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Abstract: (1) Background: Depression is one of the overwhelming public health problems. Alleviat-
ing hippocampus injury may prevent depression development. Herein, we established the chronic
unpredictable mild stress (CUMS) model and aimed to investigate whether aerobic exercise (AE)
could alleviate CUMS induced depression-like behaviors and hippocampus injury. (2) Methods:
Forty-eight healthy male Sprague-Dawley rats (200 ± 20 g) were randomly divided into 4 groups
(control, CUMS, CUMS + 7 days AE, CUMS + 14 days AE). Rats with AE treatments were subjected
to 45 min treadmill per day. (3) Results: AE intervention significantly improved CUMS-induced
depressive behaviors, e.g., running square numbers and immobility time assessed by the open field
and forced swimming test, suppressed hippocampal neuron apoptosis, reduced levels of phospho-
rylation of NMDA receptor and homocysteine in hippocampus, as well as serum glucocorticoids,
compared to the CUMS rats. In contrast, AE upregulated phosphorylation of AMPAR receptor and
brain-derived neurotrophic factor (BDNF) hippocampus in CUMS depression rats. The 14 day-AE
treatment exhibited better performance than 7 day-AE on the improvement of the hippocampal func-
tion. (4) Conclusion: AE might be an efficient strategy for prevention of CUMS-induced depression
via ameliorating hippocampus functions. Underlying mechanisms may be related with glutamater-
gic system, the neurotoxic effects of homocysteine, and/or influences in glucocorticoids-BDNF
expression interaction.

Keywords: aerobic exercise; hippocampus injury; chronic stress; ionotropic glutamate receptors;
depression related signaling molecules

1. Introduction

Depression emerges as one of the overwhelming public health problems [1], and
patients with depression increase at an annual rate of 11.3% worldwide [2]. Although
pathologies of depression have not been fully elucidated, accumulating neuropsychological
evidence has shown that chronic stress destructed balance between neuronal damage, and
neuronal regeneration may contribute to atrophy of the hippocampal neurons, structural
destruction, cell number decline, and hippocampal neuronal apoptosis, ultimately emerg-
ing clinical manifestations of depression [3–5]. Alleviation of hippocampal neurons injury
or promotion of plasticity recovery after hippocampus injury may prevent the development
of depression [6].

Over the last decade, studies have shown favorable effects of exercise on the treat-
ment and rehabilitation of mental and cerebral diseases [7–9], considering exercise as
a nonpharmacological and efficacious approach for the prevention and management of
depression [4,8,10]. There have been many pieces of research on anti-depression effects
of exercise in recent years; however, underlying mechanisms remain obscure [7,8,11,12].
Previous studies showed that aerobic exercise (AE) could stimulate neuron regeneration,

Brain Sci. 2021, 11, 9. https://dx.doi.org/10.3390/brainsci11010009 https://www.mdpi.com/journal/brainsci

https://www.mdpi.com/journal/brainsci
https://www.mdpi.com
https://orcid.org/0000-0003-1605-9501
https://dx.doi.org/10.3390/brainsci11010009
https://dx.doi.org/10.3390/brainsci11010009
https://dx.doi.org/10.3390/brainsci11010009
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://dx.doi.org/10.3390/brainsci11010009
https://www.mdpi.com/journal/brainsci
https://www.mdpi.com/2076-3425/11/1/9?type=check_update&version=2


Brain Sci. 2021, 11, 9 2 of 12

regulate neurotrophin such as brain-derived neurotrophic factor (BDNF) and improve the
plasticity of the brain [13,14]. Luo et al. [11] recently reported beneficial effects of AE on
depression-like behaviors in chronic unpredictable mild stress (CUMS) mice and enhanced
the expressions of p-AMPK and PGC-1alpha, the ratio of p-AMPK/AMPK, and boosted
ATP content. Consistently, our recent study also reported the benefits of 8 week AE on
improvement of CUMS–induced depressive behavior, neuron injury, and synaptic plastic-
ity [15]. Of note, we found that AE helped to maintain normal amplitude of population
spike and fEPSP slope in CUMS rats. This finding suggests effects of AE on preventing
against long-term potentiation damage caused by chronic stress.

Depression development is not only associated with neurotransmitters and their
receptors in the brain, but also involves into post-receptor signal transduction systems
and gene transcription processes associated with neurotrophic disorders and reduction of
neuroplasticity in specific brain regions [11,16–18]. Specifically, glutamatergic abnormalities
have recently been implicated in the pathophysiology of depression. The ionotropic
glutamate receptors (iGluRs), including AMPA receptor and Nmethyl-D-aspartate (NMDA)
receptors, may play important roles [19–21]. Moreover, an increased level of circulating
homocysteine (HCY), a key intermediate product in the metabolism of cysteine, has been
associated with depression in different populations [22–24]. Previous studies also reported
adverse effects of HCY on the hippocampus [25,26]. Interestingly, HCY may play a key role
in neurotoxicity through activation of NMDA receptors-mediated signaling pathway [27].
In addition, glucocorticoids (GC) serve as key stress response hormones that are known
to exacerbate neuronal injury, reduce hippocampal neurogenesis and to impair synaptic
plasticity [28]. However, whether AE exerts antidepressant effects through AMPAR and
NMDAR or other essential signaling molecules such as HCY and GC, has unfortunately
not been sufficiently explored.

In the present study, we aimed to investigate impacts of AE during chronic stress
procedure on depressive behaviors, hippocampal neuronal apoptosis, expression of iGluRs,
BDNF and HCY expression in hippocampus, as well as serum GC. We also designed AE
regimen for 7 days and for 14 days to examine time-effect on anti-depression performance
of AE in CUMS rats.

