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Abstract: Stress may serve multiple roles in cerebral functioning, ranging from a highly appropriate
behavioral adaptation to a critical risk factor for susceptibility to mood disorder and cognitive
impairment. It is well known that E/I (excitation/inhibition) balance is essential for maintaining
brain homeostasis. However, it remains largely unknown how GABAergic and Glutamatergic
neurons respond to different stressful stimuli and whether the GABAergic-Glutamatergic neuron
balance is related to the transition between adaptive and maladaptive behaviors. Here, we subjected
3-month-old mice to chronic mild stress (CMS) for a period of one, two, and four weeks, respectively.
The results showed that the two-week CMS procedure produced adaptive effects on behaviors and
cognitive performance, with a higher number of GABAergic neuron and VGluT1-positive neurons,
increasing the expressions of p-GluN2B, Reelin, and syn-PSD-95 protein in the hippocampus. In
contrast, the prolonged behavioral challenge (4 week) imposes a passive coping behavioral strategy
and cognitive impairment, decreased the number of GABAergic neuron, hyperactivity of VGluT1-
positive neuron, increased the ratio of p-GluN2B, and decreased the expression of Reelin, syn-PSD-95
in the hippocampus. These findings suggest that a moderate duration of stress probably promotes
behavioral adaptation and spatial memory by maintaining a GABAergic-Glutamatergic neuron
balance and promoting the expression of synaptic plasticity-related proteins in the brain.

Keywords: different stress duration; adaptation; maladaptation; GABAergic-Glutamatergic neuron
balances; synaptic plasticity

1. Introduction

Emotional and stressful experiences are commonplace in our daily lives. Compared
with events of low emotional value, stressful incidences are more likely to be remem-
bered [1]. This memory, from an evolutionary perspective, may be highly adaptive as it
facilitates coping strategies for similar situations in the future [2]. Studies have evidenced
that the exposure to such stressful experiences can initiate adaptive processes, which al-
low organisms to physiologically cope with prolonged or intermittent exposure to real
or perceived threats and that the initiated behavioral adaptation is mediated by ongoing
physiological responses [3,4]. Adaptive and favorable as it may seem initially, prolonged
stress exposure may instead induce pronounced physiological and behavioral changes that
have long-term detrimental effects on the survival and well-being of an individual [2,5,6].
In the extreme, this may contribute to the development of psychiatric conditions, such as
general anxiety disorder, major depressive disorder, or post-traumatic stress disorder [7].
Therefore, it is crucial and significant to explore how stress regulates brain function and
what determines the threshold between adaptive and maladaptive responses.

In the available literature, the excitatory/inhibitory (E/I) balance allows both direction-
ally and recurrently wired networks to promote information processing while preventing
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runaway activity [8]. Moreover, disruption of the E/I balance has been linked to a number
of neuropsychiatric disorders, including schizophrenia, autism, and epilepsy [8–10]. In nor-
mal neurologic function, it is crucial to maintain a balance between glutamate, the primary
excitatory neurotransmitter, and γ-aminobutyric acid (GABA), the principal inhibitory
neurotransmitter [11]. In stressful conditions, such as severe epileptic seizures or stroke,
overactivation of glutamate receptors can kill neurons during excitotoxic response coupled
with calcium influx [12]. However, the subtoxic levels of the activated N-methyl-Daspartate
(NMDA) type of glutamate receptors may elicit adaptive responses in neurons so as to
enhance their ability to withstand severer stress and to protect neurons [13–15]. Current
evidence demonstrates that the environmental stress or artificially elevated glucocorticoid
levels can upregulate the GABAergic elements, resulting in changes in the GABAergic
system (the main inhibitory system in the brain) [16,17]. However, it remains largely un-
known how GABAergic neurons and Glutamatergic neurons respond to these different
stressful stimuli and whether the GABAergic-Glutamatergic neuron balance is related to
the transition between adaptive and maladaptive behaviors.

In the current study, we subjected 3-month-old mice to chronic mild stress (CMS) for a
period of one, two, and four weeks, respectively. The results showed that the two-week
eustress produced adaptive effects on behaviors and cognitive performance by maintaining
a balance between GABAergic neurons and Glutamatergic neurons, promoting the synaptic-
plasticity-related proteins in the brain, while the prolonged behavioral challenge (4-week
stress) imposed a passive coping behavioral strategy and cognitive impairment by disrupt-
ing the balance between GABAergic neurons and Glutamatergic neurons and reducing
the levels of synaptic-plasticity-related proteins in the hippocampus. These findings may
provide novel insights into the underlying mechanisms for the adaptive-to-maladaptive
response switch.

2. Materials and Methods
2.1. Animals and Experimental Protocol

Young male C57BL/6J mice (aged 12 weeks, n = 60) were randomly divided into two
groups: chronic mild stress group and CMS group (n = 30), which were randomly divided
into three subgroups (n = 10 per subgroup); and those kept under normal conditions, control
group (n = 30), which were also randomly divided into 3 subgroups (n = 10 per subgroup).
All experimental protocols were approved by the Institutional Animal Care and Utilization
Committee of Fujian Medical University (the ethical approval code of experimental animals
is ID: FJMU IACUC 2021-0399) and closely observed the National Institutes of Health’s
“Guide for the Care and Use of Laboratory Animals” (NIH Publication 80-23).

