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Abstract: Objective: To determine if decreased Cu/Zn superoxide dismutase (SOD1) levels in inner pillar cells is 
associated and diminished inner hair cell ribbon synapse plasticity in presbycusis. Methods: We evaluated the 
auditory brainstem responses (ABRs) of 2-, 5-, 6-, and 7-month-old C57BL/6J mice. ABRs were obtained using 
clicks and 4-, 12-, and 32-kHz tone bursts. Cochleae were collected immediately after audiometric assessment 
for Western blot analysis. The inner and outer hair cells and the inner hair cell ribbon synapses were separately 
counted. Frozen tissue sections were exposed to immunofluorescent staining for examine of SOD1 expression in the 
cochlea. Results: ABR thresholds were elevated in the 6- and 7-month groups. The maximal elevation was detected 
at 32 kHz. Distortion product otoacoustic emission amplitudes decreased in the mice at 5 months. SOD1 levels in 
the cochlea decreased as the mice aged. A reduction of SOD1 in the inner pillar cells was detected. Hair cell count-
ing showed an apparent decrease in OHCs from 6 months onwards. The mean number of ribbon synapses was 17.2 
± 1.4, 17.7 ± 2.74, 12.8 ± 0.95, and 9.7 ± 3.08 in the 2-, 5-, 6-, and 7-month groups, respectively. This number 
significantly decreased with increasing age (P < 0.05). Conclusion: Our study revealed that age-related hearing loss 
(ARHL) of C57BL/6J mice was caused by multi-site degeneration in the cochlea. Decreased expression of SOD1 in 
the cochlea is consistent with changes in the hearing threshold. Decreased SOD1 levels in the inner pillar cells may 
lead to diminished basilar membrane vibration and a reduction in the number of ribbon synapses, which plays an 
essential role in age-related hearing loss (ARHL). 
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Introduction

Presbycusis or age-related hearing loss (ARHL) 
is the most frequent neurodegenerative disor-
der and communication deficit in the elderly [1]. 
ARHL has a multifactorial etiology that includes 
overexposure to sound, certain drugs, and 
aggravating factors, such as diabetes and 
hypertension. While the cumulative damage 
resulting from long-term exposure to noise or 
other insults greatly contributes to the develop-
ment of presbycusis [2], ARHL has been 
observed even without such exposures, such 
as animals raised in quiet environments [3]. 
Reactive oxygen species (ROS) and reactive 
nitrogen species (RNS) have also been impli-

cated in the age-related decline of auditory 
function. The free radical theory attributes 
aging to the cumulative damage caused by ROS 
[4, 5]. Animal studies have shown that a defi-
ciency of antioxidant enzymes accelerates the 
aging process. For example, the age-related 
loss of cochlear hair cells is significantly higher 
in mice that do not express superoxide dis-
mutase 1 (SOD1) [6], and susceptibility to 
noise-induced loss of hearing is enhanced in 
mice that lack glutathione peroxidase 1 (GPX1) 
and SOD1 [7, 8].

Research on the cochlear pathologies underly-
ing presbycusis has provided insight into the 
associated molecular pathways and has impli-
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cated the inner hair cell (IHC) ribbon synapses 
as the primary target of these pathways [9]. 
Inner pillar cell (IPC) microtubules are connect-
ed to sensory hair cells by substantial cell junc-
tions at the pillar cell apices, which opens ion 
channels in the IHCs membrane indirectly. The 
consequent influx of current through these ch- 
annels alters the membrane potential, which in 
turn affects the rate of release of the ribbon 
synapse from the IHC of a synaptic transmitter 
[10]. Damage to the IHCs or adjacent areas dis-
rupts neurotransmission at the ribbon synaps-
es, which is essential for hearing. The ribbon 
synapses have been shown to be the primary 
pathological target in noise- and gentamicin-
induced auditory dysfunction [11-13], and so- 
me researchers believe that a change in ribbon 
synapse plasticity is the first step in the devel-
opment of presbycusis [14].

