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Abstract

Background: Prenatal stress (PS) can induce depression in offspring, but the underlying mechanisms are still unknown. Objective:
The aim of this work was to investigate the mechanism that underlies PS-induced depressive-like behavior in offspring. Methods: A
prenatal restraint stress procedure was developed in which pregnant rats at GD14 to GD20 were placed head-first into a well-ventilated
bottle three times each day and for 45 min each time. Depressive-like behavior in the male offspring was examined using the sucrose
preference test (SPT) and the forced swim test (FST). The level of glutamate and the expression levels of GluN2A, p-CaMKII and myelin
basic protein (MBP) in the hippocampus of PS-susceptible (PS-S) offspring were also evaluated. To clarify the mechanism by which
PS leads to depression in offspring, the effects of excessive corticosterone were also investigated using an in vitro “injured neuronal”
model. Results: The glutamate level in the hippocampus of PS-S male offspring was significantly elevated compared to controls. The
expression levels of GluN2A and p-CaMKII were also altered. In addition, the optical density of MBP staining and the expression
levels of MBP mRNA and MBP protein were decreased, demonstrating impaired myelinization in the hippocampus. Treatment of PS-S
offspring with the GluN2A receptor antagonist NVP-AAM077 resulted in antidepressant-like effects in the FST, as well as rescue of
the MBP and p-CaMKII abnormalities. Conclusions: These findings indicate that GluN2A is a promising target in the development of
pharmacotherapies for PS-induced depression.
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1. Introduction
Depression is one of the most prevalent behavior-

debilitating conditions and the most common psychiatric
disease amongst patients with mood disorders [1]. The
adolescent offspring of women who experience psychoso-
cial stress during pregnancy, referred to as prenatal stress
(PS), are at increased risk of depressive symptoms [2,3].
This clinical phenomenon is supported by laboratory data
from animal models of depression, in which PS leads to
depressive-like behavior in the offspring of rats, mice and
primates [4–7]. In a rat model of PS, susceptible offspring
show depression-related behavior including anhedonia, de-
spair, and increases in immobility time in swim tests [4,8].
Some of these depression-related behaviors respond to clas-
sical antidepressants such as fluoxetine, and to fast-acting
agents such as ketamine [8]. Offspring rats with different
susceptibility to depression-related behavior following PS
have been used to study the biological mechanisms underly-
ing stress and resilience. Such studies may be important for
understanding the vulnerability to depression in humans.

Currently, theories regarding the abnormal devel-
opment of offspring following PS include alternation
of hypothalamic-pituitary-adrenal (HPA) axis regulation,

changes to neurotransmitters, changes to inflammatory fac-
tors, changes in brain structure and connectivity, alterations
in the gut microbiome, and epigenetic alterations [9]. Us-
ing high performance liquid chromatography, we previ-
ously showed that PS significantly increases the glutamate
level in the hippocampus of juvenile offspring [10]. Glu-
tamate that is released from presynaptic neurons interacts
with postsynaptic glutamate receptors, such as N-methyl-
D-aspartate (NMDA) receptors, kainate, and α–amino-
3-hydroxyl-5-methyl-4-isoxazole propionate (AMPA). A
large body of literature exists on PS and glutamate, GABA
and NMDA in the hippocampus of mice and rats [11–13].
Previous studies have used different stress models, species
and biomolecules to investigate the mechanism of stress-
related depression. However, the detailed molecular mech-
anisms that underlie depressive-like behavior in offspring
following PS remain to be elucidated. The current study
further investigates the roles of GluN2A and the myelin
sheath in depressive-like behavior.

Oligodendrocyte lineage cell dysfunctions and
changes in myelin have recently been implicated in the
etiology and treatment of depression and of various
stress-related disorders [14]. Myelin is produced when
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plasma membrane extensions from mature oligodendro-
cytes wrap spirally around discrete axon segments known
as internodes during ontogenesis of the central nervous
system (CNS) [15]. Myelination is a major contributor
of evolutionary success in vertebrates and is essential for
CNS development and function [16]. Myelin basic protein
(MBP) is the main myelin protein and plays a major role in
adhering membranes within the myelin sheath [17,18].

A recent report showed that targeted delivery of gluta-
mate to the white matter of adult spinal cord led to reduced
MBP expression and to localized disruption of myelin com-
paction [19]. MBP expression could also be reduced by
blocking the NMDA receptor. GluN2A is the most abun-
dant GluN2 NMDA receptor subunit in the mammalian
CNS [20] and has high permeability to Ca2+. Postsynap-
tic influx of cellular Ca2+ binds to calmodulin to form
Ca2+/CaM complexes, as well as regulating a variety of
protein kinases including CaMKII, ERK1/2, PKA and PKC
[21]. In addition, GluN2A can induce changes that af-
fect learning and memory function through various sig-
naling pathways. However, it remains unclear whether
GluN2A has a major role in myelination in the PS-induced
depressive-like behavior of offspring in rats.

