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A B S T R A C T

Postpartum depression (PPD) is a serious mental health concern of new mothers worldwide. In view of the partic-
ularity of puerpera, the research on pathogenesis and drug development of PPD are highly dependent on animal
models. Although both maternal separation (MS) and chronic unpredictable mild stress (CUMS) modeling ap-
proaches have been used in PPD studies, the characteristics of the two rodent models have not been compared to
explain which is more advantageous in PPD research. In this study, we applied 21-day MS and CUMS paradigms
to induce mouse model of PPD and compared their differences in behavior, physiology and gut microbiota. As a
result, the two models exhibited significant increases of immobility time in forced swim test (FST) and tail sus-
pension test (TST), whereas sucrose preference index and pup weight were significantly decreased. Both dis-
played depression-like behaviors, and CUMS was more obvious, which demonstrated by the lower levels of 5-
hydroxytryptamine (5-HT) and higher hypothalamic-pituitary-adrenal (HPA) axis related mRNA expression (cor-
ticotropin releasing hormone, corticotropin releasing hormone receptor 1) in CMUS group than that in MS group.
The gut microbiota in MS and CUMS groups were significantly different in terms of the relative abundances of
Bacteroidetes, Firmicutes, Proteobacteria. In conclusion, MS model and CUMS model have different performance in
behavior and physiology. The CUMS model showed more obvious parameter changes, which may be more suit-
able for PPD induced by various social environmental factors.

© 20XX

1. Introduction

Postpartum depression (PPD) refers to the occurrence of depressive
symptoms or depressing-like episodes in women during the puer-
perium, accompanied clinical features include low mood, depression,
lack of confidence in life, and increased negative emotions [1]. As a
common complication of childbearing, the incidence of PPD is approxi-
mate 13–19% of all mothers and reach the highest between weeks and
one year after delivery [2,3]. Compared with other physiological
stages, the hormone, neurotransmitter and metabolic levels in parturi-
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ent are obviously different, which makes the etiology of PPD compli-
cated and obviously different from pure depression [1]. Therefore, re-
vealing the etiology and pathogenesis of PPD has become an urgent sci-
entific issue for parturient and infant. At present, due to the speciality
of parturient physical and mental state and the puerpera as a breast-
feeding task, PPD studies was largely relied on the establishment of ani-
mal models, such as chronic unpredictable mild stress (CUMS), mater-
nal separation (MS), postpartum continuous high levels of cortisol
model, etc [4].

The etiology of PPD includes biological factors and psychosocial fac-
tors, among which psychosocial factors are the main aspects. Consider-
ing the etiology of clinical PPD, CUMS model [5–7] and MS model [8]
are more appropriate to the occurrence of human PPD. Their stress in-
fluencing factors can simulate some causes and symptoms of depression
patients more accurately. For PPD induced by a single social factor, MS
model is developed to mimic the disruption or change in social relation-
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ships that often accompanies PPD in humans. For PPD induced by a va-
riety of social environmental factors, CUMS model simulates the vari-
ous pressures that postpartum mothers suffer from. The two models
simulate different clinical causes, and the symptoms will be different.
However, it is unclear which of the two models is more consistent with
the clinical features. Therefore, a comprehensive evaluation of the be-
havioral and physiological indicators of the two models, so as to select
the appropriate model, is worthy of further study.

In this study, long-term MS and CUMS were constructed and com-
pared, so as to provide a basic data for model selection of PPD disease
research.

2. Materials and methods

2.1. Animals

Newly delivered female BALB/C mice (30–38g) and their littermates
were provided by Experimental Animal Center of Southern Medical
University, Guangzhou, China (SCXK-Yue2016-0041). The mice were
individually housed at room temperature (23 ± 2 °C) with 40 ± 5%
humidity and a 12 h light/dark cycle (lights on: 6:00–18:00). All ani-
mals were provided free access to food and water. All experiments were
performed according to the Regulations on the Administration of Exper-
imental Animals of Southern Medical University, Laboratory Animal
Guideline for Ethical Review of Animal Welfare (GB/T 35892-2018)
and Laboratory Animal Requirements of Environment and Housing Fa-
cilities (GB 14925-2010) and were approved by the Animal Ethics Com-
mittee of School of Southern Medical University on October 22, 2021.

2.2. MS and CUMS modeling

Dams were randomly assigned to a MS model (n = 8), a CUMS
model (n = 8) and a control group (n = 8). The day of delivery was ap-
pointed as postpartum day 0. After this, dams were left undisturbed in
the colony room till postpartum day 2.

The operation of MS model was to separate the dams from their
pups for 6 h daily (08:30 to 11:30 and 14:30 to 17:30) from postpartum
day 2–21 [9–11]. Each dam was moved separately to a cage with the
same living conditions.

The operation of CUMS model was to randomly give one of the fol-
lowing stress between 8:00 and 12:00 in the morning from postpartum
day 2–21: (1) Swimming with ice water (4 °C) for 5 min; (2) Fasting for
24 h; (3) prohibit water for 24 h; (4) Restriction stress for 2 h; (5) High
platform stress for 30 min; (6) Tail clamping stress for 5 min; (7) Tail
suspension stress for 5 min [12,13].

2.3. wt of dams and pups

The dams and their pups were weighed on postpartum day 1, 7, 14,
21 and 25 after delivery, respectively. The weight of dams in each
group and the total weight of pups were recorded, and the weight trend
chart was drawn.

