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Gestational stress can exacerbate postpartum depression (PPD), for which treatment options remain limited.
Environmental enrichment (EE) may be a therapeutic intervention for neuropsychiatric disorders, including
depression, but the specific mechanisms by which EE might impact PPD remain unknown. Here we examined the
behavioral, molecular, and cellular impact of EE in a stable PPD model in rats developed through maternal
separation (MS). Maternal rats subjected to MS developed depression-like behavior and cognitive dysfunction
together with evidence of significant neuroinflammation including microglia activation, neuronal apoptosis, and
impaired synaptic plasticity. Expanding the duration of EE to throughout pregnancy and lactation, we observed
an EE-associated reversal of MS-induced depressive phenotypes, inhibition of neuroinflammation and neuronal
apoptosis, and improvement in synaptic plasticity in maternal rats. Thus, EE effectively alleviates neuro-
inflammation, neuronal apoptosis, damage to synaptic plasticity, and consequent depression-like behavior in
mother rats experiencing MS-induced PPD, paving the way for new preventive and therapeutic strategies for

Environmental enrichment

PPD.

1. Introduction

Postpartum depression (PPD) is a serious mental illness character-
ized by the clinical symptoms of depression, tiredness, insomnia, inap-
propriate guilt, and excessive attention or indifference to the infant for
at least two weeks (Raza and Raza, 2023; Yun et al., 2019). PPD is the
most common complication of childbirth, with suicide related to PPD
accounting for ~20% of postpartum deaths (Lindahl et al., 2005).
Maternal depression can also adversely affect the behavioral, emotional,
and cognitive development of infants, who can exhibit lower social
participation, less mature regulatory behavior, more negative emotions,
and higher cortisol responsiveness (Feldman et al., 2009; Halligan et al.,
2007; Zhao and Zhang, 2020). Therefore, it is imperative to understand
the underlying neurobiological mechanisms of PPD.

Chronic stress during pregnancy can induce depression and anxiety
behaviors in postpartum rats along with maternal nursing defects

(Lancaster et al., 2010; Miller, 2002). Continuous maternal separation
(MS) is thought to simulate impaired infant-mother relationships asso-
ciated with PPD, and this model has been used to simulate PPD in ro-
dents (Alves et al., 2020). There are several putative neuroendocrine,
epigenetic, and neuroinflammatory biomarkers of patients at high-risk
of PPD. For example, reduced oxytocin levels may predict PPD and its
severity (Skrundz et al, 2011; Thul et al.,, 2020), and elevated
B-endorphin levels (Yim et al., 2010) and reduced platelet serotonin
(Maurer-Spurej et al., 2007), omega-3 (Shapiro et al.,, 2012), and
vitamin D (Robinson et al., 2014) levels have all been associated with an
increased risk of PPD. Genome-wide association studies have also
identified candidate genes and pathways associated with PPD, many of
which have previously been associated with severe depression such as
serotonin transporter, tryptophan hydroxylase-2, catechol-O-methyl-
transferase, monoamine oxidase, and brain-derived neurotrophic factor.

Pregnant women show measurable decreases in cognitive ability
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(Henry and Sherwin, 2012). In contrast to severe depression and
cognitive impairment, the pathogenesis of postpartum symptoms ap-
pears to be more related to psychosocial stress or nerve damage, perhaps
as a result of hormonal fluctuations (Bloch et al., 2003; Brummelte and
Galea, 2010; Pariante and Lightman, 2008; Becker et al., 2016). The
hippocampus plays a central role in dealing with emotion and cognition
(Korotkova et al., 2018), and there is now good evidence that the hip-
pocampus is involved in stress responses related to the pathogenesis of
postpartum emotional and cognitive dysfunction (Pawluski and Galea,
2007; Baka et al.,, 2017). According to the synaptic hypothesis of
depression (Hajszan, 2020), perinatal stress causes neuroplastic changes
in the maternal brain, which may lead to postpartum affective disorders
and cognitive impairment (Pawluski et al., 2016). Hippocampal
dysfunction in patients with severe depression is associated with
reduced hippocampal volume, inhibition of hippocampal neurogenesis,
and synaptic loss in adults, and these structural injuries can be prevented
or reversed by antidepressant therapy (Hajszan, 2020; Sheline et al.,
2003; Duman and Monteggia, 2006). It used to be thought that the
number of neurons in the brain was fixed during adulthood, but it has
now been confirmed that neurogenesis can still occur in certain brain
regions during adulthood (Wu et al., 2020). In particular, neurogenesis
is a persistent physiological phenomenon in regions such as the hippo-
campus and the olfactory bulb (Wu et al., 2020). Neurogenesis may play
an important role in processes such as learning, memory and emotion
regulation (Murai et al., 2016). Several studies have shown that neu-
rogenesis is associated with improved cognitive function, antidepressant
effects, and coping with stress (Murai et al., 2016). Newborn neurons
need to form the correct synaptic connections, which is closely related to
synaptic plasticity. Several studies suggest that increased neurogenesis
may promote neuroplasticity and improve learning and memory func-
tions (Mohammad et al., 2018). The isolation-induced behavioural
syndrome is accompanied by reductions in PFC volume and hippocam-
pal synaptic plasticity (Fone and Porkess, 2008). Mitochondrial disease
and depression reportedly lead to diminished hippocampal synaptic
plasticity and neuronal atrophy, but SNS can alleviates depression-like
behavior via improve hippocampal synaptic plasticity (Deng et al.,
2022). A single prolonged maternal separation leads to maladaptive
changes that persist into adulthood including changes in hippocampal
adult neurogenesis and synaptic plasticity (Hu et al., 2020; Oomen et al.,
2010).

Neuroinflammation is another neurobiological mechanism impli-
cated in PPD (Troubat et al., 2021; Won and Kim, 2020), and it may play
an important role in susceptibility to perinatal mood disorders. Inter-
leukin (IL)-6 and IL-1p levels are positively correlated with depression
scores in postpartum women (Cassidy-Bushrow et al., 2012), and
elevated IL-6 and TNF-a during delivery are associated with PPD
(Boufidou et al., 2009; Sluiter et al., 2020). High levels of IL-1p are also
associated with suicidal thoughts during pregnancy (Szpunar et al.,
2021). C-X-C motif chemokine 1 (CXCL1) has been reported to be
significantly increased in women with PPD (Brann et al., 2020). In
general, the levels of many cytokines change after delivery and may
therefore act as inflammatory biomarkers of PPD. NLRP3 inflammatory
bodies are protein complexes that play an important role in neuro-
inflammation (Huang et al., 2021) by converting pro-caspase-1 into
mature caspase-1, which subsequently mediates the activation of
pro-inflammatory cytokines (IL-1p and IL-18) (Zhu et al., 2020),
inflammation, and cell death (Huang et al., 2021; Zhu et al., 2018). In
PPD mice, glial NLRP3 inflammatory bodies are activated in the hip-
pocampus (Zhu and Tang, 2020), and activation of NF-kB/NLRP3/cas-
pase-1 has also been detected in the hippocampus of PPD rats (Abdul
Aziz et al., 2021).

