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

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

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

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

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

inn a variety of brain diseases associated w i th neuronal 

loss. . 

Thee present study was designed t o evaluate 

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

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

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

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

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

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

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

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

too con t ro ls . 

Methods s 
Subjects Subjects 

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

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

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

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

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

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

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

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

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

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

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

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

healthy. . 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

d iagnoses . . 

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

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

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

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

MagneticMagnetic resonance spectroscopy 

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

Speedd (General Electric Medica l Systems, Mi lwaukee 

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

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

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

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

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

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

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

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

(Figuree 1). 

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

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

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

parietalparietal white matter (right). 

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

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

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

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

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

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

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

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

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

Thee spectroscopic data acqu is i t ion provides a water 

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

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

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

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

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

Thiss analysis effectively measures areas and ratio of 

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

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

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

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

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

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

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

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

Statistics Statistics 

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

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

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

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

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

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

MR/ / 
Visually,, no significant brain atrophy or white matter 
lesionss could be detected on the images in either 
MDMAA users or control subjects. 

Partt II j Biological markers of neuronal loss 

TableTable 1. Demograhpia, characteristics of MDMA use and other 

recreationalrecreational drug exposure' 

Controlss MDMA users 

Age e 

MDMA A 

Durationn of use (y) 

Usuall dose (tablets) 

Lifetimee dose (tablets) 

Timee since last tablet (weeks) 

Alcoholl (units/week) 

Tobaccoo (cig./day) 

Cannabis s 

(no.. joints last 3 months) 

Amphetamine e 

(no.. times used last 3 months) 

11 Data are expressed in mean  SD val 

27.00 (4.1) 

--
--
--
--

13.4(11.9) ) 

10.88 (3.7) 

2.33 (0.5) 

--
ues s 

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

27-22 (5-3) 

5.66 [2.5-12.0] 

2.1(1.5-3.5] ] 

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

17.55 (13-8) 

13-33 (H-9) 

158.3(178.9)^ ^ 

5.00 (8.7) 

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

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

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

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

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

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

N A AA is a correlate marker for healthy mature 

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

NAAA indicates reduced neuronal density. NAA levels 

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

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

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

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

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

s istentt decreases in NAA levels in monkey brain 

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

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

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

1995). . 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Wee observed reduct ions in NAA/Cr and 

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

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

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

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

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

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

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

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

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

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

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

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

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

Controls s 

nn = i2 

MDMAA users Delta a 

% % 
Significance e 

Crayy matter2 

Mid-frontalMid-frontal gray matter 

NAA/Cr r 

NAA/Cho o 

Ml/Cr r 

Mid-Mid- occipital gray matter 

NAA/Cr r 

NAA/Cho o 

Ml/Cr r 

1.622 0 

2.066  0.23 

0.655 s 0.08 

1.566 9 

3.044  0,52 

0.600  0.07 

1.433 1 

1.788 7 

0.644 6 

1.544 1 

2.677 1 

0.577 8 

7 7 
-14.0 0 

-12.2 2 

-5-0 0 

0.04 4 

0.03 3 

0.62 2 

0.72 2 

0,12 2 

0,29 9 

Whitee matter1 

RightRight parietal white matter 

NAA/Crr o 

NAA/Choo 6 

Ml/Crr 0,6410.06 

1.788 9 

1,966 2 

0,622  O.09 

-6.3 3 

f6.5 5 

-3-1 1 

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

NAA A 

ppm m ppm m 

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

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

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

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

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

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

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

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

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

2-55 -1 

1 1 
II 2 

uu !-5

Lifetimee no. MDMA tablets (log) 

