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Hypoxia stimulates the proliferation of rat neural stem cells by regulating the expression 
of metabotropic glutamate receptors: an in vitro study
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Abstract: Neural stem cells (NSCs) reside in not only developing, but also adult brain with specialized microenvironments that regulate their 
function. In vitro and in vivo studies have revealed strong regulatory links between hypoxic/ischemic insults and activation of NSCs. However, 
the underlying mechanisms remain unclear. Here, we show that proliferating NSCs isolated from rat E15.5 cortex expressed functional metabo-
tropic glutamate receptor (mGluR) subtype 3-7. Hypoxic exposure regulated their expression in NSCs in mRNA and protein levels. Activation 
of mGluRs by glutamate or Trans-ACPD (a non subtype-selective mGluRs agonist) sensitized NSCs to the growth effects of hypoxia. Pharma-
cological blockade of ionotropic glutamate receptor (iGluR) using MK-801 did not attenuate the action of glutamate in NSCs. Furthemore, we 
used the group specific mGluR agonists DHPG, LY 379268 and L-AP4 to explore which mGluR subtypes are responsible for stimulating NSCs 
proliferation after hypoxia. The results suggested that hypoxia increased expression of group I mGluR5 and significantly enhanced the NSCs pro-
liferation. We conclude that hypoxia regulates the expression of mGluRs in proliferating NSCs and the dynamic expression of mGluRs induced 
by hypoxia may be one of the mechanisms of hypoxia stimulated NSCs activation. Regulation of mGluRs in NSCs might be a useful tool in the 
experimental cell therapy of hypoxic/ischemic injuries of CNS.
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Introduction

Neural stem cells (NSCs) are primitive cells with 
self-renewal capacity and multi-potentiality to generate 
the neural lineages, which are present in not only deve-
loping, but also adult central nervous system (CNS) as 
well. In the adult brain, the two principal populations 
of NSCs are located in the subventricular zone (SVZ) 
lining the lateral ventricles and in the subgranular zone 
(SGZ) of the hippocampus dentate gyrus (1-2). NSCs 
reside in the specialized neurogenic niches that regulate 
their function, which might provide an access for brain 
repair after injuries (3-5). 

Oxygen deficiency, resulting from ischemic/hypoxic 
insults, triggers a host of intrinsic adaptive processes 
designed to promote tissue and cell protection and re-
generation (6-8). Previous investigations suggest that 
ischemia/hypoxia promote the division of NSCs located 
in the SVZ of the lateral ventricle and the SGZ of the 
hippocampus dentate gyrus in the adult brain. Newly 
proliferated cells can differentiate into neurons, inte-
grate in neural network and participate in recovery of 
neurological deficit (9-12). Furthermore, studies also 
show that in vitro hypoxia could stimulate proliferating 
and neuronal differentiating of cultured NSCs (13-16). 
However, the intracellular and extracellular mecha-
nisms that NSCs respond to ischemic/hypoxic insults 
remain unclear. 

Glutamate is the predominant excitatory neuro-
transmitter in CNS. Following brain ischemia/hypoxia, 
release of glutamate generally induces neuronal death 
at high concentrations and contributes subsequently to 
the pathogenesis of brain injury (17). However, recent 
study suggests that glutamate is emerging as an impor-

tant signal molecule in regulation of the survival, proli-
feration and differentiation of NSCs in developing CNS 
after brain ischemic/hypoxic injuries as well (18-21). 
Glutamate signals in CNS are mediated by ionotropic 
and metabotropic glutamate receptors (mGluRs). The 
mGluRs are a Family C subclass of G protein-cou-
pled receptors. On the basis of sequence similarities, 
second messenger coupling and pharmacology, eight 
subtypes of mGluRs are divided into three groups. The 
group I (mGluR1 and mGluR5) is coupled to the acti-
vation of phospholipase C. The group II (mGluR2 and 
mGluR3) and group III (mGluR4, mGluR6, mGluR7 
and mGluR8) are coupled to the negative regulation of 
adenylyl cyclase activity (22-23). 

Although mGluRs are generally considered to be ex-
pressed by mature neurons in adult CNS and involved 
in the regulation of synaptic plasticity (24), some of 
the mGluR subtypes are recently reported expressed 
in neurogenic regions of developing and adult brain. 
Cell lines expressing mGluR subtypes include NSCs, 
embryonic stem cells and some types of non-neuronal 
cells as well (18, 25-29). Furthermore, activation of 
mGluR subtypes by their ligands can regulate cell proli-
feration, differentiation and survival in vivo and in vitro 
(30-32). Specific enhanced mGluR4 reduces prolifera-
tion and promotes differentiation of cerebellar granule 
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cell neuroprecursors (32). The mGluR5 knockout or 
blockage of the mGluR5 or mGluR3 with antagonists 
showed a significant reduction of dividing NPCs pres-
ent in the SVZ and hippocampus dentate gyrus in mice 
(31). Group II mGluRs activation reduces basal levels 
of apoptosis and expands the number of NPCs present 
in culture from prenatal SVZs (21). Differentiation of 
embryonic stem cells into embryoid bodies is associated 
with the expression of mGluR4, the activation of which 
drives cell differentiation towards the mesoderm and 
endoderm lineages (26). These findings suggested that 
mGluR signaling might be a key regulating component 
in NSCs proliferation and differentiation in developing 
CNS cells. However, the link between the expression 
of mGluRs and NSCs activation after ischemia/hypoxia 
remains uncharacterized.