However, the relationship between SOD1 defi-
ciency and ribbon synapse loss remains unkn- 
own. It is also not definitively known whether 
the ribbon synapse is the primary target organ 
in ARHL. Therefore, the aim of this study was to 
determine the association of SOD1 deficiency 
with ribbon synapse loss and ARHL in mice. We 
found that not only metabolic disorders could 
cause reductions in releasing the ribbon syn-
apse, but also apparent changes in SOD levels 
in IPCs was detected, which may affect nerve 
transduction in another manner.

Materials and methods 

Experimental animals

C57BL/6J mice aged 2, 5, 6, and 7 months 
were obtained from the Experimental Animal 
Center of Dalian Medical University. Twenty mi- 
ce weighing 20-30 g each with a normal auricu-
lar reflex were chosen from each age group, re- 
gardless of gender. Mice with middle ear or in- 
ner ear diseases were excluded. This study co- 
mplied with the Guide for the Care and Use of 
Laboratory Animals of the National Institutes of 
Health. Ethical approval for the experimental 
protocol was granted by the ethics committee 
of Dalian Medical University. All surgeries were 
performed under anesthesia and all possible 
efforts were made to minimize the suffering of 
animals.

Experimental procedure

Mice were sedated with ketamine (100 mg/kg, 
i.p.) and xylazine (10 mg/kg, i.p.) at a dose of 

0.1 mL/kg (Sigma, San Francisco, CA, USA) be- 
fore the audiometry assessments. We first ex- 
amined the auditory function of the mice by 
using click hearing thresholds, tone bursts, and 
distortion product otoacoustic emissions (DP- 
OAEs). The mice were then decapitated under 
deep anesthesia. The cochleae were surgically 
removed. One cochlea of each mouse was ma- 
de into a surface preparation. Part of the other 
cochlea was stored at -80°C and subsequently 
used for Western blot analysis. The remainder 
of the cochlear tissue was used for frozen sec-
tion analysis and immunohistochemistry analy-
sis. In this study, 10 cochleae of each group 
were used for Western blot analysis, and 10 
cochleae were used for frozen section analysis. 
For surface preparations and frozen sections, 
the round and oval windows of the cochlea 
were opened and perfused overnight with 4% 
paraformaldehyde. 

Auditory assessments

Auditory brainstem response (ABR) audiometry 
was performed for both ears (Intelligent Hearing 
Systems, Miami, FL, USA). The assessors were 
blinded to the animal groups. We used the Sm- 
art-EP software (v2.21, Intelligent Hearing Sys- 
tems, Miami, FL, USA) to generate specific aco- 
ustic stimuli as well as to amplify, measure, and 
display the evoked brainstem responses. We 
placed the reference electrode on the vertex, 
the recording electrode on the mastoid of the 
ear being tested, and the ground electrode on 
the contralateral ear (Figure 1A). Auditory stim-
uli consisting of broadband clicks and 4-, 12-, 
and 32-kHz tone bursts were delivered to the 
animals via insert earphones (Intelligent Hea- 
ring Systems, Miami, FL, USA). Auditory thresh-
olds based on wave III visibility and reproduc-
ibility was determined by changing the sound-
pressure levels in 5-dB increments and decre-
ments. The auditory threshold was defined as 
the lowest level that elicited a recognizable 
ABR (at least two reproducible peaks; Figure 
1B).

We measured DPOAEs with an ER-10B+ micro-
phone (Etymotic Research, Elk Grove Village, IL, 
USA) and two EC1 speakers. We used stimuli 
consisting of the primary tones f1 and f2, such 
that the ratio of f2 to f1 was 1.2. The intensities 
of f1 and f2 were 65 dB and 55 dB, respec-
tively. These intensities were increased from 8 
kHz to 32 kHz in 1/2-octave increments. The 
stimuli were digitally generated and attenuated 
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(200-kHz sampling). The sound pressure in the 
ear canal was pre-amplified and digitized. We 
measured amplitudes of 2f1-f2 against the 
baseline (Figure 1C).

