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Abstract

N-methyl-D-aspartate receptor hypofunction is the basis of pathophysiology in schizophrenia. Blocking the N-methyl-D-aspartate re-
ceptor impairs learning and memory abilities and induces pathological changes in the brain. Previous studies have paid little attention to
the role of the N-methyl-D-aspartate receptor subunit 1 (NR1) in neurogenesis in the hippocampus of schizophrenia. A mouse model of
schizophrenia was established by intraperitoneal injection of 0.6 mg/kg MK-801, once a day, for 14 days. In N-methyl-D-aspartate-treated
mice, N-methyl-D-aspartate was administered by intracerebroventricular injection in schizophrenia mice on day 15. The number of NR1-,
Ki67- or BrdU-immunoreactive cells in the dentate gyrus was measured by immunofluorescence staining. Our data showed the number
of NR1-immunoreactive cells increased along with the decreasing numbers of BrdU- and Ki67-immunoreactive cells in the schizophrenia
groups compared with the control group. N-methyl-D-aspartate could reverse the above changes. These results indicated that NR1 can
regulate neurogenesis in the hippocampal dentate gyrus of schizophrenia mice, supporting NR1 as a promising therapeutic target in the
treatment of schizophrenia. This study was approved by the Experimental Animal Ethics Committee of the Ningxia Medical University,
China (approval No. 2014-014) on March 6, 2014.
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Introduction

Schizophrenia is a chronic mental disease (Silva et al., 2017),
which leads to poor quality of life and security concerns in
society. The underlying biological mechanisms of schizo-
phrenia have yet to be fully understood and are the focus of
an active area of neurological research.

Psychiatric diseases such as epilepsy, schizophrenia and
autism are caused by an imbalance in brain excitatory and
inhibitory chemical transmitters (Levitt, 2005). Glutamate is
the main excitatory neurotransmitter. The N-methyl-D-as-
partate (NMDA) receptor is the type of glutamate receptor
that is involved in synaptic plasticity, learning, memory
ability and cognition. NR1 is a crucial functional subunit of
the NMDA receptor family (Wu et al.,, 2018). The NMDA
receptor mediates specific features and symptoms associated
with schizophrenia which are mediated through alterations
in the glutamatergic system (Moghaddam and Javitt, 2012).
Non-competitive NMDA receptor antagonists, such as di-
zocilpine maleate (MK-801), ketamine, and phencyclidine,
have been demonstrated to produce behavioral responses
that closely resemble neuropsychiatric disorders such as
psychosis (Krystal et al., 1994; Lahti et al., 1995; Collo and
Merlo, 2018). Administration of these agents to rats has
been used to establish animal models for psychosis (Javitt
and Zukin, 1991). Experimental models of NMDA receptor
hypofunction have been used as the basis of the pathophys-
iology of schizophrenia (Snyder and Gao, 2019). Blockade
of NMDA receptors has also been shown to impair learning
and memory abilities as well inducing patho-morphological
changes in the brain (Taffe et al., 2002; Riedel et al., 2003).
The hippocampus is associated with learning, memory and
emotions. Other research and our previous data have indi-
cated that adult neurogenesis occurs in the hippocampus
(Franga, 2018; Schaftner et al., 2018). However, few previous
studies have focused on determining the role of NR1 on hip-
pocampal neurogenesis in schizophrenia.

In our previous study, the NMDA-receptor antagonist
MK-801 was used to establish a schizophrenia-like mouse
model. Expression of NR1 was high in the MK-801 injection
group. NMDA injection could reverse the change of NR1
expression (Ding et al., 2017). In this study, we used BrdU
and Ki67 to tag the newborn hippocampal neural stem cells
and characterize hippocampal neurogenesis. The aim of this
study is to investigate the role of NR1 on neurogenesis in
the hippocampal dentate gyrus using a schizophrenia-like
mouse model.

