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Investigation of cochlear hair cells and the perception of ultrasound signals in guinea pigs
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Abstract: We established a specific ultrasound frequency-dependent model of cochlear injury using bone conduction ultrasounds in the inner ear of guinea pigs 
at 50 kHz and 83 kHz, to explore the effects of bone conduction ultrasound in the cochlea. To establish a unilateral cochlear damage model, the unilateral cochlea 
was destroyed. The control group consisted of 50 kHz and 83 kHz bone conduction ultrasounds in unaltered guinea pigs. In each group, cerebral blood oxygena-
tion level dependent (BOLD) effects were determined by functional magnetic resonance imaging (fMRI). The cochlear outer hair cell motor protein, Prestin, and 
the microfilament protein, F-Actin, were detected. We found that bone conduction ultrasound irradiation at 50 kHz and 83 kHz on the guinea pig inner ear for six 
hours leads to hair cell damage. Furthermore, low frequency bone conduction ultrasound induces major damage to outer hair cells, while high frequency ultrasound 
damages both internal and external hair cells. fMRI analysis of cerebral BLOD effects revealed an affected cerebral cortex region of interest (ROI) of 4 and 2, 
respectively, for the normal control group at 50 kHz or 83 kHz, and 2 for the 83 kHz bone conduction ultrasound cochlear injury group, while 50 kHz bone conduc-
tion ultrasound failed to induce the cortical ROI within injury model. Results reveal that the spatial location of guinea pig cochlear hair cells determines coding 
function for lower ultrasound frequencies, and high frequency bone conduction ultrasound may affect the cochlear spiral ganglion or cranial nerve nucleus in bone 
conduction ultrasound periphery perception.
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Introduction

Ultrasonic transmission has potential applications 
ranging from hearing rehabilitation to underwater com-
munication (1-7). However, the auditory peripheral 
sensations, conduction pathways, and cortical percep-
tion mechanisms that underlie ultrasonic transmission 
remain poorly understood. Various groups have studied 
ultrasound terminal sensory mechanisms using bone 
conduction ultrasound at 98.8 kHz and 143.5 kHz, to 
induce the near-field potential of guinea pig cochlea. 
These studies have shown that ultrasound terminal re-
ceptors reside in the cochlea, and communicate with in-
ner hair cells in a specific manner (8).

Lenhardt et al. was the first group to describe the use 
of bone conduction ultrasound hearing aids for severe 
sensorineural hearing loss in patients with normal bal-
loon function. Greater rates of speech recognition have 
been observed in patients with ultrasonic hearing aids 
than in the control group. This suggests that ultrasound 
peripheral receptors reside in the balloon (9). Other in-
vestigations of verbal recognition rate in patients using 
masked ultrasound language modulation, have shown 
that ultrasonic language is different from non-adjusted 
ultrasound language in patients with severe deafness. 
These results revealed that direct stimulation by ultra-
sound signals plays an important role in perception in 

patients with severe deafness (10). Wang et al studied 
the impact of ultrasound signals on cochlear hair cells in 
Guinea pigs. In this study, authors valuated the histolo-
gic and histochemical (succinate dehydrogenase, SDH) 
changes in cochleas of guinea pigs after non-focused 
ultrasound (NFU) irradiation.  The data show that a cer-
tain dosage of NFU irradiation at various frequencies 
could lead to metabolic changes in the basilar mem-
brane and stria vascularis at different areas of cochlea. 
Moreover, these changes were found to be reversible or 
partially reversible. These changes also suggest that the 
cochlear hair cells located at different areas might be 
related to ultrasonic perception (11).

It has recently been discovered that mice can emit ul-
trasound and perceive ultrasonic signals up to 100 kHz 
(10). However, this is significantly greater than the range 
of human ultrasonic signal perception (10). On the other 
hand, human and guinea pig cochlea have significant 
structural and physiological similarities. Therefore, we 
selected guinea pigs as our research model. We exposed 
the cochlea of guinea pigs to specific doses of low and 
high frequency bone conduction ultrasound to establish 
a frequency-dependent cochlear hair cell-specific injury 
model. We quantified cerebral blood oxygenation level 
dependent (BLOD) effects within the cortex region of 
interest (ROI). Click and bone conduction ultrasound 
signals were induced in the normal guinea pigs, the ul-
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trasound cochlear injury model, and the unilateral coch-
lear damage model. Cerebral BLOD effects on the ROI 
were determined by functional magnetic resonance im-
aging. We performed immunofluorescence analysis of 
the cochlear outer hair cell motor protein, Prestin, and 
the microfilament protein, F-Actin, to explore the lo-
calisation of ultrasound peripheral receptors and the po-
tential coding mechanisms of ultrasonic signals within 
the cochlea.

