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It is widely accepted that even a single acute noise exposure at moderate intensity that induces temporary threshold shift (TTS) can
result in permanent loss of ribbon synapses between inner hair cells and afferents. However, effects of repeated or chronic noise
exposures on the cochlear synapses especially medial olivocochlear (MOC) efferent synapses remain elusive. Based on a
weeklong repeated exposure model of bandwidth noise over 2-20 kHz for 2 hours at seven intensities (88 to 106 dB SPL with 3
dB increment per gradient) on C57BL/6J mice, we attempted to explore the dose-response mechanism of prolonged noise-
induced audiological dysfunction and cochlear synaptic degeneration. In our results, mice repeatedly exposed to relatively low-
intensity noise (88, 91, and 94 dB SPL) showed few changes on auditory brainstem response (ABR), ribbon synapses, or MOC
efferent synapses. Notably, repeated moderate-intensity noise exposures (97 and 100 dB SPL) not only caused hearing threshold
shifts and the inner hair cell ribbon synaptopathy but also impaired MOC efferent synapses, which might contribute to complex
patterns of damages on cochlear function and morphology. However, repeated high-intensity (103 and 106 dB SPL) noise
exposures induced PTSs mainly accompanied by damages on cochlear amplifier function of outer hair cells and the inner hair
cell ribbon synaptopathy, rather than the MOC efferent synaptic degeneration. Moreover, we observed a frequency-dependent
vulnerability of the repeated acoustic trauma-induced cochlear synaptic degeneration. This study provides a sight into the
hypothesis that noise-induced cochlear synaptic degeneration involves both afferent (ribbon synapses) and efferent (MOC
terminals) pathology. The pattern of dose-dependent pathological changes induced by repeated noise exposure at various
intensities provides a possible explanation for the complicated cochlear synaptic degeneration in humans. The underlying
mechanisms remain to be studied in the future.

1. Introduction

Noise-induced hearing loss (NIHL) is a global public health
issue. Hearing loss could be caused by genetic factors, aging,
infectious diseases, ototoxic drugs, and noise exposure [1–6].
The reported mechanisms of noise-induced hair cells (HCs)
and spiral ganglion neuron damage mainly include mechan-
ical shearing forces and oxidative damage to HCs [7] and glu-
tamate excitotoxicity to neurons [8–11]. In the past, noise
exposure was considered harmful only when it causes a per-

manent threshold shift (PTS) [3, 12–16]. However, Kujawa
and Liberman recently demonstrated that even a single acute
noise exposure at moderate intensity that induces temporary
threshold shift (TTS) could result in permanent loss of rib-
bon synapses, which was then known as synaptopathy [17].
Noise-induced cochlear synaptopathy has been the focus of
attention in hearing research in these years. A number of
studies further found that the loss of ribbon synapse between
cochlear inner hair cells and type I afferent nerve (AN) fibers
usually accompanies the abnormal suprathreshold auditory
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brainstem response (ABR) [17–19]. More and more evi-
dences indicate that cochlear synaptopathy might not only
be the primary mechanism of hidden hearing loss (HHL)
but also contribute to tinnitus and age-related hearing loss
(ARHL) [20–23].

Despite the large number of pathological studies involv-
ing the effects of noise on the cochlear synaptopathy, most
of the previous studies paid attention to the single or acute
noise exposure that induced TTS with the loss of ribbon syn-
apses [17, 19, 24, 25]. Although repeated noise exposure is
more common in human daily life (such as noise at bars, cin-
emas, concerts, and traffics), relatively few studies focused on
the effects of repeated or chronic noise exposures on the
cochlear synaptopathy [26–28]. It remains inconsistent
whether repeated noise exposure would cause more damage
on cochlear synapses, since the noise exposure procedure
and experimental animals in previous studies were quite
various. For instance, 16-week-old Sprague-Dawley rats
exposed to 8-16 kHz octave-band noise at 97 dB SPL for
2 hours in 4 repeated days did not produce similar ABR
wave I amplitude decrement as acute noise exposure
[27], while repeated white noise at 100 dB SPL for 2 hours
even cause additional cochlear damages in C57BL/6J mice
[26]. Moreover, a recent study suggested that the medial
olivocochlear (MOC) efferent feedback protects the
cochlea from loss of ribbon synapses under the weeklong
exposure to moderate-intensity noise (84 dB SPL) in mice
[29], while few studies reported chronic noise exposure-
induced MOC efferent synaptic degeneration.

