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Astrocytes are currently studied intensively because of their now highlighted relevance as key players
with neurons that modulate a wide range of central functions, from synaptic plasticity and synapto-
genesis to regulation of metabolic and neuroinflammatory processes.

Since the discovery of mGlu3 receptors on astrocytes, accumulating evidence supports a role of these
receptors not only in maintaining synaptic homeostasis and treating psychiatric disorders but also in
promoting astrocyte survival in several pathologic conditions.

This review focuses on providing up-to-date knowledge regarding effects of activating astroglial
mGlu3 receptors on psychiatric disorders, astrocyte and neuronal survival, and neurodegenerative
diseases.

This article is part of a Special Issue entitled ‘Metabotropic Glutamate Receptors’.
� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Current concepts in neuroscience research stress the physio-
logical role of glia in the central nervous system (CNS) and the
functional interdependence between neuroglia and neurons. It is
now known that astrocyte-neuron partnership is not static but
shows dynamic transformations that might be essential for
synaptic plasticity (García-Marín et al., 2007). Also, neuropa-
thology, to a very large extent, is shaped by glial performance.

The discovery of the presence of metabotropic glutamate
(mGlu) receptors on astrocytes and the study of actions derived
from astrocytic mGlu receptor activation has not only enabled us to
understand several astrocyte functions but also created novel
potentialities for this cell type. This review summarizes exciting
findings on actions that subtype 3 mGlu (mGlu3) receptors display
in astrocytes and their impact on CNS physiopathology.
2. Astrocytes

Glial cells are currently classified into two major groups:
microglia and macroglia, the latter including ependymal cells,
Schwann cells, oligodendroglia and astroglia. In turn, the term
astroglia includes astrocytes, marginal glia, radial glia, cerebellar
Bergmann cells, retinal Müller cells, neurohypophyseal pituicytes
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and hypothalamic tanycytes (García-Segura and McCarthy, 2004).
Ontogenically, all glial cells differentiate from a unique neuro-
ectodermal bipotential cell shared with neural lineage, except for
mesenchyme-derived microglia (Carlson, 2004). Macroglial and
microglial cells express group II mGlu receptors, although each cell
type may exhibit a different receptor subtype profile, as detailed
below.

Astroglia form the first line of brain defence by controlling the
volume and composition of extracellular space (Rodríguez et al.,
2009). Astrocytes maintain normal brain function including
survival and migration of neurons during development. They have
perivascular feet which connect with brain blood vessels, an
interaction that helps to maintain and regulate blood brain barrier
permeability (Abbott, 2000; Hayashi et al., 1997; Sobue et al., 1999).
Astrocytic end-feet release signals that support the formation and
maintenance of tight junctions between endothelial cells as well as
the expression of transport molecules in endothelial cells including
glucose transporter GLUT1 (Abbott, 2002; Janzer and Raff, 1987;
Magistretti et al., 1999). Moreover, in response to synaptic gluta-
mate, astrocytes generate vasoactive metabolites, which regulate
blood flow in order to cover neuronal metabolic demand (Blanco
et al., 2008). Morphological studies reveal that astrocytes are in
close contact with neuronal synapses (Grosche et al., 2002, 1999;
Ventura and Harris, 1999) and can send signals directly to
neurons (Chaudhry et al., 1995; Lehre et al., 1995; Takano et al.,
2006), thus modulating synaptic plasticity and neuronal homeo-
stasis (Fig. 1). Some authors describe this as a “tripartite synapse”
formed by the presynaptic neuron, the post-synaptic neuron and
surrounding astrocytes (Araque et al., 1999). Astrocytes can sense
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Fig. 1. Astrocyte functions.
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the activity of neighboring synapses and respond to neurotrans-
mitters released by synaptic terminals. Their response may induce
an increase in the intracellular Ca2þ concentration in adjacent glial
cells forming an astrocyte network interconnected via gap junc-
tions (Cornell-Bell et al., 1990), and this increase may in turn lead to
the release of various glial transmitters, such as glutamate, serine,
ATP or taurine (Micevych et al., 2009; Parpura and Haydon, 2000;
Pascual et al., 2005; Santello and Volterra, 2009; Theodosis et al.,
2008). Astrocytes are also thought to regulate synaptogenesis,
since neuron-astrocyte co-cultures developed seven times more
synapses than pure neuronal cultures (Pfrieger and Barres, 1997;
Ullian et al., 2001).

Astrocytes can transform glucose into lactate, which is taken by
neurons and metabolized into pyruvate, a more direct energy
source for neurons (Danbolt, 2001). They can also accumulate
glycogen as an energy reservoir (Dringen et al., 1993). Glycogen
turnover in astrocytes increases with enhanced neuronal activity to
provide extra energy supply to neurons, whereas both glutamate
and insulin have been shown to increase glycogen synthesis in
astrocytes (Benarroch, 2005).

Glial cells also have a role in the regulation of ion concentra-
tions. Since Kþ is osmotically active, [Kþ]o buffering leads to
astrocyte swelling (Benarroch, 2005), whereas transportation of Hþ

out of the cell results in an “alkaline shift” in astrocytes, which is
mirrored by acidification of extracellular space that may serve
as a negative feedback mechanism that reduces synaptic activity
(Benarroch, 2005).

Astrocytes express aquaporins, water-selective transport
proteins that increase water permeability (Amiry-Moghaddam and
Ottersen, 2003; Gunnarson et al., 2004) and have a crucial role in
brain water homeostasis and cerebrospinal fluid production
(Benarroch, 2005).

On another front, in response to injury, astrocytes become “reac-
tive” and develop hypertrophy and a higher number of cellular
processes, produce higher levels of glial fibrillary acidic protein,
proliferate, release cytokines andparticipate in the glial scar (Liberto
et al., 2004). However, when injury is milder or in astrocytes more
distalfromdamage,reactivechangesdonotdistortthearchitectureof
CNS tissue. Instead, astrocytes increase the activity of antioxidant
enzymesandtheproductionofneurotrophicandgrowthfactorssuch
as brainderivedneurotrophic factor (BDNF) andnerve growth factor
(NGF) (Albrecht et al., 2002; Marz et al., 1999; Muller et al., 1995;
Rudge et al., 1995; Schwartz and Nishiyama, 1994; Swartz et al.,
2001), vitamin E and C and glutathione (Wilson, 1997). This type of
response isassociatedwith improved tissuerecovery, isolationof the
damaged area, reconstruction of the blood-brain-barrier and facili-
tation of remodeling of brain circuits in areas surrounding the lesion
region (Rodríguez et al., 2009).

Possibly the most important function of astrocytes is removal of
glutamate from the synaptic space through specific transporters
(Anderson and Swanson, 2000), thereby avoiding excitotoxicity
resulting from glutamate excess. High-affinity glutamate trans-
porters expressed in astrocytes are glutamate/aspartate transporter
(GLAST) and glutamate transporter 1 (GLT1). Once within the
astrocyte, glutamate is transformed into glutamine by glutamine
synthetase or catabolized via tricarboxylic acid cycle. Astrocytes
then pass glutamine to neurons for conversion back into glutamate,
since neurons are unable to achieve a net synthesis of glutamate
through intermediary metabolism (Albrecht et al., 2007). Since the
brain lacks an effective urea cycle, astrocyte synthesis of glutamine
is the major mechanism for ammonia detoxification in the nervous
system (Suarez et al., 2002).

Because of their emerging role as key pieces in the maintenance
of normal functioning of the CNS, we now understand that any
impairment of astroglial function may ultimately lead to general-
ized disturbance in the brain. Thus, pharmacological targets asso-
ciated with protection of neurons as well as prevention of astrocyte
death are actually promising.

3. mGlu receptors

mGlu receptors form a complex system regulating neuronal
function at several levels: from neuronal development and synaptic
transmission/plasticity to neuronal death, since mGlu receptor
activation not only modulates excitotoxicity but also induces the
release of trophic factors from glial cells. In fact, mGlu receptors are
believed to have evolved as part of a modulating mechanism for
controlling CNS excitability (Schoepp, 2001). Consequently, mGlu
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receptor activation is strongly associated with neuroprotection in
several models of neurodegenerative diseases.

mGlu receptors belong to the superfamily of class III G-protein-
coupled receptors and, unlike fast responses triggered by ionotropic
receptors, mGlu receptors mediate slower responses by coupling to
second messenger-mediated reactions. mGlu receptors have been
classified into three groups based on molecular structure, sequence
homology, pharmacological profile and associated second
messengers. Group I includes mGlu1 and mGlu5 receptor subtypes
whose activation leads to phospholipase C (PLC) activity, inositol-
1,4,5-triphosphate and diacylglycerol production, calcium mobili-
zation and protein kinase C (PKC) activation (Cartmell and Schoepp,
2000). Group II (mGlu2 receptor andmGlu3 receptor subtypes) and
group III (mGlu4/6/7/8 receptor subtypes) mGlu receptors are
coupled to Gi/G0 proteins which inhibit adenylate cyclase and
reduce cyclic AMP (cAMP) levels (Cartmell and Schoepp, 2000). In
group II, the mGlu2 receptor subtype is mainly located in the
presynaptic terminals of glutamatergic neurons where it inhibits
glutamate release, maintaining glutamatergic transmission within
physiological range (Schoepp, 2001) whereas the mGlu3 receptor
subtype is preferentially present postsynaptically and in glial cells
(Riedel et al., 2003; Schoepp, 2001).

As modulators of synaptic function, group II mGlu receptors
reduce glutamate excitatory post-synaptic potentials (EPSP) via
a presynaptic mechanism, whereas they presynaptically suppress
the release of GABA from neurons enhancing cell excitability
(Anwyl, 1999). Thus, the actions of mGlu2/3 agonists may depend
on the relative roles of mGlu receptors to modulate presynaptic
suppression of glutamate versus GABA release (Schoepp, 2001).
Recently, the use of two distinct rat strains expressing different
levels of mGlu2 and mGlu3 receptors revealed the ability of
mGlu3 receptors to fully regulate synaptic transmission (Ceolin
et al., 2011). Presynaptic mGlu2 receptors appear to be essential
for inducing long-term depression (LTD) at the hippocampus
(Schoepp, 2001), although blockade of mGlu3 receptor with b- N-
acetylaspartylglutamate (b-NAAG) prevents hippocampal LTD via
a post-synaptic mechanism, suggesting that this receptor would
also be critically required for LTD (Pöschel et al., 2005), whereas
mGlu3 receptor activation with NAAG impaired the expression of
long-term potentiation (LTP) (Lea et al., 2001; Pöschel et al., 2005).

Traditionally, mGlu1/5 receptor antagonists have been exten-
sively studied as neuroprotective agents, possibly because of the
generally accepted function of mGlu1/5 receptors as enhancers of
cellular excitability. Group III mGlu receptor agonists display some
therapeutic actions in models of Parkinson’s disease, addiction and
anxiety; however, their actions in astrocytes have yet to be studied
in detail.

