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Metabotropic glutamate receptors (mGluRs) are G protein-coupled receptors (GPCRs) that are activated by glutamate, the primary
excitatory neurotransmitter in the CNS. Alterations in glutamate receptor signaling are implicated in neuropathologies such as Alzhei-
mer’s disease, ischemia, and Huntington’s disease among others. Group 1 mGluRs (mGluR1 and mGluR5) are primarily coupled to G�q/11

leading to the activation of phospholipase C and the formation of diacylglycerol and inositol 1,4,5-trisphosphate, which results in the
release of intracellular calcium stores and protein kinase C (PKC) activation. Desensitization, endocytosis, and recycling are major
mechanisms of GPCR regulation, and the intracellular trafficking of GPCRs is linked to the Rab family of small G proteins. Rab8 is a small
GTPase that is specifically involved in the regulation of secretory/recycling vesicles, modulation of the actin cytoskeleton, and cell
polarity. Rab8 has been shown to regulate the synaptic delivery of AMPA receptors during long-term potentiation and during constitutive
receptor recycling. We show here that Rab8 interacts with the C-terminal tail of mGluR1a in an agonist-dependent manner and plays a
role in regulating of mGluR1a signaling and intracellular trafficking in human embryonic kidney 293 cells. Specifically, Rab8 expression
attenuates mGluR1a-mediated inositol phosphate formation and calcium release from mouse neurons in a PKC-dependent manner,
while increasing cell surface mGluR1a expression via decreased receptor endocytosis. These experiments provide us with an understand-
ing of the role Rabs play in coordinated regulation of mGluR1a and how this impacts mGluR1a signaling.

Introduction
Glutamate is the primary excitatory neurotransmitter in the brain
and its actions are mediated through two types of receptors: iono-
tropic glutamate receptors that are ligand-gated cation channels and
metabotropic glutamate receptors (mGluRs) that are G-protein-
coupled receptors (GPCRs) (Olney, 1994; Dingledine et al., 1999;
Pin et al., 2003). mGluRs play an important role in processes un-
derlying learning and memory, neuronal development, and neu-
rodegeneration (Nakanishi, 1994; Pin et al., 1994; Pin and
Duvoisin, 1995; Conn and Pin, 1997; Dale et al., 2002). mGluRs
are categorized into three subclasses based on sequence homol-
ogy and G-protein coupling specificity. Group 1 mGluRs include
mGluR1 and mGluR5, which are coupled through G�q/11 to the
activation of phospholipase C, which in turn catalyzes the forma-
tion of inositol 1,4,5-trisphosphate and diacylglycerol, which me-

diate the release of intracellular calcium stores and the activation
of protein kinase C (PKC) (Conn and Pin, 1997; Dhami and
Ferguson, 2006; Niswender and Conn, 2010).

The GPCR desensitization paradigm involves receptor phos-
phorylation by either second messenger-dependent protein ki-
nases or G-protein-coupled receptor kinases (GRKs) followed by
�-arrestin binding, which functions to uncouple the receptor
from the G-protein and targets GPCRs for clathrin-mediated en-
docytosis (Krupnick and Benovic, 1998; Ferguson, 2001). How-
ever, Group I mGluR desensitization and endocytosis is mediated
by GRK2 in a phosphorylation-independent manner and does
not require �-arrestin (Ferguson, 2001, 2007; Dhami et al., 2002,
2004, 2005; Dhami and Ferguson, 2006; Ribeiro et al., 2011).
Other intracellular regulatory proteins, such as PKC, are impli-
cated in the regulation of glutamate-induced mGluR1a internal-
ization, whereas constitutive mGluR1a internalization is
mediated by RalA and phospholipase D2 (Mundell et al., 2003,
2004; Bhattacharya et al., 2004).

Optineurin, a protein we have previously shown to contribute
to the attenuation of mGluR1a signaling, has also been shown to
be a Rab8 effector protein (Hattula and Peränen, 2000; Anborgh
et al., 2005). Rab8 is a member of the Rab GTPase family of small
G-proteins that are involved in regulating the trafficking, dock-
ing, and fusion of vesicles between intracellular membrane com-
partments (Zerial and McBride, 2001; Seachrist and Ferguson,
2003; Gáborik and Hunyady, 2004). Rab8 is localized to the Golgi
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apparatus, intracellular membrane vesicles,
and membrane ruffles, and is involved in traf-
ficking of basolateral proteins in polarized ep-
ithelial cells, neurite outgrowth, delivery and
recycling of the ionotropic glutamate AMPA
receptors at synapses, and has recently been
shown to directly associate with the �2B-
and �2-adrenergic receptors (ARs) (Deretic,
1997; Gerges et al., 2004, 2005; Brown et al.,
2007; Ng and Tang, 2008; Dong et al., 2010).
Since Rab8 has been shown to interact with
optineurin, in the present study we have in-
vestigated whether Rab8 contributes to the
regulation of mGluR1a desensitization and
endocytosis. We report that Rab8 interacts
with mGluR1a in an agonist-regulated
manner to antagonize mGluR1a endocy-
tosis and coordinates the attenuation of
mGluR1a-stimulated inositol phosphate
(IP) formation and release of Ca2� from in-
tracellular stores in PKC-regulated manner.

Materials and Methods
Materials: myo-[ 3H]Inositol was acquired
from PerkinElmer Life Sciences. Dowex 1-X8
(formate form) resin 200 – 400 mesh was pur-
chased from Bio-Rad. Protein A-Sepharose,
goat anti-glutathione-S-transferase (GST) antibod-
ies, as well as ECL Western blotting detection re-
agents were purchased from GE Healthcare.
Horseradishperoxidase-conjugatedanti-rabbitand
anti-goat IgG secondary antibody was obtained
fromBio-Rad.Anti-mGluR1arabbitpolyclonalan-
tibody was obtained from Millipore. Rabbit polyclonal phospho-p44/44 MAP
kinase (Thr202/Tyr402), p44/44 MAP kinase antibodies, as well as rabbit anti-
Rab8 (D22D8) were obtained from Cell Signaling Technology. Alexa Fluor 488
donkey anti-mouse IgG, Alexa Fluor 568 donkey anti-rabbit IgG, Zenon rabbit
Alexa Fluor 555, and fluo-4 AM ester calcium indicators were purchased from
Invitrogen. Rabbit anti-FLAG antibody, M2 anti-FLAG agarose, and all other
biochemical reagents were purchased from Sigma-Aldrich.

