elke techniek eenzelfde biolo-
gischee marker zou meten dan is het te verwachten dat 
elkee techniek door MDMA geïnduceerde neuronale 
schadee of verlies van functie in dezelfde mate en in alle 
5-HTT rijke gebieden zou aantonen. Dit is echter niet het 
gevall aangezien elke techniek een ander aspect van aan 
MDMAA geïnduceerde neuronale schade meet. 
Daarnaastt heeft elke techniek een bepaalde specifieke 
sensitiviteitt om door MDMA geïnduceerde schade te 
meten.. Om die reden is het van belang dat toekomstige 
studiess erop gericht zijn deze neuroimaging technieken 
naderr te valideren in dierexperimentele studies. 
Daarnaastt zullen meer studies verricht moeten worden 
waarinn neuroanatomische en functionele data aan neu-
ropsychologischee en psychiatrische data gerelateerd 
kunnenn worden om zodoende gelokaliseerde schade in 
dee hersenen in verband te kunnen brengen met cogni-
tieve/klinischee problemen. 

Implicaties s 
Dee bevindingen van de in dit proefschrift beschreven 
studiess betekenen een (gedeeltelijke) bevestiging van de 
hypothesenn en roepen daarmee belangrijke vragen op 
tenn aanzien van de veiligheid van gebruik van M DMA 
doorr mensen. Alvorens over te kunnen gaan tot volksge-
zondheidsmaatregelenn en een wijziging van de voorlich-

tingsboodd schap ten aanzien van MDMAzullen enkele 
vanvan de resultaten van deze studie in vervolgonderzoek 
moetenn worden {herbevestigd, met name die welke 
betrekkingg hebben op geslachtsverschillen en (on)her-
stelbaarheidd van MDMA's neurotoxische effecten. De 
onderzoeksresultatenn geven antwoord op belangrijke 
vragen.. Daarnaast zijn enkele andere vragen met betrek-
kingg tot de causaliteit, beloop en klinische relevantie van 
dee bevindingen onbeantwoord gebleven. Aangezien alle 
studiess retrospectief van aard waren, zijn de resultaten 
mogelijkk beïnvloed door selectie bias en confounding 
doorr factoren die de kans verhogen om MDMA te gaan 
gebruiken.. Daarom kan op dit moment niet met zeker-
heidd gesteld worden dat mensen die MDMA gebruiken 
kanss lopen op door MDMA geïnduceerde schade. 

Hett is duidelijk dat alleen een experimentele studie 
dezee problemen kan overkomen en bewijzen dat recre-
ationeell gebruik van MDMA neurotoxisch is voorde 
mens.. Echter, gezien de huidige stand van zaken lijkt 
eenn dergelijke studie ethisch niet verantwoord, gezien 
dee potentiële schadelijkheid van de drug. Een mogelijke 
oplossingg voor dit probleem is om longitudinale studies 
tee verrichten in groepen met een verhoogd risico om 
MDMAA te gebruiken, waarin proefpersonen worden ver-
gelekenn op basis van hersenschade, cognitief functione-
renn en klinische symptomen, vóór en na MDMA 
gebruik.. Dergelijke studies zouden niet alleen de relatie 
tussenn MDMA gebruik en neurotoxiciteit bevestigen en 
beterr definiëren maar daarnaast ook kunnen bepalen of 
personenn die MDMA gebruikt hebben een verhoogd 
risicoo hebben om neuropsychiatrische klachten te ont-
wikkelen.. De potentiële functionele gevolgen van door 
MDMAA geïnduceerde neurotoxische laesies zijn nog 
onduidelijkk maar omvatten waarschijnlijk depressie, 
angststoornissen,, geheugen problemen en andere neu-
ropsychiatrischee stoornissen waarin een rol toebedacht 
iss aan 5-HT (McCann et al., 2000; Parrott et al,, 2000; 
Schifanoo et al., 2000). 

Studiess in mensen zijn in hoge mate gediend met 
aanvullendee experimentele studies in proefdieren. Het 
iss duidelijk dat er nog veel onbekend is van M DMA en 
zijnn neurotoxische effecten. Toekomstige studies in 
proefdierenn kunnen zich richten op een aantal aspecten. 
Opp dit moment is er veel aandacht in de internationale 
literatuurr voor bijvoorbeeld de effecten van één enkele 
dosiss MDMA {McCann et al., 2001). Zo zouden studies 
inn proefdieren er ook op gericht kunnen worden om de 
effectenn van doseringsschema's beter te karakteriseren. 
Daarnaastt is er in de literatuur veel aandacht voor 
mogelijkk schadelijke interactie tussen M DMA en andere 
drugs.. Ofschoon er een aanzienlijke toename lijkt van 
hett aantal personen dat MDMA combineert met 5-HT 
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heropnamee remmers (SSRIs) om zo de sombere stem-
mingg na het gebruik van MDMA te voorkomen (Boot et 
al.,, 2000), zijn er aanwijzingen dat SSRIs de acute toxi-
schee effecten van MDMA versterken (Hegadoren et al., 
1999).. Daarnaast is het van belang dat toekomstige 
proefdierstudiess de interactie tussen MDMA en andere 
illegalee drugs onderzoeken. Tenslotte zouden studies in 
proefdierenn de validiteit van imaging technieken nader 
moetenn onderzoeken die gebruikt worden om door 
MDMAA geïnduceerde schade in het menselijk brein en 
mogelijkk functionele gevolgen daarvan te onderzoeken. 

Neuroimagingg technieken kunnen een grote bij-
dragee leveren aan onze kennis van de lange en korte 

termijnn effecten van MDMA in het menselijk brein. 
Hett feit dat deze technieken non-invasief zijn en over 
hett algemeen in de tijd herhaald kunnen worden in het-
zelfdee individu, is een cruciale eigenschap. Toch zal het 
niett mogelijk zijn om alleen met neuroimaging een 
totaall beeld te krijgen van de potentiële neurotoxiciteit 
enn functionele gevolgen van MDMA in het menselijk 
brein.. Slechts in samenwerking met andere onder-
zoeksveldenn als neuropsychologie, psychiatrie, neuro-
chemiee en toxicologie kunnen meer fundamentele 
inzichtenn verkregen worden, resulterend in een betere 
risicoo inschatting van dit in potentie urgente gezond-
heidsprobleem. . 
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