In the present study we therefore investigated this is-
sue by we conducting the following experiments. First, a
rat model of PS using a restraint procedure was used to
simulate stress in the daily life of humans during preg-
nancy. Second, the level of depressive-like behavior in
male offspring was evaluated using the sucrose preference
test (SPT) and forced swim test (FST). Third, we quantified
the level of glutamate and the expression levels of GluN2A,
p-CaMKII and MBP in the hippocampus of PS-susceptible
(PS-S) offspring. The lasting impact of PS on HPA axis
function may be due to excessive exposure of the fetus to
maternal corticosterone, since these abnormalities are pre-
vented by maternal adrenalectomy and restored by the ad-
ministration of corticosterone [22]. Therefore, to clarify the
possible mechanisms of PS leading to depression, we also
studied the effects of excessive corticosterone using an in
vitro “injured neuronal” model.

2. Material and Methods
2.1 Animals and PS Procedure

Rats (Sprague-Dawley) were kept in standard con-
ditions at room temperature (23 ± 1 ℃) and a 12:12 h
light/dark cycle with light (7:00 AM–7:00 PM). Ad libi-
tum access to food and water was provided, except during
preparation for the SPT. Ten male rats were mated at a ratio
of 1:3 with 30 female rats (230–300 g weight) at 20:00–
22:00 PM. At 8:00 AM next morning, female rats under-
went vaginal smear testing. Gestational day (GD) zero was
designated as the day at which the first positive detection of
sperm in the vagina was made. Pregnant female rats were
raised separately and were divided randomly into control
and experimental groups. Pregnant dams in the experimen-

tal group (n = 21) underwent exposure to PS as described
previously [23]. Briefly, PS dams were placed head-first
into well-ventilated bottles with an adjustable cap. This
procedure was carried out three times daily and for 45 min
each time between GD14 to GD20 inclusive. The inter-
val between procedures was never <2 h or >4 h. Pregnant
dams from the control group (n = 8) were placed in iden-
tical new cages but without exposure to the PS procedure.
Approximately 30 days after birth, male offspring were se-
lected at random for the subsequent experiments. Not more
than two male siblings were used in the same experimental
group. To avoid “litter effects”, the number of rats selected
from each litter was between 6 and 12. The animal experi-
ments received approval from the Animal Ethics Commit-
tee of Xi’an Jiaotong University (No. 2020-449) and were
performed according to standard guidelines and protocols.

2.2 Drug Preparation and Treatment Schedule

NVP-AAM077 (Cat# 459836-30-7) was purchased
from Millipore Sigma (St. Louis, MO, USA) and prepared
in a saline solution. PS pregnant dams (n = 8) were treated
once daily for 8 days (GD7-GD14) with NVP-AAM077 (10
mg/kg, intraperitoneal administration) at 30 min prior to PS
exposure and at a volume of 2 mL/kg of body weight [24].
Control animals (n = 8) were administered an appropriate
vehicle.

2.3 Hippocampal Neuron Culture

Rat hippocampal neurons (Cat# CM-R107, Wuhan,
Hubei, China) were purchased from Procell Life Science &
Technology and identified by immunofluorescence for β-
Tubulin-Ⅲ. The degree of purity was >90% and there was
no evidence of HIV-1, hepatitis B virus (HBV), hepatitis C
virus (HCV), mycoplasma, bacteria, yeast or fungi. Cells
for subsequent experiments were grown at 37 ℃ according
to instructions from the supplier.

2.4 Model of Corticosterone-Induced Neuronal Injury and
the Assessment of Neuronal Cell Viability

The effect of corticosterone on neuronal cell viabil-
ity was investigated using the 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl tetrazolium bromide (MTT) assay as de-
scribed below. First, rat hippocampal neurons were added
to 96-well plates and cultured overnight at 37 ℃. These
were divided into 6 groups and treated with increasing con-
centrations of corticosterone (0, 0.01, 0.1, 1, 10 and 100
µM) for 24 hours (Table 1). Ten µL of MTT was added
and the cells cultured for another 4 h at 37 ℃. The culture
medium was then aspirated, 150 µL of DMSO added, and
the cells shaken for 10 min. Measurement of cell viabil-
ity was performed using the MTT assay (Biofroxx, Cat#
3580MG250, Jiangsu, Nanjing, China) as recommended
by the manufacturer. The absorbance value of all wells
was measured with a microplate reader (Elx 800, Bio-TEK
Instruments, Beijing, China). Data for the experimental
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Table 1. Effect of corticosterone on hippocampal neuron cell
growth.

Corticosterone con-
centration (µM)

Cell proliferation (%)

0 100
0.01 106.48
0.1 95.84
1 91.49
10 81.17
100 72.48

groups were expressed as a percentage value relative to
the controls. For drug treatment experiments, hippocam-
pal neurons were treated with NVP-AAM077 (5 µM) for
12 h prior to treatment with NMDA. Appropriate vehicle
was administered to the controls.

