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Dual metabotropic glutamate 2/3 (mGlu2/3) receptor agonists have been examined with success in the clinic with positive proof of efficacy
in several tests of anxiety and schizophrenia. Moreover, a large body of evidence has accumulated that these drugs have significant
neuroprotective potential. An important discussion in the field deals with dissecting effects on mGlu2 versus effects on mGlu3 receptors,
which is relevant for the potential use of subtype-selective agonists or allosteric activators. We addressed this issue using mGlu2 and
mGlu3 receptor knock-out mice. We used mixed cultures of cortical cells in which astrocytes and neurons were plated at different times
and could therefore originate from different mice. Cultures were challenged with NMDA for the induction of excitotoxic neuronal death.
The mGlu2/3 receptor agonist, (�)-2-oxa-4-aminocyclo[3.1.0]hexane-4,6-dicarboxylic acid (LY379268), was equally neuroprotective in
cultures containing neurons from wild-type, mGlu2 �/�, or mGlu3 �/� mice. Neuroprotection was instead abolished when astrocytes
lacked mGlu3 receptors, unless neuronal mGlu2 receptors were also absent. The latter condition partially restored the protective activity
of LY379268. Cultures in which neurons originated from mGlu2 �/� mice were also intrinsically resistant to NMDA toxicity. In in vivo
experiments, systemic administration of LY379268 protected striatal neurons against NMDA toxicity in wild-type and mGlu2 �/� mice
but not in mGlu3 �/� mice. In addition, LY379268 was protective against nigrostriatal degeneration induced by low doses of 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine only in mice lacking mGlu2 receptors. We conclude that neuroprotection by mGlu2/3 receptor
agonists requires the activation of astrocytic mGlu3 receptors, whereas, unexpectedly, activation of mGlu2 receptors might be harmful to
neurons exposed to toxic insults.
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Introduction
Metabotropic glutamate (mGlu) receptors have been considered
potential targets for neuroprotective drugs since the early times
of their characterization. One hypothetical advantage associated
with the use of mGlu receptor ligands is the lack of the adverse
effects typically induced by NMDA or AMPA receptor antago-
nists, such as sedation, ataxia, and severe learning impairment
(Nicoletti et al., 1996; Bruno et al., 2001). Of the eight known
mGlu receptor subtypes, mGlu2 and mGlu3 receptors are the
best candidates as “neuroprotective receptors,” because their ac-
tivation inhibits glutamate release (Lovinger, 1991; Lovinger and
McCool, 1995; Battaglia et al., 1997; Cozzi et al., 1997), inhibits

voltage-gated calcium channels (for review, see Pin and Duvoisin,
1995), positively modulates potassium channels (Sharon et al.,
1997), and stimulates the production of neurotrophic factors in as-
trocytes and microglia (Bruno et al., 1997, 1998b; Ciccarelli et al.,
1999; D’Onofrio et al., 2001; Matarredona et al., 2001). Early in vitro
studies have shown that first generation agonists of mGlu2 and
mGlu3, such as (2S,1�S,2�S)-2-(carboxycyclopropyl)glycine and
(2S,2�R,3�R)-2-(2�,3�-dicarboxycyclopropyl)glycine, are protective
against excitotoxicity and other neuronal insults (Pizzi et al.,
1993; Bruno et al., 1994, 1995; Ambrosini et al., 1995; Buisson
and Choi, 1995; Thomsen et al., 1996). However, these drugs are
not selective for mGlu2/3 receptors and cannot be used in in vivo
models (Schoepp et al., 1999). Data obtained with more potent
and selective “second generation” agonists of mGlu2 and mGlu3
receptors, such as (1S, 2S, 5R, 6S)-(�)-2–aminobicylco[3.1.0]-
hexane-2,6-dicarboxylic acid (LY354740) and (�)-2-oxa-4-
aminocyclo[3.1.0]hexane-4,6-dicarboxylic acid (LY379268), are
less convincing. These drugs protect cultured neurons against
excitotoxic death, but at concentrations that are 10- to 100-fold
higher than the reported EC50 values for mGlu2 and mGlu3 re-
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ceptors (Battaglia et al., 1998; Behrens et al., 1999; Kingston et al.,
1999a,b; D’Onofrio et al., 2001). Although LY354740 and
LY379268 are systemically active, their efficacy as neuropro-
tectants in in vivo studies is restricted to a few models of neuro-
degeneration. For example, systemic administration of
LY354740/LY379268 protects striatal neurons against excitotox-
icity in one study (D’Onofrio et al., 2001) but not in another
(Behrens et al., 1999), is only partially effective in models of
global ischemia (Bond et al., 1999), is ineffective in models of
focal ischemia (Bond et al., 1999), and produces ambiguous ef-
fects in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) mouse model of dopaminergic neuronal death (Batta-
glia et al., 2003). The overall modest effect of mGlu2/3 receptor
agonists in in vivo studies is counterintuitive if one assumes that
both mGlu2 and mGlu3 receptors contribute to mechanisms of
neuroprotection. We used mGlu2 and mGlu3 receptor knock-
out mice to examine whether these two receptor subtypes have
distinct roles in processes of neurodegeneration/neuroprotec-
tion. We report that neuroprotection by the dual mGlu2/3 recep-
tor agonist LY379268 is entirely mediated by mGlu3 receptors,
whereas, unexpectedly, activation of mGlu2 receptors might be
harmful to neurons undergoing toxic insults.

Materials and Methods
Materials. LY379268 was kindly provided by Eli Lilly (Indianapolis, IN).
All other chemicals were purchased from Sigma-Aldrich (Milano, Italy).

Generation of mGlu3 receptor knock-out mice. mGlu3 receptor knock-
out mice were generated by targeted disruption of exon II of the grm3
gene [the exon that contains the grm3 open reading frame (ORF)]. A
HindIII–HindIII grm3 genomic fragment of 11 kbp containing exon II of
the mouse grm3 gene was isolated from an embryonic stem cell isogenic
library cloned into the vector Lambda Fix II (Stratagene, La Jolla, CA).
The HindIII/NsiI genomic fragment containing grm3 intron I and exon II
was inserted into the XbaI/NsiI sites using the pGN vector (Le Mouellic et
al., 1990) upstream from the LacZ cassette. The grm3 genomic fragment
NsiI/HindIII (�5.0 kbp) was inserted into the SmaI site of pGN vector
downstream from the expression cassette of the neomycin resistance
gene (Neo). An HSV-TK cassette was then inserted downstream from
this 5.0 kbp genomic fragment. Because exon II encodes for the ORF of
mGlu3 receptor, its disruption was anticipated to inactivate the resulting
mutated receptors.

