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Induction of prolonged natural 
lifespans in mice exposed to 
acoustic environmental enrichment
Yuichi Yamashita1, Norie Kawai2, Osamu Ueno1, Yui Matsumoto1, Tsutomu Oohashi2 & 
Manabu Honda1

We investigated the effect of acoustic environmental enrichment (EE) on the lifespans and behaviours 
of mice to the end of their natural lifespan in different acoustic environments. Acoustic EE induced 
a significantly prolonged natural lifespan (nearly 17% longer) and was associated with increased 
voluntary movements. However, no correlation between lifespan and voluntary movements was 
detected, suggesting that increased voluntary movements are not a primary cause of lifespan 
prolongation. Analyses of individual differences in lifespan demonstrated that lifespan extension 
induced by acoustic EE could be related to changes in social relationships (e.g., reduction of social 
conflict) among individuals kept within a cage. Therefore, an acoustic component may be an important 
factor inducing the positive effects of EE.

Environmental enrichment (EE) is a component of animal husbandry that aims to enhance sensory, cogni-
tive, motor, and social stimuli, which are considered necessary for the optimal psychological and physiological 
well-being of animals. Many studies have demonstrated that EE induces various positive effects on experimental 
animals at multiple levels. For example, it has been shown to increase hippocampal neurogenesis1,2 and induce 
neural plasticity3,4. It also induces the acceleration of certain brain functions, including enhanced learning and 
memory2,5. Studies also showed that EE reduces the levels of anxiety/depression-like behaviour6,7. Moreover, 
improvements to the immune system and decreased oxidative-inflammatory stress have been reported in asso-
ciation with EE6,7.

Based on these observations of experimental animals, various studies have attempted to apply EE to human 
health care. These efforts have included physical, cognitive, and social enrichment as non-pharmacological inter-
ventions for cognitive impairment or psychiatric disorders7–9. However, relatively few studies of EE have been 
conducted on humans, and most published results have very low statistical power, rendering them inconclusive9.

The difficulty in conducting EE studies in humans mainly stems from the complexity of EE analyses. A stand-
ard EE experiment with animals involves the interaction of complex factors, including large cages with a variety 
of objects that enhance the animal’s physical activity and sensory stimulation, as well as a larger group of animals 
that are allowed to engage in social interactions2,5. Therefore, the effects of EE could be associated with these 
various factors. For example, increased physical activity (exercise), which is an expected result of environments 
with larger cages containing a variety of objects, is considered a critical component of EE10–12. Another important 
component of EE is social interaction13,14. For instance, a typical experimental EE setting uses larger groups of 
animals to enhance social interactions. The use of diverse sensory stimuli is another essential EE factor, with sev-
eral studies demonstrating that enrichment with sensory stimuli in a particular modality has positive effects on 
the neural systems associated with the corresponding sensory modality15–17.

Our group has explored the physiological and behavioural effects of acoustic environmental information on 
humans and has demonstrated that acoustic EE induces diverse effects on humans18–23. We found that some 
natural environmental sounds, such as those of tropical rainforests, contain a wealth of inaudible high-frequency 
components (HFCs) above the range that is audible to humans18. Non-stationary sounds that contain significant 
quantities of HFCs evoke a significant increase in the regional cerebral blood flow in the midbrain and thala-
mus19 and in the occipital alpha frequency component of spontaneous electroencephalograms, compared with an 
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otherwise identical sound from which the HFCs are removed19–22. In addition, the inclusion of HFCs renders the 
sound more pleasant to human listeners19, and listeners tend to spontaneously increase the comfortable listening 
level of the presented sound19–21. We call such phenomena collectively “the hypersonic effect”. The discovery of 
the hypersonic effect has strongly impacted the audio industry; cutting-edge digital audio media, such as Blu-ray 
discs and high-resolution audio, allow inaudible HFCs to be recorded. Acoustic EE utilizing the hypersonic effect 
was applied to improve urban acoustic environments23 and to induce clinical improvement in various psychiatric 
diseases24.

Acoustic EE has strong practical advantages. In particular, it can be introduced without manipulating any 
other environmental properties, does not require additional space or objects for physical exercise and visual stim-
ulation, and does not require consideration of the optimal numbers of conspecific animals for social interactions. 
Thus, demonstrating the relevance of acoustic EE could provide an important contribution to the practice of EE.

