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Abstract 

A previous study showed that people living in urban areas are generally exposed to low frequency 

noise (LFN) with frequencies below 100 Hz and sound levels of 60-110 dB in daily and occupational 

environments. Exposure to LFN has been shown to affect balance in humans and mice. However, 

there is no information about prevention of LFN-mediated imbalance because of a lack of 

information about the target region based on health risk assessment of LFN exposure. Here we show 

that acute exposure to LFN at 100 Hz, 95 dB, but not at 85 dB or 90 dB, for only one hour caused 

imbalance in mice. The exposed mice also had decreased cervical vestibular evoked myogenic 

potential (cVEMP) with impaired activity of vestibular hair cells. Since imbalance in the exposed 

mice was irreversible, morphological damage in the vestibules of the exposed mice was further 

examined. The exposed mice had breakage of the otoconial membrane in the vestibule. LFN-

mediated imbalance and breakage of the otoconial membrane in mice were rescued by 

overexpression of a stress-reactive molecular chaperone, heat shock protein 70 (Hsp70), which has 

been shown to be induced by exposure of mice to 12 hours per day of LFN at 95 dB for 5 days. 

Taken together, the results of this study demonstrate that acute exposure to LFN at 100 Hz, 95 dB 

for only one hour caused irreversible imbalance in mice with structural damage of the otoconial 

membrane as the target region for LFN-mediated imbalance, which can be rescued by Hsp70. 

 

Keywords: HSP70, low frequency noise, otoconial membrane, cVEMP, balance.  
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Introduction 

    Causes of air pollution can be classified by physical factors in addition to chemical factors such 

as nitrogen oxide and carbon monoxide and biological factors such as pollens and mites. Low 

frequency noise (LFN), which is defined as noise with frequencies below 100 Hz, could be a 

representative source of physical air pollution. A previous study showed that people living in urban 

areas are generally exposed to LFN with frequencies below 100 Hz and sound levels of 60-110 dB 

generated from various devices including air conditioners, ventilation fans, freezers, compressors 

and heavy industrial machines and transportation systems (Berglund and Hassmén 1996). Thus, LFN 

is an ordinary environmental factor generated in our daily and occupational environments. However, 

there are no occupational and environmental standards for LFN in most countries. Therefore, health 

risk assessment of LFN exposure based on animal experiments is needed worldwide. 

Information about environmental factors for balance disorders is limited despite the fact that 

35% of adults in the US (Agrawal et al., 2009) and France (Bisdorff et al., 2013) and 7.4% of adults 

in Germany (Neuhauser et al., 2005) have been shown to suffer from balance impairments. Previous 

studies showed a possibility that exposure to LFN causes vestibular disorders including vertigo in 

humans (Evans and Tempest 1972; Takigawa et al., 1988; Harrison 2015), while a limited influence 

of LFN on hearing levels has been shown in humans (Mohr et al., 1965). In experimental studies, 

exposure to LFN has been shown to induce endolymphatic fluid movements in inner ears of guinea 

pigs (Salt and DeMott 1999). Our previous studies have shown that continuous exposure to LFN at 

100 Hz, 70 dB for 1 month affected balance but not hearing levels in mice (Tamura et al., 2012; 

Ohgami et al., 2017). Thus, it is possible that LFN is a risk factor for imbalance. However, there is 

no information about prevention of LFN-mediated imbalance since the specific region in the 

vestibule affected by LFN has not been clarified.  
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The saccule and utricle in the vestibule of inner ears, which have hair cells covered with the 

otoconial membrane consisting of the extracellular matrix (ECM) (Lundberg et al., 2015) and 

otoconia in maculae staticae, have been analyzed to elucidate the etiology of imbalance. Stimulation 

of hair bundles of hair cells covered with the otoconial membrane along with otoconia by gravity 

and linear acceleration leads to activation of the mechanosensitive channels, which are located at tips 

of hair bundles, resulting in uptake of potassium ion by the channels in hair bundles, followed by 

depolarization of the plasma membrane of hair cells. The depolarization leads to uptake of calcium 

ion by the voltage-dependent calcium channels in hair cells, resulting in activation of the vestibular 

nuclei. Cervical vestibular evoked myogenic potential (cVEMP) testing is a clinical exam that has 

been used to determine the saccule-mediated activation of vestibular nuclei in humans (Halmagyi et 

al., 1994), guinea pigs (Shojaku et al., 2007; Yang and Young 2005). In our recent study, scores of 

cVEMP were shown to correlate with balance-related behavior in mice (Negishi-Oshino et al., 

2019).  