2.2. Chronic Mild Stress (CMS) Procedure

The chronic mild stress (CMS) process was described in our previous study, adapted
from Willner et al., with minor modifications [18–20]. For the CMS groups, each mouse
was isolated in a separate cage and subjected to a variety of mild stressors within one week:
white noise for 2 h (80 dB), cage tilt at 45◦ for 4 h, swimming in 18 ◦C water for 5 min, water
deprivation for 6 h, food deprivation for 6 h, strobe lights for 2 h (300 flashes/min), and
restrictions in a small tube (10 × 5 × 5 cm) for 30 min. The same stress procedure lasted
for one, two, and four weeks, respectively. After the intervention, the animals received
weight and sucrose solution consumption tests. The behavioral tests were carried out in
the sequence of OFT (Open Field Test), EPM (Elevated Plus Maze), TST (Tail Suspension
Test), and MWM (Morris Water Maze). After all behavioral tests, all mice were sacrificed
for further molecular biological detection. The detailed schedule is shown in Figure 1A,B.
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Figure 1. The behavioral adaptation and the improved spatial memory in C57BL/6J mice by a
moderate duration of stress. (A) The detailed CMS procedure of 3-month-old C57BL/6J mice for each
day. (B) The time schedule for experimental procedures in C57BL/6J mice. (C) Body-weight changes
in the one-, two-, four-week CMS groups and controls. (D) The percentages of sucrose preference in
mice undergoing one, two, and four weeks of CMS, respectively. (E) The percentage of resting time of
3-month-old mice during the 6 min test. (F) The numbers of crossings over the central grid, climbing
and standing, total movement for all groups in OFT. (G) The percentage of time and numbers of
entering into the open arms for the 3-month-old mice in EPM. (H) Escape latency in all mice for the
first five days in MWM. The percentage of time spent in target quadrant and the numbers of crossing
over the former platform position on the sixth day of MWM. N = 10 per group, each sample was not
duplicated, expressed as mean ±SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, 4-week CMS vs. 4-week
CON; ## p < 0.01, 2-week CMS vs. 2-week CON.

2.3. Sucrose Solution Consumption Test (SSC)

The sucrose preference training was conducted before the experiment and sucrose
solution consumption test was performed after the intervention. The detailed protocol is as
follows: the sucrose preference test was conducted from 10:00 a.m. on the starting day to
10:00 a.m. on the next day. The animals had free access to two bottles containing water and
1% sucrose solution. The consumption of water and sucrose solution (the percentage of
sucrose preference) was measured the next day.

2.4. Behavioral Testing
2.4.1. Open Field Test (OFT)

The open field (OFT) was designed following the procedure described by Heim-
rich et al. [21]. Each mouse was placed in the middle of an open box (50 × 50 × 50 cm) and
the area was divided into 9 squares (16.67 cm × 16.67 cm per square) and painted with
white line. During the 10 min test, mouse activity was recorded by a digital video camera
(SONY, Japan) and analyzed by Top Scan software (Super Maze V2.0, XinRuan Information
Technology Co. Ltd., Quanzhou, China). Finally, these parameters including the numbers
of those crossing the central grid, times of climbing and standing, total numbers of crossing
grids were analyzed.
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2.4.2. Elevated Plus Maze Test (EPM)

The Elevated Plus Maze (EPM) was described by Pellow et al. [22]. The maze device
(50 cm above the ground) consists of two open arms (50 × 5 cm; with 0.5 × 0.5 cm ledges)
and two closed arms (50 × 5 cm; with 38 cm high walls) and connected by a 5 × 5 cm
central area. Each mouse was individually placed in the central area and allowed to explore
freely for 10 min. Then these parameters including the ratio of time entering open arm and
the ratio of number entering open arm were calculated.

2.4.3. Tail Suspension Test (TST)

The tail suspension test (TST) was conducted according to Crowley et al. [23]. The
mice’s tail was tied with a piece of tape and fixed on a hook. After 2 min acclimation, the
percentage of resting time for each mouse was recorded by an automated device (Super
Maze V2.0, Xinruan, China) for a period of 6 min.

2.4.4. Morris Water Maze (MWM)

Morris Water Maze (MWM) [24] was adopted for the evaluation of spatial cognitive
performance in the mice. The apparatus and procedure of the water maze are described
in our previous study [20]. In brief, in the spatial cognitive test, each mouse was tested
in four trials daily for five consecutive days, starting at a different position determined
by semi-random sequence distribution [25] in each trial (each trial is 60 s). For the sixth
day, after removing the platform, each mouse was allowed to freely explore the pool
within 60 s. All performance was recorded by a Smart 2.0 video tracking software (PanLab,
Barcelona, Spain). At the end of the experiment, these parameters including escape latency,
the percentage of time target quadrant, and the numbers of crossing were analyzed.

2.5. Tissue Preparation

As previously described [20], all animals were anesthetized with 10% chloral hydrate
and perfused with 0.1 M PBS (about 25 mL per mouse) from the left ventricle. Then the
brain tissue was quickly removed from the skull and immediately placed on ice to isolate
the hippocampus. Some of the hippocampus was immediately immersed in liquid nitrogen
and stored at −80 ◦C. Some hippocampal tissues were fixed in 4% paraformaldehyde for
2 days at 4 ◦C and dehydrated twice by 30% sucrose solution (24 h each time). The fixed
tissues were cut into 30 um thick serial sections with a freezing microtome (CM1850, Leica)
and stored at −20 ◦C in antifreeze solution.

2.6. Western Blot Analysis

The protein concentration in the tissues was determined with the Bradford assay kit
(Bio-Rad, Hercules, CA, USA). The total and synaptic (Syn) protein extraction (Syn-PER,
Thermo Scientific, Waltham, MA, USA) was performed as previously described [19]. The
protein lysates were separated by SDS-PAGE (about 10–12%, sodium dodecyl sulfate, poly-
acrylamide gel electrophoresis) and transferred to PVDF (polyvinylidene fluoride) mem-
branes. The membranes were blocked in 5% BSA (bovine serum albumin), then incubated
with primary antibodies at 4 ◦C overnight, next incubated off light at RT (room temperature)
in secondary antibodies for 1 h (IRD 800 cw, goat-rabbit or goat-mouse 1:10,000; LI-COR).
Then, the fluorescence was detected by Odyssey Sa image system (LI-COR) and the densit-
ometric readings were analyzed by Image J software. All antibodies used are as follows:
mouse anti-β-actin (1:50,000, Sigma), mouse anti-tubulin (1:50,000, Sigma, Darmstadt,
Germany), mouse anti-Reelin (1:500, Milipore, Burlington, MA, USA), rabbit anti-PSD-95
(postsynaptic density protein) (1:2000, Millipore), and rabbit anti-GluN2B, anti-GluN2A,
and anti-phosphorylation-GluN2B,(1:1000, Abcam, Cambridge, UK), respectively.