2.4. Behavioral tests

Behavioral tests including maternal behavior, elevated-plus maze
test (EPMT), tail suspension test (TST), sucrose preference test (SPT)
and forced swimming test (FST), were performed in accordance with
procedures described previously [4,7,14–16] with minor modifications.
Analyses were performed in a manner with blinded treatment assign-
ments in all behavioral experiments.

2.5. Quantitative RT-PCR

Total RNA was extracted from tissues homogenized in Trizol (Fore-
gene, Chengdu, China). Purified RNA was used for RT-PCR to generate
cDNA with a cDNA Reverse Transcription Kit (AG, Hunan, China), and
the resulting cDNA was used for quantitative PCR. Quantitative real-
time PCR (qPCR) was performed using a Roche LightCycler480Ⅱreal-
time PCR. The relative mRNA expression level was determined with the
2−ΔΔCt method with Gapdh as the internal reference control. All pre-
miers used in RT-qPCR were presented in Supplementary Table 1.

2.6. Immunohistochemistry

Brain tissue was cut in half in sagittal form and postfixed with 4%
paraformaldehyde. Immunostaining was performed on 4-μm-thick
sagittal brain sections obtained with a pathology slicer (Shanghai Leica
Instrument Co., Ltd). The sections were incubated with brain-derived
neurotrophic factor (BDNF) primary antibody (Affinity Biosciences,
DF6387) at 1:100 and second antibody using a broad-spectrum SP im-
munohistochemical kit (Bioss, Beijing, China, SP-0022). Images were
acquired using Olympus positive position microscope.

2.7. Enzyme-linked immunosorbent assay (ELISA)

The interleukin (IL)-6 level of the cortical tissue homogenate was
tested with ELISA kit (purchased from 4A Biotech Co., Ltd). The estra-
diol (E2), progesterone (P), prolactin (PRL) levels of the plasma and the
5-hydroxytryptamine (5-HT), dopamine (DA) levels of the cortical tis-
sue homogenate were tested with ELISA kits (Quanzhou Ruixin Biologi-
cal Technology Co., LTD Quanzhou, China).

2.8. 16S rDNA sequencing

PCR amplification targeted the V3–V4 [17] region of the 16s rDNA.
The 5′ ends of the primers were tagged with specific barcods per sample
and sequencing universal primers. The PCR products were purified by
AMPure XT beads (Beckman Coulter Genomics, Danvers, MA, USA) and
quantified by Qubit (Invitrogen, USA). The amplicon pools were pre-
pared for sequencing and the size and quantity of the amplicon library
were assessed on Agilent 2100 Bioanalyzer (Agilent, USA) and with the
Library Quantification Kit for Illumina (Kapa Biosciences, Woburn, MA,
USA), respectively. The libraries were sequenced on NovaSeq PE250
platform.

2.9. Statistical analysis

All data except 16S rDNA sequencing, presented as mean SEM, were
calculated and demonstrated using the statistical software GraphPad-
Prism8.3.0 (San Diego, USA). Images were quantified using the Image
Pro Plus software. One-way or two-way analysis of variance (ANOVA)
and Dunnett's post hoc test for multiple comparisons was applied to
compare the behavioral test results, and to establish statistically signifi-
cant differences.

3. Results

3.1. Comparisons of behaviors between MS model and CUMS model

First, we investigated the weight changes of pups and dams. On the
postpartum 25, the pups average weight of stress model showed signifi-
cantly reduced and CUMS model reduced more obviously (Fig. 1B). The
ratio analysis of the weight of dams on day 25 and day 1 showed that
there was no significant difference in the weight ratio of dams in each
group, and the ratio was less than 1 (Fig. 1C).
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Fig. 1. MS and CUMS induced depression-like behaviors in mice. (A) Time schedule of the whole experimental design. (B) Changes in average body weight of pups
of each group (n = 6). (C) Changes in dams weight of each group (n = 6). (D) SPT: Sucrose water preference index (n = 6). (E) FST: time of immobility (n = 6).
(F) TST: time of immobility (n = 6). Data is expressed as the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns means non-significant.

We then compared the behavioral phenotypes of the two models.
MS model showed significantly decreased sucrose water preference in-
dex from control group (P < 0.05, Fig. 1D) in SPT and significantly in-
creased immobile durations from control group in FST (P < 0.01, Fig.
1E) and TST (P < 0.05, Fig. 1F). CUMS model exhibited significantly
decreased sucrose water preference index from control group
(P < 0.001, Fig. 1D) in SPT and significantly increased immobile dura-
tions from control group in TST (P < 0.01, Fig. 1F). MS model showed
more depression-like behaviors in FST. CUMS model showed more de-
pression-like behaviors in SPT and TST.

There was no significant difference in the time spent in the closed
arm area and the incubation period of holding pups in the mouth in
each group (Figs. S1A and B).

3.2. The expression of PPD related genes in brain were detected by RT-
qPCR

To further investigate differences between MS and CUMS model,
RT-qPCR was conducted to amplify related genes in the neuroinflam-
mation signaling pathway and Hypothalamic-pituitary-adrenal (HPA)
axis. The HPA axis plays a major regulatory role in the postpartum pe-
riod. In Fig. 2A, corticotropin releasing hormone (Crh) and corti-
cotropin releasing hormone receptor 1 (Crhr1) showed a significant in-

crease in CUMS model when compared to MS model and control group.
Neuroinflammation and BDNF are indicators of PPD. The relative
mRNA expressions of Il1b, Caspase1, Nlrp3, Il6, Tnfa and Bdnf in the hip-
pocampus showed no significant difference (Fig. 2B). In the cortex, the
relative mRNA expressions of Il1b, Caspase1 and Nlrp3 decreased in MS
model but no significant differences. The relative mRNA expression of
Il6 significantly decreased in both MS and CUMS models compared with
control group (P < 0.05). The relative mRNA expression of Tnfa in MS
model and CUMS model was decreased, and showed significant differ-
ence in MS model compared with control group (P < 0.01, Fig. 2C).

