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Molecular Mechanism of Age-related Hearing Loss : Toward its Prevention

Tatsuya Yamasoba, M.D.

Department of Otolaryngology and Head and Neck Surgery, University of Tokyo, Tokyo

Mitochondrial DNA (mtDNA) mutations/deletions and decline of mitochondrial function are considered to be associ-
ated with the development of age-related hearing loss (AHL). First, we examined age—related changes in gene expres-
sion profile in the cochlea of DBA/2] mouse. This mouse exhibited mild hearing loss at 2months of age and became
deaf by 8 months. Comprehensive gene expression analysis identified significant expression changes correlated with
AHL in over 4000 cochlear genes. When compared to 2 month old mice, approximately 2,200 genes were downregulated
and approximately 1,900 genes were upregulated in the cochlea of 8 month old mice. AHL-correlated genes in the coch-
lea of 8~-month—old DBA/2] mice were statistically associated with 15 mitochondrial process categories, suggesting that
AHL is associated with profound down—regulation of genes involved in the mitochondrial function in the cochlea of aged
DBA/2) mice. Next, we assessed the role of accumulation of mtDNA mutations in the development of AHL using Polg
(D257A) knock—in mouse, which exhibited increased spontaneous mtDNA mutation rates during aging and showed ac-
celerated aging. They exhibited moderate hearing loss and degeneration and apoptosis in the cochlea by 9 month of age,
while wild—-type animals did not. MtDNA mutations were associated with transcriptional alterations consistent with im-
pairment of energy metabolism, induction of apoptosis, and hearing dysfunction in the cochlea of aged mitochondrial mu-
tator mice. Lastly, we examined if 26 % calorie restriction (CR) could prevent AHL in C57BL/6 mice. CR mice retained
normal hearing and showed no cochlear degeneration by 15 months of age, whereas control mice developed moderate
hearing loss and cochlear degeneration due to increased apoptosis at 15 months of age. CR mice also showed a signifi-
cant reduction in the number of TUNEL-positive cells and cleaved caspase—3—positive cells. Microarray analysis revealed
that CR upregulated the expression of genes involved in mitochondrial and hearing function and downregulated that of
apoptotic genes. Taken together, these findings suggest that accumulation of mtDNA mutations during aging leads to

mitochondrial dysfunction and induces an apoptotic program, thereby causing AHL.

Keywords : Apoptosis, Calorie restriction, Mouse, Mitochondrial DNA, Aging
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Effect of mild hypothermia on the ischemic inner ear damage

Shoichiro Takeda *, Nobuhire Hakuba **, Jun Ilyode *, Naohito [1ato *, Kivofumi Gvo *
* Department of Otolaryngology. Fhime University School of Medicine
¥* Department of Otolaryngology, Osaka Red Cross Hospital

Mild hypothermia is effective in preventing ischemic damage to the cochlea when applied during an
ischemic insult; however, the effects of post-ischemic hypothermia remain unclear. This study addressed this
issue by performing hypothermia at three different times in an animal model of transient cochlear ischemia.
Furthermore, the effects of hypothermia on the concentrations of oxidative NO metabolites in the scala tym-
pani were investigated.

Adult male Mongolian gerbils were divided into three groups (each n=8) based on the timing of the startl
and end of hvpothermia (32} C) after reperfusion: 1-4, 3-6, and 6-9 hrs. Some animals were subjected to nor-
mothermia (n=8) or sham-operation plus hypothermia of 1-4 hrs. (n=4). Transient cochlear ischemia was
induced by occluding both vertebral arteries at the neck for 15 min. Mild post- ischemic hypothermia was
effective in attenuating the increase in the auditory brainstem response (ABR) threshold at 8 kHz and the loss
of hair cells, when applied within 3 hrs, after reperfusion. The effects were more prominent with an earlier
application of hypothermia. By contrast, no such attenuating effects were observed in the 6-9 hrs, normother-
mic group. '

Oxidative NO metabolites were measured by titrating the nitrite (NOZ-) and nitrate (NOS_) concentra-
tions in the perilymph on the day following ischemia using in vivo microdialysis and an on-line high-perform-
ance liquid chromatography (IIPLC) system. In this study. the animals were allotted to no-treatment (n=2).,
normothermia (n=5), sham-operation plus hypothermia {n=2). and three hypothermia groups (each n=5): 1-4. 3-
6. and 69 hrs. Significant increases in the perilymph NO"~ and NO*” concentrations were found in the nor-
mothermia group, while hypothermia prevented the increase. The earlier the hypothermia was applied, the

more the increase was attenuated.