In this study, to explore the pattern of cochlear afferent
and efferent synaptic degeneration induced by repeated noise
exposure, we used seven gradient levels of noise exposure at
low, moderate, and high intensity. Auditory function and
cochlear immunofluorescence were measured at baseline
and 1 day and 14 days post noise exposure to assess the path-
ological changes of ribbon and MOC efferent synapses in
C57BL/6J mice. We proposed a hypothesis that dose-
dependent cochlear synaptic degeneration in C57BL/6J mice
was induced by repeated noise exposure.

2. Materials and Methods

2.1. Animals. C57BL/6J mice aged four weeks were obtained
from the SIPPR-BK Laboratory Animal, Ltd. (Shanghai,
China), which were derived from breeders originally pur-
chased from The Jackson Laboratory. A total of about 82
male mice were used in this study to exclude potential sex
differences in susceptibility to NIHL [30]. Animals were
divided into one control group and seven experimental
groups. Mice were housed under quiet laboratory condi-
tions, which showed normal baseline ABR, and distortion
product otoacoustic emission (DPOAE) thresholds were
included in subsequent noise exposure experiments. Each
group included 8-12 mice in the analyses. All experimental
procedures followed the Guide for the Care and Use of Lab-
oratory Animals and were approved by the University
Ethics Committee for Laboratory Animals of Shanghai Jiao
Tong University.

2.2. Repeated Noise Exposure Procedure. Noise exposure was
performed by exposing conscious mice in a pie-shaped wire
cage separated by eight compartments, in a calibrated rever-
berating chamber as described previously [31]. Bandpass-
filtered noise of 2-20 kHz generated by MATLAB software
(version 2007b) was delivered for 2 hours by an amplifier
and loudspeaker (Yamaha) at seven gradients of intensity
from 88 to 106 dB SPL. We defined the groups of relatively
low intensity (88, 91, and 94dB SPL), moderate intensity
(97 and 100 dB SPL), and high intensity (103 and 106 dB
SPL) in this study. An acoustimeter (type AWA6228+, Hang-
zhou Aihua) was used to calibrate noise exposure to the tar-
get sound pressure level. The exposure procedure was
performed on seven exposed groups and their corresponding
control groups of mice for continuous seven days repeatedly.
The baseline was set at the day before the first day of noise
exposure, ABRs were performed at baseline and 1 day and
14 days after NE, and DPOAEs were performed at baseline
and 14 days after NE. Animals were sacrificed 14 days after
NE (aged seven weeks) for observation of cochlear morphol-
ogy using immunofluorescence (IF). Figure 1 shows the flow-
chart of the repeated noise exposure procedure.

2.3. ABR Tests. ABRs were performed at baseline and 1 day
and 14 days after the repeated noise exposure procedure.
Mice were anesthetized with xylazine (20mg/kg) and keta-
mine (100mg/kg) through intraperitoneal injection, and the
body temperature was maintained near 37°C using a heating
blanket (Harvard Apparatus, USA, 55-7020). Recordings
were performed using three subcutaneous needle electrodes
at the vertex (active), left mastoid area (reference), and right
shoulder (ground), respectively. Short tone burst stimuli of 3
ms duration with 1ms rise/fall times were generated by the
RZ6 workstation (Tucker-Davis Technologies, USA). Stimu-
lus sounds were delivered free-field via an MF-1 speaker
placed 10 cm away from the vertex, in front of the mouse.
Stimulus roved over frequencies of 32, 22.6, 16, 11.3, 8, and
4 kHz, and the sound level started from 90 to 0 dB sound
pressure level (SPL) in 5 dB steps. For each ABR waveform,
400 responses were collected and averaged. ABR thresholds
were identified as the minimal stimulus level that evoked
any noticeable recording of waveforms at each frequency.
Wave I amplitudes (μV) were measured by averaging the Δ
V of both sides of the peak using the BioSigRZ software
(Tucker-Davis Technologies, USA). Thresholds and ampli-
tudes were measured by a researcher who was blind to the
information of mice in groups.