3.3. The contents of related substances in plasma and cortex were detected
by ELISA

The study found that estrogen changes significantly in PPD, so
plasma levels of E2, P and PRL were determined by ELISA. The results
showed that there were no significant differences in E2, P and PRL
among all groups. E2 had a downward trend in MS model and CUMS
model (Fig. 3A), while PRL had a downward trend in CUMS model (Fig.
3C). These results suggest that plasma E2 and PRL levels in CUMS
model were lower than those in MS model. We also measured the levels
of monoamine neurotransmitters and IL-6 in the cortex. IL-6 content in
cerebral cortex decreased in the stress model, and showed significant
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Fig. 2. MS and CUMS induced gene expression changes determined by RT-
qPCR. (A) Relative mRNA expression of HPA axis related genes in hypothala-
mus tissue (n = 4–8). (B) Relative mRNA expression of cytokines in hippocam-
pus tissue (n = 6). (C) Relative mRNA expression of cytokines in cortex tissue
(n = 6). Data is expressed as the mean ± SEM. *P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001, ns means non-significant.

difference in MS model compared with control group (P < 0.01, Fig.
3D). The level of 5-HT in the cortex of CUMS model decreased more ob-
viously than the MS model (P < 0.01, Fig. 3E). There was no significant
difference in cortical DA levels among all groups (Fig. 3F).

3.4. CUMS model and MS model showed different changes in BDNF

To investigate the changes of BDNF in the brain, the protein expres-
sion of BDNF in CA1, CA3 and DG regions was detected by immunohis-
tochemistry. The dark brown area indicated positive BDNF protein, the
higher the positive, the higher the expression of BDNF protein. The
BDNF positive expression of hippocampal CA3 region in the control
group was significantly higher than that in the MS model (P < 0.05),
and slightly higher than that in the CUMS model (Fig. 4).

3.5. 16s rDNA sequencing

3.5.1. Alpha diversity
The observed species and shannon index in CUMS model were sig-

nificantly lower than that in control group (P < 0.05, Fig. 5A and B). In
conclusion, species richness, evenness, and α diversity was the lowest in
CUMS model.

3.5.2. Beta diversity
The samples of each group were close to each other, and the micro-

bial composition and structure of the samples were similar (Fig. 5C).
The results showed no significant difference in β diversity among
groups.

3.5.3. Composition of bacterial community structure
As showed in Fig. 5D and E, the bray-Curtis distance clustering tree

structure is on the left. On the right is the relative abundance distribu-
tion diagram of species at phylum and genus levels. The results showed
that the species composition of MS model and CUMS model were simi-
lar. At the phylum level, the abundance of Bacteroidetes in control group
was higher than that in stress model, while the abundance of Firmicutes
and proteobacteria was lower than that in stress model. At the genus
level, the abundance of Muribaculaceae and Alistipes was higher in con-
trol group, while that of Lactobacillus was lower in control group.

3.5.4. Significant species differences
Barplot difference analysis shows microorganisms that differ signifi-

cantly at the phylum and genus levels (P < 0.05, Fig. 6A and B). The
results showed that there were significant differences in Bacteroidetes,
Firmicutes and Proteobacteria in phylum. The relative abundance of Lac-
tobacillus, Desulfovibrio and Mucispirillum in stress model was signifi-
cantly higher than that in control group. The relative abundance of Bac-
teroidetes was significantly lower than that of control group.

In LEfSe (LDA Effect Size) analysis (Fig. 6C), each node represents a
species classification at this level. The higher the abundance of this
species, the larger the node is. The node color yellow means that the
species has no significant difference in the comparison group; if the
node color is red, it means that the species has significant difference in
the comparison group, and the species has a higher abundance in the
red group, and so on for other colors. The results showed significant dif-
ferences in species at different levels in control, MS and CUMS models.
It can be seen that the abundance of Bacteroides in control group was
significantly higher than that in stress model at different classification
levels. The relative abundance of Lactobacillus, Robinsoniella, Erysipela-
toclostridium and Clostridioides in MS model was significantly higher
than that in other groups. The relative abundance of Empedobacter, Mu-
cispirillum and Deferribacteres in CUMS model was significantly higher
than that in other groups.

4. Discussion

At present, there are a variety of PPD modeling methods. Different
PPD models have both advantages and disadvantages. Their PPD indi-
cators are evaluated differently. This can reveal the heterogeneity of
clinical PPD and it is also instructive for the treatment of clinical PPD
with different phenotypes. However, no scholar has made a specific and
detailed evaluation on this. Therefore, two different stress models are
selected in this study, which are the MS model and the CUMS model.
MS has strong specificity in PPD, and CUMS is one of the most appropri-
ate models for the study of depression [12]. The two were compared
from three aspects of behavioral indicators, physiological indicators
and intestinal flora, providing reference for future PPD model selection.