Environmental enrichment (EE) describes a type of environmental
manipulation in which the complexity and novelty of the physical and
social environment are increased (Leggio et al., 2005; Volkmar and
Greenough, 1972). EE has been widely used to study the impact of
environmental factors on learning and memory. Since its first
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description by Hebb in 1949, it has been widely proven to benefit health.
Since environmental complexity induces neurogenesis and dendritic
complexity in the hippocampus, it may provide a means to study the role
of environmental factors in reducing anxiety and depression-like
behavior (Pittenger and Duman, 2008). Enriched environments can be
viewed not only as an external source of rich stimuli, but also as
providing space for individual behaviours that shape the individual’s
brain plasticity patterns and thus their functioning (Kempermann,
2019). EE can exert powerful effects on neural plasticity, determining a
conspicuous enhancement, for instance, of hippocampal synaptic plas-
ticity in adult animals (Sale et al., 2014). EE activates ActA via the
NMDAR-Ca2"-ActA pathway, which in turn activates the Wnt/fcatenin
pathway and regulates synaptic plasticity, playing an important role in
learning (Zhang et al., 2021). EE treatment improves maternal sleep
deprivation-induced cognitive deficits by offspring histone acetylation
and synaptic plasticity markers (Zhang et al., 2023). Conditions of the
normal environment did not have any effect on baseline synaptic
transmission and presynaptic plasticity, but housing the animals in EE
rescued the impairment of LTP induction induced by 2-VO (Bayat et al.,
2015). Different environmental conditions after SAH, may affect the
miRNA levels associated with synaptic plasticity and microtubule or-
ganization in the frontal lobe, and this might have some effects espe-
cially on cognitive and motor functions related to this brain area (Ergen
et al., 2021). Enriched environments prevent old rats from the
aging-dependent impairment of cognition and plasticity. Spatial work-
ing memory deficits decrease in enriched rats, in association with an
increased neuronal plasticity, as compared with standard reared rats
(Arnaiz et al., 2004). EE can reduce the negative effects of stress by
acting on the same neural pathway or on different neural pathways at
the same time. However, most EE studies focus on offspring, and while a
few studies have used EE in PPD, the underlying relationships and
mechanisms are not fully understood. It has been reported that EE
during and after pregnancy can reverse maternal anxiety and
depression-like behavior (Sparling et al., 2020). EE exposure affects the
function of the hypothalamus-pituitary axis (HPA) by reducing stress
hormones, including corticotropin (ACTH) and corticosterone (Belz
et al., 2003), and EE has been shown to activate the oxytocin system in
the brains of mice (Rae et al., 2018).

Here we combined behavioral studies with molecular and morpho-
logical analyses to study the impact of EE on depression induced by MS
in postpartum rats. EE improved depression-like behavior and cognitive
function in postpartum rats, and these effects were related to hippo-
campal neuroinflammation and neuroplasticity. EE significantly down-
regulated NLRP3 and proinflammatory cytokine expression (e.g., IL-1p
and TNF-a), inhibited microglia, and decreased neuronal apoptosis in
the hippocampus induced by MS in postpartum rats. The neuroplastic
defects and neurological damage induced by MS in rats improved after
EE, proposing EE as a treatment for PPD.

2. Materials and methods
2.1. Animals and maternal separation

Twenty-eight nulliparous female Sprague Dawley female rats and 14
male Sprague Dawley rats (6-8-weeks-old) were purchased from the
Animal Research Centre of Sanxia University (Yichang, China). All rats
were raised in the experimental holding areas (12 h light/dark cycle at
23 £ 1 °C, 50 + 10% relative humidity, with lights on from 08:00 to
20:00, ad libitum access to dry food pellets and water) following WHU
ethics protocols (WDRM202300297). Body weight was recorded daily
during the experimental period. After one week of acclimatization, male
and female rats were mated after combining cages in a 1:2 ratio, and
males were removed after checking for vaginal plugs early the next
morning to confirm pregnancy.

Maternal separation (MS) took place from PND (post-natal day) 1,
according to standard procedures (Deng et al., 2022). In brief, pups were
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removed for 4 h between 10:00 and 12:00 and 14:00 and 16:00, after
which pups were returned to their home cages with their mother. The
litters of control mothers were not removed from their home cages in
those periods. Food and water were always available during the exper-
iment. Weaning took place at PND 21, after which all litters were
removed for use in other research. All measurements were carried out on
these maternal rats.

2.2. Environmental enrichment and groups

The experimental protocol is summarized in (Fig. 1A). The 28
maternal rats were divided into four groups: non-MS with standardized
environment group (SE-NC, N = 7); non-MS with environmental
enrichment group (EE-NC, N = 6); MS with standardized environment
group (SE-MS, N = 7); and MS with environmental enrichment group
(EE-MS, N = 8).

Rats in the EE group was placed in transparent ventilated plastic
cages measuring 60 x 45 x 35 cm for six weeks for environmental
enrichment treatment (Maas et al., 2020). Exercise facilities such as tree
holes, platform tunnels, teeter-totters, swings, running wheels, and
climbing ladders were placed in the cages to promote locomotor
development; floral scented balls, bath salts, and floral bedding were
placed in the cages to promote olfactory development; and beads and
plush balls of different shapes and colors were placed in the cages to
promote visual and tactile development. Water and food were placed in
a fixed location and different foods such as melon seeds, peanuts, and
dried worms were occasionally given to supplement nutrition. At the
same time, we replaced and cleaned all items every four days to achieve
the effect of "enriching the environment" (Fig. 1B).
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2.3. Behavioral assays

All behavioral tests were performed during the light phase in a
temperature- (22-24 °C) and humidity- (40%-60%) controlled room
illuminated by eight 32 W fluorescent lights (EPM apparatuses were 7
feet away from the light source; SPT was carried out in boxes where the
light source was a single 0.6 W light bulb). All behaviors were carried
out between 9 a.m. and 6 p.m. SPT behavior was assessed in soundproof
behavioral boxes. All behaviors were measured without the experi-
menter being present in the room. Behavioral equipment was cleaned
with 75% ethanol between individual animals.