2.5 Rat Behavioral Studies

Rats were weaned on day 21 after birth. Prepubertal,
30-day-old male offspring were used for the depression-
related behavioral studies. Because of the different stress
levels caused by the various behavioral tests, the SPT was
conducted first, followed by the forced swim test. The two
behavioral tests were conducted with a one-day interval be-
tween them. As one week was required for the completion
of all three behavioral experiments, the rats were almost
40 days old when sacrificed. Experiments were conducted
blind to the treatment groups.

2.6 Sucrose Preference Test

For the SPT, rats were selected at random to determine
their susceptibility or resistance to PS. They were divided
into an experimental group (n = 121) and a control group
(n = 16). The SPT was carried out as described earlier to
quantify anhedonia and depression symptoms [25]. Prior
to the SPT, rats were habituated for 24 h with 1% sucrose
solution and then deprived of food andwater for a further 24
h. The SPT was conducted between 8: AM to 9: AM the
next day. The animals were concurrently offered normal
tap water and a 1% sucrose solution. The drinking bottles
were weighed one hour later to measure the consumption
of water and sucrose, with the preference for sucrose being
calculated as: sucrose consumption/(sucrose consumption
+ water consumption) × 100%. The PS-S group was de-
fined as PS offspring that showed a >30% decrease in su-
crose preference relative to controls. The PS resistant (PS-
R) group showed a <10% decrease in sucrose preference,
while the PS medium (PS-M) group showed a <30% but
>10% decrease.

2.7 Forced Swim Test

Following the SPT, 8 rats from each group (PS-S, PS-
R, PS-M) were used for the FST. This test was carried out as
reported earlier and is used to assess depressive-like behav-

ior [26]. Briefly, rats were put into a circular glass tank (20
cm diameter, 50 cm height) containing 30 cm deep water
at 30 °C. The room temperature was 25 °C and fluorescent
lighting used throughout. To start the experiment, each rat
was put in the tank and allowed to swim for 15 min. It was
then taken out, dried, and returned to its cage. After 24 h,
the rat was placed in the tank again for 5 min and the immo-
bile time was measured. This was defined as the time spent
not struggling, or with minimal movement only to keep its
head above water.

2.8 Immunofluorescence

Eight animals from each group were euthanized and
underwent cardiac perfusion with ice-cold PBS followed
by overnight fixation at 4 °C in paraformaldehyde (4%
w/v). A vibratome (VT 1000S, Leica, Shanghai, China)
was then used to prepare coronal tissue sections of 4 µm
thickness. Antigen retrieval was achieved by incubating
for 20 min in a sodium citrate solution (Baxter, Deer-
field, IL, C532382) containing Tween (0.05% v/v). The
sections were washed thrice with PBS containing Triton
X-100 (PBST, 0.1% v/v) for 10 min and then permeabi-
lized at room temperature for 30 min with PBST contain-
ing goat serum (10% v/v). The primary antibodies used for
immunofluorescence were human monoclonal anti-MBP
(1:1000; ab209328, Abcam, Eugene, OR, USA) and mouse
monoclonal anti-β-Tubulin-Ⅲ (1:100; ab78078, Abcam).
Tissue sections were incubated overnight at 4 °C with pri-
mary antibody, rinsed four times with PBST for 3 min each,
and then incubated at 37 °C for 1 h with FITC-conjugated
goat anti-mouse immunoglobulin G (IgG) secondary anti-
body (1:100; BA1101, BOSTER Biological Technology,
Pleasanton, CA, USA). After blocking with goat serum,
tissue sections were incubated overnight at 4 °C with an-
tibody, washed four times with PBST for 3 min each,
and then incubated for 1 h at 37 °C with Cy3-conjugated
goat anti-rabbit IgG secondary antibody (1:100; BA1032,
BOSTER Biological Technology). The sections were then
incubated for 5 min with DNA stain 2-(4-amidinophenyl)-
6-indolecarbamidine dihydrochloride (DAPI, C1002, Bey-
otime Biotech, Shanghai, China), washed four times with
PBST for 3 min each, and mounted in glycerol (50% v/v).
Fluorescence microscopy was used to view slides (BX53,
Olympus, Tokyo, Japan) and the fluorescence intensity
measured with Image-Pro Plus (Version 6.0, Media Cyber-
netics, Rockville, MD, USA).

