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Methamphetamine (MA), a widely used drug of abuse, produces
oxidative damage of nigrostriatal dopaminergic terminals. We ex-
amined the effect of subtype-selective ligands of metabotropic
glutamate (mGlu) receptors on MA neurotoxicity in mice. MA (5
mg/kg, i.p.; injected three times, every 2 hr) induced, 5 d later, a
substantial degeneration of striatal dopaminergic terminals asso-
ciated with reactive gliosis. MA toxicity was primarily attenuated
by the coinjection of the noncompetitive mGlu5 receptor antago-
nists 2-methyl-6-(phenylethynyl)pyridine and (E)-2-methyl-6-
styrylpyridine both at 10 mg/kg, i.p.). In contrast, the mGlu1
receptor antagonist 7-(hydroxyimino)cyclopropa[b]chromen-1a-
carboxylate ethyl ester (10 mg/kg, i.p.), and the mGlu2/3 recep-

tor agonist (�)-2-oxa-4-aminocyclo[3.1.0]hexane-4,6-dicarboxylic
acid (1 mg/kg, i.p.), failed to affect MA toxicity. mGlu5 receptor
antagonists reduced the production of reactive oxygen species but
did not reduce the acute stimulation of dopamine release induced by
MA both in striatal synaptosomes and in the striatum of freely moving
mice. We conclude that endogenous activation of mGlu5 receptors
enables the development of MA neurotoxicity and that mGlu5 recep-
tor antagonists are neuroprotective without interfering with the pri-
mary mechanism of action of MA.
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During the past 10 years, the use of methamphetamine (MA) as
a cheap, accessible, recreational drug has increased rapidly in
both Europe and Western countries (Albertson et al., 1999). MA,
also known as “speed,” “crank,” “smoke,” or “crystal ice,” dam-
ages nigrostriatal dopaminergic neurons in mice (Wagner et al.,
1980) and induces, in chronic users, neuropathological lesions of
the basal ganglia reminiscent of those occurring in Parkinson’s
disease (Wilson et al., 1996). MA is transported into dopaminer-
gic terminals where it increases the amount of extravesicular
dopamine (DA). DA is initially released, but then accumulates
inside the terminal because MA inhibits the DA transporter
(DAT), the vesicular monoamine transporter-2, and monoamine
oxidase activity (for review, see Fleckenstein et al., 2000). For-
mation of reactive oxygen species by DA oxidation is classically
implicated in the pathophysiology of MA neurotoxicity (O’Dell et
al., 1991; Cubells et al., 1994; Yamamoto and Zhu, 1998; LaVoie
and Hastings, 1999). However, a growing body of evidence indi-
cates that glutamate plays a permissive role in the development of
MA toxicity. MA enhances glutamate release (Nash and
Yamamoto, 1992; Abekawa et al., 1994; Stephans and Yamamoto
1994), and NMDA-receptor antagonists are protective against
MA neurotoxicity (Sonsalla et al., 1989, 1998). This raises the
exciting possibility that glutamate receptor blockers can be used
to prevent the degeneration of nigrostriatal dopaminergic fibers
in MA abusers. Unfortunately, NMDA receptor antagonists are
not suitable for long-term treatments because they impair fast
excitatory synaptic transmission, causing sedation, ataxia, and

deficits in learning and memory. In addition, some of these
antagonists induce drug addiction and are endowed with intrinsic
toxicity (for reviewed, see Nicoletti et al., 1996). Metabotropic
glutamate receptor type 5 (mGlu5) receptors are coexpressed
with, and functionally coupled to, NMDA receptors. Activation
of mGlu5 receptors enhances NMDA responses in neurons
(Pisani et al., 1997; Jia et al., 1998; Ugolini et al., 1999; Awad et
al., 2000; Dohert et al., 2000; Salt and Binns, 2000) and contrib-
utes to the development of excitotoxic neuronal death (Bruno et
al., 2000). Pharmacological blockade of mGlu5 receptors is ex-
pected to produce neuroprotection without the undesirable side
effects typical of NMDA or AMPA receptor antagonists because
mGlu5 receptors “modulate” rather than “mediate” excitatory
synaptic transmission (for review, see Nicoletti et al., 1996). The
advent of potent, subtype-selective, and centrally available mGlu5
receptor antagonists allows the study of mGlu5 receptors in in
vivo models of neurodegeneration. We report that mGlu5 recep-
tor antagonists are highly protective against neurodegeneration
induced by MA in mice. This effect is associated with a reduced
formation of reactive oxygen species and does not depend on the
interaction of these drugs with the dopamine transporter.