Western blot analysis

Western blot analysis was used to determine 
the SOD1 levels in the cochleae of mice. The 

Figure 1. Auditory brainstem response (ABR) and distortion product otoacoustic emission (DPOAE) amplitudes in 
the four groups. A. Electrode placement. B. ABR waveforms evoked by clicks showing how to determine the hearing 
threshold with wave III. C. DPOAE assessment, with f1 and f2 connected to the earpiece. The f2 was set at 4, 8, 16, 
and 32 kHz. The f2/f1 ratio was set at 1.2. The intensity of f2 was 55 dB, and that of f1 was 65 dB. Amplitudes of 
2f1-f2 were measured. D. The hearing threshold is elevated in the 6- and 7-month groups, especially at high fre-
quencies (*P < 0.05, **P < 0.01). E. DPOAE amplitudes are decreased in the 5-month group. The amplitudes for 
high frequencies decreased first (*P < 0.05, **P < 0.01).
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analysis was performed using an automated 
device (Wes Simple Western Analysis, Protein 
Simple, San Jose, CA, USA) according to the 
manufacturer’s instructions. We performed ini-
tial titrations to optimize the antibody and total 
protein concentrations for each protein. In 
brief, the cochlea were washed with saline, fro-
zen in liquid nitrogen, and stored at -80°C until 
analysis. For this assay, the cochlear tissue 
samples were pulverized and centrifuged for 
10 min at 1,000 g and 4°C. The precipitate was 
quantitatively analyzed using BCA kits (Biyun- 
tian, Shanghai, China) and the Protein Simple 
Wes System (capillary method). The internal 
reference was actin (Abcam, Cambridge, UK), 
and the primary antibody was goat anti-mouse 
SOD1 polyclonal antibody (Abcam, 1:100, ab6- 
2800, Cambridge, UK).

Cochlear tissue processing

As stated earlier, one cochlea of each mouse 
was made into a surface preparation. For this 
purpose, the cochlear shell was decalcified in 
10% ethylenediaminetetraacetic acid (EDTA) 
for 8 h. Then, the basal turn was separated in 
0.01 mmol/L phosphate-buffered saline (PBS) 
under a dissection microscope. Next, the apical 
turn was separated, and the vestibular and tec-
torial membranes were removed.

The other cochlea was decalcified in 10% EDTA 
for 4 days and subsequently made into a frozen 
section. After the decalcification, the cochlea 
was washed in PBS and placed overnight in a 
30% saccharose solution under agitation at 
4°C for cryoprotection of the tissue. Appropri- 
ately oriented frozen specimens of the inner 
ear were sectioned at 40-µm intervals, mount-
ed on slides, dried, and cover slipped.

Immunohistochemistry and confocal micros-
copy

The basilar membrane was washed thrice in 
0.01 M PBS and pre-incubated in a blocking 
solution (5% normal donkey serum in 0.01 M 
PBS) for 30 min at room temperature. After 
this, the slide was incubated overnight at 4°C 
with the following primary antibodies: rabbit 
anti-mouse anti-C terminal-binding protein 2 
(CtBP2) antibody (dilution, 1:200; ab128871, 
Abcam, Cambridge, UK) and goat anti-mouse 
SOD1 monoclonal antibody (1:200) antibody. 
The specimens were again washed thrice in 

0.01 M PBS and then incubated for 60 min at 
room temperature with the following fluoresce-
in isothiocyanate-conjugated antibodies: don-
key anti-rabbit 488 (dilution, 1:100; ab150073, 
Abcam, Cambridge, UK) and donkey anti-goat 
568 (dilution, 1:100; ab175704, Abcam, Cam- 
bridge, UK). Next, the specimens were again wa- 
shed thrice. The basilar membrane was stained 
with 4,6-diamidino-2-phenylindole (DAPI; Santa 
Cruz, San Antonio, TX, USA), cover slipped, and 
examined under a dissection microscope.

To detect the ribbon synapse, we examined the 
samples by using fluorescent microscopy. We 
counted the number of spots that were positive 
for RIBEYE/CtBP2 by examining the specimens 
under a laser scanning confocal microscope 
(Olympus FV1000, Tokyo, Japan) equipped with 
a 180× oil immersion objective lens. Scanning 
was performed with excitation wavelengths of 
488 nm and 647 nm. As mature IHC ribbon syn-
apses typically measure 150-200 nm, we sele- 
cted a scanning interval of 0.2 mm to ensure 
that each synapse was counted.

