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Treadmill Exercise as a Preventive Measure
Against Age-Related Anxiety and Social
Behavioral Disorders in Rats: When Is It Worth
Starting?
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Objective To determine the appropriate time points to start regular exercise which could reduce age-related
anxiety and impaired social behavior.

Methods For this study, 8-week-old male Wistar rats were divided into three groups: no exercise (NoEX), short-
term exercise (S-Ex), and long-term exercise (L-Ex) groups. S-Ex-group rats started treadmill exercise at 12 months
of age, while L-Ex rats started from at 2 months of age. Exercise rats were forced to walk on the treadmill three
times per week, with 1- to 2-day intervals for 10 minutes during the first 2 weeks, at 10 m/min until 17 months
of age, and at 8 m/min thereafter. At 19 months of age, behavioral tests were performed to assess the effects
of exercise on age-induced behavioral change as well as quantitative polymerase chain reaction were done to
uncover the mechanism behind the behavioral changes.

Results Anxiety-like behavior was improved by long-term exercise. Additionally, rats belonging to the S-Ex and
L-Ex groups showed improved social behavior and increased curiosity about interesting objects. The qPCR data
showed that treadmill exercise suppressed the expression of immediate-early genes in the prefrontal cortex of the
aged rats.

Conclusion This study suggests that long-term exercise represses early response genes, and in this way, it
increases resistance to stress, diminishes anxiety-related behavior, and improves social behavior. These findings
underscore the need to consider appropriate time to start exercise to prevent stress induced anxiety related
behavior.
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Implementation of Treadmill Exercise as a Preventive Measure

INTRODUCTION

Aging results from the accumulation of molecular and
cellular damage over time. In recent lifestyles, the re-
duced physical and mental function makes aging more
susceptible to various illnesses and significantly impairs
activities of daily living and quality of life. However, the
average life expectancy of a person is over 60 years old,
and the world population of this age group (over 60 years
old) is expected to reach 2 billion by 2050 [1]. Therefore,
developing effective strategies for delaying aging and
averting aging-related illnesses is a pressing issue.

Physical exercise is widely accepted for preventing
the deterioration of physical function and extending a
healthy life [2,3]. Physical exercise improves both mental
and physical health by exerting effects against depression
[4], insomnia [5], and motor [6] and cognitive dysfunc-
tion [7]. Therefore, exercise is the best way to prevent
various diseases caused by aging. So far, there are papers
that have verified the effects of various exercises using
animals. It has been reported that physical exercise plays
a critical role in the survival of newly born hippocampal
neurons in mice [8] and improves spatial cognitive func-
tion in rats [9]. Based on accumulating evidence, the
effect of exercise against aging varies depending on the
start time, schedule, and duration [10]. Focusing on a
precise schedule, aerobic training on rats for 24 and 64
weeks showed a higher cognitive performance as evalu-
ated by the Radial maze [11]. However, long-term forced
treadmill exercise at 22 m/min for 1 hour (for 6 days per
week) has been reported to improve cognitive function in
young adults but not in aged rats [12]. In addition to this,
there is a possibility that the effect of exercise may be
compromised for inappropriate timing for commencing
exercise.

Various basic studies have been conducted so far on
the effects of aging and exercise. As described before, 18
years old in humans is equivalent to 6 months old in rats.
Additionally, 45 and 60 years old in human are equivalent
to 18 and 24 months old in rats, respectively [13]. Lifelong
aerobic training showed that regular and moderate tread-
mill running has an anxiolytic effect on aged rats [11].
Another study reported that only 15 months of exercise
in old rats had attenuative effects on age-induced hippo-
campal neuronal apoptosis and down-regulation of the
Wnt signaling pathway [14]. Thus, the effects of exercise

on aged rats are mostly related to hippocampal neuron
for cognitive performance. Nevertheless, the effective-
ness of exercise has also been recognized in the prefron-
tal cortex (PFC), which controls decision-making, atten-
tion, emotion, and social behavior. For example, a social
interaction test to assess impulsivity was performed in
attention-deficit hyperactivity disorder (ADHD) rats, and
treadmill exercise attenuated hyper social behavior in
ADHD rats [15]. Especially, social behavior declined with
aging, and was suppressed in both male and female rats
at 18 and 24 months [16]. However, there are no papers
examining the effects on exercise in aged animals.

Therefore, here, we established two exercise paradigms
to understand when it is appropriate to start exercising:
a group that starts exercising from the beginning and a
group that starts exercising midway through.

