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endogenous excitatory amino acids may mediate neu-
ronal death observed in a number of neurodegenerative
disorders.

Based on the evidence that GLU is neurotoxic, it is
not surprising that the excitatory amino acids have been
implicated in the neurotoxic effects of both MA and
MDMA8•13•39,42. For example, Sonsalla et a1.39 found
that the non-competitive N-methyl-D-aspartate (NMDA)
antagonist, MK-801, blocked the DA neurotoxicity pro-
duced by repeated administration of MA in mice. Sim-
ilarly, the NMDA antagonist, dextrorphan, was reported
to produce a dose-dependent inhibition of MDMA-in-
duced 5-HT depletion in the striatum of rats". However,
the ability of GLU antagonists to block the neurotoxic
effects of MDMA has not been as consistent a finding
compared to studies with MAl3

. Regardless, these data
are suggestive that GLU may mediate some of the neu-
rotoxic effects of these phenethylamines.

The present study examined the effect of repeated ad-
ministration of MDMA and MA on the extracellular
concentrations of GLU and DA using in vivo microdi-
alysis. In addition, the concentration of DA, 5-HT and
their metabolites were determined in the striatum of the
animals used in the dialysis experiments, 7 days follow-
ing drug administration.

MATERIALS AND METHODS

Animals
Male Sprague-Dawley rats weighing 225-300 g were purchased

from Zivic Miller Laboratory (Allison Park, PA) and used in all
experiments. Animals were housed 2 per cage in a temperature
controlled room (23°C) with a 12112 h lighting schedule (lights on
at 06.00 h). Food and water were available ad libitum.

Drugs
The racemic mixture of MDMA hydrochloride was generously

provided by the National Institute on Drug Abuse (Rockville,
MD). Chloral hydrate, MA hydrochloride and the HPLC standards
were purchased from Sigma Chemical Co. (St. Louis, MO). MDMA
and MA were dissolved in saline and administered i.p., every 2 h
for a total of 3 injections (see Experimental procedure).

Experimental procedure
In the first experiment, rats were anesthetized using chloral hy-

drate (400 mglkg, i.v.) and placed in a stereotaxic frame. A con-
centric dialysis probe was implanted into the anteromedial striatum
(A: 1.2, L: 2.0, V: -6.5, from bregma) according to the atlas of
Paxinos and Watsorr'". The probe was secured using a skull screw
and dental cement and flushed with a modified Ringer's solution
(in mM: NaC1145, Na2P04 6, KCI 1.7, KH2P04 1.0, CaCl2 1.2 at
pH 7.4). The animals were placed in clear plastic cages with food
and water available ad libitum.

On the following day, the dialysis probe was connected to an in-
fusion pump set to deliver modified Ringer's solution at a rate of
1.7 .ullmin. Each rat was perfused for 2 h prior to the initiation of
each experiment. Following this initial perfusion, baseline samples
were collected every 30 min over a 2 h time period. MDMA (9.2
or 13.8 mg/kg), MA (7.5 mg/kg) or vehicle was administered fol-
lowing the last baseline sample and at 2 h intervals thereafter for a
total of 3 injections. Dialysate samples were collected every 30 min

for 6 h and the concentration of DA and its metabolites were de-
termined.

In a separate experiment, the effect of MDMA, MA or vehicle
on the extracellular concentration of GLU, aspartate and taurine
in the anteromedial striatum was determined. Animals were anes-
thetized with chloral hydrate (150 rng/kg, i.p.) and ketamine (50
rng/kg, i.p.) and a guide cannula was implanted dorsal to the brain
surface overlying the striatum (A: 1.2, L: 2.0). Three days follow-
ing implantation of the guide cannula, a dialysis probe was inserted
through the guide cannula and connected to an infusion pump set
to deliver perfusate at a rate of 2.0 .ullmin. Following a 2 h base-
line period, MDMA, MA and vehicle were administered at tbe
doses and times stated previously and dialysis samples were col-
lected every 30 min for 6 h.