The frozen sections were stained in the same 
way as above, with the following antibodies: go- 
at anti-mouse SOD1 polyclonal antibody (dilu-
tion, 1:100) and donkey anti-goat 488 (dilution, 
1:200). The frozen sections were placed in 
Vectashield (Vector Laboratories, Burlingame, 
CA, USA) with DAPI to stain the nuclei, cover 
slipped, and examined using a fluorescent mi- 
croscope.

Cochlear ribbon synapse counting

We examined two-dimensional images obtained 
using serial scanning to identify and count the 
IHC ribbon synapses. Serial scans from top to 
bottom were examined using the 3Ds Max soft-
ware (Olympus, Tokyo, Japan). We magnified 
the images by using the ‘zoomed top view’ tool 
of the software. Green fluorescent spots, which 
indicated pre-synaptic ribbons, were identified 
on each image by placing a round marker on 
the spot. The size of the marker was adjusted to 
match the area of the spot. Every image served 
as the reference for the subsequent image, and 
green fluorescent spots counted in the previ-
ous image were skipped in the next image if 
they were in the same location. Furthermore, 
only two consecutive images could overlap. 
After examining all the images, we calculated 
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the total number of spheres by using the layer 
manager of the 3Ds Max software [11]. 

Hair cell counting

The hair cells in the confocal images were co- 
unted using the Image J 1.45s software. All the 
IHCs and outer hair cells (OHCs) in a 160×65 
mm area were counted under a 60/1.4 NA 
objective lens of a confocal microscope. DAPI-
labeled cells were identified as hair cells, and 
IHCs and OHCs were differentiated by their 
morphological features and their positions rela-
tive to supporting cells. We counted the hair 
cells within areas situated at 20%, 40%, 60%, 
and 80% of the distance from the apex of the 
basilar membrane (Figure 2A). Five images 
were examined for each cochlea.

Statistical analysis

All statistical analyses were performed using 
SPSS (IBM Corporation, Somers, NY, USA). Da- 

ta were expressed as mean ± SEM. The ABR au- 
diograms (specifically SPL thresholds) of each 
age group were compared across frequencies 
and within individual frequencies by using the 
one-way analysis of variance (ANOVA) and the 
Tukey post-hoc multiple comparison test. Hair 
cell counts at different distances in the cochlea 
were analyzed using two-way ANOVA and the 
Student t-test with the Bonferroni correction. 
The number of synapses was compared using 
one-way ANOVA. P-values < 0.05 indicated sta-
tistical significance. The correlation between 
the number of synapses and the ABR thresh-
olds was examined using linear regression an- 
alysis.

Results

Changes in ABR audiograms

Click-induced ABR thresholds increased with 
age from 2 to 7 months as follows: 17.25 ± 

Figure 2. Hair cell counts in different month groups. A. The method and the site in the cochlea to count OHC and 
IHC. We counted the hair cells within areas situated at 20%, 40%, 60%, and 80% of the distance from the apex of 
the basilar membrane (bar = 250 μm). B. OHCs in the low- and high-frequency areas (20% and 80% from apex to 
bottom) on the basilar membrane are slightly decreased in the 6-month group (89.7% and 84.5% cells survival, re-
spectively) and significantly decreased in the 7-month group. The number of OHCs in the middle turn was relatively 
stable (bar = 25 μm). C. In the 6-month group, high-frequency IHCs lose 21.1%, the decrease in low frequency was 
not statistically significance (4.6%, P > 0.05). Apparent IHC disruption was detected from 7 months onwards and 
was confined to the high-frequency areas.
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2.55, 18.75 ± 4.55, 33.0 ± 4.97, and 47.25 ± 
4.13 dB SPL. Significant increases in ABR thre- 
sholds were seen from 6 months onward (P < 
0.05; Figure 1D). The maximal threshold eleva-
tion was detected at 32 kHz. The ABR thresh-
olds for 32-kHz tone bursts in the four age gr- 
oups (from 2 to 7 months) were 14 ± 3.08, 
23.75 ± 6.46, 40.75 ± 6.74, and 62.75 ± 4.12 
dB SPL, respectively (P < 0.05; Figure 1D).

