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Background: Neonatal maternal separation (NMS) is a major early life stress that can induce visceral
pain and mental disorders. We have shown that an enriched environment (EE) can alleviate NMS-induced
negative effects, but the time window over which EE works is unclear. Therefore, this study aimed to
investigate the time window through which EE alleviates NMS-induced visceral pain, anxiousness, and
depressive behaviors.

Methods: In this study, we used male C57BL/6] mice. The mice were randomly divided into five groups:
control group, NMS group, prepubertal EE group (EE1 group), pubertal EE group (EE2 group), and
adult EE group (EE3 group). The visceral pain threshold test (PT'T), open field test (OFT), elevated plus
maze (EPM), forced swimming test (FST), and sucrose preference test (SPT) were performed in all five
groups to assay visceral pain, anxiety-, and depression-like behaviors in mice, respectively. Enzyme-linked
immunosorbent assay (ELISA) for corticosterone was performed in all five groups to assess the function of
the hypothalamic-pituitary-adrenal (HPA) axis.

Results: There was no significant change in weight between groups. It was shown that NMS induced
visceral pain, anxiety, and depression, and EE1 and EE2 reversed these negative effects, but EE3 had no
significant effect. Likewise, EE1 and EE2 reversed the NMS-induced increase of corticosterone, but EE3
did not.

Conclusions: Adverse life experiences in early life can lead to visceral pain, anxiety, and depression in

adulthood, which can be effectively prevented by EE interventions in prepuberty and puberty.
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Introduction pathogenesis of such comorbidities is not clear, which leads
Chronic pain is a very common disease, often accompanied to an unsatisfactory treatment effect in many patients (1).
by mental disorders such as anxiety and depression, Studies have shown that early life stresses can affect the

which imposes a heavy burden on patients. However, the development of the central nervous system (CNS) and
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predispose individuals to chronic pain and mental disorders
(2,3). For example, early postpartum neonatal maternal
separation (NMS) alters normal mother-child interaction
in rodents, prolongs stress-induced hypothalamic-pituitary-
adrenal (HPA) axis responses, and negatively affects
synaptic plasticity, brain anatomy, and function in mice (4).
In addition, exposure to NMS increases vulnerability to
chronic pain and psychiatric disorders (5,6).

In contrast to the negative effects of early life stress, an
enriched environment (EE) can promote CNS development
and improve chronic pain and mental disorders, including
visceral pain, anxiety, and depression (7). An EE is an
environmental intervention frequently used in animal studies,
defined as a combination of “complex inanimate objects
and social stimuli”, aiming to increase sensory, physical, and
social stimuli (8). It is well known that harmful stress causes
abnormal HPA axis function, which is associated with visceral
pain and psychiatric symptoms. Several studies have shown
that EE can reduce anxiety or depressive behaviors and
increase inquisitive behaviors in rodents (9,10). In addition,
EE can reduce the expression level of corticosterone (11,12).
We, and others, have previously shown that EE alleviates
NMS-induced visceral pain, anxiety- and depression-like
behaviors (7). However, these studies have not systematically
explored the optimal timing of EE intervention.

The development of the CNS is a long process that
continues into early adulthood. During certain critical
periods, the brain seems to be particularly sensitive to
environmental stimuli, triggering structural changes that
can have lasting physical and mental effects (13). Research
has shown that the brain is particularly sensitive to early
adolescent stress, which can lead to extensive pruning of
synapses in the frontal cortex. In addition, most mental
illnesses, including depression and anxiety, begin to develop
around age 14 (14). Therefore, we wondered whether there
might be an optimal time for EE intervention, perhaps
before the onset of overt abnormal behaviors, that might
prevent or ameliorate visceral pain, anxiety, and depressive
behaviors caused by early life stress.

In this study, we compared the effects of different
periods of EE (prepuberty, puberty, and early adulthood) on
visceral pain, anxiety, and depression symptoms in NMS-
underwent mice. We also assessed HPA axis reactivity by
measuring plasma corticosterone levels to better understand
the underlying mechanisms of EE. We present the
following article in accordance with the ARRIVE reporting
checklist (available at https://tp.amegroups.com/article/
view/10.21037/tp-22-475/rc).
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Methods
Animals

Pregnant female mice were purchased from the Experimental
Animal Center of Xuzhou Medical University (Xuzhou,
China). Mice were placed in a constant temperature and
humidity environment with a 12-hour light/dark cycle with
free access to water and food. Mice were killed immediately
if they developed disease. After behavioral tests, 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. The
study protocol was prepared before the study but was not
registered.