Key words . Transient cochlear ischemia, mild hypothermia, ABR. NOx
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Abstract

Objective: The additive effects of local hypothermia and restricted activity in the treatment of idiopathic sudden sensorineural hearing loss
(ISSHL) were investigated by case-matched study as a multicenter (13 hospitals) pilot trial.

Patients and methods: In a preliminary experiment, we evaluated the effects of cooled water pillow (15 °C). Cooling the neck and mastoid
with the pillow decreased the tympanic membrane temperature for 1.4 °C in 2 h without causing uncomfortable sensation or frostbite. In this
study, 86 patients with ISSHL were enrolled in the hypothermic group, which received hypothermic treatment with restricted activity in
addition to medication, and 86 ISSHL patients constituted the control group, which received the same medication but without cooling and rest.
Control patients were selected retrospectively from case records by matching the experimental patients with respect to age, gender, days until
the start of treatment, hearing loss, shape of the audiogram, and accompanying vertigo. The patients in the hypothermic group were admitted
and treated with a cooled water pillow for 48 h, in addition to conventional drug treatment (e.g., 60 mg of prednisone) for 7 days. The water
pillow was cooled to 15 °C and was changed 4-5 times per day. The patients used the water pillow for the first 48 h after admission, with
restricted activity. The control patients received only the medications.

Results: Hearing results were evaluated using criteria proposed by the Sudden Sensorineural Hearing Loss Research Group of the Japanese
Ministry of Health and Welfare. The recovery rates were judged 6 months after onset. The recovery rate in the hypothermic group was
significantly (p < 0.05) better than that in the control group. When the comparison was limited to younger patients, the use of the cooled water
pillow was effective in facilitating the recovery of hearing.

Conclusions: Hearing restoration in ISSHL may be improved by adding mild hypothermia and restricted activity to the conventional
treatment.

© 2010 Elsevier Ireland Ltd. All rights reserved.

Keywords: Local hypothermia; Cooling therapy; Idiopathic sudden sensorineural hearing loss

1. Introduction

Idiopathic sudden sensorineural hearing loss (ISSHL)
usually presents as an acute idiopathic unilateral deafness. It
affects 27,000 patients annually in Japan and involves
otherwise healthy people, mainly between 50 and 60 years
of age [ 1]. Various therapeutic options have been attempted,
both alone and in combination; these include steroids,
vasodilators, diuretics, anticoagulants, contrast medium, and

* Corresponding author. Tel.: +81 89 960 5366; fax: +81 89 960 5368.
E-mail address: nhato@m.chime-u.ac.jp (N. Hato).

carbogen inhalation. According to recent double-blind
randomized control studies [2-4], no specific agent or
treatment dramatically restored hearing in this disease. The
natural course of ISSHL is fairly good, although the rate of
complete recovery remains 24-63% [5] even when
treatment starts within 14 days after onset. Better treatment
modalities are needed to improve the results, especially in
cases of severe hearing loss.

The etiology of ISSHL remains unknown; theoretical
causes of ISSHL include viral infection [6,7], immune-
mediated disorder [8,9], rupture of the labyrinth membrane,
and disturbed vascular circulation [ 10,11]. Given that ISSHL

0385-8146/$ — see front matter ©©) 2010 Elsevier Ireland Ltd. All rights reserved.
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occurs suddenly without any preceding signs or symptoms,
we believe that an acute interruption of the blood supply to
the inner ear is the primary cause of ISSHL. Previously, we
showed that occluding both labyrinthine arteries for 15 min
caused profound deafness and a substantial loss of hair cells
in Mongolian gerbils [12]. We found that post-ischemic
hypothermia could reduce the profound cochlear damage
induced by transient ischemia in the animal model [13].
Recent studies of ischemic damage in the brain have proven
hypothermia to be effective for preventing the sequelae of
ischemia-induced brain damage. These findings suggest that
reducing the cochlear temperature may prevent the
progression of hearing loss; however, the effects of
hypothermia in ISSHL remain unclear.

