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Abstract: Hearing loss can occur with aging. However, there remains debate about which cochlear component is the
most susceptible to aging insult and the consequent pathological events responsible for age-related hearing loss.
In this study, we used C57BL/6J mice to mimic the process of aging, and the auditory brainstem response (ABR)
thresholds of aging mice were examined at different stages of aging (1, 2, 4, and 6 months [M]). The lifespan of 4
M was considered to be the early stage of aging. Inmunostaining combined with laser confocal microscopy was em-
ployed to identify RIBEYE/CtBP2, a marker of cochlear ribbon synapses, and a quantitative analysis of the synaptic
ribbon was carried out. The function of the ribbon synapse was estimated by amplitude alterations of ABR wave I.
Furthermore, endocytosis of the inner hair cells was also detected using the fluorescence labeling dye FM1-43. We
found that the loss of ribbon synapses in the early stage of aging occurred prior to hair cell or auditory nerve loss
and was the initial pathological change. Additionally, the loss of ribbon synapses, including the quantity and func-
tion of synapses, was found to correspond to the elevations of the hearing threshold across frequencies. Moreover,
a significant reduction in the endocytosis function of the inner hair cells was identified in the early stage of aging.
Therefore, our study indicated that the reduction of cochlear ribbon synapses occurred at an early stage of aging
and could be responsible for the consequent hearing loss.
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Introduction

Age-related hearing loss (ARHL), or presbycu-
sis, is a progressive and pathological process
that results from age-related degeneration of
the cochlea and central auditory system [1]. It
affects almost half of individuals over the age
of 75 years [2]. It is characterized by significant
elevations in the hearing threshold with reduc-
tions in speech discrimination and difficulty in
localization of sound sources, particularly in
noisy environments [3]. Previous studies have
shown that the loss of outer hair cells (OHCs),
damage to the stereocilia, and degenerated
alterations of the auditory nerves are possible
mechanisms underlying ARHL [4-7]. However,
recent studies have reported that these degen-
erative morphological changes in the cochlea
occur after the onset of the hearing disorder
[8-10]. For example, specific noise exposure
can cause hearing loss coupled with intact
cochlear hair cells, stereocilia, and spiral gan-
glion neurons (SGNs) [11, 12], which suggests
that other cochlear components may be

responsible for hearing loss. Both the ototoxic
drugs such as gentamicin, and noise exposure
have been proposed to cause a loss of ribbon
synapses, which account for hearing impair-
ment [10, 13]. Ribbon synapses of the inner
hair cells (IHCs), submicrometer, electron-
dense structure tethering synaptic vesicles, are
formed on the cochlea with a powerful function
specialized for encoding acoustic signals with
high temporal precision over long periods [14,
15]. It has been reported that aging cochlea
could form unexpected folded endings in the
postsynaptic nerve terminals [16, 17], suggest-
ing that aging could affect the morphologies
or function of ribbon synapses. However, it
remains unclear whether the quantity and func-
tion of the ribbon synapse are initially disrupted
and thus contribute to the consequent hearing
loss during aging.

In this study, we aimed to verify whether cochle-
ar ribbon synapses are vulnerable to aging
insult in C57BL/6J mice, a widespread model
for ARHL. We explored the correlation between
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the number and function of ribbon synapses
and the reduction of hearing function in the
early stage of aging. We found that the loss of
cochlear ribbon synapses is an initial pathologi-
cal event in the early stage of aging, which
causes hearing loss and may consequently
induce loss or damage to other cochlear com-
ponents, such as IHCs, and SGNs.

Materials and methods
Animals

Healthy SPF C57BL/6J mice aged 1, 2,4, and 6
months (M) with no middle and inner ear dis-
ease were provided by Beijing Vital River
Laboratory. The mice with documented dates
of birth were randomly divided into four groups
to record their hearing levels using the auditory
brainstem response (ABR) thresholds at 1, 2, 4,
and 6 M, respectively. All animal experiments
were approved by the Animal Ethics Committee
of Capital Medical University and performed
strictly in accordance with the standards of the
Animal Ethics Committee.

