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PDZ Scaffold Protein CAL Couples with Metabotropic Glutamate
Receptor 5 to Protect Against Cell Apoptosis and Is a Potential Target
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Abstract
Targeting mGluR5 has been an attractive strategy to modulate glutamate excitotoxicity for neuroprotection. Although human clinical
trials using mGluR5 negative allosteric modulators (NAMs) have included some disappointments, recent investigations have added
several more attractive small molecules to this field, providing a promise that the identification ofmore additional strategies tomodulate
mGluR5 activity might be potentially beneficial for the advancement of PD treatment. Here, we determined the role of the interacting
partner CAL (cystic fibrosis transmembrane conductance regulator–associated ligand) in mGluR5-mediated protection in vitro and
in vivo. In astroglial C6 cells, CAL deficiency blocked (S)-3, 5-dihydroxyphenylglycine (DHPG)-elicited p-AKT and p-ERK1/2,
subsequently prevented group I mGluRs-mediated anti-apoptotic protection, which was blocked by receptor antagonist 1-aminoindan-
1, 5-dicarboxylic acid (AIDA), and PI3K or MEK inhibitor LY294002 or U0126. In rotenone-treated MN9D cells, both CAL and
mGluR5 expressions were decreased in a time- and dose-dependent manner, and the correlation between these 2 proteins was
confirmed by lentivirus-delivered CAL overexpression and knockdown. Moreover, CAL coupled with mGluR5 upregulated
mGluR5 protein expression by inhibition of ubiquitin-proteasome-dependent degradation to suppress mGluR5-mediated p-JNK and
to protect against cell apoptosis. Additionally, CAL also inhibited rotenone-induced glutamate release to modulate mGluR5 activity.
Furthermore, in the rotenone-induced rat model of PD, AAV-delivered CAL overexpression attenuated behavioral deficits and dopa-
minergic neuronal death, while CAL deficiency aggravated rotenone toxicity. On the other hand, the protective effect of the mGluR5
antagonist MPEP was weakened by knocking down CAL. In vivo experiments also confirmed that CAL inhibited ubiquitination-
proteasome-dependent degradation to modulate mGluR5 expression and JNK phosphorylation. Our findings show that CAL protects
against cell apoptosis via modulating mGluR5 activity, and may be a newmolecular target for an effective therapeutic strategy for PD.
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Introduction

Parkinson’s disease (PD) is well acknowledged as a neurode-
generative disorder characterized by a gradual loss of

dopaminergic neurons involved in the nigrostriatal pathway,
the cardinal symptoms of which include bradykinesia, resting
tremor, rigidity, and postural instability [1]. Excessive gluta-
matergic transmission in the basal ganglia which induces
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excitotoxicity is also implicated in PD [2]. Glutamate re-
sponses are mediated by ionotropic glutamate receptors
( iGluRs) and metabotropic glutamate receptors
(mGluRs). mGluRs have been classified into 3 major
groups according to their sequence homology and signal
transduction profile: group I (mGluR1, mGluR5), group II
(mGluR2, mGluR3), and group III (mGluR4, mGluR6,
mGluR7, mGluR8) [3]. mGluR5 is highly expressed in
the basal ganglia and localized postsynaptically to modu-
late glutamatergic transmission. Contrary to the activation
of iGluRs that are generally responsible for fast excitatory
synaptic transmission, mGluRs are implicated in the fine-
tuning and/or circuit selective modulation of this excitato-
ry transmission and has thus been proposed as a promis-
ing target for neuroprotection in PD [4–6]. Indeed, the
blockade of mGluR5 with antagonist MPEP/MTEP has
an anti-parkinsonian effect in animal models [7, 8].
Recent clinical trials support the therapeutic potential of
certain mGluR5 negative allosteric modulators (NAMs)
such as mavoglurant (AFQ056) and dipraglurant
(ADX48621) [9, 10]. Although human clinical trials on
using mGluR5 NAMs have showed some limitations, re-
cent investigations have added several more attractive
small molecules to this field [11], suggesting that precise
modulation such as avoiding over activation or prolonged
inhibition of mGluR5 might be required for therapeutic
efficacy. Thus, the identification of more strategies that
facilitate mGluR5 modulation might be potentially bene-
ficial for PD treatment.

Although many factors are involved in the translation
of data from basic science to clinical application, a com-
mon factor in pharmacological trials is the identification
of highly specific regulators that target proteins of inter-
est. It is possible that the therapeutic effects can be en-
hanced by selectively targeting the coupling of mGluR5
to its endogenous regulatory factors in PD subjects.
Structurally, mGluR5 is comprised of a large extracellular
N-terminal domain, known as the Venus flytrap domain
(VFD), which contains an orthosteric ligand-binding site,
a hepta-helical transmembrane domain in which allosteric
modulators positively and negatively affect glutamate ac-
tivity bind, and the C-terminal intracellular domain for G
protein coupling modulation that includes a PSD95/
Discslarge/ZO1 homology (PDZ)-binding motif [12].
PDZ domains play vital roles in organizing and maintain-
ing complex scaffolding formations and are directly in-
volved in the regulation of protein interactions with a
range of cellular components for signaling pathways and
further regulate the functions of these targeted proteins.
Multiple PDZ proteins, such as Homer, NHERF-2, and
Tamalin/GRASP, are found to associate with mGluR5
through the PDZ domain [13–15]. CAL (the cystic fibro-
sis transmembrane conductance regulator–associated

ligand, also known as GOPC, PIST, or FIG) is a scaffold
protein identified first as the interacting partner with the
GTPase TC10 [16]. The structure contains 2 predicted
coiled-coil domains and 1 PDZ domain, located primarily
at the Golgi apparatus [17]. CAL has also been reported
to interact with several more proteins such as the cystic
fibrosis transmembrane conductance regulator (CFTR)
[18, 19], β1-adrenergic receptor [20], somatostatin recep-
tor subtype 5 [21, 22], and Cadherin 23 [23] to regulate
these proteins’ membrane expression and their intracellu-
lar trafficking. Moreover, CAL regulates claudin-1 and
claudin-2 subcellular distribution to alter tight junction
structure [24] and as a binding partner of Rhotekin to
coordinate the maintenance of cellular polarity and syn-
apses [25, 26]. Furthermore, CAL is ubiquitously abun-
dant in the nervous central system [27]. Animal studies
show that a neuronal isoform of CAL that contains an 8
amino acid insertion in the second coiled-coil domain is
involved in autophagy and neurodegeneration by
interacting with δ2 glutamate receptor and autophagy reg-
ulator Beclin1 in lurcher mice [28, 29]. Additionally, the
interaction of CAL with AMPA receptor (AMPAR) asso-
ciates protein stargazin enhances AMPAR synaptic clus-
tering in hippocampal neurons [30]. We have previously
reported that CAL interacts with group I mGluRs
(mGluR1 and mGluR5) at the C-terminus [31, 32]. To this
end, it would be interesting to further investigate whether
CAL plays any role in modulating mGluR5 activity to
prevent neurotoxicity.

In the present study, we examined the effect of CAL on
modulating the expression and activity of mGluR5 and further
investigated its pathophysiological function in a rotenone-
induced PD model. We found that CAL protected against cell
apoptosis by modulating mGluR5 protein expression as well
as mGluR5-mediated AKT, ERK1/2, and JNK pathways to
reduce glutamatergic hyperactivity. Our findings show that
CAL is a new molecular target that modulates glutamate re-
ceptor activity, and may be a potential pharmacological strat-
egy in PD therapy.

Materials and Methods

Reagents

1,4-Diamino-2, 3-dicyano-1,4-bis[2-aminophenylthio] buta-
diene (U0126, MEK inhibitor), 2-(4-morpholinyl)-8-phenyl-
4H-1-benzopyran-4-one hydrochloride (LY294002, PI3K in-
hibitor), (S)-3, 5-dihydroxyphenylglycine (DHPG, group I
mGluRs agonist), (RS)-1-aminoindan-1,5-dicarboxylic acid
(AIDA, group I antagonist), (s)-(+)-α-amine-4-carboxy-2-
methylbenzene acetic acid (LY367385, mGluR1 antagonist),
(RS)-2-chloro-5-hidroxyphenylglycine (CHPG, mGluR5
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agonist), and 2-methyl-6-(phenylethynyl) pyridine hydrochlo-
ride (MPEP, mGluR5 antagonist) were all from Tocris
Biosciences (Ellisville, MO, USA). Rotenone, cycloheximide
(CHX, protein synthesis inhibitor), MG132 (proteasome and
calpain inhibitor), and staurosporine (STS, protein kinase in-
hibitor) were all purchased from Sigma-Aldrich (St. Louis,
MO, USA). SP600125 was obtained from R&D Systems
(Minneapolis, MN, USA). U0126, LY294002, STS, rotenone,
MG132, and MPEP were dissolved in dimethylsulfoxide
(DMSO, Amresco Inc., Solon, Ohio, USA); DHPG was dis-
solved in water and CHPG, AIDA, and LY367385 were dis-
solved in NaOH.

