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Background: Many GPCRs including mGluR5 are expressed on cell surface and intracellular membranes although their
intracellular functions are unknown.
Results: Activation of intracellular mGluR5 in neurons up-regulates many genes associated with synaptic plasticity like Arc.
Conclusion: Intracellular mGluR5 is critical for synaptic plasticity.
Significance: Learning how intracellular mGluR5 signals is crucial for understanding neurodevelopmental disorders with
disrupted synaptic plasticity like fragile X and autism.

The G-protein coupled receptor, metabotropic glutamate
receptor 5 (mGluR5), is expressed onboth cell surface and intra-
cellular membranes in striatal neurons. Using pharmacological
tools to differentiate membrane responses, we previously dem-
onstrated that cell surface mGluR5 triggers rapid, transient
cytoplasmic Ca2� rises, resulting in c-Jun N-terminal kinase,
Ca2�/calmodulin-dependent protein kinase, and cyclic adeno-
sine 3�,5�-monophosphate-responsive element-binding protein
(CREB) phosphorylation, whereas stimulation of intracellular
mGluR5 induces long, sustained Ca2� responses leading to the
phosphorylation of extracellular signal-regulated kinase
(ERK1/2) and Elk-1 (Jong, Y. J., Kumar, V., and O’Malley, K. L.
(2009) J. Biol. Chem. 284, 35827–35838). Using pharmacologi-
cal, genetic, and bioinformatics approaches, the current find-
ings show that both receptor populations up-regulate many
immediate early genes involved in growth and differentiation.
Activation of intracellular mGluR5 also up-regulates genes
involved in synaptic plasticity including activity-regulated cyto-
skeletal-associated protein (Arc/Arg3.1). Mechanistically,
intracellular mGluR5-mediated Arc induction is dependent
upon extracellular and intracellular Ca2� and ERK1/2 as well as
calmodulin-dependent kinases as known chelators, inhibitors,
and a dominant negative Ca2�/calmodulin-dependent protein
kinase II construct block Arc increases. Moreover, intracellular
mGluR5-induced Arc expression requires the serum response
transcription factor (SRF) as wild type but not SRF-deficient
neurons show this response. Finally, increased Arc levels due to
high K� depolarization is significantly reduced in response to a

permeable but not an impermeable mGluR5 antagonist. Taken
together, these data highlight the importance of intracellular
mGluR5 in the cascade of events associated with sustained syn-
aptic transmission.

Glutamate, the major excitatory amino acid neurotransmit-
ter present in the central nervous system, exerts its effects by
binding and activating receptors that are classified as iono-
tropic (ligand-gated ion channels) or metabotropic glutamate
receptors (mGluRs2; G-protein coupled receptors GPCRs).
One such GPCR, mGluR5, is not only a key player in many
aspects of neuronal development, synaptic plasticity, and learn-
ing and memory but is also implicated in various neurological
disorders such as epilepsy, fragile X syndrome, neuropathic
pain, and Parkinson disease (2–5).
Observations from this laboratory have shown that a large

percentage of mGluR5 is expressed on intracellular mem-
branes; ligand stimulation of endogenous mGluR5 on isolated,
striatal nuclei leads to rapid, sustained Ca2� responses that can
be blocked by receptor-specific antagonists (1, 6, 7). Studies
using tagged molecules and impermeable agonists and antago-
nists indicate that the ligand binding domain is within the
nuclear lumen such that glutamate or other permeable agonists
such as quisqualate (Quis) must cross both the plasma and
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nuclear membranes to activate receptors (1, 6–8). Mechanisti-
cally, this is accomplished via the excitatory amino acid trans-
porters or the cystine-glutamate exchanger (1, 6, 7). Using opti-
cal, pharmacological, and genetic techniques, we have also
demonstrated that nuclearmGluR5 couples to Gq/11 to activate
nuclear phosphatidylinositol-phospholipase C, hydrolysis of
phosphoinositol 4,5-bisphosphate, and generation of nuclear
inositol 1,4,5-trisphosphate (IP3) (7). Thus, nuclear mGluR5s
play a dynamic role in mobilizing Ca2� in a specific, localized
fashion.
What are the functional consequences of activating endoge-

nous mGluR5 expressed on striatal cell membranes versus
those expressed intracellularly? Using the permeable and
impermeable mGluR5 ligands, our recent data show that acti-
vation of cell surface receptors via the impermeable agonist
(S)-3,5-dihydroxyphenylglycine (DHPG) induces rapid, tran-
sient Ca2� responses, whereas activation of intracellular
mGluR5 with the permeable agonist Quis in the presence of
impermeable antagonists leads to sustained Ca2� responses.
Membrane-specializedmGluR5-mediatedCa2� responses lead
to distinct cellular responses as well. For instance, stimulation
of cell surface mGluR5 results in phosphorylation of critical
signaling entities such as c-Jun N-terminal kinase, CaMK, and
CREB, whereas intracellular mGluR5 activation leads to a cas-
cade of molecular events starting with the phosphorylation of
ERK1/2 and Elk-1 followed by the enhanced expression of syn-
aptic plasticity genes like c-fos, egr-1, Fras, and FosB. Thus stim-
ulation of intracellular mGluR5 initiates a cascade of events
underlying processes with hallmarks of synaptic plasticity (1).
In neurons, one IEG discovered in a screen for genes rapidly

induced by synaptic stimulation and linked to long term synap-
tic adaptations is activity-regulated cytoskeletal-associated
protein, Arc/Arg3.1 (hereafter termed Arc) (9, 10). Arc, a pro-
tein enriched at the post synaptic density, is involved in multi-
ple forms of neuronal plasticity: long term potentiation (LTP),
long term depression (LTD), and homeostatic plasticity (10).
One important function attributed to Arc is AMPA receptor
endocytosis leading to reduced AMPA currents and LTD (9,
10). Arc is also involved in local actin polymerization and LTP
consolidation (10) as well as regulation of Notch1 signaling in
response to neural activity (11). High levels of Arc are also
found in the nucleus where it appears to associate with so-
called promyelocytic leukemia bodies (12). These subnuclear
structures are primarily composed of proteins involved in gene
regulation and DNA repair (13). Inasmuch as studies have
shown that mGluR5 activation up-regulates Arc in the hip-
pocampus and that this up-regulation may be critical in synap-
tic plasticity and in disorders such as fragile X syndrome (14,
15), it is important to determine whether this is true for other
regions of the brain and whether intracellular mGluR5 plays a
role in Arc induction. Here we used an unbiased bioinformatics
approach to determinewhat genes, if any, were rapidly changed
in response to cell surface and/or intracellular mGluR5 activa-
tion. These studies reveal that in striatal neurons, intracellular
mGluR5, not cell surface receptors, up-regulates various IEGs
including Arc, that are important in sustained synaptic trans-
mission. Taken together these studies expand our current

understanding of the roles of intracellular GPCRs and their
involvement in essential cellular functions.

