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Partt H I B i o l o g i c a l ma rke rs o f n e u r o n a l loss 

Abstrac t t 
RationaleRationale  Tablets sold as ecstasy do often not only 
containn 3,4-methylenedioxymethamphetamine 
(MDMA)) but other compounds well known to cause 
dopaminergicc neurotoxicity, such as (meth)ampheta-
mine.. Furthermore, the use of ecstasy in trie 
Netherlandss is often combined with the use of amp-
hetamine.. However, little is known about the effects of 
ecstasyy use or the combination of ecstasy and amphe-
taminee use on dopamine (DA) neurons in the human 
brain.. Objectives - To investigate the effects of ecstasy 
ass well as the combined use of ecstasy and ampheta-
minee on the density of nigrostriatal DA neurons. 
MethodsMethods - [133I](3-CIT SPECT was used to quantify stria-
tall DA transporters. Striatal [,I3l]p-CIT binding ratios 
off control subjects (n = 15) were compared with bin-
dingg ratios of ecstasy users (« = 29) and individuals 
withh a history of combined ecstasy and amphetamine 
usee (n = 9) after adjustment for age. Results - Striatal 
[,!JI]P-CITT binding ratios were significantly lower in 
combinedd ecstasy and amphetamine users compared 
too sole ecstasy users (6.75 vs 8.46, respectively: -
20.2%,, p = 0.007). Binding ratios were significantly 
higherr in ecstasy users when compared to controls 
(8.466 vs. 7.47, respectively: + 13.2%, p = 0.045). 
ConclusionsConclusions - These initial observations suggest that 
thee sole use of ecstasy is not related to dopaminergic 
neurotoxicityy in humans. In contrast, the reported use 
off amphetamine by regular users of ecstasy seems to 
bee associated with a reduction in nigrostriatal DA 
neurons. . 

Introductio n n 
Amphetaminee and some of its analogues have been 
shownn to be neurotoxicc to dopamine (DA) and/or 
serotoninn (5-HT) neurons in animals. For instance, 
afterr administration of methamphetamine, animals 
developp long-lasting decreases in brain DA and 5-HT 
axonall markers, including the neurotransmitters 
themselvess (i.e., DA and 5-HT), and their transporter 
sitess (Seiden et al., 1976; Villemagne et al., 1998; 
Wagnerr et al., 1980). Administration of amphetamine 
too animals, including non-human primates, results in 
decreasess in DA levels and DA transporter densities 
(Melegaa et al., 1996; Steranka 1983; 1980). 
Furthermore,, the popular recreational drug 3,4-methy-
lenedioxymetharnphetaminee (MDMA, "Ecstasy") has 
beenn shown to be neurotoxic to brain 5-HT neurons in 
animalss and possibly humans (Reneman et al., 2001a; 
2001b;; McCann et al., 1998a; Ricaurte et al., 2000; 
Sempleett al., 1999). Brain levels of DA and its meta-
bolitee homovanillic acid (HVA) are not reduced by low 

dosess of MDMA but after higher doses, suggesting 
thatt while MDMA is more toxic to 5-HT than DA sys-
tems,, it can also damage DA neurons (Taffe et al., 
2001;; Commins et al., 1987} 

Whilee the potential neurotoxic effects of MDMA 
onn DA neurons have been extensively studied in ani-
mals,, little is known about the dopaminergic effects of 
MDMAA in the human brain. Only two studies have 
investigatedd the effects of MDMA on DA neurons by 
evaluatingg cerebrospinal fluid HVA (McCann et al., 
1994)) and DA transporter densities using SPECT 
(Semplee et al., 2000). HVA and DA transporter densi-
tiess in MDMA users were comparable with control 
subjects.. Furthermore, since the composition of 
tabletss sold as ecstasy do often not only contain 
MDMA,, but also other compounds weil known to 
causee DA neurotoxicity, such as amphetamine and 
methamphetamine,, it is important to study its effects 
inn the human brain directly. The Drugs Information 
andd Monitoring System (DIMS), a unique project in 
thee Netherlands to chemically monitor the ecstasy 
market,, reported that in 1997 a substantial proportion 
(32%)) of the street substances being marketed as 
ecstasyy contained amphetamine or methamphetami-
nee (Spruit et al., 1999), ranging from a low of 7 to 23% 
(onn average 32 mg) per tablet (Konijn et al., 1997). 
Furthermore,, a recent survey in the Netherlands 
investigatedd the prevalence of the combined use of 
ecstasyy and amphetamine (the use of methampheta-
minee is uncommon in the Netherlands). It was found 
thatt in 26% of the 847 cases ecstasy was often or 
alwayss combined with the use of amphetamine (Van 
dee Wijngaart et al., 1997). 

Thesee observations press for a further investiga-
tionn of the effects of ecstasy, as well as the combined 
usee of ecstasy and amphetamine on brain DA neurons 
inn human beings. The development of 1IJiodine-2p-
carbomethoxy-3|i-(4-iodophenyl)) tropane (ji-CIT), has 
madee it possible to image concomitantly DA and 5-HT 
transporterss in the human brain using single photon 
emissionn computed tomography (SPECT) (Brücke et 
al.,1993).. The DA transporter is a structural element 
off the DA neuron that is substantially decreased in 
animalss given DA neurotoxins, such as methampheta-
minee and i-methyl-4-phenyl-i,2,3,6-tetrahydropyridine 
(MPTP)) (Villemagne et al.,1998; Booij et al., 1997a). 

Thiss study compared the density of striatal 
[,i3l]p-CITT labelled DA transporters in ecstasy users. 
Furthermore,, the effects of combined ecstasy and 
amphetaminee use on [,23l]p-CIT labelled DA transpor-
terss were analyzed. Previous studies in rodents have 
demonstratedd that drugs that bind to the 5-HT trans-
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porterr enhance binding of [,23IJfi-CIT to the DA trans-
porterr (Fujita etal., 1997; Scheffel et al., 1994), ait-
houghh this was not observed with other DA transpor-
terr ligands (Lavalaye et al., 2000; Booij et al., 1998}. 
Therefore,, striatal [,23l]fi-CIT binding ratios in a group 
off combined ecstasy and amphetamine users were 
comparedd both with ecstasy users and healthy con-
trols.. This study was part of a larger [,23l]p-CIT investi-
gation,, in which the effects of ecstasy on the 5-HT sys-
temm were studied in more detail (Reneman et al., 
20Cna;; 20001b) . 

