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研究成果の概要（和文）：本研医工連携研究では、まず、単波長の低周波音の曝露装置（低周波音刺激装置）を
作製した。次に、実験研究により、低周波音が健康障害（平衡・運動機能障害）を誘発する閾値を提案するとと
もに、作用機序と内耳前庭にある標的部位（耳石・耳石膜）を特定した。また、内耳前庭の培養組織を用いて、
迅速に低周波音の健康リスクを評価する技術を開発した。一方、疫学研究により、低周波音の健康影響をヒト
（ヤングアダルト）で評価した。最後に、耳石膜のHeat Shock protein 70分子の発現を高めることで低周波音
に由来する平衡・運動機能障害を予防できる可能性を、動物レベルで提案した。

研究成果の概要（英文）：In this study, we first developed a device that can produce low frequency 
sound (low frequency sound stimulator). Then, our experimental study proposed a threshold at which 
low frequency sound induced health disorders (balance and motor dysfunction), and identified the 
potential mechanisms and damaged sites (otoliths and otolith membranes) in the vestibule. We also 
developed a novel system that quickly assesses the health risk of low frequency sound by cultured 
utricle. Moreover, our epidemiological studies evaluated the health effects of low frequency sound 
in young adults. Finally, our animal study showed that increased expression level of heat Shock 
protein 70 expressed in the otolithic membrane can prevent a damage of otolithic membrane and 
dysfunction of equilibrium and motor caused by low frequency. Thus, we proposed a preventive method 
for health disturbances caused by exposure to low frequency noise.

研究分野：環境学、衛生学

キーワード： 低周波騒音　内耳前庭　耳石膜　平衡機能障害　HSP70
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研究成果の学術的意義や社会的意義
学術的意義：動物実験を用いて、内耳前庭における低周波音の作用部位として、耳石・耳石膜を特定した。さら
に、耳石膜のheat Shock protein 70 の発現を高めることにより、低周波音により誘発される健康障害（平衡・
運動機能障害）を予防できることを動物実験で証明し、本領域の学術的発展に貢献した。
社会的意義：低周波音の平衡・運動機能に対する影響は、胎仔期よりも乳幼児期で感受性が高いことを示した。
さらに、4週間連続曝露では70 dBが、1時間曝露では95 dBが平衡・運動機能を誘発する低周波音の閾値になるこ
とを示した。以上のように、低周波音の環境基準値策定のための基礎データを提供した。

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属されます。



様 式 Ｃ－１９、Ｆ－１９－１、Ｚ－１９（共通） 
１．研究開始当初の背景 
低周波音の健康リスクに対する国民の関心は極めて高い。実際に、低周波音による健康障害

は、しばしばテレビや新聞等で報道されている。しかし、低周波音の健康影響を科学的に証

明した知見は乏しく、日本では低周波音に対する環境基準値も設定されていない。代表者等

は、先行研究において、日常生活で曝露されうる音量の低周波音が、野生型マウスにおける

内耳前庭障害を介して平衡・運動機能障害を誘発することを証明し、低周波音の標的臓器が

内耳であることを示した。本先行研究をベースとして、健康リスクを科学的に評価し、環境

基準値設定のための基礎データを提供することが可能になった。さらに、低周波音を介した

平衡・運動機能障害のメカニズムを解明することにより、これらを予防する新しい技術を開

発できる見通しが立った。  

 
２．研究の目的 
本研究では、低周波音による健康障害を解明し、予防法を開発することを目的として、以下

に示す医工連携研究を実施する。 

 

1） 低周波音刺激装置：低周波音を出力できる音刺激装置を作製する。 

 

2） 健康リスク評価： 

2a）実験研究：野生型マウス等を用いて、低周波音に対する標的部位と健康障害を調べ

るとともに、健康リスクを評価し、環境基準値策定に有効となる基礎データを提供する。 

2b）疫学研究：MP3 プレーヤーから曝露される低周波音における健康影響を、ヒト（疫

学研究）で解析する。 

 

3） 予防法の開発：低周波音による健康障害の分子機構の解析成果に基づいて、遺伝子改変

マウス等を用いながら分子標的療法等の新規予防技術を提案する。 
 
３．研究の方法 

１）低周波音刺激装置：医工連携研究によるスピーカー・サブウーハー等の改良により、FFT

アナライザーにより実測値として 30-100Hz の低周波音曝露装置を 100 dB 程度の大音量で

出力できる音刺激装置を作製する。 

 