We previously reported that hypoxia could increase 
the proliferation of rat fetal cortical NSCs in vitro 
(14). Here, we observed in vitro expression profile of 
eight mGluR subtypes in the NSCs isolated from fetal 
rat cortex, and examined the effect of hypoxia on the 
expression of the mGluR subtypes in mRNA and pro-
tein levels. Further, the functions of mGluR subtypes in 
hypoxia regulating NSCs activation were investigated.

Materials and Methods

Animals
Adult male and female Sprague-Dawley rats (Weigh 

of 250-300 g) were obtained from Experimental Animal 
Center of Xi’an Jiaotong University College of Medi-
cine (Certificate No. 22-9601018). Animals were housed 
in a temperature-controlled animal facility with a 12 h 
light/dark cycle, and free access to food and water. For 
mating and staging of embryos, mature female and male 
rats at oestrus were placed overnight into the same cage 
at 6:00 on the evening. Then the females were examined 
for mating by the presence of vaginal plug or sperma-
tozoa in the vagina, which was considered as pregnant 
and counted as embryonic day 0.5 (E0.5) for fetus. Mo-
thers at pregnant 15.5 d were used to isolate embryos. 
All experimental protocols were approved previously 
by the Animal Care and Use Regulation of Xi’an Jiao-
tong University College of Medicine, and conducted in 
accordance with the National Institutes of Health Guide 
for the Care and Use of Laboratory Animals. All efforts 
were made to minimize animals’ suffering and to keep 
the numbers of animals used to a minimum.

Isolation and culture of rat embryonic NSCs
NSCs were prepared from rat embryonic cortex 

using the methods as described previously (33) with 
some modifications. Briefly, pregnant 15.5 d rats were 
anesthetized with 10% chloral hydrate (intraperitoneal, 
50 mg/kg), the fetal brain were dissected, and washed 
three times in ice-cold sterile phosphate buffered saline 
containing 0.6% D-glucose( D-PBS, pH 7.4). After 
removal of the meanings carefully, the tissue was me-
chanically dissociated and incubated in dissecting buf-
fer at 37°C for 10 min. The dissecting buffer consisted 
of D-PBS with 0.01% trypsin (Sigma, USA), 200 μM 
EDTA and 1 mM MgCl2. Trypsin was neutralized using 
0.2 mg/ml soybean trypsin inhibitor (Roche, Germany). 
The tissues were further dissociated into single-cell 

suspension with a fire-polished Pasteur pipette. Cells 
were seeded into substrate-free T75 flask at a concen-
tration of 200000 cells/ml and grown in suspension 
in serum-free neurosphere initiation medium (NPIM), 
which consisted of Dulbecco’s modified Eagle medium 
and Hams F12 (1:1), supplemented with 2% B27, 1% 
N2, 200 U/ml penicillin, 200 U/ml streptomycin, 10 ng/
ml bFGF (all from Gibco, USA) and 2.5 μg/ml hepa-
rin (Sigma, USA). Cells were incubated in a humidified 
incubator (37°C, 5% CO2/95% air) and half the medium 
was changed every 2-3 days.

After 5-7 days in vitro (DIV), cells were passaged 
when generated neurospheres (primary neurospheres) 
of 80-120 μm in diameter were observed. Neuros-
pheres were collected by centrifuge and dissociated 
using 0.05% trypsin and 200 μM EDTA in D-PBS, and 
mechanically triturated. Cells were reseeded into T25 
flasks at a density of 50000 cells/ml in NPIM and cultu-
red for 3-5 days when neurospheres (secondary neuros-
pheres) of 80-100 μm in diameter had been propagated. 
Secondary neurospheres were used in the experiments 
described below, and at least three independent experi-
ments were performed for each assay.

Hypoxia/reoxygenation procedure
The NSCs were made hypoxia by incubating cells 

in Bugbox-M microaerophilic incubation system (Rus-
kinn, UK) with humidified 0.3% O2/94.7% N2/5% 
CO2, as described previously (14). In brief, the cells 
were placed into the incubator for up to 3, 6, 12 or 24 
h. For reoxygenation, the neurospheres were returned 
into the standard incubator conditions of 95% air/5% 
CO2 at indicated hypoxic time point, and cultured for 
different durations, depending on experimental design. 
The control cultures were incubated in standard condi-
tions all the time for the same durations.

Immunofluorescent staining
The secondary neurospheres were collected by 

centrifugation and fixed for 20 min using 4% para-
formaldehyde in PBS at room temperature (RT), then 
mounted to slides. After blocked for 1 h with 2% bovine 
serum albumin (BSA) in PBS containing 0.3% Triton 
X-100 (PBS-TX) at RT, the neurospheres were incuba-
ted with mouse monoclonal anti-nestin antibody (1:200, 
Chemicon, USA) overnight at 4°C. After washing, cells 
were reacted with FITC-conjugated anti-mouse IgG 
(1:200, Vector, USA) for 2 h at RT. Labeled cells were 
further counterstained with propidium iodide (PI, 50 μg/
ml, Sigma, USA) and mounted using VECTASHIELD 
mounting medium. Nestin positive cells were observed 
and counted using a laser scanning confocal microscope 
(TCS SP2, Leica, Germany) and normalized to PI-stai-
ned cells.