2.7. Immunohistochemistry

The sections were blocked in the solution (containing 0.3% Triton X-100, 0.25% BSA
(bovine serum albumin) and 5% GS (goat serum)) for 2 h at RT. Next, they were incubated
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with primary antibodies (anti-GABA, 1:8000, Sigma) overnight at 4 ◦C, then incubated
with secondary antibodies (1:6000; Vector Laboratories, Burlingame, CA, USA) for 90 min
at RT. Subsequently, the sections were incubated with Vector Elite affinity peroxidase
dilution (1:200) for 60 min at RT. Afterwards, the sections were incubated with DAB
(diaminobenzidine) for 10 min at RT and mounted on slides.

For anti-GABA-positive cells, cell counting was performed as previously described [19];
the sections were observed by an OlympusBX-51 microscope (Olympus, Tokyo, Japan).
Image-pro Plus Image analysis software was used for image analysis. For quantitative
analysis, the serial section technique was adopted (one every 5 sections was selected) and
total of 5 sections was measured for each mouse. The dentate gyrus (DG) was selected as
ROI (region of interest) and the numbers of positively stained neuron were counted by
magnification of 100 times. The “cells” with clear brown boundaries were counted and the
“cells” with lighter staining or irregular shape would be excluded from quantification. The
number of positive neurons per square millimeter was calculated for each mouse.

2.8. Immunofluorescence

For immunodetection of Glutamatergic neurons, the sections were blocked in the
solution (containing 0.3% Triton X-100, 0.25% BSA (bovine serum albumin) and 5% GS
(goat serum)) for 2 h at RT. Then the sections were incubated with primary antibodies
(rabbit anti-vGluT1, 1:1000, Abcam; rabbit anti-NeuN, 1:3000, Abcam) overnight at 4 ◦C
and with fluorescent secondary antibody (at 1:1000, Abcam) at RT for 90 min. After DAPI
incubation for 5 min, they were mounted by an anti-fluorescence quencher. Finally, images
of the sections were taken with a confocal fluorescence microscope (Leica) and fluorescence
intensity was quantified with the Image-Pro plus software. Image J software was used to
digitize the fluorescence images and the figures were converted into 8-bit gray images. Then
the selected area was analyzed to determine its surface area and the average, minimum, and
maximum gray values and integrated optical density (IOD) were calculated. All images
were set to the same light intensity and exposure. The sample size for each group was n = 5.

2.9. Real-Time Polymerase Chain Reaction (RT-PCR)

Total RNA was extracted by TriPure isolation reagent (Roche) and reverse transcribed
by cDNA Synthesis Kit (Ferments). Then PCR was performed by Universal SYBR Green
Master (Roche). Finally, the fluorescence assay was performed by a real-time PCR system
(Grand Island). The primer sets were used as follows: Reelin (NM_011261) and GAPDH
(NM_008084).

2.10. Statistical Analysis

All data were analyzed by SPSS 13.0 statistical software and mean ±SEM are used
to express quantitative data. The data sets in Figure 1H (Escape latency) were tested for
normal distribution firstly and analyzed by Mauchly’s test of sphericity and the two-way
Repeated Measures(RM)analysis of variance (ANOVA). For the other figures, the data were
also tested for normal distribution and assessed by two-way ANOVA and Tukey post hoc
test. Statistical significance was set at p < 0.05.

3. Results
3.1. A Moderate Duration of Stress Induces Adaptive Effects on Behavioral State and
Spatial Memory

To assess the effect of different stress durations, the body weight and sucrose preference
were measured undergoing the CMS for one, two, and four weeks, respectively. The results
showed that the body weight and sucrose consumption preference of mice undergoing the
one-week and two-week CMS procedures were not significantly different with the control
groups, while those in the four-week CMS group were greatly lower than those in the
control group (body weight: 22.51 ± 0.32 g vs. 24.69 ± 0.20 g, Tukey post hoc p < 0.01;
sucrose consumption preference: 65.60 ± 2.47% vs. 77.10 ± 2.03%, Tukey post hoc p < 0.01)
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(Figure 1C,D). These data suggest that a moderate amount of stress may produce beneficial
effects and help the mice to resist environmental stressors, while a long-term chronic stress
may exert harmful effects on the health of the mice.

