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Abstract

The role of neuroimmune mechanisms in major depressive disorder (MDD) has been gradually
highlighted, but existing classical animal models of MDD have limitations in immune inflammation
research due to physical injury, high mortality rates, and immune tolerance. This study developed a novel
mouse model of depression called the post-witness social defeat stress (PVWSDS) model, which combines
witness stress with the social defeat paradigm. The model was evaluated based on behavior, central and
peripheral immune responses, and predictive validity. The findings revealed that PWSDS-exposed mice
exhibited significant anxiety-like behavior, depressive-like behavior, cognitive deficits, and enhanced
peripheral and central neuroimmune responses. Additionally, the antidepressant fluoxetine effectively
ameliorated the depressive-like phenotypes and immune response in stressed mice. The model captured
certain aspects of the behavioral and peripheral immune features of MDD patients. The levels of cortisol
and proinflammatory cytokines such as TNFa in the serum of MDD patients with adult stressors
increased compared with healthy controls, and were alleviated by SSRIs treatment, accompanied by
improvement in depressive symptoms, anxiety symptoms and cognitive impairments. This study
establishes an improved mouse model of MDD, which has specific advantages in immune research and
offers a novel approach to further study the pathogenesis and new treatment of MDD.
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Introduction

Major depressive disorder (MDD) is a highly
disabling mental disorder characterized by a
persistent and pronounced low mood, anhedonia, and
severe cognitive dysfunction[1]. The World Health
Organization estimates that more than 350 million
people worldwide are affected by MDDJ[2]. With the
increase in the incidence of crisis events such as
natural disasters and COVID-19, the number of MDD
patients has been continuously increasing[3].
However, many patients lack effective treatment,
which seriously threatens human physical and mental
health[4, 5]. Therefore, studying the pathogenesis and

treatment methods of MDD is urgently needed.

An increasing number of studies published in
recent years have indicated that the immune system is
crucial for the occurrence of depression[6, 7].
Inflammatory symptoms are present in MDD
patients, and elevated levels of several
proinflammatory cytokines are often detected in
peripheral blood and cerebral fluid[8]. Neuroimmune
inflammation refers to a series of immune responses
generated by the peripheral immune system and the
central nervous system that sense stress, mainly
manifested as the activation and increased numbers of
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microglia and the release of inflammatory
mediators[9, 10]. Current rodent models of
inflammation-related MDD can be etiologically
divided into two different groups: those of MDD
caused by exposure to inflammation-related
substances and those of MDD caused by genetic
manipulation of inflammation-related genes[11].
However, these manipulations fail to mimic stressful
conditions under natural or social stress, and the
research findings on the inflammatory response in
these animal models are not entirely consistent[12].
Studies have shown that rodents treated with a single
infusion of the inflammatory inducer
lipopolysaccharide (LPS) exhibit signs of acute
depressive-like behavior[13]. However, similar to
genetic manipulation of inflammation-related genes,
this model fails to reflect the characteristics of patients
with depression who have real or chronic
inflammation[14]. Long-term administration of LPS
may not induce changes in behavior or cytokine levels
and may even lead to a decrease in blood LPS levels,
resulting in immune tolerance[12, 15, 16]. Therefore,
these animal models still have limitations in
understanding the inflammatory mechanisms and
social environmental factors of MDD.

Chronic social defeat stress (CSDS) and chronic
unpredictable mild stress (CUMS) are currently
widely used, classic animal stress models in MDD
research with excellent face, construct, and predictive
validity[17]. However, these models are prone to
physical trauma or increased mortality in mice during
modeling[17, 18], which may interfere with the
accuracy of immune-inflammatory research. Studies
have shown that a widely used model of MDD in
mice involves the CSDS, which is based on social
stress induced by interspecies affiliation[19, 20].
Rodents subjected to repeated exposure to social
defeat stress (attacked by aggressive CD1 mice)
exhibit  depressive-like  phenotypes, including
anhedonia, anxiety, and social avoidance
behaviors[21]. Notably, in various research studies,
the duration of daily social defeat stress experienced
by animals has been inconsistent[22]. Following 5-10
minutes of social defeat, stressed mice commonly
experience varying degrees of physical injury (with
severe cases resulting in mouse mortality) and motor
impairment[18, 19]. However, reducing the duration
of stress fails to induce significant depressive-like
phenotypes in mice[21-23], all of which interfere with
the study of inflammatory responses in mice.
Moreover, the CUMS model requires substantial
experimental space and time, which reduces
modeling efficiency, and high-density stimulation
leads to high animals mortality[17]. Variations in
experimental environments and assessment criteria

may introduce errors in results, thus limiting the use
of CUMS in mouse depression research[17, 24].