Animal models of behavior do not necessarily model a specific psy-
chiatric illness but rather specific symptoms and no single model can
capture all of the symptoms [14]. We also want to reveal different phe-
notypes of clinical PPD. Based on this point, we compared the depres-
sive behaviors of MS model and CUMS model. We found that the aver-
age body weight of pups in CUMS model decreased more obvious, sug-
gesting that the feeding behavior of CUMS dams was reduced and de-
pression-like behavior appeared, but there was no significant difference
in the body weight of dams. A possible explanation for this might be
that clinical can be observed in some patients with depression anorexia,
weight loss; But there are also patients with gluttony and weight gain.
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Fig. 3. MS and CUMS induced related substances changes in plasma and cortex determined by ELISA. (A) No significant difference existed in E2 level (n = 6). (B) No
significant difference existed in P level (n = 6). (C) No significant difference existed in PRL level (n = 4). (D) IL-6 level in cortex tissue (n = 6). (E) 5-HT level in
cortex tissue (n = 6). (F) No significant difference existed in DA level in cortex tissue (n = 6). Data is expressed as the mean ± SEM. *P < 0.05, **P < 0.01,
****P < 0.0001, ns means non-significant.

Fig. 4. Number of BDNF-positive cells in the hippocampal sub-regions DG, CA3 and CA1 of normal and stress mice. Representative images of BDNF (A) of the hip-
pocampal sub-regions DG, CA3 and CA1 in the three experimental groups. Scale bar: 100 μm (200 × ). Quantitative determination of hippocampal BDNF content
in the DG (B), CA3 (C), CA1 (D) was performed. IOD: integral optical density. Data is expressed as the mean ± SEM, n = 3, *P < 0.05, ns means non-significant.
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Fig. 5. α-diversity, β-diversity and Species analyses of gut microbiota. (A) Observed_species index (n = 8). (B) Shannon index (n = 8). (C) PCoA analysis of gut
bacteria data (n = 8). (D) Cluster graph analysis of phylum level (n = 8). (E) Cluster graph analysis of genus level (n = 8). *P < 0.05.

Therefore, changes in maternal body weight cannot be used as a mea-
sure of the success of depression models [13]. The sucrose preference
index in CUMS model decreased more obviously. This indicates that the
CUMS model is more obvious in anhedonia. In FST and TST, MS model
and CUMS model performed differently. The MS model showed longer
immobility time in FST and the CUMS model showed longer immobility
time in TST. There was no difference in the stay time in the closed arm
area between the two groups, which suggested that BALB/C mice were
meek and timid, and were more in a state of avoidance and anxiety in
the new environment [14,18].

Immune system and cytokines are involved in the development of
PPD [19–21]. NLRP3 inflammasome deficiency improved depression-
like behavior in mice, and Caspase1 and Nlrp3 mRNA levels increased in
the blood cells of depressed patients [6]. It suggests that PPD may also
be related to inflammation. So we measured the indicators. QPCR re-
sults showed that relative Il1b, Il6, Tnfa, Caspase1 and Nlrp3 mRNA ex-
pression showed no statistical difference in the hippocampus, while rel-
ative Il6 and Tnfa mRNA expression decreased in the cortex of the stress
model. ELISA results also showed that IL-6 level was decreased in the
cortex of stressed dams, especially in the MS model. Although these re-
sults differ from some published studies, there are also conflicting re-
ports of inflammatory changes associated with PPD and the limited
number of reports makes it difficult to determine a role of neuroinflam-
mation in the underlying neurobiology of PPD [22]. We speculate that
neuroinflammation-related cytokines in stressed dams were in a state of
feedback regulation on postpartum day 25, and the body initiated the
anti-inflammatory response in vivo, so that the inflammatory factors
decreased sharply.

Previous studies have shown decreased 5-HT, DA and BDNF levels
in patients with PPD [23,24]. The relative Bdnf mRNA expression
showed no significant difference between cortex and hippocampus.
However, immunohistochemical staining results of hippocampus
showed that the expression of BDNF significantly decreased in the MS
model and slightly decreased in the CUMS model. This study has been
unable to demonstrate the changes of DA in the cortex. The level of 5-

HT in the cortex showed a downward trend in the stress model and
CUMS model decreased significantly.

The plasma levels of estradiol, progesterone and prolactin were de-
termined in this study, since changes in the levels of reproductive hor-
mones are also a risk factor for PPD [2,25]. The results showed that
estradiol and prolactin had a decreasing trend in the stress model, but
the decrease was more obvious in the CUMS model. One interesting
finding is that progesterone levels are particularly high after delivery.
We diluted the plasma to 5000-10,000 times during measurement. It is
possible that this result may have been skewed by excessive dilution ra-
tio.

The HPA axis is an important part of the neuroendocrine system, in-
volved in controlling responses to stress and regulating many physical
activities. Increased stress increases the secretion of related hormones
[26]. We were surprised to find that the mRNA expressions of Crh and
Crhr1 in CUMS model were significantly increased in the hypothalamus
than MS model. We hypothesized that CUMS might cause dams to feel
more stressed.

