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The abused drug MDMA (Ecstasy) induces programmed
death of human serotonergic cells '
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ABSTRACT The widely abused amphetamine an- tivate the biosynthesis of 6-hydroxydopamine (20), a neu-
alog 3,4-methylenedioxymethamphetamine (MDMA, rotoxic dopamine derivative, and short-term depletion of "
also called "ecstasy") induces hallucination and the rat brain from dopamine reduces MDMA neurotoxi- _'
psychostimulation, as wen as long-term neuropsy- city (21). '_

chiatric behaviors such as panic and psychosis. In Analyzing the MDMA mode of action in human cells is 'i
rodents and monkeys, MDMA is cytotoxic to sero- important in several aspects. First, the metabolism of am- i_
tonergic neurons, but this is !ess clear with humans, phetamines in primates (monkeys) is different from that in
Herein, MDMA was cytotoxic to human serotoner- rodents (22). Second, the neurotoxic activity of MDMA in _'
gic JAR cells; it altered the cell cycle, increased G2/ rodents was observed mainly at the level of neuronal pro-
M phase arrest, and induced DNA fragmentation in cesses, whereas in monkeys the cell bodies were also de- i,
a cycloheximide-sensitive way. This apoptosis was s_ktroyed1C.2__.This may be related to the fin_a_at
not observed in nonserotonergic human NMB cells, primates are more sensitive than rodents to the toxic ac- ',]
The stereospecilic effect of amphetamines in JAR tivity of this drug (5, 6, 23-25). Rodents exhibit, overall,
cells, and the key role of NO and dopamine in transient anatomical abnormalities upon treatment with .,
MDMA-induced apoptosis were determined. The the drug, whereas changes in monkeys are long lasting.
relevancy of MDMA-induced cell death to drug Such long-term effects could be related to neuropsychi- i._
users is discussed.--Shnantov, R., Tauber, M. The atric abnormal behavior, such as panic and psychosis (26-
abused drug MDMA (Ecstasy) induces programmed 30), observed in MDMA drug users.
death of human serotonergic cells. FASEB J. 11, The aim of this stud;' was, therefore, to study MDMA ,,
141-146 (1997) toxicity in human cells. The placental serotonergic cell

- line JAR, taking up serotonin (31, 32) and expressing the ii
serotonin transporter SERT (12, 33, 34), was suitable for

Key WOrds:apoptosis· drug abuse · transporter· psychosis · this aim. In addition to the importance of being human
nitricoxide · neurodegeneration cells, JAR cells are advantageous on other model systems

(8, 35) that contain only a small percentage of serotonergic

cells. The use of JAR' cells enabled us to shed light on i
ABUSEDAMPHETAMINEANALOGS, INCLUDING3,4-methy- intracellular pathways that participate in the process of
lenedioxymethamphetamine (MDMA, also called "cc- MDMA-induced cell death. A human dopaminergic cell !
stasy"), z are cytotoxic to rodent and monkey serotonergic line (NMB) that expresses dopamine, but not serotonin fl
neurons (1-6). The mechanisms underlying this neurotox- transporters (36), was used throughout the study to verify _:
i¢ity are associated with the cross talk between the drug the selectivity of the drug.
and several neurotransmitter pathways; nevertheless, the
details of these processes are yet unknown. MDMA in-
duces the release of serotonin (7-9), most likely upon in- MATERIALS AND METHODS
teraction with the recently cloned (10-12) serotonin
transporter (SERT), and decreases serotonin levels in the Materials
brain (ref 13, and references therein). MDMA-induced
neurotoxicity and serotonin release are both restrained by Agarose, DNase-freeRNase.ethidiumbromide,scMiumnitroprussidc

serotonin uptake inhibitors, but certain amphetamine de- (NAP), propidium iodide, lactate dehydrogenase (LDH_ kit. and 4.6-

rivatives that enhance serotonin release are not cytotoxic

(14). Moreover, reports of human volunteers that con- ' Correst_mdence: Phone:972-8934-2110Fax:072-81}34-411_;
sumed both MDMA and the selective serotonin uptake e-mail:lgrabi@weizmann.weizmmm.ac.il

blocker fluoxetine (PROZAC) suggest that the reinforcing _Abbreviations:MDMA, 3.4-methvlenedioxymethamphetammc

and neurotoxic effect of MDMA are separable (15). Other SERT,serotonintransporter:NAP.st_liumnitroprusside: I,DH.lactate
dehydrogenase; L-NAME. Nt:-nitro-/,-arginine methyl ester: DMEM,