２）健康リスク評価： 

実験研究： 

亜急性影響：胎児期及び乳児期マウスに対し、低周波音を 4 週間継続して 1日中曝露した

場合の健康リスクを平衡・運動機能障害に焦点を当てて、障害臓器を調べるとともに、健

康リスクとなる音量（dB）閾値を特定する。 

急性影響：若年成獣マウスに対して、①1 日 12時間の低周波音を 5日間、②1時間の低周

波音を 1回曝露した場合の健康リスクを解析する電気生理学的技術を開発するとともに、

障害部位と健康障害を解明する。さらに、健康リスクとなる音量（dB）閾値を評価し、環

境基準値策定に有効となる基礎データを提供する。また、マウス（個体）を用いるのでは

なく、標的部位を用いて ex vivo または in vivo 系で健康リスクを評価できる新技術の開

発に挑戦する。 

疫学研究：MP3 プレーヤーを頻用している若年層（20歳代）が日常的に曝露される低周波音

が平衡・運動機能に与える影響を重心動揺計で評価する疫学研究を進める。 

 

３）予防法の開発：低周波音により内耳前庭に誘発される分子を探索し、健康障害の予防

に有効な分子（健康障害予防分子）を特定する。さらに、内耳に健康障害予防分子を発現

した遺伝子改変マウスを用いて、低周波音に対する予防効果を検証する。 

 

４．研究成果 

１）低周波音刺激装置：実測値として 30 Hz で 85 dB 程度、40-100 Hz では 100 dB 以上の

大音量を出力できる音刺激装置の作製に成功した。本技術により、当初の計画通りに低周波

音による健康リスクを評価するともに、健康障害を予防できる新しい技術を開発すること

が可能になった。 

 



２）健康リスク評価：           図 1. 平衡・運動機能障害を誘発する閾値 

実験研究： 

亜急性影響：乳児期の野生型マウスに対し、100 Hz

の低周波音を 50 dB、60 dB、70 dB の 3種類の音量

で 4 週間継続して 1日中曝露し、ローターロッドと

平均台歩行試験で平衡・運動機能を評価した。図 1

（Ohgami et al. Front Behav Neurosci, 2017よ

り引用）のローターロッドの成績に示すように、100 

Hz・70 dB の低周波音の 4 週間連続曝露（合計 672

時間）により、平衡・運動機能障害が誘発された。                 

一方、100 Hz・60 dB 以下の音量では、平衡・運動機能障害は発症しなかった。以上よ

り、野生型マウスの乳児期に 100 Hz の低周波音を亜急性に曝露された場合に平衡・運動

機能障害が発症する音量の閾値は 70 dB である可能性が高いことが判明した。一方、胎仔

期の野生型マウスに対して、100 Hz・70 dB の低周波音を 4 週間連続曝露しても、平衡・

運動機能障害は誘発されなかった。以上から、低周波音による内耳前庭を介した平衡・運

動機能障害に関して、乳幼児期曝露のリスクの方が胎仔期曝露に比較して感受性が高いこ

とが判明した（Ohgami et al. Front Behav Neurosci, 2017）。 

 

急性の影響：               図 2. 低周波音曝露により誘発される HSP70  
i）成獣マウスにおける平衡・運動機能

（耳石機能）を、前庭誘発筋電位検査

（VEMP）を用いて電気生理学的に評価す

ることに成功した（Negishi-Oshino et al. 

Environ Health Prev Med, 2019）。 

 