On the other hand, group II mGlu receptors have drawn more
attention from neuroresearchers who associated these receptors in
most cases with cytoprotective effects in neurons and astroglia.
Group II mGlu receptors have became attractive pharmacological
targets because of: (i) their presynaptic and glial location which
contributes to modulate glutamate excess at the synaptic cleft,
which is associated with excitotoxicity and psychiatric and neuro-
degenerative diseases; (ii) their capability to induce release of
trophic factors; and (iii) their high expression in strategic areas of
the CNS that are relevant to neuropsychiatric disorders, such as
neocortex, thalamus, striatum, hippocampus and amygdala (Ohishi
et al., 1998, 1993a,b).

3.1. Group II mGlu receptor ligands

In the late eighties, (1S,3R)-1-aminocyclopentane-1,3-
dicarboxylic acid (ACPD) was launched as the first agonist
discriminating between ionotropic and metabotropic glutamate
receptors (Palmer et al., 1989), and was followed by the develop-
ment of several non-selective ligands such as (2S,10S,20S)-2-(Car-
boxycyclopropyl)glycine (L-CCG-I). It was not until the late nineties
that group II mGlu receptor-selective ligands such as (1S,2S,5R,6S)-
2-Aminobicyclo[3.1.0] hexane-2,6-dicarboxylic acid (LY354740)
and (1R,4R,5S,6R)-4-Amino-2-oxabicyclo[3.1.0]hexane-4,6-
dicarboxylic acid (LY379268) appeared, showing nanomolar affin-
ities for these receptors (Monn et al., 1999, 1997). The highly
conserved sequences of mGlu2 and mGlu3 receptors have made it
difficult to find agonists able to discriminate between these
subtypes. In this sense, positive (PAM) and negative (NAM) allo-
steric modulators developed recently are yielding new and inter-
esting data on differential functions of mGlu2 andmGlu3 receptors.
Even though the development of an mGlu3 receptor selective
agonist or PAM is delayed, the use of the endogenous neurotrans-
mitter NAAG as a selective mGlu3 receptor agonist remains
a controversial issue. Chopra et al. (2009) and Fricker et al. (2009)
postulated that effects reported for NAAG were actually associ-
atedwith traces of glutamate remaining in unpurified preparations.
However, this was rebutted by Neale (2011) after compiling all
available papers on this topic. Wroblewska et al. (2011) also
vindicated themselves by showing that highly purified prepara-
tions of NAAG conserve mGlu3 receptor agonism.

A detail of some currently available mGlu3 receptor ligands is
summarized in Tables 1.

3.2. Applications of mGlu2/3 receptor agonists in psychiatry and
neurology

In vivo assays have been developed to study group II mGlu
receptors in several animal models of neurological diseases and
numerous clinical trials have even been run or are being success-
fully developed.

Group II agonists are used for treatment of panic attack and
anxiety disorders (Levine et al., 2002). Dunayevich et al. (2008)
showed improved scores in patients with generalized anxiety
disorder being treated with the LY354740 prodrug LY544344,
although the risk of convulsions demonstrated in preclinical trials
led to discontinuation of this study. Although the mechanism of
anxiolytic action of mGlu receptor ligands has not been completely
elucidated, it could correlate with suppression of enhanced gluta-
matergic excitation at brain synapses involved in fear/anxiety in
animals and humans (Schoepp et al., 2003). This anxiolytic effect
has been specifically associated with mGlu2 receptor activation,
provided that rats lacking mGlu2 receptors show an anxiety-like
profile (Ceolin et al., 2011).

LY379268, LY2140023 (the LY404039 prodrug) and LY404039
suppress the behavioral and physiological effects of psychotomi-
metic drugs and serotonergic hallucinogenic drugs, both enhancers
of glutamate release, and show their efficacy in the treatment of
schizophrenia (Chaki et al., 2010; Marek, 2004; Moreno et al.,
2009). In clinical trials, LY404039 improved both positive and
negative symptoms of schizophrenia compared to placebo (Patil
et al., 2007). Some authors have associated schizophrenic pheno-
type with mutations within mGlu receptor genes GRM2 and GRM3
(Chen et al., 2005; Fujii et al., 2003; Moreno et al., 2009; Sartorius
et al., 2008). In particular, an intronic variation in GRM3 was
associated with behavioral, physiological and molecular (altered
levels of glutamate transporters) phenotypes related to schizo-
phrenia (Egan et al., 2004). Both mGlu2 and mGlu3 receptor levels
were reported to be decreased in schizophrenic subjects (Corti
et al., 2007; Ghose et al., 2009; González-Maeso et al., 2008).
Studies using mGlu2�/� and mGlu3�/� animals suggest that the
antipsychotic activity of dual mGlu2/3 receptor agonists is largely
mediated by the activation of mGlu2 receptors and is mimicked by



Table 1
Pharmacological agents for mGlu3 receptors.

Ligand Action Structure EC50 or IC50 values (mM)a

mGlu1/5 mGlu2 mGlu3 mGlu4/6/8 mGlu7

Glutamate Endogenous, non-selective agonist 1e13 03e12 2e9 3e38 2300

ADED Group II antagonist >300 18 6.1 >300

NAAG Endogenous mGlu3 agonist >300 134e1000 10e65 >300 e

ACPD Group I/II agonist 15e40 5 e 60 (mGlu6) e

L-CCG-I Non-selective agonist 2e3 0.5 0.4 3e9 230

DCG-IV Group II agonist Antag. >300 0.1e0.4 0.1e0.2 Antag.> 20

APDC Group II agonist >100 0.4 >100

LY379268 Group II agonist >100 0.003 0.005 0.4e21 >100

LY354740 Group II agonist >100 0.01 0.04 3e12 (mGlu6/8) >100
LY404039b Group II agonist >10 0.023 0.048 >10 >10
LY541850 mGlu2 agonist, mGlu3 antagonist e 0.16 Antag. e e

LY487379 mGlu2 PAM e 1.7 >10 e e

LY2389575c mGlu3 NAM >12.5 >12.5 0.2 >12.5

Ro4491533 mGlu2 NAM e 0.002 e e e
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Table 1 (continued )

Ligand Action Structure EC50 or IC50 values (mM)a

mGlu1/5 mGlu2 mGlu3 mGlu4/6/8 mGlu7

LY341495 Group II antagonist 6.8e9.7 0.021 0.014 0.17e22

S-BnQuis Group II antagonist 300 7.1 e e e

EGLUd Group II antagonist e KD¼ 66 e e

a Data from Pin and Acher (2002).
b Rorick-Kehn et al. (2007).
c Caraci et al. (2011a).
d Jane et al. (1996).
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selective PAMs of mGlu2 receptor (Fell et al., 2008; Fraley, 2009;
Galici et al., 2005). However, possible involvement of mGlu3
receptor in antipsychotic actions has also been suggested since
NAAG exhibits antipsychotic effects in animal models (Olszewski
et al., 2008). Further, increased levels of glial glutamate trans-
porters (Aronica et al., 2003) and transforming growth factor beta
(TGF-b) (Bruno et al., 1998) after mGlu3 receptor activation could
also contribute to enhancing dendritic growth and spine formation,
both of which are reduced in schizophrenia (Chaki, 2010).

The efficacy of mGlu2/3 receptor agonists has been proven in
depression (Marek, 2002), chronic pain (Chiechio et al., 2002;
Simmons et al., 2002), epilepsy (Klodzinska et al., 2000; Moldrich
et al., 2001), hypoxia-ischemia (Bond et al., 1999; Cai et al., 1999;
Ciccarelli et al., 2007; Poli et al., 2003), Parkinson’s disease
(Battaglia et al., 2003; Murray et al., 2002), and drug addiction
(Bäckström and Hyytiä, 2005; Baptista et al., 2004; Bossert et al.,
2005; Peters and Kalivas, 2006).

Clinical trials with group II mGlu receptor agonists have not
been associated with major liabilities such as sedation, amnesic
symptoms, withdrawal upon discontinuation of the drug, prolactin
elevation, extrapyramidal symptoms, or weight gain (Conn and
Jones, 2009). Nevertheless, because of the ubiquity of mGlu
receptors in peripheral tissues, unacceptable side effects on other
target organs might be associated with long-term mGlu receptor
agonist administration and should be more intensively analyzed.
Effects such as endocrine alterations, impairment of fertility and
defects of embryogenesis, immune deficits, sense function
impairment, tumor development and osteoporosis are issues in
need of further study (Durand et al., 2011a).

3.3. Targeting astrocytic mGlu3 receptor for neuroprotective
therapies

Most reported findings in the mGlu receptor field focus on
neuronal mGlu receptors or on the neural impact of activating
mGlu receptors. However, only a few research groups have turned
their attention to the study of autocrine effects of mGlu receptor
ligands on glial cells. In fact, since the pathology of CNS trauma and
neurodegeneration is multifactorial, therapies aimed at modulating
multiple physiopathological pathways (including neurons, astro-
cytes, microglia, oligodendrocytes, endothelial cells, and circulating
immune cells) may be more effective than those directed at a single
target (Byrnes et al., 2009).

3.3.1. mGlu receptor expression in glia
Numerous studies have shownmGlu receptor expression in glial

cells. mGlu3 receptor mRNA and protein expression was found in
oligodendroglial progenitor cells and in differentiated oligoden-
drocytes (Luyt et al., 2006). In normal cerebral cortex, septum and
caudate-putamen, oligodendrocytes show a homogeneous distri-
bution of mGlu3 receptor mRNA expression, which was increased
in injured brain (Mudo et al., 2007). In control human brain, no
detectable mGlu2/3 receptor was observed in resting microglia, but
was present in a population of microglial cells with ameboid
(macrophage-like) morphology on chronic active multiple sclerosis
lesions (Geurts et al., 2003). Accordingly, mGlu3 receptor was not
found expressed in the microglia of normal rat brain (Mudo et al.,
2007). However, primary cultured microglia express mGlu3
receptor (Taylor et al., 2002) and its expression was increased by
bacterial lipopolysaccharide (LPS) and enhanced in an amyotrophic
lateral sclerosis model (Berger et al., 2012). Schwann cells were also
reported to respond to the mGlu3 receptor agonist (2R,4R)-4-
aminopyrrolidine-2,4-dicarboxylic acid (APDC) (Berent-Spillson
and Russell, 2007).

Astrocytes in particular have been shown to express mainly
mGlu3 and mGlu5 receptors (Balázs et al., 1997; Condorelli et al.,
1997; Ferraguti et al., 2001; Miller et al., 1995; Nakahara et al.,
1997; Schools and Kimelberg, 1999) whereas neither mRNA nor
protein for mGlu2 receptor has been found in this cell type. In
in vivo studies mGlu3 receptor, but not mGlu2 receptor, expression
was found in astrocytes (Liu et al., 1998; Mineff and Valtschanoff,
1999; Mudo et al., 2007; Ohishi et al., 1998, 1993a,b; Petralia
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et al., 1996; Shigemoto et al., 1997; Tamaru et al., 2001). We have
also identified protein expression of this receptor in rat cultured
astrocytes by immunocytochemistry and Western blot, also
showing that it is functionally active, since LY379268 inhibited
forskolin-induced intracellular cAMP accumulation (Durand et al.,
2011b, 2010). A recent study revealed that mGlu3 and mGlu5
receptors are compartmentalized within the peripheral astrocyte
process associated with the synapse and that these receptors
mediate glutamate-induced motility of filopodia, thereby stimu-
lating peripheral astrocyte process plasticity (Lavialle et al., 2011).