Following termination of the dialysis studies, the animals were
returned to their home cages. One week later, the animals were
sacrificed and each brain was mounted on a dissecting pedestal and
immediately frozen with dry ice. A 100-150 .urn slice was obtained
at the level of the dialysis probe and the contralateral striata was
removed. The concentrations of DA, 5-HT and their metabolites
were determined in the tissue slices using previously reported pro-
cedures+',

Dialysis probes
A concentric-shaped dialysis probe was constructed as previously

described by Yamamoto and Pehek'". The dialysis membrane ex-
tended 4.0 mID beyond the tip of the 26 gauge stainless steel tub-
ing. The percent recovery of DA, 3,4-dihydroxyphenylacetic acid
(DOPAC) and homovanillic acid (HVA) using these dialysis probes
was 8,15 and 17%, respectively at a flow rate of 1.7 .ullrnin at room
temperature (23°C). The relative recoveries of GLU, aspartate and
taurine were 15, 18 and 16%, respectively.

Biochemical measurements
The concentrations of DA, DOPAC and HVA were determined

in dialysate samples using previously reported HPLC procedures=:
25. Briefly, each sample (50.uI) was injected onto a 3.um C18 col-
umn (Phenomenex; Rancho Palos Verdes, CA) connected to a
LC-4B amperometric detector (Bioanalytical Systems, W. Lafay-
ette, IN) equipped with a glassy carbon electrode set at a potential
of 0.65 V relative to the Ag/AgCI reference electrode. A Hewlett-
Packard (HP 3396A) integrator was used to quantitate the concen-
trations of DA and its metabolites in the dialysate samples.

The concentrations of GLU, aspartate, taurine and other amino
acids were measured using previously reported procedures", Briefly,
dialysate samples (25.u1) were pre-column derivatized with o-pthalal-
dehyde and 3-mercaptoethanol for 2 min prior to injection onto the
HPLC column. The HPLC system was identical to that described
above.

Statistical analysis
The effect of MA, MDMA and vehicle on the extracellular con-

centrations of DA, DOPAC, GLU, aspartate and taurine were
statistically analyzed using a repeated measures analysis of variance
(ANOVA). The effect of MA, MDMA and vehicle on tissue con-
tent of DA and 5-HT was analyzed using a one way ANOVA.
Comparisons between individual means were done by Scheffe's
post-hoc test. In all cases, treatment effects were considered sta-
tistically significant at P < 0.05.

RESULTS

Effect of MA and MDMA on extracellular concentrations
of GLU, aspartate and taurine

The effect of MDMA, MA and vehicle on the extra-
cellular concentrations of GLU and aspartate is illus-
trated in Fig. lA and B. The first injection of MA (7.5



mg/kg) had no effect on the extracellular concentration
of GLU (Fig. lA). Following the second MA injection,
GLU efflux began to increase, and was elevated signif-
icantly (P < 0.05) 120 min later as compared to vehicle
and MDMA treated rats. GLU concentrations continued
to increase following the third injection of MA and were
maximal at the termination of the experiment as com-
pared to vehicle and MDMA treated rats (Fig. lA). By
contrast, neither vehicle nor MDMA (9.2 and 13.8 mg/
kg) significantly increased the extracellular concentra-
tions of GLU as compared to their respective baseline
levels. In addition, MDMA and vehicle treated rats did
not differ from each other with respect to GLU efflux
throughout the course of the experiment.

A.

13
12

"3 11
10
9
8
7
6
5
4
3

o
N<,
C/l
~«
Cl::
ooz«z 2

1O~--~--~--~--~----~--~--~--~
-120 -60 o 60 120 180

TIME (MINUTES)
240 300 360

B. ASPARTATE
1.4

I I
1.2

"3
0 1.0

i~. ~ 1 ,l/f\ll;N<,
C/l 0.8 N¥,: l4+f~i:t~(-!/*~«
Cl:: 0.6c.:>

1 ~" 'e-·>t/ '~~ =t<~/0
Z 0.4 .-~-~ '~/- 1«z •

0.2 t t t
0.0 .l..-__ -'- __ --'- __ .-..... '-- __ -'--_~ __ ~ __ __'

