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Hearing loss is considered as the most common sensory
disorder in human population that occurs at all ages world-
widely and sensorineural hearing loss (SNHL) is the most
common type of hearing loss. Various insults could induce
SNHL, including acoustic trauma, ear and brain tumors,
aging, noise exposure, or ototoxic medications or chemicals.
SNHL is caused by irreversible loss of sensory hair cells
and/or degeneration of spiral ganglion neurons. SNHL is
not yet curable due to the lack of automatic regeneration
of hair cells and spiral ganglion neurons in the cochlea. In
recent years, exciting animal studies on signaling pathway
manipulation, gene therapy, and stem cell transplantation
as well as pharmaceutical agents have demonstrated that
hair cells and spiral ganglion neurons could be triggered
to regenerate, suggesting that hearing loss might be curable
eventually in the future. Neural plasticity is the key feature
for hair cells and spiral ganglion neurons, and it is especially
important for the newly regenerated hair cells and spiral
ganglion neurons to be functionally integrated into auditory
pathways. In this special issue on neural plasticity of hair
cells and spiral ganglion neurons, we are pleased to present a
series of articles that represent the latest advances in hair cell
development, protection and regeneration, spiral ganglion
neuron development and protection, and inherited hearing
loss.

Hair Cell Development. J. Hang et al. (“Synchronized Progres-
sion of Prestin Expression and Auditory Brainstem Response
during Postnatal Development in Rats”) report that the onset
time of hearing may require the expression of prestin and is
determined by the functional maturation of outer hair cells.
H. Nie et al. (“Plasma Membrane Targeting of Protocadherin
15 Is Regulated by the Golgi-Associated Chaperone Protein
PIST”) report that PIST regulates the intracellular trafficking
and membrane targeting of the tip-link proteins CDH23 and
PCDH15 in hair cells.

Hair Cell Damage and Hair Cell Protection. X. Liu et al.
(“Analysis of the Damage Mechanism Related to CO

2
Laser

Cochleostomy onGuinea PigCochlea”) report that enhanced
cell-cell adhesion and activation of 𝛽-catenin-related canon-
ical Wnt signaling pathway may play a role in the protection
of the cochlear from further damage. M. Fu et al. (“The
Effects of Urethane on Rat Outer Hair Cells”) report that
urethane anesthesia is expected to decrease the responses
of outer hair cells, whereas the frequency selectivity of the
cochlea remains unchanged. X. Fu et al. (“Loss of Myh14
Increases Susceptibility to Noise-Induced Hearing loss in
CBA/CaJMice”) report that Myh14 may play a beneficial role
in the protection of the cochlea after acoustic overstimulation
in CBA/CaJ mice. L. Shi et al. (“Cochlear Synaptopathy
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2 Neural Plasticity

and Noise-Induced Hidden Hearing Loss”) provide a brief
review to address several critical issues related to NIHHL:
mechanisms of noise-induced synaptic damage, reversibility
of synaptic damage, functional deficits in NIHHL animal
models, evidence of NIHHL in human subjects, and periph-
eral and central contributions of NIHHL.

Hair Cell Regeneration. Y. Shu et al. (“Adenovirus Vectors
Target Several Cell Subtypes of Mammalian Inner Ear In
Vivo”) report that adenovirus vectors are capable of efficiently
and specifically transfecting different cell types in the mam-
malian cochlea and therefore provide useful tools to study
inner ear gene functions and evaluate gene therapies for
treating hearing loss and vestibular dysfunction. X. Lu et al.
(“Mammalian Cochlear Hair Cell Regeneration and Ribbon
Synapse Reformation”) review recent research progress in
hair cell regeneration, synaptic plasticity, and reinnervation
of new regenerated hair cells in the mammalian cochlea. C.
Wang et al. (“Evaluation of the Hair Cell Regeneration in
Zebrafish Larvae by Measuring and Quantifying the Startle
Responses”) report the capability of a behavioral assay in
noninvasively evaluating hair cell functions of fish larvae and
its potential as a high-throughput screening tool for auditory-
related gene and drug discovery.

Spiral Ganglion Neuron Development and Protection. P. Chen
et al. (“NLRP3 Is Expressed in the Spiral Ganglion Neurons
and Associated with Both Syndromic and Nonsyndromic
Sensorineural Deafness”) report that NLRP3 may have spe-
cific functions in spiral ganglion neurons that are altered in
both syndromic and nonsyndromic sensorineural deafness.
X. Bai et al. (“Protective Effect of Edaravone on Glutamate-
Induced Neurotoxicity in Spiral Ganglion Neurons”) investi-
gated the toxicity of glutamate in spiral ganglion neurons and
they found that the protection of edaravone is related to the
PI3K pathway and Bcl-2 protein family.

Inherited Hearing Loss. X. Gu et al. (“Massively Parallel
Sequencing of a Chinese Family with DFNA9 Identified a
Novel Missense Mutation in the LCCL Domain of COCH”)
identified a missense mutation in the LCCL domain of
COCH that is absent in 100 normal hearing controls and
cosegregated with impaired hearing. J. Chen et al. (“Iden-
tification of a Novel ENU-Induced Mutation in Mouse
Tbx1 Linked to Human DiGeorge Syndrome”) confirm the
pathogenic basis of Tbx1 in DGS, point out the crucial role
of DNA binding activity of Tbx1 for the ear function, and
provide additional animal model for studying mechanisms
underlying the DGS disease. Y. Guo et al. (“The Relative
Weight of Temporal Envelope Cues in Different Frequency
Regions for Mandarin Sentence Recognition”) report that,
for Mandarin Chinese, a tonal language, the temporal E cues
of Frequency Region 1 (80–502Hz) and Region 3 (1,022–
1,913Hz) contribute more to the intelligence of sentence
recognition than other regions, particularly the region of 80–
502Hz, which contains fundamental frequency (F0) infor-
mation. L. He et al. (“Mutation in the Hair Cell Specific
Gene POU4F3 Is a CommonCause for Autosomal Dominant
Nonsyndromic Hearing Loss in Chinese Hans”) report that

mutations in POU4F3 are a relatively common cause (3/16)
for ADNSHL in Chinese Hans, which should be routinely
screened in such cases during genetic testing. C. Zhang et al.
(“ANovelNonsenseMutation ofPOU4F3GeneCausesAuto-
somal Dominant Hearing Loss”) report the first nonsense
mutation of POU4F3 associated with progressive hearing loss
and explored the possible underlying mechanism.

The articles in this special issue provide valuable insights
into development, protection, and regeneration of hair cells
and spiral ganglion neurons. By highlighting findings in these
articles, we hope this special issue will provide not only new
perspectives for future directions in hearing research but also
potential therapeutic strategies for treating hearing loss.

Renjie Chai
Geng-Lin Li
Jian Wang
Jing Zou
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The zebrafish has become an established model organism for the study of hearing and balance systems in the past two decades.
The classical approach to examine hair cells is to use dye to conduct selective staining, which shows the number and morphology
of hair cells but does not reveal their function. Startle response is a behavior closely related to the auditory function of hair cells;
therefore it can be used to measure the function of hair cells. In this study, we developed a device to measure the startle response
of zebrafish larvae. By applying various levels of stimulus, it showed that the system can discern a 10 dB difference. The hair cell in
zebrafish can regenerate after damage due to noise exposure or drug treatment. With this device, we measured the startle response
of zebrafish larvae during and after drug treatment. The results show a similar trend to the classical hair cell staining method. The
startle response was reduced with drug treatment and recovered after removal of the drug. Together it demonstrated the capability
of this behavioral assay in evaluating the hair cell functions of fish larvae and its potential as a high-throughput screening tool for
auditory-related gene and drug discovery.

1. Introduction

Due to itsminiature size, prolific reproduction, and the exter-
nal development of the transparent embryo, the zebrafish is
a leading model for developmental and genetic studies, as
well as in toxicology and omics-based research [1–6]. Despite
being genetically more distant from humans than other
models, the vertebrate zebrafish has comparable organs and
tissues, such as heart, kidney, pancreas, bone, cartilage, and
even hearing organs [7, 8]. Indeed, the zebrafish is nowadays
an established animal model for gene and drug screening in
auditory research and has become a popular model organism
for the study of hearing and balance system over the past 20
years [9–12].

The zebrafish carries numerous valuable features as a
model in auditory research. For instance, several dozens of
hearing-related genes have been discovered in zebrafish and

many of them similarly influence the inner ear of humans
and other vertebrates [7, 8]. In addition, the sensitivities to a
variety of ototoxins, otoprotectants, and otoregeneratives are
comparable to those in the zebrafish and in humans [6, 10].
The hair cells in the lateral line system are homologous with
the ones in a human’s inner ear, only located superficially
on zebrafish’s skin, with excellent permeability of various
dyes and chemicals [13]. Recent advances in studying the
biophysical properties of the zebrafish hair cell provided
evidence on how to relate the findings in the zebrafish hair
cell to their mammalian counterpart [14, 15].

Loss of sensory hair cells is the leading cause resulting in
deafness or hearing deficits, and the process is not reversible
in mammalian vertebrates. There is no or very limited hair
cell regeneration after hair cell damage or death. Postnatal
hair cell death in humans is often induced by bacterial
infections, damage from prolonged noise exposure, and
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treatments with certain ototoxic drugs such as aminoglyco-
side antibiotics or chemotherapeutic agents. In contrast to
mammalian vertebrates, robust hair cell regeneration occurs
in most nonmammalian vertebrates, including zebrafish [16,
17]. In combination with the advantageous technical nature
of zebrafish, this animal model is positioned to become a
unique research tool to study hair cell regeneration, as well as
development [18]. Ongoing efforts are underway to identify
regeneration specific genes and pathways that are regulated
during particular stages of hair cell regeneration.

The hair cell regeneration in zebrafish is usually assessed
through staining the hair cells and microscopically counting
the cell number. In brief, the drug dose-dependent hair
cell death can be examined with a particular ototoxin, such
as neomycin, and subsequent time-lapsed cell regeneration
can be investigated with borderline-hair cell death that is
achieved by appropriate drug dose [17, 19].

Functional examination of zebrafish hair cell is difficult
due to the lack of reliable quantification methods, compared
to the electrophysiological measurement of auditory brain-
stem response, or otoacoustic emissions in mice. Zebrafish
do harbor a rich repertoire of motor behaviors neurologically
initiated by their sensory organs, either the lateral line
system or the auditory system [20]. For instance, the startle
response has some definitive and stable traits and can be
simply triggered by a tap on the zebrafish container [21].
The startle response is intense and rapid and typically is
comprised of two stages. The fish body first bends into a
characteristic C-shape away from the intense stimulus within
10msec. Afterwards, the body exhibits a small reversed curve,
followed by fast swimming. The startle response can be
triggered by acoustic stimuli from 5 dpf and throughout
adulthood, with similar intensity threshold and frequency
range [22]. These traits allow us to utilize the startle response
as a behavioral tool to reliably assess hair cell damage and
pertinent intervening effects. Compared to the hair cell
countingmethod, this behavioral assay is noninvasive, so that
the same fish can be examined multiple times and at various
stages of the process. This system measures dozens of fish
larvae each time, so that it can be used as a high-throughput
drug or gene screening assay.

Deviant from previous systems for startle response mea-
surement, significant improvement has beenmade to increase
the accuracy. Using the system, we have successfully quan-
tified the startle response in zebrafish (1) immediately after,
(2) one day after, and (3) three days after drug exposure. The
hair cells in the lateral line were also stained and counted at
stages (1) and (3) to verify the damage and regeneration. The
startle response results showed similar trends as what hair cell
counting did but with much less effort. It demonstrated that
this system can facilitate regenerative research in the zebrafish
and improve and expedite our understandings in regenerative
pathways and regulations in hair cell development and
regeneration.

2. Materials and Methods

2.1. Animals. Wild-type TU fish line was raised and main-
tained in a recirculating aquaculture system according to

standards described by Kimmel et al. [21]. Zebrafish larvae
were maintained in embryo medium containing 0.002%
Methylene Blue as a fungicide. Larvae were fed with dry food
(Zeigler Bros Inc., PA, USA) starting at 5 dpf.

2.2. Staining and Imaging. Neomycin was used to induce
damage in neuromast hair cells. It was applied to 7-dpf
zebrafish larvae in the culture medium for duration of 24
hours. At the end of drug treatment, 8-dpf zebrafish were
incubated in 8𝜇M Yo-Pro-1 dye (Y3603, Molecular Probes,
OR, USA) dissolved in culture medium for 1 hour at 28.5∘C.
After rinsing 3 times, fish were anaesthetized with 0.01%
tricaine and mounted with methylcellulose in a depression
slide for observation. Stained neuromasts in the lateral trunk
were quantifiedwith stereomicroscope (SMZ18,Nikon) using
a 13.5x objective. For confocal imaging, fish were embedded
with 1.5% low melting agarose gel. Lateral line neuromasts
in the trunk region were visualized by a Leica confocal
microscope TCS SP8.

2.3. Instrumentation for Startle Response. An instrument
system was developed to measure the startle responses of
the fish larvae. The schematic of the system was shown in
Figure 1(a). The fish was contained in a Petri dish within
a thin layer (2mm) of water. This assures that every fish is
within the focal range of the lens and the magnification is
identical. The dish was illuminated with a light guide panel,
providing evenly distributed illumination, an improvement
from the previous practice with beam lighting from the side
[22]. This illumination improved the image quality, resulting
in better accuracy for the image processing process.The Petri
dish was glued on the light guide panel with transparent
glue and the light panel was glued on a mini vibrator, which
generates acoustic vibrations with varying frequency and
amplitude under the control of electrical signal input. The
stimulus vibration is conducted to the Petri dish via the light
guide panel. A MEMS-based accelerometer was also glued
on the panel. This is applied to monitor the stimulus in real
time. In addition, a laser Doppler vibrometer was used to
measure the vibration of the water surface under various
stimulations prior to the test. This step provided a direct
measure of the stimulus that would be applied to the fish.
Thus, stimulus parameters had been confirmed prior to the
actual measurement and stimulus precision was guaranteed.

A digital camera system was mounted on a microscope
frame to monitor the Petri dish and zebrafish from the top.
With the transillumination, the fish larva body appears as
dark region in each image frame and the fish larvae were
segmented from the background with in-house software,
developed within MATLAB (MathWorks, MA, USA). With
the segmented fish body, the position of the fish within
the Petri dish can be located. By connecting the position
in each frame for a fish larva, its movement during each
experiment can be extracted from the recorded video. As
proposed in [22], the moving distance of the fish larvae
under a short tone burst stimulus can be used as a measure
of its auditory startle response. Figure 1(b) shows the trace
of 10 fish larvae after a stimulus. The mean distance of the
fish can be calculated from the trace. A potentially more
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Figure 1: Recording the startle response in zebrafish. (a) Instrumentation for themeasurement of startle response. (b)Moving traces identified
from multiple picture frames after delivering a stimulus. (c) Characteristic C-bend motion identified in a single picture frame from a subset
of zebrafish.

accurate but less sensitive measure is to count the number
of fish larvae that demonstrate a C-shape motion right after
the auditory stimulus. The C-shape motion is specific to
the auditory startle response and lasts less than 10ms upon
stimulation [22]. The speed of the camera is 500 fps, which
allows capturing the fast C-shape motion of each fish larva
inside the dish. The number of fish with C-shape motion
after each stimulus was calculated from several frames of
the video. Both the mean distance and the number of fish
with C-bend motion were calculated and used to quantify
the startle responses. Here in this report we only showed the
mean distance results. Figure 1(c) shows that three fish larvae
demonstrated the C-bend motion in one single frame.

2.4. Verification of Instrument System. To verify the efficacy
of the instrument system, an experiment was performed to
measure the startle responses of zebrafish larvae to sound
stimulus with different intensity in fish that were treated with

or without ototoxic drug. To test the relationship between the
startle response and stimulus level, 400Hz tone bursts with
3 different sound levels were applied to the amplifier to drive
the vibrator. The stimulus mid-level was chosen by visually
observing that more than 5 larvae (without drug treatment)
showed significant movement. The high level is about 10 dB
above and the low level is about 10 dB below the mid-level.
For each stimulus level, 10 repeats were performed to achieve
the statistical significance. Between each stimulus, 100 sec of
break was applied to avoid the adaptation, as suggested in
[22]. To test the sensitivity of the system to ototoxic drug, 7-
dpf zebrafish larvae were treated with neomycin of 3 different
levels of concentration, 0, 0.16, and 1.6 𝜇M, for 24 hours.
Higher concentration of 8𝜇M neomycin resulted in high
death rate; thus it was only used in the staining experiment
for hair cell survival and recovery. The startle responses were
measured with the system right after rinsing the larvae at
8 dpf, with the tone burst stimulus of 400Hz of the same
sound level.
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Figure 2: Time course for the measurement of startle response in zebrafish.

2.5. Recovery of Zebrafish Larvae from Drug Exposure. With
the instrument system introduced earlier, we performed the
startle responses as well as the traditional hair cell counting
technique tomonitor the recovery of the auditory function of
the zebrafish larvae. In each test, 10 larvae were placed in the
Petri dish. Two testing systems were used in parallel so that in
total 20 larvae were tested for each experiment. The stimulus
waveform was a tone burst of 160ms with 30ms rise and
fall time, as shown in Figure 2. The stimulus frequency was
400Hz and the stimulus level was 39mm/s as the vibration
velocity of the water surface. The absolute sound pressure
level of this stimulus was impractical to measure due to the
shallow water (∼2mm). Therefore, the vibration of the water
surface at this sound level was measured by a laser Doppler
interferometer to ensure the consistency.

One hundred zebrafish larvae were used in the present
study. At 7 dpf, larvae were divided into three groups: control
(i.e., 0) and 0.16 𝜇M and 1.6 𝜇M neomycin treatment. The
startle responses of 20 larvae were tested before adding
the drug. The larvae were merged in culture medium with
neomycin for 24 hours and then rinsed with clean culture
medium for three times. At 8 dpf, right after rinsing, 20 larvae
from each group were tested with the startle response. The
same test was again performed at 9 and 11 dpf (24 hrs and
72 hrs after rinsing) to monitor potential recovery due to
expected hair cell regeneration.

In parallel with the startle response test, the hair cell
damage by neomycin treatment was confirmed by observing
and counting the hair cell with staining. As in previous test,
the larvae were divided into three groups, with neomycin
concentration of 0, 0.16, or 1.6𝜇M. The hair cells on the
lateral line were stained and counted at 8 dpf right after drug
treatment to check the damage and at 11 dpf, 72 hrs after the
treatment, to check the regeneration.

3. Results

3.1. Characterizing Startle Response. We quantified the startle
response by zebrafish larvae’s moving distance upon sound
stimulation. Figure 3(a) shows that themeanmoving distance
increased with rising sound levels, in a range of 20 dB, that
is, 10-fold. Figure 3(b) shows the startle responses versus
ototoxic drug concentration. The concentration of neomycin

was at 0, 0.16 𝜇M, or 1.6 𝜇M.The sound stimulus was 400Hz
tone bursts.

3.2. Regeneration of Neuromast Hair Cells after Neomycin-
Induced Hair Cell Damage. Previous studies have mostly
demonstrated that neomycin exposure ablated hair cells in
the lateral line in a dose-dependent manner [10, 16]. Here in
this study, Yo-Pro-1 was used to identify hair cells from pos-
terior neuromasts in the lateral line. After 24-hour neomycin
treatment, neuromasts in the trunk region dorsal to the pelvic
fin were observed and hair cells were counted. Figure 4(a)
illustrates that a high dose of 8𝜇M neomycin led to loss of
most hair cells; the Yo-Pro-1 positive residues were random
and dispersed, unlike the cluster-like organization observed
with lower neomycin dosing. Compared to the control group,
a smaller and less number of hair cells were observed with
either 0.16 or 1.6 𝜇M neomycin treatment (Figure 4(b)).
Three-day recovery enabled robust regeneration of hair cells
(Figure 4(b)), which is consistent with previous reports
investigating the precursor pool maintenance in lateral line
hair cells [23].

3.3. Startle Responses of the Same Procedure. Using the same
experimental condition with neomycin treatment, we also
evaluated the startle response with our in-house instrument
system.The tone burst attributes were the same as previously
described and the tone frequency was 400Hz. The startle
responses were checked 24 hrs and 72 hrs after the drug
treatment. The mean moving distance of the control group
is used as a reference at each checkpoint. The responses of
the drug treatment groups were normalized by that of the
control group to eliminate the possible variation in startle
responses between different days. At 8 dpf (0 h in Figure 5),
the responses of the drug treatment group are significantly
smaller than that of the control. With drug treatment, the
startle responses at 24 h and 72 h showed gradual growth of
moving distance, compared to that at 0 h, indicating time-
lapsed functional recovery.

4. Discussion

4.1. Efficacy of Using the Vibrator. In this study, a mini shaker
was used as the driver to deliver acoustic vibration to the Petri



Neural Plasticity 5

0

0.5

1

1.5

2

2.5

3

M
ea

n 
di

sta
nc

e (
m

m
)

20 605
Sound intensity (a.u.)

∗∗

∗∗p < 0.01

(a)

0 0.16 1.6
0

0.5

1

1.5

2

2.5

M
ea

n 
di

st
an

ce
 (m

m
)

∗∗∗
∗∗∗

Drug concentration (𝜇M)

∗∗∗p < 0.001

(b)

Figure 3: Characterizing the startle response. (a) Mean moving distance of larvae with 400Hz sound of intensity linearly grown from 5 to 60
with an arbitrary unit. This results in a sound level in about 20 dB.The values are 1.59 ± 0.23, 2.16 ± 0.34, and 2.48 ± 0.35. There is statistically
significant difference between the 1st column and 3rd column (𝑝 < 0.01) but not between adjacent columns. (b) Mean moving distance as
function of the neomycin concentration. The values are 2.16 ± 0.34, 0.89 ± 0.12, and 0.71 ± 0.11. There is statistically significant difference
between the 1st column and 2nd column (𝑝 < 0.001) but not between 2nd and 3rd columns (𝑝 = 0.09). The error bar is standard error.

dish and produce the sound stimulus to fish larvae. Although
this is not a direct sound generation, it is an effective way
of delivering sound stimulus. Using a load speaker in air is
not efficient because of the air-water interface, where 95% of
sound energy is reflected back. An aquatic speaker can be
used underwater but it is not practical in this setup because
the water level is only a few millimeters inside the Petri
dish. The mini shaker was previously used in [24] and was
experimentally effective.

4.2. Interference between Fish. In one of the previous sys-
tems [24], the fish larvae were placed in a multiwell plate.
The design made it easier to identify each individual fish
during image processing. However, the setup resulted in
the uneven sound pressure level of stimulus in each well,
causing inaccuracy in data collection. In the present setup,
all the fish were placed in the same Petri dish. Due to the
shallow water level, the sound level is evenly distributed
and thus stimulus to each fish is identical. One concern
on this setup is that fish larvae can sense each other in
this setup without the segregation by the individual well
wall. Theoretically, some fish may move after seeing others’
quick motion. Yet, we doubt that visual cue contributes to
the measured startle response and contaminates our data
collection. In our setup, the fish are mostly distanced (see
Figure 1(c)), which largely reduced the visual interference
among them. In addition, if aC-bendmotionwas triggered by
a visual cue on other fish’s startle response, the latency of this

motion would be extended, causing desynchronized “startle
responses” among fish. However, this desynchronization was
not observed. The concern on interanimal interference can
also be further evaluated by using infrared illumination
during the experiment [25].

4.3. Behavioral Test Sensitivity Based on the Startle Response.
With the experimental protocol in the present study, the
test sensitivity was comparable between the morphological
hair cell counting method in Figure 4 and the behavioral
method testing the startle response in Figure 5. Bothmethods
were able to detect the ototoxic neomycin caused damage
with the lowest tested concentration (0.16 𝜇M). With higher
neomycin concentration, extended hair cell loss was observed
and so was the further shortened swimming distance after
the startle stimuli. Although the behavioral test produced
satisfactory outcome, we believe the test sensitivity is likely
further improved with modification in experiment design.
For instance, prepulse inhibition was shown to increase the
sensitivity by about 40 dB in a startle response test system
[26], while sound pressure level of 60 dB above the hearing
threshold is required to directly induce the startle response.

5. Conclusion

In this study, we developed a behavioral assay to evaluate
the auditory function of hair cells by measuring the startle
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Figure 4: Neomycin-induced neuromast hair cell damage and regeneration. (a) Confocal image of lateral line neuromasts under neomycin
treatment in wild-type zebrafish. (b) Average number of neuromast hair cells in each group. Each group consists of 10 7 dpf zebrafish larvae
treated with respective concentration for 24 h and then allowed to recover for 72 h to assess hair cell regeneration. All neomycin-treated larvae
showed decreased number of hair cells to some extent; statistical analyses were performed using Student’s t-test (∗𝑝 < 0.05; ∗∗∗𝑝 < 0.001).
Error bars are standard deviation.

response of zebrafish larvae. By applying various level of
stimulus, results showed that the system can discern a 10 dB
sound level difference. Using the system, we investigated
the hair cell damage and regeneration in the lateral line
neuromasts of zebrafish larvae. The result from this system
shows similar trend to the traditional hair cell counting
methods. The startle response was reduced with neomycin
treatment and recovered with hair cell regeneration. These
results demonstrated the capability of this behavioral assay
in evaluating the hair cell functions of zebrafish larvae and its
potential as a high-throughput screening tool for auditory-
related gene and drug discovery.
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Acoustic temporal envelope (E) cues containing speech information are distributed across the frequency spectrum. To investigate
the relative weight of E cues in different frequency regions for Mandarin sentence recognition, E information was extracted from
30 contiguous bands across the range of 80–7,562Hz using Hilbert decomposition and then allocated to five frequency regions.
Recognition scores were obtained with acoustic E cues from 1 or 2 random regions from 40 normal-hearing listeners. While the
recognition scores ranged from 8.2% to 16.3% when E information from only one region was available, the scores ranged from
57.9% to 87.7% when E information from two frequency regions was presented, suggesting a synergistic effect among the temporal
E cues in different frequency regions. Next, the relative contributions of the E information from the five frequency regions to
sentence perception were computed using a least-squares approach. The results demonstrated that, for Mandarin Chinese, a tonal
language, the temporal E cues of FrequencyRegion 1 (80–502Hz) andRegion 3 (1,022–1,913Hz) contributedmore to the intelligence
of sentence recognition than other regions, particularly the region of 80–502Hz, which contained fundamental frequency (𝐹

0
)

information.

1. Introduction

Speech is an indispensable process for communicating in
everyday life; it is transmitted through the cochlea to the
brain and then becomes understood. The cochlea is com-
monly referred to as a series of overlapping auditory filters
that divide the normal frequency range of speech into narrow
bands, with center frequencies corresponding to specific
positions on the basilar membrane [1]. As the high-frequency
sound causes maximum displacement of the basilar mem-
brane near the base, the basilar membrane close to the apex
vibrates strongest in response to the low-frequency sound.
The speech signal within a narrow band is a compound signal
consisting of two different kinds of information: the slowly
varying amplitude, known as the temporal envelope (E), and
rapid variationswith rates close to the central frequency of the
band, called the temporal fine structure (TFS) [2–4]. Acoustic
E cues can provide sufficient information for nearly perfect
speech recognition in a quiet environment, while the TFS
is needed for a noisy background and for pitch and tonal
recognition [3, 5, 6].

The redundant nature of speech, based on spectral and
temporal cues, guarantees the intelligence of speech even
under temporally and spectrally degraded conditions. Under
these conditions, listeners use different strategies to make
comprehension possible, such as temporal [7, 8] and spectral
integration [9–11]. To understand the relative importance of
the different spectral regions,much effort has beenmade over
the years.

By changing the location of the spectral “hole” in the
tonotopic representation of the cochlea in an orderlymanner,
Shannon et al. [12] suggested that a hole in the apical region
was more detrimental to speech perception using temporal
E information than a hole in the basal or middle regions.
Ardoint and Lorenzi [3] adopted high-pass and low-pass
method to show that the temporal E information in frequency
regions of 1-2 kHz conveys important phonetic cues, while
the synergistic effect [13] across frequency regions was not
considered.

Taking the synergistic effect across frequency regions into
account, Apoux and Bacon [14] used both the hole and the

Hindawi Publishing Corporation
Neural Plasticity
Volume 2017, Article ID 7416727, 7 pages
http://dx.doi.org/10.1155/2017/7416727

http://dx.doi.org/10.1155/2017/7416727


2 Neural Plasticity

correlational methods to investigate the relative weight of
temporal E information across spectral regions. However,
they consistently found that temporal E cues contained in
the highest frequency region (>3.5 kHz)weremore important
in a noisy environment. Subsequently, another recognition
task with bandpass-filtered speech was conducted to evaluate
the ability to use temporal E in different frequency regions
of English [15]. The recognition scores of consonants were
measured with only 1 frequency region or 2 disjointed
or 2 adjacent regions. The performance increased as the
region-center frequency increased consistently for both the
processed single region and pairs of regions in a quiet envi-
ronment, showing that E cues in higher frequency regions
(1.8–7.3 kHz) contributedmost to consonant recognition [15].

Asmentioned above,most reported studies have explored
the features of English, a nontonal language, while limited
attention has been paid toMandarin, a tonal language spoken
by many people. Luo et al. [16, 17] showed that periodic
fluctuation cues (50–500Hz) in the highest frequency region
(3043–6000Hz) contributed the most to Mandarin tone
recognition, while vowel recognition was not significantly
affected by the availability of periodic fluctuation cues. For
recognition of Mandarin sentence, however, little is known
about the ability to use temporal E cues in different fre-
quency regions and to combine the temporal E from various
frequency regions. As a tonal language, the same phoneme
with different tones has various meanings. For example, the
syllable /ma/ can have different meanings depending on the
𝐹
0
contours. Additionally, Mandarin-speaking listeners rely

more on 𝐹
0
variations to discriminate Thai lexical tones than

do French-speaking listeners [18]. It has been established that
changes in fundamental frequency (𝐹

0
) play essential roles

in tone identification [19, 20], which, in turn, contribute to
Mandarin sentence recognition [17, 21].

Fogerty [22] suggested that acoustic TFS cues in the
middle-frequency region (528–1,941Hz) weigh most for
English recognition while those in the low-frequency (80–
528Hz) and high-frequency (1,941–6,400Hz) regions were
much less important [22]. However, the findings from our
previous study indicated that the acoustic TFS cues in
the low-frequency region contributed more to Mandarin
sentence recognition than English. ForMandarin, the relative
weight of the acoustic TFS in the low-frequency region (∼0.4)
was slightly lower than that of the middle-frequency region
(∼0.5) [10].

Considering these apparent differences in the TFS weight
distribution between English and Mandarin and the con-
tribution of 𝐹

0
to tone recognition, it is possible that the

frequency-weighting functions of temporal E for Mandarin
differ from those for English. The goal of this study was
to investigate the relative weight of temporal E in different
frequency regions for Mandarin sentence recognition in a
quiet environment.

2. Materials and Methods

2.1. Participants. In total, 40 normal-hearing listeners (20
males, 20 females) were recruited in this study. Their ages
ranged from 21 to 28 (average = 24.9) years. All subjects were

native Mandarin speakers with no reported history of ear
disease or hearing difficulty. All subjects were recruited from
graduates of Shanghai Jiao Tong University and were tested
at Shanghai Jiao Tong University Affiliated Sixth People’s
Hospital. In all participants, audiometric thresholds were at
the ≤25 dB hearing level (HL), bilaterally, at octave intervals
from 0.25 to 8 kHz. Pure-tone audiometric thresholds were
recorded with a GSI-61 audiometer (Grason-Stadler, Madi-
son, WI) using standard audiometric procedures [23]. No
subject had any preceding exposure to the sentencematerials.

This study was approved by the Ethics Committee of
Shanghai Jiao TongUniversity Affiliated Sixth People’s Hospi-
tal. Signed consent forms were obtained from all participants
before testing, and they were compensated on an hourly basis
for their participation.

2.2. Signal Processing. The Mandarin version of the hearing
in noise test (MHINT), provided by the House Ear Institute,
was used as original material, which was recorded digitally by
a male speaker [24]. TheMHINTmaterials consist of 12 lists,
each comprising 20 sentences.With each sentence containing
10 key words, there are 240 key words in one list.

The sentences were filtered into 30 contiguous fre-
quency bands using zero-phase, third-order Butterworth
filters (36 dB/oct slopes), ranging from 80 to 7,562Hz. Each
band was an equivalent rectangular bandwidth (ERBN) for
normal-hearing listeners, simulating the frequency selectivity
of the normal auditory system [25]. E information was
extracted from each band using the Hilbert decomposition
and low-pass filter at 64Hz using third-order Butterworth
filters. Then E was used to modulate the amplitude of a white
noise. The envelope-modulated noise was bandpass-filtered
using the same filter parameters as before, after which the
modulated noise bandswere summed across frequency bands
to produce the frequency regions of acoustic E cues as follows:
Bands 1–8, 9–13, 14–18, 19–24, and 25–30 were summed to
form Frequency Regions 1–5, respectively (Table 1).

To investigate the role of the frequency regions in sen-
tence recognition, the acoustic E information from 1 fre-
quency region (5 conditions), 2 adjacent frequency regions (4
conditions), 2 nonadjacent frequency regions (6 conditions),
and all frequency regions (1 condition) was presented to
subjects. To prevent the possible use of information from
the transition bands [4, 26], frequency regions containing
sentence E information were combined with complementary
frequency regions containing noise masker that was pre-
sented at a speech-to-noise ratio (SNR) of +16 dB. As with the
preparation of the frequency regions of the sentence E cues,
the white noise was filtered into 30 contiguous frequency
bands and summed to produce the frequency regions of
noise. For example, the condition of “Region 1” means that
the stimulus presented to the listeners consisted of sentence
E information from Frequency Region 1 and noise from the
other frequency regions (Regions 2–5). Similarly “Region 1
+ 2” refers to a stimulus consisting of acoustic E information
fromFrequency Regions 1 and 2 and noise from the rest of the
frequency regions (Regions 3–5). The “Full Region” stimulus
consisted of E from all five frequency regions (Regions 1–5)
with no added noise.
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Table 1: Cutoff frequency for extracting temporal envelope infor-
mation.

Frequency
regions Bands Lower frequency

(Hz)
Upper frequency

(Hz)

1

1 80 115
2 115 154
3 154 198
4 198 246
5 246 300
6 300 360
7 360 427
8 427 502

2

9 502 585
10 585 677
11 677 780
12 780 894
13 894 1022

3

14 1022 1164
15 1164 1322
16 1322 1499
17 1499 1695
18 1695 1913

4

19 1913 2157
20 2157 2428
21 2428 2729
22 2729 3066
23 3066 3440
24 3440 3856

5

25 3856 4321
26 4321 4837
27 4837 5413
28 5413 6054
29 6054 6767
30 6767 7562

As there are 12 lists in the MHINT materials, there were
16 experimental conditions to be tested. The same list was
not used in two different test conditions on one subject to
avoid any learning effect. Thus, the 16 test conditions were
divided into two groups. Group 1 completed 5 conditionswith
1 frequency region, 4 conditions with 2 adjacent frequency
regions, and 1 condition with the full frequency regions.
Group 2 completed 4 conditions with 2 adjacent frequency
regions and 6 conditions with 2 nonadjacent frequency
regions.Thus, there were 10 conditions in each group, and the
4 experimental conditions with 2 adjacent frequency regions
in the 2 groups were the same. Accordingly, there were 10 lists
in each group of MHINT materials.

2.3. Procedures. The 40 participants were divided randomly
and equally into groups 1 and 2, each comprising 10 males
and 10 females. The participants were tested individually
in a double-walled, sound-attenuated booth. Stimuli were
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Figure 1: Averaged percent-correct scores for sentence recognition
using acoustic temporal envelope as a function of condition in
Group 1. The error bars indicate standard errors.

presented binaurally to the participants through Sennheiser
HD 205 II circumaural headphones at the most comfortable
level for each subject, usually at 65 dBSPL. Each key word
in a sentence was scored as correct or incorrect, and the
performances were expressed as the percentage of correct
words for the different conditions.

About 30min of practice was provided prior to the formal
test. The practice stimuli consisted of 40 sentences (two lists)
of MHINT materials and were first presented under “Full
Region” conditions and then processed in the same manner
as the experimental stimuli. Feedback was provided during
practice. To familiarize the participants with the processed
stimuli, they could repeat a sentence as many times as they
wished before moving on to the next sentence until their
performance reached a plateau.

In the formal tests, the participants were permitted to
listen to the sentence as many times as they wished. All 10
conditions, corresponding to 10 lists of MHINT materials,
were presented in a random order across subjects to avoid
any order effect. Participants were instructed to repeat the
sentences as accurately as possible and were encouraged to
guess if uncertain of the words in a sentence. No feedbackwas
given during the test period. The subject could take a break
whenever needed. The total duration of testing was ∼2 h for
each listener.

3. Results

3.1. Percent-Correct Scores for Sentence Recognition across
Conditions Using Temporal E. Themean percent-correct sen-
tence recognition scores with acoustic E from one frequency
region obtained from Group 1 are shown in Figure 1. The
scores range from ∼8.2% to ∼16.3%, with the Region 5
condition scores being highest and the Region 2 scores being
the lowest. Indeed, the listeners could not understand the
meaning of the sentences under such adverse conditions.
However, the intelligibility of sentences using temporal E
approached perfect when all five regions were presented
to the listener simultaneously (Figure 2). The data were
transformed to rationalized arcsine units (RAU) for the
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Figure 2: Averaged percent-correct scores for sentence recognition
using acoustic temporal envelope as a function of conditions in
Group 2 and the condition with a full frequency region in Group
1. The error bars indicate standard errors.

Table 2: Comparison of percent-correct scores for conditions with
two adjacent frequency regions in two groups.

Conditions Scores of Group 1 Scores of Group 2 𝑡-test
Region 1 + 2 89.6 ± 5.4 (%) 87.7 ± 4.3 (%) 𝑝 = 0.219

Region 2 + 3 74.0 ± 5.0 (%) 77.2 ± 6.4 (%) 𝑝 = 0.091

Region 3 + 4 79.2 ± 6.7 (%) 79.9 ± 7.9 (%) 𝑝 = 0.764

Region 4 + 5 68.8 ± 9.2 (%) 69.7 ± 7.7 (%) 𝑝 = 0.746

purposes of statistical analyses [27]. A one-way repeated-
measures analysis of variance (ANOVA) was used for the
results from different conditions with one frequency region,
showing a significant main effect of condition on sentence
recognition (𝐹(4, 76) = 21.781, 𝑝 < 0.001). The post
hoc analysis (Tukey’s test) revealed that the scores differed
significantly between any two conditions (𝑝 < 0.05), except
for the scores obtained from the Region 3 and Region 4
conditions.

As the conditions with two adjacent regions were the
same in both subject groups, we compared the performance
of these conditions in the two groups first (Table 2). Inde-
pendent samples 𝑡-tests showed that the percent-correct score
differences obtained from the same conditions in two groups
were not significant (all 𝑝 > 0.05). Therefore, the data
obtained from the two groups were combined to calculate the
relative weights of the five frequency regions.

As shown in Figure 2, under all conditions with two
frequency regions, the score was >55%, and the Region
1 + 2 condition scores were the highest, ∼87.7%, while
Region 2 + 5 scores were the lowest, ∼57.9%. Generally, the
intelligence scores for conditions with two frequency regions
tended to decrease as the distance between the two regions
increased. The results were subjected to a one-way repeated-
measures ANOVA, which showed a significant main effect
of conditions (𝐹(9, 171) = 56.094, 𝑝 < 0.001). The post
hoc analysis (Tukey’s test) showed that the performance using

temporal E of the Region 1 + 2 condition was significantly
better than the performances under all other conditions with
two frequency regions, and the performance using temporal
E of the Region 1 + 3, Region 1 + 4, and Region 3 + 4
conditions was better than that under the other conditions
with two frequency regions. If one frequency region was
combinedwith another frequency region, the scores obtained
from conditions combined with Frequency Region 1 would
be higher than those obtained from conditions combined
with other regions. For example, if the Frequency Region 2
was combined with another Frequency Region, the score of
Region 1 + 2 condition was significantly higher than scores
of any other combinations with Frequency Region 2, such as
Region 2 + 3, Region 2 + 4, and Region 2 + 5 conditions.
However, the difference between scores of conditions is not
significant when Region 1 + 3 or Region 1 + 4 was compared
with Region 3 + 4 and when Region 1 + 5 was compared with
Region 3 + 5 or Region 4 + 5.

3.2. Relative Weights of the Five Frequency Regions. To calcu-
late the relative weight of the different frequency regions for
Mandarin sentence recognition using acoustic temporal E,
the least-squares approach described by Kasturi et al. (2002)
was used. First, the strength of each regionwas defined to be a
binary value which is either 0 or 1 depending on whether the
region is presented or not. Then a linear combination of the
strength of each region was applied to predict the responses
of the listeners, and the weight of each region was calculated
by minimizing the sum of all the squared prediction errors.
The raw weights for the five regions of each listener were
transformed to relative weights by summing their values and
each region’s weight was expressed as the raw weight divided
by this sum. Therefore, the sum of the weights of the five
regions was equal to 1.0. As shown in Figure 3, the mean
weights of Regions 1–5 were 0.25, 0.18, 0.22, 0.20, and 0.15,
respectively.The one-way ANOVA showed a significantmain
effect of region onweight for sentence recognition (𝐹(4, 76) =
60.129, 𝑝 < 0.001). The post hoc tests (Tukey’s test) showed
that the relative weights differed significantly between any
two frequency regions.The temporal E of Frequency Regions
1 and 3 contributed more to the intelligence of sentence
recognition inMandarin Chinese than the E cues of the other
frequency regions.

4. Discussion

By systematically altering the stimuli presented to listeners,
recognition scores with different frequency regions using
acoustic E cues were recorded. Frequency-weighting func-
tions were obtained using a least-squares approach to assess
the relative contributions of temporal E cues across different
frequency regions in Mandarin sentence perception. While
the relative contribution of the temporal envelope across
different frequency regions in English perception has been
studied thoroughly [13, 15, 28], this is the first report to discuss
the issue for Mandarin sentence, a tonal language.

As can be seen from Figure 2, the intelligence per-
formance was very good when the temporal E cues of
all frequency regions were presented (full region); indeed,
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Figure 3: The relative weights of different frequency regions for
Mandarin sentence recognition using acoustic temporal envelope.
The error bars indicate standard errors.

all listeners scored perfectly. This result is consistent with
previous results showing that envelope information alone
is sufficient for speech intelligibility in a quiet environment
[3, 29, 30]. Nevertheless, the sentence recognition correct
scores were only about ∼10% when the acoustic E cue from
one frequency region was presented alone (Figure 1). When
the acoustic E cues from any two frequency regions were
presented, the performances were better than the simple
sum of the scores obtained with the acoustic E cues of
two corresponding frequency regions presented individually.
This synergistic effect has been observed previously [11, 13,
31]. Warren et al. [11] found that the regions centered at
370 and 6,000Hz interacted synergistically when integrated
but provided little information when presented individually.
Healy and Warren [31] also showed that unintelligible indi-
vidual speech regions became intelligible when combined,
and this effect is similar to the CI simulation results that
showed a performance improvement when the number of
channels increased from 1 to 2. However, Healy and Warren
focused only on pair regions that had equal logarithmic
separation from the frequency at 1,500Hz. In this paper, we
recorded the performance under various conditions, with all
potential combinations between frequency regions, to drive
the relative weight of acoustic E cues in different frequency
regions.

The frequency-weighting functions indicated that the
five frequency regions contributed to sentence recognition
differently. Regions 1 (80–502Hz) and 3 (1,022–1,913Hz) were
more important than the other regions.The importance of the
middle-frequency range (similar to Region 3 in this study)
is consistent with previous studies. The Articulation Index
(AI) [32] suggested that the 1,500–2,000Hz frequency region
was most important, and Kasturi et al. [33] found that the
recognition of vowels and consonants was reduced if the
frequency region centered at 1,685Hz was removed. More-
over, the mean crossover frequencies for temporal envelope
speech, an indication of the frequency region providing the

most information, were estimated to be 1,421 and 1,329Hz
for male and female speakers, respectively [3]. All of these
results indicated that the frequency region around 1,500Hz
is important for speech recognition.

However, the relative weight of acoustic E in the low-
frequency region (80–502Hz) was highest in the present
study, in contrast to the study of Ardoint et al. [15],
which showed that the E information from the 1.8–7.3 kHz
frequency region was more important than other regions
for English recognition. Regarding the differences observed
between that study and the present study, we suggest four
possible reasons. First, Ardoint et al. used vowel-consonant-
vowel (VCV) stimuli as test materials, while Mandarin
sentences in conversational style were presented in this
experiment. The context of the sentence, which is absent in
the VCV stimuli, may play a role in this difference. Second,
the temporal E information used by Ardoint et al. was
extracted from each 2-ERBN-wide band and then summed
in the stimuli presented to the listeners. To better model
the frequency selectivity of the normal cochlea, the temporal
E information presented in this paper was extracted from
30 continuous 1-ERBN-wide frequency bands. Third, there
were obvious synergistic effects of acoustic E cues between
different frequency regions in this study, especially when E
cues from Frequency Region 1 were combined with any other
frequency region. Thus, the temporal E cues of Frequency
Region 1 (80–502Hz) weighedmost heavily here. In contrast,
Ardoint et al. suggested that the performancewith the E infor-
mation from two frequency regions could be predicted by the
performances when only one frequency region was available.
Although no evident synergistic effect was observed, the
sentence recognition scores with the E cues from 2 frequency
regions tended to be higher if Region 4 (1,845–3,726Hz) was
selected as 1 of the 2 frequency regions [15].Thus, their results
actually showed that E cues from frequency regions above
1.8 kHz transmitted more information.Therefore, synergistic
effects should have contributed to the high weight of the low-
frequency region in Mandarin recognition.

Indeed, the most important difference was likely the
difference in languages. As a tonal language, the recognition
of tones contributes significantly to Mandarin recognition
because the tonality of a monosyllable is lexically meaningful
[20, 21, 34]. It is generally accepted that the tone recognition
relies mainly on the variation in 𝐹

0
[19, 20, 35]. Kuo et al.

[36] showed that the explicit 𝐹
0
cue contributed to tone

recognition the most, with which listeners could consistently
score >90% correct. And the temporal coding of 𝐹

0
and

the amplitude envelope could contribute to tone recognition
more or less in the absence of explicit 𝐹

0
. Studies have also

found a significant correlation between amplitude modu-
lation processing and Mandarin tone recognition without
explicit 𝐹

0
. Also, Mandarin tone recognition has been shown

to improve with enhanced similarity between the amplitude
and 𝐹

0
contour [17, 35, 37].

Considering the essential role of 𝐹
0
in tone perception

and the importance of tone recognition inMandarin sentence
recognition, it seems reasonable to expect a higher weight for
the low-frequency region (Region 1) for Mandarin sentence
perception than nontonal English recognition. Similarly,
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Wong et al. [38] found that the frequency importance weight
for Cantonese was inconsistent with English, due to language
differences. Comparedwith English, the low-frequency infor-
mation contributes more to Cantonese recognition, which
was attributed to the tonal nature of Cantonese. Moreover,
the one-third octave band (<180Hz), which contained 𝐹

0
of

male speakers, weighed more than each of the four one-third
octave bands between 180 and 450Hz [38]. Furthermore,
Kong and Zeng [39] found a relationship between the
formant 1 (𝐹

1
) frequency and the fourMandarin lexical tones.

Therefore, the partial 𝐹
1
in Frequency Region 1 may also

contribute to tone recognition.
Knowledge of the extent to which each frequency region

contributes toMandarin sentence perceptionmay allow us to
modify the programing strategy to maximize the benefit of a
cochlear implant by taking advantage of electrodes mapping
to the frequency regions that weigh the most. Similar to
the “normal weighting functions” for English described by
Turner et al. [28], the frequency-weighting functions in this
paper indicate a “normal” pattern for Mandarin perception.
Based on the comparable effect of the “hole” on the perfor-
mance of normal-hearing listeners and those with cochlear
implants [12], knowledge of the higher weights of Frequency
Regions 1 and 3 for some normal-hearing listeners here
may have clinical implications for both those with cochlear
implants and hearing-impaired listeners, shedding some light
on the development of rehabilitation treatment for Chinese
patients. The speech signals in the frequency regions with
higher weights might be gained before being transmitted to
the corresponding electrodes of cochlear implant. And the
high weight of the Region 1 suggested the potential of the
bimodal hearing [40], which would take good advantage of
the speech information in the low-frequency regions, to help
the cochlear implanters perform better in Mandarin speech
recognition.

However, we concentrated only on the recognition of
Mandarin sentences in normal listeners, and the unique
frequency-weighting functions for hearing loss and cochlear
implants remain unknown. Mehr et al. [41] showed that the
relative weights of different regions for cochlear implant users
differed from those of normal listeners. In comparison with
normal-hearing listeners, Wang et al. [42] suggested that
the listeners with hearing loss suffered from a lack of the
ability to use spectral envelope cues for lexical tone recog-
nition due to a reduction in frequency selectivity. Turner
et al. [43] indicated that listeners with hearing impairment
could not compare and integrate the temporal patterns in
different frequency regions as effectively as normal hearers.
Using the same speech stimuli and the region division of
Turner et al. [28], Apoux and Bacon [14] suggested that a
severe reduction in frequency resolution led to an increased
weight of the high-frequency region. Moreover, patients
with sensorial hearing loss generally suffered from reduced
frequency selectivity; their frequency-weighting functions
may differ from those with normal hearing. Thus, further
studies are needed to address the relative importance of the
different frequency regions in Chinese speakers with hearing
impairment.

5. Conclusions

Frequency-weighting functions for temporal E information
were obtained to evaluate the different contributions of
various frequency regions toMandarin sentence recognition.
The results indicated that the temporal E cues of Frequency
Regions 1 (80–502Hz) and 3 (1,022–1,913Hz) were more
important than other regions. Compared with the recogni-
tion of English, the low-frequency region defined using the
parameter conditions here contributed more to Mandarin
sentence perception due to the tonal nature of Mandarin.
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Hair cells (HCs) are the sensory preceptor cells in the inner ear, which play an important role in hearing and balance. The HCs of
organ of Corti are susceptible to noise, ototoxic drugs, and infections, thus resulting in permanent hearing loss. Recent approaches
of HCs regeneration provide new directions for finding the treatment of sensor neural deafness. To have normal hearing function,
the regenerated HCs must be reinnervated by nerve fibers and reform ribbon synapse with the dendrite of spiral ganglion neuron
through nerve regeneration. In this review, we discuss the research progress in HC regeneration, the synaptic plasticity, and the
reinnervation of new regenerated HCs in mammalian inner ear.

