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Stimulation of group I metabotropic glutamate receptors (mGluRs) initiates a wide vari-
ety of signaling pathways. Group I mGluR activation can regulate gene expression at both
translational and transcriptional levels, and induces translation or transcription-dependent
synaptic plastic changes in neurons. The group I mGluR-mediated translation-dependent
neural plasticity has been well reviewed. In this review, we will highlight group I mGluR-
induced gene transcription and its role in synaptic plasticity. The signaling pathways (PKA,
CaMKs, and MAPKs) which have been shown to link group I mGluRs to gene transcrip-
tion, the relevant transcription factors (CREB and NF-κB), and target proteins (FMRP and
ARC) will be documented. The significance and future direction for characterizing group I
mGluR-mediated gene transcription in fragile X syndrome, schizophrenia, drug addiction,
and other neurological disorders will also be discussed.
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INTRODUCTION
The metabotropic glutamate receptors (mGluRs) belong to family
C of G-protein coupled receptors (GPCRs) and are widely dis-
tributed throughout the central nervous system (CNS; Kim et al.,
2008; Niswender and Conn, 2010; Nicoletti et al., 2011). These
receptors are distinguished from family A of GPCRs by the pres-
ence of a large extracellular N-terminal domain that contains
the endogenous ligand binding site. The mGluRs bind gluta-
mate within a large extracellular domain and transmit signals
through the receptor protein to intracellular molecular partners,
and provide a mechanism by which glutamate modulates cell
excitability and synaptic transmission via second messenger sig-
naling pathways (Kim et al., 2008; Gladding et al., 2009). Eight
mGluR subtypes have been identified and are subclassified into
three groups based on sequence homology, G-protein coupling,
and ligand selectivity. Group I mGluRs (mGluR1 and mGluR5)
are predominantly coupled to the activation of phospholipase C
(PLC) via Gαq/11, whereas group II (mGluR2 and mGluR3) and
group III (mGluR4, mGluR6, mGluR7, and mGluR8) mGluRs
negatively regulate adenylyl cyclase via Gαi (Niswender and Conn,
2010; Nicoletti et al., 2011). These mGluR subtypes are differen-
tially localized in presynaptic and postsynaptic regions of neurons,
as well as in glial cells (Kim et al., 2008; Gladding et al., 2009;
Ribeiro et al., 2010).

The mGluRs can modulate diverse neuronal responses and their
downstream targets exist not only in the membrane but also in
the cytoplasm and nucleus (Heinke and Sandkuhler, 2005; Ger-
ber et al., 2007; Gladding et al., 2009). Group I mGluRs have
been shown to regulate gene expression at both translational and
transcriptional levels (Antar et al., 2004; Hou et al., 2006; Ger-
ber et al., 2007; Gladding et al., 2009). Previous studies have

provided insights into how mGluRs initiate signal transduction
and details about the signaling pathways downstream of these
receptors. The roles of group I mGluRs in protein synthesis have
been well documented (Bear et al., 2004; Garber et al., 2006; Hou
et al., 2006; Waung et al., 2008; Waung and Huber, 2009). Here,
we will focus on group I mGluR-mediated gene transcription and
its implications in synaptic plasticity. We will discuss how group I
mGluRs induce gene transcription and the significance of group I
mGluR-mediated gene transcription in neurological conditions.

GROUP I mGluR-MEDIATED GENE TRANSCRIPTION
GROUP I mGluR SIGNALING PATHWAYS
Group I mGluRs are primarily coupled to the activation of
Gαq/11 proteins which stimulate PLCβ, resulting in the cleav-
age of phosphatidylinositol-4,5-bisphosphate with the ensuing
formation of the intracellular second messengers, inositol-1,4,5-
trisphosphate (IP3), and diacylglycerol (DAG; Gladding et al.,
2009; Niswender and Conn, 2010; Nicoletti et al., 2011). Addition-
ally, group I mGluR activation facilitates L-type voltage dependent
Ca2+ channels (L-VDCCs) and induces Ca2+ influx through L-
VDCCs (Chavis et al., 1996; Mao and Wang, 2003b). The IP3
binding to its receptor leads to the release of Ca2+ from intracel-
lular stores; both Ca2+ and DAG activate protein kinase C (PKC);
PKC has been found to activate phospholipase D (PLD), phospho-
lipase A2 (PLA2), as well as to modulate a variety of ion channels
(Niswender and Conn, 2010; Nicoletti et al., 2011). It is known
that group I mGluRs can trigger additional signaling pathways
downstream of Gαq/11 as well as pathways stemming from Gαs
and Gαi/o, and other molecules independent of G-protein (Gerber
et al., 2007; Kim et al., 2008; Niswender and Conn, 2010). Depend-
ing on the neuronal populations, stimulating group I mGluRs
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can activate a wide range of protein kinase pathways, including
cAMP dependent protein kinase (PKA), Ca2+ calmodulin depen-
dent protein kinases (CaMKs), mitogen-activated protein kinases
(MAPKs), phosphoinositide 3-kinase (PI3K), mammalian target
of rapamycin (mTOR), p70 S6 kinase, casein kinase 1, and cyclin-
dependent protein kinase 5 (Liu et al., 2002; Harris et al., 2004;
Hou et al., 2006; Mao et al., 2008; Gladding et al., 2009; Niswen-
der and Conn, 2010; Ribeiro et al., 2010; Nicoletti et al., 2011).
These signaling pathways are believed to be particularly impor-
tant for the regulation of synaptic plasticity by group I mGluRs.
The PKA, CaMKs, MAPKs, and PI3K pathways have been shown
to link group I mGluRs to transcriptional changes in the nucleus
(O’Riordan et al., 2006; Gerber et al., 2007; Gladding et al., 2009;
see Figure 1 for the model).

PKA
The cAMP signaling pathway contributes to the activity-
dependent synaptic plasticity in the anterior cingulate cortex

(ACC; Wei et al., 2002b, 2006; Liauw et al., 2005; Zhuo, 2008).
Previous studies have shown that stimulating Group I mGluRs
potentiates cAMP accumulation in cultured striatal neurons, stria-
tum, and cerebral cortex (Cartmell et al., 1997, 1998; Schaffhauser
et al., 1997). We found that stimulating group I mGluRs with their
agonist (RS)-3, 5-Dihydroxyphenylglycine [(RS)-3, 5-DHPG],
increases the cAMP levels in cingulate cortical neurons (Wang
et al., 2008a). Both the intracellular calcium stores and external
calcium influx through L-VDCCs are required for cAMP produc-
tion following stimulation of Group I mGluRs. PKA is activated by
Group I mGluRs in ACC neurons (Wang et al., 2008a). Among the
cAMP signaling molecules, adenylyl cyclase 1 (AC1) and AC8, are
the two major Ca2+/calmodulin stimulated AC isoforms (Suna-
hara and Taussig, 2002; Wang and Storm, 2003; Cooper and
Crossthwaite, 2006; Wang et al., 2007a, 2011). We found that
AC1, but not AC8, plays a critical role in PKA signaling pathway
during group I mGluR activation in ACC neurons (Wang et al.,
2008a).

