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Abstract

Metabotropic glutamate receptors (mGluRs) influence the proliferation and differentiation of neural progenitor cells (NPCs)
in the brain. They may play a major role in neurogenesis during embryonic development and in the adult brain. In this study,
we investigated the expression of mGluR4 in NPCs and its possible role in the proliferation of rat embryonic NPCs in vitro,
the expression of cyclin D1 and the activation of signaling pathways of mitogen-activated protein kinases (MAPKs). The
results showed that mGluR4 protein was expressed in NPCs in vitro. mGluR4 selective agonist VU0155041 promoted the
proliferation of NPCs by increasing cell activity, diameter of neurospheres and cell division. In addition, mGluR4 siRNA de-
creased the proliferation of NPCs. The protein expression of cyclin D1 increased with VU0155041 treatment and decreased
after siRNA treatment. We also demonstrated that activation of ERK1/2 signaling pathways was involved in the proliferation
of NPCs. VU0155041 increased phosphorylation of p-ERK1/2 levels, and mGluR4 siRNA decreased p-ERK1/2 levels.
Furthermore, p-p38 expression was decreased by VU0155041 but was increased by mGluR4 siRNA. ERK1/2 inhibitor
U0126 attenuated the increase of proliferation and cyclin D1 induced by VU0155041. These findings indicate that mGluR4
promotes the proliferation of rat NPCs and cyclin D1 expression through activation of ERK1/2 signaling pathways in vitro,
suggesting that mGluR4 may play an important role in brain development. This study will help to develop a new potential

therapeutic agent for brain injury and for the prevention of neurodegenerative disorders.
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INTRODUCTION

Neural progenitor cells (NPCs) have the capacity of
self-renewal and differentiation in the mammalian cen-
tral nervous system (CNS) during early development and
throughout adulthood. They ultimately produce neurons,
astrocytes, and oligodendrocytes in the CNS. The discove-
ry of NPCs has practical implications for brain repair fol-
lowing injury. Recently, the use of NPCs as treatment has
been considered to be very effective in the improvement of
neurologic functions in ischemic brain, nerve injury, and
neurodegenerative disorders (7,26,33). After isolation of
NPCs, many efforts have been made to identify molecular
mechanisms of proliferation, differentiation, and cell-fate
determination of NPCs. However, the molecular mecha-
nisms of controlling cell-fate of NSCs are still not fully
understood.

Glutamate can regulate cell death and neurogenesis by
activating metabotropic glutamate receptors (mGIuRs)
(34,36). mGluRs are a family, including eight G-protein-
linked receptors, which regulate a variety of intracellu-
lar signaling pathways (32). Group III (mGluR4, 6, 7, 8)
mGluRs are coupled to Gi/Go (11,15) . Previous studies
have shown that mGluRs participate in the biology of
nerve cells, such as cell proliferation and differentiation
(28,30). It is reported that embryonic stem (ES) cells can
differentiate into mesoblast and endoderm cells with a
remarkably increased expression of mGluR4 in the pro-
cess. Moreover, activation of mGluR4 accelerates diffe-
rentiation of retinoic acid-induced ES cells into NPCs (4).
Recent evidence indicates that mGluR7 promotes the pro-

liferation and differentiation of NPCs (42). Since mGluR4
and mGIluR7 belong to the same mGIuR group, it is likely
that mGluR4 may also regulate the proliferation of NPCs.
However, research on the function of mGluR4 is quite li-
mited because of the lack of effective tools. Recently, the
selective mGluR4 agonist VU0155041 provides an effec-
tive means for exploring the functions of mGluR4 (45).
It has been shown that mitogen-activated protein kinases
(MAPKSs), including extracellular signal-related protein
kinases (ERKs), c-Jun NH2-termianl kinases (JNKs), and
p38 MAP kinases, regulate proliferation of nerve cells
(39,48). Group II/IIl mGluRs have been found to activate
MAPK pathways through G subunits excluding the Gi
subunit (44). It is reported that mGluR3 affects the prolife-
ration and differentiation of glioma-initiating cells (GICs)
through MAPK pathways (10). Recent evidence has shown
that the activation of mGluR7 promotes the proliferation
and differentiation of NSCs by activating MAPK signaling
pathways (42). Based on these findings, the MAPK pa-
thways seem critical in the proliferation and differentiation
of NPCs mediated by mGluRs. However, little is known
about how or whether MAPK pathways involve regulation
of mGluR4-induced proliferation in NPCs.

In the development of NPCs, mGluR4 plays a critical
role in neurogenesis (4). Thus, here we aimed to inves-
tigate the effect of mGluR4 on proliferation of NPCs in
embryonic rat brain and explore its mechanisms related to
cell signaling system.
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MATERIALS AND METHODS