MATERIALS AND METHODS
Materials. Standard solutions of DA and metabolites were purchased from
Sigma (St. Louis, MO). MA HCl was purchased from Sigma. 2,3-
Dihydroxybenzoic acid (2,3-DHBA) was purchased from Sigma-Aldrich
Chemical (Steinheim, Germany). 2-Methyl-6-(phenylethynyl)pyridine
(MPEP), (E)-2-methyl-6-styrylpyridine (SIB-1893), and 6-methyl-2-
(phenylazo)pyridin-3-ol (SIB-1757), and 7-(hydroxyimino)cyclopropa[b]
chromen-1a-carboxylate ethyl ester (CPCCOEt) were purchased from Toc-
ris Cookson (Bristol, UK). (-)-2-Oxa-4-aminocyclo[3.1.0]hexane-4,6-
dicarboxylic acid (LY379268) was kindly provided by Eli Lilly & Company
(Indianapolis, IN).

Animals. Male C57/6N black mice (Charles River, Calco, Como, Italy),
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10 weeks old, weighing 22–24 gm, were kept under environmentally
controlled conditions with food and water ad libitum. Because MA
toxicity depends on the aggregation of the animals (Wagner et al., 1981),
mice were housed 10 per cage in small cages (38 � 22 cm wide and 15 cm
high). Experiments were performed following the Guidelines for Animal
Care and Use of the National Institutes of Health.

Experimental design. To measure the effects induced by systemic ad-
ministration of mGlu receptor ligands on MA toxicity, mice were divided
into groups of 10 animals. Groups were treated intraperitoneally with
CPCCOEt (10 mg/kg), MPEP (10 mg/kg), SIB-1893 (10 mg/kg), or
LY379268 (1 mg/kg) 30 min before receiving each injection of MA.
These doses of CPCCOEt, MPEP, SIB-1893, and LY379268 are re-
ported to induce central effects when injected systemically (Monn et al.,
1999; Chapman et al., 2000; Catania et al., 2001). MA was injected three
times, with a 2 hr interval, at the dose of 5 mg/kg, i.p. We have selected
this dose to produce a consistent degeneration of striatal dopaminergic
terminals (Fornai et al., 1999). Control groups were injected with sa-
line � mGlu receptor ligands. Five days after the administration of MA
or saline, mice were killed by decapitation, and the brains were dissected
for the detection of striatal monoamine levels and for the immunohisto-
chemical analysis of tyrosine hydroxylase (TH), DAT, and glial fibrillary
acidic protein (GFAP) in the corpus striatum and substantia nigra.

Monoamine assay. The striatum was sonicated in 0.6 ml of ice-cold 0.1
M perchloric acid. Fifty microliters of the homogenates were used for
protein determination (Lowry et al., 1951). The remaining aliquots were
centrifuged at 8000 � g for 10 min, and 20 �l of the supernatants was
injected into an HPLC equipped with an autosampler 507 (Beckman
Instruments, Fullerton, CA), a programmable solvent module 126 (Beck-
man), an analytical C18 reverse-phase column kept at 30°C ]Ultrasphere
ODS 5 �m, 80 Å pore, 250 � 4.6 mm (Beckman)], and a Coulochem II
electrochemical detector (ESA, Inc., Chelmsford, MA). The holding
potentials were set at �350 and �350 mV for the detection of DA,
3,4-dihydroxyphenylacetic acid (DOPAC), and homovanillic acid (HVA).
The mobile phase consisted of 80 mM sodium phosphate, 40 mM citric
acid, 0.4 mM EDTA, 3 mM 1-heptansulfonic acid, and 12.5% methanol,
brought to pH 2.75 with phosphoric acid (run under isocratic conditions,
at 1 ml/min).

