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Enriched environment alleviates adolescent visceral pain, anxiety-
and depression-like behaviors induced by neonatal maternal
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Background: Neonatal maternal separation (NMS), a major kind of early life stress, increases the risk
of visceral pain, anxiety- and depression-like behaviors in adulthood. An enriched environment (EE) has
been shown to successfully rescue the brain from various early life psychological stressors. Therefore, this
study aimed to investigate whether NMS induces visceral pain, anxiety- and depression-like behaviors in
adolescents and to evaluate the impact of EE in infancy on these symptoms.

Methods: Male C57BL/6 ] mice that had been subjected to NMS were used in this study. The visceral pain
threshold test (PTT), open field test (OFT), and sucrose preference test (SPT) were conducted to evaluate
visceral pain, anxiety- and depression-like behaviors in mice, respectively. An enzyme linked immunosorbent
assay (ELISA) for tumor necrosis factor-o. (TNF-a), interleukin-1p, (IL-1B), and interleukin-10 (IL-10) was
performed to assess neuroinflammatory responses. Then, the effects of EE (free-turning running wheels,
pipes, stairs, and various colored ocean balls, etc.) on NMS-induced behaviors and neuroinflammatory
factors were examined.

Results: The impacts of NMS included adolescent visceral pain, anxiety- and depression-like behaviors.
The medial prefrontal cortex (mPFC), basolateral amygdala (BLA), and paraventricular nucleus (PVIN)
were biased towards pro-inflammatory features. Further, EE alleviated adolescent visceral pain, anxiety- and
depression-like behaviors. The application of EE up-regulated the expression of IL-10, and down-regulated
the expression of IL-1p and TNF-a in mPFC, BLA, and PVN.

Conclusions: The effects of NMS include adolescent visceral pain, anxiety- and depression-like behaviors,
accompanied by an imbalance of neuroinflammation. Intervention with EE in pediatric mice relieved these

symptoms by reducing neuroinflammation in the central nervous system.
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Introduction

Neonatal exposure to stressful environments is widely
believed to be associated with impairments in brain
development and adult behavior. Early life stress
significantly increases the risk of visceral hypersensitivity
and psychiatric disorders (1-4). Both physical abuse
and mental neglect in childhood are key environmental
risk factors associated with the development of visceral
pain and multiple psychiatric disorders, such as major
depressive disorder and anxiety disorders (5). Animal
models of early life stress are established by disrupting
the mother-infant interaction through repeating the
maternal separation (MS) paradigm (6,7), altering the
normal response of the hypothalamic-pituitary-adrenal
(HPA) axis and neuroimmune response to stress (7,8). This
modeling leads to enhancement of the neuroendocrine
and neuroinflammation responses of the rodents and has
adverse effects on rodent brain anatomy and function,
synaptic plasticity, emotional responses, and cognition
(7,9,10) in adulthood. However, the role of early life stress
in chronic pain and mental illness in adolescence remains
underexplored.

Neuroinflammation is essential for the development of
chronic pain, including chronic visceral pain (11). Recent
studies have shown that neuroinflammation is a key factor
in early life stress-induced visceral hypersensitivity in
adults (12). In visceral pain conditions, microglia have been
shown to produce and secrete the cytokines interleukin-
1B (IL-1B), tumor necrosis factor-a (TNF-a), and other
pro-inflammatory factors are increased through a myeloid
differentiation factor 88 (MyD88)-dependent signaling
cascade in the central nervous system including medial
prefrontal cortex (mPFC), basolateral amygdala (BLA),
and paraventricular nucleus (PVN) (13-15). Likewise,
neuroinflammation in these brain regions is also involved
in anxiety and depression, consistent with the well-known
comorbidities of chronic pain and psychiatric disorders
(7,8). Therefore, in this study, we examined the changes of
neuroinflammatory factors in these brain regions.