2.9 Quantitative Reverse-Transcription Polymerase Chain
Reaction (qRT‒PCR)

Following completion of the behavioral experi-
ments, 8 animals from each group were euthanized, the
hippocampus sectioned, and the tissue homogenized on
ice. TRIzol (Aidlab Biotechnologies, Beijing, China)
was used to extract total RNA and the concentration
measured at 260 nm with a spectrophotometer (ND-
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100, NanoDrop Technologies, Wilmington, DE, USA).
Ominiscript® Reverse Transcriptase kit (Vazyme Biotech,
Nanjing, China) was used to reverse transcribe RNA
into cDNA. qRT‒PCR was then performed with ABI
7900HT or QuantStudio 6 System (Applied Biosystems,
Grand Island, NY) instruments using the following primer
sequences: GluN2A, 5′-ACATTGCAGAAGCTGCCTTT-
3′ (F), 5′-TTCTGTGACCAGTCCTGCTG-3′ (R);
MBP, 5′-CACACAGCAGACCCAAAGAA-3′ (F),
5′-GTCGCTGTGAGGGTCTCTTC-3′ (R); CaMKII,
5′- AACTGGCAGACTTCGGCTTA-3′ (F), 5′-
ATCCCAGAAGGGTGGGTATC-3′ (R); GAPDH,
5′-ACAGCAACAGGGTGGTGGAC-3′ (F), 5′-
TTTGAGGGTGCAGCGAACTT-3′ (R). The 2−∆∆Ct

method was used to quantify relative expression, and
GAPDH was used as a control to normalize for input. All
experiments were carried out in triplicate.

2.10 Western Blotting

Eight rats from each group were euthanized, the hip-
pocampus sectioned, and the tissue homogenized on ice
with RIPA lysis buffer containing a cocktail of phos-
phatase enzyme inhibitors (Beyotime Ins. Biotec, Shang-
hai, China). Lysates were centrifuged at 12,000 ×g for
5 min and the protein concentration in the supernatant
quantified using a BCA kit (Beyotime Ins. Biotec).
Proteins in the lysates (20 mg) were separated using
5% or 10% SD–SPAGE and then transferred to porous
polyvinylidene fluoride (PVDF) membranes (Millipore).
Primary antibodies for Western blot were: rabbit mon-
oclonal anti-GluN2A (1:1000; ab124913, Abcam), rab-
bit monoclonal anti-CaMKII (1:2000; ab52476, Abcam),
rabbit monoclonal anti-p-CAMKII (1:1000; I2716, CST
Annoron, Beijing, China), and human monoclonal anti-
MBP (1:1000; ab209328, Abcam). GAPDH (1:1000; AB-
P-R001, Hangzhou Goodhere Biotechnology, Hangzhou,
China) was detected as the internal loading control. De-
tection was achieved using SuperSignal® West Dura Ex-
tended Duration Substrate ((Pierce Bio- technology, Rock-
ford, IL, USA) and X-ray Film (Eastman Kodak, Rochester,
NY), while signal intensities were measured with Bandscan
5.0 software (Funglyn Biotech, Richmond Hill, Ontario,
Canada).

2.11 Measurement of Glutamate Concentration

Six rats from each group were euthanized. The hip-
pocampus tissue was thawed and placed into a glass ho-
mogenizer. Frozen formic acid (1 mol/L, 2 mL) was added
and the tissue was fully homogenized manually on an ice
bath. Homogenates were centrifuged at 4 ℃ for 30 min
and 7000 r/min, and the supernatant stored at –20 ℃. Ho-
mogenate supernatant (1 mL) was mixed with 4% sodium
bicarbonate solution (0.75 mL), centrifuged at 4 ℃ for 5
min at 3000 r/min and the supernatant collected. This was
passed through a 0.45 µm filter membrane (Sigmaaldrich,

St. Louis, MO, USA), and then pack. To the dispensing
solution (24 µL) in the sample bottle was added derivative
reagent (12 µL) and sodium tetraborate buffer (960 µL, pH
9.18). This was mixed well and stood for 3 min at –20
℃ then performed to determine the hippocampus glutamate
concentration.

2.12 Statistical Analysis
Results are shown as the mean ± SD. Kolmogorov–

Smirnov test was used to assess whether the data was nor-
mally distributed. Student’s t-test was used to analyze for
significant differences in pairwise comparisons. One-way
ANOVA was used to compare more than two groups. Bon-
ferroni or Tukey methods were used as appropriate for post-
hoc analyses. Statistical significance was assumed at p <

0.05. All analyses were conducted using Prism version 5.0
(GraphPad Software Inc., Boston, MA, USA).

3. Results
3.1 Behavioral Studies Show that PS can Induce
Depressive-Like Behavior in Offspring

One-way ANOVA found there were significant differ-
ences between pre-defined PS groups for behavioral test re-
sults (Fig. 1). Offspring from PS-S and PS-M groups (as
defined in the Methods and Methods) showed significantly
less sucrose preference in the SPT (Fig. 1A). These groups
subsequently showed longer immobility time in the FST
(Fig. 1B) compared to controls. The PS-R group showed no
significant differences compared to controls (Fig. 1A,B).

Fig. 1. Results from the behavioral tests. (A) Sucrose pref-
erence results for the four groups in the sucrose preference test
(SPT). (B) Immobility time results for the four groups in the forced
swim test (FST). All results shown are mean± standard deviation
(SD) (n = 8 to n = 51 for the different groups). * p < 0.05 vs.
control. CON, control group; PS-S, PS susceptible group; PS-M,
PS medium group; PS-R, PS resistant group.