Rat NPCs culture

Sprague Dawley (SD) rats were provided by the Expe-
rimental Animal Center of Xi’an Jiaotong University
College of Medicine. The animal care was conducted in
accordance with the National Institute of Health’s Guide
for the Care and Use of Laboratory Animals. Experimen-
tal protocols were approved by the Ethics Committee of
Xi’an Jiaotong University College of Medicine. Rat NSCs
were prepared from the cortex of embryonic, day 15 (E15),
fetal SD rats and cultured using the methods as described
previously (2). The fresh cortex formation was microdis-
sected in chilled, sterile phosphate-buffered saline (PBS)
containing 0.6% glucose. The fetal cortex was incuba-
ted in a digestion solution containing 0.01% trypsin, 200
mM EDTA, 0.6% glucose, and 1 mM MgCIl2 in PBS (all
reagents from Sigma, St Louis, MO, USA) at 37 °C for
10 minutes (min). Next, the tissues were mechanically
dissociated into a single cell suspension. The single cells
were obtained by filtration using a three-hundreds-mesh
stainless steel screen and cultured in serum-free-DMEM/
F12 [Dulbecco’s modified Eagle medium and Hams F12
(1:1) 10 ng/ml bFGF, 20 ng/ml EGF, 1% N2, 1% penicil-
lin, 1% streptomycin, and 2% B27 supplement (all from
Invitrogen, Carlsbad, CA, USA) and 2.5 pg/ml heparin
(Sigma, St Louis, MO, USA)]. For culture, cells were pla-
ted at an initial concentration of 100,000 cells/ml in 50 ml
cell culture flasks at 37 °C with 5% CO,. After 5-7 days
in vitro (DIV), the primary neurospheres were passaged.
The neurospheres were dissociated with 0.05% trypsin and
200 uM EDTA for 10 min at 37 °C and mechanically tri-
turated into a single cell suspension. The single cells were
cultured at a density of 50,000 cells/ml for 4-5 days when
neurospheres of 90 — 120 um in diameter had been propa-
gated (passage | neurospheres). Passage 1 neurospheres
were used in this experiment. At least three independent
experiments were performed for each assay.

SiRNA synthesis and transfection

The pre-designed siRNA used for mGluR4 gene silen-
cing. Rat mGluR4 siRNA (sense-5CCA GGA AGG
UAU GAA AUA ATT 3, antisense-5'UUA UUU CAU
ACC UUC CUG GAG 3') and negative siRNA (NC-siR-
NA, sense-5'UUC UCC GAA CGU GUC ACG UTT 3/,
antisense-5’ACG UGA CAC GUU CGG AGA ATT 3)
were chemically synthesiyed by Shanghai GenePharma
Corporation (SGC, China). Lipofectamine™-2000 (Invi-
trogen, Carlsbad, CA, USA) were used to optimise siRNA
transfection. All siRNA transfection were performed in se-
rum-free DMEM/F12. Lipofectamine-siRNA complexes
were initially formed with 250 nM siRNA and diluted to
desired concentrations. Lipofectamine and siRNA were
diluted in serum-free DMEM/F12 and incubated for 5 min
at room temperature. After the two solutions were softly
mixed, the mixed solutions were incubated for 15 min
at room temperature. The complexes were diluted to the
desired transfection concentration and added to the plated
cells.

MTT assay and diameter measurement of neurospheres
We used the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide]-based assay and measu-

red the diameter of neurospheres to evaluate the effect of

mGluR4 on proliferation of NPCs. The cells were incuba-
ted in 96-well plates (20,000 cells/well in 200 pl medium)
and cultured for 2 days at 37 °C in 5% CO,. Followed by
incubation with different concentrations of Lipofecta-
mine-siRNA complexes (30nM, 60nM), or 1 uM, 50 uM,
100 uM of selective mGluR4 agonist VU0155041 (Sig-
ma, St Louis, MO, USA) or 10 uM, 20 uM, 40 uM of
selective ERK1/2 inhibitor (U0126) (Cell Signaling, MA,
USA) for 1 day, 2 days, and 3 days. Neurospheres cultured
with complete medium were used as blank control. After
culturing for 1, 2 and 3 days, 20 pl of 5 mg/ml MTT (Sig-
ma, St Louis, MO, USA) was added per well and the cells
were incubated for another 4 hours at 37 °C. Supernatants
were removed and formazan crystals were then dissolved
in 150 pL of dimethylsulfoxide (Sigma, St Louis, MO,
USA). Finally, optical density was determined at 492 nm
using multi-microplate test system (POLARstar OPTIMA,
BMG Labtechnologies, Germany).

Diameter of neurospheres was measured using the
methods as described previously and some modifica-
tions were made (42). Under monitored by inverted phase
contrast microscope, passage 1 neurospheres (30-40 pum
diameter) were individually transferred into the wells (one
neurosphere/well) of nonadherent 96-well plate in 200
ul of serum-free medium using a sterile capillary tube.
The neurospheres were cultured at 37 °C with 5% CO,
for 12h, then the neurospheres were treated with siRNA,
VUO0155041 and U0126 for 1, 2 and 3d. The diameters
of neurospheres were measured using DP71 camera and
Image-Pro Express software (ver 5.1, Olympus, Japan).
Results were collected as the average of more than three
independent experiments.

Flow cytometric analysis of cell cycle

To determine the effects of mGluR4 on the cell cycle of
rat NPCs, DNA content per duplicate was analyzed using
a flow cytometer. The cells dissociated from the passage 1
neurospheres were seeded in 6-well plates and incubated
for 2 days. Next, the cells were treated with 60 nM siR-
NA, 50 uM VUO0155041, or 50 uM VUO0155041 + 20 uM
U0126 for 1 day and dissociated into single cell suspensi-
ons. The cells were fixed in 75% ice cold ethanol overnight
at 4 °C. The fixed cells were stained with 50 pg/ml pro-
pidium iodide (PI) containing 50 pg/ml RNase A (DNase
free) for 15 min at room temperature in the dark and ana-
lyzed by fluorescence activated cell sorting and Modfit LT
software (FACSCalibur, BD Biosciences, San Jose, CA,
USA). The cells were excited at 488 nm. At the same time,
the emission was collected through a 630 nm filter. Twenty
thousand cells were gathered from each sample. The distri-
bution of the cell cycle included the G0/G1, S, and G2/M
stages. We analyzed the distribution by calculating the
proliferation index (PI) and S-phase cell fraction (SPF).
The following formulas were used: P1 = (S + G2/M)/(G0/
G1 + S+ G2/M), SPF = S/(GO/G1 + S + G2/M) (8).