Environmental enrichment (EE), that is, optimization
of housing conditions to promote social interaction,
sensorimotor and cognitive stimulation, as well as novel
stimuli and physical exercise, can counteract the negative
impact of early stress by promoting neurogenesis,
synaptic plasticity, and modulate neuroinflammatory and
neuroendocrine responses of the hypothalamic-pituitary-
adrenal (HPA) axis to stress (15). However, whether EE
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can alleviate chronic visceral pain, anxiety, and depression
remains unexplored. In this study, we hypothesized that EE
could alleviate chronic visceral pain, anxiety, and depression
by attenuating neuroinflammatory responses in the brain
during adolescence.

The aim of this study was to verify the possible beneficial
effects of EE intervention from birth onwards in the
adolescence of MS mice. To this end, we performed a series
of behavioral tests (visceral pain, anxiety- and depression-
like behaviors), and also detected brain neuroinflammatory
factors using enzyme-linked immunosorbent assay
(ELISA). We present the following article in accordance
with the ARRIVE reporting checklist (available at https://
tp.amegroups.com/article/view/10.21037/tp-22-410/rc).

Methods
Animals

Pregnant female C57BL/6 J mice were provided by the
Experimental Animal Research Center of Xuzhou Medical
University (Jiangsu, China). Weaned male mice, 3-5 per
cage, were housed in a humidity- and temperature-controlled
environment on a 12-h light/dark cycle with ad libitum
access to food and water. The research team monitored the
animals once daily. Mice were euthanized immediately if they
developed the following symptoms: hunchback, lethargy,
shortness of breath, skin discoloration or irregularity,
paraplegia, significantly enlarged lymph nodes, and visible
subcutaneous solid tumors, and autopsies were performed to
determine the cause of the disease and recorded as “adverse
events”. After behavioral testing, the mice were euthanized.
All experimental procedures were approved by the Animal
Care and Use Committee of Xuzhou Medical University (No.
202010A132) in compliance with the national guidelines for
the care and use of animals. This experiment followed the
guidelines of the International Association for the Study of
Pain (TASP).

Maternal separation

The birth status of the mice was checked daily, and the
date of birth was recorded as postnatal day 0 (P0). In the
neonatal maternal separation (NMS) group, pups were
removed from their dams and home cages for 6 hours every
day from postnatal day 1 (P1) to P21. Then, the pups were
reunited with their dams in a cage. After weaning on P21,
males were selected for subsequent experiments.
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Figure 1 Experimental procedures and timeline. Experiment 1: Behavioral tests and ELISA to measure visceral pain threshold, the anxiety-

and depression-like behaviors and neuroinflammation. Experiment 2: Testing the effects of EE on visceral pain, anxiety- and depression-like

behaviors and neuroinflammation of NMS mice. PTT, pain tolerance test; SPT, sugar preference test; OFT, open field test; EE, enriched

environment; ELISA, enzyme linked immunosorbent assay; NMS, neonatal maternal separation.

Enriched environment (EE)

The EE consisted of free-turning running wheels, pipes,
stairs, and various colored ocean balls, etc. Toys are changed
once a week, while paying attention to color changes.

Experimental design

A total of 144 mice were randomized into the study,
and all were included in the analysis. According to the
authoritative literature, 8 mice in each group were used (16).
All researchers who performed the animal experiments and
analyzed the data were blinded to the treatment conditions.
The behavioral tests were conducted from 8:00 am to 11:30
am, and the order of the tests was random each day, with
each animal being tested at a different time on each test day.
The primary endpoint of this study was defined as visceral
pain, anxiety- and depression-like behaviors, which was
measured by visceral pain threshold test (PPT), open field
test (OFT), and sucrose preference test (SPT), respectively.
The protocol (including the research question, key design
features, and analysis plan) was prepared before the study
but was not registered.

The study consisted of 2 experiments as shown in Figure 1.

In experiment 1, male mice were randomly and blindly
separated into 2 groups according to random number table
method. The NMS group: mice pups were removed from
their dams and home cages for 6 hours every day from P1
to P21; control group: mice pups stayed with their dams
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and home cages until P21. In adolescence, mice underwent
behavior tests (visceral pain: visceral pain threshold; anxiety-
and depression-like behaviors: center time, center distance,
total distance, and sucrose preference) on P40 and P60 (n=8
mice per group) or were sacrificed on P50 for inflammatory
cytokines assays (I NF-a, IL-1B, and IL-10) of the mPFC,
BLA, and PVN (n=8 mice per group).

In experiment 2, male mice were randomly and blindly
separated into 4 groups according to random number table
method. The NMS+EE group: mice pups in the NMS
group were removed from their dams and home cages for
6 hours every day from P1 to P21, and were housed in EE
from P1 to P40; MS group: mice pups were removed from
their dams and home cages for 6 hours every day from P1 to
P21; EE group: mice pups stayed with their dams until P21
and in EE from P1 to P40; control: control group: mice
pups stayed with their dams and home cages until P21 and
in a standard environment from P1 to P40. In adolescence,
mice underwent behavioral tests (visceral pain: visceral pain
threshold; anxiety- and depression-like behaviors: center
time, center distance, total distance and sugar preference)
on P40 and P60 (n=8 mice per group) or were sacrificed on
P50 for inflammatory cytokines assays (TNF-o, IL-1p, and
IL-10) of mPFC, BLA, and PVN (n=8 mice per group).

Visceral PTT

Mice were anesthetized with sevoflurane, and then an
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uninflated balloon coated with paraffin oil was introduced
into the colorectum with the end of the balloon 0.5 c¢cm
from the anal verge. After 15 minutes of acclimatization,
pressure was given by inflating the balloon, and the pressure
value when the mouse abdominal wall muscles contracted
and was not in contact with the table was regarded as the
visceral pain threshold.

OFT

The OFT was used to assess the severity of anxiety. The
device for the open field experiment is a box with a white
background, which is evenly divided into 9 squares. The
middle square is named the central area and the surrounding
8 square are peripheral areas. Briefly, at the beginning of
each experiment, mice were gently placed in the central
area and then mice behaviors were recorded for 5 minutes.
The observation indicators included the following: total
movement distance, time in the central area, and distance in
the central area.

SPT

The SPT was used to assess the severity of depression.
Mice were raised in single cages and given a bottle of 1%
sucrose solution and a bottle of tap water for 48 hours.
Care was taken to avoid water bottle leakage. In order to
avoid positional influence, 2 water bottles were placed at
the same level, and the positions of the 2 water bottles were
exchanged regularly. The sugar water preference experiment
was carried out after 24 hours of water deprivation. Each
mouse was simultaneously given 2 pre-weighed bottles of
water, one was 1% sucrose solution and the other was plain
water. In order to prevent the rats from preferring to drink
water on 1 side, the positions of the 2 water bottles were
switched regularly. After 2 hours, the 2 bottles of solution
were taken out and weighed, and the percentage of sucrose
preference of each mouse was calculated [sucrose solution
consumption/(sucrose solution consumption + water
consumption) x100%].

ELISA

The levels of TNF-a, IL-1p, and IL-10 were quantified
using mice-specific ELISA kits according to the
manufacturers’ instructions (R&D, San Clara, CA, USA).
Mice were sacrificed after prior anesthesia and then
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brain tissue (mPFC, BLA, and PVN) were collected and
homogenized in a buffer containing protease inhibitor
phenylmethylsulfonyl fluoride (PMSF; 1 mmol/L).
Homogenates were centrifuged (8,000 g) at 4 °C for
5 minutes. The concentrations of TNF-a, IL-1B, and IL-
10 in the resulting supernatants were assessed using ELISA
kits according to the manufacturers’ instructions and were
expressed as pg/mL of protein.

Statistical analysis

All statistical analyses were carried out with GraphPad
Prism version 5.0 (GraphPad Software, San Diego, CA,
USA). All measurement data were expressed as mean =
standard deviation (SD). Comparisons between two groups
were performed by the #-test. Comparison among multiple
groups was performed by one-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test. A P value
<0.05 was considered statistically significant.