Cell Culture and Treatment

Mouse MN9D cells were generously provided by
Professor Hui Yang (Capital Medical University, Beijing,
China) and cultured in Dulbecco’s modified Eagle’s me-
dium/Ham’s F-12 (DMEM/F12; Corning, Manassas, VA,
USA). Rat C6 astroglial cells were maintained in DMEM
(Corning), supplemented with 10% fetal bovine serum
(FBS) and 100 U/ml penicillin/streptomycin in a 37 °C/
5% CO2 incubator. To induce the activity of group I
mGluRs, C6 astroglial cells were treated with DHPG or
CHPG. To block the activity of group I mGluRs, the cells
were treated with AIDA, LY367385, or MPEP. U0126 or
LY294002 was used to prevent activation of the ERK1/2
or AKT pathways. To inhibit protein synthesis, MN9D
cell cultures were pretreated with CHX, and the protea-
some activity was blocked by pretreatment with MG132.
The JNK pathway was repressed by pretreatment with
SP600125.

Plasmids Construction and Transfection

To modulate the level of CAL in C6 astroglial cells, short
hairpin RNA (shRNA) duplexes directed against CAL
were designed as follows: 5′-CACCGCATGTTGGA
GATGCTATTCTTTCAAGAGAAGAATAGCAT
CTCCAACATGCTTTTTTG - 3 ′ a n d 5 ′ - GATC
CAAAAAAGCATGTTGGAGATGCTATTCTTCTCTT
GAAAGAATAGCATCTCCAACATGC-3′. Scramble con-
trol shRNA was as follows: 5′-CACCGTTCTCCGAA
CGTGTCACGTCAAGAGATTACGTGACACGT
TCGGAGAATTTTTTG-3′ and 5′-GATCCAAAAAATTC
TCCGAACGTGTCAGTAATCTCTTGACGTGA
CACGTTCGGAGAAC-3′. Both of the shRNAs were
synthesized and cloned into the plasmid pGPH1/GFP/
Neo at BamH1 and HindIII restriction sites (Shanghai
Gene Pharma Co. Ltd., Shanghai, China), and abbreviated
to scramble or CAL shRNA plasmid. To modulate the
level of CAL in MN9D cells, the human full-length CAL
gene (NM_001017408.2) was cloned into the pAAV-

CMV-IRES-ZsGreen plasmid vector with BamH1 and
EcoRI restriction sites for the overexpression of CAL
(Likeligene, Beijing, China), and abbreviated to CMV-
IRES-GFP or CMV-IRES-hCAL-GFP. In addition,
shRNAs that targeted the cds region of rat CAL gene were
cloned into the plasmids for knockdown of CAL (Viagene
Biosciences, Shandong, China), and abbreviated to
shCAL or shGFP. C6 astroglial cells or MN9D cells at
80% confluence were transfected with plasmids using
Lipofectamine 3000 reagent (Invitrogen, Carlsbad, CA,
USA) and then harvested and analyzed at 48 h after
transfection.

Cell Viability Using the MTT Assay

MN9D cells were seeded into 96-well plates at 5 × 103 cells/
well. After 24 h, cells at 80–90% confluence were treated with
different drugs for the indicated time. 3-(4,5-Dimethylthiazol-
2-yl)-2, 5-diphenyltetrazolium bromide (MTT, 5 mg/ml) was
added to the cell cultures, and the plates were incubated for 4 h
at 37 °C. The formation of formazan was dissolved with
DMSO (150 μl) and the absorbance at 490 nm was deter-
mined using a microplate reader (Elx800; Bio-Tek
Instruments, Winooski, VT, USA).

Measurement of Cell Apoptosis by TUNEL Staining
and Annexin-V/PI Staining

Terminal deoxynucleotidyl transferase-mediated dUTP-bi-
otin nick-end labeling (TUNEL) staining was performed
using a TACS cell death detection kit (Roche Applied
Science, Mannheim, Germany). Briefly, cells grown on
glass coverslips were fixed with 4% paraformaldehyde
(PFA) followed by permeabilization with 0.1% Triton X-
100 and further processed for TUNEL staining. After
washing 3 times with phosphate-buffered saline (PBS),
Hoechst 33258 (10 mg/ml, Sigma-Aldrich) was added to
counterstain the nuclei. Photomicrographs from at least 6
different locations on each coverslip were captured.
Typically, 100–200 cells were analyzed to determine the
number of TUNEL-positive (apoptotic) cells. Apoptotic
cell numbers were presented as the percentage of
TUNEL-positive cells in relation to total cell numbers.
Annexin-V/PI staining was detected by FITC Annexin V
Apoptosis Detection Kit 1 (BD pharmingen, San Diego,
USA). Cells were washed twice with cold PBS and then
resuspended in 1 × binding buffer at a concentration of ~
1 × 106 cells/ml. After transfer 100 μl of the solution (1 ×
105 cells) to a 5-ml culture tube, 5 μl of FITC Annexin V
and 5 μl PI were added into it. Gently vortexing the cells
and incubating for 15 min at RT in the dark, 400 μl of 1 ×
binding buffer was added into each tube followed by an-
alyzing by flow cytometry within 1 h.
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Lentivirus Construction and Recombinant
Adeno-Associated Virus Generation

Lentivirus construction was used in MN9D cells. For overex-
pression of CAL, the sequence of human CAL cDNA was
cloned into the pLVX-mCMV-ZsGreen lentivirus vector
(Biowit Technologies, Shenzhen, China) with EcoRI and
BamHI restriction sites (abbreviated to LV-CAL). The
pLVX-mCMV-ZsGreen vector was used as the control (abbre-
viated to LV-NC). To knock down protein CAL, shRNA (5′-
GCTGAAGTGAAGCTGCTAA-3′) target mouse CAL
(NM_001199272.1) or the negative control (5′-TCGC
TTACCGATTCAGAATGG-3′) was cloned into the lentiviral
vector with mU6-MCS-Ubi-EGFP element (Shanghai
Genechem, Co., Ltd., China), abbreviated to LV-sh-CAL
and LV-sh-NC, respectively. The lentivirus titer units were
5 × 108 TU/ml. Cells were infected with multiplicity of infec-
tion (MOI) 100 after the addition of 5 μg/ml polybrene, and
were then treated with rotenone followed by further analysis.

Adeno-associated virus (AAV) was used in animals. For
overexpression of CAL, the full length of human gene CAL
mRNA was cloned into the AAV9-CMV-betaGlobin-MCS-
EGFP-3Flag-SV40 Poly A viral vector with KpnI and
BamHI restriction enzymes using the Viral Vector Package
service from Shanghai GeneChem. The resulting packaged
virus was verified by qPCR and the AAV9-CMV-
betaGlobin-hCAL-MCS-EGFP-3Flag-SV40 Poly A
(abbreviated to AAV-CAL) genome titer was 1.91 × 1012v.g/
ml and the titer of the control viral AAV9-CMV-betaGlobin-
MCS-EGFP-3Flag-SV40 Poly A (abbreviated to AAV-GFP)
was 1.23 × 1013v.g/ml. For knockdown of CAL, the plasmid
composed of 4 connected bis-cistronic expressions of shRNA
towards the sequences of rat CAL mRNA was constructed,
which was combined with GFP. The expression of shRNA
or GFP was driven by the U6 promoter and by the CMV
promoter, respectively. The cassette was flanked by pAV
inverted terminal repeats (ITRs), constructed by Viagene
Biosciences. The 4 corresponding shRNAs were as follows:
1,5 ′-GGATCTGGAAAGAGAACTT-3 ′; 2,5 ′-GGGT
CCAACAAATACAGTT-3′; 3,5′-GGAAGATCATGAAG
GCCTT-3′; 4,5′-GGTAATTCTGGTGCTAGTT-3′. To gener-
ate the AAV, pAV-4in1GOPCshRNA-GFP or pAV-
4in1shRNA-GFP was sub-cloned into the AAV9 vectors,
and the viruses were purified and determined by qPCR. The
genome titer of the AAV-4in1shRNA-GFP vector
(abbreviated to AAV-scramble) was 2.55 × 1013v.g/ml and
was 2.71 × 1013v.g/ml in AAV-4in1GOPCshRNA-GFP (ab-
breviated to AAV-shCAL).

Coimmunoprecipitation and Western Blot Analysis

The experimental procedures were described previously [32].
Briefly, cells were harvested and lysed in ice-cold lysis buffer

(10 mM HEPES, 50 mM NaCl, 5 mM EDTA, 1 mM
benzamidine, 0.5% Triton X-100, pH 7.4) containing 1 × pro-
tease inhibitor cocktail (Thermo Fisher Scientific, Rockford,
IL, USA). The supernatant was first incubated with 50 μl of
protein A/G-agarose overnight at 4 °C followed by binding
with anti-mGluR5 or anti-CAL polyclonal antibody for 4–6 h
at 4 °C. The precipitated complex was washed 3 times follow-
ed by elution, and then Western blot analysis was performed.