-120 -60 o 60 120 180 240 300 360

TIME (MINUTES)
Fig. 1. Effect of repeated administration of methamphetamine
(MA), 3,4-methylenedioxymethamphetamine (MDMA) and vehi-
cle on the extracellular concentrations of glutamate (GLU) (A) and
aspartate (B) in the striatum. Each value represents the mean ±
S.E.M. of 6 rats. MA (7.5 mg/kg), MDMA (9.2 or 13.8 mg/kg) or
vehicle were administered every 2 h for a total of 3 injections as
indicated by the arrow.
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Fig. 2. Effect of repeated administration of MA, MDMA and ve-
hicle on the extracellular concentrations of dopamine (DA) (A)
and 3,4-dihydroxyphenylacetic (DOPAC) (B) in the striatum. Each
value represents the mean ± S.E.M. of 4-6 rats. MA (7.5 mg/kg,
e), MDMA (9.2, 0, or 13.8 mg/kg, 6) or vehicle C.6.) were ad-
ministered every 2 h for a total of 3 injections as indicated by the
arrows.

The extracellular concentration of aspartate was unaf-
fected by the repeated administration of MA, MDMA
and vehicle (Fig. IB). There was no difference between
the 4 treatment groups with respect to aspartate efflux.
Similarly, neither vehicle nor the drugs used in these
studies affected the extracellular concentration of taurine
(data not shown).

Effect of MA and MDMA on the extracellular concen-
trations of DA and DOPAC

Consistent with a number of previous studies22,25,42,44,

MA and MDMA administration increased the extracel-
lular concentration of DA in the anteromedial striatum
as illustrated in Fig. 2A. MA (7.5 mg/kg) significantly (P
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TABLE I

Effect of repeated administration of methamphetamine (MA) , 3,4-methylenedioxymethamphetamine (MDMA) and vehicle on the striatal
monoamine concentrations 7 days following administration

Treatment Dose pg/ttg protein

5-HT 5-HIAA DA DOPAC HVA

3.44 ± 0.42 4.47 ± 0.41 93.6 ± 3.9 22.3 ± 3.4 10.7 ± 1.4
3.33 ± 0.92 3.78 ± 0.78 67.7 ± 17.7* 18.9 ± 4.1 8.1 ± 1.1
3.08 ± 0.68 3.95 ± 0.42 122.0 ± 15.5 28.8 ± 4.9 12.9 ± 2.2
1.88 ± 0.10* 3.38 ± 0.31** 83.7 ± 4.3 18.9 ± 1.3 8.1 ± 0.5

Vehicle
MA
MDMA
MDMA

7.5
9.2

13.8

Each value represents the mean ± S.E.M. of 4-12 rats. The asterisks indicates a significant effect as compared to vehicle treated control.
*p < 0.05 (two-tailed), =r < 0.05 (one-tailed).

< 0.05) increased DA efflux following the first injection
as compared to vehicle treated rats. The extracellular
concentration of DA remained elevated throughout the
entire experiment. MDMA (9.2 and 13.8 mg/kg) pro-
duced a dose-dependent increase in DA efflux (Fig. 2A).
The increase in DA release following the first and sec-
ond administration of MDMA (9.2 ~g) was identical
to the response obtained in rats treated with an equimo-
lar dose of MA. However, following the last injection of
MDMA (9.2 mg/kg) , the increase in DA was signifi-
cantly (P < 0.05) greater than that observed in the MA
group (Fig. 2A). MDMA (13.8 mg/kg) produced a sig-
nificantly (P < 0.05) greater increase in DA efflux fol-
lowing the second and third injections as compared to
MA, MDMA (9.2 mg/kg) and vehicle treated rats. As
was the case with MA, extracellular concentrations of
DA remained elevated following the administration of
MDMA (9.2 and 13.8 mg/kg) throughout the experi-
ment, as compared to baseline DA concentrations.

Both MDMA (9.2 and 13.8 mg/kg) and MA signifi-
cantly (P < 0.05) decreased the extracellular concentra-
tion of DOP AC as compared to vehicle treated rats (Fig.
2B). The concentration of DOPAC was maximally re-
duced 60 min following the first drug injection and did
not return to baseline levels throughout the course of the
experiment.

Striatal concentrations of DA, 5-HT and their metabolites
7 days following repeated administration of MA and
MDMA

The post-mortem tissue content of DA, 5-HT and
their metabolites was determined in the animals used in
the dialysis studies, 7 days following drug administration.
These values are presented in Table I. Repeated admin-
istration of MA (7.5 mg/kg) produced a significant (P <
0.05) decrease in the concentration of DA in the stria-
tum as compared to vehicle and MDMA treated rats. At
the dose used in this study, MA (7.5 mg/kg) had no ef-
fect on the concentration of 5-HT and 5-HIAA in the

striatum. Repeated administration of MDMA (9.2 and
13.8 mg/kg) did not alter striatal DA content. However,
the high dose of MDMA (13.8 mg/kg) significantly re-
duced the striatal concentrations of 5-HT and 5-HIAA
as compared to vehicle, MA and MDMA (9.2 mg/kg)
treated rats (Table I).

DISCUSSION

Repeated administration of MA increased the extra-
cellular concentration of the endogenous excitatory
amino acid, GLU, in awake, freely moving rats as mea-
sured by in vivo microdialysis. By contrast, repeated ad-
ministration of an equimolar dose of MDMA had no ef-
fect on GLU efflux in the anteromedial striatum.
Moreover, the administration of a higher dose of
MDMA, which depleted striatal 5-HT content 7 days
following administration, had no effect on GLU efflux.
Although both MA and MDMA increased DA release,
the cumulative effect of repeated administration of
MDMA on the extracellular concentration of DA was
significantly greater than that of MA. In the present
study, MA significantly decreased the post-mortem tis-
sue concentration of DA in the striatum, 7 days follow-
ing repeated administration. Conversely, neither MDMA
nor vehicle had an effect on DA content in the striatum.
These data are suggestive that MA-induced GLU release
may mediate the doparninergic neurotoxic effects of this
compound.

The ability of repeated MA administration to acutely
increase the extracellular concentration of GLU in the
striatum and decrease post-mortem tissue DA content,
7 days following administration, is consistent with the
hypothesis that GLU plays a role in the neurotoxic ef-
fects of this compound. As stated previously, Sonsalla et
a1.39 reported that MA-induced DA depletion in mice
was blocked by the non-competitive NMDA antagonist,
(+ )MK-801. Similarly, MK-801 has been found to block
MA-induced long-term decreases in tryptophan hydrox-



ylase activity in rats+'. In contrast to MA, repeated ad-
ministration of MDMA had no effect on extracellular
GLU concentration or striatal DA content. Taken to-
gether, these data are suggestive that GLU release fol-
lowing repeated administration of MA may directly dam-
age DA axon terminals.

There are at least 3 possible mechanisms by which MA
administration increases GLU efflux in the present study.
First, it is possible that MA directly stimulates the re-
lease of GLU in the striatum. However, to our knowl-
edge there is no evidence to support a direct effect of
MA on GLU efflux either in vitro or in vivo. Moreover,
the increase in the extracellular concentration of GLU
was greatest after the last injection of MA which is sug-
gestive that MA does not directly stimulate GLU re-
lease. The second possibility is that GLU efflux increases
as a result of DA disinhibition. That is, MA-induced DA
efflux was attenuated after the third injection as com-
pared to the first 2 DA responses (Fig. 2A). Since DA
agonists have been reported to inhibit potassium stimu-
lated GLU release in vivo'" and from striatal slices33 and
synaptosomes+l", it is possible that MA-induced GLU
release is the result of a decrease in DA inhibition fol-
lowing the third injection of MA. Moreover, the ability
of MDMA to maintain high extracellular concentrations
of DA coupled with the lack of effect on GLU efflux is
additional inferential evidence which supports this hy-
pothesis. Finally, the increase in GLU may be a com-
pensatory response to the decline in extracellular DA
concentration produced by MA administration which is
independent of any disinhibition. This hypothesis is based
on the findings that GLU stimulates DA release from rat
striatal slices3•5•31, in vitro as well as in vivo.". However,
in the present study the increase in extracellular GLU
was not accompanied by an increase in extracellular DA
concentration which would be predicted based on this
hypothesis. It should be noted that the studies described
in this manuscript do not directly test any of these hy-
pothesis. Therefore, the mechanism by which MA in-
creases GLU efflux requires much more study.

In the MDMA treated rats, DA efflux was increased
to the same extent by each subsequent drug injection. If
DA serves to inhibit GLU release, as suggested in the
preceding paragraph, then the ability of MDMA to
maintain an elevated extracellular concentration of DA
throughout the entire experiment may account for its
lack of an effect on GLU efflux. Alternatively, MDMA-
induced 5-HT release may result in an inhibition of GLU
release. For example, 5-HT inhibits the release of en-
dogenous GLU in potassium stimulated cerebellum syn-
aptosomes'" and brain slices'". Regardless, the lack of
an effect of MDMA on GLU efflux and long-term (7
day) DA neurotoxicity clearly illustrates a difference be-
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tween these structurally related compounds.
The tolerance or tachyphylaxis observed in the MA

treated rats with respect to DA release did not occur in
rats treated with MDMA. This difference is inferential
evidence that MA and MDMA affect DA transmission
via different mechanisms. It is hypothesized that MA
releases DA primarily from cytosolic stores and that the
slight activation of tyrosine hydroxylase produced by
MA cannot restore this pool of DA following repeated
administration. In contrast, MDMA stimulates tyrosine
hydroxylase activity as evaluated by an increase in
DOPA accumulation following decarboxylase inhibi-
tion/", This serves to replenish the supply of DA, and
therefore may not affect subsequent DA efflux after re-
peated administration. In addition, studies in our labo-
ratory are suggestive that MDMA affects not only cyto-
solic but also vesicular stores of DA (Nash, unpublished
data).

If MA-induced increase in GLU is, in part, responsi-
ble for the DA neurotoxicity, the question remains why
are DA terminals s,electively damaged? GLU is reported
to be an axon-sparing neurotoxin27

•
32

• Yet high dose MA
administration has selective effects on DA axon termi-
nals without decreasing gamma-aminobutyric acid or
cholinergic markers of neurotoxicity in the striatum 11.

One possibility is that MA-induced DA release increases
the metabolic burden of these DA axon terminals mak-
ing them more vulnerable to the effects of GLU. In fact,
NMDA type GLU receptors have been reported to be
localized on DA nerve terminals'" and could presumably
mediate the excitotoxic effect of GLU on the presynap-
tic element via an increase in Ca2+ influx. This is an at-
tractive hypothesis since it would account for the well
known finding that a-methylparatyrosine blocks the long-
term neurotoxic effect of MA on DA axon terminals+'".
Regardless, the GLU-mediated selectivity of MA-in-
duced toxicity for terminals over cell bodies requires fur-
ther study.

The repeated administration of the high dose of
MDMA used in this study produced a significant de-
crease in the striatal concentration of 5-HT, 7 days fol-
lowing administration. In contrast, MA (7.5 mg/kg) had
no effect on striatal 5-HT content which agrees with the
results of Kovachich et al. 15. MD MA produced a dose-
dependent increase in DA efflux in the striatum similar
to previous studies=:": The cumulative increase in ex-
tracellular DA concentration produced by the 13.8 mg/kg
dose of MDMA was significantly greater than that pro-
duced by MDMA (9.2 mg/kg) and MA (7.5 mg/kg). In
addition, the DA response to the low dose of MDMA
and MA was quite similar and neither drug had an ef-
fect on 5-HT levels. Thus, these data are consistent with
the hypothesis that MDMA-induced 5-HT depletion is,
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in part, mediated by an acute increase in the extracellu-
lar concentration of DA.

The results presented herein are preliminary with re-
gard to the neurotoxic mechanism(s) of MA and as such
should be interpreted cautiously. Nevertheless, these
data are the first direct evidence that repeated adminis-
tration of MA increases GLU efflux in the striatum.
Given the preponderance of data implicating DA in the
neurotoxic effects of MA 1,10,35, the mechanistic interac-
tion between DA and GLU in MA toxicity remains to
be established. However, it has been reported that the
neurotoxic effects of NMDA, kainic acid and ibotenic
acid in the striatum are, in part, dependent on an intact
nigrostriatal pathway since 6-0HDA lesions of this cir- .
cuit greatly reduce the neuronal damage produced by
these compounds'':", In addition, the inability of MDMA
to increase the extracellular concentration of GLU cou-
pled with its lack of effect on striatal DA content, 7 days
following administration, is inferential evidence that in-

REFERENCES

Axt, K.J., Commins, D.L., Vosmer, G. and Seiden, L.S.,
a-Methyl-p-tyrosine pretreatment partially prevents metham-
phetamine-induced endogenous neurotoxin formation, Brain
Res., 515 (1990) 269-276.

2 Battaglia, G., Sharkey, J., Kuhar, M.J. and De Souza, E.B.,
Neuroanatomic specificity and time course of alterations in rat
brain serotonergic pathways induced by MDMA (3,4-methyl-
enedioxymethamphetamine): assessment using quantitative au-
toradiography, Synapse, 8 (1991) 249-260.

3 Bowyer, J.F., Scallet, A.C., Holson, R.R., Lipe, G.W., Slik-
ker, W. and Ali, S.F., Interactions of MK-801 with glutamate-,
glutamine- and methamphetamine-evoked release of
[3H]dopamine from striatal slices, J. Pharmacal. Exp. Ther.,
257 (1991) 262-269.

4 Chapman, A.G., Durmuller, N., Lees, G.J. and Meldrum,
B.S., Excitotoxicity of NMDA and kainic acid is modulated by
nigrostriatal dopaminergic fibres, Neurosci. Lett., 107 (1989)
256-260.

5 Clow, D.W. and Jhamandas, K., Characterization of L-gluta-
mate action on the release of endogenous dopamine from the
rat caudate-putamen, 1. Pharmacol. Exp. Ther., 248 (1988)
722-728.

6 Donzanti, B.A. and Yamamoto, B.K., An improved and rapid
HPLC-EC method for the isocratic separation of amino acid
neurotransmitters from brain tissue and microdialysis perfu-
sates, Life Sci., 43 (1988) 913-922.

7 Filloux, F. and Wamsley, J.K., Doparninergic modulation of
excitotoxicity in rat striatum: evidence from nigrostriatal le-
sions, Synapse, 8 (1991) 281-288.

8 Finnegan, K.T., Skratt, J.J., Irwin, 1. and Langston, J.W., The
N-methyl-D-aspartate (NMDA) receptor antagonist, dextror-
phan, prevents the neurotoxic effects of 3,4-methylene-
dioxymethamphetamine (MDMA) in rats, Neurosci. Leu., 105
(1990) 300-306.

9 Godhukin, O.v., Zharikova, A.D. and Budantsev, A.Y., Role
of presynaptic dopamine receptors in regulation of the gluta-
matergic neurotransmission in rat neostriatum, Neuroscience, 12
(1984) 377-383.

10 Hotchkiss, A.J. and Gibb, J.W., Long-term effects of multiple
doses of methamphetamine on tryptophan hydroxylase and ty-
rosine hydroxylase activity in rat brain, 1. Pharmacal. Exp.

creasing GLU results in DA neurotoxicity. In any event,
these data raise a number of important issues which re-
quire further study.

In conclusion, both MA and MDMA are known psy-
chostimulants with potent DA-releasing properties and
neurotoxic effects on DA and/or 5-HT neurons. The
present data provide evidence that the mechanisms of
their neurotoxic effects are different. MA may exert an
excitotoxic effect on DA and 5-HT neurons via a direct
or indirect effect on GLU efflux whereas MDMA-in-
duced toxicity to primarily 5-HT neurons is mediated by
an increase in DA release.

Acknowledgements. This work was supported in part by USPHS
Grant DA06491 from the National Institute on Drug Abuse, MH
41684, and a Young Investigators Award from the National Alli-
ance for Research on Schizophrenia and Depression (NARSAD).
The technical assistance of Ms. Linda Liatti and Karen Ganofsky
is gratefully acknowledged.

Ther., 214 (1980) 257-262.
11 Hotchkiss, A.J., Morgan, M.E. and Gibb, J.w., The long-term

effects of multiple doses of methamphetamine on neostriatal
tryptophan hydroxylase, tyrosine hydroxylase, choline acetyl-
transferase and glutamate decarboxylase activities, Life Sci., 25
(1979) 1373-1378.

12 Insel, T.R., Battaglia, G., Johannessen, J.N., Marra, S. and De
Souza, E.B., 3,4-Methylenedioxymethamphetamine ('Ecstasy')
selectively destroys brain serotonin terminals in Rhesus mon-
keys, 1. Pharmacol. Exp. Ther., 249 (1989) 713-720.

13 Johnson, M., Hanson, G.R. and Gibb, J.w., Effect of MK-801
on the decrease in tryptophan hydroxylase induced by metham-
phetamine and its methylenedioxy analog, Eur. J. Pharmacal.,
165 (1989) 315-318.

14 Kleven, M.S., Woolverton, W.L. and Seiden, L.S., Evidence
that both intragastric and subcutaneous administration of me-
thylenedioxymethylamphetamine (MDMA) produce serotonin
neurotoxicity in rhesus monkeys, Brain Res., 488 (1989) 121-
125.

15 Kovachich, G.B., Aronson, C.E. and Brunswick, D.J., Effects
of high-dose methamphetamine administration on serotonin up-
take sites in rat brain measured using eH]cyanoimiprarnine au-
toradiography, Brain Res., 505 (1989) 123-129.

16 Krebs, M.O., Desce, J.M., Kernel, M.L., Gauchy, C., Gode-
heu, G., Cheramy, A. and Glowinski, J., Glutamatergic con-
trol of dopamine release in the rat striatum: evidence for pre-
synaptic N-methyl-D-aspartate receptors on dopaminergic nerve
terminals, J. Neurochemistry, 56 (1991) 81-85.

17 Marek, G.J., Vosmer, G. and Seiden, L.S., The effects of
monoamine uptake inhibitors and methamphetamine on neo-
striatal 6-hydroxydoparnine (6-0HDA) formation, short-term
monoamine depletions and locomotor activity in the rat, Brain
Res., 516 (1990) 1-7.

18 Marek, G.J., Vosmer, G. and Seiden, L.S., Pargyline increases
6-hydroxydopamine levels in the neostriatum of methamphet-
amine-treated rats, Pharmacal. Biochem. Behav., 36 (1990)
187-190.

19 Maura, G., Giardi, A. and Raiteri, M., Release-regulating D-2
dopamine receptors are located on striatal glutamatergic nerve
terminals, 1. Pharmacal. Exp. Ther., 247 (1988) 680-684.

20 Maura, G., Roccatagliata, E., Ulivi, M. and Raiteri, M., Sero-
tonin-glutamate interaction in rat cerebellum: involvement of
5-HT1 and 5-HT2 receptors, Eur. J. Pharmacol., 145 (1988)



31-38.
21 McKenna, D.J. and Peroutka, S.J., Neurochemistry and neu-

rotoxicity of 3,4-methylenedioxymethamphetamine (MDMA,
'Ecstasy'), J. Neurochem., 54 (1990) 14-22.

22 Nash, J.E, Ketanserin pretreatment attenuates MDMA-induced
dopamine release in the striatum as measured by in vivo mi-
crodialysis, Life Sci., 47 (1990) 2401-2408.

23 Nash, J.E, Arora, R.C., Schreiber, M.A. and Meltzer, H.Y.,
Effect of 3,4-methylenedioxymethamphetamine on [3H)paroxet-
ine binding in the frontal cortex and blood platelets of rats,
Biochem. Pharmacol., 41 (1991) 79-84.

24 Nash, J.F., Meltzer, H.Y. and Gudelsky, G.A., Effect of 3,4-
methylenedioxymethamphetamine on 3,4-dihydroxyphenylala-
nine accumulation in the striatum and nucleus accumbens, 1.
Neurochem., 54 (1990) 1062-1067.

25 Nash, J.F. and Nichols, D.E., Microdialysis studies on 3,4-me-
thylenedioxyamphetamine (MDA) and structurally related anal-
ogues, Eur. J. Pharmacol., 200 (1991) 53-58.

26 O'Hearn, E., Battaglia, G., De Souza, E.B., Kuhar, M.J. and
Molliver, M.E., Methylenedioxyamphetamine (MDA) and me-
thylenedioxymethamphetamine (MDMA) cause selective abla-
tion of serotonergic axon terminals in forebrain: immunocy-
tochemical evidence for neurotoxicity, J. Neurosci., 8 (1988)
2788-2803.

27 Olney, J.w', Excitotoxic amino acids and neuropsychiatric dis-
orders, Annll. Rev. Pharmacol. Toxicol., 30 (199) 47-71.

28 Paxinos G. and Watson, C., The Rat Brain in Stereotaxic Co-
ordinates, Academic Press, NY, 1986.

29 Raiteri, M., Maura, G., Bonanno, G. and Pittaluga, A., Dif-
ferential pharmacology and function of two 5-HT1 receptors
modulating transmitter release in rat cerebellum, 1. Pharmacol.
Exp. Ther., 237 (1986) 644-648.

30 Ricaurte, G.A., DeLanney, L.E., Irwin, 1. and Langston, J.W.,
Toxic effects of MDMA on central serotonergic neurons in the
primate: importance of route and frequency of drug adminis-
tration, Brain Res., 446 (1988) 165-168.

31 Roberts, P.J. and Anderson, S.D., Stimulatory effect of L-glu-
tamate and related amino acids on [3H)dopamine release from
rat striatum: an in vitro model for glutamate actions, J. Neuro-
chem., 32 (1979) 1539-1545.

32 Robinson, M.B. and Coyle, J.T, Glutamate and related acidic
excitatory neurotransmitters: from basic science to clinical ap-
plication, FASEB J., 1 (1987) 446-455.

33 Rowlands, G.J. and Roberts, P.J., Activation of dopamine re-

243

ceptors inhibits calcium-dependent glutamate release from cor-
ticostriatal terminals in vitro, Eur. J. Pharmacol., 62 (1980)
241-242.

34 Schmidt, c.J., Neurotoxicity of the psychedelic amphetamine,
methylenedioxymethamphetamine, J. Pharmacol. Exp. Ther.,
240 (1987) 1-7.

35 Schmidt, Ci.l., Ritter, J.K., Sonsalla, P.K., Hanson, G.R. and
Gibb, J.W., Role of dopamine in the neurotoxic effects of
methamphetamine, 1. Pharmacal. Exp. Ther., 233 (1985) 539-
544.

36 Seiden, L.S. and Ricaurte, G.A., Neurotoxicity of metham-
phetamine and related drugs. In H.Y. Meltzer (Ed.), Psycho-
pharmacology: Third Generation of Progress, Raven, NY, 1987,
pp. 359-366.

37 Seiden, L.S. and Vosmer, G., Formation of 6-hydroxydopamine
in caudate nucleus of the rat brain after a single large dose of
methylamphetamine, Pharmacal. Biochem. Behav., 21 (1984)
29-31.

38 Shimizu, N., Duan, S., Hori, T and Oomura, Y., Glutamate
modulates dopamine release in the striatum as measured by
brain microdialysis, Brain Res. Bull., 25 (1990) 99-102.

39 Sonsalla, P.K., Nicklas, w'J. and Heikkila, R.E., Role for ex-
citatory amino acids in methamphetamine-induced nigrostriatal
dopaminergic toxicity, Science, 243 (1989) 398-400.

40 Stone, TW, and Burton, N.R., NMDA receptors and ligands
in the vertebrate CNS, Prog. Neurobiol., 30 '(1988) 333-368.

41 Stone, D.M., Johnson, M., Hanson, G.R. and Gibb, J.W.,
Role of endogenous dopamine in the central serotonergic defi-
cits induced by 3,4-methylenedioxymethamphetamine, J. Phar-
macol. Exp. Ther., 247 (1988) 79-87.

42 Weihmuller, EB., O'Dell, S.J., Cole, B.N. and Marshall, J.F.,
MK-801 attenuates the dopamine-releasing but not the behav-
ioral effects of methamphetamine: an in vivo micro dialysis study,
Brain Res., 549 (1991) 230-235.

43 Yamamoto, B.K. and Pehek, E.A., A neurochemical hetero-
geneity of the rat striatum as measured by in vivo electrochem-
istry and microdialysis, Brain Res., 506 (1990) 236-242.

44 Yamamoto, B.K. and Spanos, L.J., The acute effects of meth-
ylenedioxymethamphetamine on dopamine release in the awake-
behaving rat, Eur. 1. Pharmacol., 148 (1988) 195-203.

45 Yamamoto, B.K. and Davy, S., Dopaminergic modulation of
glutamate release in striatum as measured by microdialysis, J.
Neurachem. (1992) in press.


	Page1