2.4. DPOAE Tests. DPOAEs were performed at baseline and
14 days after repeated noise exposure of groups 88dB SPL
(representative low intensity) and moderate and high intensi-
ties, by the DPOAE workstation with BioSigRZ software
(Tucker-Davis Technologies). For recordings, the left exter-
nal auditory meatus of mice was coupled to a ER10B+ micro-
phone (Etymotic Research). TwoMF-1 speakers were used to
deliver equal intensity primary tones, and the frequency ratio
(f2/f1) was 1.2 of which [32]. The amplitude of distortion
product (DP) at the frequency 2f1‐f2 was collected and aver-
aged 512 times, in response to centre frequencies at 8, 16, and
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22.6 kHz presented from 80 to 20 dB SPL (in 5 dB incre-
ments). The DPOAE threshold was defined as the point
where the DP can no longer be detected from noise [33].
Thresholds were measured by a researcher who was blind
to the information of mice in groups.

2.5. Whole-Mount Cochlear Immunofluorescence. At 14 days
after the noise exposure procedure, mice in different noise-
exposed groups and nonexposed control groups were deeply
anesthetized and sacrificed. Cochleae were immediately dis-
sected from temporal bones in 10mM phosphate buffer
saline (PBS) solution (Sigma, USA) and then perfused with
4% paraformaldehyde (Sigma, USA) at 4°C overnight. The
fixed cochlea was decalcified in 10% ethylene diamine tetraa-
cetic acid (Sigma, USA) solution until it became boneless.
The organ of Corti was dissected from the decalcified cochlea
and then separated into three parts (the apical, middle, and
basal turn) in the PBS solution. For immunofluorescence
(IF), the tissue was blocked in 10% bovine serum albumin
solution with 0.3% Triton X-100 (Sigma, USA) for one hour
at room temperature. Primary antibodies mainly included
rabbit anti-myosin VIIa (Abcam, UK, 1 : 500), mouse anti-
CtBP2 immunoglobulin (Ig) G1 (BD Biosciences, USA, 1 :
200), and rabbit anti-synaptophysin (SYP) (Abcam, UK, 1 :
500). Secondary antibodies used were Alexa Fluor 633-
conjugated goat anti-mouse IgG1 and Alexa Fluor 488-
conjugated goat anti-rabbit IgG (Invitrogen, USA, 1 : 200).

Images were acquired using a 40x water or 63x oil objective
lens on a LSM880 confocal microscope (Carl Zeiss, Ger-
many) with Z-stack scanning for 10μm. The maximum
intensity projection analysis was performed by using Zen
software (Carl Zeiss, Germany, version 3.0).

2.6. Morphometric Analysis. In order to map the location of
specific frequency on the organ of Corti in mice, we used a
location-to-frequency relationship formula as previous stud-
ies described [34, 35]: d ð%Þ = 156:5‐82:5 × log ð f Þ, where d
is the percentage of the distance from the base and f is the
frequency in kHz. For morphometric analysis, confocal
images at frequencies of 8, 16, and 22.6 kHz were mapped
(Figure 2(a)). For ribbon synapses, spots of CtBP2 staining
under each IHC were counted, and the counts of 10 to 12
continuous IHCs at a frequency were averaged for each sam-
ple (Figure 2(b)). For MOC efferent synapses [36, 37], the
area of SYP staining of each Z-stack maximum intensity pro-
jection image was measured and calculated by using ImageJ
software (National Institutes of Health, USA, version 1.8.0),
which was expressed as the density of MOC efferent synapses
of 5 to 6 continuous columns of three rows of outer hair cells
(OHCs) for each sample (Figure 2(c)).

2.7. Data Processing and Statistical Analysis. Data processing
and statistical analyses were performed using GraphPad
Prism (GraphPad Software Inc., USA, version 8.0). Con-
tinuous variables are presented as the mean (standard
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Figure 1: Flowchart of the repeated noise exposure procedure. NE: noise exposure; ABR: auditory brainstem response; DPOAE: distortion
product otoacoustic emission; IF: immunofluorescence.