Mudo et al. (2007) demonstrated thatmGlu3 receptor expression
increases in reactive astrocytes after cerebral injury, as did other
authors in animal models of epilepsy (Aronica et al., 2000), multiple
sclerosis (Geurts et al., 2003) and persistent inflammation (Dolan
et al., 2003). In cultured astrocytes, mGlu3 and mGlu5 receptors
levels were induced by growth factors such as epidermal growth
factor, basic fibroblast growth factor and transforming growth factor
alpha (Minoshima and Nakanishi, 1999). We also showed that
astrocyte mGlu3 receptor protein levels are raised by the combined
inflammatory stimuli LPS and interferon-g (LPSþIFN-g) whereas
they are diminished by prolonged (24 h) exposure to LY379268,
suggesting an auto-regulatory mechanism of mGlu receptor activa-
tion possibly involving homologous desensitization that might
protect against receptor over-stimulation (Durand et al., 2010).

3.3.2. Neuroprotective actions of astrocytic group II mGlu receptors
Since altered glutamatergic transmission has been postulated as

the pathologic base of several degenerative disorders (Nguyen
et al., 2011), prevention of excitotoxicity by mGlu2/3 receptor
activation is considered one of the most promising findings in
psychiatry. LY379268 protects neurons from N-Methyl-D-aspartate
(NMDA) toxicity through activation of presynaptic mGlu2/3
receptors which reduce glutamate release, while this neuro-
protective effect is potentiated by the presence of glial cells
(Kingston et al., 1999). Group II mGlu receptor activity induces GLT1
and GLAST expression (Aronica et al., 2003), increasing glutamate
reuptake by astrocytes (Yao et al., 2005) and group II mGlu receptor
activationwas shown to inhibit apoptosis of cultured dopaminergic
and mesencephalic neurons induced by conditioned medium of
astrocytes challenged by LPS, since glutamate uptake and produc-
tion of glutathione by astrocytes were recovered (Zhou et al., 2006).

However, glutamate transport modulation is not the only neu-
roprotective mechanism exerted by these receptors. mGlu2/3
receptor activity can also trigger the synthesis and release of several
protective proteins. Bruno et al. (1998) and D’Onofrio et al. (2001)
demonstrated that mGlu2/3 receptor activation in astrocytes
prevents NMDA-induced neuronal death and induces TGF-b release
via activation of Mitogen-activated protein kinases (MAPK) and
phosphoinositide 3-kinase (PI3K), whereas this neuroprotective
action was blocked by application of an antibody against TGF-b.
Concordantly, the high expression of mGlu3 receptor in epilepsy
models correlates with increased TGF-b production (Aronica et al.,
2000). TGF-b regulation of cell proliferation, differentiation,
migration, apoptosis and excitotoxicity (Katsuno et al., 2011) has
raised the potential therapeutic value of this cytokine for several
CNS disorders such as amyotrophic lateral sclerosis, Alzheimer’s
disease or epilepsy. Also, it is becoming increasingly clear that
actions of members of the TGF-b family in the CNS go beyond their
roles as neurotrophic and neuroprotective factors, also modulating
both excitatory and inhibitory synaptic transmission in the adult
mammalian brain (Krieglstein et al., 2011).

On the other hand, Moldrich et al. (2002) showed that LY379268
reduces forskolin-stimulated cAMP formation in astrocytes in the
absence of extracellular calcium but enhances cAMP formation in
the presence of calcium, which was associated with adenosine
release. Adenosine has been shown to be neuroprotective in glial
cells because of its regulatory role on Ca2þ - and cAMP-dependent
intracellular signaling (Schubert et al., 1996) which may lead, for
example, to increased expression of glial glutamate transporters
(Eng et al., 1997; Schlag et al., 1998).

LY379268 exerts a neuroprotective effect against NMDA
neurotoxicity in mixed astrocyte-neuron cultures from wild-type,
mGlu2�/� and mGlu3�/� mice, whereas this neuroprotection was
suppressed in mixed cultures containing wild-type neurons and
mGlu3�/� mice-derived astrocytes, thereby suggesting that the
protective actions of this mGlu3 receptor agonist requires activa-
tion of their glial receptors (Corti et al., 2007). mGlu3 receptor
agonists APDC and NAAG revert oxidative damage and cell death
induced by a high dose of glucose in neurons co-cultured with
Schwann cells in a cell culture model of diabetic neuropathy
(Berent-Spillson et al., 2004). This neuroprotective effect is related
to reduction in the accumulation of reactive oxygen species and to
increased glutathione content, and is completely dependent on the
presence of glial cells (Berent-Spillson and Russell, 2007). The
NAAG peptidase inhibition is also a novel potential strategy to
reduce both neuronal and astrocyte damage associated with
glutamate excitotoxicity after traumatic brain injury (Zhong et al.,
2005).

3.3.3. Autocrine functions of astrocytic mGlu2/3 receptor activation
In spite of the emphasis of current studies on the active and

crucial participation of glia in neuroprotective actions exerted by
the mGlu receptors system, the autocrine effects of astrocytic mGlu
receptor activation have been largely neglected.

Increased levels of NAAG after NAAG peptidase inhibition
reduces astrocyte loss induced by excitotoxicity after posttraumatic
brain injury (Zhong et al., 2005), potentiates interleukin-1b-
induced interleukin-6 release (Aronica et al., 2005) and induces the
release of NGF and S-100 calcium-binding protein beta subunit (S-
100b) from cultured astrocytes (Ciccarelli et al., 1999).

Glial cells are known to utilize the plasma membrane Naþ-
independent cystine-glutamate exchanger for cystine uptake
(Pow, 2001), a substrate for glutathione production that protects
cells against oxidative stress. Some studies performed on in vivo
models or on brain slices have suggested that group IImGlu receptor
activation promotes cystine uptake from glial cells (Baker et al.,
2002), although the only study to actually explore the role of these
receptors in astrocytes shows that APDC1 and10 mM(but not 1mM)
increase cystine-glutamate exchange (Tang and Kalivas, 2003).

Ciccarelli et al. (2007) demonstrated that mGlu3 receptor acti-
vation by LY379268 protects cultured astrocytes against apoptosis
induced by oxygen/glucose deprivation (OGD) by a mechanism
involving extracellular-signal-regulated kinases (ERK1/2/MAPK)
and PI3K activities. LY379268 promotes Bad phosphorylation
(inactivation), increases the cytosolic content of antiapoptotic
protein Bcl-xL, reduces the OGD-mediated stimulation of p38
MAPK and c-Jun N-terminal kinases (JNK) pathways and decreases
caspase 3 activity induced by OGD (Ciccarelli et al., 2007).

We have shown that mGlu3 receptor activation by LY379268
exerts an autocrine, protective role on cultured rat astrocytes, not
only by reducing inducible nitric oxide synthase (iNOS) expression
and nitric oxide (NO) production (both induced by LPSþ IFN-g) but
also by preventing astroglial death induced by the NO donor
diethylenetriamine nitric oxide adduct (DETA/NO) (Durand et al.,
2010). We demonstrated that the cytoprotective effect of the
agonist correlates with decreased p53 expression and phosphory-
lation, decreased Bax activation, increased Bcl-2 expression and
prevention of mitochondrial membrane permeabilization and
cytochrome-c and apoptosis inducing factor release into the
cytosol, all events altered by NO (Durand et al., 2010). Congruently,



Table 2
Protective actions of astroglial mGlu3 receptor activation on neurons and astrocytes.

Model Ligand Effect References

Neuroprotection
NMDA toxicity in mixed neuro-glial cultures LY379268, LY354740 Prevention of neuron death Kingston et al., 1999

DCG-IV, 4C3HPG, Bruno et al., 1998; D’Onofrio et al., 2001
LY379268

Conditioned media from LPS-challenged
astrocytes

DCG-IV Inhibition of neuron apoptosis Zhou et al., 2006

NMDA toxicity in mixed neuro-glial cultures
from mGlu2�/� and mGlu3�/� mice

LY379268 Prevention of neuron death Corti et al., 2007

Diabetic neuropathy, neuron-Schwann
cells co-cultures

NAAG, APDC Reversion of oxidative damage
and prevention of neuron death

Berent-Spillson and Russell, 2007

Traumatic brain injury NAAG peptidase inhibitor Reduction of neuron damage Zhong et al., 2005
Conditioned media from MPPþ-challenged

astrocytes
DCG-IV Inhibition of MPPþ neurotoxicity

by increasing glutamate reuptake
Yao et al., 2005

Ab neurotoxicity in mixed neuro-glial cultures
from mGlu3�/- mice

LY379268 Prevention of neuron death Caraci et al., 2011a

Autocrine actions
Cultured astrocytes and in vivo assays DCG-IV, 4C3HPG, LY379268 Increase in TGF-b levels Bruno et al., 1998; D’Onofrio et al., 2001
Cultured astrocytes DCG-IV, APDC Increase in NGF and S100b levels Ciccarelli et al., 1999
Cultured astrocytes and glioma cell lines DCG-IV Induction of GLT1 and GLAST protein Aronica et al., 2003
OGD deprivation in cultured astrocytes LY379268 Reduction of astrocyte apoptosis Ciccarelli et al., 2007
Traumatic brain injury NAAG peptidase inhibitor Reduction of astrocyte damage Zhong et al., 2005
Nitric oxide toxicity (sodium nitroprusside) in

cultured astrocytes
NAAG, FN6, LY354740 Reduction of astrocyte apoptosis Wroblewska et al., 2006

LPS/IFN-g and nitric oxide toxicity in cultured
astrocytes

LY379268, LY404039, L-CCG-I Reduction of astrocyte apoptosis
and inhibition of NO synthesis

Durand et al., 2010, 2011b

D. Durand et al. / Neuropharmacology 66 (2013) 1e11 7
mGlu3 receptor agonism also prevents LPSþIFN-g-induced astro-
cyte death, which is mediated by NO synthesis (Durand et al., 2010).

Although our results show no changes in DETA/NO-induced
cyclic GMP (cGMP) levels by group II mGlu receptor activation in
cultured astrocytes, Wroblewska et al. (2006) showed that NAAG,
4,40-phosphinicobis-(butane-1,3 dicarboxilic acid), and LY354740
(all group II mGlu receptor agonists) were able to decrease sodium
nitroprusside-stimulated cGMP levels in cerebellar granule cells
and cerebellar astrocytes and to limit programmed cell death
induced by the NO donor.