Heat shock protein 70 (Hsp70), a molecular chaperone induced by environmental stresses from 

fever, UV rays and chemicals, is known as a stress-responsive protein (Lanneau et al., 2010). A 

previous study with an explant culture of the utricle has showed that Hsp70 rescued aminoglycoside-

induced damage of hair cells (May et al., 2013). Our recent study has shown that exposure to LFN at 

95 dB for 12 hours increased the expression of Hsp70, but not that of Hsp27 or Hsp90, in 

myosinVIIa -positive hair cells in the vestibule, while hearing levels as well as the expression levels 

of Hsp70 protein in the organ of Corti were comparable in non-exposed mice and LFN-exposed 

mice, suggesting that exposure to LFN induces the stress-responsive molecule Hsp70 in the vestibule 

as the possible target organ (Ninomiya et al., 2018). However, the biological significance of Hsp70 

induced by LFN is not clear. 
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In this study, we assessed health risks of acute exposure to LFN at sound intensities to which 

people are possibly exposed in daily life for a short period. We exposed wild-type (WT) mice to 

LFN with a frequency of 100 Hz at 85 dB, 90 dB and 95 dB for one hour to determine whether acute 

exposure to LFN affects balance, cVEMP and morphology of the otoconial membrane in the 

vestibule. We also examined the rescue effect of Hsp70 on LFN-mediated imbalance in HSP70-

transgenic (HSP70-Tg) mice. 

 

Methods 

Mice  

WT ICR mice purchased from Japan SLC (Hamamatsu, Japan) were randomly bred and used 

for LFN exposure experiments at 3-4 weeks of age, since the vestibular functions in mice are 

completely developed by 2 weeks of age after birth (Lambert et al., 2016). We also used HSP70-

transgenic mice having a C57BL/6J background, in which the human HSP70 gene was introduced 

under control of the beta-actin promoter (Plumier et al., 1995). The mice were maintained under 

specific pathogen-free (SPF), constant temperature (23 ± 2˚C) and a 12-h light/dark cycle conditions. 

All experiments were approved by the Institutional Animal Care and Use Committee in Nagoya 

University (approval number: 30258) and the Institutional Recombinant DNA Experiment 

Committee in Nagoya University (approval number: 17-65) and followed the Japanese Government 

Regulations for Animal Experiments.  

 

Exposure to LFN  

Mice were exposed to LFN with a frequency of 100 Hz at 85 dB, 90 dB or 95 dB for 1 hour at 

a distance of approximately 40-50 cm from the speaker (Fig. 1A). The mice were allowed to move 
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freely in a cage during the exposure. Mice in the non-exposed group were also kept under the same 

conditions without exposure. 

 

Behavior tests  

For rotarod analysis, we followed the method used in a previous study (Ohgami et al., 2017). 

Mice were placed on a stable rod of 5.7 cm in diameter (47600-Mouse Rota-Rod, UGO BASILE, 

Italy) and then the rod was rotated at a constant speed of 20 rpm/min for 10-20 sec as training. The 

mice were then placed on the rod and the rod was rotated at a constant speed of 25 rpm/min up for 

up to 600 sec 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 elevated 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 hour 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 of white paper. The distance 

between the back edges of each same-side paw print was used to determine stride length. 

 

Electrophysiological examinations  
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We followed methods established in previous studies (Sheykholeslami et al., 2009; Sakakura 

et al., 2003) and our study (Negishi-Oshino et al., 2019) to measure cVEMP in mice. The results of 

cVEMP were evaluated by two researchers who were blinded to the experimental groups. 

Measurements of auditory brainstem response (ABR) and distortion-product optoacoustic emission 

(DPOAE) followed the methods previously described (Ohgami et al., 2010; 2012). The detailed 

methods are shown in supplementary methods. 

 

Immunohistochemistry  

The detailed method is shown in supplementary methods. Briefly, we followed the method of 

fixation with 4% paraformaldehyde (PFA) and decalcification that have been used in previous 

studies to analyze morphology of the inner ears (Zhao et al., 2008b; Simmler et al., 2000). Paraffin 

sections of inner ears were used for immunostaining with polyclonal antibodies against Hsp70 (1:50, 

Santa Cruz), myosin VIIa (1:50, Proteus BioScience) and alpha-tectorin (1:50, Santa Cruz). For the 

detection of HSP70, the specimens were pre-treated with a citrate buffer (10 mM, pH 6.0) at 95˚C 

for 10 min.  