Assessment of auditory function

Auditory brain response tests were used to
determine the ABR thresholds. The thresholds
were based on the visibility and reproducibility
of waves Il and Ill. The mice underwent double-
blind testing of the ABR thresholds using equip-
ment from Tucker-Davis Technologies (TDT,
America). SigGen/BioSig software (TDT, Ame-
rica) was used to generate specific acoustic
stimuli and to amplify, measure, and display the
evoked brainstem responses of anesthetized
mice (ketamine, 100 mg/kg and xylazine, 10
mg/kg, intraperitoneal injection). The animals
were kept warm with a heating pad in a sound-
proof shielded room during the ABR recordings.
Subdermal needle electrodes were inserted at
the vertex, ventrolaterally to both ears of the
anesthetized mice. Specific auditory stimuli
(click), with a recurrence rate of 20 beats/s,
average superposition time of 1,024 s, scan-
ning time of 20 min, and filtering wave band-
width of 100-3,000 Hz, were delivered binau-
rally through plastic tubes in the ear canals.
Evoked brainstem responses were amplified
and averaged, and their wave patterns were
electronically displayed. The auditory thresh-
olds were obtained for each stimulus by varying
the sound pressure level at 5 dB steps up and
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down to identify the lowest level at which an
ABR pattern could be recognized. The ABR
thresholds were determined for each stimulus
frequency by identifying the lowest intensity
that produced a reproducible ABR pattern on
the computer screen (at least two consistent
peaks).

Analysis of the amplitude of ABR wave |

The amplitude of ABR wave | was also analyzed
in this study, including the starting negative (n)
deflection and the following positive (p) deflec-
tion. The amplitude of wave | was defined as
Ip-In (latency: 1.2-1.9 ms). An algorithm for the
automated determination of the ABR ampli-
tudes was programmed using MATLAB (Math-
Works, Massachusetts, USA). The amplitudes
of ABR wave | were derived from the individual
ear responses to a stimulus of 90 dB for each
stimulus frequency. The mice were sacrificed
for morphological investigations after the audi-
tory testing.

Cochlear tissue processing

After the ABR testing, the mice were sacrificed
by cervical dislocation and decapitation, and
the cochleae were quickly separated from the
temporal bone to the culture dish with a 4%
paraformaldehyde solution. Under a dissecting
microscope, a hole was made at the apex of the
cochlea, and the round and oval windows were
opened with a needle. The cochlea was per-
fused with a 4% paraformaldehyde solution
instead of lymph fluid via the apex. Then, the
specimen was decalcified in a 10% ethylenedi-
aminetetraacetic acid (EDTA) solution for 1.5 h.
The cochlea shell was removed from the apex
to the base in phosphate buffered-saline (PBS).
The basilar membrane was harvested without
the vestibular and tectorial membranes.

Immunostaining

The samples were washed three times in PBS
and pre-incubated for 1 h at room temperature
in a blocking solution of 10% normal goat
serum in 0.01 M PBS with 0.25% Triton X-100.
Next, the samples were incubated with a com-
bination of antibodies (1) mouse anti-CtBP2
(1:500, Abcam, ab204663), (2) rabbit anti-myo-
sin Vlla (1:300, Proteus Biosciences, 25-6790),
(3) chicken anti-NF200 (neurofilament-200) an-
tibody (1:500, Chemicon, AB5539), and incu-
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bated at 4°C overnight. After incubation, the
samples were washed in PBS three times and
incubated with the appropriate secondary anti-
bodies coupled to Alexa Fluors in the green, red
channels at room temperature for 1 h. After
incubation, the samples were washed in PBS
three times, and approximately 40 uL of DAPI
(4,6-diamidino-2-phenylindole; Santa Cruz) was
applied to stain the nuclei in the dark. The sam-
ples were imaged directly using fluorescent
microscopy to test the specificity of the primary
antibody. After immunostaining, the micro-dis-
sected pieces of the basal membrane were
mounted on coverslips under a dissecting
microscope.

Hematoxylin and eosin (H&E) staining

The cochlear tissue specimens were fixed with
4% paraformaldehyde in PBS overnight at 4°C.
The specimens were decalcified for 12 h in
10% EDTA. The preparations were then dehy-
drated with graded alcohol series, cleared with
xylene, and embedded in paraffin. Paraffin-
embedded specimens were cut into 10-um-
thick sections and stained with H&E.