TH, DAT, and GFAP immunostaining. Brains were immediately frozen
and stored at �80°C. Ten micrometer sections were incubated overnight
with primary antibodies and then for 1 hr with secondary antibodies.
3,3�-Diaminobenzidine (DAB) immunostaining was used for the detec-
tion of TH and DAT (ABC elite kit, Vector Laboratories, Burlingame,
CA). The primary antibodies were monoclonal mouse antibodies against
TH (1:2000; Sigma-Aldrich, Milan, Italy) and monoclonal rat antibodies
against DAT (1:1000; Chemicon, Temecula, CA). Secondary antibodies
used were biotinylated horse anti-mouse IgG or biotinylated rabbit anti-
rat IgG (1:200; Vector). TH and DAT immunoreactivity were quantified
by measuring the relative optical densities of the dorsal striatum and the
substantia nigra in the stained sections using a computer-based micro-
densitometer (NIH Image Software, Bethesda, MD). GFAP labeling was
performed by immunofluorescence. The primary antibody was monoclo-
nal mouse antibody against GFAP (1:400; Sigma-Aldrich). Secondary
antibodies were fluorescein isothiocyanate-conjugated horse anti-mouse
IgG (1:100; Vector). Control staining was performed without the pri-
mary antibodies.

Microdialysis in f reely moving mice. Male C57/6N Black mice, 10 weeks
old, were used to measure the release of DA in the striatum of freely
moving mice by microdialysis. Mice weighing 24–26 gm were implanted
with microdialysis intracerebral guides (CMA/7 Guide Cannula, CMA/
Microdialysis, Stockholm, Sweden) under ketamine (100 mg/kg, i.p.) �
xylazine (10 mg/kg, i.p.) anesthesia, in a Kopf stereotaxic frame. The site
of implantation was the left striatum [coordinates: 0.6 mm anterior to the
bregma, 1.7 mm lateral to the midline, 3.5–5.5 mm ventral from the
surface of skull, according to the atlas of Franklin and Paxinos (1997)].
After surgery, mice were housed in separate cages in a temperature-
controlled environment on a 12 hr light /dark cycle, with ad libitum access
to water and food, and allowed to recover for 4 d before the experiment.
On the evening before the experiment, a probe was inserted into the
intracerebral guide, after a dummy was removed, and mice were trans-
ferred to a plastic bowl cage with a moving arm (CMA/120 System for
Freely-Moving Animals, CMA/Microdialysis), with ad libitum access to
water and food. Concentric vertical microdialysis probes 2 mm long and
0.24 mm in outer diameter having a cuprophane membrane with a
molecular cutoff of 6000 Da (CMA/7 Microdialysis Probe, CMA/Mi-
crodialysis) were used. The probes were perfused continuously with

artificial CSF at a flow rate of 1.5 �l /min, using a microinjection pump
(Bioanalytical System, West Lafayette, IN). The ACSF contained (in
mM): 150 NaCl, 3 KCl, 1.7 CaCl2, and 0.9 MgCl2. This solution was not
buffered, and the pH was typically 6.5. On the following morning, 30 �l
(20 min) of consecutive perfusate sample fractions were continuously
collected by a fraction collector (CMA/142 Microfraction Collector,
CMA/Microdialysis). After four sample fractions, which were used to
determine the basal levels of monoamines, control mice received a single
injection of MA (5 mg/kg, i.p.), and sample fractions were collected for
the following 2 hr. Animals injected systemically with MPEP (20 min
before MA) or locally perfused with MPEP (100 �M), SIB-1757 (100
�M), or CPCCOEt (100 �M) received a single injection of MA (5 mg/kg,
i.p.), and sample fractions were collected for the following 2 hr. In
another set of animals, formation of reactive oxygen species was exam-
ined by monitoring 2,3-DHBA, a product of the reaction of salicylate (5
mM, added to artificial CSF with hydroxyl radicals. Analysis of DA and
2,3-DHBA was performed by HPLC with electrochemical detection, as
described above.

