
IBRO Neuroscience Reports 11 (2021) 164–174

Available online 8 October 2021
2667-2421/© 2021 Published by Elsevier Ltd on behalf of International Brain Research Organization. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Research Paper 

Effects of treadmill exercise on anxiety-like behavior in association with 
changes in estrogen receptors ERα, ERβ and oxytocin of C57BL/6J 
female mice 

Feng-Qin He a,b,*, Mei-Yang Fan a,b, Yu-Nan Hui a,b, Rui-Juan Lai a,b, Xin Chen a,b, 
Ming-Juan Yang a,b, Xiao-Xia Cheng a,b, Zi-Jian Wang a,b, Bin Yu a,b, Bing-Jie Yan a,b, 
Zhen Tian a,b 

a Key Laboratory of Natural Product Development and Anticancer Innovative Drug Research in Qinling, Xi’an 710065, China 
b Genetic Engineering Laboratory, College of Biological and Environmental Engineering, Xi’an University, Xi’an 710065, China   

A R T I C L E  I N F O   

Keywords: 
Estrogen receptor α (ERα) 
Estrogen receptor β (ERβ) 
Oxytocin (OT) 
Chronic variable moderate stress (CVMS) 
Treadmill exercise (TRE) 

A B S T R A C T   

Exercise can reduce the incidence of stress-related mental diseases, such as depression and anxiety. Control group 
was neither exposed to CVMS nor TRE (noCVMS/noTRE). Females were tested and levels of serum17-beta- 
oestradiol (E2), estrogen receptors α immunoreactive neurons (ERα-IRs), estrogen receptors β immunoreactive 
neurons (ERβ-IRs) and oxytocin immunoreactive neurons (OT-IRs) were measured. The results showed there’s 
increased anxiety-like behaviors for mice from CVMS/noTRE, CVMS/higher speed TRE (CVMS/HTRE) and 
noCVMS/HTRE groups when they were put in open field and elevated maze tests. They had lower serum E2 levels 
than mice from CVMS/low-moderate speed TRE (CVMS/LMTRE), noCVMS/LMTRE and noCVMS/noTRE groups. 
The three groups of CVMS/noTRE, CVMS/HTRE and noCVMS/HTRE mice had more ERα-IRs and less ERβ-IRs in 
the medial preoptic area (mPOA), bed nucleus of the stria terminalis (BNST) and medial amygdala (MeA), hy
pothalamic paraventricular nucleus (PVN) and supraoptic nucleus (SON). The number of OT-IRs in PVN and SON 
of CVMS/noTRE, CVMS/HTRE and noCVMS/HTRE mice was also lower than that of mice from CVMS/LMTRE, 
noCVMS/LMTRE and noCVMS/noTRE groups. Interestingly, CVMS/LMTRE and noCVMS/LMTRE mice were 
similar to noCVMS/noTRE mice in that they did not show anxiety, while CVMS/HTRE and noCVMS/HTRE mice 
did not, which were similar to the mice in CVMS/noTRE. We propose that LMTRE instead of HTRE changes the 
serum concentration of E2. ERβ/ERα ratio and OT level in the brain may be responsible for the decrease in 
anxiety-like behavior in female mice exposed to anxiety-inducing stress conditions.   

Introduction 

Exercise can reduce symptoms of depression and anxiety in humans 
the occurrence of stress-related mood disorders, such as depression and 
anxiety (Lloyd et al., 2017). Studies haves showed that the relationship 
between physical activity intensity and mood effect is U-shaped, which 
means neither low-intensity nor high-intensity physical activity can get 
the emotional benefits of exercise, and only moderate-intensity physical 

activity can get the best emotional benefits. However, some studies have 
found that low-intensity physical activity also plays an important role in 
reducing symptoms of mood disorders (Conradsson et al., 2010; Cat
ellier and Yang, 2013; Dunn et al., 2005). At present, there is not enough 
evidence to indicate the upper and lower limits of the intensity of 
physical activity as a moderator of anxiety, and there is little evidence of 
the interaction between activity types, exercise intensity and training 
frequency (Jiang and Chen, 2014). Therefore, the relationship between 
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exercise intensity and emotional benefit needs to be further -studied. 
Estrogens have profound effects on the expression of anxiety in 

humans and rodents. However, the directionality of these effects varies 
considerably within both clinical and preclinical literature, estrogen has 
both anxiogenic and anxiolytic effects (Kalandakanond-Thongsong 
et al., 2012). Discrepancies of estrogens’ effects on anxiety are attrib
utable to differential effects of specific estrogen receptor (ER) 
subtypes-alpha (ERα) and beta (ERβ) estrogen receptors (Fedotova, 
2013). Anxiogenic effects are mediated by activation of ERα; ERβ is 
predominantly involved in anxiolytic effects (Sharma and Thakur, 
2015). For example, ERα activation increases fear and anxiety (Toufexis 
et al., 2007), and ERβ activation decreases anxiety like behavior in mice 
and rats (Kudwa et al., 2014). Potential brain regions that mediate mood 
include the medial preoptic area (mPOA), the bed nucleus of stria ter
minalis (BNST) and the medial nucleus of the amygdale (MeA) (Furuta 
et al., 2013; McHenry et al., 2015). These three brain regions participate 
in anxiety-related behavior and constitute a distributed network of 
interconnected structures controlling anxiety in rodents and humans 
(Lee et al., 2007; Adhikari, 2014; He, 2014). 

In central nervous system, neuropeptide oxytocin (OT) is mainly 
expressed in magnocellular neurons of hypothalamus paraventricular 
nucleus (PVN) and supraoptic nucleus (SON). Release of OT via the 
neurohypophysis into bloodstream and by extrahypothalamic fibres 
projecting into the brain exerts a wide spectrum of central and periph
eral effects (Le Mevel et al., 1993). OT is an important mediator of 
anxiety symptoms in both humans and rodents. Plasma OT levels are 
negatively correlated with anxiety symptoms in depressed patients 
(Scantamburlo et al., 2007), and intranasal OT administration attenu
ates emotional fear reactivity in patients with social anxiety disorder 
(Labuschagne et al., 2010). Estradiol has been found to increase levels of 
plasma OT (Amico et al., 1984), presenting an additional mechanism by 
which estrogens are capable of mediating anxiety (Borrow and Handa, 
2017). 

We know that E2 in serum, expression of ERα, ERβ and OT in brain 
regions are associated with anxiety, but is the reduction of anxiety 
through exercise is moderated by E2 in serum, expression of ERα, ERβ 
and OT in brain region? Exercise as a valid treatment for anxiety and 
depression, did not change the estrogen levels in serum of male and 
ovariectomized (OVX) rats (Selakovic et al., 2019; Rauf et al., 2015). It is 
unclear that whether decreased normal female anxiety through exercise 
is related to serum estrogen. Four weeks of swimming combined with 
intraperitoneal injection of ERα and/or ERβ agonists can reduce anxiety 
like behaviors in OVX rats (Bulut et al., 2016). However, whether the 
change of anxiety like behaviors is related to ERα and/or ERβ or not 
remains to be further studied. Some studies showed that exercise 
significantly increased OT mRNA or OT receptor expression (Higa-Ta
niguchi et al., 2009; Michelini, 2007), but whether expression of OT is 
related to anxiolytic effect still needs to be further studied. 

