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Abstract Glutamate is the major excitatory neurotrans-

mitter in the mammalian central nervous system (CNS) and

exerts its actions via a number of ionotropic glutamate

receptors/channels and metabotropic glutamate (mGlu)

receptors. In addition to being expressed in neurons, glu-

tamate receptors are expressed in different types of glial

cells including astrocytes, oligodendrocytes, and microglia.

Astrocytes are now recognized as dynamic signaling

elements actively integrating neuronal inputs. Synaptic

activity can evoke calcium signals in astrocytes, resulting

in the release of gliotransmitters, such as glutamate, ATP,

and D-serine, which in turn modulate neuronal excitability

and synaptic transmission. In addition, astrocytes, and

microglia may play an important role in pathology such as

brain trauma and neurodegeneration, limiting or amplifying

the pathologic process leading to neuronal death. The

present review will focus on recent advances on the role of

mGlu receptors expressed in glial cells under physiologic

and pathologic conditions.
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Introduction

Glutamate is the major excitatory neurotransmitter in the

central nervous system (CNS) and its responses are medi-

ated by ionotropic (iGlu) and metabotropic glutamate

(mGlu) receptors. iGlu receptors mediate fast excitatory

transmission and are cation-specific ion channels which

are formed by a variable assembly of different subunits

conferring specific properties to the different receptor-

mediated membrane currents. There are three families

of iGlu receptors defined by a specific pharmacology in

a-amino-3-hydroxy-5-methyl-4-isoxazoleproprionic acid

(AMPA), kainate, and N-methyl-D-aspartate (NMDA)

receptors. mGlu receptors are a family of G-protein-cou-

pled, seven transmembrane domain receptors that exert a

variety of effects on second messenger systems and ion

channels. There are eight different subtypes (mGlu1–8) of

mGlu receptors and three sub-groupings based on agonist

pharmacology, coupling to specific signal transduction

pathways, and sequence homology. Group I includes
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mGlu1 and mGlu5 receptors, which are activated by

quisqualate and (S)-3,5-dihydroxyphenylglycine (DHPG),

and are coupled to inositol-(1, 4, 5)-trisphophate (InsP3)/

Ca2+ signal transduction via the Gq/11 family of G-pro-

teins. Stimulation of mGlu1 and mGlu5 receptors activates

phospholipase Cb1, resulting in the formation of InsP3,

which acts to release calcium from intracellular stores,

and production of diacylglycerol, which activates protein

kinase C (PKC). Group II (mGlu2 and mGlu3) and group

III (mGlu4, mGlu6, mGlu7, and mGlu8) receptors are

quisqualate-insensitive and negatively coupled to adenylate

cyclase through the Gi/o family of G-proteins [1]. mGlu

receptors modulate synaptic transmission and are involved

in activity-dependent modification of synaptic transmission

such as long-term potentiation and long-term depression.

Each receptor subtype exhibits a well-defined expression

pattern in several brain regions. In neurons, mGlu1 and

mGlu5 receptors are generally found in postsynaptic den-

sities and modulate postsynaptic efficacy, whereas mGlu2,

mGlu3, mGlu4, mGlu7, and mGlu8 receptors are mainly

(but not exclusively) presynaptic and regulate neurotrans-

mitter release [2]. mGlu receptors are also found in glial

cells, where their activation exerts a variety of effects that

are crucial for glial function and glial–neuronal interaction

under physiologic and pathologic conditions.