Open field test (OFT): The OFT was conducted to measure the effect
of EE on general locomotor ability and depression-like and anxiety-
related behavior (Orefice et al., 2019). Rats were placed in a
custom-made open field chamber (100 x 100 x 40 cm) and their
movement recorded and analyzed for 5 min using video-tracking soft-
ware (Noldus, Wageningen, the Netherlands).

Elevated plus maze (EPM): The EPM test is used to measure
anxiety-related behavior in rodents (Cerniauskas et al., 2019). During
the test, rats explore a plus-shaped maze (length of each arm: 50 cm).
Two arms were closed (wall height: 40 cm) and two arms were open.
Rats typically spent time exploring all arms, but spending significantly
more time in the closed arms than the open arms indicates
anxiety-related behavior. Animals were placed in the EPM for 5 min,
their movement recorded via an automated video tracking system
(Noldus), and the time spent in open and closed arms calculated. Ex-
perimenters were blinded to group allocation and outcome assessment.

Forced swim test (FST): The FST is a behavioral challenge assay
that assesses passive coping and despair responses (Cerniauskas et al.,
2019). Rats were placed in a transparent glass beaker filled with tap
water at 25 °C. The water level in the beaker was high enough so that
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Fig. 1. EE attenuates depression-like behaviors in MS-induced postpartum rats with depression.

(A) Schematic representation of the MS procedure and EE treatments in rats. (B) The environmental enrichment paradigm. (C-F) The open field test. (G) The Barnes
maze Test. (H) The sucrose preference test. (I) The forced swimming test. (J-L) The novel object recognition test. All data are expressed as mean + SEM (n = 6-8 per
group). *p < 0.05, **p < 0.01, ***p < 0.001 by two-way ANOVA with Tukey’s post-hoc analysis. NS, no significance.
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rats could not touch the bottom of the beaker while trying to stay afloat.
The behavioral test lasted for 6 min, and rats were recorded on video
during the entire session. Typically, at the beginning of the test (first 2
min), rats struggled vigorously but eventually switched to a more pas-
sive floating state, so only the last 4 min were analyzed. The time spent
struggling was measured by blind scoring of the video after completion
of testing. Experimenters were blinded to group allocation and outcome
assessment.

Sucrose preference test (SPT): The SPT assesses an animal’s pref-
erence for a sweet solution (1% w/v sucrose dissolved in water) relative
to plain water, and failure to do so is indicative of anhedonia, a core
symptom of depression (Cerniauskas et al., 2019). Volume or weight of
sucrose or water consumed was measured. Animals were water
restricted overnight before the experiment. Bottle side and animal group
tested were counterbalanced between each trial. Testing was for 1 h and
24 h, and the percentage of sucrose solution over total consumption was
calculated. Experimenters were blinded to group allocation and
outcome assessment.

Barnes maze test: We examined spatial memory with the Barnes
maze (Carvalho et al., 2019), which was elevated 140 cm above the floor
and consisted of 20 holes located evenly at the surface periphery, each
10 cm in diameter. The target box was a hole connecting to a dark
chamber, allowing the animal to escape from bright light exposure. The
day before the formal experiment, animals were adapted to the target
box for 4 min. On the first day, each animal was placed in the center
black cube of the maze for 5 s and permitted to explore the maze to find
the target box when the cube was removed. Once the animal entered the
escape box, it was left there for 30 s; if it failed to find the target box
within 3 min, it was taken to the target box and allowed to remain in the
target box for 1 min. Each animal underwent two trials during the day
with an interval of 4 h. The latency time to reach the target box was
recorded. The test was performed over 4 days. The whole process was
monitored by a digital camera and a computer system.

New object recognition: Briefly, animals were adapted to the
organic plastic experimental facility of 40 x 40 x 40 cm every day and
then returned to the cage after 10 min free exploration for three
consecutive days. On the fourth day, two identical objects (block-shaped
toys) were placed opposite each other on one side of the site. The mice
were gently placed in the position of the two objects, with their back to
them (familiar stage). After 10 min of exploration, the animal was
removed and returned to its cage. Exploration was defined as pointing
the nose at an object (distance of <2 cm) and/or touching an object with
the nose. Animals showing a preference for objects during the process of
familiarity were excluded from the analysis. After 1.5 h, one of the two
same objects was replaced by a different object, named the “old” object
and the “new” object. The time when the mice explored the two objects
was recorded. The new object recognition (NOR) index (%) was calcu-
lated as (time to explore new objects/total time to explore two objects:
time to explore old objects/total time to explore two objects) x 100%.

2.4. Sample collection

After completing behavioral testing on weaning, animals were
sacrificed using 2% pentobarbital (50 mg/kg, i.p.). Hippocampal tissue
was taken from 4 to 5 animals in each group and frozen immediately in
dry ice and then transferred to —80 °C storage until required for further
gene and protein expression analyses. The whole brains of 3-4 rats per
group were removed and fixed in 4% paraformaldehyde for subsequent
histopathologic analysis (including Golgi-Cox staining) and immuno-
fluorescence analysis.

2.5. Protein extraction and Western blot analyses
Briefly, protein was extracted from hippocampal tissue using RIPA

lysis buffer (65 mM Tris-HCI pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% NP-
40, 0.5% sodium deoxycholate, and 0.1% SDS) and quantified. Protein
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samples were separated on 8% or 10% SDS-PAGE gels and transferred to
PVDF membranes (IPVH00010; Millipore, Billerica, MA, USA), which
were blocked with 5% skimmed milk in TBST. Membranes were incu-
bated with the indicated primary antibodies overnight at 4 °C and then
with secondary horseradish peroxidase (HRP)-conjugated antibodies for
1 h at room temperature. Protein expression signals were detected by a
ChemiDoc MP Imaging System (Bio-Rad, Hercules, CA, USA). p-actin
was used as the equal loading control. All antibodies used in this study
are listed in Supplementary Table 1.

2.6. RNA extraction and quantitative PCR analysis

Total RNA was extracted with Trizol. qPCR analysis was performed.
mRNA expression levels of target genes were normalized to those of the
B-actin-encoding gene Actb. The primer pairs used in this study are
shown in Supplementary Table 2.