Cell culture. Human embryonic kidney (HEK) 293 cells were maintained
in Eagle’s minimal essential medium supplemented with 8% (v/v) heat-
inactivated fetal bovine serum (Invitrogen) and 50 �g/ml gentamicin. Cells
seeded in 100 mm dishes were transfected using a modified calcium phos-
phate method as described previously (Ferguson and Caron, 2004). Follow-
ing transfection (18 h), the cells were incubated with fresh medium and
allowed to recover for 24 h for coimmunoprecipitation studies. Otherwise,
they were allowed to recover for 6–8 h and reseeded into 24-well dishes and
then grown an additional 18 h before experimentation.

Primary hippocampal neuronal culture. Hippocampi from male em-
bryonic day 18 CD-1 mice were processed, as described previously (Xie et
al., 2000), and maintained in Neurobasal media supplemented with B27,
2 mM glutamax, 50 �g/ml penicillin, and 50 �g/ml streptomycin. Neu-
rons were transfected at 7–10 d in vitro (DIV) using a modified calcium
phosphate technique and imaged 24 h later.

Coimmunoprecipitation. HEK 293 cells were transiently transfected
with the cDNAs as described in the figure legends. Following transfec-
tion, the cells were incubated for 15 min in HEPES-balanced salt solution
(HBSS) at 37°C with or without 30 �M quisqualate. The cells were then
placed on ice, washed two times with ice-cold PBS, and lysed with cold
lysis buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 0.1% Triton X-100)
containing protease inhibitors [1 mM 4-(2-aminoethyl)benzenesulfonyl
fluoride (AEBSF), 10 �g/ml leupeptin, and 5 �g/ml aprotinin]. The ly-
sates were placed on a rocking platform for 15 min at 4°C and centrifuged
at 15,000 � g for 15 min at 4°C to pellet insoluble material. Cleared
supernatant containing 250 �g of protein was incubated with 25 �l of
FLAG M2-affinity beads for 1 h rotating at 4°C to immunoprecipitate

FLAG-mGluR1a. Endogenous coimmunoprecipitations were performed
in freshly isolated hippocampi from adult CD-1 wild-type mice. Briefly,
hippocampi were dissected on ice and solubilized by mechanical disso-
ciation in cold lysis buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 1% Triton
X-100) containing protease inhibitors (1 mM AEBSF, 10 �g/ml leupep-
tin, and 5 �g/ml aprotinin). The lysates were rotated for 1 h at 4°C and
centrifuged at 15,000 � g for 15 min at 4°C to pellet insoluble material.
Supernatant containing 500 �g of protein was precleared by incubation
with 25 �l of protein A-Sepharose beads for 1 h rotating at 4°C. Pre-
cleared supernatant was incubated overnight with rabbit anti-Rab8 an-
tibody (1:200 dilution) to immunoprecipitate Rab8. Following overnight
incubation, 25 �l of fresh protein A-Sepharose beads were added to
lysate/antibody mixture and rotated for 1 h at 4°C. Following incubation,
the beads were washed twice with PBS, and proteins were solubilized in a
3� SDS sample buffer containing 2-mercaptoethanol (BME). Samples
were separated by SDS-PAGE, transferred to a nitrocellulose membrane,
and immunoblotted to identify coimmunoprecipitated GST-tagged
Rab8 protein using a primary goat anti-GST antibody (1:1000 dilution)
followed by a horseradish peroxidase-conjugated secondary anti-goat
(1:2500 dilution). Receptor and Rab8 protein expression was determined
by immunoblotting 10 �g of protein from each cell lysate used for im-
munoprecipitation. Proteins were detected by chemiluminescence.

Biotinylation assay. HEK 293 cells were transiently transfected with the
cDNAs as described in the figure legends. For cell surface biotinylation,
48 h after transfection cells were incubated in warm HBSS for 1 h and
then stimulated with or without 30 �M quisqualate. Cells were then
placed on ice, washed in ice-cold HBSS, and cell surface proteins labeled
with 1.5 mg/ml biotin for 1 h, and biotin was subsequently quenched
with 100 mM glycine for 30 min. For internalization experiments, cells
were labeled with biotin on ice and quenched, and then cells were stim-
ulated with and without 30 �M quisqualate for the times indicated in the
figure legends to induce mGluR1a internalization. Cell surface biotin was
stripped from the cells using 150 mM MesNa. The cells were then placed
on ice, washed two times with ice-cold PBS, and lysed with cold lysis

