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Partt I I I n t roduc t ion 

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. . 

Neurochemistry 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). 

Neurotoxicity 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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