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Introduction
Human beings are simultaneously exposed to social stress in their 

daily lives. Repeated exposure to social and psychological stress has 
been shown to disturb health, and is considered to cause lifestyle-related 
diseases, such as hyperinsulinemia, hyperglycemia, cardiovascular 
diseases, and obesity [1,2]. Additionally, the involvement of stress 
in the development of psychiatric disorders, such as depression, has 
been widely investigated in animals [3,4]. Moreover, several studies 
have proposed that exposure to chronic social stress produces sudden 
sensorineural hearing loss (SNHL) in human beings [5,6]. 

Sudden SNHL is an acute dysfunction of the inner ear that is 
characterized by sudden hearing loss and potential progression to 
complete deafness. Elderly people are primarily affected, but it can 
occur at any age. Sudden SNHL is usually classified as idiopathic, 
because the causative factor is not identified in most cases [7-10].
Impaired hearing ability greatly detracts from the quality of life of 
individuals, and may trigger psychiatric disorders, such as cognitive 
dysfunction [11,12]. Moreover, since most SNHL induced byinner 
eardysfunctionisirreversible, SNHL is becoming aglobal social problem.

The present study aimed to test the hypothesis that chronic stress 
increases the risk of developing hearing loss. In addition, we set out to 
verify whether noise-exposure hearing loss is exacerbated by chronic 
stress.

Materials and methods
Animals: All experiments used here met the Guidelines of 

the Japanese Society for Pharmacology and were approved by the 
Committee for Ethical Use of Experimental Animals at Setsunan 
University. Adult male Std-ddY mice (SHIMIZU Laboratories Supplies 
Co., Ltd, Kyoto, Japan), weighing 22-26 g, were used for preparation of 
stress models.

Stress treatment: Figure 1 shows schedules for stress treatment; 
water-immersion restraint stress (WIRS), social defeat stress (SDS), 
and social isolation stress (SIS). Mice were individually housed for 
at least 1 week to habituate before commencing experiments. To 
produce WIRS over a period of 4 weeks, mice were caged in 50 ml 
polypropylene tubes to restrict their activity and were then immersed 
vertically for 3 h every day in 25 ± 1°C water bath cages, in which the 
water level was kept at shoulder level for the mice. For SDS, mice were 
individually introduced to the home cage of an unfamiliar aggressive 
resident mouse for 10 min, and were then kept in a small plastic cage 
that enabled visual, olfactory, and auditory contact in the home cage of 
the resident mouse for the remaining time of the day. These mice were 
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in phosphate-buffered saline foe whole-mount cochlear processing.
To visualize hair cells, we incubated the specimens with a solution 
containing 0.3% Triton X-100 and Alexa-Fluor 568-conjugated 
phalloidin (1:100 dilution; Invitrogen, Carlsbad, CA, USA) for 30 
min at room temperature. The stained specimens were observed 
under a confocal fluorescence microscope using the FV1000D system 
(Olympus, Tokyo, Japan) for counting the numbers of missing hair cells 
in the cochleae. The ratio of missing-to-total hair cells was expressed as 
a percentage.

Data analysis: The results are presented as the means ± S.E.M 
from several separate experiments. Differences were assessed by using 
analysis of variance. Data were analyzed by means of one-way ANOVA, 
and a least significant difference post-hoc test was used to evaluate the 
statistical differences between groups.

Results
Changes in body weight after stress treatment: To confirm whether 

animals were exposed to sufficient stress under the current experiments, 
we measured the body weight of animals during the stress treatments.
In mice treated with WIRS or SDS, the body weight decreased markedly 
during the treatment.However, SIS-exposed mice demonstrated a 
significant increase in body weight during the treatment (Figure 2).

subjected to social defeat for 7 consecutive days.Control mice were 
kept alone in transparent plastic cages for 7 consecutive days. For SIS, 
mice were housed individually for 4 weeks.

Auditory brainstem response (ABR) recording: To determine the 
hearing ability of the animals, we measured their ABR under anesthesia 
induced by chloral hydrate (500 mg/kg, i.p.), as previously reported 
[13]. The threshold of ABR was determined at the frequencies of 4, 12, 
and 20 kHz, by means of a 5-dB SPL minimum-size step-down from 
the maximum amplitude. The hearing threshold was defined as the 
lowest stimulus intensity that produced wave I in the ABR test. 

Noise-induced hearing impairment: To establish noise-induced 
hearing impairment, the sound was generated and amplified as 
previously described [13]. Each animal was placed in a cage. The mice 
were then exposed to an octave-band noise, centered at 8 kHz, at a 90-
dB sound pressure level, for 1 h, within a sound chamber. As a control, 
naïve animals were placed in the same cage, but without the noise.

Quantitative assessment of hair cell loss: After the final ABR test, 
animals were decapitated and cochleae were immersion-fixed with 4% 
paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) for 2 h at room 
temperature after rapid removal of the temporal bone and opening of 
the round and oval windows. The cochleae were then decalcified in 
4% EDTA solution at room temperature for at least 2-7 days. Under 
a microscope, the specimens including organ of Corti were dissected 

Figure 1. Experimental schedules.All animals underwent 1 week of habituation before 
stress treatment. (a) Water-immersion restraint stress (WIRS): animals treated with WIRS 
for 4 weeks were subjected to measurement of auditory brainstem response (ABR) and 
body weight. (b) Social defeat stress (SDS): animals were exposed to SDS for 1 week and 
then subjected to measurement of ABR and body weight. (c) Social isolation stress (SIS): 
animals were treated with SIS for 4 weeks and then subjected to measuring of ABR and 
body weight.