ii）1日 12時間の低周波音（100 Hz・95 

dB）を 5日間曝露された場合の健康リス

ク（平衡・運動機能障害）を野生型マウスで調べた。図 2（Ninomiya et al. Hearing Res 

2018より引用）に示すように、低周波音の曝露直後では、内耳における Heat Shock 

Protein 70（HSP70）の発現が 5-6 倍亢進したが、曝露後 3 日目には対照レベルに戻っ

た。聴性脳幹反応（ABR）による検討では、低周波音により難聴は誘発されなかった。      

図 3. 低周波音 1 時間曝露後の平衡・運動機能 
iii）1時間の低周波音（100 Hz・95 

dB）を 1回のみ曝露した野生型マウスに

おける平衡・運動機能をローターロッド

と平均台歩行試験で調べた。100 Hz・95 

dB の低周波音を 1時間だけ曝露された

場合に平衡・運動機能障害が発症する音

量の閾値は 95 dB である可能性が高いこ

と（図 3：Negishi-Oshino et al. Arch 

Toxicol 2019より引用）が判明した。 

電気生理学的解析では、1時間の 100 Hz    図 4. 低周波音の内耳前庭における標的部位 

・95 dB の低周波音曝露は、ABRで測定し

た聴覚には影響を与えなかったが、VEMP で

測定した平衡・運動機能を低下させた。さ

らに、代表者等の形態学的解析により、1

時間の 100 Hz・95 dB の低周波音曝露によ

り内耳前庭の耳石膜が障害を受けることを

初めて証明した（図 4：Negishi-Oshino et 

al. Arch Toxicol 2019より引用）。以上よ

り、100 Hz・95 dB・1 時間の低周波音曝露

により、内耳前庭の耳石膜が障害受けるこ

とにより、前庭有毛細胞の機能が低下する

ことで、平衡・運動機能が低下することが

判明した。 

(Supplemental Fig. S2A). The increased Hsp70 levels after exposure
to LFN for 1 day again returned to unexposed levels 3 days later
(Supplemental Fig. S2B). These results suggest that Hsp70 could be
a candidate of biomarkers that sensitively rises and falls in response
to LFN-mediated stress.

There was a temporary increase of Hsp70 expression after
exposure to LFN for a short period in this study. Further study to
examine the expression level of Hsp70 after exposure to LFN for a
long period is needed in the future because there are many sources
of chronic noise below the frequencies of human sensitivity that
have been associated with health problems.

Among 4 kinds of transcriptional activators for Hsp70 expres-
sion (Guzhova et al., 1997; Stephanou et al., 1999; Stephanou and
Latchman, 2005), there was more than 3-fold increase of Cebpb
level by LFN exposure for 5 days. Therewas an approximately 3-fold
significant increase of Cebpb by LFN exposure for just 1 day
(Supplemental Fig. S2C). These results suggest not only that Cebpb
is associated with the LFN-mediated increase of Hsp70 but also that
Cebpb could also be a candidate of biomarkers for LFN exposure.
While only Cebpb transcript increased after LFN exposure, post-
transcriptional modifications of transcription factors also regulate

the expression of Hsp70 (for example Hsf1; Gomez-Pastor et al.,
2018). Therefore, we cannot exclude the other three factors that
did not showa transcriptional increase as transcriptional regulators
of Hsp70 after LFN exposure.

A previous mouse study showed that an increased level of
Hsp70 expression in the cochlea, an organ for hearing, by audible
noise exposure results in hearing loss (Gong et al., 2012; Gratton
et al., 2011; Roy et al., 2013). However, there has been no study

Fig. 2. Transcript expression levels of stress-reactive molecules in the inner ear. Transcript expression levels [mean± standard deviation (SD)] of Tnf, Il1b, Il6, Gsta1, Nqo1, Hmox1,
Hsp27, Hsp70 and Hsp90 in whole inner ears from mice just after the fifth LFN exposure (n¼ 6, L, closed bars) and in whole inner ears from unexposed control mice (n¼ 6, C, open
bars) are presented (A). Transcript expression levels of Hsp70 in whole inner ears from mice 3 days after the fifth LFN exposure (n¼ 6, L, closed bars) and in whole inner ears from
unexposed control mice (n¼ 6, C, open bars) are presented (B). *: significantly different (p < 0.05) by Student's t-test.

Fig. 3. Expression levels of 4 transcriptional activators for Hsp70 expression.
Expression levels (mean± SD) of Hsf1, Stat1, Nfkb and Cebpb transcripts in whole inner
ears from mice just after the fifth LFN exposure (n ¼ 6, L, closed bars) and in whole
inner ears from unexposed control mice (n ¼ 6, C, open bars) are presented. **:
significantly different (p< 0.01) by Student's t-test.