The present study evaluated the effect of hypothermic
treatment with restricted activity, when applied as an adjunct
to conventional treatment, on the recovery of hearing in
ISSHL.

2. Background and preliminary experiments

Unlike in other organs, localized cooling of the inner ear is
technically difficult. The inner ear is located deep in the skull,
within the pneumatic mastoid cavity, and is nourished solely
by the labyrinthine artery, a branch of the basilar artery.
Irrigation of the external ear canal with cool water decreases
the temperature in the inner ear, but it causes severe rotational
vertigo. Therefore, indirect procedures such as cooling a wide
area of the neck and mastoid would be more suitable for
clinical application. We used a cooled water pillow to reduce
the inner ear temperature. The effects of a cooled pillow on
body temperature and sleep have been studied extensively.
Kawabata and Tokura [14] showed that the use of a pillow
filled with a special cool medium consisting of sodium sulfate
and ceramic fiber significantly lowered the forehead skin
temperature and heart rate during sleep at night. They noted
that mild cooling of the head decreased wakefulness at night
and induced deeper sleep. Okamoto-Mizuno et al. [15]
demonstrated that a cooled pillow decreased the temperature
of the tympanic membrane, which is correlated with the
temperature of the inner ear [16].

Therefore, we evaluated the effectiveness of using a
cooled water pillow to reduce the ear canal temperature in
seven volunteers, 29-48 years old, including six males and
one female. A water pillow was filled with water at 15 °C, as
this temperature is not thought to cause frostbite. The subject
was asked to lie on a bed in the supine position with the
pillow behind the neck and mastoid on one side. Using an ear
thermometer (MC510, Omron), the tympanic membrane
temperature was measured every 10 min for 2 h. The axillary
temperature was monitored as a control. Fig. 1 shows the
changes in the tympanic membrane temperature over time.
With the water pillow, the tympanic membrane temperature
decreased by 1.4 °Cin the seven subjects, from an average of
36.5 °C to 35.1 °C, while the axillary temperature remained
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Fig. 1. Changes in the tympanic membrane temperature after using water
pillow filled with water at 15 °C. Subject was asked to lie on a bed in the
supine position with the pillow behind the neck and mastoid on testing side.
The tympanic membrane temperature was decreased by 1.4 °C at 2 h after
the local cooling.

stable. In two subjects, the temperature was monitored for
48 h. They were asked to stay in bed as much as possible but
were allowed free access to a bathroom and to a bedside
table for eating. The temperature decrease remained within
the range of 1.0-1.5 °C for the 48 h. Encouraged by this
result, we conducted the following clinical trial as a pilot
study.

3. Patients and methods

The effects of hypothermia and restricted activity in the
treatment of ISSHL were evaluated using a case-matched
study, as a blind-control study was impossible for this
experiment. Between April 2006 and January 2008, we
recruited 86 patients with ISSHL at 13 public and private
hospitals in Japan, including Ehime University Hospital,
who met the following selection criteria: (a) older than 15
years of age, (b) hearing loss of more than 40 dB in pure tone
average, (c) excluded acute low-tone sensorineural hearing
loss, (d) treatment initiated within 14 days after onset, (e)
accepted treatment by being admitted to a hospital, (f)
followed until complete recovery or longer than 6 months,
and (g) no systemic disease or contraindications to steroid
use, including diabetes, peptic ulcer, pregnancy, and
psychosis. These patients constituted the hypothermic
group. As the control group, another 86 patients were
selected by using case records to find patients matching
those in the hypothermic group with respect to age, gender,
starting day of treatment, hearing loss, shape of the
audiogram, and accompanying vertigo. Detailed profiles
showing the similarities between the hypothermic and
control groups are presented in Table 1. In the hypothermic
group (40 males and 46 females), patient age ranged from 15
to 82 years (mean, 59.9 years), the average time between the
onset of hearing loss and the start of treatment was 3.7 days,
and the average hearing level was 73.8 dB for the pure tone
average of five frequencies (0.5, 1, 2, 4, and 8 kHz). No
significant difference in age was found between the
hypothermic group and the control group. Furthermore,
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Table 1
Characteristics of two groups with or without cooled water pillow.
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Hypothermic group (n = 86)

Control group (n = 86)

Average age (years old)

Age range (years old)

Average hearing level (dB)

Period between onset and initial treatment (days)

599 59.0

15-82 18-78

73.8 73.6
3.7 4.2

there were no statistical differences in average hearing level,
or the period from onset and the initial treatment between the
two groups. The data were analyzed statistically using
Mann—Whitney test.

