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Abstract: Schizophrenia is a common and serious mental illness characterized by severe impairments in thinking,

emotions, and behaviors. Usually, the cognitive deficits of schizophrenia are closely associated with abnormal

neurogenesis due to the hypofunction of certain neural receptors such as N-methyl-D-aspartate receptors (NMDARs),

which mediates neurotransmission. However, little is known about the involvement of NMDAR1 in regulating

hippocampal neurogenesis in schizophrenia. In the current study, we present evidence suggesting that NMDAR1

regulates hippocampal neurogenesis as lentivirus-mediated shRNA silencing NMDAR1 gene or blocking with MK-801

results in abnormal neurogenesis consistently found in schizophrenia. The important finding was clearly

demonstrated by the multiparametric assessments, including morphology, immunofluorescence, western blotting, and

flow cytometry. Simultaneously, our results indicated that knockdown and blockade of NMDAR1 significantly

attenuated the proliferation of hippocampal neural stem cells (hNSCs) and decreased the differentiation to neurons.

More importantly, the blockade of NMDAR1 with MK-801 aggravated the apoptosis of hNSCs. Thus, it is likely that

NMDAR1 functions as a new target for the treatment of schizophrenia. Our present study may provide a novel

insight for further investigation of the pathogenesis of schizophrenia.

Introduction

Schizophrenia is a complex, heterogeneous behavioral and
cognitive syndrome that is originated from disruption of
brain development caused by genetic or environmental
factors, or both (Eltokhi et al., 2020; Owen et al., 2016).
Until now, there is no effective curative treatment for this
psychotic disorder. Although the exact causes of
schizophrenia aren’t fully understood, a growing amount of
evidence revealed that schizophrenia pathogenesis is
considered to multi-factorial, with likely gene-environment
interplays, such as biological specific sets of genes,
neurology, psychological and environmental components
(Nimgaonkar et al., 2017; Torrey and Yolken, 2019).
Hitherto, among several key mechanisms implicated in
schizophrenia, abnormal neurogenesis during fetal
development may play a central role in the early phase of
schizophrenia pathogenesis (Weinberger, 2017). Therefore,

there is a very important significance to clarify the
pathogenesis of schizophrenia for developing an effective
treatment strategy.

MK-801, a non-competitive antagonist of NMDARs, has
been widely used to induce a schizophrenia-like phenotype in
rodents (Rogoz et al., 2018). NMDARs play diverse roles in
synaptic transmission, synaptic plasticity, neuronal
development, and neurological diseases (Oshima-Takago
and Takago, 2017). Once NMDAR dysfunctions, numerous
neural activities responsible for the above-mentioned events
will be affected, leading to abnormal neuronal development
including the occurrence of schizophrenia (Balu, 2016;
Hardingham and Do, 2016). In addition, MK-801 has an
influence on the glycolysis process and schizophrenia-
related protein expression of different kinds of cells (Cassoli
et al., 2016; Brandao-Teles et al., 2017; Guest et al., 2015;
Martins-de-Souza et al., 2011), and this effect may be
modulated by antipsychotic treatment, implying that MK-
801 can induce in vitro neural cells to acquire certain in vivo
hippocampal cell biological characteristics in schizophrenia
patients. In the present study, we established the
schizophrenia-like cell model by means of MK-801.
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The glutamatergic hypothesis of schizophrenia states that
abnormal expression of glutamatergic systems through NMDARs
in the central nervous system (CNS) causes some symptoms of
schizophrenia (Zapatero-Solana et al., 2014). NMDAR1 is the
key subunit of NMDARs (Ju and Cui, 2016). Recent advances
have put forward some direct support for the importance of
impaired NMDAR1-mediated glutamatergic pathways in the
pathophysiology of schizophrenia (Chen et al., 2020). Significant
reduction of the hippocampal volume is a structural hallmark of
schizophrenia (Zheng et al., 2019). However, no direct evidence
indicates that abnormal hippocampal neurogenesis is likely to
contribute to the volume decrease in schizophrenia. Strikingly,
the excessive expression of NMDAR1 promotes hippocampal
neurogenesis (Kalev-Zylinska et al., 2009). Thus, it is of
significance to investigate the relationship of abnormality of
NMDAR1 and neurogenesis in schizophrenia.