Fig. 4. Protein expression levels of Hsp70 in the vestibule. Protein expression levels
of Hsp27 (A, red), Hsp70 (B, green), Hsp90 (C, red) and Myosin7a (D, Red) in utricles
(vestibule) frommice just after the fifth LFN exposure (right, n¼ 3) and in utricles from
unexposed control mice (left, n¼ 3) are presented. Successive sections from the same
sample were immune-labeled with different antibodies. Blue: DAPI staining of nuclei.
Brackets: vestibular hair cells. Yellow arrow: Hsp70 expression in the endolymphatic
side of hair and supporting cells in the utricle. Scale bars: 20 mm.
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speed of 25 rpm/min up for up to 600 s before and at day 
1, day 4, and day 8 after exposure to LFN. We performed 
triplicated measurements with a 5-min interval in each trial. 
Each trial was aborted if the mouse fell from the rod and 
the latency until slipping on the rotarod was recorded. For 
the beam-crossing test, mice were forced to walk on an ele-
vated round wooden bar of 15 mm in diameter, and the time 
taken to traverse the bar of 30 cm in length was recorded 
twice. Before the test, mice walked on a round wooden bar 
of 22 mm in diameter once for training. The beam tests were 

done within 1 h after exposure to LFN. For a grip strength 
test, mice gripped a metal meshwork of a traction meter 
(BS-TM-RM, BrainScience Idea Co., Ltd., Japan) and their 
tail was pulled over in a horizontal direction with the same 
strength in each trial. We assessed the grip strengths of mice 
to rule out the possibility of neuromuscular weakness as a 
possible secondary outcome of vestibular sensory deficits 
(Zhao et al. 2008b). We also performed a foot print test. The 
front paws of the mice were painted red and the back paws 
were painted blue, and each mouse was gently put on a sheet 

Fig. 1  In vivo exposure to LFN for 1  h at 95  dB, but not at 85  dB 
or 90  dB, affected balance. a In  vivo exposure was performed at a 
distance of approximately 40-50 cm from the speaker. b Sound pat-
terns of low-frequency noise (LFN; 100 Hz). Control (no exposure) 
and LFN at 85 dB, 90 dB, and at 95 dB are presented. Background 
noise at 100 Hz in control was 53 dB. Arrows indicate peak levels of 
sound with a frequency of 100 Hz. Noise levels were measured by a 
noise level meter and calculated as average of three repeated meas-
urements. c Rotarod test and d beam-crossing test were performed 
before and after exposure of wild-type (WT) mice having an ICR 
background to LFN at 100 Hz, 85, 90 and 95 dB for 1 h and with-

out exposure (control). b Latency until slipping on the rotarod (sec-
onds, mean ± SD) and c time to traverse (seconds, mean ± SD) the 
beam were recorded for the control group (black bars, n = 5) and the 
exposure group at 85  dB (gray bars, n = 5), 90  dB (light gray bars, 
n = 6) and 95 dB (white bars, n = 5). Significant difference (†p < 0.01) 
among groups were analyzed by Tukey’s post hoc multiple compari-
son tests. e Grip strength of forelimbs [grams (g), mean ± SD, con-
trol, n = 4; LFN group, n = 6] and (f) stride length [millimeters (mm), 
mean ± SD, n = 5 per each group] were measured before and just after 
of exposure to LFN at 100 Hz, 95 dB for 1 h. No difference (N.S.) 
from the control group was found by the unpaired t test

Ohgami et al. LFN-Mediated Imbalance in Neonatal Mice

FIGURE 2 | Exposure to LFN up to 60 dB in the neonatal period did not

affect performance on the rotarod. After exposure to LFN at 100 Hz, 70

dB for 4 weeks, a rotarod test was performed at 4 weeks of age. Retention

times (seconds, mean ± SEM) on the rotarod were recorded for the control

group and neonatal exposure group at 50, 60, and 70 dB. Four mice per

group were tested. Significant differences (*p < 0.05) among groups were

analyzed by Tukey’s post-hoc multiple comparison tests.

after birth in order to determine whether exposure to LFN
during the neonatal period affects balance in mice (Figure 1A).
Rotarod analysis showed that exposure of neonatal mice
to LFN at 70 dB significantly affected rotarod performance
at 1 month of age compared to the performance by the
control group (Figure 1B). For mice that had been exposed
to LFN in the neonatal period, the time to traverse and the
number of hind limb slips in the beam crossing test were
significantly increased compared to those of the control group
(Figures 1C,D).

