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NMDA receptors promote neurogenesis in the neonatal rat
subventricular zone following hypoxic-ischemic injury
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Abstract. Evidence suggests the involvement of N-methyl-D-
aspartatereceptors (NMDAR)intheregulationof neurogenesis.
Functional properties of NMDAR are strongly influenced by
the type of NR2 subunits in the receptor complex. NR2A- and
NR2B-containing receptors are expressed in neonatal fore-
brain regions, such as the subventricular zone (SVZ). The aim
of the present study was to examine the effect of the protein
expression of hypoxic-ischemic injury NMDAR subunits 2A
and 2B in the SVZ of neonatal rats. Expression of these and
other proteins of interest was performed using immunohis-
tochemistry. The results showed that NR2A expression was
decreased at 6 h after hypoxic-ischemic injury. By contrast, a
significant increase in NR2B expression was observed at 24 h
after hypoxic-ischemic injury, induced by the clamping of the
right common carotid artery. The functional effect of NMDAR
subunits on neurogenesis was also examined by quantifying
Nestin and doublecortin (DCX), the microtubule-associated
protein expressed only in immature neurons. In addition,
the effects of selective non-competitive NMDAR antagonist
MK-801 (0.5 mg/kg), NR2B antagonist Ro25-6981 (5 mg/kg),
and NR2A antagonist NVP-AAMO77 (5 mg/kg) administered
30 min prior to the hypoxic-ischemic injury were examined.
The number of Nestin- and DCX-positive cells increased
significantly 48 h after hypoxic-ischemic injury, which was
reverted by the MK-801 and Ro25-6981 antagonists. Notably,
NVP-AAMO77 had no significant effect on the expression
of Nestin and DCX. In conclusion, the results of the present
study demonstrate that hypoxia-ischemia inhibited the
expression of NR2A, but promoted the expression of NR2B.
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Furthermore, NMDAR promoted neurogenesis in the SVZ of
neonatal brains.

Introduction

Neurogenesis is coordinated by cell proliferation, migra-
tion, differentiation, synaptogenesis and apoptosis (1). The
subventricular zone (SVZ) of the lateral ventricle is one of
the restricted neurogenesis regions in the central nervous
system (2-5). Under normal conditions, neurogenesis is
modulated by N-methyl-D-aspartate receptor (NMDAR) (6).
NMDAR is a subtype of ionotropic glutamate receptors.
NMDAR is a heterodimer primarily comprising NR1 and
NR2 (A-D) subunits (7), while the NR3 subunit is identi-
fied less frequently (8). Functional properties of NMDAR
are strongly influenced by the type of NR2 subunits (7).
NMDAR comprises NR2A and NR2B, which are involved in
synaptic plasticity and in pathological conditions (9-11). We
recently demonstrated that NR2A and NR2B are expressed
starting postnatal day 1 to postnatal day 28 in the SVZ,
with each subunit showing a distinct expression pattern (12).
Furthermore, NR2A and NR2B are differentially expressed in
hypoxic-ischemic (13) and ischemia-reperfusion (14) injuries
of the hippocampus. In addition, NMDAR plays an important
role in glutamate neurotoxicity following hypoxic-ischemic
injury (15). However, whether hypoxic-ischemic injury exerts
an effect on the expression of NMDAR subunits in the SVZ
remains to be determined.

In the normal adult hippocampus, the NR2B-containing
NMDAR subtypes negatively regulate neurogenesis (16), while
those with NR2A promote neurogenesis (17). This indicates
that NMDAR subunits differentially regulate neurogenesis.
The effects of NMDAR subunits on neurogenesis under
pathological conditions, such as hypoxic-inschemic injury,
remain to be elucidated. To address this knowledge gap, in the
present study, we assessed the effects of NMDAR subunits on
neurogenesis in the SVZ during hypoxic-ischemic injury.