2. Materials and Methods
2.1. Animal Experiments

Healthy male Sprague-Dawley rats (200 ± 20 g, n = 48) were obtained from the Labora-
tory Animal Breeding and Research Center of Xi’an Jiaotong University (Xi’an, China). The
animals were maintained in a room with 12/12 h of light/dark cycle, in an air-conditioned
room and had free access to water and diet. The experimental design is shown in Figure 1.
Rats were randomly divided into control group (Control, n = 12), chronic unpredictable
mild stress group (CUMS, n = 12), chronic unpredictable mild stress + 7 days of aerobic
exercise group (CUMS + 7 AE, n = 12), and chronic unpredictable mild stress + 14 days of
aerobic exercise group (CUMS + 14 AE, n = 12). Rats in the CUMS group were exposed
to different stressors each day for 4 weeks to establish the CUMS model. Each rat was
kept in one cage. The stress exposures were conducted in another room to avoid stress
influences on the control group. The procedure of establishing CUMS-induced depression
models was performed according to previous studies with minor modifications [15,29].
A variety of stressors were used, such as food deprivation for 24 h, water deprivation
for 24 h, tail pinching for 1 min, overnight illumination, physical restraint for 2 h (plastic
bottles), 45 ◦C hot water exposure for 5 min, 5 ◦C cold water exposure for 5 min, soiled
cage exposure for 24 h (200 mL of water and 100 g of sawdust combined together), and
45 ◦C cage tilting for 7 h.
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Figure 1. Experimental design. Open field test and forced swimming test were performed on after 4 weeks intervention.
CUMS, chronic unpredictable mild stress.

For CUMS + 7 AE and CUMS + 14 AE, exercise was intervened during the CUMS
establishment (Figure 1), after the 1st week of stress paradigm, to assess its potential effects
on preventing and alleviating CUMS-induced abnormalities in behaviors and hippocampus.
Exercise and stress were performed separately and the resting interval between the two
procedures was 2–3 h. Rats in the control group did not receive exercise or stressors, and
were daily handled for 21 days.

The care with the animals followed the official governmental guidelines in accordance
with the NIH Guide for the Care and Use of Laboratory Animals. This study was approved
by the Ethics Committee for the use of animals of the Xi’an Jiaotong University Health
Science Center (Xi’an, China).

2.2. Protocal of Aerobic Exercise

The AE protocol has been described by Fahey et al. [30] with slight modifications.
Rats were trained on the treadmill (Anhui Zhenghua Biologicapparatus Facilities Co., LTD,
Anhui, China). Each rat was placed on the separate belt of the treadmill running at a
slow pace (0.78 km/h) for 5 min, and then the belt speed was increased to 1.02 km/h for
45 min. The exercise was conducted at 8:30–12:30 a.m. for 1 week (CUMS + 7 AE) or for
2 weeks (CUMS + 14 AE). Rats were forced to keep running during the exercise period by
the electric shock stimulus (0.0–5.0 mA) implemented at the end of the belt. The open field
and forced swimming test were conducted within 3 days after intervention regimen.

2.3. Behavioral Tests
2.3.1. Open Field Test

The open field test was conducted using the method described by Arteni et al. [31].
Briefly, the floor of a wooden box with 100 cm × 100 cm × 20 cm was divided into 25 equal
squares. The squares connected to the wall were outer squares, and other squares were
central squares. The box was maintained dark light. Animals were placed on central
squares and observed the running square numbers (times·(5 min)−1) and upright numbers
(times·(5 min)−1) in rats.

2.3.2. Forced Swimming Test

Details of forced swimming test (FST) were described by Slattery and Cryan [15,32].
Briefly, rats were forced to swim individually in clear Plexiglas cylinders (40 cm height,
18 cm diameter) that were filled with water (22~24 ◦C 30 cm depth). FST contained two
parts: an initial 15 min pretest, followed 24 h later by a 5 min swimming test. Following
each swim session, the rats were towel dried and returned to their home cages. The
cumulative time spent in immobile posturing, i.e., minimal effort to keep head above water
during the 5 min test, was recorded. The up time, i.e., struggling with limbs on a sidewalk
in an attempt to escape the container during the 5 min test, was recorded.

2.4. Assessment of Hippocampal Neuronal Apoptosis

All rats were sacrificed after the end of the behavioral assessments by an overdose
sodium pentobarbital (50 mg/kg body weight). The entire hippocampus of each brain was
quickly collected on dry ice and stored at −70 ◦C until assayed. The hippocampus of rats
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in each group (6 per group) was used for detection of hippocampal neuronal apoptosis.
Detailed protocol has been published elsewhere [33,34]. In brief, the hippocampus samples
were collected and submerged in ice-cold Hank’s Buffered Salt Solution (Gibco, Carlsbad,
CA, USA) for 5 min and were then minced with ophthalmic scissors and treated with
0.125% trypsin-0.02% EDTA for 15 min. Digestion was terminated by adding Dulbecco’s
modified Eagle medium/F12 (DMEM/F12, Gibco, Carlsbad, CA, USA) with 10% fetal
bovine serum (Gibco, Carlsbad, CA, USA). The sample was sequentially filtered through a
70-µm cell strainer and collected by centrifugation for 3 min at 1000 rpm. The precipitate
was resuspended in neurobasal medium supplemented with Neurobasal-A + 2%B27 +
0.5 mM glutamine (Gibco, Carlsbad, CA, USA). Cells were attainted and plates were
maintained in a 5% CO2 incubator at 37 ◦C. The medium was substituted for fresh DMEM
after 24 h and then every three days.

Cells were collected after trypsinization and were rinsed with cold phosphate buffer
saline for two times at 4 ◦C and centrifugation at 1000 rpm for 5 min). Cells were attainted
at a final density of 1 × 1010/L. Apoptosis was assessed by using the Annexin V-FITC/PI
doubling staining assay. After resuspension with 500 µL 1 × binding buffer, the mixture
was incubated with 5 µL Annexin V-FITC in the ice bath for 10 min in the dark and was then
mixed with 5 µL propidium iodide (10 mg/L) prior to analysis. Fluorescence levels were
quantified by the flow cytometry (FACS-Aria, Becton Dickson, San Jose, CA, USA) [34,35].

The apoptosis rate was estimated by summarizing the apoptosis rate of early and late
apoptotic cells detected by the flow cytometry. Annexin V-positive and propidium iodide
negative cells were considered as early apoptosis cells, whereas annexin V positive and PI
positive were regarded as late apoptotic cells.

2.5. ELISA Analysis

The hippocampus of remaining rats in each group (n = 6) was subjected to ELISA anal-
ysis. The hippocampus was homogenized with pre-cooling 0.1 M phosphate buffer (pH 7.4)
10 times (w/v). The homogenate was centrifuged at 12.000 rpm (4 ◦C) for 15 min to remove
precipitation, and the supernatant were collected for analyses. The concentrations of phos-
phorylation of AMPA receptor (p-AMPA, JL15686, Shanghai Jianglai Biology, Shanghai,
China), p-NMDA receptor (BJ-elisa-2559, Shanghai Bangjing Industry, Shanghai, China.),
HCY (YM-AS1829, Shanghai Yuanmu Biology, Shanghai, China), and BDNF (RAB1138-1KT,
Sigma, St. Louis, MO, USA) in the supernatant were measured using ELISA kits.

