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Introduction

　Environmental enrichment（EE）involves housing 

conditions that facilitate enhancing sensory, cognitive 

and motor stimulation1）. The housing environment is 

enriched with a variety of objects, which include run-

ning wheels, puzzles（mazes, plastic tubes in different 

configurations）, and accessories（toys, ropes, ladders, 

tunnels, hanging objects, house, ramps, and plat-

forms）to stimulate their attention and engagement in 

the environment2,3）. Previous studies have suggested 

that EE can enhance cognition, visual-spatial attention, 

spatial memory, motor coordination, and ameliorate 

anxiety- and depressive-like behaviors in rodents4-6）. 

Based on these findings, it is widely accepted that EE 

conditions including wheel running have neuroprotec-

tive effects on a range of brain functions.

　Recent studies have explicitly explored the effects 

of exercise（running or endurance exercise）-indepen-

dent EE on brain function7）. These studies suggested 

that EE has the beneficial effects on brain function 

even if wheel running was not included8,9）. These 

findings led us to consider that wheel running in the 

EE may not play a key role in beneficial effects on the 

brain function in rats.

　Skeletal muscles are essential for physical activity 

and exercise, and the decline in physical activity with 

aging has been shown to be primarily due to age-relat-

ed muscle atrophy. The beneficial effects of EE on 

brain functions are thought to be due to increases in 

locomotor activity. However, it is still unclear whether 

skeletal muscle volumes in EE are affected by locomo-

tor activity. Particularly, the effects of wheel running 

on skeletal muscle volumes should be further investi-

gated. To test the effects of wheel running on skeletal 

muscle volume, wheel running needs to be isolated in 

the EE. Thus, in the present study, we compared the 

effects on skeletal muscle volumes among EE, EE 

without wheel running, and wheel running only condi-

tions.

　The purpose of this study was to examine the effects 

of different environmental enrichment on locomotor 

activity and skeletal muscle volume. We hypothesized 

that locomotor activity and/or motor stimulation in a 

variety of environmental enrichment in EE enhance 

muscle development.

Materials and Methods

A .  Experimental animals and environmental 

housing conditions

　Male Wistar rats（6 weeks of age; Japan SLC, 

Shizuoka, Japan）were housed in a temperature-con-
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trolled room（22 ∓ 2 ºC）with a 12:12-h light-dark 

cycle, and received standard rat chow and water ad 

libitum. The present EE consisted of running wheel, 

slope, tunnel, and small hut. Rats were divided into 

four different housing groups（standard environment: 

SE, only running wheel（without slope, tunnel, and 

hut）group: EE-W, without running wheel（only slope, 

tunnel, and hut）group: EE-S, and EE, n = 7-8, each）. 

In the SE group, rats were housed in groups of 2 rats 

per cage in standard laboratory cages（length × width 

× height: 40 × 25 × 20 cm）. In the EE groups, rats 

were housed in groups of 2 per cage in large cages（60 

× 40 × 40 cm）.

B.  Measurement of locomotor activity

　Locomotor activity in each rat was recorded using a 

recently developed three-axis accelerometers（Nano-

Tag: 15 × 14.2 × 7.1 mm, 2.5 g, Kissei Comtec Co. 

Ltd., Nagano, Japan）10,11）. This device is implanted 

subcutaneously in the back under anesthesia and 

records data individually10,11）. The advantage of the 

devise is that specialized cages or devices are not 

required to measure locomotor activity in free-moving 

conditions. This means that activity data can be col-

lected from multiple animals in the same cage, without 

constraining the testing location. The accelerometer 

counted above the threshold that was determined 

based on the preliminary experiments. In this study, 

we determined movements during feeding behavior as 

the threshold. This allowed to detect all kinds of 

movements in the cage as locomotor activity.

C.  Soleus muscle volumes measurement

　After exposure to each environment for 30 days, 

soleus muscle was removed under anesthesia and 

immediately weighted. 

D.  Ethical approvement

　All animal cares and protocols were approved by 

the Physical Fitness Research Institute, Meiji Yasuda 

Life Foundation of Health and Welfare Animal Care 

and Use Committee（Approval number: 2014002）.