8 kHz

16 kHz
22.6 kHz

100 𝜇m

(a)

CtBP2

Ribbon synapes

5 𝜇m

(b)

SYP

MOC efferent
synapes

5 𝜇m

(c)

Figure 2: Morphometric analysis of frequency located ribbon and MOC efferent synapses: (a) frequency mapping on the organ of Corti; (b)
ribbon synaptic counting; (c) MOC efferent synaptic measurement.
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deviation, SD) in tables. Cumulative distributions were
tested by using the Kolmogorov-Smirnov test. Two-way
ANOVA with Bonferroni post hoc tests was used to com-
pare the difference between multiple groups. P value <
0.05 was considered statistically significant. In the figures,
the error bar represents standard error of the mean
(SEM), NS represents P > 0:05, ∗ represents P < 0:05, and
∗∗ represents P < 0:01.

3. Results

3.1. Dose-Response Relations for Repeated Noise-Induced ABR
Threshold Shifts. ABR threshold shifts at 1 day after NE
(Figure 3(a)) and 14 days after NE (Figure 3(b)) for groups
of repeated noise exposure at various intensities were mea-
sured over frequencies from 4kHz to 32 kHz. No significant
threshold shifts were observed in groups of low-intensity
noise exposures at 88, 91, and 94dB SPL at any frequency
except for 32 kHz (Table 1). Because the frequency of 32
kHz in C57 mice was extremely vulnerable to hearing loss
related to a genetic defect of cadherin in the stereocilia [38,
39], this frequency was excluded from the following analyses
in this study. For moderate- to high-intensity repeated noise
exposures, threshold shifts at 1 day and 14 days after NE both
showed a more striking increase at higher frequencies with
intensity, while no significant PTSs showed at the frequency
of 4 kHz even under the strongest noise exposure (106 dB
SPL) at 14 days after NE. Moderate-intensity noise exposures
(97 and 100 dB SPL) induced significant threshold shifts over
frequencies from 8kHz to 22 kHz at 1 day after NE, but no
significant PTSs of which except for the 22 kHz in the group
of intensity at 100 dB SPL (Table 1).

3.2. Not Significant Auditory Effects Induced by Low-Intensity
Repeated Noise Exposure. For groups of low-intensity noise
exposures at 88, 91, and 94dB SPL without significant

threshold shifts of ABR, we further analysed DPOAE thresh-
old shifts (representative group of 88 dB SPL, Supplementary
Figure 1), ABR wave I amplitudes (Figures 4(a)–4(c)), ribbon
synaptic counts (Figures 4(d) and 4(f)), and the density of
MOC efferent synapses (Figures 4(e) and 4(f)) at 14 days
after repeated noise exposures, and no significant changes
of which were observed at neither 8 kHz, 16 kHz, nor 22.6
kHz frequencies.

3.3. Moderate-Intensity Repeated Noise Exposure Impaired
Cochlear Synaptic Morphology ahead of Function. For
moderate-intensity noise exposures, the group of 97 dB SPL
showed only TTSs at frequencies of 8, 16, and 22.6 kHz, while
the group of 100 dB SPL showed more serious threshold
shifts than that in the 97dB SPL group and even a PTS
(ABR and DPOAE threshold shifts) at the frequency of
22.6 kHz (Supplementary Figure 1). The frequency of 22.6
kHz was most vulnerable to repeated acoustic trauma on
ABR wave I amplitudes, ribbon synapses, and MOC
efferent synapses in groups of moderate-intensity noise
exposures (Figures 5(c)–5(f)). Despite the considerable
degree of threshold shifts at 1 day after NE (averaged 21.82
dB for group 97 dB SPL and 30.5 dB for group 100 dB SPL),
16 kHz was the most robust frequency against the synaptic
degeneration from repeated noise exposures at 97 dB SPL;
however, it showed a mild but significant decrease of wave I
amplitudes and ribbon synaptic counts in the 100 dB SPL
group (Figures 5(b) and 5(d)). Notably, changes at a
frequency of 8 kHz indicated that the lower moderate-
intensity (97 dB SPL) repeated noise exposures induced the
cochlear ribbon and MOC efferent synaptic degeneration
(Figures 5(d) and 5(e)) before ABR wave I amplitudes
decreased (Figure 5(a)).