Materials and Methods

Animals

Forty male specific-pathogen-free C57/BL mice aged 6 weeks
old and weighing 18-24 g were provided by Experimental
Animal Center of Ningxia Medical University, Yinchuan,
China (license No. SCXK (Ning) 2015-0001). The mice were
housed in cages at standard room temperature (22 + 1°C). A
circadian light cycle (12-hour light/12-hour dark) was main-
tained in the housing facilities with food and water freely

available. All mice were given 1 week to acclimatize to the
housing environment prior to the beginning of experiments.
All animal experiments were carried out according to the
guidelines for the care and use of the laboratory animals by
the Experimental Animal Ethical Committee of the Ningxia
Medical University (approval No. 2014-014) on March 6,
2014.

Preparation of MK-801 and NMDA

MK-801 and NMDA were purchased from Sigma-Aldrich
(St. Louis, MO, USA) and dissolved in 0.9% saline. MK-801
was used at dose of 0.6 mg/kg and 5 uL NMDA (15 pg/mL)
was administered according to our previous work (Ding et al.,
2017) and other previous reports (Zuo et al., 2009; Joo et al.,
2013; Kruk-Slomka et al., 2016).

Experimental design and drug administration

Male C57/BL mice were randomly divided into four ex-
perimental groups (n = 10 per group), consisting of (1) the
control group (injected with saline intraperitoneally), (2) the
schizophrenia group, (3) the normal saline group (schizo-
phrenia + 0.9% normal saline) and (4) the NMDA group
(schizophrenia + NMDA). The mouse schizophrenia model
was induced by intraperitoneal injection of MK-801 at a dose
of 0.6 mg/kg once daily for 14 days (Kim et al., 2014) in the
schizophrenia, normal saline and NMDA groups. Group 3
and 4 mice were anesthetized by intraperitoneal injection of
4% chloral hydrate at 1 mL/100 g body weight. A single hole
was drilled into the murine skulls (anteroposterior —0.4 mm
from the Bregma, left 1.0 mm from the mediolateral, dorso-
ventral —2.5 mm) using a stereotaxic apparatus (Narishige,
Tokyo, Japan). A single dose of NMDA in saline (5 pL) at a
concentration of 15 pg/mL, or an equal volume of 0.9% sa-
line, was injected into the left intracerebroventricular cavity
of each mouse only once on day 15 after intraperitoneal in-
jection of MK-801 (0.6 mg/kg) for 14 days in the NMDA or
normal saline groups. Mice were intraperitoneally injected
with BrdU (Sigma-Aldrich) at a dose of 50 mg/kg 60 hours
after being modeled. Twelve hours later, mice were anesthe-
tized with 4% chloral hydrate, and transcardially perfused
with phosphate buffered saline and 4% paraformaldehyde.
Mice were then decapitated and the brains were fixed with 4%
paraformaldehyde and dehydrated through a sucrose gradi-
ent of 20% to 30% until the brain sank to the bottom. Brains
were frozen and stored at —80°C prior to being cut into 40-
um sections. A schematic outline of the experimental proce-
dure is shown in Figure 1.

Immunofluorescence

For immunofluorescent staining, brain sections were incu-
bated with a rabbit monoclonal antibody against NR1 (1:500;
Abcam, Cambridge, MA, USA), a rat monoclonal antibody
against BrdU (1:500; Immunologicals Direct, Oxford Bio-
technology Ltd., UK), and a rabbit polyclonal antibody
against Ki67 (1:500; Abcam) overnight at 4°C, followed by
incubation with an Alexa Fluor 488 labeled goat-anti-rabbit
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Figure 1 Time process of the experiment.
SP: Schizophrenia; NMDA: N-methyl-D-aspar-

IgG (1:500; Life Technologies Corporation, Gaithersburg,
MD, USA) and a Cy3 labeled donkey-anti-rat IgG (1:200;
Jackson ImmunoResearch Laboratories, West Grove, PA,
USA) for 1 hour at room temperature. A fluorescence mi-
croscope (Fv1000; Olympus, Tokyo, Japan) was used for de-
tection. There were 10 mice in each group, and 10 slices per
mouse were chosen from their hippocampal dentate gyrus.
The number of immunoreactive cells in each slice was count-
ed and averaged in each group.