In the present study, we postulate that the abnormality of
NMDAR1 expression may affect hippocampal neurogenesis
in schizophrenia. As we expected, knockdown of NMDAR1
by lentivirus-mediated shRNA interference or blockade with
MK-801 effectively decreased the proliferation and
differentiation of NSCs from the hippocampus and
exacerbated apoptosis of NSCs. The present study may lay a
foundation for further elucidation of NMDAR1 function on
hippocampal neurogenesis in schizophrenia.

Materials and Methods

Reagents
DMEM-F12, B27 supplement, fetal bovine serum (FBS) and
trypsin were purchased from Thermo Fisher Scientific, Inc.,
Waltham, MA, USA; Lentivirus carrying the interference
NMDAR1 subunits (pLV-EGFP-NMDAR1-shRNA-1, target
sequence: CAGTCCCTTTGGCCGATTTAA; pLV-EGFP-
shRNA) (pLV-EGFP-NMDAR1-shRNA-2, target sequence:
GTGGCTCCACTGACCATTAAC; pLV-EGFP-shRNA) (pLV-
EGFP-NMDAR1-shRNA-3, target sequence: GCAGTACC-
ATCCCACTGATAT) were purchased from Cyagen
Biosciences, Guangzhou, Guangdong, China; mouse anti-
Nestin (ab11306), rabbit anti-SOX2 (ab97959), rabbit anti-
NMDAR1 (ab109182), rabbit anti-Ki-67 (ab16667), rabbit
anti-NeuN (ab177487) were purchased from Abcam,
Cambridge, MA, USA; mouse anti-β-tubulin (ab009) was
purchased from liankebio, Hangzhou, Zhejiang, China; HRP-
conjugated goat anti-rabbit (zb-2301), HRP-conjugated goat
anti-mouse (zb-2305), Rhodamine-conjugated goat anti-mouse
lgG (H+L) (zf-0313) and Rhodamine-conjugated goat anti-
rabbit lgG (H+L) (zf-0316) were purchased from ZSGB-BIO,
Beijing, China; MK-801 was purchased from Sigma-Aldrich,
Merck KGaA, Darmstadt, Germany; basic fibroblast growth
factor (bFGF) and epidermal growth factor (EGF) were
purchased from PeproTech, Inc., Rocky Hill, NJ, USA;
Annexin V-APC/PI kit was purchased from Nanjing KeyGen
Biotech, Jiangsu, China. Cell counting kit-8 was purchased
from Wuhan Boster Biological Technology, Hubei, China.

Preparation of NSCs and different treatments
All experiments on animals were conducted in strict
accordance with the standards established by the
Institutional Animal Care and Use Committee of Ningxia

Medical University (license no D2014-014). Primary NSCs
were prepared from 1–2-day-old postnatal mice hippocampus.
In brief, five postnatal mice were killed by decapitation, and
the hippocampi were dissected and enzymatically dissociated
into a single-cell suspension. Cells were maintained in the
conditional medium at the final concentration of 2% B27, 20
ng/mL bFGF, and 20 ng/mL EGF (PeproTech, USA) and
cultured in an incubator with 5% CO2 at 37°C, and the culture
medium was changed once every 3 days.

After culture for 5 days, cultured cells were divided into
different groups as follows: Control group (treated with
DMEM-F12 medium supplemented with 2% B27, 20 ng/mL
bFGF, and 20 ng/mL EGF for 96 h), MK-801 group (treated
with 200 µM MK-801 for 24 h, and then the medium was
switched to DMEM-F12 medium supplemented with 2%
B27, 20 ng/mL bFGF and 20 ng/mL EGF for 72 h), MK-801
+NMDAR1-shRNA group (pretreated with 200 µM MK-801
for 24 h, followed by removed the medium and switched to
DMEM-F12 medium supplemented with 2% B27, 20 ng/mL
bFGF and 20 ng/mL EGF adding NMDAR1-shRNA for 72 h).