Figure 1. Agonist-dependent coimmunoprecipitation of Rab8 with mGluR1a. A, B, Representative immunoblot (A) and den-
sitometric analysis (B) showing the coimmunoprecipitation of GST-Rab8 with the FLAG-mGluR1a and FLAG-mGluR1b in the
absence (�) and presence (�) of 30 �M quisqualate (Quis) treatment for 15 min. HEK 293 cells were transiently transfected with
1 �g of plasmid cDNA encoding either FLAG-mGluR1a or FLAG-mGluR1b along with 2 �g of plasmid cDNA encoding GST-Rab8.
Forty-eight hours after transfection, cells were stimulated and lysates were collected and FLAG-mGluR1 was immunoprecipitated.
Proteins were separated by SDS-PAGE, transferred to nitrocellulose, and immunoblotted for FLAG-mGluR1 and GST-Rab8. Data
represent the mean�SD of three independent experiments. Data were normalized for both GST-Rab protein expression levels and
FLAG-mGluR immunoprecipitation and normalized to GST-Rab protein binding to the mGluR1a in absence of agonist. *p � 0.05
compared with GST-Rab8 coimmunoprecipitated with the mGluR1a in the absence of agonist. C, Representative immunoblot
showing the coimmunoprecipitation of mGluR1 with Rab8-specific antibody from adult mouse hippocampal lysates.
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buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 0.1% Triton X-100) contain-
ing protease inhibitors (1 mM AEBSF, 10 �g/ml leupeptin, and 5 �g/ml
aprotinin). The lysates were placed on a rocking platform for 15 min at
4°C and centrifuged at 15,000 � g for 15 min at 4°C to pellet insoluble
material. Cleared supernatant containing 250 �g of protein was incu-
bated with 35 �l of NeutrAvidin affinity beads for 1 h, rotating at 4°C to
immunoprecipitate biotin-labeled proteins. Following incubation, the
beads were washed twice with PBS, and proteins were solubilized in a 3�
SDS sample buffer containing BME. Samples were separated by SDS-
PAGE, transferred to a nitrocellulose membrane, and immunoblotted to
identify biotinylated mGluR1a proteins using a primary rabbit anti-
mGluR1a antibody (1:1000 dilution) followed by a horseradish
peroxidase-conjugated secondary anti-rabbit (1:10,000 dilution). Recep-
tor and Rab8 protein expression was determined by immunoblotting 10
�g of protein from each cell lysate used for biotinylation. Proteins were
detected by chemiluminescence.

Inositol phosphate formation. HEK 293 cells were transiently trans-
fected with the cDNAs as described in the figure legends. Forty-eight
hours after transfection, cells were incubated overnight in inositol- and
glutamate-free DMEM with 100 �Ci/ml myo-[ 3H]inositol. For PKC in-
hibition experiments, cells were washed twice and incubated for 1 h in
warm HBSS, and then preincubated for 10 min at 37°C with either
DMSO (control) alone or with 1 �M bisindolymaleimide I or 5 �M chel-
erythrine chloride. For all other experiments, cells were incubated for 1 h
in warm HBSS and were then incubated with 10 mM LiCl alone for 10 min
followed by 30 �M quisqualate treatment for 30 min. Cells were placed on
ice, and the reaction was stopped with 500 �l of perchloric acid and was
neutralized with 400 �l of 0.72 M KOH, 0.6 M KHCO3. Total cellular
[ 3H]inositol incorporation was determined in 50 �l of cell lysate. Total
inositol phosphate was purified by anion exchange chromatography us-
ing Dowex 1-X8 (formate form) 200 – 400 mesh anion exchange resin,

and [ 3H]inositol phosphate formation was determined by liquid scintil-
lation using a Beckman LS 6500 scintillation system.

ERK activation. HEK 293 cells were transiently transfected with FLAG-
mGluR1 and pEGFP (control) or GFP-Rab8. Forty-eight hours after
transfection, cells were serum starved overnight in glutamate-free
DMEM and stimulated for 0, 1, 5, or 15 min with 30 �M quisqualate. Cells
were lysed and proteins were solubilized in a 3� SDS sample buffer
containing BME. Samples were separated by SDS-PAGE, transferred to a
nitrocellulose membrane, and immunoblotted to identify phosphory-
lated and total extracellular-regulated kinase (ERK1/2) (1:1000 dilution)
followed by a horseradish peroxidase-conjugated secondary anti-rabbit
(1:10,000 dilution). Receptor and Rab8 protein expression was deter-
mined by immunoblotting 10 �g of protein from each cell lysate. Pro-
teins were detected by chemiluminescence.

Confocal microscopy. Confocal microscopy was performed using a
Zeiss LSM510 META laser-scanning confocal microscope equipped with
a Zeiss 63�, 1.4 numerical aperture, oil-immersion lens. HEK 293 cells
expressing GFP-Rab8 and FLAG-mGluR1a were serum starved for 1 h at
37°C in HBSS (116 mM NaCl, 20 mM HEPES, 11 mM glucose, 5 mM

NaHCO3, 4.7 mM KCl, 2.5 mM CaCl2, 1.2 mM MgSO4, 1.2 mM KH2PO4,
pH 7.4). HEK 293 cells were prelabeled with Alexa Fluor 568-conjugated
anti-FLAG polyclonal rabbit antibody. Cells were then treated with 30
�M quisqualate, and live cells were imaged over a 30 min time period at
37°C. Primary mouse hippocampal neurons were transiently transfected
with FLAG-mGluR1a, fixed with periodate lysine paraformaldehyde,
and permeabilized with 0.1% Triton X-100. Receptor was labeled with
rabbit polyclonal anti-FLAG and endogenous Rab8 labeled with mouse
monoclonal anti-Rab8a antibody. Colocalization studies were per-
formed using dual excitation (488, 543 nm) and emission (bandpass,
505–530 nm, and long pass, 560 nm, for Alexa Fluor 488 and 568, respec-
tively) filter sets. Colocalization analysis was performed using Imaris 7.0

Figure 2. Colocalization of mGluR1 and Rab8 in primary hippocampal neurons. A, Representative micrographs showing localization of endogenous mGluR1 and Rab8 protein in neuronal cell
body. B, Representative micrographs showing localization of mGluR1 and Rab8 in neuronal projections. DIV 14 neurons were treated with and without 100 �M DHPG for 30 min, fixed, and labeled
for endogenous mGluR1a (red) and Rab8 (green). C, Quantification of Rab8 colocalization with mGluR1 in neuronal projections. Thresholds were set to examine the brightest 2% of pixels as described
by Lorenzen et al. (2010). Data represent mean � SD of three independent experiments. Number of dendrites analyzed is provided in brackets in the figure. Scale bars, 5 �m; *p � 0.05.
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colocalization module (Bitplane) to determine
the colocalization of the brightest 2% of pix-
els in each channel, as described previously
(Lorenzen et al., 2010). Quantification of receptor
internalization in confocal images was performed
using ImageJ integrated density of fluorescence be-
fore and after agonist stimulation. Data were pre-
sented as ratio of membrane fluorescence over
intracellular fluorescence.