Materials and methods
Animals. A total of 160, 7-day-old newborn Sprague-Dawley

rats weighing between 12 and 18 g, of both genders, were
provided by the Laboratory Animal Center of Xuzhou Medical
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College (Jiangsu, China). Animal use was regulated by the
Animal Research Principles and Procedures established by the
University's Animal Care Committee, as well as in accordance
with the National Institute of Health Guide for the Care and
Use of Laboratory Animals. In the first experiment, 60 animals
were randomly divided into three groups of 20 animals
(control, sham and hypoxic-ischemic injury groups). The
animals in each group were fed normally until a specific time
point (2, 6,24 or 48 h after hypoxic-ischemic injury), and then
sacrificed. In the second experiment, 100 rats were randomly
divided into five groups: sham group, hypoxic-ischemic
injury group, hypoxic-ischemic injury+MK-801 (selective
non-competitive NMDAR antagonist) group, hypoxic-isch-
emic injury+NVP-AAMO77 (NR2A antagonist) group, and
hypoxic-ischemic injury+Ro25-6981 (NR2B antagonist)
group. The animals in each group were sacrificed at a specific
time point (2, 6, 24 or 48 h after hypoxic-ischemic injury).

Equipment and reagents. Selective non-competitive NMDAR
antagonist MK-801 (M107), NR2A antagonist NVP-AAMO77
(P1999), and NR2B antagonist R0o25-6981 (R7150) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). The
3,3'-diaminobenzidine (DAB) solution was obtained from
Beijing Jingiao Biotechnology Co., Ltd., (Beijing, China).
The Polink-2 plus polymer horseradish peroxidase detection
systems for rabbit and mouse primary antibodies were also
purchased from Beijing Jingiao Biotechnology Co.,Ltd.. Mouse
monoclonal anti-Nestin antibody (ab11306), rabbit polycloncal
anti-DCX antibody (ab18723), rabbit polycloncal anti-NR2A
antibody (ab84181), and rabbit polyclonal anti-NR2B antibody
(ab65875) were purchased from Abcam (Hong Kong, China).
The paraffin wax slicing machine RM2235 was purchased
from Leica (Wetzlar, Germany), the photomicrography system
DP25 was purchased from Olympus Corp. (Osaka, Japan), and
the image analysis software Image-Pro Plus 6.0 was purchased
from Media Cybernetics, Inc. (Chicago, IL, USA).

Hypoxic-ischemic injury. The hypoxic-ischemic injury
was modeled with minor modifications as previously
described (18). The animals in the control group were anes-
thetized with ether and not subjected to hypoxia-ischemia.
Animals in the sham and hypoxic-ischemic injury groups
received intraperitoneal injections of sterile saline, while
animals in the drug intervention groups (MK, NVP and
Ro groups) received intraperitoneal injections of selective
non-competitive NMDAR antagonist MK-801 (0.5 mg/kg),
NR2A antagonist NVP-AAMO77 (5 mg/kg), and NR2B
antagonist Ro25-6981 (5§ mg/kg) 30 min prior to the induction
of hypoxia-ischemia. The animals of the sham, hypoxic-isch-
emic, and drug intervention groups were anesthetized with
ether and subjected to hypoxia-ischemia. Specifically, after
drug injection for 30 min, the right common carotid artery
was clamped. The animals were then placed in a container
and perfused for 2 h at 37°C with a gas mixture consisting
of 8% oxygen and 92% nitrogen, at 1.5-2.5 I/min. After the
treatment, the rats were fed again.