1. Introduction

Mammalian HCs loss by noise trauma, ototoxic drugs, or
infection is a major cause of deafness [1]. HCs in mammalian
inner ear, unlike invertebrate animals such as birds and
fish, do not undergo spontaneous regeneration, even though
vestibular supporting cells (SCs) retain a limited capacity to
divide [2, 3]. There are two approaches of HC regeneration:
(1) direct transdifferentiation of surrounding SCs that directly
change cell fate and become HCs and (2) induction of a
proliferative response in the SCs whichmitotically divide and
further differentiate to replace damaged HCs [4–6]. There
are various numbers of genes and cell signaling pathways
involved in these two mechanisms that remain challenging
to understand the molecular mechanism underneath hair
cell regeneration. Several studies showed reinnervation of
the regenerated HCs after HC regeneration [6–8]. However,

innervation of new regenerated HCs still needs to be deter-
mined in all kinds of hearing loss.

2. The Anatomy and Function of
the Organ of Corti

The organ of Corti, also called the spiral organ, is the spiral
structure on the basement membrane of the cochlear duct.
The sensory epithelium of the organ of Corti is made up of
HCs and SCs. HCs, which can be divided into inner HCs
and outerHCs, are sensory receptor cells whosemechanically
sensitive hair bundles convert mechanical force produced by
sound waves into neural impulses. HCs are surrounded by
SCs and connected with cochlear nerve fibers by forming
synaptic connection. There are several types of SCs, such as
pillar cells and phalangeal cells. Pillar cells can be divided
into inner and outer pillar cells found in the middle of
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Figure 1: Schematic model of the organ of Corti. IHC: inner
hair cell; OHCs: outer hair cells; PCs: inner and outer pillar cells;
IPhC: inner phalangeal cell; DCs: Deiters’ cells; IBC: inner border
cell; Hen: Hensen’s cell; GER: greater epithelial ridge; LER: lesser
epithelial ridge.

the inner and outer HCs separately. The top and bottom
of the inner and outer pillar cells are combined, but the
middle of them is separated, forming the two edge sides
of the triangular tunnel. In the lateral of inner and outer
HCs rows, inner and outer phalangeal cells (also called the
Deiters’ cells) reside, respectively. The finger like projection
of Deiters’ cells are tightly connected with the apical of outer
pillar cells forming a thin, hard reticular membrane, also
called reticular layer. The stereocilium of outer HCs is tightly
bounded trough the mesh of reticular layer. The reticular
layer constitutes fiber and matrix and is found below the
tectorial membrane. HCs are sensory cells, and they do not
contain axons and dendrites. Instead, the basolateral surface
of HCs form afferent synaptic contacts with the axonal
terminals of the eighth nerve and receive efferent contacts
from neurons in the brainstem. There are about 25,000 to
30,000 auditory nerve fibers connected with HCs. These
fibers originate from bipolar spiral ganglion neurons in the
modiolus, whose axonal terminals form synaptic connections
with the ribbons at HCs and the dendrite forms connection
with cochlear nucleus neuron (Figure 1).

The organ of Corti acts as an auditory receptor. Acoustic
wave passes through the external auditory canal and reaches
the tympanic membrane; the tympanic membrane transmit-
ted these vibrations to the oval window by auditory ossicles,
causing the perilymph in scala vestibuli to further pass these
vibrations to the vestibular membrane and endolymph in
cochlear duct. At the same time, the vibration of perilymph
in scala vestibuli can be transmitted to the scala tympani
through helicotrema, causing the basementmembrane to res-
onance. Due to the different length and diameter of hearing
fiber in different parts of the basement membrane results
in the different frequency of acoustic wave resonance in the
different parts of the basement membrane. The vibration
of corresponding parts causes the HCs to contact with the
tectorial membrane, the stereocilia bends, and HCs become
excited to translocate the mechanical vibration into electrical
excitation, which further transmit to the central auditory
nerve to eventually producing the sense of hearing.

3. Hair Cell Regeneration

The organ of Corti harbors HCs, which are vulnerable to
infections andmany pharmaceutical drugs such as aminogly-
coside antibodies, for example, streptomycin and neomycin,
and the chemotherapeutic agent cisplatin. Most importantly,
HCs can be damaged by acoustic trauma. In nonmammalian
vertebrates such as birds, after ototoxic drugs or damaged
by noise, the inner ear sensory HCs can regenerate spon-
taneously and eventually replace the damaged HCs, thus
maintaining and restoring the function of sensory epithelium
[5, 9]. However, in mammals, spontaneous HC regeneration
in vivo has only been identified in neonatal cochleae and
also the number of regenerated HCs is quite low; as a
result the hearing loss is permanent in mammals [10, 11].
It is thought that the mammalian inner ear HCs and SCs
originate from the common precursor cells and some of
the reported studies suggested that some SCs become HCs
when the microenvironment changes, such as damage to
HCs and activation of particular genes; SCs can continue
to differentiate to form HCs [12, 13]. Thus, currently some
of the SCs are more commonly recognized as progenitor
cells in regenerating HCs. At present, in view of the origin
and regeneration of mammalian HCs, there are mainly two
mechanisms of HCs regeneration from SCs, one is mitotic
division of SC and the other is transdifferentiation [4–6]. In
mitotic division, the SCs can divide and then their daughter
cells undergo differentiating into HCs in some portions.
In transdifferentiation, the SCs directly undergo phenotypic
conversion and thus transdifferentiate into a HC without
mitosis. Many studies have been done that illustrated the
important factors, which are involved in the process of HC
differentiation, such as Atoh1, p27Kip1, and Rb. Also, the cell
signaling pathways, such as Notch, Wnt, and FGF signaling
pathway, play important roles in HC regeneration (Figure 2).

Atoh1, the bHLH differentiation factor, was relating to
the formation of mechanoreceptor and photoreceptor in
Drosophila [14, 15]. During the embryonic development of
mice cochlea, the upregulation of Atoh1 causes an increase
number of HCs [7, 16]. In the neonatal cochlea of mice, the
upregulation of Atoh1 can activate the SCs to differentiate
to form more HCs [17–19]. However, in the undamaged
and mature cochleae, the differentiation capacity of SCs is
significantly decreased when assessed in transgenic mice
or via direct viral inoculation [20]. In consideration of the
crucial role of Atoh1 gene during the development of HCs,
various studies focused on the regulation of Atoh1 to produce
HCs in the damaged and mature cochlear. It is reported
that, after ototoxic injury in guinea pigs, immature HCs
were regenerated through regulating the ectopic expression
of Atoh1, and the hearing function was rescued to a certain
extent [21]. However, other studies also found that the efficacy
of this approach to regenerate HCs might be limited, and
the regulation time of Atoh1 expression after damage is
dependent [22, 23]. Moreover, it has been revealed that the
H3K4me3/H3K27me3 bivalent chromatin structure is crucial
for the function ofAtoh1, which is observed at theAtoh1 locus
of SCs, and might give an explanation for why these cells can
keep the capacity to transdifferentiate into HCs [24].
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Several cyclin/cyclin-dependent-kinases (CDKs), includ-
ing p27Kip1, are dynamically expressed in the sensory
epithelial [25, 26]. During the embryonic development of
mammalian cochlea, the prosensory cells begin to express
p27Kip1 from the apex to the base [25, 26]. Disruption of
p27Kip1 gene in the mouse cochlea results in ongoing cell
proliferation in the postnatal and adult mouse organ of Corti
[25, 27]. Although this approach partially keep the capacity
of prosensory cells to proliferate, the cell overproduction
will cause dysfunction in the organ of Corti, which results
in hearing loss [25]. These studies indicated that the proper
expression level of p27Kip1 is necessary for maintaining the
normal quantity of HCs and SCs. In contrast to the non-
mammals, the mammalian organ of Corti completely lacks
the phenomenon through which SCs reenter cell cycle [28–
30]. One reason why the mature mammalian organ of Corti
cannot reproduce HCs is because the SCs are mitotically
quiescent after birth. When p27Kip1 is genetically deleted
in the SCs in the neonatal cochlear, these SCs proliferate
but do not differentiate into HCs [31–33]. The number of
mitotic cells significantly decreased in the mature cochlea
when compared to that in the neonatal cochlea [31–33].When
p27Kip is deleted in the HCs of neonatal cochlea, these
HCs autonomously reenter into the cell cycle and regenerate
new HCs; also these newly generated HCs survived till
adult age without compromising hearing function [34].These
findings revealed a new route to directly induce regeneration
by renewing the proliferation capacity of surviving HCs in
mammalian organ of Corti.

pRb is a retinoblastoma protein, which is encoded by
the retinoblastoma gene Rb1. It plays a role in cell cycle
exit, differentiation, and survival [35, 36]. It has been shown
that the targeted deletion of Rb1 allowed them to undergo
cell cycle and become highly differentiated and functional
indicating that the differentiation of the sensory epithelia and
cell division are not mutually exclusive [6, 37]. However, the
proliferation due toRb1 deletion is age dependent and eventu-
ally the cochlear HCs undergo apoptosis [38, 39]. Moreover,
the transient downregulation of Rb1 is necessary to induce
proliferation in adult cochlea, also together with Rb1 dele-
tion some other strategies such as epigenetic modifications
and reprogramming need to be further studied in order to
regenerate HCs in mature cochlea.

The Notch signaling pathway plays multiple roles dur-
ing the development of mammalian cochlea. The precise

formation of mosaic structure of the HC and SC is medi
ated by lateral inhibition through dynamic expression of
the Notch signaling pathway [40–42]. As the process of
HCs differentiation begins, a prosensory cell chooses to
become a HC or a SC under the precise regulation of lateral
inhibition through Notch pathway. The HCs undergoing the
differentiation express the Notch ligands and activate Notch
signaling pathway in the neighboring SCs, thus preventing
them from obtaining a HC fate. Eventually, the mosaic
structure of HC and SC is formed. Moreover, in the germline
deletion of the Notch ligand Jag2 or Delta-like 1 (Dll1), the
HC number is increased at the cost of SCs [43, 44]. In a
similar manner, when Notch/Jag2 and Dll1 are suppressed
during early embryonic development, the prosensory cells
proliferation becomes prolonged comparing with the normal
control in the inner ear [43, 44]. On the contrary, the
formation of prosensory domain is prevented when the
Notch receptor Notch1 is conditionally knocked out; mean-
while, there is increased number of HCs and a concomitant
deceased number of SCs [43]. These findings demonstrated
that the Notch pathway plays important roles in the spec-
ification of normal prosensory domain and regulates the
differentiation of HCs in different levels through different
combination of Notch ligands and receptors. Furthermore,
the effects of Notch inhibition have also been explored on the
regeneration process of HC. It is reported that the SCs can
transdifferentiate intoHCswhen treatedwithNotch inhibitor
in the undamaged neonatal mammalian cochlea [45–47].
Coincidently, this pharmacological approach produces sig-
nificantly less number of HCs in the damaged and mature
cochlea of mammals [48, 49] and these newly regenerated
HCs are acquired through direct transdifferentiation of SCs
[45–49]. Taken together, these findings suggests that both the
proliferation of SCs and HC differentiation including their
coordination might require the regeneration and function
recovery of the organ of Corti.

Wnt are widely expressed and evolutionary conserved in
the vertebrates and invertebrates animal tissues. Wnt play
important roles in several biological processes, such as devel-
opment, proliferation, metabolism, and regulation of stem
cells. The activation of Wnt signaling pathway through beta-
catenin overexpression protects HCs against neomycin insult
[50].When cochleae are cultured in vitro, the addition ofWnt
inhibitors prevents the proliferation of prosensory cells and
also the differentiation into HCs [51]. On the contrary, when
supplied with Wnt signaling activators result in increased
proliferation of prosensory cells and HCs [51]. These studies
revealed that the canonical Wnt signaling pathway plays
important roles in regulating the proliferation of prosensory
cells and differentiation of HCs during cochlea development.
Furthermore, when beta-catenin is ablated during cochlear
development, which is a key gene of canonical Wnt signaling
pathway, the proliferation of prosensory cells is significantly
decreased and the large number of HCs was diminished [52].
Recent studies have found that Lgr5 positive SCs are the pre-
cursor cells with the capacity to regenerateHCs under certain
conditions [13, 53]. In the neonatal cochleae of mammals, the
Wnt target gene Lgr5 is expressed in a subset of SCs (the
pillar cells, inner phalangeal cells, andDeiters’ cells) [54], and
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these endogenous Lgr5+ cells maintain mitotic quiescence.
The expression level ofWnt signaling pathway including Lgr5
regulated via the expression of Bmi1 [55]. When isolated as
single cells using flow cytometry and cultured in vitro, they
become proliferative and converted into HC-like cells [13].
In addition, the isolated Lgr5+ SCs significantly increase the
Atoh1 expression and the number of HC-like cells after the
addition of Wnt signaling pathway agonist [53]. Moreover,
it is reported that the proliferation capacity of the Lgr5
positive cells in the apical turn is higher than the basal turn
[56]. The conditional overexpression of beta-catenin in the
neonatal transgenic mouse cochlea significantly increased
the percentage of proliferative supporting cells [13, 53]. Prior
study reveals that the inner pillar cells are more sensitive to
the beta-catenin overexpression and can also upregulate the
expression level of Atoh1 [57]. These studies suggested that
the Wnt/beta-catenin signaling pathway participated in the
proliferative response in the SCs of neonatal mammals and
the interaction between Wnt and Notch signaling pathway is
important in the inner ear [46, 58]. More excitingly, extensive
SCs proliferation followed by mitotic HCs generation can be
achieved through a genetic reprogramming process involving
beta-catenin activation, Notch1 deletion, and Atoh1 overex-
pression. [59].

The FGF signaling pathway is important during inner ear
development and morphogenesis. It is related to the induc-
tion of otic placode and the development of otic vesile [60–
62]. When the FGF receptor 1 (Fgfr1) is genetically deleted
in the inner ear, the number of proliferative prosensory cells
decreases resulting in decreased number of HCs and SCs
[63, 64]. It is reported that Fgf20, which is the candidate
ligand for Fgfr1, might be the downstream target of Notch
signaling pathway [42]. The addition of Ffg20 rescues the
abnormal prosensory specification caused by Notch inhi-
bition [42]. Moreover, downregulation of Fgf20 expression
does not cause vestibular dysfunction, which indicates that
the Fgf20might be related toHCs specification in the cochlea.
Moreover, it is identified that Fgf8 and Fgf3 are necessary for
the development of pillar cells [65, 66]. So far, the function
of FGF signaling pathway on HC regeneration is explored
in the utricle of chicken and lateral line of zebrafish. When
SCs robustly proliferate, the expression level of Fgf20 and
Fgfr3 decreases [67]. It is found that the expression level of
Fgfr3 is decreased in the cochlea of chicken and the lateral
line of zebrafish [68, 69]. However, in the damaged and
undamaged mammalian cochlea increased Fgfr3 expression
was observed [70]. Taken together, these studies indicated
that FGF signaling pathway plays an important role in
the specification of prosensory cells and differentiation of
HCs and SCs during development, but the function of FGF
signaling on HC regeneration is still remain unknown.

4. Ribbon Synapse Reforming
and Reinnervation in Regenerated
Hair Cells

It is true that the regeneration of HCs is predominantly
important and the pivotal issue for restoring hearing and

balance function. The regeneration of synaptic connection
between newly generated HCs and spiral ganglion neurons
is also required. It is reported that when exposed to excessive
noise, both HCs and spiral ganglion neuron are sensitive. In
mammals, spiral ganglion neurons are hardly recovered from
injury [71, 72] and the auditory nerve fibers often degenerate
after ototoxic insult, including noise damage and ototoxic
drugs. The process of degeneration has been revealed. At
first, the unmyelinated terminal dendrites within the organ of
Corti disappear (within hours to days), followed by the slow
degeneration of peripheral axons in the osseous spiral lamina
(within days to weeks). Then, the cell bodies in the spiral
ganglion and their central axons that compose the cochlear
nerve (over weeks to months and longer) degenerate in the
last. Thus the regeneration of ribbon synapses and spiral
ganglion neurons in combination with HCs are important for
treating hearing loss.

The innervation of HCs is complex process. In the
mammalian cochlea, the innerHCs are key component in the
sound perception.The innerHC transmits signal to the nerve
fibers of spiral ganglion neuron through transforming the
mechanical signals induced by sound into electrochemical
signal. On the other hand, the outer HC is related to the
amplification of audible signals. In the auditory nervous
system, there are two kinds of functional neuron population
that works differently to convey sound information. In the
adult mouse cochlea, there are approximately 800 inner
HCs, which are exclusively innervated by 5–30 type I spiral
ganglion neuron fibers. These type I spiral ganglion neurons
are themain encoders of the auditory signal, which constitute
almost 95 percent of the total neuron population [73–75].
In contrast, the type II spiral ganglion neurons constituting
approximately 5 percent of the total neuron population
innervate the approximately 2,600 outer HCs (almost 1-2
outer HCs per fiber) [76] (Figure 3). The innervation of
type II spiral ganglion neuron to the outer HCs is likely
to give sensory feedback as a component of the neural
control loop, which includes the inhibitory olivocochlear
efferent innervation of both outer HC and the postsynaptic
region of the type I spiral ganglion neuron at the inner HC
region. The mature organ of Corti receives extensive efferent
innervation via the lateral olivocochlear (LOC) input to the
boutons and dendrites of type I spiral ganglion neurons in the
inner spiral plexus region and via the medial olivocochlear
(MOC) bundle projection to the outer HCs [76] (Figure 3).
This reorganization occurs just before the onset of hearing
during the first postnatal week.There are three distinct stages
in the formation and development of the afferent nerve
fiber innervation to the inner and outer HCs [77]. From
embryonic day 18 to postnatal day 0, two kinds of afferent
nerve fibers begin to extend and the neurite grows towards
HCs. From postnatal day 0 to day 3, the neurite of these
afferent fibers begins to refine to form outer spiral bundles,
which innervate outer HCs. From postnatal day 3 to day 6,
the neurite and synapse structure of type I spiral ganglion
neuron retract towards outer HCs and prune to eliminate the
innervation between outer HCs and type I spiral ganglion
neuron, while the innervation of inner HC is retained by
type I spiral ganglion neuron. Also, multiple factors and
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Figure 3: Schematic drawing of the innervation of hair cells. IHC: inner hair cell; OHCs: outer hair cells; AF: afferent fiber; EF: efferent fiber;
LOC: lateral olivary complex; MOC: medial olivary complex.

signaling pathways have been studied in the development and
regeneration processes in inner HC ribbon synapses, such
as neurotrophins, hormonal signaling, thrombospondins,
Gata3-mafb, and Foxo3 networks [78, 79].

The neurotransmission between inner HCs and type I
spiral ganglion neurons and outer HCs and type II spiral
ganglion neurons are conveyed by the ribbon synapses, which
are crucial for the accurate encoding of acoustic information
[76, 80]. The key component of the ribbon synapse is the
glutamatergic synaptic complexes, which are composed of
presynaptic ribbons and postsynaptic densities. This kind
of afferent ribbon synapse is capable of releasing neuro-
transmitter quickly and synchronously [81]. The presynaptic
ribbons in the inner ear basolateral membrane was found in
the opposite side of the postsynaptic glutamate receptors on
the dendrite of afferent fibers. The presynaptic ribbons are
settled in the active zone of HCs by electron-dense ribbon
configuration.When responding to different acoustic signals,
the presynaptic ribbons release multiple vesicles quickly and
synchronously with high temporal resolution [82–84]. In
the postsynaptic dendrite of afferent fibers, the excitatory
neurotransmission is mediated by AMPA-type glutamate
receptors [85].

In recent years, HC regeneration has made certain
achievements; thus, the reinnervation of newly generated
HCs and reformation of ribbon synapses are urgently needed
for restoring hearing and balance function. Cochlear ribbon
synapses have limited intrinsic capacity to spontaneously
regenerate [86–88]. Prior study reported that when cochleae
is damaged in neonatal mice, the HCs spontaneously regen-
erate from the SCs, but the inner cell marker vesicular
glutamate transporter VGlut3 was not detected in these

newly regenerated HCs [10]. When the Notch1 signaling
pathway overactivated to induce the ectopic HCs, the neural
fiber marker Tuj1 was detected in the lateral edge of spiral
ganglion neuron, while the synaptic marker synaptophysin
was detected between the new HCs and neuronal cells in
the spiral ganglion regions, but the synaptophysin signals
adjacent to newHCswere weaker indicating that the synaptic
structures among new HCs and neuronal cells were not fully
mature [89].The deletion of p27Kip1 induced regeneration of
new HCs and these HCs were stained with espin (stereocil-
iary bundles), C-terminal binding protein-2 (Ctbp2; ribbon
synapses), and class III beta-tubulin (Tuj1; innervating nerve
fibers). However, a portion of the postnatal derived inner
HCs was negative for VGlut3 (synaptic transmission) marker
[34]. Deletion of p27Kip1 reforms “synaptic structure” to
some extent. Although hearing function was normal in adult
mice, the functional reformation of synaptic contacts still
remained unclear. The ectopic expression of Atoh1 induced
HC regeneration, the synaptic markers, CSP, synaptophysin,
and synaptotagmin 1 detected at the basal of the newly
generated HCs. Although some synaptic markers were found
at the site of newly regenerated HCs and neuron contacts, the
normal synaptic ribbons were still absent [18].

To achieve a better innervation of the newly generated
HCs, the regeneration of ribbon synapses is predominantly
important. Recently, many factors and signaling pathways
have been found to play a role in promoting axonal regen-
eration and synapse reformation [90, 91].The synaptotrophic
factors are the most well-known factors. The members of the
neutrophin family, such as the nerve growth factor (NGF),
brain-derived neurotrophic factor (BDNF), neurotrophin-3
(NT3), and neurotrophin-4/5 (NT-4/5), are participated in
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the formation of ribbon synapse and promote the synap-
tic regeneration process [92–95]. BDNF and its congenital
receptor TrkB and the NT-3 and its congenital receptor
were detected in the cochlea [96]. It has been reported
that BDNF and NT-3 are critical factors for the survival of
sensory neurons and the initiation of nerve fibers extending
towards the sensory epithelial in the cochlea and vestibule
[97]. In the neonatal inner ear of mammals, the deletion of
BDNF or NT-3 causes specific loss of ribbon synapses in the
cochlea and vestibule, respectively, causing hearing loss and
vestibular dysfunction [98, 99]. After ototoxic drug damage,
the addition of BDNF and NT-3 promotes the reinnervation
of spiral ganglion neurons in cultured cochleae and expresses
the postsynaptic markers [100]. Moreover, it is likely that
the NT-3 is more significant for ribbon synapses after noise
exposure than BDNF [99]. Supporting cell-derived NT-3
promotes the regeneration of ribbon synapses and is helpful
in the recovery of cochlear function [78, 100] indicating
that the neurotrophins are important for the formation of
postsynaptic densities and ribbon synapse regeneration after
injury. Glutamate is another important synaptotrophic factor
[100]. In the deafferented organ of Corti, the number of newly
generated synaptic contacts at the dendrite of spiral ganglion
neurons was significantly decreased in the Vglut3 deletion
mice when compared to normal controls, indicating that the
proper releasing of glutamate transmitter is important for the
regeneration of synaptic contacts in vitro [100]. However, the
in vivo role of glutamate in synaptic regeneration still remains
unclear. Furthermore, the contacts generated between cul-
tured spiral ganglion neurons and denervated HCs were
evaluated and found that the postsynaptic density protein
PSD-95 was immunopositive and directly facing the HC rib-
bons [100].The neurotrophins, BDNF andNT-3, significantly
increase the number of new synapses. In consideration of
the synapse formation activities, these neurotrophins reveal
a potential to promote synapse regeneration in the newly
regenerated HCs.

5. Conclusions

In the recent years, there is growing concern about the HC
regeneration and synaptic plasticity around the globe and
the great achievements have been made in revealing the
mechanism and strategies to recover hearing function in
mammals [10, 13, 59, 101]. Different levels of HC regeneration
could be achieved through the regulation of factors and
signaling pathways, which play important roles during the
development of mammalian inner ear [23, 34, 48, 59].
Synapse and nerve fiber related markers are detected around
the newly regenerated HCs [10, 34, 89]. However, we are still
quite far from restoring the hearing function in the damaged
inner ear. The maturation and survival of newly generated
HCs are still challenging. Furthermore, the maturation of
reinnervation of the regenerated HCs and the function of the
reformed ribbon synapse remain open to question, such as
the contact between stereocilium and tectorial membrane,
reorganization of the innervation of afferent Type I and
Type II spiral ganglion neuron, and the integral interplay
of outer hair cell based cochlear amplification. To obtain a

viable treatment option for future hair cell regeneration of
patients suffering from hearing loss, the understanding of
reinnervation of the regenerated hair cells and the function
of the reformed ribbon synapse is essential and it remains to
be explored and open to question.
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Mammalian inner ear harbors diverse cell types that are essential for hearing and balance. Adenovirus is one of the major vectors to
deliver genes into the inner ear for functional studies and hair cell regeneration. To identify adenovirus vectors that target specific
cell subtypes in the inner ear, we studied three adenovirus vectors, carrying a reporter gene encoding green fluorescent protein
(GFP) from two vendors or with a genome editing gene Cre recombinase (Cre), by injection into postnatal days 0 (P0) and 4 (P4)
mouse cochlea through scala media by cochleostomy in vivo. We found three adenovirus vectors transduced mouse inner ear
cells with different specificities and expression levels, depending on the type of adenoviral vectors and the age of mice. The most
frequently targeted region was the cochlear sensory epithelium, including auditory hair cells and supporting cells. Adenovirus
with GFP transduced utricular supporting cells as well. This study shows that adenovirus vectors are capable of efficiently and
specifically transducing different cell types in the mammalian inner ear and provides useful tools to study inner ear gene function
and to evaluate gene therapy to treat hearing loss and vestibular dysfunction.

1. Introduction

Irreversible hair cell loss is a major cause of permanent
sensorineural hearing loss with no effective treatment. Patho-
genic variants in hundreds of genes are responsible for
many forms of hereditary hearing loss. The development of
strategies for hair cell regeneration and for gene delivery has
become a major focus in the search for potential therapeutic
approaches to restoring hearing [1–3].

Lower vertebrates including birds and fish can regenerate
hair cells throughout life after hair cell loss by two mecha-
nisms. First, inner ear supporting cells and remaining hair
cells may reenter the cell cycle and differentiate into new
hair cells. Second, surrounding cells located under the lost

hair cells may also directly transdifferentiate into new hair
cells [4–6]. However, the mammalian inner ear has lost the
capacity to regenerate hair cells spontaneously. One strategy
to regenerate hair cells in mammals to restore hearing is
to induce surrounding cells especially supporting cells to
transdifferentiate into hair cells directly. Another approach is
to induce remaining hair cells or supporting cells to reenter
the cell cycle and for supporting cells to further differentiate
to hair cells [1, 7]. Either approach requires efficient delivery
of genes necessary for the induction of these processes into
mammalian inner ear cells.

The inner ear is a particularly attractive organ for targeted
gene therapy, because vectors can be locally delivered to the
enclosed structure, which significantly reduces systemic side
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effects. One of the major hurdles to achieve hair cell regen-
eration or gene correction by gene therapy is the lack of
efficient and specific vehicle to deliver genes intomammalian
inner ear cells. Adenovirus (Ad) and Adeno-associated virus
(AAV) are the most common vectors used for inner ear
gene delivery. Both have been used to successfully transfer
functional genes into the mammalian inner ear for gene
therapy [8–23]. Ad vector is a good choice due to its high
transfection efficiency in diverse tissues and cell types, with
high level of expression soon after infection. Furthermore,
Ad vector has low immunogenicity and toxicity [15–23].
Comparing to AAV vectors, Ad vectors have the capacity
to accommodate larger inserts. For example, the most com-
monly used adenovirus vectors, which are E1/E3 deletion
mutants, allow the insertion of up to 10 kb of foreign DNA
into the viral vector genome, while an AAV can only carry up
to 4.7 kb of foreign DNA [13, 24].

Previous studies have demonstrated the ability of Ad
vectors to transduce cochlear hair cells and supporting cells
[5–13]. In mammalian inner ear, transduction by Ad vectors
is organ (cochlea versus vestibule), cell type (inner hair cells
(IHCs), outer hair cells (OHCs), and supporting cells (SCs)),
region (base, middle, and apical turns), and age dependence.
The transduction patterns of Ad vectors in the inner ear vary.
In order to use Ad vectors to effectively deliver genes into
specific inner ear cell subtypes, it is important to characterize
the transduction patterns of viral vector subtypes under
various experimental conditions, including animal age, route
of inoculation, viral preparations, volume, and number of
viral particles.

To identify commercially available Ad vectors for their
inner ear delivery patterns, we analyzed Ad vectors carrying a
GFP from Baylor College of Medicine (Ad-GFP-Baylor) and
fromVector Biolabs (Ad-GFP-VB) and an Ad vector carrying
GFP linked with a genome editing gene Cre recombinase
(Cre) fromBaylor College ofMedicine (Ad-Cre-GFP-Baylor)
in vivo for their potential for inner ear gene delivery in P0 and
P4 mouse cochleae.

2. Material and Methods

2.1. AdVectors. Weobtained three commercially available Ad
vectors: Ad-GFP-Baylor (Baylor College of Medicine, Hous-
ton, TX, USA), Ad-GFP-VB (Vector Biolabs, Malvern, PA,
USA), and Ad-Cre-GFP-Baylor (Baylor College of Medicine,
Houston, TX, USA). The titers of Ad-GFP-Baylor, Ad-GFP-
VB, and Ad-Cre-GFP-Baylor were 2.5×1010–5×1011 plaque-
forming unit (pfu)/ml, 1×1010 pfu/ml, and 1.7×1011 pfu/ml,
respectively. We consider the titer of Ad-GFP-Baylor as 10 ×
1010 pfu/ml for dilution.We diluted all Ads to 1×1010 pfu/ml
with storage buffer according to the vectors instructions from
two vendors for microinjection.

2.2. Microinjection of Ad Vectors into Mouse Inner Ear.
P0 and P4 CD1 mice (Charles River Laboratory, Wilm-
ington, MA, USA) were used for Ad-Cre-GFP-Baylor, Ad-
GFP-Baylor, and Ad-GFP-VB injection, according to pro-
tocols approved by the Massachusetts Eye & Ear Infirmary
IACUC committee. Mice were anesthetized by lowering their

temperature on ice. Cochleostomies were performed by
making an incision behind the right ear to expose the cochlea.
Glass micropipettes (WPI, Sarasota, FL, USA) held by a
Nanoliter Microinjection System (WPI, Sarasota, FL, USA)
were used to deliver the Ad into the scala media, which
allows access to inner ear cells. A total volume of ∼0.2 𝜇L
was injected per cochlea on the right side and the release was
controlled by a micromanipulator at the speed of 3 nL/sec.
The left cochlea was left intact as an internal control.

2.3. Immunofluorescence and Quantification. Four days after
injection, mice were sacrificed and cochleae were harvested
by standard protocols [1, 17]. For whole-mount immunoflu-
orescence, primary antibodies against HC (MYO7A, #25-
6790, Proteus Biosciences) and SC (SOX2, #sc-17320, Santa
Cruz Biotech) markers and fluorescent-labeled secondary
antibodies (Invitrogen) were used following a previously
described protocol [1]. To quantify the proportion of GFP
positive cells after Ad injection, we counted the number of
GFP positive IHCs, OHCs, and SCs, which were then divided
by the total number of IHCs, OHCs, and SCs, respectively, in
a region spanning 200𝜇m in the apical, middle, or basal turn
of the cochlea.

3. Results

We injected Ad vectors into the neonatal mouse inner ear
at P0 or P4 via cochleostomy, because previous studies have
shown that injection of AAV into the neonatal mouse cochlea
by cochleostomy resulted in efficient transduction in vivo
without adversely affecting hearing [8]. Four days after injec-
tion of any of the three Ad vectors into P0 or P4 mouse inner
ears, cochlear structures remained intact and hair cells and
supporting cells survived, indicating that the injection andAd
transduction did not damage inner ear cells (Figures 1–7).

We assessed the transduction efficiency of the viral
vectors by calculating the proportion of GFP positive cells,
because all three Ad vectors carried the GFP gene. Whole-
mount immunofluorescence labeling of HC and SC markers
Myo7a and Sox2 identified hair cells and supporting cells,
respectively. We found that the Ad-Cre-GFP-Baylor trans-
ductionwas restricted to the injected side and noGFP expres-
sion was observed in the uninjected inner ear (Figure 1(d)).
Same was true for Ad-GFP-Baylor and Ad-GFP-VB (data not
shown). Our results confirmed that targeted delivery of Ad
vectors via cochleostomy was confined within the injected
inner ear.

Our results showed that three different Ad vectors
injected at two different ages transduced different cell types in
different cochlear regions with varying efficiencies (Table 1).
Ad-Cre-GFP-Baylor, when injected at P0, efficiently trans-
duced more than 70% of SCs but not HCs in the basal and
middle turns (Figures 1(a) and 1(b)). It transduced few cells
in the apical turn (Figure 1(c)). Comparing to injection at P0,
injected at P4, Ad-Cre-GFP-Baylor transduced fewer SCs in
the basal and middle turns, but more SCs in the apical turn
(Figure 4).

A similar trend of transduction efficiency in SCs was
observed for Ad-GFP-Baylor (Table 1). It transduced inner
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Figure 1: Ad-Cre-GFP-Baylor transduces supporting cells when injected intomouse cochlear at P0. Representative confocal images of whole-
mount fluorescent immunolabeling of cochlea injected at P0 to illustrate the basal (a), middle (b), and apical turns (c), as compared to the
contralateral uninjected middle turn of cochlea (d). Myo7a labels hair cells, and Sox2 labels supporting cells. Ad-Cre-GFP-Baylor mainly
transduces supporting cells in basal and middle turns. Scale bars: 10 𝜇m.

Table 1: Comparison of in vivo transduction efficiency in different cell types and cochlear regions four days after injection of three adenoviral
vectors into P0 or P4 mouse cochleae. 𝑁 = 4 per condition. Apical: apical turn of the cochlea, basal: basal turn of the cochlea, IHCs: inner
hair cells, middle: middle turn of the cochlea, OHCs: outer hair cells, P0: injected at postnatal day 0, P4: injected at postnatal day 4, and SCs:
supporting cells.

Transduction efficiency (%) IHCs OHCs SCs
Basal Middle Apical Basal Middle Apical Basal Middle Apical

Ad-Cre-GFP-Baylor P0 74.5 ± 8.6 70.6 ± 7.8
P4 54.4 ± 6.8 52.4 ± 6.9 3.8 ± 1.2

Ad-GFP-Baylor P0 9.1 ± 1.2 80.0 ± 12.0 90.8 ± 9.2 84.7 ± 10.6
P4 13.6 ± 2.9 17.4 ± 4.2 79.1 ± 10.6 74.3 ± 11.2 42.3 ± 6.1

Ad-GFP-VB P0 9.1 ± 1.5 15.0 ± 4.8 9.8 ± 1.8 29.0 ± 4.9 27.8 ± 4.1 41.5 ± 8.1 7.7 ± 2.9
P4 2.9 ± 0.9 51.1 ± 6.2 33.1 ± 4.2

ear cells more efficiently than Ad-Cre-GFP-Baylor when
injected at either P0 (Figure 2) or P4 (Figure 5). Furthermore,
it also transduced a majority of OHCs in the apical turn and
some IHCs in the basal turn when injected at P0 and IHCs in
the middle turn and OHCs in the apical turn when injected
at P4.

In contrast, Ad-GFP-VB transduced fewer SCs than either
of the Ad-GFP-Baylor vectors with an opposite temporal
trend:more efficiently when injected at P4 than at P0 (Table 1,
Figures 3 and 6). Further, it more consistently transduced

IHCs in the middle and apical turns and OHCs along the
whole cochlear coil when injected at P0 (Table 1).

Ad-GFP-Baylor and Ad-GFP-VB transduced vestibular
HCs and SCs with similar patterns when injected at either P0
or P4 (Figure 7), whereas Ad-Cre-GFP-Baylor transduced no
utricular HCs or SCs.

In summary, we compared the transduction patterns of
three Ad vectors injected at two different ages. All three
Ad vectors consistently transduced SCs, with Ad-GFP-Baylor
exhibiting the highest transduction rate across the whole
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Figure 2: Ad-GFP-Baylor transduces diverse cochlear cell types when injected at P0. Representative confocal images of whole-mount
fluorescent immunolabeling of cochlea injected at P0 to illustrate the basal (a), middle (b), and apical turns (c). Ad-GFP-Baylor transduces
supporting cells (SCs) and inner hair cells (IHCs) at basal (a), SCs at middle (b), and outer hair cells (OHCs) at apical turns (c). IHC: inner
hair cell, OHC: outer hair cell, and SC: supporting cell. Scale bars: 10 𝜇m.
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Figure 3: Ad-GFP-VB transduces diverse cell types in mouse cochlea when injected at P0. Representative confocal images of whole-mount
fluorescent immunolabeling of the cochlea injected with adenovirus at P0 to illustrate the basal (a), middle (b), and apical turns (c). Ad-GFP-
VB transduces SCs and OHCs at basal (a), OHCs, IHCs, and SCs at middle (b), and OHCs and IHCs at apical turns (c). IHC: inner hair cell,
OHC: outer hair cell, and SC: supporting cell. Scale bars: 10𝜇m.
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Figure 4: Ad-Cre-GFP-Baylor transduces supporting cells in the mouse cochlear when injected at P4. Representative confocal images of
whole-mount fluorescent immunolabeling mouse cochlea to illustrate the basal (a), middle (b), and apical turns (c). Ad-Cre-GFP-Baylor
transduces SCs at basal and middle turns efficiently. It transduces some SCs at the apical turn. Scale bars: 10 𝜇m.
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Figure 5: Ad-GFP-Baylor transduces mouse cochlea when injected at P4. Representative confocal images of whole-mount fluorescent
immunolabeling P0 cochlea to illustrate the basal (a), middle (b), and apical turns (c, d). Ad-GFP-Baylor transduces SCs at basal (a), SCs
and IHCs at middle (b), and SCs and OHCs at apical turns (c). Outer hair cells are transduced at the apical turn (d). IHC: inner hair cell;
OHC: outer hair cell.
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Figure 6: Ad-GFP-VB transduces supporting cells and OHCs in the mouse cochlear when injected at P4. Representative confocal images of
whole-mount fluorescent immunolabeling of the cochlea to illustrate the basal (a), middle (b), and apical turns (c). Ad-GFP-VB transduces
SCs at basal (a) and middle (b) and occasional OHCs at apical turns (arrows in (c)). Scale bars: 10 𝜇m.

Myo7a GFP Merged/DAPISox2
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Myo7a GFP Merged/DAPISox2
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Figure 7: Ad-GFP-Baylor (a) and Ad-GFP-VB (b) transduce supporting cells and hair cells in the mouse utricle when injected at P0.
Representative confocal images of whole-mount fluorescent immunolabeling of the utricle. Scale bars: 10𝜇m.

cochlea. Ad-Cre-GFP-Baylor transduced only SCs in the
basal and middle turns. Ad-GFP-Baylor and Ad-GFP-VB
also transduced some HCs including both IHCs and OHCs
(Table 1). The overall transduction efficiency was lower for
Ad-GFP-Baylor vectors when injected at P4 than at P0 but

higher for Ad-GFP-VB in SCs. Furthermore, Ad-GFP-VB
had a broader transduction pattern when injected at P0 as
it transduced OHCs along the whole cochlea and IHCs at
middle and apex turns, but it only transduced a few OHCs
at the apical turn when injected at P4.
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4. Discussion

This study identified commercial adenovirus viral vectors
that target mouse inner ear cell subtypes for gene delivery.
Three adenovirus vectors transduced P0 and P4 inner ear,
with different specificities and expression levels that are
dependent on the type of adenoviral vectors and the age of
mice. The cochlear sensory epithelium, which harbors audi-
tory hair cells and supporting cells, is transduced with
higher efficiency.The adenovirus with GFP alone transduced
utricular supporting cells. The infected cells survived at the
time of the study (four days after injection). The study shows
that Ad vectors are capable of transducing mammalian inner
ear efficiently and provides useful tools to evaluate gene
therapy and to study inner ear gene function.

There are two approaches of hair cell regeneration: (1)
direct transdifferentiation of surrounding cells especially
supporting cells to change cell fate to become hair cells and
(2) induction of cell cycle re-entry in cells such as supporting
cells, which then further differentiate to replace damaged hair
cells [1, 25, 26]. Thus, supporting cells are ideal candidates
for hair cell regeneration by direct transdifferentiation or by
renewed proliferation with subsequent transdifferentiation.
Moreover, remaining hair cells can divide to generate new
hair cells. Many cases of sensorineural hearing loss and vesti-
bular dysfunction are caused by a primary pathology in
the sensory epithelium [17, 18]. It is therefore important to
express transgenes in the sensory epithelial cells such as
supporting cells specifically.ThreeAd vectors transduced SCs
efficiently, an indication that they could be useful for poten-
tial hair cell regeneration studies. Ad-Cre-GFP-Baylor trans-
duced SCs only at middle and base turns when injected at P0.
The lack of transduction of the apical SCs was likely due to
limited diffusion of the viral particles. Ad-Cre-GFP-Baylor
transduces only SCs, whereas Ad-GFP-Baylor transduced
80%OHCs at apex turn and some IHCs at base turn at P0.Ad-
GFP-VB transduces SCs and OHCs. Each Ad vector can ther-
efore be selected to deliver genes to only SCs, HCs, or both.

The volume and titer of vector inoculation influence
the cell types and location of cells transduced by the virus.
To compare the difference of three virus infection, we use
the same titer of three Ads. It is interesting that Ad-GFP-
Baylor and Ad-Cre-GFP-Baylor had different transduction
specificities. However, according to the instruction of Ad-
GFP-Baylor from Baylor College of Medicine, the virus
particle (vp) to plaque-forming unit (pfu) ratio is in a range
of 1 : 10 to 1 : 200 and the titer is 2.5 × 1010–5 × 1011 pfu/ml.
We used the titer of 10 × 1010 pfu/ml for dilution, which may
be an underestimate of the actual titer as it had the highest
transduction efficiency.

Injection into mouse cochlea through scala media by
cochleostomy maximizes the efficiency as it allows virus to
have access to many cochlear cell types. Previous studies
suggested that, a better outcome of cell survival,mice younger
than P5 should be used, as OHCs will generally die due
to surgery in mice older than P5, especially at adult stage
[8, 9, 13]. Future study needs to focus on identification of a
route by which injection can be performed in adult without
causing cell death or hearing loss.

Combining a therapeutic transgene with a reporter gene
would be informative for easy identification of the cell types
targeted. The human inner ear is much larger in size and
would facilitate a more accurate delivery, which could help
with the development of gene therapy in patients.

5. Conclusions

The present study explored commercial three Ad vectors into
the mouse inner ear in vivo. The results show the feasibility
of gene transfer into mouse inner ear via Ad vectors with
different specificity and efficiency. Future application of gene
delivery for the inner ear may include the induction of
hair cell regeneration and treatment of hereditary deafness
and vestibular dysfunction. The ability of the cochleostomy
to deliver reporter transgenes into a variety of cell types
in the inner ear, including the sensory epithelium, makes
this method attractive to target inner ear cell subtypes.
Continuous improvement in identification of highly efficient
vectors targeting inner ear cell subtypes would advance their
eventual use to treat hearing loss in human.
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DFNA9 is a late-onset, progressive, autosomal dominantly inherited sensorineural hearing losswith vestibular dysfunction,which is
caused bymutations in theCOCH (coagulation factor C homology) gene. In this study, we investigated a Chinese family segregating
autosomal dominant nonsyndromic sensorineural hearing loss. We identified a missense mutation c.T275A p.V92D in the LCCL
domain of COCH cosegregating with the disease and absent in 100 normal hearing controls. This mutation leads to substitution of
the hydrophobic valine to an acidic amino acid aspartic acid. Our data enriched the mutation spectrum of DFNA9 and implied the
importance for mutation screening of COCH in age related hearing loss with vestibular dysfunctions.

1. Introduction

As the most common sensory impairment, hearing loss (HL)
affects one of every 500 newborn infants, and its prevalence
rises to 2.7 per 1000 children before the age of 5 and 3.5 per
1000 during adolescence [1, 2]. HL is a genetically and clin-
ically heterozygous disorder and can be classified according
to pattern of inheritance (autosomal dominant, autosomal
recessive, or X-linked recessive, and mitochondrial inheri-
tance), the absence (nonsyndromic) or presence (syndromic)
of other clinical features, and age at onset (prelingual or
postlingual) [3]. To date, researchers have identified 98 genes

associated with nonsyndromic hearing loss (NSHL) (Hered-
itary Hearing Loss Homepage, http://hereditaryhearingloss
.org). Most of the mutations in the autosomal dominant loci
cause postlingual hearing impairments [4].

Mutations in the COCH gene are responsible for the late-
onset, progressive ADNSHL with incomplete penetrance of
vestibular malfunction known as DFNA9 [5]. The COCH
gene encodes a 550-aa extracellular protein cochlin that is
the most highly expressed protein in the human and mouse
inner ear [6].The cochlin amino acid sequence contains anN-
terminal signal peptide, an LCCLdomain highly homologous
to factor C, a serine proteinase involved in immune response
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Figure 1: (a) Pedigree of the family with nonsyndromic autosomal recessive hearing loss. Darkened symbols denote affected individuals. (b)
Audiograms of all affected individuals in the family.

of the Limulus, and two von Willebrand factor A (vWFA)
domains [7]. So far, twenty-three DFNA9 mutations were
identified in the LCCL domain, vWFAdomain, and interven-
ing domain [8–15]. Individuals with DFNA9 manifest late-
onset progressive HL with onset usually before the fourth or
fifth decade [16]. Onset of HL is initially in high frequencies,
progressing to include lower frequencies, and usually leads
to severe HL by the sixth decade of life. COCH mutations
also result in vestibular dysfunction and balance problems in
many affected individuals [16].

In this study, we performedmassively parallel sequencing
on a nonconsanguineous Chinese family segregating auto-
somal dominant sensorineural HL and identified a novel
missense mutation in the LCCL domain.

2. Results

2.1. Clinical Phenotype. Seven individuals in family G405
were diagnosed with sensorineural hearing loss by oto-
logic and audiometric analysis (Figure 1(a)). Affected family
members showed moderate to severe bilateral sensorineural

hearing loss initially affected high frequencies and, with
increasing age, developed to mid- and low-frequencies,
which resulted in a flat or downward sloping audiogram
(Figure 1(b)). The self-reported age at onset of hearing
loss was in the 2nd or 3rd decade. Vertigo, dizziness, and
tinnitus have been reported or diagnosed in all affected family
members except for VI:12.

2.2. Massively Parallel Sequencing. Targeted MPS aiming
131 deafness-associated genes was applied to proband of
family G123. A mean depth of coverage of 176 was achieved
with more than 98.6% of the targeted bases covered by
more than 10 reads. Variants were called and filtered using
strategies described previously. Briefly, variants meeting the
following criteria were filtered out: (1) variants covered
by less than 10 sequencing reads; (2) intronic and syn-
onymous variants; (3) variants with allele frequencies bel-
low 0.01 in 1000 genome database, ESP6500 database, or
ExAC database. Consequently, the COCHmutation c.T275A
p.V92D (NM 001135058) was the only candidate variant that
passed all filtering steps.
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Figure 2: (a) Sanger sequencing chromatograms showing the
c.T275A p.V92D mutation of the family. (b) Protein sequence
alignment showing conservation of the V92 residue in cochlin
across human (H. sapiens), chimpanzee (P. troglodytes), macaca (M.
mulatta), mouse (M. musculus), chicken (G. gallus), and zebrafish
(D. rerio). (c) Pathogenicity prediction using computational pro-
grams. D in the parentheses stands for deleterious.

2.3. Mutation Analysis. Segregation analysis of candidate
variants was carried out by Sanger sequencing. The novel
COCH mutation c.T275A:p.V92D (NM 001135058) (Fig-
ure 2(a)) was present in all affected individuals but not in
the normal family members that are above 40 years of age.
Thismutation caused an amino acid substitution in the LCCL
domain of cochlin protein. Sequence alignment analysis
of COCH from different species revealed that this amino
acid is highly conserved (Figure 2(b)). The mutation was
predicted to be deleterious by four computational programs
(Figure 2(c)). Then, we scanned exon 4 of COCH gene in
100 unrelated Chinese control individuals. Consequently, no
variants were detected.

3. Methods

3.1. Subjects and Clinical Diagnosis. A Chinese nonconsan-
guineous family, G405, with late-onset progressive hearing
loss was recruited from the Department of Otolaryngology,
Affiliated Eye and ENTHospital, FudanUniversity, Shanghai,
China. Family G405 has five generations and segregated
late-onset autosomal dominant sensorineural hearing loss by
otologic and audiometric analysis. Twenty-five family mem-
bers, including seven affected individuals, were recruited.
Otoscopy and pure tone audiometry (including frequencies
from 250 to 8000Hz) were applied to identify the phenotype.
Vestibular function was assessed in some family members
by caloric testing and electronystagmography. Blood samples
were drawn from the participants. Written informed consent
was obtained from all participating individuals in accordance
with the ethics committee of Fudan University.

3.2. Massively Parallel Sequencing. Genomic DNA was
extracted fromwhole blood using genomic DNA isolation kit
(Qiagen, Hilden, Germany). Exome capture was carried out
using TruSeq Exome Enrichment Kit according to the man-
ufacturer’s protocols. Captured libraries were then loaded
onto theHiseq2000 platform, and sequencing was performed
100 bp paired-end, providing at least 80-fold coverage for
each sample. Raw image files were processed by Illumina’s
Cassava pipeline for base-calling with default parameters.
The proband of family G123 was subjected to a gene panel
containing 131 deafness genes. Capture and MPS of the
coding exons plus ∼100 bp of the flanking intronic sequences
for the 131 deafness genes on a HiSeq2000 (Illumina) were
performed by Otogenetics Corporation (Norcross, GA). A
total of 3 𝜇g genomic DNA was used as input material for
NimbleGen capture methods to generate 2 × 100 paired-end
reads. Sequencing reads were aligned to human reference
genome (hg19/NCBI 37) using the Burrows-Wheeler Aligner
(BWA) program, refined using the Genome Analysis Tool
Kit (GATK) software and Picard. The genotypes in target
regions were identified using the GATK Unified Genotyper;
quality scores of the variants were recalibrated. Functional
annotations of the variants were performed by Annovar [17].