Cells or tissues were homogenized with RIPA lysis
buffer (Solarbio, Beijing, China) containing 1 mM
PMSF using a rotor-stator homogenizer (Bandelin,
Germany). The lysates were clarified via centrifugation
at 15000g for 5 min at 4 °C. The supernatant was sepa-
rated by SDS–PAGE (8 or 10%) and transferred onto
polyvinylidene difluoride (PVDF) membranes (Millipore
Corporation, Billerica, MA, USA). The membranes were
then blocked for 1 h with TBST (20 mM Tris–HCl, pH
7.6, 137 mM NaCl, 0.05% Tween 20) containing 5%
skimmed milk at room temperature, and incubated with
the primary antibodies at 4 °C overnight. The blots were
rinsed with TBST and incubated with the appropriate
horseradish peroxidase (HRP)–conjugated secondary anti-
body for 1 h at room temperature and then visualized
using enhanced chemiluminescence reagents (Millipore).
The primary antibodies used were as follows: monoclonal
anti-TH (1:5000, Sigma-Aldrich, T1299), polyclonal anti-
mGluR5 (1:1000, Abcam, Cambridge, MA, USA,
ab53090), polyclonal anti-CAL (1:1000, Abcam,
ab37036), polyclonal anti-mGluR1 (1:1000, Millipore,
07-617), and polyclonal anti-p-ERK1/2 (1:2000,
Millipore, 05-797R), polyclonal anti-p-AKT (1:1000,
Cell Signaling Technology, Danvers, MA, USA, 9721s),
anti-p-JNK (1:1000, Cell Signaling Technology, 4668s),
po lyc lona l an t i -PARP (1 :1000 , Ce l l S igna l ing
Technology, 9542s), polyclonal anti-caspase-3 (1:1000,
Cell Signaling Technology, 9662s), and polyclonal anti-
ubiquitin (1:1000, Cell Signaling Technology, 3933s).
The intensity of the blots was quantified by Image J soft-
ware (National Institutes of Health, Bethesda, MD, USA)
and analyzed using GraphPad Prism 5.0 software
(GraphPad Inc., La Jolla, CA, USA).

Glutamate Release Assay

MN9D cells were plated in 96-well plates at 5 × 103 cells/
well. After 24 h, the cells were transfected with either the
CMV-IRES-hCAL-GFP/CMV-IRES-GFP or shGFP/
shCAL plasmid, and cells transfected with the shGFP/
shCAL plasmid were pretreated with MPEP for 30 min.
Then all cells were treated with rotenone for 24 h. The
cell supernatant was obtained and the glutamate assay
with the Amplex Red Glutamic Acid Assay Kit
(Invitrogen, Grand Island, NY, USA) was performed.
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The reactions were incubated for 30 min, protected from
light at 37 °C, and the fluorescence assayed at an excita-
tion wavelength of 571 nm and emission wavelength of
590 nm using a microplate reader. The concentration of
glutamic acid was quantified with the L-glutamate stan-
dard curve.

Animals and Treatment

Male Sprague–Dawley rats weighing 220–250 g at the
beginning of the experiment were acclimated for 1 week.
The animals were housed under a 12-h light/dark cycle at
room temperature (22 ± 2 °C) with ad libitum access to
food and water. All procedures were performed following
the National Institutes of Health Guide for the Care and
Use of Laboratory Animals and were approved by the
Committee on Animal Care and Usage (Capital Medical
University). The animals were divided into 2 groups: the
control group that received vehicle injection, and the PD
group that received an infusion of rotenone. For model
establishment, the rats were deeply anesthetized by intra-
peritoneal injection of chloral hydrate (300 mg/kg; Guang
Fu Fine Chemical Research Institute, Tianjin, China) and
fixed in a stereotaxic frame. Rotenone was dissolved in
the vehicle PEG/DMSO (v:v = 1:1) at the dose of 6 μg/μl.
One microliter of rotenone or vehicle was infused using a
10-μl Hamilton syringe into the right substantia nigra
(SN) at the following stereotaxic coordinates with respect
to bregma: AP = − 5.0; ML = − 2.0; DV = − 7.8. The injec-
tion speed was 0.2 μl/min and the needle remained for an
additional 5 min before withdrawal. Following 2 weeks
recovery, 3 μl (~ 1010 total particles) virus vectors was
injected stereotaxically into the same coordinates through
the hole in the skull. The microinjections were carried out
at a rate of 0.5 μl/min and the syringe was retained for
5 min before retraction. Either AAV-GFP and AAV-CAL
viral vectors or AAV-scramble and AAV-shCAL were
both included in the control and rotenone groups (10
animals/each group). In the rotenone group with AAV-
scramble or AAV-shCAL injection, animals received
MPEP (1.5 mg/kg/day) by intraperitoneal injection at the
same day of the virus injection for continuous 3 weeks (8
animals/each group). The death rate after surgery was <
10% and 8 or 9 animals remained in each group. After
4 weeks of virus delivery, the animals were killed and
brain tissues obtained for further pathophysiological anal-
ysis. The sample sizes used in this study were based on
estimations from a power analysis.

Behavioral Assessment

Apomorphine-induced rotation was measured 4 weeks after
virus injection. Rats were injected subcutaneously with

0.5 mg/kg R-(−)-apomorphine hydrochloride hemihydrate
(Sigma-Aldrich) dissolved in saline containing 0.01% ascorbic
acid and placed in a 30-cm-diameter bowl attached to a rota-
meter (Columbus Instruments, Columbus, OH, USA). The
number of contralateral full body turns within 30 min was re-
corded. During this process, the body weight of each animal
was assessed every week after the rotenone-induced lesion.

Immunohistochemistry and Immunofluorescence

After the final behavioral tests, the animals were deeply
anesthetized with chloral hydrate and transcardially per-
fused with saline followed by ice-cold 4% PFA (Sigma-
Aldrich) in 0.1 M PBS (pH 7.4). The brains were dissect-
ed and post-fixed in 4% PFA overnight and then
dehydrated with gradient sucrose solutions from 20 to
30% and then embedded in OCT compound at − 80 °C.
Frozen brain was coronally sectioned through the striatum
and SN at 40-μm thickness using a freezing microtome
(Leica, Solms, Germany). For the immunohistochemistry
assay, SN and striatum sections were used and endoge-
nous peroxidase activity was quenched with 3% hydrogen
peroxide for 10 min and then washed with PBS, perme-
abilized with PBS containing 10% normal horse serum
and 0.3% Triton X-100, followed by incubation in
blocking buffer (5% BSA in PBS) for 1 h at room tem-
perature. The sections were incubated overnight at 4 °C
with the primary antibody anti-TH (1:2500, Sigma-
Aldrich, T1299), anti-mGluR5 (1:50, Abcam, ab53090),
or anti-CAL (1:100, Santa Cruz, sc-393026). After 3
washes with PBS, the sections were then incubated with
biotinylated anti-mouse or anti-rabbit secondary antibody
(Vector Stain ABC kit, Burlingame, CA, USA) followed
by staining with 3,3′-diaminobenzidine solution (DAB,
Zhongshan Goldenbridge Biotechnology, Beijing, China)
to visualize immunoreactivity. The sections were then
mounted on ca t ion an t i -o ff s l ides (Zhongshan
Goldenbridge Biotechnology), dehydrated through as-
cending graded concentrations of alcohol, cleared in xy-
lene, and mounted under coverslips. Sections were im-
aged on a Leica Qwin microscope, and the intensity of
TH+ neurons or TH immunoreactive (TH-IR) fibers in the
striatum was quantified using Image J software analysis.
For immunofluorescence, SN sections were incubated
with mouse monoclonal anti-TH (1:2500, Sigma-Aldrich,
T1299) for TH/GFP dual staining, and rabbit polyclonal
anti-mGluR5 (1:200, Millipore, AB5675) and mouse
monoclonal anti-CAL (1:50, Santa Cruz, sc-393,026) for
mGluR5/CAL dual staining overnight at 4 °C. After 3
washes with PBS, the sections were then incubated with
Alexa Fluor 594 donkey anti-mouse (1:200, Invitrogen,
A-21203), or Alexa Fluor 594 donkey anti-rabbit (1:200,
Invitrogen, A-21207) and Alexa Fluor 488 donkey anti-
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mouse (1:200, Invitrogen, A-21202) secondary antibodies
for 1 h in the dark at the room temperature. The nuclei
were then stained with 4′,6-diamidino-2-phenylindole
(DAPI, Cell Signaling Technology) for 5 min and the
sections were mounted on slides with anti-fluorescence
quenching agent. Images were captured using a fluores-
cence microscope with a Leica TCS SP5 confocal system.

Statistical Analysis

All data are expressed as mean ± SEM or mean ± SD. Data
analysis was carried out using GraphPad Prism 5.0 software
and statistical differences between 2 groups were determined
by the unpaired Student’s t test and 1-way ANOVA followed
by Dunnett’s test for 3 or more groups. Two-way repeated
ANOVAwas used to determine the statistical changes in each
measure. Differences were considered statistically significant
at p < 0.05.

Results

CAL Modulates Group I mGluRs-Mediated ERK1/2
or AKT Signaling in C6 Astroglial Cells

Previous studies have shown that CAL interacts with
group I mGluRs to regulate their activity or expression
in COS7 cells [31, 32]. To investigate the biological effect
of the interaction between CAL and group I mGluRs, we
first examined the association between these 2 proteins
using coimmunoprecipitation in C6 astroglial cells. In
agreement with previously published results, mGluR1
was observed in the immunoprecipitated complex with
anti-CAL antibody and the interaction was enhanced by
stimulation with the group I mGluRs agonist DHPG
(Fig. 1A, left). In addition, mGluR5 immunoprecipitation
followed by Western blot analysis of CAL showed robust
coimmunoprecipitation of CAL with mGluR5 and stimu-
lation by the receptor agonist CHPG strengthened the in-
teraction (Fig. 1A, right). We then examined the down-
stream AKT and ERK1/2 signaling of group I mGluRs
under the conditions of CAL deficiency. To knock down
the protein level, the plasmid of CAL shRNA or scramble
control was transfected into C6 astroglial cells. The pro-
tein expression of CAL knockdown is shown in Fig. 1B.
In the control shRNA group, DHPG markedly elicited p-
AKT and p-ERK1/2, while CAL knockdown blocked ac-
tivation of the receptor (Fig. 1C), indicating an incremen-
tal effect of CAL on the agonist-induced activation of
group I mGluRs signaling. In order to further define the
manipulation of CAL on group I mGluRs activity, we
used AIDA, an antagonist of the group I mGluRs, to
block the receptor activity. CAL shRNA obstructed

DHPG-induced AKT and ERK1/2 phosphorylation com-
pared to control shRNA, and this effect disappeared fol-
lowing administration of AIDA (Fig. 1D). Collectively,
these findings show that CAL increases the downstream
signaling of group I mGluRs upon DHPG activation.