Laser confocal microscopy and counting of the
synaptic ribbons

The 488-nm and 568-nm excitation waveleng-
ths were conducted using a 63 x oil immersion
confocal microscope (TCS SP8 II; Leica Micro-
systems, Wetzlar, Germany). The sequence
scan was conducted on all of the IHCs in view,
and the scanning interval was set to 0.5 pym. In
each region, counting was performed in all IHCs
and OHCs that were identified within 2-3 micro-
scopic fields, which typically produced a total of
9-11 IHCs. The total number of CtBP2-stained
puncta (green) was divided by the total number
of IHC nuclei to obtain the average number of
ribbons for each IHC.

The full length of the basal membrane was nor-
malized to 100%. The samples were collected
at 30% in the cochlear length examined from
the apex corresponding to 4 kHz, 50% from the
apex corresponding to 8 kHz, 70% correspond-
ing to 16 kHz, and 80-90% from the apex cor-
responding to 32 kHz according to a published
cochlear frequency map [18, 19].

Quantification of the OHCs, IHCs, and SGNs

The presence of an IHC or OHC was defined as
an intact, spherical nucleus located at the
basal end of the cell. In the DAPI-stained tis-
sue, the intact spherical nuclei were counted to
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estimate the number of hair cells (HCs). Care
was taken when the tissue was photographed
so that the nuclei in focus were HC nuclei and
not the nuclei of nearby supporting cells.

Western-blot analysis

A western blot analysis was used to determine
the CtBP2 levels in the cochleae of mice with
aging. The temporal bone was removed from
the base of the skull and freshly dissected in
ice-cold Hank’s balanced salt solution (HBSS,
Gibco, 1491037) to harvest the cochleae. To
extract the total protein, the cochlear tissue
samples were pulverized and homogenized in
ice-cold RIPA lysis buffer (G2002, Servicebio).
Tissue debris was removed by centrifugation at
12,000 x g at 4°C for 10 min, and the superna-
tants were retained as the total protein frac-
tions. The internal reference was [-actin
(GB12001, Servicebio). The concentrations of
primary antibodies were anti-CtBP2 (1:1000;
Abcam, ab204663) and anti-B-actin (1:3000).

FM1-43 loading and imaging

FM1-43 dye was used to detect the endocyto-
sis function of HCs [20]. The organs of Corti’s in
mice aged 2 and 6 M were dissected and pla-
ced in a chamber filled with HBSS without cal-
cium that contained (in mM): 5.36 KCI, 141.7
NaCl, 1 MgCl,, 0.5 MgSO,, 10 HEPES, 3.4 L-
glutamine, and 6.9 D-glucose, with a pH of 7.4
at 37°C. FM1-43 (Invitrogen, USA) was dis-
solved in dimethyl sulfoxide to obtain a stock
solution with a concentration of 1 mM. Time-
lapse z-stack series along the HCs longitudinal
axis were collected using Delta Vision. Micro-
scopy was performed using a water immersion
objective (63 x 0.9) (Delta Vision Microscopy
Imaging Systems, UK). All solutions were carbo-
gen-charged and pre-warmed at 37°C before
the experiments. For labeling at room tempera-
ture, the HCs were pre-incubated for 2 minin a
plastic plate containing HBSS and then incu-
bated with 1.3 mM FM1-43 for 5 min at room
temperature. The sites and quantity of dye
entry into the IHCs were observed using fluo-
rescence microscopy. All images were obtained
with identical settings on a confocal Delta
Vision Microscopy Imaging Systems (UK). FM
dyes were excited with the 488 nm line of a
laser, and their emission was detected in the
range of 500-700 nm by a photomultiplier tube.