Method ss and material s 
Participants Participants 
Ecstasyy users were compared with ecstasy-naive but 
drugg using controls. Subjects were recruited with fly-
erss distributed at venues associated with the "rave 
scene"" in Amsterdam with the help of UNITY, an 
agencyy which provides harm reduction information 
andd advice. Experimental and control groups were 
thuss recruited from the same community sources. 
Subjectss selected were matched for gender and age, 
betweenn 18 and 45 years, otherwise healthy, and with 
noo psychiatric history, 38 ecstasy users and 15 ecstasy-
naïvee subjects were recruited. The 15 ecstasy-naïve 
subjectss ('controls') were healthy subjects with no 
self-reportedd prior use of ecstasy. Of the 38 ecstasy 
users,, 9 reported that they intentionally used amphe-
taminee in the 3 months prior to this study ('Ecstasy + 
amphetaminee users'; Table i ) . Participants agreed to 
abstainn from use of ail psychoactive drugs for at least 
33 weeks before the study, and were asked to undergo 
urinee drug screening (with an enzyme-multiplied 
immunoassayy for amphetamines, barbiturates, ben-
zodiazepinee metabolites, cocaine metabolite, opiates, 
andd marijuana) before enrolment. After testing urine 
samples,, exclusion criteria were: a positive drug 
screen;; pregnancy; a severe medical or neuropsychia-
t ryy illness that precluded informed consent, and a life-
timee psychiatric disorder. Subjects were interviewed 
withh a structured computer assisted diagnostic psy-
chiatricc interview (Composite International Diagnostic 
Interview:: CI Dl, version 2.1) to screen for current axis I 
psychiatricc diagnoses. The institutional Medical Ethics 
Committeee approved the study. After complete 
descriptionn of the study to the subjects, written infor-
medd consent was obtained from all participants. 

Imaging Imaging 

Forr SPECT scanning the Strichmann Medical 
Equipmentt 810X tomographic system was used. This 
12-detectorr single-slice scanner has a full-width at 

half-maximumm (FWHM) resolution of approximately 
7.55 mm. Each acquisition consisted of at least 15 sli-
ces,, (acquired in a 64 x 64 matrix), 3 min per slice, 
andd with a slice distance of 5 mm. The energy window 
wass set at 135-190 keV. Subjects lay in the supine posi-
tionn with the head aligned in a parallel to the orbito-
meatall line, and were positioned such that the scan-
ningg volume initially included the cerebellum. 
Acquisitionn was commenced 20 h after i.v. injection of 
approximatelyy 140 MBq [,23l]p-CIT (radiolabeling as 
describedd by Neumeyeret al.1991}, a time when speci-
ficc bindingto the striatum is maximal and stable for 
upp to 24 h following injection (Brücke etal.,1993; 
Laruelleett al.,ig94). For analysis of [,ZJI][}-CIT binding, 
aa standard template with regions of interest (ROIs) 
wass constructed manually from MR images. For posi-
tioningg we used these MR images as a guide. The 
templatee with a ROI for the left and right striatum, a 
brainn region rich in DA transporters, was placed on 
threee consecutive SPECT slices, demonstrating best 
visualizationn ofthe striatum (Booij et al., 1997b). An 
additionall template was constructed with a ROI for the 
cerebellum.. An investigator unaware ofthe partici-
pant'ss history performed ROI analysis. The uptake in 
thee cerebellum, presumed free from DA transporters, 
wass used as a reference for background radioactivity 
(non-specificc binding + free ligand). Striatal p^l]p-CIT 
bindingg was calculated by dividing total binding in the 
striatumm by binding in the cerebellum. 

Statistics Statistics 
Differencess between the three groups with regard to 
demographicc variables and other drug exposure were 
analyzedd using ANOVA (log transformed if necessary). 

Thee difference in mean [,2JI]J}-CIT labelled DA 
transporterss was analyzed using a general linear 
regressionn model. The starting model included group 
(33 levels), gender (2 levels), age (linear) and extent of 
previouss cannabis use (linear; log transformed). 

Pearsonn correlation analyses was performed 
betweenn striatal [,J3I](3-CIT binding ratios, and extent 
off previous MDMA and amphetamine use. Results 
weree considered significant at p < 0.05. Data were 
analyzedd using SPSS (SPSS Software Inc, Chicago, IL, 
USAA version 9.0). 

Result s s 
Participants Participants 
Ecstasyy + amphetamine users were younger than con-
trolss and sole ecstasy users, though this did not reach 
statisticall significance (p = 0.10). The groups were 
similarr for gender distribution (Table 1}. 
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Thee two ecstasy using groups were simi lar w i th regard 

too use o f ecstasy, alcohol and other drugs, except for the 

usee of amphetamine (Table 1). Ecstasy + amphetamine 

userss indicated using more cannabis than controls 

(Tablee 1). Similar and only occasional use o f LSD (lyser-

gicc acid diethylamide), 'magic m u s h r o o m s ' and cocaine 

wass reported in both groups (data not shown) . 

SPECTSPECT imaging 

Genderr and extent o f previous cannabis use were 

d roppedd f r o m the star t ing mode l as they had no s igni-

f icantt con t r i bu t i on (p = 0.75 and 0 .62, respect ively). 

Agee had a highly s igni f icant effect (p = 0 . 0 0 0 ) on 

mea nn  ['23 l]p-CIT b ind ing rat ios and was therefore kep t 

inn the mode l . Compar isons o f g roups revealed that 

b ind ingg ratios were s igni f icant ly h igher in ecstasy 

userss compared to cont ro ls (p = 0 .045) . p I 3 l ]p-CIT b in-

d i n gg rat ios were s igni f icant ly lower in ecstasy + amp-

hetaminee users compared to sole ecstasy users (p = 

0 .007) ,, but not when compared to con t ro ls (p = 

0.275)) (Table 1 and Figure 1). 

Theree was no corre la t ion between the extent o f 

previouss ecstasy use and str iatal [ " ' l ]p -CIT b ind ing 

# # 

y.. 6 -

22 c 

H H 
44 -

T T 
1 1 

--
r . . 
1 1 

Control l Ecstasyy Ecstasy + 

amphetamine e 

FigureFigure 1. Estimated marginal means of ['''Ij/i-CIT binding ratios 

withwith 95% CI after correction for the difference in age distribution 

(evaluated(evaluated at 25.6 y of age) in each group, f Significantly different 

fromfrom controls. * Significantly different from sole ecstasy users. 

(rr = 0.05, p = 0.718). In add i t i on , the associat ion 

betweenn str iatal ["3I]J$-CIT b ind ing rat ios and extent o f 

previouss a m p h e t a m i n e use d id not reach stat ist ical 

s igni f icancee (n = 9, r = -0 .204, p = 0 .092 ) . 