DHPG activates both mGluR1 and mGluR5 [33]. To fur-
ther determine the modulation of CAL on both subtype recep-
tors, we used the antagonist MPEP to inhibit mGluR5 and
LY367385 to block mGluR1, and measured the level of p-
AKT and p-ERK1/2 under the condition of CAL deficiency.
Knockdown of CAL inhibited DHPG-induced phosphoryla-
tion of AKT or ERK1/2 when either of each antagonist was
used, indicating that CAL regulates the activities of both
mGluR1 and mGluR5 (Fig. 1E and F).

CAL Enhances the Protective Effect of Group I mGluRs
Against STS-Induced Cell Apoptosis in C6 Astroglial
Cells

We further assessed the physiological function of CAL. As both
AKTandERK1/2 signaling elicited byDHPG favor cell survival

�Fig. 1 CAL modulates group I mGluRs-mediated AKT and ERK1/2
signaling in C6 astroglial cells. (A) Cells were treated with DHPG for
30 min followed by coimmunoprecipitation. The cell lysates were incu-
bated with anti-CAL (left) or anti-mGluR5 (right) antibody coupled to
protein A/G beads to immunoprecipitate, and the complexes were detect-
ed with anti-mGluR1 (left) or anti-CAL (right) antibody via Western
blotting to test the interaction (up). Total lysates were probed with anti-
mGluR1 or anti-mGluR5 antibody to visualize the equal expression
(down). (B) Cells were transiently transfected with plasmids either for
CAL knockdown or scramble control. At 48 h after transfection, cells
were harvested to detect the level of CAL using Western blotting. The
protein level was normalized to β-actin and expressed as the fold differ-
ence of scramble. (C) At 48 h after transfection, cells were stimulated with
DHPG (100μM, 5min) followed by analysis of the activities of AKTand
ERK1/2 by Western blotting (left). Protein levels were normalized to β-
actin and represented as the percentage difference of the control shRNA
group with DHPG stimulation in AKT (middle) or ERK1/2 (right) phos-
phorylation. (D) Cells after transfection were pretreated with AIDA
(100 μM, 25 min) followed by DHPG stimulation (100 μM, 5 min),
and cell lysates were detected for the activities of AKT and ERK1/2 by
Western blotting (left). Protein levels were normalized to β-actin and
represented as the percentage difference of the AKT (middle) or ERK1/
2 (right) phosphorylation compared to control shRNAwith DHPG stim-
ulation. (E, F) After transfection, cells were pre-incubated with MPEP
(10 μM, 25 min) or LY367385 (100 μM, 25 min) to block mGluR5 and
mGluR1, respectively, followed by DHPG (100 μM, 5 min) treatment.
Samples were analyzed for the activities of AKTand ERK1/2 viaWestern
blotting (left). Protein levels were normalized to β-actin and represented
as the percentage difference of p-AKT (middle) or p-ERK1/2 (right)
compared with the control shRNA. Either the control shRNA or CAL
shRNA group (in panels for quantification) was calculated as the fold
difference relative to its corresponding phospho-AKT or phospho-
ERK1/2 immunoreactivity by the presence of stimulation over the ab-
sence of stimulation. Data shown in this figure represent the means ±
SEM of 3 independent experiments. The statistical significance was de-
termined using Student’s t test. *p < 0.05 versus control shRNA group
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[34, 35], we investigated whether CAL modulated the effect of
DHPG on C6 astroglial cell apoptosis. The results from
Annexin V-PI and TUNEL staining assays showed that
DHPG protected against STS-induced cell apoptosis,
which was almost abolished when CAL was interfered
(Fig. 2A and B). Consistently, the cleavage of caspase-3
and PARP, markers of cell apoptosis, was decreased in the
presence of DHPG pretreatment, which was almost
abolished by the knockdown of CAL (Fig. 2C).
Furthermore, when AIDA was added to the cells, the pro-
tective effect of both DHPG and anti-DHPG action of
CAL knockdown were abrogated, as demonstrated by
the persistent high level of PARP cleavage (Fig. 2D).

The above results indicate that CAL plays an augmented
role in cell protection by regulating the activity of group I
mGluRs.

As mentioned above, CAL increased the DHPG-
elicited AKT and ERK1/2 signaling pathways and aug-
mented the protective effect of DHPG against cell apopto-
sis in response to STS. We next examined whether the
protection by CAL was via the regulation of AKT and
ERK1/2 signaling. As shown in Fig. 2E and F, the addi-
tion of LY294002 or U0126, inhibitors of PI3K and MEK,
respectively, to inhibit AKT or ERK1/2 signaling, reduced
the protective effect on DHPG treatment; however, these
effects were partially blocked when CAL was knocked
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down. These results suggest that the protection of CAL
against STS-induced apoptosis requires both AKT and
ERK1/2 signaling.

CAL Attenuates Cell Apoptosis by Regulating
the Protein Level of mGluR5 in Rotenone-Treated
MN9D Cells

The above results indicated that CAL protected against cell
apoptosis by regulating the activity of group I mGluRs.
mGluR5 played a critical role in regulating dopaminergic neu-
ronal death, which is important in PD pathogenesis [36].
Determining whether CAL regulated mGluR5 against dopa-
minergic neuronal death in PD may help to reveal the patho-
genesis and provide a new strategy for the prevention and
treatment of PD. Rotenone is an inhibitor of complex I in
mitochondria and has been successfully used to produce a
model of PD [37, 38].MN9D cells were treated with rotenone,
and the role of CAL was detected during dopaminergic neu-
ronal injury. We first tested the viability of MN9D cells after
treatment with different concentrations (0–1 μM) of rotenone
for 24 h using the 3-(4,5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide (MTT) assay, and the results
showed a concentration-dependent decrease in cell viability
(Supplementary Fig. 1). Cell viability was reduced to
49.04% compared to the control at 0.2 μM rotenone, and this
concentration was used in subsequent experiments. We then
overexpressed CAL using a lentiviral vector encoding human
CAL gene (abbreviated to LV-CAL) and a negative vector
control (abbreviated to LV-NC). The efficiency of infection
was measured by fluorescence microscopy and Western blot-
ting (Supplementary Fig. 2). Rotenone decreased cell viabili-
ty, which was significantly attenuated by LV-CAL (Fig. 3A).
Rotenone caused consistent progressive apoptotic cell death,
as shown by the cleavage of PARP which increased from 0 to
24 h during rotenone treatment; however, MN9D cells with
overexpression of CAL were more resistant to rotenone, as
shown by a marked reduction in PARP cleavage (Fig. 3B).
To confirm the protective role of CAL against rotenone-
induced MN9D cell apoptosis, we performed TUNEL assay.
As shown in Fig. 3C, the percentage of TUNEL-positive cells
was increased after rotenone treatment, while overexpression
of CAL greatly reduced the frequency of apoptotic cells.
Collectively, these results reveal that CAL attenuates
rotenone-induced apoptosis.

Next, we investigated whether CAL protected against cell
apoptosis by regulating mGluR5 in rotenone-treated MN9D
cells. We first determined the protein level of CAL and
mGluR5 by Western blotting, respectively, in rotenone-
treated MN9D cells. Following treatment with rotenone, both
CAL and mGluR5 expression were decreased in a time-
dependent and dose-dependent manner (Fig. 3D and E).
However, overexpression of CAL alleviated the rotenone-

induced decrease inmGluR5 comparedwith the LV-NC group
(Fig. 3F). In addition, we constructed a lentiviral vector with
package plasmids of shRNA targeting the translation region of
gene CAL to suppress the expression of CAL (abbreviated to
LV-sh-CAL) and the scramble control was LV-sh-NC. The
efficiency of knockdown was measured by fluorescence mi-
croscopy and Western blotting (Supplementary Fig. 3).
Contrary to the results obtained from the overexpression sys-
tem, CAL knockdown aggravated mGluR5 reduction under
rotenone treatment (Fig. 3G). We did not detect an alteration
in the protein level of mGluR5 when CAL was either
overexpressed or knocked down without rotenone treatment.
These results show that CAL regulates mGluR5 protein level
during rotenone treatment.