This study aimed to investigate anxiety-like behaviors of adult fe
male c57BL/6 J mice exposed to chronic unpredictable mild stress 
(CVMS), and the effects of four weeks treadmill exercise (TRE) on 
anxiety-like behaviors and estrogen receptors (ERs) and OT in mice. We 
hypothesized that the interaction of E2, ERα, ERβ, OT and treadmill 
exercise has a certain effect on anxiety-like behaviors that are caused by 
the CVMS. 

Experimental procedures 

Animals 

60 healthy adult female C57BL/6 J mice (purchased from Xi’an Jiao 
tong University Medical College, 3 months old, 25–30 g). Mice were 
individually housed in a clear plastic cages and kept in a photoperiod of 
14: 10 h and at 24–26 ◦C, had free access to food and water. All study 
protocols were approved by the Institutional Animal Care and Use 
Committee, Xi’an University. Estrous cycle of female mice was 

monitored by daily examining vaginal smears. The materials were 
collected at the same time every day for 10 days. Approximately 10 μl 
0.9% saline was gently flushed into the vagina with the tip of a plastic 
pipette three times, and the final flushing fluid was placed on a glass 
slide and observed under 10 × objective of optical microscope. The 
determination of the estrous cycle phase was based on the proportion 
among these cell types: predominance of leukocytes (diestrous), pre
dominance of nucleated epithelial cells (proestrous), predominance of 
cornified epithelial cells (estrous), and a mix of cell types with a pre
dominance of leukocytes and a few nucleated epithelial and/or cornified 
squamous epithelial cells (Metestrus) (Sharma et al., 2015). The estrous 
cycle phase was checked to ensure that all behavior experiments were 
conduct for those animals in diestrus after the chronic unpredictable 
mild stress (CVMS). 

Experiment design 

Mice subjected to CVMS procedure (further described in details) 
were called stressed mice (CVMS). Unstressed mice were not subjected 
to CVMS (noCVMS). At the beginning of the experiments, mice were 
randomly divided into two different groups (30 mice in each group), 
namely group I consisted of unstressed control (noCVMS group); group 
II comprised stressed mice (CVMS group). noCVMS group (n = 30) was 
further divided into three groups: noCVMS without treadmill exercise 
(noCVMS/noTRE, n = 10, further described to TRE in TRE Procedure), 
noCVMS with from low to medium speed treadmill exercise (noCVMS/ 
LMTRE, n = 10, further described to LMTRE in details) and noCVMS 
with high speed treadmill exercise (noCVMS/HTRE, n = 10, further 
described to HTRE in TRE Procedure). The CVMS group (n = 30) was 
also further divided into three groups: CVMS without treadmill exercise 
(CVMS/noTRE, n = 10), CVMS with from low to medium speed tread
mill exercise (CVMS/LMTRE, n = 10) and CVMS with high speed 
treadmill exercise (CVMS/HTRE, n = 10). These six groups were indi
vidually housed in identical cages. 

CVMS procedure 

The CVMS protocol was performed as described with minor modi
fications (Biala et al., 2017). Mice were subjected to different kinds of 
mild stressors, which varied from day to day to make the stress pro
cedure unpredictable. These stressors were randomly scheduled over a 
one–week period and repeated for 4 weeks. Specifically, the stressors 
were as follows: (1) restricted activities for 2 h (placing mice in a closed 
narrow transparent plastic pipe); (2) cage vibration for 2 h (high-speed 
cylindrical roller bearings); (3) light on overnight; (4) moist sawdust 
overnight; (5) food deprivation overday and overnight; (6) 90 dB elec
tric buzzer for 5 mins; (7) inclinated cage at 45 ◦C for 2 h. Unstressed 
mice including noCVMS/noTRE, noCVMS/LMTRE and noCVMS/HTRE 
groups were left undisturbed in their home cage. 

TRE procedure 

Twenty-four hours after the end of the CVMS protocol, the mice of 
exercise groups including the noCVMS/LMTRE, CVMS/LMTRE, 
noCVMS/HTRE and CVMS/HTRE were exposed to treadmill exercise. 
The TRE protocol was performed as described with some modifications 
(Rauf et al., 2015). The protocol consisted of two periods, adaptation 
period and exercise period. Mice from noCVMS/LMTRE, CVMS/LMTRE, 
noCVMS/HTRE and CVMS/HTRE groups were adapted to the exercise 
protocol and treadmill apparatus (Huaibei Zhenghua Biological Instru
ment Equipment Co., Ltd., China) in a training room for 2 weeks. During 
the adaptation period, running speed, treadmill slope, and duration of 
exercise were increased gradually. Speed was increased from 5 m/min 
for 10 mins, 8 m/min for 10 mins up 18 m/min for 20 mins; slope was 
increased from 0◦ up to 5◦. Mice were later carried out with formal 
exercise for 4 weeks, and were conducted the treadmill exercise at a 
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slope of 5◦ for a total duration of 20 min after 14:00 per day: both the 
noCVMS/LMTRE and CVMS/LMTRE groups carried out treadmill exer
cise from slow to medium speed (low-medium intensity): 5 m/ min for 5 
mins, 8 m/min for 5 mins and 12 m/min for 10 mins; both the 
noCVMS/HTRE and CVMS/HTRE groups carried out higher speed 
(higher intensity) treadmill exercise: 18 m / min for 20 mins. The ex
ercises were performed five times per week (Mondays, Tuesdays, 
Wednesdays, Fridays, and Saturdays) with two rest days (Thursdays and 
Sundays). The treadmill used in the experiments have electrical shock 
system to keep animals running. noCVMS/noTRE and CVMS/noTRE 
moved to the training room at the same time only when these groups 
performed exercise（Fig. 1）. 

Open field test (OF) 

Twenty-four hours after the end of the TRE protocol, anxiety-like 
behaviors were examed in an open field test (OF, 50 × 50 ×50 cm) 
illuminated by six 60 W lamps mounted 2 m above the apparatus 
(Ernsberger et al., 1983; Cullen et al., 2013). The OF was divided into 25 
squares (nine central and 16 peripherals). Female mice were placed 
individually in the centre of the OF for 5 mins. The time spent in the 
central and peripheral zones, total distance covered during the experi
ment and the number of crossings between squares was automatically 
recorded by a TSE digital system. Anxiety related indicators, including 
frequency and time of entry into the central area, total distance and 
number of crossings, were examed by PC-compatible software (TSE, 
VideoMot 2, Germany). The apparatus was rinsed with 70% ethanol 
after each test. The interval between each experiment was 30 min 

Elevated plus maze test (EPM) 

On the day after all OF experiments were completed, elevated plus 
maze tests (EPM) was carried out. Open arm and closed arm of EPM 
apparatus were placed 55 cm above the floor with movable pulley in the 
bottom. Female mice were moved out from the cage and placed at the 
connection of the open arm and closed arm, and their activities in the 
EPM were recorded by an overhead video camera for 5 min and coded 

later by a blind observer. Time and frequency of activities in the open 
and closed arms and total distance were analyzed as indicators of 
anxiety-related behaviors. Mice were returned to their cage when the 
experiment was completed. The apparatus was rinsed with 70% ethanol 
after each animal, and the interval between each vole was 30 min 
(Rodgers and Dalvi, 1997; He et al., 2018). 