CCK-8 assay
To determine whether the mock-lentivirus exhibits a cytotoxic
influence on cells, we tested cell viability using a modified cell
counting kit-8 (CCK-8) assay as described previously (Yang
et al., 2020; Dong et al., 2020). In brief, after the treatment
of mock-lentivirus for 72 h, the hippocampal NSCs were
seeded into a 96-well plate and cultured at 37°C for 24 h.
Next, 10 μL of CCK-8 reagent was added to each well, and
the cells were incubated at 37°C for an additional 2 h.
Finally, the optical density (OD) of the solution was
measured at 450 nm to assess cell viability. CCK-8 assay
was repeated three times.

Western blotting
The protein extract from cells with different treatments was
harvested on ice with lysis buffer (RIPA:PMSF = 100:1)
containing protease inhibitor for 30 min. The homogenates of
cells were centrifuged at 12000 rpm for 15 min at 4°C. The
supernatants were collected for the western blotting according
to the protocol described previously. Each protein sample was
separated by 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and electroblotted onto
polyvinylidene difluoride (PVDF) membranes. The PVDF
membranes were immersed in blocking solution (10% fat-free
dried milk in TBST) for 1 h at room temperature (RT).
Proteins were probed with rabbit anti-NMDAR1 (1:1000),
mouse anti-NeuN (1:1000), and mouse anti-β-tubulin (1:1000)
primary antibody overnight at 4°C, respectively. Thereafter,
the PVDF membranes were washed with TBST three times for
10 min and incubated with HRP-conjugated goat anti-rabbit
antibody (1:5000) and HRP-conjugated goat anti-mouse
antibody (1:5000) for 1 h at RT. After thorough washes in
TBST, the immunoblots were visualized using enhanced
chemiluminescence and imaged using gel systems camera.

Differentiation of hippocampal NSCs
To assess the differentiation ability of NSCs subjected to
knockdown of NMDAR1 to neurons, hippocampal NSCs
were maintained in DMEM/F12 (Thermo Fisher Scientific,
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USA) conditioned medium containing 2% FBS (Thermo
Fisher Scientific, USA) and 2% B27 (Thermo Fisher
Scientific, USA). After 7 days of differentiation,
immunocytochemistry staining was conducted as the
following experiments and western blot were carried out
according to the aforementioned procedures.

Immunofluorescence staining
NSCs with different treatments in the 24-well plate were fixed
with 4% paraformaldehyde solution for 1 h. After washing
with D-PBS three times, cells were permeabilized with Triton
X-100 in PBS for 10 min, followed by incubation with 8%
BSA in D-PBS for 1 h at RT. Thereafter, the cells were
incubated overnight at 4°C with the following primary
antibodies: mouse anti-Nestin (1:200), rabbit anti-Ki-67
(1:250), rabbit anti-SOX2 (1:200), mouse anti-NeuN (1:200).
After the primary antibodies were removed and the samples
were extensively washed with D-PBS, the corresponding
secondary antibodies Rhodamine-conjugated goat anti-mouse
lgG (H+L) (1:200), and Rhodamine-conjugated goat anti-
rabbit lgG (H+L) (1:200) were added and incubated at RT for
2 h. The nuclei were counterstained for 10 min with DAPI.
Lastly, the percentages of nestin, Ki-67, and NeuN positive
cells were observed and counted by fluorescence microscope.