Results

NMS induced adolescent visceral pain, anxiety- and
depression-like behaviors

In adolescence, the visceral pain, anxiety- and depression-
like behaviors of the mice were measured. The results
showed that compared with the control group, the mice
in the NMS group had significantly lower visceral pain
thresholds on P40 and P60 (Figure 2A); compared with the
control group, the mice in the NMS group had significantly
lower sucrose intake percentage on P40 and P60 (Figure
2B), which indicated that stress in early life could induce
depression-like behaviors; the OFT showed no significant
changes in the total distance, and a significant decrease in
center time and center distance in the NMS group (Figure

2C-2F), exhibiting anxiety-like behavior.

NMS increased adolescent mPFC, BLA, and PVN
inflammatory cytokines

The results of ELISA showed that NMS increased the
expression of TNF-o and IL-18 in mPFC, BLA, and PVN
compared to control group (Figure 34,3B). In contrast,
NMS decreased the expression of IL-10 in the mPFC, BLA,
and PVN compared to the control group (Figure 3C). These
results suggested that NMS contributed to a predisposition
to pro-inflammatory features in adolescent brains.
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Figure 2 NMS induced adolescent visceral pain, anxiety- and depression-like behaviors. (A) NMS decreased visceral pain threshold on
P40 and P60. (B) NMS decreased sucrose intake percentage compared to the control group on P40 and P60. (C) Representative open field
photos. (D-F) NMS decreased center distance and center time compared to the control group, and the total distance did not differ from the

control group on P40 and P60. All data were expressed as mean = SD, *, P<0.05. NMS, neonatal maternal separation.
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Figure 3 NMS increased adolescent mPFC, BLA, and PVN inflammatory cytokines. (A,B) ELISA results showed that NMS increased the
expression of TNF-a and IL-1f in mPFC, BLA and PVN compared to control group. In contrast, (C) MS decreased the expression of IL-
10 in the mPFC, BLA and PVN compared to control group. All data were expressed as mean = SD. *, P<0.05; **, P<0.01. mPFC, medial
prefrontal cortex; BLA, basolateral amygdala; PVN, paraventricular nucleus; TNF-o, tumor necrosis factor-a; IL-1p, interleukin-1f; IL-10,
interleukin-10; ELISA, enzyme linked immunosorbent assay; NMS, neonatal maternal separation; MS, maternal separation; SD, standard

deviation.
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Figure 4 EE alleviated NMS-induced visceral pain, anxiety- and depression-like behaviors. After EE intervention starting from birth, (A)

the visceral pain threshold and (B) sucrose intake percentage of NMS mice were greatly increased on P40 and P60 compared to the group

without EE. (C) Representative open field photos. (D,E) EE greatly increased the center distance and center time of NMS mice on P40

and P60 in the OFT compared to the group without EE. (F) The total distance was not different between the four groups. All data were

expressed as mean = SD. *, P<0.05; **, P<0.01. EE, environmental enrichment; NMS, neonatal maternal separation; OFT, open field test;

SD, standard deviation.

EE alleviated NMS-induced adolescent visceral pain,
anxiety- and depression-like bebaviors

Compared with the group without EE, NMS mice in the
EE group had increased visceral pain thresholds on P40
and P60 (Figure 4A4). The SPT showed that MS mice in the
EE group had an increased percentage of sucrose intake on
P40 and P60 compared to the group without EE (Figure 4B)
Furthermore, in the OFT, compared with the group without
EE, NMS mice in the EE group had greatly increased center
distance and center time on P40 and P60 (Figure 4C-4E),
with no difference in total distance (Figure 4F). These results
suggested that EE alleviated NMS-induced adolescent
visceral pain, anxiety- and depression-like behaviors.

EE biased adolescent brain mPFC, BLA, and PVN towards
anti-inflammatory features

After postnatal EE intervention, samples were obtained
from 3 brain regions on P50 to detect inflammatory factors
by ELISA. The results of ELISA showed that NMS mice in
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the EE group decreased the expression of TNF-o and IL-1§
in mPFC, BLA, and PVN, and increased the expression of
IL-10 in mPFC, BLA, and PVN compared with the group
without EE on P40 and P60 (Figure 5A-5C).

Discussion

In this study, we performed a series of behavioral tests
(visceral pain, anxiety- and depression-like behaviors),
and also detected brain neuroinflammation factors using
ELISA to verify the possible beneficial effects of EE
intervention from birth onwards in adolescent NMS
mice. Our study showed that NMS induced visceral pain,
anxiety- and depression-like behaviors in adolescence,
whereas EE intervention alleviated visceral pain, anxiety-
and depression-like behaviors and depressed brain
neuroinflammation in adolescence.

Previous study has found that NMS animals had
significantly reduced grooming behavior and impaired
inhibitory avoidance memory but not object recognition
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Figure 5 EE biased adolescent brain mPFC, BLA, and PVN towards anti-inflammatory features. (A-C) ELISA results showed that NMS
mice in the EE group decreased the expression of TNF-a and IL-1p in mPFC, BLA, and PVN, and increased the expression of IL-10 in
mPFC, BLA, and PVN on P40 and P60 compared with the group without EE. All data were expressed as mean + SD. *, P<0.05; **, P<0.01.

mPFC, medial prefrontal cortex; EE, environmental enrichment; BLA, basolateral amygdala; PVN, paraventricular nucleus; TNF-a, tumor

necrosis factor-o; IL-1B, interleukin-1p; IL-10, interleukin-10; ELISA, enzyme linked immunosorbent assay; NMS, neonatal maternal

separation; SD, standard deviation.

memory, suggesting that NMS altered learning and memory
in a task-specific manner and that EE during two critical
ontogenic periods (early life and peripuberty) reversed
the effects of NMS. In addition, NMS had no significant
effect on the expression of Fos and glucocorticoid receptor
(GR) in the hippocampus, but EE increased the expression
of Fos and the total number of GR-positive cells in the
hippocampus (16). These findings suggest that different
environmental qualities during two critical ontogenic periods
were effective way to study the effects of early experiences on
behavioral and physiological plasticity. The effects of NMS
can persist into adulthood, but a favorable environment
early life and peripuberty can reverse some of these effects
through neuroplasticity. However, the impact of different
environments qualities on adolescent behavior and their
mechanisms remains poorly underexplored. There is growing
evidence that early life stress may permanently damage the
developing brain, adversely affect behavior in adulthood,
and increase the risk of chronic pain and psychopathology
(17-23). However, little is known about the effects on
puberty. In this study, we found that NMS can cause visceral
pain, anxiety- and depression-like behaviors in adolescence
from P40 to P60, combined with previous reports that NMS
also can cause visceral pain, anxiety- and depression-like
behaviors in adulthood, indicating that damage to the brain
by early life stress may be immediate and persistent. This
should prompt us to pay attention to the mental health of
adolescents who have had unfortunate childhoods, and if
possible, try to help children avoid unfortunate childhoods
so as to avoid irreversible neuropsychiatric trauma. Given
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that neuroinflammation was key to the development of
visceral pain, anxiety- and depression-like behaviors, and
these symptoms had already occurred by adolescence, it was
clear that neuroinflammation had become uncontrolled by
this time. Consistent with this, our results showed increased
expression of TNF-a and IL-p and decreased expression of
IL-10 in mPFC, BLA, and PVN on P50.

Early life stress was closely associated with the development
of chronic pain and psychiatric disorders (17-23).
Besides, early life stress can affect neuroinflammation,
and neuroinflammation plays a role in chronic pain and
psychiatric pathology (24-26). This process provides a new
target for improving neuroinflammation and potentially
preventing/relieving chronic pain and psychiatric
symptoms. Given the limited treatment options currently
available for chronic pain and psychiatric disorders, along
with significant side effects, there is an urgent need to
develop new and improved treatments. The EE is an
underexplored but promising approach for ameliorating
neuroinflammation to alleviate/prevent early life stress-
induced chronic pain and psychiatric disorders.