For demonstrating the differentiating potential of the 
NSCs, the neurospheres were dissociated into single 
cells and plated onto poly-D-lysine (Sigma, USA) coa-
ted coverslips, and then incubated for 3 days in the pre-
sence of 1% fetal bovine serum (FBS) and absence of 
bFGF. The cells were fixed for 10 min using 4% para-
formaldehyde in PBS at RT, washed by PBS, and bloc-
ked for 1 h with 2% BSA in PBS-TX at RT. The mouse 
anti-Tuj1 (1:200, Chemicon, USA), or anti-GFAP 
(1:2000, Neomarker, USA) was added and incubated 
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gene specific primers for eight mGluR subtypes and 
GAPDH were shown in Table 1. The PCR products 
were separated by electrophoresing on 2% agarose gel 
in 1 X TAE buffer and visualized using eithidium bro-
mide and ultraviolet illumination. PCR controls without 
template, primers or Taq DNA polymerase, failed to 
yield products.

Real-time quantitative PCR
Real-time quantitative PCR analyses were perfor-

med using SYBR Green I detection method. First-strand 
cDNA synthesized from total RNA was used as tem-
plate. PCR was run in a total volume of 25 μl containing 
12.5 μl of 2× SYBR Premix Ex Taq (TaKaRa,Japan), 
0.5 μl of 50× ROX Reference Dye, 0.2 μM of each 
primer and 2 μl cDNA template using an ABI Prism 
7000 Sequence detection system (Applied Biosystems, 
USA). The thermocycling conditions were as follows: 
an initial denaturation at 95°C for 10 s, followed by 40 
cycles at 95°C for 5 s and 60°C for 30 s. After the PCR 
cycles, the PCR products were checked by run a SYBR 
Green I melting analysis with ramping the temperature 
of the samples from 62°C to 95°C. Amplification was 
performed in triplicate for each sample. 

The primers used in real-time quantitative PCR were 
designed with Oligo 5.0 software and synthesized by 
TakaRa Incorporation. To prevent possible extraneous 
amplification origin from trace contaminating genomic 
DNA, each pair of primers were designed to span two 
consecutive exons. The primer sequences and related 
information on each gene are shown in Table 1. To de-
termine the similarity of the PCR efficiency of target 
and reference gene, a serial dilution of cDNA template 
was used for amplification of each target gene using 
gene primers and internal control (GAPDH). The slope 
of the linear regression (by plotting the Ct as a function 
of log concentration of template) shows a difference 
ranging from 3.1 to 3.6 cycles between each 10 × dilu-
tion, which is close to the theoretically expected value 
of 3.3 cycles. 

Data were analyzed at the termination of each as-

overnight at 4°C. After wishing in PBS, FITC-conjuga-
ted anti-mouse IgG (1:200, Vector, USA) was added and 
incubated for 2 h at RT. Labeled cells were further coun-
ter-stained using PI and mounted. The immunoreactive 
cells were observed using a fluorescence microscopy 
(BX51 and DP71, Olympus, Japan).

RNA extraction, cDNA synthesis and PCR
Neurospheres total RNA was extracted using the 

TRIzol Reagent (Invitrogen, USA) protocol according 
to the manufacturer’s guidelines. The RNA pellets were 
briefly air-dried and dissolved in 30 μl RNase-free deio-
nized water for 10 min at 55°C and stored at -80°C. The 
RNA concentration was measured using absorbance at 
260 nm and the purity was determined using the ratio 
of absorbance at 260 and 280 nm. The integrity of total 
RNA was further checked by 1% agarose gel electro-
phoresis through viewing of the eithidium bromide stai-
ned 28S, 18S and 5S ribosomal RNA band. The total 
RNA was used as template in cDNA synthesis.

First-strand cDNA was synthesized using the ExS-
cript™ RTase regent kit (TaKaRa, Japan) with Oligo 
(dT) primers. Reverse transcription was performed in 
a final reaction volume of 10 μl containing 500 ng of 
total RNA, 2 μl of 5×ExScript™ reverse transcriptase 
buffer, 0.5 mM of each deoxynucleotide triphosphate 
(dNTP), 2.5 μM of Oligo (dT) (12-18) primer, 10 units 
of RNase inhibitor, and 50 units of ExScript™ RNase H 
free reverse transcriptase. The mixture was incubated at 
42°C for 10 min, and then heated at 95°C for 2 min to 
inactivate the reverse transcriptase. The resulted cDNA 
was subsequently stored at –20°C.

Amplification of first-strand cDNA was performed 
in a 50 μl reaction volume consisting of 10 mM Tris-
HCl, pH 7.4, 500 mM KCl, 1.5 mM MgCl, 200 μM of 
each dNTP, 0.4 μM of each primer, 1.25 U of hot start 
Taq DNA polymerase (TaKaRa, Japan) and 1 ul cDNA 
sample. After denaturation at 94°C for 5 min, the 30 
thermal cycles included denaturation at 94°C for 30 s, 
annealing at 60°C for 30 s and extension at 72°C for 45 
s, followed by final extension at 72°C for 5 min. The 