To evaluate the impacts of different stress durations on the behaviors of mood disor-
ders, including depression and anxiety in mice, the open field test, elevated plus maze,
and tail suspension test were employed in sequence. From the tail suspension test, it
revealed that the four-week CMS group performed a depression-like state, whose per-
centage of resting time was longer than that in the control groups (57.22 ± 3.30% vs.
43.10 ± 2.22%, Tukey post hoc p < 0.01) (Figure 1E), while that in the two-week CMS
group was much shorter than that in control group (36.25 ± 1.15% vs. 43.55 ± 1.38%,
Tukey post hoc p < 0.01) (Figure 1E). We also used the open test and elevated plus
maze to detect anxiety-like behaviors in mice. From the open field test, compared with
the control group, the number of crossings over the central grid in the two-week CMS
mice significantly increased (82.20 ± 1.95 times vs. 70.90 ± 2.52 times, Tukey post hoc
p < 0.01) (Figure 1F), while that in the four-week CMS group greatly decreased (59.00 ± 2.69
times vs. 71.70 ± 2.21 times, Tukey post hoc p < 0.01) (Figure 1F); and that in the one-week
CMS group was not significantly different from its control group (67.70 ± 2.70 times vs.
73.40 ± 2.15 times, Tukey post hoc p > 0.05) (Figure 1F). In terms of grooming and climbing,
the one- and two-week CMS groups were not so different from the control groups (Tukey
post hoc p > 0.05) (Figure 1F), while the four-week CMS mice performed less grooming and
climbing when compared with the control mice (39.10 ± 1.53 times vs. 45.70 ± 1.33 times,
Tukey post hoc p < 0.01) (Figure 1F). For the total movement, no significant difference was
found across all the groups (Figure 1F). Furthermore, compared to the control group, the
four-week CMS group spent significantly less time on the open arms of the elevated plus
maze (41.29 ± 1.91% vs. 58.80 ± 2.90%, Tukey post hoc p < 0.001) (Figure 1G) and less
frequently entered into the open arms undergoing four weeks of CMS procedure (38.30 ±
1.96% vs. 51.65 ± 2.27%, Tukey post hoc p < 0.001) (Figure 1G). Notably, compared with the
control mice, the two-week CMS mice displayed more interest in the open arms, in which
they spent more time and entered more frequently into the open arms of the elevated plus
maze (for the time spent in the open arms: 66.06 ± 1.90% vs. 55.02 ± 2.62%, Tukey post
hoc p < 0.01; for the number of entries into the open arms: 59.99 ± 2.51% vs. 48.38 ± 1.25%,
Tukey post hoc p < 0.01) (Figure 1G); however, no obvious difference was found in the
one-week group. Taken together, these data suggest that the two-week CMS procedure
produces adaptive effects on the behavioral state, while the four-week stress imposes a
passive coping behavioral strategy, including depression- and anxiety-like behaviors.

The hippocampus is a medial temporal lobe structure that plays an important role
in declarative memory in humans [26,27] and spatial working memory in rodents [28,29].
We adopted the Morris Water maze to detect hippocampal-dependent spatial memory.
Regardless of the training time, there was no significant change in escape latency in the
four-week CMS group (DAY 4, 40.29 ± 1.20 s vs. 24.69 ± 1.98 s, two-way RM ANOVA
p < 0.001; DAY 5, 36.56 ± 3.09 s vs. 17.43 ± 2.78 s, two-way RM ANOVA p < 0.05) (Figure 1H).
Noteworthily, the two-week CMS group displayed a shorter escape latency when compared
with that of control group (DAY 5, 10.97 ± 0.76 s vs. 17.40 ± 2.69 s, two-way RM ANOVA p
< 0.05) (Figure 1H). In the probe trial, removing the platform, the four-week CMS group
spent less time exploring the target quadrant (38.95 ± 2.46% vs. 56.85 ± 3.11%, Tukey post
hoc p < 0.01) (Figure 1H). Additionally, in the four-week CMS mice, the numbers crossing
the platform position were lower than those in the control group (2.20 ± 0.25 times vs.
5.0 ± 0.52 times, Tukey post hoc p < 0.001) (Figure 1H). Furthermore, compared with the
control group, the two-week CMS mice spent much longer time in the target quadrant
(74.17 ± 1.96% vs. 58.70 ± 3.47%, Tukey post hoc p < 0.01) (Figure 1H) and more often
crossed over the platform position (6.80 ± 0.33 times vs. 5.10 ± 0.46 times, Tukey post
hoc p < 0.01) (Figure 1H). These data indicated that long-term chronic stress may impair
the spatial memory, while a moderate duration of stress may help maintain a good spatial
memory in a CMS confrontation.
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3.2. A Moderate Duration of Stress Helps Maintain the GABAergic-Glutamatergic Neuron Balance
in the Hippocampus

The dentate gyrus (DG) in the hippocampus is the residence of neural stem cells
(NSC), which produces neural progenitors that can differentiate into neural lineage, which
is essential for the generation of new granule neurons [30–32]. Abnormalities in neuronal
function in the DG affect the entire neurogenesis process and impaired contextual fear
conditioning, memory function, and anxiety- and depression-like behaviors [33,34].

GABAergic neurons are widely distributed in the DG region of the hippocampus [35].
In order to assess the expression of GABAergic neurons in the controls and CMS groups,
the expressions of GABA were examined by immunohistochemistry. As shown in Figure 2,
the number of anti-GABA-positive neurons in the hippocampus of the four-week stress
group was lower than that in the control group (58.52 ± 2.98 cells/mm2 vs. 79.44 ± 1.72
cells/mm2, Tukey post hoc p < 0.01) (Figure 2A,B); however, after a variety of eustress,
that in the two-week stress group was increased when compared with that in the control
group (88.18 ± 1.38 cells/mm2 vs. 76.84 ± 1.93 cells/mm2, Tukey post hoc p < 0.01)
(Figure 2A,B) and no obvious difference was present between the one-week-stress mice
and the control group (77.30 ± 2.46 cells/mm2 vs. 81.60 ± 2.61 cells/mm2, Tukey post hoc
p > 0.05) (Figure 2A,B). These data suggest that long-term CMS intervention decreases the
number of GABAergic neurons in the hippocampus of mice, while a moderate stimulus
may upregulate the number of the GABAergic neurons in the hippocampus.
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Figure 2. The upregulation of GABAergic neurons in the hippocampus by a moderate duration of
stress. (A) Anti-GABA immunohistochemical staining of hippocampal tissue of 3-month-old mice.
The dark brown dots were considered as anti-GABA-positive GABAergic neurons. (B) Quantitative
analysis: anti-GABA-positive cells per square millimeter. The numbers of mice were N = 5 per
group and the numbers of sections used N = 5 per mouse; the data were expressed as mean ± SEM.
** p < 0.01, 4-week CMS vs. 4-week CON; ## p < 0.01, 2-week CMS vs. 2-week CON. Scale bars are
200 µm.