mGlu Receptors Expression in Glial Cells

The presence of mGlu receptors in glial cells was initially

inferred by a number of actions of glutamate in cultured

astrocytes, including the accumulation of inositol phos-

phate [3, 4], the increase in intracellular Ca2+ [5], the

inhibition of cyclic AMP formation [6] and the induction of

immediate early gene expression [7]. The expression of

mGlu receptors in glial cells was subsequently investigated

by reverse transcription polymerase chain reaction (RT-

PCR), immunohistochemistry, and immunoblotting. In

general, most of the reports showed the presence of mGlu3

and mGlu5 receptors in astrocytes, whereas a few studies

suggest the presence of other receptor subtypes. Both

mGlu3 and mGlu5 receptors have been detected by

RT-PCR in hippocampal astrocytes acutely isolated from

young [8] and adult rats [9]. The expression of mGlu5

receptors in astrocytes exhibits a decremental profile dur-

ing development, which is more evident for the mGlu5a

receptor splice variants [9], similarly to what reported in

neurons [10, 11]. The expression of mGlu3 and mGlu5

receptors in the intact brain has been studied by both

immunohistochemistry and in situ hybridization. While the

expression of the mGlu5 receptor protein has been detected

in astrocytes [12, 13], the transcripts of both mGlu5a and

mGlu5b splice variants have never been found in glial cells

of CNS by in situ hybridization [14–16]. In contrast, both

mGlu5 receptor protein and mRNA are consistently

detected in cultured astrocytes. It is possible that expres-

sion of mGlu5 receptors in glial cells is below detection

levels under resting conditions. In cultured astrocytes, the

expression of mGlu5 receptors is modulated by extracel-

lular signals, being low in astrocytes grown in conventional

serum-containing medium and up-regulated when astro-

cytes are shifted to astrocyte-defined medium (ADM)

containing growth factors such as basic fibroblast growth

factor, epidermal growth factor, or transforming growth

factor-a [17–19]. It has been proposed that morphological

changes induced by exposure to these growth factors

mimic the activation of astrocytes occurring in reactive

gliosis. Accordingly, the expression of mGlu5 receptors in

reactive astrocytes surrounding a lesion or induced by

epileptic seizures has been found to be higher than in non-

activated astrocytes when investigated by immunohisto-

chemistry [20–22]. The mGlu1a receptor has not been

detected in cultured cortical astrocytes grown in conven-

tional medium or ADM at both mRNA and protein level

[17, 18, 23–26]. In contrast, about 10% of cultured astro-

cytes prepared from the spinal cord are immunoreactive for

mGlu1a receptors [27]. These data are in line with data

obtained in the human spinal cord from patients affected

by amyotrophic lateral sclerosis (ALS) [28] and rat spinal

cord after emisection or traumatic injury [29, 30]. mGlu5

receptor mRNA has been detected in cultured microglia by

RT-PCR analysis, but has not been found in resident

microglia by in situ hybridization [16]. It is not clear

whether mGlu5 receptors are expressed by oligodendro-

cytes or microglial cells in vivo.

The presence of mGlu3, but not mGlu2 receptors, in

astrocytes and oligodendrocytes in vivo, has been shown

by several techniques [16, 31–33]. Cultured astrocytes

express the transcripts for mGlu3 receptors [15, 24, 34], but

are not easily labelled by mGlu2/3 antibodies [19, 25, 34,

35]. Similarly to mGlu5 receptors, mGlu3 receptors are

up-regulated in response to growth factors in cultured

astrocytes [19, 36]. Interestingly, while mGlu3 mRNA has

not been found in the microglia of intact rat brain [16],

mGlu2/3 immunoreactivity has been observed in microg-

lia/macrophages in autoptic brain samples from patients

with multiple sclerosis [37]. Cultured microglia have been

found to express both mGlu2 and mGlu3 mRNA and

proteins [38], but see Ref. [15] for contrasting results.

The mGlu4 receptor has been detected in primary cul-

tures of rat and mouse cortical astrocytes by RT-PCR and

immunoblotting in some studies [39], but not in others [15,

25], whereas neither mGlu6 nor mGlu7 receptors are

found in cultured astrocytes [25]. It has been suggested that

mGlu7 receptors are not expressed by glial cells [40]. The

transcript of mGlu8 receptor is not detectable in cortical
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astrocytes grown in conventional medium, but it becomes

detectable in astrocytes grown in ADM medium; however,

the mGlu8 receptor protein expression is never found in

cultured astrocytes [34]. mGlu4, mGlu6, mGlu8 (but not

mGlu7) receptor mRNA and protein are detectable in

cultured microglia [41]; but see also Ref. [15] for con-

trasting results.