The grm3 targeting construct was injected into the HM1 line of mouse
embryonic stem cells, and isolated recombinant cells were injected into
murine C57BL/6J blastocysts. The resulting chimeric males were mated
with C57BL/6J females and heterozygous mice backcrossed for 10 gen-
erations (N10). mGlu3 receptor knock-out mice were backcrossed up to
the 10th generation on C57BL/6J genetic background and bred in a spe-
cific pathogen-free (SPF) breeding colony.

Reverse transcription-PCR analysis of mGlu3 receptor on mouse whole-
brain mRNA. Whole-brain mRNA was extracted from mGlu3 receptor
knock-out mice and wild-type (wt) littermates. Reverse transcription
(RT) reactions were performed with 5 �g of total RNA using the Super-
Script II reverse transcriptase (200 U per reaction; Invitrogen, Carlsbad,
CA). RT-PCR was performed using forward oligonucleotide primers
located on grm3 exon II (grm3a, 5�-GACAATTACTTGCTTCCAGG-3�;
grm3b, 5�-CGAATCAATGAAGACAGAGG-3�) and reverse primers lo-
cated on grm3 exon III (grm3c, 5�-CATAGTCACCTTCAGAGG-3�;
grm3d, 5�-TTGCTTCCTGCTCGAAGG-3�) to amplify mGlu3 receptor
fragments spanning exon II– exon III. PCRs were performed for 35 cycles
with a denaturing step at 94°C (1 min), followed by annealing at 58°C (1
min) and extension at 72°C (1 min). PCR product was then resolved onto
a 1% agarose gel.

In situ hybridization in mGlu3 receptor knock-out mice. Wild-type and
mGlu3 receptor knock-out mice were killed by cerebral dislocation, and
the brains were rapidly removed, immediately frozen in dry ice precooled
isopentane (�35°C), and stored at �80°C. Coronal brain sections (14
�m thick) were cut at �20°C and mounted on Superfrost Plus micro-

scope slides (BDH Italia, Milan, Italy). The 45-bp-long antisense oligode-
oxynucleotide probe 5�-ACT GGC CAG GGC CAC AAT CCA TGC AGG
TGA ACT CAT CAA CCA GGT-3�, complementary to the mouse mGlu3
receptor mRNA sequence, was 3�-end labeled with [ 33P]�-dATP using
terminal deoxynucleotidyl transferase (GE Healthcare, Cologno Monz-
ese, Milan, Italy) and used for in situ hybridization as described previ-
ously (Mugnaini et al., 2002). Quantitative analysis of autoradiograms
was performed by computer-assisted microdensitometry (AIS; Imaging
Research, St. Catharines, Ontario, Canada). Controls for specificity in-
cluded the demonstration that (1) three probes gave identical labeling
pattern and (2) the labeling disappeared when labeled probes were incu-
bated with a 100-fold excess of unlabeled probe (nonspecific
hybridization).

mGlu2 receptor knock-out mice. mGlu2 receptor knock-out mice were
obtained from the University of Kyoto (Kyoto, Japan) (Yokoi et al.,
1996). Mice were backcrossed up to the 17th generation on C57BL/6J
genetic background and bred in an SPF breeding colony.

Animal husbandry. All mice were kept under environmentally con-
trolled conditions (ambient temperature, 22°C; humidity, 40%) on a
12 h light/dark cycle with food and water ad libitum. Experiments were
performed following the guidelines for animal care and use of the Na-
tional Institutes of Health. All animals undergoing experimental proce-
dures were individually genotyped for the mGlu2 and mGlu3 receptor
gene by PCR.

Astrocyte cell cultures. Astrocyte cell cultures were prepared from wild-
type, mGlu2 �/�, and mGlu3 �/� mice 1–3 d after birth (P1–P3). Disso-
ciated cortical cells were grown in 15 mm multiwell vessels (Falcon Pri-
maria, Lincoln Park, NJ) using a plating medium of MEM-Eagle’s salts
supplemented with 10% fetal bovine serum, 10% horse serum, glutamine
(2 mM), and glucose (final concentration, 21 mM). Cultures were kept at
37°C in a humidified CO2 atmosphere until they reached confluence
(10 –14 d in vitro). Confluent cultures were then used for the experi-
ments, for the preparation of glial conditioned medium (GCM) or as a
support for mixed cultures.

Mixed cortical cell cultures. Mixed cultures of cortical cells, containing
both neurons and astrocytes, were prepared from wild-type, mGlu2 �/�,
and mGlu3 �/� fetal mice (14 –16 d of gestation). Briefly, mice were killed
by cervical dislocation under chloroform anesthesia, and dissociated cor-
tical cells were plated in 15 mm multiwell vessels (Falcon Primaria) on a
layer of confluent astrocytes (10 –14 d in vitro), prepared from wild-type,
mGlu2 �/�, and mGlu3 �/� mice, using a plating medium of MEM-
Eagle’s salts (supplied glutamine free) supplemented with 10% heat-
inactivated horse serum, 10% fetal bovine serum, glutamine (2 mM), and
glucose (final concentration, 21 mM). Cultures were kept at 37°C in a
humidified 5% CO2 atmosphere. After 3–5 d in vitro, non-neuronal cell
division was halted by 1–3 d of exposure to 10 �M cytosine-�-
arabinoside, and cultures were shifted to a maintenance medium identi-
cal to plating medium but lacking fetal serum. Subsequent partial me-
dium replacement was performed twice a week. Only mature cultures
(13–14 d in vitro) were used for the experiments.

In vitro exposure to excitatory amino acids and assessment of neuronal
injury. For induction of excitotoxic death, mixed cortical cultures were
either exposed to different concentrations of NMDA for 10 min or ex-
posed to 60 �M NMDA in absence or presence of the selective mGlu2/3
receptor agonist, LY379268 (1 �M) or the selective mGlu5 receptor an-
tagonist, 2-methyl-6-(phenylethynyl)-pyridine (MPEP) (10 �M), at
room temperature in a HEPES-buffered salt solution containing the fol-
lowing (in mM): 120 NaCl, 5.4 KCl, 0.8 MgCl2, 1.8 CaCl2, 20 HEPES, and
15 glucose. Afterward, the drugs were washed out, and cultures were
incubated at 37°C for the following 20 –24 h in MEM-Eagle’s supple-
mented with 25 mM NaHCO3 and 21 mM glucose. Neuronal injury was
estimated in all experiments by examination of the cultures by phase-
contrast microscopy 24 h after the insult, when the process of cell death
was largely complete. Neuronal damage was quantitatively assessed in all
experiments by estimation of dead neurons by Trypan blue staining.
Stained neurons were counted from three random fields per well.

