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Effects of inducing exercise on growing mice by
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Abstract: We reared ICR mice during a growth period (3 to 10 weeks of age) and examined the effect
of exercise induction, by enriching the rearing environment with obstacles such as ladders, compared
to the standard environment. Environmental enrichment significantly increased the amount of exercise
in both sexes (P<0.01). Enriched exercise mice had higher body weight than control mice at 6 to 9
weeks of age in males and 8 weeks of age in females (P<0.05). The sexual maturation of female
enriched exercise mice was significantly advanced compared to the control (P<0.001). Enriched
exercise mice showed decreased anxiety-like behavior in the open field test and lower plasma
corticosterone levels in both sexes compared to the control, and differences were statistically significant
in males (P<0.05). In both sexes, enriched exercise appeared to increase natural killer cells in blood
compared to the control, but no statistical differences was detected. In conclusion, we confirmed that
daily low-stress exercise could be induced using a three-dimensional rearing environment in growing
mice. In addition, we suggest that exercise has beneficial effects on physical growth, sexual maturation
and anxiety-like behavior. Furthermore, environmental enrichment might be more effective in male
than female in group-housed mice.
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Introduction recommended in the early years of the life cycle [33].

The growth period is an important time in the life
cycle, because the majority of physical and mental
growth, and reproductive and immune function develop-
ment occurs during this period. For optimal health,
growth and development, daily, low-stress exercise is

However, the basic effects of exercise on growing ani-
mals have not been fully clarified due to a lack of data.
For this reason, the effects of exercise on physical growth
and anxiety on growing animals are controversial issues.
While some studies demonstrated the effects of exercise
on increasing body weight and lowering anxiety-like
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behavior compared to control [19, 31, 32], others did not
observe such effects [11, 21]. In addition, there are con-
cerns about the effects of exercise on the development
of reproductive and immune system functions. Few stud-
ies have examined sexual maturation, which is the advent
of the animal’s reproductive period. Furthermore, the
effect of chronic exercise on the number of natural
killer (NK) cells during growth period has not been
clarified. NK cells are a subpopulation of leucocytes
involved in innate immunity and are known to recognize
and attack a variety of tumor and virally infected cells.
Thus, animal studies are necessary to clarify the basis
of the effects of exercise during the growth period.

Previous studies have employed forced treadmill run-
ning and swimming or voluntary wheel running to induce
exercise in animals. However, forced exercise might
produce high stress levels [1, 24] and voluntary wheel
exercise might be stereotypical stress responses [6]. To
control for these issues and provide access to low-stress,
natural exercise, we selected an enriched three-dimen-
sional environment comprised of various obstacles in
this study. An enriched environment is thought to in-
crease the amount of exercise. However, this treatment
has not been chosen for exercise studies because the
effect of inducing exercise has not been demonstrated.
In this study, we observed the amount of exercise under-
taken in a rearing environment. In addition, we examined
whether an enriched environment has an influence on
stress levels. Stress levels are usually reflected in the
activation of the hypothalamic—pituitary—adrenocortical
(HPA) systems, and the activity of the HPA axis is typi-
cally measured by serum or plasma levels of cortisol or
corticosterone [13, 14]. In this study, stress levels were
assessed by measuring plasma corticosterone levels.

The purpose of the current study was to: (1) examine
whether the amount of exercise can be increased by pro-
viding an enriched rearing environment and the resultant
effect on plasma corticosterone levels, and (2) clarify
the effects of exercise on growth parameters such as
weight and sexual maturation, anxiety-like behavior as-
sessed by the open field test, and NK cell levels in blood
during active growth in an animal study.

Materials and Methods

Animals and housing
Eighty Jcl: ICR mice (20 days old) were obtained from
CLEA Japan (Tokyo, Japan). Half of the mice were male,

Fig. 1. Housing conditions. (A) Enriched exercise group (male
and female). (B) Control group (male and female). n=20

per group.

half were female. During the study, four mice were
housed per cage. All mice were maintained in identical
plastic cages measuring W282 x H157 x D451 mm with
woodchip bedding and a wire-top lid. Half of the cages
had three (ladder, cube, partition) aspen wooden obsta-
cles (Tapvei, Kortteinen, Finland) as the three-dimen-
sional complicated environment to induce exercise (Fig.
1). Mice were provided with food (MF, Oriental Yeast
Co., Tokyo, Japan) and water ad libitum. Cages were
maintained at a temperature of 24 + 2°C and 40 + 20%
relative humidity and with a 12 h light/dark cycle, lights
on at 6.00 h.