3.4. High-Intensity Repeated Noise Exposure Impaired Outer
Hair Cells despite Cochlear Synaptic Degeneration. In

60 1 day after NE

50

40

30

20

10

–10
Control

Th
re

sh
ol

d 
sh

ift
 (d

B)

88 91
Intensity of repeated noise exposure (dB SPL)

94 97 100 103 106

0

4 kHz
8 kHz
11 kHz

16 kHz
22 kHz
32 kHz

(a)

14 day after NE

Control 88 91
Intensity of repeated noise exposure (dB SPL)

94 97 100 103 106

60

50

40

30

20

10

–10

Th
re

sh
ol

d 
sh

ift
 (d

B)

0

(b)

Figure 3: Dose-response relations between repeated noise exposure intensities with ABR threshold shifts at 1 day (a) and 14 days (b) after NE.
The error bar represents the SEM for 8-12 mice in each group. Red arrows represent thresholds at 32 kHz frequency greater than 90 dB after
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consideration of PTSs induced by repeated high-intensity
noise exposures, we performed DPOAE tests and HC count-
ing at 14 days post exposures. No significant loss of HCs was
found, even for the group of highest intensity (Supplemen-
tary Figure 2), while significant DPOAE threshold shifts
were essentially consistent with PTSs at frequencies of 8,
16, and 22.6 kHz for each group (Table 1 and Figure 6(a)).
In accordance with expectations, ABR wave I amplitudes
and ribbon synaptic counts permanently reduced in high-
intensity noise-exposed groups (Figures 6(b)–6(e)).
However, to our surprise, the decrement of MOC efferent
synapses was not significant after repeated noise exposures
at high intensities except for that at the frequency of 22.6
kHz in the 106 dB SPL group (Figures 6(f)–6(h)).

4. Discussion

In this study, we explored and summarized the dose-
dependent pattern of cochlear functional and morphological

degeneration induced by repeated noise exposure at various
intensities from 88 to 106 dB SPL in a 3 dB step increment.

Despite numerous studies that have demonstrated noise-
induced cochlear synaptic degeneration in various animal
models [18, 19, 25, 39–42], most of them used a single,
short-duration noise exposure procedure extensively used
in CBA/CaJ mice, Sprague-Dawley rats, guinea pigs, etc.
The C57BL/6 strain mouse was not commonly used in previ-
ous NIHL studies, because it showed more severe ABR and
DPOAE threshold shifts at high frequencies compared with
CBA mice [39, 43], which was attributed to the genetic defect
in the stereocilia of carrying Cdh23ahl alleles [38]. However,
in recent years, since many laboratories have moved their
mutant genes of interest to the C57BL/6 background [44],
this strain was widely used for genetic studies, including
many NIHL studies [45–47]. Moreover, previous strain com-
parisons revealed that C57 mice were more susceptible than
CBAs in the older age group only [43], while a recent study
indicated that the susceptibility of noise-induced cochlear
ribbon synaptopathy in CBA mice was different from C57
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mice [31]. Thus, we chose to use young C57 mice aged four
weeks and followed up to the age of 7 weeks. In this study,
we provided the characterization of repeated noise-induced
injury to cochlear function, synaptic morphology, and their
dose-response relationships in C57BL/6J mice.

4.1. Smaller TTS Did Not Show Evidence of Cochlear or
Synapse Pathology with Repeated Exposure. Given the com-
pelling evidence that even moderate noise exposure can
result in cochlear synaptic degeneration, numerous studies
asked whether prolonged overexposure to various noise
levels that had been considered “harmless” would add signif-
icant risk to NIHL [48, 49]. One challenge in understanding
the cochlear consequence of noise is to overview damage pat-
terns of the wide range of possible stimulus parameters.
Referring to human daily exposures, we wondered if cochlear
synaptic degeneration results from repeated exposures at
lower SPLs.