EXPERIMENTAL PROCEDURES

Materials—Quis, (S)-3, 5-dihydroxyphenylglycine (DHPG),
2-methyl-6-(phenylethynyl)-pyridine (MPEP), dizocilpine/
(5S,10R)-methyl-10, 11-dihydro-5H-dibenzo [a,d]cyclohep-
ten-5,10-iminemaleate (MK801), 6-cyano-7-nitroquinoxaline-
2,3-dione (CNQX), (�)-4-(4-Aminophenyl)-1,2-dihydro-1-
methyl-2-propylcarb amoyl-6,7-methylenedioxyphthalazine
(SYM2206), 7-(hydroxyimino)cyclopropa[b]chromen-1a-car-
boxylate ethyl ester (CPCCOEt), D-(�)-2-amino-5-phospho-
nopentanoic acid (D-APV), 2-(4-morpholinyl)-8-phenyl-4H-1-
benzopyran-4-one hydrochloride (LY294002), and (1S,6br,
9aS,11R,11bR)11-(acetyloxy)-1,6b,7,8,9a,10,11,11b-octahydro-1-
(methoxymethyl)-9a,11b-dimethyl-3H-furo[4,3,2-de]indeno[4,5,
-h]-2-h]-2-benzopyran-3,6,9-trione (wortmannin) were pur-
chased from Tocris Cookson Inc. (Ellisville, MO). 2-Amino-2-
(4-carboxyphenyl)-3- (9H-thioxanthen-9-yl) propanoic acid
(LY367366) and 2-amino-2-(3-cis and trans-carboxycyclobutyl)-
3-(9H-thioxanthen-9-yl) propionic acid (LY393053) were
obtained from Lilly. 1,4-Diamino-2,3-dicyano-1,4-bis-(2-�amino-
phenylthio)butadiene (U0126), 1-[N,O-bis-(5-isoquinolinesulfo-
nyl)-N-methyl-L-tyrosyl]-4-phenylpiperazine (KN62), 2-[N-(2-
hydroxyethyl)]-N-(4-methoxybenzenesulfonyl)]amino-N-(4-chlo-
rocinnamyl)-N-methylbenzylamine) (KN93), 7H-Benz[de]ben-
zimidazo[2,1-a]isoquinoline-7-one-3-carboxylic acid acetate
(STO609), 2-[1-(3-dimethylaminopropyl)-1H-indol-3-yl]-3-
(1H-indol-3-yl)-maleimide (GF109203X), cyclosporin A, and
cycloheximide were purchased from EMDBiosciences, Inc. (La
Jolla, CA). Rapamycin was from L. C. Laboratories (Woburn,
MA). Unless otherwise indicated all other chemicals were from
Sigma.
Cell Culture—Dissociated striatal and hippocampal neuro-

nal cultures were prepared using neonatal 1–2-day-old rat or
mouse pups as described (6, 16). Cells were cultured for 14–18
days before use. All antagonists were added 30 min before and
during the time treated with agonists or additional inhibitors.
Reagents were added at the concentrations indicated in the fig-
ure legends.
Animals, Plasmids, and Transfection—Srff/f (wild type) and

Srff/�; NesCre (heterozygote) and Srff/f; NesCre (knockout) ani-
mals were obtained from Dr. N. Ramanan (Washington Uni-
versity School of Medicine, St. Louis, MO) (17). IP3 receptor
(IP3R) buffer constructs RFP-IP3R-NLS and RFP-NES-IP3R
were from Dr. M. Nathanson (Yale University School of Medi-
cine, New Haven, CT) (18), the “kinase dead” dominant-nega-
tive (dn) CaMK constructs dnCaMKI, dnCaMKIV, and
dnCaMKK were obtained from Dr. T. R. Soderling (Oregon
Health and Science University, Portland, OR), and the dnCaM-
KII was obtained from Dr. U. Bayer (University of Colorado,
Denver) (19). Cultures (50,000 cells/dish) were transfectedwith
vectors using Lipofectamine 2000 (Invitrogen). Treatment and
subsequent analysis was done 24 h post-transfection.
Immunocytochemistry andWestern Blotting—Striatal or hip-

pocampal neurons were fixed, blocked, and incubated with
antibody as described (1, 6–8, 20). Primary antibodies included
polyclonal anti-C-terminal mGluR5 (1:250; Millipore), mouse
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monoclonal C-7 anti-Arc/Arg3.1 (1:100; Santa Cruz Biotech-
nology), rabbit polyclonal anti-SRF (1:1000, Santa Cruz), anti-
NeuN (1:100, Millipore), monoclonal anti-lamin B2 (1:100;
Zymed Laboratories Inc.), polyclonal anti-EAAT3 (1:1000;
Chemicon International, Temecula, CA), polyclonal anti-quis-
qualate antibody (1:250; Dr. J. Koerner, University of Minne-
sota), and polyclonal anti-pERK1/2 (1:200; Cell Signaling Tech-
nology, Beverly, MA). Secondary antibodies included goat
anti-mouse Alexa 488 IgG2A and goat anti-mouse Alexa 647
IgG1 (both at 1:500, Molecular Probes, Eugene, OR), goat anti-
rabbit or anti-mouse Cy3 (both at 1:300; Jackson ImmunoRe-
search, West Grove, PA), and goat anti-rabbit or mouse Alexa
488 (1:300, Molecular Probes). Western blotting was per-
formed using whole cell extracts from 14 days in vitro hip-
pocampal cultures. Protein concentrations were determined
using the Bradford assay (Bio-Rad). Proteins were separated by
SDS-PAGE, blotted, and probed with polyclonal anti-pERK1/2
(1:2000) and monoclonal anti-ERK (1:1000, Cell Signaling
Technology). A horseradish peroxidase conjugated with goat
anti-rabbit immunoglobulin G (IgG; 1:2000, Cell Signaling
Technology) or anti-mouse IgG (1:2000, Sigma) was used in
conjunction with enhanced chemiluminescence (Amersham
Biosciences) to detect the signal followed by densitometric
analysis (Storm 860 Imager, GEHealthcare, together with asso-
ciated software).
Gene Expression Profiling—DIV14 striatal neurons were

treated with either DHPG or Quis at 37 °C for 1 h in triplicate.
Because these agonists would also activate AMPA receptors
and mGluR1, they were always bath-applied in the presence of
25 �M SYM2206, an AMPA receptor antagonist, and 20 �M