As many studies have indicated that steroids are effective
for restoring hearing in ISSHL, ethical considerations
dictated that all of the patients in both groups be treated with
steroids. Each patient received 60 mg of prednisone for 3
days, which was tapered subsequently over 7 days, and
60 mg of ATP plus 150 mg of methylcobalamin for 7 days.
In the hypothermic group, hypothermia was applied by
placing a cooled (15 “C) water pillow behind the neck and
ipsilateral mastoid while the patient was in the supine
position in bed. The patients used the water pillow for 48 h
after hospital admission, and the water pillow was changed
4-5 times per day, as needed. The patients were asked to stay
in bed as much as possible during the 48 h. They were
allowed to free access to a bathroom, although bathing was
not permitted. Great care was taken to avoid skin damage,
which can result from long exposure to hypothermia below
15 °C. The control group was treated with the same drug
regimen but not with a cooled water pillow and rest.

The hearing results were evaluated using the criteria
proposed by the Sudden Sensorineural Hearing Loss
Research Group of the Japanese Ministry of Health and
Welfare [17]. At 6 months after the onset of ISSHL, each
patient’s hearing was evaluated as complete recovery,
substantial recovery, slight recovery, or unchanged. Com-
plete recovery was defined as hearing level recovered within
20 dB at five frequencies (0.5, 1, 2, 4, and 8 kHz) or hearing
level recovered to that of the intact ear. Substantial recovery,
slight recovery and unchanged were defined as more than
30 dB improvement in average hearing level at the five
frequencies, 10-29 dB improvement of the average hearing
level, and within 10 dB improvement of the average hearing
level, respectively. The data were also analyzed by grading
the degree of hearing loss based on the pure tone average of
five frequencies (0.5, 1, 2, 4, and 8 kHz), as follows: grade 1
(<40 dB), grade 2 (40 to <60 dB), grade 3 (60 to <90 dB),
and grade 4 (90+ dB). Possible complications related to the
use of the cooled water pillow were also evaluated. The data
were analyzed statistically using the x” test or Fisher’s test.

4. Results

No side effects related to the use of the cooled water
pillow were noted. Most of the patients in the hypothermic
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group stated that the cool pillow made them feel sleepy and
comfortable.

Fig. 2 summarizes the hearing results in the two groups.
The complete recovery rate was 41.9% in the hypothermic
group (n = 86) and 25.6% in the control group (n = 86). The
recovery rate (i.e., complete recovery plus substantial
recovery) differed significantly (p < 0.05) between the
hypothermic (65.1%) and control groups (50.0%).

For patients treated within 24 h after onset, the complete
recovery rates were 48.1% and 34.5% in the hypothermic
(n=27) and control groups (n = 29), respectively, and the
recovery rates were 63.0% and 51.7%, respectively. These
rates were not significantly different between the two
groups. Similar results were seen for patients who were
treated more than 2 days after onset.

The rates were also compared according to the degree of
hearing loss. Among those with mild hearing loss (grades 1
and 2), the recovery rates were 47.8% (n =23) and 34.8%
(n = 23) in the hypothermic and control groups, respectively,
and the respective complete recovery rates were 47.8% and
30.4%; the differences in rates were not statistically
significant. For those with severe hearing loss (grades 3
and 4), the recovery rates were 52.3% (n = 63) and 40.1%
(n = 63) in the hypothermic and control groups, respectively,
and the respective complete recovery rates were 39.7% and
23.8%; the differences in these rates were not statistically
significant.