Cultured oligodendrocytes prepared from neonatal rats

are immunoreactive for mGlu1a, mGlu2/3, mGlu4, and

mGlu5 receptors. Expression of all these receptor subtypes

is developmentally regulated, being high in early and late

oligodendrocyte precursors, and low or absent in immature

and mature oligodendrocytes [42]. Maturational stages

of oligodendrocyte precursors can be identified by the

selective expression of stage-specific markers such as

A2B5 (early precursors), O4 (late precursors), O1 (imma-

ture oligodendrocytes), MBP (mature oligodendrocytes).

Rat O4- and O1-positive and A2B5-positive early precur-

sors from adult human brain express both mGlu3 and

mGlu5 receptor proteins [43, 44]. mGlu3 and mGlu5

receptors are also found in neural stem cells, i.e., in par-

tially committed stem cells isolated from the fetal brain or

neurogenic zones of the adult brain that give rise to neu-

rons, astrocytes, and oligodendrocytes [45].

mGlu Receptors are Coupled to Multiple Signal

Transduction Pathways in Glial Cells

Activation of mGlu5 receptors in astrocytes stimulates

polyphosphoinositide (PI) hydrolysis [18, 46] and generates

oscillatory increases in intracellular calcium [15, 47]. This

results into the release of glutamate and other gliotrans-

mitters, which can evoke synaptic responses in neighbor

neurons [48, 49, next paragraph]. Activation of group I

mGlu receptors has been shown to increase the open

probability of two types of Ca2+- activated K+ channels in

hippocampal astrocytes through a mechanism mediated by

PLC activation [50]. In addition, activation of group I mGlu

receptors by DHPG stimulates mitogen-activated protein

(MAP) kinase pathways [35]. Interestingly, while DHPG-

induced PI hydrolysis and calcium responses are inhibited

by PKC inhibitors, activation of MAP kinases in astrocytes

is PKC-independent [51], and instead requires the trans-

activation of the epidermal growth factor receptor and the

activation of a Src family tyrosine kinase [52]. Stimulation

of phospholipase D mediated by activation of mGlu5

receptors has also been reported in cultured astrocytes from

cortex and hippocampus, but not from cerebellum [53].

mGlu2 and mGlu3 receptors are negatively coupled to

adenylate cyclase. In cultured murine astrocytes, activation

of group II mGlu receptors by the selective agonist

LY379268 reduces forskolin-stimulated cAMP formation

in the absence of extracellular calcium, but enhances

cAMP formation in the presence of calcium [54]. This dual

regulation of cAMP formation is peculiar of cultured

astrocytes, being absent in cultured neurons [54]. In

addition, pharmacological activation of group II mGlu

receptors amplifies the stimulation of cAMP formation

mediated by b2-adrenergic receptor, and the combined

activation of group II mGlu receptors and b2-adrenergic

receptors stimulates adenosine release in cultured astro-

cytes [55]. Extracellular adenosine may be critical for the

overall effect of mGlu2/3 receptor activation in astrocytes

[54]. Activation of mGlu2/3 receptors also stimulates the

MAP/ERK kinase and PI-3-kinase pathways in cultured

mouse and human astrocytes [19, 56]. Both pathways

mediate the increased formation of transforming growth

factor-b (TGF-b) from astrocytes in response to mGlu3

receptor activation in astrocytes [56], an effect that

mediates a particular form of neuroprotection based on a

mechanism of glial–neuronal interaction [57]. Stimulation

of MAP kinase and PI-3-kinase also underlies the protec-

tive effects of group II mGlu receptor agonists against

astrocytic damage caused by oxygen/glucose deprivation

in culture [58]. Finally, activation of mGlu3 receptors

enhances the formation of nerve growth factors and

S-100beta protein in cultured astrocytes [59].

mGlu receptors have been implicated in the control of

astrocyte proliferation [4, 60, 61], with the activation of

mGlu5 receptors increasing and activation of mGlu3

receptors decreasing cell proliferation [25]. The functional

significance of this regulation is unknown.

mGlu Receptors and the Release of Gliotransmitters

During the last decade the concept that glial cells actively

participate to synaptic transmission has been corroborated

by several observations. Astrocytes can regulate neuronal

excitability and information processing by controlling

the levels of extracellular glutamate at synapses and by

responding to neurotransmitters with the release of

gliotransmitters, which in turn can modulate neuronal

responses. mGlu receptors expressed in astrocytes are

implicated in both mechanisms. Astrocytes respond to

neurotransmitters with an increase of intracellular Ca2+ and

an ensuing release of gliotransmitters such as glutamate,

ATP, and D-serine, which in turn can modulate neuronal

excitability and promote neuronal synchrony [49, 62]. The

glutamate released from astrocytes in response to mGlu5

receptor activation induces a slow inward current in neu-

rons mediated by extrasynaptic NR2B-containing NMDA

receptors, which indicates that glutamate released from

astrocytes can have access to extrasynaptic sites [63, 64].