FIGURE 1 | Signaling pathways for group I mGluR-mediated gene
transcription. Stimulating group I mGluRs triggers Ca2+ release from
intracellular calcium stores by IP3 and Ca2+ influx from L-VDCCs through
membrane depolarization. Postsynaptic increases of Ca2+ lead to activation of
Ca2+-calmodulin (CaM) dependent pathways. Among them, AC1 and CaMKIV
are activated. AC1 activation leads to the generation of cAMP and cAMP then
activates PKA. PKA and CaMKIV phosphorylate CREB. ERK1/2 and p38 MAPK
are stimulated by G-protein release after mGluR1/5 activation through the

mitogen-activated protein kinase kinases MKK/MEK. JNK can be stimulated
by transactivation of EGFR by group I mGluRs. PI3K is also initiated by group I
mGluR activation. Stimulation of ERK1/2, p38 MAPK, JNK, and PI3K leads to
activation of the transcription factors Elk-1, CREB, activator protein-1 (AP-1),
c-Jun, and other NF-κB members such as c-Rel through RSK1 and mitogen
and MSK1. The upregulation of the targets such as FMRP, ARC, c-fos, Egr1,
and BDNF by these transcriptional factors, could contribute to the modulation
of synaptic plasticity in the forms of LTP and LTD.
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Similarly, group I mGluR agonists have been found to acti-
vate PKA in other brain region (Bandrowski et al., 2001). The
PKA signaling pathway is critically involved in the effect of group
I mGluRs on the state of phosphorylation of GluA1 subunit of
the AMPA glutamate receptors (Dell’anno et al., 2012). In amyg-
dala, mGluR5 has been shown to activate PKA signaling pathway
through IP3 and reactive oxygen species (ROS; Li et al., 2011).

CaMKs
CaMKIV is a key effector in neuronal Ca2+ signaling and func-
tions as a transcriptional activator (Ho et al., 2000; Hook and
Means, 2001; Wei et al., 2002a; Colomer and Means, 2007; Way-
man et al., 2008, 2011). It is expressed in both nuclei and cytosol
of neurons in different brain regions, including cortex, striatum,
hippocampus, amygdale, and cerebellum (Colomer and Means,
2007; Wayman et al., 2008, 2011). CaMKIV has been implicated in
many aspects of neuronal Ca2+ signaling, including gene expres-
sion in response to excitatory neurotransmission (Colomer and
Means, 2007; Wayman et al., 2011). We found that stimulating
group I mGluRs activates CaMKIV in the ACC neurons (Wang
et al., 2009a). Both Ca2+ release from intracellular stores and Ca2+

influx through L-VDCCs are involved in the activation of CaMKIV
by group I mGluRs in ACC neurons (Wang et al., 2009a). Our study
thus suggests that CaMKIV may act as a downstream effector for
Group I mGluRs in ACC neurons. In cultured striatal neurons,
activation of both cell Surface and intracellular mGluR5 increases
phosphorylation of CaMKIV (Jong et al., 2009; Kumar et al., 2012).

Another member of the CaMKs family, CaMKII, is also well
known for its roles in gene transcription, synaptic plasticity, learn-
ing, and memory (Wayman et al., 2008, 2011; Mockett et al., 2011).
DHPG can cause a transient increase in CaMKII phosphorylation
in synaptoneurosomes prepared from whole hippocampus and in
CA1 slices (Mockett et al., 2011). In striatal neurons, activation
of intracellular mGluR5 increases phosphorylated CaMKII (Jong
et al., 2009; Kumar et al., 2012). These findings may implicate
CaMKII in group I mGluR-mediated gene transcription.

MAPKs
Mitogen-activated protein kinases are a family of serine/threonine
protein kinases, including extracellular signal regulated kinases
(ERKs), p38 MAPKs, and c-Jun N-terminal kinase (JNK; Davis
and Laroche, 2006; Wang et al., 2007b). It has been demon-
strated that stimulation of Group I mGluRs activates all these three
subclasses. The group I mGluRs actively regulate the phosphory-
lation of MAPKs (Niswender and Conn, 2010; Ribeiro et al., 2010;
Nicoletti et al., 2011). DHPG can induce the phosphorylation of
ERK1/2 in striatal neurons in vivo and in cultures (Mao et al., 2005,
2008). This effect was mediated partially by the conventional group
I mGluR signaling pathway since the PLC inhibitor and Ca2+

depleting agents or Ca2+ chelators reduced DHPG-induced phos-
phorylation of ERK1/2 (Mao et al., 2005). ERK signaling has been
found to be involved in chemical mGluR1-mediated late long-
term potentiation (LTP) at excitatory synapses onto hippocampal
interneurons in oriens-alveus (OA-INs), suggesting stimulating
mGluR1 may activate ERK (Ran et al., 2009, 2012). ERK activa-
tion may be triggered by mGluR5 activation by a cascade involving
the repressor activator protein 1 (Rap1) and mitogen-activated

protein/ERK kinase (MEK; Morozov et al., 2003). In amygdala,
ERK may be activated by mGluR5 through IP3 and ROS (Li et al.,
2011). Stimulating group I mGluR activates ERK in hippocampus
(Hou et al., 2006; O’Riordan et al., 2006). The activation of ERK2
requires PI3K and PKC; Both PI3K and PKC can cause ERK2 acti-
vation through Ras signaling pathway and its downstream target
MEK, the kinase responsible for activation of ERK (O’Riordan
et al., 2006). Group I mGluR-mediated signaling also activates
p38 MAPK, whereas DHPG-induced activation of p38 MAPK is
independent of PI3K and PKC (Huang et al., 2004; O’Riordan
et al., 2006). It has been shown that stimulating mGluR5 can acti-
vate p38 MAPK through Rap1 and MAPK kinase 3/6 (MKK3/6;
Huang et al., 2004).

In cultured striatal neurons, activation of both cell Surface and
intracellular mGluR5 increases phosphorylation of JNK (Kumar
et al., 2012). Stimulating group I mGluRs with DHPG induces the
phosphorylation of JNK through a signaling mechanism involv-
ing mGluR5-associated transactivation of the epidermal growth
factor receptor (EGFR), whereas the conventional signaling path-
ways (IP3 mediated Ca2+ release and PKC) are not involved in
this process (Yang et al., 2006). Interestingly, the scaffolding pro-
tein Homer1b/c may couple mGluR5 to ERK signaling cascade in a
Ca2+ independent manner (Mao et al., 2005). In addition, another
scaffolding protein, caveolin-1, an adaptor protein that associates
with lipid rafts and the main protein of caveolae, interacts with
group I mGluRs and regulates mGluR-dependent phosphoryla-
tion/activation of MAPKs (Francesconi et al., 2009). The studies
summarized here demonstrate that group I mGluRs are tightly
linked to MAPK signaling pathway.

The group I mGluRs are not only involved in gene transcrip-
tion, but also contribute to other aspects of gene expression at
the post-transcriptional and translational levels (Gerber et al.,
2007; Gladding et al., 2009; Nicoletti et al., 2011). It could be
argued that PKA, CaMKs, and MAPKs are involved in molec-
ular/cellular processes other than gene transcription. However,
our previous studies have provided clear evidence that PKA and
CaMKIV are involved in group I mGluR-mediated gene transcrip-
tion (Wang et al., 2008a, 2009a). The MAPK and PI3K signaling
pathways have also been shown to modulate gene transcription
through transcription factors by other studies (Gerber et al., 2007;
Gass and Olive, 2008; Gladding et al., 2009). The fact that the
same signaling pathways could be involved in different molec-
ular/cellular processes further reveals the complexity of group
I mGluR-mediated signaling network and the diverse functions
of mGluRs.

TRANSCRIPTION FACTORS
CREB
The cyclic AMP responsive element binding protein (CREB) is a
transcription factor that plays important roles in synaptic plastic-
ity (Kornhauser et al., 2002; Lonze and Ginty, 2002; Josselyn and
Nguyen, 2005; Zhuo, 2005; Suzuki et al., 2011; Kandel, 2012). The
activity of CREB is regulated by its phosphorylation. Phosphory-
lated CREB binds to the CRE site within the gene and activates
the gene transcription (Kornhauser et al., 2002; Lonze and Ginty,
2002; Kandel, 2012). We have demonstrated that group I mGluR
activation induce the phosphorylation of CREB in ACC neurons
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(Wang et al., 2008a). AC1 is involved in this process through PKA.
CaMKIV is another key molecule that phosphorylates CREB dur-
ing group I mGluR activation in ACC neurons (Wang et al., 2008a,
2009a).