Immunohistochemical staining. The rats were deeply
anesthetized with chloral hydrate and perfused intracardi-
ally with physiological saline solution, followed by 4%
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paraformaldehyde. At the end of perfusion, the brains were
removed and fixed overnight in 4% paraformaldehyde at 4°C.
The tissues were rinsed with water, dehydrated through an
ascending series of alcohol, and embedded in paraffin through
xylene. Sections (4-pum) were cut using a Leica paraffin wax
slicing machine. Antigen retrieval was performed in a citrate
antigen retrieval solution using a microwave oven (Galanz
Corp., Guangzhou, China). The sections were cooled to room
temperature and transferred to 3% hydrogen peroxide for
10 min to block endogenous peroxidase. The sections were
washed three times with 0.01 M phosphate buffered saline
(PBS; 5 min each wash) and blocked with appropriate serum
for 1 h at 37°C. The slices were incubated with primary anti-
bodies overnight at 4°C. The primary antibodies were diluted
1:100 (anti-NR2A), 1:200 (anti-NR2B), 1:500 (anti-Nestin), and
1:200 (anti-DCX). Subsequently, the sections were equilibrated
to room temperature, washed with PBS (pH 7.4) for 5 min, and
incubated with appropriate secondary antibodies for 30 min
at 37°C. This step was followed by 3x5 min washes in PBS.
The sections were then treated with DAB solution according to
the manufacturer's instructions. The slices were then washed
with distilled water to remove the reagent. The slices were
microscopically examined, and the images captured using the
Olympus DP25 photomicrography system (Olympus. Corp.
Japan). To control for the specificity of the staining, parallel
slices were stained identically but without primary antibodies.

Positive cell count. Cells were counted in at least five
100x100 pm? areas of each section of three serially sectioned
brains. The number of NR2A-, NR2B-, or DCX-positive
cells in the SVZ was counted at each time point. The Nestin
immunoexpression images were subsequently processed
by densitometry with the Image-Pro Plus image analysis
software, and integrated optical density (IOD) of at least five
100x100 pm? areas of each section of three serially sectioned
brains were obtained.

Statistical analysis. Data are presented as mean + standard
deviation. The two-tailed Student's t-test and one-way analysis
of variance tests were used for statistical comparisons. The
Student's Newman-Keuls and Dunnet tests were used for
post hoc analysis. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

Effects of hypoxia-ischemia on the expression of NR2A and
NR2B subunits in the SVZ. NMDAR subunits NR2A and
NR2B were expressed in the SVZ cells of rat brain at 2, 6,
24 and 48 h following hypoxic-ischemic injury. NR2A-positive
cells were mainly located in the dorsal lateral horn of the
lateral ventricle (Fig. 1). The majority of the positive cells were
distributed irregularly in the SVZ, with the exception of the
ependymal layer. NR2A-positive cells in the membrane and
cytoplasm showed strong immunopositivity. NR2B immuno-
expression was also detected in a similar location (Fig. 2). The
immunoreactivity of NR2B was weaker than that of NR2A at
each tested time point.

Expression of NR2A showed a ‘decreased first and then
increased’ pattern. At 6 h after hypoxic-ischemia injury,
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Figure 1. Immunohistochemical staining for NR2A in the subventricular
zone at different time points (2, 6, 24 and 48 h) after hypoxic-ischemic injury
in the control, sham and hypoxic-ischemia groups.
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Figure 2. Immunohistochemical staining for NR2B in the subventricular
zone at different time points (2, 6,24 and 48 h) after hypoxic-ischemic injury
in the control, sham and hypoxic-ischemia groups.

NR2A expression significantly decreased (P<0.05 vs. control
group; Fig. 3). The difference between the hypoxic-ischemic
injury and control groups did not reach statistical significance
at 24 and 48 h after induction of hypoxic-ischemia injury. By
contrast, the expression of NR2B showed the opposite trend
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Figure 3. Comparison of the number of NR2A-positive cells in the sub-
ventricular zone (SVZ) at different time points (2, 6, 24 and 48 h) after
hypoxic-ischemic injury in the control (labeled ‘normal’) group, sham
group and hypoxic-ischemia (labeled ‘model’) group. Data are presented as
mean = standard deviation. Positive cell counts in five 100x100 gm? areas in
the SVZ of three serially sectioned brains at each tested time point. "P<0.05.
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Figure 4. Comparison of the number of NR2B-positive cells in the sub-
ventricular zone (SVZ) at different time points (2, 6, 24 and 48 h) after
hypoxic-ischemic injury in the control (labeled ‘normal’) group, sham
group and hypoxic-ischemia (labeled ‘model’) group. Data are presented as
mean = standard deviation. Positive cell counts in five 100x100 gm? areas in
the SVZ of three serially sectioned brains at each tested time point. “P<0.01.