3.3. Mutational Analysis. Segregation analysis of the candi-
date mutation identified by MPS was performed in available
members of family G405 using PCR followed by bidirectional
Sanger sequencing of the amplified fragments (ABI 3730XL;
Applied Biosystems, Foster City, CA). In addition, sequences
from 100 ethnicity-matched samples with normal hearing
were examined.

4. Discussion

In this study, we identified a novel heterozygous missense
mutation within the LCCL domain of cochlin in a large
Chinese family with late-onset progressive sensorineural HL
and vestibular dysfunction.Themutations cosegregated with
the disease and were not observed in public databases or 100
ethnicity-matched controls.

The p.V92D mutation identified in this study resides
within the N-terminal LCCL domain of cochlin, which leads
to substitution of the hydrophobic valine to an acidic amino
acid aspartic acid.Mutations of this domain have been shown
to cause misfolding and aggregation of the cochlin protein in
a dominant-negative fashion and lead to cytotoxicity [7, 16].
It is noteworthy that most of the patients carrying mutations
in the LCCL domain manifested vestibular dysfunctions.
Our study supported this genotype-phenotype correlation
because nearly all affected patients of family G405 exhibit
vestibular dysfunction.

The pathogenic mechanisms of DFNA9 mutations have
not been fully revealed; recent studies suggested several
possible mechanisms. Several studies suggest that mutations
in the LCCL domain induce misfolded LCCL domain and
demonstrate cytotoxicity leading to inner ear damage [6, 18].
Others demonstrated that mutant cochlin forms a stable
dimer that is sensitive to reducing agent. The mutant cochlin
can stabilize wild type cochlin in the dimer conformation,
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providing a possible explanation for the dominant nature of
DFNA9 mutations [19]. A recent study indicates that amino
acid substitutions in cochlin lessened cochlin susceptibility
to cleavage enzyme induced by aggrecanase, which caused
reduced secretion of the LCCL domain to the extracellular
compartment [8]. It is possible that the p.V92D mutation in
our study may also lead to cochlin misfolding.

In conclusion, our findings enriched the mutation and
genotype-phenotype correlation spectrum of DFNA9 and
implied the importance for mutation screening of COCH in
late-onset hearing loss with vestibular dysfunctions.
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The patients with DiGeorge syndrome (DGS), caused by deletion containing dozens of genes in chromosome 22, often carry
cardiovascular problem and hearing loss associated with chronic otitis media. Inside the deletion region, a transcription factor
TBX1 was highly suspected. Furthermore, similar DGS phenotypes were found in the Tbx1 heterozygous knockout mice. Using
ENU-induced mutagenesis and G1 dominant screening strategy, here we identified a nonsynonymous mutation p.W118R in T-box
of TBX1, the DNA binding domain for transcription activity. The mutant mice showed deficiency of inner ear functions, including
head tossing and circling, plus increased hearing threshold determined by audiometry. Therefore, our result further confirms the
pathogenic basis of Tbx1 in DGS, points out the crucial role of DNA binding activity of TBX1 for the ear function, and provides
additional animal model for studying the DGS disease mechanisms.

1. Introduction

The two major types of hearing loss, both conductive and
sensorineural, are caused by gene mutations that affect the
structure and function of the auditory system. Currently,
more than 70 nonsyndromic deafness genes have been identi-
fied [1]. Usually the nonsyndromic deafness genes participate
more specifically in auditory functions such as transduction,
ciliogenesis, cell metabolism, and ion homeostasis [2]. For
example, GJB2 is a major deafness gene [3] that encodes for
a component of gap junctions specifically in the supporting
cells of the cochlea and governs potassium recycling [4].
Lhfpl5 was found expressed specifically in hair bundle of
cochlear hair cells [5] that modulate the transduction com-
plex location and channel gating [6]. In addition, many more
loci have been linked to nonsyndromic deafness though the
causative genes have not been characterized yet [1].

However, it is more prevalent that a deafness phenotype
always accompanies with other types of disorder(s), which is
considered as a syndromic deafness. For example, Pendred
syndrome is the most common deaf syndrome that manifests
cochlear development abnormalities and sensorineural hear-
ing loss, in parallel with diffuse thyroid enlargement [7]. The

Pendred syndrome is caused by a chloride-iodide transport
protein malfunction [8]. Patients with Usher syndrome hold
both profound hearing loss and retinitis pigmentosa [9].
Hence, the identification of novel deafness gene and the anno-
tation thereafter are appreciated greatly in the research field
and clinical community. Strategically the forward genetics
and reverse genetics based approaches are widely applied to
search novel deafness genes.

For all characterized deafness genes, a large number
of them are encoding structural proteins or homeostasis
modulators that aremostly linked to nonsyndromic deafness.
Itmay not be difficult to understand, considering that cochlea
is such a sophisticated tissue machine endowing ear the
hearing function. More importantly, the transcription factors
and noncoding RNAmolecules are broadly manipulating the
development of the ear that often cause syndromic deafness.
It has been characterized that a bunch of transcription factors
mainly are involved in neural development in addition to
inner ear development and morphogenesis. For example,
transcription factors including Bmb4, Jag1, Islet1, Lfng, Fgf16,
Prox1, and Tbx1 regulate specification of prosensory patches
[10]. These transcription factors are expressed in specified
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temporal and spatial patterns with intermingled interaction
to each other.

Mice with Tbx1 mutation showed a reduced expression
of Bmp4 and thus resulted in deficiency of sensory epithelia
formation [11]. In early inner ear development, Tbx1 is a very
important transcription factor [12] that is also one of the can-
didate genes in pathogenesis of del22q11/DiGeorge syndrome
(DGS)/velocardiofacial syndrome (VCFS) (for short DGS
below) [13–15]. Usually, DGS patients carry a hemizygous
deletion for a 1.5–3Mb region on human chromosome 22,
which includes 24 genes. DGS is complex and manifested
by lots of phenotypes including craniofacial anomalies such
as external ear defects and hearing impairment in addition
to cardiovascular problem [16, 17]. It has been reported that
most of the DGS patients carry conductive hearing loss
associated with chronic otitis media [18, 19]. However, a
minor (15%) of hearing loss is of the sensorineural type with
unknownmechanisms [18]. In addition, balance problemwas
observed in DGS patients [20]. Recent study has given strong
evidence that Tbx1 is a critical gene in the pathogenesis of
DGS [21–23].

In this study, we have utilized a chemical mutagenesis
based N-ethyl-N-nitrosourea (ENU) screening and charac-
terized a mouse line called ENU706 that carried phenotype
of deafness and imbalance in a fashion of dominant inher-
itance. Audiometric analysis demonstrated that the hearing
threshold of ENU706 heterozygousmice was elevated around
30 dB SPL by average comparing to control mice. However,
the hearing threshold in each heterozygous mouse was
randomly elevated for each ear. The genetic analysis pointed
out that Tbx1 was the causative gene for the ear problem. A
previously unreported nonsynonymous mutation, p.W118R,
hits a conserved amino acid in the T-box region of TBX1, a
DNA binding domain responsible for the Tbx1 transcription
activity. In T-box domain, very close to our mouse mutation,
the other 2 human DGS mutations, p.F148Y and p.H194Q,
were previously found in familial cases. Therefore, our data
further confirm the pathogenic roles of Tbx1 in DGS, pin-
point the mechanistic association of its DNA binding activity
and hearing loss, and provide additional animal model for
studying the DGS disease mechanisms.

2. Materials and Methods

All procedures were performed in accordance with research
guidelines of the institutional animal care and use committee
of Tsinghua University. Mice of either sex were used in this
study.

2.1. Generation of ENUMutant Mice. The ENU-mutagenesis
protocol and primary phenotypic screen have been described
previously [25]. Briefly, C57BL/6J male mice were injected
with ENU at the dose of 100mg/kg according to body weight
once every week for three weeks. After recovery of fertility,
the mice were mated to female naive C57BL/6J.The offspring
G1 mice were applied for neurological phenotypic assays,
including learning and memory, movement impairment,
hearing loss, and gait analysis. The affected G1 founders were
bred to naive C57BL/6J to set upmutant family.The offspring

mice carrying the inherited phenotypes were sent for whole
exon capture to identify the responsible mutations.

2.2. Whole-Exome Analysis. Exonic single nucleotide poly-
morphism (SNP) was examined at whole genome level [26].
In brief, the exome captured sequencing librarywas produced
by SeqCap EZ Library SR (Roche). The DNA-seq data was
subjected to bioinformatics analysis to recognize the potential
variants caused by ENU by comparing mutant (affected)
with C57BL/6J database. All the candidates must meet four
criteria: (1) the number of supporting reads > 4; (2) the
number of supporting reads/the depth of this locus > 0.2; (3)
the variant appeared heterozygous in the affected sample but
not in the unaffected sample; (4) according to the annotation
by ANNOVAR it is a nonsynonymous exonic mutation.

2.3. Audiometry. Auditory brainstem response (ABR) mea-
surement was used to evaluate the hearing threshold of mice
in this study as previously described [27]. The measurement
was applied on mice with age older than 30 days. To examine
developmental effect on hearing progression, the mice were
tested with age up to 300 days. Before measurement, the
mouse was anesthetized by i.p. injection of pentobarbitone.
Then the mouse was transferred into a sound-proof cham-
ber (Shengnuo, Shanghai) for audiometry. The audiometric
evaluation was done with a TDT RZ6 system (Tucker-Davis
Technologies). The electrodes were placed into the mouse
subdermally. The ground electrode was inserted in the back
near the hind leg, and the reference electrode was just behind
the pinna, and the active electrode was inserted at the vertex.
An EC1 close-field speaker was placed onto the external
ear canal through a conduct tube. A balanced click stimuli
were applied per second, each with a duration of 0.1ms,
starting at 90 dB SPL and decreasing at 10 dB SPL step in
intensity. Stimuli and recordings were performed with the
BioSigRZ software provided with the TDT workstation. The
number of acquisition trials was set at 512 for averaging.
Auditory thresholds were analyzed for both ears of mutant
mice and single ears of wild-type mice. Wild-type mice
were examined for another ear if there was an abnormal
hearing. The hearing threshold was defined once a visible
ABR emerged in recorded traces with graded click stimuli.
Our setup determined the median threshold of wild-type
C57BL/6J as 20 dB SPL. This baseline was elevated a bit with
aging of mice.

2.4. Scanning Electron Microscopy. Inner ears were dissected
out in phosphate buffer (0.1M Na

2
HPO
4
⋅12H
2
O, 0.1M

NaH
2
PO
4
⋅2H
2
O, PH 7.4) and transferred into fixative buffer

(2.5% glutaraldehyde, 0.1M phosphate buffer). A hole was
poked at the apex to let the fixative flush through the
cochlear labyrinth before the sample was fixed overnight at
4∘C. The inner ears were washed by phosphate buffer for
10 minutes with 3 times and fine-dissected to remove the
spiral ligament, Reissner’s membrane, and tectorial mem-
brane. Samples were dehydrated by 30-minute incubation
in 10/20/30/50/70/80/95/100% ethanol, followed by freeze
drying (Hitachi ES-2030) and gold coating (Hitachi E-1010).
The samples were imaged with FEI Quanta 200.
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Figure 1: Identification of amutant line ENU706 by ENU-mutagenesis screening. (a)The strategy for our ENU screen on C57BL/6Jmice.The
male founder mouse was injected with mutagen and cross with female mice. The G1 mice were sent for phenotype screening for dominant
phenotypes. (b)The family pedigree for the ENU706 line. (c) Representative image of circling behavior in a heterozygous ENU706mouse.The
syndromic traits were inherited in a dominant manner. Some of the heterozygous mutant mice showed abnormal craniofacial development
including (d) elongated teeth and (e) asymmetrical face.

2.5. Electrophysiology. Cochlear hair cells were observed
with an upright microscope (Olympus BX51WI). Borosil-
icate glass with filament (Sutter) was pulled with a PC-
10 pipette puller (Narishige) and polished with MF-830
microforge (Narishige) to resistance of 3–5MOhm. Hair
bundles were deflected with a glass pipette mounted on
a P-885 piezoelectric stack actuator (Physik Instrumente).
Whole cell currents were sampled at 100KHz with an EPC 10
USB patch-clamp amplifier operated by Patchmaster software
(HEKA). Extracellular solution contains (in mM) 144 NaCl,
0.7 NaH

2
PO
4
, 5.8 KCl, 1.3 CaCl

2
, 0.9 MgCl

2
, 5.6 glucose, and

10 H-HEPES, pH 7.4. Intracellular solution contains (in mM)
140 KCl, 1 MgCl

2
, 0.1 EGTA, 2 Mg-ATP, 0.3 Na-GTP, and

10 H-HEPES, pH 7.2. Hair cells were voltage-clamped at −70
mV.

2.6. Data Analysis. Data analysis was performed by software
including Excel (Microsoft), Prism (GraphPad), and Igor Pro
6 (WaveMetrics).

3. Results and Discussion

3.1. Generation and Genetic Mapping of ENU706 Mouse Line.
In order to identify the inherited mutations responsible for
the mouse neurological phenotypes, we have set up a G1
dominant mutagenesis screening (Figure 1(a)). The ENU706
line appeared obvious circling phenotype in the G1 founders
(Figure 1(c)). After crossing to the naive C57BL/6J, we found
that the dominant inherited phenotype reoccurred in the
family (Figure 1(b)), which met the expectedMendelian ratio
(Figure 4(c)).
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Figure 2: The ENU706 mice possessed moderate hearing loss. (a) A representative case showed the click ABR test in control and ENU706
mice. A control mouse possessed a hearing threshold as low as 20 dB SPL. An ENU706mouse had 50 dB SPL hearing threshold at the left ear
and 60 dB SPL hearing threshold at the right ear. (b) The onset of ABR responses was 0.36 milliseconds later in mutant than that in control
mouse. (c) The duration between peaks I and II was not altered obviously in mutant compared to the control. The traces analyzed in (b) and
(c) were from the same recordings shown in (a). In (a), (b), and (c), control was shown in black and ENU706 in red. In difference with the
control (d), the heterozygous ENU706mice with elevated ABR responses were found to have otitis media (e).

3.2. ENU706 Line PossessedModerate Hearing Loss. ENU706
heterozygousmice had circling (Figure 1(c)) and head tossing
behavior observed as early as 1-month old that was a typical
phenotype of vestibular problem. In general, one-half of
the mice were circling (Figure 4(c), left bar), which further
confirmed the mutation caused imbalance in a dominant
inheritance style. Circling is often accompanied with hearing
loss in animals suffering fromdeficit of the inner ear function.
We then assessed the hearing threshold for the colony of

ENU706 mice. Click ABR test was applied to evaluate the
threshold of hearing. A control wild-type mouse started to
respond to click sound as low as 20 dB SPL (Figure 2(a),
left), which is a typical value for normal hearing. While in
an ENU706 heterozygous mouse, the hearing threshold was
50 dB SPL for the left ear and 60 dB SPL for the right ear
(Figure 2(a), right). It suggested that this mutantmouse had a
moderate hearing loss and might be differentially affected in
each ear. Notably, the different hearing threshold for either
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Figure 3: The ENU706 mice had no obvious defects in hair cell mechanotransduction. (a) The ABR threshold was box-whisker plotted in
4 categories: wild-type male (WT M, 20.0 ± 2.4 dB SPL, 8 males tested, 8 right ears plus 1 left ear), heterozygous male (ENU706+/−M, 38.7
± 3.9 dB SPL, 11 males tested, 11 right ears, and 8 left ears), wild-type female (WT F, 23.0 ± 4.5 dB SPL, 8 females tested, 9 right ears, and 1
left ear), and heterozygous female (ENU706+/− F, 47.9 ± 4.5 dB SPL, 13 females tested, 13 right ears, and 10 left ears). The “𝑛” numbers were
counted twice if both ears were measured. Data shown as mean ± SEM. Statistical significance (∗∗𝑝 < 0.01) was determined by Student’s
two-tailed unpaired 𝑡-test. (b) The ABR threshold was plotted against age. The data pooled from left and right ear were shown (WT, 20 mice
tested, 20 right ears, and 3 left ears; ENU706+/−, 24 mice tested, 24 right ears, and 19 left ears). (c) The mechanotransduction currents were
measured in outer hair cells of ENU706 heterozygous mice and control littermates (cell number shown in the panel). Data shown as mean ±
SD. A set of mechanical deflections from −400 nm to 900 nm at 100 nm step were applied to hair bundle to generate mechanotransduction
currents in hair cells. In all panels, control was shown in black and ENU706 in red. (d) Scanning electronmicroscopy showed the hair bundles
of apical-middle outer hair cells were relatively normal in an ENU706 heterozygous mouse. Scale bar: 5 𝜇m.

ear of one mouse was often not identical. We observed in
some extreme case that the mouse had one ear normal (20 dB
SPL) but with another ear profoundly deaf (70 dB SPL). To
determine whether the hearing loss was conductive or sen-
sorineural, the latencies of the ABR responses were analyzed.
The onset of ABR was submillisecond slower in the ENU706
heterozygous mouse (Figure 2(b)), but the interpeak seemed
not altered (Figure 2(c)). Surgical examinations showed otitis
media in ENU706 heterozygous mice if they had hearing
loss (Figures 2(d) and 2(e)). In general, this sporadic hearing

loss was not related with gender (Figure 3(a)) or age (Fig-
ure 3(b)) in ENU706 mice. Indeed, the hearing threshold
was significantly elevated about 20 dB by average in ENU706
mice (Figure 3(a)). Consistently, ENU706 mice also shared a
parallel trend of progression with wild-type animals but with
elevated hearing threshold (Figure 3(b)). To further investi-
gate whether any of sensorineural factors was involved in the
hearing loss, we examined mechanotransduction response in
cochlear hair cells. Our electrophysiological data showed no
obvious change ofmechanotransduction currents in ENU706
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Figure 4: Genetic analysis of target gene in ENU706 phenotypes. (a) Whole genome sequence identified 104 SNPs in one circling ENU706
mutant mouse, among which 93 SNPs were heterozygous and 85 SNPs were exonic. (b) Top 3 candidate genes were Tbx1, Bmp7, and Slc38a1.
The T-to-C mutation in Tbx1 had the high penetration in ENU706 heterozygous mice with the circling phenotype. (c) The genotyping for
the T-to-C mutation in Tbx1 showed there were 24 heterozygous mice out of all the 44 mice in this colony. And phenotypic assays showed
21 ENU706 heterozygous mice were circling and 20 ENU706 heterozygous mice had elevated ABR in all the 24 Tbx1+/−mice. (d) A typical
DNA chromatogram showing the T-to-C mutation in an ENU706 heterozygous mouse. Note a reverse primer was used for sequencing. ∗
refers to the T-to-C mutation.

heterozygous mouse (Figure 3(c)), so did their hair bundle
(Figure 3(d)).

3.3. Tbx1 Gene Is Linked to the Inner Ear Problem. To iden-
tify the causative gene linked to the dominant hearing
loss and circling phenotype, we performed a whole-exome

sequencing. The preliminary analysis indicated that there
are 104 SNPs plus 13 insertions and deletions (indels) at
the gene coding regions. Considering that the inherited
trait is consistent with Mendel’s law (Figure 4(c), the 1st
bar), the homozygous SNPs were rule out. Then 85 out of
93 heterozygous SNPs were presented in the preliminary
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analysis to be validated to link to the hearing loss. Based on
our previous data-mining experience, 31 out of the 85 SNPs
were selected to be studied (Figure 4(a)). We then applied
the PCR sequencing to validate each SNP transversion for
the 31 candidate genes. It turned out that 3 out of the 31
SNPs were the top candidates that emerged with a high
consistency between the genotype and the phenotype. The
3 genes were Tbx1, Bmp7, and Slc38a1, in which Tbx1 and
Bmp7 have been previously linked to hearing impairment.
Tbx1 has been proposed as a candidate gene for pathogenesis
of DGS including hearing impairment [28]. We found a
T→C transversion in Tbx1 gene in most of circling ENU706
heterozygous mice. Bmp7 has also been found to relate with
development of inner ear and specify the tonotopic cochlea
axis [29]. A T→C transversion was found in Bmp7 gene in
few ENU706 heterozygousmice. For Slc38a1 gene, there was a
G→Amutation and sometimes homozygous mutations were
observed at both alleles (Figure 4(b)). With comparison of
PCR sequencing result and circling phenotype, we speculated
that Tbx1 was the highly possible target gene that carried
the mutation T/T→T/C in ENU706 mice (23 out of the 24
circling mice). Among all the 44 mice in breeding, 24 had
the T/T→T/C SNP change in Tbx1 gene (Figures 4(c) and
4(d)). In the 24 Tbx1+/− mice, 21 were circling and 20 had
elevated ABR (Figure 4(c)). The mutation caused a W to R
change at the 118 amino acid in T-box region of TBX1 protein
(Figure 5(a)), which is very conserved in different species
(Figure 5(b)) and TBX paralogues (Figure 5(c)).

4. Discussion

All the evidence in this study indicated Tbx1 was linked to
the hearing problem of ENU706mice we generated. ENU706
mice carried a moderate auditory threshold elevation plus
vestibular problem, which was induced by a hemizygous SNP
transversion in T-box region of Tbx1. Tbx1, as a transcrip-
tion factor, has been associated to middle and inner ear
development and morphogenesis, including conductive and
sensorineural hearing loss [18, 19]. It was also the candidate
gene concerning the pathogenesis of del22q11/DGS/VCFS
[14]. More recent studies indicate that Tbx1 was very likely
linked to the hearing defect in DGS patients and engineered
mutant mice [21–23]. Moreover, we did notice some syn-
dromic phenotypes in a few ENU706 heterozygous mice
(Figures 1(d) and 1(e)) mimicking DGS traits reported in
humans and mice. The ENU706 homozygous mice were not
found alive in our breeding colony, which also happened in
Tbx1 knockout mice [15].

During our gene identification, mutations in BMP7 and
Slc38a1 genes had occasionally emerged;BMP7 especiallywas
previously identified critical for cochlear axis specification.
These two genes were not likely the causative genes in
ENU706 mice. BMP7 is in chromosome 2 and Slc38a1 is in
chromosome 15, while Tbx1 is in chromosome 16. The late
crossed ENU706mice, from the 4th generation, did not carry
BMP7 and Slc38a1 mutations anymore but still possess the
DGS phenotypes. The mechanisms underlying the hearing
defect including both conductive and sensorineural hearing
loss has been tackled by our audiometry (Figures 2(b)

and 2(c)) and electrophysiological recordings (Figure 3(c)).
These data indicated that it was a more likely conductive
hearing loss in ENU706 mutants. To study the accurate gene
function, chromosomally engineered Df1/+ mice and single
gene knockout Tbx1/+ mice were used. Heterozygous loss of
Tbx1 resulted in major structural abnormalities of the heart
similar to those observed inDf1/+mice andLgdel/+mice [16].
Chronic otitis media was also a feature in clinical diagnosis
of DGS [28]. The pathogenesis of otitis media is considered
resulting from multiple causes, such as deficits of the inflam-
matory clearance [30, 31] or the mucosa in the middle-ear
cavity [32, 33]. Our work was a reminiscent of the study
on Df1/+ and Tbx1/+ mice, including dominant inheritance,
circling, and partial hearing loss. A recent report further
described that a defect in early myogenesis thus resulted
in otitis media in mouse models of DGS [23]. Their data
showed that the Tbx1 heterozygous mice showed the hearing
loss mainly by Eustachian tube problem related with muscle
problem.Then it made sense that the hearing thresholds were
different between the two ears of a given ENU706 mouse
(Figure 2(a)). It also coincided with the observation that the
hearing loss in ENU706 mice was moderate and sporadic
(Figures 3(a) and 3(b)). Nevertheless, our work pointed out
that a single point mutation was responsible for most of the
hearing features of DGS. Interestingly, another gene,Comt, in
the deleted region of chromosome in DGS patients has also
been linked to hearing loss [34].

In early development, Tbx1 as a transcription factor is
expressed in the endodermal lining of the first pharyngeal
pouch and in the meiosis of the pharyngeal arches [28].
T-box domain has been proposed to be important for T-
box protein dimerization and DNA binding activity. It has
been reported that F148Y and H194Q in the T-box domain
actually induced a gain-of-function effect, plus G310S at the
boundary of the T-box [35]. We speculated that W118R in
ENU706 mice might also have a gain-of-function as other T-
boxmutations.More interestingly, recent study indicated that
it also binds to chromatin that may function epigenetically
[36]. Another study proposed that cortical development was
regulated bymesodermal expression of Tbx1 [37].That raised
the complexity of the TBX1 function. This ENU706 mice
hence provided a new line of mouse model to finely dissect
TBX1 function in development and physiology.

5. Conclusion

To further understand the molecular and physiological rele-
vance of hearing sensation and hearing impairment, we have
set out to establish a forward genetics based deafness gene
screen in mice. And it was also a major goal in our collabo-
rative effort to identify disease genes linked to neurological
disorders. In this study, we characterized a novel mutation in
Tbx1 gene, which caused aW118R amino acid change inT-box
region of TBX1 protein. This single point missense mutation
in the highly conserved region induced a robust phenotype of
imbalance in affectedmice that also carriedmoderate hearing
loss. More interestingly, the deficiency was in a dominant
inherited manner that was consistent with previous study
in Tbx1 deficient Df1/+ mice and Tbx1/+ mice. Our study
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Figure 5: Conservation analysis of nonsynonymousmutation in TBX1 found in theENU706mutantmouse. (a)TheENU706mutation caused
aW118R conversion. F148Y, H194Q, and G310Smutations, previously reported in DGS patients, are also indicated [24]. (b)TheW118 is highly
conserved across the species. The protein NCBI IDs, NP 035662.1 (M. musculus), NP 542377.1 (H. sapiens), XP 016795078.1 (P. troglodytes),
XP 015005141.1 (M. mulatta), NP 001101792.1 (R. norvegicus), XP 002694701.2 (B. taurus), XP 015131167.1 (G. gallus), and NP 899182.1 (D.
rerio). (c)The Trp amino acid is also highly conserved in 5 TBX paralogues.The protein NCBI IDs, NP 542377.1 (Tbx1), NP 005985.3 (Tbx2),
NP 005987.3 (Tbx3), NP 001308049.1 (Tbx4), and NP 000183.2 (Tbx5). ∗ refers to the W118 in (b) and Trp amino acid in (c).

thus provided an alternative model to study Tbx1 function
and might help to dissect domain-specific and tissue-specific
TBX1 function in the DGS study.
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MYH14 is a member of the myosin family, which has been implicated in many motile processes such as ion-channel gating,
organelle translocation, and the cytoskeleton rearrangement. Mutations in MYH14 lead to a DFNA4-type hearing impairment.
Further evidence also shows that MYH14 is a candidate noise-induced hearing loss (NIHL) susceptible gene. However, the specific
roles of MYH14 in auditory function and NIHL are not fully understood. In the present study, we used CRISPR/Cas9 technology to
establish aMyh14 knockout mice line in CBA/CaJ background (now referred to as Myh14−/−mice) and clarify the role of MYH14 in
the cochlea and NIHL. We found that Myh14−/−mice did not exhibit significant hearing loss until five months of age. In addition,
Myh14−/−mice were more vulnerable to high intensity noise compared to control mice. More significant outer hair cell loss was
observed in Myh14−/−mice than in wild type controls after acoustic trauma. Our findings suggest that Myh14 may play a beneficial
role in the protection of the cochlea after acoustic overstimulation in CBA/CaJ mice.

1. Introduction

Noise-induced hearing loss (NIHL) has now become one
of the most prevalent occupational injuries reported [1].
Long-term exposure to high intensity noise can cause this
sensorineural hearing disorder. Currently, it has been esti-
mated that about 500 million individuals suffer from this
hazard in the world [2]. NIHL is a preventable deficit, but
it is difficult to reverse it once it occurs since the lost
mammalian sensory cells cannot regenerate [3–6]; therefore,
understanding its pathogenesis has become a very important
task for researchers.Moreover, there have been great efforts to
clarify the molecular and biochemical mechanisms involved
in NIHL.

Studies have shown that acoustic overstimulation could
lead to the pathogenesis and biochemical changes that result
in hearing loss [7, 8]. The continued and evolving research
involving NIHL has determined that there is a close relation-
ship between the occurrence of noise-induced deafness and

changes in some genes, cell metabolism, cell apoptosis [9],
and so forth. The pathogenesis of NIHL is very complicated,
and the exactmechanism is unknown. Generally, it is the out-
come of the interaction between genetic and environmental
factors [9–11]. In spite ofmany efforts, the research progress of
NIHL has been slow, and it is difficult to study NIHL in
humans. No heritability studies have been performed because
families exposed to identical noise conditions are almost
impossible to collect [12]. Gene modified mice are good
models for studying themechanism of NIHL. In recent years,
some genes have been found to affect the susceptibility to
noise in animal models [13, 14]. Several of the knockout
mouse lines that have been developed, including Pjvk−/−

[15], PMCA2+/− [16], P2RX2−/− [17], and CDH23+/− [18],
were determined to be more sensitive to noise than their
wild type controls. Meanwhile, more studies are beginning to
search for new NIHL susceptibility genes, and hundreds of
single nucleotide polymorphism (SNP) loci have been found
in genes involved in different pathways of the inner ear. An
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extended analysis of 644 SNPs in 53 candidate genes was
performed in two independent (Swedish and Polish) popu-
lations; and two SNPs (rs667907 and rs588035) in MYH14
resulted in a positive association in the Polish sample set
and significant interaction with noise exposure level in the
Swedish sample set [19, 20].This result suggested thatMYH14
is likely to be a NIHL susceptibility gene [4, 19].

MYH14, also known as nonmuscle II heavy chain
(NMHCII-C), together with two other nonmuscle chains
(MYH9 and MYH10), is a member of the myosin family,
which have been implicated inmanymotile processes such as
ion-channel gating, organelle translocation, and cytoskele-
ton rearrangement [21, 22]. Mutations in MYH14 lead
to a DFNA4-type hearing impairment. Interestingly, MYH14
shares great similarities withMYH9 andMYH10 in structure
[22]. MYH14 has been shown to play roles in neuritogenesis
and maintenance of apical cell junctions in epithelial cells
within the cochlea [23, 24]. However, the relationship
between MYH14 and NIHL is still obscure, and the role they
play in NIHL needs further analysis [12].

In our study, we applied the CRISPR/Cas9 technology to
establish a Myh14 knockout mouse line (Myh14−/−) using the
CBA/CaJ background strain. Then, we investigated the hear-
ing threshold andmorphological changes in thesemice under
normal conditions or under noise exposure. We found that
Myh14−/− mice did not exhibit significant hearing loss until
five months of age. Moreover, Myh14−/− mice were more
vulnerable to high intensity noise compared to control mice.
More significant outer hair cell (OHC) loss was observed in
Myh14−/−mice after acoustic trauma.These data indicate that
the absence of Myh14 may increase susceptibility to NIHL
and that Myh14 may play a beneficial role in the protection of
the cochlea after acoustic stimulation in the CBA/CaJ mouse
line.

2. Materials and Methods

2.1. Ethical Statement. The use of animals in this study and
the experimental procedures were approved by the Animal
Ethics Review Committee of Shandong University. Animal
management was performed strictly in accordance with the
standards of the Animal Ethics Committee of Shandong
University (Permit Number: ECAESDUSM 20123004).

2.2. Generation of MYH14−/− Mice. Myh14-deficient mice
were generated using theCRISPR-Cas9 genome-editing tech-
nology and were maintained on the CBA/CaJ background.
Both pX330 and pST1374 were obtained fromAddgene (Plas-
mid ID: #42230, #44758, resp.). The CRISPR-Cas9 genome-
editing technology in mice was used as previously described
[25, 26]. In brief, a pair of oligonucleotides for the tar-
get sequence (5-CCTGAAGAAAGAGCGCAATA-3) was
annealed and ligated to PX330 digested with BbsI. Then
sgRNA was produced by in vitro transcription (T7 as pro-
moter) using the MEGAshortscript kit (Ambion, Am1354,
USA).The hCas9 mRNA was derived from pST1374-N-NLS-
flag-linker-cas9, synthesized using the mMESSAGE mMA-
CHINE T7 kit (Ambion, Am1345, USA), and polyadenylated

with a polyA tailing kit (Life Technologies, USA). Both
the sgRNA and the Cas9 mRNA were purified using the
MEGAclear kit (Ambion, AM1908, USA) and eluted in
RNase-free water.

CBA/CaJ female mice were superovulated and mated
with CBA/CaJ male mice. Then, the female mice were
sacrificed and the fertilized eggs were removed from the
oviducts.The purified sgRNAs (50 ng/𝜇L) and hCas9mRNAs
(100 ng/𝜇L) were coinjected into the cytoplasm of pronu-
clear stage eggs. Following the injected pronuclear stage,
eggs were incubated for ten minutes. Then, the eggs were
transferred into the oviducts of pseudopregnant CD1 female
mice. Genomic DNA was extracted from the tails of the
newborn pups. The genomic DNA fragment around the
gRNA target site was amplified by PCR using two sets of
primers: Myh14 forward, 5-ACCTCGTGCTTGTTCAG-3,
and Myh14 reverse 5-TGTCTTCAGCAGGGTGT-3. The
PCR products obtained were sequenced directly or cloned
using the T/A cloningmethod and then sequenced to identify
the mutation.

2.3. Analysis of Potential off-Target Mutations. Off-target
effects may exist in CRISPR/Cas9 technology. In response
to this possibility, we used the CRISPR design tool available
on the web (http://crispr.mit.edu), to search for the off-
target locus. Five potential off-target sites for the Myh14
gene were found. The primers for the off-target analy-
sis were as follows: Sin3b 5-GCCAGGAGGTATATG-
AGAAC-3 and 5-GAAATTTCCCCAGGAATGGACTGA-
CA-3; Pcdh9 5-GTGTACTTATAGCACTCACC-3 and
5-CTAACGCGGAAACACCTCAC-3; Patl1 5-CCACTG-
AGCCTTTCCTACCTTC-3 and 5-GTAAATTTAGAA-
ATTTTATTTT-3; Arhgap27 5-GAAGCTAGGCCAGCG-
GGCGAAAG-3 and 5-CTGCCCATGGGCGGGGCTG-3;
and Olfr1333 5-GCGCTATACTGTCATCCTCAAC-3 and
5-GCAAGCCAAGCTACGCACTG-3. The genomic DNA
fragment from the newborn pups was amplified using the
PCR primers mentioned above. Then, the PCR products
obtained were sequenced directly or cloned using the T/A
cloning method and sequenced to identify the mutation.

2.4. Preparation of Protein Extracts andWestern Blot Analysis.
Mice were decapitated; the cochlea were quickly removed
from the skull and homogenized in ice-cold cell lysis buffer
(10mM Tris, pH = 7.4, 1% Triton X-100, 150mM NaCl, 1mM
EDTA, and 0.2mM PMSF), then lysed for 30min on ice,
and centrifuged at 10,000×g at 4∘C for 30min. The super-
natant was then collected, and the protein concentration was
measured using a BCA kit. The samples were mixed with
loading buffer and heated at 100∘C for 5min and stored at
−20∘C. Protein samples were separated by a 10% sodium
dodecyl sulfate (SDS) polyacrylamide gel and transferred
onto a PVDF membrane. The membrane was blocked in 5%
nonfat dry milk in TBS-T at room temperature for 1 h and
incubated with primary antibodies at 4∘C overnight. After
washing with TBS-T (three times for 10min each at room
temperature), membranes were incubated with an anti-rabbit
HRP-conjugated secondary antibody (1 : 8000, Cell Signaling,

http://crispr.mit.edu
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USA) diluted in 5% nonfat dry milk in TBS-T at room
temperature for 1 h. Next, membranes were washed in TBS-T
(three times for 10min each) and bands were detected using
ECL Western blot detection kit (Thermo, USA). Membranes
were incubatedwith the following primary antibodies diluted
in 5% bovine serum albumin (BSA): rabbit anti-Myosin-
IIa (1 : 1000, Cell Signaling, USA), rabbit anti-Myosin-IIb
(D8H8) (1 : 1000, Cell Signaling, USA), rabbit anti-Myosin-
IIc (D4A7) (1 : 1000, Cell Signaling, USA), and rabbit anti-𝛽-
actin (1 : 5000, Bioworld, China).

2.5. Auditory Brainstem Response (ABR) Measurement.
Mice were deeply anesthetized with pentobarbital sodium
(50mg/kg body weight) by intraperitoneal injection and
the body temperature was maintained at 37∘C using a
heat pad. Testing was performed in a sound-isolated room.
Three needle electrodes were inserted subcutaneously in the
anesthetized mice: one was inserted between the ears at the
forehead, one was underneath the left external ear, and one
was at the back near the tail. Click and tone burst stimuli
at frequencies of 4, 8, 16, and 32 kHz were generated and
responses were recorded using a Tucker-Davis Technologies
System (TDT, USA) workstation running the SigGen32 soft-
ware (TDT,USA). Auditory thresholds (dB SPL)were defined
by reducing the sound intensity in5 dB steps from 90 dB to
10 dB. The ABR threshold was defined as the lowest sound
intensity sufficient to elicit the first wave clearly.

2.6. RNA Isolation and Real-Time PCR. In parallel exper-
iments, total RNA was extracted from mouse cochleae at
a defined time point after noise exposure using TRIzol
Reagent (Invitrogen) according to the provided directions.
Total RNA yield and purity were assessed with Eppendorf
BioPhotometer plus. All samples had A260/280 ratios of
1.9–2.1 and showed two sharp peaks corresponding to the
18S and 28S RNA on electropherograms. Then cDNA was
synthesized using PrimeScript RT reagent kit with gDNA
Eraser (Takara). Quantitative PCR was performed on a Bio-
Rad real-time thermal cycling system with Power SYBR
Green PCR Master Mix (Takara). The amplification reaction
mixture (20𝜇L) contained 800 nmol of each primer in the
SYBR Green system. The quality control for the mRNA
quantification was performed using three integrated control
assays in the PCR array: a reverse transcription control,
a positive PCR control, and a genomic DNA control. All
PCR runs passed the control tests. Data were analyzed using
Bio-Rad CFX manager software. The primers utilized in
this study are shown as follows: Myh9 F: ACAATGGAG-
GCCATGAGAAT, Myh9 R: GAGATGACCCGCAGCAAG,
Myh10 F: GGAGGACACCCTAGACACCA, and Myh10 R:
CCACTTCCTGCTCACGTTTT

2.7. Noise Exposure. Mice were kept awake and placed
in a stainless steel wire cage in the center of an open-
field acoustic chamber. Then, they were exposed to 2–
10 kHz band noise at an intensity of 105 dB SPL for 4 h
to induce a temporary change in auditory threshold shifts.
The sound was generated by a noise generator (SF-06,

Random Noise Generator, RION, USA), amplified by a
power amplifier (CDi 1000 Power Amplifier, Crown, USA),
and delivered to microphones. The noise sound files were
created and equalized with audio editing software (audacity
portable). Sound levels were calibrated at multiple locations
within the sound chamber to ensure uniformity of the
stimulus.

2.8. Immunostaining. Immunostaining of the cochleae was
performed as previously described [27]. Cochleawere fixed in
4% formaldehyde in 10mM phosphate-buffered saline (PBS)
at 4∘C overnight and decalcified in 10% EDTA in 10mM PBS
at room temperature for at least one day. For sectioning, the
cochleae were dehydrated with 15% sucrose for 2 h and then
30% sucrose overnight at 4∘C. Samples were embedded in
Tissue-Tek OCT compound and frozen in liquid nitrogen
and then sectioned into 10 𝜇m thick slices. For whole-mount
immunostaining, the organ of Corti’s sensory epitheliumwas
isolated from the cochleae and divided into apical, middle,
and basal turn sections to then permeabilize the samples in
0.5% Triton X-100 in PBS at room temperature for 15min.
The sections or cochlea samples were washed in PBS and
then blocked in 10% goat serum in PBS at 37∘C for 30min.
The samples were incubated with a primary antibody at
4∘C overnight. After washing with PBS, followed by further
incubation with an anti-rabbit TRITC-conjugated secondary
antibody diluted in PBS at 37∘C for 1 h, followed by Alexa
Fluor 488-conjugated phalloidin (Sigma-Aldrich, USA) at
37∘C for 30min and 4,6-diamidino-2-phenylindole (DAPI)
at 37∘C for 10min, immunofluorescence images were col-
lected using a confocal laser-scanning microscope. Cochleae
were incubatedwith the following primary antibodies diluted
in PBS: rabbit anti-Myosin-IIa (1 : 100, Cell Signaling, USA),
rabbit anti-Myosin-IIb (D8H8) (1 : 100, Cell Signaling, USA),
rabbit anti-Myosin-IIc (D4A7) (1 : 50, Cell Signaling, USA),
rabbit anti-ZO-1 (1 : 400, Invitrogen, USA), and rabbit anti-
E-cadherin (1 : 200, Cell Signaling, USA). Goat anti-rabbit
TRITC-conjugated secondary antibodies (1 : 200) were from
Invitrogen, USA.

2.9. Histological Analysis. Cochlea samples were fixed and
decalcified using a procedure similar to that used for the
immunostaining assay, dehydrated by an ethanol series
ranging from 30% to 100%, and embedded in paraffin to
then be sectioned at a thickness of 10 𝜇m. Sections were
deparaffinized by an ethanol series ranging from 100% to
30%, stained with hematoxylin and eosin (H&E), and viewed
under light microscopy (Nikon YS100, Japan).

2.10. Quantitative Assessment of HC Loss. Mice were sacri-
ficed 2 weeks after noise exposure and the cochlear epithelia
were immunostained for HC counts. Briefly, the apical,
middle, and basal parts of the basilarmembranewere counted
and labeled with Alexa Fluor 488-conjugated phalloidin to
outline HCs and their stereocilia for quantitative assessment.
The numbers of missing OHCs were counted and the ratio of
missing OHCs was expressed as a percentage.
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Figure 1: CRISPR/Cas9-mediated generation of Myh14 knockout mice. (a) Schematic diagram of sgRNA at Myh14 Exon 9 locus (indicated
by the red arrow). The sgRNA sequence is underlined in black, and the PAM sequence is shown in red. (b) Sequencing chromatograms
of Myh14−/− mice. The sequence at the start of the mutated site becomes scrambled. (c) Three types of mutations (3, 6 bp deletions and
1 bp insertion) were produced. Type 3 frameshift mutation was chosen for further analysis. (d) Frameshift mutation of Myh14−/− mice. The
mutation is underlined in black. “∗” indicates a premature stop codon. The translation of the protein is terminated at the point of the arrow.

2.11. Statistical Analysis. All experiments were performed at
least three times. Data are expressed asmean ± SD. Repeated-
measures ANOVA was performed to evaluate the difference
in ABR threshold shifts, one-way ANOVA or 𝑡-test was
selected to test the MYH14 expression and cochlear hearing
loss, and statistical analysis was performed using GraphPad
software. For all tests, a value of 𝑃 < 0.05 was considered to
be statistically significant.

3. Results

3.1. CRISPR/Cas9-Mediated Generation of the Myh14−/− Mice
Line. To investigate the functions of MYH14 in hearing,
the CRISPR/Cas9 genome-editing technology was used to
destroy the Myh14 gene in mice. In brief, a single guide
RNA (sgRNA) containing a 20 nt target sequence and the
endonuclease Cas9 are essential for successful targeting.
When the sgRNA guides Cas9 to the target sequence, a
double-strand break will be generated. The double-strand

break produces indels (insertions and deletions), which then
produce frameshift mutations. Exon 9 of the Myh14 gene is
the CRISPR-amenable target, as shown in Figure 1(a). The
Cas9mRNAand the sgRNA,whichwere produced by in vitro
transcription, weremicroinjected into the pronuclear stage of
mouse embryos. Eighteen days after transplantation, 37 pups
were born. These mice were designated as F0. Among these
37 pups, 16 pups contained the mutation, as determined by
genotyping sequence analysis, and surprisingly, all of them
had heterozygous mutations. Then, TA clones of the PCR
products were analyzed by DNA sequencing, where a total of
three types of mutations were shown (Figures 1(b) and 1(c)).
We chose the third-type mutation as our research subject, as
this type of mutation can cause a frameshift mutation and a
stop codon will appear eight amino acids later (Figure 1(d)).
Concurrently, we performed the off-target analysis using the
mouse line mentioned above. The results showed no off-
target effect in our experiment (data not shown). In order
to produce a Myh14 homozygous mutant, F0 male mice with
a 1 bp insertion were bred with wild type CBA/CaJ female,
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Figure 2: Validation of MYH14 protein knockout in mutant mice. (a) Western blot analysis validation of MYH14 protein knockout in the
cerebellums of mutant mice (𝑛 = 3 for each group). (b) Confocal images of the basilar membrane in wild type and Myh14−/−mice. The
fluorescence was observed in wild type mice, but no fluorescence was seen in Myh14−/−mice. Scale bar, 20 𝜇m.

thus generating F1 mice. Then, the F1 heterozygous mice
were inbred for one generation, obtaining a mouse strain
homozygous for the Myh14 gene.

To confirm that the MYH14 protein in the Myh14 mutant
mice was abolished, we performed a Western blot analysis
on the cerebellum (where MYH14 expression is high) using
specific antibodies. As showed in Figure 2(a), MYH14 protein
expression in the cerebellum was completely abolished in
the homozygous mutants. Finally, we performed immuno-
cytochemistry experiments on cochlea whole mounts (Fig-
ure 2(b)). It has been reported that MYH14 is primarily
expressed in or near the reticular lamina [21]. In our study,
MYH14 immunoreactivity in the apical junctional complexes
(AJCs) was completely abolished in Myh14 homozygous

mutants.These results consistently show the successful gener-
ation of a Myh14 knockout mouse using the CBA/CaJ strain.

3.2. Elevation of ABR Thresholds in Myh14−/− Mice Aged Five
Months. Tracking analysis of Myh14−/− mice was performed
to determine that there were no significant differences in the
appearance of Myh14−/− mutant mice and wild type mice.
H&E staining was performed to investigate the cochlearmor-
phology of Myh14−/− mice. The cochleae of three-month old
Myh14−/− mice showed no differences (Figure 3). No abnor-
malities were seen in either the HCs or the SGN (spiral
ganglion). ABR measurements were performed in Myh14−/−
mice and were compared to wild type mice. Wild type
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Figure 3: Myh14−/−mice showed normal cochlear morphology. Cochlear morphology is normal in Myh14−/−mutant mice. Cochlea stained
with hematoxylin and eosin from 3-month-old control and Myh14−/−mice. No prominent differences, including spiral ganglion (SGN) in
modiolus (MO) and hair cells (HC), were found between wild type and mutant mice. Scale bar, 100 𝜇m.

mice (𝑛 = 10) and Myh14−/− mice (𝑛 = 10) showed no
statistical differences in ABR thresholds until five months of
age (Figure 4(a)). Tone burst ABR showed that 5-month-old
Myh14−/− mice have high-frequency hearing loss, and the
statistics show that there are significant differences. Con-
sistent with the ABR results, immunofluorescence results
showed no loss of HC and no change of SGN at threemonths;
however, a 4%–10% HC loss was found in the cochlea basal
turn of 5-month-old mutants. Sporadic OHCs were also lost
in the middle and apical turn of the cochleae (Figures 4(b),
4(c), and 4(d)).

The small effect of Myh14 loss on hearing thresholds
raised the possibility that other related genes might com-
pensate for the absence of Myh14. Evidence shows that
MYH14 andMYH10 are colocalized in cell-cell junctions and
that MYH14 shares great similarities with both MYH9 and
MYH10 in structure; therefore, they may have complemen-
tary effects in auditory function. An immunoblot analysis
was performed to clarify changes in the expression ofMYH10
and MYH9. Results showed that the expression of MYH10 in
the cochleae of Myh14−/− mice was prominent increased, but
changes in the expression ofMYH9were not obvious (Figures
5(a) and 5(b)). Immunofluorescence results further verified
the results of the immunoblot analysis (data not shown).

3.3. Expression of MYH14 Is Noise Exposure-Dependent. To
investigate the response of MYH14 in mouse cochleae (2

months old) to noise exposure, Western blot analysis and
immunofluorescent staining (𝑛 = 3 for each group) were
performed to evaluate MYH14 protein levels at different time
points: before (2 h), during, and after (2 and 4 h, 1, 2, and 7
days) noise exposure (Figure 6). We found that MYH14
protein expression was largely dependent on noise exposure
(Figures 7(a) and 7(b)). The expression levels of MYH14
were significantly upregulated by acoustic stimuli, and they
reached the highest peak 2 h after noise treatment.The results
of immunofluorescence also showed that the upregulation of
MYH14 was most obvious 2 h after noise treatment in the
HCs of the cochlea (Figure 7(c)). However, this upregulation
gradually disappeared until seven days after noise exposure,
when the expression of MYH14 was restored to basal levels
(before noise exposure). All these results showed thatMYH14
is upregulated after noise exposure and that this change is
time-dependent.