The rates in patients older than 60 years also did not differ
significantly between the hypothermic and control groups;
the respective recovery rates were 60.8% and 53.5%, and the
respective complete recovery rates were 37.2% and 25.6%.
The complete recovery rate in patients younger than 59 years
did not differ significantly between the hypothermic (48.6%)
and control groups (25.6%). However, the recovery rate in

substantial recovery unchanged
complete recovery 1 slight recoveryl
4
Hypothermic group
(n=86)
1
p<0.05
1
Control group
(n=86)
0 20 20 60 80 100(%)

Fig. 2. Hearing results in local hypothermic group and control group. The
recovery rate (i.e., complete recovery plus substantial recovery) differed
significantly (p < 0.05) between the hypothermic (65.1%) and control
groups (50.0%).
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patients younger than 59 years was significantly (p < 0.05)
different between the hypothermic (71.4%) and control
groups (46.5%). Thus, hypothermia and restricted activity
was effective in helping to restore hearing in younger
patients.

5. Discussion

Hypothermia is a proven strategy for preventing
ischemia-induced damage and is currently applied clinically
in various fields, including brain and cardiac surgery.
Although deep hypothermia causes complications such as
reduced blood flow, increased bacterial infection, and
decreased cellular immunity [ 18], mild hypothermia (low-
ering the body temperature by 1-2 “C) was recently shown
to be effective in preventing ischemic damage to the brain
[19.20] and in facilitating the recovery of comatose
survivors of cardiac arrest [21]. Mild hypothermia also
reduced damage to the cochlea upon electrode insertion in
cochlear implants or from exposure to loud noise [22.23].
However, no report has addressed the effect of hypothermia
in ISSHL. Here, we demonstrated that some patients treated
with a cooled pillow and rest in addition to drugs achieved
better recovery of hearing, compared with patients treated
only with drugs. Although the effects were limited, our
findings are promising and warrant further studies inves-
tigating the best indications, optimal conditions, and
appropriate medication for the treatment of ISSHL using
mild hypothermia.

Historically, cooled water pillows have long been used in
the palliative treatment of febrile disease. Another advantage
of a cooled pillow is that it often causes a sleepy sensation by
reducing brain function, and sleep may facilitate recovery
from disease. We consider a water pillow to be an easy,
inexpensive, and safe way of inducing mild hypothermia in
the ear. This therapeutic option may be acceptable even to
pediatric patients. Further clinical study in a large
population is necessary to confirm the efficacy of mild
hypothermia and restricted activity in the treatment of
ISSHL.

The beneficial effects of hypothermia in preventing
ischemic injury can be attributed to various mechanisms,
including decreased metabolic rate, reduced tissue oxygen
consumption, decreased metabolic acidosis, suppressed
calcium influx into neurons, and reduced production of
superoxide anion radicals. Recent experimental studies on
brain ischemia have suggested that reduced glutamate
toxicity is an important mechanism underlying the
protective effects of hypothermia. Glutamate released from
the ischemic core flows into the surrounding region, where it
is toxic to neuronal tissues. The neuroprotective efficiency
of hypothermia was influenced by the varying levels of age-
related glutamate release [24]. Therefore, hypothermia was
especially effective in younger patients. As glutamate is a
neurotransmitter at the synapses between the inner hair cells

and primary afferent auditory neuron, it is released
extensively in ischemia/reperfusion injury of the inner
ear. Hyodo et al. [25] showed that hypothermia can reduce
glutamate efflux into the perilymph and prevent ischemic
neural damage that would otherwise spread in the inner ear.
As mild hypothermia works non-specifically, it may be
useful in the treatment of various causes of sensorineural
hearing loss, including aminoglycoside ototoxicity, trau-
matic inner ear damage, and noise-induced hearing loss.

6. Conclusion

Hypothermic therapy is widely accepted in many fields of
medicine, although its clinical application in the treatment
of ISSHL has never been tested. We investigated the effects
of mild hypothermia with restricted activity in the treatment
of ISSHL by cooling the ear using a water pillow. In this
pilot study, mild hypothermia and restricted activity was
effective in helping to restore hearing in patients with severe
hearing loss and in patients younger than 59 years. Although
the effects were limited in some patients, we believe that the
use of a cooled water pillow in the treatment of ISSHL is a
promising approach with no apparent side effects.
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