Unlike the ABR thresholds, DPOAE amplitudes 
decreased much earlier. The DPOAEs in the 
5-month group at 4, 12, and 32 kHz were 31.3 
± 3.2, 30.3 ± 4.6, and 36.5 ± 10.7 μV, respec-
tively. The amplitude of the highest frequency 
decreased first. The mid- and low-frequency 
DPOAEs decreased with increasing age (P < 
0.05; Figure 1E).

Changes in SOD1 content in the cochlea and 
organ of Corti

We examined the SOD1 levels in the cochlea by 
Western blot analysis. A gradual decrease oc- 
curred with increasing age (Figure 3A). Frozen 
sections showed normal morphology of the 
organ of Corti. SOD1 was broadly expressed in 
the organ of Corti, but highly accumulated in 
the hair cells and support cells, especially in 
the IPC. SOD1 expression in the organ of Corti 
decreased from 6 months onwards (Figure 3B). 
Although we could not visualize the IPC nucleus 
due to its deep location (Figure 4A), we could 
detect a consistent age-dependent decrease of 

SOD1 in the IPCs when observed in the cochle-
ar sections (Figure 4B). 

Changes in hair cell counts

An analysis of the hair cell counts showed that 
the number of OHCs in the low- and high-fre-
quency areas (20% and 80% from apex to bot-
tom, respectively, Figure 2B) on the basilar 
membrane had no statistically change until 6 
months (in the basal turn, only 84.5% cells sur-
vival, P < 0.05). The middle-turn OHC counts 
were relatively stable (Figure 2B). Apparent IHC 
disruption was detected from 7 months, but 
only the high-frequency area was affected 
(Figure 2C). The rate and extent of IHC reduc-
tion were lower than those of OHC reduction.

Changes in ribbon synapses

We identified IHC-spiral ganglion neuron (SGN) 
synapses with an antibody against RIBEYE/
CtBP2, which is a pre-synaptic protein specific 
to ribbon synapses (Figure 4B). We counted 10 
IHCs each from the apical, middle, and basal 
turns (total, 30 IHCs) in each cochlea. The num-
ber of synapses did not significantly differ 
between the different turns (P > 0.05). The me- 
an number of ribbon synapses was 17.2 ± 1.4, 
17.7 ± 2.74, 12.8 ± 0.95, and 9.7 ± 3.08 per 
IHC in the 2-, 5-, 6-, and 7-month groups, 
respectively (Figure 4B, 4C). This number sig-
nificantly decreased with increasing age (P < 
0.05).

Figure 3. SOD1 content in the cochlea. A. SOD1 content in the cochlea was quantified using Western blot analysis. 
The amount of SOD1 decreased with age. B. In the organ of Corti, SOD1 was expressed primarily in the inner hair 
cells and inner pillar cells. SOD1 deficiency was detected in the 6-month and 7-month groups (bar = 25 μm).
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Linear regression analysis revealed that chang-
es in click-induced ABR thresholds correlated 
with the number of synapses and the peak ABR 
threshold coincided with the maximum loss of 
synapses (Figure 4D).

Discussion

The SOD1 antibody was used to detect the 
SOD1 protein. Of the three known isoforms of 
SOD, Cu/Zn SOD is the most abundant in the 

cochlea, comprising approximately 74% of the 
total SOD activity [9]. In Long-Evans rats, Cu/Zn 
SOD is distributed throughout the cochlea, with 
intense immunoreactivity in Reissner’s mem-
brane, the poststrial region of the spiral liga-
ment, inner and outer hair cells, and the sup-
porting cells of the organ of Corti [15].