Flow cytometry
Apoptosis of NSCs was measured by flow cytometry. In brief,
NSCs with different treatments were washed with Dulbecco’s
Phosphate Buffered Saline (D-PBS) twice and trypsinized with
digestion solution containing 0.25% trypsin at 37°C for 15
min, triturated into single-cell suspension, and further
filtered through 80-mm nylon mesh prior to analysis.
Concomitantly, the cells were resuspended in 500 μL
binding buffer and further incubated with 5 μL annexin V-
allophycocyanin conjugate and propidium iodide (Annexin
V-APC/PI) for flow cytometry analysis. The percentages of
apoptosis in hNSCs were determined by flow cytometry
assay as described previously (Sun et al., 2019) and analyzed
using the FACS express v2.0 software. Annexin V is a
sensitive indicator for detecting cells within the population
that were undergoing apoptosis. The nucleus of cells in the
end stage of apoptosis or necrotic cells is stained by PI.

Statistical analysis
Statistical analysis was performed by SPSS Statistics Data
Editor 17.0 (SPSS, Inc., Chicago, IL, USA). One-way
ANOVA was used for intergroup comparisons followed by
the S-N-K test and the comparisons of two groups using
Independent-Sample t-test. p < 0.05 was considered
statistically significant in this study.

Results

Identification of hippocampal NSCs and development of
schizophrenia cell model in vitro
To confirm whether the schizophrenia cell model in vitro was
successful, we first cultured and identified hippocampal NSCs
from the mouse hippocampus based on morphological and
phenotypic characteristics. Phase-contrast microscopy
showed that hippocampal NSCs exhibited spherical

morphology, and the majority of free-floating neurospheres
are approximately uniform in size and have good refractivity
and stereoscopic vision (Fig. 1A). Further, the identification
of hippocampal NSCs was conducted by means of
immunofluorescence staining for Nestin, SOX2, and NeuN.
As shown in Fig. 1B, almost all neurospheres were positive
for Nestin and SOX2 and reached more than 90% positive
reactivity. Interestingly, none of them were positive for
NeuN, indicating these cells were truly purified NSCs.
Twenty-four hours after 200 µM MK-801 treatment, the
volume of neurospheres, and percentage of nestin-positive
cells remarkably decreased (Fig. 1C). Quantitative analysis
revealed that 200 µM MK-801 treatment resulted in an
approximately 2-fold reduction in Nestin-positive cells
(Fig. 1D), indicating that the MK-801-induced schizophrenia
cells model was successful.

Construction of NMDAR1-pLV-EGFP-shRNA lentiviral vector
and cell transduction
To further validate our hypothesis, the lentiviral vector
NMDAR1-pLV-EGFP-shRNA was constructed, identified,
and used for cell transfection. After the efficiency of the
lentivirus was measured with the method of gradual
dilution, the titer level reached 2 × 108–2 × 109 TU/mL was
used for cell transfection, followed by examination of the
protein expressions of NMDAR1. As shown in Fig. 2,
western blot analysis showed that after transduction of the
mock lentivirus, no change in NMDAR1 expression was
observed between the LV-EGFP and control groups
(Fig. 2A), excluding the negative effect of the lentiviral
vector on NMDAR1 expression. In reverse, NMDAR1-
shRNA transfection resulted in a significant decrease in
NMDAR1 expression in the NMDAR1-shRNA-2 and
NMDAR1-shRNA-3 groups and was also revealed by the
quantitative analysis of band optical density (Fig. 2B). Based
on the above results, we selected the NMDAR1-shRNA-2
lentivirus sequence for the following experiments due to its
ideal gene silencing. The results showed that after
transfection for 72 h in schizophrenia cells model in vitro,
NMDAR1 expression was significantly reduced in the MK-
801+NR1-shRNA group (Figs. 2C and 2D) as compared
with other groups, suggesting the efficiency for NMDAR1
silencing of the lentiviral particles encoding NMDAR1. As
shown in Figs. 2E and 2F, the numbers and sizes of
neurosphere significantly increased than that of the 48-h
group and 24-h group after the 72 h-treatment of mock-
lentivirus. However, the numbers and sizes of neurospheres
of NSCs have no obvious differences between the mock-
lentivirus group and control groups. Similarly, CCK-8 tests
showed that there was no significant difference in cell
viability of NSCs between the mock-lentivirus groups and
the control groups (Fig. 2G). These results suggest that the
observed effects mainly attribute to the knockdown of
NMDAR1 rather than the cytotoxicity of mock-lentivirus.