We also postulated recently that reduction in cAMP content,
activation of PI3K/Akt pathway and increased interaction between
p65 and c-Rel, members of the NF-kB family, are mechanisms
responsible for cytoprotective actions of astroglial mGlu3 receptor
against NO challenge (Durand et al., 2011b). These results suggest
that astroglial mGlu3 receptor might exert a protective effect
against neuroinflammatory processes involving dysregulated
production of NO and astrocyte loss, which could lead to the
development of neurodegenerative disorders. Table 2 summarizes
protective actions of astroglial mGlu3 receptors.

Since ischemic and inflammatory insults induce astrocyte
apoptotic death, which contributes to the physiopathology of short-
and long-term neurodegenerative disorders (Takuma et al., 2004),
it is fundamental to support and promote astrocyte function and
survival. In fact, apoptotic astrocytes were found in Alzheimer’s
disease (Kobayashi et al., 2002), ischemic demyelinating lesions in
vascular dementia (Tomimoto et al., 1997), and in the greymatter of
frontotemporal dementia (Martin et al., 2000). Also, both astroglial
death and reactive astrogliosis may develop in parallel during
neurodegenerative processes resulting in dementia (Rodríguez
et al., 2009).

3.4. Astrocytic mGlu3 receptor in Alzheimer’s disease: an incipient
field of research

Accumulation of b-amyloid (Ab) in the brain is one of the hall-
marks of Alzheimer’s disease (AD) that might play a key role in
initiating and propagating disease pathology (Nicoll and Weller,
2003). Ab accumulation might result from decreased elimination
from the brain as well as from increased production from the
amyloid precursor protein (APP) (Nicoll and Weller, 2003).
Sequential cleavage of APP by b-secretase and g-secretase produces
soluble APPb (sAPPb) and Ab peptide, the major component of
amyloid plaques found in AD (Thinakaran and Koo, 2008). Non-
amyloidogenic cleavage by a-secretase and g-secretase releases
the carboxyl-truncated secreted sAPPa and non-amyloidogenic
3 kDa peptide (p3) instead of intact 4 kDa Ab (Thinakaran and
Koo, 2008).

Some studies suggested that astrocytes have a role not only in
Ab clearance (Nagele et al., 2003; Wyss-Coray et al., 2003), but also
in Ab degradation, as was evidenced by the presence of N-termi-
nally truncated Ab peptides in astrocytes of human AD brains
(Funato et al., 1998; Thal et al., 1999) and by the clearance of the
majority of 35S-Met-labeled Ab from culture media of postnatal rat
astrocytes (Shaffer et al., 1995).

Given that alterations in the cycling of glutamate-glutamine
have been observed in AD (Walton and Dodd, 2007), it is possible
that glutamate and its receptors might be involved in AD
progression. In fact, stimulation of group I and II mGlu receptors
with ACPD in cortical and hippocampal slices rapidly increases
sAPP release into the medium, an effect which was prevented by
a PKC inhibitor, whereas agonists of ionotropic glutamate receptors
had no effect on sAPP production (Ulus andWurtman,1997). Unlike
neurons, astrocytes do not increase sAPP secretion in response to
direct activation of PKC (Gabzuda et al., 1993); instead, astrocytes
secrete abundant levels of Ab (Busciglio et al., 1993). However, Lee
and Wurtman (1997) demonstrated that exposure of astrocyte
cultures to group I/II mGlu receptor agonist ACPD does promote
non-amyloidogenic APP processing and increases sAPP secretion.
Since then, no further studies have complemented these results
using the newest, subtype-selective mGlu receptor ligands in order
to establish which mGlu receptor subtype could be responsible for
this neuroprotective effect, although the fact that both cAMP and
forskolin inhibited ACPD-induced sAPP secretion (Lee and
Wurtman, 1997) would indicate the involvement of group II mGlu
receptors (which are negatively coupled to adenylate cyclase) in the
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effect of ACPD. Also, an mGlu receptor antagonist L-2-amino-3-
phosphonopropionic acid (L-AP3) was able to inhibit sAPP secre-
tion induced by the agonist, but did not inhibit PI hydrolysis,
indicating that these two events are not necessarily coupled in
astrocytes (Lee and Wurtman, 1997) and discarding the participa-
tion of PI-coupled mGlu receptors in this effect. Other findings are
in line with the hypothesis that cAMP signaling is involved in APP
processing: an increased number of b2-adrenergic receptors
coupled to cAMP formation has been detected in the post mortem
AD brain (Kalaria et al., 1989); a significant increase of cAMP levels
in cerebrospinal fluid from patients of AD (Martinez et al., 1999);
elevations in intracellular cAMP levels inhibit sAPP secretion from
C6 glial cell lines (Efthimiopoulos et al., 1996). Recently, Caraci et al.
(2011a) demonstrated that the selective mGlu2 receptor enhancer
LY566332 potentiated toxicity of Ab peptides both in mixed and in
pure neuronal cultures; however, in mixed cultures the mGlu2/3
receptor selective agonist LY379268 reduced Ab-induced neuro-
degeneration, an effect abolished by an mGlu3 receptor NAM,
whereas LY379268 lost its neuroprotective activity in pure
neuronal cultures. These data indicate that activation of glial mGlu3
receptors results in neuroprotection against Ab. Consistent with
this, LY379268 lost its protective activity in murine mixed cortical
cultures using astrocytes obtained from mGlu3 receptor knockout
mice (Caraci et al., 2011a). In addition, astroglial mGlu3 receptor
activation induces TGF-b, which protects neurons against Ab-
toxicity; whereas type 2 TGF-b receptors are defective in the AD
brain (Caraci et al., 2011b; Tesseur et al., 2006).

All together, these findings are a powerful driving force for
further advances in this research area, which has just opened.

4. Concluding remarks

In recent years the traditional neuro-centric view of CNS phys-
iopathology has been replaced by a neuronal-glial paradigm in
which glial mGlu receptor activity gathers strength as a potential
therapeutic target for neurologic diseases. Here, we have discussed
the relevance of preserving astrocytes as major neuroprotective
players in the CNS, highlighting the role of mGlu3 receptor acti-
vation in astrocyte survival as wells as in the prevention of several
psychiatric and neurodegenerative diseases. Evidence compiled
here about the spreading neuroprotective mechanisms triggered by
astroglial mGlu3 receptor activation (such as modulation of exci-
totoxicity and glutamate transport, neurotrophin production,
glutathione production and reduction of oxidative damage, or the
amelioration of inflammatory processes) illustrates the potential of
these receptors for the treatment of yet unstudied neurological and
degenerative diseases. As an example, involvement of astroglial
mGlu3 receptor in Alzheimer’s disease deserves to be further
studied based on Lee and Wurtman’s old findings (1997) and given
the novel and interesting evidence brought to this field by Caraci
et al. (2011a).

Another issue that remains to be confirmed is the absence of
mGlu2 receptor protein in astrocytes, considering the recent
development of an mGlu2 subtype-selective antibody. In the same
line, the lack of mGlu3 receptor-selective agonists has delayed
further advances in this field. This issue originates in the number of
studies reporting opposite effects of mGlu2 and mGlu3 receptors,
such as those by Higgins et al. (2004) onmemory consolidation and
Caraci et al. (2011a) on Ab toxicity. These studies reveal the
importance of using subtype-selective ligands in order to define
specific actions of mGlu3 receptor in the CNS. Moreover, the use of
mGlu3�/� mice has provided interesting data on mGlu3 receptor
functioning in vivo, although this model can also be questioned,
given the evidence on compensatory changes in protein expression
in animals lacking one mGlu receptor subtype with up-regulation
of the remaining subtype (Lyon et al., 2008). Taken all together,
this evidence points to the need to develop new animal models for
the study of mGlu3 receptors, including models of cell-specific
ablation of mGlu3 receptor in astrocytes, which may yield more
reliable information concerning the role of these receptors in
astrocytes, a cell type intimately involved in both normal and
pathologic brain.

Funding

This work was supported by grants from the Agencia Nacional
de Promoción Científica y Tecnológica (ANPCyT), Consejo Nacional
de Investigaciones Científicas y Técnicas (CONICET) and Uni-
versidad de Buenos Aires. The funders had no role in study design,
data collection and analysis, decision to publish, or preparation of
the manuscript.

References

Abbott, N.J., 2002. Astrocyteeendothelial interactions and blood-brain barrier
permeability. J. Anat. 200, 629e638.

Abbott, N.J., 2000. Inflammatory mediators and modulation of bloodebrain barrier
permeability. Cell Mol. Neurobiol. 20, 131e147.

Albrecht, P.J., Sonnewald, U., Waagepetersen, H.S., Schousboe, A., 2007. Glutamine
in the central nervous system: function and dysfunction. Front. Biosci. 12,
332e343.

Albrecht, P.J., Dahl, J.P., Stoltzfus, O.K., Levenson, R., Levison, S.W., 2002. Ciliary neu-
rotrophic factor activates spinal cord astrocytes, stimulating their production and
release of FGF-2, to increase motor neuron survival. Exp. Neurol. 173, 46e62.

Amiry-Moghaddam, M., Ottersen, O.P., 2003. The molecular basis of water transport
in the brain. Nat. Rev. Neurosci. 4, 991e1001.

Anderson, C., Swanson, R., 2000. Astrocyte glutamate transport: review of proper-
ties, regulation, and physiological functions. Glia 32, 1e14.

Anwyl, R., 1999. Metabotropic glutamate receptors: electrophysiological properties
and role in plasticity. Brain Res. Rev. 29, 83e120.

Araque, A., Parpura, V., Sanzgiri, R.P., Haydon, P.G., 1999. Tripartite synapses: glia,
the unacknowledged partner. Trends Neurosci. 22, 208e215.

Aronica, E., Gorter, J.A., Rozemuller, A.J., Yancaya, B., Troost, D., 2005. Activation
of metabotropic glutamate receptor 3 enhances interleukin (IL)-1beta-stim-
ulated release of IL-6 in cultured human astrocytes. Neuroscience 130,
927e933.

Aronica, E., Gorter, J.A., Ijlst-Keizers, H., Rozemuller, A.J., Yankaya, B., Leenstra,
Troost, D., 2003. Expression and functional role of mGluR3 and mGluR5 in
human astrocytes and glioma cells: opposite regulation of glutamate trans-
porter proteins. Eur. J. Neurosci. 17, 2106e2118.

Aronica, E., Van-Vliet, E.A., Mayboroda, O.A., Troost, D., Da-Silva, F.H., Goterm, J.A.,
2000. Upregulation of metabotropic glutamate receptor subtype mGluR3 and
mGluR5 in reactive astrocytes in a rat model of mesial temporal lobe epilepsy.
Eur. J. Neurosci. 12, 2333e2344.

Bäckström, P., Hyytiä, P., 2005. Suppression of alcohol self-administration and cue-
induced reinstatement of alcohol seeking by the mGlu2/3 receptor agonist
LY379268 and the mGlu8 receptor agonist (S)-3,4-DCPG. Eur. J. Pharmacol. 528,
110e118.

Baker, D.A., Xi, Z.-X., Shen, H., Swanson, C.J., Kalivas, P.W., 2002. The origin and
neuronal function of in vivo nonsynaptic glutamate. J. Neurosci. 22, 9134e9141.