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

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

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

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

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

However,, since NAA, to our knowledge, has not been 
linkedd to impulsivity and sensation seeking, the pre-
sentt study makes it less probable that observed decre-
asess in NAA/Cr and NAA/Cho are a cause rather than 
ann effect of MDMA use. Second, because most of the 
MDMAA users had experimented with other recreation-
all drugs, mainly cannabis and amphetamine, we can 
nott completely rule out the possibility that the present 
findingss are unrelated to cannabis or amphetamine 
use.. However, urine drug tests indicated that no parti-
cipantt had used cannabis in the week prior the study. 
Whilee the effects of cannabis use on NAA levels are 
(too our knowledge) still unknown, methamphetamine 
hass been shown to reduce NAA levels (Ernst et al., 
2000).. In the present study, NAA/Cr and NAA/Cho 
ratioss in the frontal cortex were still significantly lower 
inn MDMA users when compared to controls, when 
MDMAA users who also had used amphetamine in the 
pastt 3 months were excluded from the analysis. Also, 
noo significant effect of cannabis or amphetamine use 
onn NAA/Cr and NAA/Cho ratios in the frontal cortex 
wass observed in the statistical analysis, making it less 
probablee that the findings of the present study should 
bee attributed to either of these drugs. In addition, 
observedd decreases in NAA/Cr and NAA/Cho ratios 
aree unlikely to be due to direct pharmacological 
effectss of MDMA, since MDMA using participants 
reportedd that they had abstained from use of MDMA 
orr other psychoactive drugs for at least 1 week before 
thee study. Furthermore, we had to rely upon retrospec-
tivee accounts of drug history using a drug-history 
questionnaire.. A recent survey investigated the validi-
tyy of the drug-history questionnaire that was used in 
thiss study. It was found that in 93% of the cases the 
reportedd use of ecstasy was in agreement with the 
drug-urinee test (Van de Wijngaart et al„ 1997). 
However,, drug usage and abstention period were also 
verifiedd by urine drug screening. Blood and urine 
sampless can detect drugs like cannabis 2-3 weeks 
afterr use, but MDMA and other amphetamine deriva-
tivess can be detected only 24-48 h after the last dose. 
Therefore,, we were only able to objectively confirm 
abstentionn from cannabis, but not MDMA, in the 2-3 
weekss before the study. In future studies, hair-sample 
analysiss would be a useful way to assess more 
appropriatelyy what drug was taken at what time and to 
ascertainn previous use of MDMA. Finally, single voxel 
protonn spectra were acquired and processed automa-
ticallyy in this study. It has been shown that the stan-
dardd variations of NAA/Cr ratios are much lower 
usingg this method compared to studies relying on 
manuall adjustment of the instrument and/or manual 

72 2 



Partt I I J Biological markers of neuronal loss 

processing.. Of the remaining variability, how much is 
controllable,, and how much is biological variation in 
thee normal population ? One potential source of error 
iss the partial volume effect. Contamination of the volu-
mee of interest with different tissue types will lead to 
variationn in the results. In future studies this may be 
correctedd via tissue segmentation to identify 
gray/whitee matter fractions. NAA/Cr ratios are known 
too be higher in white than in gray matter. Therefore, 
contaminationn of a gray voxel with white matter will 
increasee NAA/Cr ratios, and consequently an undere-
stimationn of M DM A's neurotoxic effects on 5-HT neur-
ons,, because MDMA is known to induce 5-HT neuro-
toxicityy in cortical gray matter, leaving cortical white 
matterr relatively unaffected (Scheffe! et al„ 1998). 

Conclusion n 
Ourr results suggest that MDMA use may lead to 
changess in NAA levels of the frontal cortex of 
MDMAA users as measured with ^H MRS, and that 
thesee changes are dose-related. These findings con-
firmfirm and extent previous observations suggesting 
thatt human MDMA users may be at risk of develo-
pingg neuronal injury. The present findings will provi-
dee a cogent argument for consumers to make infor-
medd decisions about recreational MDMA use. 
Additionall studies are needed to determine whether 
changess in NAA concentrations in MDMA users are 
reversiblee with longer periods of abstinence, and 
whetherr reduced NAA levels are associated with 
functionall impairments. 

References s 

Arnoldd DL, Riess GT, Matthews PM. Francis GS. 

Collinss DL, WolfsonC, Antel (P. Use of proton 

magneticc resonance spectroscopy for monito-

ringg disease progression in multiple sclerosis, 

Annn Neurol 1994; 36:76-82. 