Transcript Primer sequence Product (bp) Accession

mGluR1 Forward, CTGTGTGCAGTGAGCCTTGCTTA
Reverse, AGGTGAACTCGTCCTGCACAAAC 120 NM_017011

mGluR2 Forward, TGGGCGGTGTCTTCCTTT
Reverse, ATGCGATTGGTCTTGGTGAG 142 XM_343470

mGluR3 Forward, AAATTCATCAGCCCCAGTTCTC
Reverse, AAGCCACACGGACACCATC 81 XM_342626

mGluR4 Forward, CGTGTACTGTGTACGCCATCAAGAC
Reverse, AAGCGCTCAGACTCACGGAGA 195 NM_022666

mGluR5 Forward, AGCAGATCCAGCAGCCTAGTCAA
Reverse, GACAGACAGTCGCTGCCACAA 141 NM_017012

mGluR6 Forward, CGGTGCAAAGCACAGCTCA
Reverse, TGACCTAGCACAGAAGCCTCAGAA 75 NM_022920

mGluR7 Forward, CCTTGCTGCTGGACCTGTGA
Reverse, CACTCCAGTTTGATGATTGGGATG 140 NM_031040

mGluR8 Forward, TTTGGTACAGCCCAGTCAGCAG
Reverse, TGGGCATATAGAGCATTCCCAGA 106 NM_022202

GAPDH Forward, GACAACTTTGGCATCGTGGA
Reverse, ATGCAGGGATGATGTTCTGG 133 NM_017008

The name and GenBank accession number for each gene target evaluated is listed. Sequences for the forward and 
reverse primers used for real-time quantitative PCR are given along with the expected product size in base pairs (bp).

Table 1. Gene targets and primer sequences used in real-time quantitative PCR.
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say using the Sequence Detector 1.0 software (Applied 
Biosystems, USA). Default baseline and threshold 
setting were selected. The increase in SYBR Green I 
emission intensity (ΔRn) was plotted as a function of 
cycle number. The threshold cycle (CT) was determi-
ned by software as the amplification cycle at which the 
ΔRn first intersects the established baseline. The trans-
cript level of each gene was calculated using the 2–ΔΔCt 
method (34-35), which one of the unknown samples is 
termed the calibrator sample for comparison of each un-
known sample’s mRNA level. GAPDH was chosen as 
an internal control gene for normalizing transcript level 
of eight mGluR subtypes. The formula used was as fol-
low: Fold induction = 2 –ΔΔCt, where ΔΔCt = [Ct GI (unknown 

sample) –Ct GAPDH (unknown sample)] –[Ct GI (calibrator sample) –Ct GAPDH 

(calibrator sample)], and GI is the gene of interest.

Western blot analysis
In order to show the expression of mGluRs protein in 

NSCs, secondary neurospheres were treated in hypoxic 
condition for 6, 12 and 24h. At the end of indicated time 
point, The neurospheres were collected by centrifuge 
and lysed in RIPA lysis buffer (50 mM Tris-HCl, pH 
7.6, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 1 
mM EGTA, 0.5% sodium Deoxycholate, 0.1% SDS, 1 
mM sodium orthovanadate, 50 mM sodium fluoride, 20 
mM Na4P2O7, 10% glycerol) supplying with Protease 
Inhibitor Cocktail (Roche, Germany), and incubated for 
30 minutes on ice. Cell lysate were cleared by centrifu-
ging (12,000 g for 10 min at 4°C). Protein concentration 
of the samples was determined by BCA assay. Proteins 
(20-40 μg) were separated by 8% SDS-PAGE electro-
phoresis and electroblotted on nitrocellulose membrane 
(Bio-Rad, USA). The membranes were blocked for 1 
h at RT with 5% non-fat dry milk in TBST (20 mM 
Tris, 150 mM NaCl and 0.05% Tween 20), and then 
incubated overnight at 4°C with primary antibodies. 
The following primary antibodies were used: Rabbit 
polyclonal anti-mGluR1 (1:500, Abcam); mouse mo-
noclonal anti-mGluR2 (1:4000, Abcam); Rabbit poly-
clonal anti-mGluR3 (1:1000, Abcam); Rabbit polyclo-
nal anti-mGluR4 (1:1000, Abcam); Rabbit polyclonal 
anti-mGluR5 (1:5000, Chemicon); Rabbit polyclonal 
anti-mGluR6 (1:1000, Abcam); Rabbit polyclonal anti-
mGluR7 (1:1000, Upstate); Guinea Pig polyclonal anti-
mGluR8 (1:4000, Chemicon, USA) and mouse mono-
clonal anti -β-actin (1:2000, Santa Cruz, USA). After 
washing in TBST, membranes were incubated for 1 h at 
RT using using horseradish peroxidase-labeled secon-
dary antibodies (1:2000, KPL, USA). Immunoreactive 
bands were visualized by enhanced chemiluminescent 
substrate (Pierce, USA). Changes in mGluRs expres-
sion were normalized and expressed as ratio of optical 
density of the receptor and the corresponding β-actin 
bands.

MTT assay
To estimate relative levels of NSCs proliferation, 

MTT [3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetra-
zolium bromide]-based assay was performed as descri-
bed previously (36). Briefly, NSCs were plated into 96-
well plate at a concentration of 10 000 per well in 200 μl 
NPIM. The cells were treated using different concentra-
tion of glutamate, 1S, 3R-ACPD and/or MK-801 under 

normoxia or after hypoxia. Then 20 μl of 5 mg/ml MTT 
(Sigma, USA) was added in 200 μl medium per well and 
allowed to incubate at 37°C for 30 min. After removal 
of supernatant, the resulting formazan crystals were dis-
solved by adding 150 μl dimethyl sulphoxide (DMSO, 
Sigma, USA) per well and shaking. Absorbance was 
read at 492 nm using a microplate reader. Results are 
the average of three independent experiments.