Apart from the GABAergic neurons in the DG of the hippocampus, the Glutamatergic
neurons are also closely related with depression and cognitive impairment [11], so we
detected the immunofluorescence of VGluT1(the presynaptic gutamatergic transporter),
a significant Glutamatergic neuron marker, in the DG of the hippocampus [36]. The
VGluT1-positive neurons were quantified by adapting the semi-quantitative method (IOD
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measurement). From Figure 3A, the fluorescence intensity of VGluT1-positive neurons
in the two-week CMS group was slightly higher than the control group (0.166 ± 0.011
IOD/mm2 vs. 0.132 ± 0.0089 IOD/mm2, Tukey post hoc p < 0.05) (Figure 3A,B). However,
in the four-week CMS group, the mean fluorescence intensity of VGluT1-positive neurons
was greatly increased compared with that in the control group (0.194 ± 0.011 IOD/mm2 vs.
0.136 ± 0.0073 IOD/mm2, Tukey post hoc p < 0.01) (Figure 3A,B). No obvious difference
in the fluorescence intensity of vGluT1 in the hippocampal region was found between the
one-week CMS group and the control group (Tukey post hoc p > 0.05) (Figure 3A,B). We also
detected the expression of the postsynaptic receptor NMDAR, an important Glutamatergic
neuron marker. As shown in Figure 3C, the level of p-GluN2B was elevated in the two-
week CMS group when compared with that in the control group (40.58 ± 3.56% increase,
Tukey post hoc p < 0.01) (Figure 3C,D), while that in the four-week CMS group excessively
increased when compared with that in the control group (52.30 ± 1.90% increase, Tukey
post hoc p < 0.001) (Figure 3C,D). Moreover, the expressions of GluN2A and GluN2B were
not significantly different from each other across all the groups (Tukey post hoc p > 0.05)
(Figure 3C,D). Altogether, our data suggest that a moderate duration of stress may produce
a light activation of Glutamatergic neurons in the hippocampus of mice, while a long-term
CMS intervention may trigger their overactivation.
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Figure 3. The limited activation of the Glutamatergic neurons in the hippocampus of mice by a
moderate duration of stress. (A,B) Immunofluorescence of VGluT1 in the DG of hippocampus in
the 3-month-old mice. VGluT1 (Green), Neuron (Red), DAPI (Blue), and the merge pictures (×10
magnification) were presented on the left side. Quantification of the result (IOD) was shown on
the downside. The numbers of mice were N = 5 per group and the numbers of sections used N = 5
per mouse. (C,D) The levels of the postsynaptic receptors GluN2A, GluN2B, and p-GluN2B were
detected with Western blot in the hippocampus, respectively. N = 5 per group, each sample was
repeated three times, expressed as mean ± SEM. ** p < 0.01, *** p < 0.001, 4-week CMS vs. 4-week
CON; # p < 0.05, ## p < 0.01, 2-week CMS vs. 2-week CON. Scale bars are 200 µm.

3.3. A Moderate Duration of Stress Facilitates the Expression of Synaptic-Plasticity-Related
Proteins Reelin and Syn-PSD-95 in the Hippocampus of Mice

Given that the signaling pathway of Reelin and PSD-95 plays an important role
in emotional disorders and cognition [19], the expressions of Reelin and PSD-95 in the
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hippocampus were examined by Western blotting. As shown in Figure 4C, in the hip-
pocampus, the level of Reelin (molecular weight 170 Kda) in the four-week stress group
was much lower, relative to that in the control group (29.73 ± 2.99% decline, Tukey post hoc
p < 0.01), while that in the two-week stress group was higher than the control group (41.48
± 6.09% increase, Tukey post hoc p < 0.01) (Figure 4C). The mRNA level of Reelin in the
hippocampus was also detected, reflecting a trend similar to that of the protein, with the
mRNA expression of Reelin declining in the four-week stress group (49.35 ± 3.41% decline,
Tukey post hoc p < 0.001) and increasing in the two-week stress group (36.20 ± 2.70%
increase, Tukey post hoc p < 0.01) (Figure 4B). The expression of PSD95 in the synaptic of
the hippocampus in the two-week stress group increased when compared with that in the
control group (30.52 ± 2.68% increase, Tukey post hoc p < 0.01) (Figure 4C), while that in
the four-week stress group was much lower than that in the control mice (34.85 ± 2.60%
decline, Tukey post hoc p < 0.01) (Figure 4C). However, the level of total-PSD-95 was not
significantly different across all the groups (Tukey post hoc p > 0.05) (Figure 4C). These
results indicate that a moderate duration of stress upregulates the amount of Reelin and
syn-PSD-95 in the hippocampus of mice, which is crucial for the maintenance of synaptic
plasticity.
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Figure 4. Increased expressions of Reelin and syn-PSD-95 in the hippocampus of mice by a moderate
duration of stress. (A,C) The levels of Reelin (170Kd), Total-PSD-95, Syn-PSD-95 were detected,
respectively, in the hippocampus. (B) The expression of Reelin-mRNA was detected by RT-PCR.
N = 5 per group, each sample was repeated three times, expressed as mean ± SEM. ** p < 0.01,
*** p < 0.001, 4-week CMS vs. 4-week CON; ## p < 0.01, 2-week CMS vs. 2-week CON. Synaptic (syn).

4. Discussion

In the present study, mice undergoing a two-week stress procedure displayed be-
havioral adaptation and cognitive performance, an increase in GABAergic neurons, and
a moderate activation of VGluT1-positive neurons, which, in turn, upgraded the level
of p-GluN2B, Reelin, and syn-PSD-95 in the hippocampus. In contrast, the prolonged
behavioral challenge (4-week stress) imposed a passive coping behavioral strategy and
cognitive impairment, decreased the number of GABAergic neurons, hyperactivity of
VGluT1-positive neurons, and increased the ratio of p-GluN2B, as well as decreasing the
expression of Reelin and syn-PSD-95 in the hippocampus.
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Stress is often thought as highly heterogeneous and variable experience, depending
on factors, such as time point upon exposure, duration of exposure, severity, controllability,
and predictability [37,38]. The dual role of stress in learning and memory is influenced
by the duration and intensity of the stressors [39]. Some studies have shown an inverted
“U” relationship between stress and cognitive function, suggesting that moderate increases
in the levels of corticosterone (mild stress) may lead to pro-cognitive effects, whereas
large increases in corticosterone levels (chronic stress) may adversely affect cognitive
processing [40–42]. Available evidence suggests that instances of eustress may actually
promote neurobiological adaptations [43,44].

