
Activated Nuclear Metabotropic Glutamate Receptor mGlu5
Couples to Nuclear Gq/11 Proteins to Generate Inositol
1,4,5-Trisphosphate-mediated Nuclear Ca2� Release*□S

Received for publication, October 15, 2007, and in revised form, February 7, 2008 Published, JBC Papers in Press, March 12, 2008, DOI 10.1074/jbc.M708551200

Vikas Kumar, Yuh-Jiin I. Jong, and Karen L. O’Malley1

From the Department of Anatomy and Neurobiology, Washington University School of Medicine, St. Louis, Missouri 63110

Recently we have shown that the metabotropic glutamate 5
(mGlu5) receptor can be expressed on nuclear membranes of
heterologous cells or endogenously on striatal neurons where it
can mediate nuclear Ca2� changes. Here, pharmacological,
optical, and genetic techniques were used to show that upon
activation, nuclear mGlu5 receptors generate nuclear inositol
1,4,5-trisphosphate (IP3) in situ. Specifically, expression of an
mGlu5 F767S mutant in HEK293 cells that blocks Gq/11 cou-
pling or introduction of a dominant negative G�q construct in
striatal neurons prevented nuclear Ca2� changes following
receptor activation. These data indicate that nuclear mGlu5
receptors couple to Gq/11 to mobilize nuclear Ca2�. Nuclear
mGlu5-mediated Ca2� responses could also be blocked by the
phospholipase C (PLC) inhibitor, U73122, the phosphatidylino-
sitol (PI) PLC inhibitor 1-O-octadecyl-2-O-methyl-sn-glycero-
3-phosphorylcholine (ET-18-OCH3), or by using small interfer-
ing RNA targeted against PLC�1 demonstrating that PI-PLC is
involved. Direct assessment of inositol phosphate production
using a PIP2/IP3 “biosensor” revealed for the first time that IP3
can be generated in the nucleus following activation of nuclear
mGlu5 receptors. Finally, both IP3 and ryanodine receptor
blockers prevented nuclear mGlu5-mediated increases in
intranuclear Ca2�. Collectively, this study shows that like
plasma membrane receptors, activated nuclear mGlu5 recep-
tors couple toGq/11 andPLC to generate IP3-mediated release of
Ca2� from Ca2�-release channels in the nucleus. Thus the
nucleus can function as an autonomous organelle independent
of signals originating in the cytoplasm, and nuclear mGlu5
receptors play a dynamic role in mobilizing Ca2� in a specific,
localized fashion.

Many cells produce Ca2� signals both in the cytoplasm as
well as the nucleus. Nuclear Ca2� is thought to play a vital role
in a variety of nuclear functions such as cell division, prolifera-
tion, protein import, apoptosis, and gene transcription (1).

Nuclear Ca2� may be mobilized from a number of sources
including diffusion of cytosolic Ca2� waves through nuclear
pore complexes (2), release into the nucleoplasm from the
nuclear lumen (3, 4), or release from the so-called nucleoplas-
mic reticulum, invaginations of the nuclear envelope into the
nucleoplasm itself (5). PresumablyCa2� release from the lumen
of the nuclear membrane and/or the nucleoplasmic reticulum
would either amplify Ca2� signals arriving via the nuclear pore
complex and/or independently generate nucleoplasmic Ca2�

transients. Such amodel of nuclear Ca2� release is bolstered by
data documenting the presence and activation of the inositol
1,4,5-trisphosphate receptors (IP3Rs)2 and ryanodine receptors
(RyRs) on inner nuclear membranes and the nucleoplasmic
reticulum (3, 4, 6–9). Thus these Ca2�-release channels are
perfectly poised to independently regulate nucleoplasmic Ca2�

levels.
Despite the importance of IP3Rs and RyRs in controlling

the release of nuclear Ca2�, very little information is avail-
able regarding how these receptors themselves are activated.
One of the most prevalent models is one in which IP3 pro-
duced in the cytoplasm diffuses into the nucleus thereby
activating nuclear IP3Rs (10). This premise is supported by
studies showing that extracellular insulin-like growth fac-
tor-1 (IGF-1) activates its own receptor as well as phospho-
lipase C (PLC) to stimulate IP3 mobilization and the ensuing
activation of both cytoplasmic and nuclear IP3Rs (11, 12).
Alternatively, IP3 might be synthesized within the nucleus
itself. This hypothesis is consistent with reports showing
that the nucleus contains all of the enzymatic machinery
necessary to synthesize IP3 (13). Moreover, the nucleus also
has the components necessary for the production of the RyR
agonists, cyclic ADP-ribose (14) or nicotinic acid adenine
dinucleotide phosphate (7). Thus, the nucleus could poten-
tially function as an independent signaling unit controlling
Ca2� signals in a specific, localized fashion.
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How might nuclear IP3 be generated? Typically, cell surface
G protein-coupled receptors (GPCRs) associated with Gq-like
proteins (Gq and its close homolog, G11) (15) activate phospho-
lipases such as PLC to hydrolyze phosphatidylinositol 4,5-
bisphosphate (PIP2) leading to IP3 production. GPCRs cou-
pling with Gi/o-like proteins can also increase IP3 levels via
dissociated �/� subunit activation of PLC (16, 17). These same
mechanisms might also exist in the nucleus where several
GPCRs have been recently localized not only to the plasma
membrane but also intracellularly on nuclear membranes (18–
20). For example, receptors known to couple to Gq/11 such as
the prostaglandin EP receptor EP1, as well as the platelet-acti-
vating factor and lysophosphatidic acid (LPA-1) receptors have
been found on the nuclear envelope (21). Similarly, we have
shown that the Group 1 metabotropic glutamate receptors,
mGlu1 and mGlu5, both of which couple to Gq/11, are endog-
enously expressed on the inner nuclear membranes of many
different types of neurons (18, 19, 22). Gq itself is present on
nuclear membranes (23). Moreover, we have previously shown
that a GFP-tagged Gq protein co-localizes with mGlu5 and the
inner nuclearmembrane protein, lamin B2, in heterologous cell
types (18). Thus, signaling systems are in place that could gen-
erate the requisite second messengers within the nucleoplasm
itself.
Surprisingly, few studies have directly examined signal trans-

duction pathways associated with nuclear GPCRs. Given the
importance of nuclear Ca2� signaling and the unlikelihood, at
least in neurons, that IP3 could diffuse long distances from its
presumed site of synthesis in neuronal processes, it seems rea-
sonable to propose that IP3 is generated in situ via the actions of
GPCRs located on the inner nuclear membrane. Here we show
that, like plasmamembrane receptors, activated nuclearmGlu5
receptors couple to Gq/11 and phosphatidylinositol (PI)-PLC in
mGlu5-expressing HEK cells as well as striatal nuclei to gener-
ate IP3-mediated release of Ca2� via Ca2� release channels in
the nucleus. Taken together, these data point to a novelmode of
nuclear Ca2� generation, independent of cytosolic Ca2�, medi-
ated through activated nuclear GPCRs.

