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Abstract

The neurotoxic effects of psychostimulants at high dosages limit their clinical applicability but the mechanism of neurotoxicity is still
Ž .unsettled. We now studied by microdialysis how acute and subchronic four times at 2-h intervals administrations of D-amphetamine and

w Ž . xsydnocarb 3- b-phenylisopropyl -N-phenylcarbamoylsydnonimine , an original novel Russian psychostimulant, affected the extracellular
levels of amino acids in the caudate-putamen of halothane-anesthetized male Sprague–Dawley rats. Acute D-amphetamine administration
Ž . Ž5.0 mgrkg, i.p. produced a moderate accumulation of extracellular glutamate and aspartate. Sydnocarb 23.8 mgrkg, i.p., a dose

.equimolar to 5.0 mgrkg D-amphetamine also increased extracellular glutamate and alanine. Subchronic D-amphetamine administration
Ž .5.0 mgrkg=4, i.p. caused gradual fivefold increases in the glutamate and taurine levels and moderate increases in the aspartate and

Ž .alanine levels. Subchronic sydnocarb administration 23.8 mgrkg=4, i.p. elicited a marked increase in the aspartate level and a small
increase in the level of glutamate. The alanine level increased temporarily after each administration of sydnocarb, while the taurine level
increased only after the last injection. We conclude that the mode of action of sydnocarb differs from that of D-amphetamine. Sydnocarb
also seems to be less neurotoxic than D-amphetamine, since it elicits lesser changes in the extracellular level of glutamate. q 2001
Elsevier Science B.V. All rights reserved.
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1. Introduction

Psychomotor stimulants, once in general clinical use in
the treatment of psychiatric disorders and physical and
mental fatigue and in counteracting of sedation induced by
depressants, are no longer frequently administered in medi-
cal practice. The primary reasons for reduced clinical use
are the tolerance and dependence which develop with
repeated administrations and profound neurotoxic effects.
Nevertheless, amphetamines continue to be widely abused.
For example, the illicit use of methamphetamine increased

Žmore than twofold during the 1990s Johnston et al.,
.1997 .

) Corresponding author. Brain Research Center, Medical School, FIN-
33014 University of Tampere, Tampere, Finland. Tel.: q358-3-215-6715;
fax: q358-3-215-6170.

Ž .E-mail address: anderzhanova@hotmail.com E. Anderzhanova .

Amphetamines produce behavioral changes through ac-
tivation of the mesolimbic and mesocortical dopaminergic
systems. The glutamatergic afferents to the caudate-puta-
men have been held to modulate psychostimulant-induced

Žlocomotor activation Ohmori et al., 1996; Rockhold,
.1998 . There is no conclusive evidence, however, as to

whether acute administration of moderate doses of D-
amphetamine increases the extracellular levels of excita-
tory amino acids. The mechanism by which endogenous
glutamate may exacerbate the stimulatory action of am-
phetamines is thus still a matter of debate.

The abundance of glutamatergic nerve endings in the
caudate-putamen renders it likely that excitotoxicity is
involved in neuronal damage caused by psychostimulants.

Ž .As suggested by Sonsalla 1995 , dopaminergic and gluta-
matergic neurons are reciprocally excited in the caudate-
putamen upon methamphetamine exposure and this inter-
play exacerbates oxidative stress and results in destruction
of dopaminergic synaptic terminals. Suggestive evidence
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Fig. 1. Structural formulae of D-amphetamine and sydnocarb.

for the involvement of glutamate in the neurotoxicity of
systemically administered amphetamines is afforded by the
association of monoaminergic neuronal damage with an

Žincreased extracellular level of glutamate Nash and Ya-
mamoto, 1992; Stephans and Yamamoto, 1994; Abekawa

.et al., 1994; Wolf and Xue, 1998; Burrows et al., 2000 .
Systemic administration of psychostimulants increases the
core body temperature and this effect also seems to be an

Žimportant factor Bowyer et al., 1992, 1993; Colado et al.,
.1998 . The glutamate release and hyperthermia contribute

to the metabolic stress and they both may be key mediators
in the toxic effects of amphetamines. NMDA receptor

antagonists counteract the elevation in temperature and
attenuate methamphetamine-induced toxicity in mice
ŽSonsalla et al., 1991; Bowyer et al., 1994; Weihmuller et
al., 1992; Albers and Sonsalla, 1995; Farfel and Seiden,