Balázs, R., Miller, S., Romano, C., de Vries, A., Chun, Y., Cotman, C.W., 1997. Metab-
otropic glutamate receptor mGluR5 in astrocytes: pharmacological properties
and agonist regulation. J. Neurochem. 69, 151e163.

Baptista, M.A., Martin-Fardon, R., Weiss, F., 2004. Preferential effects of the
metabotropic glutamate 2/3 receptor agonist LY379268 on conditioned rein-
statement versus primary reinforcement: comparison between cocaine and
a potent conventional reinforcer. J. Neurosci. 24, 4723e4727.

Battaglia, G., Busceti, C.L., Pontarelli, F., Biagioni, F., Fornai, F., Paparelli, A., Bruno, V.,
Ruggieri, S., Nicoletti, F., 2003. Protective role of group-II metabotropic gluta-
mate receptors against nigro-striatal degeneration induced by 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine in mice. Neuropharmacology 45, 155e166.

Benarroch, E.E., 2005. Neuroneastrocyte interactions: partnership for normal
function and disease in the central nervous system. Mayo Clin. Proc. 80,
1326e1338.

Berent-Spillson, A., Russell, J.W., 2007. Metabotropic glutamate receptor 3 protects
neurons from glucose-induced oxidative injury by increasing intracellular
glutathione concentration. J. Neurochem. 101, 342e354.

Berent-Spillson, A., Robinson, A.M., Golovoy, D., Slusher, B., Rojas, C., Russell, J.W.,
2004. Protection against glucose-induced neuronal death by NAAG and GCP II
inhibition is regulated by mGluR3. J. Neurochem. 89, 90e99.

Berger, J.V., Dumont, A.O., Focant, M.C., Vergouts, M., Sternotte, A., Calas, A.G.,
Goursaud, S., Hermans, E., 2012. Opposite regulation of metabotropic glutamate
receptor 3 and metabotropic glutamate receptor 5 by inflammatory stimuli in
cultured microglia and astrocytes. Neuroscience 205, 29e38.



D. Durand et al. / Neuropharmacology 66 (2013) 1e11 9
Blanco, V.M., Stern, J.E., Filosa, J.A., 2008. Tone-dependent vascular responses to
astrocyte-derived signals. Am. J. Physiol. Heart Circ. Physiol. 294, 2855e2863.

Bond, A., Ragummorthy, N., Monn, J.A., Hicks, C.A., Ward, M.A., Lodge, D.,
O’Neill, M.F., 1999. LY379268, a potent and selective group II metabotropic
glutamate receptor agonist, is neuroprotective in gerbil global, but not focal,
cerebral ischaemia. Neurosci. Lett. 273, 191e194.

Bossert, J.M., Busch, R.F., Gray, S.M., 2005. The novel mGluR2/3 agonist LY379268
attenuates cue-induced reinstatement of heroin seeking. Neuroreport 16,
1013e1016.

Bruno, V., Battaglia, G., Casabona, G., Copani, A., Caciagli, F., Nicoletti, F., 1998.
Neuroprotection by glial metabotropic glutamate receptor is mediated by
transforming growth factor-beta. J. Neurosci. 18, 9594e9600.

Busciglio, J., Gabzuda, D.H., Matsudaira, P., Yanker, B.A., 1993. Generation of b-
amyloid in the secretory pathway in neuronal and nonneuronal cells. Proc. Natl.
Acad. Sci. U.S.A. 90, 2092e2096.

Byrnes, K.R., Loane, D.J., Faden, A.I., 2009. Metabotropic glutamate receptors as
targets for multipotential treatment of neurological disorders. Neuro-
therapeutics 6, 94e107.

Cai, Z., Xiao, F., Fratkin, J.D., Rhodes, E.G., 1999. Protection of neonatal rat brain from
hypoxic-ischemic injury by LY379268, a group II metabotropic glutamate
receptor agonist. Neuroreport 10, 3927e3931.

Caraci, F., Molinaro, G., Battaglia, G., Giuffrida, M.L., Riozzi, B., Traficante, A.,
Bruno, V., Cannella, M., Merlo, S., Wang, X., Heinz, B.A., Nisenbaum, E.S.,
Britton, T.C., Drago, F., Sortino, M.A., Copani, A., Nicoletti, F., 2011a. Targeting
group-II metabotropic glutamate receptors for the treatment of psychosis
associated with Alzheimer’s disease: selective activation of mGlu2 receptors
amplifies b-amyloid toxicity in cultured neurons whereas dual activation of
mGlu2 and mGlu3 receptors is neuroprotective. Mol. Pharmacol. 79, 618e626.

Caraci, F., Battaglia, G., Bruno, V., Bosco, P., Carbonaro, V., Giuffrida, M.L., Drago, F.,
Sortino, M.A., Nicoletti, F., Copani, A., 2011b. TGF-beta1 pathway as a new target
for neuroprotection in Alzheimer’s disease. CNS Neurosci. Ther. 17, 237e249.

Carlson, B.M., 2004. Human Embryology and Developmental Biology, third ed.
Mosby, Saint Louis.

Cartmell, J., Schoepp, D., 2000. Regulation of neurotransmitter release by metabo-
tropic glutamate receptors. J. Neurochem. 75, 889e907.

Ceolin, L., Kantamneni, S., Barker, G.R., Hanna, L., Murray, L., Warburton, E.C.,
Robinson, E.S., Monn, J.A., Fitzjohn, S.M., Collingridge, G.L., Bortolotto, Z.A.,
Lodge, D., 2011. Study of novel selective mGlu2 agonist in the temporo-
ammonic input to CA1 neurons reveals reduced mGlu2 receptor expression in
a Wistar substrain with an anxiety-like phenotype. J. Neurosci. 31, 6721e6731.

Chaki, S., 2010. Group II metabotropic glutamate receptor agonists as a potential
drug for schizophrenia. Eur. J. Pharmacol. 639, 59e66.

Chaki, S., Yoshida, S., Okuyama, S., 2010. Targeting metabotropic glutamate recep-
tors to develop novel antipsychotics. Jpn. J. Psychopharmacol. 30, 207e213.

Chaudhry, F.A., Lehre, K.P., van Lookeren Campagne, M., Ottersen, O.P., Danbolt, N.C.,
Storm-Mathisen, J., 1995. Glutamate transporters in glial plasma membranes:
highly differentiated localizations revealed by quantitative ultrastructural
immunocytochemistry. Neuron 15, 711e720.

Chen, Q., He, G., Chen, Q., Wu, S., Xu, Y., Feng, G., Li, Y., Wang, L., He, L., 2005. A case-
control study of the relationship between the metabotropic glutamate receptor
3 gene and schizophrenia in the Chinese population. Schizophr. Res. 73, 21e26.

Chiechio, S., Caricasole, A., Barletta, E., Storto, M., Catania, M.V., Copani, A.,
Vertechi, M., Nicolai, R., Calvani, M., Melchiorri, M., Nicoletti, F., 2002. L-Ace-
tylcarnitine induces analgesia by selectively upregulating mGlu2 metabotropic
glutamate receptors. Mol. Pharmacol. 61, 989e996.

Chopra, M., Yao, Y., Blake, T.J., Hampson, D.R., Johnson, E.C., 2009. The neuroactive
peptide N-Acetylaspartylglutamate (NAAG) is not an agonist at the mGluR3
subtypeofmetabotropic glutamate receptor. J. Pharmacol. Exp. Ther. 330, 212e219.

Ciccarelli, R., D’Alimonte, I., Ballerini, P., D’Auro, M., Nargi, E., Buccella, Di Iorio, P.,
Bruno, V., Nicoletti, F., Caciagli, F., 2007. Molecular signaling mediating the
protective effect of A1 adenosine and mGluR3 metabotropic glutamate receptor
activation against apoptosis by oxygen/glucose deprivation in cultured astro-
cytes. Mol. Pharmacol. 71, 1369e1380.

Ciccarelli, R., Di Iorio, P., Bruno, V., Battaglia, G., D’Alimonte, I., D’Onofrio, M.,
Nicoletti, F., Caciagli, F., 1999. Activation of A1 adenosine or mGluR3 metabo-
tropic glutamate receptors enhances the release of nerve growth factor and S-
100beta protein from cultured astrocytes. Glia 27, 275e281.

Condorelli, D.F., Dell’Albani, P., Corsaro, M., Giuffrida, R., Caruso, A., Trovato
Salinaro, A., Spinella, F., Nicoletti, F., Albanese, V., Giuffrida Stella, A.M., 1997.
Metabotropic glutamate receptor expression in cultured rat astrocytes and
human gliomas. Neurochem. Res. 22, 1127e1133.

Conn, P.J., Jones, C.K., 2009. Promise of mGluR2/3 activators in psychiatry. Neuro-
psychopharmacology 34, 248e249.

Cornell-Bell, A.H., Finkbeiner, S.M., Cooper, M.S., Smith, S.J., 1990. Glutamate induces
calcium waves in cultured astrocytes: long range glial signaling. Science 247,
470e473.

Corti, C., Battaglia, G., Molinaro, G., Riozzi, B., Pittaluga, A., Corsi, M., Mugnaini, M.,
Nicoletti, F., Bruno, V., 2007. The use of knock-out mice unravels distinct roles
for mGlu2 and mGlu3 metabotropic glutamate receptors in mechanisms of
neurodegeneration/neuroprotection. J. Neurosci. 27, 8297e8308.

D’Onofrio, M., Cuomo, L., Battaglia, G., Ngomba, R.T., Storto, M., Kingston, A.E.,
Orzi, F., De Blasi, A., Di Iorio, P., Nicoletti, F., Bruno, V., 2001. Neuroprotection
mediated by glial group-II metabotropic glutamate receptors requires the
activation of the MAP kinase and the phosphatidylinositol-3-kinase pathways.
J. Neurochem. 78, 435e445.
Danbolt, N.C., 2001. Glutamate uptake. Prog. Neurobiol. 65, 1e105.
Dolan, S., Kelly, J.G., Monteiro, A.M., Nolan, A.M., 2003. Up-regulation of metabo-

tropic glutamate receptor subtypes 3 and 5 in spinal cord in a clinical model of
persistent inflammation and hyperalgesia. Pain 106, 501e512.

Dringen, R., Gebhardt, R., Hamprecht, B., 1993. Glycogen in astrocytes: possible
function as lactate supply for neighboring cells. Brain Res. 623, 208e214.

Dunayevich, E., Erickson, J., Levine, L., Landbloom, R., Schoepp, D.D., Tollefson, G.D.,
2008. Efficacy and tolerability of an mGlu2/3 agonist in the treatment of
generalized anxiety disorder. Neuropsychopharmacology 33, 1603e1610.

Durand, D., Carniglia, L., Caruso, C., Lasaga, M., 2011a. Metabotropic glutamate
receptors in peripheral tissues: implications for toxicology. In: Kalinin, V. (Ed.),
Anxiety Disorders. Intech Open Access Publisher, Rijeka, Croatia, pp. 97e120.