We focused on the effects of acoustic environmental information as a single-factor EE in the present study, tak-
ing into account the possible future application to human studies. The relevance of acoustic EE as a single-factor 
EE was investigated by rearing mice in different acoustic environments to the end of their natural lifespan. The 
rearing conditions, other than the acoustic environment, were standard for experimental animals. Furthermore, 
based on our previous finding that the effects of acoustic EE on human are frequency dependent19,22, and even 
though audible ranges of sound differ between humans and rodents25,26, we also investigated the impact of 
frequency-dependent effects associated with acoustic EE.

Results
Experiment overview. The experimental animals were 96 8-week-old C57BL/6J mice assigned to three 
groups that were exposed to different acoustic environments for the duration of the experiment. These groups 
were (1) an acoustically enriched environment with a wide range of tropical rainforest sounds (~96 kHz, WRS 
group, n = 32, 16 males and 16 females); (2) an acoustically enriched environment with a narrow range of tropical 
rainforest sounds (~20 kHz, NRS group, n = 32, 16 males and 16 females); and (3) the control group, a standard 
environment without exposure to stimulation (CNT group, n = 32, 16 males and 16 females). Under the WRS and 
NRS conditions, tropical rainforest sounds were emitted through two speakers placed at the top of the cage during 
the day for the duration of the experiment. Tropical rainforest sounds were chosen on the basis of our previous 
findings, which indicated that these sounds contain the richest amount of high frequencies, along with complex-
ity levels that induce acoustic EE effects in humans18–23. For the NRS condition, sound components above 20 kHz 
(the upper limit of the human audible range) were removed from the same sound source. Other environmental 
properties, including cage size, were standard for experimental mice. In all cases, the mice were housed in cages 
that each contained four animals of the same sex.

To observe the mice for their natural lifespan while causing them minimal stress, we avoided any invasive 
procedures, including blood sampling. The locations and movements of the animals in the cages were monitored 
throughout their lifespan using an infrared camera placed at the top of the cage. The shadows of animals in the 
field of view were detected as particles by real-time image processing. Voluntary movements were determined 
based on changes in the particle areas from time t to time t + 1. The particle numbers were recorded as an index of 
how much the animals formed aggregations in a cage. Because individual animals were not identified, the volun-
tary movements and the number of particles were calculated for each cage (i.e. a single value was determined for 
each cage). The interpretation of these cage-based measures was strongly dependent on the total number of ani-
mals in a cage. For example, a two-particle with four-animal measurement versus a two-particle with two-animal 
measurement was completely different significance. Therefore, in the current study, voluntary movements and 
particle numbers were analysed using only the data from the first 34 weeks of the experiment, when all animals 
were alive.

Lifespan, voluntary movements, and particle number. Analysis of the lifespan survival curves 
using log-rank (Mantel-Cox) tests revealed a significant difference between the lifespans of mice under different 
sound conditions (χ2 = 6.64, df = 2, p < 0.05) (Fig. 1a). In addition, a one-way ANOVA was used to examine 
mean lifespans, and the results revealed a significant main effect of the sound conditions (F(2,93) = 4.79, p < 0.05). 
Multiple comparisons revealed that the lifespans of mice exposed to the NRS condition were significantly longer 
than those of mice exposed to the CNT condition (p < 0.01) (Fig. 1b). Mice exposed to the WRS condition also 
had a longer lifespan than mice exposed to the CNT condition, but this effect was not statistically significant 
(p = 0.35).

A one-way ANOVA was used to examine voluntary movements (1–34 weeks, the period when all animals 
were alive), and the results revealed a significant main effect of the sound conditions (F(2,21) = 10.67, p < 0.01). 
Multiple comparisons revealed that the voluntary movements of mice exposed to NRS conditions were signifi-
cantly greater than those of mice exposed to WRS (p < 0.01) and CNT (p < 0.01) conditions (Fig. 2a). Similarly, 
a one-way ANOVA was used to examine particle numbers (1–34 weeks), and the results revealed a significant 
main effect of sound conditions (F(2,21) = 45.15, p < 0.01). Multiple comparisons revealed that the particle num-
bers associated with mice exposed to the NRS condition were significantly larger than those of mice exposed to 
the WRS (p < 0.01) and CNT (p < 0.01) conditions (Fig. 2c). These results demonstrate that differences between 
sound environments affected the general health (lifespan) and behaviours (voluntary movements and positions 
of individuals in cages) of mice. There was no significant difference between mice exposed to the WRS and CNT 
conditions in terms of voluntary movement (p = 0.48) or particle numbers (p = 0.35).