This mechanism promotes synchronized activation of

2438 Neurochem Res (2008) 33:2436–2443

123



groups of neurons as shown in the hippocampus [63], and

can therefore be involved in a form of slow, long distance

information processing. The mGlu5 receptor-mediated

glutamate release in astrocytes has also been implicated in

processes relevant to drug addiction, such as cocaine self-

administration and drug-seeking behavior [65].

The number of studies on the effects of mGlu receptor

activation on the release of gliotransmitters other than

glutamate is limited. Activation of mGlu receptors by the

mixed agonist trans-ACPD is only slightly effective in

promoting ATP release [66]. However, ATP release can be

elicited by the activation of mGlu receptors in spinal cord

astrocytes treated with glutamate in the presence of sub-

stance P [67]. ATP is a key spinal cord neurotransmitter

and an important regulator of inflammatory and neuro-

pathic pain. Group I mGlu receptors are strongly expressed

in the dorsal horn of spinal cord and are implicated in the

increased excitability of dorsal horn neurons induced by a

persistent noxious stimulus [68]; however, the role of

astrocytic mGluRs in nociceptive sensitization awaits fur-

ther elucidation. D-Serine, one of the endogenous ligand at

the glycine site of NMDA receptors, is released from

astrocytes upon AMPA/kainate and mGlu receptor stimu-

lation though a calcium-dependent and SNARE protein-

dependent mechanism [69].

mGlu Receptors Regulate Glutamate Transport

in Glial Cells

Synaptic cleft glutamate is rapidly cleared from the

extracellular space by high-affinity glutamate transporters

present in both neurons and astrocytes. This mechanism

maintains glutamate concentration below excitotoxic

levels and prevents glutamate from spreading outside the

synaptic cleft. Of the five different isoforms of glutamate

transporters, GLAST (EEAT1) and GLT1 (EEAT2) are

expressed almost exclusively by astrocytes, with GLT1

being the most abundant and accounting for more than 80%

of glutamate uptake in the brain. Recent evidence suggests

that activation of mGlu receptors modulates the expression

and function of glutamate transporter proteins in astrocytes.

GLT1 and GLAST, which are expressed at very low levels

in cultured astrocytes grown in serum-containing medium,

are strongly induced by the presence of neurons or by a

chemically defined medium containing growth factors [19,

70, 71]. Under the latter conditions, an acute stimulation of

mGlu5 receptors rapidly enhances glutamate uptake by

GLT1, through a mechanism that involves PLC and PKC

[71]. In contrast, a long-term treatment with the group I

mGluR agonist, DHPG, produces opposite effects in

cultured rat and human astrocytes [19, 70]. While the

increased activity of GLT-1 induced by the acute

stimulation of mGlu5 may contribute to restrict the gluta-

mate signal to the synaptic territory, the functional

significance of the opposite regulation of glutamate trans-

porter proteins by a sustained activation of mGlu3 and

mGlu5 receptors is less clear. It has been reported that

activation of group II and group III mGlu receptors in

astrocytes enhances glutamate uptake, thus protecting

neurons against 1-methyl-4-phenylpyridinium toxicity in

midbrain cultures [72]. However, it is possible that mech-

anisms controlling mGlu receptor-dependent regulation of

glutamate uptake are disrupted under pathologic condition

involving reactive gliosis and neuroinflammation.