2.7. cDNA library preparation, RNA sequencing, and data processing

Total RNA was extracted from hippocampus samples using TRIzol
reagent following the manufacturer’s instructions (Thermo Fisher Sci-
entific, Waltham, MA). Sequencing libraries were generated using the
MGIEasy RNA Library Prep Kit according to the manufacturer’s rec-
ommendations (MGI Tech, Shenzhen, China), which involved RNA
fragmentation, cDNA synthesis, end repair, adapter ligation, and PCR
amplification. The prepared libraries were then sequenced on a
MGISEQ-2000 platform, generating 50 bp single-end reads for further
analysis.

The raw RNA-seq reads were subjected to quality control using
SOAPnuke (v2.0.7) to remove adapter sequences and low-quality reads
(with N content >5%). After quality control, the clean reads were
aligned to the canine reference genome Cfam1.0 (RefSeq) using hisat2
(v2.1.0). Following alignment, read counts for each gene were calcu-
lated using StringTie (v1.3.3b). Subsequently, the limma R package was
used to identify differentially expressed genes.

For GSEA, GO or Reactome gene sets (v.5.1) were downloaded from
the Molecular Signatures Database (MSigDB) website (https://www.gse
a-msigdb.org/gsea/msigdb/). GSEA was performed on normalized
expression data using the R package fgsea (v1.20.0). Pathways with a p-
value <0.05 were considered significant.

2.8. Histopathologic analysis

TUNEL staining: TUNEL staining was performed on paraffin-
embedded sections using the In Situ Cell Death Detection Kit, Fluores-
cein (ZSGB-Bio, China) according to the manufacturer’s instructions.
Slides were incubated for 30 min at 37 °C in 20 pg/ml proteinase K
working solution, rinsed with PBS, and the area around the sample
dried. The slides were then incubated with 50 pl of TUNEL reaction
mixture containing terminal deoxynucleotidyl transferase (TdT) for 60
min in a dark, humidified atmosphere at 37 °C. After rinsing three times
with PBS, slides were analyzed for positive cells.

Nissl staining: For Nissl staining, sections were stained in Nissl
staining solution (cat# C0117, Beyotime, China) for 5 min, washed with
double-distilled water, and mounted with Permount. Images were
captured under a light microscope. Neurons with visible nuclear and
relatively complete cellular morphology were counted using ImageJ
software.

Golgi-Cox staining: Golgi-Cox staining was performed using a
commercial staining kit (Hito Golgi-Cox OptimStain Kit, Hitobiotec
Corp, Kingsport, TN) to characterize potential changes in the density
and features of neuronal dendritic spines. The whole brain was soaked in
the staining solution at room temperature for 14 days avoiding light
according to the instruction manual. Tissues were prepared as 60-pm
paraffin sections. Images were captured using a confocal microscope
(LSM880, Zeiss, Jena, Germany). 3-D reconstruction was performed
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using Imaris software (v.9.0.1, Bitplane AG, Schlieren, Switzerland) to
detect categories of dendrite spine, where cells with straight terminal
branches with clear resolution of spines and longer than 10 pm were
selected for dendritic spine counting and analysis.

2.9. Immunofluorescence staining

For immunofluorescence microscopy, paraffin sections were labeled
with primary antibodies overnight, followed by incubation with a suit-
able fluorophore-conjugated secondary antibody for 1 h. Immunofluo-
rescence images were obtained using a fluorescence microscope with
DP2-BSW software (v2.2, Olympus, Tokyo, Japan). All antibodies used
in this study are listed in Supplementary Table 3.

2.10. Statistical analysis

All data were analyzed using the appropriate statistical analysis
methods with GraphPad Prism 8.0 software (GraphPad Software, San
Diego, CA, USA), and the data are expressed as means + SEM. Student’s
t-test was used to analyze differences between two groups, while two-
way ANOVA was applied for multiple comparisons, followed by
Tukey’s post hoc testing (for data showing homogeneity of variance).
For datasets with skewed distributions, nonparametric statistical anal-
ysis was performed using the Mann-Whitney U test for two groups. A p-
value <0.05 was considered statistically significant.

3. Results

3.1. EE attenuates depression-like behavior in MS-induced postpartum
rats with depression

After cohabiting and confirming that the parent mother was preg-
nant the next morning, parent mothers in the EE group were randomly
transferred to a rich environment or their normal cages until the end of
the experiment (Fig. 1A). Maternal rats showed general depression-like
and anxiety-like behavior and cognitive impairment after maternal
separation, and EE reversed this change (Fig. 1C-L). Open field testing
showed that EE alleviated anxiety-like behavior (Fig. 1C-F) in maternal
rats induced by MS, the latter shown by a decrease in activity in the
central area, including the number of times entering the central area
(Fig. 1C; F (1, 24) = 6.758, p = 0.0157, SE - MS vs EE - MS, p = 0.1072)
and the time staying in the central area (Fig. 1D; F (1, 24) = 8.900, p =
0.0065, SE - MS vs EE - MS, p < 0.01). The total activity distance
(Fig. 1E; F (1, 24) =5.277, p = 0.0306, SE - MS vs EE - MS, p < 0.05) and
average velocity (Fig. 1F; F (1, 24) = 7.694, p = 0.0106, SE - MS vs EE -
MS, p < 0.05) to show activity desire was also significantly lower in the
MS group and reversed to control/baseline by EE.

Similarly, using FST to detect despair and SPT to detect a loss of
pleasure, FST showed that the immobility time of maternal rats was
significantly prolonged by MS and EE reversed this change (Fig. 1L; F (1,
24) = 10.57, p = 0.0034, SE - MS vs EE - MS, p < 0.01). Sucrose pref-
erence was tested over 1 h and 24 h and, in the former but not the latter,
MS rats showed a significant decrease in sugar preference index, while
maternal rats in the EE group had a significant sugar preference (Fig. 1H;
1h:F(1,24)=20.57,p=0.0001, SE - MS vs EE - MS, p < 0.0001; 24 h: F
(1, 24) = 0.6776, p = 0.4185, SE - MS vs EE - MS, p = 0.8584).