.1995 However, the degree of suppression of metham-
phetamine-induced hyperthermia does not correlate with
the extent of protection afforded by pharmacological treat-

Ž .ment Albers and Sonsalla, 1995 . Methamphetamine-in-
duced neurotoxicity can occur in the absence of any

Žsubstantial changes in temperature Miller and O’Cal-
.laghan, 1994; Albers and Sonsalla, 1995 . In addition to

Žthe excessive release of glutamate and hyperthermia Ali et
.al., 1994 , other factors may also be involved in toxicity

Ž Že.g., increased dopamine oxidation LaVoie and Hastings,
.1999 .

w Ž .Sydnocarb 3- b-phenylisopropyl -N-phenylcarbamoyl-
xsydnonimine , synthesized in the Russian Center for Drug

Ž .Chemistry Moscow , is a psychostimulant used in clinical
practice in Russia as primary and adjunct therapy for
psychiatric disorders, including schizophrenia and depres-

Ž .sion Fig. 1 . Like other indirect dopamine receptor antag-

Ž . Ž . Ž . Ž .Fig. 2. The effect of acute administration of D-amphetamine on the extracellular levels of A glutamate, B aspartate, C alanine and D taurine in the
Ž . )caudate-putamen in halothane-anesthetized rats -`- 0.85% NaCl=1, i.p.; -I- D-amphetamine, 5.0 mgrkg=1, i.p. . Significant difference from

control, P-0.05, ns7. The arrows indicate the moment of drug administration.
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onists, sydnocarb evinces a pharmacological profile remi-
niscent of other stimulants but there is some evidence that

Žthe mode of its action is different Gainetdinov et al.,
.1997 . No significant toxic episodes have been noted with

sydnocarb. Compared to the stimulatory effects of am-
phetamines, the activating effects of sydnocarb develop
more gradually and last longer, and are accompanied less
by stereotypy. There are no peripheral sympathomimetic
effects, pronounced euphoria or motor excitation. Sydno-
carb has also been characterized as a stimulant with weak
addiction liability. Neither behavioral nor physical depen-

Ždence on sydnocarb has been noted Mashkovsky et al.,
.1971; Rudenko and Altshuler, 1978 . When the behavioral

and toxic effects are compared, sydnocarb is less neuro-
toxic than methamphetamine. It produces a slow and grad-
ual increase in the parameters indicative of dopaminergic
dysfunction when administered at a dose of 30 mgrkg
Ž .Witkin et al., 1999 . In contrast to D-amphetamine, sydno-
carb does not induce any dramatic increase in the forma-
tion of hydroxyl radicals in the rat caudate-putamen upon

Ž .subchronic treatment Anderzhanova et al., 2000 .
The aim of present study was to estimate the effects of

sydnocarb on the levels of glutamate and other neuroactive
amino acids in the caudate-putamen and compare them to

those induced by D-amphetamine. The changes in the
extracellular concentrations of glutamate, aspartate, alanine
and taurine were measured by microdialysis during acute
and subchronic treatment with potentially neurotoxic doses
of D-amphetamine and sydnocarb.

2. Materials and methods

2.1. Animal preparation

ŽAdult male Sprague–Dawley rats, 200–250 g Orion,
.Espoo, Finland were given food and water ad libitum and

Ž .maintained in a temperature-controlled room 22"1 8C
Ž .and constant relative humidity 50% under a 12-h

lightrdark cycle. The procedures were in accordance with
the European Community Directive for the ethical use of
experimental animals. All efforts were made to minimize
both the suffering and the number of animals used.

The rats were anesthetized with 4% halothane in air
within 2 min and then maintained under anesthesia with
1% halothane in air delivered at 1.2 lrmin. They were
placed in a stereotaxic frame with blunt ear bars and a

Ž .small incision 3–5 mm was made in the skin over the

Ž . Ž . Ž . Ž .Fig. 3. The effect of subchronic administration of D-amphetamine on the extracellular levels of A glutamate, B aspartate, C alanine and D taurine in
Ž . )the caudate-putamen in halothane-anesthetized rats -`- 0.85% NaCl=4, i.p.; -I- D-amphetamine, 5.0 mgrkg=4, i.p. . Significant difference from

control, P-0.05, ns8. The arrows indicate the moments of drug administration.
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skull. The holes were drilled for skull screws and the
concentric microdialysis probes implanted in the left and

wright caudate-putamens coordinates from bregma, APs
0.5, MLs"0.3, DVsy6.5, according to the atlas of

Ž .xPaxinos and Watson 1996 .