Enzyme-linked immunosorbent assay (ELISA) 

All samples (n = 60) were used for ELISA in diestrus. Animals were 
euthanized terminally after behavioral tests, Mice were deeply anes
thetized and perfused with 0.1 M phosphate-buffered solution (PBS, pH 
7.4) and 4% paraformaldehyde in 0.1 M PBS. Blood samples were 
collected from the retro-orbital sinus of anesthetized female mice (using 
pentobarbital sodium dose of 4 mg/kg of body weight) between 8:00 
and 10:00 h two days after behavior tests to avoid any acute effects of 
these tests, enzyme-linked immunosorbent assay (ELISA) was performed 
as described (He et al., 2018). Thyrotropin-releasing hormone (TRH) 
was found to antagonize pentobarbital-induced sleeping time and hy
pothermia (Breese et al., 1975). However, no effect on estrogen in serum 
has been found, so E2 in serum was measured using a species-specific 
ELISA (CEA461Ge, Cloud-Clone, USA), the quantitative range of E2 
ELISA kit was 3.75–120pmol/L. The optical density was measured at 
450 nm using a microplate reader (Bio-Tek, Winooski, USA), and the 
blank was set as zero. Variation between duplicate values was less than 
5%. All mice were anesthetized and their brains quickly removed and 
bisected. 

Immunohistochemistry test 

All samples were used for immunohistochemistry assays in diestrus. 
Brains of all animals were obtained at the same time as blood. Brains 
were collected within 3 min and placed in 4% paraformaldehyde over
night. After dissection, brains were immersed in 30% sucrose until 
saturated. Coronal sections (40 µm) were cut on a cryostat, and 
consecutive sections were collected in three vials containing 0.01 M PBS 
for three different immunohistochemical stainings. ERα (MC-20: sc-542, 

Fig. 1. Behavioral testing schedule for experimental mice subjected to unstressed (noCVMS, n = 30) or stressed treatment group (CVMS, n = 30); noCVMS group was 
further divided into noCVMS/noTRE (n = 10), noCVMS/LMTRE (n = 10), noCVMS/HTRE group (n = 10), and CVMS group was further divided into CVMS/noTRE 
(n = 10), CVMS/LMTRE (n = 10) and CVMS/HTRE group (n = 10). 
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Santa Cruz, CA, USA) was an affinity purified rabbit polyclonal antibody 
raised against a peptide mapping at the C-terminus of ERα of mouse 
origin. Antibody specificity tests were performed using as control anti
body for ERα siRNA (h): sc-29305 and ERα siRNA (m): sc-29306. ERβ (H- 
150: sc-8974, Santa Cruz, CA, USA) was a rabbit polyclonal antibody 
raised against amino acids 1–150 of ERβ human origin, antibody spec
ificity tests were performed using as control antibody for ERβ siRNA (h) 
sc-35325, ERβ siRNA (m): sc-35326, ERβ siRNA (r): sc-77356. OT 
(AB911; Upstate Biotechnology, Lake Placid, NY, USA, 0.4 mg/ml) was 
an unpurified rabbit polyclonal antibody, antibody specificity tests were 
performed by cross-reactivity with arginine vasopressin to be less than 
1%. Floating sections were processed using primary antibody and 
streptavidin and peroxidase methods (Paxinos and Franklin, 1997). The 
sections were incubated for 7 min with 3% H2O2 and then washed twice 
for 10 mins with distilled water. The tissue was shrunk in 0.01 M PBS. 
Sections were blocked for 1.5 h with normal goat serum (SP-0023) and 
incubated at 4 ◦C overnight with the primary antibody (both of ERα and 
ERβ antibody 1: 100; OT antibody 1: 5000,) diluted by antibody dilution 
buffer (0.01 M PBS containing 20% bovine serum albumin and 1.7% 
Triton X-100). The next day, sections were washed four times for 5 min 
each with 0.01 M PBS and incubated for 1 h in a 37 ◦C water bath with 
biotinylated goat anti-rabbit secondary antibody (SP-0023, Boster 
Company, ready to use – no dilution required), followed by another 
round of four washes with 0.01 M PBS (5 min each). After 60 min of 
incubation with S-A/HRP (Boster Company, ready to use – no dilution 
required) and four washes for 10 mins each with 0.01 M PBS, sections 
were stained with 3,30-diaminobenzidinetetrahydrochloride (DAB) to 
visualize immunoreactivity. The reaction product appears as a brownish 
yellow punctate, nuclear stain. Because ERα, ERβ and OT are included in 
nuclei, stained nuclei were counted using an Olympus microscope 
(Tokyo, Japan). 

Slides were randomized and coded prior to quantitative analysis to 
ensure that counters were blind to experimental treatment. The number 
of immunoreactive cells was randomly quantified by eye per standard 
area (200 × 200 µm2) using grid sampling. The number of ERα-IRs and 
ERβ-IRs in the BNST, mPOA, MeA, PVN and SON, and OT-IRs in the PVN 
and SON in 200 × 200 µm2 was counted. These brain regions were 
selected because the expressions of ERα and ERβ are found in abundance 
in the BNST, mPOA, MeA, PVN and SON (Krezel et al., 2001; He et al., 
2012). OT is released from the PVN and SON via neurohypophysis into 
the bloodstream or by extrahypothalamic fibres projecting into the brain 
including the BNST, mPOA and MeA (Dong et al., 2001) and exerts a 
wide range of central and peripheral effects (Le Mevel et al., 1993). For 
example, OT is found in abundance in the PVN and SON, areas involved 
in anxiety (Hellemans et al., 2010; He, 2014). Various brain regions 
were determined based on Nissl stained brain sections from mice and a 
stereotaxic atlas of the mice brain (Paxinos and Franklin, 1997). 

For each brain nucleus, three representative sections from anterior to 
posterior and anatomically matched between subjects were chosen and 
counted to minimize variability. Individual mean values for each animal 
were obtained by counting positive neurons (brownish yellow punc
tates, nuclear stain) bilaterally in three sections from each nucleus. 
Counts were performed separately for each hemisphere, and results were 
averaged between hemispheres. Sections were chosen by correspon
dence to the reference atlas plate instead of the level or intensity of ERα- 
IRs, ERβ-IRs or OT-IRs labelling. All immunohistochemistry procedures 
included negative controls (primary antibody was not added). An 
observer blind to experimental conditions performed the entire analysis. 
Chosen sections were photographed with a Nikon camera (Tokyo, 
Japan) attached to a Nikon microscope (He et al., 2018). 