Materials and Methods

Laboratory animals and animal groups
Forty healthy white guinea pigs were selected that 

were 3 months old, weighed 250-300 g, and expressed 
ear reflex sensitivity. The animals were randomly divid-
ed into the normal control group, one of two ultrasound 
cochlear injury groups, or a unilateral cochlear injury 
group. Each group contained 10 animals (20 ears).

Preparation of a guinea pig cochlear ultrasound in-
jury model

Guinea pig ear hair was shaved at a diameter of 2 cm, 
after which an intraperitoneal injection of 1% pentobar-
bital sodium was performed on anaesthetised animals. A 
thermostat was fixed to the operating table, and tracheal 
intubation was performed with an animal ventilator 
(MIDMARK). Respiratory rate was maintained at 40-
60 breaths per minute, and blood oxygen saturation was 
maintained at greater than 90%. The left ear mastoid 
area was coated with liquid paraffin, and an ultrasonic 
probe (3 mm diameter) was used to fix the face-fit bone 
surface. Cochlea were irradiated with 50 kHz or 83 kHz 
ultrasonic waves at 100 db for 6 h.

Preparation of a unilateral cochlear damage model
First, an intraperitoneal injection of 1% pentobar-

bital sodium was performed under anaesthesia, with a 
thermostat fixed to the operating table. The organ was 
cut for intubation with the animal ventilator. Respira-
tory rate was maintained at 40-60 breaths per minute, 
and blood oxygen saturation was maintained at greater 
than 90%. A surgical microscope was used to expose 
and damage the bubble.

fMRI detection of cerebral BLOD effects in injury 
models vs. control groups, during the induction of 
bone conduction ultrasound

Respiratory cells were measured by isoflurane gas 
inhalation anaesthesia. Respiratory rate was maintained 
at 40-60 breaths per minute, and oxygen saturation was 
maintained at greater than 90%. Magnetic resonance 
scanning was performed using a Bruker 7.0T Supercon-
ducting Magnetic Resonance Imaging System. A single 
channel, small animal head, high resolution phased ar-
ray coil was used. After positioning the scan, functional 
images were acquired during 50 kHz and 83 kHz bone 
conduction ultrasounds for the unaltered control group, 
50 kHz bone conduction ultrasound for one cochlear in-
jury group, and 83 kHz bone conduction ultrasound for 
the other cochlear injury group. To examine the cerebral 
cortex ROI, within the right ear, a short sound (click) 
was induced, while 83 kHz bone conduction ultrasound 
was induced within the left ear to stimulate cochlear in-

jury. Induction parameters: TR2000, TE20; repetitions: 
600; scan time: 20 minutes; 0-5 minutes of no sound, 
5-10 minutes of sound stimulation, 10-15 minutes of no 
sound stimulation, and 15-20 minutes of sound stimula-
tion.

fMRI analysis procedure
Data pre-processing was performed in SPM12. The 

first 5 five scans in resting conditions were discarded 
to reduce the influence of T1 on contrast of the image 
series.

Each fMRI image series was realigned to reduce mo-
tion artefacts by six-parameter rigid spatial transforma-
tion and six motion parameters were obtained which 
were used in other regressors in the general linear mod-
el.

Co-registration of the structural T1-weighted image 
with the mean fMRI image was performed, by normal-
ised mutual information with a separation of 2 × 1 mm.

Each subject’s structural image was registered onto a 
group reference structural image, by normalised cross-
correlation, with a separation of 4 mm × 2 mm. The 
same transformation matrix was applied onto each sub-
ject’s fMRI image series, and re-sliced as in the group 
reference.

Spatial smoothing of all fMRI images was performed 
in 1 × 1 × 1 mm (approximately 2× resolution).

Pre-processing of results
During realignment steps, subjects were reported 

that displayed a large translation or rotation of the head 
(>3 mm or >3 degree); subjects displaying such head 
artefacts were discarded.

Forty functional MRI image series remained in the 
analysis pipeline, and head movement artefacts were 
observed in 6 images.