CAL Modulates Ubiquitin-Proteasome-Dependent
Degradation of mGluR5 in Rotenone-Treated MN9D
Cells

We next investigated how CAL regulated mGluR5 ex-
pression in response to rotenone treatment. It was reported
that mGluR5 was ubiquitinated at lysine residues in both
the transmembrane region and carboxyl-terminal tail
followed by receptor degradation [39]. We first analyzed
the effect of CAL on mGluR5 degradation. Following

�Fig. 2 CAL enhances the protective effect of group I mGluRs against cell
apoptosis in C6 astroglial cells. (A, B) At 48 h after transfection with
plasmids for CAL knockdown or scramble control, cells were pretreated
withDHPG (100μM) for 30min followed by STS (1μM) stimulation for
9 h, and then AnnexinV/PI (A) and TUNEL staining (B) assays were
performed to detect the apoptotic rate of cells (left). Quantitative data
were represented as the fold difference of apoptosis rate over the control
shRNA group with DHPG treatment (right). (C) STSwas added to lysates
from transfected cells following pretreatment with DHPG (100 μM,
30 min) and the cleavage of caspase-3 was determined by Western blot-
ting (up). The protein level was normalized to β-actin and represented as
the fold difference of the control shRNA group with DHPG stimulation
(down). (D) Cells after transfection were pretreated with AIDA (100 μM,
25 min) and then DHPG stimulation (100 μM, 30 min) followed by
incubation with STS. Cell lysates were obtained to detect cleaved
PARP using Western blotting (up) and the protein level was normalized
to β-actin and represented as the fold difference of the control shRNA
group following DHPG stimulation (down). (E, F) After transfection,
cells were pretreated with LY294002 (50 μM) or U0126 (20 μM) for
25 min to block AKT or ERK1/2 signaling before DHPG stimulation
(100 μM, 30 min) followed by STS incubation for 9 h, and cell lysates
were analyzed by Western blotting to determine caspase-3 cleavage.
Protein levels were normalized to β-actin and represented as the fold
difference of control shRNAwith DHPG stimulation. Either the control
shRNA or CAL shRNA group (in panels for quantification) was calcu-
lated as the fold difference relative to its corresponding apoptosis by the
presence of stimulation over the absence of stimulation. Data shown in all
panels of this figure represent the means ± SEM of 3 independent exper-
iments. The statistical significance was determined by Student’s t test.
*p < 0.05, ***p < 0.001 versus control shRNA group
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pretreatment with the protein synthesis blocker CHX
followed by rotenone treatment, the remaining mGluR5
was detected at different time points. As shown in
Fig. 4A, rotenone accelerated the decline of mGluR5 pro-
tein level compared to that in the CHX-treated group.
CAL overexpression decelerated the decrease in mGluR5
in response to CHX plus rotenone treatment compared to
that in the LV-NC group (Fig. 4B), while knockdown of
CAL had the opposite effect (Fig. 4C). These results

indicate that CAL impedes post-translational mGluR5
degradation to increase the stability of mGluR5 in re-
sponse to rotenone treatment.

To examine whether CAL regulated the ubiquitin-
proteasome-mediated mGluR5 degradation following rote-
none exposure, we performed a ubiquitination assay after im-
munoprecipitation using anti-mGluR5 antibody in rotenone-
treated MN9D cells. As shown in Fig. 4D, rotenone treatment
markedly increased the ubiquitination of mGluR5, which was
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alleviated when CAL was overexpressed. Furthermore, the
binding between CAL and mGluR5 was reduced when ex-
posed to rotenone, and CAL overexpression restored the bind-
ing of CAL with mGluR5, suggesting that CAL interfered

with mGluR5 ubiquitination by interacting with mGluR5 in
response to rotenone treatment. In addition, the proteasome
inhibitor MG132 inhibited rotenone-induced mGluR5 degra-
dation in a dose-dependent manner (Fig. 4E). Taken together,

770 W.Y. Luo et al.



our findings reveal that CAL stabilizes mGluR5 expression by
inhibiting the ubiquitin-proteasome-dependent degradation
process.

CAL Attenuates Rotenone-Induced Cell Apoptosis Via
mGluR5-Mediated Downstream JNK Signaling
in MN9D Cells

JNK signaling transduction is believed to be activated in PD
[40, 41]. In order to determine whether JNK signaling was
involved in CAL regulated cell death, we determined the level
of JNK phosphorylation in MN9D cells with or without CAL
overexpression after rotenone treatment. As shown in Fig. 5A,
rotenone treatment increased JNK phosphorylation, which
was reversed by overexpression of CAL. Correspondingly,
JNK inhibition by inhibitor SP600125 alleviated the cleavage
of PARP induced by rotenone (Fig. 5B). The MTT assay fur-
ther showed that both SP600125 treatment and CAL overex-
pression attenuated the decrease in cell viability following
rotenone treatment (Fig. 5C). These results suggested that
CAL alleviated cell apoptosis possibly by suppressing JNK
phosphorylation. To confirm the effect of CAL on JNK phos-
phorylation suppression by the regulation of mGluR5, MPEP
was introduced into the system. MPEP predominantly sup-
pressed JNK phosphorylation caused by rotenone, which

was consistent with the results obtained when CAL was
overexpressed (Fig. 5D). Taken together, these results reveal
that JNK phosphorylation correlates with rotenone-induced
cell damage and CAL plays a protective role by inhibiting
mGluR5-mediated JNK activation.

CAL Inhibits Rotenone-Induced Release of Glutamate
to Modulate mGluR5 Activity

Glutamate receptor overstimulation is indicated in
excitotoxicity [42]. We investigated whether the protection
by CAL against rotenone-induced toxicity was attributed to
modulation of mGluR5 activity. We performed a rescue ex-
periment. MN9D cells with CAL overexpression were ex-
posed to rotenone followed by DHPG treatment. As shown
in Fig. 6A, overexpression of CAL reversed mGluR5 degra-
dation caused by rotenone; however, DHPG blocked the pro-
tective effect of CAL on mGluR5 protein level. Accordingly,
CAL overexpression–attenuated JNK phosphorylation was
reversed following stimulation by DHPG (Fig. 6B). In addi-
tion, the protein level of tyrosine hydroxylase (TH), the rate-
limiting enzyme in dopamine synthesis, was decreased ac-
companied by a decline in cell viability following exposure
to rotenone, while CAL overexpression reversed rotenone-
induced loss of TH, which was blocked by DHPG treatment
(Fig. 6C and D). These results suggest that CAL may have a
beneficial effect on inhibiting excitotoxicity to appropriately
modulate mGluR5 protein expression. Indeed, we found that
the rotenone-induced elevation in glutamate release was
inhibited by CAL expression (Fig. 6E). As previously report-
ed, stimulation of mGluR5 facilitates glutamate release in the
striatum, and MPEP exerts neuroprotection by blocking glu-
tamate release [43]. As shown in Fig. 6F, rotenone-induced
glutamate increase was blocked by the antagonist MPEP. We
found that the inhibition of glutamate release by MPEP was
blocked by CAL knockdown. Correspondingly, the reduced
protein level of mGluR5 caused by rotenone was reversed by
MPEP treatment; however, knocking down CAL blocked this
effect (Fig. 6G). Collectively, these data indicate that CAL
plays a role in the inhibition of excitotoxicity to modulate
mGluR5 activity by regulating its protein level.

CAL Overexpression Upregulates mGluR5 Expression
to Play a Protective Role in the Rotenone-Induced
Animal Model of PD

As noted above, we showed that CAL had a protective func-
tion against rotenone-induced cell injury by regulating
mGluR5 protein degradation and the downstream JNK signal-
ing pathway in vitro. A rotenone-induced rat model of PD was
used to corroborate these results in vivo. The AAV9 virus
encoding the CAL gene (AAV-CAL) or GFP (AAV-GFP)
was injected into the right substantia nigral (SN) at 2 weeks

�Fig. 3 CAL attenuates rotenone-induced cell death by regulating
mGluR5 expression in MN9D cells. (A, C) Cells were infected with
LV-CAL or LV-NC followed by rotenone (0.2 μM) treatment for 24 h.
The cells were then subjected to the cell viability assay (A) and cell
apoptosis analysis via TUNEL staining (C). Scale bar = 100 μm. (B)
Cells infected with LV-CAL or LV-NCwere treatedwith 0.2μMrotenone
for different time periods and then cleaved PARP was determined by
Western blotting (left). The protein level was normalized to GAPDH
and represented as the fold difference of the control group (right). (D,
E) Cells were treated with different doses of rotenone (0, 0.05, 0.1, 0.2,
0.5, 1 μM) for 24 h (D) or 0.2 μM rotenone for different times (0, 12, 24,
36, 48 h) (E), and cell lysates were obtained to detect mGluR5 and CAL
protein levels usingWestern blotting (up). Protein levels were normalized
to GAPDH and represented as the fold difference of the control group
(down). (F) Cells were infected with LV-CAL or LV-NC followed by
0.2 μM rotenone treatment for 24 h, and lysates were obtained to detect
mGluR5 expression (up). The protein level was normalized to GAPDH
and represented as the fold difference of the control group (down). (G)
After infection with LV-sh-CAL or LV-sh-NC, cells were exposed to
rotenone (0.2 μM) for 24 h and analyzed for mGluR5 protein level
(up). The protein level was normalized to GAPDH and represented as
the fold difference of the control group (down). Untreated cells were used
as controls (D, E). Cells infected with LV-NC without rotenone treatment
were used as controls (A-C, F). Cells infected with LV-sh-NC without
rotenone treatment were used as controls (G). Ctrl: control; Rot:
Rotenone. Data shown in this figure represent the mean ± SEM of 3
separate experiments. The statistical significance was determined by 1-
way ANOVA followed by Dunnett’s test (A, C–G). A comparison of
different times of rotenone treatment between LV-CAL and LV-NC was
carried out using 2-way ANOVA analysis (B). *p < 0.05, **p < 0.01, and
***p < 0.001 versus control; #p < 0.05, ##p < 0.01, and ###p < 0.001 com-
pared to the LV-NC/LV-sh-NC group subjected to corresponding rote-
none treatment
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Fig. 4 CAL inhibits ubiquitin-proteasome-dependent degradation of
mGluR5 protein in rotenone-treated MN9D cells. (A) Cells were treated
with 0.2 μMCHX for 1 h followed by rotenone exposure for 0–60 h and
then Western blotting was performed to detect the alteration in mGluR5
protein level (up). The protein level was normalized to GAPDH and
represented as the fold difference of the control group (down).
Untreated cells were used as controls. **p < 0.01 versus the CHX group.
(B, C) Cells with LV-CAL/LV-NC (B) or LV-sh-CAL/LV-sh-NC infec-
tion (C) were treated with 0.2 μM CHX for 1 h followed by rotenone
exposure for 0–60 h and then Western blotting was performed to detect
the alteration in mGluR5 protein levels (up). Protein levels were normal-
ized to GAPDH and represented as the fold difference of the control
group. Cells treated with the drug for 0 h in the LV-CAL/LV-NC or LV-
sh-CAL/LV-sh-NC group were used as controls. #p < 0.05, ##p < 0.01
compared to the corresponding CHX+Rot group. (D) Cells were infected
with LV-CAL or LV-NC and treated with 0.2 μM rotenone for 24 h. The
cell lysates were then subjected to immunoprecipitation with anti-
mGluR5 antibody coupled to beads, and the precipitated complexes were