Glial mGlu Receptors and Diseases

The expression of mGlu receptors in glial cells is highly

dynamic and modulated in response to different types of

experimental brain injuries. In humans, mGlu3 and mGlu5

receptors have been found to be diffusely up-regulated in

reactive astrocytes in pathologic specimens of ALS [28],

glioneuronal tumors [73], and multiple sclerosis (MS) [37].

mGlu2/3 immunoreactivity is found in activated microglia

in brain tissue of patients with MS, but not in ALS. mGlu4

and mGlu8 receptors are not found in resting astrocytes and

microglia, but are detectable in reactive astrocytes and

microglia of MS lesions, respectively [74].

mGlu receptors modulate excitatory synaptic transmis-

sion and are currently considered as novel targets for drugs

of potential use in neurological and psychiatric disorders

[75]. A great deal of work has been done to clarify the role

of mGlu receptors in excitotoxic neuronal death. Although

data are not univocal, group II and group III mGlu recep-

tors are generally considered as neuroprotective receptors,

whereas activation of mGlu1 and mGlu5 receptors may

either amplify or attenuate excitotoxicity depending on the

experimental paradigms [75]. Neuroprotection mediated by

mGlu3 receptors involves a mechanism of glial–neuronal

interaction. The medium collected from cultured astrocytes

challenged with mGlu3 receptor agonists protects neurons

against excitotoxic death because it contains TGF-b and,

perhaps other neurotrophic factors [56, 57, 76]. Neuro-

protection is lost when cultured astrocytes are prepared

from mGlu3 knockout mice [77]. Activation of mGlu4

receptors can instead reduce the production of the chem-

iokine RANTES in cultured astrocytes exposed to

proinflammatory cytokines. This mechanism suggests a

potential use of mGlu4 receptor enhancers in neuroin-

flammatory disorders [39]. The role of glial mGlu5

receptors in neurotoxicity is currently under investigation.

An enhanced release of glutamate induced by the activation

of glial mGlu5 receptors contributes to glutamate-mediated

neuronal death after status epilepticus [78].
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Interestingly, the mGlu5 receptor-mediated up-regula-

tion of glutamate transport is lost in chemically activated

astrocytes prepared from a G93A SOD1 rat model of ALS

[79]. In addition, because the expression of mGlu3 and

mGlu5 receptors is increased in reactive astrocytes, changes

in the ratio of these receptor subtypes might influence the

levels of extracellular glutamate in neurological disorders

associated with reactive gliosis. In this context, a role for

microglia should also be considered. In fact, although most

of the reports suggest an up-regulation of both mGlu3 and

mGlu5 receptors in reactive astrocytes, a down-regulation

of mGlu5 receptors has been shown in cultured astrocytes

treated with interleukin-1beta, tumor necrosis factor-a
(TNFa) and with a conditioned medium collected from

lipopolysaccharide-activated microglia [80, 81]. In contrast,

an up-regulation of mGlu5 has been observed after a

treatment with NO donor and prostaglandin E2 [81]. These

data indicate that the interaction between astrocytes and

microglia might influence responses mediated by mGlu

receptors under pathologic conditions characterized by

neuroinflammation. In microglia, activation of mGlu2

receptors induces mitochondrial depolarization and apop-

tosis or, alternatively, induces an activated phenotype,

which underlies microglia-mediated neurotoxicity [38, 82].

This is mediated by the secretion of TNFa and Fas ligand

from activated microglia [82]. In contrast, activation of

group III mGlu receptors does not induce microglial

apoptosis, or TNFa release, and appears to be protective

against microglia-mediated neurotoxicity [41, 82]. A

scheme showing the complex interaction between microglia

and astrocytes in neuroinflammation is depicted in Fig. 1.

Recent evidence supports a role for AMPA/kainate

iGlu receptors in the pathophysiology of oligodendroglial

death in demyelinating diseases. Oligodendroglial cells are

highly vulnerable to glutamate-mediated toxicity both

in vitro and in vivo [83]. Interestingly, activation of both

mGlu1 and mGlu5 receptors attenuates excitotoxic damage

of oligodendrocyte precursors, but is not protective against

excitotoxicity on mature oligodendrocytes, reflecting the

developmental pattern of mGlu receptor expression across

the oligodendroglial lineage [42, 84]. More recently, acti-

vation of mGlu5 receptors has been shown to completely

protect oligodendrocyte precursors and partially protect

mature oligodendrocytes against staurosporine-induced

apoptosis [85]. Thus, agonists of group I mGlu receptors

are potentially helpful in the treatment of neurological

disorders that primarily involves oligodendrocyte precur-

sors, such as periventricular leukomalacia, the predominant

form of hypoxic-ischemic brain injury in premature infants

[42]. Oligodendrocyte precursors persist in the adult brain

and trigger the remyelination process following injury to

white matter. mGlu receptors might be involved in the

regulation of remyelination and might be viewed as novel

pharmacological target for therapeutic intervention in MS

and other demyelinating conditions.