Experimental design

After mice were ear-punctured for individual identi-
fication at 20 days of age, they were separated by sex
and randomly assigned to two groups so that half of the
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mice were reared in conventional cages (control group)
and the other half in cages that contained wooden ob-
stacles (exercise group) until mice were sacrificed at 10
weeks old. These four groups (control males, exercise
males, control females and exercise females) were rep-
licated five times with four mice per cage. The wooden
obstacles were changed every week to maintain cleanli-
ness. Experiments were initiated when mice were 3
weeks old. Behavior in the home cage was captured on
video every week. The body growth of Jcl: ICR mice
reaches its maximum by 9-10 weeks after birth accord-
ing to Ibaraki and Nomura [16]. Therefore, body weight,
food intake, and testis size were also measured weekly
until 9 weeks of age. Taking of video and measuring
physical parameters were performed on different days
in order to avoid any influencing the parameters. After
opening of the vaginal cavity, stages of estrous cycle
were observed for 5 days per week until estrous cycles
were stable. At 9 weeks of age, the open field test was
performed. Blood samples were collected at 10 weeks
of age to determine the number of NK cells and plasma
corticosterone concentration. Permission for this study
was obtained from the Tokyo University of Agriculture
and Technology Laboratory Animal Care and Use Com-
mittee.

Observation of exercise performance

Video capture of mice in cages was used to measure
the time of exercise. All videos were taken for 10 min
during the light period between 08:00 and 09:00, with
each group recorded at the same time each week. The
composition of exercising was distributed into two pat-
terns to confirm that the obstacle was actually used for
exercise. Exercising with obstacles included climbing,
passing, and overstepping obstacles. Exercising without
obstacles included locomotion on the bedding and climb-
ing the cage lid. These behaviors were manually count-
ed from the video recording. The data of the exercise
time of 3—10 weeks were averaged.

Body growth and food intake

Individual body weight and food intake per group were
measured between 11:00 and 12:00 weekly throughout
the study using an electronic balance (GX-12; A&D,
Tokyo, Japan). In order to measure feed intake, animals
were provided weekly with 300 g of pellets, and the
amount of food ingested was calculated after weighing
the food remaining at the end of each week.

Sexual maturation

Sexual maturation of males was determined by testes
size. After both testes descended into the scrotum, the
minor and longer axes of testis were measured by ver-
nier caliper (VC-15; Niigataseiki, Niigata, Japan) and
assumed to be ellipsoid to allow calculation of testis
volume. We calculated the relative value of the testis
volume by normalizing body weight (BW) to 100 g in
order to control for the effect of body growth on testis
volume.

This study examined the onset of one complete estrous
cycle lasting 4 days, which was used to indicate female
sexual maturation. After the vaginal opening was visu-
ally observed, vaginal smears were collected. Subse-
quent smear tests were performed until stabilization of
the estrous cycle, as previously described [29].

Open field test

Mice were tested with a single 10-min trial during the
light period between 8:00 and 14:00. The open field was
a square arena (W50xH41xD50 cm divided into 25 equal
squares) on a white plastic floor and white plastic walls.
The animals were placed in the center of the box; the
number of lines crossed with all four paws, defecation,
duration of grooming (including washing or mouthing
of forelimbs, hind-paws, face, body and genitals), fre-
quency of freezing and starting latency (length of time
in the open field before moving from the center) were
manually counted from the video recording. The arena
was cleaned with 70% ethyl alcohol after each test.