Calcium imaging. DIV 7–10 hippocampal
neurons were transiently transfected with ei-
ther empty pEGFP (control) or GFP-Rab8 and
imaged 24 h later. Transfected cells were iden-
tified via confocal microscopy at 488 nm exci-
tation and bandpass 505–530 emission after
which cells were loaded with 10 �M fluo-4 AM
for 30 min at room temperature and imaged
using the same parameters. Cells were stimu-
lated with 100 �M DHPG, 100 �M carbachol,
and 1 �M ionomycin.

Statistical analysis. Densitometric data were
normalized first for protein expression and
the maximum value was set to 100, with all
other values displayed as percentage thereof.
One-way ANOVA test was performed to deter-
mine significance, followed by a post hoc Tukey
multiple-comparison test or Bonferroni’s
multiple-comparisons test to determine which
means were significantly different ( p � 0.05)
from one another.

Results
Agonist-stimulated Rab8 interaction
with the mGluR1a C-tail
Previously, we demonstrated that the
Rab8 effector optineurin was an mGluR1a
interacting protein by yeast two-hybrid
and that it played a role in antagonizing
mGluR1a G-protein signaling (Anborgh
et al., 2005). Therefore, in the present
study, we investigated whether Rab8
might also interact with mGluR1a. To do
this, HEK 293 cells were transiently trans-
fected with FLAG-tagged mGluR1a or
FLAG-mGluR1b and GST-tagged Rab8,
and the coimmunoprecipitation of GST-
Rab8 with either FLAG-mGluR1a or
FLAG-mGluR1b was assessed. We found
that GST-Rab8 was coimmunoprecipi-
tated with FLAG-mGluR1a in the absence
of agonist, but that this association was
increased by 92 � 23% in response to 30
�M quisqualate treatment (Fig. 1A,B). In
contrast, GST-Rab8 coimmunoprecipitation with Flag-mGluR1b
(which lacks an extended intracellular C-tail) was reduced to
72 � 7% of control FLAG-mGluR1a immunoprecipitation (Fig.
1A,B). Agonist treatment did not increase GST-Rab8 coimmu-
noprecipitation with FLAG-mGluR1b (Fig. 1A,B). Therefore,
agonist-dependent increases in Rab8 association with mGluR1a
required interactions with the extended mGluR1a C-tail. We also
sought to determine whether endogenous Rab8 associates with
endogenous mGluR1a in hippocampal tissue. We found that
mGluR1a could be coimmunoprecipitated with Rab8-specific
antibody from freshly isolated adult mouse hippocampal lysate
(Fig. 1C).

To determine whether Rab8 colocalizes with FLAG-mGluR1a, pri-
mary hippocampal neurons (DIV 14) were fixed and labeled for
FLAG-mGluR1a and endogenous Rab8 protein distribution and
imaged using confocal microscopy. Interestingly, while FLAG-
mGluR1a and Rab8 share partial overlapping populations in the
neuronal cell body (Fig. 2A), they show limited colocalization in
neuronal projections in the absence of agonist (Fig. 2B). However,
following the treatment of hippocampal neurons with 100 �M (S)-
3,5-dihydroxylphenylglycine (DHPG), both FLAG-mGluR1a and
Rab8 immunofluorescence exhibited colocalization in the spines of
these projections (Fig. 2B). To quantify the amount of colocalization
in neuronal projections before and after treatment with DHPG, we

Figure 3. Live-cell imaging of mGluR1a endocytosis in the absence and presence of Rab8. A, Representative confocal micrograph
showing internalization of FLAG-mGluR1a in the presence and absence GFP-Rab8. Live HEK 293 cells expressing 1 �g of plasmid cDNA
encoding FLAG-mGluR1a either with (bottom panels) or without (top panels) 2�g of plasmid cDNA encoding GFP-Rab8 were labeled with
Zenon Alexa Fluor 555 on ice, warmed to 37°C, and stimulated with 30 �M Quis for 15 min. B, Quantification of internalization of FLAG-
mGluR1a. Data are presented as ratio of membrane fluorescence over intracellular fluorescence and represent mean�SD of five indepen-
dent experiments. The number of cells analyzed is provided in brackets in the figure. Scale bars, 5 �m; *p � 0.05.
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set thresholds to examine the brightest 2% of pixels as described by
Lorenzen et al. (2010). Rab8 and mGluR1 pixels from control neu-
rons demonstrated 14 � 2% colocalization, while agonist activation
increased this colocalization to 27 � 2% (Fig. 2C). Thus, agonist
treatment appeared to increase FLAG-mGluR1a and endogenous
Rab8 association in primary cells.

Rab8 antagonizes mGluR1a endocytosis to increase cell
surface receptor expression
Rab8 has been shown to differentially regulate the trafficking of
the �2BAR and �2AR and contributes to the regulation of the
synaptic delivery and recycling of the ionotropic glutamate
AMPA receptor (Deretic, 1997; Gerges et al., 2004; Brown et al.,
2007; Ng and Tang, 2008; Dong et al., 2010). Therefore, we in-
vestigated whether Rab8 overexpression would affect FLAG-
mGluR1a intracellular trafficking in HEK 293 cells. Initial
experiments were performed by confocal microscopy to deter-
mine whether Rab8 overexpression resulted in an alteration of
cell surface FLAG-mGluR1a in live HEK 293 cells labeled with
Zenon 555 Alexa Fluor-labeled primary mouse FLAG monoclo-
nal antibody. Control cells expressing FLAG-mGluR1a alone
showed steady receptor internalization upon treatment with 30
�M quisqualate (Fig. 3A, top panels). Agonist stimulation re-
sulted in 57 � 8% reduction in the ratio of cell surface to intra-
cellular Flag-mGluR1a immunofluorescence (Fig. 3B). However,
in cells overexpressing GFP-Rab8, cell surface FLAG-mGluR1a,
the ratio was reduced by only 22 � 10% following quisqualate