Interestingly, mGlu5 receptors are expressed in enteric

glial cells, which bear similarities to astrocytes and are the

most numerous cells in the enteric nervous system. The

expression of mGlu5 receptors in enteric glial cells is

increased in colitis suggesting a potential role for mGlu5

receptors in the pathophysiology of this disorder [86].

mGlu receptors are expressed in glioma cell lines, as

well as in cells isolated from malignant gliomas [19, 24,

87, 88]. In contrast to what observed in cultured astrocytes,

activation of mGlu3 receptors supports proliferation of

glioma cells [87]. Accordingly, a chronic treatment with

group II mGlu receptor antagonists reduces the growth of

glioma cells in vivo, indicating that mGlu2/3 antagonists

are of potential use in the experimental treatment of

malignant gliomas [88]. The possible use of drugs acting at

mGlu receptors in the therapy of cancer, including gliomas

has been recently discussed elsewhere [89].

Future Direction

Drugs acting at mGlu receptors are currently proposed as

potential therapeutical agents for the treatment of several

neurological and psychiatric disorders. In the light of this,

future experiments will be fundamental to further define

the role of glial mGlu receptors in gliotransmitter-depen-

dent information processing and in the complex interplay

between microglia, astrocytes, and neurons occurring in

neurological disease characterized by neuroinflammation.

Fig. 1 A complex crosstalk between activated astrocytes and

activated microglia results in neurotoxic and neuroprotective cascades

whose balance might influence the progress of neurological disorders

characterized by an inflammatory component. See text for a

description of mGlu-dependent effects. Solid arrows represent

causative or activating effects. Dashed arrows represent inhibitory

effects
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16. Mudò G, Trovaro-Salinaro A, Caniglia G et al (2007) Cellular