BrdU Incorporation assay
The secondary neurospheres were dissociated into 

single cells and plated onto the poly-D-lysine-coated co-
verslips at a concentration of 50000 per well in 24-well 
plates. After incubated in hypoxia for 12 h and mGluR 
ligands treatment for 3 days, the proliferating cells were 
labeled with 10 μM bromodeoxyuridine (BrdU, Sigma, 
USA)  for 2 h, then fixed in 4% paraformaldehyde and 
processed immunocytochemical staining. In brief, the 
cells were denatured in 2 M HCl for 30 min at 37°C, 
and HCl was neutralized with 0.1 M sodium borate buf-
fer (pH8.5) for 10 min. Cells were washed with PBS 
and incubated overnight with mouse monoclonal anti-
BrdU antibody (1:200, Chemicon, USA) at 4°C. After 
washing in PBS, the cells were reacted with FITC-
conjugated anti-mouse antibody (1:200) for 2 h at room 
temperature. Labeled cells were further counter-stained 
using PI to demonstrate the total cells. BrdU-labelled 
cells were counted using fluorescence microscopy and 
normalized to the PI-stained cells.

Statistics
Statistical analysis was performed using one-way 

ANOVA. Tukey’s post-hoc analyses were used to deter-
mine which treatments were different from others. All 
data are expressed as mean ± SEM. The p-value < 0.05 
was considered statistically significant. All the calcula-
tions were performed using SPSS for Windows (version 
10.0, SPSS, USA).

Results

Identification of the NSCs from fetal rat cortex
The NSCs from fetal rat cortex were grown in se-

rum-free medium containing bFGF, N2 and B27. In the 
early of primary culture, many single cells attached to 
the flasks. With the growth, the dividing cells aggre-
gated into small clusters, detached from the substrate 
and formed free-floating neurospheres during a period 
of 3-7 days. When the neurospheres with the diameter 
of 80-120 μm formed, the cells were passaged using 
trypsin and EDTA. The cells subsequently proliferated 
and formed secondary neurospheres (Fig. 1A) and were 
characterized by immunocytochemistry for the expres-
sion of nestin, a marker of NSCs. Over 95% of cells in 
the neurospheres were immunopositive for nestin (Fig. 
1B). To identified the neural differentiating potential, 
the NSCs were induced differentiation by dissociated 
into single cells, plated onto poly-D-lysine-coated co-
verslips and cultured in the differentiating medium sup-
plemented with 1% FBS and without bFGF. Immuno-
cytochemical stain demonstrated that the differentiated 
cells can express Tuj1, a marker for neurons, or GFAP, 
a marker for astrocytes (Fig. 1C, D).
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Expression of mGluR subtypes in fetal rat NSCs
To demonstrate the expression of eight mGluR sub-

types in the fetal rat NSCs under proliferating condi-
tion, we examined the expression of mGluR subtypes at 
mRNA and protein levels in secondary neurospheres at 
7 DIV. RT-PCR analysis showed that cultured NSCs ex-
pressed the transcripts of all mGluR subtypes (Fig. 2A). 
However, Western blot analysis showed that protein 
expression was detectable for mGluR5 of the group I 
subtype, mGluR3 of the group II subtype and mGluR4, 
mGluR6 and mGluR7 of the group III subtype (fig. 2B). 
Although the mRNA of mGluR1, mGluR2 and mGluR8 
was detectable, the protein expression of these mGluR 
subtypes cannot observable in the normoxic condition 
(Fig. 2). Moreover, we further checked the protein of 
the three mGluRs after 12 h of hypoxic treatment, and 
did not found the protein expression of these receptors 
(data not shown). 

Regulation of hypoxia on expression of mGluR sub-
types in fetal rat NSCs

To determine the effects of hypoxia on the expression 
of mGluR subtypes in fetal rat NSCs in vitro, the secon-
dary neurospheres were induced hypoxia for consecu-
tive 3, 6, 12 or 24 h. Expression of mGluRs mRNA was 
examined using real time quantitative PCR analysis. 
The results showed hypoxia regulated the mGluR sub-
types mRNA levels in the temporal dependent manner 
(Fig. 3). The mRNA level of mGluR5 in group I subtype 
was increased to 2.83 ± 0.25 folds at 24 h of hypoxia, 
compared to that of normoxia (Fig. 3A). In the group 
II, the level of mGluR3 mRNA was stably increased at 
6, 12 and 24 h of hypoxia, which was about 2.5 folds 

increase (Fig. 3B). In the group III, mRNA level varied 
in the subtypes of mGluR4, 6 and 7 after hypoxic treat-
ments. The mGluR6 mRNA was increased at 24 h of 
hypoxia. The mGluR7 transcript was increased as early 
as 3 h of hypoxic treatment, and was increased 3.83 ± 
0.32 folds at 24 h of hypoxia. However, the mGluR4 
mRNA was not observed to change at all hypoxic time 
points (Fig. 3C). 

The level of mGluRs mRNA was further examined 
at 12, 24 h and 3 days reoxygenation after 12 h of hy-
poxia (RAH) (Fig. 3). The mGluR5 mRNA was kept 
at higher level up to 3 days RAH, while others were 
showed totally decreasing expression patterns after 12 h 
RAH. The mGluR3, mGluR6 and mGluR7 were rapidly 
decreased from 24 h to 3 days RAH. The mGluR4 was 
increased compared to hypoxic treatment at 12 and 24 
h RAH, and then was slightly down-regulated at 3 days 
RAH.