In this study, we focused on animal models of
MDD and immune inflammation, that mimic relevant
stress situations in humans. We innovatively adjusted
the paradigm of social defeat by reducing the
duration of aggressive encounters to reduce open
wounds and mortality while maintaining the model
and immune effects during the process of modeling
depression in mice. Additionally, we combined social
defeat with witnessed stress and detected the
behavioral phenotypes and immune inflammatory
responses of model mice. Concurrently, we conducted
a clinical translational study aimed at evaluating its
translational potential, and providing a more
reasonable and stable animal model for exploring the
immune-related mechanisms of MDD.

Material and methods

This study protocol consists of basic animal
research and clinical research.

Basic animal research

Ethical statement

The experimental procedures followed the
Experimental Animal Research Protocol and were
approved by the Animal Use and Ethical Committee
of Peking University Health Science Center
(LA2021232), performed in accordance with the
ARRIVE guidelines[25].

Animals

Male C57BL/6] mice with 8-week-old and
retired 7-month-old male CD1 mice were purchased
from Beijing Vital River Laboratory Animal
Technology Co., Ltd. (Beijing, China). The
experimental animals were housed under controlled
conditions (23 £ 2 °C, 45 + 10% humidity) with a
12-hour light-dark cycle (lights on at 8:00-20:00).
C57BL/6] mice were group-housed (3-4 per cage),
and CD1 mice were single-housed. All mice had free
access to food and water, with C57 mice allowed a
2-week acclimation period prior to the start of the
experiment.

Modeling protocols

We developed a model termed post-witness
social defeat stress (PWSDS) based on CSDS, which
integrates witnessed stress prior to social defeat. We
used social defeat protocols of 3, 6, and 9 minutes per
day for 10 days to determine the appropriate duration
of social defeat. By observing physical injuries and
mortality in mice, we selected the 3-minute social
defeat protocol with minimal physical injury for
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modeling (Fig. S1). We incorporated observer stress
prior to social defeat, exploiting the psychological
states of empathy, fear, and helplessness in mice
before encountering social defeat to achieve our
objectives and address the potential instability of
depressive phenotypes due to the shortened modeling
time.

As shown in Fig. 1 (created with
BioRender.com), during the modeling period, the
model mice and retired CD1 mice were placed on
opposite sides of the cage, separated by a transparent
wall with holes. Subsequently, the CD1l-resident
mouse was given a 6-minute opportunity to
physically dominate a male C57 mouse (tool mouse),
which was placed on one side of the cage. Meanwhile,
the model mouse on the opposite side of the partition
could observe the entire fighting process and perceive
the confrontation visually, olfactorily, and auditorily.
The tool mouse was removed after fighting, and after
5-10 minutes, the model mouse from the other side of
the partition was introduced into the cage of the
resident CD1 mouse, resulting in the model mouse
being defeated by the CD1 mouse for 3 minutes. The
model mice were then housed with aggressive CD1
mice for 24 hours, and this procedure was repeated
daily for 10 days. Behavioral tests were performed 24
hours after modeling.

Behavioral tests

The light-dark box (LDB), open field (OF), and
elevated plus maze (EPM) tests were used to evaluate
anxiety-like behavior in mice, while the forced
swimming test (FST), tail suspension test (TST), and
sucrose preference test (SPT) were used to assess
depressive-like behavior. Additionally, the cognitive
behavior of the mice was examined using the novel
object recognition (NOR) test, the spatial object
recognition test (SOR), and the Y-maze. The specific
behavioral methods used were described in the
Supplementary Materials.

Assessment of peripheral immunity

Peripheral immune responses were assessed by
extracting mouse serum to detect the mRNA and
protein levels of classical inflammatory factors such as
IL-6, IL-1B, TNF-a, IL-18 and other mediators[26] via
quantitative  real-time PCR (qRT-PCR) and
enzyme-linked immunosorbent assay (ELISA),
respectively. The specific experimental methods are
detailed in the Supplementary Materials.

Neuroinflammation detection

We utilized immunofluorescence staining to
examine the number and activation status of
microglia in brain regions, including the medial
prefrontal cortex (mPFC), nucleus accumbens (NAc),
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Figure 1. The method used to establish the PWSDS model.
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hypothalamus (HT), amygdala (Amy), dorsal
hippocampus (dHP), and ventral hippocampus
(vHP), which are known stress-related key brain
regions[27, 28], to evaluate changes in the level of
neuroinflammation in model animals. Then, brain
regions with typical immune responses were selected
for microglial phenotyping by flow cytometry, and
RNA sequencing was utilized to further explore the
immune functions and regulatory mechanisms of the
brain regions. The experimental methods are detailed
in the Supplementary Materials.

Drug intervention

Fluoxetine  treatment was  administered
according to previously reported protocols[29].
Briefly, fluoxetine (provided by Shanghai Huyuan
Pharmaceutical Co., Ltd.,, Shanghai, China) was
intraperitoneally injected at a dosage of 10 mg/kg for
4 weeks following the completion of modeling. The
control group received injections of the vehicle
(physiological saline). Behavioral tests, as well as
central- and peripheral-related immunoassays, were
performed after the completion of the injections, and
the experiments were performed as described above.