Statistical analysis

Measurements are presented as the mean + SD. Statistical
significance was calculated by one-way analysis of variance
and least significant difference test. All experiments were
conducted at least three times. P values less than 0.05 were
considered statistically significant.

Results

NMDA decreases the number of NR1-immunoreactive
cells in the hippocampal dentate gyrus of a
schizophrenia-like mouse

Compared with the control group, the number of NR1-im-
munoreactive cells increased in the schizophrenia and nor-
mal saline groups (P < 0.05), although no significant differ-
ence was detected between the control and NMDA group (P
> 0.05). Compared with the schizophrenia and normal saline
groups, the number of NR1-immunoreactive cells decreased
significantly in the NMDA group (P < 0.05). No significant
difference in the number of NR1-immunoreactive cells was
found between the schizophrenia and normal saline groups
(P> 0.05; Figure 2).

NMDA decreases the number of BrdU-immunoreactive
cells in the hippocampal dentate gyrus of a
schizophrenia-like mouse

Compared with the control group, the number of BrdU-im-
munoreactive cells decreased in the schizophrenia and nor-
mal saline groups (P < 0.05), and no significant difference
was found between the control and NMDA groups (P > 0.05).
Compared with the schizophrenia and normal saline groups,
the number of BrdU-immunoreactive cells significantly
increased in the NMDA group (P < 0.05). However, no sig-
nificant difference in the number of BrdU-immunoreactive
cells was determined between the schizophrenia and normal
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tate; NS: normal saline.

saline groups (P > 0.05; Figure 3).

NMDA decreases the number of Ki67-immunoreactive
cells in the hippocampal dentate gyrus of a
schizophrenia-like mouse

Compared with the control group, the number of Ki67-im-
munoreactive cells decreased in the schizophrenia, normal
saline and NMDA groups (P < 0.05). Compared with the
schizophrenia and normal saline groups, the number of
Ki67-immunoreactive cells was significantly greater in the
NMDA group (P < 0.05). The number of Ki67-immunore-
active cells increased in the normal saline group compared
with the schizophrenia group (P > 0.05; Figure 4).

Discussion

Current understanding of the etiology and pathogenesis of
schizophrenia remains to be fully determined and the pres-
ent treatment has limited effectiveness. The hippocampus
is the key region of the brain associated with learning and
memory. Advances in research into the cognitive function of
the hippocampus have moved towards its neurogenesis. This
process, by which neural stem or progenitor cells generate
new neurons, is complex (Emsley et al., 2005). It occurs in
most regions of the brain but generally lasts only for a short
period after the birth. The lower layer of hippocampal den-
tate gyrus has an unusual neurogenic ability that can last
until adulthood and has been shown to occur throughout a
lifetime (Antonelli et al., 2018; Leem et al., 2018). Adult hip-
pocampal neurogenesis is involved in learning and memory
(Deng et al., 2010). Some studies found few new neurons,
whereas other studies found many new neurons in the adult
dentate gyrus (Knoth et al., 2010; Spalding et al., 2013; Den-
nis et al., 2016; Sorrells et al., 2018). It is now believed that
the hippocampus of an adult human continues to generate
new neurons (Sorrells et al., 2018). A post-mortem study
indicated that abnormal neurogenesis is found in schizo-
phrenics (Ross et al., 2006). This suggests that neurogenesis
in the hippocampus may be a potential therapeutic target for
the treatment of a number of neural degenerative and other
diseases of the central nervous system.