Consistent with these findings, in the current study, 3-month-old mice, receiving
two-week mild stress intervention, demonstrated adaptive behaviors when compared
with the control mice, as shown in the normal weight growth, greater sugar water pref-
erence, more crossings over the center grid in the open field, more entries into the open
arm (Figure 1C,D,F), and enhanced spatial memory in the Morris maze test (Figure 1H).
These results may evidence adaptive effects and improved performance in cognitive tasks.
However the long duration of restraint stress (about 28 days) reveals a maladaptive state
with a gradual loss of body weight and sucrose preference, drastic reductions in crossings
over the center grid, self-grooming, climbing in the open field, entries into the open arm in
the elevated maze (Figure 1C,D,F), and impaired spatial memory in the Morris Water maze
test (Figure 1H). Yet, no significant difference was found in the one-week group for all the
above tests. Our study suggests that the two-week mild stress procedure may facilitate the
adaptability of the mice to the eustress.

Some studies indicate that moderate beneficial stress induces elevated cortisol levels,
which lead to cravings for sweets, fatty food, and increased exploratory activity, while
long-term variable stress (over 3 weeks), due to prolonged and repeated increases in corti-
sol, glucocorticoid receptors (GR), inflammatory cytokines, etc., evoked neuroendocrine
response, resulting in decreased food intake or even anorexia, weight loss, and emotional
disorders, such as prolonging immobility time and decreasing desire to explore. Our results
are consistent with the changes in cortisol in the mice exposed to stress [45–47]. In our
study, we set the same intensity and type of stress, with an extension of intervention time,
the 4-week CMS mice showed weight loss and reduced sugar water consumption. In the
behavioral tests, the 4-week CMS mice had prolonged immobility time and decreased
desire to explore, such as reducing access to the central zone and open arms, and performed
poorly in spatial memory, while the 2-week CMS mice supplemented the energy consumed
by increasing the craving for sweets (increased sugar water consumption) and their body
weight did not decrease significantly. In behavioral tests, mice showed a strong desire
to explore, such as decreasing immobility time in TST, increasing activities in the central
area and open arm, and showing excellent spatial cognition in MWM. It is indicated that
different durations of stress may trigger biphasic effects on emotional stability hippocampal
excitability and cognitive function through neuroendocrine responses. The short-term stress
may contribute to cortisol-induced adaptive behavior in response to eustress. However,
excessive and sustained stress can have serious maladaptive effects.

The balance between excitatory and inhibitory neurotransmission in the brain is essen-
tial for performing a range of higher-order functions, such as planning, working memory,
decision making, emotional regulation, and error monitoring [48]. GABAergic interneu-
rons, as the only inhibitory interneurons in the brain, are the main regulator of E/I balance.
GABAergic neurotransmission is highly plastic and dynamically affected by environmental
changes and stress-related GABAergic inhibition contributes to the alteration in neuronal
excitability [49]. Some studies reported that impairments in GABAergic neurotransmission
in the limbic system are associated with major depression [50–52]. Our data showed that
the 2-week CMS intervention upregulated the numbers of the GABAergic neurons and
light activation of VGluT1-positive neurons and that the 4-week CMS group displayed a
decrease in the GABAergic neurons and an excessive overload of Glutamatergic neurons
in the hippocampus, with a major difference in the number of the GABAergic neurons
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between the two CMS groups, which is consistent with the dynamic adaptive-maladaptive
shift in mouse behaviors. These findings suggest that the changes in the number of in-
hibitory GABAergic neurons may account for the behavioral transformation observed in
those mice subjected to chronic stress. We speculated that GABAergic neurons, the main in-
hibitory neurons, may play an important role in regulating the activation of Glutamatergic
neurons. The long-term stress may significantly weaken the inhibitory effect of GABAergic
neurons on the excitability of Glutamatergic neurons, resulting in maladaptive behaviors.
Conversely, eustress may promote the inhibitory effect of GABAergic neurons, limiting the
excitotoxic effects of Glutamatergic neurons, so as to develop adaptive behaviors.

In depression models, chronic stress can disrupt plasticity, foster neuronal atrophy,
reduce synaptic number and function, especially in the hippocampus, and result in mal-
adaptation to environment, impairing stress or learning coping [53]. Conversely, when
neuroplasticity is enhanced (for example, by treatment), synaptic contacts increase, strength-
ening the adaptability by allowing active-dependent competition to stabilize neural struc-
tures [54]. Some studies suggest that antidepressant treatment may increase hippocampal
volume through the generation of new neurons and specific structural changes in the
dendrites of existing neurons [55–57]. In reconciling these findings, the heterogeneity of
stressful experiences should be the focus of attention. Our study found that a moderate
stress duration of about two weeks was beneficial to increase the expression of Reelin and
the aggregation of syn-PSD-95 protein in the synapses. On the contrary, the long-term
continuous stress (over 4 weeks) greatly reduced the expression of Reelin protein in the
hippocampus, along with the chronic-stress-induced downregulation of the syn-PSD-95
protein in the synapses. Therefore, it indicated that decreased expression of Reelin and
aggregation of PSD-95 protein in the synapses may be linked to one of the mechanisms
underlying the transition from adaptation to pathology [19,20,58–60].