treatment (Fig. 3A, bottom panels; B). To
further quantify the extent of FLAG-
mGluR1a internalization in the absence
and presence of Rab8, we tested FLAG-
mGluR1a endocytosis using a cell surface
biotyinylation assay following 5 and 15
min exposures to 30 �M quisqualate. We
found that following a 15 min exposure of
FLAG-mGluR1a to agonist that FLAG-
mGluR1a internalization was significantly
reduced in HEK 293 cells overexpressing
Rab8, when compared with control cells
(Fig. 4A). When we assessed the overall
cell surface expression of FLAG-mGluR1a,
we found that the fraction of FLAG-
mGluR1a at the cell surface following 15
min agonist treatment was significantly
increased compared with control cells
(Fig. 4B). Therefore, Rab8 appeared to
prevent mGluR1a endocytosis and in-
crease cell surface mGluR1a expression.

Rab8 antagonizes mGluR1a inositol
phosphate and calcium signaling
The Rab8 effector molecule, optineurin, is
known to contribute to phosphorylation-
independent G-protein uncoupling and
desensitization of mGluR1a (Anborgh et
al., 2005). Therefore, we assessed whether
Rab8 overexpression would also result
in altered FLAG-mGluR1a- and FLAG-
mGluR1b-stimulated IP formation in HEK
293 cells. We found that the overexpression
of Rab8 resulted in a significant reduction in
the maximal response for quisqualate-
stimulated IP formation in FLAG-mGluR1a-

expressing cells reducing the maximum response to 70 � 7%
when compared with control FLAG-mGluR1a-expressing cells
(Fig. 5A). However, Rab8 overexpression had no effect on the
maximal response for quisqualate-stimulated IP formation in
FLAG-mGluR1b-expressing cells (Fig. 5B). Thus, consistent with
what was observed for agonist-stimulated association of Rab8
with mGluR1a versus mGluR1b, Rab8 overexpression selectively
attenuated mGluR1a and not mGluR1b G-protein signaling.

To determine whether Rab8 GDP for GTP exchange was re-
quired for the attenuation of FLAG-mGluR1a-stimulated IP forma-
tion, we assessed whether FLAG-mGluR1a-stimulated IP formation
would be inhibited in the presence of either dominant-negative
(Rab8-T22N) or constitutively active (Rab8-Q67L) proteins. We
found that the overexpression of wild-type Rab8, Rab8-T22N,
and Rab8-Q67L resulted in a reduction of FLAG-mGluR1a
stimulated IP formation to a similar extent (Fig. 6 A). To de-
termine whether Rab8 associated with the receptor in a
nucleotide-specific manner, we also examined the agonist-
stimulated coimmunoprecipitation of wild-type Rab8, Rab8-
T22N, and Rab8-Q67L with FLAG-mGluR1a. Although
FLAG–mGluR1a interactions with both wild-type Rab8 and
constitutively active Rab8-Q67L were increased upon agonist
stimulation, agonist did not regulate the association of
dominant-negative Rab8-T22N with the receptor (Fig. 6 B).
Thus, although Rab8 associated with mGluR1a in a GTP-
dependent manner, the Rab8-dependent attenuation of

Figure 4. Effect of Rab8 on mGluR1a endocytosis and cell surface expression. A, Representative immunoblot and densitometric
analysis of internalized biotinylation of FLAG-mGluR1a. HEK 293 cells transiently expressing 1 �g of FLAG-mGluR1a and 2 �g of
either pEBG (control) or GST-Rab8 were placed on ice, and cell surface proteins were biotinylated. Cells were then stimulated with
30 �M Quis for 0, 5, or 15 min to induce internalization, and cell surface biotin stripped away. Biotin-labeled proteins were collected
with NeutrAvidin-conjugated beads, separated by SDS-PAGE, transferred to nitrocellulose, and immunoblotted for mGluR1a. Data
were normalized for protein expression. Data represent the mean�SD of six independent experiments. *p�0.05 compared with
corresponding control. B, Representative immunoblot and densitometric analysis of cell surface biotinylation of FLAG-mGluR1a.
HEK 293 cells transiently expressing 1 �g of FLAG-mGluR1a and 2 �g of either pEBG (control) or GST-Rab8 were stimulated with
30 �M Quis for 0, 5, or 15 min, placed on ice, and cell surface proteins were biotinylated. Biotin-labeled proteins were collected with
NeutrAvidin-conjugated beads, separated by SDS-PAGE, transferred to nitrocellulose, and immunoblotted for mGluR1a. Data
represent the mean � SD for changes in cell surface mGluR1 expression. Data were normalized for protein expression and are
representative of six independent experiments. *p � 0.05 compared with corresponding control.
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mGluR1a G-protein signaling was independent of the
nucleotide-binding state of the GTPase.