In striatal neurons, mGluR5 activation induces CREB phos-
phorylation (Choe and Wang, 2002; Mao and Wang, 2003b; Mao
et al., 2008). In hippocampal interneurons, induction of mGluR1-
mediated late LTP has been found to stimulate CREB phospho-
rylation via ERK signaling (Ran et al., 2012), suggesting group
I mGluR-induced CREB activation can occur in different brain
areas.

NF-κB
The nuclear factor κB (NF-κB) family of dimeric transcription
factors plays a role in the induction of synaptic plasticity and for-
mation of long-term memory (Sheridan et al., 2007; Ahn et al.,
2008; Bracchi-Ricard et al., 2008; Boersma et al., 2011). NF-κB
subcellular distribution, DNA binding activity, and transcription
are regulated by various forms of synaptic activity (Memet, 2006;
O’Mahony et al., 2006; Romano et al., 2006). Moreover, regula-
tion of gene expression by group I mGluRs in cortical neurons
requires the activation of NF-κB factor c-Rel (Pizzi et al., 2005),
suggesting that NF-κB could be involved in the induction of
transcription-dependent forms of synaptic plasticity in the ner-
vous system, including long-term depression (LTD; Pizzi et al.,
2005). NF-κB is activated by group I mGluRs in hippocampus
(O’Riordan et al., 2006). The DNA binding activity of NF-κB fam-
ily members, such as p50, p65, and c-Rel, is increased in response to
group I mGluR signaling (O’Riordan et al., 2006). The mGluR5,
but not mGluR1, is involved in this activation. The PI3K, PKC,
MKK, and p38 MAPK signaling pathways are necessary for group
I mGluR-induced activation of NF-κB (O’Riordan et al., 2006). In
glial cells, glutamate activates NF-κB through mGluR5. The reg-
ulation of NF-κB requires Ca2+ and cross coupled signaling with
EGFR (Sitcheran et al., 2008). These findings reveal the diversity
of signaling pathways that modulate NF-κB activity and indicate
the importance of cross talks among different classes of receptors
to regulate gene expression.

Other transcription factors
In striatal neurons, mGluR5-mediated JNK activation can induce
the phosphorylation of c-Jun. The phosphorylated c-Jun then
leads to activation of the transcription factor activator protein-1
(AP-1) to facilitate target gene expression (Yang et al., 2006). Acti-
vation of mGluR5 induced a rapid and transient phosphorylation
of the transcription regulator Elk-1 in cultured striatal neurons.
Elk-1 phosphorylation was mediated through selective activation
of mGluR5 regulated PLC and IP3-sensitive Ca2+ release (Mao
and Wang, 2003a). ERK signaling targets multiple transcription
control pathways in addition to CREB. ERK targets both Elk-1 and
CREB in LTP-dependent transcription in dentate gyrus (Davis and
Laroche, 2006; Gladding et al., 2009). Stimulation of MAPKs and
PI3K leads to activation of the transcription factors Elk-1, CREB,
AP-1, c-Jun, and NF-κB through p90 ribosomal S6 kinase 1 (RSK1)
and mitogen and stress-activated protein kinase 1(MSK1; Arthur
et al., 2004; Hauge and Frodin, 2006; Gladding et al., 2009; Pearce
et al., 2010).

TARGET GENE EXPRESSION
FMRP
Fragile X mental retardation protein (FMRP), an mRNA binding
protein, regulates local protein synthesis at synapses and is involved
in activity-dependent synaptic plasticity (Bassell and Warren,
2008; Wang et al., 2008b, 2010, 2012b; Bhakar et al., 2012). The lack
of FMRP due to mutations in its encoding gene FMR1 can cause
fragile X syndrome, the most common form of inherited mental
retardation and autism spectrum disorders (Bear et al., 2004; Gar-
ber et al., 2006; Bassell and Warren, 2008; Rooms and Kooy, 2011;
Bhakar et al., 2012; Wang et al., 2012b). Previous studies showed
that the group I mGluR agonist DHPG induces the increase of
FMRP in a translation-dependent manner, and the induction
depends on the activation of mGluR5, rather than mGluR1 in
hippocampus (Antar et al., 2004; Hou et al., 2006; Bhakar et al.,
2012). We found that upregulation of FMRP by group I mGluRs
occurs at the transcriptional level in cingulate cortex (Wang et al.,
2008a). In addition, the upregulation of FMRP depends on the
activation of both mGluR1 and mGluR5 in ACC neurons (Wang
et al., 2008a). The differences in our findings from others’ could be
explained by the different composition of neuronal types between
hippocampus and cingulate cortex. Alternatively, the differences
might reflect the possible functional diversity of group I mGluRs
in different brain areas. We further demonstrated that CREB is
involved in the upregulation of FMRP by group I mGluRs in ACC
neurons (Wang et al., 2008a, 2009a). The regulation of FMRP by
group I mGluRs requires AC1 and CaMKIV; AC1 and CAMKIV
contribute to FMRP upregulation through CREB activation (Wang
et al., 2008a, 2009a). By using the transgenic mice overexpressing
dominant active CREB (Y134F) mutant which displays a higher
affinity with cAMP dependent kinase (PKA) compared to wild-
type CREB (Suzuki et al., 2011), we recently demonstrated that
upregulation of FMRP by stimulating group I mGluRs was further
enhanced in ACC neurons from these transgenic mice, provid-
ing further evidence that FMRP upregulation by group I mGluRs
involves CREB (Wang et al., 2012a). Our studies thus indicate that
FMRP can be transcriptionally regulated by group I mGluRs, and
CREB is the key transcription factor in group I mGluR-induced
FMRP upregulation in cingulate cortex (Figure 1).

ARC
Activity-regulated cytoskeleton-associated protein (Arc), also
known as activity-regulated gene 3.1 (Arg3.1), is an immediate
early gene that links gene expression changes with localized synap-
tic changes (Bramham et al., 2008; Alberi et al., 2011; Beique
et al., 2011; Korb and Finkbeiner, 2011; Shepherd and Bear, 2011;
Okuno et al., 2012). The expression of Arc is tightly coupled to
synaptic activities (Alberi et al., 2011; Beique et al., 2011; Korb
and Finkbeiner, 2011; Shepherd and Bear, 2011). Previous studies
have shown the functional relevance of Arc translation in mGluR-
dependent LTD in hippocampus (Alberi et al., 2011; Beique et al.,
2011; Korb and Finkbeiner, 2011; Shepherd and Bear, 2011). The
group I mGluR agonist DHPG can increase dendritic ARC protein
levels in a translation-dependent manner (Park et al., 2008; Waung
et al., 2008). An increase in Arc transcription was also observed
20 min following DHPG application (Park et al., 2008), suggesting
that following rapid translation of Arc, Arc can be upregulated at
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the transcriptional level. In hippocampal neurons cultured within
microfluidic chambers, DHPG applied to synaptic regions is suf-
ficient to signal to the nucleus and increase Arc transcription. The
increase in Arc mRNA was from new transcription since it can be
blocked by the transcription inhibitor Actinomycin D. Interest-
ingly, these newly transcribed Arc mRNAs caused by local group
I mGluR activation can be delivered to the region of synaptic
stimulation (Taylor et al., 2010). This study indicates that group
I mGluR activation can prompt a synapse-to-nucleus-to-synapse
signaling pathway. In cultured cortical neurons, it has also been
demonstrated that activation of group I mGluRs by DHPG can
induce transcription-dependent expression of ARC. The DHPG-
induced ARC upregulation requires CaMK, PLC, and ERK1/2
activity. Among these signaling molecules, ERK1/2 plays the cen-
tral role in group I mGluR-mediated Arc transcription (Wang et al.,
2009b).