localization of mGluR3 and mGluR5 mRNAs in normal and

injured rat brain. Brain Res 1149:1–13

17. Balazs R, Miller S, Romano C et al (1997) Metabotropic gluta-

mate receptor mGluR5 in astrocytes: pharmacological properties

and agonist regulation. J Neurochem 69:151–163

18. Miller S, Romano C, Cotman CW (1995) Growth factor upreg-

ulation of a phosphoinositide-coupled metabotropic glutamate

receptor in cortical astrocytes. J Neurosci 15(9):6103–6109

19. Aronica E, Gorter JA, Ijlst-Keisers H et al (2003) Expression and

functional role of mGluR3 and mGluR5 in human astrocytes and

glioma cells: opposite regulation of glutamate transporter pro-

teins. Eur J Neurosci 17:2106–2118

20. Ferraguti F, Corti C, Valerio E et al (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 137:1–11

21. Ulas J, Satou T, Ivins KJ et al (2000) Expression of metabotropic

glutamate receptor 5 is increased in astrocytes after kainate-

induced epileptic seizures. Glia 30(4):352–361

22. Aronica E, van Vliet EA, Mayboroda OA et al (2000) Upregu-

lation of metabotropic glutamate receptor subtype mGluR3 and

mGluR5 in reactive astrocytes in a rat model of mesial temporal

lobe epilepsy. Eur J Neurosci 12(7):2333–2344

23. Condorelli DF, Dell’Albani P, Amico C et al (1992) Develop-

ment profile of metabotropic glutamate receptor mRNA in rat

brain. Mol Pharmacol 41:660–664

24. Condorelli DF, Dell’Albani P, Corsaro M et al (1997) Metabo-

tropic glutamate receptor expression in cultured rat astrocytes and

human gliomas. Neurochem Res 22:1127–1133

25. Ciccarelli R, Sureda FX, Casabona G et al (1997) Opposite

influence of the metabotropic glutamate receptor subtypes mGlu3

and -5 on astrocyte proliferation in culture. Glia 21:390–398

26. Heck S, Enz R, Richter-Landsberg C et al (1997) Expression of

eight metabotropic glutamate receptor subtypes during neuronal

differentiation of P19 embryocarcinoma cells: a study by RT-PCR

and in situ hybridization. Brain Res Dev Brain Res 101:85–91

27. Silva GA, Theriault E, Millsa LR et al (1999) Group I and II

metabotropic glutamate receptor expression in cultured rat spinal

cord astrocytes. Neurosci Lett 263:117–120

28. Aronica E, Catania MV, Geurts J et al (2001) Immunohisto-

chemical localization of group I and II metabotropic glutamate

receptors in control and amyotrophic lateral sclerosis human

spinal cord: upregulation in reactive astrocytes. Neuroscience

105:509–520

29. Agrawal SK, Theriault E, Fehlings MG (1998) Role of group I

metabotropic glutamate receptors in traumatic spinal cord white

matter injury. J Neurotrauma 15(11):929–941

30. Gwak YS, Hulsebosch CE (2005) Upregulation of Group I

metabotropic glutamate receptors in neurons and astrocytes in the

dorsal horn following spinal cord injury. Exp Neurol 195(1):

236–243

31. Petralia RS, Wang YX, Niedzielsk AS et al (1996) The metab-

otropic glutamate receptors, mGluR2 and mGluR3, show unique

postsynaptic, presynaptic and glial localizations. Neuroscience

71:949–976

32. Ohishi H, Neki A, Mizuno N (1998) Distribution of a metabo-

tropic glutamate receptor, mGluR2, in the central nervous system

of the rat and mouse: an immunohistochemical study with a

monoclonal antibody. Neurosci Res 30(1):65–82

33. Tamaru Y, Nomura S, Mizuno N et al (2001) Distribution of

metabotropic glutamate receptor mGlu3 in the mouse CNS:

differential location relative to pre- and postsynaptic sites.

Neuroscience 106(3):481–503

34. Janssens N, Lesage ASJ (2001) Glutamate receptor subunit

expression in primary neuronal and secondary glial cultures.

J Neurochem 77:1457–1474

35. Peavy RD, Conn PJ (1998) Phosphorylation of mitogen-activated

protein kinase in cultured rat cortical glia by stimulation of

metabotropic glutamate receptors. J Neurochem 71:603–612

36. Minoshima T, Nakanishi S (1999) Structural organization of the

mouse metabotropic glutamate receptor subtype 3 gene and its

regulation by growth factors in cultured cortical astrocytes.

J Biochem 126:889–896
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85. Luyt K, Varádi A, Durant CF (2006) Oligodendroglial metabo-

tropic glutamate receptors are developmentaly regulated and

involved in the prevention of apoptosis. J Neurochem 99(2):

641–656

86. Nasser Y, Keenan CM, Ma AC et al (2007) Expression of a

functional metabotropic glutamate receptor 5 on enteric glia is

altered in states of inflammation. Glia 55(8):859–872

87. D’Onofrio M, Arcella A, Bruno V et al (2003) Pharmacological

blockade of mGlu2/3 metabotropic glutamate receptors reduces

cell proliferation in cultured human glioma. J Neurochem 84(6):

1288–1295

88. Arcella A, Carpinelli G, Battaglia G (2005) Pharmacological

blockade of group II metabotropic glutamate receptors reduces the

growth of glioma cells in vivo. Neuro-Oncology 7(3):236–245

89. Nicoletti F, Arcella A, Iacovelli L et al (2007) Metabotropic

glutamate receptors: new targets for the control of tumor growth?

Trends Pharmacol Sci 28(5):206–213

Neurochem Res (2008) 33:2436–2443 2443

123


	Metabotropic Glutamate Receptors in Glial Cells
	Abstract
	Introduction
	mGlu Receptors Expression in Glial Cells
	mGlu Receptors are Coupled to Multiple Signal Transduction Pathways in Glial Cells
	mGlu Receptors and the Release of Gliotransmitters
	mGlu Receptors Regulate Glutamate Transport �in Glial Cells
	Glial mGlu Receptors and Diseases
	Future Direction
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