It is becoming increasingly recognized that the gut microbiome can
play a role in depression-related mood disorders. In the 16S sequencing
results, the α diversity of stress models were lower than that of control
group, while the β diversity was not different. Through the distance
clustering tree structure analysis, the bacterial community structure of
the stress model was similar. One unanticipated result was that Lacto-
bacillus increased in the model group. Lactobacillus is generally consid-
ered a beneficial bacteria and its abundance decreased in the depres-
sion model group [5,27,28]. Of course, some scholars also showed that
Lactobacillus increased in the stress model group [29,30]. A low ratio of
Firmicutes to Bacteroidetes (F/B ratio)is considered a normal, healthy
state of the intestinal microbiome [29]. In our study, the F/B ratio in-
creased in the model group, indicating that the intestinal microbiome
composition of the model group was developing in a bad direction. In-
ternationally, there are some differences in the abundance and diversity
of intestinal microbiome in models of depression or postpartum depres-
sion [31–35]. Intestinal microbiome is affected by many aspects. First,
different strains and ages of model mice may lead to differences in in-
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Fig. 6. Analysis of significant difference of gut microbiota. (A) Barplot differ-
ence analysis of phylum level (n = 8). (B) Barplot difference analysis of genus
level (n = 8). (C) LEfSe difference analysis (n = 8).

testinal microbiome [36]; Second, feeding environment of model mice,
including diet, climate, temperature and humidity, will also affect
changes in intestinal microbiome; Finally, different modeling methods
are adopted. The type, intensity and duration of stressors also lead to
different changes in animal physiology and intestinal microbiome
[33,37,38].

Our study provides the first evidence to our knowledge that these
two models had some different depressive behavioral, hippocampal
BDNF changes, cortical 5-HT changes, HPA axis changes and intestinal
microbiome changes except for some common features. They all
showed depression-like behavior, but CUMS model had more obvious
anhedonia in SPT and longer immobile time in TST, while MS model
had longer immobile time in FST. CUMS model had the lowest cortical
5-HT content, while MS model had the lowest hippocampal BDNF ex-
pression. CUMS model displayed a higher hypothalamus-related mRNA
expression (Crh, Crhr1) than MS model. In general, MS model and
CUMS model have different performance in behavior and physiology.
The CUMS model showed more obvious parameter changes, which may
be more suitable for PPD induced by various social environmental fac-
tors.

Funding source

This research was supported by grants from the Hunan
Provincial Science & Technology Department (2019JJ80037
and 2020RC3065) and the Changsha Science & Technology De-
partment (kh2005013).

Author contribution statement

Yan Zhang, Menghua Liu, Li Zhang, and Wei Zou designed the ex-
periments. Yan Zhang performed most of the experiments, analyzed the
results, and wrote manuscripts. Birui Shi performed the experiments,
and manuscript revisions; Menghua Liu, Li Zhang and Wei Zou revised
the manuscripts. All authors contributed and have approved the final
manuscript.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

None.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbrc.2022.09.063.

References

[1] M. Fox, C.A. Sandman, E.P. Davis, L.M. Glynn, A longitudinal study of women’s
depression symptom profiles during and after the postpartum phase, Depress.
Anxiety 35 (2018) 292–304, https://doi.org/10.1002/da.22719.

[2] D. Li, Y. Li, Y. Chen, H. Li, Y. She, X. Zhang, S. Chen, W. Chen, G. Qiu, H. Huang,
S. Zhang, Neuroprotection of reduced thyroid hormone with increased estrogen
and progestogen in postpartum depression, Biosci. Rep. 39 (2019), https://doi.org/
10.1042/bsr20182382.

[3] J.L. Pawluski, J.S. Lonstein, A.S. Fleming, The neurobiology of postpartum
anxiety and depression, Trends Neurosci. 40 (2017) 106–120, https://doi.org/
10.1016/j.tins.2016.11.009.

[4] Y.H. Tang, G.R. Zeng, L.F. Wu, Y.H. Wang, D.J. Jiang, Research progress on
animal models of postpartum depression and their behavior evaluation methods,
Acta Lab. Anim. Sci. Sin. 26 (2018) 133–138.

[5] G. Chevalier, E. Siopi, L. Guenin-Macé, M. Pascal, T. Laval, A. Rifflet, I.G. Boneca,
C. Demangel, B. Colsch, A. Pruvost, E. Chu-Van, A. Messager, F. Leulier, G.
Lepousez, G. Eberl, P.M. Lledo, Effect of gut microbiota on depressive-like
behaviors in mice is mediated by the endocannabinoid system, Nat. Commun. 11
(2020) 6363, https://doi.org/10.1038/s41467-020-19931-2.

[6] Y. Zhang, R. Huang, M. Cheng, L. Wang, J. Chao, J. Li, P. Zheng, P. Xie, Z. Zhang,
H. Yao, Gut microbiota from NLRP3-deficient mice ameliorates depressive-like
behaviors by regulating astrocyte dysfunction via circHIPK2, Microbiome 7 (2019)
116, https://doi.org/10.1186/s40168-019-0733-3.

[7] Y.M. Liu, C.Y. Hu, J.D. Shen, S.H. Wu, Y.C. Li, L.T. Yi, Elevation of synaptic
protein is associated with the antidepressant-like effects of ferulic acid in a chronic
model of depression, Physiol. Behav. 169 (2017) 184–188, https://doi.org/
10.1016/j.physbeh.2016.12.003.

[8] M. Banqueri, M. Méndez, J.L. Arias, Behavioral effects in adolescence and early
adulthood in two length models of maternal separation in male rats, Behav. Brain
Res. 324 (2017) 77–86, https://doi.org/10.1016/j.bbr.2017.02.006.

[9] Y.L. Hao, H.Y. Xu, X.H. Su, X. Zhang, G.H. Yuan, L.F. Jiang, Z. Fei, Effect of
maternal deprivation on exploratory behavior and CR expression in hippocampus
of rats, Chin. J. Neurosurg. Dis. Res. 15 (2016) 234–237.