2.2. Pharmacological treatment

Ž .D-amphetamine Sigma, St. Louis, MO, USA was dis-
Žsolved in 0.85% NaCl, sydnocarb Russian Center for

.Drug Chemistry, Moscow, Russia in 0.85% NaCl–pro-
Ž . Ž .pyleneglycol mixture 50r50, vrv Witkin et al., 1999 .

Both drugs were administered to the rats by an intraperi-
toneal injection. In a series of control experiments the
possible effects of both vehicle solutions were tested.

2.3. Microdialysis procedure

ŽMicrodialysis probes of a concentric design 0.5 mm
. Žo.d., a 2-mm dialysing membrane were used CMA 12,

.CMArMicrodialysis, Sweden . The probes were perfused
Ž . qwith artificial cerebrospinal fluid containing in mM : Na

150; Kq 3.0; Ca2q 1.2, Mg2q 0.8; H POy 31.0; Cly2 4

155; pH 7.4. All probes were perfused at 2 mlrmin for
1–2 h before the commencement of sample collection and
the same constant flow rate was maintained with a micro-

Ž .dialysis pump CMArMicrodialysis throughout the exper-
iment.

2.4. High-pressure liquid chromatography of amino acids

Amino acids were assayed in dialysates kept frozen at
y70 8C and thawed immediately prior to analysis. The
concentrations of glutamate, aspartate, alanine and taurine
were measured by high-pressure liquid chromatography

Žwith fluorescence detection Shimadzu Scientific Instru-
.ments, Kyoto, Japan after pre-column derivatization with
Ž . Ž .o-phthaldialdehyde Sigma Kendrick et al., 1996 . De-

rivatization was performed by an autoinjector SIL-10AD
Ž .Shimadzu Scientific Instruments . The samples in the
autoinjector were maintained at 4 8C by a Peltier thermo-
electric sample cooler. The samples and reagent were
allowed to react for 2 min, whereafter a portion of the

Žmixture was injected onto a C18-HC column ODS, 5 mm
.packing, 4.6 mm i.d.=25 cm, Waters, UK equipped with

Ž .a guard column 4=20 mm . The mobile phase was 0.075

Ž . Ž . Ž . Ž .Fig. 4. The effect of acute administration of sydnocarb on the extracellular levels of A glutamate, B aspartate, C alanine and D taurine in the
Ž . )caudate-putamen in halothane-anesthetized rats -`- propyleneglycolr0.85% NaCl=1, i.p.; -I- sydnocarb, 23.8 mgrkg=1, i.p. . Significant

difference from control, P-0.05, ns6. The arrows indicate the moment of drug administration.
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Ž .M phosphate buffer pH 6.5 ; methanol and acetonitrile
were used as organic eluents with gradient profiles of
14–25% and 0–10%, respectively. The amino acid deriva-
tives were assayed using an RF-10A fluorescence detector
with excitation and emission wavelengths set at 340 and
450 nm, respectively. The data were analysed by PC using
VPclass5 software and quantified by comparing the peak
areas to those of standards.

2.5. Data analysis

The relative magnitudes of the evoked effects of differ-
ent treatments were estimated by expressing them as per-

Ž .centage changes from baseline 100% . The basal levels of
amino acids for each rat were defined as the mean of three
successive baseline values obtained prior to the injection
of drugs or vehicle. Statistical analysis was made with

Ž .Excel2000 software Microsoft, USA . Comparisons of
different groups were done using two-way analysis of

Ž .variance ANOVA , group= time, with the repeated mea-
sures as one variable. In all cases, the limit of significance
was set at P-0.05.

3. Results

3.1. The basal extracellular leÕels of amino acids

The basal extracellular levels of amino acids, measured
in 69 rats, were in the caudate-putamen 0.384"0.142 mM
for glutamate, 0.241"0.094 mM for aspartate, 0.221"
0.027 mM for alanine and 1.214"0.218 mM for taurine.
These values are not corrected for the recovery in the
dialysate samples.