Other immediate early genes
The transcription of the immediate early genes c-fos and egr1 is
dependent on CREB activity (Impey and Goodman, 2001; Korn-
hauser et al., 2002; Lonze and Ginty, 2002; Josselyn and Nguyen,
2005; Zhuo, 2005; Kandel, 2012). The mGluR5 stimulation upreg-
ulates c-fos and egr1 in striatal neurons (Mao and Wang, 2003b,c;
Jong et al., 2009). The induction of immediate early genes kineti-
cally corresponds to Elk-1 phosphorylation (Jong et al., 2009) and
can be attenuated by selectively knockdown of Elk-1 (Choe and
Wang, 2001; Mao and Wang, 2003a).

GROUP I mGluR-MEDIATED GENE TRANSCRIPTION AND
SYNAPTIC PLASTICITY
Activation of mGluRs results in diverse actions on neuronal
excitability and synaptic transmission by modulation of a vari-
ety of ion channels and other regulatory or signaling proteins
(Niswender and Conn, 2010; Ribeiro et al., 2010; Nicoletti et al.,
2011). Group I mGluRs are usually localized postsynaptically, and
their activation can lead to cell depolarization and increases in
neuronal excitability. Group I mGluRs play important roles in
induction or maintenance of long lasting forms of synaptic plas-
ticity, including LTD and LTP of transmission at glutamatergic
synapses (Huber et al., 2000; Huemmeke et al., 2002; Bear et al.,
2004; Heinke and Sandkuhler, 2005; Nosyreva and Huber, 2006;
Anwyl, 2009; Gladding et al., 2009; Nicoletti et al., 2011).

The mGluR-LTD involves not only the dendritic synthesis of
target proteins such as FMRP, ARC, postsynaptic density (PSD)
95, microtubule-associated protein 1B (MAP1B), and striatal-
enriched tyrosine phosphatase (STEP), but also the modulation of
transcription factors such as NF-κB, Elk-1, and CREB (Gladding
et al., 2009). NF-κB is a transcription factor that is activated in
mGluR-LTD (O’Riordan et al., 2006). The NF-κB family member
c-Rel has been shown to be necessary for long-term maintenance
of hippocampal mGluR-LTD (O’Riordan et al., 2006; Ahn et al.,
2008). This is inconsistent with previous studies which have shown
that mGluR-LTD involves translational rather than transcrip-
tional regulation. The explanation could be that synaptic changes
were monitored by previous studies at an early phase (<90 min)
rather than at a late phase (2∼3 h) of LTD (Huber et al., 2000;
O’Riordan et al., 2006). The inconsistency may also indicate that

the early phase of mGluR-LTD depends on dendritic translation of
pre-existing mRNA, whereas the late phase mGluR-LTD requires
new transcription. NF-κB can be synaptically localized and upon
synaptic activation is rapidly trafficked from the synapses to the
nucleus (Memet, 2006; Romano et al., 2006). In the stabilization of
mGluR-LTD, NF-κB may act as a signal messenger to facilitate the
expression of specific genes which are required for maintenance
of synaptic activity (O’Riordan et al., 2006).

The long-term synaptic plasticity in hippocampal inhibitory
interneurons plays important roles in learning and memory (Bar-
tos et al., 2007; Kullmann and Lamsa, 2007). Activation of mGluR1
at excitatory synapses onto hippocampal interneurons in oriens-
alveus can induce a transcription and translation-dependent form
of LTP which persists for at least 24 h (Ran et al., 2009). CREB
knockdown impaired this mGluR1-mediated chemical late LTP,
whereas CREB overexpression facilitated the induction, indicat-
ing that CREB-dependent transcription is a necessary permis-
sive switch for eliciting persistent presynaptic and postsynaptic
changes at excitatory synapses in inhibitory local circuits (Ran
et al., 2012). The CREB-dependent transcription may eventu-
ally enhance transmitter release and increases channel conduc-
tance and number of functional postsynaptic receptors during
maintenance of interneuron persistent synaptic plasticity.

IMPLICATIONS IN NEUROLOGICAL DISORDERS
A large body of studies have implicated group I mGluRs in the
pathogenesis of multiple neurological disorders, including fragile
X syndrome, schizophrenia, drug addiction, chronic pain, neu-
rodegenerative diseases, and other neurological disorders (Gravius
et al., 2010; Ribeiro et al., 2011; Bellone and Mameli, 2012; Bhakar
et al., 2012; Brown et al., 2012; Chiechio and Nicoletti, 2012; Dun-
can and Lawrence, 2012; Wang et al., 2012b). Targeting individual
mGluR subtypes has also shown promising outcomes for treat-
ment of some neurological and psychiatric disorders (Spooren
et al., 2010; Gregory et al., 2011; Gross et al., 2012). However,
group I mGluR signaling alterations in many of these disorders
still need to be further investigated.

The mGluR-mediated LTD is, under certain circumstances,
dependent on protein synthesis occurring as a result of local
mRNA translation. In the absence of FMRP, LTD associated pro-
teins are constitutively and highly expressed, and this makes a
selective amplification of mGluR5 mediated LTD in the hippocam-
pus of Fmr1 knockout (KO) mice, an animal model of fragile
X syndrome (Huber et al., 2000; Bear et al., 2004; Waung and
Huber, 2009; Krueger et al., 2011). The transcriptional regulation
of gene expression is also required for long-term maintenance of
hippocampal LTD and induction of mGluR-mediated late LTP
(Memet, 2006; Ran et al., 2012). However, little is known about
the gene transcription-dependent mGluR-mediated LTP or LTD in
fragile X syndrome. Our previous studies have shown the deficits
in LTP in both cingulate cortex and hippocampus of Fmr1 KO
mice (Zhao et al., 2005; Shang et al., 2009). The glycine induced
LTP depends on group I mGluRs and is deficient in hippocampus
of Fmr1 KO mice, whereas the function of group I mGluRs is not
affected in these mice (Wang et al., 2008a; Shang et al., 2009). Since
we have demonstrated that stimulating group I mGluRs upregu-
lates FMRP through CREB (Wang et al., 2008a, 2009a, 2012a), it is
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likely that the downstream effect of this signaling pathway (group I
mGluRs-CREB-FMRP) will be affected when FMRP is absent and
thus cause alterations in synaptic responses in fragile X syndrome.

Besides FMRP, many other effectors in signaling pathway of
group I mGluR-mediated gene transcription, such as CREB, NF-
κB,ARC,and c-fos,have been shown to be involved in chronic pain,
drug addiction, neurodegenerative diseases, and psychiatric disor-
ders (Zhuo, 2005; Memet, 2006; Korb and Finkbeiner, 2011; Kan-
del, 2012). Despite the fact that the functions of these downstream
effectors of mGluRs in learning, memory, and synaptic plasticity
have been well documented, future research is definitely needed
to characterize group I mGluR-mediated gene transcription in
neurological and psychiatric disorders.

CONCLUSION
Our understanding of mGluRs has greatly advanced in the past
decade. Previous studies regarding the function of group I mGluRs
have contributed to the knowledge about group I mGluRs in
modulation of neural plasticity and therapeutic perspectives of
these receptors in neurological disorders. The group I mGluRs

are not only involved in protein synthesis in cytoplasm, but
also in gene transcription in nucleus. Although group I mGluR
signaling pathways are becoming characterized, data on how
the mGluR signaling pathways can affect disease development
remains limited for most neurological diseases. An important
focus of future studies will be the linking of molecular data on
group I mGluRs with specific neural and behavioral functions
in both physiological and neurological conditions. We hope that
the future studies will continue to enhance our understanding
of the diverse neuronal mechanisms of mGluRs and will open
up new avenues for treatments of neurological and psychiatric
disorders.