Statistical analysis

All data regarding the thresholds of the ABR
test and the number of ribbon synapses are
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Figure 1. Changes in the ABR thresholds with aging. A. Representa-
tive image of the ABR waveform in 2 M mice (normal hearing thresh-
old at 16 kHz), the lowest reproducible ABR waveform was 25 dB. B.
Representative image of the ABR waveform at the same frequency
in 6 M mice (there was significant elevation of the ABR threshold,
which was 45 dB). C. The statistical analysis showed the significant
elevation of the ABR threshold at 4, 8, and 16 kHz across frequen-
cies between 4 M and 6 M mice (4 kHz: P = 0.034, t = 3.478, df =
3.331; 8 kHz: P =0.0443, t = 2.664, df = 5.04; 16 Hz: P = 0.0142, t
= 3.291, df = 6.682). No difference was seen in 32 kHz (32 kHz: P =
0.2221,t=1.355, df = 6.265). There was no significant difference in
the ABR threshold across frequencies between 1 and 2 M mice and 2
and 4 M mice except at the higher frequency of 32 kHz. (P = 0.0005,
t = 6.518, df = 6.315) (*P < 0.05, **P < 0.01, ***P < 0.001). D.
The ABR threshold shift between 2 and 6 M mice across frequencies
showed a significant reduction at higher frequencies (32 kHz) (16 kHz
vs. 32 kHz: P =0.0237,t = 2.953, df = 6.391) compared to lower fre-
quencies (4, 8, and 16 kHz; 4 kHz vs. 8 kHz: P=0.6737,t=0.4472,
df =4.927; 8 kHz vs. 16 kHz: P=0.2277,t = 1.414, df = 4.154) (*P <
0.05), suggesting rapid hearing loss at the high-frequency with aging.
(IM:n=6;2M:n=6;4M:n=5;6 M:n=5).
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presented as the mean * standard
deviation (x £ SD). Plotting was per-
formed using GraphPad Prism ver-
sion 7. The statistical analysis for all
experiments was performed using a
two-tailed Student’s t-test. A para-
metric test was used after normal
distribution, and homogeneity of
variance assumptions were satis-
fied. Homogeneity of variance was
analyzed by F testing. If unequal vari-
ances in the comparisons were
found, then we used the Welch-
Satterthwaite formula to calibrate
the degree of freedom and boundary
value. The levels of significance were
as follows: *P < 0.05, **P < 0.01,
**%*P < 0.001.

Results

Progressive and frequency-de-
pendent elevations in the hearing
threshold occurred at an early stage
of aging

In this study, the ABR thresholds
were examined at 4, 8, 16, and 32
kHz at different time points. The ABR
analysis showed normal hearing in
young mice across the frequencies
(Figure 1A-C, age = 1 and 2 M). Our
study showed that significant eleva-
tions in the hearing threshold initially
appeared at a high-frequency (32
kHz) at 4 M and across frequencies
at 6 M (Figure 1B, 1C, age =4 and 6
M, P < 0.05). To examine whether
there are frequency-dependent dif-
ferences of threshold shifts, tone
burst testing was employed, and the
mean threshold shifts at 4, 8, 16,
and 32 kHz were obtained, respec-
tively (4 kHz: 13.7+4.7 dB, 8 kHz:
12.5+2.8 dB, 16 kHz: 17.5+6.4 dB,
32 kHz: 27.5+£2.8 dB). We found that
there are more significant elevations
of the ABR threshold shift at the
cochlear region of higher frequen-
cies (Figure 1D, 32 kHz, *P < 0.05)
compared with the lower cochlear
region (4, 8, and 16 kHz, respective-
ly. P < 0.05) between mice aged 2
and 6 months.
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Figure 2. Dynamic changes of the cochlear ribbon synapses and immu-
nohistochemistry of CtBP2 corresponding to the aging process. A. Repre-
sentative image of the identification of cochlear ribbon synapses in mice
(age: 1, 2, 4, and 6 M, respectively). The ribbon synapses are identified
using anti-CtBP2 (green) and the nuclei of the IHCs stained by DAPI in
blue. The nuclei of the IHCs were also stained by anti-CtBP2. Scale bar
=5 um. There was a significant reduction of CtBP2 immunofluorescence
blotting at 32 kHz across the cochlear frequency map in 4 M mice, while
the number of CtBP2 immunofluorescence blotting at 4, 8, and 16 kHz
remained stable compared to the same cochlear region in 2 M mice. In 6
M mice, there was a significant reduction of CtBP2 immunofluorescence
staining across frequencies in the cochlear map (4, 8, 16, and 32 kHz),
n = 5. B. The statistical analysis showed that a significant loss of ribbon
synapses initially occurred at a higher region of the cochlear frequency
map in 4 M mice, and the loss of ribbon synapses across frequencies in
6 M mice. No significant difference in the CtBP2 immunofluorescence
staining was seen between 1 and 2 M mice. C. CtBP2 expression in the
cochlea of mice was measured using western blotting. A strong band of
CtBP2 was identified in 2 M compared to 4 M mice. D. The quantitative
analysis of CtBP2 expression showed a significant difference among 2
and 4 M mice. B-actin served as the loading control (n = 3).
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Reduction of the cochlear rib-
bon synapses corresponding to
the aging process

To explore whether the ribbon sy-
napses changes correlated with
the aging process, the number
of ribbon synapses were exam-
ined using three-dimensional
modeling combined with ribbon
synapse labeling (identified as
RIBEYE/CtBP2 immunostaining;
Figure 2A). The quantification of
synaptic puncta was performed
at 1, 2, 4, and 6 M, respectively.
We found that the number of rib-
bon synapses changed more sig-
nificantly in the cochlear region
of the higher frequency (32 kHz)
compared to the lower-frequen-
cy region in the 4 M mice (Figure
2B, P < 0.05), suggesting that
the earlier stage of aging could
induce more significant loss of
synapses in the high-frequency
region compared with that in the
cochlea.