and reached the maximum at 24 h after hypoxia-ischemia
(P<0.01 vs. control group; Fig. 4).

Effects of NMDAR antagonists on the expression of Nestin
in SVZ. The cytoplasm and neurites of Nestin-positive cells
showed strong immunoreactivity. Nestin-positive cells were
mainly located in the dorsal lateral horn of the lateral ventricle
(Fig. 5).

At 48 h after hypoxic-ischemia injury, the Nestin-positive
10D value of the hypoxic-ischemic group was increased
significantly compared with the sham group (P<0.05; Fig. 6).
Hypoxic-ischemia injury exerted no significant effect on
Nestin expression at 2, 6 and 24 h after hypoxia-ischemic
injury compared with the sham group (Fig. 6). Compared
with the hypoxic-ischemic injury group, the animals treated
with MK-801 or Ro25-6981 showed a reduced expression
of Nestin in the SVZ at 6 and 24 h after hypoxia-ischemia
(Fig. 6), and the animals treated with R025-6981 compound
demonstrated a more pronounced downregulation (P<0.05
vs. MK group; Fig. 6). At 48 h after hypoxia-ischemia, the
IOD value in the Ro group was significantly decreased
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Figure 5. Immunohistochemical staining for Nestin in the subventricular zone at different time points (2, 6, 24 and 48 h) after hypoxic-ischemic injury in the
control, sham and hypoxic-ischemia groups. MK, MK-801; Ro, Ro25-6981; NVP, NVP-AAMO077.

compared with the hypoxic-ischemic injury group (P<0.05;
Fig. 6). This result was in contrast to the MK group (Fig. 6).
In addition, compared with the MK group, the NVP group
(animals pre-treated with NVP-AAMO077) showed a marked
increase at 6 and 24 h after hypoxia-ischemia (P<0.05; Fig. 6).

Effect of NMDAR antagonists on the expression of DCX in
SVZ. DCX-positive cells were mainly located in the dorsal
lateral horn of the lateral ventricle as well as in the basal
ganglia. The outline shape of the positive cells was regular and
intensive in arrangement. Membranes and cytoplasms of the
DCX-positive cells showed strong immunopositivity in DAB
staining (Fig. 7).

Compared with the hypoxic-ischemic group, the animals
pre-treated with MK-801 or Ro25-6981 (MK and Ro groups,
respectively) showed a markedly reduced number of DCX
protein-positive cells in the SVZ at 2, 6 and 24 h after
hypoxia-ischemia (Fig. 8). Additionally, fewer positive cells
were identified in the Ro group compared with the MK group
(Fig. 8). At 48 h after hypoxia-ischemia, the number of DCX
protein-positive cells in the Ro group was significant lower
compared with the sham group (Fig. 8). This was not the case
for the MK group (Fig. 8). In addition, compared with animals
in the MK group, animals pre-treated with NVP-AAMO077
(NVP group) showed a markedly increased number of positive
cells at 24 and 48 h after hypoxia-ischemia (Fig. 8). The differ-
ence between the sham and MK groups reached statistical
significance at 2, 24 and 48 h after hypoxia-ischemia (Fig. 8).