TableTable 1. Demographics and comparison of striatal f'UjP-CIT binding ratios between controls, ecstasy and ecstasy + amphetamine users' 

Age e 

Men/woo men 

Ecstasy Ecstasy 

Durationn of use (y) 

Usuall dose (tablets) 

Lifetimee dose (tablets) 

Timee since last tablet (months) 

Amphetamine Amphetamine 

Amphetaminee (no. times used past year) 

Meann amphetamine dose (g) 

AlcoholAlcohol and other drugs 

Alcoholl (units/week) 

Tobaccoo (cig./day) 

Cannabiss (no. joints last 3 months) 

SPECT: SPECT: 

Estimatedd striatal ;>l]b-CITT binding ratios 

Controls s 

nn = ^s 

26.11 (5.5) 

7/8 8 

_ _ 
--
--
--

_ _ 

' ' 

10.66 (9.8) 

10.00 (5.0) 

1.77 (3-i) 

7.477 (SE 0.39) 

Ecstasyy users 

nn = 29 

26.11 (5.6) 

15/H H 

5-11 (2.9) 
1.7(0.7) ) 

3244 (527) 

3-44 (4-6) 

_ _ 
— — 

10.33 (8.6) 

8.55 (8.0) 

54.11 (1070) 

8.46(SEo.28)-= = 

Ecstasyy + amphetamine users 

nn = 9 

22.11 (2.8) 

6/3 3 

4-4(1-9) ) 
2.33 (0.7) 

3588 (610) 

1.0(0.3) ) 

47-55 (45-0) 
0.411 (0.31) 

12.8(13.9) ) 

12.7(13-2) ) 
87.00 (102.8)' 

6.755 (SE 0.52)' 

Dataa are expressed in mean  SD values except for estimated [' IJ/J-CIT binding ratios 
 Significantly different from controls (Log transformed: ANOVA F=5.7.df=3$. p<o.Oi; Post hoc comparison p<o.Oi) 

'' Estimated marginal means after correction for the difference in age distribution (evaluated at 25.6 y of age) 
'' Significantly different from controls (Overall ANOVA F=4.g df=2. p< 0.01; Post hoc comparison p = 0.045) 
Significantlyy different from ecstasy users (Overall ANOVA F=4.9 df=2, p< 0.01; Post hoc comparison p < 0.01) 
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Discussion n 
Thee results of this preliminary study suggest that 
whilee sole ecstasy use does not decrease striatal DA 
transporterr densities in human beings, the combined 
usee of amphetamine and ecstasy may be associated 
withh reduced striatal DA transporter densities. 

Too our knowledge, this is the first study reporting 
onn the effects of amphetamine on striatal dopamine 
transporterdensitiess in human brain. PET studies in 
amphetaminee treated monkeys have shown reduc-
tionss in striatal [,8F]fluoro-L-DOPA uptake in vervet 
monkeyss (Melega et al., 1996; 1997)- Furthermore, 
studiess on rat striatal DA system have established 
thatt chronic amphetamine exposure results in neuro-
toxicityy characterized by decreases in dopamine levels 
andd DA transporter densities, swollen nerve terminals 
andd degenerated axons (Ridley et al., 1982; Ryan et al., 
1990).. Given the large body of evidence directly docu-
mentingg the DA neurotoxic potential of amphetamine 
inn rodents and non-human primates, our data provide 
preliminaryy evidence that recreational use of combi-
nedd amphetamine and ecstasy use might be neuro-
toxicc to DA neurons. 

Whilee few studies have investigated the effects of 
amphetaminee in humans, recently a number of stu-
diess have reported on the effects of methamphetami-
nee in the human brain. Like amphetamine, methamp-
hetaminee is an amphetamine derivative known to 
causee damage to DA neurons in animals treated with 
thiss drug {Seiden et al., 1976; Wagner eta!., 1980). 
Thee present findings are in good agreement with 
thesee studies in methamphetamine users. For instan-
ce,, using PET, reductions in DA terminal markers have 
beenn demonstrated in methamphetamine-treated 
monkeyss and human methamphetamine users using 
thee DA transporter ligands ["qWIN-35,248 and [vC]d-
threo-methylphenidatee (Villemagne et al.,1998; 
McCannn et al.,1998b). Reductions in DA transporter 
densitiess in methamphetamine users have been asso-
ciatedd with motor and cognitive impairments (Volkow 
ett al., 2001) and the severity of persistent psychiatric 
symptomss (Sekine et al., 2001). 

Thee presently observed absence of neurotoxic 
effectss of ecstasy on human DA neurons is in good 
agreementt with previous animal studies which failed 
too find any damage to DA neurons following MDMA 
treatmentt (Green et al., 1995; Steele et a I., 1994). It is 
alsoo in agreement with a recent [,2ÏI]P-CIT SPECT 
studyy (Semple et al., 2000), in which no reductions in 
striatall binding ratios were observed between ecstasy 
userss and control subjects. McCann and colleagues 
(1994)) also found no evidence of neurotoxic effects of 

MDMAA on DA neurons in the human brain, since 
HVAA levels in the cerebral spinal fluid of ecstasy users 
didd not differ from controls. 

Thee present finding of absence of neurotoxic 
effectss of ecstasy on human DA is of interest fora 
numberr of reasons. First, our findings may indicate 
thatt the effects of drugs with known DA neurotoxic 
effectss (such as amphetamine) in tablets sold as 
'ecstasy'' in the Netherlands, may be too small to be 
neurotoxic.. It can not be excluded that the ecstasy 
tabletss taken by our subjects did not contain amphe-
taminee or methamphetamine. However, there is sub-
stantiall support that a considerable proportion of the 
ecstasyy users in this study must have, unintentionally, 
beenn exposed to amphetamine or methamphetamine, 
sincee 83% of the ecstasy users indicated having used 
ecstasyy in 1997. In that particular year, 32% of all 
ecstasyy drug samples (*i = 7009) tested by DIMS con-
tainedd amphetamine or methamphetamine (on avera-
gee 32 mg per tablet; Spruit et al., 1999). Second, it has 
beenn suggested that a recent case of parkinsonism in 
aa chronic human ecstasy user (Baggott et al., 1999} 
mayy have resulted from a neurotoxic effect of M DMA 
onn the nigrostriatal dopaminergic neurons, Itwas 
suggestedd by Mintzer and co-workers (1999) that the 
parkinsonismm may have resulted from amphetamine 
orr methamphetamine present in ecstasy tablets taken 
byy the patient. However, in the present study we did 
nott observe evidence indicating loss of DA neurons in 
solee ecstasy users, whereas in the group of combined 
ecstasyy and amphetamine users [123|](3-CIT binding 
ratioss were only approximately 12% lower when com-
paredd to ecstasy users. It is well known that parkinso-
niann signs do not occur before more than 50% of DA 
terminalss are degenerated {Fearnley &, Lees 1991). 
Therefore,, we can now say that the parkinsonian signs 
weree most probably not caused by use of ecstasy or 
thee combined use of ecstasy with amphetamine or 
methamphetamine.. Third, the present findings stress 
thee importance to perform studies like these in well 
matchedd groups: not only with respect to age and 
gender,, but the use of other drugs as well. Ideally, two 
groupss understudy will differ only on one variable 
whichh is the focus of the study. In the present study, 
combinedd ecstasy and amphetamine users differed 
onlyy on the use of ecstasy, suggesting that it is the use 
amphetamine,, and not ecstasy, that may lead to loss 
off nigrostriatal neurons. 