 

Semi-quantitative analysis of broken otoconial membranes with the visual software.  

The software program WinROOF V6.2 (MITANI Corporation, Japan) was used to objectively 

recognize the fragments and the otoconial membrane (see the examples in Fig. S1, regions 

highlighted by yellow) that were stained by anti-α-tectorin (Fig. S1, left panels, regions shown by 

green fluorescence). Two researchers, who were blinded to the experimental groups, performed 

semi-quantitative analysis with the photographs that had been objectively recognized by the 

software. They evaluated the stained specimens every 100 µm along the length of the surface of hair 

cells in order to count the number of detached otoconial membranes, the number of gaps in the 
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otoconial membrane, the number of myosin VIIa-positive hair bundles and the number of myosin 

VIIa-positive cells. We regarded fragments at a distance of more than 2 µm from the otoconial 

membrane as “broken otoconial membranes” (see the examples indicated by arrowheads in Fig. S1, 

middle upper panel) and gaps with diameters of 2-5 µm (for mice with an ICR background, see the 

examples indicated by arrows in Fig. S1, middle and right upper panels) and diameters of 10-20 µm 

(for mice with a C57BL/6J background, see the examples indicated by two-headed arrows in Fig. S1, 

middle and right lower panels) in the otoconial membrane as “traumatized gaps” caused by exposure 

to LFN (see the examples in Fig. S1, middle and right panels). Our analyses showed that LFN-

exposed WT mice with a C57BL/6J background had larger gaps in the otoconial membrane than 

those in LFN-exposed ICR mice. Three serial sections were observed in three mice in each group. 

 

EPMA analysis  

Paraffin sections of inner ears were used for the EPMA analysis to detect calcium. Nitrogen 

was also scanned as an internal control. The detailed method is shown in supplementary methods.  

 

Statistics  

Two-tailed Student’s t-test was used to determine a significant difference between two groups 

for parametric data. Welch’s t-test was also used to determine a significant difference between two 

groups for parametric data with unequal variance. One-way ANOVA followed by Tukey’s post-hoc 

multiple comparison tests were used to determine significant differences among more than three 

groups. The Steel-Dwass test was also used with the alpha level set to 0.05. We considered values of 

p < 0.05 as statistical significance. All statistical analyses were performed using JMP Pro (version 

13.0.0; SAS Institute Inc., Cary, NC, USA). 
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Results 

Risk assessment of acute exposure to LFN based on balance in mice 

We first performed an experiment with in vivo exposure of WT mice at postnatal day (P) 21 to 

LFN with a frequency of 100 Hz at 85 dB, 90 dB and 95 dB (Fig. 1B) for 1 hour in the experimental 

setting shown in Fig. 1A. The background noise level at 100 Hz in the control group was about 53 

dB (left graph in Fig. 1B). Rotarod analysis showed that the control group in the 2nd trial 1 hour 

later (shown in “after exposure” in Fig. 1C) had better performance on the rod than that in the first 

trial (shown in “before” in Fig. 1C) as previously reported (Zhao et al., 2008a, b). After exposure, 

the exposure group at 95 dB had significantly shorter latency until slipping on the rotarod than the 

latencies in the control group and the exposure group at 85 dB and 90 dB after exposure, while all of 

the groups before exposure showed comparable performance on the rod (Fig. 1C). We next 

performed a beam test. The exposure group at 95 dB showed a significant increase in the time taken 

to traverse the beam compared to the times in the control group and the exposure group at 85 dB and 

90 dB, while records on the beam of all groups were comparable before exposure (Fig. 1D). We next 

determined the gait pattern and grip strength of mice exposed to LFN at 95 dB for 1 hour. The LFN-

exposed group showed scores of gait pattern and grip strength that were similar to those in the 

control group (Fig. 1E, F). 

 

Acute exposure to LFN affected the vestibular activity in mice  

We determined hearing levels in WT mice before and after exposure to LFN at 100 Hz, 95 dB 

for 1 hour. ABR and DPOAE showed comparable levels in the exposure and control groups before 

and after exposure (Fig. 2A, B). We next measured cVEMP before and just after LFN exposure to 

evaluate the effect of exposure to LFN on vestibular function in mice (Fig. 2C). We identified 

cVEMP with a positive peak (p1, indicated by black triangles) and those with a negative peak (n1, 
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indicated by white triangles) by appearance of negative waves (indicated by gray arrows) just before 

p1 indicated by black triangles by the method used in our previous study (Negishi-Oshino et al., 