NMS

From postnatal day 1 (P1) to P21, neonatal mice were
kept away from their mother for 6 hours every day. After
weaning at P21, male mice were used for subsequent
experiments.

EE

Cages were furnished with various running wheels, climbing
platforms, toys, and pipes. Interior items and colors are
rearranged and updated weekly.

Experimental design

According to the random number table method (Figure 1),
40 male mice were blindly and randomly divided into five
groups (n=8 mice per group). A previous study showed
that pubertal timing in mice was around P28 (4 weeks)
and the period between 60 and 90 days after birth was
called adulthood (15). The NMS group: from P1 to P21,
neonatal mice were separated from their mothers for
6 hours every day until weaning at P21; Control group:
neonatal mice were kept with their mothers until weaning
at P21; prepubertal EE group (EE1 group): from P1 to
P21, neonatal mice were separated from their mothers for
6 hours per day until weaning at P21, and placed in EE
from P1 to 4 weeks (prepubertal period); pubertal EE group
(EE2 group): from P1 to P21, neonatal mice were separated
from their mothers for 6 hours per day until weaning at
P21, and placed in EE from weeks 5 to 8 (pubertal period);
and adult EE group (EE3 group): neonatal mice were
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Figure 1 Timeline of experiment. Mice in NMS group were
removed from their mothers for 6 hours daily from P1 to P21
(3 weeks). In addition of NMS, EE1, EE2, and EE3 groups, mice
also received EE interventions at 0 to 4 weeks, 5 to 8 weeks, and
9 to 12 weeks, respectively. NMS, neonatal maternal separation;
EE, enriched environment; EEL group, prepubertal EE group;
EE2 group, pubertal EE group; EE3 group, adult EE group; P1,
postnatal day 1; P21, postnatal day 21.

separated from their mothers for 6 hours daily from P1
to P21 untl weaning at P21 and placed in EE from weeks
9 to 12 (adulthood). At week 13, mice were subjected to
behavioral testing and then sacrificed for corticosterone
determination. All researchers who performed the animal
experiments and analyzed the data were blinded to the
treatment conditions.

Visceral pain threshold test (PTT)

After the mice were anesthetized, an uninflated balloon was
placed in the colorectum. After a moment of adaptation, the
balloon was inflated to give pressure to the intestinal wall,
and the pressure value when the abdominal wall muscle left
the table was the visceral pain threshold.

Open field test (OFT)

The device was divided into 9 squares equally. The area
in the middle was called the central area. The mouse was
placed gently in the central area and their behavior was
recorded for 5 minutes. The observation indicators included
the following: total distance, center time, and center
distance.

© Translational Pediatrics. All rights reserved.
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Elevated plus maze (EPM)

The EPM has a pair of open arms and a pair of closed arms.
At the beginning of the experiment, the mice were placed in
the central grid and their activity was recorded for 5 minutes.
The observation indicators included the open arm time and
closed arm time.

Sucrose preference test (SPT)

Mice were housed in single cages and trained on sucrose
drinking water for 48 hours. Two bottles of 1-2% sucrose
water were given in the first 24 hours. In the second
24 hours, 1 bottle contained 1-2% sucrose water, and the
other bottle contained pure water (the positions of the
2 bottles were exchanged halfway). After the mice had
fasted for 14-23 hours, the sucrose water preference index
was measured: the amount of water (g) that the mice drank
from 2 bottles of water within 1 hour was determined.
Sucrose preference was used as the evaluation index, sucrose
preference (%) = sucrose water consumption/(sucrose water
consumption + drinking water consumption) x 100%.

Forced swimming test (FST)

The mice were placed in glass tanks (diameter: 11 cm,
height: 25 cm), which were filled with tap water at 21-24 °C.
The mice were forced to swim for 6 minutes and the time
of immobility during the last 4 minutes was measured as an
indicator of depression-like behavior.

Enzyme-linked immunosorbent assay (ELISA)

The levels of corticosterone were quantified with ELISA
kits according to the manufacturers’ instructions (Bluegene,
E03C0006, Shanghai, China). Mice were sacrificed after
prior anesthesia and then blood samples were collected
and centrifuged (3,500 rpm) at 4 °C for 15 minutes. The
concentrations of corticosterone in serum were assessed

using ELISA kits.

Statistical analysis

All data were expressed as mean * standard deviation (SD).
All statistical analyses were performed using GraphPad
Prism 5.0 (GraphPad Software, San Diego, CA, USA).