Model estimation in SPM12
The adopted model was the general linear model of 

nine regressors and one constant.
Regressor of interest: Activation of the brain region 

upon stimulation over time, which pertains to the left-
most column of the design matrix of the model.

Regressors not of interest: Six head motion parame-
ters over time, the average intensity of the ROI of white 
matter over time, and the average intensity of the ROI 
water content over time.

Designed matrix of the model.
ROI filtering masks of both the white matter (red) 

and cerebrospinal fluid (green) were applied. 
A T-contrast of [1 0 0 0 0 0 0 0 0 0] was used to 

visualise the directional activation of the region upon 
auditory stimuli.

Significant criteria: p(FWE-corrected) <0.05 or 
p(uncorrected) <0.001, were used in the former, to help 
to eliminate the significant noise cluster. 

Significant clusters that lie on the region of interest 
within the fMRI image boundary were reported.

Reference region of interest for auditory pathway 
resolution (Voxel size): 0.549 × 0.549 × 0.5 mm.

The region of interest was based on a previous study 
which revealed activation of the auditory pathway re-
gion of an fMRI, upon listening to a pure tone sound. 
These regions are taken, as reference, to locate the ro-
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the 83 kHz bone conduction ultrasound cochlear injury 
group, Prestin and F-actin fluorescent signals were low-
er than those of the control group in the contralateral 
ear (non-ultrasonic ear) cochlear basement membrane, 
which corresponds to 35 ± 5 µm from the cochlear hair 
cells (Figure 10). However, relative to the same group of 
bone conduction ultrasound irradiated hair cells, Prestin 

dent brain auditory functional area.
A mask was added to the general linear model, to 

restrict the ROI to within the brain region.

Immunofluorescent labelling of Prestin and F-actin 
detection with Phalloidin via confocal microscopy

After the cerebral BLOD effect was tested by fMRI, 
the guinea pigs were sacrificed. The auditory bubble 
was removed and fixed in 4% paraformaldehyde. The 
basement membrane was removed by anatomical dis-
section after 8 hours of immobilisation and stained for 
the cochlea hair cell motor protein, Prestin, via immuno-
fluorescence labelling, in addition to phalloidin staining 
of F-actin. Immunofluorescent images were acquired 
using a confocal microscope.

Immunofluorescence detection reagents and equip-
ment

Primary anti-Prestin 1: Primary (rabbit anti-Prestin 
1:200, Santa Cruz, SC-30163), secondary antibody (Al-
exa Fluor 568 conjugated goat anti-rabbit IgG, 1:1000, 
Molecular probe, A-11011), F-actin microfilm fluores-
cent staining (Alexa Fluor 488 Phalloidin, 1:200, Mo-
lecular probe, A12379), and confocal microscope (Zeiss 
LSM800).

Results

Guinea pig cerebral cortex BLOD effect, fMRI test 
of bone conduction ultrasound-induced injury mod-
els vs. control group

The 50 Khz bone conduction ultrasound-induced 
control group BLOD effect of fMRI was induced in the 
cerebral cortex region of interest (ROI) in four (Figures 
1 and 2) animals, and two normal guinea pigs were suc-
cessfully induced in the cortical ROI with 83 Khz bone 
conduction ultrasound. Two 83 Khz bone conduction 
ultrasound cochlear injury model guinea pigs were suc-
cessfully induced within the cerebral cortex ROI (Fig-
ures 3 and 4), while the 50 Khz ultrasound cochlear in-
jury model failed to induce an effect.

The left cochlear removed group was successfully 
induced, as shown by a cortical BLOD effect within the 
ROI of two guinea pigs. A click induced the ROI for 
the control area, followed by ROI induction with bone 
conduction ultrasound (Figure 5).

Prestin and F-actin detection in control vs. cochlear 
ultrasound injury groups

In the 50 kHz bone conduction ultrasound cochlear 
injury group, from the beginning of the basement mem-
brane, 800 ± 10 µm to 840 ± 5 µm, Prestin fluorescence 
was significantly attenuated compared with the corre-
sponding control group. Furthermore, fluorescent signal 
corresponding to F-actin showed no significant change 
(Figures 6 and 7). In the cochlear injury group, fluores-
cent F-actin staining of outer hair cells was significantly 
lower than that of the control group, while no significant 
change was observed in the inner hair cells (Figure 8).

In the 83 kHz bone conduction ultrasound cochlear 
injury group, from the bottom of the basement mem-
brane, 40 ± 10 µm to 75 ± 5 µm, F-actin fluorescent 
staining of hair cells was significantly attenuated rela-
tive to the corresponding control group (Figure 9). In 

Figure 1. Apoptosis of 50 kHz bone-guided ultrasound cochlear 
injury cortical BLOD ROI (57voxels, four in ten Guinea pigs).

Figure 2. Apoptosis of 50 kHz bone-guided ultrasound cochlear 
injury cortical BLOD ROI (111 voxels, four in ten Guinea pigs).

Figure 3. 83 kHz bone conduction induced by ultrasound in the 
normal guinea pig group cortex BLOD ROI (8 voxels, two in ten 
Guinea pigs).
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and F-actin fluorescent signals were strong (Figure 9).

Discussion

It has been well established that humans can feel 
bone conduction ultrasound, and bone-conducting hear-
ing aids have been developed to improve voice recogni-
tion for patients with severe deafness (12). Currently, 
the success rate of ultrasonic speech recognition re-
mains low, and the interplay between peripheral ultra-
sound sensation and centralised perception mechanisms 
remains unclear.

Ultrasound cochlear electrograms of guinea pigs 
receiving ultrasonic bone conduction channels at 98.8 
kHz and 143.5 kHz have revealed that ultrasound ter-
minal receptors are located within the cochlea, and ul-
trasound signals are detected by inner hair cells. Fur-
thermore, studies on the generation of bone conduction 
ultrasound hearing aids, have shown a 40% ultrasound 
language recognition rate in patients with severe senso-
rineural hearing loss and normal balloon function, lead-
ing to the hypothesis that ultrasound peripheral recep-
tors are in the balloon.

In addition, analysis of the conduction of ultrasonic 
signals by human bone has suggested that the peripheral 
organs that detect ultrasound waves are located in the 
cochlea (13). Some scholars also believe that the bone 
conduction of ultrasound may directly stimulate spiral 
ganglion and the brain stem, both of which are expected 
to play a role in the detection of ultrasound (14). Ex-
periments using an ultrasound Doppler have shown that 
ultrasound is detected, in humans, through vibration of 
the human cochlea basement membrane and the round 
window bones (15).

Figure 5. Localisation of BLOD in the cortex of the left cochlea 
removed group induced by bone-guided ultrasound and normal 
guinea pig cortex BLOD active area (control area) by right ear 
click ventilation (two guinea pigs).

Figure 4. 83 kHz bone conduction induced by ultrasound in the 
83 kHz bone conduction ultrasound cochlear injury group cortex 
BLOD ROI (10 voxels, two in ten Guinea pigs).

Figure 6. Normal guinea pig basement membrane initial segment 
hair cell microfilament protein (F-actin), with phalloidin staining 
(green), using laser confocal detection, ×400 times (Red arrow for 
the inner hair cells, yellow arrow point to the outer hair cells, ten 
guinea pigs).

Figure 7. The 50 kHz bone conduction ultrasound cochlear injury 
model group from the basement membrane at the beginning of the 
segment, from 800 ± 10 µm to 840 ± 5 µm range of hair cell mo-
tor protein (Prestin) immunofluorescence (red) + microfilament 
protein (F-actin) phalloidin staining (green) laser confocal detec-
tion, outer hair cell damage, inner hair cells, and compared with 
the normal group, there was no significant change (Red arrow for 
the inner hair cells, yellow arrow point to the outer hair cells,ten 
guinea pigs), × 400 times.
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Masked ultrasound language modulation tests have 
been employed by various research groups to test verbal 
recognition rates. Studies using this test have shown that 
ultrasound language in patients with severe deafness is 
processed differently from non-adjusted ultrasound lan-
guage signals, while normal sounds are perceived simi-
larly. This suggests that ultrasonic stimulation plays an 
important sensory role in patients with severe deafness 
(10). Ultrasonic signals can also evoke cortical poten-
tials in rats and alter behavioural responses in mice (16).

Mice emit ultrasonic signals up to 70 kHz and sense 
signals up to 100 kHz. As human and guinea pig coch-
lea have substantial structural and physiological simi-
larities, we selected guinea pigs as our research model 
for this study. To establish an ultrasound cochlear in-
jury model, we irradiated guinea pigs for six hours with 
different frequencies of bone conduction ultrasonic 
signals. Different frequencies of bone conduction ultra-
sound have been observed to differ in their effects on 
succinate dehydrogenase activity within hair cells (11).

In our experiment, we used low frequency bone con-
duction ultrasound at 50 kHz and high-frequency bone 
conduction ultrasound at 83 kHz to irradiate guinea pig 
cochlea for six hours, and performed an immunofluo-
rescence analysis of Prestin, and Phalloidin staining of 
F-actin. We discovered that low frequency ultrasound 
damages specific regions of the outer hair cells. Further-
more, high frequency bone conduction ultrasound at 83 
kHz causes internal and external hair cell damage.

We used 50 kHz and 83 kHz bone conduction ultra-
sound to induce injury in normal guinea pigs, and ex-
amined the cerebral BLOD effect within a specific ROI. 
There were 4 (50 kHz) and 2 (83 kHz) bone conduction 
ultrasounds in 10 normal guinea pigs that were found 
to induce the cerebral cortex ROI, while 10 cases of the 

Figure 8. The 50 kHz bone conduction ultrasound cochlear injury 
model group from the basement membrane at the beginning, from 
800 ± 10 µm to 840 ± 5 µm range of microfilament protein (F-ac-
tin) phalloidin staining (green) laser confocal detection, outer hair 
cell damage, inner hair cells, and compared with the normal group, 
there was no significant change (Red arrow for the inner hair cells, 
yellow arrow point to the outer hair cells,ten guinea pigs), × 400 
times.

Figure 9. The 83 kHz bone conduction ultrasound cochlea injury 
model group from the basement membrane at the beginning of the 
segment, from 40 ± 10 µm to 75 ± 5 µm range cochlear hair cells 
microfilament protein (F-actin), phalloidin staining (green), laser 
confocal detection, and inner hair cells, outer hair cell fluorescence 
were weakened (Red arrow for the inner hair cells, yellow arrow 
point to the outer hair cells, ten guinea pigs), × 400 times.

Figure 10. The 83 kHz bone conduction ultrasound cochlear in-
jury model group of the contralateral ear (non-direct ear) from the 
beginning of the basement membrane at the beginning from 40 ± 
10 µm to 75 ± 5 µm range of hair cell motor protein (Prestin) im-
munofluorescence (red) + microfilament protein (F-actin), phalloi-
din staining (green), laser confocal detection, and inner hair cells, 
outer hair cell injury (Red arrow for the inner hair cells, yellow 
arrow point to the outer hair cells,ten guinea pigs), × 400 times.
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50 kHz bone conduction ultrasound in the injury model 
failed to induce the cerebral cortex ROI. Only 2 cases of 
83 kHz bone conduction ultrasound in the injury mod-
el induced the cerebral cortex ROI. The different fre-
quencies of bone conduction ultrasound signal-induced 
cerebral cortex ROI did not completely overlap, which 
indicates that the sensation of lower frequency ultra-
sound requires the participation of peripheral cochlear 
hair cells, while higher frequencies require additional 
receptors. 

In our experiment, low frequencies of bone conduc-
tion ultrasound induced cochlear resection of the lateral 
cerebral cortex ROI, which further demonstrates that 
low frequency bone conduction ultrasound signals are 
sensed by peripheral cochlear hair cells. Bone conduc-
tion ultrasound induces a low specific cerebral cortex 
ROI ratio, which may be related to the lack of ideal 
acoustic shielding and the induced parameters of bone 
conduction ultrasound signals. Such parameters require 
further improvement. In addition, the standardisation of 
animal anaesthesia needs to be addressed.

In this study, we found that low and high frequency 
bone conduction ultrasound irradiation of guinea pig 
cochlea causes a variety of injuries within the hair cell 
region. Low frequency ultrasound irradiation of guinea 
pig cochlea mainly damages the outer hair cells, while 
high frequency bone conduction ultrasound injures both 
inner and outer hair cells. Hair cell space is involved in 
peripheral code recognition of low frequency ultrasonic 
signals. High frequency bone conduction ultrasound 
stimulates spiral ganglion or the brain stem-related nu-
cleus, which directly experience the ultrasound signal. 
Different areas in the guinea pig cortex recognise acous-
tic signals of various frequencies, and the size of each 
recognition area is unique.
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