3.2 PS Inhibits Myelinization by Increasing Glutamate
Levels and Activating GluN2A Receptors

Glutamate levels in the hippocampus of PS-S rats
were significantly higher (p < 0.05) than in controls
(Fig. 2A). Immunostaining showed the optical density of
MBP staining in the PS-S group was lower than in con-
trols (Fig. 2B). Moreover, expression levels for GluN2A
and MBP protein were lower in PS-S offspring than in con-
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Fig. 2. Effect of PS on the glutamate level and on GluN2A, CaMKII, p-CaMKII and Myelin basic protein (MBP) expression
levels in the hippocampus. (A) Glutamate level. (B) MBP staining visualized by immunofluorescence (400×). (C) GluN2A protein
expression. (D) CaMKII and p-CaMKII protein expression. (E)MBP protein expression. (F) GluN2AmRNA level. (G) CaMKII mRNA
level. (H) MBP mRNA level. Results shown are the mean± SD for 6 to 9 rats in each group. * p< 0.05 vs. CON. CON, control group;
PS-S, PS susceptible group; PS, prenatal stress; MBP, myelin basic protein.

trols (Fig. 2C,E), whereas p-CaMKII protein expression
was higher (Fig. 2D). Similarly, GluN2A and MBP mRNA
levels in PS-S offspring were also lower than in controls
(Fig. 2F,H), whereas CaMKII mRNA levels were higher
(Fig. 2G).

3.3 GluN2A Mediates PS-Induced Depressive-Like
Behavior through CaMKII-Inhibited Myelinization

Compared to the controls, treatment of PS-S rats with
the GluN2A receptor antagonist NVP-AAM077 increased
immobility time in the FST (Fig. 3A). The optical den-
sity for MBP staining in the NVP group was also in-
creased compared to the controls (Fig. 3B). The PS-S group

5

https://www.imrpress.com


Fig. 3. The effect of the GluN2A receptor antagonist NVP-AAM077 on depressive-like behavior and on mRNA and protein levels
for CaMKII and MBP in the hippocampus. (A) Immobility time in the FST. (B) MBP staining visualized by immunofluorescence
(400×). (C) CaMKII mRNA levels. (D) CaMKII and p-CaMKII protein expression levels. (E) MBP mRNA levels. (F) MBP protein
expression levels. Results shown are the mean ± SD for 6 to 9 rats in each group. * p < 0.05 vs. CON, # p < 0.05 vs. PS+NS. CON,
control group; PS-S, PS susceptible group; PS-S+NS, PS susceptible + normal saline group; PS-S+NVP, PS susceptible + NVP-AAM077
group.

showed significantly increased CaMKII mRNA expression
compared to controls, but this was attenuated by NVP-
AAM077 (Fig. 3C). Similarly, the PS-S group showed sig-
nificantly elevated CaMKII and p-CaMKII protein expres-
sion levels compared to controls that was decreased by
NVP-AAM077 (Fig. 3D). The PS-S group showed a sig-
nificantly lower MBP mRNA level compared to controls,
but this was increased by NVP-AAM077 (Fig. 3E). Sim-
ilarly, the MBP protein expression level was lower in the
PS-S group, but this was significantly increased by NVP-
AAM077 (Fig. 3F).

3.4 Corticosterone Decreases GluN2A and MBP
Expression in Hippocampal Neurons

Isolated rat hippocampal neurons were identified by
β-Tubulin-Ⅲ immunofluorescence, with the degree of pu-
rity being >90% (Fig. 4A). Immunostaining revealed the
optical density of Ca2+ staining was significantly higher
in the corticosterone treatment group than the controls,
and this elevated level was not reduced by NVP-AAM077
(Fig. 4B). The expression of GluN2A protein in the cor-
ticosterone treatment group was significantly less than in
controls, but was increased by NVP-AAM077 (Fig. 4C).
The levels of CaMKII and p-CaMKII protein expression in
the corticosterone treatment group were both higher than in
controls, but were attenuated by NVP-AAM077 (Fig. 4D).
The GluN2A mRNA level in the corticosterone treatment
group was significantly lower than controls, but was in-
creased by NVP-AAM077 (Fig. 4E). The CaMKII mRNA

level was higher in the corticosterone treatment group
than controls, but this was decreased by NVP-AAM077
(Fig. 4F).

4. Discussion
The present findings demonstrate using a rat model

that PS can induce depressive-like behavior in offspring.
The glutamate level was significantly elevated in PS-S off-
spring rats compared to controls, with these animals also
showed altered levels of GluN2A and p-CaMKII expres-
sion in the hippocampus. Moreover, the optical density
of MBP staining and the expression of MBP mRNA and
of MBP protein were lower in PS-S offspring, indicating
that myelinization in the hippocampus was impaired. Treat-
ment with the GluN2A receptor antagonist NVP-AAM077
caused notable antidepressant-like effects in the FST, as
well as rescue of the MBP and p-CaMKII expression ab-
normalities.