MATERIALS AND METHODS

Animals

All animal experiments were performed following the
Guidelines for Animal Experimentation of our institute
and under the approval of the committee (Approval No.
05-U-31-2). Male Wistar rats were housed in pairs under-
standard laboratory conditions.

Exercise implementation

Thirty-two 8-week-old male Wistar rats were housed by
two animals per cage were randomly divided into three
groups: non-exercise (NoEx; n=12), and short-term (S-
Ex; n=10) and long-term (L-Ex; n=10) exercise groups.
Treadmill exercise were implemented on S-Ex group rats
from 12-month-old and L-Ex rats from 2-month-old. Rats
were driven to walk on the belt using an electric shock
(50 V alternating current) from a shock grid at the edge
of the belt. Rats were forced to walk on a treadmill three
times per week for 10 minutes for the first 2 weeks and
thereafter for 20 minutes. The speed of the treadmill belt
was 10 m/min until the rats became 17-month-old, and
8 m/min thereafter. NoEx group rats was kept in a cage
without being placed on the treadmill. The numbers of
animals were subjected to behavioral analyses were 11
rats (NoEx), 8 rats (L-Ex) and 8 rats (S-Ex group) as some
rats were died for age-related health issues (Fig. 1).
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Fig. 1. Experimental design. Thirty-two 2-month-old rats were randomly assigned to three groups, each contain-
ing 11+1 rats: NoEx, non-exercized rats (n=12); S-Ex rat, exercise started at 12 months of age (n=10); and L-Ex rats,
exercise started at 2 months of age (n=10). Rats belonging to the S-Ex and L-Ex groups exercised three times a week
until 19 months of age. In this experiment, exercise was performed every other day or two to prevent the rats from be-
ing stressed or tired. Behavioral tests were performed after the exercise session, followed by brain sampling for qPCR
(quantitative polymerase chain reaction) and immunoblotting. Considering the nocturnal nature of the animal, all
experimental approaches were conducted from 19:00 to 22:00 to minimize the behavioral effects of diurnal cycles. LD

box text, light/dark box text.

Behavioral tests

Behavioral tests (light/dark box, social interaction, and
sociosexual tests) were started from the 19 months, and
were performed between 19:00 and 22:00.

Light/dark box test

To evaluate the effects of treadmill exercise on age-
induced anxiety-like behavior, we employed the light and
dark box test [17]. A plastic box with two chambers (40
cmx21 cmx21 cm, lengthxwidthxheight), one of which
is covered with black tape (dark chamber), as illustrated
in Fig. 2Aa. There is a square passage with 10 cm height
and width between the two chambers, and rats can freely
go through the passage. The movements were video-re-
corded and the duration staying in the light chamber and
the frequency entering the light chamber were manually
measured [11].

Social interaction test

As previously described, we set up a test to assess social
interaction and curiosity about funny objects [18,19].
Social interaction test was conducted using a rectangular
field 20 cmx100 cm wide and 45 cm high which was sur-
rounded by a wall and equipped with a video-tracking
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system. An aged rat was placed in the center, and the
movement in the field was recorded for 5 minutes with
a camera, and the number of times the rat entered the
20 cmx40 cm zone provided on the left and right was
counted. Cylindrical boxes were set up in the left and
right zones, and the zone containing small moving toys
in the box was designated as the Toy zone, and the zone
containing the unfamiliar 8-week-old male rat was desig-
nated as the Rat zone as described in Fig. 2Ba.

Sociosexual test

We examined social behavior with females as described
elsewhere [20,21]. Here the test subject from each group
was released into a 50 cm” field with an unfamiliar
8-week-old female Wistar rat, where they were allowed
to intercommunicate freely for 5 minutes. The duration
of body contact and mounting made by aged rats were
counted from the video recorder, as described in Fig. 2Ca.

RNA isolation and quantitative RT-PCR (qPCR)

Rats’ brains were dissected and homogenized, from
which total RNA was extracted using a RNeasy Lipid Tis-
sue Mini Kit (Qiagen, Hilden, Germany), as previously
described [22]. All gene-specific mRNA measurements
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Fig. 2. Long-term forced treadmill exercise reduces anxiety-like and improves social behavior. (Aa) Layout for light/
dark box test instrumental setting and procedure. (Ab) Bar graph for light and dark boxes, wherein rats from the L-Ex
group spent more time in the light box and less time in the dark box than the NoEx group. (Ba) Layout for the instru-
mental properties for the social interaction test. (Bb) Bar graph for the social interaction test, wherein rats from both
the S-Ex and L-Ex groups entered the stranger rat zone more frequently. (Ca) Layout for the instrumental stuff and
experimental method. (Cb) Bar graph for the sociosexual interaction test, wherein rats belonging to the S-Ex group
showed increased body sniffing duration, but there were no changes in mounting duration. Data (n=8-11) were pre-
sented as meantstandard deviation and analyzed with ANOVA and Tukey post-hoc test. *p<0.05, **p<0.01 indicate
significant differences, and (ns) p>0.05 indicates nonsignificant differences between the two groups.