3.4. Myh14−/−Mice Are Less Capable of Recovering from Noise
Damage. To determine the effect of Myh14 knockout on
NIHL, we examined the response to acoustic trauma in
Myh14−/− mice in comparison to wild type controls (4
months of age, 𝑛 = 8 for each group). The ABR was recorded
before and after acoustic trauma. The results showed that
ABR thresholds were almost comparable between the two
genotypes before acoustic stimuli. Then, animals were
exposed to 2–10 kHz band noise at 105 db SPL for 4 h. ABR



Neural Plasticity 7

WT(P150)
Myh14−/−(P90)

Myh14−/−(P150)

∗

4 kHz8 kHz16 kHz32 kHzClick
0

20

40

60

80

100
A

BR
 th

re
sh

ol
d 

(d
B 

SP
L)

(a)

WT(3M)
Myh14−/−(3M)

ApicalMiddleBasal
0

10

20

30

40

SG
N

 d
en

sit
y 

(c
el

l/1
04

𝜇
m

2
)

(b)

W
T

Basal Middle Apical

P150

P15

P90

M
yh

14
−
/−

(c)

WT (P150)
Myh14−/− (P90)

Myh14−/− (P150)

∗∗∗

ApicalMiddleBasal
0

2

4

6

8

O
H

C 
lo

ss
 %

(d)

Figure 4: ABR measurement and cell loss patterns in cochleae of the mutant mice. (a) ABR threshold between control and Myh14−/−mice
(𝑛 = 10 for each group). ∗𝑃 < 0.05 compared to the controls. (b) No significant difference in the SGN density between wild type and mutant
mice. (c) Hair cell loss (white arrows) was found in 5-month-old experimental groups (𝑛 = 8). (d) Quantifications of OHC loss at specific
locations in control and experimental groups. ∗∗∗𝑃 < 0.001 compared to the control group.
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Figure 5: Expression ofMYH10 is upregulated in the cochleae ofMyh14−/−mice. ((a), (b))Western blot analysis of 3-month-oldmice indicates
that the expression ofMYH10, notMYH9, is upregulated in the cochleae ofMyh14−/−mice compared to controls (𝑛 = 3 for each group). ∗∗𝑃 <
0.01 by Student’s 𝑡-test.
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Figure 6: Experimental design for noise exposure and ABR test. Wild type and Myh14−/− mice were exposed to noise at 105 dB for 4 h. ABR
thresholds were tested at the following time points: 2 h before, 2 h after, and 7 days after noise exposure.

recordings 2 h after exposure showed that acoustic over-
stimulation induced great hearing loss (temporary threshold
shift, TTS) in both Myh14−/− mice and control groups;
moreover, there were no significant differences between the
two genotypes. The ABR test showed that wild type mice
fully recovered twoweeks after acoustic trauma.However, the
hearing of mutant mice failed to recover two weeks after the
acoustic trauma. ABR thresholds of the mutants were signif-
icantly increased compared to the controls two weeks after

the high-level noise exposure (Figures 8(a), 8(b), 8(c), 8(d),
and 8(e)). These results suggest that Myh14−/− mice are less
capable of recovering from NIHL than controls.

3.5. OHCLossWas Significantly Increased 2Weeks after Acous-
tic Trauma inMyh14−/−Mice. In order to compare the degree
of damage to HCs after noise exposure inMyh14−/− mice and
control groups, immunofluorescence staining (phalloidin)
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Figure 7: Expression of MYH14 is noise exposure-dependent. ((a) and (b)) Western blots analysis was performed at different time points
(before, during, and after noise exposure) to show the expression levels of MYH14 (𝑛 = 3 for each group). The expression of MYH14 reached
its highest peak 2 h after noise exposure (P-2h) and then gradually returned to basal levels (P-7d). ∗∗∗𝑃 < 0.001 by Student’s 𝑡-test compared
to the pre-noise exposure levels. (c) Confocal images showing the expression of MYH14 before and 2 h after noise exposure in the organ of
Corti. The organ of Corti was labeled with Alexa 488-conjugated phalloidin (green); red, MYH14; blue, DAPI. Scale bar, 50𝜇m.

was performed to compare HC losses of cochleae two weeks
after noise exposure. The results showed that the HC loss
mainly happened in the OHCs, and loss of OHCs was more
significant in Myh14−/− mice compared to controls (Figures
9(a) and 9(b)). However, the number of inner hair cells

(IHCs) showed no obvious differences between the two
groups ofmice. Additionally, we did not observe defects in the
spiral ganglion of either Myh14−/− or control mice (data not
shown). Because Myh14 is positioned at the apical junctions
in mouse HCs, we examined the expression of tight-junction
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Figure 8: ABR threshold shifts following noise exposure between Myh14−/−mice and controls. The ABR threshold shift was tested on
Myh14−/−mice and controls before noise exposure and 2 h, 48 h, and 2 weeks after noise exposure (𝑛 = 8 for each group). ∗𝑃 < 0.05 compared
to the controls. ∗∗𝑃 < 0.01 by Student’s 𝑡-test. ∗∗∗𝑃 < 0.001 by Student’s 𝑡-test compared to the control group. ABR measurements were
reproducible.
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Figure 9: Myh14−/−mice show more outer hair cell loss after noise exposure compared to controls. (a) Confocal images of outer hair cells
(OHCs) in wild type and Myh14−/−mice 2 weeks after noise exposure. More OHC loss (white arrow) is seen in Myh14−/−mice. All of the
experiments were performed at least three times. Scale bar, 20𝜇m. (b) Percentage of OHC loss at different cochlea locations in control and
Myh14−/−mice. ∗𝑃 < 0.05 compared to the controls. ∗∗𝑃 < 0.01 compared to the controls (𝑛 = 5).

proteins, ZO1 and E-cadherin, inMyh14−/−mice and controls
after noise exposure.The immunofluorescence staining assay
showed that the expressions of ZO1 and E-cadherin were not
altered (data not shown). Immunoblot analysis and qRT-PCR
were performed to examine if there is change in the expres-
sion level of MYH9 and MYH10. The results showed that

the expression of MYH10 in the cochleae of noise-exposed
Myh14−/−micewas significantly increased comparedwith the
wild type mice, while there was no obvious change in the
expression of MYH9 (Figures 10(a) and 10(b)).

In summary,Myh14−/−mice are less capable of recovering
from noise exposure, and more HCs are lost after acoustic
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Figure 10: The expression level of MYH9 and MYH10 after the noise exposure. ((a), (b)) Western blots analysis was performed to show the
expression level of MYH9 and MYH10 after the noise exposure (𝑛 = 3 for each group). (c) The consequence of Western blots was verified by
real-time PCR. ∗∗𝑃 < 0.01 compared to the controls. ∗∗∗𝑃 < 0.001 by Student’s 𝑡-test compared to the control group.
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trauma. Our data indicate that Myh14−/− mice are more
vulnerable to high-level noise exposure and that Myh14 plays
a protective role in noise-induced damage of OHCs.

4. Discussion

According to the World Health Organization (WHO) survey
results, NIHL has become a very serious problem; thus,
numerous efforts are being focused on understanding the
mechanism of NIHL and on the treatment of hearing loss
(updated February 2015). A relationship between NIHL and
various genes has been established. In recent years, many
NIHL susceptibility candidate genes, includingMYH14, have
been discovered. MYH14, which belongs to the myosin
family, is required for normal hearing in humans. To this
date, many mutations of the human MYH14 gene have
been reported to cause DFNA4-type hearing impairment.
However, the specific roles of MYH14 in auditory function
and NIHL are not fully understood. In our current study, we
generated aMyh14−/−mice strain to clarify the role ofMYH14
in the auditory system and in NIHL. Our results suggest that
MYH14 plays a beneficial role after acoustic trauma.

4.1. CBA/CaJ Mice Are an Ideal Model for Performing NIHL
and Other Hearing-Related Research. Caused by exposure to
high-level noise, NIHL is one of the most common forms of
sensorial hearing loss. Several experimental animal studies
have reported morphological and physiological changes in
the inner ear of mice after excessive noise exposure.

NIHL has a relationship with many genes. Great progress
has been made in NIHL-related gene research. Currently,
there are two main ways to study NIHL susceptibility genes:
one is mass screening of population and the other is animal
experiments. Mass screening is a commonly used method
for the study of susceptibility genes in NIHL. However,
population based study does not allow for the acquisition of
auditory organs. In addition, to perform a study of NIHL
susceptibility genes in a population, it is necessary to carry
out a large-scale field survey to identify NIHL-susceptible
persons. Compared with human groups, knockout mice
are a good model for studying the mechanism of NIHL.
In the past years, various animal knockout models have
been developed. However, the establishment of traditional
gene-knockout animal models must be based on traditional
stem-cell methods. It is impossible to avoid using 129 and
C57BL/6 background mice, which have a problem of age-
related hearing loss (AHL) [20, 28]. Evidence shows that AHL
andNIHLhave commonmolecularmechanisms [29, 30], and
both C57BL/6 and some 129mice tend to bemore susceptible
to NIHL than CBA/CaJ mice [31]. C57BL/6 mice lose hair
cells and show significant hearing loss by 6 months of age
[32], and several 129 substrains except for 129Sv/Ev also show
age-related hearing loss [33, 34]. Thus, this will interfere with
our study of the pathogenesis of NIHL. Therefore, C57BL/6
and some 129 mice are not suitable strains for studying
delayed hearing loss and NIHL. In contrast, CBA/CaJ mice
retain normal hearing up to ≥18 months of age, and there
is no AHL in this strain. Consequently, the CBA/CaJ mouse

becomes one of the most ideal mouse strains for performing
hearing-related research in the 80 inbred strains [35]. The
CRISPR/Cas9 technology developed in the past three years
makes the manipulation of CBA/CaJ mouse genes possible
[35]. In our current study, we combined the CRISPR/Cas9
technology in the CBA/CaJ mouse strain to generate the
Myh14 knockout model, thus avoiding the influence of an
adverse genetic background on the experimental results.

A previous study by Ma et al. established a Myh14−/−
mouse usingC57/B6 and 129/Sv strains.They found that there
were no obvious differences between Myh14−/− mice and
wild type mice [23, 36]. In our current study, we generated a
Myh14−/− mouse using the CBA/CaJ background. In this
model, no obvious differences in appearance were found; the
cochleae of Myh14−/− mice develop normally. However, our
Myh14−/− mice have high-frequency hearing loss at five
months; furthermore, moderate HC loss was also found in
the cochlea from the basal turn of the mutants, which also
started during this time period. It is understandable that these
two mouse models may have different phenotypes; a possible
explanation is that the mouse strain used in this study is
not the same as the one used in the previous study, and the
susceptibility to NIHL is different between strains [37, 38].

4.2. MYH10May Compensate for the Absence of MYH14 in the
Cochleae. Myosin is a superfamily of proteins related to the
movement of molecules that are present in all eukaryotic
cells; it binds to actin and uses ATP to move along the
actin filament. The myosin superfamily is divided into two
major categories: traditional myosin (nonmuscle myosin
II; NM II) and nonconventional myosin (myosins I and
III–VII). The distribution of the myosin families in the
cochlea is different, and there is a difference in their normal
physiological functions in the cochlea. NM II is thought
to be involved in mediating epithelial tissue morphogenesis
and tensional homeostasis, regulating force within epithelial
apical junctions [39–41].There are three isoforms of NM II in
the cochlea, encoded by myh9, myh10, and myh14 in mice
[21]. The three NM II isoforms share very similar molecular
structures [22]. Therefore, the slight effect of MYH14 loss on
hearing thresholds raised the possibility that the other two
genes may compensate for its absence [36]. The immunoblot
analysis result showed that only the expression of MYH10
was significantly increased, and there was no obvious change
in the expression of MYH9. A previous study reported that
MYH10 is the major isoform regulating Schaffer collateral
inputs [42]; thus, it is likely that the increase in MYH10,
but not MYH9, can compensate for most of the functions
of MYH14 in cochlea. The results from the MYH14 gene
screening revealed one nonsensemutation.The affected indi-
viduals exhibited progressive hearing impairment beginning
in the 1st decade of life with profound hearing loss in the 4th
decade. This is to contrast with our Myh14−/− mice where
onset of progressive hearing loss began at 5 months of age.
This milder phenotype observed with our Myh14−/− mice
could be explained by a more pronounced compensatory
effect of MYH10 on MYH14 in the murine model. However,
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MYH10 cannot completely replace the function of MYH14
because loss of HCs in Myh14−/− mice was still observed
from five months. Moreover, we cannot exclude the possi-
bility that other unidentified molecules may compensate for
MYH14.

4.3. Loss of MYH14 Promotes NIHL. Evidence from several
mouse mutants showed that the pathogenesis of AHL and
NIHL is highly similar in most cases [17, 18]. In our study,
Myh14−/− mice were used to investigate the role of MYH14
in the mechanism of NIHL. We found that abrogation of
Myh14 increased themouse susceptibility to acoustic trauma.
In the wild type mice, 105 dB SPL noise exposure for 4 h
caused a TTS, and their ABR thresholds recovered two
weeks after noise exposure. However, mutant mice exhibited
impaired recovery of ABR thresholds. In addition, more HC
loss (mainly OHCs) was observed in mutant mice compared
to controls two weeks after noise exposure. Consistent with
previous reports [43–45], our results indicated that OHCs are
more vulnerable to noise compared to IHCs. Failed recovery
of ABR thresholds in mutant mice may be partially caused by
permanent HC loss in the cochlea.

In addition, we found no obvious differences in the spiral
ganglion and lateral wall (two other places easily affected by
noise exposure) between Myh14−/− and control mice after
noise exposure.Thus, our results indicated that MYH14 plays
an indispensable role inHCs, when compared to that in other
parts of the cochlea. Together, these findings suggest that
MYH14 may play a beneficial role in the protection of the
cochlea after acoustic stimulation in theCBA/CaJmouse line.

We tried to determine the mechanism through which
Myh14−/− mice were susceptible to NIHL. Because MYH14
is positioned at the apical junctions in the mouse HCs, we
studied the expression of ZO-1 and E-cadherin cell junc-
tion proteins in Myh14−/− mice after noise exposure using
immunofluorescence analysis to then compare them to the
control group. We found that there were no statistically
significant differences between both of these proteins in the
Myh14−/− mice when compared to the controls. Then, how
does a MYH14 deficiency cause more HC loss after noise
exposure? A possible explanation is that loss of MYH14 can
damage the permeability of ions in a noisy environment.
Under normal conditions, MYH10 can partially compensate
for the function of MYH14, but the absence of MYH14makes
it easier for mutant mice to be damaged in AJCs compared
to the controls in a noisy environment. AJCs with long-
term damage may cause changes in ion concentration, which
eventually induced more HC loss in Myh14−/− mice [46, 47].
However, the specific mechanism of this hypothesis needs to
be further analyzed.

5. Conclusion

Weused theCRISPR/Cas9 technology in theCBA/CaJmouse
strain to generate a MYH14 knockout model. Myh14−/− mice
were more vulnerable to high intensity noise compared to

controlmice.MYH14may play beneficial role inNIHL.Addi-
tional experiments are necessary to identify the mechanism
through which MYH14 contributes to NIHL.
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Prestin is themotor protein expressed in the cochlear outer hair cells (OHCs) ofmammalian inner ear.The electromotility of OHCs
driven by prestin is responsible for the cochlear amplification which is required for normal hearing in adult animals. Postnatal
expression of prestin and activity of OHCs may contribute to the maturation of hearing in rodents. However, the temporal and
spatial expression of prestin in cochlea during the development is not well characterized. In the present study, we examined the
expression and function of prestin from the OHCs in apical, middle, and basal turns of the cochleae of postnatal rats. Prestin first
appeared at postnatal day 6 (P6) for basal turn, P7 in middle turn, and P9 for apical turn of cochlea. The expression level increased
progressively over the next few days and by P14 reached themature level for all three segments. By comparison with the time course
of the development of auditory brainstem response for different frequencies, our data reveal that prestin expression synchronized
with the hearing development. The present study suggests that the onset time of hearing may require the expression of prestin and
is determined by the mature function of OHCs.

1. Introduction

Mammalian hearing is characterized by incredible sensitivity
and exquisite frequency selectivity. However, in many species
including rodents, auditory function is developed after birth.
In rats, action potential cannot be obtained from neurons
in primary auditory cortex before postnatal days 10 to 11
(P10-P11) [1, 2]. Therefore, this period at approximately P10
is an important stage of rat auditory development and is
described as “hearing onset.” During the following several
days, the hearing sensitivity rapidly increases, and the min-
imal threshold for hearing decreases by approximately 30–
50 dB during P11–P14, reaching the adult level [2, 3]. The
maturation of auditory perception requires completion of the
structural and functional development of both the auditory
periphery and the central auditory system. Some important
studies have investigated the maturation of central neurons
and the refinement of the synaptic connections [4, 5]. In vivo

patch-clamp data show that subthreshold auditory inputs
were observed in cortical neurons before hearing onset [3, 6].
These reports suggest that cochlear function develops before
hearing onset.

The morphological and functional development of the
cochlea has been widely studied. Inner hair cells (IHCs)
and outer hair cells (OHCs) are two types of sensory cells
in the mammalian cochlea. OHCs convert sound vibration
into electrical signals and change their cell length at acoustic
frequencies [7, 8]. These shape changes, termed electro-
motility, are assumed to be part of the mechanical feedback
process that amplifies low-level sound [7, 9]. The cochlear
amplification derived from the motility of OHCs increases
the sensitivity of weak sound by 40–60 dB [9, 10]. OHC
electromotility is powered by a motor protein called prestin,
which resides in the lateral membrane of OHCs. Driven
by changes in membrane voltage, intracellular chloride ions
move in or out of the prestin molecule, thereby triggering
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a switch in the conformation of prestin between the long
and short states [10, 11]. Interestingly, the morphological
and functional maturation of OHCs occurs at postnatal ages
[12, 13]. Belyantseva et al. reported that prestin expression
increases progressively after birth in a time course coinciding
with that of electromotility [14].These findings imply that the
electromotility of IHCs is likely to be an important limiting
factor in the development of mature hearing.

Auditory brainstem responses (ABRs) are likely an
important manifestation of the global neural response to
sound stimulation and are generally believed to be associated
with in vivo hearing function. Therefore, in the present
study, we investigated the development of the ABR and the
expression of prestin in postnatal rats.Our results suggest that
the expression and function of prestin coincide with the time
course of ABR development.

2. Materials and Methods

2.1. Experimental Animals. Adult (2 to 3 months old)
Sprague-Dawley rats and rat pups ranging from postnatal
day 0 (P0) to P14 were used in this study. The animals were
maintained on a 12-hour light/12-hour dark schedule and had
free access to water and a standard diet. All of the studies
were performed in accordance with the Chinese Prevention
of Cruelty to Animals Act and permission was obtained
from the Southern Medical University Laboratory Animal
Center.

2.2. ABR Recording. Experiments were carried out on rat
pups aged P0–P14 and on adult rats. Briefly, each animal
was anesthetized with an intraperitoneal injection of sodium
pentobarbital (22mg/kg for pups and 30mg/kg for adults).
Then, the animal was placed on an antivibration table
in a soundproof chamber. The animal’s body temperature
was maintained at 37.5∘C with a heating pad during ABR
recording. A subdermal needle electrode was placed over
the skull vertex. The ground was placed ventrolateral to
the left external pinna, and the reference was placed ven-
trolateral to the right external pinna. Calibrated stimuli
were generated using TDT SigGenRP software (Tucker-Davis
Technologies). Tone bursts (1ms rise/fall, 3ms plateau) of
various frequencies (1, 2, 4, 8, 16, 24, and 32 kHz) and
intensities (0–90 dB SPL at 5 dB intervals) were presented
using a calibrated TDT ES1 speaker located 50 cm away from
the animal. The frequency-amplitude scan was computer
controlled (TDT System 3, Tucker-Davis Technologies) and
was delivered in a randomized sequence. Each frequency-
amplitude combination was repeated 256 times at a rate
of 10 bursts/s. The ABR signals were filtered (100–1000Hz),
amplified and averaged using TDT hardware (TDT System
3, Tucker-Davis Technologies), and recorded using BioSigRP
software (Tucker-Davis Technologies). Hearing thresholds
were determined by visual inspection of ABR waveforms
and defined as the minimum intensity at which averaged
waveforms could be distinguished. Data were stored for
offline analysis. The entire recording for one animal spanned
about 40 minutes.

2.3. Immunofluorescence Staining. The temporal bones of
pups and adult Sprague-Dawley rats were isolated and placed
into L-15 media (Invitrogen, Carlsbad, CA). The Organ of
Corti was isolated and cut evenly into three pieces represent-
ing the basal, middle, and apical turns. Tissues were fixed
with 4% paraformaldehyde in 0.1M PBS (pH 7.4) at 25∘C
for 2 hours. After being washed with PBS, the tissues were
incubated in a blocking solution (10% goat serum and 1%
BSA in PBS) with 0.3% Triton X-100 for 20min at room
temperature and then incubated with a primary antibody
against the prestin C-terminus (1 : 200, Santa Cruz Biotech
Inc., Santa Cruz, CA) at 4∘C overnight. After the primary
antibodies were completely washed out with PBS, the tissue
samples were incubated with Alexa Fluor 488-conjugated
secondary antibodies (1 : 600; Invitrogen, Carlsbad, CA) in
blocking solution at room temperature for 1 h. Counterstain-
ing of stereocilia was performed using phalloidin labeledwith
tetramethyl rhodamine isothiocyanate (TRITC-phalloidin,
1 : 200; Sigma, St. Louis, MO, USA) for 20min at room
temperature. After being washed three times in PBS, samples
were mounted between a slide and a coverslip using ProLong
antifade reagent (Invitrogen, Carlsbad, CA). Fluorescence
images were obtained with a Nikonmicroscope (Nikon, A1+,
Japan) using 20x or 40x objectives.

2.4. Western Blot. Western blot was performed as described
in our previous study [15]. In brief, the apical turn of
the Organ of Corti was isolated and homogenized in lysis
buffer (50mM Tris-HCl, pH 7.4, 150mM NaCl, 1% Triton X-
100, 1% sodium deoxycholate, and 0.1% SDS) supplemented
with cOmplete� protease inhibitor (Roche). After incubation
on ice for 30min, samples were centrifuged at 12,000 rpm
for 15min at 4∘C, and the supernatant was collected for
further analysis. Subsequently, 20𝜇g of total cochlear protein
was separated using 8% SDS-PAGE and transferred to a
nitrocellulose membrane (Millipore). After blocking with 5%
nonfat milk in TBS containing 0.1% Tween 20, themembrane
was incubated with primary antibodies (Sigma, St. Louis,
MO, USA) overnight at 4∘C on a shaking platform, followed
by horseradish peroxidase-conjugated secondary antibodies
(Invitrogen, Carlsbad, CA) for 1 h at room temperature.
Immunoreactive bands were detected by enhanced chemilu-
minescence and visualized with the Amersham Imager� 600
(GE Healthcare). Prestin and GAPDH bands were quantified
using ImageQuant�TL ImageAnalysis software (GEHealth-
care) according to the manufacturer’s instructions.

2.5. Patch-Clamp Recording and Nonlinear Capacitance Mea-
surement. The animals were anesthetized by CO2 inhalation
and decapitated. The cochlea was rapidly removed from the
temporal bone and placed in a Petri dish filled with ice-cold
Leibovitz’s L-15media (Invitrogen, Carlsbad, CA).TheOrgan
of Corti was isolated from the apical turn of the cochlea
and underwentmild enzymatic digestionwith collagenase for
5min (2mg/mL collagenase IV, Sigma, St. Louis, MO). After
gentle pipetting, the cells were transferred to a small plastic
chamber filled with enzyme-free L-15 medium (∼1.5mL)
supplemented with 10mMHEPES (pH 7.35 and 300 mOsm).
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The chamber thenwas placed on the stage of aNikon inverted
microscope (Eclipse Ti-S, Nikon, Japan) with a video camera
(DS-Fi1c, Nikon, Japan). Healthy-appearing isolated OHCs
were selected for the electrophysiological experiments. Cells
showing any signs of shrinkage, swelling, or damage were
excluded from the patch-clamp recording. Nonlinear capac-
itance (NLC) was measured as described in our previous
publications [16–19]. The recording patch pipette was pulled
by a pipette puller (P97, Sutter) and back-filled with the
intracellular solution (140 CsCl, 10 EGTA, 2 MgCl2, and 10
HEPES in mM, 305 mOsm and pH 7.35). Usually, the initial
resistance of patch pipette was 2.5–3.5MΩ in bath solution.
Classical patch-clamp recording was performed under the
whole-cell configuration using an Axopatch 200B amplifier
and a 1440A/D converter (MolecularDevices, CA,USA).The
membrane capacitance of OHCs was measured using a two-
sine-wave voltage stimulus protocol with a holding potential
of 0mV [20]. The stimuli were controlled and the data were
acquired using jClamp software (Scisoft, New Haven, CT).
Software OriginPro (OriginLab Corporation, Northampton,
MA) was used for offline analysis of the data.TheNLC can be
fitted with a two-state Boltzmann function and can reflect the
nonlinear charge movements to membrane voltage [21]. The
Boltzmann function for capacitance fitting is described as

𝐶𝑚

= 𝐶lin

+
𝑄max𝛼

exp [𝛼 (𝑉𝑚 − 𝑉1/2)] (1 + exp [−𝛼 (𝑉𝑚 − 𝑉1/2)])
2
.

(1)

Four parameters (𝑄max, 𝑉1/2, 𝐶lin, and 𝑧) from the equation
were related for the functional activity of prestin: 𝑄max is
the maximum charge transfer across the membrane; 𝑉1/2
(or 𝑉ℎ) is the membrane voltage at which the maximum
charge movement occurs, or, equivalently, the peak of the
capacitance-voltage function; 𝐶lin is the linear capacitance;
and 𝛼 represents the slope of the voltage dependence (𝛼 =
𝑧𝑒/𝑘𝑇, where 𝑘 is the Boltzmann constant, 𝑇 is the absolute
temperature, 𝑧 is the valence of the charge movement, and
𝑒 is the electron charge). 𝐶lin is determined by the surface
area of the cell membrane. To compare the magnitude values
of the NLC obtained from OHCs with various cell sizes, we
normalized NLC and 𝑄max to 𝐶lin.

2.6. OHCLengthMeasurement. OHCswere isolated from the
Organ ofCorti as described above. In brief, theOrgan ofCorti
was rapidly removed from the cochlea and cut evenly into
three pieces in ice-cold L-15 medium. After mild enzymatic
digestion for 5min (2mg/mL collagenase IV, Sigma, St. Louis,
MO), the tissues were transferred to a small plastic chamber
filled with enzyme-free L-15 medium (7.35 pH, 300mOsm).
Hair cells were separated by gentle trituration of the tissue
with a 100 𝜇L Hamilton syringe and a 25G needle. By using
this technique, a fairly large number of isolated hair cells can
be obtained.The chamber containing the hair cells was placed
on the stage of a Nikon inverted microscope (Eclipse Ti-S,
Nikon, Japan) equippedwith a video camera (DS-Fi1c,Nikon,

Japan). Because of their morphology, in most preparations,
IHCs and OHCs are easy to recognize. Usually, OHCs show
a larger axis-diameter ratio, whereas IHCs have a tight neck
[22]. The angle between the cuticular plate and the axis of
the cell is another important landmark for identifying OHCs
versus IHCs. Images of healthy-appearing solitary OHCs
were captured using a video camera.The cell lengths of OHCs
were measured offline.

2.7. Statistical Analysis. Results are presented as the mean ±
SD. Student’s t-testwas used to examine the significance of the
difference between the data obtained from different postnatal
ages. Significance was defined as 𝑝 < 0.05. The programs
Excel and OriginPro were used for calculation, data fitting,
and plotting.

3. Results

ABR waveforms were recorded from rat pups at various
postnatal ages from day 0 (P0) to P14. During the first several
days after birth, no ABR signal was observed, regardless
of the frequency of sound stimulation and type of acoustic
stimulus utilized (tone bursts, clicks, or noise). ABR for high-
frequency tone bursts was detectable as early as P6. Responses
were only found for stimuli of frequencies higher than 20 kHz
with relatively high intensity (thresholds > 75 dB SPL; 5 of 6
animals). Rapid changes occurred over the three subsequent
days, and, by P9, the ABR could be readily identified for all
frequencies tested. Figure 1(a) shows the representative ABR
recordings to tone bursts at 1, 16, and 32 kHz frequencies
obtained from a rat pup at P9. Because wave I was the most
consistent and robust component, it was used to estimate
the ABR threshold (Figure 1(a), arrows). Thresholds for tone
stimuli at different postnatal ages are shown in Figure 1(b).
From P9 to P14, the ABR thresholds decreased progressively
with increasing age, but the thresholds for different tone
frequencies were affected differently. For frequencies higher
than 24 kHz, the ABR responses were present as early as P6
in five of six animals. Mean thresholds (±SD) in response
to 32 kHz tones at P6, P7, P9, P11, and P14 were 76.3 ± 2.5,
73.0 ± 2.7, 72.5 ± 2.8, 69.0 ± 2.5, and 51 ± 2.2 dB SPL,
respectively (Figure 1(c)), and the threshold at P14 did not
differ significantly from that in adult animals (47.5 ± 5 dB
SPL, 𝑝 > 0.05, t-test). ABRs for middle frequencies (4–
16 kHz) were firstly observed at P7 in 7 of 7 animals. The
mean thresholds (±SD) in response to 16 kHz tones at P7,
P9, P11, and P14 were 74.0 ± 2.2, 67.5 ± 2.8, 62.5 ± 2.8, and
40±2.2 dB SPL, respectively (Figure 1(c)).The adult threshold
(17.1±2.6 dB SPL) was significantly lower than that observed
at P14 (𝑝 < 0.01, t-test). ABRs for low frequencies (<2 kHz)
appeared as late as P9.Themean thresholds (±SD) in response
to 1 kHz tones at P9, P11, and P14 were 75±2.5, 71.3±2.5, and
63.4 ± 2.7 dB SPL, respectively (Figure 1(c)), and thresholds
at P14 did not differ from that in adults (60.7 ± 3.5 dB SPL,
𝑝 > 0.05, t-test). Our data show that, for most frequencies
tested, theABR thresholds at P14were close to the adult levels.
The arrows in Figure 1(c) indicate the first day when ABR
appeared for different frequencies.
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Figure 1: The ABR threshold changes during postnatal development. (a) The ABR waveforms recorded from a P9 rat pup. Arrows indicate
ABR thresholds for 1 kHz, 16 kHz, and 32 kHz tones. The black horizontal bar on the 𝑥-axis denotes the 5ms of the stimulus. (b) The ABR
tuning curve changes during development. Data are expressed as the mean ± SD. n indicates the number of animals assessed. (c) The
ABR thresholds decreased with time during postnatal development. Arrows indicate the first day on which the ABR appeared for different
frequencies. ∗∗𝑝 < 0.01; NS𝑝 > 0.05 (Student’s t-test).

Because the waveform I of the ABR represents the
response elicited from the cochlea, our data show that
cochlear functions developed between P6 and P14. The elec-
tromotility of OHCs contributes significantly to the cochlear
response. Our result implies that, during this period, the
OHCs are very likely involved in the response to sound stim-
ulation as the cochlear amplifier.The electromotility of OHCs
is produced by the motor protein prestin, which is located
on the lateral membrane. To investigate the density and
position of prestin in the developing OHCs, immunolabeling
of prestin was performed and images were collected along
the length of cochlea by confocal microscopy. Figure 2 shows
confocal micrographs of OHCs from the apical, middle, and
basal turns of cochleae from P5 to P14 rat pups. For P5 and P7
apical turns, rhodamine-phalloidin staining for hair bundles
is shown to define the apical surface of the OHCs. DAPI
staining for nucleus is shown to indicate the bottom region

of the OHCs. As shown in Figure 2, no prestin was detected
in the OHCs along the entire cochlea at P5. Expression of
prestin was first labeled at P6 to P7 in OHCs located in basal
cochlea and showed a continued increase over the next week.
Prestin expression progressed both spatially and temporally,
with basal OHCs showing prestin expression ∼4 days earlier
than apical OHCs. By P14, robust ring-shaped fluorescence
was observed in all three segments.

In order to quantify the observed expression level
changes of prestin during development, we measured the
immunoband intensity of prestin in apical OHCs at different
postnatal ages by using western blotting. As shown by the
representative immunobands in Figure 3(a), the expression
of prestin increased in an age-dependent manner. Figure 3(b)
shows the mean (±SD) expression level from four inde-
pendent experiments after normalization to GAPDH, the
internal control protein. The expression of prestin remained
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Figure 2: Confocal images of prestin expression in OHCs at various postnatal ages. Prestin immunoreactivity was measured from three
segments (basal, middle, and apical) along the cochlea. For P5 and P7 apical turns, the hair bundles were labeled with rhodamine-phalloidin
(red), the nuclei of hair cells were stained with DAPI (blue), and the prestin was labeled in green. Three images with different focal planes at
hair bundle (to indicate the apical surface of theOHCs), the upper lateral wall of theHOCs, and nucleus weremerged. No prestin fluorescence
(green) was seen at P0–P5. To better illustrate the expression of prestin on the lateral wall of the OHCs, only green channel was shown after
P7. Prestin expression progressed both spatially and temporally. Scale bar represents 20𝜇m.

low during the first five days after birth, and the most
prominent increase in the prestin intensity occurred between
P9 and P14. Although the prestin level increased slightly after
P14, no significant difference was observed between the levels
at P14 and adulthood.

Two essential electrophysiological properties are usually
used to probe the function of prestin expressed in mam-
malian OHCs: NLC and electromotility. NLC and electro-
motility are fully coupled in mammals [21, 23, 24]. Because
NLC can be easily and accurately measured experimentally, it
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Figure 3: Expression of prestin in rats during cochlear development. (a) Representative prestin and GAPDH immunobands from western
blots were detected at 81 kD and 36 kD.GAPDHwas used as the internal control. (b) Relative expression of prestin (all normalized toGAPDH)
at different postnatal ages. Comparisons are shown by the bars above the relevant columns. Data were obtained from four independent
experiments and are expressed as mean ± SD. ∗𝑝 < 0.05; ∗∗𝑝 < 0.01; NS𝑝 > 0.05 (Student’s t-test).

is used as an assay to evaluate the functional development of
prestin in the experiment described below. In OHCs of adult
rodents, NLC is characterized by bell-shaped dependence on
membrane potential with a peak at approximately −70mV
[21]. As shown in Figure 4, we compared the NLC recorded
from apical OHCs from P6 to P14 with adult OHCs. To
eliminate the influence of different cell sizes, the magnitude
of NLC was normalized to 𝐶lin (representing the surface area
of OHC). Figure 4(a) shows that NLC responses were first
detectable in 4 of 9 OHCs at P6, with very small magni-
tude (Figure 4(a), black line). Robust NLC responses were
recorded in all OHCs measured from P9, and the responses
increased throughout the developmental time period studied.
At P14, the NLC reached a level comparable with that in
adults. Parameters derived from the curve fitting with the
two-state Boltzmann function are summarized in Figures
4(b)–4(e). It is apparent that 𝑉1/2 during early development
(P6) is relatively low (−83.96 ± 8.79mV); however, at ages
above P9, 𝑉1/2 increases to the adult level (−66.46 ± 6.50mV,
Figure 4(b)). NLC/Clin and 𝑄max/𝐶lin are both correlated
with the moving charge density or with the amount of
activated prestin. The larger the values, the more the charges
translocated during voltage stimulation. As shown in Figures
4(c) and 4(d), both NLC/𝐶lin and𝑄max/𝐶lin increase between
P6 and P14, and these values reach maturity at P14. The
voltage sensitivity or valence, 𝑧, remained stable at all ages
studied (Figure 4(e), 𝑝 > 0.05, t-test).

Because electromotility occurs along the longitudinal axis
of OHCs, it is generally accepted that OHC length is critical
for cochlear amplification. With the identical prestin expres-
sion level and activity, the longer OHCs could generate more
significant motility and therefore conduct larger cochlear
amplification. We measured the cell length of OHCs isolated
fromdifferent segments along the basilarmembrane. Figure 5
shows that the OHC length kept increasing and exhibited
a sigmoidal rise from P0 to P14. The length of basal OHCs

had minor changes over this period while the apical OHCs
kept growing until approximately P11. Basal, middle, and
apical OHCs reached their adult lengths at P5, P8, and P11,
respectively (indicated by stars in Figure 5), and apical OHCs
matured later than middle and basal OHCs.

4. Discussion

In this study, we used the ABR to measure the hearing sensi-
tivity in developing rat pups.The ABR is a compound evoked
potential derived from the acoustic responses of different
stages along the ascending pathway of the auditory system. It
is generally accepted that the peaks of ABR waveforms with
different time delay are generated by distinct brainstemnuclei
[25]. The responses of the cochlea and the auditory nerve are
primarily responsible for peaks I and II, respectively. Peaks
III to V (up to seven peaks were observed in some studies)
represent the responses from the cochlear nucleus and other
brainstem nuclei in higher level. Compared with recordings
from adult animals, our data show that the ABR waveforms
obtained from pups younger than P14 showed some special
features. Only three to four distinct waves were identifiable
within the first 8ms after stimulus onset, as shown in Figure 1.
The latency of peak I is very similar to previously published
examples from adults (e.g., 1.4 ± 0.24ms in P9 pups versus
1.2 ± 0.15ms in adults for 32 kHz, 90 dB SPL tones) [26].
Therefore, our results suggest that the acoustic responses of
higher level auditory nuclei are absent in developing rats.
Although we did not examine the development of responses
for individual nuclei in the central auditory system, our
results imply that central auditory neurons reach functional
maturity later than do cochleae and the cochlear signal inputs
are required for the development of the auditory system.
This hypothesis is supported by recent evidence from in vivo
patch-clamp recording from cortical auditory neurons. The
excitatory and inhibitory synaptic inputs are not cotuned
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Figure 4: NLC measured from apical OHCs at various postnatal ages. (a) The mean NLC-voltage responses were fitted with the Boltzmann
function (color coded heavy lines). NLC was normalized by 𝐶lin and the curves were plotted as the mean ± SD. ((b)–(e)) Four parameters
derived from curve fitting with Boltzmann’s function. See results for details. Data are expressed as the mean ± SD. 𝑛 = 4, 8, 8, 12, and 10 for
P6, P9, P11, P14, and adult, respectively. ∗𝑝 < 0.05; NS𝑝 > 0.05 (Student’s t-test).
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Figure 5: Changes in OHC length as a function of postnatal day.
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and are temporally imbalanced before P12; therefore, action
potentials were rarely recorded before hearing onset [3, 6].
These results suggest that the onset of cochlear responses
occurs earlier than the synaptic refinement in the auditory
cortex. Our results also show that the ABR response is
detectable as early as P6–P9, although the time line is various
for different frequencies (Figure 1).

However, the mechanisms responsible for the onset of
the cochlear response and for determining the maturation
time of cochlear function remain unclear. It is clear that
substantial morphological and functional changes occur
during cochlear development. In rats, the structure of the
cochlea is formed at an early stage after birth; the middle
ear is well developed and the ear canal is open before
hearing onset [27–29]. The differentiation of hair cells and
supporting cells, as well as the innervation of spiral ganglion
neurons, is completed during the embryonic period [13, 30–
35]. The morphological development of hair bundles and
the functional maturation of mechanoelectrical transduction
are completed before postnatal day 6 [13, 28, 29, 36, 37].
Because the cochlear response begins to appear at P6–P9
according to our ABRwaveform analysis, the above processes
are not likely to determine the onset of the cochlear response.
In rats, action potentials of cortical neurons in response to
sound stimulation are first recordable at P10-P11. Responses
were found only for relatively high-intensity stimuli. Rapid
changes occurred over the 3 subsequent days, and, by P14, the
auditory cortex showed adult-like excitatory responses. The
most significant change is the 40–50 dB threshold decreasing
[1, 2]. This dramatic change in hearing sensitivity implies the
involvement of a mechanism that modulates the sensitivity of
the hearing system during this period.

Cochlear amplification confers extremely high sensitivity
to our hearing with an enormous intensity range [38].

Mammalian cochlear amplification is attributed to OHCs,
which can change their cell length in response to changes
in membrane potential synchronized to sound waves [7].
This activity termed electromotility is powered by the unique
motor protein prestin in the OHC lateral membrane [11]. Our
study indicates that prestin is first expressed at P6 (Figure 2)
and reaches the adult expression level at P14 (Figures 3 and
4). This period closely corresponds to the onset of cochlear
function (Figure 1). The developmental expression pattern of
prestin has been studied in two species, rat and mouse [14,
39]. Belyantseva et al. reported that prestin expression begins
at postnatal day 0 and increases progressively in a time course
coincidingwith that of electromotility [14]. Our results do not
appear to be consistent with these data. Expression of prestin
in OHCs from different positions within the cochlea (basal,
middle, and apical turns) is not synchronized: it reached
the level of maturity in the basal turn at P9, in the middle
turn at P10-P11, and in the apical turn at P12 (Figures 2
and 3). Our results are supported by function measurements
of OHCs in other species. In mouse and gerbil, the NLC
and electromotility of OHCs are first detected at P6 and
reach adult levels at P12–P15 [12, 39]. In rats, however, the
expression of prestin and the electromotility of OHCs are
synchronous during development.

In the present study, we did not measure the motility
of OHCs directly. NLC and electromotility are fully coupled
in mammalian OHCs [21, 23, 24] and the former could
be evaluated accurately [16–19]. Our NLC measurements
show that, for apical OHCs, the function of prestin first
appears at P9 and reached mature level at P14 (Figure 4).
This result is consistent with the data recorded from mouse
[39]. This functional measurement is also concordant with
our immunofluorescence staining and western blot results
(Figures 2 and 3). Thus, we proposed that the development
of auditory central neural system, indicated by an increased
sensitivity of ABR responses, occurs as the functional matu-
ration of prestin, the motor protein of the OHCs.

Besides the expression level and functional activity, the
cell length of OHCs is definitely an important factor that
affects the overall motility magnitude of OHCs. As shown
in Figure 5, the times at which mature cell lengths were
reached are P5, P8, and P11 for basal, middle, and apical
OHCs, respectively.These timepoints are earlier than those of
the prestin expression.Therefore, we conclude that cell length
development is not likely the limiting factor to determine
the onset time of cochlear function. It is well established
that the basal segments of the cochlea respond to high-
frequency stimuli whilemore apical portions are tuned to low
frequencies. Our data revealed that the spatial and temporal
expression patterns of prestin and development of auditory
brainstem response are highly concordant. It is more likely
that the expression and functional development of prestin
may play a critical role in the maturity of hearing.

5. Conclusions

In conclusion, our results indicate that the expression pattern
of prestin and the NLC function of OHCs are synchronized



Neural Plasticity 9

with the development of auditory brainstem responses. This
finding suggests that the expression and functional develop-
ment of prestin may determine the onset of hearing of rats.
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Different types of lasers have been used in inner ear surgery. Therefore, it is of the utmost importance to avoid damage to the inner
ear (e.g., hyperthermia and acoustic effects) caused by the use of such lasers. The aim of this study was to use a high powered
fibre-enabled CO

2
laser (10W, 606 J/cm2) to perform cochleostomies on guinea pig cochlea and to investigate the possible laser-

induced damage mechanisms. The temperature changes in the round window membrane, auditory evoked brainstem response,
and morphological of the hair cells were measured and recorded before and after laser application. All of the outcomes differed
in comparison with the control group. A rise in temperature and subsequent increased hearing loss were observed in animals that
underwent surgery with a 10W CO

2
laser. These findings correlated with increased injury to the cochlear ultrastructure and a

higher positive expression of E-cadherin and 𝛽-catenin in the damaged organ of Corti. We assume that enhanced cell-cell adhesion
and the activated 𝛽-catenin-related canonical Wnt-signalling pathway may play a role in the protection of the cochlea to prevent
further damage.

1. Introduction

The instruments used in surgical techniques for inner ear
surgeries, such as stapedotomy and cochlear implantation,
must be powerful enough to be efficient while, at the same
time, preventing damage to the inner ear. Lasers with varying
wavelengths, set to appropriate intensities, can fulfil two basic
principal requirements: ablation of bone at a precise location
and achievement of an ideal setting without penetrating
deeply into the perilymph and causing injury to the sensory
structures of the inner ear. The first laser stapedotomy was
performed by Perkins in 1979 using an argon laser. Since
then, different types of lasers, such as the erbium: yttrium
aluminium garnet laser, potassium titanyl phosphate (KTP)
laser, and CO

2
laser, have been used in inner ear surgery

[1]. The use of different lasers has been described in both
experimental and clinical studies [2–8].

However, each laser has advantages and disadvantages.
The application of a laser to any medium leads to absorptive,

reflective, thermal, and acoustic effects. Visible lasers (argon
and KTP) have a short wavelength (0.5𝜇m) that can only be
partially absorbed by the stapes footplate or the bone wall
of the cochlea and readily passes through the perilymph to
be absorbed by the tissues of the inner ear, leading to tissue
damage [2]. The long wavelength of the invisible CO

2
laser

(10.6 𝜇m) is well-absorbed by water. Absorption results in
the conversion of laser energy into heat [7]. In our previous
study, positive expressions of iNOS andHsp70 were observed
in spiral ganglion cells, nerve fibres, supporting cells of
the organ of Corti, and cells of the spiral ligament after
serious irradiation injury of the cochlear ultrastructure [5].
Therefore, the degree of temperature increase and which
molecules are affected by the application of a high-intensity
CO
2
laser in a guinea pig cochlea model require further

investigation.
This study aimed to explore how the thermal effect of

lasers interferes with molecules in the damaged inner ear.
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Table 1: Applied CO
2
laser mode and parameters.

Laser mode Power Spot diameter Pulse duration/
interval

Working
distances Energy/impulse Energy density Number of pulses

SuperPulse 10W 458 𝜇m 100ms/100ms 3mm 1 J 606 J/cm2 2
W: watt; J: joule.

Guinea pigs were chosen as the animal model because the
basal turn of the cochlea is easily accessible and the thickness
of the cochlea wall (1mm anterior to a round window of
approximately 120–160 𝜇m) is comparable to the dimensions
of a slightly thickened otosclerotic footplate (150–200𝜇m)
[3]. We used a new type of handheld fibre-enabled CO

2
laser,

the 10W (606 J/cm2) CO
2
laser, to explore possible damage

mechanisms in the inner ear.

2. Materials and Methods

2.1. Animals. Adult male albino guinea pigs (weight, 250–
350 g) were used in this study. All 21 animals were obtained
from the Animal Center of theMedical School of Fudan Uni-
versity and were housed under clear conditions. The Animal
Research Control Committees of Fudan University approved
the experimental protocols and procedures performed in this
study.

An otoscopic examination was performed on all guinea
pigs prior to surgery to ensure that the external auditory
canals and tympanic membranes were normal. All animals
had normal hearing with a positive Preyer reflex. Before
each procedure, the guinea pigs were anaesthetised using
ketamine (85mg/kg body weight) and xylazine (7.5mg/kg
body weight). The left ear of each animal was chosen to be
the experimental ear, and it received irradiation by a 10W
CO
2
laser. Each animal’s right ear was classed as the control

group and was irradiated on the temporal muscle close to the
cochlea.

2.2. Laser Device. Perforation of the cochlear bone was
performed with the new AcuPulse 40WG CO

2
laser using

the FiberLase flexible CO
2
laser waveguide (Lumenis, Santa

Clara, CA, USA). This laser has a handheld energy delivery
system with a flexible 2m long waveguide and a variety of
rigid and malleable microsurgical accessories with different
lengths and flexibilities.

2.3. Surgery. After the induction of anaesthesia, we created
a postauricular incision in the left ear, exposed the bulla,
fractured and removed the bony shell of the bulla, and
carefully exposed the basal turn of the cochlea under a
microscope (OPMI 9-FC, Carl Zeiss, Jena, Germany).The left
ear of each guinea pig underwent perforation of the cochlea
with the laser 1mm anterior to the round window niche. The
10W SuperPulse laser mode was used at a working distance
of up to 3mm in noncontact mode. Two exposure times were
selected. Each laser shot continued for 0.1 s and the time
interval between each shot was 0.1 s (Table 1). Cochleostomy
was recognised by an effusion of perilymph. An opening of

approximately 0.5mm in diameter was obtained.The control
group underwent the same procedure but were irradiated by
equal lasers on the temporal muscles to exclude the influence
of noise caused by the application of the laser. The guinea pig
cochleae with their bony coverage were photographed with
the help of a digital camera coupled to a microscope (OPMI
9-FC, Carl Zeiss, Germany).

2.4. Temperature Measurement. Temperature changes were
measured with a type K (chromium and aluminium) ther-
mocouple (TM6801, Jingda, China).The detection procedure
was well documented in our previous article [6]. A 0.8mm
diameter detecting head was placed onto the membrane of
the round window to measure the temperature change at
approximately one pulse per second during laser irradiation
in vivo. The temperature was recorded manually by a digital
thermometer.

2.5.Measurement of theAuditory BrainstemResponse. Record-
ings of the auditory brainstem response (ABR) were per-
formed before and immediately after laser irradiation. Ani-
mals were anaesthetised and then placed in a sound-
isolated and electrically-shielded booth (Ningbo, Tonecon
Acoustic Systems, Nanjing, China). Acoustic stimuli were
delivered monaurally via an earphone (Bio-logic Systems
Corp., Mundelein, IL, USA) attached to a customised plastic
speculum inserted into the ear canal. Subdermal electrodes
were inserted at the vertex of the skull, under the right
(ground) and left ear. The Bio-Logic NAVPR2 hearing diag-
nostic system (NatusMedical Inc., San Carlos, CA, USA) was
used to provide the stimuli (click stimuli; duration, 0.1ms)
and record the response. Up to 1,024 responses were averaged
for each stimulus level. ABRs were determined by reducing
the intensity in 10 dB increments and then in 5 dB steps
close to the threshold until no organised responses were
detected. Thresholds were estimated at the lowest stimulus
level at which a response was observed, identified by the
presence of recognisable and repeatable wave IIIs. All ABR
measurements were evaluated by an expert blinded to the
treatment conditions.

2.6. Scanning Electron Microscopy. Three guinea pigs from
each group were sacrificed under deep anaesthesia after
postoperative ABR evaluation. The tympanic bullae opened
and the bony coverage of the cochlea was removed. The
cochleae were fixed in a 2.5% solution of glutaraldehyde in
a 0.1mol/L sodium cacodylate buffer. After fixation, the dis-
sected cochleae were dehydrated in 10%, 30%, 70%, 90%, and
100% (3x) concentrations of ethanol. A critical point dryer
(EM CPD300, Leica, Wetzlar, Germany) was used to dry
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the specimens with liquid carbon dioxide and the specimens
were then sputter-coated with platinum-palladium (E-1045
ion sputter, Hitachi High Technologies Co., Tokyo, Japan).
The surfaces of the organs of Corti were observed under
a low-vacuum scanning electron microscope (SEM) (Nova
NanoSEM 230, FEI Company, Hillsboro, OR, USA).