Previouss studies in rodents have demonstrated 
increasedd binding of ["3l]fl-CITto the DA transporter 
shortt after administration of 5-HT reuptake inhibitors 
(Fujitaa et al., 1997; Scheffel et al., 1994). In line with 
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this,, we presently observed increased striatal binding 
off [ l]p-CIT in ecstasy users when compared to con-
trols.. One possible explanation for this enhancement 
off binding is regulation of the DA transporter through 
inhibitionn of 5-HT uptake, it has been suggested that 
(rapid)) regulation, such as post-translational regula-
tion,, is evoked by the inhibition of 5-HT uptake, for 
instancee by MDMA. However, since ecstasy users 
weree scanned at least 3 weeks after the last MDMA 
tablett taken, future experimental studies will have to 
findd out what the long-term effects of 5-HT reuptake 
inhibitorss (or MDMA) are on DA transporter densi-
ties.. Whatever the underlying mechanism, the present 
findingsfindings clearly demonstrate the need for careful mat-
chingg of study groups. To investigate the effects of 
amphetaminee use on DA neurons in ecstasy users it is 
off crucial importance to compare DA transporter den-
sitiess between ecstasy using subjects that only differ 
onn the intentional use of amphetamine, rather than to 
controll subjects, such as performed in the present 
study. . 

Displacementt studies in animals and humans 
havee shown that striatal uptake of P-CIT is associated 
withh DA transporters (Laruelle et al., 1993; 1994). 
Moreover,, it has been shown that striatal [,i3l]p-CIT 
binding,, measured 24 h p.i. adequately reflects the 
densityy of DA transporters (Laruelle et al.,1994). 
Whenn considered with results of previous SPECT stu-
diess directly documenting the validity of SPECT with 
[,!3I]P-CITT for detecting MPTP-induced DA neuro-
toxicityy {Shaya et al., 1992), the present findings of 
reducedd DA transporter densities in combined ecstasy 
andd amphetamine users may be related to damage to 
striatall DA axons and axon terminals. It should be 
keptt in mind, however, that it is an assumption that a 
decreasee in DA transporter density directly reflects 
axonall loss. The presently observed decreases in DA 
transporterr densities could also be related to a neuro-
adaptivee process, not associated with actual DA nerve 
terminall degeneration. 

Severall potential limitations of the current study 

shouldd be mentioned. The absence of effects of ecsta-
syy use on human DA neurons may be related to the 
factt that we had to rely upon participant's report of 
drugg abuse. As with all retrospective studies, it is 
impossiblee to determine exactly what drug at what 
dosee was taken, and to ensure abstention from 
MDMA.. Urine screening was performed to detect con-
cealedd recent MDMA use. In future studies, hair-
samplee analysis would be a useful way to assess more 
appropriatelyy what drug was taken at what time and to 
ascertainn previous use of MDMA. However, of parti-
cularr relevance to this study is that we were able to get 
aa fairly good impression on what an ecstasy tablet is 
likelyy to have contained in the Netherlands, because 
off the DIMS project. Second, there is a possibility that 
pre-existingg differences between amphetamine users 
andd amphetamine non-users underlie differences in 
DAA transporter densities. People with low DA trans-
porterr densities may be predisposed to use ampheta-
minee and to have low DA transporter densities. Future 
studiess taking the recently described functional poly-
morphismm in the promoter for the DA transporter 
genee into account, could be of interest (Heinz et al., 
2000a;; 2000b). However, the two groups of ampheta-
minee users were both regular users of ecstasy and 
differedd only on the point that one subgroup had a 
historyy of amphetamine use. It is therefore unlikely 
thatt pre-existing differences or the use of other drugs 
thann amphetamine should account for changes in 
striatall DA transporter densities. Considering the 
smalll sample size of the amphetamine group, the 
resultss of the present study should be interpreted as 
preliminary. . 

Wee conclude that the use of ecstasy seems not to 
bee associated with dopaminergic neurotoxicity in 
humans.. In contrast, the reported use of amphetami-
nee in regular ecstasy users seems to be associated 
withh toxic damage to dopaminergic neurons, in line 
withh previous studies in animals. These initial obser-
vationss suggest potential harmful effects of ampheta-
minee on DA system. 
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Abstrac t t 
Thee neurotoxic potential of amphetamine and related 
drugss is well documented. However, methylphenida-
te,, an amphetamine derivative used in the treatment 
off attention deficit hyperactivity disorder, and known 
too increase synaptic dopamine (DA) levels, seems to 
lackk neurotoxic potential. It is hypothesized that both 
dopaminergicc and serotonergic systems are involved 
inn trie neurotoxicity of amphetamine derivatives. The 
purposee of the present study was to evaluate the neur-
otoxicc potential of methylphenidate and to test 
whetherr stimulation of the serotonergic system may 
conferr neurotoxic properties to methylphenidate for 
DAA or serotonin (5-HT) neurons. In addition, the pre-
sentt study was undertaken to evaluate the necessity to 
performm future SPECT studies in individuals using 
bothh methylphenidate and 5-HT acting agents. We 
thereforee measured monoaminergic transporters in 
ratt brain using radioligands suitable for SPECT ima-
gingg (plJp-CIT and [12M]FP-CIT). Croups of rats were 
treatedd with methylphenidate or saline for 4 days. 
Additionall groups were treated with the selective 5-
HT22 receptor agonist quipazine or the selective 5-HT 
reuptakee blocker fluoxetine, alone or in combination 
withh methylphenidate. Binding studies were perfor-
medd 5 days after the last treatment. In a second expe-
riment,, methylphenidate in combination with quipazi-
ne,, along with a control group, was retested. In this 
experiment,, monoaminergic terminal density was 
estimatedd 2 weeks (rather than 5 days) after drug tre-
atment.. Five days, but not 2 weeks, after treatment a 
significantt reduction in specific [,2JI]FP-CIT binding 
wass observed in the frontal cortex and hippocampus 
off rats treated with methylphenidate in combination 
withh quipazine. These changes probably do not reflect 
neurotoxicc changes of frontal cortex and hippocampal 
DAA terminal markers, but a compensatory downregu-
lationn of DA transporters. These findings suggest 
potentiall harmful effects of concomitant use of drugs 
directlyy activating 5-HT2 receptors in patients using 
methylphenidate. . 

Introductio n n 
Severall amphetamine-related compounds are neuro-
toxicc to rodents, as shown by a profound and long las-
tingg decrease in the concentration of monoamines in 
thee brain. For example, administration of high doses 
off methamphetamine results in loss of dopamine 
(DA)) (Koda&Gibb, 1973) as well as serotonin (5-HT) 
(Hotchkisss & Gibb, 1980). In contrast, the ampheta-
minee derivatives 3,4-methylenedioxymethamphetami-
nee (MDMA or "Ecstasy") and fenfluramine are relati-

velyy selective in producing neurotoxic damage to 5-HT 
neurons,, while sparing dopaminergic neurons. 
Damagee to 5-HT neurons was demonstrated by reduc-
tionss in brain 5-HT content, 5-hydroxyindoleacetic 
acid,, or the density of 5-HT uptake sites (Ricaurte et 
al.,, 1993; Bataglia et aL, 1988; Stone et al., 1986; 
Schmidtt et al., 1987a; 1987b; O'Hearn et al., 1988). 
Moreover,, recent positron emission tomography 
(PET)) and single photon emission computed tomo-
graphyy (SPECT) studies have shown decreases in the 
numberr of central 5-HT neurons in MDMA-treated 
primatess and human MDMA-users, as well as loss of 
DAA neurons in methamphetamine users (McCann et 
al.,, 1998; Scheffel et al, 1998; Semple et al., 1999). 

Thee precise mechanisms underlying the neuro-
toxicc effects of amphetamines are not yet known. 
Severall lines of evidence now indicate that the neuro-
toxicityy of MDMA and related drugs is closely linked 
too DA release (Abekawa et al., 1994; O'Dell et al., 
1991;; Schmidt etal., 1985; Wagner et al., 1983). For 
example,, pretreatment with L-3,4-dihydroxyphenytala-
ninee (L-DOPA) potentiates the long-term serotonergic 
deficitss induced by MDMA (Schmidt etal., 1991), and 
theree appears to exist a linear correlation between the 
acutee increase of extracellular DA and the extent of 
serotonergicc toxicity {Nash& Nichols, 1991). 

Inn spite of this and other evidence favoring a role 
forr DA in the neurotoxicity of these agents, there are 
att least two considerations which have been sugge-
stedd to contradict this conclusion. First, fenfluramine, 
ann agent with extreme weak DA-releasing properties, 
iss known to be neurotoxic to 5-HT neurons (McCann 
ett al., 1997). Second, methylphenidate, an ampheta-
minee derivative clinically used in the treatment of 
attentionn deficit hyperactivity disorder (ADHD) and 
narcolepsyy (Ellison etal., 1978; Farajetal., 1974) and 
knownn to increase synaptic DA levels, lacked neuro-
toxicc potential in three studies which have evaluated 
thee neurotoxic potential of methylphenidate (Wagner 
etal.,, 1980; Zaczeket al,, 1989; Yuan etal., 1997). 
Apparently,, an increase in extracellular DA, although 
necessary,, is not a sufficient condition for neurotoxici-
tyy of amphetamine-related drugs. 

Itt has recently been suggested that both dopami-
nergicc and serotonergic systems are involved in the 
neurotoxicityy of amphetamine derivatives (Schmidt et 
al.,, 1990). For example, the potent 5-HT releaser, 5-
methoxy-6-methyl-2-aminoindann (MMAI), will cause 
long-termm central 5-HT deficits only when combined 
withh amphetamine (Johnson et al., 1991). 
Interestingly,, it was recently shown that 5-HT released 
byy MDMA plays a role in 5-HT neuron toxicity by incre-
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asingg DA synthesis and release through activation of 
5-HT22 receptors (Huang& Nichols, 1993; Schmidt et 
al.,, 1991). Thus, brain 5-HT2 receptors and DA con-
tentt appear to play a major role in the neurotoxicity of 
amphetamine-relatedd compounds. 

Recently,, a possible alarming tendency to add 5-
HTT acting agents to methylphenidate has been noted 
inn the treatment of children with ADHD. The combi-
nationn of methylphenidate with for instance, fluox-
etine,, led to a significant therapeutic improvement 
(Badett et al., 1998; Masand et al., 1998; Myronuket 
al.,, 1996; Findling, 1996). Theoretically, as previously 
discussed,, this new combination of medication could 
bee neurotoxic to DA and/or 5-HT neurons. To date, 
however,, it is not known what the effects on DA and 
5-HTT neurons are when methylphenidate is used in 
combinationn with direct or indirect 5-HT acting 
agents.. Several studies have shown that 5-HT reupta-
kee inhibitors prevent 5-HT neurotoxicity induced by 
severall amphetamine-derivatives (McCann et al., 
1995).. By occupying the 5-HT transporter, 5-HT reup-
takee inhibitors possibly prevent the parent ampheta-
minee and/or a toxic metabolite from entering the 5-HT 
neuron.. We therefore hypothesized that the combina-
tionn of methylphenidate with a 5-HT reuptake inhibitor 
mayy not be neurotoxic to 5-HT neurons. However, it is 
nott known what the effect of methylphenidate in com-
binationn with indirect stimulation of 5-HT2 receptors 
byy 5-HT reuptake inhibitors on DA neurons may be. 

Basedd upon these considerations, from a clinical 
ass well as a theoretical point of view, it seems relevant 
to:: 1) study whether the combination of methylpheni-
datee and 5-HT acting agents is neurotoxic to DA 
and/orr 5-HT neurons. 2) further evaluate the neuro-
toxicc potential of methylphenidate, not only on DA but 
onn 5-HT neurons as well, and; 3) evaluate the necessi-
tyy to perform future SPECT studies in individuals tre-
atedd with methylphenidate in combination with a 5-
HTT acting agent. Therefore, in the present studies 
neurotoxicityy was assessed by the extent of regional 
losss of monoaminergic transporters in rat brain using 
radioligandss suitable for SPECT imaging. 

Materialss and methods 
Malee Wistar rats (obtained from Broekman Institute 
B.V.,, Someren, the Netherlands}, 200-250 g, were used 
inn these experiments. All experiments involving animals 
weree approved by the local Animal Care Committee. 

AnimalAnimal experiments 
Inn experiment 1, studying short-term effects, methylp-
henidatee was administered at a dose of 10 mg/kgor 

400 mg/kg. Each dose was tested in a group of five 
rats,, given orally every 12 h, for 4 consecutive days. A 
controll group (n = 5) received saline, according to the 
samee schedule and route of administration. Two 
groupss of rats (n - 5 per group) received 5 mg/kg of 
thee 5-HT2 receptor agonist quipazine (Sigma-Aldrtch, 
Zwijndrecht,, the Netherlands; Titeler et al., 1987; 
Glennon,, 1987) or the 5-HT reuptake blocker, fluoxeti-
nee (Eli Lilly, Nieuwegein, the Netherlands) i.p, every 
244 h for 4 consecutive days. Finally, in one group of 
ratss (n = 5) 5 mg/kg quipazine, and in another group 
off rats 5 mg/kg fluoxetine, was co-administered 6 h 
{everyy 24 h) after 10 mg/kg methylphenidate was 
given,, according to the above schedule and route of 
administration,, for 4 consecutive days. Five days after 
treatment,, DA and 5-HT transporter densities were 
measured,, as described below. 5-HT transporter den-
sitiess were not measured in rats treated with fluoxeti-
nee alone, or in combination with methylphenidate. In 
Experimentt 2, a combination of 10 mg/kg methylp-
henidatee and 5 mg/kg quipazine, as in Experiment 1, 
wass retested, along with a saline-treated control 
group.. In this experiment, DA transporter density was 
measuredd 2 weeks (rather than 5 days) after drug tre-
atment. . 

MeasuringMeasuring DA and 5-HT transporter densities 
Fivee days or 2 weeks after treatment, rats were injec-
tedd i.v. with either approximately 1.85 MBq ['^l]FP-CIT 
or^MjP-CIT. '^ ll labeling of FP-CIT and (i-CITwas per-
formedd by oxidative radioiododestannylation 
(Amershamm Cygne, Technical University, Eindhoven, 
andd Radionuclide Center, Vrije University, Amsterdam, 
thee Netherlands, respectively) of their trimethylstan-
nyll precursors obtained from RBI (Natick, MA). Both 
["MJFP-CITT and [,25I]|}-CIT had a specific activity > 185 
MBq/nmoll and a radiochemical purity of > 97%. 

Bothh [,!M]FP-CIT and p'l]p-CIT bind to 5-HT as 
welll as DA transporters. We have previously shown 
thatt ['^l]FP-CIT binds in vivo predominantly to DA 
transporterss (Booij et al., 1997)- [l5Jl]p-CIT has higher 
inn vivo binding ratios for the 5-HT transporter than 
[12-I]FP-CIT.. Therefore, the combination of these two 
radioligandss was chosen to assess both the 5-HT and 
DAA system. Two hours after injection of ['^IjFP-CIT 
(Booijj et al„ 1997) and 1 h after injection of [,2!l]p-CIT 
(Renemann et al., 1999), animals were killed by blee-
dingg via heart puncture under ether anesthesia. The 
brainss were quickly removed, dissected into frontal 
cortex,, hippocampus, striatum, hypothalamus and 
cerebellum,, and weighed. 'ZH radioactivity of [,i?l]FP-
CITT or [,!5I]PC!T in each region was assayed in a 
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gammaa counter. The data were corrected for radioacti-
vityy decay back to the time of preparation of the injec-
tionn syringes in order to compare relative concentra-
tionss in the tissues taken and to relate the results to 
thee injected dose. The amount of radioactivity was 
expressedd as a percentage of the injected dose multip-
liedd by the body weight per gram tissue weight (% ID x 
kg/gg tissue), as described previously (Rijks et al., 
1996).. For both radioligands, the cerebellum was 
usedd as a reference region for the estimation of free 
andd non-specifically bound radioligand. The specific 
bindingg was estimated by subtraction of radioactivity 
inn cerebellum from total radioactivity in the region of 
interest. . 

StatisticalStatistical analyses 
Wee tested the main effect of drug administration on 
specificc radioligand binding in the four brain regions 
studiedd by general linear model-based multivariate 
ANOVAA (MANOVA), taking possible correlations 

betweenn brain regions studied and multiple comparis-
onss into account. When MANOVA revealed a signifi-
cantt effect, we investigated differences in regional 
[,2i|]FP-CITandd ["'Ijp-CIT binding between groups by 
one-wayy ANOVA. When more than two different 
groupss were compared, we used Dunnett's test for 
postt hoc analysis. Data are presented as means
SEM.. p < 0.05 was taken to be significant with a two-
tailedd test. We analyzed all data with SPSS version 9.0 
(Chicago,, IL). 

Results s 
SHORT-TERMM EFFECTS 

IsIs methylphenidate neurotoxic to $-HT and/or 
DADA neurons ? 
Wee investigated whether treatment with methylpheni-
datee (10 or 40 mg/kg) led to significant reductions in 
specificc ['-2'I]FP-CIT or specific [,23l]p-CIT binding, when 
comparedd to saline-treated rats. No significant group 
effectt was observed, either for [-";I]FP-CIT binding, nor 

0.05 5 

0.025--

II II III IV V VII VII VIM IX II II III IV V VI VII VIII IX 

0.24-1 1 

VII VII VIMM IX 

FigureFigure 1. Specific binding of f''3ljFP-CIT in frontal cortex (A), hippocampus (B), striatum (C), and hypothalamus (D). Specifc binding (expres-
sedsed as % ID x kg/g tissue) was calculated as total regional activity minus activity in the cerebellum (non-specifc binding) and represent the 
meanmean  SE of 5 rats. I: saline: II: to mg/kg methylphenidate: III: 40 mg/kg methylphenidate: IV: 10 mg/kg methylphenidate + 5 mg/kg quipa-
zinezine (short-term): V: 5 mg/kg quipazine: VI: io mg/kg methylphenidate + 5 mg/kg fluoxetine: VII: 5 mg/kg fluoxetine: VIII: saline: 
IX:IX: 10 mg/kg methylphenidate + 5 mg/kg quipazine (long-term). * p < 0.05 **p < 0.02. 
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FigureFigure 2. Specific binding of['"l]ji-CIT in frontal cortex (A), hippocampus (B), striatum (C), and hypothalamus (D). Specific binding (expres-

sedsed as % ID x kg/g tissue) was calculated as total regional activity minus activity in the cerebellum (non-specific binding), and represent the 

meanmean  SE of five rats. I: saline; II: to mg/kg methylphenidate; III: 40 mg/kg methylphenidate; IV: 10 mg/kg methylphenidate + 5 mg/kg qui-

pazine;pazine; V: quipazine. 

f o rr [ , 2 } l ] f3-CIT-binding (p = 0.184 and p = 0.254; 

Figuress 1 and 2, respect ively). 

IsIs quipazine neurotoxic to yHT and/or DA neurons ? 

Inn th is analysis we invest igated whether t rea tment 

w i t hh qu ipaz ine led to s igni f icant reduct ions in specif ic 

[ , ;s|]FP-CITT or specif ic [ l2il)(3-CIT b ind ing w h e n compa-

redd to sal ine-treated rats. A s igni f icant g roup effect 

wass observed for specif ic [ ,2H]FP-CIT. but not specif ic 

[12 i l ]p-CITT b ind ing (p = 0.016 and p = 0.540, respect i-

vely).. A N O V A analysis revealed that specif ic [ ,2-l]FP-

CITT b ind ing was signi f icant ly h igher in the hypothala-

m u ss o f groups o f rats t reated w i th qu ipaz ine 

c o m p a r e dd to cont ro ls (Figure 1D). 

IsIs fluoxetine neurotoxic to DA neurons ? 

Whenn we compared specific [ 2 i l ]FP-CIT b ind ing o f 

f luoxet inee treated rats wi th saline-treated rats, no signi-

ficantficant g roup effect was observed (p = 0.122; Figure 1). 

IsIs the combination of methylphenidate and quipazine 

neurotoxicneurotoxic to DA and'/or 5-HT neurons ? 

Wee invest igated whether t rea tmen t w i th the comb ina-

t ionn o f methy lphen ida te (10 m g / k g ) w i th qu ipaz ine (5 

mg /kg )) led to s igni f icant reduct ions in [ 2 )I]FP-CIT or 

[ l 2 i l ]P-CIT-b indingg when compared to sal ine-treated 

rats.. In specific ["'IJFP-CIT, bu t no t [ l2M][i-CIT b ind ing , 

aa signi f icant g roup effect was observed (p = 0.029 a r | d 

pp = 0.817, respect ively). 

A N O V AA analysis revealed that in the f rontal cor-

texx and h i ppocampus , specif ic ['2 ' I]FP-CIT b ind ing was 

signif icantlyy lower in rats t reated w i th the comb ina t i on 

o ff methy lphen idate w i th qu ipaz ine when compared to 

contro lss (p = 0.016 and p = 0 . 0 4 9 ; Figures 1A and I B , 

respectively).. N o di f ference in b ind ing was observed 

inn the s t r ia tum (p = 0.439; Figure lC) or hypothala-

m u ss (p = 0.912; Figure 1D). 

IsIs the combination of methylphenidate and quipazine 

significantlysignificantly different from either methylphenidate 

(to(to mg/kg) or quipazine alone ? 

Wee invest igated whether t rea tmen t w i th the comb ina-

t ionn o f methy lphen ida te (10 m g / k g ) w i th quipaz ine 

(( 5 mg/kg ) led to s ign i f icant reduct ions in [ 2 !I]FP-CIT 
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orr [,23l]p-CIT binding when compared to groups of rats 
treatedd with methylphenidate (10 mg/kg) or quipazine 
alone.. MANOVA revealed a significant group effect for 
specificc [,2il]FP-CIT binding (p = 0.044), but not for 
[,i3l]p-CITT binding (p = 0.106; Figure 2). Using 
Dunnett'ss test for post hoc analysis of specific [,2JI]FP-
C!TT binding, it was shown that in the frontal cortex 
andd hippocampus of rats treated with the combina-
tionn of methylphenidate and quipazine there were sig-
nificantt reductions in [,S'I]FP-CIT binding when com-
paredd to quipazine-treated rats (p = 0.001 and p = 
0.005;; Figure 1 A, B, respectively). In addition, in the 
frontall cortex, [>23I]FP-CIT binding in rats treated with 
thee combination of methylphenidate and quipazine, 
wass significantly lower compared to rats treated with 
methylphenidatee (10 mg/kg) alone (p = 0.023; Figure 
lA).. Furthermore, in the hypothalamus a significant 
higherr [,2}I]FP-CIT binding was observed in combined 
treatedd rats, than in rats treated with methylphenidate 
alonee {p = 0.049; Figure lD). 

DoesDoes ["3t]FP-CIT binding differ significantly in rats tre-
atedated with the combination of methylphenidate and 
fluoxetinefluoxetine from rats treated with either methylphenidate 
(10(10 mg/kg) or fluoxetine alone ? 
Noo significant group effect was observed {p = 0.531) 
whenn we compared specific [,23I]FP-CIT binding in a 
groupp of rats treated with either a combination of 
methylphenidatee and fluoxetine, or fluoxetine and 
methylphenidatee alone (Figure 1). 

LONG-TERMM EFFECTS 
Sincee the 5-day survival period was relatively short, 
Experimentt 2 retested the effects of io mg/kg of 
methylphenidatee in addition of quipazine. Rats were 
allowedd a 2-week postdrug survival period to ensure 
thatt methylphenidate's effects on pre-synaptic mono-
aminergicc terminals were indeed long-lasting. 
Animalss were treated with methylphenidate in combi-
nationn with quipazine, together with a saline-treated 
controll group. Two weeks after treatment no reduc-
tionss in specific [,2JI]FP-CIT binding in the frontal cor-
texx or hippocampus were observed when compared to 
controlss {p = 0.988) (Figures lAand lB, respectively). 

Discussion n 
Co-administrationn of quipazine and methylphenidate 
producedd a significant reduction in specific [,2JI]FP-CIT 
bindingg in the frontal cortex and hippocampuss when 
ratss were examined 5 days after treatment. However, 
whenn animals were examined 2 weeks after combined 
quipazinee and methylphenidate administration no sig-

nificantt reduction in [,23I]FP-CIT binding in the frontal 
cortexx and hippocampus was observed,, even though 
animalss had been treated with identical dose regimes. 

Inn rats, ['^IJFP-CIT labels both DA and 5-HT 
transporterss in vivo (Booij et al., 1997). However, 
["MjFP-CITT binds in vivo predominantly to DA trans-
porters.. Therefore, reduced specific [,i3l]FP-CIT bin-
ding,, as observed in the present study after administ-
rationn of methylphenidate in combination with 
quipazine,, probably reflects changes in DA terminal 
markers.. In addition, since [,21I]P-CIT has higher bin-
dingg ratios for the 5-HT transporter than [,23I]FP-CIT 
(Renemann etal., 1999), and no reductions were obser-
vedd in [UJI]P-CIT binding after administration of 
methylphenidatee in addition of quipazine, it is likely 
thatt DA and not 5-HT terminal markers were affected. 