Clinical research

Ethical statement

This study was approved by the Ethics
Committee of Peking University Sixth Hospital
(Approval No. 2013-29-1), and written informed
consent was obtained from all participants.

Subjects and collection of serum samples

The study data were obtained from the Objective
Diagnostic Markers and Personalized Intervention in
Major Depressive Disorder Patients (ODMPIM)
study[30]. This study included 69 healthy controls
(HCs) and 40 MDD patients with adult stressors, and
neuropsychological assessments and serum samples
were collected at baseline. Among them, 29 MDD
patients underwent neuropsychological assessments
and serum collection again after 8 weeks of SSRIs
treatment.

Perceived stressfulness assessment

The levels of perceived stressfulness were
assessed using the Life Event Scale (LES), which
comprises three subscales: family life, work and
study, and social interaction and others[31]. The LES
reflects the complex life events experienced by
patients over the past year. A total score of above 32
points on the LES was classified as adult stressors[32].
In this study, the MDD patients included had an LES
score > 32, while HCs had scores of 32 or less.

Cognitive assessment

The cognitive assessment followed previously
reported protocols[33]. Briefly, cognitive functions
across five domains were evaluated: speed of
processing, attention, verbal learning, visual learning,
and executive function.

Serum inflammatory marker detection

This study utilized specific ELISA kits from
BioTNT (Shanghai, China) to detect the serum levels
of seven inflammatory markers. All assays were
performed by trained professionals who were blinded
to the assessment results.

Statistical analysis

For basic research, behavioral assessments were
tracked and recorded using ANY-maze behavioral
software, and the results were analyzed using
GraphPad Prism 8.0 software. Independent sample ¢
tests were used to compare differences between two
groups, while one-way or two-way analysis of
variance (ANOVA) was used for multiple group
comparisons. Post hoc Tukey's tests were conducted
in cases of significant interactions. Pearson’s
correlation coefficient was calculated to assess the
relationship between the number of activated
microglia and all behavioral results, and a correlation
heatmap was drawn using ChiPlot
(https:/ /www.chiplot.online/). All the data were
presented as the means + standard errors of the means
(SEMs), with p < 0.05 considered to indicate statistical
significance. The statistical data for all results could be
referenced in Table S1.

For clinical research, statistical analyses were
performed using SPSS 23.0. Continuous variables
were assessed using one-way ANOVA, while
categorical variables were analyzed wusing the
chi-square test. The normality of continuous variables
was assessed using the Kolmogorov-Smirnov test.
Nonnormally distributed variables were presented as
medians (interquartile ranges) and were compared
using the Mann—-Whitney U test. The significance was
set at P-value < 0.05.

Results

The PWSDS-exposed mice displayed
exacerbated anxiety-like, depressive-like, and
cognitive behavioral alterations

The timeline for modeling and behavioral tests is
shown in Fig. 2A. As expected, PWSDS stress
significantly reduced the body weight of mice during
the stress period (Fig. 2B). Furthermore, PWSDS stress
induced adrenal hyperplasia and elevated
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corticosterone levels in mice (Fig. 2C, D). In the social
avoidance test, the interaction ratio of the stressed
group did not decrease significantly compared to that
of the control group (Fig. 2E). In anxiety-like behavior
tests, PWSDS-exposed mice spent significantly less
time in the center zone (Fig. 2F), open arms (Fig. 2G),
and light box (Fig. 2H) than the control group. Next,
we assessed depressive-like behaviors in the mice.
The immobility time in the FST and TST was
significantly increased in PWSDS-exposed mice
compared to the control group, while the sucrose
preference ratio in the SPT was significantly reduced
(Fig. 2I-K). Similar results were also noted for
cognitive behaviors. In the novel object recognition
(NOR) test, PWSDS-exposed mice showed a lower
ratio of exploration of novel objects (Fig. 2L). In the
Y-maze test, a significant decrease in the percentage of
spontaneous alternation cycles was detected in the
PWSDS group (Fig. 2M).

While short-term CSDS (3 minutes) induced
social avoidance and anxiety-like behaviors in mice, it
was insufficient to reliably induce stable
depressive-like phenotypes (Fig. S2). In contrast, the
PWSDS model minimized physical injury and
effectively replicated the phenotypes of the traditional
CSDS model across multiple dimensions, including
anxiety, depression, and cognition (Fig. S3).
Moreover, repeated modeling experiments confirmed
the alterations in anxiety-like, depressive-like, and
cognitive behaviors in PWSDS-exposed mice (Table
S2).