Statistical analysis 

Statistical analysis was performed using GraphPad Prism 6 software 
(San Diego, CA, USA). All results are expressed as the means ± standard 
error (SE). We used two-way ANOVA plus Tukey test. Probability values 

of P < 0.05 were considered statistically significant among various 
groups. 

Results 

Behavioral testing 1: OF 

In the OF, the two-way ANOVA showed that there’s a significant 
effect on chronic variable moderate stress (CVMS) in the time which the 
mice spent when engaging in the center of the chamber (F(1, 59) 
= 25.603, P < 0.001), number of crossings (F(1, 59)= 28.566, P < 0.001) 
and total distance (F(1, 59) = 15.370, P < 0.001). However, treadmill 
exercise (TRE) did not changed significantly for time spent in the central 
area (F(1, 59) = 2.820, P = 0.071), number of crossings (F(1, 59) = 2.221, 
P = 0.082) and total distance (F(1, 59) = 1.375, P = 0.101). The inter
action between both factors was significant for time spent in the central 
area (F(5, 55) = 7.171, P < 0.001), number of crossings (F(5, 55) = 9.303, 
P < 0.001) and total distance (F(5, 55) = 4.899, P = 0.002). 

According to Tukey post hoc tests, CVMS/noTRE, CUMS/HTRE and 
noCVMS/HTRE spent less time in the central area, made fewer crossings 
and covered less distance in the OF test compared with all other three 
groups. There were no significant differences among noCVMS/noTRE, 
noCVMS/LMTRE and CVMS/LMTRE groups for any measure of OF 
performance (Table 1, Fig. 2). 

Behavioral testing 2: EPM 

In EPM, CVMS had significant effect on total distance (F(1, 59) 
= 22.761, P < 0.004), time spent in the open arm (F(1, 59) = 26.632, 
P < 0.001), number of entries to the open arm (F(1, 59) = 26.227, 
P < 0.001), and proportion of number of open arms (%) (F(1, 59) 
= 16.607, P < 0.001). TRE did not significantly change total distance 
(F(1, 59) = 2.920, P = 0.061), time spent in the open arm (F(1, 59) 
= 2.622, P = 0.075), number of entries to the open arm (F(1, 59) = 2.775, 
P = 0.072), and proportion of number of open arms (%) (F(1, 59) 
= 1.820, P = 0.097). The interaction between CVMS and TRE was sig
nificant for total distance (F(5, 55) = 6.318, P < 0.001), time spent in the 
open arm (F(5, 55) = 9.228, P < 0.001), number of entries to the open 
arm (F(5, 55) = 7.916, P < 0.001), and proportion of number of open 
arms (%) (F(5, 55) = 5.245, P = 0.001). 

According to Tukey post hoc tests, the CVMS/noTRE, CVMS/HTRE 
and noCVMS/HTRE group had a smaller total distance, spent less time in 
the open arm, made fewer entries to the open arm and made fewer en
tries to open arms as a proportion of entries to all arms, compared with 
all other groups. There were no significant differences between the 
noCVMS/noTRE, noCVMS/LMTRE and CVMS/LMTRE groups for any 
measure of EPM performance (Table 2, Fig. 3). 

E2 in serum 

Two-way ANOVA revealed a significant effect of CVMS for E2 levels 
(F(1, 59) = 11.615, P < 0.001). However, TRE did not change signifi
cantly for E2 levels (F(1, 59) = 2.120, P = 0.088). The interaction be
tween both factors was significant for E2 levels (F(5, 55) = 4.318, 
P = 0.008). 

According to Tukey post hoc tests, the serum E2 levels of the CVMS/ 
noTRE, CVMS/HTRE and noCVMS/HTRE group were lower than all 
other groups. There were no significant differences between the 
noCVMS/ noTRE, noCVMS/LMTRE and CVMS/LMTRE groups for E2 
levels (Table 3, Fig. 4). 

Immunohistochemistry 

CVMS had an effect on the number of ERα-IRs in the BNST (F(1, 59) 
= 14.276, P < 0.001), mPOA (F(1, 59) = 38.582, P < 0.001), MeA (F(1, 

59) = 35.835, P < 0.001), PVN (F(1, 59) = 30.04, P < 0.001) and SON 
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(F(1, 59) = 10.207, P < 0.001). TRE did not have such an effect in the 
BNST (F(1, 59) = 1.976, P = 0.095), mPOA (F(1, 59) = 1.776, P = 0.099), 
MeA (F(1, 59) = 2.423, P = 0.078), PVN (F(1, 59) = 2.521, P = 0.077) and 
SON (F(1, 59) = 2.620, P = 0.076). The interaction both factors was 
significant for the number of ERα-IRs in the BNST (F(5, 55) = 4.287, 
P < 0.001), mPOA (F(5, 55) = 12.257, P < 0.001), MeA (F(5, 55) 
= 11.258, P < 0.001), PVN (F(5, 55) = 10.457, P < 0.001), and SON (F(5, 

55) = 5.757, P < 0.001). Tukey Post hoc tests showed that the number of 
ERα-IRs in the BNST, mPOA, MeA, PVN and SON in the CVMS/noTRE, 
CVMS/HTRE and noCVMS/HTRE group was greater compared with all 
other groups. However, there were no significant differences in the 
number of ERα-IRs in the MeA, mPOA, BNST, PVN and SON in the 
noCVMS/noTRE compared with the noCVMS/LMTRE and CVMS/ 
LMTRE groups for all five brain regions (Table 4, Fig. 5). 

CVMS had an effect on the number of ERβ-IRs in the BNST (F(1, 59) 

= 26.123, P < 0.001), mPOA (F(1, 59) = 46.793, P < 0.001), MeA (F(1, 

59) = 29.397, P < 0.001), PVN (F(1, 59) = 14.104, P < 0.001) and SON 
(F(1, 59) = 5.939, P < 0.001). TRE did not have such an effect in BNST 
(F(1, 59) = 1.977, P = 0.095), mPOA (F(1, 59) = 2.420, P = 0.079), MeA 
(F(1, 59) = 2.520, P = 0.077), PVN (F(1, 59) = 2.820, P = 0.071) and SON 
(F(1, 59) = 2.885, P = 0.063). The interaction between CVMS and TRE 
was significant for the number of ERβ-IRs in the BNST (F(5, 55) = 7.255, 
P < 0.001), mPOA (F(5, 55) = 14.267, P < 0.001), MeA (F(5, 55) 
= 10.248, P < 0.001), PVN (F(5, 55) = 4.656, P = 0.003), and SON (F(5, 

55) = 3.857, P = 0.039). Tukey post hoc test showed that the number of 
ERβ-IRs in the BNST, mPOA, MeA, PVN and SON in the CVMS/noTRE, 
CVMS/HTRE and noCVMS/HTRE animals was reduced compared to all 
other groups. However, there were no significant differences in the 
number of ERβ-IRs in the MeA, mPOA, BNST, PVN and SON in the 
noCVMS/noTRE compared with the noCVMS/LMTRE and CVMS/ 

Table 1 
Behavior testing analysis in open field by Tukey post hoc (n = 10).   