Measurement of body temperature. To test whether group-I mGlu re-
ceptor antagonists produced hypothermia, we measured body tempera-
ture in control mice and in mice injected with MA. Mice were treated
with MA (5 mg/kg; three times, 2 hr apart) and MPEP, SIB-1893,
SIB-1757, or CPCCOEt (all at 10 mg/kg), including saline, were injected
20 min before each MA or saline injection. Body temperature was
measured at 60, 180, and 300 min after saline or MA injection, i.e., 60
min after each injection of MA or saline. Measurements were performed
at constant daytime intervals starting at 9:00 A.M. to avoid the influence
of circadian variations. Core temperature was measured by inserting a
thermometer probe lubricated with oil at least 3 cm into the rectum of the
mice. To prevent sudden movements occurring especially in MA-treated
mice, animals were gently handled with a wool glove while their tail was
moved to allow the probe insertion. This was done to prevent the effects
of restrain stress on body temperature. When the attempt to insert probe
was not successful (i.e., sudden movements of the animal or the need to
restrain the mouse), the animal was excluded from the groups. Baseline
temperature did not vary after saline injection.

Release of [ 3H]DA from striatal synaptosomes. For the preparation of
striatal synaptosomes, the brains were quickly removed and the striatum
was dissected at 4°C. Synaptosomal fractions were prepared as described
by Gray and Whittaker (1962). Synaptosomal pellets were suspended in
0.32 M glucose (8 mg of protein/ml). The suspension was diluted 1:10
with Krebs’–Ringer’s medium (130 mM NaCl, 3 mM MgSO4, 2.5 mM
Na2HPO4, 1 mM ascorbic acid, and 20 mM Tris buffer, pH 7.5) and
preincubated for 10 min at 37°C. Synaptosomes were then labeled with
0.1 �M dihydroxy-phenyl-ethylamine,3,4-[7- 3H] ([ 3H]DA) (specific activ-
ity 36 Ci/mmol; NEN-DuPont) for 10 min at 37°C. After a 1:10 dilution
with Krebs’–Ringer’s medium, pH 7.5, containing 10 mM glucose, ali-
quots of the suspension were placed on Millipore filters lying at the
bottom of parallel superfusion chambers thermostatically maintained at
37°C (Cerrito et al., 1993). The following drugs were added to the
perfusate: MA (0.1 �M), D-amphetamine (0.1 �M), MPEP (5 �M),
SIB-1757 (5 �M), or SIB-1893 (5 �M). The amount of [ 3H]DA present in
each fraction and that extracted from synaptosomes at the end of the
perfusion were separated from labeled metabolites on Biorex-70 columns
(Smith et al., 1975), and the radioactivity present as [ 3H]DA was counted
by scintillation spectrometry. [ 3H]DA release was expressed as percent-
age of the total [ 3H]DA.

RESULTS
mGlu5 receptor antagonists protect striatal
dopaminergic terminals against MA toxicity
MA treatment (5 mg/kg, i.p.; injected three times at 2 hr inter-
vals) led to �80% reduction in striatal DA levels, 5 d after the last
injection (Fig. 1A). This reduction was attenuated, but not abol-
ished, in mice injected with the mGlu5 receptor antagonists
MPEP or SIB-1893 (10 mg/kg, i.p.), which did not affect striatal
DA levels on their own (Fig. 1A). Neither the mGlu2/3 receptor
agonist, LY379268 (1 mg/kg, i.p.), nor the mGlu1 receptor an-
tagonist, CPCCOEt (10 mg/kg, i.p.), had any effect on striatal
DA levels in mice injected with MA (Fig. 1A). MPEP and
SIB-1893 also attenuated the reduction in striatal DOPAC and
HVA levels induced by MA (Fig. 1B,C). MA treatment also led
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to a substantial reduction in striatal TH and DAT immunoreac-
tivity, associated with an increase in GFAP immunoreactivity, as
already reported by others (Eisch et al., 1992; Pu and Vorhees,
1993) (Fig. 2). Under our experimental conditions, no significant
changes in TH or DAT immunoreactivity were observed in the
substantia nigra (data not shown). The effects of MA on striatal
TH, DAT, or GFAP immunoreactivity were markedly reduced in
mice systemically injected with either MPEP or SIB-1893 (Fig. 2).

mGlu5 receptor antagonists reduce the production of
reactive oxygen species induced by MA in the striatum
of freely moving mice
Using in vivo microdialysis, we measured the production of reac-
tive oxygen species by monitoring the levels of 2,3-DHBA gener-

ated by the reaction of salicylic acid with hydroxyl radicals. A
single injection of MA (5 mg/kg, i.p.) led to a rapid increase in
the formation of 2,3-DHBA that lasted for at least 2 hr. This
increase was almost abolished in mice systemically injected with
MPEP (10 mg/kg, i.p.) (Fig. 3). A similar reduction was observed
when MPEP or SIB-1757, but not CPCCOEt, was added to the
perfusate (Fig. 3). All mGlu receptor antagonists were added to
the perfusate at a concentration of 100 �M to yield �10 �M in the
tissue. These tissular concentrations should produce maximal or
near-to-maximal inhibition of mGlu5 or mGlu1 receptors (Scho-
epp et al., 1999).