Hoechst 33258 staining

To analyze the effect of mGluR4 on apoptosis of NPCs,
Hoechst 33258 labeling was used to identify the nuclei
and to detect the chromosomal condensation and morpho-
logical changes. After being cultured for 2 days, the dis-
sociated passage 1 neurospheres were treated with 60 nM
siRNA, 50 uM VUO0155041, or 50 uM VU0155041 + 20
uM U0126 for 1 day, and dissociated into a single cell sus-
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pension. The single cells were plated onto the poly-L-ly-
sine-coated coverslips in 24-well plates for another 6 hours
(h). Next, the cells were fixed in 4% paraformaldehyde in
PBS. Cells were stained with Hoechst 33258 (5 pg/ml)
(Sigma, USA) for 5 min at room temperature. The stained
cells were observed under UV illumination using an Olym-
pus fluorescent microscope. The percentage of apoptotic
cells was determined by counting the number of nuclear
condensation cells versus total cells in each experimental
condition. At least total 600 cells were used.

Measurement of apoptosis by Annexin-V/PI staining

After being cultured for 2 days, the dissociated passage
1 neurospheres were treated with 60 nM siRNA, 50 uM
VUO0155041, or 50 uM VUO0155041 + 20 uM U0126 for
1 day, and dissociated into a single cell suspension. The
cells were labeled by incubation with 5 pL. FITC-Annexin
V and 10 pL PI at 250 pg/ml for 10 min in the dark at room
temperature. Cells then were washed with PBS and exa-
mined using flow cytometry. Quantification of apoptosis
was determined by counting the number of cells stained
by FITC-labeled Annexin V. The apoptosis of cells was
detected using the Annexin V/PI Apoptosis Detection Kit
by FACS. Early apoptotic cells were identified with PI ne-
gative and FITC Annexin V positive; cells that were in late
apoptosis or already dead were both FITC Annexin V and
PI positive.

Western blot analysis

To detect the expression of cyclin D1, mGluR4, phos-
phorylated extracellular signal regulated kinase (ERK),
c-Jun N-terminal protein kinase (JNK), and p38, passa-
ge 1 rat NPCs were treated with 60 nM siRNA, 50 pM
VUO0155041, or 50 uM VUO0155041 + 20 uM U0126 for
1 day. The cells were then collected and lysed in RIPA
lysis buffer. Insoluble material was removed by centrifu-
gation at 12, 000 rpm at 4 °C. Proteins were subjected to
electrophoresis using 10% SDS polyacrylamide gels and
transferred to a nitrocellulose membrane. Membranes
were blocked for 2 h in 5% non-fat dry milk in PBST. The
membrane was incubated with primary monoclonal anti-
bodies overnight at 4 °C and with the secondary antibody
for 4 h at room temperature. These antibodies included:
anti-cyclin D1 (1:1000, Neomarker, Fremont, CA, USA),
anti-mGluR4 (1:1000, Santa Cruz), anti-ERK1/2 (1:2000,
Cell Signaling, Danvers, MA, USA), anti-P-ERK 1/2
(1:2000, Cell Signaling, Danvers, MA, USA), anti-JNK2
(1:1000, Santa Cruz), anti-P-JNK (1:2000, Cell Signa-
ling, Danvers), anti-p38 (1:2000, Cell Signaling), anti-P-
p38 (1:1000, Cell Signaling), anti-B-Actin (1:5000, Santa
Cruz). These membranes were incubated in the dark with
ECL (Amersham, USA).. The luminescent signal was re-
corded and quantified using the Syngene G Box (Syngene,
UK). The data were then recorded in the computer for ana-
lysis and documentation.

Statistical analysis

The data were expressed as mean = SD and statistical
analysis was performed using one-way ANOVA. Tukey’s
post-hoc analyses were used to detect the difference
between groups. All data were analyzed using SPSS 13.0
software. The P < 0.05 was considered statistically signi-
ficant.

RESULTS

mGluR4 was expressed in neurospheres of EI15 rat cor-
tex in vitro

To detect whether mGluR4 is expressed in rat E15 cor-
tical NPCs, western blotting was performed using pro-
tein extracted from passage 1 neurospheres. The results
showed that mGluR4 protein was expressed in rat NPCs.
mGluR4 siRNA significantly decreased the expression of
mGluR4 protein. Moreover, there was no change in the
expression of mGluR4 protein after treatment with the
selective mGluR4 agonist VU0155041 or VU0155041 +
U0126 (Fig. 1).

Control NC-siRNA siRNA VUO0155041 VUD155041+U0126

mGIuR4 102kDa

B -actin 43kDa

Figure 1. Protein expression of mGluR4 after NPCs spheres were
treated with siRNA, VU0155041, or VUO0155041+U0126. mGluR4
siRNA significantly decreased the expression of mGluR4 protein.

mGluR4 promoted the proliferation of rat NPCs

To determine whether mGluR4 plays an important role
in the proliferation of rat E15 cortical NPCs, secondary
neurospheres were treated with mGluR4 siRNA (30, 60
nM), agonist VU0155041 (1, 50, 100 uM), and /orERK1/2
inhibitor (U0126) (10 uM, 20 uM, 40 uM) for 1, 2, and 3
days. Results of MTT assay showed that mGluR4 siRNA
significantly inhibited cell activity of rat NPCs only at the
concentration of 60 nM at different times examined, when
compared with that in control Group (Fig. 2A) (P<0.05).
By contrast, mGIluR4 agonist VU0155041, at a concentra-
tion of 50 and 100 uM, significantly promoted the prolife-
ration of NPCs (Fig. 2B) (P<0.05). Furthermore, 20 pM
and 40 uM UO0126 significantly suppressed the prolifera-
tion of NPCs increased by VU0155041, when compared
with 50 pM VUO0155041 group (Fig. 2C) (P<0.05).