aminergic neurons, particularly dopamine, pla)' a role in DulbeccomodifiedEagle medium:SNAP,S-nitroso-N-acetxlpenicil-
MDMA neurotoxicity; MDMA induces the release (and lamine; DAPI. 4.6-diamidino-2-phenxlindole: FACS,flox,c_tomctric
synthesis) of dopamine (16-19), certain amphetamines ac- analysis; NMB. a human dopaminergic cell line.
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amphetamine.L-am,>hetamine.a.d -.,,roso-N-ac tylpeni ,llam,.e
supplied by Vrs. 5'. Ahnog anti S. LeYy, Israel Police, Department of _-lfd, k_'_,._- '_'_k
Forensic Identification. Jerusalem. Ail other chemicals were of anal,A-

icai grade. ,. . . -: ,_"_ _g,_,-_,,_j/_! ()O' -'}' :'"I 7;k,3tX,..._.- _ .
Cell cuhures

The human chorioearcinoma placental J/',.R cells were purchased from lJ_ , jl_[_/_: _'_1_

the American Type Cuhure C°lleeti°n (ATCC' R°ckville' Md') and eul' _a/_l_ ' '_ '

Curedin Dulbeeco modifiedEaglemedium (DMEM).supplemented with _ ° .i

lO% fetal calf serum' in a lO% COz hmnidified incubat°r at 37°C' Tfie _; ' _j ii.:_ _._* '_
human neumhlastoma NMB cells (37) were kindk' prm:ided bv Drs. M.

N. Goldstein and 5'. Wollman. and adapted to Dh,IEM with i0% Hy- _ .. _ ,. _, _ _.._,qffl,' ,'_, !_ ,_-'_
clone calf serum.

Figure 1. MDMA effect ,tmthe moq_holo_, of human serotonergic JAR
Cytotoxicity evaluation, DNAfragmentation, flow c)Wmetric analysis cells. A, C) Conm)] cells. B, D} Cells treated for 24 h _*ith 0.6 rn'_l
and LDH assay' MDMA. A, B) Phase-contrast photos of unstained ('ells. C. D) Giemsa-

stained cells.

Viability. moq)hological evaluation, and floe, cytometrie analysis

(FACS) were determined 18-22 h after treatment with the indicated lectivitv of MDMA cvtotoxicitv was further indicated with
concentration of MDMA or amphetamines. Dopamine, serotonin, or L....
DOPA were added in the indicated experiments 60 mtn before MDMA. the serotonin transporter blocker imipramine, _ hich at 1
Prior to photography cells were fixed and stained on the culture plates /,tM inhibited significantly the effect MDMA (Fig. 2c),

by May-Grinwald/Giemsa method. For fluorescent staining with 4,6- Lower coneentrations of imipramine (0.1 and 0.01 pM)

diamidino-2-phenylindole (DAPI), cells were fixed with 3.7% formal- had a partial and dnse-dependent effect (data not sho;_nt.

dehyde, treated with 0.5% Triton X-IfX), stained with DAPI for 15 min. Cocaine, having a higher affinity to dopamine transporters.and mounted. For FACS analysis, cells were counted, labeled with
propidium iodide, and analyzed (5000 cells/sample) on a Beckon Dick- had no such effect at 5/.tM (Fig. 2c). The more selectix e
insonFACSean. dopamine transporter blocker GBR 12909 was tested at 1

DNA fragmentation was determined as follows: Cells were washes and 5/.tM, and was also inactive. Moreoxer. MDMA at 0.6 i

with PBS. homogenized with 10 mM Tris-HCl buffer (t)H 7.0) contain- or 1.2 mM was not toxic' to the dopaminergie human NMB
lng 10 mM EDTA anti 0.6% SDS, treated with RNase 13/)mtn at 37°C), cells (Fig. 2dy,further indicating the selectix e effect of the
and further treated with I M NaCI for 2 h at 4°C. After centrifugation
at 14000 ,X g, the DNA (in the supernatant) was extracted first with drug.
pheno)-chloroform-isoamy} ak'ohol, then with chloroform-isoamvl al- In an attempt to explain the mode of MD}.IA e¥1olox-
cohol, and finally precipitated v,ith absolute ethanol. Saint>les of 15- icity, the DNA of untreated and MDMA-treated jAR or