Effect of mGlu5 receptor antagonists on MA-induced
dopamine release
We examined the stimulation of striatal DA release by MA both
by microdialysis and in synaptosomal preparations. In freely mov-
ing mice, a single injection of MA (5 mg/kg, i.p.) induced a rapid
and long-lasting increase in extracellular DA, although the extent
of the increase (approximately twofold above basal) was lower
than that reported by El Daly et al. (2000) with MA in mice (Fig.
4). In mice injected with MPEP (10 mg/kg, i.p.) or locally infused
with MPEP or SIB-1757 (both at 100 �M in the perfusate), MA
stimulated DA release to the same extent as in control mice,
although the stimulation of release was delayed in mice treated

Figure 1. Striatal DA (A), DOPAC ( B), and HVA ( C) levels in mice
injected with saline or MA (5 mg/kg, i.p.; 3 times, 2 hr apart) alone or in
combination with MPEP (10 mg/kg), SIB-1893 (10 mg/kg), LY379268 (1
mg/kg), and CPCCOEt (10 mg/kg). Values are mean � SEM of 8–10
determinations. *p � 0.05 (one-way ANOVA � Dunnett’s test for post
hoc analysis), if compared with the respective “saline” values.

Figure 2. Immunohistochemical analysis of TH, DAT, and GFAP in the
corpus striatum of mice injected with MA alone or in combination with
MPEP or SIB-1893 (Fig. 1). Densitometric analysis of striatal TH or DAT
immunostaining has been performed on comparable sections from five to
six mice per group. *p � 0.05 (one-way ANOVA � Dunnett’s test) versus
MA alone.
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Figure 4. Microdialysis study of extracellular striatal DA levels in mice injected intraperitoneally with MA (A) and locally perfused with CPCCOEt
(B), SIB-1757 (C), or MPEP (D) (all at 100 �M), since the beginning of the perfusion, or injected with MPEP (E) (10 mg/kg, i.p.) 20 min before MA.
The vertical arrows indicate the time of injection of the drugs. Values are means � SEM of five determinations. *p � 0.05 (one-way ANOVA � Dunnett’s
test) if compared with the respective values at 20 min.

Figure 3. Assessment of hydroxyl radical formation in the striatum of freely moving mice injected intraperitoneally with MA (A) and locally perfused
with CPCCOEt (B), SIB-1757 (C), or MPEP ( D) (all at 100 �M), since the beginning of the perfusion, or injected with MPEP ( E) (10 mg/kg, i.p.) 20
min before MA. The vertical arrows indicate the time of injection of the drugs. Values are means � SEM of five determinations. *p � 0.05, if compared
with the respective time points obtained in rats injected locally (B, C, F(5.32) 	 14.83; D, F(5.32) 	 27.82) or systemically (E, F(5.32) 	 28.88) with saline
(dotted line) (two-way ANOVA � Dunnett’s test). #p � 0.05, if compared with the respective values at 20 min (A) (one-way ANOVA � Dunnett’s test).
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with MPEP. CPCCOEt had no effect on MA-stimulated DA
release (Fig. 4).

We also examined the effect of mGlu5 receptor antagonists on
the basal or MA-evoked release of [3H]DA in striatal synapto-
somes. Addition of MA or D-amphetamine to the perfusion
chamber increased [3H]DA release from striatal synaptosomes.
This increase was time dependent, reaching a peak after 3–4 min,

and was abolished by the DAT inhibitor nomifensine. None of the
mGlu5 receptor antagonists reduced the stimulation of [3H]DA
release induced by MA or D-amphetamine, indicating that these
drugs do not compete with MA or D-amphetamine for the trans-
port into dopaminergic terminals. MPEP, but not SIB-1757 or
SIB-1893, produced a slight increase in the basal [ 3H]DA release,
which was additive to the larger increase produced by MA or
D-amphetamine (Fig. 5A,B).