ACKNOWLEDGMENTS
This work was supported by grants from the EJLB-CIHR Michael
Smith Chair in Neurosciences and Mental Health, Canada
Research Chair, Canadian Institute for Health Research oper-
ating grant (MOP-124807), NSERC Discovery Grant (RGPIN
402555; Min Zhuo). Hansen Wang was supported by Postdoctoral
Fellowship from The Fragile X Research Foundation of Canada.

REFERENCES
Ahn, H. J., Hernandez, C. M., Leven-

son, J. M., Lubin, F. D., Liou, H.
C., and Sweatt, J. D. (2008). c-Rel,
an NF-kappaB family transcription
factor, is required for hippocam-
pal long-term synaptic plasticity and
memory formation. Learn. Mem. 15,
539–549.

Alberi, L., Liu, S., Wang, Y., Badie, R.,
Smith-Hicks, C., Wu, J., et al. (2011).
Activity-induced Notch signaling in
neurons requires Arc/Arg3.1 and is
essential for synaptic plasticity in
hippocampal networks. Neuron 69,
437–444.

Antar, L. N., Afroz, R., Dictenberg, J.
B., Carroll, R. C., and Bassell, G.
J. (2004). Metabotropic glutamate
receptor activation regulates fragile
X mental retardation protein and
FMR1 mRNA localization differen-
tially in dendrites and at synapses. J.
Neurosci. 24, 2648–2655.

Anwyl, R. (2009). Metabotropic glu-
tamate receptor-dependent long-
term potentiation. Neuropharmacol-
ogy 56, 735–740.

Arthur, J. S., Fong, A. L., Dwyer, J.
M., Davare, M., Reese, E., Obri-
etan, K., et al. (2004). Mitogen-
and stress-activated protein kinase 1
mediates cAMP response element-
binding protein phosphorylation
and activation by neurotrophins. J.
Neurosci. 24, 4324–4332.

Bandrowski,A. E.,Ashe, J. H., and Craw-
ford, C. A. (2001). Tetanic stimu-
lation and metabotropic glutamate
receptor agonists modify synaptic
responses and protein kinase activ-
ity in rat auditory cortex. Brain Res.
894, 218–232.

Bartos, M., Vida, I., and Jonas, P.
(2007). Synaptic mechanisms of syn-
chronized gamma oscillations in
inhibitory interneuron networks.
Nat. Rev. Neurosci. 8, 45–56.

Bassell, G. J., and Warren, S. T. (2008).
Fragile X syndrome: loss of local
mRNA regulation alters synaptic
development and function. Neuron
60, 201–214.

Bear, M. F., Huber, K. M., and Warren,
S. T. (2004). The mGluR theory of
fragile X mental retardation. Trends
Neurosci. 27, 370–377.

Beique, J. C., Na, Y., Kuhl, D., Worley, P.
F., and Huganir, R. L. (2011). Arc-
dependent synapse-specific homeo-
static plasticity. Proc. Natl. Acad. Sci.
U.S.A. 108, 816–821.

Bellone, C., and Mameli, M.
(2012). mGluR-dependent
synaptic plasticity in drug-
seeking. Front. Pharmacol. 3:159.
doi:10.3389/fphar.2012.00159

Bhakar, A. L., Dolen, G., and Bear, M.
F. (2012). The pathophysiology of
fragile X (and what it teaches us
about synapses). Annu. Rev. Neu-
rosci. 35, 417–443.

Boersma, M. C., Dresselhaus, E. C.,
De Biase, L. M., Mihalas, A. B.,
Bergles, D. E., and Meffert, M. K.
(2011). A requirement for nuclear
factor-kappaB in developmental and
plasticity-associated synaptogenesis.
J. Neurosci. 31, 5414–5425.

Bracchi-Ricard, V., Brambilla, R., Lev-
enson, J., Hu, W. H., Bramwell,
A., Sweatt, J. D., et al. (2008).
Astroglial nuclear factor-kappaB
regulates learning and memory and
synaptic plasticity in female mice. J.
Neurochem. 104, 611–623.

Bramham, C. R., Worley, P. F.,
Moore, M. J., and Guzowski, J.
F. (2008). The immediate early
gene arc/arg3.1: regulation, mecha-
nisms, and function. J. Neurosci. 28,
11760–11767.

Brown, R. M., Mustafa, S., Ayoub, M.
A., Dodd, P. R., Pfleger, K. D.,
and Lawrence, A. J. (2012). mGlu5
receptor functional interactions and
addiction. Front. Pharmacol. 3:84.
doi:10.3389/fphar.2012.00084

Cartmell, J., Goepfert, F., Knoflach, F.,
Pink, J. R., Bleuel, Z., Richards,
J. G., et al. (1998). Effect of
metabotropic glutamate receptor
activation on receptor-mediated
cyclic AMP responses in primary
cultures of rat striatal neurones.
Brain Res. 791, 191–199.

Cartmell, J., Schaffhauser, H., Wich-
mann, J., and Mutel, V. (1997).
mGluR-evoked augmentation of
receptor-mediated cyclic AMP for-
mation in neonatal and adult rat
striatum. Br. J. Pharmacol. 121,
1263–1268.

Chavis, P., Fagni, L., Lansman, J. B.,
and Bockaert, J. (1996). Func-
tional coupling between ryanodine
receptors and L-type calcium
channels in neurons. Nature 382,
719–722.

Chiechio, S., and Nicoletti, F. (2012).
Metabotropic glutamate receptors
and the control of chronic pain.
Curr. Opin. Pharmacol. 12, 28–34.

Choe, E. S., and Wang, J. Q. (2001).
Group I metabotropic glutamate
receptor activation increases phos-
phorylation of cAMP response
element-binding protein, Elk-1,
and extracellular signal-regulated

kinases in rat dorsal striatum. Brain
Res. Mol. Brain Res. 94, 75–84.

Choe, E. S., and Wang, J. Q. (2002). Reg-
ulation of transcription factor phos-
phorylation by metabotropic glu-
tamate receptor-associated signaling
pathways in rat striatal neurons.
Neuroscience 114, 557–565.

Colomer, J., and Means, A. R.
(2007). Physiological roles of
the Ca2+/CaM-dependent protein
kinase cascade in health and disease.
Subcell. Biochem. 45, 169–214.

Cooper, D. M., and Crossthwaite, A.
J. (2006). Higher-order organiza-
tion and regulation of adenylyl
cyclases. Trends Pharmacol. Sci. 27,
426–431.

Davis, S., and Laroche, S. (2006).
Mitogen-activated protein
kinase/extracellular regulated
kinase signalling and memory
stabilization: a review. Genes Brain
Behav. 5(Suppl. 2), 61–72.

Dell’anno, M. T., Pallottino, S., and
Fisone, G. (2012). mGlu5R pro-
motes glutamate AMPA receptor
phosphorylation via activation of
PKA/DARPP-32 signaling in stri-
atopallidal medium spiny neurons.
Neuropharmacology. Apr 7.

Duncan, J. R., and Lawrence, A. J.
(2012). The role of metabotropic
glutamate receptors in addiction:
evidence from preclinical models.
Pharmacol. Biochem. Behav. 100,
811–824.

Francesconi, A., Kumari, R., and Zukin,
R. S. (2009). Regulation of group
I metabotropic glutamate receptor
trafficking and signaling by the cave-
olar/lipid raft pathway. J. Neurosci.
29, 3590–3602.

Frontiers in Pharmacology | Neuropharmacology November 2012 | Volume 3 | Article 189 | 6

http://dx.doi.org/10.3389/fphar.2012.00159
http://dx.doi.org/10.3389/fphar.2012.00084
http://www.frontiersin.org/Neuropharmacology
http://www.frontiersin.org/Neuropharmacology/archive


Wang and Zhuo mGluRs, gene transcription and plasticity

Garber, K., Smith, K. T., Reines, D., and
Warren, S. T. (2006). Transcription,
translation and fragile X syndrome.
Curr. Opin. Genet. Dev. 16, 270–275.