SOD1 is the primary defense against free radi-
cal-induced damage. It converts the superoxide 
radical to less reactive hydrogen peroxide and 

Figure 4. Changes in synaptic ribbons, SOD1 content in IPCs, and the relationships between the change of RS and 
the hearing threshold. A. The pattern diagram showed the structures of organ of Corti. A single row of IPCs was 
between the three-row OHCs and one-row IHCs. For the down location of IPCs nucleus, we could not see the IPCs 
nucleus in the sections. B. Pre-synaptic protein in the ribbon synapse (green spots) and SOD1 (red spots). The num-
ber of ribbon synapses decreased with age (bar = 25 μm). C. The mean number of ribbon synapses was 17.22 ± 
1.4, 17.7 ± 2.67, 12.77 ± 0.92, and 9.56 ± 3.06 per IHC in the 2-, 5-, 6-, and 7-month groups, respectively. D. Linear 
regression analysis showed that changes in click auditory brainstem response (ABR) thresholds correlated with the 
number of ribbon synapses, with the maximal elevation of ABR thresholds being synchronized to the maximal loss 
of synapses.
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oxygen. Hydrogen peroxide is then further con-
verted to water and oxygen by either catalase in 
the peroxisomes or GPX in the mitochondria 
and cytoplasm [16]. A failure to scavenge these 
oxidants leads to the damage of DNA, lipids, 
and proteins [17]. The damaged lipids can then 
lead to calcium influx and further cellular patho-
logical changes [18, 19]. In our study, we found 
that the SOD1 content in the cochlea obviously 
declined with growth, demonstrating an age-
related deficiency in oxidative scavenging func-
tion. In accordance with the Western blot data, 
frozen sections showed that SOD1 expression 
in the IHCs and IPCs reduced with age. McFad- 
den et al. reported that unlike wild mice, SOD1-
knockout mice had deteriorated hearing, imply-
ing that SOD1 deficiency led to the degenera-
tion of cochlear hair cells, which proved that 
oxidative stress is early indicator of age-related 
changes of the cochlear [6].

Moreover, oxidative stress induces the hyper-
phosphorylation of tau proteins through the 
inactivation of protein phosphatase 1 and 2A, 
causing abnormal tau aggregation and block-
ing synaptic vesicle trafficking [20]. Thus, low 
SOD1 levels lead to the deficient scavenging of 
mitochondrial ROS, which in turn results in sig-
nificant synaptic injury.

This is the first study to report on the changes 
in the expression of SOD1 in the IPCs of aging 
cochlea. The amount of SOD1 expressed in the 
IPCs is small and not easily observed. Our study 
implicated besides the traditional pathway as 
above, decreased SOD1 expression in IPC plays 
an important role in reducing sound transduc-
tion. The tunnel of Corti and PCs are unique 
mammalian structures. As supporting cells, 
one of the primary functions of IPCs is to nour-
ish and support IHCs. The columnar epithelial 
cells that contain very large apico-basally-ori-
ented transcellular microtubule bundles [10]. 
They provide excellent opportunities for analy-
sis of the assembly of cell surface-associated 
microtubule arrays. Pillar cell microtubules are 
connected to sensory hair cells by substantial 
cell junctions at the pillar cell apices. The basal 
ends of pillar microtubules help to anchor hair 
cells to a basement membrane that does not 
make direct contact with the hair cells [21]. A 
tunnel formed by IPCs occurs in response to 
selective pressures related to increased audi-
tory acuity and perception of high frequencies 
[22]. Hence, the micromechanical properties of 

pillar cells and their microtubules must inevita-
bly have a marked influence on the acoustical-
ly-promoted vibrations of hair cells and electro-
neurographic signal transmissions [10], which 
is by the ribbon synapse. There is a high con-
centration of microtubule ends in the subapical 
layer, especially near its edges. To support the 
energy requirement, high metabolism should 
occur in the subapical edge of IPCs. This hypo- 
thesis was supported by our findings that highly 
concentrated SOD1 is observable in the apical 
portions of the IPCs.

The loss of the cochlear hair cells and SGNs is 
the foundation of permanent hearing loss, as 
these cells do not regenerate after death. 
Moreover, hair cell death is followed by the sec-
ondary loss of SGNs, as the afferent dendrites 
of the SGNs retract [23]. In older mice that have 
never been exposed to loud noises, the reduc-
tion in the afferent SGN-IHC innervation pre-
cedes SGN loss, suggesting that the ribbon 
synapse is the one of the primary sites of path-
ological changes in ARHL [24].