Because exercise is considered as an important factor of EE, one could argue that a prolonged lifespan was 
the result of increased voluntary movements. However, there was no significant correlation between voluntary 
movements and lifespan (r = 0.02, p = 0.93) (Fig. 2b). Moreover, the results of the ANCOVA used to analyse the 
covariance between lifespan, voluntary movements, and sound conditions indicated a significant main effect of 
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sound conditions (F(2,20) = 4.03, p < 0.05), even after removing the effect of voluntary movements as a possible 
covariate factor. These results suggest that increased voluntary movements were not a primary cause of lifespan 
prolongation.

Figure 1. Lifespans for all sound conditions. (a) Survival curves and (b) average lifespan for all sound 
conditions: WRS (wide range of sounds), NRS (narrow range of sounds), and CNT (control). Error bars indicate 
the standard deviation.

Figure 2. Voluntary movements, number of particles, and their relationship to lifespans for all sound 
conditions: WRS (wide range of sounds), NRS (narrow range of sounds), and CNT (control). (a) Mean 
voluntary movements and (c) number of particles for all sound conditions. Scatter plots for the functions of 
(b) voluntary movement and lifespan and (d) number of particles and lifespan. In the ANCOVAs of voluntary 
movement (b) and number of particles (d), average lifespan per cage was used, because voluntary movement 
and the number of particles were cage-based measures. Error bars indicate the standard deviation.
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In comparison, there was a significant correlation between particle number and lifespan (r = 0.43, p < 0.05; 
Fig. 2d). Moreover, the results of the ANCOVA used to analyse covariance between the lifespan, particle number, 
and sound condition indicated that there was no significant main effect of sound condition after removing the 
effect of particle number (F(2,20) = 0.19, p = 0.83). Because the particle number reflected the voluntary movements, 
there was a correlation between particle number and voluntary movements (r = 0.61, p < 0.01; Supplementary 
Fig. S1). However, this correlation cannot be explained solely by the increase in voluntary movements, because 
the particle number might reflect individual relationships within each cage.

Sex and individual differences in lifespan. Because the social relationships of individual mice are known 
to exhibit clear sex differences27–29, we further analysed lifespans focusing on sex differences. As shown in Fig. 3a, 
the average lifespan seems to be the longest under the NRS condition and the shortest under the CNT condition. 
This trend was similar in male and female mice, even though the prolongation of lifespan was more prominent in 
male mice. Two-way ANOVA of the lifespans for sex and sound condition variables revealed a significant main 
effect of sex (F (1, 90) = 6.45, p < 0.05) and sound conditions (F (2, 90) = 5.09, p < 0.01). However, there was no 
significant interaction between sex and sound conditions (F (2, 90) = 1.23, p = 0.30), suggesting that the lifespan 
prolongation induced by acoustic EE followed a similar trend for both male and female mice.

Multiple comparisons revealed that the lifespans were significantly longer under the NRS condition compared 
with that under the CNT condition (p < 0.01). We also separately analysed the average lifespans of male and 
female mice. One-way ANOVA of the male lifespans revealed a significant difference (F (2, 45) = 6.05, p < 0.01). 
Multiple comparisons revealed that the lifespans of males were significantly longer under the NRS condition than 
under the CNT condition (p < 0.01). Male mice exposed to the WRS condition also had a longer lifespan than 
mice exposed to the CNT condition, but this effect was not statistically significant (p = 0.23). Meanwhile, one-way 
ANOVA of female lifespans revealed no significant difference (F (2, 45) = 0.63, p = 0.54).

Similar trends were observed in lifespan survival curves of males and females (Fig. 3b,c). Separate analyses of 
the lifespan survival curves using a log-rank (Mantel-Cox) test indicated a significant difference in the lifespans 
of male mice exposed to different sound conditions (χ2 = 8.27, df = 2, p < 0.05) (Fig. 3b). In contrast, a separate 
analysis of the lifespan survival curves of females demonstrated no significant differences in the lifespans of mice 
exposed to different sound conditions (χ2 = 0.26, df = 2, p = 0.88) (Fig. 3c).