2019). We then compared cVEMP amplitudes and latencies in WT mice in the control group and the 

group exposed to LFN at 100 Hz, 95 dB for 1 hour (Fig. 2D, E). The wave patterns of cVEMP were 

comparable in the two groups before exposure (Fig. 2C). The amplitude in the exposure group 

[1.528 ± 0.208 microvolts (µV), mean ± SD] was significantly smaller than that in the control group 

(4.663 ± 1.805 µV), while the two groups showed comparable amplitudes before exposure to LFN 

(Fig. 2C, D). The p1 latencies in the control group [6.328 ± 0.597 millisecond (ms) , mean ± SD] 

and the exposure group (6.354 ± 0.285 ms) were comparable (Fig. 2C, E). We next measured 

calcium in saccules of WT mice after in vivo exposure to LFN at 100 Hz, 95 dB for 1 hour by 

electron probe microanalysis (EPMA) (Mimura et al., 2004; Miyakawa et al., 2004), since cVEMP 

reflects the saccule-mediated activation of vestibular nuclei. LFN-exposed WT mice showed 

decreased calcium in hair cells in the saccule compared to non-exposed mice (Fig. 3, upper panels), 

while an internal control showed comparable morphologies of the saccule visualized by the detection 

of nitrogen (Fig. 3, lower panels), which has been used in previous studies (Mimura et al., 2004; 

Miyakawa et al., 2006). 

 

Acute exposure to LFN caused damage of the otoconial membrane in the saccule of mice 

Rotarod analysis showed that the scores in the exposed group at 1 day, 4 days and 8 days after 

acute exposure to LFN for 1 hour were significantly worse than those in the control group (Fig. 4). 

Thus, it is possible that imbalance in the exposed mice was irreversible. We therefore performed 

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 morphological 
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impairments in the vestibule from WT mice exposed to LFN at 100 Hz, 95 dB for 1 hour (Fig. 5). 

The exposure group showed a significantly increased number of detached 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 hours 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 hour 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 morphological analysis of the otoconial membrane with 

WT and HSP70-Tg mice after exposure to LFN at 100 Hz, 95 dB for 1 hour (Fig. 6D-F). HSP70-Tg 

mice did not show morphological impairments of the otoconial membrane even after exposure 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 rescue effect with HSP70-Tg mice on LFN-mediated imbalance shown in WT mice in 
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order to verify the rescue effect on the otoconial membrane (Fig. 6G-J). After exposure to LFN, 

latency until slipping on the rotarod was significantly increased in HSP70-Tg mice compared to that 

in WT mice (Fig. 6G). The number of slips on the beam was significantly decreased in HSP70-Tg 

mice compared to that of WT mice after exposure to LFN (Fig. 6H). We also recorded cVEMP with 

WT and HSP70-Tg mice after exposure to LFN at 100 Hz, 95 dB for 1 hour (Fig. 6I, J). The cVEMP 

amplitude of HSP70-Tg mice was significantly increased compared to that of WT mice (Fig. 6I). 

The cVEMP latency in HSP70-Tg mice was significantly shorter than that in WT mice (Fig. 6J). 

 

Discussion 

This study showed for the first time that acute exposure to LFN for only 1 hour at 100 Hz, 95 

dB caused damage in the otoconial membrane in the saccule, resulting in impairments of cVEMP 

and balance in mice. In this study, we also obtained similar results showing damage in the otoconial 

membrane in the utricle after acute exposure to LFN for 1 hour at 100 Hz, 95 dB (Fig. S2). The 

numbers of hair bundles and hair cells in saccules and utricles were not decreased after in vivo 

exposure to LFN for 1 hour at 100 Hz, 95 dB. This study showed for the first time that the otoconial 

membrane in the vestibule is the target region for acute exposure to LFN in mice. 

In this study, the WT mice exposed to LFN for 1 hour had decreased amplitude of cVEMP and 

calcium in hair cells in accordance with the broken otoconial membranes in the saccule and utricle. 

Thus, this study showed for the first time that LFN-mediated damage of the otoconial membrane 

caused decreased activity of the vestibular system in mice. On the other hand, this study showed that 

acute exposure to LFN did not affect latency of cVEMP in mice. cVEMP reflects the saccule-

mediated activation of vestibular nuclei projecting to the spinal accessory nucleus. Therefore, 

cVEMP has been used for diseases in the central nervous system (CNS) including multiple sclerosis 

(MS) (Murofushi, 2016). A previous study revealed the characteristic impairment of cVEMP in MS 
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patients showing prolonged latency (Shimizu et al., 2000). Thus, it is unlikely that impairment of the 

central nervous system occurs in mice just after exposure to LFN. On the other hand, mouse models 

of ataxia and Parkinsonism, which involve neurodegeneration in the central nervous system, have 

been shown to have not only behavior impairments on the rod but also impairments of gait and grip 

(Yazawa et al., 2005; Safiulina et al., 2006). In this study, the LFN-exposed group showed scores of 

gait pattern and grip strength that were similar to those in the control group. Therefore, it is not 

likely that the damaged organ included the cerebellum in addition to the otoconial membrane in the 

vestibule of WT mice, at least just after exposure to LFN at 95 dB for 1 hour.  

In this study, rotarod analysis showed that the scores in the exposed group at 1 day, 4 days and 

8 days after exposure to LFN were significantly worse than those in the control group. LFN-

mediated structural damage of the otoconial membrane in the vestibule was observed in two murine 

lines of ICR and C57BL6/J (Fig. S1). Thus, it is possible that the imbalance caused by acute 

exposure to LFN at 95 dB for only 1 hour is irreversible in mice due to the structural damage of the 

otoconial membrane in the vestibule. A previous study showed primary loss of hair cells in the organ 

of Corti followed by secondary loss of spiral ganglion neurons after exposure to aminoglycoside in 

experimental animals (McFadden et al., 2004). Thus, there is a possibility that the upstream region 

of the otolithic organ has secondary damage after the primary damage of the otoconial membrane in 

mice several days after exposure to LFN. In this study, we also examined the influence of long 

exposure of WT mice to LFN at 100 Hz, 95 dB SPL for 12 hours, 5 times on the otoconial 

membrane. The results also showed detached otoconial membranes (Fig. S3, two-headed arrows) 

and gaps in the otoconial membranes (Fig. S3, arrows). In addition, broken hair bundles attached to 

the otoconial membrane were observed in the exposure group (Fig. S3, myosin VIIa-positive 

fragments with red color indicated by arrowheads). Therefore, it is possible that longer exposure to 

LFN causes damage of hair bundles in addition to damage of the otoconial membrane. Further study 
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is needed to investigate whether longer exposure to LFN causes damage in other sites as well as the 

otoconial membrane in the vestibule. A previous study showed that detached otoconia and ectopic 

distribution of otoconia in the cupula cause benign paroxysmal positional vertigo (BPPV) in humans 

(Sreenivasan et al., 2015). The ectopic distribution of otoconia in the cupula in mice after longer 

exposure to LFN should be determined. 

In this study, increased expression of Hsp70 protein was detected in the otoconial membrane in 

WT mice after repeated exposure to LFN for 12 hours per day for 5 days. In a previous study, Hsp70 

was also shown to rescue morphological impairments of the ECM in skin by dermal exposure to 

UVB (Matsuda et al., 2013). In this study, we therefore examined the rescue effect of Hsp70 on 

LFN-mediated impairments of balance and the otoconial membrane with HSP70-Tg mice. LFN-

mediated imbalance and increased number of gaps in the otoconial membrane were rescued in 

HSP70-Tg mice, while the detached otoconial membrane was not rescued in HSP70-Tg mice. This 

study also showed increased expression of HSP70 protein in the otoconial membrane in HSP70-Tg 

mice after exposure to LFN for 1 hour. In previous studies, increased expression of Hsp70 in 

supporting cells and secretion of extracellular Hsp70 from supporting cells in an explant culture of 

the utricle induced by pre-heating at 43˚C for 30 min were shown to rescue hair cell loss induced by 

aminoglycoside (May et al., 2013). Therefore, it is likely that HSP70 in the otoconial membrane 

secreted from supporting cells directly repairs the damage in the otoconial membrane but not the 

remote fragments detached from the otoconial membrane in HSP70-Tg mice. Thus, it is possible that 

Hsp70 in the otoconial membrane has a protective effect on damage of the otoconial membrane 

caused by exposure to LFN. Meanwhile, Hsp70 protein was undetectably low in the otoconial 

membrane in WT mice after exposure to LFN for 1 hour, suggesting that overexpression of HSP70 

is required for increased expression of HSP70 protein in the otoconial membrane induced by 

exposure to LFN for just 1 hour. Further study with genetic approaches (e.g., gene silencing of 
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Hsp70 and regulatory molecules) is needed to clarify the mechanism for expression and secretion of 

Hsp70 from supporting cells in response to LFN exposure.  