3.2. Effects of single and subchronic D-amphetamine ad-
ministrations

ŽA single dose of D-amphetamine 5.0 mgrkg=1, ns
. Ž7 significantly elevated ANOVA, P-0.05, when com-

.pared to the saline-treated group the extracellular levels of
Ž .glutamate in the caudate-putamen Fig. 2A at 40 and 120

min after the injection. No immediate increase in gluta-
mate occurred after saline administration due to the possi-
ble stress of saline injections. D-amphetamine increased the

Žextracellular levels of aspartate in the same samples Fig.
. Ž2B . The effect remained significant ANOVA, P-0.05,

Ž . Ž . Ž . Ž .Fig. 5. The effect of subchronic administration of sydnocarb 23.8 mgrkg=4, i.p. on the extracellular levels of A glutamate, B aspartate, C alanine
Ž . Ž .and D taurine in the caudate-putamen in halothane-anesthetized rats -`- propyleneglycolr0.85% NaCl=4, i.p.; -I- sydnocarb, 23.8 mgrkg=4, i.p. .

)Significant difference from control, P-0.05, ns6. The arrows indicate the moments of drug administration.
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.compared with the saline-treated group until the end of
experiments. A gradual accumulation of extracellular ala-
nine occurred at the end of experiments from 160 min

Ž .onward Fig. 2C . The extracellular level of taurine was
Ž .not affected by D-amphetamine administration Fig. 2D .
ŽSubchronic D-amphetamine administration 5.0 mgrkg

.=4, ns8 caused a marked gradual increase in the
extracellular levels of glutamate and taurine up to 400–

Ž550% and 480–580% of controls, respectively Fig. 3A
.and D and a moderate increase in the aspartate and

alanine levels up to 170–200% and 140–210%, respec-
Ž .tively Fig. 3B and C . The effect was already discernible

in the case of glutamate, aspartate and alanine after the
first injection of D-amphetamine, whereas in taurine only
after the third administration. After an increase within 3 h,
an abrupt decline was obtained in the alanine concentra-
tion, but the level was quickly restored after the third

Ž .injection of D-amphetamine Fig. 3C .

3.3. Effects of single and subchronic sydnocarb adminis-
trations

Ž .A single sydnocarb injection 23.8 mgrkg=1, ns6
Žincreased the extracellular glutamate level temporarily Fig.

.4A and did not change the levels of aspartate and taurine
Ž .Fig. 4B and D . A short-lasting but significant increase in
the extracellular alanine level was observed during the

Žsecond hour after the injection the maximum increase
.160"42% of control at 100 min, ANOVA, ns6 . The

Ž .injection of vehicle propylenglycolr0.85% NaCl resulted
in a twofold increase in the glutamate level, which was

Ž .significantly different from the mean basal value Fig. 4A .
ŽSubchronic sydnocarb administration 23.8 mgrkg=4,

.ns6 elicited marked increases in the aspartate level after
Žthe second and fourth injections up to 250–350% in both

. Ž .cases Fig. 5B . The level of glutamate was practically
Ž .unaffected when compared to the control group Fig. 5A .

The alanine level increased temporarily after each adminis-
Ž .tration of sydnocarb Fig. 5C . The taurine level was not

altered within the first 6 h and significantly increased only
Ž .after the last fourth injection. The final extracellular level

of taurine attained after sydnocarb treatment was three
times less than that after D-amphetamine administration
Ž .Fig. 5D .

4. Discussion

D-amphetamine and its congeners at relatively moderate
Ž .doses 2.5–5.0 mgrkg, i.p. produce substantial psy-

chomotor stimulation by elevating the extracellular level of
Ž .dopamine Wolf and Xue, 1999 . The neurotoxic conse-

quences of methamphetamine have been associated with
Ž .an increase in the core temperature Askew, 1962 ,

Žmetabolic and oxidative stress Cadet and Brannock, 1998;
.Burrows et al., 2000 and excessive glutamate release

ŽNash and Yamamoto, 1992; Stephans and Yamamoto,
.1994; Ohmori et al., 1996 . Repeated, but not single,

systemic administration of amphetamine or metham-
phetamine leads to monoamine depletion in the rat and

Žmonkey striatum, frontal cortex and amygdala Ricaurte et
.al., 1980, 1982 , to a decline in the number of high-affinity

uptake sites for dopamine and to inhibition of tyrosine
hydroxylase and tryptophan hydroxylase in the rat striatum

Žand hippocampus Fibiger and McGeer, 1971; Hotchkiss
and Gibb, 1980; Ricaurte et al., 1980; Wagner et al.,

.1980 . One of the current hypotheses is therefore that the
excessive release of dopamine from nerve endings me-
diates the neurotoxic action of amphetamines. Catecho-
lamines have been found to be toxic in vivo and in vitro
ŽFilloux and Townsend, 1993; Hastings et al., 1996; Stokes

.et al., 1999 . However, microdialysis experiments have
shown that the reduced toxicity of methamphetamine at

Ž .low environmental temperature 5 8C is not the result of
Ž .decreased dopamine release LaVoie and Hastings, 1999 .