20 ,ug DNA were run on a 1.5cA agarose gel. Ethidium bromide 'ads NMB cells '_as extraete{] and analxzed on agarose gel.
used to mark the DNA ban&. Fi_-mre 3a (lanes 5-8) shows that in JAR {'ells. },1I)51

The neurotoxic activity of MI)M3, or amphetamines was als(>deter- induced intranueleosomal DNA fragmentation, xvhicb ap-mined by monitoring the release of the eytosolic enz._me LDH lo the
culture medium. Aliquots of 50/al of Ihe cuhure medium ,,,.ere used to peared as a cbaracteristic DNA ladder. ['nder the same
test this enzyme, with the LDH assa) kit of Sigma. Statisfical anal.',sis eonditions, the drug did not induce DN)Lfragmentation in

was eonducted with the StatVie¥, program, and significance v.as deter- NMB cells (Fig. 30. lanes 1-4/. A ixpieal DN -_ fragmen-
nfined with Stmlent's t test and analysis of variam'e. Cation and apoptotic nmrpholog 3 in MI)M _-treated JAR

cells was also ohserved hy fluorescent staiuing x_ith 4.0-

RESULTS diamidino-2-phenylindole (DAPI) (Fig. 3bY.
FACS indicated that MI)MA ahered the {'ell er{lc pro-

file of JAR cells and increased the percent of subdiphfid
MDMA effect on viability, cell cycle, and DNA DNA partMes frum 2.3 +_ 0.45f irt eon{rid cells to 19.5 _+

fra_nentation in human cells 1.3c_ in treated cells {Fig. 4a, bY. At tbe same time. the

percent of cells in the (;1 phase was decreased from 02 _*
MDMA had dose- and time-dependent morpht)h)gical el- 9ok to 48 _+ 1 lcd. with a concomitant increase in fife (,2/

feets on JAR cells; within 12 h the {'ells shrunk, the ('ell M phase arresl (Fig. 4a. bY. Ho_xex'er. M DM h-treated N MB

membrane lost its brightness and sntoothness, the nucleus (.ells showed rite sante cell cycle profile as untreated NMB
was smaller and darker, and cell fragmenls and dehris {,ells (Fig. 4d. e).
appeared in the culture mediunt (Fig. 1A-D). A dose- _'e then anakzed whelher MI)MA extotoxieitx itt J hR

tlel)endent effecl on cell survival was apparent as well: cells depends on the ac{ix ation of protein synthesis. Tabh'

e.g., treatment with 0.4-1.2 mM MDMA h)r 48 h tie- I shows that the inhibitor of protein s_,ttthesis e xclohexi-
creased {'ell number by 14 + 4-61 + 9cA (Fig. 2ay. This mide hh)cked the extoloxie eftect of MI)MA. Cxelohexi-

decrease in viability was aeeonqmnied with a dose-depen- mide also })h)eked tire aherations in the {'ell e_t.le protile

(tent increase in lhe amount of {be cytosnlie enzyme lactate intlueed by MDMA (Fig. &'. as ;_ell as I)N A fragmentation
dehydrogenase in the cuhure ntedium (Fig. 2b). The se- (data riel shmYn}, i
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a nous messenger that also has toxic ac{Mir, was performed.
lOo_ _ t t 24h Figure 5a shows that the selective inhibitor of the enzyme

4 [ _ll F'LI4 Fa_ _ --4sh nitric oxide synthase, N%nitro-L-arginine methyl ester (L-

NAME), suppressed both MDMA and D-amphetamine cv-
totoxicity. Inhibition of MDMA toxicit:, by L-NAME was

so dose dependent, and L-NAMEwas more effectivethan its

stereoisomerD-NAME(data not shown).Furthermore. thenitric oxide donor NAP decreased cell survi;al dose de-

pefidently (Fig. 5b). NAP also induced DNA fragmentation

o and ladder formation (Fig. 5c). SNAP, another nitric oxide

0.4 0.s 0.s 1.2 donor, was also cvtotoxic (Fig. 5b).[MDMA], mM
As discussed above, the involvement of catechol-

= b amine neurotransmitters in MDMA toxicity in vivo is
0.s _ still unknown, particularly in human cells. The cul-

tured JAR cells were, therefore, useful in determining
0.4

i 0.3

a
0.2

0a 1 2 3 4 5 6 7 8

o o.'4 o:s _5
[MDMA] mM

CONTROL MDMA MDMA+ MDMA+ 0 0.6 1._'
IMf CO(2 [MDMA], mM

Figure 2, Cytotoxicity of MDMA in JAR cells, blockade by'a sermonin
uptake inhibitor, and cell selectMty, a) Cells ,,,ere treated with different
MDMA concentrations for 24 or 48 h, and cell survival was determined.