Because we found that Rab8 significantly attenuated
FLAG-mGluR1a-mediated IP formation in HEK 293 cells, we
investigated whether Rab8 overexpression might also attenuate
DHPG-stimulated Ca 2� release mediated by endogenous
mGluR1 expressed in primary hippocampal neurons. To assess
this, primary mouse hippocampal neurons (DIV7–10) were tran-
siently transfected with either pEGFP (control) or GFP-Rab8.
Neurons were imaged to identify cells that were transfected with
GFP protein, and GFP protein-positive cells were then subse-
quently loaded with the calcium indicator fluo-4 AM and the
same cell imaged for DHPG mediated calcium release as evi-
denced by an increase in cellular fluorescence. The treatment of
hippocampal neurons with 100 �M DHPG resulted in an increase
in fluo-4 fluorescence in both untransfected and pEGFP-transfected
neurons as expected (Fig. 7A). However, in GFP-Rab8-positive neu-
rons, DHPG-stimulated increases in intracellular Ca 2� concentra-
tion, as measured by increased fluo-4 fluorescence, was
attenuated (Fig. 7A). All of the cells exhibited similar responses to
challenge with ionomycin indicating that GFP-Rab8 overexpres-
sion was not causing a generalized defect in Ca 2� regulation (Fig.
7A). To determine whether the effect of Rab8 on Ca 2� signaling
was specific to mGluRs, we also stimulated neurons with the
cholinergic agonist carbachol (Fig. 7B). Contrary to what was
observed after DHPG stimulation, treatment with 100 �M carba-
chol produced equivalent increases in fluo-4 fluorescence in con-
trol neurons, as well as those transfected with either pEGFP
(control) or GFP-Rab8 (Fig. 7B). Therefore, the Rab8-mediated
decrease in Ca 2� release appears to be specific for mGluR-
mediated Ca 2� signaling. To investigate whether Rab8 overex-
pression also affected other aspects of mGluR1a signaling, we
examined FLAG-mGluR1a-stimulated
ERK1/2 phosphorylation in HEK 293
cells (Fig. 8). We found that agonist-
stimulated FLAG-mGluR1a-mediated
ERK1/2 phosphorylation was not affected
by the overexpression of Rab8 (Fig. 8).
Therefore, Rab8 appeared to selectively
regulate FLAG-mGluR1a-stimulated IP
formation in HEK 293 and Ca 2� release in
response to the activation of endogenous
mGluR1/5 in primary mouse hippocam-
pal neurons.

Rab8 decrease of mGluR1a-mediated IP
signaling is PKC dependent
Second messenger-dependent kinases,
such as PKC, can contribute to the desen-
sitization of agonist-activated Group 1
mGluRs (Schoepp and Johnson, 1988;
Herrero et al., 1994; Desai et al., 1996;
Francesconi and Duvoisin, 2000; Fergu-
son, 2001). Because we found that Rab8
expression causes a significant decrease in
FLAG-mGluR1a-mediated IP formation,
we sought to determine whether PKC-
mediated desensitization of mGluR1a sig-
naling might be influenced by Rab8 expression. To test this, HEK
293 cells were pretreated with one of two PKC inhibitors,
bisindolylmaleimide-1 (Bis-1) or chelerythrine chloride. We
found that the pretreatment of HEK 293 cells with either 1 �M

Bis-1 or 5 �M chelerythrine chloride for 10 min prevented the

Rab8-mediated uncoupling of mGluR1a-stimulated IP forma-
tion to DMSO control levels (Fig. 9). This observation suggested
a role for PKC-mediated phosphorylation in the observed Rab8-
dependent attenuation of FLAG-mGluR1a IP signaling.

Figure 5. Effect of Rab8 on mGluR1a- and mGluR1b-mediated IP formation. Inositol phos-
phate formation in HEK 293 cells transfected with 1 �g of plasmid cDNA encoding FLAG-
mGluR1a (A) or FLAG-mGluR1b (B) with 2 �g of empty pEGFP vector or GFP-Rab8. Transfected
cells were treated for 10 min with 10 mM LiCl and stimulated with 30 �M Quis for 30 min in the
presence of LiCl. Data were normalized for protein expression and basal IP formation. The
bottom panels show relative mGluR1a and mGluR1b protein expression in GFP and GFP-Rab8
transfected cells. Data represent the mean � SD of three to five independent experiments.
*p � 0.05 compared with corresponding control.

Figure 6. Effect of Rab8 nucleotide binding mutants on mGluR1a-mediated inositol phosphate formation. A, IP formation in
HEK 293 cells transfected with 1 �g of plasmid cDNA encoding FLAG-mGluR1a with 2 �g of plasmid cDNA encoding GFP-tagged
wild-type (WT) Rab8, constitutively active (CA) Rab8-Q67L, and dominant-negative (DN) Rab8-T22N mutants. Transfected cells
were treated for 10 min with 10 mM LiCl and stimulated with 30 �M quisqualate (Quis) for 30 min in the presence of LiCl. Data were
normalized for protein expression and basal IP formation. B, Representative immunoblot showing the coimmunoprecipitation of
GST-tagged Rab8WT, Rab8CA and Rab8DN with the FLAG-mGluR1a in the absence (�) and presence (�) of 30 �M Quis treatment
for 15 min. HEK 293 cells were transiently transfected with 1 �g of plasmid cDNA encoding FLAG-mGluR1a along with 2 �g of
plasmid cDNA encoding GST-tagged Rab8WT, Rab8CA, or Rab8DN. Forty-eight hours after transfection, cells were stimulated, and
lysates were collected, separated by SDS-PAGE, transferred to nitrocellulose, and immunoblotted for mGluR1a and GST-Rab8. Data
represent the mean � SD of three to five independent experiments.
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Discussion
To date, only a few Rabs including Rab3, Rab8, and Rab23 have
been shown to be enriched in the brain and play a role in neurons
(Geppert et al., 1997; Evans et al., 2003; Ng and Tang, 2008). Rab8
is essential in several areas of polarized neuronal transport as well
as in plasma membrane trafficking in epithelial cells, and Rab8
siRNA knockdown prevents maturation of hippocampal neu-
rons in culture (Huber et al., 1995; van Ijzendoorn et al., 2003; Ng
and Tang, 2008). Studies now link Rab8 to a variety of different
human diseases, including polycystic kidney disease, microvillus
inclusion disease, and Bardet–Biedl syndrome, emphasizing the
physiological importance of protein trafficking in human disease
(Nachury et al., 2007; Ng and Tang, 2008). Here, we show that
Rab8 associates with mGluR1a, but not its alternatively spliced
variant, mGluR1b, which lacks an extended C-terminal tail, sug-

gesting that Rab8 binds to the C-terminal tail of mGluR1a in an
agonist-regulated manner. Other Rabs, including Rab4, Rab5,
Rab7, and Rab11, have previously been reported to associate with
the C-terminal tail of the angiotensin II type 1 receptor and other