To further determine the effects of mGIuR4 on the pro-
liferation rate of E15 cortical NPCs, we measured the dia-
meter of neurospheres formed from NPCs; the mean dia-
meter of neurospheres significantly decreased 1, 2, and 3
days after 60 nM siRNA treatment when compared with
those of control groups (Fig. 2D, G) (P<0.05). In addi-
tion, the mean diameter of neurospheres remarkably in-
creased after 50 and 100 uM VUO0155041 treatment (Fig.
2E, G) (P<0.05). Meanwhile, 20 uM and 40 uM U0126
significantly reduced the increased size of neurospheres
induced by 50 uM VUO0155041 when compared with 50
uM VUO0155041 group (Fig. 2F, G) (P<0.05). Since there
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Figure 2. Effects of mGluR4 on proliferation of rat NPCs by MTT assay (A-C) and neurosphere diameters (D-F). (A and D) mGluR4 siRNA
inhibited the proliferation of NPCs at 1, 2, and 3 d. (B and E) mGluR4 agonist VU0155041 increased the proliferation of NPCs at 1, 2, and 3 d. (C
and F) ERK1/2 inhibitor U0126 decreased the proliferation of NSCs compared with VU0155041 group at 1, 2 and 3 d. (G) The change of phase
contrast images of neurospheres (¥ P<0.05, compared to control group; # P<0.05, compared to VU0155041 group). Scale bar = 50 pm.

were significant differences in the proliferation of NPCs
between the control group and 60 nM siRNA, or 50uM
VUO0155041 treatment groups (P<0.05), 60 nM siRNA,
50 uM VUO0155041 and 20 uM U0126 were the chosen
concentrations used in the following experiments. The re-
sults suggested that mGIluR4 promoted the proliferation of
rat E15 cortical NPCs in vitro.

mGluR4 promoted the proliferation of rat NPCs by regu-
lating cell cycle and expression of cyclin D1

As the cell cycle is involved in the regulation of cell
growth, we determined the cell cycle using fluorescence
activated cell sorting (FACS) after the cells dissocia-
ted from the neurospheres were treated with siRNA,
VUO0155041, or VU0155041+U0126. As illustrated in Fig
3, only 15.35% of cells in mitotic phase were identified
out of the total NPCs at normoxic condition (P1=0.1535 +
0.0133). mGluR4 siRNA induced a significant decrease in
Pl and SPF by approximately 1.80 and 2.05 folds (P<0.05),
respectively, when compared to the control. Moreover, PI
and SPF were remarkably increased in VU0155041 group
by approximately 1.85 and 1.86 folds (P<0.05). To fur-
ther examine whether the cell cycle regulated by mGluR4
was mediated through ERK1/2, we assessed the effect
of U0126 in the VU0155041-treated neurosphere cells.
U0126 (20 uM) significantly decreased PI and SPF values

by approximately 1.73 and 1.75 fold in the VU0155041
-treated neurosphere cells, a level similar to the control
level, when compared to that in the VU0155041-treated
neurosphere cells (Fig. 3A) (P<0.05). The results sug-
gested antagonistic effect of U0O126 on promotion of NPCs
growth induced by VU0155041.

Based on the fact that cyclin D1 was a key factor in the
control of cell cycle, next, we further analyzed the change
of protein expression levels of cyclin D1 using western
blotting. Protein expression of cyclin D1 of NPCs dimi-
nished remarkably in the siRNA group compared to the
control group. Moreover, the expression of cyclin D1 of
NSCs increased significantly in VU0155041 condition.
Also, the expression of cyclin D1 decreased significantly
in VUO0155041+U0126 group compared to VU0155041
(Fig. 3B) (P<0.05). These results indicated that mGluR4
promoted the proliferation of NPCs via ERK1/2 regulating
the expression of cyclin D1 in vitro.

Activation of mGluR4 inhibited apoptosis of rat NPCs
To examine the possible effects of mGluR4 on cell death,
we observed the morphology of nuclei in the cells disso-
ciated from primary neurospehres using Hoechst 33258
staining and Measurement of apoptosis by Annexin-V/
PI staining. We found that the proportion of Hoechst
33258-stained nuclei was 14.73 + 1.11% under normal
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culture condition (Fig. 4A, F). The proportion increased
remarkably after siRNA treatment (approximately 23.15
+ 2.12%, P<0.05) (Fig. 4C, F). By contrast, VU0155041
treatment induced a decrease in Hoechst 33258-stained
nuclei by approximately 2.18-fold (Fig. 4D, F) (P<0.05).
Furthermore, U0126 treatment significantly increased the
number of Hoechst 33258-stained nuclei by 2.26-fold,
when compared to that in VU0155041 group (Fig. 4E,
F) (P<0.05). The proportion of early apoptotic and late
apoptotic increased significantly after siRNA treatment,
VUO0155041 treatment induced a decrease, U0126 treat-
ment increased remarkably the number of early apoptotic
and late apoptotic, when compared to that in VU0155041
group (Fig. 4G) (P<0.05). These findings showed that
mGluR4 may interrupt apoptosis of NPCs.
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Figure 3. Effects of mGluR4 on cell cycle and cyclin D1 of rat NPCs.
(A) The results of cell cycle analysis were performed by PI staining.
The data showed that PI and SPF significantly changed by siRNA,
VUO0155041, and VU0155041+U0126. Proliferation index PI = (S +
G2/M)/(GO/G1 + S + G2/M), SPF = S/(G0/G1 + S + G2/M). (B) The
changes of protein expression of cyclin D1 (* P<0.05, compared with
control group; # P<0.05, compared with VU0155041 group).