The NMDA receptor is widely expressed in the central
nervous system and has been shown to play a crucial role in
excitatory synaptic transmission. It is a glutamate-gated ion
channel, which is found abundantly in the hippocampus and
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Figure 2 Effect of NMDA on the immunoreactivity of NR1 in the
hippocampal dentate gyrus of a schizophrenia-like mouse.

(A) NR1-immunoreactive cell (green, Alexa Fluor 488 labeled) in the
hippocampal dentate gyrus. The arrows point to the NR1-immunoreac-
tive cell. Scale bars: 40 pm. The right virtual frame (E-H) is an enlarged
version of the left virtual frame (A-D). (B) The number of NR1-immu-
noreactive cells in the hippocampal dentate gyrus in each group. The
histogram data range is the average number of immunoreactive cells
in each slice of each group. All data are shown as the mean + SD (n =
10). *P < 0.05, vs. control group; #P < 0.05, vs. SP or NS group (one-
way analysis of variance followed by least significant difference test).
CON: Control; SP: schizophrenia; NS: normal saline; NMDA: N-meth-
yl-D-aspartate; NR1: NMDA receptor subunit.
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Figure 3 Effect of NMDA on the immunoreactivity of BrdU in the
hippocampal dentate gyrus of a schizophrenia-like mouse.

(A) BrdU-immunoreactive cell (red, Cy3 labeled) in the hippocampal
dentate gyrus. The arrows point to the BrdU-immunoreactive cell.
Scale bars: 40 pm. The right virtual frame (E-H) is an enlarged version
of the left virtual frame (A-D). (B) Amount of BrdU-immunoreactive
cells in the hippocampal dentate gyrus. The histogram data range is the
average number of immunoreactive cells in each slice of each group.
All data are shown as the mean + SD (n = 10; one-way analysis of vari-
ance followed by least significant difference test). *P < 0.05, vs. control
group; #P < 0.05, vs. SP or NS group. Con: Control; SP: schizophrenia;
NS: normal saline; NMDA: N-methyl-D-aspartate.

Control SP Control
sP
NS NMDA NS
NMDA
2 40
S Figure 4 Effect of NMDA on the immunoreactivity of Ki67 in the
% hippocampal dentate gyrus of a schizophrenia-like mouse.
g :E: 30 o (A) Ki67-immunoreactive cells (green, Alexa Fluor 488 labeled) in the
Seo hippocampal dentate gyrus. The arrows point to the Ki67-immunoreactive
2 S 20 . * cells. Scale bars: 40 pm. The right virtual frame (E-H) is an enlarged ver-
EE sion of the left virtual frame (A-D). (B) Amount of Ki67-immunoreactive
e cells in the hippocampal dentate gyrus. The histogram data range is the av-
g = 10 erage number of immunoreactive cells in each slice of each group. All data
s = are shown as the mean + SD (n = 10; one-way analysis of variance followed
3 by least significant difference test). *P < 0.05, vs. control group; #P < 0.05,
§ 0 vs. SP or NS group. Con: Control; SP: schizophrenia; NS: normal saline;
Control SP NS NMDA NMDA: N-methyl-D-aspartate.
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cerebral cortex. The NMDA receptor is mainly localized in
the post-synaptic membrane of nerve cells where it can in-
duce nerve growth, synaptogenesis and maturity of neurons.
Excitation of the NMDA receptor acts to promote learning
and memory. The NMDA receptor has at least seven sub-
units, including NR1, NR2A, NR2B, NR2C, NR2D, NR3A
and NR3B. Amongst these subunits, NR1 is a key functional
subunit of the NMDA receptor family (Stephenson, 2001).

Hypofunction of NMDA receptor activity and the dysreg-
ulation of dopaminergic neurotransmission are considered
key aspects underlying the mechanism of schizophrenia
(Kristiansen et al., 2007). The non-competitive NMDA re-
ceptor antagonist MK-801 can induce similar schizophrenic
behavior, including both positive and negative symptoms
(Meltzer et al., 2013; Brown et al., 2014; Blot et al., 2015).
Therefore, the NMDA receptor antagonist MK-801 was used
to establish a schizophrenia-like mouse model (Joo et al.,
2013; Kruk-Slomka et al., 2016; Ding et al., 2017).