EXPERIMENTAL PROCEDURES

Materials—Quisqualate, 2-methyl-6-(phenylethynyl)-pyridine
(MPEP), 7-hydroxyiminocyclopropan[b]chromen-1a-carboxylic
acid ethyl ester (CPCCOEt), 1-(6-[17�-3-methoxyestra-1,3,5-
(10)-triene-17-yl]amino/hexyl)1H-pyrrole-2,5-dione (U73122),
O-(octahydro-4,7-methano-1H-inden-5-yl)carbonopotassium
dithioate (D609), and 2-aminoethoxydiphenylborane (2-APB)
were purchased fromTocris Cookson Inc., Ellisville,MO. Phos-
phatidylinositol 3-kinase (PI3K) inhibitor, LY294002 was from
Cell Signaling Technology, Inc., Beverly, MA; [1-(4-aminophe-
nyl)-3-methylcarbamyl-4-methyl-3,4-dihydro-7,8-methyl-
enedioxy-5H-2,3-benzodiazepine] (GYKI53655) was from
Research Biochemicals Inc., Natick, MA; andmyo-[2-3H]inosi-
tol (specific activity � 20.0 Ci/mmol) was from American
Radiolabeled Chemicals, Inc., St. Louis, MO. OptiprepTM (60%
Iodixanol) was purchased from Accurate Chemical and Scien-
tific Corporation,Westbury, NY, and xestospongin Cwas from
Calbiochem, San Diego, CA. Unless otherwise indicated all
other chemicals were from Sigma.

Cell Culture and Plasmids—HEK293 cells and the mGlu5
stable HEK cell line were maintained as described (18, 24). Pri-
mary striatal cultures were prepared and maintained exactly as
described (19). The mGlu5 mutant (F767S) was generated by
recombinant polymerase chain reaction (25) using sense and
antisense primers containing the relevant phenylalanine to ser-
ine mutation and wild type mGlu5 construct (24) as template.
The mutation was confirmed by sequencing. The mGlu5
mutant F767S stable HEK cell line was generated using stand-
ard transfection techniques followed by repetitive rounds of
limiting dilution (24). The construct containing the pleckstrin
homology domain of PLC�1 fused to enhanced green fluores-
cent protein (pEGFP-C1-PLC�1-PH) was a gift from Dr. T.
Meyer, Stanford University, Stanford, CA (26). pDsRed2
encoding DsRed2, a red fluorescent protein, was obtained from
Clontech Laboratories, Inc., Mountain View, CA, and sub-
cloned into the pcDNA3 vector. The dominant negative G�q
construct (pcDNA3.1�G�q containing mutations Q209L/
D277N) was obtained from the University of Missouri cDNA
Resource Center, Rolla, MO, and was used as described (27).
RNA Interference—On-Target plus siRNA duplex targeting

PLC�1 (5�-CAGUUGAAUUUGUCGAAUAUU-3� and 5�-PUA-
UUCGACAAAUUCAACUGUU-3�) and On-Target plus scram-
bled siControl non-targeting siRNA number 1 (sequence of the
sense strand 5�-UGGUUUACAUGUCGACUAA-3�) were pur-
chased from Dharmacon, Inc., Chicago, IL. Neurons were
transfected with either the PLC�1 siRNA or scrambled siRNA
or co-transfected along with the DsRed2 construct as a trans-
fection marker (2 �g of siRNA � 200 ng of pcDNA3-DsRed2
construct per 35-mm dishes) using Lipofectamine 2000
(Invitrogen) as described (28). The efficacy of knockdown was
confirmed by immunocytochemistry andWestern blot analysis
48 and 72 h post-transfection.
Subcellular Fractionation and Preparation of Nuclei—

Plasma membrane and nuclear fractions were prepared from
HEK cells as described (18). Nuclei were prepared from post-
natal day 10 (P10) rat striata as described (19) and further puri-
fied using a 25–35% (w/v) iodixanol gradient as per the manu-
facturer’s instructions. Aliquots from each fraction were used
for gel electrophoresis andmembrane binding. Protein concen-
trations of each fraction were determined using the Bradford
assay (Bio-Rad). Purity of nuclei was assessed by loading HEK
cells or striatal neurons with the cytoplasmic mitochondrial-
selective stain MitoTracker Deep Red 633 as well as the DNA-
specific vital dye, Hoechst 33258 as described (29). After a
20-min preincubation, subcellular fractionationwas performed
and nuclear staining was monitored.
Immunocytochemistry and Western Blot Analysis—Cells for

immunocytochemical and confocal microscopic studies were
grown on poly-D-lysine-treated glass coverslips, 8-well cham-
ber slides, and/or dishes with 35-mm glass grids (Mat-Tek,
Ashland, MA). Fixation, blocking, and antibody incubation
were as described (24). Primary antibodies included affinity
purified anti-C-terminal mGlu5 (1:250) (30), rabbit polyclonal
anti-mGlu5 (1:200; Upstate/Millipore, Charlottesville, VA),
andmonoclonal anti-lamin B2 (1:100; Zymed Laboratories, San
Francisco, CA). Anti-PLC�1 (1:300 ofmousemonoclonal, K92)
was a gift from Dr. Pann-Ghill Suh (Pohang University of Sci-
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ence and Technology, South Korea). Secondary antibodies
were as described (18, 19, 24). Proteins obtained from subcel-
lular fractionation were resuspended in lysis buffer (150 mM
NaCl, 1 mM EDTA, 0.1% SDS, 1% Nonidet P-40, 0.5% sodium
deoxycholate, 50 mM Tris-HCl, pH 7.5, and protease inhibitors
Complete Tablets; Roche Applied Science). Lysates were sub-
jected to SDS-PAGE, blotted as described (19), and probedwith
anti-mGlu5 (1:1000), anti-lamin B2 (1:2000), monoclonal anti-
Na�K�-ATPase (�-6F, 1:1000; Development Studies Hybri-
doma Bank, University of Iowa, Iowa City, IA), monoclonal
anti-PLC�1 (1:200, D-8:sc-5291; Santa Cruz Biotechnology,
Inc., Santa Cruz, CA), and monoclonal anti-�-actin (1:5000;
Sigma). Horseradish peroxidase-conjugated goat anti-rabbit
IgG (1:2000;Cell SignalingTechnology, Inc.) or anti-mouse IgG
(1:2000; Sigma) was used in conjunction with enhanced chemi-
luminescence (Amersham Biosciences) to detect the signal.
Densitometric analyses were performed using the Storm 860
Imager (GE Healthcare) together with the associated software.
[3H]Quisqualate Binding and Uptake—[3H]Quisqualate