In conclusion, this study showed that there is a risk of damage of the otoconial membrane by 

acute exposure to LFN at 100 Hz, 95 dB for 1 hour, resulting in irreversible imbalance in mice. 

Acute exposure to LFN at 85 dB and 90 dB did not affect balance in mice, suggesting that 95 dB is 

a possible threshold for acute exposure to LFN for 1 hour causing imbalance in mice. This study 

further showed that the damage as well as imbalance can be rescued by the overexpression of the 

molecular chaperone Hsp70. Health risk assessment of acute exposure to LFN based on morphology 

of the otoconial membrane as well as balance in mice could be useful for the development of new 

preventive and protective strategies against LFN exposure. 
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Figure legends 

Figure 1. In vivo exposure to LFN for 1 hour at 95 dB, but not at 85 dB or 90 dB, affected 

balance. (A) The in vivo exposure was performed at a distance of approximately 40-50 cm from the 

speaker. (B) Sound patterns 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 measurements. (C) A rotarod test and 

(D) a 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 hour and without exposure (control). 

(B) Latency until slipping on the rotarod (seconds, 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 comparison tests. 

(E) Grip strength of forelimbs [grams (g), mean ± SD, control, 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 hour. No difference (N.S.) from the control group 

was found by the unpaired t-test. 

 

Figure 2. In vivo exposure to LFN decreased cVEMP amplitude but not hearing level in WT 

mice. (A) Shifts of ABR thresholds and (B) DPOAE in the exposure group (white triangles) just 

after acute exposure of WT mice having an ICR background to LFN at 100 Hz, 95 dB for 1 hour and 

the control group (black circles) are shown (means ± SD). ABR was measured in seven mice in the 

control group and eight mice in the exposure group, and DPOAE was measured in six ears in the 

control group and eight ears in the exposure group. No significant difference between the two groups 
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was found by the unpaired t-test in A and B. (C-E) cVEMP waveforms in C and graphs of (D) 

cVEMP amplitudes [microvolts (µV)] and (E) latencies [milliseconds (ms)] in the exposure group 

(white triangles, n = 5) before and just after acute exposure of WT mice having an ICR background 

to LFN at 100 Hz, 95 dB for 1 hour and the control group (black circles, n = 6) are shown (means ± 

SD in A, B, D and E). (C) cVEMP waveforms of the control group (upper waves) and the exposure 

group (lower waves) before (left waves) and after exposure to LFN (right wave) are presented at the 

same scale. We identified cVEMP with a positive peak (p1, indicated by black triangles) and those 

with a negative peak (n1, indicated by white triangles) by appearance of negative waves (gray 

arrows) just before p1. No significance (N.S.) and significant difference (†p < 0.01) between the two 

groups were analyzed by the unpaired t-test, and significant difference (*p < 0.05) in the exposure 

group was also analyzed by the paired t-test in D and E. 

 

Figure 3. In vivo exposure to LFN decrased calcium of vestibular hair cells in WT mice. 

Calcium levels in the saccule of control (left panels) 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, respectively. (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 analysis three times and typical results are 

shown. Scale bar: 50 µm. 

 

Figure 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 hour. Latency until slipping on the rotarod 

(seconds, mean ± SD) was recorded. Results for the LFN-exposed group (open triangles, n = 6) and 
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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. 

 

Figure 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 hour 

(LFN: lower panels) and without exposure (control: upper panels), immunostaining of hair bundles 

and hair cells with an anti-myosin VIIa antibody (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 membrane 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 sections of three mice in each 

group are shown. Significant difference (†p < 0.001) between two groups were analyzed by the 

Welch’s t-test. 

 

Figure 6. Experiments on rescue by Hsp70 of LFN-mediated damage of the otoconial 

membrane and imbalance. (A) Hsp70 in saccules from control mice (left panel, cont) and that in 

saccules from WT mice exposed 5 times to LFN at 100 Hz, 95 dB for 12 h each time (right panel, 

LFN 12h x 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 1h" in (B), "L" in (C)] or without ["cont" in (B), "C" in (C)] exposure to 
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LFN at 100 Hz, 95 dB for 1 hour are presented 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 otoconial 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 hour 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 hour. (I, J) cVEMP 

amplitudes (millivolts, mean ± SD in I) and latencies (milliseconds, 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 hour. Significant difference (*p < 0.05, †p < 0.001) was analyzed by the Steel-

Dwass test (C) and the unpaired t-test (E-J). 