E.  Statistics

　All experimental data are expressed as mean ∓ stan-

dard deviation. Two-way analysis of variance（ANO-

VA）was performed with Week and Group as factors. 

Tukey’s multiple comparisons test was used as a post-

hoc test. Differences were considered statistically 

significant when P < 0.05.

Results

A.  Locomotor activity

　Locomotor activity of rats was measured every day, 

Figure 1.  Locomotor activity counts during the dark period.

Values are expressed as mean ∓ SD.

SE: standard environment, EE: environmental enrichment, EE-S: without running 

wheel（only slope, tunnel, and hut）group, EE-W: only running wheel（without slope, 

tunnel, and hut）group.
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the mean of those data was calculated per week in dur-

ing the dark period（Figure 1）. A two-way ANOVA 

found the statistically significant main effect of group

（F（3,27）= 7.137, P = 0.001）. The post-hoc analysis 

showed that locomotor activity of the EE group（1wk 

25307 ∓ 2590, 2wk 28405 ∓ 2065, 3wk 27682 ∓ 

2177, 4wk 26901 ∓ 2534 count/12h）was significantly 

higher than the SE group（1wk 16516 ∓ 2423, 2wk 

21601 ∓ 1191, 3wk 21085 ∓ 1730, 4wk 19344 ∓ 1184 

count/12h, P = 0.043）. The EE-W group（1wk 21693 

∓ 4798, 2wk 23815 ∓ 3095, 3wk 23866 ∓ 2541, 4wk 

24684 ∓ 2371 count/12h）showed significantly higher 

locomotor activity than the EE-S group（1wk 14369 ∓ 

3084, 2wk 16419 ∓ 1312, 3wk 16595 ∓ 2159, 4wk 

15990 ∓ 1531 count/12h, P = 0.028）. Neither main 

effect of week nor interaction between group and week 

were observed.

B.  Soleus muscle volume

　Soleus muscle volume per body weight was greater 

in the EE-S（0.40 ∓ 0.03 mg/g）and EE-W groups（0.45 

∓ 0.03 mg/g）compared with the SE group（0.37 ∓ 

0.02 mg/g, P = 0.014, P < 0.001, respectively）. While 

the trend was same for the EE group（0.41 ∓ 0.02 mg/

g, P = 0.06）, the difference for soleus muscle volume 

between the SE group and EE group was not statisti-

cally significant in the post-hoc analysis. 

Discussion

　The major findings of this study were that: 1）loco-

motor activity was greater in the EE group than in the 

SE group; 2）locomotor activity was lower in the EE-S

（without running wheel）group as compared with the 

EE-W（with running wheel）group; 3）Soleus muscle 

volume was greater in the EE-W and the EE-S groups 

than the SE group. These results indicate that environ-

mental enrichment condition, including running exer-

cise, led to muscle hypertrophy in rats. The present 

findings suggest that locomotor activity and high 

frequency of low-intensity motor stimulation in 

environmental enrichment enhance muscle develop-

ment in rats.

　Locomotor activity reduced in the EE-S group as 

compared with the EE-W groups, which suggests that 

wheel running plays a key role in increase in locomotor 

activity in EE condition. The combination of voluntary 

wheel running, rearing, and walking with accessories 

may have important role for increasing daily locomotor 

activity. Indeed, the combined aerobic and resistance 

training circuit is effective for increasing daily activity 

in older woman12）. Nevertheless, soleus muscle 

volume increased in all EE conditions as compared 

with the SE condition. Locomotor activity was compa-

rable between the SE and EE-S groups.

　Soleus muscle is vital for running, walking, and 

postural control. These results suggest that increased 

soleus muscle volume in the EE-S group is not only 

due to locomotor activity, but also muscle active 

pattern in enriched environment without running 

wheel.

　A previous study has shown that low load resistance 

training led to similar muscle hypertrophy gains to 

high load resistance training13）. In the present study, 

the EE-S group contained the slope, hut, and tunnels

（not contained running wheel）. The results of this 

study suggest that high frequency of low-intensity mo-

tor stimulation induced by locomotor activity through 

these settings may have led to skeletal muscle hyper-

trophy. However, future studies are needed to clarify 

the issue.

　In conclusion, wheel running activity and locomotor 

activity without wheel running increased soleus mus-

cle volume in the environment enrichment.
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