In addition, this study carried out
a similar statistical analysis of
synapses on different turns of
the cochlea of mice aged from 1
to 6 M. We found that younger
mice (age: < 4 M) had an aver-
age number of synapses, and no
significant change was observed
throughout the length of the
cochlea (Figure 2B, P > 0.05).
For the mice aged 4 M, the num-
ber of synaptic markers was sig-
nificantly reduced at the high-
frequency cochlear regions, whi-
ch corresponded to the basal
turn (80% from apex, 32 kHz;
Figure 2B, P < 0.05). For the
mice aged 6 M, the number of
synaptic markers decreased sig-
nificantly across the frequen-
cies. Our findings suggest that 4
M mice initially showed earlier
and significant loss of hearing,
coupled with an elevation of the
ABR threshold at high-frequen-
cies and a significant decrease
in the number of ribbon synaps-
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Figure 3. Reduction of the ABR | amplitude corresponded with the loss of
ribbon synapses and elevated hearing threshold with aging. A. Representa-
tive waveform of the ABR wave | amplitude (16 kHz). There was a significant
reduction of the ABR | amplitude in 6 M mice. B. The statistical analysis
showed significant reductions of the ABR wave | amplitude at 32 kHz in 4
M mice compared to 2 M mice (32 kHz: P =0.0029, t = 4.542, df = 6.781)
and across frequencies in 6 M mice compared to 4 M mice, (4 kHz: P =
0.0093, t = 4.313, df = 4.579; 8 kHz: P = 0.0219, t = 3.143, df = 5.613;
16 kHz: P =0.0241, t = 2.866, df = 7; 32 kHz: P = 0.3494, t = 1.003, df =
6.994) respectively, suggesting that the hearing loss and reduction of the
ABR | amplitude, reflecting ribbon synapse functions, at 32 kHz in 4 M mice
exhibited early ARHL (*P < 0.05, **P < 0.01, ***P < 0.001).

es. More significant alterations were found in
the 6 M mice.

We performed further western blotting to deter-
mine the CtBP2 levels in the cochlea of mice
with aging. A strong band of the pre-synapse
marker, CtBP2, was found in the cochlear tis-
sue of 2 M mice compared to 4 M mice, sug-
gesting that the loss of synapses occurred dur-
ing the early stage of aging (Figure 2C, 2D, P <
0.05).

Reduction of the ABR | amplitude correlates
with the loss of ribbon synapses with aging

To verify whether the loss of ribbon synapses
correlates with the reduction of ABR | ampli-
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32k
To investigate whether the loss

of the ribbon synapses occu-
rred prior to the morphological
changes in the major compo-
nent of the cochlea, we exam-
ined the HCs, SGNs, and their
cochlear nerve terminals. We
found that there was almost
normal morphology in both co-
chlear HCs and SGNs and its
innervated neurofilamentsin 1,
2, and 4 M mice (Figure 4A-C).
In mice aged 6 M, loss of OHCs
and SGNs rather than IHCs
were identified (Figure 4D, 4E), suggesting that
the loss of ribbon synapses occurred prior to
alterations of cochlear HCs and SGNs and its
neurofilament in 4 and 6 M mice. Therefore,
cochlear ribbon synapses were found to be
more sensitive to aging insult.