Battagliaa C, Yeh SY. O'Hearn E, Molliver ME, 

Kuharr MJ, De Souza EB, 3,4-

Methylenedioxymethamphetamineandd 3,4-

methylenedioxyamphetaminee destroy serotonin 

terminalss in rat brain; quantification of neurode-

generationn by measurement of pHJparoxetine-

labeledd serotonin uptake sites.) Pharmacol Exp 

Therr 1987; 242:911-916. 

BertolinoA,, Esposito C, Callicott JH, MattayVS, 

Vann Horn JD, Frank J A, Berman KF, Weinberger 

DR.. Specific relationship between prefrontal 

neuronall N-acety [aspartate and activation of the 

workingg memory cortical network in schizophre-

nia.. Am I Psychiatry 20O0; 157: 26-33. 

Boott BP, McGregor IS, Hall W, MDMA (Ecstasy) 

neurotoxicity:: assessing and communicating the 

risks.. Lancet 2000; 355:1818-1821. 

Bottomleyy PA. Spatial localization in NMR spec-

troscopyy in vivo. Ann N Y Acad Sci 1987; 508: 

333-348. . 

Brownelll AL, Jenkins B C Elmaleh DR, Deacon 

TW,, Spealman RD, Isacson O. Combined 

PET/MRSS brain studies show dynamic and long-

termm physiological changes in a primate model 

off Parkinson disease. Nat Med 1998; 4: i j o8 -

1312. . 

Cendess F, Andermann F, Dubeau F, Matthews 

PM,, Arnold DL. Normalization of neuronal met-

abolicc dysfunction after surgery for temporal 

lobee epilepsy. Evidence from proton MR spectro-

scopicc imaging. Neurology 1997; 49:1525-1533, 

Changg L, Ernst T, Poland RE, Jenden DJ. In vivo 

protonn magnetic resonance spectroscopy off the 

normall aging human brain. Life Sci 1996; 58: 

2049-2056. . 

Changg L, Ernst T. Crab CS, Poland RE. Cerebral 

( i)HH MRS alterations in recreational 3, 4-methy-

lenedioxymethamphetaminee (MDMA, "ecsta-

sy")) users. J Magn Reson Imaging 1999; 10: 521-

526. . 

Dee Stefano N. Matthews PM. Antel JP, Preul M, 

FrancisFrancis C, Arnold DL. Chemical pathology of 

acutee demyelinating lesions and its correlation 

withh disability. Ann Neural 1995: 38: 901-909. 

Ernstt T. Chang L, Leonido-Yee M, Speck O. 

Evidencee for long-term neurotoxicity associated 

withh methamphetamine abuse: A1 ! - ! MRS study. 

Neurologyy 2000 Mar 28 154 (6 ):i344 -9 54:1344-

'349--

Fowlerr jS, Volkow ND. Wang CJ, Logan J, 

Pappass N, Shea C, MacCregor R. Age-related 

increasess in brain monoamine oxidase B in 

livingg healthy human subjects. Neurobiol Aging 

1997;18:431-435. . 

Hatzidimitriouu G, McCann UD, RicaurteGA. 

Alteredd serotonin innervation patterns in the 

forebrainn of monkeys treated with (+/-)34-

methylenedioxymethamphetaminesevenyears s 

previously:: factors influencing abnormal reco-

very.. J Neurosci 1999; 19: 5096-5107. 

Higuchii T, Graham SH, Fernandez Ej, Rooney 

WD,, Gaspary HL, Weiner MW, Maudsley AA. 

Effectss of severe global ischemia on N-acetylas-

partatee and other metabolites in the rat brain. 

Magnn Reson Med 1997; 37: 851-857. 

Howee FA, Maxwell RJ, Saunders DE, Brown 

M M ,, Griffiths JS. Proton spectroscopy in vivo. 

Magnn Reson Q 1993; 9: 31-59. 