were normalized to glyceraldehyde 3-phosphate dehy-
drogenase mRNA levels. All polymerase chain reaction
(PCR) primer sequences are listed in Table 1.

Immunoblotting

Aged rats’ prefrontal cortices (PFC) were dissected at
19 months for immunoblotting. Rectangularly dissected
contralateral and ipsilateral brain tissue samples were
homogenized with Laemmli sample solution containing
3% sodium dodecyl sulfate for immunoblotting. The blots
were incubated with the antibodies (Cell Signaling Tech-
nology, Danvers, MA, USA) listed in Table 2. Immunore-
active bands were analyzed by densitometry as described
previously [22].

Statistical analysis

Data expressed as meantstandard error of the mean or
standard deviation (SD) were statistically analyzed us-
ing Prism 9 (GraphPad Software, La Jolla, CA, USA). Data
were analyzed with two-way ANOVA with Tukey post-hoc
test where significance was set at p<0.05.

RESULTS

Exercise ameliorated age-related anxiety and social
behaviors

To evaluate the effects of treadmill exercise on age-
induced anxiety-like behavior, in this study, the NoEx
rats stayed for a comparatively short time in the bright
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box, while L-Ex rats stayed significantly longer in the
bright box than NoEx rats (p<0.05). Concomitantly, L-Ex
rats had a significantly reduced dark box residence time
(p<0.05) compared with that of the NoEx rats (Fig. 2Ab).
However, the S-Ex rats did not show any difference in
spending time in the light or dark box compared with the
NoEx group.

We set up a test by placing an unfamiliar adult male rat
on one side and moving the toy to the other side to justify
whether we investigated exercise induces any improve-
ment in aged rats' social and motivational behaviors.
Intriguingly, L-Ex rats showed an increased duration in
both the stranger rat and toy zones compared to the rats
of NoEx. Similarly, compared to the NoEx rats, the S-Ex

Table 1. PCR primers

Primer Sense/anti-sense
gapdh GAGACAGCCGCATCTTCTTG
TGACTGTGCCGTTGAACTTG
c-Fos AGCCGACTCCTTCTCCAGCA
AAGTTGGCACTAGAGACGGACAGAT
FosB GGCCGAGGTGAGAGATTTG
GTGTAAAGAGAGAAGCCGTCAG
c-Jun TTCTACGACGATGCCCTCAA
TGTAGTGGTGATGTGCCCAT
egr-1 CAGGAGTGATGAACGCAAGA
AGCCCGGAGAGGAGTAAGAG

PCR, polymerase chain reaction; egr-1, early growth re-
sponse 1.

c-Fos FosB
.6 *% .25 1 ns
0.6 _ 0257 s
e =
ES £ 0.20 A
S 044 2
27 2 0.15 -
(o] o]
= = 0.10
< 021 <
4 4
€ € 0.05 -
0 - 0 -

NoEx S-Ex L-Ex

NoEx S-Ex L-Ex

rats also showed increased duration in both stranger rat
and toy zones (Fig. 2Bb).

We evaluate the impact of exercise on the sociosexual
activities of aged rats, there was no significant difference
in the mounting duration between the groups. S-Ex rats
had significantly longer contact times with young female
rats than NoEx rats (p<0.05); however, L-Ex rats showed
no significant differences compared with the NoEx and
S-Ex rats (Fig. 2Cb).