70 dB Is a Possible Threshold for Exposure
to LFN for 4 Weeks in Neonatal Mice
We next performed an experiment with exposure of neonatal
mice to LFN with a peak of 100 Hz at different noise levels
including 50, 60 and 70 dB for 4 weeks (Figure S1) to determine a
possible threshold affecting balance. After exposure for 4 weeks
after birth, the retention time to fall on the rotarod in the
group exposed to LFN at 70 dB, but not the groups exposed
to LFN at 50 and 60 dB, significantly decreased compared
to that in the control group [F(3, 12) = 6.15, p = 0.009 by
one-way ANOVA; p < 0.05 by Tukey’s test] (Figure 2). In
beam crossing tests, the time to traverse and hind limb slips
in neonatal mice exposed to LFN at 70 dB, but not the
groups exposed to LFN at 50 dB and 60 dB, were significantly
increased compared to those in the control group [F(3, 27)
= 13.42, p < 0.0001 by Welch’s ANOVA; p < 0.0001 by
Dunnett’s test] (Figure 3A). Also, hind limb slips in neonatal
mice exposed to LFN at 70 dB were significantly increased
compared to those in the control group [F(3, 31) = 3.77, p
= 0.020 by Welch’s ANOVA; p < 0.0001 by Dunnett’s test]
(Figure 3B).

FIGURE 3 | Exposure to LFN up to 60 dB in the neonatal period did not

affect performance on the beam. After exposure to LFN at 100 Hz, 70 dB

for 4 weeks, a beam-crossing test was performed at 4 weeks of age. (A) Time

to traverse (seconds, mean ± SD) and (B) number of hind limb slips per

mouse (mean ± SD) on the beam were recorded for the control group (n = 6)

and neonatal exposure group at 50 dB (n = 6), 60 dB (n = 6) and 70 dB (n =

5). Significant differences (**p < 0.01) among groups were analyzed by

Dunnett’s multiple comparison test.

Influence of Exposure to LFN at 70 dB for 4
Weeks during the Neonatal Period Was
Irreversible
We further performed immunohistochemistry with anti-
calbindin D28k, a marker of vestibular hair cells. The results for
mice exposed to LFN for 4 weeks during the neonatal period
showed decreased numbers of calbindin-positive hair cells in
the saccule and utricle compared to those in the control group
(Figure 4). We finally examined whether the impairment of
balance in neonatal mice exposed to LFN at 70 dB for 4 weeks
is reversible (Figure 5A). Rotarod analysis showed decreased
retention time to fall in neonatal mice just after exposure to LFN
at 70 dB for 4 weeks (Figure 5B). After exposure cessation for 10
weeks, retention time to fall in mice exposed to LFN at 70 dB for
4 weeks during the neonatal period was significantly shorter than
that in the control group (Figure 5C). In the beam crossing test,
the time to traverse and the number of hind limb steps in mice
exposed to LFN at 70 dB for 4 weeks during the neonatal period
were significantly increased compared to those in the control
group (Figures 6A,C) even after exposure cessation for 10 weeks
(Figures 6B,D).
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immunostaining of the otoconial membrane with anti-alpha-
tectorin antibody and immunostaining of hair cells and hair 
bundles with anti-myosin VIIa antibody (Hasson et al. 1997; 
Huang et al. 2008; Pujol et al. 2014) and then observed the 
specimens with phase contrast to determine morphologi-
cal impairments in the vestibule from WT mice exposed 
to LFN at 100 Hz, 95 dB for 1 h (Fig. 5). The exposure 
group showed a significantly increased number of detached 

Fig. 3  In vivo exposure to LFN decreased calcium of vestibular hair 
cells in WT mice. Calcium levels in the saccule of control (left pan-
els) and LFN-exposed mice (right panels) detected by EPMA are 
shown. Colored scale stands for relative level of calcium. Red and 
white colors mean maximum and minimum levels of calcium, respec-
tively. (Lower panels) Nitrogen shown in gray scale, which has been 
used in previous studies (Kawashima et al. 2011; Zhao et al. 2008a), 
was also scanned as an internal control. We repeated the EPMA anal-
ysis three times and typical results are shown. Scale bar: 50 µm (color 
figure online)

Fig. 4  Balance impairment after exposure to LFN. Rotarod tests 
were performed at day 1, day 4, and day 8 after exposure to LFN at 
100 Hz, 95 dB for 1 h. Latency until slipping on the rotarod (seconds, 
mean ± SD) was recorded. Results for the LFN-exposed group (open 
triangles, n = 6) and control group (filled circles, n = 6) are shown. 
Significant difference (†p < 0.01; *p < 0.05) from the control group 
was analyzed by the unpaired t test