Blood sampling

After mice were anesthetized with diazepam (Teva
Pharma Japan Inc., Nagoya, Japan) and ketamine hydro-
chloride (Ketalar; Daiichi Sankyo Co. Limited, Tokyo,
Japan), blood samples were collected by cardiac punc-
ture. Blood volumes of 0.6—1.5 ml were obtained upon
euthanization by exsanguination under anesthesia by
means of a heparinized syringe (Heparin Lithium Salt;
Nacalai Tesque, Tokyo, Japan). Blood (150 ul) was used
for NK cell counts immediately after collection. Plasma
was separated from the remaining blood by centrifuga-
tion (3,000 x g for 10 min) and frozen (—20°C) until
assay for corticosterone concentrations.

NK cell count
The NK cell numbers were obtained by multiplying
the total white blood cell (WBC) counts by percentages
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of CD49b-positive cells with a flow cytometer. Briefly,
64 samples were counted with an automated cell counter
(Countess™ Automated Cell Counter; Invitrogen, Carls-
bad, USA) and 16 were with an another type of counter
(Sysmex XT-2000iv; LSI Medience Corporation, Tokyo,
Japan). On the other hand, the percentages of NK cells
in individual WBCs were simultaneously determined by
flow cytometry. Cells were stained with phycoerythrin-
conjugated anti-Ly-6G antibody (granulocytes; clone
1A8), and allophycocianin-cyanine7- conjugated anti-
F4/80 antibody (monocytes; clone BMS8), to eliminate
granulocytes and monocytes from positively-stained
cells with allophycocianin-conjugated anti-CD49b anti-
body (NK cells; clone DXS5) at 4°C for 30 min. And,
allophycocianin-cyanine7-conjugated anti-CD11b anti-
body (clone M1/70) was used for the compensation of
anti-F4/80. All antibodies were provided by BioLegends
Co. (San Diego, CA, USA). Stained cells were analyzed
with a flow cytometer (BD FACSArray; BD Biosci-
ences, Franklin Lakes, NJ, USA). 20,000 events were
collected for analysis. Namely, NK cells were defined
as CD49b-positive and Ly-6g- or F4/80-negative cells.

The following formula was, in turn, used for calcula-
tions: total NK cells (cells/ul)=WBC (cells/ul) % percent-
age of NK cells (%).

Corticosterone assay

After thawing, the plasma corticosterone concentra-
tions (ng/ml) were measured. The corticosterone con-
centrations were determined by an enzyme-linked im-
munoassay (ELISA) kit (AssayMax; AssayPro, Saint
Charles, USA) according to the manufacturer’s instruc-
tions. Details of the assay are described in Zhang et al.
[44].

Data analysis

All values are expressed as means = SEM. Male and
female mice were separately analyzed. Unpaired Stu-
dent’s t-tests were used to make comparisons between
the exercise group and the control for the amount of
exercise, the period of female sexual maturation and
open field behavior as parametric tests. The Mann-
Whitney U test was used for plasma corticosterone con-
centrations and NK counts as nonparametric tests, after
valid outliers were identified with Smirnov-Grubbs
outlier test and excluded from the analyses, because few
mice might have too small amount of blood to analysis.
The effect on body weight, food intake and testis size,

exercising
with
obstacles

M exercising
without
obstacles

Duration(s)

Control
Females

Exercise
Females

Control
Males

Exercise
Males

Fig. 2. Average of exercise time (seconds) per 10 min during 3 to
10 weeks of age in ICR mice. Mice were housed in 4 groups
and the exercise data represents 4 cages of mice. Enriched
exercise includes climbing, passing, and overstepping the
three types of obstacles. Other exercise included locomo-
tion and climbing the cage lid without touching the ob-
stacles. In both sexes, there was a significant difference
between the enriched exercise group and control (ty33=5.76;
P<0.01, t533=3.04; P<0.01), according to unpaired Stu-
dent’s t-tests. **P<0.01, n=20 per group.

was determined by analysis of variance (ANOVA) with
repeated measures using environment X weight or vol-
ume as factors, and unpaired Student’s ¢-tests were sub-
sequently performed to compare weekly parameters of
the exercise groups and control groups. In all statistical
tests, differences were considered significant at a prob-
ability level of 0.05 (5%).