Systemic injection of mGlu5 receptor antagonists does
not affect MA-induced hyperthermia in mice
Knowing that hypothermia contributes to the protective effects of
NMDA receptor antagonists or other drugs against MA neuro-
toxicity (Ali et al., 1994; Bowyer et al., 1994; Miller and
O’Callaghan, 1994; Albers and Sonsalla, 1995), we measured the
effect of MPEP, SIB-1757, SIB-1893, or CPCCOEt (all at 10
mg/kg, i.p.) on core body temperature in control mice and in mice
receiving injections of MA (5 mg/kg, i.p.; three times, 2 hr apart).
MA induced an increase of �2°C in body temperature, which was
detected after 60, 180, and 300 min. None of the mGlu receptor
antagonists reduced MA-induced hyperthermia or had any effect
on body temperature in control mice (Table 1).

DISCUSSION
In the last few years, MA abuse has become a widespread phe-
nomenon, and treatment of MA neurotoxicity is emerging as a
compelling clinical goal. Mice were treated with MA using an
experimental paradigm that produces substantial neurotoxicity (5
mg/kg, i.p.; three injections at 2 hr intervals). This treatment led
to a massive degeneration of striatal dopaminergic terminals,
associated with reactive gliosis. Both effects were attenuated by
systemically injected MPEP and SIB-1893, which both behave as
potent and selective noncompetitive mGlu5 receptor antagonists.
In contrast, inhibition of mGlu1 receptors with CPCCOEt or
activation of mGlu2/3 receptors with LY379268 did not affect
MA toxicity. MPEP, SIB-1893, or their congener SIB-1757 did
not reduce the stimulation of DA release induced by MA in
synaptosomes or in the striatum of freely moving animals, exclud-
ing the fact that mGlu5 receptor antagonists limit the access of
MA into dopaminergic terminals. In addition, the effect of mGlu5
receptor antagonist was not secondary to a reduction in body
temperature, as claimed previously for the NMDA receptor an-
tagonist MK-801 (Ali et al., 1994; Bowyer et al., 1994; Miller and
O’Callaghan, 1994; Albers and Sonsalla, 1995).

The slight stimulation of basal DA release produced by MPEP
in synaptosomal preparations was not observed with SIB-1757 or
SIB-1893 and therefore cannot be related to the recent observa-
tion that mGlu5 receptors negatively modulate DAT activity
(Page et al., 2001). The significance of this effect, which was not
observed in microdialysis studies, is obscure at present. Because
mGlu5 receptor antagonists did not reduce MA-stimulated DA
release, neuroprotection cannot be reconducted to changes in the
amount of extravesicular DA available as a substrate for oxidative
processes. A possible scenario is that the glutamate released in
response to MA (Nash and Yamamoto, 1992; Abekawa et al.,
1994; Stephans and Yamamoto, 1994) activates mGlu5 receptors,
thereby triggering a chain of intracellular reactions that contrib-
ute to damage dopaminergic terminals. Interestingly, mGlu5 re-
ceptors are physically linked to the NR2 subunit of NMDA
receptors through a chain of anchoring proteins including PSD-
95, GKAP, SHANK, and Homer (Tu et al., 1999). Activation of
mGlu5 receptors enhances NMDA currents (Ugolini et al., 1999;

Figure 5. Effect of MPEP, SIB-1757, or SIB-1893 (all at 5 �M) on
[ 3H]DA release stimulated by 0.1 �M D-amphetamine (A) or 0.1 �M MA
(B) in striatal synaptosomes. We have also used nomifensine (5 �M) to
validate the model. The arrows indicate the time of addition of
D-amphetamine or MA. mGlu5 receptor antagonists or nomifensine were
added to the perfusate 20 min before D-amphetamine or MA. Values are
means � SEM of six to eight determinations. SIB-1757 and SIB-1893 had
no effect on [ 3H]DA release on their own.