CPCCOEt, an mGluR1 antagonist. Total cellular RNA was
extracted fromuntreated and treated neurons (3� 106 neurons
per sample) using theRNeasyMini kit (Qiagen). Ten�g of RNA
per sample was submitted to the Multiplexed Gene Analysis
Core Facility, Washington University School of Medicine for
labeling, hybridization, scanning, and software services. The
GeneChip Rat Genome 230v2.0 Array (Affymetrix) was uti-
lized. The raw fluorescence data were analyzed using the MAS
5 algorithm within Affymetrix Expression Console software,
and all arrays were scaled to a mean signal intensity of 1500.
Data mining was performed using Spotfire DecisionSite for
Functional Genomics Version 8.2.1 (Somerville, MA) and
Partek Genomics Suite 6.08.0414 (St. Louis, MO). Principal
Component Analysis was performed to assess the quality of the
data. To determinewhich probe sets were changed between the
two conditions, DHPG versus control or Quis versus control, a
fold change of at least 2.0 and a present call in all 3 chips were
required beforemaking an assignment. In addition, a two-tailed
t test with p� 0.05 was applied. Supplemental Tables S1 and S2
show the genes that were up-regulated by Quis and DHPG,
respectively. Annotations were retrieved from Affymetrix
GeneChip; Entrez Gene (NCBI) and AmiGO were used to
search for Gene Ontology terms for the genes identified.
Quantitative Reverse Transcriptase Polymerase Chain

Reaction—Two-step quantitative reverse transcriptase PCR
was performed using the ABI Prism 7000 Sequence Detection
System (Applied Biosystems, Foster City, CA) as described pre-
viously (1). Total RNA was isolated from striatal neurons using

TRIzol reagent (Invitrogen) according to the manufacturer’s
instructions. Gene-specific primers for RT-PCR were designed
using Primer3 Version 0.4.0 software (21) according to the
Applied Biosystems guidelines (supplemental Table S3). The
expression levels of the target mRNA were normalized to the
expression of gapdh mRNA. The results, calculated as fold
change compared with the untreated control samples, are
expressed as the mean � S.E. Student’s t test was performed,
and p � 0.05 was considered statistically significant.
Cellular Imaging Using High Content Imager and Analysis—

To quantitate Arc protein up-regulation with different treat-
ments, dissociated striatal neurons were treated with mGluR5
agonists or antagonists, 15 mMKCl, or antagonists for different
signaling pathways and then fixed and stained with anti-Arc
and anti-NeuN antibody as described above. Images from a
total of 36–64 sites were acquired per treatment using Imag-
eXpressMICRO Automated Acquisition and Analysis System
(Molecular Devices Corp, Sunnyvale, CA). These images were
processed using MetaExpress image analysis and informatics
package (MolecularDevices) that utilizesAdaptive Background
CorrectionTM (ABC). The application used was “multi-wave-
length cell scoring.” The criteria chosen for Arc-positive neu-
rons were a nuclear diameter range of 5–15 �m and NeuN and
Arc stainingwith average pixel intensity at least 60 and 240 gray
levels above background, respectively. The results were calcu-
lated as Arc-positive neurons/total neurons. Results from at
least three independent experiments were expressed as the
mean � S.E., and Student’s t test was performed; p � 0.05 was
considered statistically significant. Data for this study were col-
lected using the Chemical Genetics Screening Core Facility at
Washington University School of Medicine.
Fluorescent Measurements of Intracellular Ca2�—DIV12-

14 striatal neuronswere loadedwithCa2� fluorophore, imaged,
and quantitated as described (1, 6, 7).
[3H]Quis Uptake Assay—Assays were performed in striatal

neurons and acutely isolated nuclei as described (6). Different
buffers that were used are the same as described previously (6).

RESULTS

Cell Surface and Intracellular mGluR5 Exhibit Differential
Gene Expression Profiles—To determine the functional conse-
quences of activating intracellular mGluR5, we took advantage
of agonists known to activate Group 1 mGluRs: DHPG and
Quis. Using radiolabeled uptake studies as well as biochemical,
cellular, and pharmacological techniques, we have previously
shown that DHPG cannot be transported into the cell and,
therefore, only activates cell surface receptors, whereas Quis
activates both cell surface and intracellular receptor pools (1, 6,
7). To confirm and extend these findings, immunocytochemi-
cal and radiolabeled uptake studies were used to show thatQuis
is taken up into striatal neurons via sodium and chloride-de-
pendent processes (supplemental Fig. S1, A and B). Further-
more, we demonstrate the presence of the neuronal-specific,
sodium-dependent transporter, EAAT3, on purified striatal
nuclei, where it colocalizes withmGluR5 and lamin B2 (supple-
mental Fig. S2). Finally, we demonstrate that the half-maximal
Quis concentration to stimulate a rapid transient Ca2�

response (cell surface; Ref. 1) is 0.45 �M, whereas the half-max-
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imal concentration to induce both a rapid transient and sus-
tained plateau Ca2� response (intracellular; Ref. 1) is 5.9 �M

(supplemental Fig. S1C). Presumably, the increased EC50 value
associated with intracellular mGluR5 reflects properties of the
uptake mechanisms involved in Quis transport into the cell
(1, 6).
Because our earlier study demonstrated agonist up-regula-

tion of several IEGs within an hour (1), striatal neurons were
treated with vehicle, DHPG (100 �M), or Quis (20 �M) for 1 h.
As stated under “Experimental Procedures,” these agonists
were always bath-applied in the presence of 25 �M SYM2206,
an AMPA receptor antagonist, and 20 �M CPCCOEt, an
mGluR1 antagonist. Previously we have shown using wild type
and mGluR5-deficient murine striatal cultures that Quis appli-
cation in the presence of SYM2206, CPCCOEt, or APV led to a
rise in intracellular Ca2� in wild type but not null cultures (1).
These data rule out the possibility that intracellular AMPA,
N-methyl-D-aspartate (NMDA) or mGluR1 receptors mediate
the Quis effects. Total RNA was isolated and then hybridized
with the Affymetrix Rat 230V2 gene chip containing the entire
transcribed rat genome. Results showed that at this time point
29 different genes were significantly up-regulated in Quis-
treated versusDHPG-treated cells. A 1-h treatmentwithDHPG
led to the up-regulation of 20 genes of which 16 were in com-
mon with Quis. Not surprisingly, many of these are IEGs or
other types of signaling modulators (supplemental Tables S1
and S2). Inasmuch as our focus was on determining genes spe-
cific for intracellular versus cell surface mGluR5 responses and
because the four DHPG-only induced transcripts exhibited
only modest responses, these four genes were not further vali-
dated at this time.
Thirteen genes were up-regulated as a consequence of intra-

cellular mGluR5 activation via Quis (Fig. 1A, supplemental
Tables S1 and S2). Of these, one probe (AI578037; supplemen-
tal Table S1) still lacks a Unigene annotation, and BLAST
searches failed to turn up any homologs. The remaining 12

genes that were up-regulated by Quis treatment but not DHPG
are shown in Fig. 1B. Only one gene was consistently down-
regulated; protein phosphatase 1b showed a 2-fold decrease in
response to Quis versus DHPG. Genes that were differentially
expressed upon Quis treatment were further analyzed using
Gene Ontology to categorize the likely cellular location of each
gene (Fig. 1C) as well as its molecular function (Fig. 1D). Like
the genes up-regulated by both agonists, almost 40% of the
Quis-up-regulated transcripts were themselves transcription
factors (Fig. 1D).
To verify induction by independent methodologies and to

extend the time course, differentially regulated genes were
examined by quantitative real time PCR using gene-specific
primers. Overall, microarray results were consistent with data
derived from post hoc testing of individual genes using striatal
RNA prepared at various time points (Fig. 2 and supplemental
Fig. S3). As predicted from the genechip results, the IEG Arc,
the transcription factors Atf3 (activating transcription factor 3)
and nuclear receptor subfamily 4 group A member 1 (Nr4a1/
Nurr77), and the kinase SNF1-like kinase (SIK1) were all signif-
icantly increased at 1 h in response to Quis but not DHPG (Fig.
2A). DHPG did up-regulate some of these genes, albeit at later
time points (Fig. 2A). Genes that were up-regulated by both
agonists as assessed by microarray analysis, early growth
response 2 (Egr2), and nuclear receptor subfamily 4 group A
member 2 (Nr4a2), were also increased by both drugs as deter-
mined by quantitative real timePCR (Fig. 2B). Overall,microar-
ray results were consistent with data derived from independent
striatal time courses at least at the time point used for the orig-
inal experiment. Given that many of these genes are known to
be involved in synaptic plasticity (Arc, Atf3, DUSP5, SIK1,
cyclin L1, Trb-1, Crem, STK35, Arid5a, JunB) and because
mGluR5 plays an important role in synaptic changes (22), these
data provide new evidence that genes involved in synaptic plas-
ticity can be regulated by intracellular mGluR5 in this model of
sustained synaptic transmission.

FIGURE 1. Microarray analysis reveals both common and distinct transcriptional changes induced by Quis and DHPG. Striatal neurons were treated with
Quis or DHPG for 1 h, and total RNA was isolated, further processed, and used for Affymetrix Rat 230V2 gene chip hybridization. Data were analyzed as
described under “Experimental Procedures.” A, shown is the number of genes with increased expression in both treatments. B, shown are genes that were
specifically up-regulated or down-regulated by Quis treatment but not DHPG. Bars represents -fold change as compared with the control (n � 3). C and D, pie
charts show the cellular localization and molecular function distribution, respectively, of 12 known genes specifically up-regulated by Quis treatment but not
by DHPG.
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Intracellular but Not Cell Surface mGluR5 Increases Expres-
sion of IEG Effector, Arc—Consistent with the finding that Quis
differentially activates Arc mRNA, Arc protein was also dra-
matically up-regulated in neuronal nuclei, cell bodies, and den-
drites after Quis treatment from times ranging from 1 to 3 h
(Fig. 3). Up-regulation was due to intracellular receptors
because 1) DHPG did not elicit significant Arc induction at
these time points, and 2) blocking cell surfacemGluR5 with the
impermeable antagonist LY393053 did not prevent Arc protein
increase in the presence ofQuis, although the permeable antag-
onist MPEP blocked this effect (Fig. 3, A and B). Arc protein
increases were most evident in the cell body but readily appar-
ent in dendrites as well after Quis treatment (Fig. 3, A and C).
Pretreating striatal neurons with the transcription suppressor,
actinomycin D, and the translation inhibitor cycloheximide
reduced Quis-mediated Arc induction by 86–91%, indicating
intracellular mGluR5-mediated Arc induction is both tran-
scription- and translation-dependent (Fig. 3D).
Increased Nuclear Arc Is Associated with Nuclear Puncta—

Up-regulation of Arc has been associated with nuclear puncta
in hippocampal neuronal nuclei (12). Similarly, puncta were
also observed in Quis-treated mGluR5-positive striatal nuclei
but not in control or DHPG-treated cultures (Fig. 3E). Such
puncta are thought to be sites of transcriptional regulation, thus

these findings suggest that Quis-mediated Arc induction is in
turn associated with downstream signaling cascades.
Cytoplasmic and Nuclear Ca2� Is Required for Intracellular

mGluR5-mediated Arc Induction—Wemade use of pharmaco-
logical, genetic, and molecular tools combined with optical
imaging to identify the pathway involved in mGluR5-mediated
Arc induction. Specifically, the protein kinase C inhibitor
GF109203X did not abolish intracellular mGluR5-mediated
Arc induction, whereas the intracellular Ca2� chelator
BAPTA-1AM reduced Arc to basal levels (Fig. 4A; 17.5% � 9.2;
n � 3). The extracellular Ca2� chelator, EGTA, also blocked
Quis-mediated Arc increases by �87% (Fig. 4A), suggesting
that extracellular Ca2� is necessary for intracellular mGluR5-
mediated Arc induction in striatal neurons. To test whether
NMDA receptors or voltage-gated Ca2� channels (VGCC)
were involved, we pretreated neuronswith specific inhibitors of
both. The general VGCC blocker cobalt led to a 90% reduction
in Quis-induced Arc levels, whereas the specific L-type VGCC
antagonist nifedipine only partially inhibited (�45% reduction)
this response (Fig. 4B). In contrast, neither APV nor MK801
(NMDA antagonists) had any effect onQuis-increased Arc lev-
els (Fig. 4B).
Because Ca2� is required for Quis-mediated Arc induction,

we used IP3R “buffer” constructs to determine whether cyto-

FIGURE 2. Quis-specific up-regulated genes validated by quantitative RT-PCR. Striatal neurons were treated with Quis (black) or DHPG (gray) for indicated
time points, total RNA was isolated, and the expression levels of genes by Quis only (A) or both DHPG and Quis (B) were measured by quantitative reverse
transcriptase-PCR normalized to the expression levels of the reference gene, Gapdh. Bars represent fold change compared with control (mean � S.E.) from at
least three independent experiments performed in triplicate. *, p � 0.05 versus control.
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plasmic or nuclear Ca2� or both play a role. As described (18),
these constructs target IP3 binding domains fused with RFP to
either the nucleus (IP3R-NLS; IP3R with nuclear localization
signal) or the cytoplasm (IP3R-NES; IP3R with nuclear export
signal). Because the IP3 binding site has sufficient affinity to
compete with the native receptor, these constructs act like a
buffer to remove IP3 from the compartment in which they are

expressed (18). As seen in Fig. 4, C and D, Quis does not
increase Arc levels in neurons transfected with either of the IP3
buffer constructs (IP3R-NLS or IP3R-NES), whereas it does so
in neurons transfected with red fluorescent protein DsRed2
alone. The reduction occurs both in the number of neurons
showing Arc-positive staining as well as in the average intensity
of Arc expression in the neuronal cell body (Fig. 4, C and D).

FIGURE 3. Activation of intracellular, but not cell surface mGluR5, up-regulates immediate early gene Arc. A, DIV17–18 striatal neurons were treated with
the indicated drugs for 3 h before staining for Arc (green) and mGluR5 (red). Quis but not DHPG increased Arc expression in mGluR5-positive cell bodies and
neurites. MPEP (10 �M) but not LY393053 (20 �M) abolished Quis-induced Arc levels. B, quantitation of Arc immunofluorescence in neurons (expressed as
mean � S.E., compared with control) in the absence or presence of various ligands treated for indicated times; more than 2500 neurons per treatment
condition from 3– 6 independent experiments were assessed using High Content Imaging; *, p � 0.05 versus basal level. C, quantitation of Arc staining intensity
in mGluR5-positive neurites was measured up to 50 �m from the cell body. Bars represent the mean � S.E. from at least three independent experiments with
more than 140 neurites per treatment condition analyzed. *, p � 0.05; **, p � 0.001 versus basal levels. D, Quis-mediated Arc induction is dependent on
transcription and translation. Quantitation of Arc immunofluorescence in neurons (expressed as % of Quis treatment) in the absence or presence of the
indicated antagonists (ActD, actinomycin D, transcription inhibitor, 40 �M; CHX, cycloheximide, translation inhibitor, 80 �M) treated for 1 h; �700 neurons per
treatment condition from n � 4 independent experiments. **, p � 0.001 versus Quis. E, Quis but not DHPG induced Arc� nuclear puncta. Bars represent mean �
S.E. from three independent experiments: 	200 neurons were analyzed per treatment. **, p � 0.05.
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Taken together, these data indicate that both cytoplasmic as
well as nuclear Ca2� is required for intracellular mGluR5-me-
diated Arc induction.
Intracellular mGluR5-mediated Arc Induction Is CaMKII-,

ERK1/2-, and Serum Response Factor (SRF)-dependent—We
have previously shown that intracellular mGluR5 selectively
activates the CaMKII, ERK1/2, and Elk-1 pathway and induc-
tion of IEGs such as c-Fos and Egr1 (1). Here we tested if the
same cascade is also involved in intracellular mGluR5-medi-
ated Arc induction. Using various pharmacological inhibitors,
we found that theQuis-mediated Arc protein increase could be
blocked by the general CaMK inhibitor, KN62 (�70% reduc-
tion) and the specific CaMKII inhibitor, KN93 (65–70% reduc-
tion) but not by the CaMKK inhibitor, STO609 (Fig. 5A). We
also used GFP-tagged dominant negative CaM kinase con-
structs as an independent approach in determining which
CaM kinase family members were involved. Only dnCaMKII
blocked intracellular mGluR5-mediated Arc increases,

whereas dnCaMKK, dnCaMKI, and dnCaMKIV did not (Fig.
5, C and D).
To test what other proteinsmight be involved in intracellular

mGluR5-mediated Arc induction, we used inhibitors of
ERK1/2, phosphoinositide-3-kinase (PI3K) and mammalian
target of rapamycin (mTOR). Interestingly, only the MEK
inhibitor U0126 partially inhibited Arc induction (� 55%
reduction) whereas PI3K inhibitors LY294002 and Wortman-
nin did not (Fig. 5B). In addition, the mTOR antagonist rapa-
mycin did not affect Quis-mediated Arc induction (Fig. 5B).
Surprisingly, LY294002 and rapamycin seemed to increase Arc
levels on their own (Fig. 5B). Collectively, the most parsimoni-
ous model for these data is that activation of intracellular but
not cell surface mGluR5 triggers a CaMKII/MEK/ERK1/2 cas-
cade leading to Arc mRNA and protein induction.
Two transcription factors, myocyte enhancer factor 2

(MEF2) and SRF, up-regulate Arc transcription in neurons (17,
23–26). MEF2 is activated via dephosphorylation by the calci-

FIGURE 4. Quis-mediated Arc induction is dependent on Ca2�. A, striatal neurons were treated with Quis (red) in the absence or presence of indicated
antagonists (GF109203X, protein kinase C inhibitor, 1 �M; BAPTA-1AM, intracellular Ca2� chelator, 30 �M; EGTA, extracellular Ca2� chelator, 5 mM) for 1 h, fixed,
and stained for Arc and neuronal nuclei (NeuN). Bars represent quantitation of Arc immunofluorescence in neurons (expressed as % of Quis treatment) from n �
3 independent experiments; *, p � 0.001 versus Quis. A total of �1300 neurons per treatment condition was assessed. Gray bars indicate untreated neurons or
neurons treated with indicated antagonists in absence of Quis. B, quantitation of Arc immunofluorescence in neurons (expressed as % of Quis treatment) from
n � 3 independent experiments; *, p � 0.001 versus Quis. A total of �1100 neurons per treatment condition were assessed. Gray bars indicate untreated
control. APV, NMDA antagonist, 100 �M; MK801, NMDA antagonist, 5 �M; CoCl2, nonspecific Ca2� channel blocker, 1 mM; Nifedipine, specific L-type Ca2� channel
blocker, 10 �M. C, shown is a schematic representation of IP3R buffer constructs (18). A plasmid encoding DsRed2 alone, RFP-IP3R-NLS, or NES-RFP-IP3R was
transiently transfected into striatal neurons (red) 24 h post-transfection, and neurons were treated with Quis for 1 h, fixed, and stained with Arc (green) and
mGluR5 (blue). D, shown is quantitation of Arc immunofluorescence in terms of the number of Arc-positive neurons (expressed as % of DsRed2 alone
transfected neurons, left graph) and Arc intensity in transfected neurons (expressed as % of DsRed2 alone transfected neurons, right graph) from n � 3
independent experiments. A total of 	85 neurons/plasmid was assessed. *, p � 0.05 compared with DsRed2 alone.
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um/calmodulin-regulated phosphatase calcineurin, which in
turn is activated by Ca2� influx (23). Because Quis leads to
sustained intracellular Ca2� levels in striatal neurons, we tested
whether MEF2 is involved by pretreating neurons with an
antagonist of calcineurin, cyclosporin A (25). However,
cyclosporin A did not inhibit Quis-mediated Arc induction
(Fig. 5B). To test if SRF is involved, we prepared striatal cultures
from Srff/f (wild type) and Srff/�; NesCre (heterozygote) and
Srff/f; NesCre (knockout) animals. As expected, SRF immuno-
reactivity was only seen in cultures prepared from Srfwild type
or heterozygous mice but not in Srf deficiency mice (Fig. 6A).
Treatment of these cultures with either DHPG or Quis led to a
rise in Ca2� in both the cytoplasm as well as the nucleus in all
genotypes, indicating that upstream Ca2� signaling by cell sur-
face or intracellular mGluR5 is unaffected by the loss of SRF
(Fig. 6B). DHPG did not increase Arc in any of the genotypes
(Fig. 6,C andD), whereasQuis increasedArc protein levels only
in the neurons prepared from Srf wild type or heterozygous
mice, not in Srf deficient neurons (Fig. 6, C and D). Taken
together, these findings are consistent with the pathway we
previously established in which intracellular mGluR5 is cou-
pled to a Ca2�/CaMKII/ERK/Elk1-SRF signaling cascade (1).
Intracellular mGluR5 Plays a Critical Role in Glutamate and

Neuronal Activity-induced Arc—Previously we have shown
that the endogenous ligand, glutamate, induces the same Ca2�

response as does Quis in Grm5�/� but not in null cultures (1).
Consistent with those results, like Quis, glutamate induced Arc

protein levels about 6-fold even in the presence of the non-
transported mGluR5 antagonist, LY393053. Only the permea-
ble antagonistMPEP blocked glutamate-inducedArc in striatal
neurons (Fig. 7A).
Depolarization with KCl in the presence or absence of

mGluR5 cell surface and/or intracellular antagonists was used
to determine whether intracellular receptors play a critical role
in neuronal activity-induced Arc. After 1 h of KCl stimulation,
Arc expression dramatically increased, supporting a role for
activity-dependent induction of this IEG (Fig. 7B). This
response was significantly inhibited by MPEP (�28% reduc-
tion, n � 4, p � 0.005 versus KCl treated neurons) but not by
LY395053 (Fig. 7B). The nonspecific Ca2� channel blocker,
cobalt chloride (1 mM), significantly decreased KCl-induced
Arc expression levels, whereas the NMDA receptor antagonist
MK801 (5 �M) or the Na� channel blocker tetrodotoxin (2 �M)
did not (not shown). Taken together, these data show that acti-
vation of intracellular mGluR5 contributes to important com-
ponents of sustained synaptic transmission.

DISCUSSION

Mounting evidence shows that GPCRs signal not only from
the cell surface but also from intracellular locations such as
endosomes/clathrin-coated pits, the endoplasmic reticulum,
Golgi, nuclear membranes, and even the nucleoplasm itself
(27). Despite the growing number ofGPCRs found in each loca-
tion, few studies have addressed intracellular GPCR function.

FIGURE 5. CaMKII and ERK1/2 are involved in intracellular mGluR5-mediated Arc up-regulation. A and B, striatal neurons were treated with Quis (red) in
the absence or presence of indicated antagonists (KN62, general CaMK antagonist, 10 �M; KN93, specific CaMKII antagonist, 10 �M; STO609, CaMKK inhibitor,
1.5 �M; U0126, MEK/ERK1/2 antagonist, 1 �M; LY294002, PI3K antagonist, 50 �M; wortmannin, PI3K antagonist, 500 nM; rapamycin, mTOR antagonist, 5 nM; CysA,
cyclosporin A, calcineurin antagonist, 4 �M) for 1 h, fixed, and stained for Arc and neuronal nuclei (NeuN). Bars represent quantitation of Arc immunofluores-
cence in neurons (expressed as % of Quis treatment) from n � 3–5 independent experiments; *, p � 0.001 versus Quis; #, p � 0.001 versus control. More than
3000 neurons per treatment condition were assessed. Gray bars indicate untreated neurons or neurons treated with indicated antagonists in absence of Quis.
C, plasmid encoding EGFP alone or EGFP-labeled dominant negative CaMK constructs as indicated were transiently transfected in striatal neurons (green), and
24 h post-transfection neurons were treated with Quis for 1 h, fixed, and stained with Arc (red) and mGluR5 (blue). D, shown is quantitation of Arc immunoflu-
orescence in terms of number of Arc-positive neurons (expressed as % of EGFP alone transfected neurons) from n � 5 independent experiments; a total of
	250 neurons/plasmid was assessed. *, p � 0.05 compared with EGFP alone.
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Using pharmacological, genetic, and unbiased bioinformatic
approaches, the present findings show that activation of endog-
enous intracellular mGluR5 leads to the up-regulation of many
IEGs and signaling molecules associated with synaptic plastic-
ity. One such plasticity effector, Arc, is increased 4-fold within
the nucleus, where it forms puncta-like structures and almost
3-fold in mGluR5� neurites (Fig. 3). Mechanistically, Arc is
induced via an intracellularmGluR5-mediated pathway involv-
ing Ca2�, CaMKII, ERK1/2, and SRF (Fig. 4–6). Consistent
with the notion that Arc is up-regulated in striatal neurons via
intracellular but not cell surface mGluR5, depolarization-in-
ducedArc was significantly reduced in response to a permeable
but not an impermeable mGluR5 antagonist. Given that
mGluR5 plays an active role in modulating synaptic transmis-
sion and as such is implicated in a large number of neurological
and developmental disorders, these data underscore the impor-
tance of intracellular mGluR5 in the cascade of events underly-

ing long term processes associated with sustained synaptic
transmission (Fig. 7C).
Intracellular mGluR5 Up-regulates Markers of Sustained

Synaptic Transmission—Because we were interested in the
most upstream events after receptor activation and because our
earlier study using a candidate gene approach demonstrated
that transcription factors such as Elk-1 and CREB were acti-
vated within 15–30 min of agonist application (1), we chose a
1-h time frame. Given that brief window of time, it is not sur-
prising that only a small number of geneswere reliably changed,
and almost half (48%)were IEGs themselves (Fig. 1; supplemen-
tal Tables S1 and S2). Sixteen genes were up-regulated by both
agonists, presumably due to cell surface mGluR5 activation as
well as 13 genes, which were altered only in response to Quis,
hence representing intracellular mGluR5 responses. IEGs up-
regulated by both treatment paradigms included transcription
factors such as: Csrnp1, a highly conserved cysteine-serine-rich

FIGURE 6. Intracellular mGluR5-orchestrated Arc protein increase depends on serum response factor. A, mouse striatal neurons prepared from Srff/f (wild
type) and Srff/�; NesCre (heterozygote) and Srff/f; NesCre (knockout) animals were stained for SRF immunoreactivity. For simplicity, in the figure cultures are
labeled Srf�/�, Srf�/�, and Srf�/�. B, shown are compiled data from the maximal initial Ca2� response (
F/Fo, %) from n 	 26 Srf�/�, n 	 58 Srf�/�, and n 	 53
Srf�/� neurons, where red bars represent nuclear and blue bar represent cytoplasmic responses. *, p � 0.0001 for all responses compared with basal Ca2�. C,
striatal neurons prepared from Srf�/�, Srf�/�, and Srf�/� were treated with the indicated drugs for 1 h before staining for Arc (green) and mGluR5 (red). Quis
increased Arc expression in mGluR5-positive cell bodies in Srf�/� and Srf�/� but not in Srf�/�. D, shown is quantitation of Arc immunofluorescence in neurons
(expressed as the mean � S.E., compared with control) in the absence (gray) or presence of the indicated ligands (blue for DHPG and red for Quis) treated for
1 h; n � 3. *, p � 0.05 versus control.
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nuclear protein required for neural progenitor proliferation
and survival in zebra fish (28); Egr2, a zinc finger transcription
factor required for general development and for the develop-
ment of certain brain structures in particular (29); Klf4, one of
four so-called reprogramming factors that can differentiate
fibroblasts into functional neural stemcells (30);Nr4A2 (NurrI)
and Nr4A3 (Nor1), members of the nuclear hormone receptor
superfamily involved in differentiation, proliferation, and vari-
ousmetabolic processes (31); v-mafmusculoaponeurotic fibro-
sarcoma oncogene homolog F (Maff), involved in neuronal dif-
ferentiation and regulation of NGF-mediated neurite
outgrowth (32); TIS11, an important regulator of cellular dif-
ferentiation and inflammation (33).
Many of the transcripts up-regulated by Quis alone are also

stimuli-responsive transcription factors involved in neuronal
survival and growth (Atf3, Nr4a1, Trib1, CREM, JunB, and
Arid5a) as well as effector proteins such as Arc, which as

described is involved in gene regulation and synaptic plasticity
(22). Interestingly, many of these genes are regulated by
ERK1/2. For example, Dusp5, an inactivator of MAPK path-
ways, is itself induced in response to growth factors dependent
on ERK1/2 activation, and theDusp5 protein is phosphorylated
at three sites by ERK1/2 in vitro and in vivo (34). These obser-
vations are consistent with our previous studies showing that
intracellular but not cell surface mGluR5 triggers MAPK sig-
naling pathways in striatal neurons (1). These in turn activate
the IEG Elk-1, which can partner with SRF to activate promot-
ers carrying serum response elements or function indepen-
dently to up-regulate transcription machinery as a whole (35).
In support of this model, Arc, Nr4A1, Dusp5, and JunB are all
regulated by SRF (36, 37). Other genes such as Snf1lk (SIK1)
repress CREB-dependent transcriptional activity both in the
nucleus and in the cytoplasm (38). Indeed, Crem acts as a nat-
ural antagonist of cAMP-response element (CRE)-mediated

FIGURE 7. Intracellular mGluR5 plays a critical role in glutamate and neuronal activity-induced Arc. A, striatal neurons were pretreated with NMDA antagonist
MK801 (5 �M), the AMPA/kainate receptor antagonist, 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 10 �M), and mGluR1 antagonist CPCCOEt (20 �M) followed by
treatment with glutamate (100 �M, 1 h). Glutamate increased Arc expression that was blocked by MPEP but not LY393053. Bars indicate Arc-positive/total neurons
compared with control. #, p � 0.05 versus control; n � 4, more than 2500 neurons assessed per treatment. Ctl, control. B, bath application of 15 mM KCl-induced Arc in
�30% striatal neurons. This KCl-regulated induction was decreased �28% by MPEP, whereas LY395053 � KCl was not significantly different from KCl alone. Bars
indicate Arc positive/total neurons expressed as the percentage of KCl treatment. More than 2000 neurons per treatment from four independent experiments were
assessed for Arc immunofluorescence using the High Content Imager. #, p � 0.0001 compared with untreated control. *, p � 0.005 compared with KCl treated alone.
C, the proposed model for intracellular mGluR5-mediated transcriptional activation of Arc/Arg3.1 is shown. NPC, nuclear pore complex.
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gene transcription (39). Thus, one initial outcome of intracel-
lular mGluR5 activation is to damp down CREB signaling and
promote SRF-mediated IEGs.
What are the consequences of intracellular mGluR5 induc-

tion of IEGs? As described, Arc is critical for various forms of
LTP and LTD (10). Crem is also involved in the regulation of
long term plasticity underlying learning and memory (39).
Finally, Nr4a1 (Nurr77), JunB (supplemental Table S1), c-Fos,
and Egr1 (1) have all been linked to synaptic remodeling and, in
some cases, learning and memory (25, 40). Taken together the
present findings point to a critical role for intracellularmGluR5
in shaping synaptic processes.
Intracellular mGluR5 Induces Arc in Striatal Neurons—Sev-

eral groups have shown that DHPG activates ERK1/2 and Arc.
Many of those responses are derived from in vivo experiments
(41), from hippocampal slice preparations (14, 15), or in differ-
ent neuronal cultures such as cortex (42). In the latter case,
DHPG up-regulated Arc via a CREB- and NMDA-dependent
process versus VGCCs (42). Using striatal slices, Pisani et al.
(43) showed that DHPG had no effect on medium spiny neu-
rons unless it was coupled with NMDA activation. Finally, it is
well documented in peripheral pain pathways that DHPG acti-
vates presynaptic Group1 receptors to increase glutamate
release (44–46). Glutamate of course would activate post-syn-
aptic receptors and depending upon the transporters present
has the potential to activate intracellular receptors as well.
Based on in vivomicrodialysis experiments in the striatum (47),
the nucleus tractus solitaries (48), and forebrain (47, 49), a sim-
ilar facilitator role at excitatory synapses in the CNSmight also
occur. Indeed, this laboratory has previously reported evidence
for presynaptic mGluR5 (50) as have others (51). Finally it
should be noted that most DHPG “users” do not add additional
antagonists to control for non-mGluR5 effects; thus, conceiv-
ably ERK1/2 activation in previous studies might be generated
from mGluR1 activation. Indeed, without these inhibitors,
DHPG-inducedERK1/2 phosphorylation is seen in our cultures
as well (supplemental Fig. S4). Consistent with the notion that
striatal, hippocampal, and cortical neurons will exhibit cell
type-specific responses, we also see DHPG activation of
ERK1/2 in dissociated hippocampal cultures (supplemental Fig.
S4). Interestingly, p-ERK1/2 is seen in the cytoplasm, not the
nucleus in hippocampal cultures, whereasQuis treatment leads
to an �4-fold induction in the nucleus of dissociated striatal
cultures. Collectively, these data point to distinct neuron-spe-
cific responses to DHPG that presumably trigger unique down-
stream sequelae.
IntracellularmGluR5-mediated Arc Induction Requires High

Levels of Ca2�—Either in the hippocampus, cortex, or in the
striatum, group 1 mGluR-mediated Arc induction requires
Ca2�, although the channels by which Ca2� enters the cell are
different. In cortical and hippocampal neurons, NMDA recep-
tors are required for group I mGluR-dependent Arc transcrip-
tion (14, 20, 42), whereas in striatal neurons mGluR5-mediated
Arc induction is unaffected by NMDA antagonists (Fig. 4B). In
contrast, striatal Arc inductionwas completely abolished by the
general Ca2� channel blocker, cobalt, or partially blocked in the
presence of the L-type Ca2� channel blocker, nifedipine (Fig.
4B).

How would intracellular mGluR5 trigger VGCC opening?
VGCCs are complex proteins involved in numerous processes
and as such are modulated by multiple pathways. Functional
coupling between group ImGluRs and L-type VGCCs has been
described in cortical and hippocampal neurons as well as cere-
bellar granule cells (45). Based on electrophysiological and
immunohistochemical experiments, these interactions are
coupled to the refilling of endoplasmic reticulum Ca2� stores
(52). Recent advances in defining proteins associated with this
process are consistent with that hypothesis. For example,
depletion of endoplasmic reticulum Ca2� stores trigger endo-
plasmic reticulum sensors (STIM1 and -2), which send signals
to the plasmamembrane to activate two types of store operated
Ca2� channels: Ca2� release-activated Ca2� (CRAC) channels,
which are composed of Orai proteins, and STIMs (53, 54) as
well as SOC channels, which incorporate Transient Receptor
Potential Channels (55–57). In turn formation of STIM/Orai
channels inhibits VGCCs and even leads to their internalization
(53, 54). Depletion of extracellular Ca2� via EGTA chelation or
blockade of VGCCs via cobalt chloride might affect store refill-
ing by 1) simply blocking Ca2� influx and SERCA uptake, 2)
altering the ratio of STIM to Orai leading to non-optimal Orai
activation and decreased store refilling (58), or 3) preventing
TRPC1 Ca2�-mediated recruitment to the plasma membrane
where it complexes with Orai and STIM to form SOC channels
(56). The latter are inhibited when Ca2� entry is blocked or
external Ca2� is removed (56).Which of these possibilities con-
tributes to intracellular mGluR5-mediated Arc induction
awaits further studies.
Inasmuch as DHPG elicits a rapid, transient Ca2� peak in

dissociated striatal neurons versus a long sustained response
following Quis (1), it would appear that more prolonged Ca2�

responses are required for Arc induction in striatal neurons.
This interpretation is consistent with the current results using
IP3 buffers to block Quis-mediated nuclear or cytoplasmic
Ca2� levels. In either case, Arc induction was also blocked (Fig.
4, C andD), indicating Ca2� in either compartment is essential
for Arc up-regulation.
CaMKII and ERK1/2 Are Important Mediators of Intracellu-

lar mGluR5-induced Arc—CaMK and MAPK signaling path-
ways appear to underlie Arc induction in other systems. For
example, in neuroblastoma cells Arc increases were completely
blocked by the general CaMK inhibitor, KN62 (59), and in rat
dorsal striatum, stimuli such as spatial exploration induced Arc
only in GABAergic/�CaMKII-positive neurons (60). In vivo
activation of Arc in dentate granule cells is mediated in part by
MAP kinase activation (61), suggesting that other signaling
pathways also play a role. Moreover, Arc mRNA transport into
dendrites requires MAPK signaling as local application of
U0126 blocked newly synthesized Arc transcripts from being
transported into activated synapses (62). Our data confirm and
extend these findings showing that both CaMKII and ERK1/2
phosphorylation are critical for mGluR5-mediated Arc induc-
tion in striatal neurons (Fig. 5),
SRF Is a Critical Component of Arc Induction by Intracellular

mGluR5—In hippocampal, cortical, and cerebellar Purkinje
cells, Arc is regulated in an SRF-dependent fashion (17, 24, 26)
via one or both of its serum response elements (63). For exam-
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ple in Purkinje cells, SRF binding to the most distal serum
response element in the Arc promoter is essential for Arc
induction and LTD in this system (26). Our studies are consis-
tent with these published reports as intracellular mGluR5-me-
diated Arc induction is seen only in striatal cultures prepared
from Srf wild type not in Srf-deficient mice (Fig. 6). The tran-
scription factor MEF2 is also involved in Arc induction. For
instance, activity-drivenCa2� influx into hippocampal neurons
induces the activation of the Ca2�/calmodulin-regulated phos-
phatase calcineurin, which dephosphorylates and activates
MEF2; activated MEF2 increases the transcription of Arc (23).
Similarly, sustained depolarization of striatal neurons led to
calcineurin activation, MEF2 up-regulation, and Arc induction
(25). MEF2 may not play its predicted role in the case of
mGluR5-induced Arc levels however, as inclusion of the cal-
cineurin inhibitor cyclosporin A failed to block Quis-induced
Arc (Fig. 5B).
Intracellular mGluR5 Is a Key Component in Activity-depen-

dent Arc Changes—Decreased Arc levels in response to MPEP
but not LY395053 treatment after depolarization using KCl
suggests an important role for intracellular mGluR5 in activity-
dependent pathways underlying synaptic plasticity (Fig. 7B).
AlthoughNMDA receptors are thought to play a key role in the
regulation of Arc mRNA localization and translation, MK801
did not block the induction of Arc by KCl in our paradigm (data
not shown). Although further studies are required to support
this idea, the fact that Arc is induced even in the presence of the
impermeable antagonist suggests that a large component of
mGluR5 signaling is being overlooked in models activated only
by DHPG.
What Is the Role of Intracellular mGluR5-mediated Arc

Induction in Striatal Neurons?—Numerous studies have shown
that Arc is critical for long termmemory and synaptic plasticity
in the hippocampus (10). For example, increased Arc expres-
sion in slices and cultures decreases AMPA receptor-mediated
synaptic currents presumably via its ability to regulate AMPA
receptor trafficking on the synapticmembrane (64–66). In hip-
pocampal neurons, DHPG activation of mGluR5 increases Arc,
leading to AMPA receptor endocytosis, resulting in LTD (14,
15). It remains to be tested whether the dramatic induction of
Arc in this study may similarly precede AMPA receptor
internalization.
Arc is also thought to play a role in transcriptional regulation

(12). This is based in part on increased Arc protein levels in the
nucleus, where in the dentate gyrus and now in the striatum
(Fig. 3) it interacts with a spectrin variant, �SpIVSigma5, in
so-called promyelocytic leukemia bodies (12). Thus Arc
appears to play an as yet poorly defined role in nuclear struc-
tures known to be highly involved in transcriptional regulation.
It remains to be determinedwhat the downstreameffects ofArc
induction are in striatal neurons.
In summary, these studies suggest a major role for intracel-

lular mGluR5 receptors in the transcriptional up-regulation of
genes associated with sustained synaptic transmission. Under-
standing long term consequences of intracellular mGluR5 acti-
vation may provide better insight into the many disorders
where synaptic plasticity is disrupted.
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