2.7. Immunofluorescent Staining. After the postoperative
ABRevaluation, three additional guinea pigs fromeach group
were sacrificed under deep anaesthesia for immunofluores-
cent staining. As outlined above, the tympanic bullae were
removed and fixed in 4% paraformaldehyde in a phosphate-
buffered saline solution (PBS) for a period of 24 h. Under
magnification, the bony wall of the cochlea was removed
with a pick and forceps to obtain the basilar membrane of
the cochlea.The following staining procedure was performed
as described previously [9]. The specimens were treated
with 0.1% Triton X-100 plus 10% donkey serum for 30min.
They were then incubated overnight with primary antibodies
at 4∘C. The primary antibodies used were as follows: E-
cadherin (1 : 200; BD Biosciences, Sparks, MD, USA) and 𝛽-
catenin, (1 : 200; Santa Cruz Biotechnology, Inc., CA, USA).
The preparation was rinsed 3–5 times in PBS and then
incubated in the dark with secondary antibodies for 2 h
at 37∘C. The secondary antibodies used included donkey
anti-mouse/rabbit Alexa Fluor 555 and/or donkey anti-
mouse/rabbit/goat (H+L) Alexa Fluor 647 (1 : 1,000; Molecu-
lar Probes, InvitrogenLife Technologies, Carlsbad,CA,USA),
and phalloidin (1 : 1000; Invitrogen). All specimens were
examined with a Leica confocal laser-scanning microscope
(Leica SP5, Leica Microsystems) and images were captured
by the microscope.

2.8. Western Blot. Fifteen guinea pigs were sacrificed and
separated into experimental and control groups. The basilar
membranes were collected, as noted above, and lysed in
a radioimmunoprecipitation assay buffer (50mM Tris-HCl,
1% NP-40, 0.25% Na-deoxycholate, 150mM NaCl, 1mM
Na
3
VO
4
and NaF) containing protease inhibitors (1 𝜇g/mL

each of aprotinin, leupeptin, pepstatin, ethylenediaminete-
traacetic acid, and phenyl methyl sulfonyl fluoride) in micro-
centrifuge tubes and were sonicated for 10 s. They were then
centrifuged at 12,000𝑔 for 15min at 4∘C. The supernatant
was transferred to a new microfuge tube, mixed with a
sample buffer (12mM Tris-HCl, 96mM glycine, 10% SDS,
1% 2-mercaptoethanol, and 0.1% bromophenol blue, pH 6.8),
and boiled for 5min. The total protein was determined
by the bicinchoninic acid assay protein assay (Beyotime,
Beyotime Institute of Biotechnology, Jiangsu, China), and
aliquots of 40 𝜇g protein/lane for each sample were separated
by electrophoresis in an 8% sodium dodecyl sulphate poly-
acrylamide gel using a 5% stacking gel. Resolved proteins
were transferred to a nitrocellulose membrane and saturated
for 30min at room temperature with a blocking buffer
(25mM Tris (pH 8.0), 125mMNaCl, 0.1% Tween 20, and 4%
skim milk) and incubated with anti-E-cadherin (1 : 2500; BD
Biosciences), anti-𝛽-catenin (1 : 500; Santa Cruz Biotechnol-
ogy), and anti-GAPDH (glyceraldehyde-3-phosphate dehy-
drogenase) (1 : 1000; Beyotime) antibodies for 1 h at room

temperature and then overnight at 4∘C, followed by incuba-
tion for 1 h in appropriate secondary antibodies conjugated
with horseradish peroxidase (IgG-HRP; 1 : 1000; Beyotime,
Beyotime). Immunoreactive bands were detected using an
enhanced chemiluminescence system (Beyotime). Detection
was performed by a Kodak imaging station 4000MM Pro
(Eastman Kodak, Rochester, NY, USA) and quantified using
the ImageJ software.

2.9. Statistical Analysis. All statistical comparisons were per-
formed with Student’s 𝑡-test. Data analysis was undertaken
using the SPSS software package (ver. 15.0; SPSS Inc., Chicago,
IL, USA). A 𝑃 value < 0.05 was taken to indicate statistical
significance.

3. Results

3.1. Cochleostomy on Guinea Pig Cochlea. In this experiment,
cochleostomywas performed in the basal turn near the round
window. One cochlea of guinea pig with its bony coverage
was shown in Figure 1. The perforation was clear and the
membrane was delineated with dotted lines. The specimens
from the basal membrane, suprabasal membrane, middle
membrane, and apical membrane marked as the red arrows
were collected and processed.

3.2. The Thermal Effect Was Intense in Animals Treated with
a 10W CO2 Laser. Temperature changes were measured
when applying the CO

2
laser. As shown in Figure 2(a), the

temperature increase was significantly higher in the 10W
CO
2
laser group than in the control group (8.92 ± 2.13∘C and

1.13 ± 0.32∘C, respectively; 𝑃 < 0.01).

3.3. Animals Had a Great Loss of Hearing When Treated
with a 10W CO2 Laser. The ABR thresholds were recorded
before and immediately after surgery. The mean rise in the
ABR threshold after surgery was calculated and is shown in
Figure 2(b). A higher ABR threshold equates to a greater
degree of hearing loss.The average ABR threshold increase in
the two groups was 2.5 ± 2.65 dB SPL (sound pressure level;
control group) and 47.5 ± 10.5 dB SPL (10W laser group).
After surgery, when compared with the control group, the
animals in the 10WCO

2
laser group displayed a significantly

large increase in their ABR threshold (𝑃 < 0.01).

3.4. Outer Hair Cell Collapse in Animals Treated with a 10W
CO2 Laser. After surgery, the cochleae of each group were
collected and processed for examination under SEM. Images
of the basal turn of animals treated with a 10W CO

2
laser

are shown in Figure 3. The stereocilia and cuticular plates of
the inner and outer hair cells and supporting cells showed
a normal configuration in specimens in the control group
(Figure 3(a)). In contrast, most of the outer hair cells had
collapsed and derangements of the stereocilia were observed
in the 10W CO

2
laser group (Figure 3(b)) with part of them

missing, especially those in the third row of the outer hair
cells (arrow) in the basal turn. However, the inner hair cells
showed a normal configuration. All ultrastructure in other
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(a)

Cochleostomy position

1mm

(a)

(b)

Basal turn

Suprabasal turn

Apical turn

Middle turn

(b)

(c) 1mm

(c)

Figure 1: Cochleostomy was performed in the basal turn near the round window. (a) The perforation as the black arrow showed the
cochleostomy position. (b) The cochlear membrane was delineated with dotted lines. The red arrows located the specimens from the basal
turn, suprabasal turn, middle turn, and apical turn. (c) The site of the simulated cochlear membrane under the bone. Scale bar: 1mm.
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Figure 2: The temperature increase during surgery and mean incremental rise in the ABR threshold immediately after surgery by CO
2
laser

irradiation (10W laser and control groups). (a)The temperature rise in the 10W CO
2
laser group was much higher than in the control group

(𝑃 < 0.01). Data are presented as means + standard deviation (SD), 𝑛 = 21, ∗∗𝑃 < 0.01. (b) ABR threshold rise immediately after laser
irradiation was higher in the 10W laser group than the 0W laser group (𝑃 < 0.01). Data are presented as means + SD, 𝑛 = 21, ∗∗𝑃 < 0.01.

turns showed normal appearance as the control (Data not
shown).

3.5. Cell-Cell Adhesion Was Enhanced and the 𝛽-Catenin-
Related Canonical Wnt-Signalling Pathway Was Activated fol-
lowing 10WCO

2
Laser Treatment. Thebasilar membranes of

basal turn on immunofluorescent staining showed positive E-
cadherin and 𝛽-catenin, corresponding to cell-cell adhesion,

after the application of a 10W CO
2
laser. Images of the basal

turn from the 10W CO
2
laser group are shown in Figure 4.

In the control group (Figures 4(a), 4(c), 4(e), and 4(g)), the
inner and outer hair cells expressed almost no 𝛽-catenin (red,
(e)) or E-cadherin (blue, (g)). However, in the 10W laser
group (Figures 4(b), 4(d), 4(f), and 4(h)), we observed strong
expression of 𝛽-catenin (red) and E-cadherin (blue) in the
damaged surface of the outer hair cells. The collapsed outer
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Figure 3: SEM image of the basal turn of a cochlea immediately after applying CO
2
laser irradiation. (a) Image of the basal turn in the control

group. The stereocilia and cuticular plates of the inner and outer hair cells and supporting cells showed a normal configuration. OHC1: first
line of the outer hair cells; OHC2: second line of the outer hair cells; OHC3: third line of the outer hair cells; IHC: inner hair cells. Scale bar:
30 𝜇m. (b) Image of the basal turn after applying 10W CO

2
laser irradiation. Most of the outer hair cells had collapsed and derangements of

the stereocilia were observed. Parts of the cells were missing, particularly in the third row of the outer hair cells (OHC3) in the basal turn
(arrow), but the inner hair cells showed a normal configuration. Scale bar: 30 𝜇m.

hair cell showed faint phalloidin (green, Figure 4(d)) and
bold 𝛽-catenin (red, Figure 4(f)) and E-cadherin (blue) (Fig-
ure 4(h)). Western blot analysis of the proteins E-cadherin
(Figure 4(i)) and 𝛽-catenin (Figure 4(j)) in the 10W laser and
control groups was quantified and is provided in Figure 4(k).
The densities of the E-cadherin and 𝛽-catenin protein bands
were normalised with housekeeping proteins GAPDH. The
levels of E-cadherin (0.71 ± 0.14) and 𝛽-catenin (1.29 ± 0.16)
were found to be significantly increased in CO

2
laser injuries

(the 10W laser group) compared with the control group
(0.37 ± 0.01 and 0.89 ± 0.05, respectively; 𝑃 < 0.05).

4. Discussion

The CO
2
laser used in this research has a handheld energy

delivery system with a hollow-core fibre that can transfer
the laser beam at various angles and distances and comes
with various handheld accessories of differing lengths and
flexibility.These devices expand the application of CO

2
lasers

in ENT surgery [10–12]; fibre-enabled CO
2
has practical

advantages, especially in cases with complex anatomical
conditions [12]. In the guinea pig, a temporal bone study had
already indicated that laser settings of between 4 and 10W
were sufficient for creating the cochleostomy [7]. In this study,
we used a 10W fibre-enabled CO

2
laser to establish an inner

ear injury with hearing loss and damaged ultrastructure.
In our study, the 10W CO

2
laser (606 J/cm2) used for

cochleostomy produced a rise in temperature of 8.92±2.13∘C
in the membrane of the round window. Kamalski et al. also
observed such thermal effects when evaluating temperature
increases during exposure to laser irradiation [8]. Along
with an increase in temperature, the ABR threshold also
increased by 47.5 ± 10.9 dB SPL in our 10WCO

2
laser group.

These findings demonstrated a strong relationship with the
morphological changes observed within the cochleae. The
ultrastructure of the basal turn of the cochlea in laser-
treated animals showed various changes, whereas no obvious
ultrastructure change was found in the rest parts of the
cochlea. Changes in the outer hair cells were more evident
than in the inner hair cells, particularly in the third row
as seen in our SEM examinations. Most of the outer hair
cells had collapsed, and derangements and even loss of the
stereocilia were observed, while the outer hair cells acted as
cochlear amplifier. Prestin on the outer hair cell membrane
is the basis of cochlear amplification in mammals [13].
Okunade and Santos-Sacchi found that prestin is remarkably
responsive to fast temperature jumps [14]. We assume the
alteration of the prestin may partly explain the irreversible
hearing loss.

The E-cadherin/𝛽-catenin complex plays an important
role in maintaining epithelial integrity, and disrupting this
complex affects not only the adhesive repertoire of a cell but
also the Wnt-signalling pathway [15]. However, the question
of whether and how the Wnt-signalling pathway plays a role
in thermal injuries of the inner ear following laser application
remains unanswered. In our experiment, we observed that
the areas of injured hair cells showed positive E-cadherin
and 𝛽-catenin expressions after excessive laser irradiation.
Furthermore, there were strong colocalised expressions of E-
cadherin and 𝛽-catenin in the membrane of the injured hair
cells and around the supporting cells. Karpowicz et al. showed
that the overexpression of E-cadherin can aid the self-renewal
of neural stem cells and increases their number in vitro
[16]. In addition, the research of Chen et al. suggested that
the overexpression of E-cadherin by viral transduction was
sufficient to enhance the generation of induced pluripotent
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Figure 4: The expression of 𝛽-catenin and E-cadherin in the sensory epithelium changed after applying CO
2
laser irradiation. Surface views

of the organ of Corti in the basal turn ((a), (c), (e), and (g)) in the control group and ((b), (d), (f), and (h)) in the 10W laser group.The samples
were stained for phalloidin (green, (c), (d)), 𝛽-catenin (red, (e), (f)), and E-cadherin (blue, (g), (h)). In the 10W laser group, we observed
overexpression of 𝛽-catenin (red) and E-cadherin (blue) in the damaged surface of the outer hair cells. ((i), (j)) Western blot analysis of
E-cadherin (i) and 𝛽-catenin (j) proteins in the cochleae of the 10W laser and control groups, which is quantified and plotted in (k). The
densities of the E-cadherin and 𝛽-catenin protein bands were normalised with GAPDH ((i), (j)). Data are presented as means + SD; 𝑛 = 15,
∗𝑃 < 0.05. Scale bar: 20 𝜇m. pha: phalloidin; E-cad: E-cadherin; 𝛽-cat: 𝛽-catenin. Scale bar: 20 𝜇m.

stem cells [17]. That is to say, the upregulation of E-cadherin
in the membrane may suggest stronger cell-cell adhesions in
the surfaces of the injured hair cells to protect the hair cells
from further damage or to enhance the self-rehabilitation of
the injured cells after laser irradiation.

In our experiment, there was increased expression of 𝛽-
catenin in the 10W laser group, particularly in themembrane.
We therefore assumed that 𝛽-catenin was redistributed on
behalf of a rise in cell-cell adhesion following hair cell
damage, and this may protect the hair cells from further
damage by moving from the cytoplasm and nucleus to the
membrane and activating the Wnt pathway synergistically
with E-cadherin. It may be useful to explore the assumption
that the Wnt pathway could lead to regeneration under
some conditions, such as after damage. How 𝛽-catenin-
related canonical Wnt signalling influences the rehabilitation
or regeneration of damaged hair cells after thermal injury
has not yet been demonstrated.Therefore, further studies are
required in the future.

Results have shown that when the CO
2
laser exceeds the

safe operating levels, this results in hair cell collapse and
deranged stereocilia, particularly in the outer hair cells and,
more surprisingly, causes the upregulation of E-cadherin and
𝛽-catenin in the injured hair cell membranes, suggesting that
these could play a role in the overall injury mechanism.
Stimulation of Wnt/𝛽-catenin may be an avenue to explore

for the replacement of adult cochlear hair cells, a sought-
after goal for the treatment of sensorineural deafness, which
is commonly caused by the loss of hair cells in humans.

Competing Interests

The authors report no competing interests pertaining to this
work.

Authors’ Contributions

All authors participated in the design, interpretation of the
studies and analysis of the data, and review of themanuscript;
Xiang Liu, Xiao-qing Qian, and Dong-Dong Ren con-
ducted the experiments, Rui Ma and Dong-Dong Ren pho-
tographed and processed the figures, Xiang Liu and Dong-
Dong Ren wrote the manuscript, and Fang-Lu Chi revised
the manuscript. Xiang Liu and Xiao-qing Qian contributed
equally to this work.

Acknowledgments

This study was supported by Key Project of Chinese National
Programs (2016YFC0905200), the National Natural Sci-
ence Foundation of China (NSFC) Grants nos. 81420108010



8 Neural Plasticity

and 81271084 to Fang-Lu Chi and 81370022, 81570920,
and 81000413 to Dong-Dong Ren, 973 Program (Grants
nos. 2011CB504500 and 2011CB504506) and the Innovation
Project of Shanghai Municipal Science and Technology
Commission (Grant no. 11411952300) to Fang-Lu Chi, and
the Training Program of the Excellent Young Talents of the
Shanghai Municipal Health System (Grant no. XYQ2013084)
and “Zhuo-Xue Plan” of Fudan University to Dong-Dong
Ren.

References

[1] R. C. Perkins, “Laser stapedotomy for otosclerosis,” Laryngo-
scope, vol. 90, no. 2, pp. 228–241, 1980.

[2] S. G. Lesinski and A. Palmer, “Lasers for otosclerosis: CO2 vs.
Argon and KTP-532,” Laryngoscope, vol. 99, no. 6, pp. 1–8, 1989.

[3] S. Jovanovic, U. Schönfeld, R. Fischer et al., “Thermic effects
in the “vestibule” during laser stapedotomy with pulsed laser
systems,” Lasers in Surgery and Medicine, vol. 23, no. 1, pp. 7–17,
1998.

[4] J. Kiefer, J. Tillein, Q. Ye, R. Klinke, and W. Gstoettner, “Appli-
cation of carbon dioxide and erbium:yttrium-aluminum-garnet
lasers in inner ear surgery: an experimental study,” Otology &
Neurotology, vol. 25, no. 3, pp. 400–409, 2004.

[5] D. Ren, J. Sun,G.Wan, F. Yang, and F. Shen, “Influence of carbon
dioxide laser irradiation on the morphology and function of
guinea pig cochlea,” Journal of Laryngology andOtology, vol. 119,
no. 9, pp. 684–692, 2005.

[6] D.-D. Ren and F.-L. Chi, “Experimental study on thermic
effects, morphology and function of guinea pig cochlea: a com-
parison between the erbium:yttrium-aluminum-garnet laser
and carbon dioxide laser,” Lasers in Surgery and Medicine, vol.
40, no. 6, pp. 407–414, 2008.

[7] A. J. Fishman, L. E. Moreno, A. Rivera, and C.-P. Richter, “CO
2

laser fiber soft cochleostomy: development of a technique using
human temporal bones and a guinea pig model,” Lasers in
Surgery and Medicine, vol. 42, no. 3, pp. 245–256, 2010.

[8] D. M. A. Kamalski, R. M. Verdaasdonk, T. De Boorder, R.
Vincent, F. Trabelzini, and W. Grolman, “Comparison of KTP,
Thulium, and CO

2
laser in stapedotomy using specialized

visualization techniques: thermal effects,” European Archives of
Oto-Rhino-Laryngology, vol. 271, no. 6, pp. 1477–1483, 2014.

[9] W.-W. Luo, J.-M. Yang, Z. Han et al., “Atoh1 expression levels
define the fate of rat cochlear nonsensory epithelial cells in
vitro,”MolecularMedicine Reports, vol. 10, no. 1, pp. 15–20, 2014.

[10] A. E. Albers, W. Wagner, K. Stölzel, U. Schönfeld, and S.
Jovanovic, “Laser stapedotomy,” HNO, vol. 59, no. 11, pp. 1093–
1102, 2011.

[11] M. Remacle, A. Ricci-Maccarini, N.Matar et al., “Reliability and
efficacy of a new CO

2
laser hollow fiber: a prospective study of

39 patients,” European Archives of Oto-Rhino-Laryngology, vol.
269, no. 3, pp. 917–921, 2012.

[12] C. Brase, J. Schwitulla, J. Künzel, T. Meusel, H. Iro, and J.
Hornung, “First experience with the fiber-enabled CO2 laser
in stapes surgery and a comparison with the “one-shot” tech-
nique,” Otology and Neurotology, vol. 34, no. 9, pp. 1581–1585,
2013.

[13] L. Song and J. Santos-Sacchi, “Conformational state-dependent
anion binding in prestin: evidence for allosteric modulation,”
Biophysical Journal, vol. 98, no. 3, pp. 371–376, 2010.

[14] O. Okunade and J. Santos-Sacchi, “IR laser-induced perturba-
tions of the voltage-dependent solute carrier protein SLC26a5,”
Biophysical Journal, vol. 105, no. 8, pp. 1822–1828, 2013.

[15] X. Tian, Z. Liu, B. Niu et al., “E-Cadherin/𝛽-catenin complex
and the epithelial barrier,” Journal of Biomedicine and Biotech-
nology, vol. 2011, Article ID 567305, 6 pages, 2011.

[16] P. Karpowicz, S. Willaime-Morawek, L. Balenci, B. Deveale, T.
Inoue, andD.VanDer Kooy, “E-Cadherin regulates neural stem
cell self-renewal,” Journal of Neuroscience, vol. 29, no. 12, pp.
3885–3896, 2009.

[17] T. Chen, D. Yuan, B. Wei et al., “E-cadherin-mediated cell-cell
contact is critical for induced pluripotent stem cell generation,”
Stem Cells, vol. 28, no. 8, pp. 1315–1325, 2010.



Research Article
Effect of Endolymphatic Hydrops on Sound Transmission in
Live Guinea Pigs Measured with a Laser Doppler Vibrometer

Chen-Ru Ding,1,2,3 Xin-Da Xu,1,2,3 Xin-Wei Wang,1,2,3 Xian-Hao Jia,1,2,3 Xiang Cheng,1,2,3

Xiang Liu,1,2,3 Lin Yang,3,4 Bu-Sheng Tong,5 Fang-Lu Chi,1,2,3 and Dong-Dong Ren1,2,3

1Department of Otology and Skull Base Surgery, Eye Ear Nose &Throat Hospital, Fudan University, Shanghai 200031, China
2Shanghai Auditory Medical Center, Shanghai, China
3Key Laboratory of Hearing Science, Ministry of Health, Shanghai, China
4Research Center, Eye Ear Nose &Throat Hospital, Fudan University, Shanghai 200031, China
5The First Affiliated Hospital of AnHui Medical University, Hefei, China

Correspondence should be addressed to Fang-Lu Chi; chifanglu@126.com and Dong-Dong Ren; dongdong ren@163.com

Received 28 July 2016; Revised 11 October 2016; Accepted 2 November 2016

Academic Editor: Renjie Chai

Copyright © 2016 Chen-Ru Ding et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Objective. This study aimed at describing the mechanism of hearing loss in low frequency and the different dynamic behavior of
the umbo, the stapes head, and the round window membrane (RWM) between normal guinea pigs and those with endolymphatic
hydrops (EH), using a laser Doppler vibrometer (LDV). Methods. Cochlear sections were stained with hematoxylin and eosin
(HE) to evaluate the hydropic ratio (HR). Auditory brainstem responses (ABR) and whole-mount immunostaining weremeasured.
Displacement of the umbo, stapes head, and RWM in response to ear-canal sound was evaluated using a LDV. Results. Mean HR
values in EH model of all the turns are larger than the control group. The ABR threshold of the EH group was significantly higher
than that of the control. Strong positive correlation was found between HR at apical turn and ABR threshold elevation at 1000Hz
and at subapical turn and ABR threshold elevation at 2000Hz. FITC-phalloidin immunostaining of the cochlear basilar membrane
in the apical, subapical, and suprabasal turns showed missing and derangement stereocilia of third-row outer hair cells. The umbo,
stapes head, and RWM displacement in ears with EH was generally lower than that of normal ears. The EH-induced differences
in stapes head and RWM motion were significant at 0.5 kHz. Conclusion. The LDV results suggested that the higher inner ear
impedance in EH affected the dynamic behavior of the two opening windows of the cochlea and then reduced the vibration of
the ossicular chain by increasing the afterload, resulting in acoustic dysfunction. The vibration reduction mainly occurred at low
frequencies, which has related with the morphology changes of the apical and subapical turns in EH model.

1. Introduction

In mammals, sound waves stimulate the cochlea via the
vibration of the ossicular chain.The opposite vibrating phase
between the round window and the oval window causes rela-
tive motion between the endolymph and perilymph and thus
produces displacement waves travelling on the spirally basilar
membrane. The motion of hair cell stereocilia created by
basilar membrane (BM) vibration gates stereocilia transduc-
tion channels, leading to the generation of hair cell receptor
potential and the excitation of afferent auditory nerve fibers
[1]. Changes in cochlear lymphatic fluid homeostasis may
result in cochlear acoustic dysfunctions, like endolymphatic

hydrops (EH), semicircular canal dehiscence, labyrinthine
fistulas, and so forth [2, 3].

Since Hallpike and Carins [4] described the presence of
EH in the temporal bones of patients with Ménière’s Disease
(MD) in 1938, EH has generally been accepted as the basic
histopathologic sign of this disease, which is an intractable
disease that results in hearing loss that is often fluctuating
and initially involves the low frequencies [5]. Wu et al. [6]
reported that low-tone and middle-tone hearing thresholds
were related to the severity of EH in the cochlea. In the study
by Lee et al. [3], spontaneous low frequency air-bone gaps
in evaluating hearing sensitivity were found in approximately
13.9% of patients with Ménière’s Disease and may indirectly

Hindawi Publishing Corporation
Neural Plasticity
Volume 2016, Article ID 8648297, 12 pages
http://dx.doi.org/10.1155/2016/8648297

http://dx.doi.org/10.1155/2016/8648297


2 Neural Plasticity

reflect aggravation of the EH in the cochlear and the vestibu-
lar compartments. Yoshida et al. [7] suggested an association
between endolymphatic hydrops and low frequency hearing
loss in a 13-year-old girl with mutation of the SLC26A4
gene. Endolymphatic hydropic condition was described in
certain cases of sudden deafness [8, 9]. Noguchi et al. [10]
assumed that EH give rise to the pathogenesis of acute low-
tone sensorineural hearing loss (ALHL) with little or no
impairment of hair cells that resembles early-stage MD. It is
widely hypothesized that the hydrops generates the clinical
symptoms of this illness. Yet, there are few studies that have
investigated how the dilated endolymph affects themiddle ear
acoustic transmission.

A laser Doppler vibrometer (LDV) is a noncontact, estab-
lished optical technique that can be used to measure the
displacement ofmiddle ear components in response to sound
stimulation [11–16]. It uses the Doppler-shift principle to
determine the instantaneous velocity of a moving object by
comparing the frequency of the laser’s emitted light with the
frequency of the light reflected from the moving object. This
technique has been used to test the vibration of the round
window membrane (RWM), the tympanic membrane (TM),
and the stapes footplate in fresh and embalmed cadaveric
human temporal bone and animal specimens. Moreover,
animal models of different diseases have been created to
investigate vibration changes in the ossicular chain and
RWM, to explore the potential mechanism underlying the
clinical symptoms of diseases. For instance, vibration of the
RWM that is associatedwith acute otitismedia is significantly
decreased compared with those of the RWM from the ears
of normal guinea pigs [15]. Moreover, middle ear effusion
reduces the mobility of the TM, the incus tip, and the RWM
at frequencies above 1 kHz in guinea pigs [17]. The mechan-
ical properties of the incudostapedial joint directly affect
the stapes movement or the middle ear transfer function
for sound transmission [18]. However, no prior study has
reported changes in the dynamic behavior of the umbo, the
stapes head, and the RWM in association with EH.

To better understand how EH affects the sound trans-
mission process and hearing loss in low frequency, we used
guinea pigs to create EH models and measured the hydropic
ratio (HR) and morphology in each turn, the vibration of the
umbo, stapes head, and RWM, as well as the auditory-evoked
brainstem response (ABR). The primary objective of this
study was to compare the different dynamic properties of
the ossicular chain and the RWM between normal and EH
guinea pigs and explore the potential pathogenic mechanism
underlying the associated hearing loss at low frequencies.

2. Material and Methods

2.1. Animals. All animal work conducted during the course
of this study was approved by the institutional animal care
and use committee at Eye Ear Nose & Throat Hospital,
Fudan University, and conformed to the National Institutes
of Health guide for care and use of laboratory animals.

Eighteen healthy albino male guinea pigs with an initial
weight of 250 g–300 g and a positive Preyer reflex were used
in this study. All animals were free of middle ear diseases,

such as tympanic membrane perforation or otitis media,
as evaluated by otoscopic examination. Identification of
preexisting abnormalities of auditory function was made
by a prerecruiting ABR measurement in each animal. If an
abnormal response was found, the animal was excluded from
the study. Guinea pigs were randomly allocated into two
groups, the control group (9 guinea pigs with sham surgical
procedure in the right ear) and the EH group (9 guinea
pigs with obliteration of the endolymphatic sac in the right
ear). Animals in the two groups were raised for 8 weeks
postoperatively. Specimens from each group (control and
EH) were used for histologic observations of paraffin sections
(six ears) and whole-mount immunostaining (three ears).

2.2. Surgical Procedure

2.2.1. Creation of EH Model. The right ears of the nine ani-
mals in the EH group were prepared. The obliteration of
the endolymphatic sac was performed surgically using an
extradural posterior cranial fossa approach, under sterile
conditions and under a surgical microscope (6030116204,
Carl Zeiss, Jena, Germany).The right ears of the nine animals
in the control groupwere subjected to sham operation. Expo-
sure of the sigmoid sinus through the occipital bone was
accomplished without obliteration of the endolymphatic sac.
The temperature was maintained stably to keep animals
warm during surgery, by using an electric heating pad. An-
esthesia was induced with a combination of ketamine hydro-
chloride (35mg/kg, intramuscular injection) and 1% xylazine
hydrochloride (10mg/kg, subcutaneous injection). Addi-
tional anesthesia was administered as required to maintain
areflexia.

2.2.2. Preparation of the Umbo, Stapes Head, and RWM for
LDV Measurement. The right ears from six animals in the
control group as well as those from the EH group were
prepared. After anesthesia (as also described above), the
right auricles were cut off and the dorsal auditory bulla was
opened into a square block under a surgical microscope
(6030116204, Carl Zeiss, Jena, Germany), from which the
incus-stapes complex, RWM, and themedial side of the umbo
could be viewed clearly (Figure 1). A 0.25–0.5-mm2 square
(approximately 2–4 pieces, each piece with amass of 40𝜇g) of
laser reflective tape (3M, Maplewood, MS, USA) was placed
on the medial side of the umbo, the stapes head, and the
middle of the RWM, as the laser-reflecting target (Figures
1(a)–1(d)).Themass of these pieceswas deemed small enough
not to affect themeasurement.Membrane structureswere not
damaged during the preparation. Hemorrhagic spots were
remedied through unipolar electrocoagulation.

2.3. ABR Measurement. ABR measurements in the control
group and in the 8-week EH group were performed before
the surgery and prior to the LDV measurement. After anes-
thesia, the ABR (Bio-Logic NAVPRO, 580-NAVPR2, Natus
Medical Incorporated, Pleasanton, CA, USA) were tested
in a sound-proofed booth to assess the auditory threshold.
Needle electrodes were placed subcutaneously at the vertex
for recording and behind the bilateral ears as reference and
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Figure 1: (a) the measurement system included a Compact Laser Vibrometer coupled with a microscope with a micromanipulator, signal
generator, and power amplifier. (b) The schematic diagram of the laser Doppler vibrometer (LDV) detecting system. (c and d) The incus-
stapes complex, round window membrane, and the medial side of the umbo, viewed from the opened middle ear cavity. The laser reflective
tapes were placed at the location marked with an ∗ ((c) stapes head and middle of the RWM; (d) umbo).

ground electrodes. Stimulation was presented as tone bursts
(5ms duration, 0.5ms rise-fall time, Blackman envelope) at
a frequency of 0.5, 1, 2, 4, 6, and 8 kHz; the sound-intensity
level was decreased in 10 dB steps from 80 to 20 dB SPL; 500
responses at each sound level were recorded and averaged. If
I, III, and V waves disappeared, we increased the tone bursts
by 5 dB repeatedly to judge the threshold by the waveform.

2.4. LDVMeasurement. Themeasurement system included a
Compact LaserVibrometer (CLV-2534-4, Polytec,Wurzburg,
Germany) coupled with a microscope (OPMI 1-FC, Carl
Zeiss, Jena, Germany) with a micromanipulator (A-HLV-
MM30, Polytec, Wurzburg, Germany), signal generator
(33210A,Agilent, SantaClara, CA,USA), and power amplifier
(RMX 850, QSC, Costa Mesa, CA, USA) (Figure 1(a)). The
intensity of each excitation frequency was calibrated to 85 dB
SPL using a sound-level meter (AWA-5661-1B, AiHua, Yiyang
City, China). An earphone associated with the microphone
(ER-4PT, ER-7C, HLV-SPEC Adapter, Etymotic, Elk Grove
Village, IL, USA) was inserted into the osseous external
auditory canal to give signal stimuli and monitor sound
pressure. The distance between the tympanic membrane and

the earphone and microphone was maintained at 1mm. The
vibration of the moving surface was acquired through the
reflective bead by the system and recorded on computer
software (Vibsoft-20, Polytec, Wurzburg, Germany) for fur-
ther analysis. The vibration amplitude of the moving surface
was calculated from the voltage output of the laser vibrome-
ter’s velocity decoder. Appropriate anesthesia (subcutaneous
injection of 10mg/kg xylazine hydrochloride 1 h after nor-
mal anesthesia described above) was maintained to retain
respiratory amplitude so as not to affect the test during the
process. Testing was conducted in a sound-proofed booth
to maintain a high signal-to-noise ratio. For each stimulus
frequency, sound stimuli were repeated three times with a
good signal-to-noise ratio, after which all data were averaged.

2.5. Section Processing. Six animals of each group were sac-
rificed by an overdose of anesthetic; intracardiac perfusion
was performed with 150mL of 0.2M PBS, followed by 4%
polymerized formaldehyde, and the temporal bones were
then removed and fixed in 4% polymerized formaldehyde
(pH= 7.4) formore than 24 h at 4∘C.The temporal boneswere
decalcified in ethylenediaminetetraacetic acid, dehydrated
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Figure 2: Mid-modiolar hematoxylin and eosin-stained section of the cochlea in the right ears of the control group (a) and the 8-week
endolymphatic hydrops (EH) group (b). SV: scala vestibuli; SM: scala media; ST: scala tympani; arrowhead: Reissner’s membrane in the
control group; double arrowheads: distention of Reissner’s membrane in the 8-week EH group; ∗: rupture of Reissner’s membrane due to
artifact in the apical turn.

in increasingly higher concentrations of alcohol, embedded
in paraffin, and sectioned serially at 10 𝜇m in the plane
parallel to the modiolus. Cochlear sections were stained with
hematoxylin and eosin (HE) and then observed under a light
microscope (6030116204, Carl Zeiss, Jena, Germany).

2.6. Whole-Mount Immunostaining. Three guinea pigs of
each group were killed by means of decapitation by overdose
anesthesia. Under magnification, the tympanic bullae were
dissected from the surrounding tissues; the bony wall of the
cochlea was removed with a pick and forceps to expose the
upper aspect of the organ of Corti. Cochleae were fixed in
a 4% paraformaldehyde (PFA) in phosphate-buffered saline
(PBS) for 24 hours and then we dissected the cochlea and
get the basilar membrane of the cochlea. The whole-mount
tissueswere incubatedwithAlexa Fluor 488-conjugated phal-
loidin (Invitrogen, USA, 1 : 1000) for 30 minutes to stain for
F-actin prior to mounting. Confocal fluorescent microscope
(Zeiss, LSM800, Germany) was used in scanning the surface
image of Corti stained for stereocilia with green phalloidin.

2.7. Quantification of the Hydropic Ratio (HR) of the EHMod-
els. In order to quantify the hydropic ratio (HR) of the EH
models, a proportional measurement was conducted. Areas
of scala media (SM) and scala vestibule (SV) (Figure 3(a))
were first obtained by using Photoshop CS6 and scala media
area ratio (SMR) was calculated in formula

SMR =
SMarea

SMarea + SVarea
. (1)

As deviations in the plane of section and interanimal variabil-
ity in anatomy cannot be avoided exactly, SMR is imprecise
for representing hydropic degree of EH animals. Then we

use the ratio of SMR in the EH ear divided by SMR in the
contralateral ear to quantify the hydropic degree in the EH
group, whose right ears were subject to obliteration of the
endolymphatic sac. And this ratio was named as hydropic
ratio (HR) here. In formula

HR = SMR in the EH ear
SMR in the contralateral ear

a HR value of one suggests no hydrops in the given turn.
(2)

This is when hydropic ratio is close to 1; that to say, there is
no hydrops in the given turn.

2.8. Statistical Analysis. Data are presented as mean ± stan-
dard error. All analysis was performed using the SPSS 19.0
statistical package. Two-tailed Students’ 𝑡-tests were used to
determine the confidence interval for comparison between
two groups and 𝑝 values ≤ 0.05 were considered signifi-
cant. Spearman bivariate correlation analysis was taken to
explore the relationship between ABR threshold elevation
and endolymphatic hydropic ratio.

3. Results

3.1. Observation of Tissue Sections of the Cochlea in Ears with
EH. The mid-modiolar HE-stained section of the cochlea
showed that there was no displacement of Reissner’s mem-
brane in the control ear and the angle between Reissner’s
membrane and the osseous spiral lamina was almost 45∘,
suggesting that there was no EH in the control group
(Figure 2(a)). Figure 2(b) illustrates that Reissner’s mem-
brane of each turn bulged significantly towards the scala
vestibule in the 8-week EH group. Reissner’s membrane was



Neural Plasticity 5

SV
SM

ST

(a)

Apical turn
0

1

2

3

4

5

Subapical Suprabasal Basal turn
turnturn

H
R 

va
lu

e (
M

ea
n 

+ 
SD

,n
=

6
)

(b)

Figure 3: Mean HR value of each turn in the EH models. (a) HR was measured by the area of SM and SV. SM means the scala media, SV
means scala vestibule, and ST means scala tympani. (b) Subapical turn had developed the most prominent hydrops with a mean HR value of
3.34, secondly followed by suprabasal turn. Mean HR values of all the turn are larger than 1 (dotted line: an indicator of no EH existence).

Table 1: HR for each turn in the EH models.

Animal number HR for each turn
Apical turn Subapical turn Suprabasal turn Basal turn

1 3.024615 3.167749 2.523004 2.537709
2 2.369168 3.506736 2.762338 1.780297
3 2.284045 1.856286 2.01498 2.967329
4 2.238242 5.37974 5.556607 2.300098
5 2.531883 2.139673 1.747295 2.373561
6 2.753971 4.046874 3.527099 2.790851
Mean ± SD 2.53 ± 0.30 3.34 ± 1.29 3.02 ± 1.38 2.45 ± 0.41

attached to the bony wall of the scala vestibule (SV) in the
subapical turn of the cochlea. A high level EH was observed
in the subapical turn, while the EH in the basal turn was
markedly more moderate. These results agreed with those
from a previous study by Chi and Liang [19] and indicated
that the chronic EH model was successfully created.

3.2. Quantification of the Hydropic Ratio (HR) of the Four
Turns in EH Models. In order to observe the extent of EH,
we had quantified the HR in each turn of the cochlea. When
hydropic ratio is close to 1, there is no labyrinthine hydrops
in the given turn. The HR is much larger according to the
most serious hydrops in the scala media. The results of the
individual and average HR for each turn of all animals in the
EH group are shown at Table 1 and Figure 3(b). HR values
for all turns of the six EH models were obviously larger than
1 (𝑝 < 0.05), demonstrating that conspicuous hydrops was
induced. The most serious labyrinthine hydrops is in the
subapical turn, and the second is in the suprabasal turn.

3.3. Effect of EH on ABR Measurement. The auditory thresh-
old of guinea pigs was assessed from the ABR threshold. The
results of the ABR threshold in the control group and EH

group are listed in Table 2 and Figure 4(a). Both themean and
standard deviation of each group were recorded. Elevation of
the ABR threshold was observed in ears associated with EH.
The ABR threshold was elevated in the EH group relative to
the control group bymore than 25 dB at 2, 4, 6, and 8 kHz and
by less than 25 dB at 0.5 and 1 kHz. Student’s 𝑡-tests revealed
that themeanABR threshold of the EHcaseswas significantly
higher than that of the control group at 0.5, 1, 2, 4, 6, and 8 kHz
(𝑝 < 0.05).

Spearman bivariate correlation analysis was taken to
explore the relationship between ABR threshold elevation
and extent of the endolymphatic hydrops. Strong positive
correlation was found between HR at apical turn and ABR
threshold elevation at 1000Hz (𝑟 = 0.82, correlation is signif-
icant at the 0.01 level), as well as betweenHR at subapical turn
andABR threshold elevation at 2000Hz (𝑟 = 0.88, correlation
is significant at the 0.05 level). No significant correlations
were found among the remainder. Results were presented in
Figures 4(b) and 4(c).

3.4. Effect of EH on Movement of Umbo, Stapes Head, and
RWM. The LDV measurements showed clear differences
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Table 2: The ABR threshold of the control group and EH group at the frequency of 0.5, 1, 2, 4, 6, and 8 kHz.

Frequency (Hz) Before surgery in control 8 weeks after surgery in control Before surgery in EH 8 weeks after surgery in EH
Mean ± Std. deviation (dB SPL)

500 34.17 ± 4.91 35 ± 2.58 34.17 ± 5.84 54.17 ± 3.96
1000 25.8 ± 3.76 26.67 ± 2.1 31.67 ± 4.08 48.33 ± 3.33
2000 25.8 ± 2.04 24.17 ± 0.83 27.5 ± 4.18 49.17 ± 5.07
4000 24.17 ± 3.76 23.33 ± 1.67 25.8 ± 2.04 50 ± 5.32
6000 30.83 ± 5.84 31.67 ± 2.47 28.33 ± 2.58 57.5 ± 6.16
8000 33.33 ± 7.52 30.83 ± 3.75 31.67 ± 2.58 68.33 ± 8.23
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Figure 4: (a) The mean thresholds of ABR were recorded before surgery and 8 weeks after surgery in control and EH group. The mean ABR
threshold of the EH cases was significantly higher than that of the control group at 0.5, 1, 2, 4, 6, and 8 kHz (∗𝑝 < 0.05) 8 weeks after surgery.
(b) Correlation between HR at apical turn and ABR threshold elevation at 1 kHz. (c) Correlation between HR at subapical turn and ABR
threshold elevation at 2 kHz.

between control and EH ears. These differences are shown
in Figure 5. Figures 5(a) and 5(b) illustrate the peak-to-peak
displacement amplitude-frequency curves of the umbo from
the six control ears and that of the six EH ears, respectively,
over the 0.5–8-kHz range in response to 85 dB SPL stimuli in

the ear canal.The two groups possessed similar displacement-
frequency curves for the 0.5–8-kHz range and the results
of the EH ears were lower than that for the control ears
overall (Figure 5(c)). A maximum displacement amplitude,
almost 14 nm, presented at 0.5 kHz in the control group.
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Figure 5: Peak-to-peak displacement-frequency curve of the umbo (a–c), stapes head (d–f), and round window membrane (RWM) (g–i)
in response to 85 dB SPL sound stimuli at the ear canal. (a) Six individuals and their mean value in the control group (dotted line for the
individuals and solid line for the mean value). (b) Six individuals and their mean value in the endolymphatic hydrops (EH) group (dotted line
for the individuals and solid line for the mean value). (c) Mean ± SD (𝑛 = 6) of the control and EH groups, respectively: dotted line for the
control group and solid line for the EH group. (d) Six individuals and their mean value in the control group (dotted line for the individuals
and solid line for the mean value). (e) Six individuals and their mean value in the endolymphatic hydrops (EH) group (dotted line for the
individuals and solid line for the mean value). (f) Mean ± SD (𝑛 = 6) of the control and EH groups (dotted line for the control group and
solid line for the EH group). (g) Six individuals and their mean value in the control group (dotted line for the individuals and solid line for
the mean value). (h) Six individuals and their mean value in the endolymphatic hydrops (EH) group (dotted line for the individuals and solid
line for the mean value). (i) Mean ± SD (𝑛 = 6) of the control and EH groups (dotted line for the control group and solid line for the EH
group).

In the EH group, peak displacement was found at 1 kHz
(11.48 nm) and there was a sudden decrease in displacement
amplitude between 1 and 2 kHz frequencies in both groups.
Mean ± SD (𝑛 = 6) of the control and EH groups was
compared in Figure 5(c) showing that there are no significant

differences in each frequency; particularly the biggest reduc-
tion of displacement amplitude among the two groups was
present at 0.5 kHz (6.05 nm, 𝑝 = 0.12) and this reduction
remained below 1 nm at frequencies above or equal to
1 kHz.
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Figure 6: Displacement transmission ratio (DTR) of the stapes head
to the umbo (mean value, 𝑛 = 6) in control ears (solid line), and ears
with endolymphatic hydrops (EH; dotted line).

Figures 5(d) and 5(e) display the peak-to-peak displace-
ment curves of the stapes head in two groups. Displacements
in the EH group were generally lower than those in the
control group (Figure 5(f)). The displacement amplitude
reached a maximum of 12.3 nm at 500Hz and decreased
gradually to 0.52 nm at 8 kHz in normal ears, while in the
EH group the maximal displacement amplitude was 7.6 nm
at 1 kHz. A statistically significant difference (𝑝 < 0.05) was
found at 500Hz and the reduction reached almost 4.82 nm.

Figures 5(g) and 5(h) show the peak-to-peak displace-
ment curves of the RWM in both groups. Each curve shows a
prominent displacement peak at 0.5, 1, 2, 4, 6, and 8 kHz.The
displacement decreased along with the increase in frequency
from 0.5 to 8 kHz in the two groups in response to 85 dB
SPL input at the ear canal. The displacements of the EH
group were generally lower than those in the control group
(Figure 5(i)). There was a statistically significant difference
(𝑝 < 0.05) at 0.5 and 6 kHz. For RMW, the best vibration
response to displacement in the control ears was 20.79 nm
at 500Hz, while peak displacement in the EH group was
12.43 nm at 1 kHz.

The displacement transmission ratio (DTR) of the stapes
head to the umbo was used to represent the middle ear trans-
fer function under normal and EH conditions in this study.
Figure 6 shows the mean DTR values (𝑛 = 6) at frequencies
from 0.5 to 8 kHz. In the control ears, the displacement of
the stapes head was slightly less than that of the umbo by
factors of 0.64–0.72 at frequencies above 2 kHz and close to
the umbo by factors of 0.9–1.06 at frequencies of 0.5–2 kHz.
When EHwas present in the cochlea, the displacement of the
stapes head was much lower than that in the umbo, by factors
of 0.2–0.5, at frequencies of 4–8 kHz.As for frequencies below
2 kHz, a factor of 0.9–1 suggested nearly equal displacement
between stapes head and umbo (Figure 6). The lower DTR
of the stapes head to the umbo in the EH group than in the

control group suggested that vibration of the stapes head was
reduced more than that of the umbo by EH.

3.5. The Morphology Changes of the EH Model. Three ears of
two groups were dissected and stained with Alexa Fluor 488-
conjugated phalloidin for F-actin of stereocilia. The hair cell
bundles in each turn were shown to be normal in the control
group 8 weeks later in Figure 6. In the EH group, we could
observe the accidental loss of the stereocilia of outer hair
cells (star in Figure 7) in the suprabasal, subapical, and apical
turn. In the basal turn of EH model, the hair cell bundles
were normal. Furthermore, the stereocilia in the third row
of outer hair cells were sporadically collapsed and deranged
in the suprabasal turn. Inner hair cells showed normal in
each turn of the EH model. Interestingly, the most obvious
morphology change in the apical and subapical turn of the EH
group compared to the control group, which showed the high
level extent of the labyrinthine hydrops and low frequency
ABR threshold shift.

4. Discussion

We reported the effect of endolymphatic hydrops of live
guinea pigs on the ABR threshold, morphology changes, and
movements of the umbo, stapes head, and RWMunder 85 dB
SPL pure tone stimuli in the external auditory canal in this
study. We had explored the mechanism of the hearing loss
in EH model, which showed displacements reduction of the
umbo, stapes head, and RWM was greater at low frequency
(<1 kHz) and the stereocilia of outer hair cell were missing
in apical and subapical turn, which was associated with the
extent of the endolymphatic hydrops.

4.1. Dynamic Properties of the Umbo, Stapes Head, and RWM.
Since the target location of laser beam along the TM affects
data quality in terms of the signal-to-noise ratio and the
TM is directly attached to the ossicular chain (the umbo
and the lateral process of the malleus), TM movement in
this study was measured on the medial side of the umbo
to minimize variability. The umbo displacement was slightly
decreased in the EH group compared with the control group
at all measured frequencies and the differences were more
notable at low frequencies. The biggest reduction in umbo
displacement was 5.01 dB (ref = 1 pm) at 0.5 kHz. The control
group shared a similar displacement amplitude-frequency
curve of umbo with that reported by Guan and Gan [17]
(Figure 3a in their paper). But data in this studywas generally
lower. This discrepancy may be explained by the different
measurement sides and the subtle difference between angles
of the laser beam in both studies. In the study by Guan and
Gan, the target position was at the lateral side of umbo, while
in this study the medial side of the umbo was taken as test
point. Shinohara [20] andMurakami et al. [21] suggested that
a positive inner ear fluid pressure weakened the vibration of
the umbo mainly at low frequencies (≤1 kHz). Jang et al. [22]
reported that the endolymphatic pressure load caused greater
reduction in the umbo velocity than did the perilymphatic
pressure load at frequencies below 1 kHz. All these findings
supported the result in this study.
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Figure 7: Confocal image of cochlea basilar membrane staining with FITC-conjugated phalloidin in the four turns of control group and EH
model group. Accidental loss of stereocilia of outer hair cells (∗) in the suprabasal, subapical, and apical turns was observed. Sporadic collapse
and derangement of stereocilia (white arrow) were found in the third row of outer hair cells. Inner hair cells showed normal.

The displacement of the incus tip in guinea pigs under
80 dB SPL acoustic stimulation in the ear canal was reported
by Guan and Gan [17] and by Chen et al. [23]. The mea-
surement of the stapes head in this study was recorded at a
nearby site compared with the incus tip reported previously,
both around the incudostapedial joint. The mean stapes
head displacement of the control group in this study was
in accordance with that reported by Guan and Gan [17]
(Figure 4A in their paper) on the whole but was generally
higher than that reported by Chen et al. [23]. Murakami
et al. [21] reported that the stapes velocity decreased over
0.4–5.0 kHz in fresh human temporal bones with increased
hydrostatic pressure of the inner ear under sound pressure
of 114 dB SPL. And the effect was less marked at high
frequencies than at low frequencies. Lord et al. [24] and
Gyo et al. [25] found that the stapes motion changed at

low frequencies when inner ear fluid was drained. In this
study, the mean displacement amplitude of the stapes in
the EH group decreased at all measured frequencies, with
profound reduction below 1 kHz. All those findings suggested
that cochlear fluid pressure/volume can affect inner ear
impedance and cause changes in stapes displacement under
acoustic stimulation.

The round window is one of the two openings into
the cochlea from the middle ear. The RWM serves as a
barrier between the middle ear cavity and the cochlea and
plays an important role in the middle ear and cochlear
mechanics. The mechanical response of the RWM can be
indirect detection of acoustic dysfunction [15]. Compared
with literature published by Guan and Gan [17] (Figure 5A
in their paper), these two studies shared a parallel mean
displacement amplitude-frequency curve and the data were
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in the same order of magnitude. The data of RWM vibration
from ears with EH have not yet been reported.Themaximum
reduction of the RWM displacement was 13.01 nm (8.5 dB
ref = 1 pm) at 500Hz. The difference between 1 kHz and
4 kHz was about 1–1.8 dB, which is relatively flat. A second
difference-peak was found at 6 kHz (5 dB). Those findings
suggested that EH has an influence on the vibration of the
RWM and that changes occur mainly at low frequencies.