In conclusion, our study confirms that a duration of appropriate stress intervention (2-
week stress) probably promotes behavioral adaptation and spatial memory in mice, while
a prolonged behavioral challenge (4-week stress) imposes a passive coping behavioral
strategy and cognitive impairment, which provides insights into the potential mechanisms
underlying the transition from adaptive and maladaptive responses in young mice. In part,
the effects of stress are caused by the corticosterone (CORT), produced by the adrenal cortex
in response to stress, due to the abundant expression of the glucocorticoid receptor (GR) in
the hippocampus, which is particularly sensitive to corticosteroids [61]. Some studies found
that chronic-stress-induced elevation of CORT can slowly produce excitatory axis-spinous
synaptic connection neuronal cell damage in the CA1 layer of rats [62]. Unfortunately, the
limitation of our work is that we did not detect physiological markers (such as cortisol, GR,
and inflammatory cytokines in mice) for different durations of stress. Our future research
will focus on the role of stress-cortisol-hippocampus (stratum pyramidal) in adaptive and
maladaptive behavioral transitions.

Author Contributions: L.L.: Animal behavioral test, Data analysis, Methodology, Manuscript draft-
ing and revision. X.D.: Methodology. N.X.: Animal behavioral test. Q.Y.: Reviewing and editing. J.Z.:
Conceptualization, Data curation and analysis, Investigation, Project administration, Resources, Re-
viewing and editing. X.C.: Conceptualization, Funding acquisition, Project administration, Resources,
Supervision. All authors have read and agreed to the published version of the manuscript.

Funding: The study was funded by the Health and Family Planning Commission of Fujian (No.
2017-1-1, No. 2018-ZQN-9), Science and Technology Program of Fujian (No. 2021J05064), and Fujian
Provincial Hospital (No.2019HSJJ18) to Lanyan Lin; and supported by National Natural Science
Foundation of China to Xiaochun Chen (No. 81871068, No. 81671352, No. 91232709) and to Jing
Zhang (No. 81401149, No. 2018Y9057), and by Joint Fund for Science and Technology Innovation of
Fujian to Xiaochun Chen (No. 2018Y9095).

Institutional Review Board Statement: All experimental protocols were approved by the Institu-
tional Animal Care and Utilization Committee of Fujian Medical University (the ethical approval



Brain Sci. 2022, 12, 1081 12 of 14

code of experimental animals is ID: FJMU IACUC 2021-0399) and closely observed the National
Institutes of Health’s “Guide for the Care and Use of Laboratory Animals” (NIH Publication 80-23).

Conflicts of Interest: The authors declare no actual or potential conflicts of interest regarding the
publication of this paper.

References
1. Van Stegeren, A.H. Imaging stress effects on memory: A review of neuroimaging studies. Can. J. Psychiatry Rev. 2009, 54, 16–27.

[CrossRef] [PubMed]
2. Timmermans, W.; Xiong, H.; Hoogenraad, C.C.; Krugers, H.J. Stress and excitatory synapses: From health to disease. Neuroscience

2013, 248, 626–636. [CrossRef] [PubMed]
3. Kim, E.J.; Pellman, B.; Kim, J.J. Stress effects on the hippocampus: A critical review. Learn. Mem. 2015, 22, 411–416. [CrossRef]

[PubMed]
4. De Kloet, E.R.; Joëls, M.; Holsboer, F. Stress and the brain: From adaptation to disease. Nat. Rev. Neurosci. 2005, 6, 463–475.

[CrossRef] [PubMed]
5. Herman, J.P. Neural control of chronic stress adaptation. Front. Behav. Neurosci. 2013, 7, 61. [CrossRef] [PubMed]
6. Andalman, A.S.; Burns, V.M.; Lovett-Barron, M.; Broxton, M.; Poole, B.; Yang, S.J.; Grosenick, L.; Lerner, T.N.; Chen, R.; Benster, T.;

et al. Neuronal Dynamics Regulating Brain and Behavioral State Transitions. Cell 2019, 177, 970–985.e920. [CrossRef] [PubMed]
7. McEwen, B.S.; Eiland, L.; Hunter, R.G.; Miller, M.M. Stress and anxiety: Structural plasticity and epigenetic regulation as a

consequence of stress. Neuropharmacology 2012, 62, 3–12. [CrossRef]
8. Isaacson, J.S.; Scanziani, M. How inhibition shapes cortical activity. Neuron 2011, 72, 231–243. [CrossRef]
9. Gandal, M.J.; Sisti, J.; Klook, K.; Ortinski, P.I.; Leitman, V.; Liang, Y.; Thieu, T.; Anderson, R.; Pierce, R.C.; Jonak, G.; et al. GABAB-

mediated rescue of altered excitatory-inhibitory balance, gamma synchrony and behavioral deficits following constitutive
NMDAR-hypofunction. Transl. Psychiatry 2012, 2, e142. [CrossRef]

10. Ferguson, B.R.; Gao, W.J. PV Interneurons: Critical Regulators of E/I Balance for Prefrontal Cortex-Dependent Behavior and
Psychiatric Disorders. Front. Neural Circuits 2018, 12, 37. [CrossRef]

11. Gu, X.; Zhou, L.; Lu, W. An NMDA Receptor-Dependent Mechanism Underlies Inhibitory Synapse Development. Cell Rep. 2016,
14, 471–478. [CrossRef] [PubMed]

12. Novelli, A.; Díaz-Trelles, R.; Groppetti, A.; Fernández-Sánchez, M.T. Nefopam inhibits calcium influx, cGMP formation, and
NMDA receptor-dependent neurotoxicity following activation of voltage sensitive calcium channels. Amino Acids 2005, 28,
183–191. [CrossRef] [PubMed]

13. Constantino, L.C.; Pamplona, F.A.; Matheus, F.C.; de Carvalho, C.R.; Ludka, F.K.; Massari, C.M.; Boeck, C.R.; Prediger, R.D.; Tasca,
C.I. Functional interplay between adenosine A(2A) receptor and NMDA preconditioning in fear memory and glutamate uptake
in the mice hippocampus. Neurobiol. Learn Mem. 2021, 180, 107422. [CrossRef] [PubMed]