The PWSDS-exposed mice exhibited the
elevated expression of serum
proinflammatory cytokines and abnormal
microglial activation, especially in the dHP

The expression of serum inflammatory factors in
PWSDS-exposed mice generally tended to increase, as
TNF-a and CRP mRNA expression were significantly
upregulated after PWSDS stress and the change in
IL-6 mRNA expression showed marginal significance
(Fig. 3A). Furthermore, ELISA detection revealed the
significant upregulation of TNF-a expression and
marginally  significant upregulation of CRP
expression but no significant increase in the IL-6
concentration after PWSDS (Fig. 3B).

The microglia detected in brain regions and
subregions are shown in Fig. 3C. Activated microglia
typically undergo morphological changes, including
an increased cell volume, increased cytoplasm, and
shortened processes (Fig. 3D), which usually indicate

immune activation within the brain. Compared with
those in the control group, microglia in all subregions
of the dHP in the PWSDS group exhibited
significantly increased activation and numbers (Fig.
3E). In addition, microglia in various subregions of
the mPFC, NAc, Amy, HT, and vHP exhibited
varying degrees of activation and proliferation, but
these changes were not as significant as those in the
dHP (Fig. S5). Finally, correlation analyses were
performed to explore the relationship between
microglial activation and behavioral outcomes in
PWSDS-exposed mice by assessing the impact of
microglial alterations across different brain regions on
behavioral manifestations (Fig. 3F). In the dHP region,
the activation of microglia was significantly correlated
with depressive-like behavior (in the FST, TST, and
SPT) and cognitive behavior (in the NOR and Y-maze)
(Fig. 3F). The activation of microglia in the mPFC and
vHP was significantly correlated with anxiety-like
behavior (OF). Microglial activation in the Amy and
HT regions was primarily associated with anxiety-like
behavior and depressive-like behavior (SPT) (Fig. 3F).
Overall, the most significant correlation between
activated microglia and behaviors was observed in
the dHP region, which was primarily involved in
depressive-like and cognitive behaviors.

PWSDS increased immune responses and
changed the balance of microglial M1/M2
polarization in the dHP

Activated microglia can polarize into two
distinct phenotypes, M1 proinflammatory and M2
anti-inflammatory = phenotypes, ~which exhibit
pathogenic and protective effects, respectively[34].
Here, we examined the expression of the major
proinflammatory cytokines TNF-a, IL-13, and IL-6
(primary markers of M1-type microglia) in the dHP of
PWSDS-exposed mice. The results showed a
significant increase in TNF-a, IL-1p, and IL-6 mRNA
levels in the dHP of PWSDS-exposed mice (Fig. 4A).
Further separation of M1 and M2 microglia was
achieved through flow cytometry (Fig. S4). As shown
in Fig. 4B, microglia were first isolated from the dHP
using Percoll gradient separation, followed by flow
cytometry labeling of microglia and further labeling
of M1 and M2 microglia with CD86 and CD206,
respectively. As expected, M1-type microglia were
significantly increased in the dHP of PWSDS-exposed
mice, while M2-type microglia were significantly
decreased (Fig. 4D).
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Figure 4. Effects of PWSDS on microglial phenotype/polarization in the dHP. A Expression levels of TNF-a, IL-1B, and IL-6 mRNA in the dHP tissues from mice
exposed to PWSDS. B Experimental strategy for microglial cell extraction and flow cytometry analysis in the dHP tissue. C, D Flow cytometry analysis of microglial phenotype;
CD86 indicates M1-type microglia, and CD206 indicates M2-type microglia. Each sample was derived from the hippocampal region of one mouse. E Volcano plot showing
differentially expressed genes in the dHP tissues of PWSDS-exposed mice compared to those in the control group (padj < 0.05, |log2Foldchange| > 0.5). Red dots represent
significantly upregulated genes, while green dots represent significantly downregulated genes. F GO enrichment analysis of differentially expressed genes. G KEGG enrichment
analysis of differentially expressed genes. H GSEA enrichment analysis. The data are shown as the mean + SEM; * indicates significant differences as follows: *p < 0.05, **p <0.01,

and ***p <0.001.

https://www.ijbs.com



Int. J. Biol. Sci. 2025, Vol. 21

2454

We conducted an RNA-seq analysis of dHP
tissues from the PWSDS and control groups to further
explore the reasons for immune activation and
potential consequences in the dHP region of PWSDS
model mice. As shown in Fig. 4E, 554 significantly
differentially expressed genes (DEGs) were detected
in the dHP of PWSDS model mice compared to the CT
group, with 334 genes upregulated and 220 genes
downregulated. Gene Ontology (GO) enrichment
analysis of DEGs revealed significant enrichment in
immune response regulation, glial cell response,
inflammatory signaling pathways, glial proliferation,
and the production of proinflammatory cytokines
TNEF-a, IL-1p and IL-6 (Fig. 4F). Kyoto Encyclopedia
of Genes and Genomes (KEGG) analysis revealed the
enrichment of genes related to cortisol synthesis and
secretion, cell adhesion molecules, and many
signaling pathways related to immune inflammation,
such as the Toll-like receptor and Chemokine
signaling pathways (Fig. 4G). A further GSEA and
biochemical analysis revealed that glial cell
proliferation and neuroinflammatory signaling
pathways were activated following PWSDS-induced
stress (Fig. 4H, Fig. S6). These findings suggest that
PWSDS upregulates proinflammatory responses in
the dHP.