4.2. EH Effect on Transfer Function of the Middle Ear. Studies
of motion of the ossicular chain revealed that it was more
complicated than a simple piston-like motion and that the
complexities increased with frequency. In order to evaluate
the transfer function of middle ear approximately, DTR
of single points (the TM to the footplate/incus tip) was
calculated by researchers [17, 26]. Nevertheless, the DTR of
the stapes head to the umbo may not reveal the exact middle
ear transfer function. Through numerical conversion, the
results of the control group from Guan and Gan [17] showed
that the mean displacement of the incus tip was less than that
of the TM by a factor of 0.2–0.34 at lower frequencies and
low to 0.125 at higher frequencies. Results from this study do
not correspond well with those reported by Guan and Gan
[17]. As described before, the angle between the motion of
the umbo and the laser beam in this study is different and
this may be one reason for the discrepant findings between
the two studies. Moreover, the complex motion of the stapes
may increase the interindividual variations in the results of
DTR and may underlie differences in the findings. When EH
was present in the cochlea, the displacement of the stapes
head was much lower than that of the umbo, by factors of
0.2–0.5, at frequencies of 4–8 kHz. The lower DTR in the EH
group than in the control group suggested that vibration of
the stapes head was reduced more than that of the umbo
by EH. Both the umbo and stapes head vibration decreased
due to the increased inner ear impedance, decreasing the
stapes footplate movement. As the ossicular rotation axis and
incudostapedial joint have some laxity, the increased inner
ear impedance may not be wholly transmitted to the umbo.
Therefore, the reduction of stapes head displacement should
be greater, as described by the DTR.

4.3. The Endolymphatic Hydrops and Hearing Loss. Since
the milestone findings on the temporal bones of Ménière’s
Disease (MD) patients [4, 27, 28], endolymphatic hydrops
(EH) has been considered as the histopathological origin of
MD, as characteristic morphological changes were reported
previously by surgical obstruction of the endolymphatic
sac (ES) in guinea pig [29]. Because surgical experiment
induction procedure is still by far the most common method
for producing experimental endolymphatic hydrops (EH),
it is particularly important to characterize the pathologic
changes in this model so that their relevance to Ménière’s
Disease can be fully appreciated. The simplest explanation
for the hearing loss in the endolymphatic hydrops is ini-
tial loss of cochlear sensitivity, the shift in the cochlear
microphonics (CM), and Distortion Product Otoacoustic
Emission (DPOAE); increased SP (summating potential)
amplitude, with a reduction in EP (endocochlear potential),

is one which has been suggested by researchers who have
performed acute endolymph injections [30]. Many authors
have demonstrated that the significant correlation between
the degree of hydrops and a reduction in the low frequency
cochlear microphonic change was found in short- and long-
standing surgically induced hydrops guinea pigs [31–33].
Because high-frequency hearing is ultimately affected in both
the human and the animal conditions, these same studies
imply a poor relationship between hair cell loss and the
degree and nature of hearing loss. In our experiment, we
have quantified the extent of hydrops in each turn of EH
models. The most serious labyrinthine hydrops is in the
subapical turn, and the second is in the suprabasal turn.
Meanwhile, the mean ABR threshold of the EH cases was
significantly higher than that of the control group at 0.5, 1,
2, 4, 6, and 8 kHz frequencies. Strong positive correlation
was found between HR at apical turn and ABR threshold
elevation at 1 kHz, aswell as betweenHRat subapical turn and
ABR threshold elevation at 2 kHz. In order to underline the
morphology change of the hair cells stained with Alexa Fluor
488-conjugated phalloidin, we could observe the accidental
loss of the outer hair cells and sporadic collapse of the
stereocilia in the suprabasal, subapical, and apical turn. In
the basal turn of EH model, there were almost normal hair
cell bundles. Inner hair cells showed normal morphological
features in each turn of the EH model. Interestingly, the
most obvious morphology change in the apical and subapical
turn of the EH group compared to the control group, which
showed the high level extent of the labyrinthine hydrops and
low frequency ABR threshold shift. We could not observe
the serious hair cell damage in the basal and suprabasal
turn with hydrops and higher frequency ABR threshold
elevation, which should be needed for long-time EH model
observation. Overall, the hearing loss of the surgical EH
model in our experiment could be explained for two reasons:
one is that the higher inner ear impedance in EH affected
the dynamic behavior of the two opening windows of the
cochlea and then reduced the vibration of the ossicular chain
by increasing the afterload, resulting in acoustic dysfunction.
The other is the morphological damage of the stereocilia of
the outer hair cells especially in the apical and subapical turn
with more serious labyrinthine hydrops.

5. Conclusions

In this study, an EH model was created in live guinea pigs
by obliteration of the endolymphatic sac. It is the first time
to detect the dynamic behaviors of the ossicular chain and
the two opening windows by LDV in vivo guinea pigs.
EH reduced the displacement of the umbo, stapes, and
RWM mainly at lower frequencies. Elevation of the ABR
threshold was noted at all measured frequencies. The LDV
provides an accurate assessment of the dynamic properties
of the middle ear and cochlear mechanics in EH animal
models. The displacement of Reissner’s membrane caused by
EH indicates that the membranous cochlear duct reached
a higher hydrostatic pressure. The LDV results suggested
that abnormal endolymphatic pressure affects the dynamic
behaviors of the two openingwindows of the cochlea and that
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this may be one of the major reasons for hearing loss at lower
frequencies in EH-related conditions.
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Autosomal dominant nonsyndromic hearing loss (ADNSHL) is extremely heterogeneous. So far the genetic etiological contribution
of the gene POU4F3 associated with ADNSHL has been rarely reported. In our previous study, a c.603 604delGG mutation in the
hair cell specific gene POU4F3 has been identified as the pathogenic cause in one of the seven Chinese Han ADNSHL families. In
the present study, we performed targeted next-generation sequencing of 144 known deafness genes in another nine Chinese Han
ADNSHL families and identified two more novel mutations in POU4F3, p.Leu311Pro and c.120+1G>C, as the pathogenic cause.
Clinical characterization of the affected individuals in these three families showed that the three POU4F3 mutations may lead to
progressive hearing loss with variable ages of onset and degrees of severity. Our results suggested that mutations in POU4F3 are a
relatively common cause (3/16) for ADNSHL in Chinese Hans, which should be routinely screened in such cases during genetic
testing.

1. Introduction

Hearing loss is one of the most common sensorineural
defects, which may result from a great variety of genetic and
environmental factors. Based on the inheritance patterns, the
genetic hearing loss can be classified into autosomal recessive,
autosomal dominant, and X-linked/mitochondrial, account-
ing for approximately 80%, 15%, and less than 5% of nonsyn-
dromic hearing loss, respectively [1]. Both autosomal dom-
inant (ADNSHL) and autosomal recessive (ARNSHL) non-
syndromic hearing loss have an extremely high degree of het-
erogeneity. For the former, 35 causative genes and over 60 loci
have been reported for ADNSHL (The hereditary Hearing
Loss Homepage, http://hereditaryhearingloss.org/). So far,
mutations in most ADNSHL genes were reported based on

studies of the individual cases or families. The etiological
contribution of the ADNSHL gene POU4F3 has been rarely
studied. In recent years, however, the development of next-
generation sequencing (NGS) has complemented the tradi-
tional Sanger sequencing method and made it possible to
screen all deafness-associated genes in a high throughout
manner [2–4].

Mutations in POU4F3 have been reported to lead to
ADNSHL named as DFNA15 [5]. This gene encodes a 338
amino acids’ POU family transcription factor with two con-
servedDNA-binding domains (the POU-specific domain and
the POU homeodomain, amino acids 179−256 and 274−333,
resp.). In mouse inner ear, Pou4f3 is strongly expressed in
both inner and outer hair cells [6–9]. It activates the tran-
scription of a downstream target gene Gfi1, whose expression
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is required for the maintenance of the outer hair cells [10]. To
date, only eleven different mutations in POU4F3 have been
reported in Israeli Jewish, Dutch, Korean, Japanese, and Chi-
nese ADNSHL families [5, 11–17]. The hearing loss caused by
POU4F3mutationswas highly variable in the age of onset, the
progression course, and the severity of hearing impairment.

In the previous (𝑛 = 7) and the present (𝑛 = 9) studies
[18], we preformed targeted NGS of known deafness genes in
16 ChineseHanADNSHL families and identified novelmuta-
tions in POU4F3 as the pathogenic cause in three of them.
Characterization of the hearing phenotype was performed in
the affected family members of these three families in the
present study. Our results expanded the mutation spectrum
of DFNA15 and suggested that mutations in POU4F3 are a
relatively common cause for ADNSHL in Chinese Hans.

2. Materials and Methods

2.1. Subjects. Probands of sixteen Chinese Han families seg-
regating ADNSHL were recruited through Xinhua Hospi-
tal, Shanghai, China. The pedigrees of the families were
shown in Figure 1(a) and Supplementary Figure S1 in Supple-
mentaryMaterial available online at http://dx.doi.org/10.1155/
2016/9890827. For Families P1748, PD6, and P59 in which
mutations in POU4F3were identified, 8, 10, and 13 additional
family members were subsequently recruited, respectively.
Informed consent was obtained from all subjects. This study
was approved by the Ethics Committee of Xinhua Hospital,
Shanghai Jiaotong University School of Medicine, Shanghai,
China.

2.2. Clinical Evaluations. A detailed physical and medical
history examination was performed in all probands of the
ADNSHL families.The hearing levels were measured by pure
tone audiometry (PTA) and shown as the average thresholds
of 0.5, 1, 2, and 4 kHz from the better ear. The hearing levels
were classified as normal (<20 dB), mild (20–40 dB), moder-
ate (41–70 dB), severe (71–90 dB), and profound (>90 dB).

2.3. Mutation Analysis. Targeted NGS of 144 known deaf-
ness genes (see complete list in Supplementary Table S1) was
performed using the MyGenotics gene enrichment system
(MyGenotics, Boston, MD, USA) and the Illumina HiSeq
2000 sequencer (Illumina, SanDiego, CA,USA) as previously
described [18]. The raw data were first analyzed to filter out
the low quality reads. NCBI37/hg19 assembly was used as the
reference sequences. Nonsynonymous, on-target variants
with maximumminor allele frequency (MAF) less than 0.001
in public databases NHLBI Exome Sequencing Project (ESP,
http://evs.gs.washington.edu/EVS/) and the Exome Aggrega-
tion Consortium (ExAC, http://exac.broadinstitute.org/)
were considered as the candidate pathogenic mutations in
compliance with the ADNSHL inheritance. The pathogeni-
city of the candidate variants was predicted by computational
programs Mutation Taster (http://www.mutationtaster.org/),
PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/), PRO-
VEAN, and SIFT (http://sift.jcvi.org/, cutoff scores set at −2.5
and 0.05, resp.). Cosegregation of the pathogenic mutations

and the hearing phenotype was verified in members of Fami-
lies P1748 and PD6 by Sanger sequencing.

3. Results

3.1. POU4F3 Mutations Identified in the ADNSHL Families.
In our previous studies of 7 Chinese Han ADNSHL families,
a c.603 604delGG (p.Leu201fs∗12) mutation in POU4F3 has
been identified by targeted NGS as the pathogenic cause
in Family P59 [18]. In the present study, we performed a
comprehensive mutation screening in probands of another
nine Chinese Han ADNSHL families (marked in asterisks in
Figure 1(a) and Supplementary Figure S1) by targeted NGS of
144 known deafness genes. Interestingly, two novel heterozy-
gous variants p.Leu311Pro (c.932T>C) and c.120+1G>C in
POU4F3were identified as the candidate pathogenic variants
in probands P1748-III-1 and PD6-IV-1, respectively (Table 1),
alongwith a heterozygousTECTA p.Val1830Met and a hetero-
zygous TMC1 p.Ser697X variant in proband P1748-1 (Table 1).
Sanger sequencing in the rest of the family members con-
firmed that p.Leu311Pro and c.120+1G>C were the only two
candidate variants segregating with the hearing phenotype
in Families P1748 and PD6 (Figures 1(a) and 1(b)), while the
TECTA p.Val1830Met and the TMC1 p.Ser697X variants were
not seen in any other affected family members of P1748. The
p.Leu311Pro (c.932T>C) and c.120+1G>C in POU4F3 were
not reported in previous studies, not present in the NHLBI
ESP (𝑛 = 6503) and ExAC (𝑛 = 60706) database, and
not seen in 300 Chinese Han normal hearing controls. The
c.120+1G>C mutation was predicted to abolish the 5 splice
site of introns 1 of POU4F3 (Figure 2(a)). The p.Leu311Pro
mutation substituted a conserved amino acid Leu311 (Fig-
ure 2(b)) and was predicted to be deleterious by computa-
tional programs Mutation Taster, PolyPhen-2, PROVEAN,
and SIFT (Table 1).

3.2. Clinical Characteristics of the Three ADNSHL Families
with POU4F3 Mutations. Based on the audiograms and
the self-description of the affected individuals with c.603
604delGG, p.Leu311Pro, and c.120+1G>C mutations in
POU4F3, the hearing loss associated with the POU4F3muta-
tionswas typically progressivewith considerable variability in
ages of onset and degree of severity both interfamilially and
intrafamilially. In Family P1748 with the p.Leu311Pro muta-
tion, proband III-1 had notable hearing loss since age 10 years.
The hearing loss affected high frequency most and gradually
progressed to moderate hearing loss at age 29 years (Fig-
ure 1(c)).The affected individuals in the second generation of
Family P1748 had hearing loss at the onset age of 10 years to 20
years and all eventually progressed to profound after age 50
years. Interestingly, all six female patients in the second gen-
eration had significantly decreased hearing levels after giving
birth to their children. In Family PD6 with the c.120+1G>C
mutation, proband IV-1 had congenital, moderate hearing
loss with a relatively “flat” audiometric profile at age 23 years
affecting all frequencies (Figure 1(c)). Other affected individ-
uals in this family demonstrated progressive, moderate-to-
profound deafness depending on their ages.The ages of onset

http://dx.doi.org/10.1155/2016/9890827
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Figure 1: POU4F3 mutations identified in the Chinese Han ADNSHL families. (a) Pedigrees and genotypes of the families with POU4F3
mutations. Probandswere pointed by arrows.− and+ indicate themutant andwild type alleles, respectively. Asterisks indicate the familieswith
POU4F3mutations identified in the present study. (b) Chromatograms showing the c.932T>C (p.Leu311Pro) and the c.120+1G>C mutations
in POU4F3. (c) Audiograms of the probands of the three families.
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Table 1: Candidate pathogenic mutations identified in probands of Families P1748 and PD6 by targeted NGS.

Proband Gene (reference
sequence) Mutation MAF

(ExAC)

MAF
(NHLBI
ESP)

Mutation
Taster

PROVEAN
(score) SIFT (score)

PolyPhen-2
(HumVar
score)

Intrafamilial
phenotype

cosegregation

P1748-III-1

POU4F3
(NM 002700)

p.Leu311Pro
(c.932T>C) 0 0 Disease

causing
Deleterious
(−3.63)

Damaging
(0)

Probably
damaging (1) Yes

TECTA
(NM 005422)

p.Val1830Met
(c.5488G>A) 0.0003871 0 Disease

causing
Neutral
(−0.83)

Damaging
(0.008)

Probably
damaging
(0.969)

No

TMC1
(NM 138691)

p.Ser697X
(c.2090C>G) 0 0 Disease

causing
Deleterious
(−10.26) — — No

PD6-IV-1 POU4F3
(NM 002700) c.120+1G>C 0 0 Disease

causing — — — Yes

p.Leu223Pro
Dutch

c.662_675del14
Korean

p.Glu232Lys
Korean

c.880_887del8
Israeli Jewish

p.Leu289Phe
Dutch

Chinese

p.Leu311Pro
Chinese 

Chinese
c.1007delC

Japanese

Exon1 Exon2

p.Arg326Lys
Korean

POU-specific domain POU homeodomain

p.Pro164Arg
Chinese

p.Pro246Thr
Japanese

c.602delT
Chinese

∗

c.120+1G>C∗ c.603_604delGG∗

(a)
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Leu311
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Pan troglodytes
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(b)

Figure 2: Summary and conservation of the POU4F3 mutations. (a) Schematic illustration of the thirteen reported POU4F3 mutations
associated with DFNA15. Asterisks indicated the mutations reported in the present study. (b) Multispecies sequence alignment showing the
evolutionary conserved amino acid Leu311.

ranged from congenital to 40 years. In Family P59 with
the c.603 604delGG mutation, the proband III-8 had only
moderate hearing loss at 54 years of age (Figure 1(c)) and
all affected individuals in this family had a rather late age
of onset around 40s. For other auditory symptoms, tinnitus
has been complained by proband P1748-III-1. No vestibular
dysfunction was shown in any affected individuals.

4. Discussion

Combined with our present and previous studies, we iden-
tified mutations in POU4F3 as the pathogenic cause of
deafness in 3 of the 16 (18%) Chinese Han ADNSHL families,
suggesting that it is a relatively common cause for ADNSHL
in Chinese Hans. Consistently, seven of the ten previously
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reportedPOU4F3mutations fromother research groupswere
also from the East Asians (three in Korean, two in Japanese,
and two in Chinese, Figure 2(a)), suggesting that this gene
should be routinely screened in ADNSHL cases of East Asian
descent. In contrast, only three (one in Israeli Jewish and two
in Dutch, Figure 2(a)) POU4F3 mutations were previously
reported from regions other thanEastAsia.Thedistinguished
mutation spectrum among different ethnical groups has also
been reported for other deafness genes such as SLC26A4, in
which case biallelic SLC26A4 mutations can be identified in
88.4% of deaf patients with nonsyndromic EVA in Chinese
but only 15% in Caucasians [19, 20].

Our study also expanded the mutation spectrum of
POU4F3. Figure 2(a) summarized the type, position, and
associated ethnicity of the thirteen POU4F3 mutations
reported to date. Four of them, including the c.603 604delGG
(p.Leu201fs∗12) mutation reported in our previous study,
were truncating mutations that were predicted to lead to
prematurely stopped protein product or nonsense-mediated
decay of themRNA, while another seven POU4F3mutations,
including the p.Leu311Pro mutation reported in the present
study, were missense mutations leading to single amino acid
substitutions.Notably, these twelvemutationswere all located
within or close to the POU-specific domain or the POU
homeodomain, the two conserved DNA-binding domains of
POU4F3 encoded in exon 2. On the contrary, the c.120+1G>C
mutation identified in the present study is the only reported
mutation outside exon 2 of POU4F3.

Consistent with previous reports [5, 11, 13–16], the
POU4F3mutations identified in the present study were asso-
ciated with progressive hearing loss with considerable vari-
ability in the ages of onset and the degrees of severity, and
this variable hearing phenotype can be seen both interfa-
milially and intrafamilially. Apparently no simple genotype-
phenotype correlation can be drawn based on the position
or the truncating/nontruncating nature of the POU4F3muta-
tions. In a previous study of the Pou4f3 mutant deaf mice,
deficiency of Pou4f3 has been found to result in reduced
expression of its hair cell specific downstream target Gfi1,
which was suggested as the direct cause of the outer hair cell
degeneration in the Pou4f3mutant mice [10]. In future stud-
ies, therefore, it will be interesting to correlate the presumably
reduced levels of theGfi1 transcriptionwith differentPOU4F3
mutations and the severity of the associated hearing loss.

5. Conclusions

Mutations in POU4F3 are a relatively common cause for
ADNSHL in Chinese Hans. The hearing loss associated with
POU4F3mutations has considerable variability in the ages of
onset and the degrees of severity.
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The cochlea converts sound vibration into electrical impulses and amplifies the low-level sound signal. Urethane, a widely used
anesthetic in animal research, has been shown to reduce the neural responses to auditory stimuli. However, the effects of urethane
on cochlea, especially on the function of outer hair cells, remain largely unknown. In the present study, we compared the cochlear
microphonic responses between awake and urethane-anesthetized rats. The results revealed that the amplitude of the cochlear
microphonic was decreased by urethane, resulting in an increase in the threshold at all of the sound frequencies examined. To
deduce the possible mechanism underlying the urethane-induced decrease in cochlear sensitivity, we examined the electrical
response properties of isolated outer hair cells using whole-cell patch-clamp recording. We found that urethane hyperpolarizes
the outer hair cell membrane potential in a dose-dependent manner and elicits larger outward current. This urethane-induced
outward current was blocked by strychnine, an antagonist of the 𝛼9 subunit of the nicotinic acetylcholine receptor. Meanwhile, the
function of the outer hair cell motor protein, prestin, was not affected.These results suggest that urethane anesthesia is expected to
decrease the responses of outer hair cells, whereas the frequency selectivity of cochlea remains unchanged.

1. Introduction

Under general anesthetics, decreased hearing sensitivity is
common in both animal research and clinical settings. Several
studies have demonstrated that different anesthetics increase
auditory brainstem response thresholds [1–3] and depress
neural excitability in the auditory midbrain [4, 5] and
cortex [6–8]. The sensitivity of the auditory system could
be changed by anesthetics at two levels: the cochlea and the
auditory neurons. Because any change in cochlear function
may influence the response of central auditory neurons, the
effects on the cochlea are essential for the anesthetic-induced
reduction in hearing sensitivity. However, the majority of
studies have focused on the neural responses, whereas few
have examined cochlear function [1]. Urethane has been
widely used in animal research for more than a century
because it exerts minimal effects on the cardiovascular and
respiratory systems. Although urethane has been reported to
depress the sound-evoked activity of the auditory system [4–
6], its direct effect on the cochlea, particularly sensory hair
cells, remains unknown.

Sensory hair cells in the cochlea not only translate sound
vibration into electrical impulses but also amplify the signals
of low-level sound. The latter process, defined as cochlear
amplification, confers incredible sensitivity on mammalian
hearing in a tremendous intensity range [9]. Cochlear ampli-
fication in mammals is attributed to outer hair cells (OHCs),
which can alter their somatic length on the order of micro-
meters in response to membrane potential changes [10].
This electromotility is powered by the unique motor protein,
prestin, on the OHC lateral membrane. The voltage-depend-
ent structural conformation of prestin drives OHC somatic
motility, which regulates cochlear amplification [11, 12].
However, the voltage-to-length change conversion function
(Δ𝐿-𝑉) ofOHCs is nonlinear and asymmetric: depolarization
produces larger cell length changes than comparable hyper-
polarization [13–15].Therefore, the changes in the membrane
potential may alter the operating point on the Δ𝐿-𝑉 function
and influence the overall level of cochlear amplification.

Because their electromechanical conversion occurs via
a feedback mechanism, OHCs play a critical role in the
efferent gain control of the cochlear amplifier. OHCs are

Hindawi Publishing Corporation
Neural Plasticity
Volume 2016, Article ID 3512098, 11 pages
http://dx.doi.org/10.1155/2016/3512098

http://dx.doi.org/10.1155/2016/3512098


2 Neural Plasticity

innervated by efferent fibers that originate in the superior
olivary complex [16, 17]. These efferent fibers form synapses
at the base of the OHCs and use acetylcholine (ACh) as their
primary neurotransmitter [18, 19]. Nicotinic ACh receptors
(AChR) have been identified on OHCs [18, 20, 21], and ACh
hyperpolarizes the membrane potential of isolated OHCs
[22]. The efferent activity of the olivocochlear nerve bundle
during electrical stimulation has been shown to be inhibitory
[23], thereby reducing the gain of the cochlear amplifier
and providing protection to the ear against overstimulation
[24]. A pharmacological study has indicated that urethane
enhances the function of nicotinic AChRs while inhibiting
the responses of NMDA and AMPA receptors [25]. We
hypothesize that urethane influences the micromechanics of
the organ of Corti via the OHCs and, in turn, the cochlear
amplification process. If so, urethane anesthesia provides
an alternative strategy to modulate cochlear amplification.
By comparing the cochlear microphonic (CM) responses
between awake and urethane-anesthetized rats, we found that
the activity of OHCs was significantly reduced by urethane.
We also measured the membrane potential and current as
well as prestin activity in isolated OHCs in the presence of
urethane. Our results indicate that urethane hyperpolarizes
the OHC membrane potential, which is at least partially
mediated by the AChR. However, prestin activity remains
intact.

2. Materials and Methods

All experimental preparations, surgeries, and protocols used
in this study were approved by the Animal Care and Use
Committee of SouthernMedicalUniversity of China.Healthy
young SpragueDawley rats of either sex (21–28 days old, body
weight 40–70 g) exhibiting normal hearing were used for the
experiments. The CM measurements and whole-cell patch
recordings were performed as previously described [26, 27].
These methods are briefly described as follows.

2.1. CM Measurements in Awake Rats. Three days before
recording, the rats were anesthetized using sodium pentobar-
bital.The scalp was removed, and ametal screwwasmounted
on the skull using glass ionomer cement. The animals were
subcutaneously injected with 0.1mg/kg buprenorphine and
returned to their home cages to recover. During the recovery
period, the animals were trained to become accustomed to
being head-fixed in the recording setup. To fix the head, the
screw was tightly clamped to a metal post. The rat was able
to run freely on a plastic plate rotating around its center
as described in our recent study [28]. On the day of recording,
surgery was performed in a sound-proof chamber. The rats
were anesthetized with 1.5% isoflurane. Then, the head was
fixed to the metal post. A small incision was made via a
dorsolateral approach to the pinna to expose the acous-
tic bulla. A silver wire recording electrode (tip diameter,
∼500𝜇m) was placed near the round window membrane
through an opening of 3mm in diameter on the acoustic
bulla (Figure 1(a)). The animal was allowed to recover
from isoflurane anesthesia for at least 30min. To acquire

the CM under awake conditions, the recording was initi-
ated after the animal exhibited normal running. Then, the
animal was intraperitoneally injected with 1 g/kg urethane
using a pipette to examine the effects of this anesthetic.
The entire recording session lasted for approximately 5–10
hours.

Tone bursts (50ms duration, 5ms rise/fall time) of var-
ious frequencies (2, 4, 8, 16, or 32 kHz) and intensities (0–
70 dB SPL at 5 dB intervals) were presented using a calibrated
TDT ES1 speaker located 50 cm away from the recorded
ear. The frequency-amplitude scan was computer controlled
(TDT System 3, Tucker-Davis Technologies) and was deliv-
ered in a randomized sequence. Each frequency-amplitude
combination was repeated 10 times. The CM responses to
the tone bursts were amplified, filtered, and recorded using
an A/D converter (1440A/700B system, Molecular Devices).
The noise level of the recording system was approximately
10 𝜇V. Customized MATLAB software was used for offline
data processing, such as response averaging and response
amplitude extraction.

2.2. Cell Isolation. The animals were anesthetized (CO2
inhalation) and decapitated, and the inner ears were rapidly
removed from the temporal bones and placed in Leibovitz’s L-
15 media (Invitrogen, Carlsbad, CA). The organ of Corti was
isolated from themiddle and apical turns of the cochlea. After
mild enzymatic digestion for 5min (2mg/mL collagenase IV,
Sigma, St. Louis, MO) and gentle pipetting, the cells were
transferred to a small plastic chamber filled with enzyme-free
culture medium (∼1.5mL). The standard medium was Lei-
bovitz’s L-15, supplemented with 10mM HEPES (Invitrogen,
Carlsbad, CA) and adjusted to pH 7.35 and 300mOsm.Then,
the chamber containing the cells was placed on the stage
of an inverted microscope (Nikon, Eclipse FN1) equipped
with a video camera. Healthy-appearing solitary OHCs were
selected for the electrophysiological experiments if they
displayed no obvious signs of shrinkage, swelling, damage,
or deterioration such as granularity or translocation of the
nucleus.

2.3. Whole-Cell Patch-Clamp Recordings. These experiments
were performed at room temperature (22 ± 4∘C) under
video monitoring. The OHCs were bathed in L-15 medium
buffered with 10mM HEPES (pH 7.35, 300mOsm). An
Ag/AgCl ground electrode was installed in the bath. The
patch electrodes were pulled from 1.5mm glass capillary
tubes at resistances between 3 and 6MΩ using a horizontal
micropipette puller (Model P-97, Sutter).The electrodes were
back-filled with a solution containing (in mM) 145 KCl,
2 MgCl2, and 10 HEPES. The access resistance typically
ranged from 10 to 17MΩwhen the whole-cell recording con-
figuration was established. At least 80% of the access resis-
tancewas compensated. Inmost of our recordings, thewhole-
cell currents were less than 3 nA.

Under computer control, hyperpolarizing and depo-
larizing voltage steps (250ms duration and ranging from
−140 to +94mV in 13mV increments) were used to elicit
whole-cell currents. The low-pass-filtered currents (corner
frequency of 5 kHz) were amplified using an Axopatch
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Figure 1: Reduction in the CM after urethane anesthesia. (a) A schematic of our CM recording setup. S, sound stimulation delivered by a
speaker; P, metal post for head fixation; R, silver wire recording electrode; U, urethane delivery. The rat was awake and allowed to run freely
on a rotatable plate. (b) Examples of the CMmeasured in response to an 8 kHz, 70 dB SPL tone burst (sound waveform shown in the bottom
panel). The magnitude before urethane injection (upper panel, filled arrow in (c)) compared to that after anesthesia (middle panel, open
arrow in (c)). (c) The time course of the CM magnitude changes after urethane injection. The curves shown are CM responses to different
sound levels. Three CMmeasurements evoked before urethane injection were averaged as a control (mean ± SD) for each sound level. Time
0 indicates the time point of urethane injection. (d) CM threshold shifts for urethane application. Data presented as mean ± SD. Note the CM
thresholds were elevated at all frequencies examined (𝑝 < 0.05, Student’s 𝑡-test, 𝑛 = 5).

200B amplifier (Axon Instruments). The urethane-evoked
current responses were recorded in voltage-clamp mode. To
obtain large urethane-evoked outward currents, the cells were
typically held at 0mV. The whole-cell currents and evoked
current responses were acquired using pClamp 10 software
(Molecular Devices) on a computer connected to an A/D
converter (Digidata 1322A, Axon Instruments).The sampling
frequency was between 5 and 10 kHz.The data were analyzed
using the pClamp software package.

For nonlinear capacitance (NLC) measurements, the
whole-cell patch-clamp technique was performed as des-
cribed above. The membrane capacitance was measured
using a two-sine-wave voltage stimulus protocol (10mV
peak at both 390.6Hz and 781.2Hz) with subsequent fast
Fourier transform-based admittance analysis [29] at a hold-
ing potential of 0mV. The data were acquired using jClamp
software (Scisoft, New Haven, CT) and were analyzed using
OriginPro software (OriginLab Corporation, Northampton,
MA).

The NLC can be described as the first derivative of a two-
state Boltzmann function of nonlinear charge movement to
voltage [30]. The capacitance function is described as

𝐶𝑚

= 𝐶lin

+
𝑄max𝛼

exp [𝛼 (𝑉𝑚 − 𝑉1/2)] (1 + exp [−𝛼 (𝑉𝑚 − 𝑉1/2)])
2
.

(1)

Four parameters (𝑄max, 𝑉1/2, 𝐶lin, and 𝑧) from the equation
were obtained: 𝑄max is the maximum charge transfer; 𝑉1/2
is the peak of the voltage-dependent capacitance; 𝐶lin is
the linear capacitance; and 𝛼 = 𝑧𝑒/𝑘𝑇 is the slope of the
voltage dependence of the charge transfer. Furthermore, 𝑘 is
the Boltzmann constant, 𝑇 is absolute temperature, 𝑧 is the
valence of the charge movement, and 𝑒 is the electron charge.
𝐶lin is the linear capacitance representing the surface area of
the membrane (i.e., the cell size). To compare the magnitude
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of the NLC and 𝑄max obtained from different cells of varying
size, we normalized the NLC and 𝑄max to 𝐶lin.

2.4. Drug Application. The drugs were dissolved in standard
medium (L-15) adjusted to pH 7.35 and 300mOsm. All solu-
tions were freshly prepared from stock solution before each
experiment. Urethane was delivered via pressure ejection
from a micropipette with a tip diameter of ∼5 𝜇m positioned
20–50𝜇m from the bottom of the cell. The duration and
strength of the pressure were controlled using a homemade
microinjector. Care was taken to assure that the application
of a drug solution did not alter the position of the cell or
influence the measurements. In the strychnine coapplication
experiments, the strychnine solution was slowly perfused
into the bath (1mL/min) without disturbing the position of
the cells. The entire bath was exchanged when strychnine
was applied. Urethane was dissolved in strychnine solution
and delivered via pressure ejection as described above. All
of the drugs were applied to achieve a final concentration
until a consistent response was observed and a washout was
performed after each application.

2.5. Data Analysis. Results are presented as the mean ± SD.
A Student’s 𝑡-test was used to examine the significance of
the difference between the responses obtained before and
during the drug applications. Significance was determined as
𝑝 < 0.05. Excel software and OriginPro software were used
for calculating, data fitting, and plotting.

3. Results

3.1. The CM under Urethane Anesthesia. The inner and outer
hair cells, which are the sensory receptor cells of the inner
ear, function as a transducer by converting the mechanical
movement of the basilar membrane into an alternating
electrical voltage. This alternating voltage is defined as the
CM, which mimics the waveform of a sound stimulus.
RepresentativeCMrecordings are shown in Figure 1, inwhich
the effects of urethane anesthesia are presented for the same
rat. We performed CM recordings on head-fixed awake rats
to monitor the receptor potential before and after urethane
application (Figure 1(a)). To avoid the middle ear reflex, mild
tone bursts (less than 70 dB SPL) were used to elicit the CM
responses.

As shown in Figure 1(b), an 8 kHz tone (level at 70 dB SPL)
evoked a CM at an amplitude of ∼424𝜇V. The amplitude of
the CM responses at saturation levels was reduced by 44%
to 238𝜇V after the intraperitoneal injection of urethane. The
proximity of the recording electrodes to the hair cells may
affect the recorded amplitudes. To ensure that our control
recordings were not influenced by the activity of the animal,
we averaged at least three evoked CM measurements before
the urethane injection. For the CMs measured from all five
rats, urethane induced a significant decrease in the CM of
39.3% on average (𝑝 < 0.01, Student’s 𝑡-test).

The time course of this urethane effect was examined
in five rats that exhibited at least an 80% recovery in the
CM amplitude. The representative changes in the CM over
time after urethane injection are shown in Figure 1(c). The

initial decrease in the CM was observed ∼25min after the
urethane injection, reached its lowest value within ∼3 hours,
and then recovered gradually.The time of the peak reduction
was highly variable between different rats, ranging from
45min to 3 hours (45min, 75min, 90min, 3 hours, and 3.2
hours, resp.). The CM responses to different sound levels
were also measured. As shown in Figure 1(c), the changes in
the CM amplitudes at different sound levels followed a simi-
lar time course. We compared the CM thresholds before and
after urethane application (Figure 1(d)). The CM thresholds
were defined as the minimum sound level that evoked a
detectable CM response. Consistent with the CMmagnitude
measurements, the CM thresholds were increased by ure-
thane application at all frequencies examined. The increase
of threshold is similar and shows no significance at different
sound frequencies (𝑝 > 0.05, Student’s 𝑡-test).

3.2. OHC Responses under Current and Voltage Clamp. The
CM response is dominated by the OHCs in the organ of
Corti [9, 31]. As such, the CM reduction in our experiments
represents a significant reduction in OHC activity after
urethane application. To determine how urethane alters the
responses of OHCs, whole-cell current- and voltage-clamp
recordings were performed fromOHCs acutely isolated from
the middle and apical turns of the rat cochlea. Isolated OHCs
can easily be identified based on visual inspection: the OHCs
display a cylindrical morphology with a nucleus located near
the base, whereas inner hair cells are flask-shaped with an
upper nucleus position. Another indication of OHCs is a
functional characteristic: the visible motile responses elicited
by the rapid membrane potential changes generated during
our patch-clamp measurements [22, 32].

The average zero current membrane potential under
whole-cell recording conditions was −54mV (SD = 7mV, 𝑛 =
19). To determine the influence of urethane, different con-
centrations of urethane were applied to the recorded OHC
via local perfusion for ∼15 s (as shown in Figure 2(a)). As a
control, recordings were also performed with L-15 medium:
nomembrane potential change was detected during L-15 per-
fusion (0mM in Figure 2(b)). The stability of this recording
indicates that ourmeasurements were not affected by the per-
fusion flow rate. When 100mM urethane was delivered to an
OHC clamped at 0 nA, the steady-state membrane potential
was hyperpolarized by 28.6mV and was repolarized shortly
after drug application (Figure 2(b)). This reversible hyperpo-
larization was detected in all five OHCs measured (mean ±
SD = 27.0 ± 3.9). To rule out the effects of urethane on the
OHCmembrane potential, we applied several concentrations
of urethane. Urethane at a concentration as low as 0.1mM,
which is ∼1/100 of the dose typically used to anesthetize
animals, elicited a detectable membrane hyperpolarization.
Figure 2(c) displays the average membrane potential changes
induced by different urethane concentrations.These data also
provide the mean normalized response. The smooth curve
represents a fit according to the following form of the Hill
equation: 𝑉Uret = 100/[(𝐾𝐷/[Uret])

𝑛 + 1]. A fifty percent
reduction in themembrane potential was detected at 15.4mM
(𝐾𝐷), and the slope (𝑛) of the membrane potential change to
the urethane concentrationwas 0.91. Subsequent experiments
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Figure 2: The urethane-induced hyperpolarization of the OHC membrane potential. (a) A photograph showing the experimental setup for
the whole-cell patch-clamp recordings. Urethane was delivered via pressure ejection from a micropipette positioned ∼50 𝜇m from the cell.
The microphotograph was captured using an upright microscope under bright field illumination. The bar represents 20𝜇m. (b) Examples of
membrane potentials recorded fromOHCs clamped to zero membrane current during the delivery of a urethane puff (0.1mM, 1mM, 10mM,
100mM, or 500mM concentration, timing denoted by the horizontal bar) or standard medium (0mM). (c) The dose-response curve of the
OHC membrane potential evoked by 0mM (obtained from 4 cells), 0.1mM (5 cells), 1mM (3 cells), 10mM (5 cells), 100mM (5 cells), or
500mM (4 cells) urethane. The data are presented as the mean values; the error bars represent the SD. The values are also normalized to the
mean reduction evoked by 500mM urethane. The smooth curve is the Hill equation with a half-activating concentration of 15.4mM and a
slope of 0.91.

used 100mM urethane because this concentration consis-
tently evoked an apparent response.

We also examined the effects of urethane on the mem-
brane current by using voltage-clamp recordings. A repre-
sentative example of the whole-cell current recorded from an
isolated OHC is shown in Figure 3(a). When the membrane
potential was clamped from −140 to +94mV, the cell currents
changed from −445 pA (inward) to +1480 pA (outward),
resulting in a dynamic range of 1925 pA. The response
measured under control conditions is consistent with results
previously published for guinea pig [22, 33] and gerbil OHCs
[34]. The local perfusion of 100mM urethane significantly
increased the current magnitudes, especially at potentials
greater than −50mV. Figure 3(b) shows the current-voltage
(𝐼-𝑉) curve derived from the steady-state responses shown
in Figure 3(a). The dynamic range was approximately 72%

larger after urethane application in the example presented.
The mean change of 𝐼-𝑉 curves recorded from 11 OHCs was
shown in Figure 3(c). Notably, the increased outward currents
occurred at high membrane potentials.

3.3.TheEffect of Strychnine on theUrethane-InducedResponse.
Urethane is not an endogenous neurotransmitter or mod-
ulator. Therefore, it is unlikely that the effects of urethane
are mediated by a specific urethane receptor. The apparent
changes in the OHC current response in the voltage-clamp
experiments are most likely due to the effects of urethane on
existent ion channels. Acetylcholine is the primary efferent
neurotransmitter in the cochlea and is released from the
efferent chemical synapses at the base of the OHCs [19, 24].
The 𝛼9 subunit of the nicotinic AChR family, which was
identified from a rat genomic library, has been demonstrated
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Figure 3: Urethane-induced membrane current changes. (a) Example of the membrane current waveforms recorded from a solitary OHC
before, during, and after 100mM urethane application. The cell was held at −70mV, and voltage commands varied from −140 to +94mV in
13mV steps. (b) The 𝐼-𝑉 curves derived from the steady-state responses shown in (a). The open, black, and gray filled circles represent the
responses before, during, and after urethane application, respectively. (c) Plot of the average (±SD) 𝐼-𝑉 curves recorded fromOHCs (𝑛 = 11)
before (open circles) and during (filled circles) urethane application.

to play an important role in the ACh-induced responses
of OHCs [18, 20, 21]. To determine whether the urethane-
induced response occurs via this AChR, we examined the
effect of strychnine (a potent antagonist of the 𝛼9 AChR
subunit) on the urethane-induced responses. Because the
membrane current is directly related to nicotinic AChR
activity and is easy to record, we measured the urethane-
induced current as an indicator of nicotinic AChR activity.

To obtain the urethane-induced current, the membrane
potential of isolated OHCs was held at 0mV. The top trace
in Figure 4(a) shows a 280 pA upward change of membrane
current that correlated in time to the perfusion of 100mM
urethane onto this cell (∼20 s). As indicated in Figure 3(b),
urethane increased the outward current at a membrane
potential of 0mV. Therefore, the magnitude of the observed
current change reflects the amplitude of the outward current
elicited by urethane. Coapplication of 0.01 𝜇M strychnine
reduced the amplitude of the urethane-induced current to
114 pA at saturation level (Figure 4(a), middle trace). These
data suggest that the urethane-induced response is mediated,
at least in part, via AChR assembled from 𝛼9 subunits. Then,

a higher concentration of strychnine (0.1 𝜇M) was coapplied
to examine whether the urethane response was blocked in a
dose-dependent manner. To minimize desensitization of the
receptor, 3min washout was set between two concentrations.
As shown in the bottom trace (Figure 4(a)), the urethane-
induced outward current was further reduced to 48 pA in
the presence of 0.1 𝜇M strychnine. In the seven OHCs mea-
sured (Figure 4(b)), the magnitude of the urethane-induced
response was significantly reduced by the coapplication of
both 0.01 𝜇M (by 54±12%on average) and 0.1 𝜇Mstrychnine
(by 79 ± 10% on average) (both 𝑝 < 0.001, Student’s 𝑡-test).

3.4. NLC Measurement during Urethane Treatment. Mam-
malian OHCs contract or elongate at acoustic frequencies
depending on the membrane potential of the cell [10, 35,
36]. This process, defined as electromotility, is necessary for
cochlear amplification [37–39]. Prestin, a unique voltage-
dependent motor protein found in the membrane of OHCs,
mediates the electromotility of OHCs [11, 40]. The voltage-
sensing and motor functions of mammalian prestin manifest
as two characteristics: the NLC and electromotility. The NLC
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Figure 4: Urethane induces membrane current changes via the nicotinic AChR. (a) Strychnine, an antagonist of 𝛼9 AChRs, partially blocked
the OHC response to urethane. The cell was held at 0mV, and 100mM urethane was pressure-ejected near the cell (timing denoted by the
horizontal bar) to obtain the control response (top trace). Either 0.01 (middle trace) or 0.1 𝜇M strychnine (bottom trace) was coapplied with
urethane to the OHC.Themagnitude of the outward currents decreased as the coapplied strychnine concentration increased. A 3min waiting
period was used between each trial. (b) The average amplitudes of outward current in response to 100mM urethane or 100mM urethane
coapplied with two different doses of strychnine. Bar = SD. ∗∗∗𝑝 < 0.001, Student’s 𝑡-test.𝑁 = 7.

and electromotility are fully coupled in mammals [30, 41, 42]
and can be characterized using a simple two-state Boltzmann
function. Because the NLC can be easily and accurately
measured experimentally, we measured the NLC to evaluate
the effects of urethane on prestin function.

Figure 5(a) shows an example of the NLC obtained
from an isolated OHC under the whole-cell patch-clamp
configuration. As shown in the control (open circles and
gray line) treatment before urethane application, the NLC is
characterized by a bell-shaped dependence on themembrane
potential and a peak at −54.8mV for this cell. No clear
change was detected in response to application of 100mM
urethane (filled circles and black line).We examined theNLC
from a total of 10 OHCs in response to urethane treatment.
Figure 5(b) presents themean and SD of the normalizedNLC
from these cells. Four parameters (𝑄max, 𝐶lin, 𝑉1/2, and 𝑧)
were obtained from a curve fit of the NLC response using
the first derivative of the Boltzmann function (heavy lines
in Figures 5(a) and 5(b)). The normalized mean values and
SDs of the four parameters from the 10 OHCs are plotted in
Figure 5(c). No statistically significant differencewas found in
response to urethane treatment for all parameters (𝑝 > 0.05,
Student’s 𝑡-test).

4. Discussion

We have shown for the first time that urethane affects the
electrical response properties of isolated OHCs. As shown
in Figure 2, urethane hyperpolarizes OHCs by approximately
30mV. Our voltage-clamp data shows that when OHCs were

depolarized, the outward current was significantly increased
by urethane (Figure 3). This effect was voltage-dependent:
it was more pronounced at membrane potentials higher
than −50mV. In mature OHCs, two currents are primarily
involved in this process: (1) the voltage activated outward K+
current and (2) the Ca2+-activated K+ current. The voltage-
dependent K+ current is activated at membrane potentials
from −90mV to −50mV, displaying half activation at −80mV
[43]. Because the urethane-induced current change was
clearly detected at membrane potentials >−50mV, its effect
is likely not via this channel.

The Ca2+-activated K+ channel was first reported by
Ashmore andMeech [44]. At membrane potentials >−35mV,
this K+ channel is opened by an influx of Ca2+, leading to K+
efflux [45]. Under physiological conditions, the activation of
AChRs causes an influx of Ca2+ [22]. We assumed that the
effect of urethane onOHCs involves this process based on our
strychnine experiment.The 𝛼9 subunit of the nicotinic AChR
family has been demonstrated to be the primary nicotinic
AChR subunit in OHCs [20]. The 𝛼9 subunit displays
unique pharmacological properties similar to those detected
in cochlear hair cells. We found that strychnine, a potent
antagonist of 𝛼9-containing AChRs, significantly blocks the
urethane-induced outward current (Figure 4). Therefore, we
propose that urethane activates 𝛼9-containing AChRs and
induces a Ca2+ influx. Then, this influx of Ca2+ leads to the
opening of Ca2+-activated K+ channels and subsequent K+
efflux, resulting in hyperpolarization of theOHCs. Consistent
with our results, a study in Xenopus oocytes indicates that
urethane enhances the response of nACh receptor [20]. Our
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Figure 5:The effects of urethane on the NLCmeasured fromOHCs. (a)The NLC obtained from a representative OHC before (control, open
circles) and during (urethane, filled circles) 100mM urethane application. The capacitance-voltage responses were fitted to the Boltzmann
function (shown as the gray and black lines). 𝐶lin was subtracted from the NLC. pF, picofarads. (b) Pooled data of the NLCs recorded from 10
OHCs.The NLCs were normalized to the corresponding 𝐶lin, and the curves were plotted as the mean NLC ± SD.The SD around the mean is
indicated by the shaded region for the control and by dashed lines for urethane treatment. (c) Four parameters derived from the curve fit to
the Boltzmann function. The data are expressed as the means and the SDs;𝑁 = 10. No significant difference was detected between the cases
before and during urethane application (Student’s 𝑡-test, 𝑝 > 0.05).

data is also supported by the urethane effects on cochlear
function by measuring DPOAE [46]. Urethane decreases
the efferent influence from medial olivocochlear terminus
to OHCs via the 𝛼9 receptor. The presence of urethane
may reduce the effects of ACh release from efferent fibers.
However, the direct mechanism underlying nicotinic AChR
activation by urethane remains unknown.

The cylindrically shaped OHCs alter their cell length in
response to membrane potential changes, exhibited as either
a somatic elongation (uponhyperpolarization) or contraction
(upon depolarization). This somatic motility of OHCs is
responsible for cochlear amplification, which contributes to
the exquisite frequency selectivity and sensitivity inmammals
[10, 37]. However, this change in length is asymmetric:
the magnitude of contraction is much larger than that of
elongation [13–15]. Figure 2 shows that urethane hyperpo-
larizes OHCs by approximately 30mV. This potential change
moves the operating point of the voltage-to-length change
conversion function toward lower slope, thereby reducing the

overall augmentation of OHC electromotility. Based on the
voltage-to-length change conversion function for OHCs in
the guinea pig, a 30mV hyperpolarization reduces the total
motilitymagnitude by approximately 25–35% [15].We expect
a corresponding maximal magnitude change in rat OHCs.

However, in vitro acetylcholine application evokes an
increase of electromotile responses of isolated OHCs that
develops on a time scale of several seconds [22]. It would
increase the driving force for the mechanotransduction cur-
rent, causing the increase of cochlear microphonic potential.
It seems a mismatch between our in vitro data and in vivo
CM results. For in vitro experiment, a high concentration
urethane was applied to isolated OHCs directly. Therefore,
the effects were observed in seconds. However, in vivo, a safe
concentration urethane was injected intraperitoneally. It may
take time for urethane to reach and accumulate in the inner
ear. The time course for OHCs may differ from that for car-
diovascular and respiratory systems. In addition to a change
in the membrane potential, mechanical properties of OHCs
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could also influence the cochlear amplifier. It is the consensus
that normal cell morphology and somatic stiffness of OHCs
are essential for cochlear amplification [12, 47]. Acetylcholine
decreases the axial stiffness of the OHCs and reduces the
overall mechanical load of the aggregate OHC, resulting in
the increase of motile magnitude [22]. It has been suggested
that the changes of the OHCs stiffness are mediated by Ca2+-
dependent phosphorylation of theOHC cortical cytoskeleton
[22, 48]. Since urethane would also activate 𝛼9-containing
AChRs and induce a Ca2+ influx, a similar decrease of OHCs
axial stiffness and a reduction of global cochlear activity may
be induced by urethane application in vivo.