For the preparation of GCM, cultures of confluent astrocytes deriving
from wild-type or mGlu3 �/� mice were treated for 10 min with the
mGlu2/3 receptor agonist, LY379268 (1 �M), and then the drug was
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extensively washed out. Twenty hours later, the culture medium was
collected and immediately transferred to mixed cortical cultures already
challenged with NMDA. The medium was also collected from untreated
cultures and used as control GCM.

Measurement of [3H]-GABA release in mixed cortical cultures. Mixed
cultures of cortical cells prepared from wild-type, mGlu2 �/�, and
mGlu3 �/� fetal mice were preincubated for 1 h with [ 3H]-glutamate (1
�Ci/well; specific activity, 44 Ci/mmol; Sigma-Aldrich). A 10 min depo-
larizing stimulus (50 mM KCl) was performed in Krebs’ solution contain-
ing the GABA transporter inhibitor, SKF89976A [1-(4,4-diphenyl-3-
butenyl)-3-piperidinecarboxylic acid] (10 �M), and the GABA
transaminase inhibitor, vigabatrin (100 �M), in the presence or absence
of LY379268 (1 �M). At the end of the experiment, the medium was
collected, and analysis of [ 3H]-GABA was performed by precolumn der-
ivatization with o-phthalaldehyde and mercaptoethanol followed by
HPLC with fluorescence detection. Radioactivity present in the GABA
peak was measured by scintillation spectrometry.

Determination of extracellular L-glutamate levels in mixed cortical cul-
tures. Mixed cultures of cortical neurons were prepared and excitotoxic-
ity was performed as described above. Analysis of glutamate was per-
formed by precolumn derivatization with o-phthalaldehyde and
mercaptoethanol followed by HPLC with fluorescence detection. Cul-
ture medium was collected at the end of the NMDA exposure [60 �M in
cultures in which both astrocytes and neurons were from wild-type mice
(a-wt/n-wt cultures)]. One hundred microliter sample aliquots were di-
luted with 0.1 N HCl and mixed with equal volumes of fluorescent re-

agent. The mixture was kept at room tempera-
ture for 1 min to derivatize the sample before
being injected into the column by a 200 �l loop.
The system used an autosampler 507 (Beckman
Coulter, Fullerton, CA), a programmable sol-
vent module 126 (Beckman Coulter), an analyt-
ical reverse phase C-18 column at 30°C (Ultra-
sphere ODS 3 �m Spherical, 80 Å pore, 2 � 150
mm; Beckman Coulter), an RF-551 spectroflu-
orometric detector (Shimadzu, Tokyo, Japan),
and a computer running a Gold Nouveau soft-
ware (Beckman Coulter). The excitation and
emission wave lengths were set at 360 and 450
nm, respectively. The mobile phase consisted of
(A) 50 mM sodium phosphate, pH 7.2, contain-
ing 10% methanol, and (B) 50 mM sodium
phosphate, pH 7.2, containing 70% methanol,
at a flow rate of 0.3 ml/min. Gradient elution
consisted of 98% A and 2% B initially for 10
min and was then increased to 98% B over 1
min, maintained for 12 min to elute other sub-
stances, and then returned to the initial condi-
tions before running the next sample. From
peak areas, culture medium concentrations of
glutamate were calculated by the use of external
standards.

Induction of in vivo neuronal injury. Wild-
type, mGlu2 �/�, and mGlu3 �/� mice were in-
jected, under ketamine (100 mg/kg) and xyla-
zine (10 mg/kg) anesthesia, with NMDA (100
nmol/0.5 �l) in a stereotaxic frame. The site of
injection was within the left corpus striatum
(0.6 mm anterior to bregma, 1.7 lateral to the
midline, and 3.5 mm ventral) (Franklin and
Paxinos, 1997). Animals were treated with
LY379268 (10 mg/kg, i.p.) 30 min before
NMDA infusion. For measurements of gluta-
mate decarboxylase (GAD) activity, both striata
were dissected and homogenized in 5 mM imi-
dazole buffer containing 0.2% Triton X-100
and 0.1 mM dithiothreitol. One hundred micro-
liters of the homogenate were incubated in 10
mM phosphate buffer, pH 7.0, containing 10
mM 2-mercaptoethanol and 0.02 mM pyridox-

alphosphate, in the presence of [ 3H]-glutamic acid (1 �Ci; specific ac-
tivity, 46 Ci/mmol; GE Healthcare) for 1 h at 37°C. Samples were centri-
fuged, and supernatants were injected into an HPLC for the separation of
[ 3H]-GABA.

Preparation of synaptosomes. Purified synaptosomes were prepared es-
sentially according to Dunkley et al. (1986), with minor modifications.
The tissue was homogenized in 10 volumes of 0.32 M sucrose, buffered to
pH 7.4 with Tris (final concentration, 0.01 M) using a glass/Teflon tissue
grinder (clearance, 0.25 mm). The homogenate was centrifuged at
1000 � g for 5 min, to remove nuclei and debris, and the supernatant was
gently stratified on a discontinuous Percoll gradient (6, 10, and 20% v/v
in Tris-buffered sucrose) and centrifuged at 33,500 � g for 5 min. The
layer between 10 and 20% Percoll (synaptosomal fraction) was collected
and washed by centrifugation. The synaptosomal pellets were always
resuspended in a physiological medium having the following composi-
tion (mM): 125 NaCl, 3 KCl, 1.2 MgSO4, 1.2 CaCl2, 1 NaH2PO4, 22
NaHCO3, and 10 glucose (aeration with 95% O2 and 5% CO2), pH
7.2–7.4. Synaptosomal protein (prot) contents were determined accord-
ing to Bradford (1976).