Hypoxia-induced change of protein expression of 
mGluRs in NSCs was further determined at 6, 12, 24 
h of hypoxia and 3 days RAH (Fig. 4). Consistent with 
mRNA expression pattern, the mGluR5 was showed an 
increase at 24 h of hypoxia and sustained higher level 
at 3 days RAH (Fig. 4A). The expression of mGluR3 
was increased at 12 and 24 h of hypoxia, and then the 
protein level was dramatically decreased at 3 days RAH 

Figure 1. Culture and immunocytochemical characterization of 
the fetal rat cortex NSCs. NSCs were isolated from E15.5 fetal rat 
cortex and cultured in NPIM, neurospheres were formed after pro-
liferating of 5-7 days in vitro (A). Nestin immunostaining NSCs 
were showed in neurospheres under proliferating conditions (B). 
NSCs were differentiated to Tuj1 and GFAP immunopositive cells 
by removal mitogens and adding 1% fetal bovine serum (C & D). 
The nuclei were counterstained with pripidium iodide (PI). Scale 
bars: A = 200 μm; B = 40 μm; C & D = 100 μm.

Figure 2. Expression of mGluR subtypes in the fetal rat cortex 
neurospheres. RT-PCR and immunoblot analysis of eight mGluR 
subtypes in three groups in secondary neurospheres at 7 DIV is 
showed in panel A and B, respectively. The transcripts of all the 
eight subtypes of mGluR were present in neurospheres (A). No 
proteins of mGluR1, 2 and 8 were detectable in the neurosphere 
cultures in the experiment (B). Each RT-PCR and immunoblot was 
performed in three independent neurosphere cultures. Protein ex-
tracts from adult rat CTX (cortex), CB (cerebellum) or retina were 
used as positive controls.
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(Fig. 4B). In the group III, the expression of mGluR4 
increased at 12 h of hypoxia, then declined to control 
level at 24 h of hypoxia, and went on decreasing to 
about half of control at 3 days RAH. The mGluR6 and 
mGluR7 expression increased at 24 h of hypoxia, and 
significantly declined to control level at 3 days RAH 
(Fig. 4C).

Effect of mGluRs activation on proliferation of the 
fetal rat NSCs under normoxic and hypoxic condi-
tions

We further observed the effects of glutamate on the 
proliferation of NSCs in normoxic condition or after 
hypoxic treatment. Glutamate is the endogenous ligand 
of glutamate receptors involved in iGluRs and mGluRs. 
Previous report showed that high levels of glutamate 
could reduce basal levels of apoptosis and increase 
NSCs proliferation. In this study, we observed the effect 
of mGluRs activation by glutamate treatment on NSCs 

proliferation under hypoxic condition. The neurospheres 
were cultured in NPIM under normoxia or RAH, and 
supplemented with different concentration of glutamate 
(5, 50 or 500 μM), and MTT assay was employed to 
demonstrate the Dose- and time-dependent proliferating 
of NSCs (Fig. 5). Consistent with our previously report, 
hypoxia enhanced the NSCs proliferation(14). Further, 
the addition of 50 and 500μM glutamate significantly 
increased the proliferating of NSCs after hypoxic treat-
ment compared to nomoxic control. 

To determine that NSCs proliferation by glutamate 
stimulation is mediated by mGluRs or iGluRs, Trans-
ACPD, an mGluRs agonist, and MK-801, an iGluRs an-
tagonist were used. MK-801 (10 μM) did not attenuate 
the NSCs response to glutamate. Adding of Trans-ACPD 
(100 μM) also increased the proliferation of NSCs, most 
likely glutamate did under the same conditions (Fig. 6).

For confirming which groups are responsible for sti-
mulating NSCs proliferation after hypoxia, Trans-ACPD 
(an mGluRs agonist), DHPG (selective group I mGluRs 

Figure 3. Effects of hypoxia and RAH on mRNA expression of 
mGluR subtypes in the neurosphere cultures. Neurospheres were 
made hypoxia for 3, 6, 12 and 24 hrs, or 12 hrs followed by reoxy-
genation of 12, 24 hrs and 3 days. The neurospheres in control were 
cultured in normal condition for the same durations. The transcripts 
of mGluR subtypes in three groups were analyzed using real time 
quantitative PCR. GAPDH was chosen as an internal control gene 
for normalizing transcript level of the mGluR subtypes. Each value 
represents the mean ± SEM in the three independent experiments. 
* P<0.05 versus controls, respectively; # P<0.05 versus 12 hrs of 
RAH (reoxygenation after hypoxia).

Figure 4. Effects of hypoxia and RAH on protein expression of 
mGluR subtypes in neurosphere cultures. Neurospheres were made 
hypoxia for 6, 12 and 24 hrs, or 3 days of RAH, the neurospheres 
in control were cultured in normal condition. β-actin was chosen 
as an internal control for normalizing the expression of mGluR 
subtypes. Protein expression of the mGluR subtypes was assayed 
using immunoblot analysis. * P<0.05 versus controls, respectively; 
# P<0.05 versus 12 (C1) or 24 (B, C2 & C3) hrs of RAH (reoxyge-
nation after hypoxia).

Figure 5. Dose- and time-dependent proliferation of NSCs expo-
sure to glutamate under normoxic or hypoxic condition. A. The 
neurospheres were treated with 5, 50 and 500 μM of glutamate 
under 12 hrs of normoxic or hypoxic condition, then allowed to 
grow under normoxia up to 3 days. MTT assay was performed. * 
P<0.05 hypoxia versus normoxia; # P<0.05 with versus without 
glutamate. B. The neurospheres were made hypoxia for 12 hrs, and 
then incubated in nomoxia for 1, 3 and 7 days, with or without 
50μM of glutamate. * P<0.05 with versus without glutamate; # 
P<0.05 hypoxia versus normoxia in the same glutamate treatment 
durations.



