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Abstract 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. 

Introduction 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). 

Methods 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. 

Results 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, 

1 0 2 2 
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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 lee 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.io 

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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