Based on the survival curves, the longest lifespans did not differ between sound conditions, suggesting that the 
statistical difference in lifespan was primarily the result of differences between the lifespans of individuals, rather 
than being affected by mice with the longest lifespans. One possible factor affecting the lifespans of experimental 
animals is social hierarchy. To address this issue, we conducted more detailed analyses that focused on the differ-
ences in the lifespans of different individuals within each cage. One-way ANOVA tests used to analyse the longest 
lifespans, shortest lifespans, and variation in lifespans (standard deviation: SD) within each cage for each sex were 
conducted for sound condition variables. In male mice, the sound condition had a significant main effect on the 
shortest lifespans (F(2,9) = 7.06, p < 0.05, Fig. 4b) and the SD of lifespans (F(2,9) = 13.62, p < 0.01, Fig. 4c). Multiple 
comparisons revealed that the shortest lifespan of male mice under the CNT condition was significantly shorter 
than those of mice under the WRS (p < 0.01) and NRS (p < 0.05) conditions (Fig. 4b). Furthermore, the SD of 
male lifespans exposed to the CNT condition was significantly greater than those of males exposed to the WRS 
(p < 0.01) and NRS (p < 0.05) conditions (Fig. 4c). Meanwhile, in female mice, there were no significant differ-
ences in the longest lifespans (F(2,9) = 0.20, p = 0.82, Fig. 4d), shortest lifespans (F(2,9) = 0.23, p = 0.80, Fig. 4e), or 
SD of lifespans (F(2,9) = 1.06, p = 0.39, Fig. 4f).

Discussion
The present study demonstrates that mice exposed to the NRS condition had significantly longer lifespans (nearly 
17% longer) than those exposed to the CNT condition. This is the first study to show that a prolongation of 
the natural lifespan of mice can be induced solely by auditory sensory enrichment, adding to previous work 
that showed that EE with complex factors can induce a prolongation of the natural lifespan6,30. In addition, the 
results demonstrate that voluntary movements increased significantly under the NRS condition, compared with 
the CNT condition. Even though an increase in physical movement is considered an important factor of EE, 
additional analyses of the relationship between voluntary movement and lifespan suggest that increased vol-
untary movement is not a primary cause of lifespan prolongation. This result is consistent with recent findings 

Figure 3. Lifespans of male and females for all sound conditions: WRS (wide range of sounds), NRS (narrow 
range of sounds), and CNT (control). (a) Average lifespans of male and females for all sound conditions. 
Lifespan survival curves for (b) males and (c) females. Error bars indicate the standard deviation.
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showing that spontaneous exercise does not necessarily prolong lifespan31, even though physical exercise might 
prevent several signs of frailty, including decreased strength, endurance, and motor coordination associated with 
increased mitochondrial biogenesis in skeletal muscles and cortical brain derived neurotrophic factor levels32. The 
results also demonstrate that the particle numbers measured in mice exposed to the NRS condition were signif-
icantly greater than those of mice exposed to the CNT condition. Although particle number was correlated with 
voluntary movements (Fig. S1), an increase in the number of particles might reflect changes in the relationships 
between individuals within the cage.

Additional analysis of two-way ANOVAs of the lifespans for sex and sound condition variables demonstrated 
that the prolongation of lifespan induced by acoustic EE showed similar trends for both male and female mice, 
even though the prolongation of lifespan was more prominent in male mice. One possible explanation for this 
sex difference in the effects of acoustic EE on lifespan is sex differences in the social relationships of mice. When 
mice were housed in a group, social hierarchy or dominant-submissive relationships are invariably observed in 
both male and female mice, although to a lesser extent in female mice29. Social hierarchy ranking is known to be 
related to the physical and psychological health of animals; submissive and low-ranking animals were observed 
to suffer from social stress, resulting in a higher rate of viral infections and tumour formation33,34. Thus, one can 
expect that as the social hierarchy in a cage strengthens, there will be a greater lifespan discrepancy between indi-
viduals with minimum and maximum lifespans (i.e. lifespan variance in a cage). Indeed, we observed significant 
sex differences in individual lifespans within each cage. In male mice, the minimum lifespan in each cage was 
significantly prolonged under the WRS and NRS conditions compared with that under the CNT condition. In 
addition, lifespan variation within each cage was significantly smaller under the WRS and NRS conditions than 
under the CNT condition. In female mice, however, there were no significant differences in the longest lifespans, 
shortest lifespans, or the variation of lifespans. These observations suggest that social conflict may be reduced 
when acoustic EE is present, and that this effect is more prominent in males due to the higher levels of social 
conflict that they experience.