Figure 8. Effect of Rab8 on mGluR1a-stimulated ERK1/2 phosphorylation. Shown is a represen-
tative immunoblot and densitometric analysis of p42/44 (ERK1/2) phosphorylation. HEK 293 cells
were transiently transfected with 1�g of plasmid cDNA encoding FLAG-mGluR1a along with 2�g of
plasmidcDNAencodingeitherpEGFP(control)orGFP-Rab8.Cellswerestimulatedfor0, 1, 5, or 15min
with30�M Quis, lysateswerecollected,separatedbySDS-PAGE,andtransferredtonitrocellulose,and
phosphorylated ERK1/2 was detected by immunoblot. Data were normalized for total ERK expression.
Data represent the mean � SD of five independent experiments.

Figure 9. PKC inhibition prevents Rab8-dependent attenuation of mGluR1a-mediated IP forma-
tion. HEK 293 cells were transfected with 1 �g of plasmid cDNA encoding FLAG-mGluR1a along with
2 �g of empty pEGFP vector (control) or GFP-Rab8. Cells were preincubated for 10 min with either
DMSO alone or with either 1 �M bisindolymaleimide I or 5 �M chelerythrine chloride followed by 10
mM LiCl for 10 min and then 10 �M quisqualate for 30 min. Data were normalized for protein expres-
sion and basal IP formation. Data represent the mean � SD of five independent experiments. *p �
0.05 compared with control.

Figure 7. Effect of Rab8 on DHPG-stimulated Ca 2� release in hippocampal neurons. Fluo-
rescent intensity analysis of Ca 2� release as represented by the fluorescent calcium indicator
fluo-4 AM. DIV7–10 primary mouse hippocampal neurons were transiently transfected with 10
�g of plasmid cDNA encoding either pEGFP (control) or GFP-Rab8. Twenty-four hours after
transfection, neurons were imaged to identify transfected cells, after which they were loaded
with 5 �M of the calcium indicator fluo-4 AM for 30 min at room temperature, and the same
field of view was imaged for calcium release with the addition of 100 �M DHPG followed by 10
�M ionomycin (A) or 100 �M carbachol (B). Data represent the mean � SD of three indepen-
dent experiments.
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GPCRs (Anborgh et al., 2000; Seachrist et al., 2002; Dale et al.,
2004; Hamelin et al., 2005; Parent et al., 2009; Reid et al., 2010;
Esseltine et al., 2011). Additionally, Rab8 has recently been shown
to associate with different regions of the �2BAR and �2AR
C-terminal tails and differentially modulates their trafficking to
the cell surface from the trans-Golgi network (TGN) (Dong et al.,
2010). We find that the association of Rab8 contributes to atten-
uated mGluR1a endocytosis, increased cell surface expression,
and functions to uncouple mGluR1a from G-protein signaling by
a mechanism that requires PKC activity.

Agonist-activated mGluR1a preferentially binds Rab8 wild-
type and GTP-bound constitutively active mutant Rab8Q67L,
but not GDP-bound dominant-negative mutant Rab8-T22N.
This differs from the �2BAR and �2AR, which were recently
shown to bind preferentially bind the GDP-bound dominant-
negative mutant Rab8-T22N (Dong et al., 2010). However, al-
though this study did not investigate whether agonist activation
regulated Rab8 interactions with the �2BAR and �2AR, Rab8
knockdown resulted in attenuated cell surface expression of the
�2BAR. Rab8 also has documented roles in the intracellular traf-
ficking of other receptors such as the transferrin receptor, and has
been shown to drive synaptic delivery of ionotropic glutamate
AMPA receptors and their insertion into synaptic membranes
(Brown et al., 2007; Henry and Sheff, 2008). However, to date,
most studies have focused on the role of Rab8 in regulating re-
ceptor delivery to the plasma membrane from areas such as the
TGN or recycling endosomes (Deretic, 1997; Gerges et al., 2004,
2005; Brown et al., 2007; Dong et al., 2010). We present data here
implicating Rab8 in the inhibition of mGluR1a internalization.
Similar to our findings, the Rab8 effector molecule optineurin is
also implicated in attenuating the internalization of transferrin
receptors (Nagabhushana et al., 2010; Park et al., 2010). Rab5 has
a well documented role in facilitating endocytosis of a number of
receptors including the angiotensin II type 1 receptor and �2AR
(Seachrist et al., 2000, 2002; Dale et al., 2004). However, to our

knowledge, Rab8 represents the first example of a wild-type Rab
protein that contributes to the attenuation of receptor
endocytosis.

Interestingly, we find that Rab8 overexpression leads to an
increase in cell surface mGluR1a expression. This increase in cell
surface expression might be explained by one of two mecha-
nisms: (1) Rab8 overexpression increases cell surface expression
by either reducing constitutive mGluR1a internalization or
agonist-stimulated internalization of mGluR1a as the conse-
quence of the release of endogenous glutamate into the media by
HEK 293 cells. (2) Rab8 overexpression facilitates the movement
of receptors from the TGN to the plasma membrane. This would
be similar to what was observed for the �2BAR, where Rab8
knockdown led to impaired TGN to plasma membrane transport
of the receptor (Dong et al., 2010). In hippocampal neurons,
endogenous Rab8 along with the mGluR1a redistribute to spine
regions after agonist stimulation, suggesting that Rab8 may reg-
ulate the localization of mGluR1a to synapse. This might be sim-
ilar to reported role of Rab8 in the neuronal trafficking and
insertion of the ionotropic AMPA-type glutamate receptor at
synapses (Gerges et al., 2004, 2005).