3.5 mGluR4 promoted the proliferation of rat NPCs
through activiating ERK1/2 signaling pathways in vitro
To examine whether MAPK signaling pathways involves
proliferation and differentiation of rat E15 coritcal NPCs,
we examined the expression of phosphorylated ERK, JNK,
and p38 in cell cultures of rat NPCs. We found no signifi-
cant changes in the total expression of each signaling pa-
thway (ERK, JNK, and p38), Furthermore, the expression
of phosphorylation of MAPK signaling pathways changed
in all treatment groups. The ratio of p-MAPK/total MAPK
was used to indicate the phosphorylation and activation of
the proteins. We found the ratio of p-ERK1/2 to ERK1/2
was decreased 5.50-fold after treatment with siRNA, when
compared to that in the control group (Fig. SA) (P<0.05).
The ratio was significantly increased by 2.88-fold in the
VUO0155041 group, and U0126 inhibited the increased
ratio induced by VUO0155041 to control level (Fig. 5A)
(P<0.05). However, there was no significant difference in
the phosphorylation of p-JNK2 after treatment with siRNA

or VU0155041 and/or U0126 (Fig. 5B).

By contrast, the ratio of p-p38 to total p38 was signifi-
cantly increased by nearly 3.23-fold in the group treated
with siRNA compared to that in the control group (Fig. 5C)
(P<0.05); In addition, the ratio was remarkably reduced by
1.94 fold in the VUO0155041 groups; by contrast, U0126
inhibited the reduction induced by VU0155041 to control
level when compared to the VU0155041 group (Fig. 5C)
(P<0.05).

DISCUSSION

It is showed mGluRs play a critical role during cortical
development and neurogenesis (12,13,36). In particular,
some experiments demonstrate that mGluRs might sup-
port basic developmental processes, such as proliferation,
survival, and differentiation of NPCs (6). For instance,
mGIluR Group I (mGluR1/5) have been shown to regu-
late survival, proliferation, and differentiation of neural
progenitor cells, suggesting a role for these receptors in
brain development and developmental disorders (6). The
activation of mGIluR5 may positively regulate prolifera-
tion, survival, and differentiation into neurons of NPCs
(3,5,13,40). mGIuR3 has been shown to facilitate proli-
feration of embryonic stem cells and NPCs (3,12,13). A
positive role in NSC/NPC proliferation has also been sug-
gested for group Il receptors (2). Recent evidence suggests
that mGIluR Group III (mGluR4, 6, 7, 8) may be functio-
nally expressed to regulate self-renewal capacity through a
mechanism related to cAMP formation with promotion of
subsequent differentiation of NPCs (29). It is reported that
activation of mGluR7 promotes the proliferation and diffe-
rentiation of neural progenitor cells and influences phos-
phorylation of MAPK signaling pathways (43). Previous
studies have shown that activation of mGIluR4 promotes
retinoic acid-induced ES cell differentiation into NPCs (4).
Since mGluR4 and mGIluR7 belong to the same mGIluR
group, it is likely that mGluR4 may also possess the same
functions in regulating the biological properties of NPCs.
However, the mechanisms that mGluR4 regulates in NSC/
NPC proliferation are uncertain. Recent studies indicate
that mGluR4 regulats neurosphere proliferation, at least
in part, through upregulation of mTOR pathway activity,
and suggest that P-Ser or other mGluR4 effectors could
be used to promote neurogenesis following stroke or other
focal CNS injury (29,35). In the present study, we found
that, GluR4 siRNA reduced DNA duplication and cell di-
vision of rat E15 cortical NPCs in vitro, as well as cell
activity and size of neurospheres. In contrast, the selec-
tive mGluR4 agonist, VU0155041, had opposite effects. In
addition, ERK1/2 inhibitor U0126 abolished the effects of
VUO0155041 on the increased DNA duplication, cell acti-
vity, and size of neurospheres. These findings indicate that
mGluR4 positively regulates cell proliferation of rat E15
cortical NPCs via regulating ERK1/2.

Although our and other studies show the roles of
mGluR4 in regulating proliferation of NPCs, the under-
lying mechanisms are unclear. One possibility is that
mGLR4 promotes proliferation via controlling cell cycle.
Here, we found that VU0155041 treatment stimulated the
expression of cyclin D1 but siRNA decreased the expres-
sion, moreover, ERK1/2 inhibitor U0126 abolished the ef-
fects of VU0155041. These findings suggest that mGluR4
increases the expression of cyclin D1 and drives more cells
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crossing G1/S node and enters into cell cycle by activating
ERK1/2, consequently, resulting in proliferation of NPCs.
It is known that cyclinD1 is an important cell cycle protein
responsible for the promoted transition into the prolifera-
tive stage. Over-expression of cyclinD1 leads to shorte-
ning of G1 phase, subsequently, leading to cross the G1/S
point to rapidly enter into S phase (19,38). The expression
of cyclinD1 is mainly regulated at the transcriptional level
with little involvement of post-transcriptional processes
(46). Mice lacking cyclin D1 show developmental neuro-
logical abnormalities and hypoplastic retinas, while cyclin
D2-deficient animals have cerebellar defects (16,21). Re-
cent studies show that cyclin D1 is a major regulator to
control proliferation of NPCs during embryonic life, whe-
reas cyclin D2 is more crucial in the adult brain (24,41).
After the extracellular mitogenic stimulation, D-cyclins
result in the release of the E2F transcription factors and
drive cell entry into the S phase of the cell cycle (14,25).