Data are mean _+sD from experiments replicated three-five times. As-
tel'isks (*) indicate a significant difference from control cells, P < 0.01.
b) Lactate dehydrogenase (LDH) activity in the culture medium col- b
leered from JAR cells treated for 48 h witl_0-1.2 mM MDMA. Data

are mean + st) of four-six replicates, c) Inhibition of MDMA toxicity CONTROL MDMA
in JAR cells with the serotonin uptake blocker imipramine. Cells were
pre{rea{ed with imipramine OMB or cocaine (COC) 60 nfin before the
application of 0.8 mM MDMA, and viability was detemfined 22 h later.
Data are mean _+ SDfrmn experiments replicated four times. Asterisk
indicates a significant difference from cells treated with MDMA, P <
0.0l. d) No effect of two MDMA concentrations (48 h treatment) on the
viability of human dopaminergic NMB cells.

An indication for the stereospecifieity of MDMA effect

was the finding that D-amphetamine was more cylotoxic
than L-amphetamine (Table I); this is in line with phar-

macoh)gical studies of experimental animals (8, 38).

Figure 3. MDMA-imhlced DNA fragmemation, a) I)N_. _as extracted
Role of llilrie oxide and eateeholamines from dopaminergic NMB (lanes 1-4) or serntonergic JAR {Lines 5-_ql

cells, untreated {lanes 1.2. 5. and 6k or treawd Iht 18 h sdth 1.2 rn_l
MI)bIA (lanes 3, 4, 7, aim 8k DNA _as extracted and ztna}xzed a,

To identify intracellnlar pathways involved in MDMA cy- described iii Materials aod Methods. b/ DAPI staining uf coutrol vr
totoxieity, analysis of the role of nitric oxide, an endoge- MDMA-treated (0.8 mM tor 18 h/J _R cells.
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DISCUSSION

MDMA, a widely abused recreational drug, has long-term
neuropsychiatric effects (26-30). The cytotoxic effect of
MDMA was extensively analyzed in rodent and monkeys.
but not in humans (1-6). In the current study, a human
serotonergic cell line was used to unravel certain intra-
cellular pathways mediating the activity of this amphet-
amine analogue. MDMA induced intranucleosomal DNA

fragmentation, altered the cell cycle profile, and increased

the percentage of subdiploid D,XApanicles. Our findings
suggest that the drug induces apoptotic processes that de-
pend on protein synthesis.

The role of the serotonin transporter in MDMA c_-
totoxicity was approached in several _a_ s: lmipramine.
a serotonin transporter blocker, inhibited MDMA cv-

totoxicity in JAR cells, _¥hereas the dopamine trans-

porter inhibitor cocaine was inactive. Second. the drug

was not toxic to human neuronal NMB ('ells. expressing

dopaminebut not serotonintransporter(36).The ob-servation that D-amphetamine was more toxic than L-

amphetamine to JAR cells is in line with the notion
that MDMA effect is also stereospecific (8, 38i. The
study indicates, therefore, that the serotonin trans-
porter plays a key role in MDMA cytotoxicity in human

d cells.

Regarding the mechanism of MDMA neurotoxicitv in
the brain, the role of the neurotransmitters serotonin and
dopamine is unknown (see refs 13, 39 for rexie;_). The
neuroanatomical complexity of dopaminergic and seroto-

L __,ii nergic pathways makes this issue a difticuh one to resolxe
in vivo. Herein, it was shown that cultured J_R cells ;_ere

e more vulnerable to MDMA in the presence of dopamine.