Knockdown of NMDAR1 inhibits the NSCs proliferation
To examine whether NMDAR1 exerts a possible effect in cell
proliferation from the schizophrenia in vitro model,
knockdown of NMDAR1 in cells was conducted by
NMDAR1-shRNA interference, followed by
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immunofluorescence staining with the typical proliferation
marker Ki-67 was carried out. As shown in Fig. 3A,
knockdown of NMDAR1 in combination with 200 µM MK-
801 stimulation resulted in a significant decrease in NSCs
proliferation as compared with the MK-801 only and
control groups, displaying remarkably lower proportion and
weaker immunoreactivity of the Ki-67-positive cells in
cultures. In comparison, the total number and proportion of
Ki-67-positive cells in control groups were larger and higher
than that in the other two groups. Consistent with the
morphological results, quantitative analysis showed that
knockdown of NMDAR1 resulted in a significant decrease
in the percentage of Ki-67-positive cells (Fig. 3B), suggesting
silencing of NMDAR1 can inhibit NSCs proliferation in the
schizophrenia-like cell model.

Knockdown of NMDAR1 inhibits the differentiation of NSCs to
neuronal cells
To investigate whether NMDAR1 is likely to involve in the
differentiation of NSCs, Immunofluorescence staining and
western blotting test of typical neuronal marker NeuN were
performed to assess the NSC differentiation after being treated
with the above-mentioned conditions. As shown in Fig. 4A,
after 7 days of induction, a large number of cells from in vitro
schizophrenia model showed a weaker NeuN immunoreactivity
or negative for NeuN, whereas cells in the MK-801 treatment
group, the proportion of NeuN positive cells is relatively higher
than that in NMDAR1-shRNA+MK-801 group. Reversely, the
number and proportion of NeuN positive cells in the normal

NSCs group were higher than that in the other two groups.
Consistent with the immunofluorescence staining, quantitative
analysis showed that knockdown of NMDAR1 significantly
inhibits the differentiation of NSCs into neuronal cells,
displaying a remarkable decrease in the percentage of NeuN
positive cells when compared to MK-801 and control groups
(Fig. 4B). Meanwhile, MK-801 alone also resulted in a
significant decrease in the percentage of NeuN positive cells
(Fig. 4B), implying a critical role of NMDAR1 in neurogenesis.
To further substantiate our hypothesis, the protein expression of
NeuN in the above treatments was investigated. In line with
immunofluorescence results, western blot analysis for NeuN
showed a similar result (Fig. 4C) that the weakest blot occurred
in the NMDAR1-shRNA+MK-801 group, while the amount of
NeuN protein in NSCs treated with MK-801 showed an
approximate 1.3-fold decrease (Figs. 4C and 4D), suggesting
knockdown of NMDAR1 inhibited the differentiation of
schizophrenia-like cells into neurons.

Knockdown of NMDAR1 promotes the apoptosis of NSCs from
schizophrenia-like cells model
To characterize both the type and extent of cell death after the
knockdown of NMDAR1, the early apoptotic, late apoptotic,
and necrotic cells were quantified using AV and PI double
staining and flow cytometry. As shown in Fig. 5, the flow
cytometry assays showed that knockdown of NMDAR1
significantly reduced the number of normal live cells and
elevated the number of late apoptotic and necrotic cells.
Likewise, blockade of NMDAR1 by virtue of MK-801 also