Fluoxetine alleviates anxiety-like, depressive-
like, and cognitive behaviors induced by
PWSDS in mice

Fluoxetine has been widely used to treat patients
with depression[35]. We treated PWSDS-exposed
mice with fluoxetine, as shown in Fig. 5A, after a
10-day modeling period, followed by a four-week
intraperitoneal injection of fluoxetine and subsequent
behavioral tests. Fluoxetine significantly improved
anxiety-like behaviors in PWSDS-exposed mice in the
LDB and EPM tests but not in the OF test (Fig. 5C-E).
In depressive-like behavior tests, fluoxetine
significantly decreased the immobility time in the FST
(Figure 5G) and increased the sucrose preference ratio
in the SPT (Figure 5H) in PWSDS-exposed mice but
had no significant effect on the immobility time in the
TST (Fig. 5F). In the cognitive behavior tests,
PWSDS-exposed mice exhibited significant cognitive
impairments, and fluoxetine significantly ameliorated
these cognitive deficits (Fig. 5I-K). Notably, in the
social avoidance test, PWSDS-exposed mice exhibited
a significantly reduced interaction ratio, and
fluoxetine treatment significantly improved this
parameter (Fig. 5B). In summary, a delayed onset of
social avoidance emerged in PWSDS-exposed mice.

Fluoxetine treatment effectively alleviated
depression-related behaviors induced by PWSDS,
particularly improving cognitive behavior.

Fluoxetine ameliorated the changes in the
serum levels of proinflammatory cytokines and
abnormal microglial activation in the dHP
induced by PWSDS

Significant increases in the serum IL-1p, TNF-q,
and CRP levels were observed after PWSDS, whereas
fluoxetine markedly reduced the concentrations of
IL-13, TNF-a, and CRP (Fig. 6A, B). Notably, a
significant interaction effect of fluoxetine and PWSDS
on the expression of TNF-a and CRP was observed
(Fig. 6B). Concurrently, following PWSDS, microglial
proliferation and activation were significantly
increased in the dHP compared to the control group,
while fluoxetine treatment reduced this response (Fig.
6C-F). Additionally, microglial activation in the
amygdala was strongly correlated with anxiety-like
behaviors in stressed mice (Fig. 3F), and fluoxetine
treatment reduced both the activation and number of
microglia in this region (Fig. S7). In summary,
fluoxetine ameliorates abnormal microglial activation
in dHP and Amy, while also decreasing the serum
levels of proinflammatory cytokines induced by
PWSDS.

MDD patients exhibit cognitive dysfunction
and elevated perceived stress, which are
accompanied by increased serum levels of
proinflammatory cytokines

The demographic and clinical characteristics of
all participants at baseline are shown in Table S3.
MDD patients with adult stressors were thinner, and
had lower levels of education than HCs. Compared
with HCs, MDD patients were more likely to be
female, married or divorced, unemployed, and have a
family history of mental illness.

Compared to HCs, MDD patients with adult
stressors exhibited significantly higher HAMD scores
and slower processing speed, accompanied by
elevated serum cortisol levels (Table 1). A comparison
of inflammatory cytokine levels between MDD
patients with adult stressors and HCs revealed
significant increases in the levels of the
proinflammatory cytokines TNF-a and IL-1p in the
peripheral blood serum of MDD patients (Table 1),
consistent with the results observed in the animal
experiments.
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Figure 5. Changes in anxiety-like, depressive-like, and cognitive behaviors in PWSDS-exposed mice after fluoxetine treatment. A Experimental timeline for
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Figure 6. The effects of fluoxetine treatment on microglial proliferation/activation and the levels of serum proinflammatory cytokines in the dHP of
PWSDS-exposed mice. A The expression levels of serum proinflammatory cytokines in PWSDS-exposed mice following fluoxetine intervention were assessed using qRT—
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Model effects: &p<0.01 and &&&p<0.01; Drug effects: #p < 0.05.
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Table 1. Changes of depressed and cognitive performance, cytokines and cortisol in MDD patients with adult stressors.

