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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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-0 0 h; ; 
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155 -
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1 1 

s s 
88 * 

S S 

1 1 

ss t 
- * --

5 5 

1 1 
Control l MDMAA ex-MDMA 

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 

158 8 



P a r tt  IV I L i n k i n g 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 w i t h m e m o r y f u n c t i o n 

== 1.6-

<< 1.4 -

99 I O 11 12 13 

RAVLTT delayed recall 

99 i o 11 12 13 
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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 neuronal 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 neuronal 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 dorsolateral 

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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