Blood samples were collected from the abdominal aorta and were kept in a water bath
(37 ◦C) for 30 min. The serum was obtained by centrifugation (12,000× g, 20 min) and was
then stored under −80 ◦C until analyses. The serum GC was measured using ELISA kits
(yb-E12318, BioLegend, San Diego, CA, USA.).

2.6. Statistical Analyses

Data were expressed as mean ± standard deviation and were analyzed by one-way
analysis of variance (ANOVA) followed by least significant difference multiple compar-
isons using the Statistical Package for the Social Sciences (SPSS 21.0, Chicago, IL, USA).
A value of p < 0.05 was considered significant. Figures presenting differences in behav-
ioral assessments and molecular alterations between groups were produced by Graphpad
prism 7.0. Heatmaps showing correlations between behavioral and molecular alterations
were drawn using MetaboAnalyst (www.metaboanalyst.ca).

3. Results
3.1. AE Improved Behavioral Indexes in CUMS-Induced Rats

CUMS increased running square numbers while lowered upright numbers (p < 0.001),
compared with the control group (Figure 2). AE for 7 days significantly decreased CUMS-
induced running square numbers (p < 0.001) and improved CUMS-induced upright num-
bers (p < 0.001). Similarly, AE for 7 days reversed the CUMS-induced increase of immobility
time and reduction of up time in FST test (p < 0.001). Moreover, AE for 14 days during

www.metaboanalyst.ca
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CUMS showed more pronounced effects than AE for 7 days in improving depressive
behaviors (Figure 2).
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3.2. AE Reduced CUMS-Induced Hippocampal Neuronal Apoptosis

The apoptosis rare of hippocampal neuron in CUMS group was significantly higher
than in the control group (p < 0.001, Figure 3). AE for 7 days ameliorated CUMS-induced
hippocampal neuron apoptosis (p < 0.01). The effect of AE for 14 days on the apoptosis
rare of hippocampal neuron was significantly improved compared with AE for 7 days
(p < 0.05).Brain Sci. 2021, 11, x FOR PEER REVIEW 6 of 13 
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3.3. AE Beneficially Regulated Levels of Ionotropic Glutamate Receptors in CUMS-Induced
Depression Rats

To investigate the effect of AE on depression-related iGluRs, we measured levels of
p-AMPA receptor and p-NMDA receptor that were involved in depression regulation
in the hippocampus. CUMS reduced p-AMPA level in hippocampus (Figure 4A) while
increased p-NMDA level (Figure 4B) was compared with the control group (p < 0.001).
AE for 7 days enhanced CUMS-induced p-AMPAR level (p < 0.01) while it prevented an
increase of CUMS-induced p-NMDAR level (p < 0.01). Consistently, AE for 14 days showed
better performance than AE for 7 days in regulating CUMS-induced ionotropic glutamate
receptors (p < 0.05).
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3.4. AE Beneficially Regulated Levels of HCY, BDNF and GC in CUMS-Induced Depression Rats

To investigate the effect of AE on depression-related signal molecules, we measured
levels of HCY and BDNF in hippocampus, and GC in serum (Figure 5). Compared with
the control group, we observed substantial increases in HCY level in hippocampus and
serum GC in the CUMS group (p < 0.001). On the contrary, the CUMS group had the lowest
level of BDNF in the hippocampus (p < 0.001). AE treatment significantly reversed the
CUMS-induced increase of hippocampal level of HCY and serum GC, while enhanced
BDNF expression in hippocampus compared with the CUMS group. Moreover, the 14-day
AE treatment exhibited better performance on regulating levels of depression-related signal
molecules compared with the 7-days AE treatment (p < 0.05).

3.5. Correlations

We found that samples from the same treatment clustered perfectly by integrating
behaviors indices and levels of key molecules involved in pathways related with patho-
genesis of depression, using the hierarchical clustering analysis (Figure 6A). Specifically,
a clear discrepancy was observed between CUMS group and control group. Of note,
AE group beneficially improved CUMS-induced depressive behaviors and key molecules,
in a training time-dependent manner. Moreover, strong correlations between behavioral
indices and molecular alterations were observed (Figure 6B). These findings indicate that
benefits of AE on alleviating CUMS-induced behaviors were accomplished by its favorable
regulation of hippocampal neuronal apoptosis, expression of iGluRs, i.e., phosphorylation
of AMPA receptor and phosphorylation of NMDA receptor, BDNF and HCY expression in
hippocampus, as well as serum level of GC.
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4. Discussion

Exercise has been consistently recognized for its therapeutic effects on depression.
We found that AE significantly alleviated CUMS-induced depressive behaviors, suppressed
hippocampal neuronal apoptosis, favorably regulated expression of iGluRs, and levels
of depression-related signal molecules. Moreover, 14 day-AE regimen during chronic
stress paradigm exhibited better anti-depression performance than the 7 day-AE, which
have rarely been explored before. Of note, we found that benefits of AE on alleviating
CUMS-induced behaviors were accomplished by its favorable regulation of hippocampal
neuronal apoptosis, expression of iGluRs, BDNF and HCY in hippocampus, and serum GC.
Our findings suggest that mechanisms underlying benefits of AE may include regulation
of glutamatergic system, the neurotoxic effects of HCY in regulating ionotropic glutamate
receptors, and/or influences in the glucocorticoids-BDNF expression interaction.

Recent studies have shown that AE improved depression-like behaviors or depres-
sive symptoms in CUMS animal models [4,11,36]. Ryan et al. [37] found that an 8-week
moderate-intensity aerobic exercise training intervention reduced depressive symptoms
among individuals with major depressive disorder. In the present study, AE intervention
was performed during the CUMS establishment. The findings demonstrate the effects of
AE on preventing and alleviating of CUMS-induced depression like behaviors. Yet, the
pathogenesis of depression and potential mechanisms underlying benefits of exercise on
preventing depression are still poorly understood.