Release experiments. Identical portions of the synaptosomal suspen-
sions were layered on microporous filters at the bottom of parallel super-
fusion chambers (Ugo Basile, Comerio, Varese, Italy) maintained at
37°C. Synaptosomes were superfused at 0.5 ml/min with standard phys-
iological solution aerated with 95% O2 and 5% CO2, at 37°C containing
10 �M aminooxyacetic acid to prevent GABA metabolism. Synaptosomes
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Figure 1. A, A diagram with the mGlu3 gene targeting vector used to interrupt the mGlu3 gene. The LacZ–Neo cassette was
inserted downstream of the NsiI site of grm3 exon (ex) II; the grm3 genomic sequence, from NsiI site in exon II up to HindIII site in
grm3 exon III, was inserted downstream of the Neo cassette. B, Gene disruption was confirmed by RT-PCR analysis from total-brain
RNA of wild-type and mGlu3 �/� mice. Primers were designed to amplify fragments spanning grm3 exon II– exon III. Lanes 1– 4,
RT-PCR from wild-type total-brain RNA; lanes 5– 8, RT-PCR from mGlu3 �/� total-brain RNA. The following primer combinations
were used: for lanes 1 and 5, grm3b and grm3c; for lanes 2 and 6, grm3b and grm3d; for lanes 3 and 7, grm3a and grm3c; for lanes
4 and 8, grm3a and grm3d. C, Distribution of mGlu3 receptor mRNA in the brain of wild-type and mGlu3 �/� mice. Coronal brain
sections were processed for in situ hybridization with a 33P-labeled oligonucleotide specific for the mouse mGlu3 receptor
transcript, as described in Materials and Methods. The signal was absent in the brain of knock-out mice.
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were first equilibrated during 36 min of super-
fusion, and then four consecutive 3 min frac-
tions (termed b1 to b4) were collected. Synap-
tosomes were exposed transiently (90 s) at t �
39 min of superfusion to the depolarizing stim-
uli (10 �M veratridine) and then resuperfused
with standard medium. The group II mGlu re-
ceptor agonist LY379268 was added concomi-
tantly with veratridine. Superfusate samples
were collected, and the endogenous glutamate
and GABA content in each superfusate fraction
was monitored by fluorometric detection after
o-phthalaldehyde derivatization and HPLC
separation as described above.

Data analysis. The endogenous amino acid
content released into each superfusate sample
was expressed as nmol/mg prot/fraction. When
describing the time dependence of the releasing
effect induced by veratridine in absence or in
presence of LY379268, data are expressed as
nmol/mg prot in each superfusate fraction col-
lected. The veratridine-evoked release of en-
dogenous glutamate or GABA was expressed as
induced overflow and evaluated by subtracting
the neurotransmitter content released under
basal condition (no drug added) from that re-
leased in presence of the stimulus in absence or
presence of mGlu receptor agonist. The evoked
release was estimated by subtracting the basal
release (i.e., three times the neurotransmitter
content into the first fraction collected) from
that in the evoked release (the amount of en-
dogenous glutamate or GABA in the b2 to b4
fraction collected). ANOVA was followed by
Dunnett’s multiple-comparisons test as appro-
priate; direct comparisons were performed by
applying Student’s t test. Differences were con-
sidered statistically significant at p � 0.05.

Measurements of TGF-�1 levels in mice. Wild-
type, mGlu2 �/� and mGlu3 �/� mice were
treated with saline or LY379268 (2 mg/kg, i.p.)
and killed 72 h later. Both striata were dissected
out and immediately homogenized in radioim-
munoprecipitation assay buffer for measure-
ments of TGF-�1 protein levels. The amount of TGF-�1 protein was
assessed by Western blot analysis. Samples were diluted in SDS-
bromophenol blue buffer. Electrophoresis was performed by 15% SDS-
PAGE using 100 �g of total protein per lane. After separation, proteins
were transferred onto a polyvinylidenedifluoride membrane (Bio-Rad,
Hercules, CA) for 30 min using a Bio-Rad transblot system. After block-
ing, membranes were incubated with primary antibodies overnight and
then repeatedly washed and exposed to horseradish peroxidase-
conjugated secondary antibodies for 1 h at room temperature. Proteins
were visualized using the enhancing chemiluminescence detection sys-
tem. The following primary antibodies were used: rabbit polyclonal
TGF-�1 antibody (1/200 dilution; Santa Cruz Biotechnology, Tebu,
France), and monoclonal anti-�-actin antibody (1/1000 dilution;
Sigma-Aldrich).

MPTP toxicity. Wild-type, mGlu2 �/�, and mGlu3 �/� mice were
treated with a single intraperitoneal injection of 36 mg/kg MPTP (corre-
sponding to 30 mg/kg free MPTP) and killed 7 d later for biochemical and
immunohistochemical assessment of nigrostriatal damage. When appro-
priate, LY379268 (1 mg/kg) was injected 30 min before MPTP injection.
Animals were killed 7 d later for biochemical and immunohistochemical
assessment of striatal damage.

Tyrosine hydroxylase immunostaining. Brains were dissected out and
immediately placed in a solution composed of ethyl alcohol (60%), acetic
acid (10%), and chloroform (30%). Twenty hours later, brains were
placed in 70% ethanol until they were included in paraffin. Ten micro-

meter serial sections were cut and used for histological analysis. Tissue
sections were incubated overnight with monoclonal mouse antibody (1:
200; Sigma-Aldrich), for the detection of tyrosine hydroxylase (TH), and
then for 1 h with secondary biotin-coupled anti-mouse (1:200; Vector
Laboratories, Burlingame, CA) antibodies. Control staining was per-
formed without the primary antibody. TH immunoreactivity was quan-
tified by measuring the relative optical densities of the dorsal striatum in
the stained sections using a computer-based microdensitometer (NIH
Image software, Bethesda, MD). The number of Nissl-stained cells in the
pars compacta of the substantia nigra was counted in 10 sections, 10 �m
thick, cut every 100 �m. The number of TH-positive cells was counted in
adjacent sections. Cell counts were determined as follows: (1) the area of
the pars compacta of substantia nigra was determined at low magnifica-
tion (5� objective) in each section; (2) neurons were counted at higher
magnification [100� objective (Thiruchelvam et al., 2004)] in three mi-
croscopic fields (corresponding to an area of 14,462 �m 2 each) selected
along the mediolateral axis of the substantia nigra in each section; (3) the
total number of neurons in each section was calculated using the follow-
ing formula: (average number of the three microscopic sections/14,462
�m 2) � area of the section (in �m 2); and (4) neuronal density was
calculated as the ratio between the sum of neuronal counts and the sum
of the areas of all 10 sections and expressed as number/mm 2.

Monoamine assay. The corpus striatum was homogenized by sonica-
tion in 0.6 ml of ice-cold 0.1 M perchloric acid. Fifty microliters of the

mGlu2

mGlu3

mGlu3

mGlu3 mGlu2

iGluRs

NMDA
%

 N
M

D
A

 to
xi

ci
ty

0

40

80

120

+ L
Y37

92
68

+ M
PEP

* *

NMDA

%
 N

M
D

A
 to

xi
ci

ty

+ L
Y37

92
68

+ M
PEP

* *

NMDA

%
 N

M
D

A
 to

xi
ci

ty

+ L
Y37

92
68

+ M
PEP

*
*

NMDA

%
 N

M
D

A
 to

xi
ci

ty

+ L
Y37

92
68

+ M
PEP

*

NMDA

%
 N

M
D

A
 to

xi
ci

ty

+ L
Y37

92
68

+ M
PEP

*

NMDA

%
 N

M
D

A
 to

xi
ci

ty
+ L

Y37
92

68

+ M
PEP

*
*

mGlu3

mGlu3

mGlu3

iGluRs

mGlu2

mGlu3

mGlu2

iGluRs

mGlu2

mGlu3

mGlu3 mGlu2

iGluRs
mGlu2

mGlu2

iGluRs

mGlu3

mGlu3

iGluRs

A B

FED

C

0

40

80

120

0

40

80

120

0

40

80

120

0

40

80

120

0

40

80

120

a-wt/n-wt a-wt/n-mGlu2-/- a-wt/n-mGlu3-/-

a-mGlu3   /n-wt-/- a-mGlu3   /n-mGlu3-/- -/- a-mGlu3   /n-mGlu2-/- -/-

Figure 2. Neuroprotection by the mGlu2/3 receptor agonist LY379268 in mixed cortical cultures differentially expressing
mGlu2 and mGlu3 receptors in neurons or astrocytes. Cultures were challenged with 60 �M NMDA for 10 min in the absence or
presence of LY379268 (1 �M) or the mGlu5 receptor antagonist MPEP (1 �M; used as a control neuroprotective drug). NMDA
toxicity was set as 100%. Values are means � SEM of 9 –15 determinations from three to five independent experiments. iGluRs,
Ionotropic glutamate receptors. *p � 0.05 (1-way ANOVA and Fisher’s PLSD) versus NMDA alone.
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homogenate were used for protein determination (Lowry et al., 1951).
The remaining aliquot was centrifuged at 8000 � g for 10 min, and 20 �l
of the supernatant was injected into an HPLC equipped with an autosam-
pler 507 (Beckman Coulter), a programmable solvent module 126 (Beck-
man Coulter), an analytical C-18 reverse-phase column kept at 30°C
(Ultrasphere ODS 5 �m, 80 Å pore, 250 � 4.6 mm; Beckman Coulter),
and a Coulochem II electrochemical detector (ESA, Chelmsford, MA).
The holding potentials were set at �350 and �350 mV for the detection
of dopamine, 3,5-dihydroxyphenylactic acid (DOPAC), and ho-
movanillic acid (HVA). The mobile phase consisted of 80 mM sodium
phosphate, 40 mM citric acid, 0.4 mM EDTA, 3 mM 1-heptanesulfonic
acid, and 8.5% methanol, brought to pH 2.75 with phosphoric acid (run
under isocratic conditions, at 1 ml/min).

Results
Generation and characterization of mGlu3 receptor
knock-out mice
mGlu3 receptor knock-out mice were generated by homologous
recombination by the insertion of a LacZ-Neo cassette between
grm3 exon II and exon III (Fig. 1A). Grm3 gene deletion in grm3
knock-out mice was first confirmed by RT-PCR experiments
from total-brain RNA. We obtained grm3 amplification products
by using oligonucleotide primers spanning exon II– exon III in
wild-type mice, whereas no amplification was obtained for the
corresponding grm3 fragments in mGlu3 receptor knock-out
mice (Fig. 1B). Grm3 gene disruption in mGlu3�/� mice was
additionally confirmed by in situ hybridization study using oli-
gonucleotide probes specific for the mouse grm3 gene. As shown
in Figure 1C, the grm3 signal was absent in mGlu3 receptor
knock-out mice, whereas, in wild-type mice, we found the ex-
pected distribution of the grm3 signal. We observed an uneven
distribution of mGlu3 receptor mRNA in the brain of wild-type
mice, with very high levels of messenger in the reticular thalamic
nucleus, medium-to-high levels in the cerebral cortex, striatum,
hippocampus, and white matter (e.g., external capsule), and low-
to-very-low levels in diencephalic nuclei and cerebellum (data
not shown).

Assessment of excitotoxic neuronal death in cortical cultures
lacking either mGlu2 or mGlu3 receptors in neurons or
astrocytes
Mixed cultures of cortical cells in which neurons had been plated
over a monolayer of confluent astrocytes were challenged with
NMDA for 10 min for the induction of excitotoxicity. In cultures
from wild-type mice, NMDA induced neuronal death with an
apparent EC50 value of 58 � 8 �M (nine values from three differ-
ent culture preparations), as assessed by Trypan blue staining.
Maximal concentrations of NMDA (200 –300 �M) produced the
death of 85 � 10% of the neuronal population (data not shown).
Most of the experiments were performed with 60 �M NMDA.
The extent of death produced by this concentration of NMDA
was set as 100% of NMDA toxicity. In a-wt/n-wt cultures, the
mGlu2/3 receptor agonist LY379268 (1 �M) and the mGlu5 re-
ceptor antagonist MPEP (1 �M; used as a control neuroprotective
drug) reduced NMDA toxicity by �60% (Fig. 2A), as expected
(Bruno et al., 2000). Both drugs retained the same efficacy as
neuroprotectants when neurons from mice lacking mGlu2 or
mGlu3 receptors were plated over astrocytes from wild-type mice
(a-wt/n-mGlu2�/� and a-wt/n-mGlu3�/�) (Fig. 2B,C). Inter-
estingly, neuroprotection by LY379268 was entirely lost in cul-
tures in which neurons from wild-type mice were plated over
astrocytes lacking mGlu3 receptors (a-mGlu3�/�/n-wt). Under
these conditions, MPEP instead retained its neuroprotective ac-
tivity (Fig. 2D). Similar findings were obtained using cultures in

which neurons lacking mGlu3 receptors were plated over astro-
cytes lacking mGlu3 receptors (a-mGlu3�/�/n-mGlu3�/�) (Fig.
2E). Neuroprotection by LY379268 was partially restored (40%
instead of 60% of protection) when neurons from mGlu2�/�

mice were plated over astrocytes lacking mGlu3 receptors (a-
mGlu3�/�/n-mGlu2�/�). Neuroprotection by MPEP was also
reduced in these cultures (Fig. 2F). The latter finding was entirely
unexpected and suggests that the permissive role of mGlu5 recep-
tors on NMDA toxicity (Bruno et al., 2000a) requires the pres-
ence of mGlu3 receptors in astrocytes and mGlu2 receptors in
neurons. Cultures containing astrocytes from mGlu2�/� mice
behaved similarly to cultures containing wt astrocytes because
astrocytes did not express mGlu2 receptors (data not shown).
Because mGlu receptors can be activated by the amount of en-
dogenous glutamate released during the NMDA pulse (basal val-
ues, 144 � 32 nM, n � 6; NMDA 60 �M values, 487 � 43 nM; n �
6), we also assessed whether the absence of mGlu2 receptors in
neurons or the absence of mGlu3 receptors in astrocytes could
affect NMDA toxicity by itself (i.e., in the absence of receptor
agonists). Interestingly, the efficacy of NMDA was reduced in
a-wt/n-mGlu2�/� cultures but was markedly enhanced in
a-mGlu3�/�/n-wt cultures compared with a-wt/n-wt cultures.
The potency of NMDA did not differ in the three types of cultures
(Fig. 3).

The paracrine mechanism of neuroprotection promoted by
LY379268 is lost when astrocytes lack mGlu3 receptors
We have shown previously that activation of group II mGlu re-
ceptors in astrocytes promotes neuroprotection via a paracrine
mechanism mediated by TGF-� and perhaps other neurotrophic
factors (Bruno et al., 1997, 1998b; Ciccarelli et al., 1999;
D’Onofrio et al., 2001). We therefore examined whether the me-
dium collected from pure cultures of astrocytes prepared from wt
or mGlu3�/� mice treated or not with LY379268 affected neuro-
nal death in recipient mixed cultures challenged with NMDA
prepared from a-wt/n-wt or a-mGlu3�/�/n-wt mice. Astrocyte
cultures were treated with vehicle or LY379268 (1 �M) for 10 min,
and the GCM, collected 20 h later, was transferred to recipient
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mixed cultures immediately after the
NMDA pulse. In recipient cultures, 0.25
ml of GCM was mixed with 0.125 ml of the
medium stock routinely added after the
NMDA pulse. Application of GCM col-
lected from untreated wt astrocyte cul-
tures did not affect NMDA toxicity in re-
cipient a-wt/n-wt cultures, whereas GCM
collected from wt astrocytes transiently ex-
posed to LY379268 was highly protective
(Fig. 4A). We did not observe any protec-
tion after transferring the GCM collected
from mGlu3�/� astrocytes treated with
LY379268 (Fig. 4A). Similar results were
obtained when mixed a-mGlu3�/�/n-wt
cultures were used as recipient cultures,
with the only difference being that also the
GCM collected from untreated wt astro-
cytes was protective (although to a lesser
extent than the GCM from wt astrocytes
treated with LY379268) (Fig. 4B). To-
gether, these data indicate that the protec-
tive activity of LY379268 against excito-
toxic neuronal death was mediated by
astrocytic mGlu3 receptors, whereas neu-
ronal mGlu3 receptors had no role in neu-
roprotection in mixed cortical cultures.

LY379268 fails to inhibit GABA release
in cortical cultures in which neurons
lack mGlu2 receptors
Moving from the evidence that NMDA
toxicity was attenuated in mixed cultures
containing neurons lacking mGlu2 receptors, we speculated that
activation of mGlu2 receptors by the endogenous glutamate re-
leased during the NMDA pulse could amplify excitotoxic neuro-
nal death. Searching for a possible mechanism, we measured
depolarization-evoked GABA release in mixed cultures com-
posed of wt astrocytes and wt, mGlu2�/�, or mGlu3�/� neurons.
We found no significant difference among the three cultures in
the amount of [ 3H]-GABA released under basal conditions and
in response to depolarizing concentrations of K�. However, ad-
dition of LY379268 (1 �M) reduced depolarization-evoked [ 3H]-
GABA release in a-wt/n-wt and a-wt/mGlu3�/� cultures, but not
in a-wt/mGlu2�/� cultures (Fig. 5).

Neuroprotection by LY379268 requires the presence of
mGlu3 receptors in an in vivo model of excitotoxicity
We extended the study to mice unilaterally injected with toxic
concentrations of NMDA in the caudate nucleus. We assessed
excitotoxic neuronal death by measuring the activity of the
GABA-synthesizing enzyme, GAD in striatal homogenates, 7 d
after NMDA infusion. This method allows a reliable quantifica-
tion of the loss of GABAergic neurons, which account for 	90%
of the entire neuronal population in the striatum (Bruno et al.,
2000; Battaglia et al., 2001). The extent of excitotoxic death did
not differ among wild-type, mGlu2�/�, and mGlu3�/� mice
(Fig. 6). The three strains of mice were treated systemically with
LY379268 (10 mg/kg, i.p.), only once 30 min before NMDA in-
fusion (Battaglia et al., 2001). In mice lacking mGlu2 receptors,
the extent of neuroprotection was greater than in wild-type mice,
as indicated by a greater difference in the extent of death com-

pared with the corresponding groups of mice treated with saline
(58 vs 34% of neuroprotection, respectively). In contrast, the
protective activity of LY379268 was lost in mice lacking mGlu3
receptors (Fig. 6).
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The absence of mGlu2 receptors enables the protective
activity of LY379268 in the MPTP model of nigrostriatal
degeneration
Mice were injected with a dose of MPTP (30 mg/kg, i.p.) that
caused the death of 50 – 60% of nigrostriatal dopaminergic neu-
rons, as assessed by measurements of striatal DA, DOPAC, and
HVA levels, TH immunostaining in the corpus striatum and sub-
stantia nigra, and counts of TH-stained neurons in the pars com-
pacta of the substantia nigra. The extent of nigrostriatal degener-
ation was similar in wild-type, mGlu2�/�, and mGlu3�/� mice
(Fig. 7). Systemic injection of LY379268 (1 mg/kg, i.p.) did not
affect nigrostriatal degeneration induced by 30 mg/kg MPTP in
wild-type mice (see also Battaglia et al., 2003) and in mGlu3�/�

mice. Interestingly, however, the drug became substantially neu-
roprotective when injected into mGlu2�/� mice treated with
MPTP (Fig. 7).

Distinct role for mGlu2 and mGlu3 receptors in the
regulation of TGF-�1 expression and glutamate and GABA
release in the striatum
Neuroprotection by LY379268 against NMDA toxicity in the stri-
atum has been related to the ability of the drug to increase the
formation of TGF-�1 (D’Onofrio et al., 2001). Immunoblot
analysis showed that the constitutive expression of TGF-�1 did
not differ among wt, mGlu2�/�, and mGlu3�/� mice (Fig. 8A).
However, systemic injection of LY379268 (2 mg/kg, i.p.) upregu-
lated striatal TGF-�1 levels in wild-type and mGlu2�/� mice, but
had no effect in mGlu3�/� mice (Fig. 8B). These data are consis-
tent with the view that expression of TGF-�1 is under the control
of astrocytic mGlu3 receptors. We also assessed the ability of
LY379268 to regulate glutamate and GABA release in superfused

striatal synaptosomes using a method that limits any contamina-
tion by endogenous paracrine or autocrine mechanisms in the
regulation of neurotransmitter release (see Materials and Meth-
ods). Addition of LY379268 (10 –100 nM) to the perfusion cham-
bers did not affect spontaneous glutamate release from striatal
synaptosomes but decreased depolarization-evoked release in a
concentration-dependent manner. This effect was present in syn-
aptosomes prepared from wild-type and mGlu2�/� mice but was
absent in synaptosomes from mGlu3�/� mice (Fig. 9A). Thus,
unexpectedly, inhibition of glutamate release by LY379268 in
striatal synaptosomes was entirely mediated by mGlu3 receptors.
LY379268 did not affect GABA release in striatal synaptosomes
from wild-type or mGlu3�/� mice and induced only a small re-
duction in depolarization-evoked GABA release in synaptosomes
from mGlu2�/� mice (Fig. 9B).

Discussion
We have shown recently that the use of unselective drugs com-
bined with mouse genetics is particularly helpful in dissecting a
role for a specific mGlu receptor subtype in mechanisms of neu-
rodegeneration/neuroprotection. In particular, the compounds
L-2-amino-4-phosphonobutanoate, L-serine-O-phosphate, and
(R,S)-4-phosphonophenylglycine, which do not discriminate
among group III mGlu receptors, fail to protect neurons against
excitotoxic death in cultures prepared from mGlu4�/� mice, in-
dicating that neuroprotection is specifically mediated by mGlu4
receptors (Bruno et al., 2000b). As a direct follow-up of these
findings, we have shown that the selective mGlu4 receptor en-
hancer (�)-N-phenyl-7-(hydroxyimino)cyclopropachromen-
1a-carboxamide is neuroprotective (Maj et al., 2003).

Here, we used mGlu2 and mGlu3 receptor knock-out mice
combined with the dual mGlu2/3 receptor agonist LY379268 to
dissect the individual roles of mGlu2 and mGlu3 receptors in
neurodegeneration/neuroprotection. mGlu2�/� mice were de-
scribed previously (Yokoi et al., 1996), whereas we have gener-
ated mGlu3�/� mice by disruption of the grm3 gene between
exon II and exon III. In mGlu3�/� mice, the grm3 transcript
could not be detected either by RT-PCR from total brain or by in
situ hybridization using specific grm3 oligonucleotide probes.
The use of a new specific mGlu3 receptor-NH2 terminal antibody
also shows that the receptor protein is absent in mGlu3�/� mice
(Corti et al., 2007).

Neuroprotection by the mGlu2/3 receptor agonist LY379268
was entirely mediated by mGlu3 receptors and, surprisingly, was
even amplified in the absence of neuronal mGlu2 receptors. This
is one of the few cases in which the use of knock-out mice dis-
closes a profound difference between mGlu2 and mGlu3 recep-
tors. For example, the anxiolytic activity of LY354740 in the ele-
vated plus maze test is disrupted in both mGlu2 and mGlu3
knock-out mice (Linden et al., 2005), although it is only the
mGlu2 receptor that mediates the increase in c-Fos expression in
the amygdala and other brain regions (Linden et al., 2006). We
used mixed cultures of mouse cortical cells, which are a reliable
and widely used model for the assessment of excitotoxic death
(Rose et al., 1992). In these cultures, astrocytes and neurons are
plated at different times and may originate from different types of
mice. This offers the advantage to examine the respective contri-
bution of astrocytic and neuronal mGlu2 and mGlu3 receptors to
processes of neurodegeneration/neuroprotection. Neuroprotec-
tion by mGlu2/3 receptor agonists in mixed cortical cultures in-
volves a mechanism of glial–neuronal interaction mediated by
the production of transforming growth factor-� (Bruno et al.,
1997, 1998b; D’Onofrio et al., 2001). This mechanism was dem-
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onstrated by transferring the medium collected from astrocyte
cultures treated with mGlu2/3 receptor agonists to recipient
mixed cultures challenged with NMDA (Bruno et al., 1997). Us-
ing the same strategy, we have now shown that the mechanism of
glial/neuronal interaction is mediated by mGlu3 receptors and
that activation of astrocytic mGlu3 receptors is responsible for
neuroprotection induced by LY379268. Recipient mixed cultures
in which astrocytes originated from mGlu3�/� mice were also
protected by the conditioned medium collected from untreated
mGlu3�/� astrocytes. One possible explanation is that endoge-
nous activation of astrocytic mGlu3 stimulates the release of
neurotrophic factors in a sufficient amount to afford
neuroprotection.

Two findings suggested that neuronal mGlu2 receptors could
be harmful in culture: (1) the efficacy of NMDA in causing neu-
ronal death was lower in cultures containing neurons from
mGlu2�/� mice; and (2) in the absence of astrocytic mGlu3 re-
ceptors, LY379268 induced some neuroprotection only if neuro-

nal mGlu2 receptors were also absent. The
enhancing effect of mGlu2 receptors on
NMDA toxicity can be explained by as-
suming that activation of mGlu2 receptors
by the endogenous glutamate released
during the NMDA pulse facilitates the ac-
tivation of NMDA receptors. NMDA re-
ceptors are tonically inhibited by Mg 2�

ions, which are removed from the channel
by membrane depolarization (Mayer and
Westbrook, 1987). We applied NMDA to
the cultures in the presence of extracellular
Mg 2�, so that activation of NMDA recep-
tors and excitotoxicity depended on trans-
synaptic mechanisms that regulate mem-
brane potential. GABA released from the
small percentage of GABAergic neurons
present in our cultures limits the activa-
tion of NMDA receptors and is critically
involved in mechanisms of neuroprotec-
tion (Battaglia et al., 2001). In cortical cul-
tures, LY379268 inhibited GABA release
via the activation of mGlu2 receptors. This
provides a potential mechanism whereby
activation of mGlu2 receptors becomes
harmful to neurons subjected to an excito-
toxic insult mediated by NMDA receptors.
However, it is noteworthy that the nega-
tive regulation of GABA release by mGlu2
receptors was restricted to cortical cultures
and was not observed in striatal synapto-
somes, in which LY379268 inhibited
GABA release via the activation of mGlu3
receptors. We do not know why activation
of neuronal mGlu3 receptors, which is
otherwise ineffective, becomes neuropro-
tective when astrocytic mGlu3 receptors

and neuronal mGlu2 receptors are lacking. We did not measure
glutamate release in the various types of cultures because of the
limited supply of knock-out mice. It is possible that neuronal
mGlu3 receptors are protective because they inhibit glutamate
release, but this component of neuroprotection is small and is
obliterated by the stronger effect of astrocytic mGlu3 receptors
and/or counterbalanced by the “toxic” effect of mGlu2 receptors.

In vivo data obtained with intrastriatal infusions of NMDA
confirmed that neuroprotection was entirely mediated by mGlu3
receptors. In this model, neuronal death was quantified by mea-
suring GAD activity as a biochemical index of surviving GABAer-
gic neurons. This measurement is particularly reliable because
GABAergic neurons account for 	90% of the population in the
striatum (Bruno et al., 2000; Battaglia et al., 2001). We could not
establish whether astrocytic or neuronal mGlu3 receptors medi-
ated the neuroprotective activity of LY379268 against NMDA
toxicity in the striatum. Here, neuronal mGlu3 receptors might

4

Figure 7. A, Striatal dopamine, DOPAC, and HVA levels in wild-type, mGlu2 �/�, or mGlu3 �/� mice injected with MPTP (30 mg/kg, i.p., single injection) alone or in combination with LY379268
(1 mg/kg) injected intraperitoneally 30 min before MPTP. Values are mean � SEM of 8 –10 determinations; p � 0.05 (1-way ANOVA and Fisher’s PLSD) versus saline-treated mice (*) or versus mice
treated with MPTP alone (#). B, C, Immunohistochemical analysis of TH in the corpus striatum (B) and pars compacta of substantia nigra (C) of mice treated with 30 mg/kg MPTP alone or combined
with 1 mg/kg LY379268 injected intraperitoneally. Scale bars: B, 400 �m; C, 100 �m. Densitometric data for striatal TH and TH-positive cell counts are also shown. Values (means � SEM) were
calculated from five to six mice per group (10 sections, 10 �m thick, cut every 100 �m, per animal were used for the calculation of the density of TH-positive neurons in the pars compacta of the
substantia nigra). p � 0.05 (1-way ANOVA and Fisher’s PLSD) versus saline-treated mice (*) or mice treated with MPTP alone (#).
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contribute to neuroprotection, because
their activation mediated the inhibition of
glutamate release by LY379268 in striatal
synaptosomes, and endogenous glutamate
is required for the toxic action of NMDA
receptor agonists in the striatum. Astro-
cytic mGlu3 receptors could also be in-
volved because systemic injection of
LY379268 failed to enhance the formation
of TGF-�1 in the striatum of mGlu3 re-
ceptor knock-out mice. TGF-�1, which is
produced by astrocytes in response to
mGlu3 receptor activation, is proven to be
protective against neuronal degeneration
induced by excitotoxins, oxygen– glucose
deprivation, �-amyloid peptide, and the
human immunodeficiency virus capsid
protein gp 120 (Chao et al., 1994; Prehn et
al., 1994, 1996; Copani et al., 1995a,b,
1998; Henrich-Noack et al., 1996; Meucci
and Miller, 1996; Prehn and Miller, 1996;
Ren et al., 1997; Scorziello et al., 1997;
Bruno et al., 1998b; Flanders et al., 1998;
Ruocco et al., 1999).

As a second in vivo model, we used mice
injected with the toxin MPTP. MPTP is
converted inside the brain into the active
metabolite 1-methyl-4-phenylpyridinium
ion, which kills nigrostriatal dopaminergic
neurons through a number of mechanisms
that include the inhibition of complex I of
the mitochondrial respiratory chain (for
review, see Przedporski and Jackson-
Lewis, 1998). MPTP toxicity is attenuated
by NMDA receptor antagonists, indicating
the existence of an excitotoxic component
in nigrostriatal degeneration (Turski et al.,
1991). Systemic administration of
LY379268 slightly attenuates nigrostriatal
damage caused by near-to-maximal doses
of MPTP (80 mg/kg), which kill �90% of
nigral dopaminergic neurons, but is inac-
tive when challenged against doses of
MPTP (30 mg/kg) that kill only 40 –50% of
nigral neurons (Battaglia et al., 2003). We
restricted the study to the lower dose of
MPTP because of the high mortality
caused by the higher dose. LY379268 was
protective only in mGlu2�/� mice, sug-
gesting that activation of mGlu2 receptors
in wild-type mice counterbalances the protective activity of
the drug. Thus, in vitro and in vivo data converge in showing
that it is the mGlu3 receptor that mediates the neuroprotective
activity of mGlu2/3 receptor agonists and that a combined acti-
vation of mGlu2 and mGlu3 receptors limits the extent of
neuroprotection.

We predict a high neuroprotective activity of selective ortho-
steric agonists or positive allosteric modulators of mGlu3 recep-
tors. These drugs might also be advantageous because disruption
of memory processing by mGlu2/3 receptor agonists is entirely
mediated by mGlu2 receptors (Higgins et al., 2004). N-acetyl-
aspartylglutamate (NAAG), the only selective mGlu3 receptor
agonist currently available that has no effect on mGlu2 receptors

(Wroblewska et al., 1997), is protective against excitotoxic death
(Wroblewska et al., 1993; Orlando et al., 1997; Bruno et al., 1998a;
Yourick et al., 2003; Bergeron et al., 2005). This drug, however,
does not cross the blood– brain barrier, and is also active at
NMDA receptors (Westbrook et al., 1986; Sekiguchi et al., 1992)
(but see also Losi et al., 2004). In addition, the evidence that
inhibitors of the NAAG-degrading enzyme, NAALADase, are
protective in a wide range of cellular and animal models of neu-
rodegeneration (for review, see Jackson and Slusher, 2001) lends
additional credit to the hypothesis that mGlu3 receptors are po-
tential targets for neuroprotective agents. From a clinical stand-
point, selective agonists/enhancers of mGlu3 receptors might be
helpful in the treatment of acute and chronic neurodegenerative
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Figure 9. Effects of LY379268 on the release of endogenous glutamate (A) and GABA (B) induced by veratridine in striatal
synaptosomes prepared from wild type, mGlu2 �/�, and mGlu3 �/� mice. Line scatter plots, Time course of the veratridine-
evoked release of neurotransmitters in the absence (open symbols) or presence (filled symbols) of 100 nM LY379268. The minute
of superfusion at which collection of every fraction began is shown in the abscissa. LY379268 was added at the end of the first
collected fraction (arrows). Results are expressed as nmol/mg prot/fraction. Data are means � SEM of four experiments run in
triplicate (three superfusion chambers for each experimental condition). *p � 0.05 versus control (i.e., no drug added). Bar plots,
Concentration– effect relationship of LY379268 on veratridine-evoked release of endogenous neurotransmitters. Open bars,
veratridine (10 �M)-evoked release of endogenous neurotransmitters; gray bars, veratridine plus LY379268-evoked release of
endogenous neurotransmitters. Results of the induced overflow are expressed as nmol/mg prot. Data are means � SEM of three
to four experiments run in triplicate. *p � 0.05 versus control (i.e., no drug added).
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disorders provided that these drugs have a good profile of safety
and tolerability. In contrast, selective agonists/enhancers of
mGlu2 receptors might amplify neuronal death when used for
the treatment of anxiety or psychosis in patients with Alzheimer’s
disease, Parkinson’s disease, or other neurodegenerative
disorders.
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