Fig. 5  Broken otoconial membranes in the saccule of mice after 
in  vivo exposure to LFN. a–f After exposure of WT mice having 
an ICR background to LFN at 100  Hz, 95  dB for 1  h (LFN: lower 
panels) and without exposure (control: upper panels), immunostain-
ing of hair bundles and hair cells with an anti-myosin VIIa anti-
body (myo7a: red) and the otoconial membranes with an anti-alpha-
tectorin antibody (alpha-tect: green) in the saccule are shown with 
DAPI staining (blue) and phase contrast. a Right panels are higher 
magnification images of the areas indicated by dotted lines in the 
left panels. Scale bar: 20 μm. b Schema of LFN-mediated breakage 
of otoconial membranes (OM) in the saccule of mice after exposure 
to LFN (lower panel). The control group had intact morphology in 
the saccule (upper panel). Hair bundles (HB) and hair cells (HC) are 
also drawn. c–f Number (mean ± SD) of gaps in the otoconial mem-
brane per 100 μm (c), number of detached otoconial membranes per 
100  μm (d), number of hair bundles per 10  μm (e), and number of 
myosinVIIa-positive hair cells per 100 µm (f) from three serial sec-
tions of three mice in each group are shown. Significant difference 
(†p < 0.001) between two groups were analyzed by the Welch’s t test 
(color figure online)



iv）上記に示す研究成果を基盤として、低周波  図 5. 低周波音の ex vivo 評価システム 

音の健康リスクをマウス（個体）ではなく、標的

部位を用いて ex vivo 系で健康リスクを評価でき

る新技術の開発に挑戦した。まず、内耳前庭から

採取した卵形嚢を培養し、100 Hz・75-95 dB の低

周波音を 1時間曝露した場合の耳石膜の障害を顕

微鏡で観察し、95 dB の音量で耳石膜の障害が誘

発されることを確認した。さらに、蛍光色素

（FM1-43FX）を用いて、有毛細胞の機能を指標と

して、低周波音（100 Hz・75-95 dB・1時間）の

影響を評価した。マウス（個体）を用いた生理機

能検査と同様に、95 dB の音量で前庭有毛細胞の

希望が低下することがわかった（図 5：Ohgami et 

al. J Toxicol Environ Health A, 2020）。以上

より、本 ex vivo システムは低周波音の健康リス

ク評価法として有効であると考えられる。 

 

疫学研究：                  図 6. 低周波音の ex vivo 評価システム 

MP3 プレーヤーを頻用している若年層（20歳代）110

名に対して、イヤフォンを通して普段聴いている音

量で音楽を聴いてもらい、周波数と音量を分析した。

さらに、開眼と閉眼で重心動揺計検査をしていただ

き、動揺面積と基線長を調べた。上記の結果を、性

別・BMI・喫煙及びアルコール歴とともに多変量解析

した。驚いたことに、100 Hz ・48.4 dB のカットオ

フ値で解析すると、より高音量の低周波音曝露によ

り、重心動揺計の動揺面積は減少し、基線長は短く

なった（図 6：Xu et al. Sci Rep 2018より引用）。

これらの成果は、100 Hz の低周波音曝露により、む

しろ平衡・運動機能が改善されることを示している。

現時点で、動物実験と疫学調査の結果が逆になる理

由として、マウスとヒトの種差が関係している可能

性はあるが、詳細は不明である。今後も、検討を継

続し、低周波音の健康影響のメカニズムを検討する

ことが必要であると考えられる。 

 

３）予防法の開発：               図 7. HSP70 を用いた予防技術の開発 

代表者等は、低周波音（100 Hz・95 dB）の低周波音曝

露により、内耳における HSP70 発現が著しく亢進する

（図 2）だけでなく、耳石膜が障害を受けること（図 4）

を発見した。さらに、形態学的解析（免疫組織染色）に

より、低周波音曝露が、耳石膜における HSP70 分子の発

現を著しく亢進することを発見した（図 7A：Negishi-

Oshino et al.  Arch Toxicol 2017より引用）。そこで、

恒常的に耳石膜に HSP70 分子が高発現している HSP-ト

ランスジェニックマウスを用いて、低周波音の影響を調

べた。期待通り、HSP-トランスジェニックマウスの耳石

膜は、低周波音（100 Hz・95 dB・1時間）曝露により損

傷を受けなかった（図 7B：Negishi-Oshino et al.  Arch 

Toxicol 2017より引用）。さらに、HSP-トランスジェニ

ックマウスは、低周波音（100 Hz・95 dB・1時間）曝露

されても平衡・運動機能は低下しないことを、マウスの

ローターロッドと平均台歩行試験で確認できた。上記成

果は、HSP70 が、低周波音による平衡・運動機能障害を

予防する上で有効な分子であることを示している。 

(Figure 1C-E) for 1 hr was performed with explant
culture of utricles in the experimental setting illu-
strated in Figure 1A. This study was approved by the

95 Institutional Animal Care and Use Committee at
Nagoya University (approval number: 20238) and
followed the Japanese Government Regulations for
Animal Experiments.

