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Abstract  1 
 2 
Previous studies showed that people in urban areas are possibly exposed to 60-110 dB of low 3 
frequency noise (LFN) defined as noise of ≤100 Hz in their daily life. Previous studies also 4 
showed increased health risks by exposure to high levels (130-140 dB) of LFN in animals. 5 
However, little is known about the health effects of exposure to an ordinary level of LFN. We 6 
biochemically and immunohistochemically assessed the effects of exposure to inaudible LFN 7 
for mice (12 hours/day of 100 Hz LFN at 95 dB for 5 days), at a level to which people are 8 
possibly exposed in daily life, on a murine inner ear by targeting 9 stress-reactive molecules. 9 
There was more than a 5-fold increased transcript level of heat shock protein 70 (Hsp70) in 10 
the whole inner ear exposed to LFN. However, the transcript levels of the other 8 11 
stress-reactive molecules including Hsp27 and Hsp90 were comparable in LFN-exposed and 12 
unexposed murine inner ears. Only the transcript level of Cebpβ among the previously 13 
reported 4 transcriptional activators for Hsp70 expression was more than 3-fold increased by 14 
LFN exposure. Hsp70 transcript expression levels in the inner ears 3 days after LFN exposure 15 
were comparable to those in unexposed inner ears. The protein level of Hsp70, but not the 16 
levels of Hsp27 and Hsp90, was also increased in the vestibule by LFN exposure. However, 17 
hearing levels as well as expression levels of Hsp70 protein in the cochleae were comparable 18 
in LFN-exposed mice and unexposed mice. Our results demonstrated that the inner ear might 19 
be one of the organs that is negatively affected by stress from inaudible LFN exposure. 20 
Moreover, LFN exposure might increase Hsp70 expression level via Cebpβ in the inner ear. 21 
Thus, Hsp70 and Cebpβ levels could be candidates of biomarkers for response to LFN 22 
exposure. 23 
 24 
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1. Introduction    1 
 2 

People in urban areas are generally exposed to 60-110 dB of low frequency noise (LFN) 3 
defined as noise of ≤100 Hz in their daily life including the workplace (Berglund et al., 1996). 4 
LFN consisting of audible and inaudible components generally derived from the daily 5 
environment including noise from air conditioning, road traffic and wind turbines has been 6 
reported to cause health disturbances including dizziness in humans (Baliatsas et al., 2016; 7 
Schmidt and Klokker 2014). However, previous studies showed a limited effect of LFN on 8 
hearing level in humans (Mohr et al. 1965; Slarve and Johnson 1975). In addition to exposure 9 
to LFN including audible and inaudible components, sole exposure to inaudible LFN has been 10 
shown to cause the development of nystagmus and body sway but not hearing loss in humans 11 
(Evans and Tempest 1972; Johnson 1973, 1980; Takigawa et al., 1988). These findings in 12 
humans suggest that LFN affects the vestibule rather than the cochlea. However, the health 13 
risk of LFN exposure in humans remains controversial (Baliatsas et al., 2016). Occupational 14 
and environmental standards have not been established in most countries. 15 

Basic study using animals is useful for assessing the health risk of LFN exposure because 16 
of ethical limitations in human studies. High levels (130-140 dB) of inaudible LFN exposure 17 
for rats for 2-72 hours induced apoptosis in cardiac myocytes and hippocampus cells (Pei et 18 
al., 2011, Zhang et al., 2016). Those studies have shown increased health risks from exposure 19 
to high levels of inaudible LFN. However, further studies on the biological effects of 20 
exposure to inaudible LFN for animals at a level to which people are possibly exposed in 21 
daily life for a short period are also needed for health risk assessment. 22 

Biomarkers are strong tools for assessing health risks as well as stages of diseases. 23 
Although biochemical studies on LFN exposure are essential for the development of 24 
biomarkers and preventive therapies, such studies have been limited compared to 25 
physiological and morphological studies. There is still no candidate biomarker for 26 
LFN-mediated health risk. Previous studies showed that Tnf, Il1β, Il6, Gstα1, Nqo1, Hmox1 27 
and heat shock proteins (HSPs) including Hsp27, Hsp70 and Hsp90 are molecules regulated 28 
by environmental stresses such as allergens, ultraviolet light and heat (Abed et al., 2015; 29 
Bolton, 2005; Lanneau et al., 2010). However, no stress-reactive molecule that responds to 30 
LFN exposure has been reported. 31 