The hippocampus is the main encephalic region associated with the occurrence of
depression [38,39]. Chronic stress has shown to reduce the hippocampal volume and detri-
mentally influence the morphological structure of neuron dendrites in animal studies [40].
Exposure to stress decreased neuroplasticity by increasing apoptosis and decreasing neuro-
genesis, and consequently resulted in depression [12]. Hippocampal neuronal apoptosis
accelerates progression of depression [38,41]. Besides, our recent study showed that a short-
term resistance training or AE alleviated CUMS induced apoptosis rate of hippocampal
neuron [15]. Similarly, Chung et al. reported that treadmill exercise inhibited hippocam-
pal apoptosis possibly through enhancing NMDA receptor expression in schizophrenic
mice [42]. Seo et al. also found that aerobic exercise could effectively reduce stress-induced
hippocampal apoptosis in PTSD animal model [12].

In the present study, we found that AE significantly ameliorated CUMS-induced
apoptosis rate of hippocampal neuron and 2-week AE showed more pronounced effects.
Moreover, AE significantly reduced expression of CUMS-induced an over-activation of
p-NMDA receptors and increased the expression of p-AMPA receptor in hippocampus.
Pharmacological evidence suggests that abnormal glutamate neurotransmission may be
associated with the pathophysiology of mood disorders [43,44]. Several studies have
shown that occurrence of stress-induced depression was associated with expressions of
ionotropic glutamate receptors, i.e., NMDA receptor and AMPA receptor, a key molecule
for synaptic efficacy [21,45–47]. These receptors have been involved in many physiological
and pathological brain conditions. Stress-caused excessive increase of glutamate in the
hippocampus and over-activation of NMDA receptors have been considered important
causes of stress-induced depression [48]. Clinical evidence showed that the expression of
AMPA receptor was significantly reduced in the brain of depression patients [45]. These
findings support that preventing hippocampal neurons from being damaged, reducing
the degree of damage, or promoting recovery after injury, may be possible mechanisms of
antidepressant effects of exercise [16,49].

Moreover, we observed that AE reduced CUMS-induced HCY level in hippocam-
pus. Homocysteine is a metabolite of the methionine and has been reported to play an
important role in neurotoxicity through activation of NMDA receptor-mediated signal-
ing pathway [27,50,51]. Hyperhomocysteinemia was associated with the development
of neurological and psychiatric diseases, including depression [51–53]. In a recent study,
Poddar et al., identified AMPA receptors as novel intermediators involved in a crosstalk
between extracellular signal-regulated kinase and p38 MAPKs, which is a well-known sig-
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naling pathway of homocysteine-induced neurotoxicity [27]. Taken together, our findings
support beneficial impacts of AE on ameliorating hippocampus injury through regulat-
ing the glutamatergic system [43]. The neurotoxic role of HCY in regulating ionotropic
glutamate receptors involved in the pathogenesis of depression has also been highlighted.

Furthermore, we found that short-term AE intervention significantly prevented
the CUMS-increased BDNF expression in the hippocampus, in line with previous stud-
ies [54,55]. Increased BDNF expression has been associated with neuroplasticity impair-
ment, one of the pathogenesis of depression. Although potential mechanism by which
exercise enhances BDNF expression is not fully understood, previous animal studies have
shown that stress-induced reduction of hippocampal BDNF expression was associated
with increased serum GC level [56–58], in agreement with our findings. The glucocorticoid
receptor in the hypothalamic–pituitary–adrenal axis has been consistently shown to play
a pivotal role in the negative feedback regulation of GC level in the blood, which was
putatively involved in the onset of depression when its concentration was abnormally
high [58]. The dysfunction of the hypothalamic–pituitary–adrenal axis may adversely
influence BDNF function and consequently cause depressive behaviors [58]. Our study
suggests that AE may prevent depression through beneficially affecting glucocorticoids,
thereby leading to an increase in BDNF expression in the hippocampus. However, it should
be noted that the exercise induced increase in BDNF expression has also been associated
with neurotransmitters such as norepinephrine and 5-hydroxytryptamine (5-HT) [59]. This
indicates that complex and multiple mechanisms may contribute to effects of exercise on
up-regulating BDNF expression.

Our study has several limitations. First, chronic unpredictable mild stressors often
result in anhedonic and resilient rats. The core symptom of depression-like behavior, a de-
crease in sucrose preference, should have been assessed to evaluate models for better char-
acterization of the depressive animals. Instead, we only used the open field test and forced
swimming test to assess CUMS-induced depression-like behaviors. However, it is notewor-
thy that we did not select animals for further studies based on behavioral tests. The relia-
bility of findings regarding hippocampal neuronal apoptosis, brain-derived neurotrophic
factors and serum level of glucocorticoids may not be influenced. Second, we failed to
investigate whether exercise could exhibit a significant effect on hippocampal markers, no
matter with or without CUMS. Herein, we focused on changes in stress-induced markers
in the rat hippocampus between CUMS, CUMS + 7 AE, and CUMS + 14 AE, revealing
improvements of exercise on alleviating depression induced dysfunctions. Particularly,
comparing AE regimen for 7 days and for 14 days is one of the strengths to examine
time-effect on anti-depression performance of AE in CUMS rats, which have been rarely
evaluated. Whereas, it should be noted that, according to our study design, the time from
the last day of CUMS + 7 AE to sacrifice was longer than for CUMS + 14 AE group, which
may affect the obtained results regarding time-effect on anti-depression performance of AE.
Another strategy would be that starting CUMS + 7 AE at 3rd week to avoid such time
differences. But, in this case, rats for CUMS 7 AE groups would have worse physical and
psychological conditions, leading to the bias for grouping animals.

5. Conclusions

Our study showed healthy impacts of the short-time AE on prevention of CUMS-
induced behavioral disorder and hippocampal neuronal apoptosis. AE beneficially altered
levels of depression-related iGluRs, i.e., p-AMPA receptor, p-NMDA receptor, and other
essential signaling molecules including BDNF, HCY in hippocampus and GC in serum.
Of note, we found that AE for 14 days during CUMS greatly exhibited better performance
than AE for 7 days on depression prevention. Moreover, strong correlations between
behavioral indices and molecular alterations regulated by AE regimen were observed. The
observed benefits of AE may be mechanistically explained by regulation of glutamatergic
system, the neurotoxic effects of HCY in regulating ionotropic glutamate receptors involved
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in the pathogenesis of depression, and/or influences in glucocorticoids-BDNF expression
interaction.