Results

Exercise performance

Figure 2 shows the total time spent exercise, divided
according to exercise with obstacles and without ob-
stacles. In the enriched groups, 1/3—1/2 of the total time
exercising was with obstacles. In both sexes, there was
a significant difference in the total exercise time between
the enriched groups and controls (males, ¢ (238)=5.76,
P<0.01; females, 7 (238)=3.04, P<0.01, respectively).

Body growth and food intake

Figure 3 illustrates the increase in body weight of the
four groups. Body weight was higher in the enriched
exercise group than in the control, but the statistical
significances were not detected between the exercise and
control groups (male, ANOVA, F (1, 38)=3.12, P=0.09;
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Fig. 3. Average body weight (g) of ICR mice. Body weight in-
creased in both the enriched exercise and control groups.
The male enriched exercise group had heavier body weight
at 6 to 9 weeks of age, and the female enriched exercise
group had heavier body weight at 8 weeks of age compared
to control, according to unpaired Student’s z-tests.
**P<0.01 and *P<0.05, n=20 per group.

female, ANOVA, F (1, 38)=1.82, P=0.18). Body weights
did not differ among the groups at the beginning of the
experiment and increased every week. When body
weights were analyzed according to week, significant
differences between exercise group and control group
were observed at several weeks in males (6 weeks old,
¢t (38)=3.11, P<0.01; 7 weeks old, 7 (38)=2.31, P<0.05;
8 weeks old, ¢ (38)=2.11, P<0.05; 9 weeks old, ¢
(38)=2.38, P<0.05) and in females (8 weeks old, ¢
(38)=2.11, P<0.05). Food intake did not differ signifi-
cantly between exercise and control groups in male
(ANOVA, F (1, 8)=0.05, P=0.82) and female (ANOVA,
F (1, 8)=0.05, P=0.84) through this experiment (Fig. 4).

Sexual maturation

There were no significant differences in male testis
size between groups throughout the experiment. How-
ever, enriched exercise male mice tended to have great-
er testis size than control male mice from 6 weeks old
until the final measurement (Fig. 5). In addition, enriched
exercise male mice also tended to have larger relative
testis volume than control male mice from 6 weeks old
until the final measurement.

The estrous cycle of enriched exercise female mice
stabilized significantly earlier than control female mice
(35.85+6.24 vs. 46.8 = 7.85 days, ¢ (38)=4.76, P<0.001).

Open field behavior
Table 1 shows the behavioral scores of the open field
test during treatment with enriched exercise or control.
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Fig. 4. Average food intake (g) of ICR mice (n=20 per group).
Food intake did not differ significantly between exercise
and control groups in male and female through this ex-
periment, according to ANOVA.
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Fig. 5. Average testis volume (mm?) and relative testis volume
(mm? /100g body weight) of ICR mice (n=20 per group).
Testis volume increased in both the enriched exercise and
control groups. The male enriched exercise group tended
to have larger testis volume and relative volume by normal-
izing body weight to 100 g at 6 to 9 weeks of age (BW=body
weight, rel.=relative volume).
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Table 1. Summary of results in open field test

Male Female
Measurement/Housing difference
Exercise Control Exercise Control

Line Crossings (frequency/10 min) 543 +£30.9 413 +21.9 473 +33.6 428+28.6
**P=0.0014 P=0.33

Starting Latency (s) 0.7+0.17 1.5+0.34 0.8+024 1.6+0.35
*P=0.046 P=0.093

Defecation (frequency/10 min) 224037 35+044 3.1+£0.57 3.8+0.47
*P=0.038 P=0.36

Freezing (frequency/10 min) 224095 2.8+0.82 14+044 33+0.89
P=0.64 P=0.069

Grooming (s) 18.8+2.61 16.2+2.40 24.7+8.39 15.8+3.46
P=0.48 P=0.35

Values showed the means + SEM, n=20 per group.**P<0.01 and *P<0.05.

Table 2. NK cells count obtained by multiplying the total WBC by percentage of NK cells

Male

Female

Exercise

Control Exercise Control

WBC count (cells/ul)

3,840 +£333.5 3,742+ 387.3

4,203 +414.4 3,607 +335.4

NK cells in WBC (%) 8.84 +1.46 6.93+1.33 7.57+1.11 6.22+£0.87
NK cells count (cells/ul) 339 +4.87 259 +£5.17 318 +4.59 224 +£2.93
P=0.34 P=0.44

NK=natural killer, WBC=white blood cells. Values showed the means + SEM, n=20 per group.