Extensive literature reports have postulated that PS
could induce depression or depressive-like behavior in off-
spring [27–29]. The present results confirmed that PS can
lead to depressive-like behavior in the offspring of a rat
model, as evaluated by the SPT and FST. However, addi-
tional investigation is required to understand the underlying
mechanism of PS-induced depressive-like behavior in off-
spring. We found that PS significantly increased glutamate
levels and decreasedGluN2A-typeNMDA receptor expres-
sion in the PS-S offspring. GluN2A may activate CaMKII,
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Fig. 4. Effect of theGluN2A receptor antagonist NVP-AAM077 on hippocampal neurons. (A) Identification of hippocampal neurons
by immunofluorescence of β-Tubulin-Ⅲ (400×). (B) Ca2+ staining visualized by immunofluorescence (400×). (C) GluN2A protein
expression. (D) CaMKII and p-CaMKII protein expression. (E) GluN2A mRNA level. (F) CaMKII mRNA level. The results shown are
the mean ± SD for 6 to 9 rats. * p < 0.05 vs. CON, # p < 0.05 vs. Cor+NS. CON, control group; Cor, corticosterone group; Cor+NS,
corticosterone + normal saline group; Cor+NVP, corticosterone + NVP-AAM077 group.

which is then accompanied by increased p-CaMKII protein
expression levels. It has been reported that CaMKII is im-
portant for normal morphological maturation of differenti-
ating oligodendrocytes, which is mediated mainly through

changes in the cellular cytoskeleton [30]. This supports
the hypothesis of the current study that GluN2A mediates
PS-induced depressive-like behavior by inducing CaMKII-
inhibited myelinization.

7

https://www.imrpress.com


To evaluate the role of GluN2A, we treated rats with
the GluN2A receptor antagonist NVP-AAM077. Our re-
sults indicate increase MBP protein and mRNA levels in
PS-S offspring. Moreover, the increased expression of p-
CaMKII protein in the hippocampus caused by PS also re-
turned to normal following treatment with NVP-AAM077.
GluN2A is a primary type of NMDA receptor subunit in the
brain and has been implicated in the pathogenesis of sev-
eral brain diseases including depression, anxiety, cerebral
ischemia and seizure disorder [31]. However, causality be-
tween GluN2A and these diseases has yet to be established.
We have shown for the first time that GluN2A-mediated,
PS-induced depressive-like behavior may inhibit myelin-
ization through the activation of CaMKII.

To further explore the effect of stress on hippocampal
neurons and the role of GluN2A in a model of neuronal in-
jury model, we treated hippocampal neurons with different
concentrations of corticosterone. The MTT assay was used
to determine the optimal stimulus concentration. The in-
hibition of hippocampal neuron proliferation gradually in-
creased with increasing corticosterone concentration. The
optimal concentration selected was 100 µM corticosterone,
which decreased neuronal cell viability to 72.5%. Our re-
sults indicated that corticosterone had a similar effect as PS
on GluN2A and CaMKII levels. NVP-AAM077 also res-
cued GluN2A and p-CaMKII abnormalities in hippocampal
neurons. The present results add further support for a piv-
otal role of GluN2A in depression [31]. Blocking the ac-
tions of GluN2A may therefore provide an effective strat-
egy for the treatment of depression.

5. Conclusions
The findings from this research provide evidence that

PS can induce depressive-like behavior in offspring from
a rat model, as observed by the SPT and FST behavioral
tests. Increased glutamate levels activate the GluN2A re-
ceptor, which in turn activates CaMKII to inhibit myeliniza-
tion in the hippocampus. The GluN2A receptor antagonist
NVP-AAM077 induced marked antidepressant-like effects
in the FST, as well as rescue of abnormalities in MBP and
p-CaMKII expression, suggesting that GluN2A is an attrac-
tive target for the development of pharmacotherapies aimed
at PS-induced depressive-like behavior.

Availability of Data and Materials
The raw data supporting the conclusions of this arti-

cle will be made available by the authors, without undue
reservation.

Author Contributions
HMH and HLJ designed and performed the research

study. HLS provided help and advices. HMH and HLS
analyzed the data. HMH wrote the manuscript. All au-
thors contributed to editorial changes in the manuscript. All

authors read and approved the final manuscript. All au-
thors have participated sufficiently in the work to take pub-
lic responsibility for appropriate portions of the content and
agreed to be accountable for all aspects of the work in en-
suring that questions related to its accuracy or integrity.

Ethics Approval and Consent to Participate
The animal study was reviewed and approved by the

Experimental Animal Care and Use Committee of Xi’an
Jiaotong University (No. 2020-449) and was conducted in
accordance with approved guidelines and protocols.

Acknowledgment
Not applicable.