Author Contributions: Conceptualization, J.K., D.W., L.S. and F.G.; methodology, Y.D. and L.Z.;
software, Y.D. and L.Z.; formal analysis, Y.D., L.Z. and L.S.; investigation, J.K., D.W., Y.D. and
L.Z.; writing—original draft preparation, J.K. and L.S.; writing—review and editing, J.K., L.S. and
F.G.; visualization, Y.D. and L.Z.; supervision, J.K. and L.S.; project administration, J.K. and D.W.;
funding acquisition, J.K. and D.W. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the high-level research achievements training program for
young teachers in Department of Physical Education, Shaanxi Normal University (QN2018007 to
Di Wang and 20151606 to Jie Kang).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ferrari, A.J.; Charlson, F.J.; Norman, R.E.; Patten, S.B.; Freedman, G.D.; Murray, C.J.; Vos, T.; Whiteford, H.A. Burden of Depressive

Disorders by Country, Sex, Age, and Year: Findings from the Global Burden of Disease Study 2010. PLoS Med. 2013, 10, e1001547.
[CrossRef] [PubMed]

2. Schuckit, M.A.; Irwin, M.R.; Smith, T.L. One-year incidence rate of major depression and other psychiatric disorders in 239 alco-
holic men. Addiction 1994, 89, 441–445. [CrossRef] [PubMed]

3. Lucassen, P.J.; Meerlo, P.; Naylor, A.S.; Van Dam, A.M.; Dayer, A.G.; Fuchs, E.; Oomen, C.A.; Czéh, B. Regulation of adult
neurogenesis by stress, sleep disruption, exercise and inflammation: Implications for depression and antidepressant action.
Eur. Neuropsychopharmacol. 2010, 20, 1–17. [CrossRef] [PubMed]

4. Liang, X.; Tang, J.; Chao, F.-L.; Zhang, Y.; Chen, L.-M.; Wang, F.-F.; Tan, C.-X.; Luo, Y.-M.; Xiao, Q.; Zhang, L.; et al. Exercise
improves depressive symptoms by increasing the number of excitatory synapses in the hippocampus of CUS-Induced depression
model rats. Behav. Brain Res. 2019, 374, 112115. [CrossRef]

5. Sheline, Y.I. Depression and the Hippocampus: Cause or Effect? Biol. Psychiatry 2011, 70, 308–309. [CrossRef]
6. Lim, S.-W.; Shiue, Y.-L.; Liao, J.-C.; Wee, H.-Y.; Wang, C.-C.; Chio, C.-C.; Chang, C.-H.; Hu, C.-Y.; Kuo, J.-R. Simvastatin Therapy

in the Acute Stage of Traumatic Brain Injury Attenuates Brain Trauma-Induced Depression-Like Behavior in Rats by Reducing
Neuroinflammation in the Hippocampus. Neurocrit. Care 2016, 26, 122–132. [CrossRef]

7. Salmon, P. Effects of physical exercise on anxiety, depression, and sensitivity to stress: A unifying theory. Clin. Psychol. Rev. 2001,
21, 33–61. [CrossRef]

8. Farris, S.G.; Abrantes, A.M.; Uebelacker, L.A.; Weinstock, L.M.; Battle, C.L. Exercise as a Nonpharmacological Treatment for
Depression. Psychiatr. Ann. 2019, 49, 6–10. [CrossRef]

9. Busch, A.M.; Ciccolo, J.T.; Puspitasari, A.J.; Nosrat, S.; Whitworth, J.W.; Stults-Kolehmainen, M.A. Preferences for exercise as a
treatment for depression. Ment. Health Phys. Act. 2016, 10, 68–72. [CrossRef]

10. Harvey, S.; Øverland, S.; Hatch, S.L.; Wessely, S.; Mykletun, A.; Hotopf, M. Exercise and the Prevention of Depression: Results of
the HUNT Cohort Study. Am. J. Psychiatry 2018, 175, 28–36. [CrossRef]

11. Luo, J.; Tang, C.; Chen, X.; Ren, Z.; Qu, H.; Chen, R.; Tong, Z. Impacts of Aerobic Exercise on Depression-Like Behaviors in
Chronic Unpredictable Mild Stress Mice and Related Factors in the AMPK/PGC-1α Pathway. Int. J. Environ. Res. Public Health
2020, 17, 2042. [CrossRef] [PubMed]

12. Seo, J.-H.; Park, H.-S.; Park, S.-S.; Kim, C.-J.; Kim, D.-H.; Kim, T.-W. Physical exercise ameliorates psychiatric disorders and
cognitive dysfunctions by hippocampal mitochondrial function and neuroplasticity in post-traumatic stress disorder. Exp. Neurol.
2019, 322, 113043. [CrossRef]

13. Morgan, J.A.; Singhal, G.; Corrigan, F.; Jaehne, E.J.; Jawahar, M.C.; Baune, B.T. Exercise related anxiety-like behaviours are
mediated by TNF receptor signaling, but not depression-like behaviours. Brain Res. 2018, 1695, 10–17. [CrossRef] [PubMed]

14. Ye, F.; Zhan, Q.; Xiao, W.; Tang, X.; Li, J.; Dong, H.; Sha, W.; Zhang, X. Altered serum levels of vascular endothelial growth factor
in first-episode drug-naïve and chronic medicated schizophrenia. Psychiatry Res. 2018, 264, 361–365. [CrossRef] [PubMed]

15. Kang, J.; Wang, Y.; Wang, D. Endurance and resistance training mitigate the negative consequences of depression on synaptic
plasticity through different molecular mechanisms. Int. J. Neurosci. 2019, 130, 541–550. [CrossRef] [PubMed]

16. Nestler, E.J.; Barrot, M.; Dileone, R.J.; Eisch, A.J.; Gold, S.J.; Monteggia, L.M. Neurobiology of Depression. Neuron 2002, 34, 13–25.
[CrossRef]

17. Fan, M.; Zhao, Y.-Q.; Ding, X.-F.; Wu, Y.; Qu, W. Quinacrine pretreatment reduces microwave-induced neuronal damage by
stabilizing the cell membrane. Neural Regen. Res. 2018, 13, 449–455. [CrossRef]