Behavior ariable 

Groups Time spent in the central area Number of crossings Total distance 

noCVMS/noTRE 260.4 ± 26.7 135.9 ± 40.9 6378.8 ± 1558.7 
noCVMS/LMTRE 249.5 ± 30.6 152.8 ± 27.4 7034.7 ± 1291.2 
noCVMS/HTRE 180.2 ± 20.2 * *# 69.6 ± 16.5 * **### 4304.6 ± 972.7 * *### 

CVMS/noTRE 170.0 ± 18.4 * **### 66.7 ± 14.9 * **### 3891.5 ± 1152.5 * **### 

CVMS/LMTRE 253.5 ± 31.9^^&& 149.9 ± 35.3^^^&&& 6767.6 ± 1231.3^^&&& 

CVMS/HTRE 190.4 ± 35.5 * *##$$ 71.7 ± 12.4 * **###$$$ 4332.1 ± 872.2 * *##$$ 

Comparison between noCVMS/HTRE, CVMS/noTRE, CVMS/HTRE and noCVMS/noTRE, * *: P < 0.01, * ** : P < 0.001; Comparison between noCVMS/HTRE, CVMS/ 
noTRE, CVMS/HTRE and noCVMS/LMTRE, #: P < 0.05, ##: P < 0.01, ###: P < 0.001; Comparison between CVMS/LMTRE and noCVMS/HTRE, ^^: P < 0.01, ^^^: 
P < 0.001; Comparison between CVMS/LMTRE and CVMS/noTRE, &&: P < 0.01, &&&: P < 0.001; Comparison between CVMS/HTRE and CVMS/LMTRE, $$: 
P < 0.01, $$$: P < 0.001. 

Fig. 2. Behavior in the open field test (n = 60). (A) Bar + scatter graph with mean ± SEM, the mice spent time in the center of the chamber. (B) Bar + scatter graph 
with mean ± SEM, mice crossed total number in open field. (C) Bar + scatter graph with mean ± SEM, the mice travelled total distance. Two-way ANOVA plus Tukey 
test was used. P > 0.05). * : P < 0.05, * *: P < 0.01, * ** : P < 0.001. 

Table 2 
Behavior testing analysis in elevated plus maze test by Tukey post hoc (n = 10).   

Behavior ariable 

Groups Total distance Time spent in the open arms Number of entries to the open arm Proportion of number of open arms (%)@ 

noCVMS/noTRE 5811.1 ± 1514.3 110.2 ± 24.7 46.4 ± 8.8 37.6 ± 10.6 
noCVMS/LMTRE 6496.9 ± 1546.8 116.0 ± 16.5 57.6 ± 13.0 39.6 ± 8.0 
noCVMS/HTRE 3339.7 ± 986.0 * **### 72.4 ± 15.2 * *## 30.5 ± 8.4 *### 20.7 ± 6.5 * **### 

CVMS/noTRE 3426.7 ± 1055.8 * *### 68.2 ± 14.5 * *### 27.8 ± 6.9 * *### 22.7 ± 7.4 * **### 

CVMS/LMTRE 6806.6 ± 1145.8^^^&& 127.8 ± 20.6^^^&&& 56.0 ± 8.8^^^&&& 37.8 ± 6.8^^^&& 

CVMS/HTRE 3369.6 ± 809.1 * **##$$ 70.4 ± 12.6 * *###$$$ 29.0 ± 8.0 * *###$$$$ 20.4 ± 5.9 * **###$$$ 

Comparison between noCVMS/HTRE, CVMS/noTRE, CVMS/HTRE and noCVMS/noTRE, * *: P < 0.01, * ** : P < 0.001; Comparison between noCVMS/HTRE, CVMS/ 
noTRE, CVMS/HTRE and noCVMS/LMTRE, ##: P < 0.01, ###: P < 0.001; Comparison between CVMS/LMTRE and noCVMS/HTRE, ^^^: P < 0.001; Comparison 
between CVMS/LMTRE and CVMS/noTRE, &&: P < 0.01, &&&: P < 0.001; Comparison between CVMS/HTRE and CVMS/LMTRE, $$: P < 0.01, $$$: P < 0.001. 
@ : Formula = the % of open/(open+closed) arm frequency. 
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LMTRE groups for all five brain regions (Table 5, Fig. 6). 
We did not find OT-IRs in the MeA, mPOA, BNST. Two-way ANOVA 

revealed a significant effect of CVMS for OT-IRs in the PVN (F(1, 59) 
= 15.097, P < 0.001) and SON (F(1, 59) = 26.571, P < 0.001). However, 
TRE did not change significantly for OT-IRs in the PVN (F(1, 59) = 2.421, 
P = 0.078) and SON (F(1, 59) = 1.970, P = 0.096). The interaction be
tween CVMS and LMTRE was significant for OT-IRs in the PVN (F(5, 55) 
= 5.257, P < 0.001) and SON (F(5, 55) = 9.182, P < 0.001). Tukey post 
hoc test showed that the number of OT-IRs in the PVN and SON in the 
CVMS/noTRE, CVMS/HTRE and noCVMS/HTRE group was reduced 
compared to all other groups. There were no significant differences in 
the number of OT-IRs in the PVN and SON in the noCVMS/noTRE 

compared with the noCVMS/LMTRE and CVMS/LMTRE groups in these 
two brain regions (Table 6, Fig. 7). 

Discussion 

Compared with noCVMS/noTRE group, mice from CVMS/noTRE 
group took less time in the center of the OF and had less activity during 
this test. To further analyze anxiety-like behaviors of mice treated with 

Fig. 3. Behavior in the elevated plus- 
maze test (n = 60). (A) Bar + scatter 
graph with mean ± SEM, the mice 
travelled total distance. (B) Bar 
+ scatter graph with mean ± SEM, the 
mice spent time in open arm. (C) Bar 
+ scatter graph with mean ± SEM, the 
mice crossed number of open arm en
tries. (D) Bar + scatter graph with mean 
± SEM, the mice had a percentage for 
open/(open + closed) arm frequency. 
P > 0.05). Two-way ANOVA plus Tukey 
test was used. * : P < 0.05, * *: 
P < 0.01, * ** : P < 0.001.   

Table 3 
E2 level in serum analysis by Tukey post hoc (n = 10).  

Groups E2 level in serum 

noCVMS/noTRE 27.6 ± 6.3 
noCVMS/LMTRE 29.0 ± 5.4 
noCVMS/HTRE 19.2 ± 3.2 * *## 

CVMS/noTRE 18.2 ± 3.5 * *## 

CVMS/LMTRE 27.3 ± 6.0^^&& 

CVMS/HTRE 17.9 ± 4.5 * *###$$ 

Comparison between noCVMS/HTRE, CVMS/noTRE, CVMS/ 
HTRE and noCVMS/noTRE, * *: P < 0.01; Comparison between 
noCVMS/HTRE, CVMS/noTRE, CVMS/HTRE and noCVMS/ 
LMTRE, ##: P < 0.01, ###: P < 0.001; Comparison between 
CVMS/LMTRE and noCVMS/HTRE, ^^: P < 0.01; Comparison 
between CVMS/LMTRE and CVMS/noTRE, &&: P < 0.01; 
Comparison between CVMS/HTRE and CVMS/LMTRE, $$: 
P < 0.01. 