Regarding sound frequency–dependent effects, changes in lifespan, voluntary movement, and particle num-
ber were mainly observed under the NRS condition for both males and females. In comparison, additional anal-
yses of lifespan, including lifespan variation in the cage, suggest that both WRS and NRS sounds had similar 
effects on males, but not females. These observations suggest that the WRS and NRS conditions have similar 
primary effects on mice, but that the high-frequency component of WRS might, somehow, negate the effects of 
acoustic EE. Although the present study did not provide sufficient evidence, we speculate that the high-frequency 
component of WRS might disturb communications in mice using ultrasonic vocalization, which is dominant in 
female mice. The current observation of sex difference suggests that the frequency-dependent effects of acoustic 

Figure 4. Individual differences in lifespan of each cage for all sound conditions: WRS (wide range of sounds), 
NRS (narrow range of sounds), and CNT (control). Longest lifespans of (a) males and (d) females. Shortest 
lifespans of (b) males and (e) females. Standard deviation (SD) of lifespans of (c) males and (f) females. 
ANOVAs of the longest lifespan, shortest lifespan, and SD of lifespan were conducted using representative 
values for each cage calculated on the basis of individual lifespans. Error bars indicate the standard deviation.
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EE may be related to sex differences in ultrasonic vocalization in mice35–37, again consistent with attenuated effects 
of acoustic EE on the prolongation of lifespan in female mice.

The relationship between the audible ranges of sounds and the frequency-dependent effects of acoustic EE is 
an important issue for the possible application of acoustic EE in humans. Our results demonstrated that changes 
in lifespan and behaviour of mice were mainly observed under the NRS condition, which corresponds to the 
range that is audible to humans. On the contrary, previous studies in humans reported that sounds containing 
inaudible high-frequency components can induce diverse positive effects19–24. One possible explanation for this 
discrepancy is that the optimal range of sound frequency for acoustic EE may differ from the range used by 
humans for vocal communications. In other words, high-frequency sounds that are inaudible to humans and 
out of the range of human vocal communication can work as acoustic EE for humans, while lower frequency 
sounds that are audible to humans but are out of the range of vocal communication in mice can work as acous-
tic EE for mice. However, even within the range of high-frequency sounds that is inaudible to humans, these 
effects of acoustic EE show frequency dependence: 16–32 kHz sounds induced a negative effect (reduced alpha 
power in electroencephalograms), while sounds above 32 kHz induced positive effects (increased alpha power in  
electroencephalograms)22. Moreover, these physical frequency-dependent effects are similar to the use of fre-
quency ranges of ultrasonic vocalizations of rodents; rats use lower frequency bands (around 20 kHz) to express 
negative emotions and higher frequency bands (around 50 kHz) for positive emotions38. Therefore, it remains 
possible that physical frequency itself is an important factor in acoustic EE.

We avoided using any invasive procedures, including blood sampling, to measure natural lifespan and 
observed general behaviour and lifespan alone. Therefore, the present study did not provide sufficient evidence 
on the biological mechanisms underlying the prolongation of lifespans by acoustic EE. Despite this limitation, 
the present study may provide an important working hypothesis in the field of EE. For example, we propose a 
testable hypothesis for the effects of acoustic EE (i.e. that changes in the social relationships of mice are induced 
by acoustic EE). Moreover, changes in the voluntary movements and particle number were observed during the 
early stages of the experiments (e.g. 2–4 weeks after intervention) (Fig. S2). Thus, we suggest that shorter term 
interventions of acoustic EE that measure social behaviours and physiological changes related to psychological 
stress and healthy aging, including the levels of stress hormones and agents related to healthy aging, could be an 
effective approach to examine this hypothesis.

Methods
Animals. The study animals were 96 8-week-old C57BL/6J mice assigned to three groups with different acoustic 
environments for the duration of the experiment. Each group consisted of 32 animals (16 males and 16 females). In 
all the sound conditions, mice were housed as groups in cages (172 × 240 × 129 mm) that each held four animals. All 
mice were placed on a 12-hour light cycle beginning at 20:00. The temperature and humidity of the cages were main-
tained at approximately 24 °C and 40–60%, respectively. Food and water were fed ad libitum. All experiments were 
approved and conformed to the guidelines set by the Small Animal Welfare and Ethics Committee of the National 
Institute of Neuroscience, National Center of Neurology and Psychiatry, Kodaira, Japan.