18. Mitchell, D.M.; Lovel, A.G.; Stenkamp, D.L. Dynamic changes in microglial and macrophage characteristics during degeneration
and regeneration of the zebrafish retina. J. Neuroinflamm. 2018, 15, 1–20. [CrossRef]

http://dx.doi.org/10.1371/journal.pmed.1001547
http://www.ncbi.nlm.nih.gov/pubmed/24223526
http://dx.doi.org/10.1111/j.1360-0443.1994.tb00924.x
http://www.ncbi.nlm.nih.gov/pubmed/8025502
http://dx.doi.org/10.1016/j.euroneuro.2009.08.003
http://www.ncbi.nlm.nih.gov/pubmed/19748235
http://dx.doi.org/10.1016/j.bbr.2019.112115
http://dx.doi.org/10.1016/j.biopsych.2011.06.006
http://dx.doi.org/10.1007/s12028-016-0290-6
http://dx.doi.org/10.1016/S0272-7358(99)00032-X
http://dx.doi.org/10.3928/00485713-20181204-01
http://dx.doi.org/10.1016/j.mhpa.2015.12.004
http://dx.doi.org/10.1176/appi.ajp.2017.16111223
http://dx.doi.org/10.3390/ijerph17062042
http://www.ncbi.nlm.nih.gov/pubmed/32204452
http://dx.doi.org/10.1016/j.expneurol.2019.113043
http://dx.doi.org/10.1016/j.brainres.2018.05.032
http://www.ncbi.nlm.nih.gov/pubmed/29800552
http://dx.doi.org/10.1016/j.psychres.2018.04.027
http://www.ncbi.nlm.nih.gov/pubmed/29677618
http://dx.doi.org/10.1080/00207454.2019.1679809
http://www.ncbi.nlm.nih.gov/pubmed/31847639
http://dx.doi.org/10.1016/S0896-6273(02)00653-0
http://dx.doi.org/10.4103/1673-5374.228727
http://dx.doi.org/10.1186/s12974-018-1185-6


Brain Sci. 2021, 11, 9 11 of 12

19. Wagner, W.; Lippmann, K.; Heisler, F.F.; Gromova, K.V.; Lombino, F.L.; Roesler, M.K.; Pechmann, Y.; Hornig, S.; Schweizer, M.;
Polo, S.; et al. Myosin VI Drives Clathrin-Mediated AMPA Receptor Endocytosis to Facilitate Cerebellar Long-Term Depression.
Cell Rep. 2019, 28, 11–20.e9. [CrossRef]

20. Treccani, G.; Du Jardin, K.G.; Wegener, G.; Müller, H.K. Differential expression of postsynaptic NMDA and AMPA receptor
subunits in the hippocampus and prefrontal cortex of the flinders sensitive line rat model of depression. Synapse 2016, 70, 471–474.
[CrossRef]

21. Sucher, N.J.; Awobuluyi, M.; Choi, Y.B.; Lipton, S.A. NMDA receptors: From genes to channels. Trends Pharmacol. Sci. 1996, 17,
348–355. [CrossRef]

22. Forti, P.; Rietti, E.; Pisacane, N.; Olivelli, V.; Dalmonte, E.; Mecocci, P.; Ravaglia, G. Blood homocysteine and risk of depression in
the elderly. Arch. Gerontol. Geriatr. 2010, 51, 21–25. [CrossRef] [PubMed]

23. Pascoe, M.; Crewther, S.G.; Carey, L.M.; Noonan, K.; Crewther, D.P.; Linden, T. Homocysteine as a potential biochemical marker
for depression in elderly stroke survivors. Food Nutr. Res. 2012, 56. [CrossRef] [PubMed]

24. Chen, C.-S.; Chou, M.-C.; Yeh, Y.-C.; Yang, Y.-H.; Lai, C.-L.; Yen, C.-F.; Liu, C.-K.; Liao, Y.-C. Plasma Homocysteine Levels and
Major Depressive Disorders in Alzheimer Disease. Am. J. Geriatr. Psychiatry 2010, 18, 1045–1048. [CrossRef] [PubMed]

25. Fang, M.; Wang, J.; Yan, H.; Zhao, Y.X.; Liu, X.Y. A proteomics study of hyperhomocysteinemia injury of the hippocampal neurons
using iTRAQ. Mol. Med. Rep. 2014, 10, 2511–2516. [CrossRef]

26. Choe, Y.M.; Sohn, B.K.; Choi, H.J.; Byun, M.S.; Seo, E.H.; Han, J.Y.; Kim, Y.K.; Yoon, E.J.; Lee, J.-M.; Park, J.; et al. Association
of homocysteine with hippocampal volume independent of cerebral amyloid and vascular burden. Neurobiol. Aging 2014, 35,
1519–1525. [CrossRef]

27. Poddar, R.; Chen, A.; Winter, L.; Rajagopal, S.; Paul, S. Role of AMPA receptors in homocysteine-NMDA receptor-induced
crosstalk between ERK and p38 MAPK. J. Neurochem. 2017, 142, 560–573. [CrossRef]

28. Suri, D.; Vaidya, V. Glucocorticoid regulation of brain-derived neurotrophic factor: Relevance to hippocampal structural and
functional plasticity. Neuroscience 2013, 239, 196–213. [CrossRef]

29. Shen, J.; Zhang, J.; Deng, M.; Liu, Y.; Hu, Y.; Zhang, L. The Antidepressant Effect of Angelica sinensis Extracts on Chronic
Unpredictable Mild Stress-Induced Depression Is Mediated via the Upregulation of the BDNF Signaling Pathway in Rats.
Evid. Based Complement. Altern. Med. 2016, 2016, 1–8. [CrossRef]

30. Fahey, B.; Barlow, S.; Day, J.S.; O’Mara, S.M. Interferon-α-induced deficits in novel object recognition are rescued by chronic
exercise. Physiol. Behav. 2008, 95, 125–129. [CrossRef]

31. Arteni, N.; Pereira, L.; Rodrigues, A.; Lavinsky, D.; Achaval, M.; Netto, C.A. Lateralized and sex-dependent behavioral and
morphological effects of unilateral neonatal cerebral hypoxia-ischemia in the rat. Behav. Brain Res. 2010, 210, 92–98. [CrossRef]
[PubMed]

32. Slattery, D.A.; Cryan, J.F. Using the rat forced swim test to assess antidepressant-like activity in rodents. Nat. Protoc. 2012, 7,
1009–1014. [CrossRef] [PubMed]

33. Seibenhener, M.L.; Wooten, M.W. Isolation and Culture of Hippocampal Neurons from Prenatal Mice. J. Vis. Exp. 2012, 2012,
e3634. [CrossRef] [PubMed]

34. Wang, P.; Wang, L.; Wang, S.; Li, S.; Li, Y.; Zhang, L. Effects of calcium-sensing receptors on apoptosis in rat hippocampus during
hypoxia/reoxygenation through the ERK1/2 pathway. Int. J. Clin. Exp. Pathol. 2015, 8, 10808–10815.