probed with anti-CAL antibody to examine the interaction between CAL
and the anti-ubiquitin antibody to evaluate mGluR5 ubiquitination using
Western blotting. The whole lysates were probed with anti-mGluR5 and
anti-CAL antibodies to visualize the expression of mGluR5 and CAL
(left). Protein levels were normalized to immunoprecipitated mGluR5
and represented as the fold difference of the control group (right). Cells
infected with LV-NC without rotenone treatment were used as controls.
*p < 0.05 and **p < 0.01 versus control group, #p < 0.05 and ###p < 0.01
compared to the LV-NC+rotenone group. (E) Cells were pretreated with
MG132 (1, 2, 5 μM) for 30min followed by rotenone (0.2 μM) treatment
for 24 h and mGluR5 expression was detected by Western blotting (up).
The protein level was normalized to GAPDH and represented as the fold
difference of the control group (down). Untreated cells were used as
controls. *p < 0.05 versus control group, #p < 0.05 compared to the rote-
none group. Data shown in all panels of this figure represent the mean ±
SEM of 3 independent experiments. The statistical significance was de-
termined by 1-way ANOVA followed by Dunnett’s test (D, E) or 2-way
ANOVA (A–C)
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after the rotenone lesion. Four weeks after virus injection, the
behavioral performance of rats was assessed and the animals
were then killed for pathophysiological analysis. The treat-
ment scheme is shown in Fig. 7A. The right SN sections

displayed a homogeneous and widespread staining pattern of
GFP fluorescence, whereas no GFP deposition was observed
in the intact hemisphere. Double immunofluorescence stain-
ing showed intracellular localization of CAL in TH-positive

Fig. 5 CAL suppresses mGluR5-mediated JNK phosphorylation and
ameliorates MN9D cell apoptosis induced by rotenone administration.
(A) Cells with LV-CAL infection or SP600125 pretreatment were
serum-starved for 16 h followed by rotenone treatment (0.2 μM) for
1 h, and then harvested for p-JNK analysis (up). The protein level was
normalized to total JNK and represented as the fold difference of the
control group (down). (B) Cells were pretreated with SP600125
(100 μM, 30 min) followed by rotenone (0.2 μM) for 24 h and then
harvested for PARP detection by Western blotting (up). The protein level
was normalized to GAPDH and represented as the fold difference of the
control group (down). (C) Cells were infected with LV-CAL or pretreated

with SP600125 (100 μM, 30 min) followed by rotenone (0.2 μM) treat-
ment for 24 h, and then cell viability was estimated by theMTTassay. (D)
Cells were pretreated with MPEP (100 μM, 30 min) or infected with LV-
CAL followed by rotenone (0.2 μM) for 1 h, then cell lysates were
collected for p-JNK assessment (up). The protein level was normalized
to total JNK and represented as the fold difference of the control group
(down). Untreated cells were used as controls. Data shown in all panels of
this figure represent the mean ± SEM of 3 independent experiments. The
statistical significance was determined by 1-way ANOVA followed by
Dunnett’s test. *p < 0.05 and ***p < 0.001 versus control, #p < 0.05,
##p < 0.01, and ###p < 0.001 compared to the rotenone group
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neurons. Correspondingly, brain lysates from the right side of
the SN showed a higher level of CAL protein relative to the
AAV-GFP control (Fig. 7B). To evaluate the beneficial role of
CAL on rotenone-induced PD symptoms, apomorphine-
induced rotation was carried out. All PD rats exhibited distinct
apomorphine-induced rotations ipsilateral to the rotenone le-
sion side, while control animals (vehicle+AAV-GFP group)

did not show asymmetric rotational behavior. CAL overex-
pression alleviated rotational behavior (Rot+AAV-CAL
group). During this test, no difference in rat body weight be-
tween the vehicle and rotenone infusion groups was observed
before or after virus injection (Fig. 7C).Moreover, the reduced
densities of TH-positive immunoreactive cell bodies in the
SN- and TH-positive immunoreactive fibers in the striatum
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induced by rotenone administration were both alleviated by
CAL administration, while no such effect was observed in the
vector control AAV-GFP group (Fig. 7D).

To examine whether the protective function of CAL against
rotenone-induced cell death was due to regulation of mGluR5
expression and the JNK signaling pathway in vivo, the protein
levels of mGluR5 and phosphorylation of JNK in brain lysates
from the striatum were examined by Western blotting.
Accompanied by an alteration in TH expression, rotenone
decreased mGluR5 and CAL protein levels and increased
JNK phosphorylation, which was reversed by CAL overex-
pression (Fig. 7E). These results were also observed following
evaluation of mGluR5 and CAL immunoreactivity in the SN
(Fig. 7F). Taken together, these data indicate that CAL plays a
protective role by associating with mGluR5 to modulate re-
ceptor expression and JNK signaling in rotenone-induced PD
animal model.

Effect of CAL Deficiency on Rotenone-Induced
Toxicity In vivo

To further corroborate the function of CAL, AAV9 encoding the
shRNA sequences targeting the CAL gene (AAV-shCAL) or the
scramble vector (AAV-scramble) were identically infused into
the right SN 2 weeks after rotenone administration. Four weeks
after virus delivery, GFP was expressed in TH-positive neurons
in the right SN and no GFP deposition was observed in the intact
hemisphere. This was accompanied by a lower CAL protein
level due to virus interference compared with the scramble group
(Fig. 8A). The assessment of apomorphine-induced rotations
showed more severe behavioral abnormalities in PD rats with
CAL deficiency (Rot+AAV-shCAL group) compared with the

rotenone infusion (Rot+AAV-scramble) group. In addition, dur-
ing virus transduction, animals had a constant body weight in-
crease in both the vehicle and rotenone groups (Fig. 8B).
Contrary to the effect of overexpression, knockdown of CAL
aggravated the loss of TH-positive immunoreactive neurons
and TH-positive immunoreactive fibers (Fig. 8C), accompanied
by a decrease in the level of mGluR5 and an increase in the
phosphorylation of JNK (Fig. 8D). These results were confirmed
by measuring the immunoreactivity of mGluR5 and CAL in the
SN (Fig. 8E). Taken together, these data indicate that CAL exerts
a beneficial effect to mitigate symptoms in the neurotoxin
rotenone-induced animal model of PD.

CAL Exerts the Protective Function by Interacting
mGluR5 and Inhibiting its Degradation In vivo

As aforementioned, mGluR5 protein decreased upon the rote-
none toxicity was due to the ubiquitin-mediated degradation,
while overexpression of CAL stabilized mGluR5 expression
via interacting with the receptor to inhibit the ubiquitin-
proteasome-dependent degradation process in MN9D cells,
as shown in Fig. 4D. In order to corroborate this point, we
detected the mGluR5-binding ubiquitin and the interaction of
mGluR5 with CAL by coimmunoprecipitation assay in the
rotenone-induced PD animal model. Rotenone lesion in-
creased the ubiquitination of mGluR5, which was alleviated
when CALwas overexpressed. The binding between mGluR5
and CAL was also reduced by rotenone treatment while CAL
overexpression recovered it (Fig. 9A). Notably, overexpres-
sion of CAL albeit altered its interaction withmGluR5, did not
impact the ubiquitination of mGluR5 in the absence of rote-
none treatment, indicating that the suppressed ubiquitination
is dependent on rotenone-induced neurotoxicity. We then
assessed the expression of mGluR5 in CAL-positive cells by
confocal microscopy. The result showed that rotenone injec-
tion decreased the fluorescence intensity of mGluR5 in CAL-
positive cells while CAL overexpression attenuated this effect
(Fig. 9B). These data suggest that CAL intercepts mGluR5
ubiquitination to enhance mGluR5 expression via interacting
with the receptor in response to rotenone treatment.