The electromotility of OHCs is presumably attributed to
the voltage-dependent activity of the motor protein prestin
[11, 40]. A generally accepted model for prestin function is
that intracellular anions (in most cases Cl−) move toward
the extracellular surface upon hyperpolarization and toward
the cytoplasmic side in response to depolarization [40].
This anion translocation produces a nonlinear change in
the membrane capacitance and, subsequently, triggers a
conformational change in prestin, which ultimately alters the
somatic length of the OHC. According to this model, any
changes in this voltage-dependent activity of prestinmay alter
the motility of OHCs and affect the overall level of cochlear
amplification. For all measured parameters reflecting the
properties of prestin function, we did not observe any
significant change in response to urethane in our experiments
(Figure 5). Therefore, we assumed that the influence of ure-
thane was not the alteration of the motile activity of prestin.
Nonetheless, anion transfer may be significantly reduced by
urethane-induced hyperpolarization. In mammalian OHCs,
this charge movement is represented as the NLC, which is
characterized by a bell-shaped dependence on themembrane
potential that peaks between −70 and −20mV (−50mV in
our results) [30, 41].The urethane-induced hyperpolarization
shifts the operating range of the membrane potential away
from this peak, thus reducing the charge movement and the
activity of prestin. This effect is a likely mechanism by which
urethane reduces OHC motility in vivo. Because the electro-
motility of OHCs feeds a cycle-by-cycle force to the organ of
Corti so that the sound vibration is amplified, it is conceivable
that even a modest reduction in the motility of OHCs could
reduce the overall level of cochlear amplification.

The results from isolated OHCs are consistent with our
in vivo experimental evidence (Figure 1). Although the time
courses of the urethane-induced effects were different, all of
the rats examined exhibited a similar reduction in the CM
magnitude. Despite the expanding research to awake animal
models of monkeys [49, 50], bats [51, 52], mice [28], and rats
[53], the majority of auditory studies are based on the results
obtained from anesthetized animals. The frequency selectiv-
ity of auditory neurons is composed of two elements: the fre-
quency tuning of the cochlea and the refinement of the audi-
tory neural system.The detected anesthesia-induced changes
in neural responses involve the effects of the anesthetic on not
only the neurons themselves but also the peripheral receptors
(hair cells). Therefore, it is critical to identify the influence
over hair cells from the integrity. Our data show that urethane
elicited a ∼10 dB CM threshold lifting (Figure 1(d)), which

indicates that the depression of OHCs leads to a reduction in
hearing sensitivity. Furthermore, this depression is identical
at all sound frequencies, suggesting that urethane affects
OHCs along the entire basilar membrane. These results are
similar to those of isoflurane and ketamine, which have been
assessed using distortion product otoacoustic emissions [1].

5. Conclusions

The present study found that urethane hyperpolarizes outer
hair cells, resulting in a reduction in hearing sensitivity
without affecting frequency selectivity. Our findings indicate
that anesthetics directly affect cochlear hair cells and provide
an alternative strategy to modulate cochlear functions.
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POU4F3 gene encodes a transcription factor which plays an essential role in thematuration andmaintenance of hair cells in cochlea
and vestibular system. Several mutations of POU4F3 have been reported to cause autosomal dominant nonsyndromic hearing loss
in recent years. In this study, we describe a pathogenic nonsense mutation located in POU4F3 in a four-generation Chinese family.
Target region capture sequencing was performed to search for the candidate mutations from 81 genes related to nonsyndromic
hearing loss in this family. A novel nonsense mutation of POU4F3, c.337C>T (p. Gln113∗), was identified in a Chinese family
characterized by late-onset progressive nonsyndromic hearing loss.Thenovelmutation cosegregatedwith hearing loss in this family
andwas absent in 200 ethnicity-matched controls.Themutation led to a stop codon and thus a truncated protein with no functional
domains remained. Transient transfection and immunofluorescence assay revealed that the subcellular localization of the truncated
protein differedmarkedly fromnormal protein, which could be the underlying reason for complete loss of its normal function.Here,
we report the first nonsense mutation of POU4F3 associated with progressive hearing loss and explored the possible underlying
mechanism. Routine examination of POU4F3 is necessary for the genetic diagnosis of hereditary hearing loss in the future.

1. Introduction

Hearing loss is one of the most common sensory disorders
in human. Genetic factors account for about 50% of these
cases. Nonsyndromic hearing loss has four hereditary pat-
terns: autosomal dominant, autosomal recessive, X-linked,
and mitochondrial. Although hundreds of genes have been
reported to be associated with nonsyndromic hearing loss,
GJB2, SLC26A4, andmtDNA12SrRNA are themajor contrib-
utors. Sometimes, one deafness gene can exhibit both autoso-
mal dominant and recessive patterns in different mutations,
such asWFS1 [1–3]. To date, there have been 67 loci mapped
and related to autosomal dominant nonsyndromic hearing
loss (ADNSHL), but only 33 corresponding genes have
been identified (http://hereditaryhearingloss.org/). A large
proportion of sensorineural hearing loss remains genetically
unexplained. The traditional Sanger sequencing method is

highly expensive and time-consuming in identifying the
pathogenic variants when there are hundreds of candidate
genes. In contrast, next-generation sequencing can overcome
these shortcomings through its ability to perform parallel
sequencing of billions of nucleotides at a low cost and high
speed. It has been proven as a powerful tool in identification
of novel mutations and genes associated with hereditary
hearing loss in recent years.

POU class 4 transcription factor 3 (POU4F3), also known
as BRN3C, is a POU-domain transcription factor exclusively
expressed in both nascent and adult hair cells of cochlear and
vestibular system in the inner ear [4, 5]. Brn-3c knockout
mice were used to study its function in vivo.The homozygous
mice of targeted deletion of POU4F3, Brn-3c−/−, manifested
severe defects in hearing and balance, and they showed a
rapid and progressive loss of hair cells during late gestation
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Figure 1: Pedigree of the Chinese family suffering from autosomal dominant hearing loss. Black squares and circles represent members with
symptoms of DFNA15. Grey squares and circles represent members with unavailable status. Genotypes are marked below each member (+
means the mutation exists). Arrow shows the proband.

and early postnatal period. In contrast, the heterozygous
littermates Brn-3c+/− mice represented normal behaviors.
Histological examinations revealed that hair cells were totally
absent in the auditory and vestibular systems of Brn-3c−/−
adult mice. Loss of hair cells also resulted in a large decrease
in the number of neurons and myelinated fibers in the
spiral ganglion [6]. Other studies revealed that POU4F3 was
expressed in postmitotic cells committed to hair cell pheno-
type but not in mitotic progenitors [7] and the expression
level of POU4F3 kept high in both inner and outer hair
cells till adulthood in mice [8], which meant POU4F3 was
essential for thematuration andmaintenance, but not the fate
determination of hair cells. The vital role of POU4F3 in the
development of hair cells indicated that it might be related
with some kind of hereditary hearing loss.

The search for pathogenic mutations involved in hered-
itary hearing loss never ceases. Mutation of POU4F3 was
confirmed to be a causative factor of autosomal domi-
nant nonsyndromic deafness 15 (DFNA15). Thus far, several
POU4F3mutations were involved inDFNA15 and mapped to
5q31-33 [9–16]. The main clinical manifestation is bilateral,
late-onset, progressive sensorineural hearing loss affecting all
frequencies [10, 12–15]. Pauw et al. reported a mean progres-
sion rate of 0.8–1.4 dB/year [17]. Vestibular impairments in
some patients were also reported in previous studies, but the
incidence was low and the symptoms were quite mild and
easy to be neglected [17, 18].

In this study, we reported a Chinese family suffering
from ADNSHL. All affected members experienced a late-
onset progressive hearing loss. A new nonsense mutation
in POU4F3, c.337C>T (p. Gln113∗), was identified to be the
causative factor using the method of target region capture
sequencing.

2. Materials and Methods

2.1. Subjects and Clinical Examinations. A four-generation
Chinese family suffering from hereditary hearing loss was
reported here. All 12 patients in this family had a putative
autosomal dominant pattern of inheritance according to the

participating patient statements. Because of some objective
reasons and out of the patients’ privacy, we were not able to
contact and examine all the members in this family. Only 4
members with impaired hearing (III-1, III-15, III-19, and IV-
20) and 8 members with normal hearing (III-5, III-17, III-
21, IV-14, IV-17, IV-18, IV-21, and IV-22) participated in our
research (Figure 1). They all received clinical examinations in
Department ofOtorhinolaryngologyHead andNeck Surgery,
Shandong Provincial Hospital Affiliated to ShandongUniver-
sity. The medical history was obtained from all participants.
After physical and otoscopic examinations, all the subjects
received auditory tests including pure tone audiometry
(PTA), tinnitus examination, acoustic immittance, auditory
brainstem response, and distortion product otoacoustic emis-
sion according to standard protocols. Vestibular bithermal
caloric test and evoked myogenic potentials were performed
to the proband (IV-20) due to his complaint of occasional
vertigo. Other syndromic or systematic diseases which can
influence hearing and past history of ototoxic medication
were excluded. Degrees of hearing loss were determined
according to the guidelines of American Speech-Language-
Hearing Association [19]. Individual was considered affected
if PTA thresholds of most frequencies were higher than
the 95 percentile thresholds of presbycusis according to
the method of ISO 7029-2000 [20]. Before this study, all
participants provided written informed consents according
to the protocol, which was approved by the ethics committee
of the Institutional Review Board of the Shandong Provincial
Hospital Affiliated to Shandong University.

2.2. Targeted Next-Generation Sequencing of Deafness Gene.
In order to identify the pathogenic mutation underlying
the hearing loss in this family, the genomic DNA was
extracted from peripheral blood of all the subjects using
DNA extraction kit (Axygen, USA). Target region capture
sequencing was employed to screen possible mutations of
81 genes (see S1 Table in Supplementary Material available
online at http://dx.doi.org/10.1155/2016/1512831) related to
nonsyndromic hearing loss in the genome of the proband.
This work was done by BGI (Beijing Genomics Institute,
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Shenzhen, China) using a standardized next-generation cap-
ture sequencing platform. This method can cover all exons
and nearby ±10 base pairs of introns of the 81 candidate
genes. Data analysis was conducted according to the analysis
process for next-generation sequencing, BGIv0.1.0. Reads
were aligned to the human reference genome UCSC hg19
Feb.2009 by BWA 0.6.2-r126 software. Mutation detection
software was GATK. dbSNP (snp137) was used as a reference
for recorded SNPs. The databases including 1000 genome
database (phase I), HapMap database (combined data from
phases II and III), and own databases of BGI (BGI-DB,
HGVD) were used as references to investigate the novelty
and possible pathogenicity of the variations detected in the
sequencing approach. Guideline of American College of
Medical Genetics and Genomics was used as the reference of
data interpretation [21].

2.3. Mutation Detection by Sanger Sequencing on Genomic
DNA. Sanger sequencing was performed in all the family
members participating in our research and 200 ethnicity-
matched control subjects. The primers used to amplify the
exons and intron-exon boundaries by polymerase chain
reaction were as follows: (1) forward 5-GCAGGCTGCTTG-
TAAGATGAG-3 and reverse 5-AGACAGCGGCGATTG-
TTC-3; (2) forward 5-CTCGGTTGCTTGAAAATGTG-
3 and reverse 5-GGGGATCTTGAGATTAGCC-3; (3)
forward 5-AGCTGGAAGCCTTCGCC-3 and reverse 5-
GGAAAGTCTGTGGCTTCGG-3. The first pair of primers
was for the amplification of exon 1, while the other two
were for exon 2. Sequencing reactions were performed by
BGI (BeijingGenomics Institute, Shenzhen, China). Datawas
analyzed using Lasergene-SeqMan software. The sequences
were comparedwith the sequence of POU4F3 gene (GenBank
Accession number NM 002700) and corresponding protein
sequence (NP 002691.1).

2.4. Bioinformatics Analysis. Mutation Taster was used
to predict the possible pathogenic effect of the candi-
date mutation (http://www.mutationtaster.org/) [22]. Three-
dimensional (3D) modeling of the human wild-type and
mutant POU4F3 protein was carried out using I-TASSER,
an automated homology modeling program (http://zhanglab
.ccmb.med.umich.edu/). The wild-type POU4F3 protein
includes 338 amino acids (NP 002691.1) and the mutant
protein includes 112 amino acids. Data obtained from the
homologymodels were visualized using Swiss-PdbViewer 4.1
software.

2.5. Cell Culture. HEK293 cells were originally stored in
Shandong Provincial Key Laboratory of Otology and then
cultured in MEM (Gibco, USA) containing 10% FBS (Gibco,
USA) in a sterile environment with 5% CO2 at 37

∘C. HEI-
OC1 auditory cells, which were given by Dr. Federico Kalinec
(University of California, Los Angeles) as a present, were
cultured in DMEM (Gibco, USA) containing 10% FBS in a
sterile environment with 10% CO2 at 33

∘C [23].

2.6. Plasmid Construction. The vector containing human
POU4F3 cDNA was purchased from Cusabio Biotech

(Wuhan, China). Sanger sequencing of this cDNA clone
confirmed that it is totally consistent with that of POU4F3
cDNA (accession number: BC112207). We then used this
to generate the wild-type expression plasmid. Primers used
to amplify the cDNA region were 5-ATGCAGGATCCA-
TGATGGCCATGAACTCCAAGCAGCCTTTCG-3 and
5-ACGCAGAATTCGTGGACAGCCGAATACTTCA-3.
After digestion by restriction enzymes BamH I and EcoR
I, the amplified PCR products were then subcloned into
the expression vector, pCMV-Tag 2B (Agilent Technologies,
USA). To construct themutant expression vector, we used the
QuikChange site-directed mutagenesis kit (Stratagene, USA)
to introduce the mutation (c.337C>T) which we identified
from targeted next-generation sequencing into the wild-type
vector following the manufacturer’s protocol.

2.7. Transient Transfection and Immunofluorescence Analysis.
HEK 293 and HEI-OC1 cells were cultured on glass cov-
erslips in 24-well plates with the densities of 25 × 104/well
and 10 × 104/well, respectively, and were then transfected
with either wild-type or mutant expression plasmid using
Lipofectamine� 3000 transfection reagent (Invitrogen, USA).
Immunofluorescence analysis was performed after 72-hour
transfection. Cells were fixed in 4% paraformaldehyde for
15min, permeabilized in PBS containing 0.3% Triton X-100
for 10min and then blocked in PBS containing 10% donkey
serum for 1 h at 37∘C in a humid atmosphere. Subsequently,
the cells were incubated for 12–14 h at 4∘C with primary anti-
FLAG antibody (Ca# F1804, Sigma, USA) at a concentration
of 1 : 800 diluted and then stained with secondary goat-
anti-mouse antibody (Sigma, USA) and DAPI for 1 h at a
concentration of 1 : 1000. Finally, the cells were visualized
under confocal microscope for image acquisition.

3. Results

3.1. Clinical Manifestations. A four-generation Chinese fam-
ily suffered from hereditary progressive hearing loss with an
autosomal dominant pattern. The pedigree of this Chinese
family was drawn in Figure 1 according to the statements of
participants. Totally, there were 12 members suffering from
similar symptoms of hearing loss and tinnitus in this family,
with 9 of them still alive at the time of investigation. But out
of respect for the patients’ privacy and some other objective
reasons, we only got 12 members to participate in our study.
All the members with symptoms in this family represented
bilateral late-onset progressive hearing loss, but the onset age
(range, 14–40 y) varied a lot from one another. PTA results
showed moderate to severe hearing loss in these patients.
The audiometric configurations were flat to downsloping
(Figure 2). Four of the 12 participating members including
III-1, III-15, III-19, and IV-20were assumed to be affected after
PTA test and comparison with 95th percentile thresholds of
presbycusis.

The proband (IV-20) developed bilateral hearing loss at
the age of 14 and after then, the hearing loss became more
and more severe. So he received PTA in our hospital at 17
and 18 years old, respectively. The results showed moderate
sensorineural hearing loss of both ears (shown in Figure 2)
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Neural Plasticity 5

Th
re

sh
ol

d 
le

ve
l (

dB
H

L)

250 500 1000 2000 4000 8000125

120

100

80

60

40

20

0

IV-21, female, 6 y

Frequency (Hz)

Left ear
Right ear

Th
re

sh
ol

d 
le

ve
l (

dB
H

L)

250 500 1000 2000 4000 8000125

120

100

80

60

40

20

0

IV-22, male, 9 y

Frequency (Hz)

Left ear
Right ear

Figure 2: Audiograms of some members participating in our study in the Chinese family. Blue crosses and red circles represent the air
conduction hearing threshold levels of left and right ears, respectively. For IV-20, hearing levels of the age of 17 and 18 years are shown in full
and broken lines, respectively. Black lines with solid circles represent the 95 percentile air conduction hearing threshold levels of presbycusis
with a certain gender and age according to the algorithm of ISO 7029:2000. Pedigree number, gender, and age are shown below the audiogram
of each individual. “IV-20, male, 17 y” and “IV-20, male, 18 y” in the keys refer to both red and blue colors.

and an obvious decrease of the right ear in 1 and 2 kHz was
observed when comparing these two audiograms. Usually,
the configurations of both ears were the same or similar, but
the proband showed different configurations on each side of
ears.

Tinnitus was a common symptom among these patients.
Tinnitus examination revealed a 3 kHz binaural consistent
tinnitus in IV-20 (left: 51 dB HL; right: 85 dBHL) and a 6 kHz
binaural tinnitus in III-19 (left: 103 dB HL; right: 104 dB HL).
Speech recognition scores (SRS) of IV-20 were 88% in left
and 80% in right. SRS of III-19 were 52% in left and 48% in
right. Results of vestibular bithermal caloric test and VEMP
showed no obvious dysfunction although IV-20 mentioned
he experienced vertigo sometimes. Tympanometry results
of all participants were completely normal. ABR results of
those affected members were consistent with results of PTA,
showing moderate to severe sensorineural hearing loss. All
affected members failed to pass DPOAE test in most or all
frequencies bilaterally. Results of all the unaffected members
were normal.

3.2. A Novel Nonsense Mutation Was Identified in POU4F3
Gene. Target region capture sequencing was performed to
identify the causative mutation underlying this Chinese fam-
ily. Single-nucleotide variationswere filtered in the dbSNP137,
the 1000 Genomes Project, and HapMap8 databases with
a 0.5% cutoff of minor allele frequency. Ten variations
in nine genes (POU4F3, OTOF, DSPP, DIAPH1, DFNB31,
TPRN, TECTA, TMPRSS3, and TRIOBP) were detected to
be possible candidates. By considerations of the autosomal
dominant pattern and clinical manifestations in this family,
five genes were excluded. Sanger sequencing was performed
in all the participating members to confirm the remaining
four genes (DSPP, DIAPH1, TECTA, and POU4F3). Only one

heterozygous nonsense mutation, c.337C>T (p. Gln113∗), in
exon 2 of POU4F3 was confirmed (Figure 3(a)). c.337C>T
leads to a truncated protein comprising only 112 amino acids
(the normal protein contains 338 amino acids) (Figure 3(b)).
Among the eight normal-hearing members, c.337C>T was
also detected in the proband’s little sister (IV-21)whowas only
six years old. Given that hearing loss caused by mutations
of POU4F3 usually occurs at late age, probably it was still
too early for her to present with the symptoms. Sanger
sequencing was also conducted in 200 ethnicity-matched
control subjects and the mutation was absent in all of them.

Prediction made by Mutation Taster about whether this
mutation was pathogenic showed a probability value of 1
(value close to 1 indicates a high “security” of the prediction).
A molecular model of POU4F3was constructed based on the
crystal structure (PDB ID: 1gt0A and 1jvrA) (Figure 3(c)).
The constructed model of wild-type protein matched the
sequence of POU4F3 (residues 1–338). The sequence identity
between the target and template was 53%, higher than the
average 25%. The constructed model of mutant protein
matched the target sequence of POU4F3 (residues 1–112).
The sequence identity between the target and template was
25%. We analyzed the wild and mutant structure of POU4F3
proteins with Swiss-Pdb Viewer 4.1 software. Compared with
the wild-type Pou4f3 structure, the mutant protein structure
is incomplete.

3.3. Effect of the POU4F3 Mutation on the Subcellular Local-
ization of Protein. POU4F3 is a transcription factor and is
exclusively located in the nuclei as previously reported [10,
24]. Subcellular localization is vital for a transcription factor
to perform its normal function as it requires the protein to
combine with the targets on DNA sequences in nuclei. So the
wild-type and mutant-type plasmids were constructed using
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Figure 3: Sanger sequencing confirmation and structural analysis of c.337C>T. (a) Sequencing results of two members in this family and the
representative of 200 ethnicity-matched control subjects. Red arrow points to the position of the heterozygous mutation in POU4F3 gene,
c.337C>T. (b) The schematic diagram of POU4F3 protein indicating the loss of POU-specific domain and POU homeodomain in mutant
protein. (c) Three-dimensional molecular models revealed the incomplete structure of mutant-type protein.

the pCMV-Tag2B plasmid and cDNA of POU4F3. These
two constructs were transfected into HEK 293 and HEI-
OC1 cell lines, respectively. HEI-OC1 cell line is a condition-
ally immortalized organ of Corti-derived epithelial cell line
[23], which has been shown to be an excellent in vitro

system to investigate the cellular and molecular mecha-
nisms involved in ototoxicity and otoprotection of new
pharmacological drugs. As the POU4F3 proteins expressed
by these two constructs were fused with N-terminal FLAG-
tag, we used anti-FLAG antibody to detect its localization
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Figure 4: Immunofluorescence analysis after transient transfection in HEK293 and HEI-OC1 cell lines. Images display DAPI in blue, FLAG-
tagged protein in green, and merged pictures. (a) In HEK293 cells, mutant protein located mostly in cytoplasm while the wild-type protein
was exclusively located in nuclei. (b) Similar results were observed in HEI-OC1 cells.

by immunofluorescence analysis under confocal microscopy.
Similar results were observed in both cell lines. The normal
POU4F3 protein was exclusively located in the cell nuclei
while most of the mutant POU4F3 protein was located in the
cytoplasm. Even though there was still somemutant POU4F3
protein in the nuclei, the signal wasmuch weaker than that in
the cytoplasm (Figure 4).

4. Discussion

POU4F3, also known as BRN3C, is a member of the POU
superfamily of transcription factors. Transcription factors
bind directly to DNA and regulate the translation of target
genes. All 14 members in this superfamily are characterized
by comprising two DNA-binding domains, the POU home-
odomain, and the POU-specific domain, which are the main

functional parts [25]. POU4F3 protein plays an essential role
in the development and maintenance of hair cells in the
inner ear sensory epithelia [7]. Targeted null mutation of
POU4F3 resulted in loss of all hair cells in the cochlea and
vestibular systemof Brn-3c−/−mice and thus led to symptoms
of complete hearing loss and severe vestibular dysfunction
[6, 26].

In this study, we identified a new nonsense mutation of
POU4F3, c.337C>T, in a Chinese family which represented
progressive hearing loss in an autosomal dominant pattern.
This mutation changed the codon CAG to UAG which
is a stop codon and thus produces a truncated protein
with only 112 amino acids while the normal protein should
comprise 338 amino acids. The truncated protein loses the
two functionalDNA-binding domains, POU-specific domain
and POU homeodomain; therefore it might lose its entire
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Table 1: Variants of POU4F3 related to DFNA 15.

Description Exon Amino acid change Type of variant Ethnicity Reference
c.884del8 2 Ile295Thrfs∗5 Frameshift Jewish Vahava et al. (1998) [14]
c.668T>C 2 Leu223Pro Missense Dutch Collin et al. (2008) [10]
c.865C>T 2 Leu289Phe Missense Dutch Collin et al. (2008) [10]
c.662del14 2 Gly221Glufs∗77 Frameshift Korean Lee et al. (2010) [13]
c.694G>A 2 Glu232Lys Missense Korean Baek et al. (2012) [9]
c.977G>A 2 Arg326Lys Missense Korean Kim et al. (2013) [12]
c.603 604delGG 2 Val203Aspfs∗11 Frameshift Chinese Yang et al. (2013) [16]
Deletion of entire gene 2 Deletion Brazilian Freitas et al. (2014) [11]
c.491C>G 2 Pro164Arg Missense Chinese Wei et al. (2014) [15]
c.337C>T 2 Gln113∗ Nonsense Chinese This study

function as a transcription factor and result in hair cell
apoptosis and progressive hearing loss.

To date, 10 pathogenic variants of POU4F3 related to
DFNA15 have been identified in different countries and
ethnicities (Table 1). All the patients were reported to
demonstrate the symptoms of postlingual, progressive sen-
sorineural hearing loss and the autosomal dominant pattern
of inheritance. The onset age of hearing loss varied a lot
from early adult to midlife. All frequencies, especially high
frequencies, could be affected resulting in flat to slowly
downsloping audiometric configurations in most patients
[17]. Interestingly, Brn-3c−/−mice showed severe hearing loss
and vestibular dysfunction after birth, while Brn-3c+/− mice
showed no auditory and vestibular symptoms [6, 27]. Unlike
mice, human would develop late-onset hearing loss when
carrying a heterozygousmutation of POU4F3.More attention
should be paid to POU4F3 when identifying the cause of a
patient with symptoms mentioned above.

No symptoms of vestibular dysfunction were found in
the members of this Chinese family. However, the vestibu-
lar function in some patients was previously reported to
be slightly affected after thorough examinations but the
incidence and severity were low [18]. In contrast, distinct
vestibular impairment was revealed in Brn-3c−/− mice. The
reasons why no obvious vestibular symptoms were found
in human are probably that only heterozygous mutations
were identified and the normal POU4F3 allele could produce
enough protein to maintain a desirable vestibular function,
or functional compensation of vestibular system occurred
during the long time span of this disease.

In order to investigate the effect of this novel muta-
tion, we examined the subcellular localization of mutant
protein in comparison to a wild-type protein control. The
immunofluorescence staining revealed that normal protein
was exclusively located in nuclei while mutant protein was
located predominantly in cytoplasm in both HEK293 cells
and HEI-OC1 cells. Nuclear localization signal (NLS) is an
amino acid sequence which plays a key role in guiding tran-
scription factors to cell nucleus and loss of NLS would result
in cytoplasmic localization. There are two NLSs in POU4F3
according to a previous study [28]. One is monopartite NLS

(amino acids 274 to 278), and the other is a bipartite NLS
(amino acids 314 to 331).Themutation c.337C>T (p. Gln113∗)
led to the loss of both NLSs which in turn caused the change
of localization. Some earlier studies reported that mutant
protein produced by transfection could also locate only in
nuclei and the difference between normal andmutant protein
was the proportion of cells with POU4F3 protein outside
nuclei [10, 13]. We did not discover this phenomenon after
repeated experiments. The possible reason may be these
reported missense mutations could not fully destroy the
function of NLS.

Identification of targets of POU4F3 is important for
understanding its function and the mechanism of POU4F3-
related hearing loss. There have been several genes verified
to be its downstream targets. Growth factor independence
1 (Gfi1), a zinc-finger transcription factor, was the first-
identified target gene of POU4F3 and its loss of expression
was presumed to be the main cause of outer hair cell
degeneration in POU4F3 mutant individuals [29]. Clough
et al. reported that POU4F3 was capable of activating both
BDNF and NT-3 promoters and might be an important
regulator of neurotrophic gene expression [30]. Later, Lhx3,
a LIM domain transcription factor, was validated to be
regulated by POU4F3 in auditory but not in vestibular system
of hair cells [31]. In 2014, the orphan thyroid nuclear receptor
Nr2f2 was identified as a new target gene which might be
relevant to the survival and development of hair cells [32]. But
still, the POU4F3-related mechanism of differentiation and
maintenance of hair cells is largely unknown.

5. Conclusions

In this study we identified a new nonsense mutation
c.337C>T in POU4F3 for the first time in a four-generation
Chinese family suffering from autosomal dominant nonsyn-
dromic hearing loss. Functional defects of this truncated
protein were revealed by structural analysis and in vitro
cellular experiments. Thus far, 10 variants of POU4F3 related
to DFNA15 have been reported. Mutation of POU4F3 may
not be a rare cause in ADNSHL and routine examination of
POU4F3 is necessary for the genetic diagnosis of hereditary
hearing loss in the future.
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Nonsyndromic deafness is genetically heterogeneous but phenotypically similar among many cases. Though a variety of targeted
next-generation sequencing (NGS) panels has been recently developed to facilitate genetic screening of nonsyndromic deafness,
some syndromic deafness genes outside the panels may lead to clinical phenotypes similar to nonsyndromic deafness. In this
study, we performed comprehensive genetic screening in a dominant family in which the proband was initially diagnosed with
nonsyndromic deafness. No pathogenic mutation was identified by targeted NGS in 72 nonsyndromic and another 72 syndromic
deafness genes. Whole exome sequencing, however, identified a p.E313K mutation in NLRP3, a gene reported to cause syndromic
deafness Muckle-Wells Syndrome (MWS) but not included in any targeted NGS panels for deafness in previous reports. Follow-up
clinical evaluation revealed only minor inflammatory symptoms in addition to deafness in six of the nine affected members, while
the rest, three affected members, including the proband had no obvious MWS-related inflammatory symptoms. Immunostaining
of the mouse cochlea showed a strong expression of NLRP3 in the spiral ganglion neurons. Our results suggested that NLRP3may
have specific function in the spiral ganglion neurons and can be associated with both syndromic and nonsyndromic sensorineural
deafness.

1. Introduction

Hearing loss is a common sensory deficit that is genetically
heterogeneous. It is estimated that about 70% of all inherited
deafness is nonsyndromic, while the remaining 30% is syn-
dromic. To date, more than 100 loci for nonsyndromic deaf-
ness have been mapped (http://hereditaryhearingloss.org/)
and more than 400 syndromes have been described in which
deafness is part of the anomalies. In some cases, mutations in
the same gene can cause both nonsyndromic and syndromic
deafness. While the number of causative genes is usually

limited for each individual case of syndromic deafness, non-
syndromic deafness is often phenotypically similar among
cases of different molecular etiologies, rendering the genetic
diagnosis difficult for this type of hearing loss.

The advent of next-generation sequencing (NGS) pro-
vided an ideal tool to answer this challenge, as combined
technologies of targeted genomic enrichment and high-
throughput sequencing make it possible to sequence over
a hundred deafness genes simultaneously at a reasonable
cost [1, 2]. In recent years, a variety of targeted NGS panels
have been implemented in genetic screening of deafness.
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The number of targeted genes ranged from 50 to over 200,
typically including all known nonsyndromic deafness genes
up to the date of the design and differing in the number
of syndromic deafness genes [3–8]. Though those panels
theoretically should able to cover most genes associated
with nonsyndromic deafness, it remains possible that some
syndromic deafness genes outside the panels may lead to
clinical phenotypes similar to nonsyndromic deafness.

In this study, we showed one such example in a dominant
family segregated with apparently nonsyndromic deafness.
After targeted NGS failed to identify any causative mutation
in 144 known deafness genes, an E313K mutation in NLRP3
was revealed by whole exome sequencing which has been
previously linked to syndromic deafness Muckle-Wells Syn-
drome (MWS, OMIM # 191900) [9]. Reports on such cases
may improve the precise genetic diagnosis of deafness.

2. Materials and Methods

2.1. Subjects. AChineseHan family (FamilyC277) segregated
with autosomal dominant hearing loss was recruited through
Xinhua Hospital, Shanghai, China. As shown in Figure 1, this
family consisted of 9 affected family members and 1 unaf-
fected family member. All affected members had bilateral,
late-onset sensorineural hearing loss. The family members
gave written, informed consent to participate in the present
study. This study was approved by the ethics committee of
Xinhua Hospital, Shanghai Jiaotong University School of
Medicine.

2.2. Clinical Characterization. The hearing levels of all
affected family members were measured by air and bone
conducted pure tone audiometry. After detection of the
p.E313K mutation in NLRP3, the affected family members
received a follow-up clinical evaluation focusing on the
MWS-related inflammatory symptoms including chronic
fatigue, recurrent fever, headache, ocular symptoms such as
conjunctivitis, uveitis, papillary edema, and opticus neuritis,
oral ulcers, abdominal pain, proteinuria, musculoskeletal
symptoms such as arthralgia, arthritis, and myalgia, and
skin symptoms such as erythematous rash and cold-induced
urticaria.

2.3. Targeted NGS and Whole Exome Sequencing. Genomic
DNAs from the 10 family members were extracted from
whole blood using Blood DNA kit (TIANGEN Biotech,
Beijing, China). Targeted NGS of 144 known deafness
genes (see complete list of the genes in Supplemen-
tary Table S1 in Supplementary Material available online
at http://dx.doi.org/10.1155/2016/3018132) was performed in
proband III-3 using theMyGenotics gene enrichment system
(MyGenotics, Boston, MD, USA) and the Illumina HiSeq
2000 sequencer (Illumina, SanDiego, CA,USA) as previously
described [10]. Whole exome sequencing was performed
in family members I2, III2, III4, and I1 using the Agilent
SureSelect V5+UTR Exome Enrichment Kit (Agilent, Santa
Clara, CA, USA) and the Hiseq X Ten sequencer (Illumina,
San Diego, CA, USA) as previously reported [11]. The reads

were aligned to HG19 using the BWA software and the
variants were called using the Genome Analysis Toolkit
(GATK), both with the default parameters. SNVs and indels
were presented using Variant Call Format (VCF) version 4.1
and annotated using the ANNOVAR software. To identify the
candidate pathogenic mutations, exclusive filtering criteria
were applied to the variants including the following: (1) SNVs
in nonsplicing region leading to synonymous amino acids; (2)
SNVs and indels called in off-target regions; (3) variants with
maximum minor allele frequency (MAF) greater than 0.001
in public databases 1000 Genomes Project, NHLBI Exome
Sequencing Project (ESP) and the Examination for Architects
in Canada (ExAC).

2.4. Immunostaining of the Mouse Cochlea. Immunostaining
of the mouse cochlea was performed as previously described
[11]. Briefly, P60 mouse cochlea was extracted, perfused, and
fixed in PFA overnight.The cochlea was then washed in 0.1M
PBS, incubated in 5% EDTA for 5 days, dehydrated in 30%
sucrose, embedded in OCT, and frozen at −20∘C. Frozen
sections (10 𝜇m) were obtained parallel to the modiolus. The
slides were rewarmed at room temperature for 30 minutes,
washed in PBS, incubated with a blocking buffer containing
5% donkey serum, 0.3% Triton X-100, and 1% BSA in PBS
for 1 hour at room temperature, incubated in the 1 : 500
mouse anti-TUJ1 (MMS435P-250, Covance, Princeton, USA)
and 1 : 200 rat anti-NLRP3 (MAB7578-SP, RnD,Minneapolis,
USA) primary antibodies at 4∘C overnight, and detected
with 1 : 500 secondary antibodies conjugated to Alexa 488
and Alexa 594 (Jackson Immunoresearch,West Grove, USA).
The slides were mounted in Prolong-Gold Antifade reagent
with DAPI (Invitrogen, Carlsbad, USA) and examined with
confocal fluorescence microscopy (LSM710, Zeiss, Berlin,
Germany).

3. Results

3.1. AuditoryCharacteristics. Theaffectedmembers in Family
C277 exhibited bilateral, late-onset, slowly progressive hear-
ing impairment (Figure 2). The age at onset was around
20 years. The hearing impairment began in the middle and
high frequencies, gradually progressed to all frequencies, and
eventually reached profound in the sixth decade. There was
no evidence of vestibular dysfunction in any member. Initial
clinical evaluation of the proband III3 revealed no significant
abnormalities other than the hearing impairment.

3.2. Exclusion of 144 Known Deafness Genes. To identify
the genetic cause of the deafness in Family C277, we first
screened 144 known deafness genes in proband III3 including
72 nonsyndromic and 72 additional syndromic deafness
genes. Targeted NGS generated 2514581 mapped reads with
an averaged on-target sequencing depth of 299x. 92.4% of
the targeted regions were covered with at least 10x in depth.
A total of four heterozygous nonsynonymous candidate
variants with MAF of 0.01 or less were identified including
p.Q1495fs inPCDH15 (NM 001142767), p.M1209I inCOL4A3
(NM 000091), p.G204S in EDN3 (NM 207033), and p.R36H

http://dx.doi.org/10.1155/2016/3018132
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Figure 1: Pedigree of Family C277 with progressive hearing loss and MWS-related inflammatory symptoms. The genotype of the p.E313K
mutation in NLRP3 was marked under the family members. Proband III3 was pointed by an arrow.
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Figure 2: Audiometric features of affected individuals III1, III2, III3,
III4, and II7 at age of 19–53 years. Pure tone hearing thresholds were
shown as the averages of the left and right sides. The rest of the
four affected individuals I2 (80 y.o.), II1 (56 y.o.), II3 (55 y.o.), and
II5 (59 y.o.) had hearing thresholds of 90 dB or higher.

in KCNE1 (NM 001127670). Sanger sequencing in all 10
family members, however, revealed that none of the four
variants segregatedwith the hearing loss phenotype in Family
C277.

3.3. Identification of the p.E313K Mutation in NLRP3. To
further investigate the genetic cause of the deafness in Family
C277, we performed whole exome sequencing in affected
family members I2, III2, and III3 and unaffected family
member I1. The mean sequencing depth for I2, III2, III3,
and I1 was 76.67x, 93.72x, 91.05x, and 98.94x, respectively.

An averaged 98% of the targeted region was covered by at
least 5x in depth. A total of seven nonsynonymous candidate
variants with MAF of 0.01 or less were identified in affected
individuals I2, III2, and III3 but not in unaffected individual
I1. Sanger sequencing in all 10 family members revealed a
p.E313K (NM 001127462: c.G937A) mutation in NLRP3, a
gene not included in any of the targeted NGS panels for
deafness in previous reports (see Section 4 for details), as
the only pathogenic mutation segregating with the hearing
loss phenotype. The p.E313K mutation is located in the NBS
domain of NLRP3 and changed an evolutionary conserved
amino acid (Figure 3). This mutation was predicted as
pathogenic by computer programs Mutation Taster, SIFT,
and PROVEAN (prediction scores of 0.794, 2.80, and −3.02,
resp.). It was not seen in 300 Chinese Han normal hearing
controls.

3.4. Characteristics of the Autoinflammatory Abnormalities.
Thep.E313Kmutation inNLRP3has been previously reported
to be associated with inherited autoinflammatory disease
Muckle-Wells Syndrome (MWS) [9]. A follow-up clinical
evaluation therefore was performed in all 9 affected family
members focusing on the MWS-related autoinflammatory
features (Table 1). Different from the previous report, in
six of the nine affected members only minor inflammatory
symptoms were present including conjunctivitis and uveitis
(𝑛 = 4), oral ulcers (𝑛 = 3), arthralgias and arthritis (𝑛 =
1), and erythematous rash (𝑛 = 2). The rest three affected
members I2, II5, and III3 had no obvious MWS-related
inflammatory symptoms. None of the nine affected members
had chronic fatigue, recurrent fever, headache, pericarditis,
abdominal pain, and proteinuria. The occurrence of the
MWS-related inflammatory symptoms was apparently not
associated with age. The affected individual I2 was 80 years
old but did not have any inflammatory symptoms. On the
contrary, the affected individual III-4 was only 27 years old
but showed conjunctivitis, uveitis, and erythematous rash at
a quite early age.
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Table 1: Clinical features of the patients with the p.E313K mutation in NLRP3.

Clinical symptoms I2
(80)∗

II1
(56)∗

II3
(55)∗

II5
(59)∗

II7
(53)∗

III1
(27)∗

III2
(31)∗

III3
(19)∗

III4
(27)∗

% in the
current
study

% in the
referenced
study [9]

Chronic fatigue — — — — — — — — — 0 100
Recurrent fever — — — — — — — — — 0 31
Headache — — — — — — — — — 0 54
Ocular symptoms

Conjunctivitis — Y — — Y Y — — Y 44 85
Uveitis — Y — — Y Y — — Y 44 77
Papillary edema — — — — — — — — — 0 15

Hearing loss Y Y Y Y Y Y Y Y Y 100 92
Oral ulcers — Y Y — — — Y — — 33 46
Pericarditis — — — — — — — — — 0 23
Abdominal pain — — — — — — — — — 0 31
Renal amyloidosis — — — — — — — — — 0 77
Musculoskeletal
symptoms

Arthralgias — — Y — — — — — — 11 85
Arthritis — — Y — — — — — — 11 69
Myalgias — — — — — — — — — 0 54

Skin symptoms
Erythematous

rash — — — — Y — — — Y 18 54
∗Age (years) when tested.

3.5. Expression of NLRP3 in the Spiral Ganglion Neurons.
Immunostaining showed that NLRP3 was strongly expressed
in the spiral ganglion neurons of adult (P60) mouse cochlea
(Figure 4). Its expression was mainly distributed in the
cytoplasm similar to the neural marker Tuj1.

4. Discussion

In this study, we identified a p.E313K mutation in NLRP3
as the pathogenic cause of the deafness in Family C277.
NLRP3 encodes a pyrin-like protein expressed in innate
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(a) (b)

(c) (d)

Figure 4: Expression of NLRP3 in the spiral ganglion neurons of the P60mouse cochlea. ((a)–(c)) NLRP3, cell nucleus, and Tuj1 were stained
as red, blue, and green, respectively. (d) Colocalization of NLRP3 and Tuj1 staining. Bars: 50 𝜇m.

immune cells such as neutrophils, monocytes, and dendritic
cells [12]. The NLRP3 protein contains a pyrin domain, a
nucleotide-binding site (NBS) domain where the E313 amino
acid residue resides, and a leucine-rich repeat (LRR) motif
(Figure 3(c)). It plays an important role in inflammation,
immune response, and apoptosis, while the neurological
function of NLRP3 was only implicated in the sensorineu-
ral hearing loss [13]. Dominant mutations in NLRP3 may
lead to a spectrum of inflammatory diseases including
familial cold autoinflammatory syndrome (FCAS, OMIM #
120100), Muckle-Wells Syndrome (MWS, OMIM # 191900),
and chronic infantile neurological cutaneous and articular
syndrome (CINCA, OMIM # 607115).

The p.E313K mutation in NLRP3 has been previously
reported to be associated with MWS [9]. MWS is a rare
autosomal dominant disorder characterized by episodic skin
rash, arthralgias, recurrent fever, and renal amyloidosis as
well as late-onset sensorineural hearing loss. In a large
dominant family of European descent in the report [12],
a majority or all of the thirteen affected family members

with the p.E313K mutation in NLRP3 had MWS-related
inflammatory symptoms including chronic fatigue (100%),
recurrent fever (31%), headache (54%), ocular symptoms
such as conjunctivitis (85%) and uveitis (77%), oral ulcers
(46%), pericarditis (23%), abdominal pain (31%), renal amy-
loidosis (77%),musculoskeletal symptoms such as arthralgias
(85%), arthritis (69%), andmyalgia (54%), and erythematous
rash (54%). On the contrary, Family C277 in our study exhib-
ited a much milder degree of MWS-related inflammatory
symptoms, in which only 44% of the nine affected members
had conjunctivitis and uveitis, 33% with oral ulcers, 18% with
erythematous rash, and 11% with arthralgias and arthritis
(Table 1). Chronic fatigue, recurrent fever, headache, peri-
carditis, abdominal pain, renal amyloidosis, or myalgia was
not reported in any of them.Three affected members, I2, II5,
and III3, were free of MWS-related inflammatory symptoms
other than the hearing loss (i.e., nonsyndromic deafness).The
hearing loss in Family C277, therefore, should be regarded
as a mixed syndromic (II1, II2, II7, III1, III2, and III4)
and nonsyndromic (I2, II5, and III3) deafness depending
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on the specific affected individuals. The key symptom in
this family overall, however, should be the hearing loss as
the inflammatory symptoms were either relatively minor
or completely absent. We speculated that the complicate
genotype-phenotype correlation of the p.E313K mutation in
NLRP3 can be influenced by both genetic and environmental
factors. The different genetic background of the ethnicity
may explain the phenotypic difference observed between
the Chinese and European families with the same mutation.
The environmental factors may explain the intrafamilial
difference observed in Family C277.

Due to the mild inflammatory symptoms, the disorder
of Family C277 was indeed initially diagnosed as nonsyn-
dromic deafness. To our knowledge, however, NLRP3 was
not included in any of the major targeted NGS panels for
deafness in the previous and current studies (Supplementary
Table S2). The p.E313K pathogenic mutation, therefore, was
not identified until whole exome sequencing was performed.
On the other hand, our immunostaining results showed
that NLRP3 is strongly expressed in the spiral ganglion
neurons of mouse cochlea (Figure 4), implicating a specific
role of NLRP3 in the inner ear function. Previous reports
showed that early treatment with IL-1 inhibitors Anakinra
or Canakinumab in patients with NLRP3 mutations can
improve hearing and prevent irreversible renal damage from
amyloidosis [12, 14]. The early genetic diagnosis of NLRP3
mutations, therefore, is essential for proper clinical inter-
vention. Our study suggested that syndromic deafness genes
such asNLRP3 should be recognized and targeted for genetic
screening of nonsyndromic deafness by targeted NGS.

5. Conclusions

NLRP3 may have specific function in the spiral ganglion
neurons of the cochlea. Mutations in NLRP3 can be associ-
ated with both syndromic and nonsyndromic sensorineural
deafness. Such genes should be recognized and targeted for
genetic screening of nonsyndromic deafness.
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Glutamate is an important excitatory neurotransmitter in mammalian brains, but excessive amount of glutamate can cause
“excitotoxicity” and lead to neuronal death. As bipolar neurons, spiral ganglion neurons (SGNs) function as a “bridge” in
transmitting auditory information from the ear to the brain and can be damaged by excessive glutamate which results in
sensorineural hearing loss. In this study, edaravone, a free radical scavenger, elicited both preventative and therapeutic effects
on SGNs against glutamate-induced cell damage that was tested by MTT assay and trypan blue staining. Ho.33342 and PI double
staining revealed that apoptosis as well as necrosis took place during glutamate treatment, and apoptosis was the main type of cell
death. Oxidative stress played an important role in glutamate-induced cell damage but pretreatment with edaravone alleviated cell
death. Results of western blot demonstrated that mechanisms underlying the toxicity of glutamate and the protection of edaravone
were related to the PI3K pathway and Bcl-2 protein family.

1. Introduction

Hearing loss is a very common sensory disorder which,
to a great extent, influences the quality of patients’ life.
Sensorineural hearing loss is often associatedwith the impair-
ment of spiral ganglion neurons (SGNs). SGNs are bipolar
neurons that transmit auditory information from the ear
to the brain. They are indispensable for the preservation of
normal hearing and their survival depends mainly on genetic
and environmental interactions [1]. Many disturbances, such
as noise exposure, ototoxic medication, and genetic factors,
can lead to the loss of SGNs irreversibly and therefore result
in sensorineural hearing loss.

It is widely accepted that glutamate is an important
excitatory neurotransmitter in mammalian brains, but exces-
sive amount of glutamate can cause “excitotoxicity” and
lead to neuronal death in some injuries and diseases, such
as cerebral ischemia, traumatic brain disorder, HIV, and

neurodegenerative disorders [2, 3]. Treatment with excessive
glutamate in rats was found to result in high-frequency hear-
ing loss. And there was a dramatic and selective reduction
of neurons in the basal, high-frequency-related portion of
the spiral ganglion, but no loss of hair cells was discovered
[4]. Traumatic sound exposure, aminoglycoside antibiotics,
cochlea ischemia, or traumatic stress leads to an excessive
release of glutamate from inner hair cells into the synap-
tic cleft [5]. Glutamate excitotoxicity causes neuronal cell
death primarily through the excessive activation of glutamate
receptorswhich triggersmassiveCa2+ influx into neurons [6].
Ca2+-loaded mitochondria generate reactive oxygen species
(ROS), which comprises superoxide and nitric oxide [7, 8].
And large amount of ROS leads to cell death eventually.

Edaravone (MCI-186, 3-methyl-1-phenyl-2-pyrazolin-5-
one) is a potent free radical scavenger which has already
been used in the clinical treatment of ischemia impairments,
such as acute cerebral infarction, acutemyocardial infarction,
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and rheumatoid arthritis [9–11]. It can interact with both
peroxyl and hydroxyl radicals to form oxidized compounds
and thus attenuate ischemic damage [12]. Many studies have
revealed that free radical scavengers are also very useful in the
treatment of otology disorders, such as inner ear barotrauma,
aminoglycoside-induced ototoxicity, and cisplatin-induced
ototoxicity [13–15].

So far, few concerns have been focused on the protective
effect of edaravone on spiral ganglion neurons against toxicity
of glutamate. In this study, we aim to demonstrate whether
edaravone, the free radical scavenger, can protect SGNs from
glutamate-induced cytotoxicity and the possible underlying
mechanism.

2. Materials and Methods

2.1. Materials. Dulbecco’s Modified Eagle’s Medium
(DMEM) with high-glucose and fetal bovine serum were
purchased from GIBCO (USA). Anti-NSE antibody was
obtained from Abcam (USA); other antibodies including
anti-Bcl-2, anti-Bax, anti-AKT, anti-p-AKT, and anti-𝛽-actin
were purchased from Santa Cruz Biotechnology (USA).
Glutathione (GSH), superoxide dismutase (SOD), and
malonaldehyde (MDA) assay kits (A006-1, A001-3, and
A003-1, resp.) were all purchased from Nanjing Jiancheng
Bioengineering Institute (China). BCA protein assay kit was
a product from Shenergy Biocolor Bioscience & Technology
Company (China). Glutamate (Glu), edaravone (Ed), 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), trypan blue solution, and other agents were obtained
from Sigma (USA).

2.2. Primary Cultures of Rat SGNs. As our previous protocol
[1], the SGNs cells were isolated from rats at age less than 5
postnatal days. After anesthesia with pentobarbital sodium,
the rats were decapitated at the base of the foramenmagnum,
the epidermis was removed, cranium was opened along the
sagittal suture, and the brain halves were removed. The
following steps were carried out under the microscope and in
phosphate buffered solution (PBS). The bulla of the temporal
bone was opened, and then the capsule of the inner ear, the
stria vascularis, and the organ of corti were removed. Rosen-
thal’s canal was isolated and placed into Ca2+–Mg2+-free
Hank’s balanced salt solution containing 0.125% trypsinase.
After digesting for 15min at 37∘C, the tissue was eluted with
the plating medium DMEM supplemented with 10% fetal
bovine serum.Then the cells were collected by centrifugation
at 1000 rpm for 8min, resuspended, and plated in poly-L-
lysine-coated 24-well culture plates at a density of 1.0 ×
105 cells/mL at 37∘C in a humid atmosphere of 5% CO

2
.