Funding
We acknowledgement the grant from Natural Science

Basic Research Plan in Shaanxi Province of China (No.
2021JQ-928) and Shaanxi Province key research and de-
velopment plan general project in the field of social devel-
opment (No. 2022SF-263).

Conflict of Interest
The authors declare no conflict of interest.

References
[1] BeckerM, Pinhasov A, Ornoy A. AnimalModels of Depression:

What Can They Teach Us about the Human Disease? Diagnos-
tics (Basel, Switzerland). 2021; 11: 123.

[2] Maxwell SD, Fineberg AM, Drabick DA, Murphy SK, Ellman
LM. Maternal Prenatal Stress and Other Developmental Risk
Factors for Adolescent Depression: Spotlight on Sex Differ-
ences. Journal of Abnormal Child Psychology. 2018; 46: 381–
397.

[3] Deng Z, Cai W, Liu J, Deng A, Yang Y, Tu J, et al Co-expression
modules construction by WGCNA and identify potential hub
genes and regulation pathways of postpartum depression. Fron-
tiers in Bioscience-Landmark. 2021; 26: 1019–1030.

[4] Li Q, Cai D, Huang H, Zhang H, Bai R, Zhao X, et al. Phos-
phoproteomic profiling of the hippocampus of offspring rats ex-
posed to prenatal stress. Brain and Behavior. 2021; 11: e2233.

[5] Kim J, Suh YH, Chang KA. Interleukin-17 induced by cumu-
lative mild stress promoted depression-like behaviors in young
adult mice. Molecular Brain. 2021; 14: 11.

[6] Pryce CR, Aubert Y, Maier C, Pearce PC, Fuchs E. The de-
velopmental impact of prenatal stress, prenatal dexamethasone
and postnatal social stress on physiology, behaviour and neu-
roanatomy of primate offspring: studies in rhesus macaque and
common marmoset. Psychopharmacology. 2011; 214: 33–53.

[7] Gorman JM, Mathew S, Coplan J. Neurobiology of early life
stress: nonhuman primate models. Seminars in Clinical Neu-
ropsychiatry. 2002; 7: 96–103.

[8] Wang Y, He W, Zhang H, Yao Z, Che F, Cao Y, et al. mGluR5
mediates ketamine antidepressant response in susceptible rats
exposed to prenatal stress. Journal of Affective Disorders. 2020;
272: 398–408.

[9] Haq SU, Bhat UA, Kumar A. Prenatal stress effects on offspring
brain and behavior: Mediators, alterations and dysregulated epi-
genetic mechanisms. Journal of Biosciences. 2021; 46: 34.

8

https://www.imrpress.com


[10] Jia N, YangK, SunQ, Cai Q, Li H, ChengD, et al. Prenatal stress
causes dendritic atrophy of pyramidal neurons in hippocampal
CA3 region by glutamate in offspring rats. Developmental Neu-
robiology. 2010; 70: 114–125.

[11] Wang T, Sinha AS, Akita T, Yanagawa Y, Fukuda A. Alter-
ations of GABAergic Neuron-Associated Extracellular Matrix
and Synaptic Responses in Gad1-Heterozygous Mice Subjected
to Prenatal Stress. Frontiers in Cellular Neuroscience. 2018; 12:
284.

[12] Morley-Fletcher S, Zuena AR, Mairesse J, Gatta E, Van Camp
G, Bouwalerh H, et al. The reduction in glutamate release is pre-
dictive of cognitive and emotional alterations that are corrected
by the positive modulator of AMPA receptors S 47445 in peri-
natal stressed rats. Neuropharmacology. 2018; 135: 284–296.

[13] Zhang H, He W, Huang Y, Zeng Z, Yang X, Huang H, et al.
Hippocampal metabolic alteration in rat exhibited susceptibil-
ity to prenatal stress. Journal of Affective Disorders. 2019; 259:
458–467.

[14] Boda E. Myelin and oligodendrocyte lineage cell dysfunctions:
New players in the etiology and treatment of depression and
stress-related disorders. The European Journal of Neuroscience.
2021; 53: 281–297.

[15] Johnson JH, Al Khalili Y. Histology, Myelin. StatPearls: Trea-
sure Island (FL). 2021.

[16] Tomassy GS, Dershowitz LB, Arlotta P. Diversity Matters: A
Revised Guide to Myelination. Trends in Cell Biology. 2016;
26: 135–147.

[17] Givogri MI, Bongarzone ER, Schonmann V, Campagnoni AT.
Expression and regulation of golli products of myelin basic pro-
tein gene during in vitro development of oligodendrocytes. Jour-
nal of Neuroscience Research. 2001; 66: 679–690.

[18] Valdivia AO, Farr V, Bhattacharya SK. A novel myelin basic
protein transcript variant in the murine central nervous system.
Molecular Biology Reports. 2019; 46: 2547–2553.