111

Stimulation of hypoxia on NSCs with mGluRs expression.X. Chen et al. 2016 | Volume 62 | Issue 3

agonist), LY 379268 (selective group II mGluRs agonist) 
and L-AP4 (selective group III mGluRs agonist) were 
used. BrdU incorporation assay was employed to label 
the proliferating cells. Like the effect of Trans-ACPD 
on NSCs, DHPG (100 μM) significantly enhanced the 
NSCs proliferation, while LY 379268 (1 μM) did not 

show the same effect. However, L-AP4 (100 μM) de-
creased the NSCs proliferation (Fig. 7).

Discussion

NSCs offer the promise of novel repair strategy in 
CNS disorders. Hence, there is a growing interest in 
exploring the mechanisms that regulate their survival, 
proliferation, differentiation and migration of NSCs in 
development and after CNS injuries, especially in cere-
bral ischemia and brain hypoxia (12, 37). One of the im-
portant objects of investigation is aimed at identifying 
the mechanisms that allow their positive enrichment 
both in vitro and in vivo (38). Neurotransmitter-media-
ted signaling might play a role in activation of NSCs 
after CNS disorders, since some neurotransmitters have 
been demonstrated to regulate neurogenesis in the de-
veloping and adult CNS (18, 39-41). Recent evidences 
suggest that some mGluR subtypes are expressed in the 
proliferating NSCs, and the activation by endogenous or 
exogenous ligands can regulate cell survival and proli-
feration, although the mechanisms remain to be detailed 
(21, 27, 30-31, 42). The essential finding in the present 
study is that hypoxia regulated the expression of mGluR 
subtypes in the fetal rat NSCs in vitro, activation of 
them was involved in the NSCs proliferating action in 
response to hypoxia.

The first report that mGluR subtypes were expressed 
in the neural progenitors emerged in 1997, which de-
monstrated that eight mGluRs mRNA can express in 
P19 embryoarcinoma cells during neuronal differen-
tiation induced by retinoic acid (43). Where after, the 
mGluR subtypes are found expressed at early develop-
mental stages in the embryonic brain (42, 44). Functio-
nal mGluR subtypes were also found in cultured undif-
ferentiated NSCs or neurospheres (18, 27-28, 31) and 
mouse embryonic stem cells (26, 45). For mGluR sub-
types expression, proliferating NSCs isolated from the 
C57 mice forebrain at embryonic day 20 (E20) express 
mGluR3, 4, 5 and 7 mRNA (31); proliferating NSCs 
isolated from the Std-ddY mice neocortex at E15.5 
express mGluR2, 3, 5 and 8 mRNA, but not mGluR1, 4, 
6, and 7 mRNA (28); proliferating NSCs isolated from 
adult CD1 mice SVZ express the mRNA of all mGluR 
subtypes with the exception of mGluR2 and mGluR6, 
and only mGluR5 and a faint mGluR1 are detected at 
protein level (27). The present findings showed that 
the undifferentiated NSCs isolated from SD rat cortex 
at E15.5 expressed the mRNA of all eight mGluR sub-
types, and only mGluR3, 4, 5, 6 and 7 proteins were 
detected. The difference of mRNA and protein among 
mGluR subtypes may refer to cellular post-transcriptio-
nal processes in the NCSs and relate to the functional 
of these receptors. Furthermore, the diversity of expres-
sion profiles of mGluR subtypes in NSCs among reports 
may due to different animal strains and/or developmen-
tal stage in different experiments.

Hypoxia affects the expression of numerous genes in 
NSCs, many of which are potential molecules in the re-
gulation of NSCs response to ischemic/hypoxic insults 
(46-47). Our result demonstrated that hypoxia changed 
the mGluRs expression profile at mRNA and protein 
levels in NSCs in vitro. It was considered that mGluRs 
were involved in NSCs activation after hypoxia. In neu-

Figure 6. Proliferation of NSCs exposure to iGluRs antagonist and 
mGluRs agonist. The neurospheres were made hypoxia for 12 hrs 
or incubated in normoxia, treated with glutamate (50μM) and/or 
NMDA receptor antagonist MK-801 (10 μM), or mGluRs agonist 
trans-ACPD (100 μM) for 3 days. MTT assay was performed. * 
P<0.05 hypoxia versus normoxia, # P<0.05 treatment versus non-
treatment of ligand after hypoxia, ▲ P<0.05 treatment versus non 
treatment in normoxic condtion.