Besides regulating neurosphere proliferation via control-
ling cell cycle, we also demonstrated that MAPK signa-
ling pathways could be involved in proliferation. Here, we
found that increased phosphorylation of ERK in response to
activation of mGIuR4 induced by VU0155041, decreased
p-ERK in the VU0155041+U0126 group. Furthermore,
in siRNA treatment group, our results reveal decreased
p-ERK. These findings indicate that mGIluR4 might pro-
mote the proliferation of NPCs by activating phospho-
rylation of p-ERK. Ferraguti et al previously showed
that the stimulation of mGluR4 could activate MAPK in
CHO cell model (17). Previous studies showed mGIuRS
and mGluR7 also regulate the proliferation of neural pro-
genitor cells through the activating of MAPK pathway
(43,47), so mGluR4, mGluRS and mGluR7 may promote
the proliferation of NSCs/NPCs through the activating of
MAPK pathway together. Shaw et al. have reported that
MAPKSs are downstream effectors of regulating NSC/NPC
proliferation (37). It is known that MAPK signaling pa-
thways are activated by stimuli at the extracellular mem-
brane and culminate in the phosphorylation and activation
of MAPKs including JNKs, ERKSs, and p38, which pro-
mote translation and activate transcription factors, which
increase protein synthesis and regulate multiple biological
and physiological processes, such as survival, prolifera-
tion, differentiation, and transformation (18). In particular,
JNK, ERK, and p38 MAPK play an important role in CNS
development and differentiation. The ERK cascade could
be stimulated by growth factors and transmit signals to
facilitate cell survival, proliferation (20,27). Interestingly,
it has been recently shown that group I mGluRs activates
ERK and phosphoinositide 3-kinase (PI3K)-mTOR signa-
ling pathways (1,31,40) following stroke or other focal
CNS injury (29,35). Thus, it would be interesting to fur-
ther investigate the roles of mGIluR4 in neurogenesis after
brain injury.

In addition, we further demonstrated that mGluR4 pro-
moted the proliferation by inhibiting the apoptosis of NPCs
and by reducing the phosphorylation of p38, as demonstra-
ted by the fact that phosphorylation of p38 is diminished
after VU0155041 treatment. Moreover, siRNA treatment
increased the expression of p-p38. It has been shown that
phosphorylation of p38 pathway mediates cell apoptosis,
and inhibition of p38 with selective inhibitor SB203580
can reduce the cell death (9,22). Recent studies suggest
that p38 MAPK signaling acts as a negative regulator of

NSC/NPC proliferation (23).

In conclusion, we found that mGIluR4 was expressed in
rat NPCs, and mGluR4 promoted the proliferation of rat
NSCs/NPC in vitro and reduce the apoptosis of the cells,
and activation of mGIluR4 may increase the expression of
cyclin D1 with phosphorylation of ERK1/2. The results
will provide novel insights to aid in the development of
new strategies facilitating the expansion of NPCs and neu-
ral repair for nerve injury and neurodegenerative disor-
ders. However, the signaling cascades underlying mGluR4
are very complicated and more work is needed to explore
the mechanisms of MAPK signaling pathways on the pro-
liferation of NPCs induced by mGluRs.

ACKNOWLEDGMENT
We want to thank Qi Chen, a teacher of English in Xi’an Jiaotong Uni-
versity, for contributing to language revision of the manuscript.

REFERENCES

1. Banko, J.L., Hou, L., Poulin, F., Sonenberg, N. and Klann, E.,
Regulation of eukaryotic initiation factor 4E by converging signaling
pathways during metabotropic glutamate receptor-dependent long-term
depression. J. Neurosci. 2006, 26: 2167-2173.

2. Brazel, C.Y., Nunez, J.L., Yang, Z. and Levison, S.W., Glutamate
enhances survival and proliferation of neural progenitors derived from
the subventricular zone. Neuroscience. 2005, 131: 55-65.

3. Cappuccio, ., Spinsanti, P., Porcellini, A., Desiderati, F., De Vita,
T., Storto, M., Capobianco, L., Battaglia, G., Nicoletti, F. and Melchior-
ri, D., Endogenous activation of mGlu5 metabotropic glutamate recep-
tors supports self-renewal of cultured mouse embryonic stem cells.
Neuropharmacology. 2005, 49 (Suppl 1): 196-205.

4. Cappuccio, L., Verani, R., Spinsanti, P., Niccolini, C., Gradini, R.,
Costantino, S., Nicoletti, F. and Melchiorri, D., Context-dependent re-
gulation of embryonic stem cell differentiation by mGlu4 metabotropic
glutamate receptors. Neuropharmacology. 2006, 51: 606-611.

5. Castiglione, M., Calafiore, M., Costa, L., Sortino, M.A., Nicoletti,
F. and Copani, A., Group I metabotropic glutamate receptors control
proliferation, survival and differentiation of cultured neural progenitor
cells isolated from the subventricular zone of adult mice. Neurophar-
macology. 2008, 55: 560-567.

6. Catania, M.V., D’Antoni, S., Bonaccorso, C.M., Aronica, E., Bear,
M.F. and Nicoletti, F., Group I metabotropic glutamate receptors: a role
in neurodevelopmental disorders? Mol. Neurobiol. 2007, 35: 298-307.
7. Chaturvedi, R.K., Shukla, S., Seth, K. and Agrawal, A.K., Zucker-
kandl’s organ improves long-term survival and function of neural stem
cell derived dopaminergic neurons in Parkinsonian rats. Exp. Neurol.
2008, 210: 608-623.

8. Chen, X,, Tian, Y., Yao, L., Zhang, J. and Liu, Y., Hypoxia stimu-
lates proliferation of rat neural stem cells with influence on the expres-
sion of cyclin D1 and c-Jun N-terminal protein kinase signaling pa-
thway in vitro. Neuroscience. 2010, 165: 705-714.

9. Cheng, A., Chan, S.L., Milhavet, O., Wang, S. and Mattson, M.P.,
P38 MAP kinase mediates nitric oxide-induced apoptosis of neutal pro-
genitor cells. J. Biol. Chem. 2001, 276: 43320-43327.