Endocytosis function in the cochlear inner HCs
decreases with aging

Next, we investigated the endocytosis function
of the IHCs in mice aged 2 and 6 M using FM1-
43 dye, a fluorescence marker for endocytosis.
We found that compared to the IHCs in the
mice aged 2 M, the fluorescence intensity of
the IHCs in mice aged 6 M was decreased sig-
nificantly both at 500 ms and 1000 ms, espe-
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Figure 4. Gross morphologies of the cochlear components that remained intact during the early stage of aging. A.
Left panel: Cochlear basal membrane at the apical, middle, and basal turn. Immunostaining and neurofilament im-
munostaining of IHCs and SGNs in 1, 2, 4, and 6 M mice. Images of neurofilament immunostaining were collected
in the basal turn. Well-arranged HCs are represented by the three rows of OHCs and one row of IHCs in the 1, 2,
and 4 M mice while the loss of OHCs occurred in mice aged 6 M across frequencies. (Asterisk) hair cell nucleus was
stained by DAPI (blue). Scale bar = 15 um. Right panel: Enlarged image of the IHCs and adjacent terminals of SGNs
(IHCs were stained using anti-myosin Vlla, in red; SGN neurofilaments were stained using anti-NF200, in green,
white arrow, cell nucleus were stained by DAPI [blue]). There were no significant differences in neurofilament density
at 1, 2, and 4 M, but a significant reduction of neurofilament density was observed in 6 M mice. Scale bar =5 um.
B. H&E staining of SGNs in the cochlear basal turn at 1, 2, 4, and 6 M. Loss of SGNs was identified in the cochlea at
6 M (white arrow), while no SGN loss was identified in 1, 2, and 4 M mice. Scale bar = 5 um. C. Quantification of the
IHCs in 1, 2, 4, and 6 M mice across frequencies. There was no statistical difference among the number of IHCs in
mice aged 1, 2, 4, and 6 M. D. Quantification of the OHCs in mice aged 1, 2, 4, and 6 M. No statistical difference was
found among the number of OHCs in mice aged 1, 2, and 4 M, while the significant loss of OHCs was identified in 6
M mice compared to 4 M mice across frequencies (apical turn: P = 0.043, t = 2.335, df = 9.465; middle turn: P =
0.0097, t = 3.239, df = 9.356; basal turn: P < 0.0001, t = 9.807, df = 9.391) n = 5; E. Quantification of the SGNs in
mice aged 1, 2, 4, and 6 M. No significant difference was found among the number of SGNs in mice aged 1, 2, and 4
M, while the loss of SGNs was identified in 6 M mice compared to 4 M mice (P=0.0014,t=4.95, df = 7.427),n=5.
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Figure 5. FM1-43 dye uptake in the IHCs in 2 and 6 M mice. A. The upper panel shows the velocity of FM1-43 dye
entry into the IHCs in 2 M mice. The lower panel shows the FM1-43 dye uptake in the IHCs in 6 M mice. The O ms,
500 ms, and 1000 ms durations were imaged separately. The fluorescence intensity in the IHCs in 2 M mice was
higher than that in 6 M mice. The fluorescence intensity is mostly concentrated in the basal area of the IHCs. Scale
bar = 5 um. B. Sketch map to illustrate the active basal area of the IHCs (white dotted line) and the whole-cell area
(yellow dotted line). C. Quantification of the fluorescence intensity of FM1-43 in the basal and whole-cell areas of the
IHCs in 2 and 6 M mice, respectively. Compared to the IHCs in 2 M mice, the fluorescence intensity in the IHCs of 6
M mice showed a significant decrease in both the basal and whole-cell areas at the same time point 500 ms and
1000 ms (500 ms basal area: P =0.0196, t = 4.648, df = 2.941; 500 ms whole-cell area: P =0.0196, t = 4.648, df
=2.941, 1000 ms basal area: P = 0.0102, t = 8.514, df = 2.189; 1000 ms whole-cell area: P = 0.0018, t = 15.27,

df = 2.424). *P < 0.05, **P < 0.01 (n = 3).

cially at the basal end of the IHCs. This is also
called the ‘pre-synaptic active zone'. Therefore,
these results suggest a decline in the endocy-
tosis function of IHCs with aging (Figure 5).

Discussion

ARHL is a progressive, irreversible, and sym-
metrical bilateral neurosensory hearing loss
that results from the degeneration of either the
peripheral auditory system or central auditory
system [21]. Loss of cochlear HCs and SGNs,
which are keys to the function of the cochlea, is
thought to be the main reason for ARHL [22,
23]. Both HCs and SGNs are susceptible to inju-
ry, including direct mechanical and mitochon-
drial oxidative injury from noise and ototoxic
drugs over time. However, an increasing num-
ber of novel findings have suggested that rib-
bon synapse loss may also be a key contributor
[24, 25]. Ribbon synapses formed between
IHCs and the peripheral end of SGNs are the
first afferent neuronal connection in the audi-
tory nervous system [26]. Incomplete recovery
of ribbon synapses, together with no decline in
the ABR threshold after noise damage, was
found to be associated with a phenomenon
known as hidden hearing loss [27, 28]. Our
study showed that the loss of cochlear ribbon
synapses corresponds to hearing impairment
at the early stage of aging. Aging insult causes
progressive and frequency-specific elevations
of the hearing threshold. A more significant loss
of the ribbon synapse was found at a higher fre-
quency (32 kHz), corresponding to the cochlear
region of the basal turn. Functional loss of rib-
bon synapses correlated with the reduced
amplitude of ABR wave | and corresponded
with the elevation of the ABR threshold. The
loss of ribbon synapses occurred prior to mor-
phological changes in cochlear components,
including HCs and SGNs.

Sergeyenko et al. examined age-related cochle-
ar synaptopathy in CBA mice [29]. While we
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found a similar result that ARHL was correlated
with cochlear components such as OHCs, IHCs,
and spiral ganglion cells, OHC losses preceded
the loss of IHCs, and IHC loss was minimal in
aging ears (80 weeks in CBA/J mice and 42
weeks in C57 mice in our study). Loss of spiral
ganglion cells, the cell bodies of auditory nerve
fibers, was slowly progressive throughout the
life span and relatively uniform along the
cochlear spiral. However, unlike Sergeyenko’s
results that OHC loss appeared first in apical,
low-frequency cochlear regions but gradually
reached the basal high-frequency regions, we
found that losses of OHC and IHC ribbon syn-
apses initially appeared in the basal turn of the
cochlear regions, corresponding to the ABR
threshold shift that initially appeared at high-
frequencies in C57BL/6J mice.

Reduction of cochlear ribbon synapses is a
primary pathological event at the early stage
of aging

Loss of cochlear HCs has been observed in
older mice and has been proposed to be a
pathological reason contributing to ARHL [30].
However, it remains unclear as to whether syn-
aptic connections between the IHCs and spiral
ganglion cells are affected by aging, particular-
ly at the early stage of aging (2-4 M in C57
mice). We examined the morphologies of the
cochlear HCs as well as innervations between
the IHCs and SGNs, and no significant changes
were found in the mice aged 2, 4, and 6 M.
Further, there were no significant differences
in the quantity of IHCs and OHCs at 2, 4, and 6
M. Thus, no obvious morphological alterations
were identified at the early stage of aging in
this study. The evidence detailed above shows
that significant morphological changes in the
cochlea are not account for initial hearing loss
in mice.

However, pathological changes should occur as
an initial factor at the early stage of aging to
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induce the consequent hearing loss. For exam-
ple, in the central nervous system, a decrease
in synaptic density and an increase in synaptic
size have been documented with aging [31,
32]. Liberman et al. reported similar results in
aging CBA mice. They found that the structure
of afferent terminals and their synapses with
IHCs differed between young-adult and older
mice, indicating that synaptic reorganizations
may partly account for the mechanism underly-
ing ARHL [33]. Alternatively, synaptic changes
are documented to be more susceptible to mul-
tiple traumatic stimuli, such as noise, drugs,
and aging [34-36].

Thus, we assumed that the IHC ribbon synaps-
es might be influenced in the initial stage of
aging. The present study confirmed this hypoth-
esis, with a significant reduction of IHC synaps-
es at higher frequencies occurring even in mice
aged 4 M. Taken together, our study provides
robust evidence that aging exerts a negative
effect on the ribbon synapses rather than the
other cochlear components such as OHCs,
IHCs, and SGNs. In this study, we did not count
changes in the SGNs because we found a high
density of SGN fibers and their endings in con-
tact with the IHCs in the samples across age
groups. SGN degeneration is usually associat-
ed with delayed damage during the aging
process.

SGN degeneration could be a pathological
basis of a distinct responsive reaction to the
acoustic stimulations composed of varied fre-
quency-sound proportions in the mice at the
early stage of aging. In addition, a previous
study reported a 50% reduction in afferent end-
ings between younger (2 to 3 M) and older (10
to 12 M) C57 mice [37]. Francis et al. also pro-
posed alterations of the SGN fiber terminals in
C57 mice with aging. They found that abnormal
folding structures appeared at the endings of
fibers in the early stage of aging, suggesting a
functional decline induced by aging [38], and
thus revealed the possibility that synaptic
changes could be induced by aging. However, in
the above study, no immunostaining was used
to identify the synapses, and it lacked function-
al estimations of the synaptic connections.