Figure 5. Experimental settings and behaviour measures. (a) Sound emission system fixed at the top of each 
cage. (b) Power spectrum of sounds emitted through the speakers for WRS (wide range of sounds) and NRS 
(narrow range of sounds) conditions. Orange and grey lines indicate the frequency power spectra of rainforest 
sounds and background noise, respectively. (c) Measurements of voluntary movement and the particle number. 
Shadows of animals in the field of view were detected as particles. Voluntary movement was determined as 
exclusive or (exclusive disjunction) as particle areas from time t to time t + 1. (d) The number of particles was 
recorded as an index of the degree of animals forming aggregations. Voluntary movement and particle number 
were monitored for each cage separately.
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Sound stimulations. Under the WRS and NRS conditions, tropical rainforest sounds were emitted through 
two speakers fixed at the top of the cage (Fig. 5a) throughout the day, for the duration of the experiment (until the 
end of the natural lifespan). Tropical rainforest sounds containing rich amounts of high frequencies were chosen 
as the sound source for the acoustically enriched environment, based on our previous findings which indicated 
that the sounds richest in high frequencies induced acoustic EE effects in humans18–23. For the NRS condition, 
sound components above 20 kHz (the upper limit of the range audible to humans) were removed from the same 
sound source (Fig. 5b). This approach was based on our previous findings from experiments in humans, which 
indicated that acoustic EE effects are frequency dependent19,22.

Lifespan. Individual lifespan was used in the survival curve analysis and ANOVAs of average lifespans 
under the different sound conditions. In the ANCOVAs of voluntary movements and particle numbers, 
cage-based-averaged lifespan was used, because voluntary movements and particle numbers were cage-based 
measures. In the analysis of the longest lifespans, shortest lifespans, and SD of lifespans, ANOVAs were conducted 
using a representative value for each cage and were calculated based on individual lifespans. To measure natural 
lifespans, we avoided any invasive procedures, including blood sampling.

Voluntary movement and particle number. The location and movement of animals in cages were mon-
itored using an infrared camera located at the top of the cage. This camera recorded footage throughout the 
lifespan of the animals. The infrared camera images were sampled every 500 ms, and shadows of animals in the 
field of view were detected as particles using real-time image processing (Fig. 5d). Voluntary movements were 
determined as exclusive or (exclusive disjunction) from particle areas from time t to time t + 1 (Fig. 5c). Because 
individual animals were not identified, voluntary movements were calculated as a single value for each cage every 
500 ms. The number of particles was recorded as an index of how much the animals formed aggregations. Particle 
number was monitored for each cage separately.

Data analysis. Statistical analyses of the lifespan survival curves were performed using a log-rank 
(Mantel-Cox) test. Analyses of the mean values of lifespan, voluntary movement, and particle number were per-
formed using ANOVA tests. Regarding the lifespan, ANCOVA tests were also conducted using voluntary move-
ment and particle number as covariates. All post-hoc multiple comparison tests were performed using Shaffe’s 
modified sequentially rejective Bonferroni procedure, and the level of statistical significance was set at p < 0.05.

References
 1. Kempermann, G., Kuhn, H. G. & Gage, F. H. More hippocampal neurons in adult mice living in an enriched environment. Nature 

386, 493–495 (1997).
 2. van Praag, H., Kempermann, G. & Gage, F. H. Neural consequences of environmental enrichment. Nat. Rev. Neurosci. 1, 191–198 

(2000).
 3. Mohammed, A. H. et al. Environmental enrichment and the brain. Prog. Brain Res. 138, 109–133 (2002).
 4. Sale, A., Beradi, N. & Maffei, L. Enrich the environment to empower the brain. Trends Neurosci. 32, 233–239 (2009).
 5. Rampon, C. et al. Enrichment induces structural changes and recovery from nonspatial memory deficits in CA1 NMDR1-knockout 

mice. Nat. Neurosci. 3, 238–244 (2000).
 6. Arranz, L. et al. Environmental enrichment improves age-related immune system impairment: long-term exposure since adulthood 

increases life span in mice. Rejuvenation Res. 13, 415–428 (2010).
 7. Singhal, G., Jaehne, E. J., Corrigan, F. & Baune, B. T. Cellular and molecular mechanisms of immunomodulation in the brain 

through environmental enrichment. Front. Cell. Neurosci. 8, 97 (2014).
 8. Frick, K. M. & Benoit, J. D. Use it or lose it: environmental enrichment as a means to promote successful cognitive aging. Sci. World 