Discussion

NMDARS play an important role in normal brain develop-
ment and are involved in excitotoxicity in hypoxic-ischemic

10D value of Nestin-positive cells

200000~
EZsham
150000+ ESmodel
N E3MK
NI Ro
100000~ By
) : g :E: % CENVP
7 &
50000- . N
N
o LENEY N
o © < <
D> © o> ®

Time after hypoxia-ischemia

Figure 6. Comparison of the number of integrated optical density (IOD) value
of Nestin-positive cells in the subventricular zone (SVZ) at different time
points (2, 6, 24 and 48 h) after hypoxic-ischemic injury in the sham group,
hypoxic-ischemia (labeled ‘model’) group, hypoxic-ischemia+treatment with
MK-801 group, hypoxic-ischemia+treatment with Ro25-6981 group, and
hypoxic-ischemia+treatment with NVP-AAMO77 group. Data are presented
as mean * standard deviation. Positive cell counts in five 100x100 pm?
areas in the SVZ of three serially sectioned brains at each tested time point.
“P<0.05 and “P<0.01 vs. hypoxic-ischemia group. *P<0.05 and *P<0.01
vs. hypoxic-ischemia+treatment with MK group.

injury (19). In the present study, we report that hypoxic-isch-
emic injury leads to an increased expression of NR2B and
a decreased expression of NR2A subunits in the SVZ of
neonatal rats. Furthermore, in neonatal rats, hypoxic-isch-
emic injury stimulates neurogenesis in the SVZ, which is
inhibited by NMDA receptor antagonists. Based on these
observations, NMDAR may promote neurogenesis in the
SVZ of neonatal rats.
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Figure 7. Immunohistochemical staining for DCX in the subventricular zone at different time points (2, 6, 24 and 48 h) after hypoxic-ischemic injury in the
control, sham and hypoxic-ischemia groups. DCX, Nestin and doublecortin; MK, MK-801; Ro, R025-6981; NVP, NVP-AAMO077.

In our study, the animals exposed to hypoxia-ischemia
demonstrated a significant upregulation of NR2B subunits
24 h after induction of the injury. This finding is in concordance
with those of previous studies which described developmen-
tally related changes in NMDAR expression (13,14,20). As
reported previously (21), NR2A levels were markedly reduced
at 6 h after hypoxia-ischemia, a finding that is consistent with
our results. There are several mechanisms accounting for
the observed developmental changes of NMDAR subunits
in hypoxic-ischemic injury. The first mechanism involves
glutamate excitotoxicity inducing truncation of the NR2A
subunit and cleavage of the scaffolding protein PSD-95 (22).
This NR2A subunit truncation may lead to a rapid uncou-
pling of synaptic NMDAR from the survival pathways and
a decrease in synaptic NMDAR functionality. The second
mechanism involves calcium overload being responsible for
transcriptional blockage of the NMDAR obligatory subunit
NR1 (23), which is involved in the downregulation of
NMDAR functionality. Furthermore, the currents mediated
by NR1/NR2A heteromers develop 3- to 4-fold faster than the
NR1/NR2B-mediated currents (24). Therefore, a preferential
decrease in NR2A may lead to an increase in the duration
of NMDAR-mediated excitatory post-synaptic currents that
may cause elevated calcium levels and greater sensitivity to
excitotoxic cell damage. While these mechanisms have not
been directly addressed in the present study, alterations in
the NMDAR subunit expression may play a significant role
in modulating the response of brain development follownig
hypoxic-ischemic injury.