Changes in PFC mRNA and protein expression

We investigated whether exercise can alter the age-
induced increased expression of c-Fos (proto-oncogene
that is expressed within some neurons following depo-
larization), early growth response 1 (egr-1), c-Jun, and
FosB (heterodimerizes with Jun family proteins to form
activator protein 1 [AP-1] complexes that bind to AP-1
sites in responsive genes). First, we discovered that L-Ex
significantly reduced the expression of c-Fos, FosB, and
c-Jun mRNA compared with that in NoEx (p<0.05). More-
over, the egr-1 mRNA expression was found to be lower
in both the S-Ex and L-EX groups compared with that in
the NoEX group (p<0.01) (Fig. 3). Next, we examined the
phosphorylation of c-Fos protein in PFC in 19-month-old

Table 2. Antibodies for immunoblotting

Antigen Antibody Clone
c-Fos Rabbit monoclonal 9F6
Phospho-c-Fos (Ser32) Rabbit monoclonal D82C12

egr-1 c-Jun
10 - 1%1 1.5 7
*

£ 81 5 rTS—
® (0] 10_
2 6 g
© 5]
R 4 X
< < 051
o 4
€ 24 €

0 - 0 -

NoEx S-Ex L-Ex NoEx S-Ex L-Ex

Fig. 3. Treadmill exercise inhibited IEG mRNAs expression on the prefrontal cortex tissue samples dissected at 19
months. Data shows the expression of mRNA encoding c-Fos, FosB, c-Jun, and egr-1. The black bar represents non-
exercized (NoEx) rats, the light-gray bar represents short-term exercise (S-Ex) rats, and the dark gray bar represents
long-term exercise (L-Ex) rats. Data (n=5; NoEx, S-Ex, and L-Ex) are shown as meantstandard deviation. Data (n=>5)
were analyzed with ANOVA and Tukey post-hoc test. *p<0.05, **p<0.01 indicate significant differences, and (ns) p>0.05
indicates non-significant differences between the two groups. IEG, immediate early gene.
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rats, and the expression of the phosphorylated c-Fos pro-
tein was significantly reduced in the exercised S-Ex and
L-Ex rats compared with that in the NoEx rats (p<0.05)
(Fig. 4).

DISCUSSION

The present study focused on comparative beneficial
effects of two paradigms of long-term exercise on ageing
using healthy rats where only anxiety-related behavior
was ameliorated by early started long-term exercise.
However, both early started and late started long-term
exercise showed better social behavior and increased cu-
riosity about interesting objects. qPCR data also showed
that treadmill exercise suppressed her IEGs expression in
the PFC of aged rats.

Aging is characterized by a decline in bodily capabili-
ties, sensitivities, and energies. As we grow older, vari-
ous signals are activated, causing chronic inflammatory
conditions that can lead to long-term stress responses
[23]. The fact is that the aged brain is similar to the
stressed brain, where regular exercise, dietary restric-
tion, and cognitive enrichment are considered critical
approaches for hormesis, which increases cellular stress
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Total c-Fos S
o
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Fig. 4. Long-term exercise increased the phosphorylation
of c-Fos at the prefrontal cortex (PFC) tissue. (Left) Rep-
resentative immunoblotting image, showing the total c-
Fos; and phosphorylated c-Fos, showing the expression
changes in the protein levels at the PFC of 19-month-
old NoEx, S-Ex, and L-Ex rats, respectively. (Right) Ratio
of densitometric analysis of the total and phosphory-
lated c-Fos, shown as meantstandard deviation (n=5;
NoEx, S-Ex, L-Ex). Black bar represents NoEx rats, light-
gray bar represents S-Ex rats, and dark bar represents
L-Ex rats. *p<0.05 vs. NoEx. Data (n=5) were analyzed
with ANOVA and Tukey post-hoc test and are shown as
meanztstandard deviation.

response and resistance to neurodegenerative disorders
[24]. Moreover, hypothalamic-pituitary-adrenal axis dys-
function is apparent in aging, wherein social isolation is
one of the most potent sources of chronic stress [25]. We
sought to address these issues by implementing two dif-
ferent exercise schedule packages, namely, implementa-
tion of treadmill exercise at an early adult age (8 weeks)
and at middle age (48 weeks) in rats, for tackling age-
related anxiety and lack of social behavior as prophylac-
tic measures. The effects of treadmill exercise were first
assessed on the anxiety response through tests based
on impulsive behavior that evoked a state of light-dark
contrast [11]. Anxiolytics have been found to increase lo-
comotion and time spent in the light zone, whereas anx-
iogenics decrease them [17]. Aged rats subjected to tread-
mill exercise starting at an early adult age spent more
time in a light box, indicating that treadmill exercise
starting at early adulthood reduced age-induced anxiety-
like behaviors. These findings are consistent with previ-
ous research, in which aged rats with prolonged treadmill
walking spent more time in the light chamber of a light
box than non-exercised rats [11]. Nonetheless, prolonged
treadmill exercise starting at middle age had no effect
on the anxiety behavior. The current result confirms that
prolonged exercise starting from early adulthood is an ef-
fective prophylaxis against age-induced anxiety-related
disorders.