Figure 2. Effect of stress treatment on body weight.Graphs denote the average of body 
weight.Values are the means ± S.E.M. from 4 independent experiments performed under 
the same experimental conditions.**P < 0.01, significantly different from the value obtained 
for animals not exposed to stress treatment.
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Effect of stress treatment on hearing ability: To assess if physical or 
social stress increases the risk of developing hearing loss, hearing ability 
was determined in mice treated with WIRS, SDS, and SIS (Figure 3). 
No significant impairment in hearing ability occurred at 4, 12, and 20 
kHz in any of the stress groups (WIRS, SDS, and SIS).

Effect of stress treatment on noise-induced temporary hearing 
impairment: We next assessed the effect of stress treatment on noise-
induced temporary hearing impairment (Figure 4). The ABR threshold 
was assessed at the frequencies of 4, 12, and 20 kHz on immediately 
after (day 0) or 7 days after noise exposure. Exposure to noise at a 90-
dB sound pressure level for 1 h produced a temporary threshold shift 

in ABR immediately after noise exposure. Already on day 1 after noise 
exposure, ABR returned to the level of animals without exposure to 
noise.WIRS, SDS, or SIS did not exacerbate the noise-induced hearing 
impairment, at least on the days tested.

Effect of stress treatment on cochlear outer hair cells damaged 
after noise exposure: To examine whether stress treatment exacerbates 
hair cell damage induced by noise exposure, we stained and counted 
the damaged outer hair cells in the cochlea of noise-exposed animals 
(Figure 5). In animals exposed to noise alone, 2-4% of outer hair cells 
in the cochlea disappeared. The damage to the outer hair cells was not 
significantly exacerbated by WIRS, SDS, or SIS.

Figure 3. Effect of stress treatment on hearing ability.Animals were treated with stress and then the auditory brainstem response (ABR) threshold was measured.Graphs denote the average 
of threshold shift at each frequency.Values are the means ± S.E.M. from 4 independent experiments performed under the same experimental conditions.
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Figure 4. Effect of stress treatment on noise-induced hearing impairment.Animals were exposed to noise at 90-dB SPL for 1 h, after which the auditory brainstem response (ABR) threshold 
was measured.Graphs denote the average of the threshold shift at each frequency. Values are the means ± S.E.M. from 4 independent experiments performed under the same experimental 
conditions.

Discussion
In this study, we evaluated whether physical and social stresses are 

involved in the onset or exacerbation of SNHL. Using various types of 
stress models in mice, our current study demonstrated that exposure 
to severe stress was not accompanied by impairment of hearing 
ability. In addition, evidence for the irrelevance of severe stress to the 
exacerbation of noise-induced hearing loss came from current findings 
that severe stress treatment produced no significant effect on the 
temporary threshold shift of ABR and the hair cell loss in mice exposed 
to noise at a 90-dB sound pressure level. Therefore, the present study, 
using stress model mice, could not demonstrate data supporting the 

previous hypothesis that chronic stress increases the risk of developing 
hearing loss.

We first performed experiments to confirm whether animals 
were exposed to sufficient stress during our experimental procedures.
Changes in the body weight of animals have been reported to be a 
convenient index for stress exposure [14,15]. A marked decrease in 
the body weight occurs in WIRS- and SDS-exposed animals [16]; in 
contrast, SIS promotes food intake and body weight gain [15,17]. These 
previous reports strongly support that in the present study, animals 
exposed to WIRS, SDS, or SIS were useful as stress models.

In these stress model animals, hearing impairment and cochlear 
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hair cell damage was not observed, at least during the periods tested.
There are some possible reasons; the experimental term may have been 
too short to affect hearing function, although stress-induced physical 
responses were sufficient as stress models; furthermore, a single 
stress did not present a necessary and sufficient condition to affect 
hearing. In human beings, stress exposure in modern society is often 
of mixed types. Hence, hearing loss might be caused by exposure to a 
combination of stresses over a long period of time.

Most hearing impairment in adults is SNHL, most of which is 
induced by inner ear dysfunction, which is irreversible. Cochlear hair 
cells and nerves, which convert mechanical vibrations into electrical 
signals that are transmitted to the central nervous system, have 
extremely poor regenerative ability.It thus is impossible to regenerate 
them when cell death occurs in the mammalian ear [18]. In noise-
exposed humans and animals, acoustic trauma (noise-induced hearing 
loss) leads to hair cell damage and causes a threshold shift [19,20]. Recent 
studies have indicated that ageing and/or moderate noise exposure can 
result in hidden hearing loss [21-23], which causes difficulties in speech 
discrimination and temporal processing in a noisy environment [24]. 
It can be detected physiologically, and is characterized by reduced 
amplitude in the sound-evoked spiral ganglion neuron activity (the first 
peak of the ABR waveform) [25-27]. Therefore, stress-exposed mice in 
the present study may have characteristics of hidden hearing loss, but 
further studies would be needed to elucidate such a hypothesis. 

In conclusion, the present study clearly demonstrated that chronic 
stress had no effect on the hearing ability of mice. These results suggest 
that stress is unlikely to be involved as a cause of SNHL. However, 
further studies are needed to assess whether stress increases the risk of 
developing hearing loss in human beings.
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