TABLE 1. Effect of cycloheximide tCH¥_, serotonin, and dol,amine
on MD.'[IAcytotoxicit), and the stereospec(li'ctoxicit_ of amf,hctamines_

\ iabiht}
- _ Treatment Con((*lit ratioB I× ]O:/pl:_tr_

DNA CONTENT

Part a i
Figure 4. Flow cytometric analysis of JA1Rand NMB cells treated with None -- 325 = 31 :
MDMA. a) Control JAR cells, b) JAR cells treated with 0.6 mM MDMA MDMA 0.6 mM 204 _- 47*
for 18 h. c) JAR cells treated the same as panel b, but with 0.25 #M CHX 0.25 ,uM 315 = 53
eyeloheximide, d) Control NMB cells, e) NMB cells treated with 0.6 MDMA + CHX 0.6 mM 4- 0.25 .aM 31(I _ 49**
mM MDMA for 18 h. Cells were analyzed for the cell cycle as described D-Amphetamint' 0.5 mM '2'27 -+ 30*
in Materials and Methods. Data are from a representati_,,e experiment k-Araphetamine 0.5 mM 33_ __47
replicated three times. Cycloheximide by itself (at 0.25 ,aM) had no Part b
effectonthecellcycleofJARceils(datanotshown). None -- 235_ 15 !

MDMA 0.8mM 133: lO* :
Serotonin 0.1mM 21I *_/7
MDMA + serotonin 0.8 mM + (i,I mM 120: 13

possible interaction, at the cellular level, between Dopamine 0,1 mM 225: 24
MDMA and catecholamines. Table 1 shows that dopa- MDMA + dopanfine 0.8 mM + 0. l nlm 73 _'2 7** i

mine, but not serotonin, increased MDMA toxicity. In "Data of part a are mean _ si} frmn three ,,_ trna ex )etimvnts. each it_.r-

line with the experiments described above, dopamine ro,n_,i in duplicate. An anal, sis of ,ariance ha,e ,,Inmn a .. g,fit ' mi et'i" ,

also increased the toxic activity of NAP (Table 2). F15.221= 55.4and P < O.Ol. Single and doubh, aslcti,k, indi,'a_. ,.ignitk'ant
difference from cm_lrol ,,r Ml)llA-treat_,d ct,iL. P < O.(_t5 ami 0.01. rt,spe_-

Moreover, the dopamine precursor L-DOPA enhanced tl,dy. Data of part b are mean -+st) from Ihrcc cxpc,i,t,e,,t_ run i,t duplicate.
the toxic activity of both NAP (Table 2) and MDMA A,, anal)sis of ,afl ...... ha, e shm,n a signitl,ant ,.tl,.,q. 1"t5.171= 43.7 and P

< 9.tDI. Singletrod doubleast,:,t'isk's,indk'atc stg,,ttt,'a,,t ditletv_u'eh'tmlc,mtl_,i
(data not shown), anti MDMA-treatedcells..P < t}.tStl and 0.01. rc,.pc,'ti,el,.
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whereas serotonin had no such effect. The immediate in TABLE 2. Effect ofdopamine and L-DOPA on sodium nitropru.sside

xivo effects of MDMA, inhibition of the serotonin trans- (NAP) toxicitya

porter and enhanced release of serotonin, increase the ex- Yiahilit_.
lracellular level of serotonin and the activation of pre- and Treatment Concentration(m5,1; I>(lOYv,elh
postsynaptic scrotonin receptors. MDMA also blocks
monoamine oxidases (preferentially the A type) (40), None -- 157 _+23
which further decreases the rate of serotonin removal from NAP 0.4 132 _+17

the synapse. These fast changes in serotonin transmission Dopamine 0.25 140- 26 _iNAP+ Dopamine 0.4 + 0.25 74 -2_14' t_
induce, within several days, a depletion of serotonin (41, L-DOPA 0.5 150_+22 ti
42). Indeed, pretreatment of rats with the serotonin pre- NAP + L-DOP3, 0.4 + 0.5 86 _+ 15' ti

cursors tryptophan and 5-hvdroxytryptophan attenuates' _ Dataare mean -+ SDfromtwoor three experimenls run in 24-v,ell mul-
MDMA neurotoxicity (42), indicating that serotonin de- Iiplates, assayed in duplicate. An anal)sis of ;ariance ha,e shov,n a >ignificanl ],

pletion is a key element in the process of MDMA-indueed effect. F(5,t5) = 27.7 and P < 0.01. Asterisk indicates significant differem-e
cell death. As serotonin did not increase MDMA toxicity fromNAP-treatedcells,P < 0.01. t'

d

in JAR cells, it is apparent that this neurotransmitter does ,;
I I CONTROL

WITHL-NAME not enhance MDMA toxicity directly. ,a
100 Withregardtodopamine,MDMAenhancesdopanfine