Overall, in this study, one-week long repeated noise
exposure at relatively low intensities seemed to be benign
for young C57BL/6J mice during a moderate period (two

weeks in our results). The “low” intensities (up to 94dB
SPL) of broadband noise used in this study are remarkably
higher than that of environmental sounds, which did not
induce even temporary impairments on cochlear function
and synaptic morphology. These results could be supported
by some previous studies. Morgan et al. [27] exposed
Sprague-Dawley rats to 8-16 kHz octave-band noise at 97
dB SPL for 2 hours, which repeated for 4 consecutive days.
They demonstrated that daily repeated exposures result in
diminished TTS and recovered thresholds; moreover, no per-
manent reduction in suprathreshold ABR responses was
observed. Mannström et al. exposed female Sprague-
Dawley rats to 2-20 kHz broadband noise for 1.5 hours at
various intensities, which was repeated every six weeks. They
found that rats exposed to the repeated noise exposure at 101
and 104 dB SPL did not have any permanent impairment in
thresholds or ABR wave I amplitudes in comparison with
unexposed control rats [50]. Despite the species differences
in the noise dose required to generate cochlear injuries [51,
52], our results suggested that in C57 mice [27], there is also
a permissible dose of noise exposure that does not directly

0

1

2

3

4

97 dB SPL-baseline
97 dB SPL-NE14D
100 dB SPL-baseline
100 dB SPL-NE14D

97 dB SPL-baseline
97 dB SPL-NE14D
100 dB SPL-baseline
100 dB SPL-NE14D

97 dB SPL-baseline
97 dB SPL-NE14D
100 dB SPL-baseline
100 dB SPL-NE14D

8 kHz
50 60 70

(a) (b) (c)

(d) (e) (f)

80 90
Sound pressure level (dB SPL)

W
av

e I
 am

pl
itu

de
 (𝜇

V
)

⁎⁎

0

1

2

3

4
14 days post repeated moderate-intensity noise exposure

16 kHz
50 60 70 80 90

Sound pressure level (dB SPL)

W
av

e I
 am

pl
itu

de
 (𝜇

V
)

⁎⁎

0

1

2

3

4

22.6 kHz
50 60 70 80 90

Sound pressure level (dB SPL)

W
av

e I
 am

pl
itu

de
 (𝜇

V
)

⁎⁎ ⁎⁎

0
5

10
15
20
25

Ribbon

Ri
bb

on
 sy

na
ps

es
/IH

C

8 kHz 22.6 kHz16 kHz

Control
97 dB SPL
100 dB SPL

⁎⁎ ⁎⁎ ⁎⁎ ⁎⁎ ⁎⁎

0.0

0.1

0.2

0.3

0.4 MOC

NS

8 kHz 22.6 kHz16 kHz

D
en

sit
y 

of
 M

O
C

eff
er

en
t s

yn
ap

se
s

Control
97 dB SPL
100 dB SPL

⁎⁎ ⁎⁎ ⁎ ⁎

CtBP2

SYP

22.6 kHz
Control 97 dB SPL

Figure 5: Moderate-intensity (97 and 100 dB SPL) repeated noise-induced permanent effects on (a–c) ABR wave I amplitudes, (d) ribbon
synapse counts, and (e) MOC efferent synaptic quantification. (f) Representative IF images of morphometric analysis for group 97 dB SPL
at a frequency of 22.6 kHz; white arrows indicate significant morphometric changes (the scale bar indicates 10μm). Two-way ANOVA
with Bonferroni post hoc tests were used to compare the difference between groups. The error bar represents the SEM for 8-12 mice in
each group. NE14D: 14 days after NE; NS: no significance. ∗P < 0:05; ∗∗P < 0:01.

7Neural Plasticity



cause the significant TTS as well as the cochlear synaptic
degeneration. However, the long-term effects of accumulated
noise-induced trauma in cochlea synapses should be further
considered in future studies.

4.2. Damage Pattern of Repeated Noise Exposures. Noise-
induced cochlear damage may take various patterns underly-
ing different degrees and mechanisms for reversible or per-
manent impairments. To date, the sustained cochlear
damage across all mammalian species studies seems to prog-
ress similarly with the noise dose increase, which first occurs
in IHC ribbon synapses, then the stereocilia, later the loss of
HCs and ANs [52, 53]. Different from the single octave band
of noise extensively used in many previous studies [17, 18,
22], we used the repeated broadband noise at intensities from
97 to 106 dB SPL without producing significant loss of HCs,
in order to focus on the cochlear synaptic degeneration and
dysfunction of OHC stereocilia (reflected on DPOAE) and
their vulnerability at various frequencies. Notably, we took
not only ribbon synapses but also MOC efferent synapses
into consideration of the cochlear synaptic degeneration.