HCs (N = 69) MDD (N = 40) z P-value

M (P25, P75)
HAMD-17 0 (0.00, 1.00) 24 (19.00, 27.75) 9.104 0.000
HAMD_Depression 0 (0.00, 0.00) 11 (9.00, 13.00) 9.778 0.000
HAMD_Anxiety 0 (0.00, 0.00) 9 (8.00,10.75) 9.303 0.000
HAMD_Sleep 0 (0.00, 0.00) 3.5 (2.00, 4.00) 8.862 0.000
Cognitive composite score 47.96 (44.15, 51.64) 45.84 (39.69, 51.95) -1.323 0.186
Speed of processing 46.6 (42.20, 52.00) 44 (40.30, 48.00) -1.978 0.048
Attention 45 (39.00, 51.00) 46.5 (37.00, 54.50) 0.459 0.646
Verbal learning 48.5 (40.75, 56.25) 49.25 (36.63, 57.38) 0.544 0.586
Visual learning 51.5 (46.11, 58.00) 51.75 (41.00, 55.25) 0.132 0.258
Executive function 46.5 (40.25, 55.00) 44.75 (39.13, 48.88) -1.465 0.143
Inflammatory cytokines
IL-6 (pg/ml) 0.88 (0.50, 1.66) 0.98 (052, 1.42) 0.019 0.985
IL-1B (pg/ml) 6.12 (0.86, 25.17) 16.65 (4.27, 38.45) 2332 0.020
TNF-a (pg/ml) 1531 (12.92, 18.11) 25.88 (16.31, 56.35) 5310 0.000
IL-18 (pg/ml) 87.79 (52.89, 125.63) 95.44 (46.13, 136.20) 0.207 0.836
MPO (ug/L) 193.38 (134.14, 331.76) 189.04 (127.07, 272.79) 0522 0.602
MIF (ng/ml) 0.54 (0.20, 0.88) 0.30 (0.13, 0.66) -1.597 0.110
CRP (mg/L) 1.20 (0.72, 1.86) 1.04 (0.42,1.83) -0.569 0.569
Cortisol (ng/ml) 81.86 (56.41,112.62) 102.20 (63.63, 155.59) 2.087 0.037
Table 2. Changes of depressed and cognitive performance, cytokines and cortisol in MDD patients after SSRIs treatment.

Pre-treatment Post-treatment VA P-value

N=29

M (P25, P75)

HAMD-17
HAMD_Depression
HAMD_Anxiety
HAMD_Sleep

Cognitive composite score
Speed of processing
Attention

Verbal learning

Visual learning
Executive function
Inflammatory cytokines
IL-6 (pg/ml)

IL-1B (pg/ml)

TNF-a (pg/ml)

IL-18 (pg/ml)

MPO (ug/L)

MIF (ng/ml)

CRP (mg/L)

Cortisol (ng/ml)

25 (20.00, 27.00)
11 (9.00, 13.00)

9 (7.00, 10.00)

4 (3.00, 4.50)

45.9 (40,54, 52.68)
44.6 (41.20,48.8)
49 (37.00,57.00)
49 (37.5, 56.25)
495 (39.50, 49.50)
47 (41.75, 51.00)

0.98 (052, 1.29)

16.71 (4.61,70.77)
24.65 (15.87, 37.29)
97.35 (40.96, 119.64)
19237 (127.12, 292.05)
0.42 (0.25, 0.87)

1.02 (043, 1.79)

93.71 (61.75, 147.12)

6 (450, 11.50) -4.628 0.000
2 (1.00, 5.00) 4632 0.000
3 (2.00,5.50) -4.635 0.000
1 (0.00, 2.00) -4.405 0.000
50.8 (45.88, 55.52) 3.849 0.000
49.6 (45.40, 52.40) 3.906 0.000
50 (47.80, 56.50) 2335 0.020
51 (42.60, 57.75) 1.496 0135
52 (40.50, 60.50) 1.979 0.048
50 (44.50, 55.75) 3.064 0.002
1.32 (0.70, 2.80) 3211 0.001
20.48 (12.50, 49.52) 0378 0.705
18.83 (14.27,21.01) -2.865 0.004
73.93 (4157, 173.74) -1.935 0.053
17158 (120.09, 264.93) 1114 0.265
0.56 (0.29, 0.91) 0227 0.820
138 (0.28,1.77) 0314 0.754
63.49 (35.89, 84.33) -2.649 0.008

MDD patients show decreased

proinflammatory cytokine levels and improved
cognitive function after treatment with SSRIs

antidepressants

As shown in Table 2, after 8 weeks of treatment
with SSRIs antidepressants, the total HAMD score,
depression factor score, anxiety factor score, and sleep
factor score of the MDD patients with adult stressors
all decreased significantly. According to the cognitive

function assessments, the MDD patients had
significantly greater overall cognitive scores after 8
weeks of medication, with particularly notable
improvements in processing speed, attention, visual
learning and executive function. Moreover, after 8
weeks of treatment with SSRI antidepressants, MDD
patients exhibited significant decreases in TNF-q,
IL-18 and cortisol levels but a significant increase in
IL-6 levels. In summary, SSRIs antidepressants can
reduce some proinflammatory cytokine levels and
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ameliorate cognitive impairment in clinical MDD
patients.