Gass, J. T., and Olive, M. F. (2008).
Transcriptional profiling of the rat
frontal cortex following administra-
tion of the mGlu5 receptor antag-
onists MPEP and MTEP. Eur. J.
Pharmacol. 584, 253–262.

Gerber, U., Gee, C. E., and Ben-
quet, P. (2007). Metabotropic gluta-
mate receptors: intracellular signal-
ing pathways. Curr. Opin. Pharma-
col. 7, 56–61.

Gladding, C. M., Fitzjohn, S. M., and
Molnar, E. (2009). Metabotropic
glutamate receptor-mediated long-
term depression: molecular mecha-
nisms. Pharmacol. Rev. 61, 395–412.

Gravius, A., Pietraszek, M., Dekundy,
A., and Danysz, W. (2010).
Metabotropic glutamate recep-
tors as therapeutic targets for
cognitive disorders. Curr. Top. Med.
Chem. 10, 187–206.

Gregory, K. J., Dong, E. N., Meiler, J., and
Conn, P. J. (2011). Allosteric mod-
ulation of metabotropic glutamate
receptors: structural insights and
therapeutic potential. Neurophar-
macology 60, 66–81.

Gross, C., Berry-Kravis, E. M., and
Bassell, G. J. (2012). Therapeutic
strategies in fragile X syndrome:
dysregulated mGluR signaling and
beyond. Neuropsychopharmacology
37, 178–195.

Harris, S. L., Cho, K., Bashir, Z. I.,
and Molnar, E. (2004). Metabotropic
glutamate receptor signalling in
perirhinal cortical neurons. Mol.
Cell. Neurosci. 25, 275–287.

Hauge, C., and Frodin, M. (2006). RSK
and MSK in MAP kinase signalling.
J. Cell. Sci. 119, 3021–3023.

Heinke, B., and Sandkuhler, J. (2005).
Signal transduction pathways of
group I metabotropic glutamate
receptor-induced long-term depres-
sion at sensory spinal synapses. Pain
118, 145–154.

Ho, N., Liauw, J. A., Blaeser, F., Wei,
F., Hanissian, S., Muglia, L. M.,
et al. (2000). Impaired synaptic
plasticity and cAMP response
element-binding protein activation
in Ca2+/calmodulin-dependent
protein kinase type IV/Gr-deficient
mice. J. Neurosci. 20, 6459–6472.

Hook, S. S., and Means, A. R. (2001).
Ca(2+)/CaM-dependent kinases:
from activation to function.
Annu. Rev. Pharmacol. Toxicol. 41,
471–505.

Hou, L., Antion, M. D., Hu, D., Spencer,
C. M., Paylor, R., and Klann, E.
(2006). Dynamic translational and

proteasomal regulation of fragile
X mental retardation protein con-
trols mGluR-dependent long-term
depression. Neuron 51, 441–454.

Huang, C. C., You, J. L., Wu, M.
Y., and Hsu, K. S. (2004). Rap1-
induced p38 mitogen-activated pro-
tein kinase activation facilitates
AMPA receptor trafficking via the
GDI.Rab5 complex. Potential role
in (S)-3,5-dihydroxyphenylglycene-
induced long term depression. J.
Biol. Chem. 279, 12286–12292.

Huber, K. M., Kayser, M. S., and Bear,
M. F. (2000). Role for rapid dendritic
protein synthesis in hippocam-
pal mGluR-dependent long-term
depression. Science 288, 1254–1257.

Huemmeke, M., Eysel, U. T., and
Mittmann, T. (2002). Metabotropic
glutamate receptors mediate expres-
sion of LTP in slices of rat visual cor-
tex. Eur. J. Neurosci. 15, 1641–1645.

Impey, S., and Goodman, R. H. (2001).
CREB signaling – timing is every-
thing. Sci. STKE 2001, pe1.

Jong,Y. J., Kumar,V., and O’Malley, K. L.
(2009). Intracellular metabotropic
glutamate receptor 5 (mGluR5)
activates signaling cascades distinct
from cell surface counterparts. J.
Biol. Chem. 284, 35827–35838.

Josselyn, S. A., and Nguyen, P. V. (2005).
CREB, synapses and memory disor-
ders: past progress and future chal-
lenges. Curr. Drug Targets CNS Neu-
rol. Disord. 4, 481–497.

Kandel, E. R. (2012). The molecular
biology of memory: cAMP, PKA,
CRE, CREB-1, CREB-2, and CPEB.
Mol Brain 5, 14.

Kim, C. H., Lee, J., Lee, J. Y., and Roche,
K. W. (2008). Metabotropic glu-
tamate receptors: phosphorylation
and receptor signaling. J. Neurosci.
Res. 86, 1–10.

Korb, E., and Finkbeiner, S. (2011).
Arc in synaptic plasticity: from gene
to behavior. Trends Neurosci. 34,
591–598.

Kornhauser, J. M., Cowan, C. W.,
Shaywitz, A. J., Dolmetsch, R. E.,
Griffith, E. C., Hu, L. S., et al.
(2002). CREB transcriptional activ-
ity in neurons is regulated by mul-
tiple, calcium-specific phosphoryla-
tion events. Neuron 34, 221–233.

Krueger, D. D., Osterweil, E. K., Chen,
S. P., Tye, L. D., and Bear, M. F.
(2011). Cognitive dysfunction and
prefrontal synaptic abnormalities in
a mouse model of fragile X syn-
drome. Proc. Natl. Acad. Sci. U.S.A.
108, 2587–2592.

Kullmann, D. M., and Lamsa, K. P.
(2007). Long-term synaptic plastic-
ity in hippocampal interneurons.
Nat. Rev. Neurosci. 8, 687–699.

Kumar, V., Fahey, P. G., Jong, Y. J.,
Ramanan, N., and O’Malley, K.
L. (2012). Activation of intracellu-
lar metabotropic glutamate recep-
tor 5 in striatal neurons leads to
up-regulation of genes associated
with sustained synaptic transmis-
sion including Arc/Arg3.1 protein. J.
Biol. Chem. 287, 5412–5425.

Li, Z., Ji, G., and Neugebauer, V.
(2011). Mitochondrial reactive oxy-
gen species are activated by mGluR5
through IP3 and activate ERK and
PKA to increase excitability of amyg-
dala neurons and pain behavior. J.
Neurosci. 31, 1114–1127.

Liauw, J., Wu, L. J., and Zhuo, M.
(2005). Calcium-stimulated adeny-
lyl cyclases required for long-term
potentiation in the anterior cin-
gulate cortex. J. Neurophysiol. 94,
878–882.

Liu, F., Virshup, D. M., Nairn, A. C., and
Greengard, P. (2002). Mechanism of
regulation of casein kinase I activ-
ity by group I metabotropic gluta-
mate receptors. J. Biol. Chem. 277,
45393–45399.

Lonze, B. E., and Ginty, D. D.
(2002). Function and regulation of
CREB family transcription factors
in the nervous system. Neuron 35,
605–623.

Mao, L., and Wang, J. Q. (2003a).
Metabotropic glutamate receptor
5-regulated Elk-1 phosphorylation
and immediate early gene expression
in striatal neurons. J. Neurochem. 85,
1006–1017.

Mao, L., and Wang, J. Q. (2003b). Group
I metabotropic glutamate receptor-
mediated calcium signalling and
immediate early gene expression in
cultured rat striatal neurons. Eur. J.
Neurosci. 17, 741–750.