Whether the OHC or the ribbon synapse is the 
primary target of presbycusis remains unclear. 
A number of studies have found that ribbon 
synapses are vulnerable to noise and ototoxic 
chemicals [11, 13], but other studies have indi-
cated that DPOAEs changed first in presbycusis 
[25, 26]. Interestingly, the first change that we 
detected in our study was in the DPOAE ampli-
tudes at high frequencies, which occurred at 
the age of 5 months. Although a small decrease 
in low-frequency OHCs was detected in the 
5-month group, the relevant DPOAE amplitudes 
did not change. We believe that this may be due 
to the four-line structure of the OHCs in the 
cochlear apex, which contributes to a higher 
compensatory ability. However, no shift in ABR 
thresholds was detected at this time. Elevation 
of the ABR thresholds was detected in 6-month-
old mice and was accompanied by an obvious 
decrease in ribbon synapses. Linear regression 
analysis revealed that changes in click ABR 
thresholds were correlated with the total num-
ber of ribbon synapses. A significant decrease 
in hair cells occurred at nearly 7 months. Thus, 
impaired OHC function preceded ribbon syn-
apse loss in ARHL.

In a recent study, Parthasarathy and Kujawa 
[27] found that a progressive decrease in coch- 
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lear synapses causing deficits in temporal cod-
ing was the main cause of ARHL in CBA/CaJ 
mice, and also contributed to supra-threshold 
sound processing. Furthermore, the authors 
found that the changes in synapses preceded 
those in the hair cells. This difference may have 
resulted from the use of different animal spe-
cies. The C57BL/6J (C57) mouse strain is a 
model of early-onset hearing loss, while the 
CBA mouse strain is a model of relatively late-
onset hearing loss. Compared with CBA mice, 
C57 mice showed earlier onset of high-frequen-
cy hearing loss and decreased OHC function, 
especially in high-frequency regions. One study 
compared DPOAE and morphological changes 
between CBA and C57 mice, and found that 
C57 mice exhibited more severe pathological 
changes within the cochlea and significantly 
lower OHC lengths in all three OHC rows in the 
basal turn than CBA mice of the same age [28].

It has been reported that in C57BL/6J mice, 
hearing disorders are first identified around 
6-10 months of age [29], which is consistent 
with our results. We analyzed the SOD1 content 
in the organ of Corti and showed that SOD1 is 
primarily expressed in the IHCs and inner pillar 
cells. This expression was downregulated with 
increasing age and hearing loss. These findings 
are consistent with oxygen free radical theory 
and support the notion that ozone therapy, anti-
oxidant treatment, fasting or other actions can 
inhibit cell damage or promote cell survival 
[30]. 

It is rather unlikely that a single mechanism 
accounts for SOD1 decrease-induced ribbon 
synapse loss, considering the cumulative and 
multifactorial nature of the damage. Further 
studies are needed to deepen our understand-
ing of ARHL, for example, presbycusis animal 
experiments, proteomics analyses, and high-
throughput genome sequencing. Advances in 
the methods for delivering drugs to the inner 
ear may facilitate the development of new and 
better presbycusis therapies.

Conclusion

SOD1 is present in the organ of Corti and is 
especially high in IPCs. SOD1 levels in the 
cochlea are related to the hearing threshold. 
Since IPCs support the IHCs and the conduc-
tion of vibration from the external lymphatic 
fluid, decreased SOD1 levels in the IPCs may 

play a key role in ARHL. Inner hair cells release 
the ribbon synapse depending on the vibration 
excitation, so impaired function of the IPCs may 
reduce the overall neural transmission. This 
study demonstrates the initial change of DPOAE 
in aging cochlea. Although the decrease in DP- 
OAE amplitude precedes ribbon synapse loss, 
the number of ribbon synapses is correlated 
with ABR thresholds. Our study revealed that in 
C57BL/6J mice, ARHL was caused by multi-site 
degeneration in the cochlea. However, there 
are no known methods for measuring the IPC 
vibration, and the exact mechanism by which 
IPCs affect IHCs requires further investigation.
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