Discussion

We first established a stable mouse model of
MDD by combining witnessed stress with social
defeat stress. This model addresses the issues of
physical injury and high mortality associated with the
traditional CSDS model while effectively replicating
its phenotypes across multiple dimensions, including
anxiety-like behavior, depressive-like behavior, and
cognition. PWSDS induced mice to exhibit significant
and comprehensive depressive phenotypes and
immune-inflammatory responses, including
anhedonia, despairing  behavior,  cognitive
impairment, morphological changes in microglia, and
an enhanced peripheral immune response, which are
comparable to the behavior and peripheral immune
changes observed in clinical MDD patients with adult
stressors.

Chronic stress is a major risk factor for MDD and
leads to hyperactivity of the HPA axis and activation
of immune inflammation[36]. Research on brain
samples from MDD patients has shown that chronic
exposure to stress disrupts the normal state of
microglia, leading to abnormal activation of immune
cells and an imbalance in the immune system[37, 38].
Animal studies have also confirmed that activated
microglia alter neuronal function by releasing
proinflammatory =~ mediators, = which  induces
depressive-like behavior in stressed rodents[39].
Consistent with previous studies, PWSDS-treated
mice exhibited weight loss, adrenal hyperplasia and
increased plasma corticosterone levels, suggesting
hyperactivity of the HPA axis. In addition, compared
with those in controls, the expression levels of
proinflammatory mediators such as TNF-a and CRP
in the peripheral serum of PWSDS-treated mice
increased, and PWSDS triggered an increase in the
number and activity of microglia in several brain
regions, including the dHP, mPFC, NAc and HT, in
mice. Chronic stress-induced depression is strongly
associated  with  neuroinflammation in the
hippocampus[40, 41]. Further correlation analyses
also indicated that the most significant correlation
between activated microglia and behaviors was
observed in the dHP region, mainly involving
depressive-like and cognitive behaviors. Moreover,
the model mice exhibited a significant increase in the
number of M1-type microglia and a decrease in the
number of M2-type microglia in the dHP, and
proinflammatory cytokines such as TNF-a and IL-1p
were also upregulated compared with those in the
control group. The release of proinflammatory
cytokines and neurotoxic substances by MIl-type

microglia worsens neuronal damage, increasing
susceptibility to MDD, whereas M2-type microglia
promote reparative anti-inflammatory responses[34,
42]. Dysregulation of M1 and M2 microglial
polarization is pivotal for the development of
psychiatric disorders[43, 44]. Therefore, these findings
indicate that the PWSDS protocol can effectively
activate neuroimmune responses in the dHP region of
mice, simulating the immune phenotype of MDD.

The neuroinflammatory response refers to the
release of various cytokines and inflammatory
mediators, such as TNF-a, IL-1p, and IL-6, by
microglia and other cells in the nervous system upon
stimulation, which participate in the regulation of
inflammatory reactions and neuronal activity
processes[45], thereby promoting the occurrence and
development of psychiatric disorders such as
depression[46, 47]. Transcriptomic sequencing and
biochemical assays further confirmed the activation of
immune signaling pathways, including the
production of cytokines such as IL-1p and IL-6 and
the NF-xB/NLRP3 pathway, in the dHP brain region
after PWSDS. Importantly, the enrichment of
differentially expressed genes was observed in
numerous biological processes associated with
alterations in neuroimmune function, such as glial cell
proliferation, regulation of immune responses, and
response to lipopolysaccharide, etc. Previous studies
have shown that dysregulation of microglia and their
inflammatory = responses can  disrupt  the
microenvironment required for neurogenesis, leading
to impaired neurogenesis[48] and impairing the
synaptic plasticity of neurons[49]. These findings
suggest that the PWSDS model effectively simulates
the activation status and functional impairment of the
neuroimmune system in depressed patients,
providing a valuable tool for further explorations of
the neurobiological mechanisms and neuronal
functions underlying MDD in the future.