FIGURE 1. Morphological identification of hippocampal NSCs and effects of MK-801 treatment on nestin expression.
(A) Morphological characteristics of hippocampal NSCs at 3 days of passage 3 in vitro. (B) Identification of hippocampal neurospheres, a
representative micrograph of immunofluorescence for Nestin, SOX2 and NeuN. (C) After 24 h of MK-801 treatment, the expression of
Nestin in hippocampal NSCs as revealed by immunostaining. The upper panel, MK-801 (200 µM) treatment for 24 h; the lower panel, no
treatment. Scale bars: 100 μm. (D) Quantitative analysis of nestin-immunoreactive cells under the indicated treatment conditions. **p < 0.01
vs the corresponding controls. Scale bars: 100 μm.
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resulted in significant cell apoptosis as compared with the
normal culture (Fig. 5A). Quantitative analysis revealed that
knockdown of NMDAR1 significantly promoted the apoptosis
of NSCs from the schizophrenia model as compared with the
corresponding controls (Fig. 5B), indicating critical roles of
NMDAR1 in hippocampal neurogenesis.

Discussion

Schizophrenia is a group of severe psychoses with a prevalence
of approximately 1% among the general population that has a

disproportionately negative impact on individuals and
society (D’Arcey et al., 2020). However, the specific
pathophysiological mechanisms of schizophrenia remain
unclear. By far, NMDAR hypofunction is one of the most
prevalent models of schizophrenia (Lee and Zhou, 2019).
MK-801 is a non-competitive antagonist of NMDAR and is
usually used for inducing a schizophrenia-like phenotype in
rodents (Rogoz et al., 2018), which leads to different degrees
of cognitive impairment (Zhou et al., 2020). MK-801 affects
glycolysis in neural cells and this effect may be modulated
by antipsychotic treatment (Guest et al., 2015; Brandao-

FIGURE 2. Identification of NMDAR1-pLV-EGFP-shRNA lentiviral vector and transduction of schizophrenia-like hippocampal NSCs.
(A) Western blots showing the expressions of NMDAR1 protein in hNSCs under the indicated lentiviral vector treatments for 72 h. (B) The
quantification analysis of relative expression of NMDAR1 protein intensity of immunoblots. β-Tubulin served as a loading control of total
protein. (C) Western blot showing the expressions of NMDAR1 protein in hNSCs following treatments with MK-801 (200 µM) for 24 h
or MK-801 (200 µM) for 24 h followed by adding NMDAR1-shRNA (MOI = 100) for 72 h. (D) Quantification analysis of relative
expression of NMDAR1 protein intensity of immunoblots under the above-mentioned treatments. β-Tubulin served as an internal control
of total protein. (E) Morphological characteristics of hippocampal NSCs after mock-lentivirus treatment at different time points (24, 48,
and 72 h). (G) Quantification analysis of the numbers of hippocampal neurospheres under the above-mentioned conditions. (F)
Quantification analysis of cell viabilities after the mock-lentivirus treatments at different time points. *p < 0.05, and **p < 0.01 vs. the
corresponding controls. Scale bars: 100 μm.
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FIGURE 3. Effects of NMDAR1-shRNA treatment on proliferation of schizophrenia-like hippocampal NSCs.
(A) Immunostaining of Ki-67 in schizophrenia-like hippocampal NSCs after 72 h of cell transduction. The upper panel, MK-801 (200 µM) for
24 h, followed by adding NMDAR1-shRNA (MOI = 100) for 72 h; the middle panel, MK-801 (200 µM) for 24 h; the lower panel, no treatment.
(B) The quantitative analysis of the percentage of Ki-67-immunoreactive cells under different treatment conditions. *p < 0.05, and **p < 0.01 vs.
the corresponding controls. Scale bars: 100 μm.