Durand, D., Carniglia, L., Caruso, C., Lasaga, M., 2011b. Reduced cAMP, Akt activation
and p65-c-Rel Dimerization: mechanisms involved in the protective effects of
mGluR3 agonists in cultured astrocytes. PLoS ONE 6 (7), e22235. doi:10.1371/
journal.pone.0022235.

Durand, D., Caruso, C., Carniglia, L., Lasaga, M., 2010. Metabotropic glutamate
receptor 3 activation prevents nitric oxide-induced death in cultured rat
astrocytes. J. Neurochem. 112, 420e433.

Efthimiopoulos, S., Punj, S., Manolopoulos, V., Pangalos, M., Wang, G.P., Refolo, L.M.,
Robakis, N.K., 1996. Intracellular cyclic AMP inhibits constitutive and phorbol
ester-stimulated secretory cleavage of amyloid precursor protein. J. Neurochem.
67, 872e875.

Egan, M.F., Straub, R.E., Goldberg, T.E., Yakub, I., Callicott, J.H., Hariri, A.R.,
Mattay, V.S., Bertolino, A., Hyde, T.M., Shannon-Weickert, C., Akil, M., Crook, J.,
Vakkalanka, R.K., Balkissoon, R., Gibbs, R.A., Kleinman, J.E., Weinberger, D.R.,
2004. Variation in GRM3 affects cognition, prefrontal glutamate, and risk for
shizophrenia. Proc. Natl. Acad. Sci. U.S.A. 101, 12604e12609.

Eng, D.L., Lee, Y.L., Lal, P.G., 1997. Expression of glutamate uptake transporters after
dibutyryl cyclic AMP differentiation and traumatic injury in cultured astrocytes.
Brain Res. 778, 215e221.

Fell, M.J., Svensson, K.A., Johnson, B.G., Schoepp, D.D., 2008. Evidence for the role of
metabotropic glutamate (mGlu)2 not mGlu3 receptors in the preclinical anti-
psychotic pharmacology of the mGlu2/3 receptor agonist (-)-(1R,4S,5S,6S)-4-
amino-2-sulfonylbicyclo[3.1.0]hexane-4,6-dicarboxylic acid (LY404039).
J. Pharmacol. Exp. Ther. 326, 209e217.

Ferraguti, F., Corti, C., Valerio, E., Mion, S., Xuereb, J., 2001. Activated astrocytes in
areas of kainate-induced neuronal injury upregulate the expression of the
metabotropic glutamate receptors 2/3 and 5. Exp. Brain Res. 137, 1e11.

Fraley, M.E., 2009. Positive allosteric modulators of the metabotropic glutamate
receptor 2 for the treatment of schizophrenia. Exp. Opin. Ther. Pat. 19,
1259e1275.

Fricker, A.C., Mok, M.H., de la Flor, R., Shah, A.J., Woolley, M., Dawson, L.A., Kew, J.N.,
2009. Effects of N-acetylaspartylglutamate (NAAG) at group II mGluRs and
NMDAR. Neuropharmacology 56, 1060e1067.

Fujii, Y., Shibata, H., Kikuta, R., Makino, C., Tani, A., Hirata, N., Shibata, A.,
Ninomiya, H., Tashiro, N., Fukumaki, Y., 2003. Possitive associations of poly-
morphisms in the metabotropic glutamate receptor type 3 gene (GRM3) with
schizophrenia. Psychiatr. Genet. 13, 71e76.

Funato, H., Yoshimura, M., Yamazaki, T., Saido, T.C., Ito, Y., Yokofujita, J., Okeda, R.,
Ihara, Y., 1998. Astrocytes containing amyloid b-protein (Ab)-positive granules
are associated with Ab40-positive diffuse plaques in the aged human brain. Am.
J. Pathol. 152, 983e992.

Gabzuda, D., Busciglio, J., Yanker, B.A., 1993. Inhibition of b-amyloid production by
activation. J. Neurochem. 61, 2326e2329.

Galici, R., Echemendia, N.G., Rodriguez, A.L., Conn, P.J., 2005. A selective allosteric
potentiator of metabotropic glutamate (mGlu) 2 receptors has effects similar to
an orthosteric mGlu2/3 receptor agonist in mouse models predictive of anti-
psychotic activity. J. Pharmacol. Exp. Ther. 315, 1181e1187.

García-Marín, V., García-López, P., Freire, M., 2007. Cajal’s contributions to glial
research. Trends Neurosci. 30, 479e487.

García-Segura, L.M., McCarthy, M.M., 2004. Role of glia in neuroendocrine function.
Endocrinology 145, 1082e1086.

Geurts, J.J.G., Wolswijk, G., Bö, L., van der Valk, P., Polman, C.H., Troost, D.,
Aronica, E., 2003. Altered expression patterns of group I and II metabotropic
glutamate receptors in multiple sclerosis. Brain 126, 1755e1766.

Ghose, S., Gleason, K.A., Potts, B.W., Lewis-Amezcua, K., Tamminga, C.A., 2009.
Differential expression of metabotropic glutamate receptors 2 and 3 in
schizophrenia: a mechanism for antipsychotic drug action? Am. J. Psychiatry
166, 812e820.

González-Maeso, J., Ang, R.L., Yuen, T., Chan, P., Weisstaub, N.V., López-Giménez, J.F.,
Zhou, M., Okawa, Y., Callado, L.F., Milligan, G., Gingrich, J.A., Filizola, M.,
Meana, J.J., Sealfon, S.C., 2008. Identification of a serotonin/glutamate receptor
complex implicated in psychosis. Nature 452, 93e97.

Grosche, J., Kettenmann, H., Reichenbach, A., 2002. Bergmann glial cells form
distinct morphological structures to interact with cerebellar neurons.
J. Neurosci. Res. 68, 138e149.

Grosche, J., Matyash, V., Moller, T., Verkhratsky, A., Reichenbach, A., Kettenmann, H.,
1999. Microdomains for neuron-glia interaction: parallel fiber signaling to
Bergmann glial cells. Nat. Neurosci. 2, 139e143.

Gunnarson, E., Zelenina, M., Aperia, A., 2004. Regulation of brain aquaporins.
Neuroscience 129, 947e955.

Hayashi, Y., Nomura, M., Yamagishi, S., Harada, S., Yamashita, J., Yamamoto, H., 1997.
Induction of various blood-brain barrier properties in non-neural endothelial
cells by close apposition to co-cultured astrocytes. Glia 19, 13e26.



D. Durand et al. / Neuropharmacology 66 (2013) 1e1110
Higgins, G.A., Ballard, T.M., Kew, J.N., Richards, J.G., Kemp, J.A., Adam, G.,
Woltering, T., Nakanishi, S., Mutel, V., 2004. Pharmacological manipulation of
mGlu2 receptors influences cognitive performance in the rodent. Neurophar-
macology 46, 907e917.

Jane, D.E., Thomas, N.K., Tse, H.-W., Watkins, J.C., 1996. Potent antagonists at the L-
AP4- and (1S,3S)-ACPD sensitive presynaptic metabotropic glutamate receptors
in the neonatal rat spinal cord. Neuropharmacology 35, 1029e1035.

Janzer, R.C., Raff, M.C., 1987. Astrocytes induce blood-brain barrier properties in
endothelial cells. Nature 325, 253e257.

Kalaria, R.N., Andorn, A.C., Tabaton, M., Whitehouse, P.J., Harik, S.I., Unnerstall, J.R.,
1989. Adrenergic receptors in aging and Alzheimer’s disease: increased b2-
receptors in prefrontal cortex and hippocampus. J. Neurochem. 53, 1772e1781.

Katsuno, M., Adachi, H., Banno, H., Suzuki, K., Tanaka, F., Sobue, G., 2011. Trans-
forming growth factor-b signaling in motor neuron diseases. Curr. Mol. Med. 11,
48e56.

Kingston, A.E., O’Neill, M.J., Lam, A., Bales, K.R., Monn, J.A., Schoepp, D.D., 1999.
Neuroprotection by metabotropic glutamate receptor agonists: LY354740,
LY379268 and LY389795. Eur. J. Pharmacol. 377, 155e165.

Klodzinska, A., Bijak, M., Chojnacka-Wojcik, E., Kroczka, B., Swiader, M.,
Czuczwar, S.J., Pilc, A., 2000. Roles of group II metabotropic glutamate receptors
in modulating seizure activity. Naunyn. Schmiedebergs Arch. Pharmacol. 361,
283e288.

Kobayashi, K., Hayashi, M., Nakano, H., Fukutani, Y., Sasaki, K., Shimizaki, M.,
Koshino, Y., 2002. Apoptosis of astrocytes with enhanced lysosomal activity and
oligodendrocytes in white matter lesions in Alzheimer’s disease. Neuropathol.
Appl. Neurobiol. 28, 238e251.

Krieglstein, K., Zheng, F., Unsicker, K., Alzheimer, C., 2011. More than being
protective: functional roles for TGF-b/activin signaling pathways at central
synapses. Trends Neurosci. 34, 421e429.

Lavialle, M., Aumann, G., Anlauf, E., Pröls, F., Arpin, M., Derouiche, A., 2011. Struc-
tural plasticity of perisynaptic astrocytes processes involves ezrin and metab-
otropic glutamate receptors. Proc. Natl. Acad. Sci. U.S.A. 108, 12915e12919.

Lea 4th, P.M., Wroblewska, B., Sarvey, J.M., Neale, J.H., 2001. Beta-NAAG rescues LTP
from blockade by NAAG in rat dentate gyrus via the type 3 metabotropic
glutamate receptor. J. Neurophysiol. 85, 1097e1106.

Lee, R.K.K., Wurtman, R.J., 1997. Metabotropic glutamate receptors increase amyloid
precursor protein processing in astrocytes: inhibition by cyclic AMP.
J. Neurochem. 68, 1830e1835.

Lehre, K.P., Levy, L.M., Ottersen, O.P., Storm-Mathisen, J., Danbolt, N.C., 1995.
Differential expression of two glial glutamate transporters in the rat brain:
quantitative and immunocytochemical observations. J. Neurosci. 15, 1835e1853.

Levine, L., Gaydos, V., Sheehan, D., Goddard, A., Feighner, J., Potter, W.Z., 2002. The
mGlu2/3 receptor agonist, LY354740, reduces panic anxiety induced by a CO2
challenge in patients diagnosed with panic disorder. Neuropharmacology 43,
294e295.

Liberto, C.M., Albrecht, P.J., Herx, L.M., Yong, V.W., Levison, S.W., 2004. Pro-regen-
erative properties of cytokine-activated astrocytes. J. Neurochem. 89,
1092e1100.

Liu, X.B., Munoz, A., Jones, E.G., 1998. Changes in subcellular localization of
metabotropic glutamate receptor subtypes during postnatal development of
mouse thalamus. J. Comp. Neurol. 395, 450e465.

Luyt, K., Váradi, A., Durant, C.F., Molnár, E., 2006. Oligodendroglial metabotropic
glutamate receptors are developmentally regulated and involved in the
prevention of apoptosis. J. Neurochem. 99, 641e656.

Lyon, L., Kew, J.N., Corti, C., Harrison, P.J., Burnet, P.W., 2008. Altered hippocampal
expression of glutamate receptors and transporters in GRM2 and GRM3
knockout mice. Synapse 62, 842e850.

Magistretti, P.J., Pellerin, L., Rothman, D.L., Shulman, R.G., 1999. Energy on demand.
Science 283, 496e497.

Marek, G.J., 2004. Metabotropic glutamate 2/3 receptors as drug targets. Curr. Opin.
Pharmacol. 4, 18e22.

Marek, G.J., 2002. Glutamatergic mechanisms in antidepressant treatments. Eur.
Neuropsychopharmacol. 12, S170eS171.

Martin, J.A., Craft, D.K., Su, J.H., Kim, R.C., Cotman, C.W., 2000. Astrocytes degenerate
in frontotemporal dementia: possible relation to hypoperfusion. Neurobiol.
Aging 22, 195e207.

Martinez, M., Fernandez, E., Frank, A., Guaza, C., de la Fuente, M., Hernanz, A., 1999.
Increased cerebrospinal fliud cAMP levels in Alzheimer’s disease. Brain Res.
846, 265e267.

Marz, P., Heese, K., Dimitriades-Schmutz, B., Rose-John, S., Otten, U., 1999. Role of
interleukin-6 and soluble IL-6 receptor in region-specific induction of astrocytic
differentiation and neurotrophin expression. Glia 26, 191e200.

Micevych, P., Kuo, J., Christensen, A., 2009. Physiology of membrane oestrogen
receptor signaling in reproduction. J. Neuroendocrinol. 21, 249e256.

Miller, S., Romano, C., Cotman, C.W., 1995. Growth factor upregulation of a phos-
phoinositide-coupled metabotropic glutamate receptor in cortical astrocytes.
J. Neurosci. 15, 6103e6109.

Mineff, E., Valtschanoff, J., 1999. Metabotropic glutamate receptors 2 and 3
expressed by astrocytes in rat ventrobasal thalamus. Neurosci. Lett. 270, 95e98.

Minoshima, T., Nakanishi, S., 1999. Structural organization of the mouse metabo-
tropic glutamate receptor subtype 3 gene and its regulation by growth factors
in cultured cortical astrocytes. J. Biochem. 126, 889e896.

Moldrich, R.X., Apricó, K., Diwakarla, S., O’Shea, R.D., Beart, P.M., 2002. Astrocyte
mGlu(2/3)-mediated cAMP potentiation is calcium sensitive: studies in murine
neuronal and astrocyte cultures. Neuropharmacology 43, 189e203.
Moldrich, R.X., Jeffrey, M., Talebi, A., Beart, P.M., Chapman, A.G., Meldrum, B.S., 2001.
Antiepileptic activity of group II metabotropic glutamate receptor agonists
(-)-2-oxa-4-aminobicyclo[3.1.0]hexane-4,6-dicarboxylate (LY379268) and (-)-2-
thia-4-aminobicyclo[3.1.0]-hexane-4,6-dicarboxylate (LY389795). Neurophar-
macology 41, 8e18.

Monn, J.A., Valli, M.J., Massey, S.M., Hansen, M.M., Kress, T.J., Wepsiec, J.P.,
Harkness, A.R., Grutsch Jr., J.L., Wright, R.A., Johnson, B.G., Andis, S.L.,
Kingston, A., Tomlinson, R., Lewis, R., Griffey, K.R., Tizzano, J.P., Schoepp, D.D.,
1999. Synthesis, pharmacological characterization, and molecular modeling of
heterobicyclic amino acids related to (þ)-2-aminobicyclo[3.1.0]hexane-2,6-
dicarboxylic acid (LY354740): identification of two new potent, selective, and
systemically active agonists for group II metabotropic glutamate receptors.
J. Med. Chem. 42, 1027e1040.

Monn, J.A., Valli, M.J., Massey, S.M., Wright, R.A., Salhoff, C.R., Johnson, B.G.,
Howe, T., Alt, C.A., Rhodes, G.A., Robey, R.L., Griffey, K.R., Tizzano, J.P.,
Kallman, M.J., Helton, D.R., Schoepp, D.D., 1997. Design, synthesis, and phar-
macological characterization of (þ)-2-aminobicyclo[3.1.0]hexane-2,6-
dicarboxylic acid (LY354740): a potent, selective, and orally active group 2
metabotropic glutamate receptor agonist possessing anticonvulsant and anxi-
olytic properties. J. Med. Chem. 40, 528e537.

Moreno, J.L., Sealfon, S.C., González-Maeso, J., 2009. Group II metabotropic gluta-
mate receptors and schizophrenia. Cell Mol. Life Sci. 66, 3777e3785.

Mudo, G., Trovato-Salinaro, A., Caniglia, G., Cheng, Q., Condorelli, D.F., 2007. Cellular
localization of mGluR3 and mGluR5 mRNAs in normal and injured rat brain.
Brain Res. 1149, 1e13.

Muller, H., Junghans, U., Kappler, J., 1995. Astroglial neurotrophic and neurite-
promoting factors. Pharmacol. Ther. 65, 1e18.

Murray, T.K., Messenger, M.J., Ward, M.A., Woodhouse, S., Osborne, D.J., Duty, S.,
O’Neill, M.J., 2002. Evaluation of the mGlu2/3 agonist LY379268 in rodent
models of Parkinson’s disease. Pharmacol. Biochem. Behav. 73, 455e466.

Nagele, R.G., D’Andrea, M.R., Lee, H., Venkataraman, V., Wang, H.Y., 2003. Astrocytes
accumulate Abeta 42 and give rise to astrocytic amyloid plaques in Alzheimer
disease brains. Brain Res. 971, 197e209.

Nakahara, K., Okada, M., Nakanishi, S., 1997. The metabotropic glutamate receptor
mGluR5 induces calcium oscillations in cultured astrocytes via protein kinase C
phosphorylation. J. Neurochem. 69, 1467e1475.

Neale, J.H., 2011. N-Acetylaspartylglutamate is an agonist at mGluR3 in vivo and
in vitro. J. Neurochem. 119, 891e895.

Nguyen, D., Alavi, M.V., Kim, K.Y., Kang, T., Scott, R.T., Noh, Y.H., Lindsey, J.D.,
Wissinger, B., Ellisman, M.H., Weinreb, R.N., Perkins, G.A., Ju, W.K., 2011. A new
vicious cycle involving glutamate excitotoxicity, oxidative stress and mito-
chondrial dynamics. Cell Death Dis. 2, e240. doi:10.1038/cddis.2011.117.

Nicoll, J.A.R., Weller, R.O., 2003. A new role for astrocytes: b-amyloid homeostasis
and degradation. Trends Mol. Med. 9, 281e282.

Ohishi, H., Neki, A.,Mizuno, N.,1998. Distribution of ametabotropic glutamate receptor,
mGluR2, in the central nervous system of the rat and mouse: an immunohisto-
chemical study with a monoclonal antibody. Neurosci. Res. 30, 65e82.

Ohishi, H., Shigemoto, R., Nakanishi, S., Mizuno, N., 1993a. Distribution of the
messenger RNA for a metabotropic glutamate receptor, mGluR2, in the central
nervous system of the rat. Neuroscience 53, 1009e1018.

Ohishi, H., Shigemoto, R., Nakanishi, S., Mizuno, N., 1993b. Distribution of the mRNA
for a metabotropic glutamate receptor (mGluR3) in the rat brain: an in situ
hybridization study. J. Comp. Neurol. 335, 252e266.

Olszewski, R.T., Wegorzewska, M.M., Monteiro, A.C., Krolikowski, K.A., Zhou, J.,
Kozikowski, A.P., Long, K., Mastropaolo, J., Deutsch, S.I., Neale, J.H., 2008.
Phencyclidine and dizocilpine induced behaviors reduced by N-acetylas-
partylglutamate peptidase inhibition via metabotropic glutamate receptors.
Biol. Psychiatry 63, 86e91.

Palmer, E., Monaghan, D.T., Cotman, C.W., 1989. Trans-ACPD, a selective agonist of
the phosphoinositide-coupled excitatory amino acid receptor. Eur. J. Pharmacol.
166, 585e587.

Parpura, V., Haydon, P.G., 2000. Physiological astrocytic calcium levels stimulate
glutamate release to modulate adjacent neurons. Proc. Natl. Acad. Sci. U.S.A. 97,
8629e8634.

Pascual, O., Casper, K.B., Kubera, C., Zhang, J., Revilla-Sanchez, R., Sul, J.Y., Takano, H.,
Moss, S.J., McCarthy, K., Haydon, P.G., 2005. Astrocytic purinergic signaling
coordinates synaptic networks. Science 310, 113e116.

Patil, S.T., Zhang, L., Martenyi, F., Lowe, S.L., Jackson, K.A., Andreev, B.V., Avedisova, A.S.,
Bardenstein, L.M., Gurovich, I.Y., Morozova, M.A., Mosolov, S.N., Neznanov, N.G.,
Reznik, A.M., Smulevich, A.B., Tochilov, V.A., Johnson, B.G., Monn, J.A.,
Schoepp, D.D., 2007. Activation of mGlu2/3 receptors as a new approach to treat
schizophrenia: a randomized Phase 2 clinical trial. Nat. Med. 13, 1102e1107.

Peters, J., Kalivas, P.W., 2006. The group II metabotropic glutamate receptor agonist,
LY379268, inhibits both cocaine- and food-seeking behavior in rats. Psycho-
pharmacology 186, 143e149.

Petralia, R.S., Wang, Y.X., Niedzielsk, A.S., Wenthold, R.J., 1996. The metabotropic
glutamate receptors, mGluR2 and mGluR3, show unique postsynaptic,
presynaptic and glial localizations. Neuroscience 71, 949e976.

Pfrieger, F.W., Barres, B.A., 1997. Synaptic efficacy enhanced by glial cells in vitro.
Science 227, 1684e1687.

Pin, J.-P., Acher, F., 2002. The metabotropic glutamate receptors: structure, activa-
tion mechanism and pharmacology. Curr. Drug Targets CNS Neurol. Disord. 1,
297e317.

Poli, A., Beraudi, A., Villani, L., Storto, M., Battaglia, G., Di Giorgi Gerevini, V.,
Cappuccio, I., Caricasole, A., D’Onofrio, M., Nicoletti, F., 2003. Group II



D. Durand et al. / Neuropharmacology 66 (2013) 1e11 11
metabotropic glutamate receptors regulate the vulnerability to hypoxic brain
damage. J. Neurosci. 23, 6023e6029.

Pöschel, B., Wroblewska, B., Heinemann, U., Manahan-Vaughan, D., 2005. The
metabotropic glutamate receptor mGluR3 is critically required for hippocampal
long-term depression and modulates long-term potentiation in the dentate
gyrus of freely moving rats. Cereb. Cortex 15, 1414e1423.

Pow, D.V., 2001. Visualising the activity of the cystine-glutamate antiporter in glial
cells using antibodies to aminoadipic acid, a selectively transported substrate.
Glia 34, 27e38.