Fig. 4. Effects of chronic unpredictable mild stress and treadmill exercise on 
oestradiol levels in plasma in female mice (n = 60). A Bar + scatter graph with 
mean ± SEM, P > 0.05). Two-way ANOVA plus Tukey test was used. * *: 
P < 0.01, * ** : P < 0.001. 
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CVMS, an EPM was conducted (He et al., 2015). Our results show that 
mice in CVMS/noTRE group took less time in the open arms of the EPM, 
spent fewer entries to the open arms, the % of open/(open + closed) arm 
frequency and covered shorter distance. These results are indicative of 
increased anxiety-like behavior only the chronic unpredictable mild 
stress. Our results were consistent with male mice, rats and female 
prairie voles in CVMS-induced anxiety (Smith et al., 2013). To evaluate 
the stressor effects on rodents, a potentially stressful event is various 
CVMS, as animals are exposed to multiple stressors and cannot predict or 
control the changes (i.e. restricted activities, deprived of water/food, 
placed in moist sawdust) in their environment for 3–4 weeks (Mineur 
et al., 2006; Pothion et al., 2004), 

Compared with CVMS/noTRE animals, mice from noCVMS/LMTRE 
and CVMS/LMTRE groups took more time in the center of the OF and 
had more activity during this test, and spent more time in the open arms 
of the EPM, showed more entries to the open arms, had higher % of 
open/(open + closed) arm frequency and longer distance in movement. 
These results indicated that anxiety-like behaviors of CVMS/LMEG and 
CVMS/LMTRE mice were reduced. Appropriate physical activities help 
reduce negative emotions. Treadmill exercise from low to medium speed 
might have a positive influence in regulating anxiety. Regular physical 
activity might be an effective way to reduce negative emotion and 
emotional disorders symptoms. Anxiety-like behavior improvements 
following exercise were decreases in tension, depression, anger, and 
confusion (Yik et al., 1999). These results were similar to when rates 
were allowed access to a running wheel for 3 weeks and exhibited 
anxiolytic-like behaviors after exposed to a repeated stress (Sciolino and 
Holmes, 2012). Conversely, mice from noCVMS/HMTRE did not 
exhibited anxiolytic-like behaviors, while increased anxiety-like be
haviors compared with noCVMS/LMTRE and CVMS/LMTRE animals, 
the result indicated that treadmill exercise with higher speed might act 
as a new stressor to stimulate animals, causing mice to produce 
anxiety-like behaviors. Our study is consistent with the conclusion that 
low-moderate intensity exercise had the best emotional benefits and had 
better effect on relieving anxiety than high-intensity exercise (Basso and 

Table 4 
ERα-IRs in five brain regions analysis in by Tukey post hoc (n = 10).   

Brain regions  

Groups BNST mPOA MeA PVN SON 

noCVMS/noTRE 20.8 ± 3.6 28.2 ± 3.3 19.8 ± 2.9 19.1 ± 3.1 16.8 ± 2.9 
noCVMS/LMTRE 18.5 ± 4.1 26.5 ± 2.9 17.8 ± 2.9 18.1 ± 3.1 17.7 ± 2.9 
noCVMS/HTRE 30.3 ± 4.6 * **### 38.2 ± 4.3 * **### 30.8 ± 3.5 * **### 28.3 ± 2.8 * **### 22.7 ± 3.0 * *## 

CVMS/noTRE 28.6 ± 5.4 * *### 40.1 ± 4.5 * **### 31.6 ± 5.2 * **### 29.2 ± 3.6 * **### 23.8 ± 2.9 * **### 

CVMS/LMTRE 20.6 ± 5.5^^^&& 27.1 ± 3.7^^^&&& 20.8 ± 2.9^^^&&& 19.0 ± 3.1^^^&&& 18.8 ± 2.9^&& 

CVMS/HTRE 28.1 ± 3.7 * *###$$ 36.2 ± 3.3 * **###$$$ 30.4 ± 2.9 * **###$$$ 27.1 ± 3.1 * **###$$$ 23.3 ± 3.0 * **##$ 

Comparison between noCVMS/HTRE, CVMS/noTRE, CVMS/HTRE and noCVMS/noTRE, * *: P < 0.01, * ** : P < 0.001; Comparison between noCVMS/HTRE, CVMS/ 
noTRE, CVMS/HTRE and noCVMS/LMTRE, ##: P < 0.01, ###: P < 0.001; Comparison between CVMS/LMTRE and noCVMS/HTRE, ^: P < 0.05, ^^^: P < 0.001; 
Comparison between CVMS/LMTRE and CVMS/noTRE, &&: P < 0.01, &&&: P < 0.001; Comparison between CVMS/HTRE and CVMS/LMTRE, $: P < 0.05, $$: 
P < 0.01, $$$: P < 0.001. 

Fig. 5. Mean ( ± SEM) expression of ERα-IRs after chronic unpredictable mild 
stress and treadmill exercise (n = 60). (A) Scatter graph with mean ± SEM, the 
number of ERα-IRs was expressed in the MeA, mPOA, BNST, PVN and SON in 
the mice. Two-way ANOVA plus Tukey test was used. * *: P < 0.05, * *: 
P < 0.01, * ** : P < 0.001. (B) Position of ERα-IRs expressed in the MeA, 
mPOA, BNST, PVN and SON of the mice. ERα-IRs in 200 × 200 µm2 counted. 
Bar = 200 µm. 

Table 5 
ERβ-IRs in five brain regions analysis in by Tukey post hoc (n = 10).   

Brain regions  

Groups BNST mPOA MeA PVN SON 

noCVMS/noTRE 40.6 ± 3.8 48.5 ± 3.6 49.5 ± 3.9 20.1 ± 3.8 12.6 ± 3.9 
noCVMS/LMTRE 41.6 ± 4.1 50.5 ± 5.9 51.5 ± 3.6 21.1 ± 3.8 13.4 ± 4.0 
noCVMS/HTRE 30.6 ± 3.8 * **### 33.8 ± 5.0 * **### 31.5 ± 3.6 * **### 13 ± 3.6 * *### 6.6 ± 3.0 * *## 

CVMS/noTRE 31.6 ± 3.8 * **### 31.1 ± 4.5 * **### 30.6 ± 3.2 * **### 12.2 ± 3.6 * **### 7.4 ± 3.6 *## 