10. Ciceroni, C., Arcella, A., Mosillo, P., Battaglia, G., Mastrantoni, E.
and Oliva, M.A., Type-3 metabotropic glutamate receptors negatively
modulate bone morphogenetic protein receptor signaling and support
the tumourigenic potential of glioma-initiating cells. Neuropharmaco-
logy. 2008, 55: 568-576.

11. Conn, PJ. and Pin, J.P., Pharmacology and function of metabo-
tropic glutamate receptors. Annu. Rev. Pharmacol. Toxicol. 1997, 37:
205-237.

12. Di Giorgi Gerevini, V.D., Caruso, A., Cappuccio, ., Ricci Vitiani,

1815



Z.DUAN et al. / mGluR4 promotes proliferation of rat NPCs.

L., Romeo, S., Della Rocca, C., Gradini, R., Melchiorri, D. and Nicolet-
ti, F., The mGlu5 metabotropic glutamate receptor is expressed in zones
of active neurogenesis of the embryonic and postnatal brain. Brain. Res.
Dev. Brain. Res. 2004, 150: 17-22.

13. Di Giorgi-Gerevini, V., Melchiorri, D., Battaglia, G., Ricci-Vitiani,
L., Ciceroni, C. and Busceti, C.L., Endogenous activation of metabotro-
pic glutamate receptors supports the proliferation and survival of neural
progenitor cells. Cell. Death. Differ. 2005, 12: 1124-1133.

14. Dyson, N., The regulation of E2F by pRB-family proteins. Genes.
Dev. 1998, 12: 2245-2262.

15. Fagni, L., Ango, F., Perroy, J. and Bockaert, J., Identification and
functional roles of metabotropic glutamate receptor-interacting pro-
teins. Semin. Cell. Dev. Biol. 2004, 15: 289-298.

16. Fantl, V., Stamp, G., Andrews, A., Rosewell, I. and Dickson, C.,
Mice lacking cyclin D1 are small and show defects in eye and mam-
mary gland development. Genes. Dev. 1995, 9: 2364-2372.

17. Ferraguti, F., Baldani-Guerra, B., Corsi, M., Nakanishi, S., Corti,
C., Activation of the extracellular signal-regulated kinase 2 by meta-
botropic glutamate receptors. Eur: J. Neurosci. 1999, 11: 2073-2082.
18. Hao, Y., Creson, T., Zhang, L., Li, P., Du, F., Yuan, P., Gould, T.D.,
Manji, H.K. and Chen, G., Mood stabilizer valproate promotes ERK
pathway-dependent cortical neuronal growth and neurogenesis. J. Neu-
rosci. 2004, 24: 6590-6599.

19. Harbour, J.W., Luo, R.X., Dei Santi, A., Postigo, A.A. and Dean,
D.C., Cdk phosphorylation triggers sequential intramolecular interac-
tions that progressively block Rb functions as cells move through G1.
Cell. 1999, 98: 859-869.

20. Hill, C.S. and Treisman, R., Transcriptional regulation by extracel-
lular signals: mechanisms and specificity. Cell. 1995, 80: 199-211.

21. Huard, J.M., Forster, C.C., Carter, M.L., Sicinski, P. and Ross,
M.E., Cerebellar histogenesis is disturbed in mice lacking cyclin D2.
Development. 1999, 126: 1927-1935.

22. Kim, H.J., Oh, J.E., Kim, S.W., Chun, Y.J. and Kim, M.Y., Cera-
mide induces p38 MAPK-dependent apoptosis and Bax translocation
via inhibition of Akt in HL-60 cells. Cancer. Lett. 2007, 260: 88-95.
23. Kim, J. and Wong, P.K., Loss of ATM Impairs Proliferation of Neu-
ral Stem Cells Through Oxidative Stress-Mediated p38 MAPK Signa-
ling. Stem. Cells. 2009, 27: 1987-1998.

24. Kowalczyk, A., Filipkowski, R.K., Rylski, M., Wilczynski, G.M.,
Konopacki, F.A., Jaworski, J., Ciemerych, M.A., Sicinski, P. and Kacz-
marek, L., The critical role of cyclin D2 in adult neurogenesis. J. Cell.
Biol. 2004, 167: 209-213.

25. Kozar, K., Ciemerych, M.A., Rebel, V.I., Shigematsu, H., Zago-
zdzon, A., Sicinska, E., Geng, Y., Yu, Q., Bhattacharya, S., Bronson,
R.T., Akashi, K. and Sicinski, P., Mouse development and cell prolife-
ration in the absence of D-cyclins. Cell. 2004, 118: 477-491.

26. Marshall, C.T., Lu, C., Winstead, W., Zhang, X., Xiao, M., Harding,
G., Klueber, K.M. and Roisen, F.J., The therapeutic potential of human
olfactory-derived stem cells. Histol. Histopathol. 2006, 21: 633—643.
27. Matsuzawa, A. and Ichijo, H., Molecular mechanisms of the deci-
sion between life and death: regulation of apoptosis by apoptosis signal-
regulating kinase 1. J. Biochem. 2001, 130: 1-8.

28. Melchiorri, D., Cappuccio, L., Ciceroni, C., Spinsanti, P., Mosillo, P.,
Sarichelou, 1., Sale, P. and Nicoletti, F., Metabotropic glutamate recep-
tors in stem/progenitor cells. Neuropharmacology. 2007, 53: 473—480.
29. Nakamichi, N., Yoshida, K., Ishioka, Y., Makanga, J.O., Fukui, M.,
Yoneyama, M., Kitayama, T., Nakamura, N., Taniura, H. and Yoneda,
Y., Group III metabotropic glutamate receptor activation suppresses
self-replication of undifferentiated neocortical progenitor cells. J. Neu-
rochem. 2008, 105: 1996-2012.

30. Nicoletti, F., Battaglia, G., Storto, M., Ngomba, R.T., lacovelli, L.,
Arcella, A., Gradini, R., Sale, P., Rampello, L., De Vita, T., Di Marco,
R., Melchiorri, D. and Bruno, V., Metabotropic glutamate receptors:
beyond the regulation of synaptic transmission. Psychoneuroendocri-

nology. 2007, 32: 40-45.

31. Page, G., Khidir, F.A., Pain, S., Barrier, L., Fauconneau, B.,
Guillard, O., Piriou, A. and Hugon, J., Group I metabotropic glutamate
receptors activate the p70S6 kinase via both mammalian target of rapa-
mycin (mTOR) and extracellular signal-regulated kinase (ERK 1/2)
signaling pathways in rat striatal and hippocampal synaptoneurosomes.
Neurochem. Int. 2006, 49: 413-421.

32. Pin, J.P. and Acher, F., The metabotropic glutamate receptors: struc-
ture, activation mechanism and pharmacology. Curr. Drug. Targets.
CNS. Neurol. Disord. 2002, 1: 297-317.

33. Pluchino, S., Zanotti, L. and Deleidi Martino, G., Neural stem cells
and their useas therapeutic tool in neurological disorders. Brain. Res.
Dev. Brain. Res. 2005, 48: 211-219.

34. Recasens, M., Guiramand, J., Aimar, R., Abdulkarim, A. and Barba-
nel, G., Metabotropic glutamate receptors as drug targets. Curr. Drug.
Targets. 2007, 8: 651-681.

35. Saxe, J.P., Wu, H., Kelly, T.K., Phelps, M.E., Sun, Y.E., Kornblum,
H.I. and Huang, J., A Phenotypic Small-Molecule Screen Identifies an
Orphan Ligand-Receptor Pair that Regulates Neural Stem Cell Diffe-
rentiation. Chem. Biol. 2007, 14: 1019-1030.

36. Schlett, K., Glutamate as a modulator of embryonic and adult neu-
rogenesis. Curr. Top. Med. Chem. 2006, 6: 949-960.

37. Shaw, R.J. and Cantley, L.C., Ras, PI(3)K and mTOR signalling
controls tumour cell growth. Nature. 2006, 441: 424-430.

38. Sherr, C.J., G1 phase progression: cycling on cue. Cell. 1994, 79:
551-555.

39. Song, H.J., Stevens, C.F. and Gage, F.H., Neural stem cells from
adult hippocampus develop essential properties of functional CNS neu-
rons. Nat. Neurosci. 2002, 5: 438—445.

40. Spinsanti, P., De Vita, T., Di Castro, S., Storto, M., Formisano, P.,
Nicoletti, F. and Melchiorri, D., Endogenously activated mGlu5 meta-
botropic glutamate receptors sustain the increase in c-Myc expression
induced by leukaemia inhibitory factor in cultured mouse embryonic
stem cells. J. Neurochem. 2006, 99: 299-307.

41. Sundberg, M., Savola, S., Hienola, A., Korhonen, L. and Lindholm,
D., Glucocorticoid hormones decrease proliferation of embryonic neu-
ral stem cells through ubiquitin-mediated degradation of cyclin D1. J.
Neurosci. 2006, 26: 5402-5410.

42. Suzuki, M., Nelson, A.D., Eickstaedt, J.B., Wallace, K., Wright,
L.S., Svendsen, C.N., Glutamate enhances proliferation and neuroge-
nesis in human neural progenitor cell cultures derived from the fetal
cortex. Eur. J. Neurosci. 2006, 24: 645—653.

43. Tian, Y., Yong, L., Chen, X., Kang, Q., Zhang, J. and Shi, Q.,
AMNO82 promotes the proliferation and differentiation of neural pro-
genitor cells with influence on phosphorylation of MAPK signaling
pathways. Neurochem. Int. 2010, 57: 8—15.

44. Wang, J.Q., Fibuch, E.E. and Mao, L., Regulation of mitogen-acti-
vated protein kinases by glutamate receptors. J. Neurochem. 2007, 100:
1-11.

45. Williams, R., Johnson, K.A., Gentry, P.R., Niswender, C.M., Wea-
ver, C.D., Conn, P.J., Synthesis and SAR of a novel positive allosteric
modulator (PAM) of the metabotropic glutamate receptor 4 (mGluR4).
Bioorg. Med. Chem. Lett. 2009, 19: 4967-4970.

46. Yan, Y.X., Nakagawa, H., Lee, M.H. and Rustgi, A K., Transfor-
ming growth factor-a enhances cyclin D1 transcription through the bin-
ding of early response protein to a cis-regulatory element in the cyclin
D1 promoter. J. Biol. Chem. 1997, 272: 33181-33190.

47. Zhao, L., Jiao, Q., Yang, P., Chen, X., Zhang, J., Zhao, B., Zheng,
P, Liu, Y., Metabotropic glutamate receptor 5 promotes proliferation
of human neural stem/progenitor cells with activation of mitogen-acti-
vated protein kinases signaling pathway in vitro. Neuroscience. 2011,
192: 185-194.

48. Zhao, L.Y., Jiao, Q., Xu, X., Yang, P.B., Song, T.S., Huang, C.,
Zhang, J.F. and Liu, Y., The decreased self-renewal potential of NPCs

1816



Z.DUAN et al. / mGluR4 promotes proliferation of rat NPCs.

during human embryonic brain development with reduced activity of MAPKs. Cell. Mol. Biol. 2012, 58: OL1730-1736.

1817