Riedel, G., Platt, B., Micheau, J., 2003. Glutamate receptor function in learning and
memory. Behav. Brain Res. 140, 1e47.

Rodríguez, J.J., Olabarría, M., Chvatal, A., Verkhratsky, A., 2009. Astroglia in
dementia and Alzheimer’s disease. Cell Death Differ. 16, 378e385.

Rorick-Kehn, L.M., Johnson, B.G., Burkey, J.L., Wright, R.A., Calligaro, D.O., Marek, G.J.,
Nisenbaum, E.S., Catlow, J.T., Kingston, A.E., Giera, D.D., Herin, M.F., Monn, J.A.,
McKinzie, D.L., Schoepp, D.D., 2007. Pharmacological and pharmacokinetic
properties of structurally novel, potent, and selective metabotropic glutamate
2/3 receptor agonist: in vitro characterization of agonist (-)-(1R,4S,5S,6S)-4-
amino-2-sulfonylbicyclo[3.1.0]-hexane-4,6-dicarboxylic acid (LY404039).
J. Pharmacol. Exp. Ther. 321, 308e317.

Rudge, J.S., Pasnikowski, E.M., Holst, P., Lindsay, R.M., 1995. Changes in neurotrophic
factor expression and receptor activation following exposure of hippocampal
neuron/astrocyte cocultures to kainic acid. J. Neurosci. 15, 6856e6867.

Santello, M., Volterra, A., 2009. Synaptic modulation by astrocytes via Caþ2-
dependent glutamate release. Neuroscience 158, 253e259.

Sartorius, L.J., Weinberger, D.R., Hyde, T.M., Harrison, P.J., Kleinman, J.E., Lipska, B.K.,
2008. Expression of a GRM3 splice variant is increased in the dorsolateral
prefrontal cortex of individuals carrying a schizophrenia risk SNP. Neuro-
psychopharmacology 33, 2626e2634.

Schlag, B.D., Vondrasek, J.R., Munir, M., Kalandadze, A., Zelenaia, O.A., Rothstein, J.D.,
Robinson, M.B., 1998. Regulation of the glial Naþ -dependent glutamate trans-
porters by cyclic AMP analogs and neurons. Mol. Pharmacol. 53, 355e369.

Schoepp, D.D., 2001. Unveiling the functions of presynatic metabotropic gluta-
mate receptor in the central nervous system. J. Pharmacol. Exp. Ther. 299,
12e20.

Schoepp, D.D., Wright, R.A., Levine, L.R., Gaydos, B., Potter, W.Z., 2003. LY354740, an
mGlu2/3 receptor agonist as a novel approach to treat anxiety/stress. Stress 6,
189e197.

Schools, G.P., Kimelberg, H.K., 1999. mGluR3 and mGluR5 are the predominant
metabotropic glutamate receptor mRNAs expressed in hippocampal astrocytes
acutely isolated from young rats. J. Neurosci. Res. 58, 533e543.

Schubert, P., Ogata, T., Ferroni, S., McRae, A., Nakamura, Y., Rudolphi, K., 1996.
Modulation of glial cell signaling by adenosine and pharmacological rein-
forcement. Mol. Chem. Neuropathol. 28, 185e190.

Schwartz, J.P., Nishiyama, N., 1994. Neurotrophic factor gene expression in
astrocytes during development and following injury. Brain Res. Bull. 35,
403e407.

Shaffer, L.M., Dority, M.D., Gupta-Bansal, R., Frederickson, R.C., Younkin, S.G.,
Brunden, K.R., 1995. Amyloid b protein (Ab) removal by neuroglial cells in
culture. Neurobiol. Aging 16, 737e745.

Shigemoto, R., Kinoshita, A., Wada, E., Nomura, S., Ohishi, H., Takada, M., Flor, P.J.,
Neki, A., Abe, T., Nakanishi, S., Mizuno, N., 1997. Differential presynaptic local-
ization of metabotropic glutamate receptor subtypes in the rat hippocampus.
J. Neurosci. 17, 7503e7522.

Simmons, R.M.A., Webster, A.A., Kalra, A., Iyengar, S., 2002. Group II mGlu receptor
agonists are effective in persistent and neuropathic pain models in rats. Phar-
macol. Biochem. Behav. 73, 419e427.

Sobue, K., Yamamoto, N., Yoneda, K., Hodgson, M.E., Yamashiro, K., Tsuruoka, N.,
Tsuda, T., Katsuya, H., Miura, Y., Asai, K., Kato, T., 1999. Induction of blood-brain
barrier properties in immortalized bovine brain endothelial cells by astrocytic
factors. Neurosci. Res. 35, 155e164.

Suarez, I., Bodega, G., Fernandez, B., 2002. Glutamine synthetase in brain: effect of
ammonia. Neurochem. Int. 41, 123e142.
Swartz, K.R., Liu, F., Sewell, D., Schochet, T., Campbell, I., Sandor, M., Fabry, Z., 2001.
Interleukin-6 promotes post-traumatic healing in the central nervous system.
Brain Res. 896, 86e95.

Takano, T., Tian, G.F., Peng, W., Lou, N., Libionka, W., Han, X., Nedergaard, M., 2006.
Astrocyte-mediated control of cerebral blood flow. Nat. Neurosci. 9, 260e267.

Takuma, K., Baba, A., Matsuda, T., 2004. Astrocyte apoptosis: implications for neu-
roprotection. Prog. Neurobiol. 72, 111e127.

Tamaru, Y., Nomura, S., Mizuno, N., Shigemoto, R., 2001. Distribution of metabo-
tropic glutamate receptor mGluR3 in the mouse CNS: differential location to
pre- and postsynaptic sites. Neuroscience 106, 481e503.

Tang, X.C., Kalivas, P.W., 2003. Bidirectional modulation of cystine/glutamate
exchanger activity in cultured cortical astrocytes. Ann. NY Acad. Sci. 1003,
472e475.

Taylor, D.L., Diemel, L.T., Cuzner, M.L., Pocock, J.M., 2002. Activation of group II
metabotropic glutamate receptors underlies microglial reactivity and neuro-
toxicity following stimulation with chromogranin A, a peptide up-regulated in
Alzheimer’s disease. J. Neurochem. 82, 1179e1191.

Tesseur, I., Zou, K., Esposito, L., Bard, F., Berber, E., Can, J.V., Lin, A.H., Crews, L.,
Tremblay, P., Mathews, P., Mucke, L., Masliah, E., Wyss-Coray, T., 2006. Defi-
ciency in neuronal TGF-beta signaling promotes neurodegeneration and Alz-
heimer’s pathology. J. Clin. Invest. 116, 3060e3069.

Thal, D.R., Sassin, I., Schultz, C., Haass, C., Braak, E., Braak, H., 1999. Fleecy
amyloid deposits in the internal layers of the human entorhinal cortex are
comprised of N-terminal truncated fragments of Ab. J. Neuropathol. Exp.
Neurol. 58, 210e216.

Theodosis, D.T., Poulain, D.A., Oliet, S.H., 2008. Activity-dependent structural and
functional plasticity of astrocyteeneuron interactions. Physiol. Rev. 88,
983e1008.

Thinakaran, G., Koo, E.H., 2008. Amyloid precursor protein trafficking, processing,
and function. J. Biol. Chem. 283, 29615e29619.

Tomimoto, H., Akiguchi, I., Wakita, H., Suenaga, T., Nakamura, S., Kimura, J., 1997.
Regressive changes of astroglia in white matter lesions in cerebrovascular
disease and Alzheimer’s disease patients. Acta Neuropathol. 94, 146e152.

Ullian, E.M., Sapperstein, S.K., Christopherson, K.S., Barres, B.A., 2001. Control of
synapse number by glia. Science 291, 657e661.

Ulus, I.H., Wurtman, R.J., 1997. Metabotropic glutamate receptor agonists increase
release of soluble amyloid precursor protein derivatives from rat brain cortical
and hippocampal slices. J. Pharmacol. Exp. Ther. 281, 149e154.

Ventura, R., Harris, K.M., 1999. Three-dimensional relationships between hippo-
campal synapses and astrocytes. J. Neurosci. 19, 6897e6906.

Walton, H.S., Dodd, P.R., 2007. Glutamate-glutamine cycling in Alzheimer’s disease.
Neurochem. Int. 50, 1052e1066.

Wilson, J., 1997. Antioxidant defense of the brain: a role for astrocytes. Can. J.
Physiol. Pharmacol. 75, 1149e1163.

Wroblewska, B., Pshenichkin, S., Miller, E.J., DiRaddo, J., Grajkowska, E.,
Wroblewski, J.T., 2011. Selective agonists of mGlu3 receptors: N-Acetylas-
partylglutamate (NAAG) and 2-Hydroxymethylglutamate (HMG). Curr. Neuro-
pharmacol. 9 (Suppl. 1), 67e68.

Wroblewska, B., Wegorzewska, I., Bzdega, T., Olszewski, R., Neal, J., 2006. Differ-
ential negative coupling of type 3 metabotropic glutamate receptor to cyclic
GMP levels in neurons and astrocytes. J. Neurochem. 96, 1071e1077.

Wyss-Coray, T., Loike, J.D., Brionne, T.C., Lu, E., Anankov, R., Yan, F., Silverstein, S.C.,
Husemann, J., 2003. Adult mouse astrocytes degrade amyloid-b in vitro and in
situ. Nat. Med. 9, 453e457.

Yao, H.-H., Ding, J.-H., Zhou, F., Wang, F., Hu, L.F., Sun, T., Hu, G., 2005. Enhancement of
glutamate uptake mediates the neuroprotection exerted by activating group II or
III metabotropic glutamate receptors on astrocytes. J. Neurochem. 92, 948e961.

Zhong, C., Zhao, X., Sarva, J., Kozikowski, A., Neale, J.H., Lyeth, B.G., 2005. NAAG
peptidase inhibitor reduces acute neuronal degeneration and astrocyte damage
following lateral fluid percussion TBI in rats. J. Neurotrauma 22, 266e276.

Zhou, F., Yao, H., Wu, J., Yang, Y., Ding, J., Zhang, J., Hu, G., 2006. Activation of group
II/III metabotropic glutamate receptors attenuates LPS-induced astroglial
neurotoxicity via promoting glutamate uptake. J. Neurosci. Res. 84, 268e277.


	mGlu3 receptor and astrocytes: Partners in neuroprotection
	1. Introduction
	2. Astrocytes
	3. mGlu receptors
	3.1. Group II mGlu receptor ligands
	3.2. Applications of mGlu2/3 receptor agonists in psychiatry and neurology
	3.3. Targeting astrocytic mGlu3 receptor for neuroprotective therapies
	3.3.1. mGlu receptor expression in glia
	3.3.2. Neuroprotective actions of astrocytic group II mGlu receptors
	3.3.3. Autocrine functions of astrocytic mGlu2/3 receptor activation

	3.4. Astrocytic mGlu3 receptor in Alzheimer’s disease: an incipient field of research

	4. Concluding remarks
	Funding
	References