We also examined the influence of EE on cognitive function using the
Barnes maze test and new object recognition experiment. After four days
of Barnes maze testing, maternal rats subjected to MS showed obvious
impairment of memory and spatial location recognition, although each
group of maternal rats showed a certain degree of learned accuracy
(Fig. 1G; day 1: F (1, 24) = 5.632, p = 0.0260, SE - MS vs EE - MS, p <
0.05; day 2: F (1, 24) = 4.577, p = 0.0428, SE - MS vs EE - MS, p < 0.05;
day 3: F (1, 24) = 8.666, p = 0.0071, SE - MS vs EE - MS, p < 0.05; day 4:
F(1,24) =6.278,p = 0.0194, SE - MS vs EE - MS, p = 0.0727). Similarly,
the new object recognition experiment showed that the frequency
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(Fig. 1J; Familiar object: F (1, 24) = 11.11, p = 0.0028, SE - MS vs EE -
MS, p < 0.01; Novel object: F (1, 24) = 4.092, p = 0.0544, SE - MS vs EE -
MS, p = 0.0708) and time (Fig. 1K; Familiar object: F (1, 24) = 7.493, p
=0.0115, SE - MS vs EE - MS, p < 0.001; Novel object: F (1, 24) = 2.968,
p = 0.0978, SE - MS vs EE - MS, p = 0.1375) of exploring novel objects
and cognitive index (RI) (Fig. 1L; Duration: F (1, 24) = 15.23, p =
0.0007, SE - MS vs EE - MS, p < 0.0001; Frequency: F (1, 24) = 8.515, p
= 0.0075, SE - MS vs EE - MS, p < 0.001) of MS rats decreased signifi-
cantly, while EE significantly reversed this change.

3.2. Transcriptional profile governed by EE

To further explore the biological mechanisms by which the EE im-
proves depression-like behaviors caused by MS, hippocampal samples
from the EE-MS and SE-MS groups were subjected to transcriptome
sequencing. Principal component analysis (PCA) revealed distinct sep-
aration of EE-MS and SE-MS rats based on gene expression profiles
(Fig. 2A).

Screening differentially-expressed genes (DEG) between the EE-MS
and SE-MS groups, 104 genes were downregulated and 57 were upre-
gulated (Fig. 2B). Gene Ontology (GO) analysis and Reactome data
analysis (Fig. 2C) revealed that neuroinflammation, neuroplasticity, and
apoptosis pathway-related processes were significantly related to EE,
with neuroinflammation and apoptosis pathway-related processes
significantly enriched in the SE-MS group and neuroplasticity-related
processes significantly enriched in the EE-MS group. Significant DEGs
related to these three biological processes are shown in Fig. 2D-F.

3.3. EE reverses neuroinflammation in the hippocampus

Transcript analysis of hippocampal tissue from maternal rats
revealed significantly upregulated inflammation after MS, and neuro-
inflammation may be an important phenotype of depression-like
behavior mediated by MS stimulation. To verify these transcriptome
results, JQPCR was used to detect common inflammatory markers and
inflammatory body NLRP3, IL-1f, TNF-a, and NLRP3 were significantly
upregulated after MS modeling, while EE significantly downregulated
these markers (Fig. 31; IL-1f: F (1, 8) = 69.12, p < 0.0001, SE - MS vs EE -
MS, p < 0.0001; TNF-a: F (1, 8) = 20.66, p = 0.0019, SE - MS vs EE - MS,
p < 0.001; NLRP3: F (1, 8) =5.414, p = 0.0484, SE - MS vs EE - MS, p <
0.05). Immunofluorescence analysis (Fig. 3A-F; IL-14: F (1, 12) = 13.78,
p =0.0030, SE - MS vs EE - MS, p < 0.001; TNF-: F (1, 12) = 21.23, p =
0.0006, SE - MS vs EE - MS, p < 0.0001; NLRP3: F (1, 12) = 18.08,p =
0.0011, SE - MS vs EE - MS, p < 0.001) and western blotting (Fig. 3G and
H; IL-1p: F (1, 8) = 43.39, p < 0.0002, SE - MS vs EE - MS, p < 0.05; TNF-
o:F(1,8)=69.18,p < 0.0001, SE - MS vs EE - MS, p < 0.0001; NLRP3: F
(1, 8) = 773.8, p < 0.0001, SE - MS vs EE - MS, p < 0.0001) confirmed
transcript-level changes at the protein level. Furthermore, microglia are
recognized as the most important phagocytes in the central nervous
system, mediating inflammatory activation and phagocytosis in the
brain. Quantification of IBA1, a microglia marker, showed that maternal
rats treated with MS showed microglial activation that was mitigated by
EE (Fig. 3G and H; IBA1: F (1, 8) =7.069, p = 0.0289, SE - MS vs EE - MS,
p < 0.05). It is possible that microglia and NLRP3 mediate
neuroinflammation.

3.4. EE improves neuronal apoptosis and neurogenesis induced by MS

The renewal and neurogenesis of cerebral neurons are essential to
CNS function (Lim et al., 2016). To examine whether EE reverses the
effects of MS on parental rats by affecting neuronal apoptosis and neu-
rogenesis, we measured key apoptotic proteins by immunofluorescence
(Fig. 4A-D; TUNEL: F (1, 12) = 18.34, P < 0.0011, SE - MS vs EE - MS, p
< 0.001; NeuN: F (1, 11) = 10.09, p = 0.0088, SE - MS vs EE - MS, p <
0.05) and western blotting (Fig. 4G and H; Caspase 9: F (1, 8) = 2069, p
< 0.0001, SE - MS vs EE - MS, p < 0.0001; Caspase 3: F (1, 8) = 566.8, p



G. Chen et al. Neurobiology of Stress 30 (2024) 100624
3
m NES
60+ 3 2 | -
> -
a 10 1
40| s 1
B g
8 20 z 0
N
o 5 -1
£ 4l o 2
-2
-20 o
X010 O L LS @RS QAR X LS AQD DD D B> B P
40 SR SSRGS e Rtaa et el
I Ly 5 o T 55, &S 6@‘50”’a«\\\o{\\’b@%&”c)\'&&@é\\\\erb&ﬁ\o'b\oQ( 'b(’@b,-o\q‘\ BRI TP PP ERL
-75 -50 -25 0 5 50 S A S K TS e B BN 500 R0 0 20 ) O SR OO L AOFE O
& O TAUE L XE RF VL FEEE 20 0 @, S 9 18 0 %0, ARB LR RP SR
9 o+ O OO O O R PO @R DS LD DD B S
B PC1(32.3%) SETRRIES, &62\00{%::;620&?,0&\\2Q{Q§o§0i q,oéeiggo%w?oé@&ﬁo%@é@é@é\% R
NG5 S PG S 2GR, O @ T 62 2L B AN £ 70 RS I DT IRORTN N
FENEO N FE N EN O PN 0 oo SO & S O XS LN
41 104 57 .@Q@%@QO&%Q Czﬁio"’g)%\‘ffb@i\‘gj Zo“’i@i%(\rb‘fe}"\ *”’000020‘-’\&%2\&%:@°"2®Q\&7%”§"f %’0\;@%@@
S & L S TR BLS O R S G0 YO DRSNS
oﬁ,\cﬁo\ O R OO VRS WL o5 C L Lo SO°
KN SO & K8 AOCQEN O > O & DN & & oo S
°® C‘oié‘:@z e%\gf‘é KL S.\\o%o:oo‘}}i':&'i}\ 0@9 @\Z,z’iﬁg\\i:\q@%@@%&ogzé\é 4
P - GSS @ 558 & e OISR O
° °o L] PO X SO GO O & DEO OO AS RS NI S SO S
El ° . $of S RS Kow  O® S S0 S0t el
st “..‘: ot & Q:}q’\\ I c«’é%?o R s Oo;oc’*c '\\0%0{(2:6'\ o SO
O 72 O O X O Q 9@
2 v i © N : C‘?}\\A@& & e & e}& @\)Q’Q’\ (b\é\ fb‘/bzé\‘\\\
S FE 4 S NN
3 o 5% $ & o2 o
T ° Pf' . Pe (&f & N I
o} Q¢ ) S &
1 © o SR
© >
S
&
&
0 &
T T T QC)
-5.0 -25 0.0 25 5.0 o
Log2(Fold Change) o
D Apoptosis E Neuroplasticity F Inflammation
@ } S
& | ‘2
% [] )
<
k\“ u O] 78
= == o=
TT 30 = »- 38 S oo T SQwx@eo =9
_\omg L2 ﬁ%b’ 343\;‘1» g {3 52 0T H® 3 § a&g &Z\Aa
[ - | |
1 1 1 I OO —~ 1 1 ] o o - -
NS o Ty = = © @ o
o o (3]

Fig. 2. Transcriptional profiles governed by EE.

(A) Principal component analysis (PCA) of the EE-MS and SE-MS groups. (B) Volcano plot of the EE-MS and SE-MS groups generated by screening two groups of
differential expressed genes (DEG). (C) Gene Ontology (GO) and Reactome data analysis. (D) Heatmap used to visualize significant apoptosis-related DEGs. (E)
Heatmap used to visualize significant neuroplasticity-related DEGs. (F) Heatmap used to visualize significant neuroinflammation-related DEGs.

< 0.0001, SE - MS vs EE - MS, p < 0.0001; bax: F (1, 8) = 297.0, p <
0.0001, SE - MS vs EE - MS, p < 0.0001; bcl-2: F (1, 8) = 181.6, p <
0.0001, SE - MS vs EE - MS, p < 0.0001). Caspase3/9 and Bax increased
significantly after MS modeling, suggesting increased apoptotic activity
associated with a decrease and loss of neurons, while EE decreased
expression of these markers, indicating that apoptosis was significantly
inhibited after EE to protect neurons. Consistent with these
pro-apoptotic molecules, as an inhibitor of apoptosis, BCL-2 (B-cell
lymphoma 2) was inhibited after MS modeling and its activity was
restored after EE. Nissl staining is commonly used to detect the state and
activity of neurons, and we found that there was significant neuronal
loss after the establishment of MS and preservation of hippocampal
neurogenesis (Fig. 4Eand F; F (1,12) =11.97, p = 0.0047, SE - MS vs EE
- MS, p < 0.01) in maternal rats experiencing EE.

3.5. EE diminishes impaired synaptic plasticity induced by MS

Depression is often accompanied by synaptic impairment, which
may be the structural basis of cognitive impairment in patients with
depression (Carrard et al., 2018). To further study whether EE regulates
impaired synaptic function after MS modeling, we detected the pre-
synaptic membrane marker GAP43, synaptic vesicle molecule SYN, and
postsynaptic membrane marker PSD95. MS significantly downregulated
synaptic structural molecules related to cognitive impairment, while EE
upregulated these molecules to restore cognitive function. Measuring
indicators of neuronal function and central system state such as BDNF
and c-fos, EE also prevented their downregulation caused by MS, as
verified by immunofluorescence (Fig. 5A-F; GAP43: F (1, 12) = 29.51, p

= 0.0002, SE - MS vs EE - MS, p < 0.05; PSD95: F (1, 12) =11.12,p =
0.0059, SE - MS vs EE - MS, p < 0.01; BDNF: F (1, 12) = 14.00, p =
0.0028, SE - MS vs EE - MS, p < 0.001), qPCR (Fig. 5I; GAP43: F (1, 8) =
9.422, p = 0.0154, SE - MS vs EE - MS, p < 0.05; SYN: F (1, 8) =8.710, p
= 0.0184, SE - MS vs EE - MS, p < 0.05; PSD95: F (1, 8) = 27.89, p =
0.0007, SE - MS vs EE - MS, p < 0.001; BDNF: F (1, 8) = 7.644, p =
0.0245, SE - MS vs EE - MS, p < 0.05), and western blotting (Fig. 5G and
H; GAP43: F (1, 8) = 17.55, P = 0.0030, SE - MS vs EE - MS, p < 0.001;
SYN: F (1,8)=10.33, p=0.0123, SE - MS vs EE - MS, p < 0.05; PSD95: F
(1, 8) =9.291, p = 0.0159, SE - MS vs EE - MS, p < 0.01; BDNF: F (1, 8)
= 11.08, p = 0.0104, SE - MS vs EE - MS, p < 0.05; c-Fos: F (1, 8) =
8.555, p = 0.0191, SE - MS vs EE - MS, p < 0.01).

3.6. EE improves the regeneration of dendritic spines induced by MS

Finally, we examined synapse ultrastructure. It is well known that
dendrites are not only involved in the formation of synapses, but also a
key structure connecting neurons to neurons and neurons to glial cells.
To examine whether EE affected the maintenance and loss of dendritic
spines, we used Golgi staining to clearly show the ultrastructure of
dendrites and dendritic spines. Synaptic density decreased significantly
after MS exposure (Fig. 6A and B; Spine density: F (1, 12) = 33.66, p <
0.0001, SE - MS vs EE - MS, p < 0.01), and EE significantly reversed this
decrease in the number of dendrite spines.

4. Discussion

Here we used the classical MS model as a rat model of PPD. In our
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(A-B) Representative immunostaining for IL-1p in the hippocampal DG subregion and its quantitative analysis. Scale bars, 100 ym. (C-D) Representative immu-
nostaining for TNFa in the hippocampal DG subregion and its quantitative analysis. Scale bars, 100 pm. (E-F) Representative immunostaining for NLRP3 in the
hippocampal DG subregion and its quantitative analysis. Scale bars, 100 pm. (G-H). Representative western blots of IL1f, TNFa, NLRP3, and IBA1 in the hippocampal
region and graphs showing relative protein expression. f-actin was the loading control. (I) Graphs showing relative mRNA expression of IL-18, TNFa, and NLRP3.
mRNA expression levels were normalized to those of f-actin in the qPCR assay. All data are presented as the means + SEM (n = 3-4 per group). *p < 0.05, **p <

0.01,

behavioral experiments, and consistent with our hypothesis, we found
that MS also increased anxiety and depression-like behavior in post-
partum dams. The finding that stress causes anxiety and depression-like
behavior in postpartum mothers is consistent with previous findings
(Salari et al., 2016; Smith et al., 2004). Sucrose preference experiment
was used to reflect the lack of pleasure in maternal separation-induced
postpartum depression in maternal rats, One issue that needs to be
clarified is that sucrose preference was tested over 1-h and 24-h, but
showed disparities between them. Depressive states may lead to alter-
ations in the function of the reward system in rats (Fox et al., 2020).
Over a short period of time, this alteration may have made the rats less
responsive to rewarding stimuli and therefore did not show a clear
preference for sugar water. However, over extended periods of time,
even in the depressed state, rats began to experience the rewarding
nature of sugar water and therefore showed a clear preference for sugar
water in the prolonged experiments. The depressive state may lead to
alterations in the rat’s neurotransmitter system, such as dopamine and
serotonin (McDevitt et al., 2011). For a short period of time, this bio-
logical alteration may make it difficult for rats to fully experience the
sense of reward from sugar water. However, over time, rats adapt to this
state and show a preference for sugar water. The depressed state made
the rats more anxious and restless, resulting in a weaker response to
novel stimuli and an inability to show a positive response to sugar water,

*p < 0.001 versus the SE-MS group by two-way ANOVA with Tukey’s post-hoc analysis. NS, no significance.

which may have inhibited the expression of a preference for sugar water
(McDevitt et al., 2011). However, over time, depressed rats gradually
adapted to the difference in taste between plain and sugar water,
thereby showing a clear preference for sugar water in the prolonged
experiment. At the same time, consistent with our hypothesis, EE during
pregnancy and postpartum repaired the behavioral and biological
changes induced by MS in the hippocampus.

EE is mainly used in the context of early-life adversity, and it is
thought that early EE can help reverse the serious emotional and psy-
chological problems caused by early life adversity, perhaps through
epigenetic mechanisms (Swartz et al., 2017). It is well known that
environmental factors interact with biological and genetic factors to
influence the development and health of organisms. Environmental
Enhancement (EE), a proven paradigm of positive environmental
manipulation, has been shown to have beneficial effects on the brain and
behaviour (Dandi et al., 2023). An enriched environment leads to
important changes in brain structure and function by altering gene
expression and protein levels, changing neurotransmitter systems and
other brain chemicals, and altering the structure of neurons and the
brain as a whole. Enriched environments have been shown to modify
behaviour and have a protective effect on seizure development (Kotloski
and Sutula, 2015). It has been previously reported that EE improves
CUMS-induced depressive-like behaviour and cognitive performance
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relative protein expression. p-actin was the loading control. All data are presented as means + SEM (n = 3-4 per group). *p < 0.05, **p < 0.01,

*p < 0.001 versus

the SE-MS group by two-way ANOVA with Tukey’s post-hoc analysis. NS, no significance.

and increases neuronal dendritic spine density by regulating the
miR-92a-3p/KLF2 pathway and inhibiting neuronal apoptosis (Ji and
Zhao, 2023). Prenatal stress-induced learning and memory deficits in
offspring can be corrected by enrichment of the environment by a
mechanism related to reduced plasma corticosterone and increased
hippocampal IGF-2 and Arc in offspring rats as a result of chronic
maternal stress during pregnancy (Guan et al., 2021). EE provides evi-
dence for neuroprotective effects in depression and cognitive deficits
through activation of the SIRT1/microRNA-134 pathway (Shen et al.,
2019). Effects of short environmental enrichment on early-life adversity
induced cognitive alternations in adolescent rats (Joushi et al., 2021).
enrichment can normalize chronic restraint stress-induced reduction in
Bdnf, and can prevent acute restraint stress-induced increase in Egrl
(Cordner et al., 2021). Environmental enrichment decreases chronic
psychosocial stress-impaired extinction and reinstatement of ethanol
conditioned place preference in male mice (Bahi and Dreyer, 2020). The
application of EE in sensitive periods of maternal development may
affect mothers in several different ways. For example, EE may improve
contact with cubs within the improved living environment. Mothers
experiencing pregnancy and the postpartum period undergo significant
neuroendocrine and behavioral changes caused by changes in maternal
physiological and environmental needs (Bukhari et al., 2019). Some
researchers believe that the maternal experience itself is a rich experi-
ence due to the interaction between endocrine changes and the need to
take care of the young (Feldman, 2020). Although there is a clear pos-
itive relationship between neuroendocrine changes during pregnancy
and the development of maternal behavior, the influence of EE on
maternal behavior is unclear. We exposed female rats to EE during
pregnancy and postpartum lactation and studied changes in hippo-
campal adult neurogenesis, neuroinflammation, and neuroplasticity.
Interestingly, a rich environment prevented hippocampal neuronal
inflammation and apoptosis associated with MS pressure, stimulating
cell proliferation and the formation of new neurons.
Neuroinflammation plays an important role in overcoming stress in
the brain (Cobourne-Duval et al.,, 2018; Wang et al., 2013).

Transcriptome analysis showed that there was significantly less in-
flammatory signal in the hippocampus of EE rats than in MS rats. EE may
improve non-specific neural responses in the hippocampus. We also
observed downregulation of many neurokines in the EE group, including
IL-18, TNF-a, and NLRP3 (NLR family, pyrrolidine domain 3) inflam-
matory body complex. NLRP3 is an intracellular polyprotein complex
that participates in many innate immune processes related to infection,
inflammation, and autoimmunity (Mehto et al., 2019). These signals or
stress exposures may be key factors in PPD. As the main immune cells in
the brain, microglia play a role in responding to brain stress, and
microglial activation is a typical phenotype of brain inflammation (Voet
et al, 2018). Our results suggest that the improvement in
depression-like behavior of maternal rats after EE exposure may be
related to a decrease in the neuroinflammatory response of NLRP3 in-
flammatory bodies and cytokines.

Patients with clinical PPD often have both cognitive impairment and
depressive symptoms (Gelaye et al., 2016). In our experiment, compared
with the MS model, EE significantly improved cognitive function.
Cognitive impairment is usually a sign of decreased synaptic function
(Spinelli et al., 2017). Proinflammatory cytokine IL-1p can directly act
on neurons or activate microglia through the blood-brain barrier, thus
altering synaptic plasticity (Wang et al., 2018; Miller and Raison, 2016).
On the other hand, the neurotoxic effect of neuroinflammation can lead
to synaptic remodeling, indicating that neuroplasticity also plays an
important role in the pathophysiology and antidepressant function of
depression (Wang et al., 2018). It has been reported that high levels of
inflammatory molecules reduce various neuroplasticity markers.
Indeed, NLRP3 and mature IL-1p play an important role in synaptic
plasticity and cognitive function (Miller and Raison, 2016). Adult neu-
rogenesis is a lifelong process in the brains of healthy adult mammals
(Shani-Narkiss et al., 2020). The hippocampus is an important brain area
responsible for advanced functions such as memory and cognition.
Reproductive experience, pregnancy, and lactation affect a woman’s
physiological and endocrine system (Bridges, 2016; Shingo et al., 2003;
Tomizawa et al., 2003). Reproductive hormones produced during
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Fig. 5. EE reduces impaired synaptic plasticity induced by MS.

(A-B) Representative immunostaining for BDNF in the hippocampal DG subregion and its quantitative analysis. Scale bars, 100 pm. (C-D) Representative immu-
nostaining for PSD95 in the hippocampal DG subregion and its quantitative analysis. Scale bars, 100 pm. (E-F) Representative immunostaining for GAP43 in the
hippocampal DG subregion and its quantitative analysis. Scale bars, 100 pm. (G-H). Representative western blots of PSD95, SYN, GAP43, BDNF, and c-fos in the
hippocampal region and graphs showing relative protein expression. p-actin was the loading control. (I) Graphs showing relative mRNA expression of PSD95, SYN,

GAP43, and BDNF. mRNA expression levels were normalized to p-actin. All data are presented as means + SEM (n = 3-4 per group). *p < 0.05, **p < 0.01, ***p <
0.001 versus the SE-MS group by two-way ANOVA with Tukey’s post-hoc analysis. NS, no significance.
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Fig. 6. EE improves the regeneration of dendritic spines induced by MS.
(A) Representative Golgi-Cox staining of hippocampal neurons. (B) Spine density results from Golgi staining (**p < 0.01 versus the SE-MS group by two-way ANOVA
with Tukey’s post-hoc analysis. NS, no significance.; n = 4 in each group).
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pregnancy and the postpartum period are known to alter neurogenesis
and dendritic morphology (Shingo et al., 2003; Prange-Kiel and Rune,
2006). Cognitive defects after the reproductive experience have been
reported in both humans and mice (Henry and Sherwin, 2012; Cui et al.,
2014), although the results are inconclusive and contradictory. Previous
studies have shown that EE can have a beneficial effect on hippocampal
neurogenesis in adults (Hu et al., 2010; Kempermann et al., 1997), and it
has also been shown to increase the number of new granulosa cells in the
dentate gyrus (Kempermann et al., 1997, 1998). Susceptibility to envi-
ronmental stimuli, such as EE, may increase serotonin, thereby
increasing neuronal plasticity. In this study, we observed that EE
reversed MS-induced downregulations in synaptic function and several
specific indicators of synaptic plasticity including PSD95, SYN, and
GAP43, which play an important role in cognitive function. In addition,
by analyzing the structure of dendritic spines, we detected a higher
density of dendritic spines in the EE than in the MS group, all suggesting
that EE can improve cognitive function.

A range of interventions, including psychotherapy/counselling and
antidepressant medication, are often tested clinically in women with
PPD. The evidence for the efficacy of psychological interventions is
strong. Several antidepressants, including paroxetine, sertraline and
nortriptyline, have been identified as the most effective antidepressants
for breastfeeding women. There is evidence that preventive in-
terventions are effective, but the observed effects are small (O’Hara and
McCabe, 2013; Stewart and Vigod, 2019). Treatment options available
to obstetricians include sedative antipsychotics such as olanzapine or
haloperidol, which can be used in conjunction with benzodiazepines
such as lorazepam (Treatment and Management of Mental, 2023).

Our experiments had some limitations. EE is an experimental
construct, and it may have considerable heterogeneity in practice,
although the start time and duration of the rich environment were
imposed on the maternal rats in our experiments, lasting from the day of
pregnancy to the day of weaning, followed by behavioral testing. Sud-
den entry into EE may trigger stress. Shortening the enrichment time
may lead to different results, which can be considered in future studies.
During EE, excessive stimulation induced by changing items every four
days may have excessive psychological burden, in turn leading to
abnormal behavior.

The pathophysiology of PPD is complex and incompletely under-
stood, and postpartum depression is a relatively complex clinical dis-
order and that no single model can simulate the full pathological
etiology of the disorder, especially with regard to female hormone-
related regulatory mechanisms and neuropsychiatric disorders. The
chosen model (MS) mirrors some (but not all) aspects of PPD and that
the study might therefore provide some clues on the biology of PPD and
how to treat it. And we have not stratified the animals for susceptibility
and depression. As an intervention, EE is complicated by laboratory
factors such as the size of the cage, the number of animals, the choice of
items in the enriched environment, and the frequency of item replace-
ment. We didnot distinguish among the three aspects of the EE paradigm
in this study: gestational EE, postpartum EE, and gestational combined
postpartum EE, to highlight the advantages of gestational combined
postpartum EE. Our research shows that EE might be beneficial for PPD,
and that the holistic care of pregnant women is of value.

5. Conclusion

In conclusion, EE has a significant positive impact on MS-induced
PPD by inhibiting neuroinflammation and apoptosis and promoting
neuroplasticity. These observations may provide new insights into the
mechanisms of postpartum depression.
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Novelty and Significance

1. Current MS models are mainly used to simulate early life stress in
offspring, and here we extend the influence of MS to successfully
simulate maternal postpartum depression.

2. PPD may be caused by stress-induced neuroinflammation and neu-
roplastic disorders mediated by NLRP3, and EE can reverse these
changes, indicating the importance of the environment and social
support during pregnancy and lactation.

3. Our study provides new avenues for the prevention and treatment of
PPD.

4. The environment-rich intervention cycle included the whole preg-
nancy and lactation period, providing clues on the impact of the
intervention.
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