Aging increases the risk of loneliness in animals and hu-
mans, and is a critical factor that impacts social and ex-
plorative behaviors [26,27]. Social behavior declines with
age and is suppressed in old rats [16]. A growing number
of studies on the neuronal substrates for social avoidance
points toward distinct neural circuits encoding preda-
tory fear or auditory fear conditioning [28]. In addition to
this, another study on 5-week-old rats, in which treadmill
exercise reduced the impairment of stress-induced social
interaction [29], motivated us to study whether our exer-
cise schedule can impact the social behavior of aged rats
or not. On the social interaction test in our current study,
both aged rats with treadmill exercise schedule pack-
ages showed increased contact time with an unfamiliar
rat. However, they also had increased contact time with
toys. Collectively, the data presented here suggest that
prolonged treadmill running ameliorated age-induced
social behavioral impairments and increased curiosity
about funny objects. Furthermore, the improvement in
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social behavior seems to be related to the reduction of
anxiety-like behavior on the treadmill. Anxiety plays an
important role in social behavior, as anxious people are
likely to refrain from social interactions to communi-
cate with strangers [30]. In other words, the reduction of
anxiety-like behavior on the treadmill may have led to
the improvement of social behavior. In addition to social
interaction, aging significantly impacts sociosexual in-
teraction, and experience age-related declines in sexual
behavior [31]. We discovered that treadmill exercise im-
proves sociosexual interaction when started at middle
age.

From a molecular mechanistic perspective, in this
study, we hypothesized that treadmill exercise might
ameliorate anxiety and improve social interaction of aged
rats by surprising expression of IEGs, which are a general
term for Fos family genes (c-Fos, FosB, Fra-1, Fra2) and
Jun family genes (c-Jun, JunB, JunD), that are immedi-
ately generated by various external stress stimuli [32,33].
Additionally, c-Fos, c-Jun, and egr-1 are inducible tran-
scription factors that increase in response to the activa-
tion of the intracellular signaling cade. The expression of
IEGs is also associated with the activation of downstream
transcription factors [34]. The induced stress increases c-
Fos expression in the prefrontal cortex, locus coeruleus,
and hypothalamus, as well as enhances anxiety behavior
and affects emotions [35,36]. To investigate the molecular
mechanisms that may underlie the effects of both long-
term and short-term exercise on the relief of age-related
stress, we quantified the mRNA expression of IEGs as
they are reported to be expressed upon stress stimuli
[37]. Herein, the IEGs mRNA and phosphorylation of the
c-Fos protein in PFC decreased in aged rats when tread-
mill running was started at an early adult age. Chronic
stress due to aging affects the hypothalamic-pituitary-
adrenal axis [25] and aging weakens the negative feed-
back suppression of corticotropin releasing hormone
(CRH) secretion from the hypothalamus [38]. In addition
to this exposing aged rats to battery of behavioral tests
may trigger this process. Therefore, Aging is more likely
to be stressed, which may elevate plasma corticosterone
(CORT) levels. But wheel running may enhance nega-
tive feedback by altering the ratio of mineralocorticoid
and glucocorticoid receptors (GR) in the hippocampus
[39]. And, wheel-running mice reached peak CORT levels
significantly earlier than sitting mice and subsequently
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more quickly reached baseline CORT levels. Exercise may
produce a rapid adaptive response to stress by promoting
negative feedback on the hypothalamic-pituitary-adrenal
axis [40]. In particular, post-stress exercise suppresses
elevated c-Fos, showing anxiolytic effects [36]. There-
fore, long-term exercise may acquire stress tolerance and
can be recommended as a preventive and therapeutic
method for the effects of stress and anxiety. Collectively,
these results suggest that treadmill exercise ameliorated
age-induced anxiety and social behavioral impairment
by inhibiting IEGs expression.

There are some limitations of this study. Considering
the extent of the study, it is tough to perform further in-
vestigation to elucidate exact cellular mechanism behind
the beneficial effects of long-term exercise. Furthermore,
some factors such as tumors and age-related death plays
depressing role behind this study.

In conclusion, this study suggests that long-term exer-
cise acquires stress resistance by suppressing IEG in the
PFC and improves anxiety-related and social behaviors.
These results emphasize the need to consider the ap-
propriate timing to prevent anxiety-related behaviors in
stress.
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