Results and discussion

100 Ex vivo exposure to LFN at 95 dB produced
breakage of the otoconial membrane (arrows in
Figure 1F) and significantly decreased the area
covered by the otoconial membrane, whereas
these alterations did not occur in the control,

105 75 or 85 dB groups (Figure 1F,G). The fluores-
cent intensity of FM1-43FX incorporated by hair

cells after ex vivo exposure to LFN at 95 dB was
significantly less than control, 75 or 85 dB
(Figure 2A,C). After removal of the otoconial

110membrane, phalloidin staining was conducted
(Figure 2B). The total numbers of hair bundles
were comparable in the three groups (Figure 2B,
D). Thus, data demonstrated that ex vivo expo-
sure of utricles to LFN decreased the uptake of

115FM1-43FX with damaged otoconial membranes,
but not the number of hair bundles, that corre-
spond to the affected site shown in our in vivo
study (Negishi-Oshino et al. 2019).

Recently Negishi-Oshino et al. (2019)
120reported, breakage of the otoconial membrane

attributed to imbalance was rescued by an
increase of HSP70 expression in the otoconial
membrane in HSP70-transgenic mice exposed

Figure 2. Ex vivo exposure of the utricle to LFN at 95 dB decreased uptake of FM1-43FX in hair cells.
(A-D) After ex vivo exposure of the utricle to LFN for 1 h at 100 Hz, 75 dB (second panels from the left), at 85 dB (third panels from
the left), at 95 dB (fourth panels from the left) and without exposure (control, first panels from the left), (A) uptake of FM1-43FX by
vestibular hair cells and (B) hair bundles stained by fluorescein-phalloidin are shown. Scale bars: 50 µm. (C) Fluorescence intensity of
FM1-43FX incorporated by the utricles (% of control, mean ± SD) and (D) number of hair bundles (per 104 µm2, mean ± SD) were
determined [black bar: control, n = 10 (C), n = 3 (D); dark gray bar: LFN at 75 dB, n = 3 (C, D); gray bar: LFN at 85 dB, n = 5 (C), n = 3
(D); white bar: LFN at 95 dB, n = 5 (C), n = 6 (D)]. Significant differences (*p < .05) among the three groups were determined by
Tukey’s post-hoc multiple comparison tests.
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Materials and Methods
��������������Ǥ� !is study was performed for 110 Japanese subjects with an average age of 20.4 ± 1.0 years 
(Table 1). !e procedures were explained and informed consent was obtained from all of the subjects. None of the 
subjects had a history of ear disease and none of the subjects were su#ering from illness at the time of the inves-
tigation. !is investigation was performed using a self-reporting questionnaire on smoking, age, clinical history, 
weight and height. Body mass index (BMI) was obtained by using the following formula: weight in kg/height in 

Figure 2. Associations of balance with sound levels at di#erent frequencies output from the PLD. Track lengths 
(le$ box plots) and surface areas (right box plots) recorded with eyes open (open) and eyes closed (closed) in 
the low exposure group (L) and high exposure group (H) at 100 Hz (A), 1000 Hz (B) and 4000 Hz (C) of sound 
output from the PLD are presented. Cut-o# values of sound levels at di#erent frequencies are shown in Table 2. 
Signi%cant di#erences (*p < 0.05, **p < 0.01) were analyzed by the Mann-Whitney U test.
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otoconial membranes (arrowheads in Fig. 5a, lower panels) 
and gaps in the otoconial membrane (two-headed arrows 
in Fig. 5a, lower right panel) in saccules compared to the 
intact morphology of the otoconial membrane in the control 
group (Fig. 5a–d). The total numbers of hair bundles and 
myosinVIIa-positive hair cells were comparable in the two 
groups (Fig. 5e, f).