J. 10, 1129–1141 (2010).
 9. Gates, N., Fiatarone Singh, M. A., Sachdev, P. S. & Valenzuela, M. The effect of exercise training on cognitive function in older adults 

with mild cognitive impairment: a meta-analysis of randomized controlled trials. Am. J. Geriatr. Psychiatry 21, 1086–1097 (2013).
 10. Ahmadias, N., Alaei, H. & Hanninen, O. Effect of exercise on learning, memory and levels of epinephrine in rats’ hippocampus. J. 

Sports Sci. Med. 2, 106–109 (2003).
 11. van Praag, H., Shubert, T., Zhao, C. & Gage, F. H. Exercise enhances learning and hippocampal neurogenesis in aged mice. J. 

Neurosci. 25, 8680–8685 (2005).
 12. Nichol, K., Deeny, S. P., Seif, J., Camaclang, K. & Cotman, C. W. Exercise improves cognition and hippocampal plasticity in APOE 4 

mice. Alzheimers Dement. 5, 287–294 (2009).
 13. van Loo, P. L., van de Weerd, H. A., van Zutphen, L. F. & Baumans, V. Preference for social contact versus environmental enrichment 

in male laboratory mice. Lab Anim. 38, 178–188 (2004).
 14. Ma, X. C. et al. Social isolation-induced aggression potentiates anxiety and depressive-like behavior in male mice subjected to 

unpredictable chronic mild stress. Plos One 6, e20955 (2011).
 15. Cai, R. et al. Environmental enrichment improves behavioral performance and auditory spatial representation of primary auditory 

cortical neurons in rat. Neurobio. Learn. Mem. 91, 366–337 (2009).
 16. Zhu, X. et al. Environmental acoustic enrichment promotes recovery from developmentally degraded auditory cortical processing. 

J. Neurosci. 34, 5406–5415 (2014).
 17. Rochefort, C., Gheusi, G., Vincent, J. D. & Lledo, P.-M. Enriched odor exposure increases the number of newborn neurons in the 

adult olfactory bulb and improves odormemory. J. Neurosci. 22, 2679–2689 (2002).
 18. Honda, M. Information environment and brain function: A new concept of the environment for the brain. In Wada, K. ed. 

Neurodegenerative Disorders as Systemic Diseases. pp. 279–294 (Springer, Tokyo, 2015).
 19. Oohashi, T. et al. Inaudible high-frequency sounds affect brain activity: hypersonic effect. J. Neurophysiol. 83, 3548–3558 (2000).
 20. Yagi, R., Nishina, E., Honda, M. & Oohashi, T. Modulatory effect of inaudible high-frequency sounds on human acoustic perception. 

Neurosci. Lett 351, 191–195 (2003).
 21. Oohashi, T. et al. The role of biological system other than auditory air-conduction in the emergence of the hypersonic effect. Brain 

Res. 1073–1074, 339–347 (2006).
 22. Fukushima, A. et al. Frequencies of inaudible high-frequency sounds differentially affect brain activity: positive and negative 

hypersonic effects. PLoS ONE 9, e95464 (2014).



www.nature.com/scientificreports/

8SCIeNTIFIC RepORTs |  (2018) 8:7909  | DOI:10.1038/s41598-018-26302-x

 23. Nishina, E., Kawai, N., Honda, M. & Oohashi, T. Design concept of sound environment based on hypersonic effect. In: The West 
Meets the East in Acoustic Ecology, Imada, T. et al. ed pp. 372–380 (Japanese Association for Sound Ecology & Hirosaki University 
International Music Centre, 2006).

 24. Honda, M. et al. Non-pharmacological therapy for behavior and psychological symptoms of dementia (BPSD) utilizing the hyper 
sonic effect: a pilot study. Proceeding of the XXIII World Congress of Neurology, Kyoto, Japan (2017).

 25. Heffner, H. & Masterton, B. Hearing in glires: domestic rabbit, cotton rat, feral house mouse, and kangaroo rat. J. Acoust. Soc. Am. 
68, 1584–1599 (1980).