As for the NMDAR subunit of neonatal brain in the SVZ,
whether this is a ‘functional’ or a ‘silent’ receptor remains to be
determined. Additionally, whether a potential function of this
receptor is associated with neurogenesis has yet to be investi-
gated. In the present study, we observed that Nestin expression
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Figure 8. Comparison of the number of DCX-positive cells in the
subventricular zone (SVZ) at different time points (2, 6, 24 and
48 h) after hypoxic-ischemic in the sham group, hypoxic-ischemia
(labeled ‘model’) group, hypoxic-ischemia+treatment with MK-801
group, hypoxic-ischemia+treatment with Ro25-6981 group, and
hypoxic-ischemia+treatment with NVP-AAMO77 group. Data are presented
as mean + standard deviation. Positive cell counts in five 100x100 ym? areas
inthe SVZ of three serially sectioned brains at each tested time point. 'P<0.05,
“P<0.01, and “P<0.001 vs. hypoxic-ischemia group. #P<0.05, #P<0.01, and
*P<0.001 vs. hypoxic-ischemia+treatment with MK group.

was significantly increased at 48 h after hypoxic-ischemic
injury. This observation indicates that hypoxic-ischemic
injury stimulates neural stem cell proliferation in the SVZ, as
previously reported (25). In a previous study, we demonstrated
that MK-801, a selective non-competitive NMDAR antagonist
inhibits cell proliferation in the SVZ of neonatal rats (12).
However, it was not clear whether MK-801 exerted its effect
on neurogenesis in the SVZ under hypoxic-ischemic injury.
We extended our previous observations in the current study
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and demonstrated that MK-801 inhibits the protein expression
of Nestin and DCX in the SVZ. This finding is supported by
previous studies showing that NMDAR activation increases
proliferation in neural stem/progenitor cells in vitro and
in vivo (26-31). At the same time, several studies suggest that
NMDAR blockade in adult or aged hippocampus increases
precursor proliferation and subsequent neuron produc-
tion (16,32,33).

It is also unclear whether NMDA receptor antagonism
inhibits neurogenesis mainly through inhibition of the
NR2A or NR2B subunits. Our results show that the NR2B
antagonist Ro25-6981 decreases Nestin and DCX protein
expression in the SVZ. Therefore, NR2B-containing
NMDAR may promote neurogenesis in the SVZ of neonatal
rats. This hypothesis is supported by previous studies which
showed that the NR2B-containing NMDARSs promote neural
progenitor cell proliferation (34). Our study demonstrates that
the NR2A antagonist NVP-AAMO77 exerted no significant
effect on the protein expression of Nestin and DCX. Thus,
blocking through NR2A NMDAR has no significant effect
on neurogenesis in the SVZ. However, previous findings
have shown that NVP-AAMO77 reduced spatial learning by
downregulating neurogenesis in the adult hippocampus (17).
However, there is inconsistency in the literature regarding
the role of NMDAR subunits in regulating neurogenesis. A
number of mechanisms potentially account for the different
effect of NMDAR subunits on neurogenesis. First, NMDAR
subunit composition undergoes a change during postnatal
development, with a high NR2B and low NR2A expres-
sion at postnatal early stage, and an increased expression
of NR2A during postnatal development (10,35). A similar
observation was made in our previous study (12). In the
present study, at the early stage after the hypoxic-ischemic
injury, the pattern of high NR2B and low NR2A expression
was evident in the SVZ. The protein expression of Nestin
and DCX was completely eliminated by Ro025-6981, an
antagonist of NR2B-containing receptors, but not affected
by NVP-AAMO77, an NR2A-containing receptor antago-
nist. Second, the NR2A- and NR2B-containing NMDAR
subtypes have opposing roles in the modulation of the
direction of synaptic plasticity (36,37) or mediation of the
NMDA-elicited neuronal survival and apoptosis (38), and
are differently involved in ischemic neuronal cell death and
ischemic tolerance (39). However, the mechanisms regarding
NMDAR promotion of neurogenesis are poorly understood,
and remain to be investigated.

In conclusion, hypoxic-ischemic injury upregulates the
expression of NR2B and downregulates the expression
of NR2A in the SVZ of neonatal rats. NMDA receptor
antagonists (specifically NR2B) significantly decreased the
expression of Nestin and DCX in this region in the neonatal
brain. Therefore, the result show that NR2B-containing
NMDA receptors promote neurogenesis in the SVZ of
neonatal brain.
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