Comparisons between multiple groups were performed by
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Figure 2 The weight of mice in each group. There was no
significant difference in weight between groups. All data were
expressed as mean + SD. NMS, neonatal maternal separation;
EE, enriched environment; EE1 group, prepubertal EE group;
EE2 group, pubertal EE group; EE3 group, adult EE group; SD,
standard deviation.

one-way analysis of variance (ANOVA) or two-way ANOVA
followed by post hoc Bonferroni. A P value less than 0.05
was considered statistically significant.

Results
Body weight

There was no significant difference in body weight among
mice subject to different housing conditions in each period

(Figure 2).

EE1 and EE2 groups alleviated NMS-induced adolescent
visceral pain

Compared to the Control group, the visceral pain threshold
decreased in the other groups; compared with the NMS
group, the visceral pain threshold was significantly increased
in the EE1 and EE2 groups, but not in the EE3 group
(Figure 3).

EE1 and EE2 groups alleviated NMS-induced anxiety-like
bebaviors

"To assess anxiety-like behaviors, the OFT and EPM were
performed (9). There was no significant difference in total
distance between groups (Figure 44,4B). Compared with
the Control group, the NMS and EE3 groups decreased
the center time and center distance, exhibiting anxiety-like
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behavior, and compared with the NMS group, the EE1 and
EE2 groups greatly increased the center time and center
distance in the OFT (Figure 4C,4D). Compared with the
Control group, the NMS and EE3 groups decreased the
time in open arms in the EPM, exhibiting anxiety-like
behavior, and compared with the NMS group, the EE1
and EE2 groups greatly increased the time in open arms of
NMS mice (Figure 4E,4F).

EE1 and EE2 groups alleviated NMS-induced
depression-like bebaviors

To assess depression-like behaviors, the SPT and FST were
performed (9). There was no significant difference in total
liquid intake between groups (Figure 54,5B). Compared
to the Control group, the NMS and EE3 groups mice had
decreased sucrose intake percentages, exhibiting depression-
like behavior, and compared to the NMS group, the EE1 and
EE2 groups mice had increased sucrose intake percentages
in the SPT (Figure 5C). Compared to the Control group,
the NMS and EE3 groups increased the time of immobility,
exhibiting depression-like behavior, and compared to the
NMS group, the EE1 and EE2 groups mice had decreased
times of immobility in the FST (Figure 5D,5E).

EE1 and EE2 groups decreased NMS-induced
corticosterone level

Since the HPA axis is a major target of stress and is
associated with visceral pain, anxiety, and depression, we
examined corticosterone level. Compared to the Control
group, NMS and EE3 groups increased corticosterone
level, and compared to the NMS group, EE1 and EE2
groups decreased corticosterone level (Figure 6).

Discussion

In this study, we used several behavioral tests, including
visceral pain, anxiety, and depressive behaviors, and
measured plasma corticosterone levels using ELISA to
explore the optimal time window for EE intervention to
improve NMS-induced visceral pain, anxiety, and depressive
behaviors. The results showed that NMS resulted in a lower
visceral pain threshold, decreased the center time and center
distance in the OFT, decreased the time in open arms in
the EPM, decreased sucrose intake percentage in the SPT
increased the time of immobility in the FST, increased
the plasma corticosterone levels, exhibiting visceral pain,
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Figure 3 The visceral pain threshold of mice in each group. (A) Schematic of PTT. (B) The visceral pain threshold of each group. All data
were expressed as mean = SD. *, P<0.05, **, P<0.01 vs. Control group; ¥ P<0.05 vs. NMS group. NMS, neonatal maternal separation; EE,
enriched environment; EE1 group, prepubertal EE group; EE2 group, pubertal EE group; EE3 group, adult EE group; PTT, pain threshold
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Figure 4 EE1 and EE2 groups alleviated NMS-induced anxiety-like behaviors. (A) Schematic of OFT. (B) The total distance, (C,D) center
time and center distance of NMS group mice in the OFT. (E) Schematic of EPM. (F) The time in open arms of NMS group mice in the
EPM. All data were expressed as mean + SD. *, P<0.05, **, P<0.01 vs. Control group; *, P<0.05, # P<0.01 vs. NMS group. NMS, neonatal
maternal separation; EE, enriched environment; EE1 group, prepubertal EE group; EE2 group, pubertal EE group; EE3 group, adult EE
group; OFT, open field test; EPM, elevated plus maze; SD, standard deviation.