Table 3. Corticosterone (ng/ml) in mice with or without environmental enrichment

Male Female
Exercise Control Exercise Control
CORT (ng/ml) 63.0+13.5 148.4+29.4 1422+234 187.0+334
*P=0.013 P=0.29

CORT=corticosterone, Values showed the means + SEM, n=20 per group. *P<0.05.

Females did not exhibit significant differences, but
showed the same tendency as males for all parameters
assessed. The male enriched exercise group showed sig-
nificantly higher line crossing (¢ (38)=3.44, P<0.01) and
lower starting latency (¢ (38)=2.06, P<0.05) and defeca-
tion (¢ (38)=2.15, P<0.05) compared to control males.
In addition, the enriched exercise group tended to have
less freezing frequency and longer duration of grooming
compared to the control; however, differences were not
significant.

NK cell counts

Table 2 shows the number of NK cells in blood, the
percentage of NK cells in WBC and WBC count of en-
riched exercise or control.

Enriched exercise mice were inclined to have more

NK cells in blood than control mice did, but the differ-
ences were not significant in sex matched groups.

Corticosterone

Plasma corticosterone concentrations of both sexes
were lower in the enriched exercise groups than in the
respective controls (Table 3). In particular, a significant
difference was observed in males (P<0.05).

Discussion

During active growth, the exercise groups had a
higher body weight than the control in both sexes. Previ-
ous studies in rearing rodents showed that running ex-
ercise decreased body weight and increased food intake
due to caloric demands [25, 36]. In another report, mice
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housed in a three-dimensional environment had signifi-
cant heavier body weights compared to the control;
however, as in our study, food consumption was not
impacted [38]. This contradiction suggests that the ef-
fects of exercise may depend on the types of exercise
and food. The present enriched environment might not
have induced a sufficient level of exercise to decrease
body weight, like running and swimming. When growing
rats were provided a high-fat diet, exercise reduced body
weight by burning fat [19]. Kimura also reported that a
high-protein diet (22.9%) increased the body weight of
exercising rats during active growth; additionally, the
high-protein diet promoted energy utilization efficiency
[19]. In this study, we provided a high-protein diet
(23.1%) to mice, which have exceeded protein require-
ments for mice (18-20%) that were estimated by NRC
(National Research Council) [7]. Because of the moderate
exercise and improved energy efficiency by high-protein
diet intake, enriched exercise mice showed higher growth
and unchanged food intake compared to the control.

Testicular volume tended to be greater in enriched
exercise males after 6 weeks of age, even when values
were corrected for the increased body weight. Christian
reported that testis weight decreased upon stress [5]. In
addition, he claimed that this indicated increased corti-
costeroid levels and involved the suppression of go-
nadotrophic function by adrenocorticotrophic activity.
In this study, males housed in an enriched environment
showed lower corticosterone than the control. Therefore,
stress might suppress testicular growth in our control.
Toelle and Robinson suggested that larger testicular size
would lead to an improvement in reproduction [35]. This
suggests that exercise has beneficial effects on reproduc-
tive development in growing animals. Sexual maturation
was advanced in the female exercise group. Advanced
sexual maturation in response to exercise has been de-
scribed in humans [23]. Viru et al. also demonstrated
that hormone responses in sexual maturation were in-
duced by exercise during puberty [41].

In the open field test, the high number of line crossings
in the enriched exercise group might be due to the in-
creased activity in the home cage [9]. However, open-field
activity has not shown to be correlated to the rearing en-
vironment [8, 34]. The results of the open field test dem-
onstrated reduced anxiety-like behavior in the enriched
exercise mice. In the open field test, high anxiety is gen-
erally associated with lower overall levels of activity (line
crossing), longer starting latency and durations of groom-

ing, increased defecation and freezing [15, 18, 28]. Low-
er anxiety was reported in a previous study of effect of
exercise on anxiety [10], but was not observed in another
study [11]. This contradiction may be attributed to the
variable impact of exercise type and animal strain em-
ployed [4, 37, 40]. The changes in anxiety-like behavior
in the open field test may reflect changes in the limbic
organs. The limbic system is recognized as a major play-
er in the control of fear and anxiety [2]. Moreover, the
limbic system is most probably modified by exercise [20].
It is likely that mental modifications of mice in the en-
riched environment occurred through the limbic system.