CVMS/LMTRE 42.7 ± 5.5^^^&&& 49.5 ± 3.6^^^&&& 50.8 ± 5.9^^^&&& 19.0 ± 3.8^^&& 12.0 ± 3.4^& 

CVMS/HTRE 32.1 ± 3.5 * **###$$$ 32.8 ± 5.0 * **###$$$ 29.4 ± 3.5 * **###$$$ 11.1 ± 3.7 * **###$$$ 7.1 ± 3.2 *##$ 

Comparison between noCVMS/HTRE, CVMS/noTRE, CVMS/HTRE and noCVMS/noTRE, * : P < 0.05, * *: P < 0.01, * ** : P < 0.001; Comparison between noCVMS/ 
HTRE, CVMS/noTRE, CVMS/HTRE and noCVMS/LMTRE, ##: P < 0.01, ###: P < 0.001; Comparison between CVMS/LMTRE and noCVMS/HTRE, ^: P < 0.05, ^^: 
P < 0.01, ̂ ^^: P < 0.001; Comparison between CVMS/LMTRE and CVMS/noTRE, &: P < 0.05, &&: P < 0.01, &&&: P < 0.001; Comparison between CVMS/HTRE and 
CVMS/LMTRE, $: P < 0.05, $$$: P < 0.001. 
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Suzuki, 2017; Guan, 2003). Frequent stress for a long time can increase 
cortisol level, which will cause down-regulation of HPA axis function 
leading to anxiety-like behaviors (Gunnar and Quevedo, 2007). 
Stressors activate hypothalamic–pituitary–adrenal (HPA) axis resulting 
in the release of glucocorticoids (cortisol in humans and corticosterone 
in rodents) from the adrenal gland that bind to mineralocorticoid (MR) 
and glucocorticoid receptors (GR) in the brain. Through coordinated 
actions, MR and GR activation prepares the organism, both physiologi
cally and psychologically, to deal with the stressor and return the acti
vated systems to a homeostatic level of functioning (Chester et al., 
2014). Although noCVMS/HTRE females are without CVMS, fast 
treadmill exercise (18 m / min for 20 mins) might still be a stressor for 
them, because during the experiments, we found that when they were 
placed on the treadmill, they were more afraid and had more tension 
(There were more feces and urine of mice, which was a manifestation of 
emotional tension. However, the exact amounts were not measured). 
Since the treadmill used in the experiments have electrical shock system 
to keep animals running, these mice were worried that they were going 
to be thrown off from the fast -moving running belt on the treadmill, so 
they did not feel the joy of exercise. Higher speed exercise did not 

Fig. 6. Mean ( ± SEM) expression of ERβ-IRs after chronic unpredictable mild stress and treadmill exercise (n = 60). (A) Scatter graph with mean ± SEM, the 
number of ERβ-IRs was expressed in the MeA, mPOA, BNST, PVN and SON in the mice. Two-way ANOVA plus Tukey test was used. * *: P < 0.05, * *: P < 0.01, * ** : 
P < 0.001. (B) Position of ERβ-IRs expressed in the MeA, mPOA, BNST, PVN and SON of the mice. ERβ-IRs in 200 × 200 µm2 counted. Bar = 200 µm. 

Table 6 
OT-IRs in two brain regions analysis in by Tukey post hoc (n = 10).   

Brain regions 

Groups PVN SON 

noCVMS/noTRE 19.3 ± 2.9 16.4 ± 3.5 
noCVMS/LMTRE 22.7 ± 3.4 17.5 ± 3.6 
noCVMS/HTRE 14.7 ± 3.5 *### 6.4 ± 2.0 * **### 

CVMS/noTRE 13.6 ± 3.4 * *### 8.5 ± 2.5 * **### 

CVMS/LMTRE 21.7 ± 3.5^^^&&& 16.3 ± 2.6^^^&&& 

CVMS/HTRE 14.9 ± 3.2 * *###$$$ 7.5 ± 2.1 * **###$$$ 

Comparison between noCVMS/HTRE, CVMS/noTRE, CVMS/HTRE and 
noCVMS/noTRE, * : P < 0.05, * *: P < 0.01, * ** : P < 0.001; Comparison be
tween noCVMS/HTRE, CVMS/noTRE, CVMS/HTRE and noCVMS/LMTRE, 
###: P < 0.001; Comparison between CVMS/LMTRE and noCVMS/HTRE, ^^^: 
P < 0.001; Comparison between CVMS/LMTRE and CVMS/noTRE, &&&: 
P < 0.001; Comparison between CVMS/HTRE and CVMS/LMTRE, $$$: 
P < 0.001. 
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alleviate negative emotions (Netz et al., 2005), it could also produce 
anxiogenic-like and null effects (Fuss et al., 2010; Pietropaolo et al., 
2006; Helgadóttir et al., 2015). Discrepancies between LMTRE and 
HTRE on anxiety-like behaviors were likely due to a variety of internal 
and/or external variables that ultimately influence the impact of 
stressors on the organism (Sciolino and Holmes, 2012). For example, 
external variables such as the speed of the treadmill as environmental 
stressors, and internal variables such as changes in stress hormones 
because of worry and fear of falling off the treadmill. Interestingly, apart 
from CVMS effect, the increased anxiety-like behaviors are likely due to 
high speed treadmill. There are only few studies investigating the spe
cific effects of high intensity exercise as a stressor, particularly the ef
fects on mood disturbances (Guan, 2003). With respect to the 
interactions between exercise and stress, it has been shown that both 
high-intensity treadmill exercise and CVMS enhanced unfavorable ef
fects on behavioral function including those on anxiety-related behav
ioral alterations in the OF and EPM tests. Currently, there’s limited 
evidence for the upper and lower limits of movement intensity with 
emotional regulation effect. Therefore, the relation between exercise 
intensity and emotional benefits needs to be further explored. 

We found that serum E2 levels in CVMS/noTRE group was lower than 
that of noCVMS/noTRE, CVMS/LMTRE and noCVMS/LMTRE group. A 
negative correlation between CVMS and serum E2 levels is not consistent 
with a study on female rats, in which serum E2 levels increased 10 min 
after an acute restraint stress (Liu et al., 2011). There are three reasons 
for the difference. First, the serum measurement times are different. Rats 
were measured after 10 min of stress; mice were measured after 2 days 
of behavior test (behavior test lasted for 1 week after stress). The serum 
hormones varied greatly in different periods, and this is related to 
different physiological cycles (Holder and Blaustein, 2014). Second, the 
stress methods are different, rats were subject to short-term acute re
straint stress (1 h / day for only 1 day), and did not reach a state of 
anxiety, while the mice in our study were subject to long-term chronic 
unpredictable repeated stress (24 h/day for 4 weeks), and had 

anxiety-like behaviors. Last but not least, it may also because of the 
different types of experiment animals. 

In the present study, serum E2 levels of the CVMS/HTRE groups was 
lower than that of noCVMS/noTRE, CVMS/LMTRE and noCVMS/ 
LMTRE. This may be related to prolonged high-intensity exercise that 
may cause excessive fatigue in the body, which may lead to HPG axis 
dysfunction and reduce E2 in the serum of female mice (Schmitz et al., 
2015). When level of estrogen in women’s body is low, stress response is 
enhanced levels of estrogen is negatively correlated with stress response 
(Chen et al., 2011). Therefore, high-intensity exercise may be a stress in 
mice to change E2 levels in the serum, thereby increasing anxiety levels. 