Table 1. Group-I mGlu receptor antagonists fail to affect body
temperature in control and MA-treated mice

Treatments

Body temperature (°C)

60 min 180 min 300 min

Saline 37.6 � 0.09 37.2 � 0.15 37.2 � 0.11
MA 39.3 � 0.17 39.3 � 0.18 39.2 � 0.16
MPEP 37.5 � 0.25 37.2 � 0.03 37.1 � 0.20
SIB-1893 37.4 � 0.26 36.9 � 0.58 37.1 � 0.28
SIB-1757 37.4 � 0.15 37.1 � 0.13 37.3 � 0.17
CPCCOEt 37.6 � 0.21 38.1 � 0.9 37.2 � 0.15
MA � MPEP 39.2 � 0.09 39.2 � 0.13 39.4 � 0.12
MA � SIB-1893 39.4 � 0.10 39.6 � 0.09 39.2 � 0.19
MA � SIB-1757 39.5 � 0.68 39.4 � 0.21 39.2 � 0.21
MA � CPCCOEt 39.3 � 0.16 39.5 � 0.13 39.3 � 0.18

Body temperature was measured after three repeated injections of methamphet-
amine, 5 mg/kg, 2 hr apart. Effects of each compound (all at 10 mg/kg) on body
temperature were measured 1 hr after each methamphetamine injection. Values are
mean � SEM of four animals for each time point.
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Awad et al., 2000; Salt and Binns, 2000), whereas activation of
NMDA receptors potentiates mGlu5 receptor responses by in-
hibiting receptor desensitization (Alagarsamy et al., 1999). Neu-
roprotection observed with MPEP, SIB-1893, or SIB-1757
against NMDA toxicity in neuronal cultures (Bruno et al., 2000)
suggests that the functional partnership between NMDA and
mGlu5 receptors is necessary for the development of excitotoxic
death. Because both NMDA (Sonsalla et al., 1989, 1998) and
mGlu5 (present data) receptor antagonists are protective against
MA toxicity, we conclude that endogenous activation of both
receptors is required for the induction of damage. Activation of
mGlu5 receptors generates oscillatory increases in intracellular
Ca2�, as a result of inositoltrisphosphate formation and protein
kinase C activation (Kawabata et al., 1996). A sustained activity
of Ca2�-dependent enzymes is classically implicated in the de-
velopment of neuronal damage through various mechanisms,
which include the formation of reactive oxygen species (Choi,
1994). This chain of events may readily contribute to the overall
production of reactive oxygen species induced by MA and, there-
fore, to the oxidative damage of striatal dopaminergic terminals
(De Vito and Wagner, 1989). Accordingly, both MPEP (injected
systemically or infused locally) and SIB-1757 (infused locally)
substantially reduced the formation of hydroxyl radicals in the
striatum of freely moving mice injected with MA. CPCCOEt,
which was not neuroprotective, failed to affect MA-induced hy-
droxyl radicals formation, supporting a role for radical oxygen
species in nigrostriatal damage. However, it is noteworthy that
mGlu5 receptor antagonists (particularly MPEP) were more ef-
fective in reducing MA-induced hydroxyl radical formation than
the depletion in striatal DA, DAT, TH, or GFAP observed in
MA-treated mice. This suggests that oxidative damage contrib-
utes to, but is not the only mechanism responsible for, MA
neurotoxicity.

MA may damage striatal dopaminergic terminals by increasing
the formation of reactive oxygen species via two distinct mecha-
nisms: (1) auto oxidation of extravesicular DA and (2) activation
of mGlu5 and NMDA receptors by the endogenous glutamate.
We speculate that activation of Ca2�-dependent enzymes with
ensuing formation of radical oxygen species that follows the
stimulation of NMDA and mGlu5 receptors combines with au-
toxidation of DA to reach the threshold of neuronal death. This
would explain why mGlu5 receptor antagonists are protective
without reducing MA-stimulated DA release. A series of studies
suggest that mGlu5 receptors are present on striatal dopaminer-
gic terminals (Page et al., 2001; Yu et al., 2001), thus providing a
possible substrate for this hypothesis.

mGlu5 receptors may represent a novel target for drugs aimed
at preventing the development of MA neurotoxicity in drug
abusers. As opposed to DAT inhibitors (which prevent the access
of MA into dopaminergic terminals), mGlu5 receptor antagonists
do not limit the enhanced release of DA and therefore should not
interfere with the rewarding properties of MA. This should make
mGlu5 receptor antagonists more “acceptable” by MA abusers
than DAT inhibitors or other drugs that interfere with dopami-
nergic transmission.
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