Experiments on rescue by Hsp70 of LFN-mediated 
damage of the otoconial membrane and imbalance

We finally performed an experiment with acute exposure to 
LFN to determine the rescue effect with HSP70-Tg mice on 
LFN-mediated damage of the otoconial membrane shown in 
WT mice. Hsp70 was detected in the otoconial membrane 
in the saccule of WT mice after repeated exposure to LFN 
for 12 h per day of 100 Hz at 95 dB for 5 days (Fig. 6a). 
HSP70-Tg mice, but not WT mice, after exposure to LFN at 
100 Hz, 95 dB for 1 h showed increased expression of Hsp70 
protein in the otoconial membrane compared to that before 
exposure (arrowheads in Fig. 6b, c). HSP70-Tg mice also 
showed increased expression of Hsp70 protein in supporting 

cells in the saccule (arrows in Fig. 6b). We performed mor-
phological analysis of the otoconial membrane with WT and 
HSP70-Tg mice after exposure to LFN at 100 Hz, 95 dB for 
1 h (Fig. 6d, e, f). HSP70-Tg mice did not show morphologi-
cal impairments of the otoconial membrane even after expo-
sure to LFN (Fig. 6d, right panels). LFN-exposed HSP70-Tg 
mice had a significantly decreased number of gaps in the 
otoconial membrane compared to that in LFN-exposed WT 
mice (Fig. 6d, e), while the numbers of detached otoconial 
membranes were comparable in WT and HSP70-Tg mice 
after exposure to LFN (Fig. 6f). We further performed an 
experiment with acute exposure to LFN to determine the res-
cue effect with HSP70-Tg mice on LFN-mediated imbalance 
shown in WT mice to verify the rescue effect on the otoco-
nial membrane (Fig. 6g–j). After exposure to LFN, latency 
until slipping on the rotarod was significantly increased in 

Fig. 6  Experiments on rescue by Hsp70 of LFN-mediated dam-
age of the otoconial membrane and imbalance. a Hsp70 in sac-
cules from control mice (left panel, cont) and that in saccules from 
WT mice exposed five times to LFN at 100 Hz, 95 dB for 12 h each 
time (right panel, LFN 12 h × 5) are shown. b, c Hsp70 (green) and 
alpha-tectorin (red) in saccules from WT mice (left panels, WT) and 
HSP70 transgenic mice (right panels, HSP70-Tg) having a C57BL6/J 
background with [“LFN 1 h” in (b), “L” in (c)] or without [“cont” in 
(b), “C” in (c)] exposure to LFN at 100 Hz, 95 dB for 1 h are pre-
sented with counterstaining with DAPI (blue). c Mean pixel intensity 
(mean ± SD, per  mm2) of HSP70 in the otoconial membrane (OM) 
from four serial sections in WT mice (WT: n = 4 mice per group, 
black bars) and HSP70-Tg mice (Tg: n = 4 mice per group, hatched 
bars) was analyzed by the software program WinROOF. Arrows and 
arrowheads in (a) and (b) indicate Hsp70-positive supporting cells 
and otoconial membrane (green), respectively. d After exposure of 
WT mice (left panels) and HSP70-Tg mice (right panels) to LFN, 
immunostainings of saccules with anti-myosinVIIa (red) and anti-
alpha-tectorin antibody (green) are shown with DAPI staining (blue) 
and phase contrast. Lower panels are higher magnification images of 
the areas indicated by dotted lines in the upper panels. Scale bars: 
20  µm (a, b, and d). e, f Number (mean ± SD, per 100  μm) of the 
gaps in the otoconial membrane (e) and number of detached otoco-
nial membranes (f) from three serial sections in WT mice (WT: n = 3, 
black bars) and HSP70-Tg mice (Tg: n = 3, hatched bars) are shown. 
g Rotarod tests and h beam crossing tests with WT mice and HSP70-
Tg mice after in  vivo exposure to LFN at 100  Hz, 95  dB for 1  h 
were performed. Latencies before slipping on the rotarod (seconds, 
mean ± SD) and the number of slips on a beam (mean ± SD) were 
recorded for WT mice (n = 7, black bars) and HSP70-Tg mice (n = 5, 
hatched bars) after exposure to LFN at 100  Hz, 95  dB for 1  h. i, j 
cVEMP amplitudes (millivolts, mean ± SD in i) and latencies (mil-
liseconds, mean ± SD in j) in WT mice (WT: n = 3, black bars) and 
HSP70-Tg mice (Tg: n = 3, hatched bars) after exposure to LFN at 
100 Hz, 95 dB for 1 h. Significant difference (*p < 0.05, †p < 0.001) 
was analyzed by the Steel–Dwass test (c) and the unpaired t test (e–j) 
(color figure online)
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