[19] Tognatta R, Karl MT, Fyffe-Maricich SL, Popratiloff A, Garri-
son ED, Schenck JK, et al. Astrocytes Are Required for Oligo-
dendrocyte Survival and Maintenance of Myelin Compaction
and Integrity. Frontiers in Cellular Neuroscience. 2020; 14: 74.

[20] Volkmann RA, Fanger CM, Anderson DR, Sirivolu VR,
Paschetto K, Gordon E, et al. MPX-004 and MPX-007: New
Pharmacological Tools to Study the Physiology of NMDA Re-
ceptors Containing the GluN2A Subunit. PLoS ONE. 2016; 11:
e0148129.

[21] Huang W, Wang Z, Wang G, Li K, Jin Y, Zhao F. Disturbance
of glutamate metabolism and inhibition of CaM-CaMKII-CREB

signaling pathway in the hippocampus of mice induced by 1,2-
dichloroethane exposure. Environmental Pollution (Barking, Es-
sex: 1987). 2022; 310: 119813.

[22] Zagron G, Weinstock M. Maternal adrenal hormone secretion
mediates behavioural alterations induced by prenatal stress in
male and female rats. Behavioural Brain Research. 2006; 175:
323–328.

[23] Koehl M, Darnaudéry M, Dulluc J, Van Reeth O, Le Moal
M, Maccari S. Prenatal stress alters circadian activity of
hypothalamo-pituitary-adrenal axis and hippocampal corticos-
teroid receptors in adult rats of both gender. Journal of Neurobi-
ology. 1999; 40: 302–315.

[24] Gordillo-Salas M, Pilar-Cuéllar F, Auberson YP, Adell A. Sig-
naling pathways responsible for the rapid antidepressant-like ef-
fects of a GluN2A-preferringNMDA receptor antagonist. Trans-
lational Psychiatry. 2018; 8: 84.

[25] Palmfeldt J, Henningsen K, Eriksen SA, Müller HK, Wiborg O.
Protein biomarkers of susceptibility and resilience to stress in a
rat model of depression. Molecular and Cellular Neurosciences.
2016; 74: 87–95.

[26] Zhang X, Sun H, Su Q, Lin T, Zhang H, Zhang J, et al.
Antidepressant-like activity of icariin mediated by group I
mGluRs in prenatally stressed offspring. Brain & Development.
2017; 39: 593–600.

[27] Feng C, Ren Y, Zhou J, Dong Y, Xue X, Ma H, et al.
Cross-fostering alleviates depression-like behavior mediated
by EAAT2 and SNARE complex in prenatal stress offspring
rat. Pharmacology, Biochemistry, and Behavior. 2021; 210:
173269.

[28] Liu Y, Heron J, HickmanM, Zammit S, Wolke D. Prenatal stress
and offspring depression in adulthood: The mediating role of
childhood trauma. Journal of Affective Disorders. 2022; 297:
45–52.

[29] McKenna BG, Hammen C, Brennan PA. HPA-axis multilocus
genetic profile score moderates the association between mater-
nal prenatal perceived stress and offspring depression in early
adulthood. Development and Psychopathology. 2021; 33: 122–
134.

[30] Waggener CT, Dupree JL, Elgersma Y, Fuss B. CaMKIIβ reg-
ulates oligodendrocyte maturation and CNS myelination. The
Journal of Neuroscience: the Official Journal of the Society for
Neuroscience. 2013; 33: 10453–10458.

[31] Sun Y, Cheng X, Zhang L, Hu J, Chen Y, Zhan L, et al. The
Functional and Molecular Properties, Physiological Functions,
and Pathophysiological Roles of GluN2A in the Central Nervous
System. Molecular Neurobiology. 2017; 54: 1008–1021.

9

https://www.imrpress.com

	1. Introduction
	2. Material and Methods
	2.1 Animals and PS Procedure
	2.2 Drug Preparation and Treatment Schedule
	2.3 Hippocampal Neuron Culture
	2.4 Model of Corticosterone-Induced Neuronal Injury and the Assessment of Neuronal Cell Viability
	2.5 Rat Behavioral Studies
	2.6 Sucrose Preference Test
	2.7 Forced Swim Test
	2.8 Immunofluorescence
	2.9 Quantitative Reverse-Transcription Polymerase Chain Reaction (qRT‒PCR)
	2.10 Western Blotting
	2.11 Measurement of Glutamate Concentration
	2.12 Statistical Analysis

	3. Results
	3.1 Behavioral Studies Show that PS can Induce Depressive-Like Behavior in Offspring 
	3.2 PS Inhibits Myelinization by Increasing Glutamate Levels and Activating GluN2A Receptors 
	3.3 GluN2A Mediates PS-Induced Depressive-Like Behavior through CaMKII-Inhibited Myelinization
	3.4 Corticosterone Decreases GluN2A and MBP Expression in Hippocampal Neurons 

	4. Discussion
	5. Conclusions
	Availability of Data and Materials
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest

