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Abstract Ototoxicity is one of themajor causes of sensorineural
deafness. However, it remains unclear whether sensorineural
deafness is reversible after ototoxic withdrawal. Here, we report
that the ribbon synapses between the inner hair cells (IHCs) and
spiral ganglion nerve (SGN) fibers can be restored after ototoxic
trauma. This corresponds with hearing restoration after ototoxic
withdrawal. In this study, adult mice were injected daily with a
low dose of gentamicin for 14 consecutive days. Immunostaining
for RIBEYE/CtBP2 was used to estimate the number and size of
synaptic ribbons in the cochlea. Hearing thresholds were
assessed using auditory brainstem responses. Auditory temporal
processing between IHCs and SGNs was evaluated by com-
pound action potentials. We found automatic hearing restoration
after ototoxicity withdrawal, which corresponded to the number
and size recovery of synaptic ribbons, although both hearing and
synaptic recovery were not complete. Thus, our study indicates
that sensorineural deafness in mice can be reversible after oto-
toxic withdrawal due to an intrinsic repair of ribbon synapse in
the cochlea.

Keywords Sensorineural deafness . Cochlea . Ribbon
synapse . Ototoxic exposure . RIBEYE/CtBP2

Introduction

Normal hearing requires successful sound signal encoding
and conduction to the central nervous system (CNS). Previous

studies have reported that ototoxicity can cause sensorineural
deafness in both animals and humans [1–5]. Ototoxicity tends
to lead to morphologic changes in the cochlea, such as stereo-
cilia disarray or loss, damaged hair cells, and spiral ganglion
neurons (SGNs) degeneration, which result in hearing impair-
ment [6–8]. We previously found that a moderate ototoxicity
in mice could lead to a mild hearing loss without significant
morphologic changes in the cochlea [9, 10]. This suggests that
moderate ototoxicity may induce mild hearing loss via other
mechanisms. Other study proposed that acoustic overexpo-
sure could induce changes of cochlear ribbon synapse, which
may contribute to temporary hearing loss despite normal
cochlear morphology [11]. Our previous study also proposed
that cochlear ribbon synapse is a sensitive site to external
insults [9, 10], leading to the hypothesis that changes of
cochlear ribbon synapse may also be a key contributor to the
hearing impairment induced by ototoxicity trauma.

Ribbon synapses in the cochlea locate between the hair
cells and the terminals of primary auditory neurons
(SGNs), and are considered the first afferent synaptic
connection in the hearing pathway [12–14]. The ribbon
synapses are characterized as having a pre-synaptic ribbon
to which many synaptic vesicles are connected. The rib-
bon is anchored to the active zone of the ribbon synapse
where exocytosis of the synaptic vesicle occurs [15–17].
The ribbon has been recognized as capable of a high rate
of neurotransmitter release [18–20]. Most mammalian rib-
bon synapses develop as part of the sensory systems that
require the highest rate of information transfer and senso-
ry discrimination, such as vision and hearing. In this
study, we aimed to study whether moderate aminoglyco-
side ototoxicity significantly disrupts ribbon synapse
functioning in the cochlea of mice with only minor or
no changes in hair cells and SGNs morphology. We also
tried to determine whether synaptic changes, including
ribbon synapse damage and repair, are consistent with
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shifts of hearing thresholds in relation to ototoxicity. We
found consistent hearing restoration and synapse repair in
mice after ototoxicity withdrawal.

Materials and Methods

Animal Preparation and Procedure of Gentamicin
Administration

Sixty female C57BL/6J mice (5 weeks of age) were obtained
from the Chinese Academy of Medical Sciences Animal
Center (Beijing, China). The mice (120 cochleae) were ran-
domly divided into four groups (30 cochleae in each group):
the control (0th day, no gentamicin treatment), 7th day, 14th
day, and 28th day groups (after gentamicin treatment). All the
mice were examined using an electrical otoscope to rule out
outer or middle ear pathologies. For ototoxicity exposure, the
mice were intraperitoneally injected with gentamicin sulfate
(Invitrogen, CA) once a day at the dose of 100 mg/kg, and the
treatment was successively performed for 14 days. The mice
in the 7th day group were tested for hearing function and then
sacrificed for morphological study on the 7th day of the
gentamicin treatment. Similarly, the mice in the 14th day
group were tested and sacrificed for morphological studies
on the 14th day of the gentamicin treatment. The gentamicin
treatment was ceased after the 14th day, and the mice in the
28th day group were kept gentamicin treatment-free for addi-
tional 14 days. In this study, all procedures were in accordance
with the animal care and use protocols approved by the
Animal Care and Use Committee of the PLA General
Hospital.

ABR Tests

Auditory brainstem response (ABR) thresholds of the
mice were evaluated in a double blind manner. ABRs
were measured with a smart-Epv2.21 from Intelligent
Hearing Systems (Miami, FL, USA), which was used
to generate specific acoustic stimuli and to amplify,
measure, and display the evoked brainstem responses.
The mice were anesthetized with 10 % chloral hydrate
(0.0045 ml/g body weight) and kept warm with a
heating pad. Testing was done in a soundproof shielded
room. For ABR recordings, subdermal needle electrodes
were inserted at the vertex and locations ventrolateral to
the ear. Specific auditory stimuli (broadband clicks and
tone pips of 1, 2, 4, 8, and 16 kHz), with 20 beats/s
recurrence rate, were delivered through plastic tubes in
the ear canals to left and right ear, respectively. ABR
signals were amplified with a filtering bandwidth of
100 Hz–3 kHz and 1,024 samples were acquired and
averaged for each stimulus intensity.

Compound Action Potentials (CAPs) Recording

Click-evoked CAPs were produced using a commercially
available TDT system II by delivering 80 μs rectangular
pulses to a speaker (MF1, TDT), placed 10 cm in from the
animal’s ears. The phase of every other click signals was
alternated so that the cochlear microphonics were canceled
out. Click signal levels ranged from 90 to 0 dB SPL, decreas-
ing in 10 dB steps and were presented at a rate of 11.1 s. To
record CAPs, a silver ball electrode was placed on the round
window membrane via an opening in the mastoid. The elec-
trode was secured in place with dental cement. The reference
and grounding electrodes were subdermal needles inserted
behind the ears.

Cochlear Tissue Processing

After ABR recordings, the mice were sacrificed by cervical
dislocation and decapitation. The temporal bone was re-
moved, and the cochlea was quickly separated. The round
and oval windows were opened and perfused with 4 % para-
formaldehyde and left in a 10 % EDTA solution at 4 °C
overnight. The cochlea shell was separated from the basal turn
under a dissecting microscope in 0.01 mmol/l PBS solution.
The apical turn basilar membrane was separated, and the
vestibular membrane and tectorial membrane were removed.
The cochlear specimens were processed for light microscopy
using the standard method including embedding in celloidin,
serial sectioning in the horizontal plane at a section thickness
of 20 μm, and staining of every tenth section using hematox-
ylin and eosin (HE staining).

Immunostaining

Specimens were fixed in 4 % paraformaldehyde and dissolved
in 0.1 M PBS with 30 % sucrose (pH 7.4) for 1 h at room
temperature. They were washed three times in 0.01 M PBS
and pre-incubated for 30 min at room temperature in blocking
solution of 5 % normal goat serum in 0.01 M PBS with 0.3 %
Triton X-100. Next, specimens were incubated with anti-
CtBP2 (1:200, Ca#: 612044, BD) at 4 °C overnight. After
incubation, the specimens were washed in 0.01 M PBS three
times and incubated with the secondary antibody IgG FITC
identifying anti-CtBP2 (1:200, Ca#: 1296479, Invitrogen) at
37 °C for 40 min. After incubation, the specimens were
washed in PBS twice. Approximately 40 μl of DAPI (4′, 6-
diamidino-2-phenylindole; Santa Cruz) was applied to the
slide. The basilar membrane was mounted under a dissecting
microscope. The specimens were imaged directly with fluo-
rescent microscopy to examine the specificity of the primary
antibody. Controls were performed to demonstrate negative
staining (data not shown).
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Confocal Microscopy Imaging

For confocal microscopy imaging, laser scanning confocal
microscopy was conducted using a Leica TCS SP2 AOBS
(Germany) with a ×100 oil immersion objective lens. Excita-
tion wavelengths were 488 and 568 nm, and local images
were digitally magnified by twofold. Sequence scanning was
performed at an interval of 1.0 μm. All digital images were
captured under identical exposure and light settings. Images
were processed into a virtual file format, transferred to the
Definiens share, and a Definiens zoom cache was created.
Virtual slides were then uploaded and rule sets were devel-
oped using the Definiens software.

Electron Microscopy

For the scanning electron microscopy (SEM) examination,
mice were sacrificed and the cochleae were removed. All
cochleae were pre-fixed in 2.5 % glutaraldehyde and then
placed in 1 % OsO 4 in 0.1 M PBS (pH 7.40) for 2 h at room
temperature. After a thorough rinse with 0.1 M PBS, the
specimens were dissected in 0.1 M PBS to expose the organs
of Corti. After dehydration in a graded series of alcohol,
specimens were dried in an HCP-2 critical point dryer and
sputter-coated with platinum for 4 min in an E-102 ion sputter.
The samples were then examined under a JEOL JSM-35C
scanning electron microscope (Hitachi 7100, Japan). The
images were recorded digitally and photographed.

Statistical Analysis

All data are presented as mean±SD. Data were examined
using a one-way ANOVA with Student-Newman-Keuls test
or Dunnett’s multiple comparison post-test statistical analysis
to determine the differences between groups. Variegated syn-
aptic ribbon was defined as those falling outside 2 standard
deviations of the normal mean (0.57±0.2 μm) for synaptic
ribbon size. All statistical analyses were performed using the
SPSS16.0 statistical software package. A p value <0.05 was
considered statistically significant.

Results

Automatic Hearing Restoration After Ototoxicity Withdrawal

We used ABRs to measure ototoxicity-induced hearing
threshold shifts. Mean ABR thresholds among the control
mice were 40.14±5.69, 40.05±6.56, 43.57±7.79, 41.05±
4.31, 33.75±4.33, and 29.21±3.14 dB SPL for clicks and
tone pips at 1, 2, 4, 8, and 16 kHz, respectively (Fig. 1).
Maximal hearing loss was observed after 7 days of ototoxicity

exposure at 54.12±7.25, 63.18±9.15, 61.29±8.13, 53.10±
4.82, 47.58±5.73, and 45.54±5.36 dB SPL for clicks and
tone pips at 1, 2, 4, 8, and 16 kHz, respectively, significantly
higher than those of the control mice (p<0.01, Fig. 1). The
mean ABR thresholds after 14 days of ototoxicity exposure
were 50.33±5.24, 54.72±6.37, 55.17±7.31, 50.65±5.39,
42.76±6.84, and 38.79±7.08 dB SPL for clicks and tone pips
at 1, 2, 4, 8, and 16 kHz, respectively, showing no statistically
significant difference from those 7 days after ototoxicity ex-
posure (p>0.05). Continued ototoxic exposure did not seem to
cause further hearing thresholds increase between the 7th and
14th days of exposure. In this study, ototoxicity exposure was
terminated after 14 days. The mean ABR thresholds obtained
on day 28 were 44.37±4.12, 47.10±5.22, 49.58±5.43, 43.23
±3.45, 36.35±3.03, and 33.37±2.95 dB SPL for clicks and
tone pips at 1, 2, 4, 8, and 16 kHz, respectively, significantly
lower than those after 7 and 14 days of ototoxicity exposure
(p<0.01, Fig. 1), although still significantly higher than those
of the control mice (p<0.01, Fig. 1). Hearing appeared to have
spontaneously restored after ototoxicity withdrawal, although
this recovery was incomplete.

Synaptic Ribbons Number Restoration After Ototoxic
Withdrawal

The number of ribbons was determined via immunostaining
for RIBEYE/CtBP2 [21–23]. The majority of synaptic rib-
bons were located inside the cochlear IHCs (Fig. 2a, green
spots in the right panel). Adjacent optical sections of the basal,
middle, and apical turns were used to count the number of
ribbons (Fig. 2a, left and right panels). The mean number of
synaptic ribbons per IHC (from 105 IHCs of 16 cochleae) in
the control mice was 14.70±1.56 in the basal turn, 12.47±
1.28 in the middle turn, and 9.31±0.72 in the apical turn
(Fig. 2b, the panel of control; Fig. 2c, the white columns).
The mean number of ribbons per IHC (from 123 IHCs of 18
cochleae) in mice after 7 days of ototoxicity exposure was
9.35.70±1.17 in the basal turn, 9.03±0.94 in the middle turn,
and 7.25±0.62 in the apical turn (Fig. 2b, the panel of 7th d;
Fig. 2c, the light gray columns), significantly lower than those
seen in the control mice (p<0.01, Fig. 2c). The ototoxic
seemed to reduce the number of synaptic ribbons in the
cochlea.

Next, we analyzed the number of ribbons after 14 days of
ototoxicity exposure. The mean number of ribbon per IHC
(from 112 IHCs of 16 cochleae) was 5.41±0.72 in the basal
turn, 5.05±0.60 in the middle turn, and 4.54±0.66 in the
apical turn (p<0.01, Fig. 2b, the panel of 14th d; Fig. 2c, the
dark gray columns), showing continued decrease under con-
tinuous ototoxicity exposure. On day 28 (14 days after oto-
toxic withdrawal), the mean number of synaptic ribbons was
12.17±1.20 in the basal turn, 10.73±0.97 in the middle turn,
and 7.98±0.66 in the apical turn (Fig. 2b, the panel of 28th d;
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Fig. 2c, the black columns), significantly higher than the mean
numbers of ribbons after 7 and 14 days of ototoxicity exposure
(p<0.01, but still significantly lower than those in the control
mice p<0.01). The number of cochlear synaptic ribbons
seemed to be restored after ototoxic withdrawal, although
the restoration was again incomplete.

Restoration of Size of Synaptic Ribbon After Ototoxic
Withdrawal

Variegated ribbon synapse sizes may reflect sensory synaptic
plasticity in individual synapses [24–26]. In this study, the size
of each ribbon was estimated using the immunostained spot
collected and measured using the Image-Pro Plus software
(Fig. 3a). We found normal distribution of the size of synaptic
ribbons in the control group at 0.57±0.2 μm (Fig. 3b). As
described in the “Statistical Analysis” section of “Materials
and Methods,” any immunostained spot exceeding 0.57±2×
0.2 μmwould be defined as a variegated ribbon because spots
of a size less than 0.57–2×0.2 μm were near the background
of immunostaining particles (anti-CtBP2). For this reason, in
this study, there were very few variegated synapses identified
in the control mice: 0.41±0.08 in the basal turn, 0.34±0.07 in
the middle turn, and 0.27±0.08 in the apical turn (Fig. 3b, the
white columns). The number of variegated synaptic ribbons
significantly increased after ototoxic trauma (p<0.01). The
maximal number of variegated ribbons was 4.24±0.38 in the
basal turn, 3.42±0.32 in the middle turn, and 2.98±0.22 in the
apical turn and occurred after 7 days of ototoxicity exposure
(Fig. 3b, the light gray columns). The mean number of varie-
gated synaptic ribbons after 14 days of ototoxicity exposure
was 3.02±0.25 in the basal turn, 3.13±0.28 in the middle turn,
and 2.36±0.17 in the apical turn (Fig. 3b, the dark gray

columns). On the 28th day, the mean number of variegated
ribbons in the basal, middle, and apical turns showed signif-
icant decrease compared with those on the 7th and 14th days
of exposure (p<0.01), although still higher than those of the
control (p<0.01, Fig. 3b, the black columns).

Next, we compared the number alterations of synaptic
ribbons across frequencies in the cochlea during the ototoxic
exposure. We found that the number of ribbons in the basal
turn was significantly higher than those in the middle and
apical turns (Fig. 4a). Similarly, the number of variegated
ribbons across frequencies in the cochlea showed significantly
more variability in the basal turn than those in the middle and
apical turns (Fig. 4b). The ribbon synapses formed at or near
the basal turn of the cochlea appeared to be more susceptible
to ototoxicity exposure compared with those in the middle and
apical turns.

Restoration of CAPs After Ototoxic Withdrawal

We also measured CAPs to estimate possible synaptic damage
and repair at the IHC-SGN synaptic connection. The mean
CAP threshold was 37.20±5.60 dB SPL in the control mice,
52.50±6.81 dB SPL after 7 days of exposure, 48.35±5.50 dB
SPL after 14 days of exposure, and 41.50±4.28 dB SPL on
day 28 (Fig. 5). Maximal CAP threshold elevation was ob-
served after 7 days of exposure, to some degree reflecting
disturbed IHC-SGN synaptic connection by the ototoxic ex-
posure. CAP thresholds were significantly lower on day 28
(14 days after ototoxic withdrawal) than after 7 days of oto-
toxicity exposure (p<0.01), although still significantly higher
than the control mice (p<0.05, Fig. 5). These results may
suggest that the function of ribbon synapses is partially
repaired after ototoxic withdrawal.

Fig. 1 Spontaneous hearing restoration after ototoxic withdrawal. The
mean ABR thresholds in response to clicks and tone pips at 1, 2, 4, 8, and
16 kHz for the control group and on the 7th and 14th days of ototoxicity,
and on day 28 (14 days after ototoxic withdrawal) are shown. ABR
thresholds are significantly higher 7 days after ototoxicity exposure
(p<0.01, double asterisk) compared to the controls but are not signifi-
cantly different between days 14 and 7 of ototoxicity exposure (p>0.05,
no asterisk). ABR thresholds are significantly lower on day 28 compared
to days 7 and 14 of ototoxicity exposure (p<0.01, double asterisk),
although still higher than the controls (p<0.01, double asterisk)

�Fig. 2 Restoration of number of synaptic ribbons after ototoxic
withdrawal. a A representative sample from the middle turn of the
cochlea (left panel) with each RIBEYE/CtBP2 punctum representing a
synaptic ribbon. All immunostained synaptic ribbons are seen below the
nuclei of IHCs (right panel, green) and between the IHCs and spiral
ganglion cells (SGCs). IHC nuclei are stained using DAPI (blue). Scale
bar=10 μm. b Changes in the number and size of synaptic ribbons in
response to continuous ototoxicity exposure. Synaptic ribbons are
marked by RIBEYE/CtBP2 immunostaining. Large number of ribbon
synapses (arrows) are present in the basal, middle, and apical turns of the
cochlea in control mice (panel of the control). The number and size of
synaptic ribbons are affected after 7 and 14 days of ototoxicity (panels of
7th and 14th day, arrows indicate synaptic ribbons and arrowheads
indicate variegated synaptic ribbons) but shows recovery on day 28
(panel of 28th day). Scale bar=5 μm. c Number of synaptic ribbons per
inner hair cell (IHC) before and after ototoxic withdrawal. The number of
synaptic ribbons is significantly lower after 7 days of ototoxicity exposure
as compared to the controls but higher than after 14 days after exposure
and on day 28 (p<0.01). The number on day 28 is higher than after 7 and
14 days of ototoxicity after exposure (p<0.01), although still lower than
the controls (p<0.01)

Mol Neurobiol (2015) 52:1680–1689 1683



Absence of Significant Disruption in OHCs and SGCs
Morphology

SEM was used to examine whether cochlear components,
such as the stereocilia and auditory nerve fibers, were

significantly affected by the ototoxic exposure. Despite sig-
nificant alterations of synaptic ribbons, no significant disrup-
tion in OHCs or spiral ganglion cells (SGCs) were found
(Fig. 6). The stereocilia of OHCs also showed normal appear-
ance in all groups (Fig. 6a, c, e, g). Similarly, there were no
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significant differences in both the density and innervations of
SGNs across all groups (Fig. 6b, d, f, h).

Discussion

Ototoxicity has been considered a primary contributor to
irreversible hearing loss [3, 27]. The underlying mechanism
behind ototoxicity-induced hearing loss is currently
thought to be the permanent loss of hair cells or SGNs
in the cochlea [8, 18]. In this study, we showed that
hearing loss induced by moderate ototoxicity was re-
versible after ototoxic withdrawal. Moreover, this re-
versible hearing loss did not lead to the loss or degen-
eration of cochlear components, such as the stereocilia
and auditory nerves. Our investigation also showed that
the hearing restoration might be due to the repair of
ribbon synapses in the cochlea.

Normal mammalian hearing function depends primarily on
synaptic release at ribbon synapses [28–30]. For example,
otoferlin is thought to play a key role in exocytosis at IHC
ribbon synapses [31]. Gentamicin ototoxicity has been

reported to interrupt otoferlin expression in IHCs, subsequent-
ly resulting in hearing disorders in mice [9]. This suggests that
IHC ribbon synapses may have been disturbed by gentamicin
ototoxicity. In this study, we further demonstrated that
ototoxicity-induced hearing loss corresponded with number
and size changes of synaptic ribbons in the cochlea in mice.
Furthermore, restoration of hearing was consistent with
changes of synaptic ribbons after ototoxic withdrawal. Thus,
our findings appear to provide direct evidence that synaptic
repair may serve as the underlying mechanism for the deaf-
ness from ototoxicity and hearing restoration after ototoxic
withdrawal.

We note that our findings may not be consistent with some
other previous studies [8, 18] that proposed that the permanent
loss of hair cells or SGNs is the primary cause of hearing loss.
One possible explanation for the conflicting results is that
those studies have been conducted in vitro where ototoxic
substrates were directly applied to the hair cells or auditory
nerves, leading to severely damaged hair cells or auditory
nerves. In our study, mice were subjected to exposure of
gentamicin which might not easily bypass the labyrinthine
barrier in the cochlea to directly affect cochlear components.

Fig. 3 Restoration of number of
variegated synaptic ribbons after
ototoxic withdrawal. a Both
synaptic ribbons and nuclei of
inner hair cells are labeled by
antibodies against RIBEYE/
CtBP2 (green), scale bar=20 μm.
The size of spots identified by
RIBEYE/CtBP2 is measured
using the Image-Pro Plus
software (white frames). Panels
on right show amplified frames in
the left panel. Variegated synaptic
ribbons are defined as exceeding
2 standard deviations of the
normal mean (0.57+0.2 μm). b
The highest number of variegated
synaptic ribbons is on day 7 of
ototoxicity exposure,
significantly higher than the
control (p<0.01) and then day 14
of ototoxic exposure (p<0.01).
The number on day 28 shows a
significant decrease significantly
in comparison to on the 7th and
14th days of exposure (p<0.01),
although still higher than the
control (p<0.01)
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Supporting data can be found in another study, where appli-
cation of large dosage kanamycin was unable to induce hair
cell loss until 2 weeks after exposure [32].

RIBEYE was first identified as a major component of
cochlear ribbon synapses using synaptic ribbon-enriched bo-
vine retinal extract [33]. RIBEYE is specific to ribbon synapse

and is thought to help assemble other proteins into the ribbon
and drive ribbons to pre-synaptic fusion sites [28, 30, 34, 35].
RIBEYE is comprised of two domains and domain B contains
a partial C-terminal binding protein 2 (CtBP2) sequence [36].
The size, shape, and number of synaptic ribbons are generally
thought to significantly impact synaptic signaling [17, 23,
37–40].

In this study, we identified ribbon synapses by immuno-
staining for RIBEYE/CtBP2 puncta. We found that the num-
ber of synaptic ribbons significantly decreased after 7 and
14 days of ototoxicity exposure, which corresponded with
elevated hearing thresholds. Furthermore, the number of rib-
bon synapses increased on day 28 (14 days after ototoxic
withdrawal), which also corresponded with hearing improve-
ment. The size of the ribbon was also significantly affected by
ototoxicity. Variegated synaptic ribbons were larger in mice
exposed to the ototoxic agent and decreased in size after
ototoxic withdrawal. These changes were consistent with
ABR threshold shifts. Our data indicate that variations in
ribbon size can, in part, reflect hearing function. These data
are supported by a previous study which suggested that syn-
aptic ribbons and postsynaptic density may reflect hearing

Fig. 4 Frequency-specific
alterations of synaptic ribbons
after ototoxicity exposure. a
Ototoxicity exposure affects the
number of synaptic ribbon
synapses in the basal turn of the
cochlea more than in the middle
and apical turns. b Ototoxicity
exposure induces more size
changes of synaptic ribbons in the
basal turn of cochlea than in the
middle and apical turns

Fig. 5 Restoration of CAPs after ototoxic withdrawal. CAP thresholds
are higher after 7 days of ototoxicity exposure than the controls (p<0.01,
double asterisk) but has become lower on day 28 (p<0.01, double
asterisk), although still higher than the controls (p<0.05, asterisk). The
highest CAP threshold is observed after 7 days of ototoxicity
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function [41]. In that study, noise trauma induced transient
changes in the size of ribbon synapses, and ribbon synapses
recovered within 1 month after the noise exposure [41]. We
also found different distributions of variegated synaptic rib-
bons along cochlear turns. Ribbon synapses formed at or near
the basal turn of the cochlea appeared to be more susceptible
to the ototoxic exposure. Correspondingly, previous studies
have proposed that hair cells in the basal turn of the cochlea
are also more susceptible to ototoxic stimuli than those in the
middle and apical turns [1, 42–44].

We previously showed that IHC ribbon synapses were the
primary target of aminoglycoside ototoxicity [10]. Other stud-
ies have shown that noise overexposure can also cause “silent
damage” to ribbon synapses despite intact hair cells and SGNs
[11, 45]. We have also found that IHC ribbon synapse-
associated proteins, such as RIBEYE or otoferlin, are signif-
icantly affected by gentamycin ototoxicity [9, 10, 45]. Simi-
larly, aminoglycosides have been proposed to inhibit protein
synthesis by facilitating the erroneous pairing of non-agnate
tRNAs, thereby increasing the error rate of translation [1, 5].
Additional evidence from cultured aplysia sensory synapses
shows that local protein synthesis at or near the synapses is
significantly inhibited by anisomycin [24, 26].

It is generally agreed that CAPs are generated by
electrical activities at the terminal of SGN fibers [46].
Thus, CAP has been considered a functional indicator of
afferent synaptic activities of SGN fibers [46–48]. In this
study, we further explored the effects of ototoxicity on the

temporal processing capability of the auditory system. We
evaluated cochlear responses by measuring CAPs to time-
stress signals compared with the loss and repair of syn-
aptic ribbons. We showed that CAPs changes correlated
with hearing loss and changes in the number and size of
synaptic ribbons in the cochlea. In addition, we found that
ototoxic exposure did not significantly change the mor-
phology of hair cells and SGNs. Therefore, our results in
this study, together with those of our previous studies [9,
10, 45], may indicate that hearing loss can be reversed as
long as hair cells and SGNs are intact. However, the
hearing loss may no longer be reversible if ototoxicity
exposure has caused significant loss of hair cells or SGNs
[7, 8, 18].

In summary, we found that spontaneous hearing restoration
following ototoxicity exposure in mice corresponded with the
repair of cochlear synaptic ribbons. This suggests that spon-
taneous repair of ribbon synapse may serve as the molecular
mechanism for hearing restoration. However, further investi-
gations are required to determine how ribbon synaptic func-
tion changes in response to ototoxicity stimuli with no appar-
ent morphological alterations.
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Fig. 6 No significant change in
morphology of hair cells and
auditory nerves from ototoxicity
exposure. Scanning electron
microscopy (SEM) shows no
significant changes in the
stereocilia of OHCs before and
after ototoxicity (a, c, e, g). Scale
bar=20 μm. Semi-thin sections of
OHCs, IHCs, and auditory nerves
show no significant differences
before and after ototoxic
withdrawal. There are three well-
organized rows of OHCs, one row
of IHCs, and regular density of
spiral ganglion cells (SGCs)
nerve fibres (NF, white arrows)
in all groups (b, d, f, h). Scale
bar=50 μm
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