In order to validate that the beneficial function of CAL
depends on regulating mGluR5, MPEP was introduced to
the system of AAV-mediated CAL deficiency (Fig. 9C) and
the protein level of CAL was knocked down as shown in Fig.
9D. In the AAV-scramble group, MPEP reduced hemilateral
turnings in the apomorphine-induced rotational behavior, and
attenuated TH-positive neurons against rotenone lesion,
which is consistent with previously reported studies [4, 44],
while CAL deficiency partially disrupted the protective effect
of MPEP (Fig. 9E and F). Furthermore, compared to the ob-
servation in the rotenone-treated group, MPEP also upregulat-
ed protein expression of mGluR5 and TH, and decreased JNK
phosphorylation induced by rotenone treatment, while CAL

�Fig. 6 CAL inhibits rotenone-induced glutamate release to modulate
mGluR5 activity. (A–D) Cells infected with LV-CAL or LV-NC were
exposed to rotenone followed by DHPG treatment, and the alteration in
protein levels of mGluR5 (A), p-JNK (B), TH (C), and cell viability (D)
was evaluated. Protein levels shown in corresponding graphs were nor-
malized to GAPDH or total JNK and represented as the fold difference of
the control group. (E) Cells were transfected with CMV-hCAL-IRES-
ZsGreen or vector CMV-IRES-ZsGreen followed by 0.2 μM rotenone
treatment for 24 h and then the supernatant was assessed for glutamate
concentration. (F, G) Cells transfected with shGFP or shCAL were
pretreated with MPEP (100 μM, 30 min) followed by rotenone for
24 h, the supernatant was obtained for the glutamate assay (F), and the
cell lysates were probed with anti-mGluR5 and anti-CAL antibodies by
Western blotting (G). Protein levels were normalized to GAPDH and
represented as the fold difference of the control group. LV-NC infected
cells without rotenone treatment were used as controls (A–D). Cells
transfected with vector without rotenone administration were used as
controls (E–G). Data shown in all panels of this figure represent the mean
± SEM of 3 independent experiments. The statistical significance was
determined by 1-way ANOVA followed by Dunnett’s test. **p < 0.01
and ***p < 0.001 versus control, #p < 0.05, ##p < 0.01, and ###p < 0.001
compared to the rotenone treatment group, &p < 0.05 and &&p < 0.01
compared to the rotenone-treated LV-CAL group or rotenone- and
MPEP-treated shGFP group
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knockdown blocked it (Fig. 9G and H). To this end, these data
illustrate that CAL plays a significant role to resist rotenone-
induced behavioral deficit and dopaminergic neuronal death
in vivo, which is attributed to the modulation of mGluR5 ex-
pression and activity through their interaction.

Discussion

Excitotoxicity due to overstimulation of glutamate receptors
has been reported to be closely associatedwith the progression
of several neurodegenerative diseases such as PD among
others [42]. mGluR5 has been proposed as a potential target
for the pharmacological treatment of PD [45], due to its wide-
spread distribution within the basal ganglia [46]. Blockade of
mGluR5 by the selective antagonist MPEP/MTEP or NAMs
produces anti-parkinsonian-like effects in PD animal models
[47–50] and in clinical trials [51–53], suggesting that regula-
tion of mGluR5 stands as a promising strategy in controlling
the progression of PD. In the present study, we found that
CAL enhanced the protection against STS-induced apoptosis
through group I mGluRs-mediated AKT and ERK1/2 in C6
astroglial cells. Importantly, in a rotenone-induced cellular
model of PD, CAL mitigated glutamate excitotoxicity, upreg-
ulated the protein level of mGluR5 and downregulated the
JNK pathway to consequently inhibit cell death. CAL

consistently ameliorated motor dysfunction and TH-positive
cell loss in the nigrostriatal pathway in rotenone-treated
animals.

The interacting proteins, such as adenosine receptor A2A or
N-methyl-D-aspartic acid (NMDA) receptor, regulate
mGluR5 function, and simultaneous blocking of these pro-
teins and mGluR5 results in the reciprocal synergistic thera-
peutic effect in PD [54, 55]. Moreover, dopaminergic degen-
eration in PD models results in increased glutamate release in
the dorsal striatum [56, 57], and blockade of this excess excit-
atory drive may alternatively modulate excitatory transmis-
sion in the basal ganglia to attenuate parkinsonian symptoms
[5]. This evidence suggests that the identification of the regu-
latory factors to target mGluR5 might provide a novel thera-
peutic strategy for PD. In the present study, we found that
rotenone increased the level of glutamate and decreased
mGluR5 protein expression. CAL, as the interacting partner
of mGluR5, exerted a protective role by upregulatingmGluR5
protein expression and decreasing glutamate release to miti-
gate excitotoxicity. Furthermore, the inhibited rotenone-
induced mGluR5 degradation by overexpression of CAL
was blocked by treatment with its agonist DHPG, possibly
due to receptor overactivation (Fig. 6). MPEP inhibited
mGluR5 overactivation leading to mGluR5 protein increase
and glutamate decrease while knockdown of CAL reduced
these effects (Figs. 6 and 9). These findings indicate that the
decreased protein level of mGluR5 in this rotenone-induced
PD model may be as a result of an adaptive mechanism in
response to excitotoxicity, and CAL may act as an appropriate
modulator for fine-tuning of mGluR5 activation. In addition,
extracellular glutamate is removed by cellular uptake, which is
reportedly mediated by Na+- and K+-dependent transporters
such as excitatory amino acid transporters [58], whereas glu-
tamate release is due to exocytosis of synaptic vesicles or
glutamate transporters, and cysteine transporters [58].
Whether these glutamate regulatory systems are involved in
the inhibition of CAL at the rotenone-induced extracellular-
increased level of glutamate requires further investigation.

Previously reported studies reveal that mGluR5 mRNA in
the striatum is decreased (rostral and caudal) in a reserpinized
PDmodel [59] and in 6-OHDAMFB-lesioned rats [60], while
an increase in mGluR5 protein expression in the striatum is
observed in the dopaminergic degenerative system induced by
6-OHDA and MPTP-lesioned PD animal models [61–63].
Here, we showed a marked decrease in mGluR5 protein ex-
pression in a rotenone-lesioned rat model. These observations
suggest that differential regulation of mGluR5 mediated by
certain factors may occur depending on different stimuli.
mGluR5 activation has consistently been found to support
neuronal survival in cultured cerebellar granule cells [64],
and activation of mGluRs increases β-amyloid precursor pro-
tein release, thereby reducing neurotoxicity in Alzheimer’s
disease [65]. In contrast, overstimulation by glutamate

�Fig. 7 CAL overexpression upregulates mGluR5 expression to protect
against cell death in the rotenone-induced animal model of PD. (A) The
treatment of rats is shown in the scheme. (B) At 4 weeks after AAV
injection into the SN of animals, GFP and TH were immuno-labeled
(red) and images were captured by confocal microscopy (up), and the
expression of CAL in SN tissues was detected by Western blotting
(down). Scale bar = 75 μm. The protein level was normalized to β-
tubulin and represented as the fold difference of the AAV-GFP group
(n = 3 or 4/group). (C) Following virus injection, animal behavioral asym-
metry with the apomorphine-induced rotation test and the total
hemilateral rotations within 30 min were evaluated (up) (n = 8/group).
Body weight each week during surgery was measured (down) (n = 8/
group). (D) TH-positive immunoreactive neurons in the SN and TH-IR
fibers in the striatumwere detected by immunohistochemistry. Scale bar =
500 μm (SN), 1 mm (striatum). Quantification of TH-positive immuno-
reactivity was represented by the ratio of lesion side to intact side (n = 3 or
4/group). (E) Brain lysates from the left (L) and right (R) striatum were
analyzed by Western blotting to observe the alteration in mGluR5, CAL,
and p-JNK protein levels. Protein levels were normalized to β-tubulin
and represented as the ratio of lesion side to intact side and expressed as
the fold difference of the control group (n = 3 or 4/group). (F) mGluR5
and CAL staining in SN sections were detected by immunohistochemis-
try (left) and the number of positive cells was analyzed (right). The quan-
tification represented the percentage in the control group. The black ar-
rows represented positive cells that were stained brown (scale bar =
50 μm). Data shown in all panels in this figure represent the mean ±
SD. The statistical significance was determined using Student’s t test
(B) or 1-way ANOVA followed by Dunnett’s test (C–F). Vehicle groups
with AAV-GFP infection were used as controls. **p < 0.01, ***p < 0.001
versus control, #p < 0.05, ##p < 0.01 compared to the rotenone lesion with
AAV-GFP delivery group
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produces excitotoxicity and blockade of mGluR5 by the se-
lective antagonist MPEP or MTEP produces anti-
parkinsonian-like effects in PD animal models [66, 67].

Therefore, it appears mGluR5 may have a dual action, by
which activation of the receptor by an agonist exerts protec-
tion against cell death, while blockade of mGluR5 by a
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selective antagonist inhibits the receptor hyperactivity. Indeed,
in our study, CAL protected against apoptosis by facilitating
DHPG-activated mGluR5 following STS treatment in C6
astroglial cells. In the PD model, overactivation of mGluR5
by rotenone caused cell apoptosis, and correspondingly re-
duced both the expression ofmGluR5 and CAL byweakening
the association between these 2 proteins, which was worsened
by CAL knockdown and restored by CAL overexpression.
Our findings suggest that blockade of mGluR5 inhibits
rotenone-induced receptor overactivation by reducing the re-
lease of glutamate to further restore the normal expression of
the receptor, subsequently producing anti-parkinsonian-like
effects in PD. Correspondingly, CAL may interact with
mGluR5 to modulate its expression to exert its protective
function depending on the needs of the cells. In addition,
CAL played a protective role by upregulatingmGluR5 protein
expression at the post-translational level by inhibiting the
ubiquitin-proteasome pathway. It was previously reported that
mGluR5 can be ubiquitinated by 7 in absentia homolog 1A
(Siah1A), a member of the RING-finger-containing E3 ubiq-
uitin ligases, by binding to the Siah-interacting domain at the
C-terminal tails of mGluR5 [39]. The CAL–mGluR5 associ-
ation inhibited mGluR5 ubiquitination and this association
possibly spatially obstructed the interaction of Siah1a and
mGluR5 which prevented mGluR5 ubiquitination. However,
this possibility requires further investigation and what controls

the rotenone-induced reduction of CAL protein level also re-
mains unclear.