As expected, repeated noise-induced hearing threshold
shifts in C57 mice were more severe at higher frequencies,
which should be attributed to the dysfunction or damage of
OHC stereocilia. In this study, we further found that the vul-

nerability to repeated noise-induced cochlear synaptic
degeneration was more remarkable at the higher frequency
of 22.6 kHz and the lower frequency of 8 kHz, while the mid-
dle frequency of 16 kHz was most robust against synaptic
degeneration. For all frequencies, TTSs first occurred with
the increased doses of repeated noise exposure, which were
not always accompanied by synaptic degeneration. More-
over, the change of ribbon synaptic counts appeared to be
consistent with MOC efferent synapses under low- and
moderate-intensity noise exposure. However, PTSs accom-
panied by damage on DPOAEs were more likely to result in
loss of ribbon synapses rather than MOC efferent synapses
(Table 2). To our knowledge, this present study showed for
the first time that repeated noise exposure leading to cochlear
synaptic degeneration could also cause reduction of MOC
efferent synapses, which depended on the vulnerability of fre-
quency and function of OHCs.

As previous studies indicated, the relationship between
threshold shifts at 1 day after NE criterion change and ABR
amplitudes or synaptic counts at each frequency was quite
complicated [22, 51, 54, 55]. Among Sprague-Dawley rats,
only the 8-16 kHz bandpass noise exposures producing TTSs
at 1 day after NE greater than 30 dB could reduce ABR wave I
amplitudes, while the degree of ABR wave I reduction was
not related to the degree of threshold shifts [19]. However,
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Maison et al. reported significant cochlear ribbon synaptopa-
thy in CBA mice exposed to lower intensity but more pro-
longed octave noise that only produced a 15dB TTS [29].
Here, we found that the degree of threshold shifts at 1 day
after NE producing cochlear synaptic degeneration was par-
ticularly related to the frequency. Our results suggested that
approximately 10 dB at 8 kHz, 30 dB at 16 kHz, and 20 dB at
22.6 kHz of threshold shifts at 1 day post exposure are able
to result in permanent loss of ribbon synapses. Moreover,
the degree of threshold shifts at 1 day after NE progress fol-
lowing PTSs was about 30 dB at 8 kHz and 22.6 kHz, which
was higher than 40dB at a frequency of 16 kHz (Table 1).
The findings suggested that repeated or prolonged noise
exposure might cause greater cochlear synaptic degeneration
at lower and higher frequencies, in the order of ARHL pat-
terns of IHC synapse loss observed in human temporal bones
[56, 57]. Fernandez et al. previously demonstrated that
CBA/CaJ mice exposed to 8-16 kHz noise at 91 dB SPL for
2 hours or 8 hours produced no loss of synapses at 16 kHz
and below, while the synaptic loss increased with frequency
for 8-hour exposure compared with the 2-hour exposure
[22]. Repeated exposures to the single noise that induced
only TTSs resulted in cumulative cochlear ribbon synaptopa-
thy at frequencies of 16 kHz and above as well [58]. These
results suggested that repeated noise overstimulation proba-
bly accelerates the cochlear synaptic degeneration in the ani-
mal model of ARHL [59].

4.3. Potential Effects on MOC Efferent Synapses of Repeated
Noise Exposure. It is widely accepted that the feedback from
the MOC efferent system can protect cochlear ribbon synap-
topathy from both acute and chronic noise exposures [29, 60,
61]. Maison et al. removed all efferent feedback to the inner
ear by cutting the efferent bundles, whereas the sectioning

of the efferent fibers greatly exacerbated the ribbon synapto-
pathy in both basal and apical regions of the cochlea in
CBA/CaJ mice under one-week exposure at 84 dB SPL [29].
A recent study used mice with a gain-of-function point
mutation in the α9 subunit of the nicotinic acetylcholine
receptor, which strengthened cochlear suppression of the
MOC efferent system protecting the loss of ribbon synapses
from acoustic injury [62]. The aging-induced MOC system
decline has been demonstrated in numerous previous stud-
ies. The density of MOC efferent terminals decreased with
age prior to OHC degeneration, as measured by contralateral
suppression (CS) of DPOAEs in humans and CBA mice [63,
64].

However, it remains unclear whether noise exposure
results in damage to MOC efferent nerves. Only a few studies
have focused on damage to efferent nerve endings following
noise exposure. Although the previous work failed to observe
any effects on CS of acute recreational noise exposure in nor-
mal hearing threshold adults [65], Boero et al. first demon-
strated that acute 1-16 kHz noise exposure at 100 dB SPL
for 1 hour can produce degeneration of MOC terminals con-
tacting the OHCs [60]. Consistently in this study, we first
demonstrated that repeated noise exposure in C57 mice also
results in MOC efferent synaptic degeneration. Our results
indicated that the MOC efferent synapses showed strong
resistance to noise damage, as well as partial protection from
ribbon synaptopathy at middle frequencies of 16 kHz
(Table 2), in accordance with the distribution of MOC termi-
nals as previous observations [63, 66]. Further studies to
reveal repeated noise-induced functional changes of MOC
efferent nerves need to be performed in the future.

Notably, we found that various repeated noise-induced
effects on patterns of TTSs, PTSs, ABR wave I amplitudes,
ribbon, and MOC efferent synaptic degeneration were quite

Table 2: Cochlear function and synaptic morphology changes related to repeated noise exposure at various intensities.

Frequency Intensity (dB SPL)
Function Synaptic morphology

Threshold shifts
at 1 day after NE

Threshold shifts
at 14 days after NE

Decreased ABR
wave I amplitude

Ribbon
synaptopathy

MOC efferent
synaptic degeneration

8 kHz

Low 88, 91, 94 (-) (-) (-) (-) (-)

Moderate
97 (+) (-) (-) (+) (+)

100 (+) (-) (+) (+) (+)

High
103 (+) (-) (+) (+) (-)

106 (+) (+) (+) (+) (-)

16 kHz

Low 88, 91, 94 (-) (-) (-) (-) (-)

Moderate
97 (+) (-) (-) (-) (-)

100 (+) (-) (+) (+) (-)

High
103 (+) (+) (+) (+) (-)

106 (+) (+) (+) (+) (-)

22 kHz

Low 88, 91, 94 (-) (-) (-) (-) (-)

Moderate
97 (+) (-) (+) (+) (+)

100 (+) (+) (+) (+) (+)

High
103 (+) (+) (+) (+) (-)

106 (+) (+) (+) (+) (+)

(+) indicates significant change; (-) indicates nonsignificant change.
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complex. For instance, although both ribbon and MOC effer-
ent synapses decreased at frequency of 8 kHz, ABR wave I
amplitudes reduced in group 100 dB SPL rather than 97 dB
SPL (Figure 4). We proposed that the different damage pat-
terns may depend on balance of the degree of injury of vari-
ous inner ear elements, especially the MOC efferent feedback.
Besides, repeated high-intensity noise exposures enabled
production of PTSs unexpectedly resulting in slighter MOC
efferent synaptic degeneration than that under moderate-
intensity noise. These results suggested that noise-induced
PTS may alter synaptopathic outcomes. Fernandez et al.
recently assessed the dose-response effects on ribbon synap-
topathy and HC damage of acute 8-16 kHz octave-band noise
exposure in CBA/CaJ mice. They also observed that higher-
level noise exposure producing mixed sensory and neural loss
resulted in smaller synapse losses, despite greater declines in
suprathreshold ABR amplitudes [53]. Underlying mecha-
nisms might involve HC injury attenuating the direct stimu-
lus on synapses, which protected them from synaptic
excitotoxicity [17].

5. Conclusions

In summary, we demonstrated the dose-dependent charac-
terization of the repeated noise-induced injury to cochlear
function, synaptic morphology, and their complex dose-
response relationships in C57BL/6J mice. We proposed that
the noise-induced various cochlear damage patterns attribute
to the balance of degrees of injury on HCs, ribbon and MOC
efferent synapses, etc. Notably, this study provided a sight
into the hypothesis that the interruption in synaptic commu-
nication between MOC efferent terminals and OHCs,
together with loss of ribbon synapses, contributes to pro-
longed noise-induced cochlear synaptic degeneration.
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