In this study, NK cells appeared to be increased by
exercise, but no statistical significance was detected. NK
cell counts was influenced by both the number of WBC
and the percentage of NK cells in WBC. In a previous
study, WBC levels did not significantly increase in mice
housed in an enriched environment [37], which supports
our results. It has been proven that physical activity en-
hances natural immunity in both humans and animals,
probably through interactions between the central ner-
vous and endocrine systems [17, 22]. According to
Benaroya-Milshtein et al., “lymphocytes have receptors
for endocrine hormones and there is an anatomical con-
nection between the lymphoid and nervous systems.
Thus, pathways of communication exist among the im-
mune, nervous and endocrine systems [2]”. Previous
studies reported exercise could stimulate alterations in
the immune system, including NK cells [2, 3, 27]. This
suggests that exercise induced in an enriched environ-
ment affected NK cell levels but we could not show
significant increase in NK cell counts in this study.
Therefore, the enhancement of immune function was not
suggested in this study. In addition, Pedersen and Hoff-
man-Goetz suggested that the intensity of exercise is
responsible for the degree of increment in the number
of NK cells [27]. If the exercise has lasted for a long
period and has been very intense such as a triathlon race,
a increase in NK cells is found after exercise [30]. In
this study, mice could select the intensity of exercise,
which might have been low. Further studies are needed
in order to clarify the intensity of exercise that is induced
in environmental enrichment and whether it is enough
to increase NK cell counts.

The lower corticosterone concentrations of mice
housed in an enriched environment might reflect HPA
axis modulation as a result of increased exercise. Provi-
sion of an enriched environment increased corticosterone
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concentrations in a previous study [2]. Benaroya-Milsh-
tein et al. suggested that repeated mild stress caused by
weekly exposure to novel obstacles elevated corticoste-
rone concentrations [2]. It was also implied that repeat-
ed mild environmental stress might lead to emotional
stability and risk-taking behavior, indicating reduced
anxiety. However, our result showed that the enriched
environment decreased corticosterone concentrations
and anxiety-like behavior. In addition, the corticosterone
concentrations observed in the control mice were high-
er value for normal ICR, compared to control ICR in
other study [12]. An explanation for the high corticos-
terone levels in the control mice is as follows. It is pos-
sible that the absence of obstacles is psychologically
stressful for animals. Compared to animals provided an
enriched environment, control animals demonstrated
higher frequencies of biting and sniffing, representing
an increase in stereotypical behaviors normally observed
in rodents under stress [42, 43]. In this study, we ob-
served that only control mice showed stereotypical and
highly aggressive behaviors. On the other hand, the in-
creased activity in an enriched environment could also
increase corticosterone levels [26]. In the present study,
the enriched exercise groups showed increased activity
in the cages. Thus, the higher corticosterone levels and
anxiety-like behavior in the control mice could be caused
by their higher stress levels as opposed to mild stress
resulting from exercise. Therefore, we successfully con-
trolled for stress in mice by providing an enriched rear-
ing environment. Finally, in this study, aggressive be-
havior in control mice was more obvious in male than
female, which was less observed in enriched exercise
mice. A means of organizing social hierarchy vary ac-
cording to sexes, and male are generally more aggressive
than female [39]. Hence, the decrease of corticosterone
levels and anxiety-like behavior that is affected by stress
in enriched exercise might have reached statistical sig-
nificance in male group, but not in female.

In conclusion, the results showed that the enriched
rearing environment induced low-stress exercise in both
male and female mice. In addition, we demonstrated
some basic effects of exercise using a three-dimension-
al environment; exercise increased body weight, ad-
vanced sexual maturation, reduced anxiety-like behav-
iors as assessed by the open field test, decreased
corticosterone. These effects are potentially beneficial
to physical growth, anxiety, reproductive functions dur-
ing active growth.
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