14. Constantino, L.C.; Binder, L.B.; Vandresen-Filho, S.; Viola, G.G.; Ludka, F.K.; Lopes, M.W.; Leal, R.B.; Tasca, C.I. Role of
Phosphatidylinositol-3 Kinase Pathway in NMDA Preconditioning: Different Mechanisms for Seizures and Hippocampal
Neuronal Degeneration Induced by Quinolinic Acid. Neurotox. Res. 2018, 34, 452–462. [CrossRef] [PubMed]

15. Marini, A.M.; Jiang, X.; Wu, X.; Pan, H.; Guo, Z.; Mattson, M.P.; Blondeau, N.; Novelli, A.; Lipsky, R.H. Preconditioning and
neurotrophins: A model for brain adaptation to seizures, ischemia and other stressful stimuli. Amino Acids 2006, 32, 299–304.
[CrossRef]

16. Fuchs, E.; Flugge, G.; Czeh, B. Remodeling of neuronal networks by stress. Front. Biosci. A J. Virtual Libr. 2006, 11, 2746–2758.
[CrossRef]

17. Colmers, P.L.W.; Bains, J.S. Balancing tonic and phasic inhibition in hypothalamic corticotropin-releasing hormone neurons. J.
Physiol. 2018, 596, 1919–1929. [CrossRef]

18. Willner, P.; Muscat, R.; Papp, M. Chronic mild stress-induced anhedonia: A realistic animal model of depression. Neurosci.
Biobehav. Rev. 1992, 16, 525–534. [CrossRef]

19. Zhang, J.; Lin, L.; Dai, X.; Xiao, N.; Ye, Q.; Chen, X. ApoE4 increases susceptibility to stress-induced age-dependent depression-like
behavior and cognitive impairment. J. Psychiatr. Res. 2021, 143, 292–301. [CrossRef]

20. Lin, L.Y.; Zhang, J.; Dai, X.M.; Xiao, N.A.; Wu, X.L.; Wei, Z.; Fang, W.T.; Zhu, Y.G.; Chen, X.C. Early-life stress leads to impaired
spatial learning and memory in middle-aged ApoE4-TR mice. Mol. Neurodegener. 2016, 11, 51. [CrossRef]

21. Heimrich, B.; Claus, H.; Schwegler, H.; Haas, H.L. Hippocampal mossy fiber distribution and long-term potentiation in two
inbred mouse strains. Brain Res. 1989, 490, 404–406. [CrossRef]

22. Pellow, S.; Chopin, P.; File, S.E.; Briley, M. Validation of open:closed arm entries in an elevated plus-maze as a measure of anxiety
in the rat. J. Neurosci. Methods 1985, 14, 149–167. [CrossRef]

23. Crowley, J.J.; Jones, M.D.; O’Leary, O.F.; Lucki, I. Automated tests for measuring the effects of antidepressants in mice. Pharmacol.
Biochem. Behav. 2004, 78, 269–274. [CrossRef] [PubMed]

24. Morris, R. Developments of a water-maze procedure for studying spatial learning in the rat. J. Neurosci. Methods 1984, 11, 47–60.
[CrossRef]

http://doi.org/10.1177/070674370905400105
http://www.ncbi.nlm.nih.gov/pubmed/19175976
http://doi.org/10.1016/j.neuroscience.2013.05.043
http://www.ncbi.nlm.nih.gov/pubmed/23727506
http://doi.org/10.1101/lm.037291.114
http://www.ncbi.nlm.nih.gov/pubmed/26286651
http://doi.org/10.1038/nrn1683
http://www.ncbi.nlm.nih.gov/pubmed/15891777
http://doi.org/10.3389/fnbeh.2013.00061
http://www.ncbi.nlm.nih.gov/pubmed/23964212
http://doi.org/10.1016/j.cell.2019.02.037
http://www.ncbi.nlm.nih.gov/pubmed/31031000
http://doi.org/10.1016/j.neuropharm.2011.07.014
http://doi.org/10.1016/j.neuron.2011.09.027
http://doi.org/10.1038/tp.2012.69
http://doi.org/10.3389/fncir.2018.00037
http://doi.org/10.1016/j.celrep.2015.12.061
http://www.ncbi.nlm.nih.gov/pubmed/26774487
http://doi.org/10.1007/s00726-005-0166-0
http://www.ncbi.nlm.nih.gov/pubmed/15714253
http://doi.org/10.1016/j.nlm.2021.107422
http://www.ncbi.nlm.nih.gov/pubmed/33691195
http://doi.org/10.1007/s12640-018-9903-5
http://www.ncbi.nlm.nih.gov/pubmed/29679291
http://doi.org/10.1007/s00726-006-0414-y
http://doi.org/10.2741/2004
http://doi.org/10.1113/JP275588
http://doi.org/10.1016/S0149-7634(05)80194-0
http://doi.org/10.1016/j.jpsychires.2021.09.029
http://doi.org/10.1186/s13024-016-0107-2
http://doi.org/10.1016/0006-8993(89)90262-X
http://doi.org/10.1016/0165-0270(85)90031-7
http://doi.org/10.1016/j.pbb.2004.03.014
http://www.ncbi.nlm.nih.gov/pubmed/15219767
http://doi.org/10.1016/0165-0270(84)90007-4


Brain Sci. 2022, 12, 1081 13 of 14

25. Vorhees, C.V.; Williams, M.T. Morris water maze: Procedures for assessing spatial and related forms of learning and memory. Nat.
Protoc. 2006, 1, 848–858. [CrossRef]

26. Josephy-Hernandez, S.; Pirvulescu, I.; Maira, M.; Aboulkassim, T.; Wong, T.P.; McKinney, R.A.; Saragovi, H.U. Pharmacological
interrogation of TrkA-mediated mechanisms in hippocampal-dependent memory consolidation. PLoS ONE 2019, 14, e0218036.
[CrossRef]

27. Yang, Y.; Wang, J.Z. From Structure to Behavior in Basolateral Amygdala-Hippocampus Circuits. Front. Neural Circuits 2017, 11,
86. [CrossRef]
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