(specific activity � 26.0 Ci/mmol) was made by SRI Interna-
tional. Nuclear and plasma membrane fractions were used in
binding assays as described (24). [3H]Quisqualate uptake was
performed as described (19).
Fluorescent Measurements of Ca2� in Intact Cells and Iso-

lated Nuclei—For whole cell measurements, mGlu5 wild type
or mutant expressing HEK cells were washed with serum-free
medium, incubated with Oregon Green 488 BAPTA-1AM
(Molecular Probes) and imaged as described (18). Similarly, pri-
mary cultured striatal neurons transiently transfected with
DsRed2 or co-transfected with DNG�q/DsRed2, scrambled
siRNA/DsRed2, or PLC�1 siRNA/DsRed2 (10:1 ratio in all co-
transfections) were prepared as described (19). To measure
Ca2� changes in individual nuclei, nuclei fromHEK cells or rat
P10 striatal tissues were prepared and processed as described
(18, 19). Drugs at�100 concentration were added to the side of
the dish and allowed to diffuse at room temperature. Extra- and
intracellular buffers used for Ca2� measurements on intact
cells or isolated nuclei were as described (19). Following image
collection, cells/nuclei were fixed, stained with anti-mGlu5,
lamin B2, and/or PLC�1, and field relocated.
Single Cell and Nuclear Imaging of IP3—Dissociated striatal

neurons were transiently transfected with pEGFP-C1-
PLC�1-PH (2 �g 35-mm dishes�1). After 24–48 h cells were
washed with Neurobasal medium (Invitrogen) and used for
monitoring IP3 generation in real time. Nuclei prepared from
mGlu5/HEK cells transiently transfected with pEGFP-C1-
PLC�1-PH were imaged as described (18, 19). To monitor IP3
generation and Ca2� changes simultaneously, nuclei were
loaded with Calcium Crimson AM (Molecular Probes).
ConfocalMicroscopy and Data Analysis—All Ca2� measure-

ments and IP3 imagingwere done using laser scanning confocal
microscopes FluoView 500 and/or FluoView 1000 (Olympus,
Center Valley, PA) as described previously (18, 19). Simultane-
ous IP3 and Ca2� measurements were done using bandpass
barrier filter settings at 483–536nm for EGFP and 590–680nm
for Calcium Crimson (31). Analysis of changes in GFP fluores-
cence in striatal neurons or HEK nuclei, in real time, was per-
formed as described (32). Increases in IP3 were detected by

measuring the translocation of EGFP from the plasma mem-
brane to the cytosol or from nuclear membrane to the nucleo-
plasm. Images were processed withMetaMorph (version 5.0.7)
Professional Image Analysis software. Data are presented as
ratio of change in fluorescent intensity at a given time to initial
fluorescence and expressed as percentage (�F/Fo, %).
[3H]IP Measurements—IP was measured in cells expressing

mGlu5 as described (33, 34). For measuring IP levels in nuclei,
cells were treated as described (33, 34), nuclei were prepared
and then resuspended in intracellular buffer (in mM: 125 KCl, 2
KH2PO4, 2 MgCl2, 0.3 CaCl2, 10 D-glucose, 1 ATP and 40
HEPES pH 7.0) before being processed further (34). Data cal-
culated as the ratio of labeled IP or IP3 to total radioactivity
(inositol, IP1, IP2, and IP3) were expressed as percentage of
response in unstimulated HEK cells or nuclei expressing
mGlu5.

RESULTS

mGlu5 Receptors Are Localized at Both the Plasma and
Nuclear Membranes—We have previously shown that mGlu5
is expressed on plasmamembranes as well as onmany intracel-
lular membranes including nuclear membranes (18, 19). To
confirm and extend these studies, we expressed N-terminal
hemagglutinin-tagged mGlu5 in HEK cells and used anti-hem-
agglutinin antibody and differential permeabilization tech-
niques to verify the presence of mGlu5 on plasma and nuclear
membranes (supplemental Fig. S1). In other studies immuno-
gold EM with antibodies directed against the C-terminal por-
tion of mGlu5 was used to show that immunogold particles
were abundantly associated with endoplasmic reticulum and
nuclear membranes (supplemental Fig. S1). Previously we
showed that agonists such as glutamate and quisqualate reach
nuclear receptors via both sodium-dependent transporters and
cystine glutamate exchangers (19). Here, we confirm that quis-
qualate is taken up by HEK cells, that the mGlu5 agonist 3,5-
dihydroxyphenylglycine is an impermeable agonist, and that
the drugs LY395053 and LY367366 are impermeable antago-
nists (35) (supplemental Fig. S2). Thus, as an impermeable ago-
nist, 3,5-dihydroxyphenylglycine cannot activate nuclear
mGlu5 receptors in isolated nuclei derived from mGlu5
expressingHEKcells (mGlu5/HEK) or endogenously expressed
on striatal nuclear membranes, whereas quisqualate can (sup-
plemental Fig. S3, E–H). Finally, using differential labeling with
vital dyes such as MitoTracker, which is excluded from the
nucleus andHoechst, which is retained in the nuclear compart-
ment, we provide visible evidence of the purity of these nuclear
preparations (supplemental Fig. S3, A–D). Therefore mGlu5
receptors are present and functional on nuclear membranes in
heterologous cells as well as endogenous striatal nuclei.
Nuclear mGlu5 Couples to Nuclear Gq/11 Proteins—Certain

nuclear GPCRs appear tomediate nucleoplasmic Ca2� changes
via pertussis toxin-sensitive pathways suggesting a Gi/o-driven
mechanism (21). However, we have previously shown that in
HEK293 cells stably expressingmGlu5, pertussis toxin does not
affect mGlu5-mediated cytoplasmic or nuclear Ca2� oscilla-
tions (18), thus we hypothesized that nuclear mGlu5 couples to
nuclear Gq/11 proteins to activate downstream signaling com-
ponents. To test this idea, anmGlu5mutant was constructed in
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which phenylalanine at position 767 in the third intracellular
loop was replaced with serine (F767S), leading to the loss of
G-protein coupling (36, 37). Like wild type mGlu5, the F767S
mutant was localized on both plasma and nuclear membranes
where it co-localizedwith the nuclearmembranemarker, lamin
B2 (Fig. 1, A and B). Similarly, nuclei isolated from mGlu5 or
F767S stable HEK cell lines co-expressed either receptor
togetherwith lamin B2 confirming expression on nuclearmem-
branes (Fig. 1, C and D). Using subcellular fractionation, both
wild type and mutant receptors were clearly expressed on the
plasma membrane as well as nuclear fractions as indicated by
themembrane-specificmarkers,Na�K�-ATPase and laminB2,
respectively (Fig. 1, E and F). Thus immunocytochemical anal-
ysis and Western blotting techniques demonstrated that the
expression pattern and protein levels of wild type and mutant
mGlu5 in HEK cells were similar.
To determine whether the F767S mutant exhibited similar

binding characteristics to wild type receptors, binding studies
using [3H]quisqualate as a radioligand were performed on both
nuclear and plasma membrane fractions. Dissociation con-
stants (Kd) for wild type and mutant mGlu5 plasma membrane
receptors were 385.4 � 54.6 and 492.8 � 36.1 nM, respectively.
The Kd values for wild type and mutant mGlu5 nuclear recep-
tors were 576.6 � 15.9 and 752.7 � 43.5 nM, respectively. The
total number of mGlu5 binding sites (Bmax) as revealed from
non-linear regression analysis was 896.9 � 49.4 fmol/mg for
wild type mGlu5 plasma membrane receptors, 1285.5 � 128.9
fmol/mg for mutant mGlu5 plasma membrane receptors,
638.7 � 54.9 fmol/mg for wild type nuclear receptors, and

1060.7 � 133.2 fmol/mg for mutant
mGlu5 nuclear receptors. HEK cells
expressing empty vector did not
exhibit significant specific binding
to [3H]quisqualate (Kd � 2.0 mM).
Thus, like wild type nuclear mGlu5
receptors (18), F767S binds agonist
and appears to be correctly folded in
HEK cells. Data pooled across four
experiments indicates that about
51.7 � 3.5% of mGlu5 receptors are
on plasma and intracellular mem-
branes and that 48.3 � 3.5% of
mGlu5 receptors are present on
nuclear membranes derived from
mGlu5/HEK cells.
To test whether F767S could

mediate Ca2� changes, HEK cells
stably expressing wild type or
mutant mGlu5 were loaded with
the Ca2� indicator Oregon Green
BAPTA-1AM. Esterified Oregon
Green BAPTA-1AM is hydrolyzed
within the nucleus such that it is
retained for at least 30 min (38, 39).
As shown previously (18), bath
application of glutamate-induced
Ca2� oscillations in both the cyto-
plasm and nucleoplasm of wild type

cells that were inhibited by the membrane-permeable mGlu5-
specific antagonist MPEP (Fig. 2A). In contrast, no such oscil-
lations were observed in cells expressing F767S (Fig. 2B). More
directly, agonist induced Ca2� oscillations in nuclei derived
fromwild type cells, whereas no such inductionwas observed in
nuclei isolated fromF767S cells (Fig. 2,C versus D). The quan-
titation of data from three to five independent experiments
is shown in Fig. 2, E and F. Thus although the F767S mutant
bound ligand and was expressed on the same membranes as
the wild type receptor, it was completely inactive in either
intact cells or isolated nuclei. Given that the F767S mutation
prevents G-protein coupling, and that pertussis toxin was
ineffective in blocking mGlu5-mediated nuclear Ca2� oscil-
lations (18) as well as that HEK293 cells do not express Go
(36), these data demonstrate that mGlu5-induced Ca2�

oscillations in the nucleus are a consequence of functional
nuclear Gq/11 coupling.
Nuclear mGlu5 Stimulates Nuclear PI-PLC—On the plasma

membrane, activation of Gq/11-coupled receptors leads to PLC
activation and PIP2 hydrolysis. Because both the substrate PIP2
(40) as well as PLC (�1 isoform) (41) are known to be in the
nucleus (13), we tested whether nuclear mGlu5 mediates
nuclear Ca2� changes due to PLC stimulation. Using the same
experimental paradigm, mGlu5-expressing nuclei were treated
with glutamate to induce real time nuclear Ca2� oscillations
prior to bath application of the PLC inhibitor U73122 (3 �M) or
its inactive analog U73343 (3 �M). This concentration was cho-
sen because others have shown that 3 �M U73122 specifically
inhibits PLC activity without affecting intracellular Ca2� levels

FIGURE 1. mGlu5 wild type and F767S mutant exhibit nuclear localization. Stable HEK cell lines expressing
either wild type mGlu5 or the F767S mutant, were fixed, permeabilized, and processed for immunocytochem-
istry using receptor-specific antibodies as well as anti-lamin B2. Cells were analyzed by confocal microscopy to
detect receptor localization (red) or lamin B2 distribution (green). Photographs represent single optical sections
of 0.4 �m merged such that yellow indicates co-localization of the specific antigens. Receptors expressed by
intact cells (A and B; TL, transmitted light) or their isolated nuclei (C and D) exhibited pronounced co-localiza-
tion with lamin B2. Subcellular fractionation of HEK cell lines expressing either wild type mGlu5 (E) or the F767S
mutant (F) shows that wild type or mutant receptors can be detected in fractions containing either the nuclear
(N) or plasma membranes (PM). Equal amounts of protein (30 �g) from each fraction were separated on
reducing SDS gels and transferred to nylon membranes (T, total cell lysates). The same blot was sequentially
probed with antibodies against mGlu5, the inner nuclear marker, lamin B2, and the plasma membrane marker,
Na�K�-ATPase.
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(27, 42). As shown in Fig. 3, A and F, the active analog U73122
inhibited glutamate-induced Ca2� oscillations, whereas the
inactive analog, U73343, did not (Fig. 3, B and F). Moreover,
pre-treatment with U73122 (3 �M for 120 s) prevented gluta-
mate-induced Ca2� oscillations in mGlu5-expressing HEK
nuclei, whereas pre-treatment with either U73343 or the drug
vehicle, 0.1%DMSO, did not prevent Ca2� oscillations (n� 10;
data not shown).
Given that U73122 inhibits all types of PLCs, we further

tested whether PI-PLC or phosphatidylcholine-PLC (PC-PLC)
was involved. To do so, mGlu5-responding nuclei were treated
either with the PI-PLC inhibitor ET-18-OCH3 or the PC-PLC
selective inhibitor D609 (42). Only the PI-PLC inhibitor
blocked mGlu5-mediated nuclear Ca2� oscillations (Fig. 3, C,
D, and F). Finally, because studies have shown that IGF-1
induces nuclear Ca2� transients throughGi/o subunits and PLC
as well as via PI3K (12), we tested whether the PI3K inhibitor
LY294002 could block agonist-induced Ca2� responses. Bath
application of LY294002 had no effect on mGlu5-mediated
nuclear responses (Fig. 3, E and F). Taken together, these data
reveal that like plasma membrane receptors, nuclear mGlu5
receptors also couple to Gq/11 and PLC. Inasmuch as all of the

experiments were done in acutely
isolated nuclei, it is clear that all of
the necessary enzymatic machinery
is available for these responses inde-
pendent of cellular components.
Nuclear mGlu5 Generates Nu-

clear IP3—Due to the transient and
readily metabolizable nature of IP3,
it can be difficult to accurately
measure in the cytosol let alone
the nucleoplasm. Indeed, only one
study has reported IP3 changes in
isolated nuclei (33). Moreover,
mGlu5 is known to exhibit high
constitutive activity in heterologous
cell types (43). Not surprisingly
then, biochemical assays tomeasure
agonist-induced changes in inositol
phosphates (IP) or more specifi-
cally, IP3, revealed small yet signifi-
cant increases in IP and IP3 levels as
compared with untreated controls.
Specifically, 41 and 21% increases in
IP levels were observed in gluta-
mate-treated mGlu5/HEK cells and
nuclei, respectively (cytoplasmic IP
levels were normalized at 100.0 �
0.1%without glutamate and 141.2*�
5.3% in the presence of 10 �M glu-
tamate. Nuclear IP levels were
100.0 � 0.3%, in the absence of glu-
tamate and 120.8* � 5.2% in its
presence; n � 3, *, p 	 0.05). Sepa-
rate experiments examining IP3
changes revealed an 
25% increase
in glutamate-treated mGlu5/HEK

cells and about a 15% increase in isolated mGlu5/HEK nuclei
(cytoplasmic IP3 levels were normalized at 100.0 � 2.5% in the
absence of glutamate, whereas glutamate-treated cytoplasmic
IP3 levels were 125.0* � 5.2%. IP3 levels in isolated nuclei were
100.0 � 1.3% in untreated controls and 115.3* � 3.2% for glu-
tamate-treated; n � 3, *, p 	 0.05). Consistent with the notion
that mGlu5 is constitutively active, the inverse agonist, MPEP,
which locks the receptor into its inactive state (44), reduced
basal IP levels by 
5-fold in the absence (19.2 � 0.7%) or pres-
ence of glutamate (23.5� 7.6%).Moreover, IP levels were about
17% in F767S/HEK cells regardless of treatment.
To circumvent the limitations of the biochemical assay, we

used a well established construct “pEGFP-C1-PLC�1-PH” in
which the pleckstrin homology (PH) domain of PLC�1 with its
high affinity for the polar group of PIP2 has been tagged with
GFP (26, 45). This probe is bound to PIP2 in the plasma mem-
brane and the increase in IP3 is indicated by the translocation of
the fusion protein from the plasma membrane to the cyto-
plasm. Because this probe not only depends upon IP3 but also
on the PIP2 concentration in the plasma membrane, it is per-
hapsmore aptly referred to as a PIP2/IP3 biosensor (46). There-
fore, mGlu5/HEK cells were transiently transfected with the

FIGURE 2. Nuclear mGlu5 couples to nuclear Gq/11 protein. Representative traces are shown of cytoplasmic
(gray line) or nuclear (black line) Ca2� responses from wild type mGlu5 expressing HEK cells (A) or the F767S cell
line (B) as well as their respective nuclei (C and D) following bath addition of 10 �M glutamate (Glu) and 1 �M

MPEP when indicated and scanned at 5.4 s/scan. Oscillations are represented as the fractional change in
fluorescence relative to the basal value. Compiled data from the maximum response of initial peak (�F/Fo, %)
from either wild type cells or nuclei (E) or F767S cells or nuclei (F) from n � 30 cells, from three to five inde-
pendent experiments. *, p 	 10�4 when compared with Ca2� responses from wild type mGlu5/HEK cells and
nuclei treated with glutamate only.
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PIP2/IP3 biosensor, nuclei were isolated, and GFP-expressing
nuclei were imaged in real time (Fig. 4). Under basal condi-
tions the PIP2/IP3 biosensor is located at the inner nuclear
membrane due to its affinity for PIP2 (Fig. 4A, second panel).
Upon glutamate treatment and PLC activation, the biosen-
sor moved off the membrane into the nucleoplasm because
of its 20-fold higher affinity for IP3 (Fig. 4A, remaining pan-
els) (45). Glutamate-induced biosensor responses were oscil-
latory and completely blocked by MPEP (Fig. 4, A and B).
Isolated HEK nuclei expressing the PIP2/IP3 biosensor or
F767S mutant HEK nuclei co-expressing the biosensor never
showed this response (data not shown). When analyzed by
expressing the peak increases in nucleoplasmic GFP as com-
pared with basal fluorescence, significant changes in F/Fo
were observed (Fig. 4C).
To demonstrate more clearly that nuclear mGlu5-induced

IP3 leads to Ca2� changes in the nucleus, we loaded mGlu5/
HEK nuclei expressing the PIP2/IP3 biosensor with the Ca2�

fluorophore, Calcium Crimson-AM. Bath application of glu-
tamate leads to marked biosensor movement, which was
concomitant with the rise in Ca2� in mGlu5/HEK nuclei

(Fig. 4, D and E). Collectively, these data demonstrate that
activated nuclear mGlu5 receptors generate nuclear IP3.
Nuclear mGlu5-mediated Ca2� Changes Originate from

IP3R and RyR—Numerous studies have shown that upon
activation IP3R and RyR located on the inner nuclear mem-
brane can release Ca2� from the nuclear lumen into the
nucleoplasm (7, 9). Therefore, we used specific IP3R and RyR
inhibitors to test the hypothesis that nuclear mGlu5 recep-
tors coupled to Gq/11 and PLC activate inner nuclear mem-
brane Ca2� channels to mediate Ca2� changes. Glutamate-
induced Ca2� oscillations in isolated mGlu5/HEK nuclei

FIGURE 3. Nuclear mGlu5 stimulates nuclear PI-PLC. A–E, representative
traces of nuclear (black line) Ca2� responses in isolated mGlu5-expressing
HEK nuclei represented as the fractional change in fluorescence relative to
the basal level. Isolated nuclei were treated with 10 �M glutamate and the
specified antagonists bath applied when indicated by the arrow; U73122 (PLC
inhibitor, 3 �M), U73343 (inactive analog of U73122, 3 �M), ET-18-OCH3 (selec-
tive PI-PLC inhibitor, 10 �M), D609 (selective PC-PLC inhibitor, 100 �M), and
LY294002 (PI3K inhibitor, 100 nM). F, compiled data from maximum response
of initial peak (�F/Fo, %) induced by glutamate alone or together with speci-
fied antagonists from n � 15 in all cases, from three independent experi-
ments. *, p 	 0.001 when compared with Ca2� responses from nuclei treated
with glutamate only.

FIGURE 4. Nuclear mGlu5-generated IP3 production can be measured
using PIP2/IP3 biosensor. A, first panel, transmitted light image of selected
nucleus; remaining panels, time lapse imaging of the mGlu5/HEK nucleus
transiently transfected with the PIP2/IP3 biosensor treated at the indicated
times (seconds) with 10 �M glutamate or 1 �M MPEP. Red circle corresponds to
area measured for representative trace shown in B, where Glu-mediated oscil-
lations are represented as the fractional change in fluorescence relative to the
basal IP3 levels. C, compiled data from maximum response of the initial peak
(�F/Fo, %) for nuclear responses from n � 5, from three experiments. *, p 	
0.001 when compared with baseline IP3 responses. D, nuclei isolated from a
mGlu5/HEK stable cell line transiently transfected with the PIP2/IP3 biosensor
were loaded with Calcium Crimson-AM to simultaneously measure Ca2� and
biosensor changes. Shown is a representative trace of nuclear Ca2� (red line)
and PIP2/IP3 biosensor (green line) responses in an isolated nucleus treated
with 10 �M glutamate and 1 �M MPEP as indicated by the arrow. E, compiled
data from the maximum response of initial peak (�F/Fo, %) for nuclear IP3
(green) and Ca2� (red) responses from n � 5, from three independent exper-
iments. *, p 	 0.001 when compared with baseline IP3 response; **, p 	 0.01
when compared with the baseline Ca2� response.
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were blocked by both the IP3R inhibitor, 2-APB (100 �M),
and the RyR antagonist, ryanodine (100 �M) (Fig. 5). Pre-
treating with either drug prevented the induction of mGlu5
responses in nuclei isolated from the mGlu5/HEK cell line
(not shown). Another IP3R antagonist, the highly specific
xestospongin C (2 �M) (47, 48) also inhibited glutamate-
induced Ca2� oscillations in isolated mGlu5/HEK nuclei by

75% (Fig. 5, B and D). Thus, mGlu5-mediated Ca2�

responses arise via IP3R and RyR channels.
Striatal Nuclear mGlu5 Also Uses the Gq/11/PI-PLC/IP3

Pathway to Mediate Nuclear Ca2� Changes—To extend these
findings to a more physiological system, we examined nuclear
mGlu5 signal transduction pathways in dissociated striatal neu-
rons or in nuclei acutely isolated from striatal tissue that we
have previously shown to express functional nuclear mGlu5
receptors (19). The role of Gq/11 in mediatingmGlu5 responses
was determined by transfecting striatal neurons with domi-
nant-negative G�q (DNG�q) together with DsRed2 or with
DsRed2 only. Two days later neurons were loaded with Ore-
gon Green BAPTA-1AM, imaged to acquire base-line Ca2�

changes and then treated with 10 �M quisqualate. As quis-
qualate also activates �-amino-3-hydroxy-5-methyl-4-isox-
azolepropionic acid channels and mGlu1 receptors, it was bath
applied in the presence of 5 �M GYKI53655, an �-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid antagonist, and
20 �M CPCCOEt, an mGlu1 antagonist. Consistent with previ-
ous results (19), neurons transfected with DsRed2 alone
showedCa2� increases in both the cytoplasm as well as nucleus

consisting of two phases, an initial
rapid rise followed by a sustained
plateau. Both responses could be
terminated by addition of MPEP
(Fig. 6, A and C). In contrast, neu-
rons co-transfected with DNG�q
and DsRed2 failed to show similar
changes in cytoplasmic or nuclear
Ca2� levels (Fig. 6, B andD). Specif-
ically, there was approximately an
80% reduction in the nuclear Ca2�

levels in cells co-transfected with
DsRed2 and DNG�q as compared
with DsRed2 only following quis-
qualate treatment (Fig. 6E). Cell sur-
face mGlu5 receptors served as an
internal positive control of DNG�q
efficacy; hence cytoplasmic Ca2�

levels were also reduced by 80–85%
in cells co-transfected with DsRed2
and DNG�q versus DsRed2-only
following quisqualate treatment
(Fig. 6). For further support of a pre-
dominant role of Gq/11 in mGlu5-
mediated nuclear Ca2� increases,
striatal cultures were pretreated
with pertussis toxin for 18 h. Like
mGlu5/HEK cells, pertussis toxin
did not affect striatal mGlu5-medi-
ated cytoplasmic or nuclear Ca2�

FIGURE 5. Glutamate-activated nuclear mGlu5-mediated Ca2� changes
can be abrogated by IP3R and RyR blockers. A–C, representative traces of
nuclear (black line) Ca2� responses in isolated mGlu5-expressing nuclei rep-
resented as the fractional change in fluorescence relative to the basal level.
Isolated nuclei were treated with 10 �M glutamate and the indicated antag-
onists; 2-APB (IP3R modulator, 100 �M), xestospongin C (IP3R antagonist, 2
�M), and ryanodine (RyR antagonist, 100 �M). D, compiled data from the max-
imum response of the initial peak (�F/Fo, %) for nuclear responses from n � 20
for 2-APB and ryanodine and n � 14 for xestospongin C, from three independ-
ent experiments. *, p 	 0.001 when compared with Ca2� responses from
nuclei treated with glutamate only.

FIGURE 6. Endogenous mGlu5 receptors expressed on striatal neurons couple to the Gq family of G-pro-
teins. On the 12th day in vitro, striatal neurons transiently transfected with DsRed2 (A) or co-transfected with
dominant negative G�q and DsRed2 (B) were loaded with Oregon Green BAPTA-1AM (second panels) and
quisqualate (Quis; 10 �M) was bath applied (third panels). Remaining panels, images of post hoc identified
mGlu5-positive cells. Representative traces are shown of quisqualate-mediated cytoplasmic (blue line) or
nuclear (red line) Ca2� responses from a control neuron (DsRed2 transfected; C) or a neuron co-transfected with
dominant negative G�q and DsRed2 (D). MPEP was added as indicated (1 �M; black line). E, compiled data from
the maximum response of initial peak (�F/Fo, %) from either control cells (n � 22) or dominant negative
G�q-transfected neurons (n � 20) from four independent experiments. *, p 	 0.0001 when compared with
Ca2� responses from DsRed2-transfected control cells.
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responses ruling out aGi/o-mediated response (n� 15; data not
shown).
Todeterminewhether PLC�was involved in nuclearmGlu5-

mediated Ca2� responses, siRNA targeted against PLC�1, the
most prevalent nuclear isoform (41), was used to knockdown
expression.Western blotting of striatal lysates prepared 48 and
72 h after siRNA transfection showed that there was at least a
60–70% knockdown of PLC�1 using the targeted siRNA versus
a scrambled control (Fig. 7,A and B). Immunostaining of trans-
fected cultures further revealed a knockdown of PLC�1 follow-
ing the introduction of PLC�1-specific siRNA versus the
scrambled control (Fig. 7, C and D, last panels). Scrambled
siRNA together with DsRed2 had no effect on agonist-induced
mGlu5 Ca2� responses (Fig. 7, C, E, and G), whereas neurons
co-transfectedwith PLC�1 siRNA exhibited a 78% reduction in
cytoplasmic and an 83% reduction in nuclear Ca2� following
quisqualate treatment (Fig. 7, D, F, and G). Pharmacological
support of these data comes from acutely isolated striatal nuclei

experiments in which nuclei were
loaded with the Ca2� fluorophore
followed by quisqualate to induce a
sustained nuclear Ca2� response.
This response could be blocked by
MPEP (19) (data not shown),
U73122 (Fig. 8, A and F), or ET-18-
OCH3 (Fig. 8, C and F) but not
U73343 (Fig. 8, B and F), D609 (Fig.
8, D and F), or LY294002 (Fig. 8, E
and F). Thus, PI-PLC but not PC-
PLC or PI3K are required for
nuclear Ca2� signaling following
quisqualate activation of mGlu5
nuclear receptors.
To test whether mGlu5-induced

striatal nuclear Ca2� changes were
mediated via IP3 generation, neu-
rons were transfected with the
PIP2/IP3 biosensor. Images taken
from a single optical plane revealed
that GFP fluorescence was associ-
ated with both cell surface (Fig. 9,
blue arrows) and nuclear mem-
branes (Fig. 9, red arrows) when
compared with the corresponding
transmitted light images (Fig. 9A) or
with the lamin B2 staining (Fig. 9B).
These results are consistent with
the HEK data (Fig. 4) and with
reports that PLC�1 accumulates in
nuclear compartments (49, 50).
Upon quisqualate stimulation, the
PIP2/IP3 biosensor moved away
from either membrane exhibiting a
sustained fluorescent increase akin
to observed Ca2� changes (Fig. 9, C
and D). Peak increases in cytoplas-
mic or nucleoplasmic fluorescence
expressed as a percent of basal fluo-

rescence showed similar responses (Fig. 9E). To ensure that
these were mGlu5-mediated responses, cultures were fixed,
stained with an anti-mGlu5 antibody, and subsequently field-
relocated (not shown). Moreover, quisqualate-mediated Ca2�

responses could be blocked by 2-APB, xestospongin C, or ryan-
odine (Fig. 10). Taken together, these data demonstrate that
endogenous striatal mGlu5 receptors activate essentially the
same Gq/11/PI-PLC/IP3 pathway in the nucleus as they do on
striatal plasma membranes (Fig. 11).

DISCUSSION

Given the many components of G-protein signaling
described in the nucleus (13, 51–54), the presence of both IP3R
and RyR on the inner nuclear membrane (3, 4), as well as the
recent demonstrations of functional GPCRs on nuclear mem-
branes such as mGlu5 (18, 19) and mGlu1 (22), we hypothe-
sized that canonical plasmamembrane-based signaling compo-
nents serve similar functions at nuclear membranes. Using

FIGURE 7. Knockdown of PLC�1 leads to reduction in striatal mGlu5-mediated Ca2� changes. A, primary
striatal neurons were transiently transfected with either scrambled siRNA (S) or PLC�1 siRNA (P). At the times
indicated, cells were lysed and proteins were separated on reducing SDS gels and transferred to nylon mem-
branes. The same blot was sequentially probed with antibodies against PLC�1 (Santa Cruz) and �-actin. B, the
relative abundance of PLC�1 was measured by Western blotting; the efficiency of knockdown is expressed in
arbitrary units compared with the PLC�1 levels in scrambled siRNA-transfected neurons. The data shown are
compiled from three independent experiments. *, p 	 0.005 when compared with PLC�1 protein levels in
scrambled siRNA-transfected cells. On the 12th day in vitro, striatal neurons were transiently co-transfected with
scrambled siRNA and DsRed2 (C) or with PLC�1 siRNA and DsRed2 (D). Two days later, neurons were loaded
with Oregon Green BAPTA-1AM (second panels) and quisqualate (Quis; 10 �M) was bath applied (third panels).
Representative traces are shown for cytoplasmic (blue line) or nuclear (red line) Ca2� responses from scrambled
(E) or PLC�1 siRNA (F) following quisqualate and subsequently, 1 �M MPEP administration (black line). Imaged
neurons were post hoc identified using mGlu5 (fourth panels) or PLC�1 antibodies (last panels). G, compiled
data from the maximum response of initial peak (�F/Fo, %) from either scrambled (n � 13) or PLC�1 (n � 17)
siRNA-transfected neurons from three independent experiments. **, p 	 0.0001 when compared with Ca2�

responses from control siRNA and DsRed2-transfected cells.
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optical, pharmacological, and genetic techniques, the present
findings confirm this hypothesis showing that nuclear mGlu5
couples to Gq/11 to activate nuclear PI-PLC, hydrolysis of PIP2,
and generation of nuclear IP3. The latter leads to the release of
Ca2� from the nuclear envelope in heterologous cell types as
well as in striatal neurons. Taken together, these data suggest
that signals generated at the inner nuclear membrane might
amplify second messengers arriving via the nuclear pore com-
plex and/or independently regulate nuclear function.
The basic signaling components ascribed to nuclear mGlu5

receptors are supported by a number of observations. First,
mutations that block mGlu5 coupling to Gq/11 prevented cyto-
plasmic and nuclear Ca2� changes in heterologous cells and
their isolated nuclei despite normal agonist binding (Fig. 2).
Second, when expressed in striatal neurons, dominant negative
G�q abolished mGlu5-mediated nuclear Ca2� increases (Fig.
6). Third, low concentrations of the widely used PLC inhibitor,
U73122, blockedmGlu5-mediated increases of nuclear Ca2� in
both mGlu5/HEK and striatal nuclei (Figs. 3 and 8). Moreover,
knockdown of PLC�1 in striatal neurons significantly reduced
mGlu5-mediated nuclear Ca2� responses as well (Fig. 7).
Finally, in situ IP3 production was revealed following mGlu5
activation in both heterologous and striatal nuclei using a sen-
sitive optical PIP2/IP3 biosensor approach (Figs. 4 and 9).
Taken together, these data strongly support a model in which
nuclear mGlu5 receptors lead to the activation of G�q/11, PLC,
and IP3 to generate changes in nuclear Ca2� levels.

The traditional idea that GPCRs signal only from the cell
surface is gradually being refined by studies showing that even
internalized receptors can serve as scaffolds for signaling mol-
ecules (55) or, more directly, intracellular receptors can couple

to various intracellular G proteins.
Thus ifmechanisms exist bywhich a
receptor might be activated, signal-
ing molecules are available to trans-
mit the signal. Receptor activation
might be accomplished in a variety
of ways. For example, a large num-
ber of GPCRs such as the prostag-
landin, platelet-activating factor,
and LPA receptors, whose ligands
are bioactive lipids derived from
membrane hydrolysis, are located
on nuclear membranes (for review,
see Ref. 21). As ligand-generating
enzymes are also present on nuclear
membranes and because such ligands
readily diffuse through lipid bilayers,
PGE2, platelet-activating factor, and
LPA can easily activate their cognate
receptors. In contrast, mGlu5 or
mGlu1 ligand-binding domains are
within the nuclear lumen such that
agonists must traverse both the cell
surface lipid bilayer as well as the
outer nuclearmembrane for receptor
activation (18, 19, 22). Mechanisti-
cally agonist transport is achieved via

FIGURE 8. Endogenous mGlu5 receptors expressed on striatal nuclei
mediate Ca2� changes via the PI-PLC pathway. P10 striatal nuclei were
acutely isolated, loaded with Oregon Green BAPTA-1AM, and imaged in real
time. A–E, quisqualate-mediated (10 �M) representative traces of nuclear
(black line) Ca2� responses treated with the indicated antagonists bath
applied as noted. F, compiled data from the maximum response of initial peak
(�F/Fo, %) for nuclear Ca2� responses induced by quisqualate alone or
together with specified antagonists from n � 8 in all cases, from three to four
independent experiments. *, p 	 0.001 when compared with Ca2� responses
from nuclei treated only with quisqualate (Quis).