anxiety, and depressive behaviors, and EE1 and EE2 groups Our study showed that EE intervention during prepuberty
intervention successfully reversed the NMS-induced and puberty effectively prevented/alleviated NMS-induced
symptoms, but EE3 group did not achieve the same effect. visceral pain, anxiety, and depressive behaviors and reversed
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Figure 6 EE1 and EE2 groups decreased NMS-induced
corticosterone level. NMS and EE3 groups increased
corticosterone level compared to the control group, and EEI
and EE2 groups decreased corticosterone level compared to the
NMS group. All data were expressed as mean = SD. **, P<0.01 wvs.
Control group; *, P<0.01 vs. NMS group. NMS, neonatal maternal
separation; EE, enriched environment; EE1 group, prepubertal
EE group; EE2 group, pubertal EE group; EE3 group, adult EE

group; SD, standard deviation.

© Translational Pediatrics. All rights reserved.

the increase in plasma corticosterone, yet EE intervention
in early adulthood had no significant effect.

Clinical and basic studies have shown that early life stress
may negatively affect brain development, neuroplasticity,
and behavior, and increase individual vulnerability to
chronic pain and psychiatric disorders, including chronic
visceral pain, depression, and anxiety (2,5-7,16). In this
study, we observed that exposure to NMS resulted in a
decreased pain threshold and disturbed emotional response
in mice. The visceral PTT was used to evaluate visceral
pain sensitivity, and our results showed that the visceral
pain threshold was decreased, indicating that NMS mice
were in a state of visceral hypersensitivity. We used SPT
and FST to assess depressive behaviors. The present results
show that NMS reduces adult sucrose consumption, a
central symptom of anhedonia (17), and at the same time
NMS significantly increases the duration of immobility in
FST, suggesting that NMS causes behavioral despair. These
results suggest that NMS leads to depression-like behaviors.
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We used OFT and EPM to assess anxiety-like behavior and
showed that NMS also reduced OFT central time to central
distance, while reducing EPM open-arm time, indicating
increased anxiety levels in adult mice. These results are
consistent with previous findings (18,19).

In contrast to the negative effects of early life stress, EE
had a positive effect on brain development and behavior. We
have previously shown that EE from P1 to P40 can alleviate
visceral pain and mental disorders in adolescence (7).
Since EE appears to ameliorate stress-induced negative
responses in early life, is there an optimal time window
for intervention? Given that brain development continues
into early adulthood, we investigated the efficacy of EE
interventions in puberty, prepuberty, and early adulthood.
According to our results, both prepubertal and pubertal
EE intervention increased sucrose preference rate in the
SPT and decreased the time of immobility in the FST,
suggesting that preadult EE interventions attenuated NMS-
induced depression in mice. Similarly, prepubertal and
pubertal EE intervention also reduced anxiety in NMS
mice in EPM and OFT. However, EE in early adulthood
showed no significant positive effect. This is consistent
with the brain being most sensitive to stress during
adolescence. These results suggest that EE interventions
should be implemented as early as possible to deal with
the damage caused by stress in early life, preferably in pre-
adult adolescence rather than later in life, when the effects
are likely to be weak. Although we found no significant
effect of EE intervention in early adulthood on NMS mice,
which is inconsistent with some reports, we found a certain
improvement trend in the experiment, which may be caused
by the short duration of EE intervention, and extending
the duration of EE intervention may also achieve positive
effects. In addition, previously studies shown that elevating
levels of corticosterone increases anxiety-and depression-
like behaviors, induces visceral hypersensitivity, and
decreases somatic pain thresholds (20-24). Consistent with
this, preadult EE tended to normalize plasma corticosterone
levels in NMS mice, whereas adult EE had no positive
effect on plasma corticosterone reduction, suggesting
that corticosterone plays an important role of EE in the
improvement of visceral pain, anxiety, and depressive
behaviors induced by NMS.

In conclusion, we believe that EE intervention before
adulthood (prepuberty, puberty) is the best time window,
and only a relatively short intervention time is needed to

improve the negative effects caused by NMS. Although EE

© Translational Pediatrics. All rights reserved.
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intervention after adulthood may miss the best intervention
time, it should not be given up, and longer intervention
may also have a positive effect. Therefore, our study
suggests that EE intervention before adulthood may have
important guiding significance in the clinical treatment
visceral pain, anxiety, and depressive behaviors induced by
early life stress.
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