35. Sun, W.; Chen, L.; Zheng, W.; Wei, X.; Wu, W.; Duysen, E.G.; Jiang, W. Study of acetylcholinesterase activity and apoptosis in
SH-SY5Y cells and mice exposed to ethanol. Toxicology 2017, 384, 33–39. [CrossRef]

36. Dong, Z.; Liu, Z.; Liu, Y.; Zhang, R.; Mo, H.; Gao, L.; Shi, Y. Physical exercise rectifies CUMS-induced aberrant regional
homogeneity in mice accompanied by the adjustment of skeletal muscle PGC-1a/IDO1 signals and hippocampal function.
Behav. Brain Res. 2020, 383, 112516. [CrossRef]

37. Olson, R.L.; Brush, C.J.; Ehmann, P.J.; Alderman, B.L. A randomized trial of aerobic exercise on cognitive control in major
depression. Clin. Neurophysiol. 2017, 128, 903–913. [CrossRef]

38. Gulyaeva, N.V. Functional Neurochemistry of the Ventral and Dorsal Hippocampus: Stress, Depression, Dementia and Remote
Hippocampal Damage. Neurochem. Res. 2019, 44, 1306–1322. [CrossRef]

39. Mu, J.; Xie, P.; Yang, Z.-S.; Yang, D.-L.; Lv, F.-J.; Luo, T.-Y.; Li, Y. Neurogenesis and major depression: Implications from proteomic
analyses of hippocampal proteins in a rat depression model. Neurosci. Lett. 2007, 416, 252–256. [CrossRef]

40. Vythilingam, M.; Heim, C.; Newport, J.; Miller, A.H.; Anderson, E.; Bronen, R.; Brummer, M.; Staib, L.; Vermetten, E.; Charney,
D.S.; et al. Childhood Trauma Associated With Smaller Hippocampal Volume in Women With Major Depression. Am. J. Psychiatry
2002, 159, 2072–2080. [CrossRef]

41. Liu, Z.; Han, Y.S.; Zhao, H.Q.; Luo, W.X.; Jia, L.; Wang, Y.H. Glu-mGluR2/3-ERK Signaling Regulates Apoptosis of Hippocampal
Neurons in Diabetic-Depression Model Rats. Evid. Based Complement Altern. Med. 2019, 2019, 9. [CrossRef] [PubMed]

42. Chung, J.W.; Seo, J.-H.; Baek, S.-B.; Kim, C.-J.; Kim, T.-W. Treadmill exercise inhibits hippocampal apoptosis through enhancing
N-methyl-D-aspartate receptor expression in the MK-801-induced schizophrenic mice. J. Exerc. Rehabil. 2014, 10, 218–224.
[CrossRef] [PubMed]

43. Dietrich, M.O.; Mantese, C.E.; Porciúncula, L.O.; Ghisleni, G.; Vinade, L.; Souza, D.O.; Portela, L.V. Exercise affects glutamate
receptors in postsynaptic densities from cortical mice brain. Brain Res. 2005, 1065, 20–25. [CrossRef]

http://dx.doi.org/10.1016/j.celrep.2019.06.005
http://dx.doi.org/10.1002/syn.21918
http://dx.doi.org/10.1016/S0165-6147(96)80008-3
http://dx.doi.org/10.1016/j.archger.2009.06.009
http://www.ncbi.nlm.nih.gov/pubmed/19646770
http://dx.doi.org/10.3402/fnr.v56i0.14973
http://www.ncbi.nlm.nih.gov/pubmed/22509143
http://dx.doi.org/10.1097/JGP.0b013e3181dba6f1
http://www.ncbi.nlm.nih.gov/pubmed/20808087
http://dx.doi.org/10.3892/mmr.2014.2557
http://dx.doi.org/10.1016/j.neurobiolaging.2014.01.013
http://dx.doi.org/10.1111/jnc.14078
http://dx.doi.org/10.1016/j.neuroscience.2012.08.065
http://dx.doi.org/10.1155/2016/7434692
http://dx.doi.org/10.1016/j.physbeh.2008.05.008
http://dx.doi.org/10.1016/j.bbr.2010.02.015
http://www.ncbi.nlm.nih.gov/pubmed/20156487
http://dx.doi.org/10.1038/nprot.2012.044
http://www.ncbi.nlm.nih.gov/pubmed/22555240
http://dx.doi.org/10.3791/3634
http://www.ncbi.nlm.nih.gov/pubmed/22871921
http://dx.doi.org/10.1016/j.tox.2017.04.007
http://dx.doi.org/10.1016/j.bbr.2020.112516
http://dx.doi.org/10.1016/j.clinph.2017.01.023
http://dx.doi.org/10.1007/s11064-018-2662-0
http://dx.doi.org/10.1016/j.neulet.2007.01.067
http://dx.doi.org/10.1176/appi.ajp.159.12.2072
http://dx.doi.org/10.1155/2019/3710363
http://www.ncbi.nlm.nih.gov/pubmed/31281399
http://dx.doi.org/10.12965/jer.140144
http://www.ncbi.nlm.nih.gov/pubmed/25210696
http://dx.doi.org/10.1016/j.brainres.2005.09.038


Brain Sci. 2021, 11, 9 12 of 12

44. VanLeeuwen, J.-E.; Petzinger, G.M.; Walsh, J.P.; Akopian, G.K.; Vuckovic, M.; Jakowec, M.W. Altered AMPA receptor expression
with treadmill exercise in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-lesioned mouse model of basal ganglia injury.
J. Neurosci. Res. 2009, 88, 650–668. [CrossRef] [PubMed]

45. Beneyto, M.; Kristiansen, L.V.; Oni-Orisan, A.; McCullumsmith, R.E.; Meador-Woodruff, J.H. Abnormal Glutamate Receptor
Expression in the Medial Temporal Lobe in Schizophrenia and Mood Disorders. Neuropsychopharmacology 2007, 32, 1888–1902.
[CrossRef]

46. Pawlak, R.; Rao, B.S.S.; Melchor, J.P.; Chattarji, S.; McEwen, B.S.; Strickland, S. Tissue plasminogen activator and plasminogen
mediate stress-induced decline of neuronal and cognitive functions in the mouse hippocampus. Proc. Natl. Acad. Sci. USA 2005,
102, 18201–18206. [CrossRef]

47. Park, M.-J.; Seo, B.A.; Lee, B.; Shin, H.-S.; Kang, M.-G. Stress-induced changes in social dominance are scaled by AMPA-type
glutamate receptor phosphorylation in the medial prefrontal cortex. Sci. Rep. 2018, 8, 15008. [CrossRef]

48. Benz, B.; Grima, G.; Do, K.Q. Glutamate-induced homocysteic acid release from astrocytes: Possible implication in glia-neuron
signaling. Neuroscience 2004, 124, 377–386. [CrossRef]

49. Rogers, M.A.; Yamasue, H.; Kasai, K.; Information, R. Antidepressant Medication May Moderate the Effect of Depression
Duration on Hippocampus Volume. Psychophysiology 2016, 30, 1–8. [CrossRef]

50. Bleich, S.; Degner, D.; Sperling, W.; Bönsch, D.; Thürauf, N.; Kornhuber, J. Homocysteine as a neurotoxin in chronic alcoholism.
Prog. Neuro Psychopharmacol. Biol. Psychiatry 2004, 28, 453–464. [CrossRef]

51. Abushik, P.A.; Karelina, T.V.; Sibarov, D.A.; Stepanenko, Y.D.; Giniatullin, R.A.; Antonov, S.M. Homocysteine-induced membrane
currents, calcium responses and changes in mitochondrial potential in rat cortical neurons. J. Evol. Biochem. Physiol. 2015, 51,
296–304. [CrossRef]

52. Almeida, O.P.; Flicker, L.; Lautenschlager, N.T.; Leedman, P.; Vasikaran, S.; Van Bockxmeer, F.M. Contribution of the MTHFR
gene to the causal pathway for depression, anxiety and cognitive impairment in later life. Neurobiol. Aging 2005, 26, 251–257.
[CrossRef] [PubMed]

53. Bhatia, P.; Singh, N. Homocysteine excess: Delineating the possible mechanism of neurotoxicity and depression. Fundam. Clin.
Pharmacol. 2015, 29, 522–528. [CrossRef] [PubMed]

54. Kempermann, G.; Kuhn, H.G.; Gage, F.H.F. More hippocampal neurons in adult mice living in an enriched environment.
Nat. Cell Biol. 1997, 386, 493–495. [CrossRef] [PubMed]

55. Zheng, H.; Liu, Y.; Li, W.; Yang, B.; Chen, D.; Wang, X.; Jiang, Z.; Wang, H.; Wang, Z.; Cornelisson, G.; et al. Beneficial effects of
exercise and its molecular mechanisms on depression in rats. Behav. Brain Res. 2006, 168, 47–55. [CrossRef]

56. Almeida, M.; Han, L.; Ambrogini, E.; Weinstein, R.S.; Manolagas, S.C. Glucocorticoids and Tumor Necrosis Factor α Increase
Oxidative Stress and Suppress Wnt Protein Signaling in Osteoblasts. J. Biol. Chem. 2011, 286, 44326–44335. [CrossRef]

57. Feng, Y.-L.; Tang, X. Effect of glucocorticoid-induced oxidative stress on the expression of Cbfa1. Chem. Interact. 2014, 207, 26–31.
[CrossRef]

58. Numakawa, T.; Adachi, N.; Richards, M.; Chiba, S.; Kunugi, H. Brain-derived neurotrophic factor and glucocorticoids: Reciprocal
influence on the central nervous system. Neuroscience 2013, 239, 157–172. [CrossRef]

59. Dunn, A.L.; Reigle, T.G.; Youngstedt, S.D.; Armstrong, R.B.; Dishman, R.K. Brain norepinephrine and metabolites after treadmill
training and wheel running in rats. Med. Sci. Sports Exerc. 1996, 28, 204–209. [CrossRef]

http://dx.doi.org/10.1002/jnr.22216
http://www.ncbi.nlm.nih.gov/pubmed/19746427
http://dx.doi.org/10.1038/sj.npp.1301312
http://dx.doi.org/10.1073/pnas.0509232102
http://dx.doi.org/10.1038/s41598-018-33410-1
http://dx.doi.org/10.1016/j.neuroscience.2003.08.067
http://dx.doi.org/10.1027/0269-8803/a000148
http://dx.doi.org/10.1016/j.pnpbp.2003.11.019
http://dx.doi.org/10.1134/S0022093015040055
http://dx.doi.org/10.1016/j.neurobiolaging.2004.03.007
http://www.ncbi.nlm.nih.gov/pubmed/15582752
http://dx.doi.org/10.1111/fcp.12145
http://www.ncbi.nlm.nih.gov/pubmed/26376956
http://dx.doi.org/10.1038/386493a0
http://www.ncbi.nlm.nih.gov/pubmed/9087407
http://dx.doi.org/10.1016/j.bbr.2005.10.007
http://dx.doi.org/10.1074/jbc.M111.283481
http://dx.doi.org/10.1016/j.cbi.2013.11.004
http://dx.doi.org/10.1016/j.neuroscience.2012.09.073
http://dx.doi.org/10.1097/00005768-199602000-00008

	Introduction 
	Materials and Methods 
	Animal Experiments 
	Protocal of Aerobic Exercise 
	Behavioral Tests 
	Open Field Test 
	Forced Swimming Test 

	Assessment of Hippocampal Neuronal Apoptosis 
	ELISA Analysis 
	Statistical Analyses 

	Results 
	AE Improved Behavioral Indexes in CUMS-Induced Rats 
	AE Reduced CUMS-Induced Hippocampal Neuronal Apoptosis 
	AE Beneficially Regulated Levels of Ionotropic Glutamate Receptors in CUMS-Induced Depression Rats 
	AE Beneficially Regulated Levels of HCY, BDNF and GC in CUMS-Induced Depression Rats 
	Correlations 

	Discussion 
	Conclusions 
	References