FIGURE 9. Activation of striatal mGlu5 receptors generates nuclear IP3. On the 12th day in vitro, striatal
cultures were transiently transfected with the PIP2/IP3 biosensor. A, single optical sections of 0.25 �m showing
transmitted light image (TL, first panel), biosensor fluorescence (PIP2/IP3, second panel), and the merged image
(third panel). B, single optical section of 0.25 �m showing biosensor fluorescence alone (green; first panel), lamin
B2 immunofluorescence (red; second panel), and the merged image (third panel) on nuclear (red arrow) and
plasma membranes (blue arrow). C, first panel, single optical section of 0.25 �m showing biosensor distribution
on nuclear (red arrow) and plasma membranes (blue arrows); remaining panels, translocation of biosensor
following 10 �M quisqualate (Quis) application as indicated. Circles correspond to areas measured for repre-
sentative traces shown in D (cytoplasmic blue or nuclear red) where biosensor changes are represented as the
fractional change in fluorescence relative to the basal levels of fluorescence. E, compiled data from the maxi-
mum response of initial peak (�F/Fo, %) for cytoplasmic (blue) or nuclear (red) responses from n � 5, from three
separate experiments. *, p 	 0.01 when compared with baseline responses.
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the sodium-dependent glutamate transporter and/or the cystine,
glutamate xCT exchanger (19, 22). Although other mecha-
nismsmight also lead to intracellularmGlu5 ormGlu1 receptor
activation, direct transfer of ligand is at least one effective
means of delivering agonist to such receptors.
There appear to be many different mechanisms involved in

mobilizing Ca2� from storage in the nuclear envelope. Many of

the described nuclear GPCRs couple to several different G pro-
teins including Gq/11 and Gi/o. To date, Gi/o-mediated signaling
pathways seem to predominate regardless of whether a partic-
ular GPCR couples to Gq/11 at the plasma membrane. For
instance, although PGE2 EP1 receptors couple to Gq/11 at the
cell surface, nuclear EP1 receptors generate nucleoplasmic
Ca2� signals in a pertussis toxin-sensitive fashion (56, 57). Sim-
ilarly, although the LPA-1 receptor is known to interact with
Gi/o, Gq/11, and G12/13 proteins at the cell surface, it is also
Gi/o-coupled on nuclear membranes (20). IGF-1 stimulation is
also known to mobilize Ca2� from nuclear stores. Results sug-
gest that extracellular IGF-1 activates IGF-1R, which in turn
activates a pertussis toxin-sensitive G protein. The latter stim-
ulates PI3K and subsequently PLC to generate cytoplasmic/
perinuclear IP3, which diffuses into the nuclear lumen (11, 12).
The possibility that cytoplasmic IP3 diffuses into the nucleus via
nuclear pore complexes can be ruled out here because the pres-
ent experiments utilize pure isolated nuclei. Thus, for nuclear
mGlu5 receptors, signal transduction appears to be via the
same canonical Gq/11/PLC/IP3 pathway that is also found at the
plasma membrane (58).
Interestingly, both Ca2� channels, IP3R and RyR, contribute

to themGlu5-mediated nuclearCa2� rises because adding their
respective antagonists blocked the Ca2� changes. Although
activation of IP3Rs is consistent with numerous studies show-
ing that mGlu5 generates IP3, participation of RyR channels in
the same process is intriguing. One possibility is that IP3-medi-
ated Ca2� release leads to the activation of the RyR. In contrast,
ryanodine may directly inhibit IP3-mediated Ca2� signals (59).
Which of these models, direct or indirect inhibition of IP3-
evoked Ca2� release, holds true for mGlu5-mediated Ca2�

changes remains to be tested. Finally, because IP3Rs are present
on the inner nuclear membrane, the translocation of IP3 from
its site of synthesis into the nucleoplasm as inferred from the

PIP2/IP3 biosensor experiments, is
puzzling (Fig. 4A). Conceivably, IP3
generated at the nuclear membrane
might translocate to the nucleoplas-
mic reticulum that also expresses
IP3Rs to further release nuclear
Ca2� in specialized subdomains (6,
60). In support of this idea, translo-
cation of the biosensor was never
uniform in neuronal nuclei; biosen-
sor movement was skewed toward
one side of the nucleus or another
(Fig. 9C). Thus, spatial constraints,
diffusion characteristics, and/or
intranuclear buffering capabilities
may regulate specific local Ca2� sig-
nals in nuclear subdomains.
It is widely believed that the

amplitude, duration, and/or fre-
quency of Ca2� fluctuations can
differentially regulate downstream
effectors such as transcriptional
regulators, coactivators, and/or
modifying enzymes (61–63). In the

FIGURE 10. Striatal mGlu5 receptors release nuclear Ca2� via Ca2� release
channels. A–C, representative traces of nuclear (black line) Ca2� responses in
isolated striatal nuclei represented as the fractional change in fluorescence rela-
tive to the basal level. Isolated nuclei were treated with 10 �M quisqualate (Quis)
and the indicated antagonists. D, bar graph shows compiled data from the max-
imum response of initial peak (�F/Fo, %) for nuclear responses from n � 10 for
either antagonist, from three independent experiments. After treatment with
antagonists the Ca2� responses were significantly different when compared with
Ca2� responses in the presence of quisqualate (Quis) only (*, p 	 0.001).

FIGURE 11. Proposed model of the signal transduction pathway associated with nuclear mGlu5 recep-
tors. Endogenous striatal nuclear mGlu5 receptors, like plasma membrane receptors, couple to the Gq/11/PI-
PLC/IP3 pathway. EAAT, sodium-dependent transporter; xCT, cystine-glutamate transporter; DAG, diacylglyc-
erol; ER, endoplasmic reticulum; NR, nucleoplasmic reticulum.
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nucleus differential regulation of Ca2� is crucial because block-
ing increased nuclear Ca2� prevents Ca2�-induced devel-
opmental processes and/or long term plasticity (62, 64–66).
For example, using an in vivo genetic approach, Limback-
Stokin et al. (67) demonstrated that nuclear Ca2� signaling
pathways, not cytoplasmic, were responsible for converting
short term memory into long term memory. Clearly, one con-
sequence of nuclear mGlu5 activation is prolonged nuclear
Ca2� responses (see Ref. 19 and studies herein). Presumably,
sustained mobilization of nuclear Ca2� activates different sig-
naling pathways including nuclear Ca2�/calmodulin-activated
kinase IV, a kinase known to phosphorylate the cAMP response
element-binding protein (CREB) (68). Indeed, we have previ-
ously shown that agonist treatment can directly activate CREB
inmGlu5-expressing isolated striatal nuclei (19). CREBmay, in
turn, lead tode novo gene transcription.Although these notions
remain to be tested, activation of nuclear receptors creates yet
onemoreway inwhich a cell can nuance its responses to a given
stimuli.
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