_ _ t sYnthesisandreleasein thestriatumviatheactivati°n°f

¢ 5-HT2 receptors (16-19). Dopamine release was also ob-
,,,J

i servedin the nucleusaccumbens,resuhingfromMDMA )_so activationofdopanfinergicneuronsin thesubstantianigra
(42-44).Brodkinet al. (21)haveshownthatan acute i!
dopaminedepletiondecreasedtheeffectofMDMA.The ,.,
enhanced toxicity of MDMA to JAR cells, in the presence

0

CONTROL MDMA D-AMPH of dopamine, suggests that this neurotransmitter (or its ox-
b idizedmetabolites)workin concertwithMDMAtoinduce

_00 _ _ _T=a I I_i""_ ]_ cell death. We suggest, therefore, that dopamine interacts _I ]l_l_ with MDMA at the cellular (metabolic')]exeL whereas se-

7 rotonin activates MDMA neurotoxicity (in vivo) by en- _
,.I

hancing dopamine release, ;'ia the activation of 5-HT2 t

so receptors.Another aspect of this study is the role of NO in MDMA I
cytotoxicity; our results with JAR cells suggest that
MDMA cvtotoxieitv is associated with. and possibl._ me-

o diatedby,theproductionofNO.It is wellestablishedthato o.s o.7s_.o o o.oaso.os o._
INa-NITROPRUSSIDEI, mM [SNAP],mM NO regulates the release (45) and uptake (46. 47) of both

dopanfine and serotonin. The enzyme responsible for NO
c synthesis, nitric oxide svnthase, is cah'ium and cahnndu-
i 2 3 4 lin dependent (48), and these two messengers are imok ed

in 5-HT:i receptor actkitv (49). Azmitia and associates
(35) have shim n that MDMA is toxic to serotonergic neu-
ronal cuhures in a eaMum-dependent way. Our obser; a-
tion that dopamine enhances the cvtotoxic activity, of both

MDMA and the NO donor NAP supports tiw idea that
MI)MA toxicity to humau ('ells is associated ;_ith NO me-

tal)olism. Indeed, recent experiments s[nmed that MI)M k
regulates the activity of nitric oxide synthase {Il. Si{nan{o;
and M. Tauber. unpublisiled resuhs). Unraveling tile exact

Figure 5. In\il,ilion of MI)MA toxicity Mth ttw inhibitor of nitric oxide role of nitric oxide and dollamine in 5Il)MA-induced pro-
s_nthase I,-N ,U_IE,and cytotoxicit._ of Na-nih-opmsside (NAP) and S- grammed (.ell death will be useful tbr the dexelopment of
Nitroso-N-accl?.llwnieillamine (SNAP). a) Survkal of JAB cells treated approaches to block the neurotoxic activitx of this al)used

for 48 h with 0.8 nlm MDMA or 11.511151D-anlphetanline, withoul or drug. []
_ilh I mM DNAME. b) Effect of NAP and SNAP on {'ell suni;al. Data
are mean _+ si} from experiments replicated three lilne_,. Asterisks in
panels a and b indicate signili('ant difference from {'ells treated with
onl) MDMA or front conh'ol cells, respectively, P < 0.005. c) Eft:eel of The studies in this laborator) v,ere supported b) grants from the Israel
NAP on I)NA fragntenhdion, lames I ami 2, control {'ells: lanes 3 and _ntidmg Authorit). Israel Ministrx of Heahh. and tlw l.en & Julia
,1,cells Ircated v,ith I mM NAt' for 21) h. Forchheimcr Center for Molecular Genetic.-. the Nh,lkt and l.eon Bt'-
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v,_ziyo Center for Neurosciences, and the Murray H. and Meyer Gro- in the rat and monkey produced by orally administered meth>lenediox_-
methamphetamine (MDMA). Tax}col.Appl. Pharmacol. 94. 448-457

detsky Center for Research of Higher Brain Functions at the Weizmann 24. _'ilson, M. A., Ricaurte, G. A.. and Mnlli;er. M. E. (198% Distinct mar-
Institute. The assistance of Dr. S. Poral in 1he DNA fragmentation assa} phologic classes of serotonergic axons in primates exhibit differential vul-
is acknowledged, nerabilit) Iothe psyehotropk' drug3,4-meth:.lenediox)methamphelamine.

?¢euroscience28, 121-137
25. Rk.aurle. G. A., DeLann_', L. E., Ir*in. 1., and l_n,_ton, J. _. (19881 Toxic.

effects of MDMAon central t_,e_tonergit'neur;_- in the primate: importance of
mute and frequency of drag adnfinistratkm. Brain Res. 446, 16.5-168
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