The activation of group I mGluRs modulates PI3K and
increases AKT phosphorylation to inhibit neuronal apoptosis
[68]. The JNK signaling activation thought to precede apopto-
sis is related to dopaminergic neuronal loss in neurotoxicant-
and environmental stress–induced PD models [40]. Here, we
found that CAL inhibited STS-induced cell apoptosis by in-
creasing group I mGluRs-activated AKT and ERK1/2 signal-
ing pathways in C6 astroglial cells. In the rotenone-induced
model of PD, overexpression of CAL inhibited cell apoptosis
through mGluR5-mediated phosphorylation of JNK, which
was disrupted when the receptor was profoundly activated
by DHPG treatment. Our study indicates that the association
between CAL and mGluR5 controls rotenone-induced recep-
tor overactivation by decreasing the level of glutamate and
upregulating the protein level of mGluR5 through
ubiquitination-proteasome-mediated mGluR5 degradation,
and further mediates the related signaling pathway to exert
neuroprotection against cell apoptosis (Fig. 10). This might
be that the environment of reactive oxygen species (ROS)
generated by rotenone [69] decreased the expression of
CAL, which further interfered with mGluR5 interaction and
its intracellular binding partners, ultimately leading to the re-
duction of receptor surface localization. This study also sug-
gests that compared to NAMs, targeting the endogenous mol-
ecule of PDZ domain–containing protein CAL may act as an
appropriate modulator for fine-tuning mGluR5 activation to
promote its therapeutic efficacy in the treatment of PD. In
addition, D1 and D2 receptors are abundantly expressed in
the basal ganglia and play a critical role in regulating the
physiological effect of dopamine in PD [70], while D2 recep-
tor forms a hetero-receptor complex with mGluR5 and the
A2A receptor in dendritic spines of striatopallidal neurons
[71]. Collectively, it would be interesting to examine how
these factors mentioned above are involved in contributing
to the beneficial effect of CAL against dopaminergic neuronal
death by regulating mGluR5 in PD.

Interestingly, CAL exerted its protective effect on
mGluR5 function depended on the presence of rotenone.
Knockdown of CAL without rotenone treatment did not
cause a decrease in the level of mGluR5 in MN9D cells
(Fig. 3F and G). Correspondingly, we did not observe any
of the behavioral deficits when injecting shCAL in SN in
the animal group without rotenone treatment (Fig. 8B).
However, we observed the interactive change between
CAL and mGluR5 but the receptor ubiquitination was not
affected after CAL overexpression (Fig.4D, lanes 4 versus
1; Fig. 9A, lanes 8 versus 7). It might be speculated that,
compared to the pathogenesis in PD, under a given physi-
ological condition, CAL interaction with mGluR5 in dopa-
minergic neurons may not be involved in the regulation of
mGluR5 protein degradation but, perhaps, in other

�Fig. 8 Effect of CAL deficiency on rotenone-induced toxicity in vivo.
(A) Following 4 weeks of AAV delivery, the SN sections were subjected
to TH labeling (red) and the images with GFP immunofluorescence were
obtained by confocal microscopy (up). Scale bar = 100 μm. The interfer-
ence efficiency of AAV-shCAL was investigated by Western blotting
(down, left) and quantification analysis was represented as the fold dif-
ference of the AAV-scramble group (down, right). (B) After virus injec-
tion, the animals underwent the apomorphine-induced rotational test to
assess behavioral asymmetry. The total number of hemilateral rotational
turns within 30 min was evaluated (up) (n = 7/ group) and the body
weight during surgery was monitored (down) (n = 7/group). (C) TH-
positive immunoreactivity was assessed by immunohistochemistry in
the SN and striatum. Scale bar = 500 μm (SN), 1 mm (striatum).
Quantification of TH-IR neurons in the SN or TH-IR fibers in the striatum
represented the ratio of lesion side to intact side (n = 3 or 4/group). (D)
The alterations in mGluR5, CAL, and p-JNK in the left (L) and right (R)
striatum were assessed by Western blotting (up). Protein levels were
normalized to GAPDH (TH, mGluR5, CAL) or total JNK (p-JNK) and
represented as the ratio of lesion side to intact side by the expression of
fold difference of the control group (n = 3/group). (E) mGluR5- and
CAL-positive immunoreactivity in the SN was analyzed by immunohis-
tochemistry (left) and the number of positive cells was analyzed (right).
The quantification represented the percentage in the control group (n = 3
or 4/group). The black arrows represent positive cells that were stained
brown (scale bar = 50 μm). Vehicle groups with AAV-scramble virus
delivery were used as controls. Data shown in all panels of this figure
represent the mean ± SD. Statistical significance was determined using
Student’s t test (A) or 1-way ANOVA followed by Dunnett’s test (B–E).
*p < 0.05, **p < 0.01, ***p < 0.001 versus control, #p < 0.05, ##p < 0.01,
###p < 0.001 compared to the rotenone lesion with AAV-scramble deliv-
ery group
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cellular-intrinsic functions. Notably, in C6 astroglial cells,
knockdown of CAL without mGluR5 activation by DHPG
showed the opposite effect compared to that with DHPG

treatment (Figs. 1D and 2C and D, lanes 4 versus 2), which
increased the phosphorylation of ERK1/2 and AKT
resulting in the inhibition of apoptosis, suggesting that
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CAL may perhaps play a role in anti-protection when it is
independent of mGluR5 activity. This discrepancy may be
due to the difference in cell type. Regardless of the com-
plication of the function of CAL without mGluR5 activa-
tion that needs to be further investigated, our study dem-
onstrates the protective role of CAL following toxin stim-
ulation by regulating mGluR5 activity.

Summary

Our study indicates that CAL coupled with mGluR5
upregulates mGluR5 protein expression by inhibition of
ubiquitin-proteasome-dependent degradation and modulates
receptor-mediated downstream AKT, ERK1/2, and JNK sig-
naling pathways, subsequently protecting against cell apopto-
sis. This study provides a novel mechanism by which CAL
acts as a target to regulate cell apoptosis via the regulation of
mGluR5, which may open the way for future discoveries of
therapeutic strategy for the treatment of PD.

Acknowledgements This study was supported by the National Natural
Science Foundation of the People’s Republic of China (81171886;
81372587), Beijing Municipal Natural Science Foundation (No.
7132018), Beijing City Board of Education Development Project
(KZ201310025021), and the Project of Construction of Innovative
Teams and Teacher Career Development for Universities and Colleges
Under Beijing Municipality (No. IDHT20140514). We thank

Fig. 10 Schematic graph of the
neuroprotective role of scaffold
protein CAL via regulation of
mGluR5. The association of CAL
with mGluR5 controlled
rotenone-induced receptor
overactivation by decreasing the
level of glutamate and u-
regulating the protein level of
mGluR5 through ubiquitination-
proteasome-mediated mGluR5
degradation, and further media-
tion of the related signaling path-
way to exert neuroprotection
against cell apoptosis

�Fig. 9 CAL regulated mGluR5 degradation through the interaction and
deficiency of CAL abrogated the beneficial effect of MPEP in vivo. (A)
The brain tissues were lysed for coimmunoprecipitation. Lysates were
first incubated with mGluR5 antibody followed by protein-G beads to
immunoprecipitate; the complex was detected with anti-ubiquitin or anti-
CAL antibodies by Western blot to test mGluR5 ubiquitination and inter-
action of CAL (up). The whole lysates were detected with mGluR5 and
CAL antibodies to visualize the expression (down). Protein levels were
normalized to immunoprecipitated mGluR5 and represented as the fold
different ratio (right/left) of the control group. (B) Immunofluorescence of
mGluR5 (red) and CAL (green) in the SN section showing the protein
expression and colocalization. Scale bar = 50 μm. (C) Rats were lesioned
by rotenone for 2 weeks followed by CAL knockdown and MPEP ad-
ministered for 3 weeks as the process shown. (D) The interference effi-
ciency of AAV-shCAL was detected by Western blotting (n = 3, left) and
quantification analysis was represented as the ratio of lesion side to intact
side by the fold difference of the AAV-scramble group (right). (E) The
body weight and apomorphine-induced rotational behavior were moni-
tored (n = 6–8/group). (F) TH-positive immunoreactivity in SN and stri-
atum was detected by immunohistochemistry and quantification repre-
sented as the ratio of lesion side to intact side (n = 3). Scale bar = 500 μm
(SN), 1 mm (striatum). (G, H) The expression of mGluR5, CAL, TH, and
p-JNK were detected by Western blot. Protein levels were normalized to
β-tubulin or total JNK and represented as the ratio of lesion side to intact
side by the expression of fold difference of the control group (n = 3). Data
shown represent the mean ± SD. The statistical significance was deter-
mined by 1-way ANOVA followed by Dunnett’s test. *p < 0.05,
**p < 0.01, ***p < 0.001 versus control, #p < 0.05, ##p < 0.01,
###p < 0.001 compared to rotenone group, &p < 0.05, &&p < 0.01,
&&&p < 0.001 compared to rotenone group with MPEP treatment
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