Following the establishment of the chronic stress
model, we conducted an intervention study on
stressed mice by treating them with fluoxetine, a
classic SSRI antidepressant commonly used in clinical
practice[50, 51], to further verify the effectiveness and
predictive validity of this model of MDD. Unlike the
absence of social avoidance behavior observed 24
hours after PWSDS modeling, untreated
PWSDS-exposed mice exhibited delayed-onset social
avoidance behavior on day 28, emphasizing the
complexity and dynamism of stress-induced
behavioral changes. This phenomenon may be closely
related to cumulative processes such as changes in
neural plasticity, chronic inflammation, and
prolonged activation of the HPA axis. Fluoxetine has
demonstrated neuroprotective effects and is
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associated with reduced levels of cytokines IL-1j,
IL-6, and TNF-a in MDD patients[52, 53]. In this
study, fluoxetine was shown to significantly improve
anxiety-like and depressive-like behaviors in
PWSDS-treated mice, with notable restorative effects
on cognitive deficits caused by stress exposure.
Moreover, fluoxetine significantly reduced serum
levels of IL-1p, TNF-a, and CRP in PWSDS mice,
indicating its role in suppressing stress-induced
peripheral immune responses. The behavioral deficits
in these mice were also closely linked to microglial
activation and proliferation. Previous studies have
shown fluoxetine affects immune inflammation and
neuroplasticity in regions like the hippocampus and
cortex[54, 55]. It promotes dendritic growth in
juvenile animals, while decreasing dendritic
complexity in adults, highlighting its age- and
region-specific effects[56, 57]. This study found that
fluoxetine effectively inhibited the proliferation and
activation of hippocampal microglia, alleviating
hippocampal immune inflammation in adult mice
with PWSDS and promoting the recovery of
depressive-like behaviors and cognitive impairments.
Additionally, the amygdala is a key brain region
involved in regulating anxiety. The anxiety-like
behaviors observed in PWSDS mice are closely linked
to the amygdala activity, and the anxiolytic effects of
fluoxetine may partly result from modulating
immune responses and neural functions within this
region, thereby alleviating anxiety-like behaviors.
Further investigation into the effects of fluoxetine on
different brain regions in PWSDS mice of varying
ages will help to more comprehensively elucidate its
therapeutic mechanisms.

The clinical evidence from this study further
confirmed that MDD patients experiencing a history
of life stress had significantly increased peripheral
blood cortisol levels and expression levels of the
pro-inflammatory cytokines such as IL-1p and TNF-a,
suggesting elevated levels of inflammation in vivo,
which was consistent with the altered levels of
inflammation in PWSDS model mice. After 8 weeks of
treatment with SSRIs, the anxiety and depression
scores decreased in MDD patients exposed to chronic
stress, and cognitive functions such as attention and
information processing speed improved. In addition,
the serum levels of cortisol and the inflammatory
cytokine TNF-a also decreased in these MDD
patients, which is consistent with previous studies[52,
58]. These findings indicate that SSRIs antidepressants
can reduce the levels of proinflammatory cytokines in
patients with clinical MDD and improve depressive
symptoms and cognitive function. The summary of
clinical data and PWSDS model results highlights the
similarities between human and animal studies,

further underscoring the potential of this model in
elucidating the mechanisms of stress-induced
depression. Notably, the serum IL-6 concentrations in
these MDD patients increased significantly after the
pharmacological intervention. Due to its association
with the initiation of inflammatory responses, the
cytokine IL-6 is commonly referred to as a
proinflammatory cytokine[59, 60]. However, elevated
IL-6 levels may have dual effects: activation of the
classical IL-6 signaling pathway mediated by
membrane-bound receptors is considered protective,
while activation of the trans-signaling pathway
involving soluble IL-6R is considered
proinflammatory and may lead to immune
dysfunction[59, 61]. Furthermore, several studies have
shown that IL-6 levels are elevated in patients who
have attempted suicide compared to nonsuicidal
MDD patients and healthy controls[62-64]. Therefore,
the increase in IL-6 levels after treatment indicates
that the organism is in a dynamic inflammatory
process, which may be in the recovery phase of the
organism, or may be related to adverse reactions
during drug therapy or adverse events in the patient.
Further research is needed to elucidate the role and
mechanism of this cytokine in the pathogenesis and
treatment of MDD, and to monitor changes in patient
inflammation levels and clinical symptoms.

The PWSDS model presents notable advantages,
yet its broader applicability across diverse contexts
requires further validation. Determining whether this
short-term aggression and witnessing stress paradigm
yields consistent results across different age groups is
essential, given the potential impact of age-related
variations in stress susceptibility and neurobiological
responses. Additionally, sex-specific differences in
stress responses, influenced by hormonal regulation
and neuroimmune interactions, underscore the
importance of assessing the model’s suitability for
both male and female mice. A comprehensive
evaluation of these factors will strengthen the model’s
reliability and enhance its relevance for studying
stress-related disorders in varied populations. In
addition, microglial activation in brain regions
associated  with  depressive  phenotypes in
PWSDS-exposed mice highlights the need for further
investigation of immune mechanisms in these areas.
Combining microglial cells from different brain
tissues with single-cell RNA sequencing allows for a
more precise understanding of their role in
stress-induced neurobiological changes.

Conclusions

Neuroimmune inflammation is one of the
mechanisms underlying MDD, and the lack of
appropriate inflammatory depression models has
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hindered progress in understanding the immune
mechanisms and developing drugs of MDD. We
established a composite mouse model of
stress-induced depressive symptoms and activation of
neuroimmune responses. Specific treatment with the
antidepressant drug fluoxetine effectively improved
disease-related indicators and behavioral
manifestations. Clinical evidence also supports these
findings, with MDD patients experiencing a history of
life stress showing improvements in depressive
symptoms and inflammatory cytokine levels after
SSRI treatment. This improved mouse model of MDD
offers a novel approach to exploring the mechanisms
of MDD and identifying potential therapeutic targets.
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