FIGURE 4. Effects of NMDAR1-shRNA treatment on the differentiation of schizophrenia-like hippocampal NSCs.
(A) Immunostaining of NeuN in schizophrenia-like hippocampal NSCs. The upper panel, MK-801 (200 µM) for 24 h, followed by adding
NMDAR1-shRNA (MOI = 100) for 72 h; the middle panel, MK-801 (200 µM) for 24 h; the lower panel, no treatment. (B) The quantitative
analysis of the percentages of NeuN-immunoreactive cells in different groups. (C) Western blots showing the expression of NeuN protein in
hippocampal NSCs under the indicated conditions. (D) Quantification analysis of relative expression of the intensity of immunoblots. β-
Tubulin served as an internal control of total protein. *p < 0.05, and **p < 0.01 vs. the corresponding controls. Scale bars: 100 μm.

422 YUQING HE et al.



Teles et al., 2017), indicating that MK-801 produces a similar
function with the symptom of schizophrenia in vitro levels.
Although no animal model of all aspects of schizophrenia can
be made accurately, several previous reports and our study
have documented that NMDAR hypofunction caused by
MK-801 can be used to establish this cell model of
schizophrenia (Ding et al., 2018). To clarify whether
dysfunction or down-regulation of NMDAR1 affect
neurogenesis, resulting in schizophrenia, we established the
schizophrenia-like cells model of hNSCs using MK-801. In
the present study, MK-801 at a concentration of 200 µM was
used, rather than the traditional low dose (in the range of
0.009–0.35 µM) according to MK-801 chirality and NMDAR
subunit composition (Traynelis et al., 2010). This is mainly
due to the following several points: (1) Pre-experiment results
revealed that this dose is relatively optimal (Ding et al., 2018);
and (2) The different types of cells possess different biological
properties and sensitivity to the drug. Several previous studies
demonstrated that in the development of the schizophrenia
cell model, various concentrations of MK-801 could be used.
For example, the concentration of MK-801 is 50 µM in
oligodendrocyte cells (Brandao-Teles et al., 2017; Guest et al.,
2015) or 50 mM in oligodendrocyte cells (Cassoli et al.,
2016), and 20 or 50 µM MK-801 in astrocytes (Martins-de-
Souza et al., 2011). Therefore, we speculated that 200 µM
MK-801 used to develop schizophrenia-like cells model in
our study may be mainly associated with NSC characteristics
(such as strong self-renewal and multipotential
differentiation) and sensitivity to MK-801.

Strong evidence implicates that abnormalities of
glutamate signaling might account for the negative and
cognitive symptoms. NMDAR, one of the most important
excitatory amino acid receptor which belongs to the
glutamate receptor (Zoodsma et al., 2020), is intimately

associated with a variety of physiological processes underlying
neural transmission, synaptic plasticity, neuronal development,
and cognitive functions (Li et al., 2018). NMDAR1 is the
principal subunit of NMDAR assemblies (Ju and Cui, 2016).
Several lines of studies showed that the NMDAR1 expression
significantly decreased in schizophrenias (Catts et al., 2015;
Rodriguez-Munoz et al., 2017; Catts et al., 2016; Areal et al.,
2017), implying the intimate associations between the
dysfunction of NMDAR1 and schizophrenia. Accordingly, the
NMDAR1-knockdown animal model as a representative
model was usually utilized to study the role of NMDAR in the
pathophysiology of schizophrenia (Ramsey, 2009). In our
present study, we firstly used lentivirus-mediated shRNA
silencing assay to knockdown NMDAR1 expression to clarify
its roles in the development of NSCs. Consistent with the
previous reports, the NMDAR1 protein levels significantly
decreased in the schizophrenia-like cell model in our study,
suggesting that NMDAR1 participates in regulating
neurogenesis in schizophrenia. To unravel the potentials of
NMDAR1 in schizophrenia pathogenesis, we examined the
proliferation, differentiation, and apoptosis of hNSCs in the
schizophrenia-like cell model by different assays after
knockdown of NMDAR1.