Mao, L., and Wang, J. Q. (2003c).
Phosphorylation of cAMP response
element-binding protein in cultured
striatal neurons by metabotropic
glutamate receptor subtype 5. J.
Neurochem. 84, 233–243.

Mao, L., Yang, L., Tang, Q., Samdani, S.,
Zhang, G., and Wang, J. Q. (2005).
The scaffold protein Homer1b/c
links metabotropic glutamate recep-
tor 5 to extracellular signal-regulated
protein kinase cascades in neurons.
J. Neurosci. 25, 2741–2752.

Mao, L. M., Zhang, G. C., Liu, X. Y.,
Fibuch, E. E., and Wang, J. Q. (2008).
Group I metabotropic glutamate
receptor-mediated gene expression
in striatal neurons. Neurochem. Res.
33, 1920–1924.

Memet, S. (2006). NF-kappaB functions
in the nervous system: from develop-
ment to disease. Biochem. Pharma-
col. 72, 1180–1195.

Mockett, B. G., Guevremont, D., Wutte,
M., Hulme, S. R., Williams, J.
M., and Abraham, W. C. (2011).
Calcium/calmodulin-dependent
protein kinase II mediates group I
metabotropic glutamate receptor-
dependent protein synthesis
and long-term depression in rat
hippocampus. J. Neurosci. 31,
7380–7391.

Morozov, A., Muzzio, I. A.,
Bourtchouladze, R., Van-Strien,
N., Lapidus, K., Yin, D., et al. (2003).
Rap1 couples cAMP signaling to
a distinct pool of p42/44MAPK
regulating excitability, synaptic
plasticity, learning, and memory.
Neuron 39, 309–325.

Nicoletti, F., Bockaert, J., Collingridge,
G. L., Conn, P. J., Ferraguti, F.,
Schoepp, D. D., et al. (2011).
Metabotropic glutamate receptors:
from the workbench to the bedside.
Neuropharmacology 60, 1017–1041.

Niswender, C. M., and Conn, P.
J. (2010). Metabotropic glutamate
receptors: physiology, pharmacol-
ogy, and disease. Annu. Rev. Phar-
macol. Toxicol. 50, 295–322.

Nosyreva, E. D., and Huber, K.
M. (2006). Metabotropic receptor-
dependent long-term depression
persists in the absence of protein
synthesis in the mouse model of
fragile X syndrome. J. Neurophysiol.
95, 3291–3295.

Okuno, H., Akashi, K., Ishii, Y.,
Yagishita-Kyo, N., Suzuki, K.,
Nonaka, M., et al. (2012). Inverse
synaptic tagging of inactive
synapses via dynamic interaction of
Arc/Arg3.1 with CaMKIIbeta. Cell
149, 886–898.

O’Mahony, A., Raber, J., Montano,
M., Foehr, E., Han, V., Lu, S.
M., et al. (2006). NF-kappaB/Rel
regulates inhibitory and excita-
tory neuronal function and synap-
tic plasticity. Mol. Cell. Biol. 26,
7283–7298.

O’Riordan, K. J., Huang, I. C., Pizzi,
M., Spano, P., Boroni, F., Egli, R.,
et al. (2006). Regulation of nuclear
factor kappaB in the hippocam-
pus by group I metabotropic glu-
tamate receptors. J. Neurosci. 26,
4870–4879.

Park, S., Park, J. M., Kim, S., Kim, J.
A., Shepherd, J. D., Smith-Hicks, C.
L., et al. (2008). Elongation factor
2 and fragile X mental retardation
protein control the dynamic trans-
lation of Arc/Arg3.1 essential for
mGluR-LTD. Neuron 59, 70–83.

Pearce, L. R., Komander, D., and Alessi,
D. R. (2010). The nuts and bolts of
AGC protein kinases. Nat. Rev. Mol.
Cell Biol. 11, 9–22.

www.frontiersin.org November 2012 | Volume 3 | Article 189 | 7

http://www.frontiersin.org
http://www.frontiersin.org/Neuropharmacology/archive


Wang and Zhuo mGluRs, gene transcription and plasticity

Pizzi, M., Sarnico, I., Boroni, F.,
Benarese, M., Steimberg, N., Maz-
zoleni, G., et al. (2005). NF-kappaB
factor c-Rel mediates neuropro-
tection elicited by mGlu5 recep-
tor agonists against amyloid beta-
peptide toxicity. Cell Death Differ. 12,
761–772.

Ran, I., Laplante, I., Bourgeois, C.,
Pepin, J., Lacaille, P., Costa-
Mattioli, M., et al. (2009). Persistent
transcription- and translation-
dependent long-term potentiation
induced by mGluR1 in hippocam-
pal interneurons. J. Neurosci. 29,
5605–5615.

Ran, I., Laplante, I., and Lacaille, J. C.
(2012). CREB-dependent transcrip-
tional control and quantal changes
in persistent long-term potentia-
tion in hippocampal interneurons. J.
Neurosci. 32, 6335–6350.

Ribeiro, F. M., Paquet, M., Cregan, S. P.,
and Ferguson, S. S. (2010). Group
I metabotropic glutamate receptor
signalling and its implication in neu-
rological disease. CNS Neurol. Dis-
ord. Drug Targets 9, 574–595.

Ribeiro,F. M.,Pires,R. G., and Ferguson,
S. S. (2011). Huntington’s disease
and group I metabotropic glutamate
receptors. Mol. Neurobiol. 43, 1–11.

Romano, A., Freudenthal, R., Merlo,
E., and Routtenberg, A. (2006).
Evolutionarily-conserved role of the
NF-kappaB transcription factor in
neural plasticity and memory. Eur.
J. Neurosci. 24, 1507–1516.

Rooms, L., and Kooy, R. F. (2011).
Advances in understanding fragile
X syndrome and related disorders.
Curr. Opin. Pediatr. 23, 601–606.

Schaffhauser, H., de Barry, J., Muller,
H., Heitz, M. P., Gombos, G., and
Mutel, V. (1997). Involvement of
a cyclic-AMP pathway in group
I metabotropic glutamate receptor
responses in neonatal rat cortex. Eur.
J. Pharmacol. 334, 289–297.

Shang, Y., Wang, H., Mercaldo, V., Li,
X., Chen, T., and Zhuo, M. (2009).
Fragile X mental retardation protein
is required for chemically-induced
long-term potentiation of the hip-
pocampus in adult mice. J. Neu-
rochem. 111, 635–646.

Shepherd, J. D., and Bear, M. F. (2011).
New views of Arc, a master regulator
of synaptic plasticity. Nat. Neurosci.
14, 279–284.

Sheridan, G. K., Pickering, M., Twomey,
C., Moynagh, P. N., O’Connor, J.
J., and Murphy, K. J. (2007). NF-
kappaB activity in distinct neural
subtypes of the rat hippocampus:

influence of time and GABA antag-
onism in acute slice preparations.
Learn. Mem. 14, 525–532.

Sitcheran, R., Comb, W. C., Cogswell, P.
C., and Baldwin, A. S. (2008). Essen-
tial role for epidermal growth factor
receptor in glutamate receptor sig-
naling to NF-kappaB. Mol. Cell. Biol.
28, 5061–5070.

Spooren, W., Lesage, A., Lavreysen, H.,
Gasparini, F., and Steckler, T. (2010).
Metabotropic glutamate receptors:
their therapeutic potential in anx-
iety. Curr. Top. Behav. Neurosci. 2,
391–413.

Sunahara, R. K., and Taussig, R. (2002).
Isoforms of mammalian adenylyl
cyclase: multiplicities of signaling.
Mol. Interv. 2, 168–184.

Suzuki, A., Fukushima, H., Mukawa,
T., Toyoda, H., Wu, L. J., Zhao,
M. G., et al. (2011). Upregula-
tion of CREB-mediated transcrip-
tion enhances both short- and
long-term memory. J. Neurosci. 31,
8786–8802.