Under many pathological conditions in the nervous sys-
tem, both chronic and acute NMDA receptor activation can
result in neuronal death. Schizophrenia has been shown to
make neurons more sensitive to normal levels of NMDA re-
ceptor activity, or causes failure in maintaining intra- or in-
tercellular steady state glutamate levels. In acute brain injury
such as pain, mechanical injury, stroke and epilepsy disease,
glutamate levels are acutely increased and are the leading
cause of neuronal death (Liu et al., 2007). In our previous
study, MK-801 led to apoptosis of hippocampal neurons and
decreased NRI1 expression (Ding et al., 2017).

Research by ourselves and others has also shown that the
mouse model produces behavioral responses that closely
resemble those seen in schizophrenia, along with decreased
neurogenesis in the hippocampal dentate gyrus (Yamaguchi
et al., 2004; Liu et al., 2006; Tanimura et al., 2009). In this
study, very similar results were obtained. BrdU is used to
identify dividing cells during mitosis, thus BrdU-immuno-
histochemistry is used to locate the proliferative cells in the
hippocampus of our study (Taupin, 2007). Ki67 expression
starts in the G1 phase, remarkably increases in S and G2
phases, reaches a peak in the M phase, disappears in the
late split phase, and no expression is found in the GO phase
(Kong et al., 2015). In this study, to investigate alterations
of NR1 expression and neurogenesis in the hippocampal
dentate gyrus, MK-801 was used to establish a schizophre-
nia-like mouse model before injection of the NMDA into
the lateral ventricle. Our data showed that NR1 expression
increased and the number of both BrdU- and Ki67-immu-
noreactive cells decreased in the schizophrenia and normal
saline groups. This up-regulation of NR1 may be due to a
compensatory response resulting from glutamatergic defi-
cits by which NMDA can reverse the alterations. NMDA is
an agonist of the NMDA receptor. Our data indicated that
NMDA inhibits or eliminates the effects of MK-801 on NR1
expression and plays a key role in preventing the neurotox-
icity induced by MK-801 in schizophrenia mice. It showed
that NR1 is crucial for the regulation of hippocampal neuro-
genesis and that the NMDA receptor agonist NMDA acted
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to promote hippocampal neurogenesis in the schizophrenia
mice. The effects of MK-801 and NMDA on BrdU and Ki67
observed using immunochemistry also indicated the key
role of NR1 in neurogenesis.

Several studies have also reported that glutamatergic neu-
rotransmission can enhance neurogenesis in human neural
stem cells (Suzuki et al., 2006; Zhao et al., 2011). One study
showed that the NMDA receptor antagonist MK-801 (1.0
mg/kg, intraperitoneally, single administration) stimulated
hippocampal adult neurogenesis in adult rats (Gould et al.,
1997). The increase in adult neurogenesis by MK-801 (1.0
mg/kg, intraperitoneally, single administration) appeared
to be a compensatory effect (Reif et al., 2007). Our study
showed hippocampal neurogenesis decreased on adminis-
tration of MK-801 (0.6 mg/kg, intraperitoneally, daily for 14
days). The paradoxical results might indicate that different
doses induce different responses in animals. We have shown
that the regulation of hippocampal neurogenesis was asso-
ciated with NR1 expression. NMDA was shown to have the
neuroprotective effect on schizophrenic mice, suggesting
that NR1 may be a promising therapeutic target for the treat-
ment of schizophrenia. The limitation of the study was that
the NR1 knockout model was not used to study the effect of
NRI on neurogenesis. Further, studies are required to com-
prehensively understand the underlying signaling pathways
mediating NR1 expression and their impact on hippocampal
neurogenesis in schizophrenia.
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