Our laboratory has previously reported that the Rab8 effector
molecule optineurin associates mGluR1a, resulting in attenuated
mGluR1a-stimulated IP formation (Anborgh et al., 2005). In the
present study, we find that Rab8 also contributes to the regulation
of mGluR1a G-protein signaling in concert with optineurin,
whereas Rab8, but not optineurin, plays a role in attenuating
mGluR1a endocytosis (Fig. 10). We find that Rab8 overexpres-
sion specifically contributes to the uncoupling of mGluR1a-, but
not mGluR1b-stimulated IP formation. This inability of Rab8 to
regulate mGluR1b signaling is correlated with the observations
that mGluR1b lacks an extended C-terminal tail, and that Rab8
does not effectively associate with this mGluR1 variant. There-
fore, the association between Rab8 and mGluR1a appears to be
crucial for the ability of Rab8 to regulate mGluR1a signaling. We

Figure 10. Model for optineurin and Rab8-mediated attenuation of mGluR1a signaling and endocytosis. Agonist activation of mGluR1a results in the recruitment of Rab8, which interacts with
the mGluR1a, but not mGluR1b C-terminal tail. Rab8 functions in concert with optineurin to attenuate mGluR1a G-protein coupling, resulting in diminished IP formation and impaired release of
Ca 2� from intracellular stores. Rab8, but not optineurin, interactions with mGluR1a impair mGluR1a endocytosis and result in an increase in cell surface mGluR1a expression. Optn, Optineurin.
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also show that mGluR1a displays no difference in Rab8-mediated
IP signal attenuation when coexpressed with Rab8 nucleotide
binding mutants, indicating that Rab8 nucleotide-binding status
does not play a role in regulating mGluR1a signaling.

Rab8-mediated attenuation of mGluR1a signaling is reversed
by PKC inhibition, suggesting that Rab8 modulates PKC-
dependent desensitization of mGluR1a. Similar to the decrease in
IP formation found in HEK 293 cells following Rab8 overexpres-
sion, we also find that GFP-Rab8 overexpression in primary
mouse hippocampal neurons significantly reduces intracellular
Ca 2� release in response to the activation of endogenously ex-
pressed Group I mGluRs with DHPG. This role for PKC in Rab8-
mediated attenuation of mGluR1a signaling is likely dependent
upon PKC-dependent mGluR1a phosphorylation (Hermans and
Challiss, 2001).

Dominant-negative or depletion of Rab8 by siRNA signifi-
cantly attenuates ERK1/2 activation by the �2BAR, but not the
�2AR, and inhibits plasma membrane delivery of �2BAR from the
TGN (Dong et al., 2010). We find here that, although Rab8 over-
expression blocks second messenger formation in response to
mGluR1a, agonist-stimulated ERK1/2 phosphorylation is unal-
tered in the presence of the GTPase. However, we did find basal
ERK1/2 phosphorylation in mGluR1a-expressing cells was sig-
nificantly attenuated in cells coexpressing Rab8. Thus, Rab8 may
selectively contribute to the regulation of agonist-stimulated
G-protein signaling, as opposed to regulating G-protein-
independent signaling mediated by the association of other pro-
teins with mGluR1a such as Pyk2 (Nicodemo et al., 2010).

Rab8 has been implicated in numerous neuronal develop-
mental processes such as axonal growth and dendrite arboriza-
tion. Transgenic expression of dominant-negative Rab8 in
Xenopus photoreceptor cells leads to rapid retinal degeneration,
while depletion of Rab8 by siRNA in hippocampal neurons
blocks morphological maturation through disruption of antero-
grade membrane traffic and impaired neurite outgrowth (Huber
et al., 1995; Moritz et al., 2001). The Rab8 GEF, Rabin8, also plays
a role in spine morphology as a phosphorylation-deficient Ra-
bin8 mutant displays reduced spine head diameter (Ultanir et al.,
2012). Interestingly, Rab8 has been implicated to play an impor-
tant role in the delivery of proteins to primary cilia (Nachury et
al., 2007). However, it is unknown whether mGluR1 is expressed
in primary cilia. Additionally, multiple Rab8-associated proteins
play essential roles in disease progression and pathology includ-
ing glaucoma and Huntington’s disease. Glaucoma is character-
ized by vision deficits due to the progressive loss of retinal
ganglion cells and axonal degeneration of the optic nerve. Signif-
icantly higher frequencies of human glaucoma patients display
mutations in the OPTN protein and the E50K mutant of OPTN
has been associated with more aggressive disease phenotypes
(Leung et al., 2003; Aung et al., 2005). Mice expressing this mu-
tant form of OPTN, which no longer associates with Rab8, de-
velop gross histological abnormalities including massive retinal
apoptosis, loss of retinal ganglion cells and connecting synapses
in the retina, resulting in dramatic thinning of the retina (Chi et
al., 2010). Similarly, disruption of the Rab8-OPTN complex is
associated with the neurodegenerative disorder, Huntington’s
disease. Huntington’s disease is characterized by a polyglutamine
expansion in the huntingtin protein leading to the death of cor-
tical and striatal neurons. Htt directly associates with OPTN and
in complex with Rab8 directs trafficking of proteins between the
trans-Golgi network and plasma membrane and contributes to
alterations in cell morphology. However, mutant htt protein no
longer associates with OPTN and Rab8 leading to a general deficit

in post-Golgi trafficking (Hattula and Peränen, 2000; del Toro et
al., 2009).

In summary, our results establish a novel role for Rab8 in the
regulation of mGluR1a endocytosis and signaling. In contrast to
what has previously been shown for other GPCRs and Rabs, this
is the first report of a Rab GTPase inhibiting GPCR endocytosis,
while simultaneously attenuating receptor signaling. This opens a
new and exciting avenue of research to improve our understand-
ing of the molecular and physiological consequences of Rab
GTPase-mediated regulation of GPCR signaling.
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