 26. Tsukano, H. et al. Delineation of a frequency-organized region isolated from the mouse primary auditory cortex. J. Neurophysiol. 11, 
2900–2920 (2015).

 27. Manning, C. J., Dewsbury, D. A., Wakeland, E. K. & Potts, W. K. Communal nesting and communal nursing in house mice, Mus 
musculus domesticus. Animal Behav. 50, 741–751 (1995).

 28. Gray, S. J., Jensen, S. P. & Hurst, J. L. Structural complexity of territories: preference, use of space and defence in commensal house 
mice, Mus domesticus. Animal Behav. 60, 765–772 (2000).

 29. van den Berg, W. E., Lamballais, S. & Kushner, S. A. Sex-specific mechanism of social hierarchy in mice. Neuropsychopharmacology 
40, 1364–1372 (2015).

 30. Thanos, P. K. et al. Dopamine D2 gene expression interacts with environmental enrichment to impact lifespan and behavior. 
Oncotarget 7, 19111–19123 (2016).

 31. Karvinen, S. et al. Physical activity in adulthood: genes and mortality. Sci. Rep. 5, 18259 (2015).
 32. Garcia-Valles, R. et al. Life-long spontaneous exercise does not prolong lifespan but improves health span in mice. Longev. 

Healthspan 2, 14 (2013).
 33. de Groot, J., van Milligen, F. J., Moonen-Leusen, B. W., Thomas, G. & Koolhaas, J. M. A single social defeat transiently suppresses the 

anti-viral immune response in mice. J. Neuroimmunol. 95, 143–151 (1999).
 34. Azpiroz, A., Garmendia, L., Fano, E. & Sanchez-Martin, J. R. Relations between aggressive behavior, immune activity, and disease 

susceptibility. Aggress. Violent Behav. 8, 433–453 (2003).
 35. Maggio, J. C. & Whitney, G. Ultrasonic vocalizing by adult female mice (Mus musculus). J. Comp. Psychol. 99, 420–436 (1985).
 36. Hammerschmidt, K., Radyushkin, K., Ehrenreich, H. & Fischer, J. Female mice respond to male ultrasonic ‘songs’ with approach 

behaviour. Biol. Lett. 5, 589–592 (2009).
 37. Matsumoto, Y. K. & Okanoya, K. Phase-specific vocalizations of male mice at the initial encounter during the courtship sequence. 

PLoS ONE 11, e0147102 (2016).
 38. Wöhr, M. & Schwarting, R. K. Affective communication in rodents: ultrasonic vocalizations as a tool for research on emotion and 

motivation. Cell Tissue Res. 354, 81–97 (2013).

Acknowledgements
The authors are grateful to the late Dr. Masako Morimoto for her indispensable contribution to this study. 
This work was partially supported by the Sumitomo Foundation and MEXT/JSPS KAKENHI grants (numbers 
JP23650423, JP15K15283, JP16H02892, JP15H05917, and JP17K18398).

Author Contributions
N.K., T.O. and M.H. designed the research; Y.Y., O.U., N.K. and M.H. conducted the experiment; Y.Y., O.U., Y.M. 
and M.H. analysed data; and Y.Y., O.U., Y.M., N.K., T.O. and M.H. wrote the paper.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-26302-x.
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1038/s41598-018-26302-x
http://creativecommons.org/licenses/by/4.0/

	Induction of prolonged natural lifespans in mice exposed to acoustic environmental enrichment
	Results
	Experiment overview. 
	Lifespan, voluntary movements, and particle number. 
	Sex and individual differences in lifespan. 

	Discussion
	Methods
	Animals. 
	Sound stimulations. 
	Lifespan. 
	Voluntary movement and particle number. 
	Data analysis. 

	Acknowledgements
	Figure 1 Lifespans for all sound conditions.
	Figure 2 Voluntary movements, number of particles, and their relationship to lifespans for all sound conditions: WRS (wide range of sounds), NRS (narrow range of sounds), and CNT (control).
	Figure 3 Lifespans of male and females for all sound conditions: WRS (wide range of sounds), NRS (narrow range of sounds), and CNT (control).
	Figure 4 Individual differences in lifespan of each cage for all sound conditions: WRS (wide range of sounds), NRS (narrow range of sounds), and CNT (control).
	Figure 5 Experimental settings and behaviour measures.