The competitive and non-competitive NMDA receptor an-
tagonists attenuate amphetamine- and methamphetamine-

Ž .induced neurotoxicity Sonsalla et al., 1991 , whereas they
Ždo not block the increase in dopamine efflux Bowyer et

.al., 1993; Miller and Abercrombie, 1996 . Both local and
systemic administrations of amphetamines acutely enhance
dopamine release but only systemic administration results
in neurotoxicity and increases the extracellular concentra-

Žtion of glutamate Nash and Yamamoto, 1992; Stephans
and Yamamoto, 1994; Abekawa et al., 1994; Wolf and

.Xue, 1998; Burrows et al., 2000 .
The mechanism by which amphetamines increase extra-

cellular glutamate is poorly understood. Amphetamines
may evoke the release of amino acids either by affecting

Ž .the release or uptake processes or modulating brain
dopaminergic neurotransmission. a-Adrenoreceptors also
seem to be involved in the increase in glutamate and
aspartate after an intrastriatal infusion of D-amphetamine
Ž .Del Arco et al., 1999 . The possible involvement of
excitatory amino acids in the mechanism of hyperlocomo-
tion induced by psychostimulants is still not unequivocally
proved. However, the D-amphetamine challenge has in-
creased the level of extracellular glutamate in the striatum,
implicating the glutamate receptors in behavioral sensitiza-

Žtion to D-amphetamine Wolf and Khasa, 1991; Baldwin et
.al., 1993; Bickerdike and Abercombie, 1999 . A single

dose of systemically administered D-amphetamine has been
shown likewise to increase the levels of excitatory amino

Žacids in the striatum Reid et al., 1997, Burrows et al.,
.2000; Rawls and McGinty, 2000 . In our present studies

the increases in extracellular glutamate and aspartate after
a single dose of systemically administrated D-amphetamine
were relatively moderate. Dopaminergic nerve endings
may activate glutamatergic tracts. It has been suggested
that activation of both dopamine D and D receptors1 2

enhances the release of intracellular glutamate in the striata
of freely moving rats Cepeda and Levine, 1998; Exposito
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.et al., 1999; Vizi, 2000 . However, the ability of local or
systemic administration of low doses of amphetamine to
elevate markedly extracellular glutamate and aspartate
seems to depend on the degree of activation of basal

Žganglia circuits O’Dell et al., 1994; Abarca and Bustos,
.1999; Burrows at al., 2000 . This indirect effect was thus a

likely cause of the elevation of extracellular glutamate in
our experiments. This assumption is also consistent with
the partial neuroprotective effects of dopamine receptor
antagonists haloperidol, eticloprid and SCH23390 and un-
derlines the importance of dopamine receptor activation in
the development of amphetamine-induced neurotoxicity
Ž .O’Dell et al., 1993; Albers and Sonsalla, 1995 .

There are several possible additional mechanisms un-
derlying the gradual increase in extracellular glutamate
after repeated or single high-dose administration of D-

Žamphetamine in other brain structures Stephans and Ya-
.mamoto, 1994; Ohmori et al., 1996; Wolf and Xue, 1999

Ž .and the striatum the present study . One current theory is
that the excessive release of dopamine triggers an accumu-
lation of reactive dopamine metabolites and hyperproduc-
tion of hydroxyl radicals. We have indeed shown that the
production of hydroxyl radicals is intensified during the
same D-amphetamine treatment which was applied here
Ž .Anderzhanova et al., 2000 . It has been suggested that

Žglutamate uptake is inhibited by oxygen radicals Trotti et
. Žal., 1998; Wolf et al., 2000 , nitric oxide Ye and Son-

. Ž .theimer, 1996 or arachidonic acid Volterra et al., 1994
upon D-amphetamine administration. The slowly incurring
effects of these agents could underlie the delayed increase
in extracellular glutamate seen in the present experiments.