We found that the number of ERα-IRs in five brain regions including 
BNST, mPOA, MeA, PVN and SON was increased in the CVMS/noTRE 
group, while ERβ-IRs decreased in the five brain regions in the CVMS/ 
noTRE group. These findings are similar to other studies in mice and 
rats, and our previous studies in mandarin vole, whereby enhanced ERα 
expression and a concomitant declined in ERβ expression are relevant 
with increased anxiety and depression-like behaviors in an EPM and OF 
(He et al., 2018). Amygdala receives signals from cerebral cortex and 
sub-cortex regions, and integrates information from other brain regions, 
including BNST, mPOA, PVN and SON, which ultimately brings about 
anxious expression of animals (Lee, 2007; Le Doux, 2000). MeA ex
presses ERα and the reduction of ERα in MeA decreased anxiety, 
demonstrating that anxiety is regulated by ERα in amygdale (Spiteri 
et al., 2010). Both BNST and mPOA were closely involved in modulating 
anxiety-like behaviors (Davis, 2006). It is possible that the changes of 
ERα and ERβ expression in BNST and mPOA associated with CVMS lead 
to changes in the responses of mice with respect to anxiety. The distri
bution of ERα in PVN and SON in CVMS/noTRE group was increased in 
our experiment, and the distribution suggests an indirect mode of 
estradiol action on PVN and SON responses to stress (Handa et al., 
2012a). ERα is known to regulate the activity of corticotropin-releasing 
factor. Increased number of ERα-IRs in these brain regions makes 
corticotropin-releasing factor disorderly increase, and it may affect the 

Fig. 7. Mean ( ± SEM) expression of OT-IRs after chronic unpredictable mild stress and treadmill exercise (n = 60). (A) Scatter graph with mean ± SEM, the number 
of OT-IRs was expressed in the PVN and SON in the mice. Two-way ANOVA plus Tukey test was used. * *: P < 0.05, * *: P < 0.01, * ** : P < 0.001. (B) Position of OT- 
IRs expressed in the PVN and SON of the mice. OT-IRs in 200 × 200 µm2 counted. 
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activity of the HPA axis and lead to anxiety (He et al., 2015). However, 
ERβ is declined in the five brain regions including the BNST, mPOA, PVN 
and SON in the CVMS/noTRE group. The five pivotal brain areas have 
high levels of ERβ distribution, and ERβ inhibits HPA responsiveness and 
reduces the anxiety behavior of rodents (Bulut et al., 2016). Therefore, 
alterations in ERβ-IRs in these areas would likely result in anxiety-like 
behaviors in mice. Despite the fact that estradiol feedback to control 
reproduction occurs principally through ERα-dependent mechanisms, 
modulatory roles for ERβ also exist. The roles of ERα and ERβ within a 
particular neural network may be synergistic or antagonistic. Examples 
of the latter include the role of ERα to enhance, and ERβ to suppress 
anxiety-like and aggressive behaviors. We speculate that decreased E2 
probably causes downregulation of ERβ in these brain areas because 
their expression levels may reflect estradiol exposure of relevance to 
estradiol replacement therapy (Handa et al., 2012b), and it is consistent 
with the fact that ERβ is activated by elevated circulating estrogen 
(Giguere et al., 1998). Taken together, estradiol through ERα and ERβ 
signaling pathways regulates HPA axis function and has opposite effects 
on emotion (Handa and Weiser, 2014), the increase in ERα expression 
and concomitant decrease in ERβ expression are associated with 
increased anxiety-like behavior. 

The number of OT-IRs in PVN and SON was lower in mice exposed to 
CVMS/noTRE, CVMS/HTRE and noCVMS/HTRE. Reduced numbers of 
OT-IRs in certain brain regions may be one of the causes of anxiety-like 
behaviors. OT knockouts present an anxious phenotype indicating 
involvement of endogenous OT (Mantella et al., 2003). Endogenous OT 
is also directly involved in anxiolysis in females and males (Bosch and 
Neumann, 2012; Waldherr and Neumann, 2007). In rats and mice, OT 
administered peripherally or centrally attenuates anxiety (Ayers et al., 
2011). OT is primarily expressed in the PVN and SON, release of OT via 
neurohypophysis into the brain exerts a wide spectrum of central effects 
(Neumann, 2008). Therefore, reduced numbers of OT-IRs in the PVN 
and SON may be one of the causes of anxiety-like behavior in 
CVMS/noTRE, CVMS/HTRE and noCVMS/HTRE females. 

The number of OT-IRs in the PVN and SON was higher in mice 
exposed to CVMS/LMTRE and noCVMS/LMTRE, and both CVMS/ 
LMTRE and noCVMS/LMTRE were similar to noCVMS/noTRE OT can 
also reverse some of the anxiogenic effects of treadmill exercise. For 
example, when accompanied with exercise, OT can inhibit anxiety in 
OVX rats (Bulut et al., 2016). Exercise training was demonstrated to 
increase hypothalamic OT and OT receptor (OTR) expressions in rats 
(Martins et al., 2005), and were normalized or enhanced by exercise 
training in rats (Bulut et al., 2016). In rats, OT in the brain was positively 
correlated with serum estrogen (McCarthy et al., 1996). It plays an 
important role in regulating anxiety through E2 and ERβ in specific brain 
regions. ERβ is co-expressed with OT in neurons of the PVN, an 
ERβ-selective agonist would decrease stress induced HPA reactivity and 
anxiety-like behaviors via an OTergic pathway (Kudwa et al., 2014), 
suggesting the interaction of OT and ERβ in modulating anxiety-like 
behaviors (Kudwa et al., 2014). However, OT-IRs in male prairie voles 
that had undergone voluntary running-wheel exercises were not only 
increased, but also decreased in comparison with non-exercise group, 
and anxiety-related behaviors were no different from those from 
non-exercise group (Kenkel and Carter, 2016). It shows that the changes 
in animal anxiety-like behaviors caused by exercise are not only related 
to animal species, but may also be related to the different mechanisms of 
gender differences in anxiety-like behaviors (Sciolino and Holmes, 2012; 
Munive et al., 2016). 

In summary, this study examined the complexity of the combined 
effect of CVMS and treadmill exercise speed on female mice. Our data 
indicated that female mice were subjected to CVMS demonstrate 
increased anxiety in OF and EPM tests, and this is related to (i) lower 
serum E2 levels; (ii) increased expression of ERα in BNST, mPOA, MeA, 
PVN and SON; (iii) decreased expression of ERβ in BNST, mPOA, MeA, 
PVN and SON; (iv) decreased expression of OT in PVN and SON. Only 
the low-moderate speed treadmill exercise was similar to the control 

group and did not exhibit anxiety, and higher speed treadmill exercise 
increased anxiety. The low-moderate treadmill exercise reversed CVMS- 
induced changes in serum E2 concentration and changed expression of 
ERα, ERβ and OT in the brain. The interaction among appropriate ex
ercise, differences in serum E2 among female mice, and an increase in 
the ratios of ERβ/ERα and OT may be responsible for the observed 
decrease in anxiety-like behavior in female mice. 
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