Taylor, A. M., Dieterich, D. C., Ito, H.
T., Kim, S. A., and Schuman, E. M.
(2010). Microfluidic local perfusion
chambers for the visualization and
manipulation of synapses. Neuron
66, 57–68.

Wang, H., Fukushima, H., Kida,
S., and Zhuo, M. (2009a).
Ca2+/calmodulin-dependent
protein kinase IV links group I
metabotropic glutamate receptors
to fragile X mental retardation
protein in cingulate cortex. J. Biol.
Chem. 284, 18953–18962.

Wang, Y., Zheng, F., Zhou, X., Sun, Z.,
and Wang, H. (2009b). Converging
signal on ERK1/2 activity regulates
group I mGluR-mediated Arc tran-
scription. Neurosci. Lett. 460, 36–40.

Wang, H., Gong, B., Vadakkan, K.
I., Toyoda, H., Kaang, B. K., and
Zhuo, M. (2007a). Genetic evidence
for adenylyl cyclase 1 as a tar-
get for preventing neuronal excito-
toxicity mediated by N-methyl-d-
aspartate receptors. J. Biol. Chem.
282, 1507–1517.

Wang, J. Q., Fibuch, E. E., and Mao,
L. (2007b). Regulation of mitogen-
activated protein kinases by gluta-
mate receptors. J. Neurochem. 100,
1–11.

Wang, H., Kim, S. S., and Zhuo,
M. (2010). Roles of fragile X
mental retardation protein in
dopaminergic stimulation-induced
synapse-associated protein synthesis
and subsequent alpha-amino-3-
hydroxyl-5-methyl-4-isoxazole-4-

propionate (AMPA) receptor
internalization. J. Biol. Chem. 285,
21888–21901.

Wang, H., Morishita, Y., Miura, D.,
Naranjo, J. R., Kida, S., and Zhuo,
M. (2012a). Roles of CREB in the
regulation of FMRP by group I
metabotropic glutamate receptors in
cingulate cortex. Mol Brain 5, 27.

Wang, T., Bray, S. M., and Warren, S.
T. (2012b). New perspectives on the
biology of fragile X syndrome. Curr.
Opin. Genet. Dev. 22, 256–263.

Wang, H., and Storm, D. R. (2003).
Calmodulin-regulated adenylyl
cyclases: cross-talk and plasticity in
the central nervous system. Mol.
Pharmacol. 63, 463–468.

Wang, H., Wu, L. J., Zhang, F.,
and Zhuo, M. (2008a). Roles of
calcium-stimulated adenylyl cyclase
and calmodulin-dependent protein
kinase IV in the regulation of FMRP
by group I metabotropic glutamate
receptors. J. Neurosci. 28,4385–4397.

Wang, H., Wu, L. J., Kim, S. S., Lee,
F. J., Gong, B., Toyoda, H., et al.
(2008b). FMRP acts as a key mes-
senger for dopamine modulation in
the forebrain. Neuron 59, 634–647.

Wang, H., Xu, H., Wu, L. J., Kim, S.
S., Chen, T., Koga, K., et al. (2011).
Identification of an adenylyl cyclase
inhibitor for treating neuropathic
and inflammatory pain. Sci. Transl.
Med. 3, 65ra63.

Waung, M. W., and Huber, K. M. (2009).
Protein translation in synaptic plas-
ticity: mGluR-LTD, fragile X. Curr.
Opin. Neurobiol. 19, 319–326.

Waung, M. W., Pfeiffer, B. E., Nosyreva,
E. D., Ronesi, J. A., and Huber,
K. M. (2008). Rapid translation
of Arc/Arg3.1 selectively mediates
mGluR-dependent LTD through
persistent increases in AMPAR
endocytosis rate. Neuron 59, 84–97.

Wayman, G. A., Lee, Y. S., Tokumitsu,
H., Silva, A. J., and Soderling, T. R.
(2008). Calmodulin-kinases: modu-
lators of neuronal development and
plasticity. Neuron 59, 914–931.

Wayman, G. A., Tokumitsu, H., Davare,
M. A., and Soderling, T. R. (2011).
Analysis of CaM-kinase signaling in
cells. Cell Calcium 50, 1–8.

Wei, F., Qiu, C. S., Liauw, J., Robin-
son, D. A., Ho, N., Chatila, T., et
al. (2002a). Calcium calmodulin-
dependent protein kinase IV is
required for fear memory. Nat. Neu-
rosci. 5, 573–579.

Wei, F., Qiu, C. S., Kim, S. J.,
Muglia, L., Maas, J. W., Pineda,
V. V., et al. (2002b). Genetic

elimination of behavioral sensitiza-
tion in mice lacking calmodulin-
stimulated adenylyl cyclases. Neuron
36, 713–726.

Wei, F., Vadakkan, K. I., Toyoda, H.,
Wu, L. J., Zhao, M. G., Xu, H.,
et al. (2006). Calcium calmodulin-
stimulated adenylyl cyclases con-
tribute to activation of extracellu-
lar signal-regulated kinase in spinal
dorsal horn neurons in adult rats and
mice. J. Neurosci. 26, 851–861.

Yang, L., Mao, L., Chen, H., Catavsan,
M., Kozinn, J., Arora, A., et al.
(2006). A signaling mechanism
from G alpha q-protein-coupled
metabotropic glutamate receptors to
gene expression: role of the c-Jun N-
terminal kinase pathway. J. Neurosci.
26, 971–980.

Zhao, M. G., Toyoda, H., Ko, S. W., Ding,
H. K.,Wu, L. J., and Zhuo, M. (2005).
Deficits in trace fear memory and
long-term potentiation in a mouse
model for fragile X syndrome. J.
Neurosci. 25, 7385–7392.

Zhuo, M. (2005). Canadian associa-
tion of neuroscience review: cellular
and synaptic insights into physio-
logical and pathological pain. EJLB-
CIHR Michael Smith Chair in neu-
rosciences and mental health lecture.
Can. J. Neurol. Sci. 32, 27–36.

Zhuo, M. (2008). Cortical excitation
and chronic pain. Trends Neurosci.
31, 199–207.

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or financial relationships that
could be construed as a potential con-
flict of interest.

Received: 28 August 2012; accepted:
11 October 2012; published online: 01
November 2012.
Citation: Wang H and Zhuo M
(2012) Group I metabotropic glutamate
receptor-mediated gene transcription and
implications for synaptic plasticity and
diseases. Front. Pharmacol. 3:189. doi:
10.3389/fphar.2012.00189
This article was submitted to Frontiers
in Neuropharmacology, a specialty of
Frontiers in Pharmacology.
Copyright © 2012 Wang and Zhuo. This
is an open-access article distributed under
the terms of the Creative Commons Attri-
bution License, which permits use, distri-
bution and reproduction in other forums,
provided the original authors and source
are credited and subject to any copy-
right notices concerning any third-party
graphics etc.

Frontiers in Pharmacology | Neuropharmacology November 2012 | Volume 3 | Article 189 | 8

http://dx.doi.org/10.3389/fphar.2012.00189
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Neuropharmacology
http://www.frontiersin.org/Neuropharmacology/archive

	Group I metabotropic glutamate receptor-mediated gene transcription and implications for synaptic plasticity and diseases
	Introduction
	Group I mGluR-mediated gene transcription
	Group I mGluR signaling pathways
	PKA
	CaMKs
	MAPKs

	Transcription factors
	CREB
	NF-κB
	Other transcription factors

	Target gene expression
	FMRP
	ARC
	Other immediate early genes


	Group I mGluR-mediated gene transcription and synaptic plasticity
	Implications in neurological disorders
	Conclusion
	Acknowledgments
	References