We carried out a functional estimation of the
IHC ribbon synapses in aging mice. Compound
auditory potential (CAP) or ABR wave | was
reported to reflect the functional level of synap-
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tic connections between the IHCs and endings
of the spiral ganglion nerves in vivo [39, 40].
The function of the ribbon synapse can be
roughly evaluated by CAP because CAP can
reflect the summating potential between the
inner HCs and auditory nerve endings in the
cochlea. Further, the ABR waveform provides
additional information to estimate the function
of the IHC ribbon synapses in vivo. ABR wave |
is generated between the IHCs and endings of
the SGN fibers, reflecting excitability in the syn-
aptic connection between the IHCs and SGNs
[41, 42]. In contrast, the ABR | waveform may
provide a further and more precise estimation
of the functional ribbon synapse.

We found a significant reduction in the ampli-
tude of ABR wave | initially at 32 kHz in the 4 M
mice, suggesting that the functional decline of
the cochlear ribbon synapses occurred prior to
the changes in the synaptic areas by immunos-
taining. Thus, our data could be used to provide
an early indicator of ARHL. These results are
consistent with those of a previous report that
the afferent synapses of IHCs are much more
sensitive to ototoxicity exposure than other
cochlear structures, such as OHCs, IHCs, and
SGNs [43]. Moreover, a moderate level of noise
exposure cannot cause loss of cochlear HCs,
but it certainly can cause temporary hearing
loss, coupled with irreversible recovery of IHC
synapses [37]. Taken together, this evidence
shows that recovery of the ribbon synapse may
serve as a structural basis for hearing re-
storation.

Loss of ribbon synapses is frequency selective
and may contribute to the reduction of hearing
susceptibility

The most synaptic reduction was identified at
approximately 32 kHz, 80% from the apex end
in the cochlear length according to the cochlear
frequency map [18]. We observed the differ-
ently aged mice (2 M and 6 M) and found that
there is about a 38% loss of synapses at 32
kHz. In contrast, the loss of synapses is about
26%, 21%, and 33% at 16, 8, and 4 kHz,
respectively. The functional analysis corre-
spondingly showed that initial significant
changes in the amplitude of ABR wave | were
found at 32 kHz, suggesting that the functional
decline of the cochlear ribbon synapses is also
frequency selective. It could be that 32 kHz is
the most sensitive frequency to sound stimuli.
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Our additional study showed consistent data
that there is a maximal number of IHC synaps-
es formed around the cochlear tonotopic loca-
tion corresponding to this specific frequency.
However, it could not lead to the conclusion
that this frequency is most susceptible to noise
stimulation because we did not examine the
proportions of spontaneous rate (SR) distribu-
tion in this study.

Hearing thresholds and susceptibility largely
depend on the distributions of high or low SR
fibers [44-46]. The greater prevalence of high-
SR fibers at high-frequencies in mice could be
responsible for the functional loss of hearing in
background noise detected at early time points
in aging mice [47]. Further, it may help explain
the disruption of speech perception in older
people in places with background noise.

Our study reveals that there could be a critical
time window in which impaired hearing could
be restored based on the damage and repair of
cochlear ribbon synapses. A strategy could be
to prevent ribbon synapses from attacks
induced by ototoxic substrates, sound expo-
sure, or genetic deficits. NT-3 has been pro-
posed to have the potential to protect or restore
damaged ribbon synapses. For example, Wang
J et al. reported the successful delivery of NT-3
into cochlear inner HCs via a round window
approach using AAV2 [48]. Therefore, poten-
tially ARHL could be at least partially restored
using a genetic therapy to achieve repair of the
IHC ribbon synapses.

Conclusion

This study is the first to demonstrate that the
loss of cochlear ribbon synapses at the basal
turn of the cochlea, a subcellular structure, is
the primary degenerating site and precedes the
loss of IHCs and SGNs. Furthermore, this loss
was found to correlate with the reduction in the
amplitude of ABR wave I. Therefore, the loss of
cochlear ribbon synapses might be a potential
biochemical marker that could be used to iden-
tify the early stages of ARHL.
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