MalbergJE,, Seiden LS. Small changes in ambient 

temperaturee cause large changes in 3,4-metriy-

lenedioxymethamphetaminee (MDMA) -induced 

serotoninn neurotoxicity and core body tempera-

turee in the rat. J Neurosci 1998; 18: 5086-5094. 

McCannn UD, Ridenour A, Shaham Y, Ricaurte 

GA.. Serotonin neurotoxicity after (+/-)3,4-methy-

lenedioxymethamphetaminee (MDMA; 

"Ecstasy"):: a controlled study in humans. 

Neuropsychopharmacologyy 1994; 10:129-138. 

McCannn UD, SzaboZ, Scheffel U. Dannals RF, 

Ricaurtee GA. Positron emission tomographic 

evidencee of toxic effect of MDMA ('Ecstasy") on 

brainn serotonin neurons in human beings. 

Lancett 1998a: 352:1433-1437. 

McCannn UD, Wong DF, Yokoi F, Villemagne V, 

Dannalss RF, Ricaurte GA Reduced striatal dopa-

minee transporter density in abstinent methamp-

hetaminee and methcathinone users: evidence 

fromm positron emission tomography studies 

withh lnqWIN-35,428. j Neurosci 1998b; 18: 

8417-8422. . 

73 3 



Investigatingg the potential neurotoxicity of Ecstacy (MDMA): An imaging approach 

O'Hearnn E, Battaglia C, De Souza EB, Kuhar MJ, 

Molliverr ME. Methylenedioxyamphetamine 

(MDA)) and methylenedioxymethamphetamine 

(MDMA)) cause selective ablation of serotoner-

gicc axon terminals in forebrain: immunocytoche-

micall evidence for neurotoxicity. J Neurosci 

1988;; 8: 2788-2803. 

Peroutkaa SJ. Incidence of recreational use of 3,4-

mm eth yle ned i meth oxy m eth a m p heta m i ne 

(MDMA,, "ecstasy") on an undergraduate cam-

pus.. N Engl J Med 1987; 317:1542-1543. 

Reedd L), Winstock A, Cleare A), McGuire P. Toxic 

effectt of MDMA on brain serotonin neurons. 

Lancett 1999; 353: 268-1271. 

RenemanL,, BooijJ.de Bruin K, de Wolff FA, 

Gunningg WB, den Heeten CJ, van den Brink W. 

Partiall reversibility and gender differences in the 

toxicc effects of MDMA ("Ecstasy") on brain 

serotoninn neurones in humans: a [ 7!I]|3-CIT-

SPECTT study. The Lancet 2001a (in press). 

Renemann L, Lavalaye J, Schmartd B, de Wolff FA, 

vann den Brink W, den Heeten Cj , Booij j . Cortical 

Serotoninn Transporter Density and Verbal 

Memoryy in Individuals who Stopped using 3,4-

Methylenedioxymethamphetaminee (MDMAor 

"Ecstasy"):: Preliminary Findings. Arch Gen 

Psychh 2001b; 58: 901-906. 

Renemann L, Majoie CBLM, Schmand B, van den 

Brinkk W, den Heeten GJ. Prefrontal N-acetylas-

partatee is strongly associated with memory per-

formancee in (abstinent) Ecstasy users: 

Preliminaryy report. Biol Psych 2001c 50: 550-554 

Ricaurtee GA, Finnegan KT, Irwin 1, Langston JW 

Aminergicc metabolites in cerebrospinal fluid of 

humanss previously exposed to MDMA: prelimi-

naryy observations. Ann N Y Acad Sci 1990; 600: 

699-708. . 

Ricaurtee GA, Forno LS, Wilson MA, DeLanney 

LE,, Irwin I, Molliver ME, Langston JW. (+/-)3,4-

MM eth yle n ed i oxym eth a m pheta m i ne S elect i vel y 

damagess centra! serotonergic neurons in non-

humann primates. JAMA 1988; 260: 51-55. 

Ricaurtee GA, MartelloAL. KatzJL, Martel loMB. 

Lastingg effects of (+-)-3,4-methylenedioxymet-

hamphetaminee (MDMA) on central serotoner-

gicc neurons in nonhuman primates: neuroche-

micall observations. J Pharmacol Exp Ther 1992: 

261:616-622. . 

Rubinn Y, LaPlaca MC, Smith D H , Thibault LE, 

Lenkinskii RE. The effect of N-acetylaspartate on 

thee intracellular free calcium concentration in 

NTera2-neurons.. Neurosci Lett 1995; 198: 209-

212. . 

Scheffell U, S2abo Z, Mathews WB, Finley PA, 

Dannalss RF, Ravert HT, Szabo K, Yuan J, 

Ricaurtee GA In vivo detection of short- and 

long-termm MDMA neurotoxicity—a positron 

emissionn tomography study in the living baboon 

brain.. Synapse 1998: 29:183-192. 

Schmidtt CJ. Neurotoxicity of the psychedelic 

amphetamine,, methylenedioxymethamphetami-

ne.. J Pharmacol Exp Ther 1987; 240:1-7. 

Semplee DM, Ebmeier KP, Glabus MF, O'Carroll 

RE,, Johnstone EC. Reduced in vivo binding to 

thee serotonin transporter in the cerebral cortex 

off MDMA ('ecstasy') users. Br J Psychiatry 1999; 

175-63-69. . 

Stonee DM, Stahl DC, Hanson GR, Gibb JW. The 

effectss of 3,4-methylenedioxymethamphetamine 

(MDMA)) and 3,4-metbylenedioxyamphetamine 

(MDA)) on monoaminergic systems in the rat 

brain.. Eur J Pharmacol 1986; 128: 41-48, 

Toppp L, Hando J, Dillon P, Roche A, Solowij N. 

Ecstasyy use in Australia: patterns of use and 

associatedd harm. Drug Alcohol Depend 1999; 

55:105-115. . 

Tsaii G, Coyle JT. N-acetylaspartate in neuropsy-

chiatryy disorders. Prog Neurobiol 1995; 46: 531-

--

Urenjakk ), Williams SR, Cadian DG. Noble M. 

Protonn nuclear magnetic resonance spectrosco-

pyy unambiguously identifies different neural cell 

types.. J Neurosci 1993; 13: 981-989. 

Vann de Wijngaart G, Braam R, De Bruin D, Fris 

M,, Maalsté N, Verbraeck H Ecstasy in het uit-

gaanscircuitt (Ecstasy and the Dutch rave scene. 

AA socio-epidemiological study on the nature and 

extentt of, and the risks involved in using ecstasy 

andd other party drugs at dance events}, is t edn. 

Addictionn Research Institute, University of 

Utrecht,, Utrecht, the Netherlands, 1997 

VillemagneV,, Yuan J, Wong DF, Dannals RF. 

Hauidimitr iouu G, Mathews, W8, Ravert HT, 

Musachio),, McCann UD, Ricaurte GA. Brain 

dopaminee neurotoxicity in baboons treated 

withh doses of methampheta mine comparable to 

thosee recreationally abused by humans: eviden-

cee from [1'C]WIN-35,428 positron emission 

tomographyy studies and direct in vitro determi-

nations.. J Neurosci 1998; 18: 419-427. 

Vion-Duryy J, Nicoli F, Salvan A M , Confort-

Gounyy S, Dhiver C, Cozzone PJ. Reversal of 

brainn metabolic alterations with zidovudine 

detectedd by proton localised magnetic resonan-

cee spectroscopy. Lancet 1995; 345: 60-61. 

Webbb PG, Sailasuta N, Kohier SJ, Raidy T, 

Moatss RA, Hurd RE. Automated single-voxel 

protonn MRS: technical development and multi-

sitee verification. Magn Reson Med 1994; 31: 

365-373. . 

Wilsonn MA, Ricaurte GA, Molliver ME. Distinct 

morphologicc classes of serotonergic axons in 

primatess exhibit differential vulnerability to the 

psychotropicc drug 3,4-methylenedioxymet-

hamphetamine.. Neuroscience 1989; 28:121-137. 

74 4 

http://BooijJ.de