Our previous physiological and histological studies in mice showed that exposure to 32 
inaudible 100 Hz LFN at 70 dB for one month resulted in the development of impaired 33 
balance with damage to the inner ear (Tamura et al., 2012; Ohgami et al., 2017). In this study, 34 
we biochemically investigated the effect of ordinary levels of exposure to inaudible LFN for 35 
mice for a short period (12 hours/day of 100 Hz LFN at 95 dB for 5 days) on expression 36 
levels of various stress-reactive molecules in the inner ears of wild-type mice.  37 
 38 
2. Materials and methods 39 

 40 
2.1. Mice preparation 41 
 42 
Wild-type ICR mice were originally obtained from Charles River Laboratories, Inc. 43 

Three-week-old mice were obtained for experiments by self-breeding (total of 44 mice). 44 

Males and females were used for quantitative RT-PCR analysis, and only males were used for 45 

histological and auditory brain-stem response (ABR) analyses. All experiments were 46 

authorized by the Animal Care and Use Committee in Nagoya University (approval number: 47 

28251, 29031) and the Institutional Recombinant DNA Experiment Committee in Nagoya 48 
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University (approval number: 16–73, 17–65) and followed the Japanese Government 1 

Regulations for Animal Experiments.  2 
 3 
2.2. LFN exposure  4 
 5 

Figure 1 shows the system of exposure to inaudible LFN for mice (100 Hz at 95 dB) (Fig. 6 
1A-C) and the sampling schedule from mice (Fig. 1D). Control mice were kept in a mice cage 7 
with background noise of 100 Hz at 60 dB (Fig. 1B). Expression levels of Hsp70 in murine 8 
inner ears were comparable in the mice sited in the LFN exposure spot (five times for 12 9 
hours) without LFN exposure (n=3) and the control (n=3) littermate mice in the rack, 10 
indicating a limited effect of replacement from the mouse rack to the exposure room on 11 
Hsp70 expression level. To investigate the health effect of inaudible LFN, we generated 100 12 
Hz LFN (Fig. 1B) with a setting of 0.1-ms rise-fall, 600-ms interval and 10-ms flat by a sound 13 
stimulator (DPS-725, Dia medical Systems Co., LTD, Japan) and outputted the noise from a 14 
speaker (powered subwoofer). The level of LFN was monitored by a noise level meter (Type 15 
6224 with an FFT analyzer, ACO Co., LTD, Japan) in every experiment. 16 
 17 
2.3. Quantitative RT-PCR analysis 18 
 19 

Quantitative RT-PCR analysis was performed using whole murine inner ears that were 20 
dissected after LFN exposure and stored at -80°C. A single inner ear was homogenized with a 21 
multi-beads shocker (Yasui Kikai) in 500 µl of Isogen II (Nippon Gene, 311-07361), and 22 
RNAs were purified according to the manufacturer’s protocol. From the RNAs, cDNAs were 23 
synthesized with Primescript RT Master Mix (Takara, PR36A) followed by quantitative PCR 24 
with SYBR green (Roche, 04913850001) on a Thermal Cycler Dice Real Time system 25 
(Takara, TP800). Primers are presented in Supplemental Table S1. The Ct value was obtained 26 
from the average of triplicated PCR reactions. Gene expression was normalized with Hprt 27 
expression, and then the values in tissues isolated from the animals exposed to LFN were 28 
normalized with the average values in tissues from non-exposed control animals (Yajima et 29 
al., 2015).  30 
 31 
2.4. Histological analysis 32 
 33 

Inner ears were dissected from mice after intra-cardiac perfusion with 4% 34 
paraformaldehyde in phosphate buffered saline (PBS). The inner ears were further fixed with 35 
4% paraformaldehyde in PBS overnight at 4°C, followed by decalcification with 10% EDTA 36 
for 2 days at 4°C. Then the inner ears were embedded in paraplast and sectioned at 4 µm. 37 
Antigen retrieval was performed on re-hydrated sections with 10 mM citrate buffer (pH 6.0) 38 
or with 10 mM Tris-1 mM EDTA buffer (pH 9.0, DAKO, #S2367, for anti-Myosin7a 39 
antibody) at 94°C for 10 minutes in immunohistochemical analysis. Rabbit anti-HSP70 40 
polyclonal antibody (Santa Cruz, sc-33575), rabbit anti-Hsp27 (Hspb1) polyclonal antibody 41 
(Enzo, ADI-SPA-801), rabbit anti-HSP90 polyclonal antibody (Cell Signaling, #4875), rabbit 42 
anti-Myosin7a polyclonal antibody (Proteus, #25-6790) and Alexa Fluor 488- or Alexa Fluor 43 
594-labeled donkey anti-rabbit IgG (Invitrogen) were used. Anti-HSP70 and anti-Myosin7a 44 
antibodies were diluted in Can Get Signal (TOYOBO) and the others were diluted in PBS 45 
with 0.1% Tween20. After immunoreactions, the sections were counterstained with 4’, 46 
6-diamidino-2-phenylindole (DAPI). We used inner ears from HSP70-transgenic mice, in 47 
which the human HSP70 gene was introduced under control of the β-actin promoter (Plumier 48 
et al., 1995), as a positive control of our immunohistochemical analysis using the anti-HSP70 49 
polyclonal antibody (Supplemental Fig. S1). 50 

 51 
2.5. ABR analysis  52 
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 1 
Before and after exposure to LFN, we performed ABR measurements (AD Instruments Pty. 2 

Ltd.) as described previously (Ohgami et al., 2010; Ohgami et al., 2016). We used wild-type 3 
ICR mice at 3 weeks of age. Tone burst stimuli were measured 5 dB-stepwise from 0 dB SPL 4 
to 90 dB SPL. The threshold was judged by the appearance of the lowest level of I-IV waves 5 
of ABR. 6 
 7 
2.6. Statistical analysis 8 
 9 

Statistical analyses were performed by JMP Pro (version 11.0.0; SAS Institute Inc., Cary, 10 
NC, USA) as described previously (Ohgami et al., 2016). Since the ABR thresholds of all 11 
frequencies were discontinuous valuables, we performed the Mann-Whitney U test to evaluate 12 
statistical differences of hearing levels between the two groups. We performed the unpaired 13 
t-test by Excel to evaluate statistical differences of transcript expression levels between the 14 
two groups. In this study, values of p < 0.05 were considered statistically significant. 15 
 16 
3. Results  17 

 18 
3.1. Effects of LFN exposure on transcript expression levels of stress-reactive molecules in 19 
the whole inner ear 20 
 21 

After five repeated exposures to 100 Hz LFN at 95 dB for 12 hours with a distance of 40 22 
cm between the speaker and mice cage (Fig. 1), transcript expression levels of 9 23 
stress-reactive molecules (Tnf, Il1β, Il6, Gstα1, Nqo1, Hmox1, Hsp27, Hsp70 and Hsp90) in 24 
the inner ear were examined by quantitative RT-PCR (Fig. 2). The transcript expression levels 25 
of Hsp70, but not those of 8 stress-reactive molecules including Hsp27 and Hsp90, in the 26 
inner ears from mice just after the fifth LFN exposure were significantly higher than those in 27 
the inner ears from unexposed control mice (Fig. 2A). Hsp70 transcript expression levels in 28 
the inner ears 3 days after the LFN exposure were comparable to those in unexposed inner 29 
ears (Fig. 2B).  30 
 31 
3.2. Effects of LFN exposure on transcript expression levels of regulatory molecules for 32 
Hsp70 in the whole inner ear 33 
 34 

We next examined expression levels of four transcriptional regulators for Hsp70 (Hsf1, 35 
Stat1, Nfκb and Cebpβ) (Guzhova et al., 1997; Stephanou et al., 1999; Stephanou and 36 
Latchman, 2005). Transcript expression levels of Cebpβ, but not those of the other 3 37 
regulatory molecules, in inner ears just after the fifth LFN exposure were significantly higher 38 
than those in unexposed control inner ears (Fig. 3).  39 
 40 
3.3. Effect of LFN exposure on protein expression levels of Hsp70 in the vestibule and 41 
cochlea 42 
 43 

Protein expression levels of Hsp27, Hsp70 and Hsp90 in the vestibule and cochlea after 44 
exposure to LFN for 5 days were examined by immunohistochemical analysis (Figs. 4 and 5). 45 
Protein expression levels of Hsp70 in the utricles just after the fifth LFN exposure were 46 
higher than those in the utricles from unexposed control mice (Fig. 4B). We confirmed the 47 
presence of hair cells by expression of Myosin7a, a hair cell marker (Fig. 4D). Expression of 48 
Hsp70 was detected in both the cytoplasm and nucleus (Fig. 4B; Kose et al., 2012; Song et al., 49 
2016; Welch and Feramisco, 1984). Protein expression levels of Hsp27 and Hsp90 were 50 
comparable in the utricles from LFN-exposed mice and unexposed mice (Fig. 4A, C). On the 51 
other hand, protein expression levels of Hsp70 in addition to Hsp27 and Hep90 were 52 
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comparable in cochleae from LFN-exposed mice and unexposed mice (Fig. 5). Expression 1 
patterns of Hsp70 were comparable in apical, middle and basal turns of the cochleae.  2 

 3 
3.4. Effect of LFN exposure on hearing level in mice 4 
 5 

Hearing levels of mice just after the fifth LFN exposure (12 hours/day of 100 Hz LFN at 6 
95 dB for 5 days) and control mice were finally examined by ABR (Fig. 6). There were no 7 
differences in hearing levels at 4 k, 12 k, 20 k and 32 k Hz frequency sounds between 8 
LFN-exposed mice and unexposed mice.  9 
 10 
4. Discussion  11 
 12 

HSPs are molecular chaperones expressed in all cells (Lanneau et al., 2010). Expression of 13 
HSPs is induced by stresses such as fever, UV irradiation, and cytotoxic drugs (Lanneau et al., 14 
2010). In this study, we showed that there was a more than 5-fold increased expression level 15 
of Hsp70 in the whole inner ear after exposure for 5 days to LFN at a level to which we are 16 
possibly exposed in our daily life, while the expression levels of 8 other stress-reactive 17 
molecules including Hsp27 and Hsp90 were comparable in LFN-exposed mice and 18 
unexposed mice. The increased Hsp70 levels after exposure to LFN for 5 days returned to 19 
unexposed levels 3 days later. We also confirmed that there was an approximately 2.5-fold 20 
significant increase of Hsp70 level by LFN exposure for just 1 day (Supplemental Fig. S2A). 21 
The increased Hsp70 levels after exposure to LFN for 1 day again returned to unexposed 22 
levels 3 days later (Supplemental Fig. S2B). These results suggest that Hsp70 could be a 23 
candidate of biomarkers that sensitively rises and falls in response to LFN-mediated stress. 24 

There was a temporary increase of Hsp70 expression after exposure to LFN for a short 25 
period in this study. Further study to examine the expression level of Hsp70 after exposure to 26 
LFN for a long period is needed in the future because there are many sources of chronic noise 27 
below the frequencies of human sensitivity that have been associated with health problems. 28 

Among 4 kinds of transcriptional activators for Hsp70 expression (Guzhova et al., 1997; 29 
Stephanou et al., 1999; Stephanou and Latchman, 2005), there was more than 3-fold increase 30 
of Cebpβ level by LFN exposure for 5 days. There was an approximately 3-fold significant 31 
increase of Cebpβ by LFN exposure for just 1 day (Supplemental Fig. S2C). These results 32 
suggest not only that Cebpβ is associated with the LFN-mediated increase of Hsp70 but also 33 
that Cebpβ could also be a candidate of biomarkers for LFN exposure. While only Cebpβ 34 
transcript increased after LFN exposure, post-transcriptional modifications of transcription 35 
factors also regulate the expression of Hsp70 (for example Hsf1; Gomez-Pastor et al., 2018). 36 
Therefore, we cannot exclude the other three factors that did not show a transcriptional 37 
increase as transcriptional regulators of Hsp70 after LFN exposure. 38 

A previous mouse study showed that an increased level of Hsp70 expression in the cochlea, 39 
an organ for hearing, by audible noise exposure results in hearing loss (Gong et al., 2012; 40 
Gratton et al., 2011; Roy et al., 2013). However, there has been no study showing an 41 
increased expression level of Hsp70 in the vestibule, an organ for balance, by exposure to any 42 
kind of noise. We immunohistochemically showed that there was an increased level of Hsp70 43 
expression particularly in the endolymphatic side of utricle hair and supporting cells in the 44 
vestibule by LFN exposure, while levels of Hsp70 expression in the cochleae and hearing 45 
levels were comparable in LFN-exposed mice and unexposed mice. Our results showing that 46 
Hsp70 was expressed in the vestibule but not in the cochleae partially correlate with 47 
physiological results showing that inaudible LFN exposure resulted in the development of 48 
impaired balance but not hearing loss in our previous studies (Ohgami et al., 2017; Tamura et 49 
al., 2012) and the present study. While these studies suggest LFN induced stress in the 50 
vestibule, the reason for the increased level of Hsp70 expression in that region remains 51 
unknown. Since a previous study showed increased Hsp70 secretion from supporting cells 52 
around hair cells in the utricle by heat exposure (May et al., 2013), LFN exposure may 53 
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promote extracellular secretion of Hsp70. Further study is needed to clarify the mechanism 1 
and biological significance of increased Hsp70 expression level after exposure to LFN at a 2 
level we are possibly exposed to in our daily life for a short period.  3 

In conclusion, we demonstrated for the first time that inaudible LFN exposure increases the 4 
expression level of Hsp70, which might be activated via Cebpβ, in the vestibule of the inner 5 
ear, suggesting that the vestibule is one of target organs for LFN. These stress-reactive 6 
molecules could be candidates of biomarkers for LFN exposure. 7 
 8 
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Figure captions 1 
 2 
Fig. 1. Experimental method and design for LFN exposure. A photograph of the method 3 
for LFN exposure (A), sound spectrum with (C) or without (B) LFN exposure and a schema 4 
(D) for sampling just after the fifth LFN exposure (12 hours/day of 100 Hz LFN at 95 dB for 5 
5 days) are presented. 6 
 7 
Fig. 2. Transcript expression levels of stress-reactive molecules in the inner ear. 8 
Transcript expression levels [mean ± standard deviation (SD)] of Tnf, Il1β, Il6, Gstα1, Nqo1, 9 
Hmox1, Hsp27, Hsp70 and Hsp90 in whole inner ears from mice just after the fifth LFN 10 
exposure (n=6, L, closed bars) and in whole inner ears from unexposed control mice (n=6, C, 11 
open bars) are presented (A). Transcript expression levels of Hsp70 in whole inner ears from 12 
mice 3 days after the fifth LFN exposure (n=6, L, closed bars) and in whole inner ears from 13 
unexposed control mice (n=6, C, open bars) are presented (B). *: significantly different 14 
(p<0.05) by Student’s t-test. 15 
 16 
Fig. 3. Expression levels of 4 transcriptional activators for Hsp70 expression. Expression 17 
levels (mean ± SD) of Hsf1, Stat1, Nfκb and Cebpβ transcripts in whole inner ears from mice 18 
just after the fifth LFN exposure (n=6, L, closed bars) and in whole inner ears from 19 
unexposed control mice (n=6, C, open bars) are presented. **: significantly different (p<0.01) 20 
by Student’s t-test. 21 
 22 
Fig. 4. Protein expression levels of Hsp70 in the vestibule. Protein expression levels of 23 
Hsp27 (A, red), Hsp70 (B, green), Hsp90 (C, red) and Myosin7a (D, Red) in utricles 24 
(vestibule) from mice just after the fifth LFN exposure (right, n=3) and in utricles from 25 
unexposed control mice (left, n=3) are presented. Successive sections from the same sample 26 
were immune-labeled with different antibodies. Blue: DAPI staining of nuclei. Brackets: 27 
vestibular hair cells. Yellow arrow: Hsp70 expression in the endolymphatic side of hair and 28 
supporting cells in the utricle. Scale bars: 20 µm. 29 
 30 
Fig. 5. Protein expression levels of Hsp70 in the organ of Corti. Protein expression levels 31 
of Hsp27 (A, red), Hsp70 (B, green) and Hsp90 (C, red) in the organ of Corti (cochlea) from 32 
mice just after LFN exposure (right, n=3) and in the organ of Corti from unexposed control 33 
mice (left, n=3) are presented. Blue: DAPI staining of nuclei. Scale bar: 20 µm. 34 
 35 
Fig. 6. Hearing levels in LFN-exposed mice and unexposed mice. Hearing levels of mice 36 
before (A) and just after (B) the fifth LFN exposure (n=4, black dots and lines) and of 37 
unexposed control mice (n=4, gray dots and lines) are presented. Minimum sound pressure 38 
levels (dB SPL, mean ± SD) that evoked an ABR signal in mice at 4k, 12k, 20k and 32k Hz 39 
sounds are shown.  40 
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Supplementary figure captions 1 
 2 
Supplementary Fig. S1. Protein expression levels of Hsp70 in the vestibule and the 3 
organ of Corti from HSP70-transgenic mice. Protein expression levels of Hsp70 (green) in 4 
the utricles (vestibule) (A) and in the organ of Corti (cochleae) (B) from HSP70-transgenic 5 
mice (HSP70-Tg) (Plumier et al., 1995) and from control wild-type mice (WT) are presented. 6 
Blue: DAPI staining of nuclei. Black bracket: vestibular hair cells. Yellow arrow: Hsp70 7 
expression in the endolymphatic side of hair and supporting cells in the utricle. Scale bars: 20 8 
µm. 9 
 10 
Supplementary Fig. S2. Quantitative RT-PCR analysis after LFN exposure for 1 day (12 11 
hours). Expression levels (mean ± SD) of HSP transcripts in whole inner ears from mice just 12 
after single LFN exposure (100 Hz LFN at 95 dB for 12 hours) (n=6, L, closed bars) and in 13 
whole inner ears from unexposed control mice (n=6, C, open bars) are presented (A). 14 
Expression levels of Hsp70 transcript in whole inner ears from mice 3 days after single LFN 15 
exposure (n=5, L, closed bars) and in whole inner ears from unexposed control mice (n=5, C, 16 
open bars) are presented (B). Expression levels (mean ± SD) of Cebpβ transcript in whole 17 
inner ears from mice just after single LFN exposure (n=8, L, closed bars) and in whole inner 18 
ears from unexposed control mice (n=8, C, open bars) are presented (C). *: significantly 19 
different (p<0.05) by Student’s t-test. 20 
 21 







Table S1: Sequences of primers used in this study 

Names of
genes Forward primer (5'-3') Reverse primer (5'-3')

Hprt TTATCAGACTGAAGAGCTACTGTAA
TGATC

TTACCAGTGTCAATTATATCTTCAAC
AATC

Tnf TATGGCCCAGACCCTCACA GGAGTAGACAAGGTACAACCCATC
Il1 β TCCAGGATGAGGACATGAGCAC GAACGTCACACACCAGCAGGTTA
Il6 CAACGATGATGCACTTGCAG CTCCAGGTAGCTATGGTACTCCAGA
Gstα 1 CGCCACCAAATATGACCTCT CCTGTTGCCCACAAGGTAGT
Nqo1 TTCTCTGGCCGATTCAGAGT GGCTGCTTGGAGCAAAATG
Hmox1 AAGCCGAGAATGCTGAGTTC GCCGTGTAGATATGGTACAAGGA

Hsp27
(Hspb1 ) AAGGAAGGCGTGGTGGAGAT TTCGTCCTGCCTTTCTTCGT

Hsp70
(Hspa1a,
Hspa1b )

ATGGACAAGGCGCAGATCC CTCCGACTTGTCCCCCAT

Hsp90
(Hsp90aa1 ) AATTGCCCAGTTAATGTCCTTGA CGTCCGATGAATTGGAGATGAG

Hsf1 AACGTCCCGGCCTTCCTAA AGATGAGCGCGTCTGTGTC
Stat1 TCACAGTGGTTCGAGCTTCAG GCAAACGAGACATCATAGGCA
Nf κ b2 CTGGTGGACACATACAGGAAGAC ATAGGCACTGTCTTCTTTCACCTC
Cebp β GGGTTGTTGATGTTTTTGGTTT GAAACGGAAAAGGTTCTCAAAA
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