Figure 7. Proliferation of NSCs exposure to selective mGluRs 
agonists. The NSCs were cultured on poly-D-lysine-coated 24-
well plate overnight. The cells were made hypoxia for 12 hrs, trea-
ted with mGluRs agonist trans-ACPD (100 μM), group I mGluRs 
agonist DHPG (100 μM), group II mGluRs agonist LY 379268 (1 
μM), or group III mGluRs agonist L-AP4 (100 μM), for 3 days. 
Then the proliferating cells were labeled using BrdU (10 μM) for 
2 hrs. * P<0.05 treatment versus non-treatment of ligands, respec-
tively. Scale bars = 200 μm.
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rons, activation of group I mGluRs induced cell death 
(48). Ischemic/hypoxic rats were showed a reduction in 
the expression of group I mGluRs in the hippocampus 
and cerebral cortex (49). Blockade of group I mGluRs 
is considered to protect neurons from hypoxia/ischemia 
injuries (50-52). Endogenous activation of mGluR5 also 
contributes to the development of hypoxia-induced liver 
cell injury. Mouse hepatocytes lacking mGluR5 are less 
sensitive to hypoxic damage (53). Furthermore, recent 
reports have been suggested that group I mGluRs ex-
pressing in NSCs can regulate their survival and prolife-
ration (27, 31). Expression of mGluR5 was increased in 
a rat model of intracerebral hemorrhage and enhanced 
neurogenesis in the subventricular zone(54). It is pos-
sible that hypoxia and RAH up-regulating of mGluR5 
in group I may be a mechanism in the proliferating res-
ponse of NSCs to hypoxia in our experiment.

Activation of group II and III mGluRs in brain pro-
vides an essential protective mechanism against brain 
hypoxia/ischemia injuries. Expression of mGlu2/3 re-
ceptors was substantially higher in the brain of anoxia-
tolerant species, and treatment the brain with mGlu2/3 
receptor antagonist amplified anoxic damage and 
enabled the induction of cell death (55). In contrast, 
treatment with the mGlu2/3 receptor agonist was highly 
protective against anoxic brain damage (56) . Activa-
tion of Group III mGluRs with agonist (R, S)-4-phos-
phonophenylglycine protect neurons against hypoxic 
insult in rat hippocampal slices (57). In NSCs, group II 
mGluRs were showed increase the survival and reduce 
basal levels of apoptosis in NSCs (21, 31, 58). But for 
the effect of group II mGluRs on NSCs proliferation, 
there two opposite reports in previous study: enhance-
ment (21, 31) or inhibition (30, 32). These reports also 
showed that activation of group II mGluRs promotes 
the differentiation of NSCs. To be similar, activation 
of group III mGluRs are showed to suppress the self-
replication of NSCs isolated from neocortex (28). In 
our opinion, the dynamic expression of group II and 
III mGluRs after hypoxia and RAH may play different 
roles in regulation of the survival, proliferation and dif-
ferentiation of NSCs in different developmental stage.

Glutamate is the endogenous ligand of glutamate 
receptors. The concentration of glutamate in the normal 
adult brain is 1.30-2.80 μM (59). Following cerebral 
ischemia/hypoxia, local extracellular glutamate concen-
tration can reach >500 μM, while reach 100 μM in the 
cerebrospinal fluid, which triggers the death of neurons, 
causing mental or physical handicap (60-62). Howe-
ver, recent reports showed that the release of glutamate 
following brain hypoxia or ischemia may contribute to 
promote the activation of NSCs in the neurogenic re-
gion of brain. Previous report showed that high levels of 
glutamate (up to 1 mM) are not toxic to normal cultured 
NSCs, inversely reduce basal levels of apoptosis and 
increase NSCs proliferation (21). To be similarity, we 
found in the experiment that higher doses of glutamate 
(50 and 500 μM) promoted the proliferation of NSCs. 
Further, compared to normoxic condition, hypoxic ex-
posure sensitized the proliferating response of NSCs to 
glutamate stimulation. It is possible that up-regulation 
of some mGluR subtypes contributes to the enhance-
ment of NSCs proliferation after hypoxia.

Because iGluRs were also reported expressed in 

NSCs (63-64), we observed the effect of glutamate on 
NSCs proliferation at the present of MK-801, a NMDA 
iGluRs antagonist. The results showed MK-801 did not 
eliminate the action of glutamate on NSCs. We did not 
use the AMPA iGluRs antagonist to demonstrate the 
involvement of AMPA iGluRs in regulation of NSC 
proliferation in our experiments, for AMPA iGluRs 
expressed and functioned only when the cells have dif-
ferentiated into young postmitotic neurons(65). Fur-
thermore, Trans-ACPD, an mGluRs agonist, can mimic 
the action of glutamate in NSCs, suggesting that the 
growth effect of glutamate on the NSCs is mediated by 
mGluRs, other than iGluRs. It has been reported that 
different group of mRluRs may play different roles in 
regulation of NSCs survival, proliferation or differen-
tiation (20-21, 27). We used group selective agonists to 
examine the effect of mGluR subtypes on NSCs pro-
liferation after hypoxia. It was found that activation 
of group I mGluRs enhanced the NSCs proliferation, 
while group II or III did not promote the proliferation of 
NSCs. Compared to Trans-APCD treatment, activation 
of group I mGluRs had greater effect. The findings sug-
gests group I mGluRs in NSCs plays an important role 
in hypoxia stimulating NSCs proliferation, while group 
II and III may have other functions, such as survival or 
differentiation, and the details need to be explored.

In conclusion, our study indicates that NSCs can 
express mGluR subtypes and hypoxia regulates the 
expression of mGluRs. The dynamic expression pro-
file of mGluRs induced by hypoxia may be one of the 
mechanisms that hypoxia stimulates NSCs activation, 
at least increased expression of group I mGluR5 signi-
ficantly enhanced the NSCs proliferation. Further stu-
dies attempting to characterize the functions of different 
mGluR subtypes in NSCs response to hypoxic/ischemic 
insults in vitro and in vivo are now possible. The results 
also suggest that regulation of mGluRs in NSCs biology 
is useful in the experimental cell replacement therapy of 
hypoxic/ischemic injuries of CNS.
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