Cognitive-behavioral therapy (CBT) is a clinically
adjunctive therapy for neurological disorders such as anxiety
and depression (27-30). Since chronic visceral patients are
often accompanied with similar psychiatric disorders, it may
not be surprising that CBT improves the quality of life of
those with chronic visceral pain (31). Vachon ez /. and van
Praag et al. showed that EE, the animal analog of CBT,
can improve pain behavior after insults (32,33). However,
whether CBT improves visceral pain remains unclear. Our
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experimental data demonstrate that EE alleviated NMS-
induced adolescent visceral pain as well as anxiety- and
depression-like behaviors, supporting the notion that CBT
can be an alternative for the treatment of visceral pain. Since
the damage of stress to the developing brain of neonatal mice
was immediate and long-term, in this experiment, the mice
were given EE intervention from the first day after birth,
which may maximally protect the fragile nervous system,
and eventually attenuate the central inflammatory response
and relieve visceral pain and anxiety- and depression-like
behaviors in adolescence. This suggests that EE intervention
should be carried out as early as possible to prevent/alleviate
the development of neurological diseases in adolescence.
At the same time, we believe that this assumption can be
reasonably extended to adulthood.

Data from animal studies suggest that EE has
considerable behavioral and physiological anxiolytic
effects on psychological and neurogenic stressors. The
mechanisms by which EE can reverse the effects of stress
range from cognitive/behavioral to cellular and molecular
processes. Findings on social isolation suggest that the
interaction of two factors, inanimate enrichment and social
stimuli, contribute to the beneficial effects of EE (34). The
enhancing effects of EE on cognition have been attributed
to its induction of hippocampal neurogenesis, which may
simultaneously affect the processing of emotions and
stress responses in interconnected circuits connecting the
amygdala and hypothalamus, respectively. At the same time,
EE-induced hippocampal GR expression levels were also
relatively increased, which may reduce plasma corticosterone
levels for anxiolytic effects (35,36). EE has also been shown
to increase the total weight of the brain and cortex, while
increasing neuronal density, the number of dendritic
branches synapses and neurotrophic factor levels. Any or
all of these EE-induced changes may modulate its effect
on stress (37). Here, our study shows that environmental
enrichment reverses CNS neuroinflammation and improves
behavior, providing a new explanation for the mechanism of
environmental enrichment.

Currently, tricyclic antidepressants, selective 5-HT
reuptake inhibitors (SSRIs), v-GABA mimics (pregabalin),
K opioid receptor agonists (asimadoline), corticotropin-
releasing hormone antagonists or physical therapy are
commonly used in clinical treatment for the comorbidities
of pain and mental illness. EE is created by keeping animals
in an environment with different objects that collectively
provide sensory, cognitive, motor (e.g., running wheels)
and social stimuli that promote animal movement, sensory,
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social interaction and cognitive activities in a voluntary
or stress-free manner. The biggest advantage of EE over
traditional methods is that it can improve behavior from a
variety of mechanisms without trauma and side effects.

Our study had some limitations. Firstly, the indicators
chosen for this study were too limited to investigate the
dynamic changes of visceral pain, anxiety- and depression-
like behaviors in adolescence. Secondly, the exact role
of TNF-a, IL-B, and IL-10 in visceral pain, anxiety, and
depression-like behaviors in adolescence, respectively, is
unclear. In the future, we will focus on signaling pathways
that regulate neuroinflammation, such as the TRL4/NF-
kB signaling pathway in microglia. Thirdly, effects of
different environments qualities on visceral pain, anxiety
and depression in middle-aged and elderly people need
to be further explored. Finally, therapeutic window of EE
deserves further study. Previous study found the potential
beneficial effects of environmental manipulations decrease
with age (38). Thus, we placed postnatal 1-day-old mice
under EE intervention until puberty for behavioral testing.
We believe that the earlier the intervention, the better
the treatment effect, so in the future, we will study the
difference in the initiation of intervention at different ages
to determine the optimal time window.

In conclusion, we examined the adverse effects induced
by early life stress in mice during adolescence, and
confirmed that MS induced visceral pain, anxiety- and
depression-like behaviors, accompanied by an imbalance
of neuroinflammation in the central nervous system.
Early EE interventions reversed MS-induced adolescent
neuroinflammatory imbalances and subsequently prevented
or ameliorated visceral pain, anxiety- and depression-like
behaviors. Therefore, our findings show that EE may have
important applications in the clinical treatment of early
life stress-induced adolescent visceral pain, anxiety- and
depression-like behaviors.
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