[10] J. Vetulani, Early maternal separation: a rodent model of depression and a
prevailing human condition, Pharmacol. Rep. : PR 65 (2013) 1451–1461, https://
doi.org/10.1016/s1734-1140(13)71505-6.

[11] M.L. Boccia, M. Razzoli, S.P. Vadlamudi, W. Trumbull, C. Caleffie, C.A. Pedersen,
Repeated long separations from pups produce depression-like behavior in rat
mothers, Psychoneuroendocrinology 32 (2007) 65–71, https://doi.org/10.1016/
j.psyneuen.2006.10.004.

[12] W. Shi, S. Zhang, Y. Lu, Y. Wang, J. Zhao, L. Li, T cell responses in depressed mice
induced by chronic unpredictable mild stress, J. Affect. Disord. 296 (2021)
150–156, https://doi.org/10.1016/j.jad.2021.09.064.

[13] T. Xue, L.S. Wu, X.M. Liu, Q. Wang, Research progress on animal models of

https://doi.org/10.1016/j.bbrc.2022.09.063
https://doi.org/10.1016/j.bbrc.2022.09.063
https://doi.org/10.1002/da.22719
https://doi.org/10.1042/bsr20182382
https://doi.org/10.1042/bsr20182382
https://doi.org/10.1016/j.tins.2016.11.009
https://doi.org/10.1016/j.tins.2016.11.009
http://refhub.elsevier.com/S0006-291X(22)01319-5/sref4
http://refhub.elsevier.com/S0006-291X(22)01319-5/sref4
http://refhub.elsevier.com/S0006-291X(22)01319-5/sref4
https://doi.org/10.1038/s41467-020-19931-2
https://doi.org/10.1186/s40168-019-0733-3
https://doi.org/10.1016/j.physbeh.2016.12.003
https://doi.org/10.1016/j.physbeh.2016.12.003
https://doi.org/10.1016/j.bbr.2017.02.006
http://refhub.elsevier.com/S0006-291X(22)01319-5/sref9
http://refhub.elsevier.com/S0006-291X(22)01319-5/sref9
http://refhub.elsevier.com/S0006-291X(22)01319-5/sref9
https://doi.org/10.1016/s1734-1140(13)71505-6
https://doi.org/10.1016/s1734-1140(13)71505-6
https://doi.org/10.1016/j.psyneuen.2006.10.004
https://doi.org/10.1016/j.psyneuen.2006.10.004
https://doi.org/10.1016/j.jad.2021.09.064
http://refhub.elsevier.com/S0006-291X(22)01319-5/sref13


CO
RR

EC
TE

D
PR

OO
F

8 Y. Zhang et al. / Biochemical and Biophysical Research Communications xxx (xxxx) 1–8

depression and their evaluation methods, Acta Lab. Anim. Sci. Sin. 23 (2015)
321–326.

[14] A.K. Kraeuter, P.C. Guest, Z. Sarnyai, The elevated plus maze test for measuring
anxiety-like behavior in rodents, Methods Mol. Biol. 1916 (2019) 69–74, https://
doi.org/10.1007/978-1-4939-8994-2_4.

[15] M.Y. Liu, C.Y. Yin, L.J. Zhu, X.H. Zhu, C. Xu, C.X. Luo, H. Chen, D.Y. Zhu, Q.G.
Zhou, Sucrose preference test for measurement of stress-induced anhedonia in
mice, Nat. Protoc. 13 (2018) 1686–1698, https://doi.org/10.1038/s41596-018-
0011-z.

[16] L. Arbabi, M.T. Baharuldin, M.A. Moklas, S. Fakurazi, S.I. Muhammad,
Antidepressant-like effects of omega-3 fatty acids in postpartum model of
depression in rats, Behav. Brain Res. 271 (2014) 65–71, https://doi.org/10.1016/
j.bbr.2014.05.036.

[17] J.B. Logue, C.A. Stedmon, A.M. Kellerman, N.J. Nielsen, A.F. Andersson, H.
Laudon, E.S. Lindström, E.S. Kritzberg, Experimental insights into the importance
of aquatic bacterial community composition to the degradation of dissolved
organic matter, ISME J. 10 (2016) 533–545, https://doi.org/10.1038/
ismej.2015.131.

[18] E.S. Brodkin, BALB/c mice: low sociability and other phenotypes that may be
relevant to autism, Behav. Brain Res. 176 (2007) 53–65, https://doi.org/10.1016/
j.bbr.2006.06.025.

[19] X.B. Li, A. Liu, L. Yang, K. Zhang, Y.M. Wu, M.G. Zhao, S.B. Liu, Antidepressant-
like effects of translocator protein (18 kDa) ligand ZBD-2 in mouse models of
postpartum depression, Mol. Brain 11 (2018) 12, https://doi.org/10.1186/s13041-
018-0355-x.

[20] X.L. Zhang, L. Wang, L. Xiong, F.H. Huang, H. Xue, Timosaponin B-III exhibits
antidepressive activity in a mouse model of postpartum depression by the
regulation of inflammatory cytokines, BNDF signaling and synaptic plasticity, Exp.
Ther. Med. 14 (2017) 3856–3861, https://doi.org/10.3892/etm.2017.4930.

[21] C.K. Posillico, J.M. Schwarz, An investigation into the effects of antenatal
stressors on the postpartum neuroimmune profile and depressive-like behaviors,
Behav. Brain Res. 298 (2016) 218–228, https://doi.org/10.1016/
j.bbr.2015.11.011.

[22] J.L. Payne, J. Maguire, Pathophysiological mechanisms implicated in postpartum
depression, Front. Neuroendocrinol. 52 (2019) 165–180, https://doi.org/10.1016/
j.yfrne.2018.12.001.

[23] J. Liu, F. Meng, J. Dai, M. Wu, W. Wang, C. Liu, D. Zhao, H. Wang, J. Zhang, C. Li,
The BDNF-FoxO1 Axis in the medial prefrontal cortex modulates depressive-like
behaviors induced by chronic unpredictable stress in postpartum female mice, Mol.
Brain 13 (2020) 91, https://doi.org/10.1186/s13041-020-00631-3.

[24] D. Hu, H. Gu, X.R. Hong, Z.J. Jin, Y. Liang, Y. Xiong, Correlation of plasm
orphanin level and monoamine neurotransmitters in patients with postpartum
depression, J. Clin. Rehabilitative Tissue Eng. Res. (2007) 6103–6105.

[25] J. Zhu, J. Tang, LncRNA Gm14205 induces astrocytic NLRP3 inflammasome
activation via inhibiting oxytocin receptor in postpartum depression, Biosci. Rep.
40 (2020), https://doi.org/10.1042/bsr20200672.

[26] S.P. Zoubovsky, S. Hoseus, S. Tumukuntala, J.O. Schulkin, M.T. Williams, C.V.
Vorhees, L.J. Muglia, Chronic psychosocial stress during pregnancy affects
maternal behavior and neuroendocrine function and modulates hypothalamic CRH
and nuclear steroid receptor expression, Transl. Psychiatry 10 (2020) 6, https://
doi.org/10.1038/s41398-020-0704-2.

[27] X. Qiu, G. Wu, L. Wang, Y. Tan, Z. Song, Lactobacillus delbrueckii alleviates
depression-like behavior through inhibiting toll-like receptor 4 (TLR4) signaling in
mice, Ann. Transl. Med. 9 (2021) 366, https://doi.org/10.21037/atm-20-4411.

[28] F. Gu, Y. Wu, Y. Liu, M. Dou, Y. Jiang, H. Liang, Lactobacillus casei improves
depression-like behavior in chronic unpredictable mild stress-induced rats by the
BDNF-TrkB signal pathway and the intestinal microbiota, Food Funct. 11 (2020)
6148–6157, https://doi.org/10.1039/d0fo00373e.

[29] J. Pearson-Leary, C. Zhao, K. Bittinger, D. Eacret, S. Luz, A.S. Vigderman, G.
Dayanim, S. Bhatnagar, The gut microbiome regulates the increases in depressive-
type behaviors and in inflammatory processes in the ventral hippocampus of stress
vulnerable rats, Mol. Psychiatr. 25 (2020) 1068–1079, https://doi.org/10.1038/
s41380-019-0380-x.

[30] Y. Li, Y. Peng, P. Ma, H. Yang, H. Xiong, M. Wang, C. Peng, P. Tu, X. Li,
Antidepressant-like effects of Cistanche tubulosa extract on chronic unpredictable
stress rats through restoration of gut microbiota homeostasis, Front. Pharmacol. 9
(2018) 967, https://doi.org/10.3389/fphar.2018.00967.

[31] M. Rincel, P. Aubert, J. Chevalier, P.A. Grohard, L. Basso, C. Monchaux de
Oliveira, J.C. Helbling, É. Lévy, G. Chevalier, M. Leboyer, G. Eberl, S. Layé, L.
Capuron, N. Vergnolle, M. Neunlist, H. Boudin, P. Lepage, M. Darnaudéry, Multi-hit
early life adversity affects gut microbiota, brain and behavior in a sex-dependent
manner, Brain Behav. Immun. 80 (2019) 179–192, https://doi.org/10.1016/
j.bbi.2019.03.006.

[32] K.D. McGaughey, T. Yilmaz-Swenson, N.M. Elsayed, D.A. Cruz, R.M. Rodriguiz,
M.D. Kritzer, A.V. Peterchev, J. Roach, W.C. Wetsel, D.E. Williamson, Relative
abundance of Akkermansia spp. and other bacterial phylotypes correlates with
anxiety- and depressive-like behavior following social defeat in mice, Sci. Rep. 9
(2019) 3281, https://doi.org/10.1038/s41598-019-40140-5.

[33] M. van de Wouw, M. Boehme, J.M. Lyte, N. Wiley, C. Strain, O. O’Sullivan, G.
Clarke, C. Stanton, T.G. Dinan, J.F. Cryan, Short-chain fatty acids: microbial
metabolites that alleviate stress-induced brain-gut axis alterations, J. Physiol. 596
(2018) 4923–4944, https://doi.org/10.1113/jp276431.

[34] Y. Watanabe, S. Arase, N. Nagaoka, M. Kawai, S. Matsumoto, Chronic
psychological stress disrupted the composition of the murine colonic microbiota
and accelerated a murine model of inflammatory bowel disease, PLoS One 11
(2016) e0150559, https://doi.org/10.1371/journal.pone.0150559.

[35] A. Bharwani, M.F. Mian, J.A. Foster, M.G. Surette, J. Bienenstock, P. Forsythe,
Structural & functional consequences of chronic psychosocial stress on the
microbiome & host, Psychoneuroendocrinology 63 (2016) 217–227, https://
doi.org/10.1016/j.psyneuen.2015.10.001.

[36] S.W. Huang, F.G. Min, J. Wang, J.C. Pan, Diversity of intestinal flora in
commonly used SPF mice and rats, Acta Lab. Anim. Sci. Sin. 27 (2019) 229–235.

[37] H.Z. Zhu, Y.D. Liang, Q.Y. Ma, W.Z. Hao, X.J. Li, M.S. Wu, L.J. Deng, Y.M. Li, J.X.
Chen, Xiaoyaosan improves depressive-like behavior in rats with chronic
immobilization stress through modulation of the gut microbiota, Biomed.
Pharmacother. = Biomedecine & pharmacotherapie 112 (2019) 108621, https://
doi.org/10.1016/j.biopha.2019.108621.

[38] X.T. Zhang, W.C. Liu, J.C. Liu, M.X. Li, L. Guo, A.
Karemaiti, H. Zhang, X.J. Zhang, Study on establishment
of anxiety type psychological stress-insomnia model in SD
rats by electric shock, Modern J. Integrat. Tradl. Chin.
Western Med. 27 (2018) 3316–3319.

http://refhub.elsevier.com/S0006-291X(22)01319-5/sref13
http://refhub.elsevier.com/S0006-291X(22)01319-5/sref13
https://doi.org/10.1007/978-1-4939-8994-2_4
https://doi.org/10.1007/978-1-4939-8994-2_4
https://doi.org/10.1038/s41596-018-0011-z
https://doi.org/10.1038/s41596-018-0011-z
https://doi.org/10.1016/j.bbr.2014.05.036
https://doi.org/10.1016/j.bbr.2014.05.036
https://doi.org/10.1038/ismej.2015.131
https://doi.org/10.1038/ismej.2015.131
https://doi.org/10.1016/j.bbr.2006.06.025
https://doi.org/10.1016/j.bbr.2006.06.025
https://doi.org/10.1186/s13041-018-0355-x
https://doi.org/10.1186/s13041-018-0355-x
https://doi.org/10.3892/etm.2017.4930
https://doi.org/10.1016/j.bbr.2015.11.011
https://doi.org/10.1016/j.bbr.2015.11.011
https://doi.org/10.1016/j.yfrne.2018.12.001
https://doi.org/10.1016/j.yfrne.2018.12.001
https://doi.org/10.1186/s13041-020-00631-3
http://refhub.elsevier.com/S0006-291X(22)01319-5/sref24
http://refhub.elsevier.com/S0006-291X(22)01319-5/sref24
http://refhub.elsevier.com/S0006-291X(22)01319-5/sref24
https://doi.org/10.1042/bsr20200672
https://doi.org/10.1038/s41398-020-0704-2
https://doi.org/10.1038/s41398-020-0704-2
https://doi.org/10.21037/atm-20-4411
https://doi.org/10.1039/d0fo00373e
https://doi.org/10.1038/s41380-019-0380-x
https://doi.org/10.1038/s41380-019-0380-x
https://doi.org/10.3389/fphar.2018.00967
https://doi.org/10.1016/j.bbi.2019.03.006
https://doi.org/10.1016/j.bbi.2019.03.006
https://doi.org/10.1038/s41598-019-40140-5
https://doi.org/10.1113/jp276431
https://doi.org/10.1371/journal.pone.0150559
https://doi.org/10.1016/j.psyneuen.2015.10.001
https://doi.org/10.1016/j.psyneuen.2015.10.001
http://refhub.elsevier.com/S0006-291X(22)01319-5/sref36
http://refhub.elsevier.com/S0006-291X(22)01319-5/sref36
https://doi.org/10.1016/j.biopha.2019.108621
https://doi.org/10.1016/j.biopha.2019.108621
http://refhub.elsevier.com/S0006-291X(22)01319-5/sref38
http://refhub.elsevier.com/S0006-291X(22)01319-5/sref38
http://refhub.elsevier.com/S0006-291X(22)01319-5/sref38
http://refhub.elsevier.com/S0006-291X(22)01319-5/sref38
http://refhub.elsevier.com/S0006-291X(22)01319-5/sref38

	Comparison of the chronic unpredictable mild stress and the maternal separation in mice postpartum depression modeling
	1. Introduction
	2. Materials and methods
	2.1. Animals
	2.2. MS and CUMS modeling
	2.3. wt of dams and pups
	2.4. Behavioral tests
	2.5. Quantitative RT-PCR
	2.6. Immunohistochemistry
	2.7. Enzyme-linked immunosorbent assay (ELISA)
	2.8. 16S rDNA sequencing
	2.9. Statistical analysis

	3. Results
	3.1. Comparisons of behaviors between MS model and CUMS model
	3.2. The expression of PPD related genes in brain were detected by RT-qPCR
	3.2. The expression of PPD related genes in brain were detected by RT-qPCR
	3.3. The contents of related substances in plasma and cortex were detected by ELISA
	3.3. The contents of related substances in plasma and cortex were detected by ELISA
	3.4. CUMS model and MS model showed different changes in BDNF
	3.5. 16s rDNA sequencing
	3.5.1. Alpha diversity
	3.5.2. Beta diversity
	3.5.3. Composition of bacterial community structure
	3.5.4. Significant species differences


	4. Discussion
	Funding source
	Author contribution statement
	Acknowledgements
	References


	fld98: 
	fld99: 
	fld140: 
	fld159: 
	fld166: 
	fld167: 
	fld193: 
	fld228: 