The energy consumption of the brain is increased after
systemic metamphetamine administration, as evidenced by
an immediate and sustained increase in extracellular lactate
in the striatum. ATP is depleted in the brain regions

Žsusceptible to amphetamines Chan et al., 1994; Stephans
.et al., 1998 . There obtains a possible correlation between

the increase in glutamate release and the metham-
phetamine-induced depletion of energy stores. The activa-
tion of NMDA receptors by glutamate activates nitric

Ž .oxide synthase Lizasoain et al., 1996 The subsequent
enhanced generation of nitric oxide is followed by the
formation of reactive oxygen species and mitochondrial
dysfunction due to a direct inhibition of complex IV in the

Želectron transport chain, cytochrome c oxidase Cleeter et
.al., 1994; Lizasoain et al., 1996 . On the other hand, under

Žexperimentally induced metabolic stress e.g., glucose de-
.privation , NMDA receptors are activated more readily and

even normally non-toxic concentrations of glutamate can
Žproduce NMDA-receptor-mediated toxicity Zeevalk and

.Nicklas, 1992; Zeevalk et al., 1995 . Hyperthermia can
foment enzymatic and non-enzymatic degradation of
dopamine and excitatory amino acid-dependent formation
of reactive oxygen species. Indeed, when the incubation

Žtemperature is lowered in in vitro toxicity models e.g.,
.cortical cultures of the chick retina damage produced by

excitotoxins or oxygen-glucose deprivation is reduced
Ž .Zeevalk and Nickals, 1993; Bruno et al., 1994 .

The increase in extracellular glutamate was now largely
paralleled by a similar increase in extracellular taurine, a
general modulator of neural excitability and regulator of

Ž .cell volumes Oja and Saransaari, 1996 . It has previously
been demonstrated that taurine release both in vivo in the
brain and in vitro in brain tissue preparations is markedly

Ženhanced by glutamate and its agonists Oja and Saransaari,
.2000 . The released taurine is believed to originate from

Ž .both neurons and glial cells Saransaari and Oja, 1992 and
Žto act neuroprotective and osmoregulatory Saransaari and

.Oja, 2000 , counteracting the harmful metabolic cascades
initiated by an excess of extracellular glutamate. The level
of extracellular taurine would also appear to be a good
indicator of the extent of neural damage under various

Ž .cell-damaging conditions Saransaari and Oja, 1997, 1998 .
We now show a substantional increase in extracellular
alanine during amphetamine exposure. Alanine could serve
as a mediator in nitrogen transport between glutamatergic
neurons and adjacent glial cells and dispose ammonia

Žgenerated by glutaminase in the former Waagepetersen et
.al., 2000 . This mechanism could explain the changes in

extracellular alanine noted here.
The mechanisms of sydnocarb actions have been only

fragmentarily studied hitherto. The psychostimulant effects
of sydnocarb at doses of 4.4–23.8 mgrkg are accompa-
nied by a facilitation of dopaminergic neurotransmission
Ž .Gainetdinov et al., 1997; Anderzhanova et al., 2000 , but
its efficacy to elevate extracellular dopamine is less than

Ž .that of D-amphetamine Gainetdinov et al., 1997 or
Ž .methamphetamine Witkin et al., 1999 . In contrast to the

action of D-amphetamine, sydnocarb may also evoke
dopamine release which is independent of extracellular

2q Ž .Ca Gainetdinov et al., 1997 . In the present experi-
ments, sydnocarb affected the extracellular levels of amino
acids markedly less than D-amphetamine at equimolar
doses. The elevation in extracellular aspartate upon sydno-
carb administration was relatively more pronounced that
the increase in glutamate, whereas the effects of D-
amphetamine were precisely the opposite. Furthermore,

Ž .Witkin et al. 1999 have shown that the convulsive effects
of cocaine are significantly aggravated by metham-
phetamine but not by sydnocarb. All these findings indi-
cate that the mechanisms of action of sydnocarb are differ-
ent from those of D-amphetamine.

We conclude that the increase in the extracellular level
of glutamate contributes to excitotoxic damage to neurons
caused by D-amphetamine. A massive increase in extracel-
lular taurine reflects the hyperactivation of glutamatergic
neurotransmission elicited by D-amphetamine. Extracellu-
lar taurine could be a useful biochemical marker of neuro-
toxicity. The mode of action of sydnocarb differs from that
of D-amphetamine and sydnocarb may be less neurotoxic
than D-amphetamine, since it elicits less marked changes in
extracellular glutamate.
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