Itt could be argued that the decrease in ['^l]FP-
CITT binding caused by coadministration of methylp-
henidatee and quipazine is due to neurotoxic loss of 
DAA transporters terminals. A more favorable explana-
tion,, however, for the observed short-term changes in 
frontall cortex and hippocampal [1='ljFP-CIT binding is 
thatt activation of 5-HT2 receptors facilitated DA relea-
see from axonal terminals, leading to a reactive down-
regulationn of pre-synaptic DA transporters. Several 
studiess suggest that 5-HT may act via 5-HT2 and/or 
otherr receptor subtypes to facilitate DA release, since 
itt has been shown that stimulation of 5-HT2 receptors 
facilitatedd MDMA-induced DA release (Gudelskyet 
al.,, 1994). A previous study demonstrated that treat-
mentt with the selective 5-HT2 receptor agonist, i-(2,5-
dimethoxy-4-iodophenyl)-2-aminopropanee alone had 
noo effect on DA synthesis, but it potentiated the incre-
asee in DA synthesis produced by amphetamine 
(Huang&.. Nichols, 1993). A recent study by Parsons 
ett al. (1999) reported potentiation of cocaine-induced 
increasess in nucieus accumbens DA after 5-HT1B/1A 
receptorr agonist pretreatment. It was suggested by 
Schmidtt et al, (1992) that the regulation of DA synthe-
siss mediated by 5-HT2 receptors is likely to be a pha-
sicc effect which becomes significant only during sta-
gess of high serotonergic and dopaminergic 
transmission.. Thus, the results of the present study 
couldd be viewed as a potentiation of methylphenidate-
inducedd release of DA through activation of 5-HT2 
receptorss by quipazine in rat frontal cortex and hippo-
campus.. This demonstrates that while activation of 5-
HT22 receptors alone has little effect on dopamine 
transporters,, it may induce neurotoxic effects of 
methylphenidate. . 

Remarkably,, in the present study changes in DA 
terminall markers were observed in rat frontal cortex 
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andd hippocampus but not in the striatum. However, it 
iss worth noting that the frontal cortex and hippocam-
puss do receive a dopaminergic input (Bischoff et al., 
1979;; Mennicken et al., 1992), although this input is 
certainlyy more massive in the striatum. Other studies 
havee reported dopaminergic degeneration in the fron-
tall cortex and hippocampus {Elsworth et al., 1990). 
Interestingly,, Schmidt etal. {1991) showed that coad-
ministrationn of L-DOPA potentiated regional deficits 
producedd by MDMA in which the striatum was the 
leastt affected of the three brain regions examined. It 
hass been suggested that such considerations become 
relevantt only by assuming a terminal-terminal interac-
tionn between 5-HT and dopaminergic systems, a 
structurall aspect still unresolved. 

Thee addition of a 5-HT reuptake blocker, fluoxeti-
ne,, to methylphenidate did not result in a significant 
reductionn of DA terminal markers. Possibly, synaptic 
5-HTT levels were not high enough to stimulate 5-HT2 
receptorss sufficiently. Only sufficient stimulation of 5-
HT22 receptors, in the presence of an amphetamine-
derivative,, will elicit a marked increase in DA release 
andd a subsequent downregulation of DA transporters. 

Thee neurotoxic potential of methylphenidate on 
striatall DA axonal markers has been evaluated by only 
threee studies (Yuan et al., 1997; Wagner et al., 1980; 
Zaczekk et al., 1989). In these studies, animals treated 
withh methylphenidate did not develop long-lasting 
changess in regional brain catecholamine axon mar-
kers.. The present finding that methylphenidate alone 
lackss short-, as well as long-term DA neurotoxicity is 
inn agreement with these three previous reports. 
However,, if we were not to correct for multiple compa-
risons,, 5 days after treatment, specific [,i}l]FP-CIT bin-
dingg in the frontal cortex of the group of rats treated 
withh 40 mg/kg of methylphenidate would be signifi-
cantlyy lower than saline-treated rats. A similar trend is 
observedd in the hippocampus of rats treated with 
methylphenidate.. This would suggest that high doses 
off methylphenidate produce short-term changes in 
DAA terminal markers of rat frontal cortex, and possibly 
hippocampus.. However, future studies with a 2-week 
drugg free interval need to be conducted. 

Whilee the above-mentioned studies investigated 
thee neurotoxic potential of methylphenidate on DA 
neurons,, the effect of methylphenidate on 5-HT neur-
otransmissionn remained poorly defined. Only one 
investigationn has, to our knowledge, studied the 5-HT 
neurotoxicc potential of methylphenidate (Zaczek et 
al.,, 1989). In line with this study, we observed no 
reductionss in [,23i]P-CIT labeled 5-HT transporters fol-
lowingg administration of methylphenidate or in com-

binationn with quipazine. Since we did not observe any 
changess in 5-HT and DA terminal markers after 
methylphenidatee administration, methylphenidate 
seemss to lack both DA as well as 5-HT neurotoxic 
potential.. However, the present study suggests that 
thee DA neurotoxic potential of methylphenidate on 
brainn regions other than the striatum need be further 
clarified. . 

Thee present findings, coupled with previous fin-
dingss of Huang and Nichols (1993) and of Cudelsky et 
al.. (1994), may have important practical as well as cli-
nicall implications. From a clinical point of view, the 
concomitantt use of psychostimulants, such as 
methylphenidate,, and drugs activating 5-HT2 recep-
torss (eg, lysergic acid diethylamide, which is a 5-HT2 
receptorr agonist) should be avoided until a better 
understandingg of the interactions between these 
drugss is available and neurotoxic effects can be ruled 
out.. Therefore, future SPECT/PET studies may be con-
ductedd in children/adolescents treated for ADHD with 
methylphenidatee and concomitant (ab)use of drugs 
activatingg 5-HT2 receptors. On the other hand, our 
dataa do not support the hypothesis that the combina-
tionn of methylphenidate with fluoxetine (or other 
SSRIs)) is harmful to DA nerve terminals. From a theo-
reticall point of view, the present findings are of inte-
restt since they strongly suggest an interaction 
betweenn the dopaminergic and serotonergic system: 
stimulationn of 5-HT2 receptors in the presence of 
methylphenidatee potentiates methyl phenidate-indu-
cedd DA release, resulting in changes in DA terminal 
markerss in the frontal cortex and hippocampus. In 
addition,, the results from this study demonstrate a 
newlyy observed effect of amphetamine analogs on 
dopaminergicc neurons. As normal function of the DA 
transporterr is to regulate the action of released DA, 
disruptionn of DA transporter function can lead to dele-
teriouss effects such as changes in dopaminergic 
transmissionn and behavior (Ciros et al., 1996}. 

Inn summary, our results indicate that the combi-
nationn of a selective 5-HT2 receptor agonist and 
methylphenidatee produces short-term changes in DA 
terminall markers in rat frontal cortex and hippocam-
pus.. These changes probably do not reflect neurotoxic 
changess in DA terminal markers, but a compensatory 
downregulationn due to facilitation by 5-HT2 receptors 
off methyl phenidate-induced DA release. These fin-
dingss suggest potential harmful effects of concomi-
tantt use of drugs directly activating 5-HT2 receptors in 
childrenn and adolescents treated for ADHD with 
methylphenidate.. Finally, a trend was observed in the 
presentt study which suggests that methylphenidate 
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mayy have short-term DA neurotoxic effects of on brain 
regionss which do not have a massive DA inpgt, such 
ass the frontal cortex and hippocampus. 
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