Proliferation, differentiation, survival, and integration of
newborn neurons in a neural network are specific
manifestations of adult hippocampal neurogenesis (de
Miranda et al., 2017). Adult hippocampal neurogenesis is
intimately associated with hippocampus-dependent learning
and memory and emotional processing (Terranova et al.,
2019; Drew and Huckleberry, 2017). Once ventral
hippocampal lesions or abnormal neurogenesis, it will
implicate the neuropathology of schizophrenia (Peng and
Bonaguidi, 2018). Therefore, hippocampal neurogenesis may
provide valuable information in identifying schizophrenia. In

FIGURE 5. Effects of NMDAR1-shRNA
treatment on apoptosis of schizophrenia-
like hippocampal NSCs.
(A) Flow cytometry analysis of
hippocampal NSCs for cell survival,
necrosis and apoptosis following
treatments with MK-801 (200 µM) for
24 h or pre-treatment with MK-801
(200 µM) for 24 h followed by adding
NMDAR1-shRNA (MOI = 100) for 72
h. (B) The quantitative analysis of the
percentages of NSCs in different stages
of apoptosis after different treatments as
above-mentioned. *p < 0.05, and **p <
0.01 vs. the corresponding controls. LL,
normal live cells; LR, early apoptosis;
UR, late apoptosis; UL, necrotic cells.
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this study, we present in vitro data emphasizing the potential of
NMDAR1 in hippocampal neurogenesis, which is intimately
related to schizophrenia. As we expected, the roles of
NMDAR1 in regulating neurogenesis in several aspects such
as cell proliferation, differentiation, and survival, by in vitro
cell model of schizophrenia are revealed. Our further
investigation demonstrating the involvement of NMDAR1 in
the modulation of neurogenesis provides a molecular
mechanism responsible for the pathogenesis of schizophrenia.

The ionotropic glutamate receptor NMDAR1 is
permeable to Ca2+ but blocked by Mg2+, which governs key
processes, such as cell survival, the release of
neurotransmitters (Jimenez-Gonzalez et al., 2019), the
initiation of long-term potentiation (LTP), learning and
memory formation (Johnson et al., 2019), and induction of
synaptic plasticity (Johnson et al., 2019; Mesbahi-Vasey et al.,
2017). Once the function of NMDAR is impaired by MK-
801, the deleterious cascade event such as blockade of Ca2+

channels, increasing intracellular Ca2+ levels, and final
excitotoxicity in cells occurred (Qian et al., 2020). As the
disequilibrium of Ca2+ triggers endoplasmic reticulum stress,
mitochondrial membrane potential changes, and
mitochondrial ATP synthase reversal (Dong et al., 2017).
Eventually, the abnormal Ca2+ uptake leads to loss of
mitochondrial membrane potential, mitochondrial swelling,
and the mitochondrial hyperpermeability transition (Ding et
al., 2017). This process aggravates apoptosis of hippocampal
NSCs, leading to hippocampal neurogenesis retardation
(D'Ascenzo et al., 2006; Ambrosio et al., 1999; Yoon et al.,
2003). Our present data showed that the administration of
MK-801 decreased the NMDAR1 expression, inhibited NSC
proliferation and differentiation, and kindled the apoptosis of
hippocampal NSCs. Meanwhile, knockdown of NMDAR1
with lentivirus can progressively strengthen this effect of MK-
801 on the regulation of cell proliferation, differentiation, and
survival. The underlying mechanisms may be related to the
dysfunction of NMDAR1 caused by the abnormal opening of
Ca2+ channels, which elicit neurotoxicity and lead to cell death.

Conclusion

Our present study has demonstrated that down-regulation
of NMDAR1 progressively enhanced the neurotoxic effects
of MK-801 on hNSCs, indicating that knockdown of
NMDAR1 has as an inhibitory effect in schizophrenia
hippocampal neurogenesis. Conversely, up-regulation of
NMDAR1 may reverse this trend and contributes to positive
function in schizophrenia hippocampal neurogenesis. This
finding provides the basis for us to further understand the
mechanism of NMDAR1 in schizophrenia hippocampal
neurogenesis, and NMDAR1 may be a new target in the
clinical therapy of schizophrenia.
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