Next, primary SGNs were identified by immunocyto-
chemistry staining. SGNs (1.0 × 105/mL) were inoculated in
24-well plate, rinsed three times with PBS, and then stained
with primary anti-NSE antibody (1 : 400) and secondary goat-
anti-rabbit Cy3 antibody.

2.3. Drug Treatment. SGNs (1.0 × 105/mL) subcultured in
96-well or 24-well plate were treated with 2mM glutamate
for 10 minutes. Then the medium was replaced by normal

DMEM. Different concentrations of edaravone were added
to the medium either 20min before or 2 h, 6 h, and 12 h
after glutamate treatment. All the doses and time points were
determined by preliminary experiments (data not shown).

2.4. Assessment of Cell Viability by MTT and Trypan Blue
Staining. Cell viability was quantified by MTT assay and
trypan blue staining. MTT (5mg/mL, 20𝜇L) was added
to each well and incubated for 4 h at 37∘C after the drug
treatments as described above. The medium was removed
and the cell pellet was dissolved in DMSO. Then, the optical
density (OD) values were measured at 570 nm using an
ELISA reader. All experimentswere repeated three times. Cell
relative viability was calculated according to the following
formula:

Cell relative viability (%) =
ODexperiment

ODcontrol
× 100%. (1)

ODblank was used as zero.
In trypan blue staining, SGNs were stained with 0.4%

trypan blue for 5min after the drug treatments as described
above. Pictures were taken by microscope and trypan blue
positive and negative cells were counted afterwards. Cell
survival rate was defined as the percentage of negative cells.

2.5. Detection of Apoptosis and Necrosis by Ho.33342 and
Propidium Iodide (PI) Double Staining. SGNs were incubated
with glutamate with or without edaravone (500𝜇M). Con-
trol cells were without any treatment. Cells were washed
twice by PBS, fixed with 95% alcohol for 10min, and then
stained by Ho.33342 (10mg/mL) and PI (50mg/mL) at
37∘C for 30min. Morphological changes were examined by
fluorescencemicroscope under green light (515–560 nm) and
ultraviolet (UV) light (340–380 nm), respectively. At least 500
cells were counted in 5 randomly selected fields per group. All
treatments were repeated three times.

2.6. Detection of GSH Content, SOD Activity, and MDA
Level by Spectrophotometer. SGNswere incubatedwith 2mM
glutamate for 10min with or without the pretreatment of
500𝜇M edaravone 2 h ahead. Control cells were without
any treatment. Then cells were washed twice with ice-
cold PBS, sonicated, and harvested for the following assays.
Intracellular GSH content, SOD activity, and MDA level in
all groups were measured by commercial assay kits according
to the manufacturer’s instructions. OD values at optimal
wavelengthsweremeasured using spectrophotometer and the
relative levels comparing with control cells were calculated.
All experiments were repeated three times.

2.7. Protein Extraction andWestern Blot Analysis. After SGNs
were treated by 2mMglutamatewith orwithout pretreatment
of 500 𝜇M edaravone, the proteins were collected and the
expressions of AKT, p-AKT, Bax, and Bcl-2 genes were
examined by western blot after 24 hours’ normal culture.
Briefly, total protein was extracted from SGNs using lysis
buffer (containing 50mM Tris-Cl, pH 8.0, 150mM NaCl,
0.1% SDS, 1% NP-40, and 100mg/mL PMSF). The protein
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Figure 1: Identification of SGNs by anti-NSE antibody. (a) Corresponding NSE-Cy3 field to identify NSE positive cells. (b) Corresponding
DAPI field, showing all nucleoli in the field. (c) (a), and (b) merged.

concertation of each sample was measured by BCA protein
assay kit. Total protein 40mg of each sample was loaded
in 10% SDS-PAGE gels and electrically transferred onto
polyvinylidene difluoride membranes. After that, the mem-
branes were blocked in 5% nonfat dried milk/Tris-buffered
Saline-Tween for 2 h at room temperature. Subsequently, the
membranes were incubated with primary antibodies for 2 h
at room temperature (anti-AKT: 1 : 500, anti-p-AKT: 1 : 400,
anti-Bcl-2: 1 : 400, anti-Bax: 1 : 400, and anti-𝛽-actin: 1 : 2000).
Following three washes with TBST, the blots were incubated
with the secondary goat-anti-mouse or goat-anti-rabbit IgG
antibody (1 : 2000) at room temperature for 2 h. Finally, the
immunoblotswere detected by anECLkit and visualized after
exposure to X-ray film. Densitometer was used to quantitate
the immunoreactive bands. The ratios of AKT, p-AKT, Bcl-2,
and Bax to𝛽-actin were then determined.

2.8. Statistical Analysis. Data were presented as mean ±
standard error on the mean (SEM). Statistical calculations
were performed using SPSS19.0 software. One-way analysis
of variance (ANOVA) was applied to analyze data. 𝑝 < 0.05
was considered statistically significant.

3. Results

3.1. SGNs Were Identified by Anti-NSE Antibody. Figure 1
showed all nuclei stained byDAPI presented blue florescence;
meanwhile, the cells stained by NSE presented green fluores-
cence. Merging of the stained images showed the cells with
blue-green fluorescence, which were identified as SGNs.

3.2. Edaravone Performed Both Preventative and Therapeutic
Effects against Toxicity of Glutamate. To determine whether
edaravone has preventative effect on glutamate-induced cell
damage, 4 experimental groups of SGNs were arranged. One
group was treated with 2mM glutamate alone for 10min
while the other three groups were pretreated with edaravone
at different concentrations (250𝜇M, 500 𝜇M, and 750 𝜇M) for
20min before glutamate treatment. Then the medium was
changed to normal medium (Figure 2(a)). For the control
group, SGNs were cultured in normal medium without any
treatments. SGNs treated with glutamate appeared obvious
morphological changes compared with control group when

observed under phase contrast microscope. In addition, with
glutamate treatment, the number of cells was significantly
decreased, many cells were dying, lost the fusiform shape,
and became round or elliptical, and large quantities of dead
cells were also observed. Pretreatment of edaravone reversed
these changes resulting from glutamate treatment, and at the
dose of 500𝜇M and 750𝜇M, SGNs showed favorable growth
without distinct cell death (Figure 2(b)).

Based on the result, we considered the 500 𝜇M concen-
tration of edaravone to be desirable and chose it to do the
following experiments. In order to make sure that edaravone
also had therapeutic effect on glutamate-induced toxicity, all
the groups of SGNs were treated with glutamate for 10min
first, and then the medium was changed to normal medium.
500𝜇M edaravone was added to the medium 2 h, 6 h, or 12 h
after glutamate treatment (Figure 3(a)). Cell death decreased
with the treatment of edaravone. 2 h after glutamate treatment
or even earlier time point was the most suitable time point
for administering edaravone to reach themaximal protection
effect among these groups. At later time points, the cell death
could not be reduced effectively (Figure 3(b)). In short, these
results showed that edaravone performed both preventative
and therapeutic effects on the glutamate-induced toxicity in
SGNs.

3.3. Edaravone Alleviated the Decrease of Cell Viability Caused
by Glutamate. In order to estimate the protective effect
of edaravone, MTT assay and trypan blue staining were
performed to measure cell viability. The cell viability of
control group was considered as 100%. Figure 4 showed
that one group of SGNs was treated with glutamate alone,
while the other three groups were pretreated with edaravone
at different concentrations (250𝜇M, 500𝜇M, and 750 𝜇M)
for 20min before glutamate treatment. The cell viabilities
of MTT test were 32%, 48%, 75%, and 78% for each group,
respectively (Figure 4(a)), and those of trypan blue staining
were 30%, 45%, 72%, and 70% (Figure 4(b)). These results
revealed that pretreatment with edaravone increased the cell
viability of SGNs and the protective effect was presented in
a dose-dependent manner. The protection reached the peak
at the concentration of 500𝜇M and no obvious benefits were
observed by further elevating the concentration. Figure 5
showed that one group of SGNs was treated with glutamate
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Figure 2: Preventative effect of edaravone on toxicity of glutamate in cultures of SGNs. (a) Illustration of drug treatment. SGNs were treated
with edaravone first and 2mM glutamate 20min later. Then the medium was changed to normal medium 10min after that. Cell viability was
observed after normal culture for 24 h. (b) Pretreatment with edaravonemitigated cell death andmorphological changes caused by glutamate.
(A) The normal-cultured control cells. (B, C, D, and E) Morphological changes in SGNs treated with glutamate and different concentrations
of edaravone (0, 250, 500, and 750 𝜇M) were observed, respectively.
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Figure 3: Therapeutic effect of edaravone on toxicity of glutamate in cultures of SGNs. (a) Illustration of drug treatment. SGNs were treated
with 2mM glutamate for 10min; then the mediumwas changed to normal medium. 500 𝜇M edaravone was added to the medium at different
time points (2 h, 6 h, and 12 h later), respectively. Cell viability was observed after normal culture for 24 h. (b) Treatment with edaravone
reduced cell death and morphological changes of SGNs caused by glutamate. (A) The control cells. (B, C, D, and E) Morphological changes
in SGNs treated with glutamate and 500 𝜇M edaravone added at different time point.

alone, while the other three were treated with 500 𝜇M edar-
avone 2 h, 6 h, or 12 h after glutamate treatment, respectively.
The cell viabilities ofMTT test were 25%, 49%, 35%, and 33%,
respectively (Figure 5(a)), and those of trypan blue staining
were 22%, 40%, 32%, and 30% (Figure 5(b)). Treatment of
edaravone at the time point of 2 h after glutamate achieved
satisfying protection for SGNs against glutamate-induced
cytotoxicity. But there was no significant improvement in cell
viability when treated at later time points.

3.4. Edaravone Reduced Apoptosis and Necrosis Caused by
Glutamate. Apoptosis and necrosis were detected using

Ho.33342 and PI. Nuclei of apoptotic cells would be stained
with brilliant-blue fluorescence by Ho.33342, while nuclei of
necrotic cells would be stained with red fluorescence by PI.
After treatment with 2mM glutamate for 10min, the cells
were changed to normal medium and culture for additional
24 h.ThenSGNswere fixed and stainedwithHo.33342 andPI.
Nuclei which were dyed brilliant-blue or red demonstrated
the occurrence of apoptosis or necrosis. The percentages of
necrotic cells and apoptotic cells with glutamate treatment
were higher than those of the control group without any
treatment. On the contrary, SGNs pretreated with edaravone
compared to control group showed no obvious apoptosis
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Figure 4: Pretreatment of edaravone reduced the toxicity of glutamate towards SGNs. Cell viability was detected byMTT assay (a) and trypan
blue staining (b). Three groups were pretreated with 250 𝜇M, 500𝜇M, and 750 𝜇M edaravone, respectively. ∗𝑝 < 0.05, ∗∗𝑝 < 0.01, versus
glutamate-treated group. The data shown here was the mean ± SEM of three separate experiments.
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Figure 5: Treatment of edaravone buffered the toxicity of glutamate towards SGNs. Cell viability was detected by MTT assay (a) and trypan
blue staining (b).Three groupswere treatedwith 500 𝜇Medaravone 2 h, 6 h, and 12 h after administration of glutamate, respectively. ∗𝑝 < 0.05,
versus glutamate-treated group. The data shown here was the mean ± SEM of three separate experiments.

and necrosis (Figure 6). So we came to the conclusion that
glutamate could induce apoptosis and necrosis of SGNs, but
edaravone could effectively alleviate cell death.

3.5. Edaravone Reversed Decrease of SOD Activity, MDA Ele-
vation, and GSH Reduction Caused by Glutamate. By taking
control as 100%, treatment of SGNs with 2mM glutamate
decreases activity of SOD to 35% and level of GSH to 30%
and increased content of MDA to 190%. Pretreatment of
edaravone (500 𝜇M) reversed these changes to approximately
normal levels, with activity of SOD to 90%, level of GSH to
115%, and content of MDA to 105% (Figure 7). These changes
were all statistically significant (∗𝑝 < 0.05).

3.6. Edaravone Protected SGNs from Glutamate-Induced
Apoptosis through PI3K/Akt Pathway. As shown in Figure 8,
western blot analysis was performed in order to demonstrate

the mechanism of edaravone’s antiapoptotic effect. Repre-
sentative blots showed the amount of p-AKT, AKT, Bcl-2,
and Bax in SGNs (Figure 8(a)) and densitometer was used
to quantitate the immunoreactive bands (Figures 8(b), 8(c),
8(d), and 8(e)). Treatment of SGNs with glutamate reduced
AKT phosphorylation significantly. Moreover, the expression
of antiapoptotic protein Bcl-2 was increased and the apop-
totic protein Bax was decreased. Pretreatment of SGNs with
500𝜇M edaravone reversed these changes. The protection of
edaravone could be blocked by the PI3K inhibitor, LY294002.
Therefore, the protective effect of edaravone on SGNs against
glutamate-induced apoptosis was associated with PI3K/Akt
pathway and Bcl-2 protein family.

4. Discussion

Ischemic brain injury can cause glutamate accumulation, and
then postsynaptic glutamate receptors are overstimulated and
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Figure 6: Cytoprotection of edaravone on glutamate-induced apoptosis and necrosis in SGNs. (a) Untreated SGNs appeared blue intact
nuclei. (b) SGNs were treated with glutamate for 10min and then cultured for 24 h. Nuclei of apoptotic SGNs were obvious and stained
brilliant-blue by Ho.33342. Nuclei of necrotic cells were labeled red by PI. (c) SGNs were pretreated with 500𝜇M edaravone 20min before
glutamate. (d and e) Apoptosis and necrosis rates of SGNs. ∗𝑝 < 0.05, versus glutamate-treated group.

intracellular Ca2+ overload occurs. This succession leads to
the generation of free radicals and finally cell death. Since
administration of glutamate in rats led to high-frequency
hearing loss [4] and glutamate might be an important
neurotransmitter in cochlea [16], in some cases glutamate
accumulation may be a pathogenic mechanism of some
otology disorders.Thus, whether free radical scavengers, such
as edaravone, can protect SGNs from glutamate-induced cell
damage is a meaningful question to be solved. Edaravone
was the first free radical scavenger that has provided clinical
evidence for therapeutic effects on ischemic stroke and it
has been used clinically since 2001 [17]. Edaravone has
been previously reported to protect several organs, such as
the brain [18], kidney [19], liver [20], and retina [21] from
free radical-induced damage. It has also been proven to be
useful in otology disorders. Streptomycin-induced vestibu-
lotoxicity in guinea pig could be attenuated by edaravone
[22]. And edaravone could protect cochlea from acoustic
trauma induced by reactive oxygen species [23]. In this
study, we discovered that edaravone could protect spiral
ganglion neurons from glutamate-induced cell damage, and
the underlying mechanism was related to PI3K pathway and
proteins of Bcl-2 family.

SGNs were identified first by NSE antibody through
immunofluorescence analysis. Treatment of SGNs with glu-
tamate induced obvious morphological changes and large
percentage of cell death, and these changes were reversed
by edaravone administration both before and after glutamate

treatment (Figures 2 and 3). This phenomenon gave us
the clue that edaravone could elicit both preventative and
therapeutic effects against glutamate-induced cell damage.

In order to further clarify the protective effect of edar-
avone, MTT assay and trypan blue staining were performed
to examine the cell viability of glutamate-treated SGNs with
or without combiningwith edaravone treatment. In the living
cells, themitochondria can changeMTT into blue crystal and
trypan blue cannot pass the intact cell membrane, while the
opposite happens in the damaged cells. The results showed
that treatment with glutamate resulted in severe reduction
of cell viability indicating massive cell death. Pretreatment
of edaravone significantly decreased the glutamate-induced
toxicity and elevated the cell viability markedly in a dose-
dependent manner. The protection reached the peak at the
concentration of 500𝜇M and no obvious improvement was
observed at higher concentrations (Figure 4(a)). Treatment
with edaravone 2 hours after glutamate also reduced cell
death significantly but no obvious differences were observed
in later time points. These results demonstrated that treat-
ment with edaravone before or after glutamate can decrease
glutamate-induced cell death significantly in SGNs. The
preventative effect of edaravone at 500𝜇M was quite satis-
fying and this management was employed in the following
experiments.

Apoptosis and necrosis are two typical forms of cell
death. Ankarcrona et al. discovered that glutamate-induced
neuronal death was a succession of necrosis or apoptosis
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Figure 7: Changes of SOD activity, MDA level, and GSH content in different groups. Compared with the control group, glutamate decreased
activity of SOD, content of SOD, and elevated level of MDAmarkedly. Edaravone protected SGNs by reversing these changes. ∗𝑝 < 0.05. The
data shown here was the mean ± SEM of three separate experiments.

depending on mitochondrial function [3]. Glutamate also
induced apoptosis in spiral ganglion explants and the apop-
tosis could be prevented by a caspase-3 inhibitor [5]. In this
study, Ho.33342 and PI staining revealed that both apoptosis
and necrosis took place after administrating glutamate. Fur-
thermore, apoptotic cells which were stained with brilliant
blue color accounted for the majority of cell death indicating
that apoptosis was the predominant form of cell damage
induced by glutamate in SGNs. Pretreatment with edaravone
reduced the glutamate-induced apoptosis and necrosis.

Next, we investigated the possible mechanism under-
lying glutamate’s excitotoxicity and edaravone’s protection
on SGNs. Oxidative stress is a common underlying pro-
cess related to a variety of disorders, such as ischemia-
reperfusion disorders, cardiovascular diseases, cancer, and
diabetes mellitus. It is well known that GSH and SOD are
critical components in fighting against oxidative stress. MDA
is the product of lipid peroxidation which is initiated in
the presence of hydroxyl radicals. These are all important

indicators of oxidative stress. So we then measured the
changes of SOD activity, MDA level, and GSH content in
different experimental groups. The results showed that, after
treatment of glutamate, SOD activity and GSH content were
reduced, while MDA level was elevated significantly, which
meant oxidative stress played an important role in glutamate-
induced cell damage. Meanwhile, pretreatment of edaravone
reversed these changes to almost normal levels.

PI3K/Akt pathway is an important antiapoptotic pathway.
Results of western blot showed that treatment of SGNs
with glutamate inhibited the phosphorylation of Akt, when
the level of total Akt remained constant. Bcl-2 and Bax
were considered to be involved in the antiapoptotic effect
and neural protection of edaravone [24, 25]. Treatment
of SGNs with glutamate resulted in the elevation of the
apoptotic protein Bax and the reduction of antiapoptotic
protein Bcl-2. Pretreatment with edaravone eliminated all of
these phenomena above. In addition, LY294002, the PI3K
inhibitor, was used to block PI3K pathway and eventually
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Figure 8: Detection of expression of p-AKT, AKT, Bax, and Bcl-2 by western blot. (a) Representative blots. (b, c, d, and e) Quantification
of immunoreactive bands by densitometer. Treatment with glutamate resulted in the reduction of p-AKT, Bcl-2, and elevation of Bax.
Pretreatment with 500𝜇M edaravone protected SGNs by reversing these changes. Meanwhile, LY294002 eliminated the protection effect
of edaravone. Statistical analyses were carried out among different groups. ∗𝑝 < 0.05.
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erased the protection of edaravone. This result indicated
that PI3K pathway and Bcl-2 protein family were related
to the protection effect of edaravone in glutamate-induced
cytotoxicity of SGNs.

Therapies against glutamate-induced cell damage have
been discussed widely. Local application of glutamate recep-
tor antagonists, such as caroverine, showed a therapeu-
tic effect when applying 1 h after noise exposure but not
24 h afterwards [26]. Glutamate-induced apoptosis could
be blocked selectively by a caspase-3 inhibitor in cultured
spiral ganglion explants [5]. In this study, administration
of edaravone before or after glutamate presented desirable
protective effects in SGNs. It reduced apoptosis and necrosis
significantly and reversed the changes of SOD, GSH, and
MDA measurements. So, we believe edaravone or other free
radical scavengers could be an option in the treatment of
sensorineural hearing disorders related to glutamate accumu-
lation.

5. Conclusion

In this study, we discovered that glutamate induces both
apoptosis and necrosis in spiral ganglion neurons in vitro,
but apoptosis is the main form of cell death. Edaravone is a
potent free radical scavenger and can elicit salient protective
effect against glutamate-induced cell damage in SGNs. The
underlying mechanism is associated with the PI3K pathway
and Bcl-2 protein family. The combination of free radical
scavenger, such as edaravone, glutamate antagonist, and
caspase-3 inhibitor, may be a desirable treatment of hearing
disorders induced by an excessive release of glutamate.
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Protocadherin 15 (PCDH15) is a core component of hair cell tip-links and crucial for proper function of inner ear hair cells.
Mutations of PCDH15 gene cause syndromic and nonsyndromic hearing loss. At present, the regulatorymechanisms responsible for
the intracellular transportation of PCDH15 largely remain unknown. Here we show that PIST, a Golgi-associated, PDZ domain-
containing protein, interacts with PCDH15. The interaction is mediated by the PDZ domain of PIST and the C-terminal PDZ
domain-binding interface (PBI) of PCDH15.Through this interaction, PIST retains PCDH15 in the trans-Golgi network (TGN) and
reduces themembrane expression of PCDH15.We have previously showed that PIST regulates themembrane expression of another
tip-link component, cadherin 23 (CDH23). Taken together, our finding suggests that PIST regulates the intracellular trafficking and
membrane targeting of the tip-link proteins CDH23 and PCDH15.

1. Introduction

Inner ear hair cells are responsible for mechanoelectrical
transduction (MET) that converts mechanical stimuli into
electrical signals. MET occurs within stereocilia, the F-actin-
based, and microvilli-like protrusions on the apical surface
of hair cells [1]. Stereocilia are organized into several rows
of increasing heights, forming a staircase-like structure.
Several types of extracellular links, including tip-links, top-
connectors, lateral-links, ankle-links, and kinociliary-links,
connect stereocilia with each other andwith themicrotubule-
based kinocilium [2]. Among these extracellular links, tip-
links are of great importance. Tip-links connect the tip of each
stereocilium to the side of its taller neighboring stereocilium
and are directly involved in the MET process [3]. The yet
unidentified MET channels localize at the lower end of tip-
links and form the so-called MET machinery together with
the lower end of tip-links as well as other proteins [4]. When

stereocilia are deflected in the excitatory direction, the ten-
sion of tip-links increases and the open probability of MET
channels also increases, resulting in the influx of cations into
hair cells [1].

Protocadherin 15 (PCDH15) is an atypical cadherin that
contains eleven extracellular cadherin (EC) repeats, whereas
classical cadherins usually have only five EC repeats. Genetic,
biochemical, immunochemical, and structural evidence indi-
cated that PCDH15 and cadherin 23 (CDH23), another
atypical cadherin, form the lower and higher part of tip-links,
respectively [5–7]. PCDH15 and CDH23 interact with each
other via the most N-terminal two EC repeats and create a ∼
170 nm long extracellular link under endolymph-like calcium
levels [7–9]. Mutations of PCDH15 gene are responsible for
syndromic hearing loss Usher 1F or nonsyndromic hearing
loss DFNB23 [10–12]. Pcdh15 mutations are also responsible
for the hearing and balancing deficits of Ames waltzer (av)
mice [13, 14]. In av mice, stereociliary tip-links are reduced or
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Figure 1: PCDH15-CD3 interacts with PIST. (a) Schematic diagram of PCDH15 and PIST domain structure. EC, extracellular cadherin
repeats; TM, transmembrane domain; CR, common region; CC1, coiled-coil domain 1; CC2, coiled-coil domain 2; PDZ, PSD-95/discs
large/ZO-1 domain. The C-terminal PBI of PCDH15 isoforms (STSL, NTAL, and MTKL) is also indicated. (b) Western blots showing
coimmunoprecipitation (co-IP) of EGFP-tagged mouse PCDH15-CD1 cytoplasmic domain with Myc-tagged human PIST. (c) Western blots
showing co-IP of EGFP-tagged mouse PCDH15-CD2 cytoplasmic domain withMyc-tagged human PIST. (d)Western blots showing co-IP of
EGFP-tagged mouse PCDH15-CD3 cytoplasmic domain with Myc-tagged human PIST. IP indicates antibody used for immunoprecipitation
and WB indicates antibody used for detection.

even absent, depending on the nature of the mutations, and
hair cells are degenerated eventually, resulting in deafness and
vestibular dysfunction [15].

Three prominent PCDH15 isoforms are generated by
alternative pre-mRNA splicing, which are PCDH15-CD1,
PCDH15-CD2, and PCDH15-CD3 [6]. These PCDH15 iso-
forms differ in their cytoplasmic domains (Figure 1(a)) and
show different spatiotemporal expression pattern in the
developing and mature inner ear [6]. Noticeably, different
PCDH15 isoforms contain different PDZ binding interfaces
(PBI) at their C-termini, which consist of the last four amino
acids and are responsible for binding to PDZ domains.
Different PCDH15 isoforms function redundantly during
hair cell development, whereas PCDH15-CD2 was shown
to be essential for tip-links in mature auditory hair cells
[16, 17]. All PCDH15 isoforms could interactwithTMHS (also
called LHFPL5), an integral component ofMETmachinery of
cochlear hair cells [18]. PCDH15-CD2, but not PCDH15-CD1
or PCDH15-CD3, also binds TMIE, another METmachinery
component [19]. Furthermore, all PCDH15 isoforms directly
interact with TMC1 and TMC2, the candidateMET channels,
and core component of MET machinery [20, 21]. These data
suggest that PCDH15 is an important component of theMET
machinery.

Several other PCDH15-binding proteins have also been
identified so far. PCDH15-CD1 was shown to interact
with PDZ domain-containing protein harmonin via its C-
terminal PBI [22, 23]. Further investigation showed that the

stereociliary localization of PCDH15 is affected in harmonin
knockoutmice [24]. PCDH15-CD1 also interactswithMyosin
VIIA, and the stereociliary localization of PCDH15 is per-
turbed inmyosin VIIAmutant mice [25]. Recently, PCDH15-
CD2 was shown to interact with Myosin 3A, which might
regulate the transportation of PCDH15 to stereociliary tips
[26]. In the presentwork,we show that PCDH15-CD3, but not
PCDH15-CD1 or PCDH15-CD2, interacts with PDZ domain-
containing protein PIST, which might play an important
role in the intracellular trafficking and plasma membrane
targeting of PCDH15-CD3.

2. Materials and Methods

2.1. DNA Constructs and Antibodies. Chicken Pcdh15-CD3
cDNA was inserted into pBD-GAL4 Cam vector (Strata-
gene) to express the C-terminal 106 amino acids of chicken
PCDH15-CD3 as bait protein. Mouse Pcdh15 cDNAs were
inserted into pcDNA3.1(+) to express full length PCDH15
isoforms with a Myc tag between the N-terminal signal
peptide and the first EC repeat. Mouse Pcdh15 cDNAs were
inserted into pEGFP-C2 or modified pEGFP-C2 (EGFP
replaced with Myc) to express EGFP-tagged or Myc-tagged
PCDH15 cytoplasmic domains. The cDNA encoding mouse
PCDH15-CD3 missing the last 4 aa (MTKL) at the C-
terminus was inserted into the same vectors to express
Myc-PCDH15-CD3 (-MTKL) and Myc-PCDH15-CD3 Cter
(-MTKL). Human PIST cDNA was inserted into pEGFP-C2



Neural Plasticity 3

or modified pEGFP-C2 to express full length PIST, PIST
CC2-plus domain (146-274aa), and PIST PDZ domain (276-
366aa) as EGFP-fusion or Myc-fusion proteins. Mouse mon-
oclonal anti-EGFP antibody (Cat. number M20004) was
from Abmart. Mouse monoclonal anti-Myc antibody (Cat.
number M4439) was from Sigma-Aldrich.

2.2. Yeast Two-Hybrid Screen. The yeast two-hybrid screen
was performed as previously described [27, 28]. Briefly, yeast
strain AH109 (Clontech) was sequentially transformed with
the bait plasmid and a chicken cochlear cDNA library in
the HybriZAP two-hybrid vector [29]. Totally 2.4 × 106
transformants were selectively screened using HIS3 (at the
presence of 2.5mM of 3-amino-1,2,4-triazole) as the primary
reporter gene. The positive colonies were further examined
using two more reporter genes ADE2 and lacZ. The prey
vectors in triple-positive yeast colonies were recovered and
the sequence of cDNA inserts was determined by Sanger
sequencing.

2.3. Coimmunoprecipitation (Co-IP). HEK293T cells were
transfected with the expression vectors using jetPRIME
Transfection Agent (Polyplus, Cat. number PT-114-15) ac-
cording to the manufacturer’s instructions. Transfected cells
were washed with phosphate-buffered saline (PBS) 24 hours
after transfection and lysed in ice-cold lysis buffer consisting
of 150mMNaCl, 50mMTris at pH 7.5, 1% (vol/vol) Triton X-
100, 1mM PMSF, and 1 × protease inhibitor cocktail (Roche).
After centrifugation at 4∘C, the supernatant was collected
and incubated with immobilized anti-Myc antibody (Sigma-
Aldrich, Cat. number E6654) at 4∘C overnight. After washing
five times with washing buffer (a modified lysis buffer
containing 500mM NaCl instead of 150mM), the immuno-
precipitated proteins were separated by polyacrylamide gel
electrophoresis (PAGE) and then transferred to PVDFmem-
brane. The blot was incubated with corresponding primary
antibodies, followed by incubationwith secondary antibodies
(Bio-Rad), and the signals were detected with the ECL system
(Cell Signaling Technology).

2.4. Immunofluorescence. COS-7 cells were grown on Gela-
tin-coated glass cover slips and transfected with the expres-
sion vectors. Transfected cells were fixedwith 4%paraformal-
dehyde (PFA) in PBS for 15 minutes and then permeabilized
and blocked with PBT1 (0.1% Triton X-100, 1% BSA, 5%
heat-inactivated goat serum in PBS, pH 7.3) for 30 minutes,
followed by incubation with primary antibody diluted in
PBT1 over night at 4∘C. After washing twice with PBT1
for 10 minutes and twice with PBT2 (0.1% Triton X-100,
0.1% BSA in PBS) for 5 minutes, cells were incubated with
fluorescence-conjugated secondary antibody (Life Tech) in
PBT2 for 1 hour, followed by two 5-minute PBT2 washes
and two 5-minute PBS washes. For nuclei staining, cells
were incubated with DAPI (Gen-View Scientific Inc.) for 15
minutes, followed by four 5-minute PBS washes and then
mounted in Glycerol/PBS (1 : 1). The cells were imaged with
a confocal microscope (LSM 700, Zeiss).

3. Results

To identify proteins that interact with PCDH15, we per-
formed yeast two-hybrid screens of a chicken cochlear cDNA
library using PCDH15 as bait. HIS3 gene was used as the
primary reporter gene for the screen in the presence of 3-
amino-1,2,4-triazole (3-AT) that inhibits the autoactivation
of HIS3 reporter gene. When the intact cytoplasmic domain
of chicken PCDH15-CD3 was used as bait, it autoactivated
the HIS3 reporter gene at the highest 3-AT concentration
(15mM) tested. Then various regions within the PCDH15-
CD3 cytoplasmic domain were tested for autoactivation.
The results showed that the fragment containing the C-
terminal 106 amino acids does not activate HIS3 reporter
gene at the presence of 2.5mM 3-AT, and this fragment
was used in the following yeast two-hybrid screen. Among
the positive clones that activate all the three reporter genes
(HIS3, ADE2, and lacZ), several clones encode the PDZ-
containing, Golgi-associated chaperone protein PIST. PIST
has been shown to play important roles in regulating the
membrane targeting of several transmembrane proteins such
as frizzled, somatostatin receptor subtype 5 (SSTR5) and 𝛽1-
adrenergic receptor (𝛽1AR) [30–32].

We then performed coimmunoprecipitation (co-IP)
experiments to verify the interaction between PCDH15 and
PIST. From here on in the rest of our investigation, we
focused onmammalian proteins. Our data showed that when
overexpressed in HEK293T cells, EGFP-tagged cytoplasmic
domain of mouse PCDH15-CD3 was co-IPed with Myc-
tagged human PIST, whereas PCDH15-CD1 and PCDH15-
CD2 were not (Figures 1(b)–1(d)). This result suggests that
PCDH15-CD3, but not PCDH15-CD1 or PCDH15-CD2,
interacts with PIST.

Previously we have shown that PIST binds to cadherin 23
(CDH23), the upper tip-link component, and retains CDH23
in the trans-Golgi network (TGN) in cultured cells [33]. To
test whether this also applies to PCDH15, we analyzed the
subcellular distribution of PCDH15 and PIST in cultured
cells by immunofluorescence and confocal microscopy. The
results showed that when coexpressed in COS-7 cells, EGFP-
PIST mainly localizes in the TGN, whereas Myc-PCDH15-
CD1 or Myc-PCDH15-CD2 localizes in the cytoplasm as well
as on the plasma membrane, consistent with the fact that
PCDH15-CD1 or PCDH15-CD2 does not interact with PIST
(Figures 2(a) and 2(b)). In contrast, when cotransfected with
EGFP-PIST and Myc-PCDH15-CD3, most (70.24%) cells
show colocalization of PCDH15-CD3 with PIST in the TGN
(Figure 2(c)).

We then performed co-IP experiments to explore which
regions/motifs in PCDH15-CD3 and PIST are responsible
for the interaction between them. PIST contains a PDZ
domain near the C-terminus and two coiled-coil (CC)
domains in the middle part (Figure 3(a)). Co-IP experiments
with EGFP-tagged PIST PDZ domain (276-366aa) or the
second CC domain (CC2) plus the amino acids between
CC2 and PDZ domain (CC2-plus, 146-274aa) revealed that
both domains could be co-IPed with Myc-PCDH15-CD3
cytoplasmic domain (Figures 3(b) and 3(c)). PCDH15-CD1,
PCDH15-CD2, and PCDH15-CD3 have unique C-termini
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Figure 2: Colocalization of PCDH15-CD3 with PIST in COS-7 cells. (a) In the presence of EGFP-PIST, Myc-PCDH15-CD1 localizes in the
cytoplasm as well as on the cell membrane. (b) In the presence of EGFP-PIST, Myc-PCDH15-CD2 localizes in the cytoplasm as well as
on the cell membrane. (c) In the presence of EGFP-PIST, Myc-PCDH15-CD3 colocalizes with EGFP-PIST in the TGN. Myc-PCDH15 was
stained with mouse anti-Myc antibody and then TRITC-conjugated goat anti-mouse secondary antibody. Nuclei were stained with DAPI.
The fluorescent intensity was quantified using Image J. Scale bars, 10 𝜇m.
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Figure 3: The C-terminal PBI of PCDH15-CD3 is necessary for the interaction with PIST. (a) Schematic diagram of PCDH15 and PIST
domains used in this experiment. (b) Western blots showing coimmunoprecipitation (co-IP) of EGFP-tagged human PIST PDZ domain
with Myc-tagged mouse PCDH15-CD3 cytoplasmic domain. (c) Western blots showing co-IP of EGFP-tagged human PIST CC2-plus region
withMyc-tagged mouse PCDH15-CD3 cytoplasmic domain. (d)Western blots showing co-IP of EGFP-tagged human PIST withMyc-tagged
mouse PCDH15-CD3 cytoplasmic domain with or without the C-terminal PBI (MTKL). IP indicates antibody used for immunoprecipitation
and WB indicates antibody used for detection.

(STSL, NTAL, and MTKL, resp.), which belong to type I PBI
[34].We found that when the C-terminalMTKL of PCDH15-
CD3 was removed, EGFP-PIST could not be co-IPed with
Myc-tagged PCDH15-CD3 cytoplasmic domain anymore
(Figure 3(d)). In line with this, Myc-tagged PCDH15-CD3
lacking the C-terminal MTKL is not retained in the TGN
by EGFP-PIST anymore (Figures 4(a) and 4(b)). These data
suggest that the principal interaction between PCDH15-CD3
and PIST utilizes the PDZ binding interface.

Finally, we examined whether the association with PIST
affects the membrane targeting of PCDH15-CD3. When
coexpressed with EGFP, Myc-PCDH15-CD3 mainly localizes
in the cytoplasm and on the plasma membrane (Figure 5(a)).
The plasma membrane localization of Myc-PCDH15-CD3
could be observed more clearly when the extracellular Myc
epitope was labeled by anti-Myc antibody without cell per-
meabilization (Figure 5(a)). In contrast, when EGFP-PIST is
present, Myc-PCDH15-CD3 colocalizes with EGFP-PIST in
the TGN, and the membrane labelling in nonpermeabilized
cells disappeared completely (Figures 5(b) and 5(b)). These
data suggest that PIST retains PCDH15-CD3 in the TGN and
reduces the membrane expression of PCDH15-CD3.

4. Discussion

PCDH15 and CDH23 form the lower and upper part of tip-
links, respectively, and are indispensable for hearing trans-
duction. Besides tip-links, PCDH15 and CDH23 also local-
ize at kinociliary-links, transient lateral-links, and ribbon
synapse of hair cells [6, 7, 35–37]. It has been suggested that
the transportation of PCDH15 to apical (stereociliary bun-
dle) and basal (ribbon synapses) poles depends on distinct
trafficking mechanisms. Apically transported PCDH15 was
shown to associate with the Arf1-positive early endosomal
vesicles and colocalize with the early endosomal marker
Rab5, whereas basally transported PCDH15 was shown to
associate with AP-1-positive post-trans-Golgi vesicles [38].
The detailed mechanism of PCDH15 transportation remains
elusive.

In the present work we show that PIST might play
an important role in regulating the intracellular traffic and
membrane targeting of PCDH15. Previously we have shown
that PIST regulates the membrane expression of CDH23
[33]. Taken together, our work suggests that PIST regulates
the intracellular transportation of both tip-link components,
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Figure 4: The C-terminal PBI of PCDH15-CD3 is necessary for its retention in the TGN of COS-7 cells by PIST. (a) In the presence of
EGFP-PIST, Myc-PCDH15-CD3 colocalizes with EGFP-PIST in the TGN. (b) In the presence of EGFP-PIST, Myc-PCDH15-CD3 lacking the
C-terminal PBI (MTKL) localizes in the cytoplasm as well as on the cell membrane.Myc-PCDH15 was stained withmouse anti-Myc antibody
and then TRITC-conjugated goat anti-mouse secondary antibody. Nuclei were stained with DAPI. The fluorescent intensity was quantified
using Image J. Scale bars, 10𝜇m.

PCDH15 and CDH23. PIST is a PDZ-containing, Golgi-
associated chaperone protein, also named as FIG, GOPC, or
CAL. PIST plays important roles in regulating the membrane
targeting of transmembrane proteins [30–32]. Notably, PIST
was shown to colocalize with the early endosome marker
Rab5 and the TGN/endosome marker Rab14 [39]. Our data
reveal that PCDH15-CD3 and CDH23 bind PIST via their C-
terminal PBI and colocalize with PIST in the TGN, which
might regulate the transportation of PCDH15 and CDH23 to
the apical surface of hair cells.

Interestingly, we found that, besides the PDZ domain,
the CC2 domain and its downstream amino acids (CC2-
plus) of PIST also interact with PCDH15-CD3. This was
also observed in the interaction between PIST and CDH23
[33]. Nevertheless, it seems that PDZ/PBI mediate the
principal interaction between PIST and PCDH15-CD3 or
CDH23 because deletion of the C-terminal PBI abolishes the
interaction completely. PCDH15-CD1, PCDH15-CD2, and
PCDH15-CD3 all contain a type I PBI, but only PCDH15-
CD3 binds PIST and colocalizes with PIST in the TGN.
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Figure 5: PIST reduces the membrane expression of PCDH15-CD3 in COS-7 cells. (a) Myc-PCDH15-CD3 immunoreactivity shows
cytoplasmic and plasma membrane localization when coexpressed with EGFP. (a) Myc-PCDH15-CD3 immunoreactivity using a
nonpermeable protocol shows clear plasma membrane localization when coexpressed with EGFP. (b) Myc-PCDH15-CD3 immunoreactivity
colocalizes with EGFP-PIST in the TGN. (b) The plasma membrane localization of Myc-PCDH15-CD3 immunoreactivity examined using
a nonpermeable protocol disappears when EGFP-PIST is present. For the nonpermeable protocol, staining was performed as normal except
that Triton X-100 was excluded. Myc-PCDH15 was stained with mouse anti-Myc antibody and then TRITC-conjugated goat anti-mouse
secondary antibody. Nuclei were stained with DAPI. Scale bar, 10𝜇m.

Previously, PCDH15-CD1 has been shown to interact with
PDZ domain-containing protein harmonin [22, 23]. The
different C-terminal PBI of the three PCDH15 isoforms

might mediate interaction with different PDZ domain-
containing proteins and render the PCDH15 isoforms differ-
ent function or regulation.
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Objectives. We investigated factors that contribute to suppression of tinnitus after repetitive transcranial magnetic stimulation
(rTMS). Methods. A total of 289 patients with tinnitus underwent active 1 Hz rTMS in the left temporoparietal region. A visual
analog scale (VAS) was used to assess tinnitus loudness. All participants were interviewed regarding age, gender, tinnitus duration,
laterality and pitch, audiometric parameters, sleep, and so forth.The restingmotor thresholds (RMTs) weremeasured in all patients
and 30 age- and gender-matched volunteers. Results. With respect to different factors that contribute to tinnitus suppression, we
found improvement in the following domains: shorter duration, normal hearing (OR: 3.25, 95%CI: 2.01–5.27, 𝑝 = 0.001), and
without sleep disturbance (OR: 2.51, 95%CI: 1.56–4.1, 𝑝 = 0.005) adjusted for age and gender. The patients with tinnitus lasting
less than 1 year were more likely to show suppression of tinnitus (OR: 2.77, 95%CI: 1.48–5.19, 𝑝 = 0.002) compared to those with
tinnitus lasting more than 5 years. Tinnitus patients had significantly lower RMTs compared with healthy volunteers. Conclusion.
Active low-frequency rTMS results in a significant reduction in the loudness of tinnitus. Significant tinnitus suppression was shown
in subjects with shorter tinnitus duration, with normal hearing, and without sleep disturbance.

1. Introduction

Tinnitus is a subjective, mostly transitory, phantom auditory
perception of sound that affects millions of people at some
point in their lives [1]. It is estimated that tinnitus will become
chronic and severely affect the quality of life in 1%–3% of the
general population [2]. About 20% of adults that experience
tinnitus will require clinical intervention [3]. Tinnitus can
occur constantly or intermittently in one or both ears or
centrally in the head and can be perceived as coming from
within the head. There is convincing evidence from func-
tional imaging and neurophysiological studies that central
mechanisms are responsible for most cases of tinnitus [4–
6], which may be caused by (1) changes in the firing pattern
of neurons in the central auditory system, (2) changes in
burst firing and neural synchrony, and (3) cortical tonotopic

map reorganization [7]. All of the above may occur due to
alterations in neuronal activity in the brain cortex, which
suggests promising treatment strategies for tinnitus.

Based on the above findings, repetitive transcranial mag-
netic stimulation (rTMS) of the temporal and temporopari-
etal cortex has been proposed as a promising treatment for
chronic tinnitus. Its mechanism of action involves targeting
the hyperactivity/abnormal synchronization within the audi-
tory cortex to suppress tinnitus [8–10]. rTMS temporarily
disrupts a circumspect area of the cortex that interrupts
normal functioning and has acute and chronic effects in
tinnitus patients. Several clinical studies consistently showed
a reduction of tinnitus severity after application of rTMS
to the left temporoparietal region of the cortex [11–13].
However, the treatment results showed high interindividual
variability [14, 15], indicating the need for optimization of the
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indications. This variability also indicates that a large sample
study is needed.

The present study was using active rTMS performed to
investigate optimization of the indications by evaluating the
different factors that contribute to tinnitus suppression after
low-frequency rTMS for the treatment of chronic tinnitus.

2. Methods
2.1. Subjects. Patients suffering from nonpulsatile and con-
stant tinnitus examined and treated at the Affiliated Sixth
People’s Hospital Otolaryngology Department, Shanghai Jiao
Tong University, between December 2014 and December
2015, were included in this study.With local ethics committee
approval, written informed consent was obtained from all
subjects prior to enrollment, and the possible consequences
of the study were explained. Our registration number is
ChiCTR-INR-16008092. Upon recruitment, the subjective
tinnitus loudness perception in patients was determined
using a visual analog scale (VAS) ranging from 0 to 10,
where 0 indicates no tinnitus and 10 indicates the worst
possible tinnitus-related discomfort. VAS improvement in
responders decreased to 20% of the basal score indicating no
reduction, 40%, 60%, and 80% of the basal score indicating
slight, marked, and strong reduction, and 100% reduction
indicating complete suppression of tinnitus immediately after
stimulation. The reduction range from 40% to 100% is
considered as “good effect.”Measurementsweremade before,
immediately, and 2 weeks after the last intervention session.

Detailed histories were obtained from all patients, includ-
ing a clinical examination and audiogram. Hearing level was
assessed by using an audiometer in a soundproof room, and
the loudness and pitch of tinnitus were evaluated with a
TinniTest audiometer. Normal hearingwas defined as normal
audiogram (threshold < 25 dB HL at all frequencies from
0.25 to 8 kHz) as well as a normal tympanometric curve of
type A. The ipsilateral and contralateral stapedial reflexes
were also included. All participants were comprehensively
interviewed for information regarding their age, gender,
tinnitus duration, tinnitus laterality, pitch of tinnitus, sleep
quality, accompanying symptoms, and so forth.

2.2. rTMS Procedure. All of the patients underwent rTMS
over the left temporoparietal cortex region. As described
in our previous study [6], rTMS consisted of 1000 stimuli
at 1 Hz daily and 110% of the motor cortex threshold for 5
consecutive days per week (Monday to Friday) for 2 weeks.
For repetitive pulses, TMS was delivered through a focal
figure-eightmagnetic coil connected to amagnetic stimulator
(MagPro R30; MagVenture, Farum, Denmark). The resting
motor threshold (RMT) was defined as the lowest stimulator
output intensity capable of inducing motor evoked potentials
(MEPs) of at least 50 𝜇V peak-to-peak amplitude in the
relaxed state in at least 5 of 10 consecutive trials. Thirty
volunteers with normal hearing served as controls, whose
RMTs were obtained.The tinnitus subjects and controls were
age- and gender-matched.

2.3. Statistical Analysis. All statistical analyses were per-
formed using SPSS v 16.0 (SPSS, Chicago, IL, USA). Prior

to analysis, all variables were examined for their normality.
All categorical variables were analyzed by the Chi-square
test. We calculated the odds ratio (OR) and associated 95%
confidence interval (CI) for demographic factors using the
Mantel–Haenszelmethod. Logistic regressionwas performed
to identify the factors contributing to tinnitus suppression
after the intervention. In all analyses, 𝑝 < 0.05 was taken to
indicate statistical significance.

3. Results

The stimulation protocols were well tolerated, and all the
patients completed the treatment except three patients who
reported transient mild to moderate headache, two patients
who reported transient worsening of their tinnitus, and two
patients that complained of vertigo. None of the patients
developed seizures or other serious side effects or adverse
effects. A total of 289 patients with chronic unilateral or
bilateral tinnitus (137male, 182 female, age range: 19–87 years,
mean 57 ± 14.7 years) were included in the study. In the
active stimulation group, 76 (26.3%) patients reported purely
left-sided tinnitus, 50 (17.3%) patients reported purely right-
sided tinnitus, 129 (44.6%) patients described their tinnitus
as bilateral, and 34 (11.8%) patients described their tinnitus as
originating within the head. The duration of tinnitus ranged
from 7 months to 40 years, with a median of 5.8 years, and
approximately 15.2% of the subjects had experienced tinnitus
for more than 5 years. The patients rated their tinnitus
loudness on the VAS, and the median score was 6.5 (range,
4–10). A total of 169 (58.5%) of the 289 patients reported
tonal tinnitus and 108 (37.4%) patients described noisiform
tinnitus. Twelve (4.2%) patients could not determine the
pitch of tinnitus or their pitch of tinnitus was unmatchable.
Audiometric assessment showed normal hearing in 143 of 289
subjects (49.5%) and hearing loss in 146 (50.5%). Tinnitus
interfered with sleep in 129 of the 289 patients.

The clinical characteristics of the tinnitus patients are
shown in Table 1. Participants completed a questionnaire
assessment of medical history before and immediately after
the last intervention. Information on age, gender, tinnitus
laterality, duration of tinnitus, hearing level, pitch of tinnitus,
accompanying symptoms, underlying diseases, and sleep
quality was included in the analyses.

rTMS showed a good effect in 138 of the patients included
in the study (47.8%) and no effect in 151 patients (52.2%) in the
active group. With respect to different factors contributing
to tinnitus suppression, we observed improvement after
active rTMS in the following domains: age, gender, duration
of tinnitus, tinnitus laterality, audiometric parameters, and
sleep. Significant tinnitus suppression was associated with
younger age, male gender, shorter duration of tinnitus,
tinnitus located centrally in the head, normal hearing, and no
sleep disturbance at night (𝑝 < 0.05). These patients showed
no significant differences in pitch of tinnitus, accompanying
symptoms, such as headache and vertigo, and underlying
diseases, such as hypertension, diabetes, and heart disease
(𝑝 > 0.05) (Table 1).

Before the intervention, the average baseline VAS score
in patients with active stimulation was 5.5. The score was
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Table 1: Clinical characteristics of the patients suffering from
tinnitus.

Independent variables Active group
𝑁 𝑝 value

No effect% Improved%
Age (yrs)
<30 5 (29.41) 12 (70.59) 17

0.01231–50 30 (48.39) 32 (51.61) 62
51–70 88 (51.16) 84 (48.84) 172
>70 28 (73.68) 10 (26.32) 38
Gender
Male 56 (45.16) 68 (54.84) 124 0.043
Female 95 (57.58) 70 (42.42) 165
Underlying diseases
Good condition 121 (50.21) 120 (49.79) 241 0.154
Underlying diseases 30 (62.50) 18 (37.50) 48
Accompanied symptoms
No accompanied symptoms 95 (47.74) 104 (52.26) 199

0.052Headache 18 (69.23) 8 (30.77) 26
Dizziness 38 (59.38) 26 (40.62) 64
Pitch of tinnitus
Tone 79 (46.75) 90 (53.25) 169

0.06Noise 66 (61.11) 42 (38.89) 108
Uncertainty 6 (50.00) 6 (50.00) 12
Tinnitus laterality
Left ear 38 (50.00) 38 (50.00) 76

0.025Right ear 28 (56.00) 22 (44.00) 50
Bilateral 75 (58.14) 54 (41.86) 129
Ringing in the head 10 (29.41) 24 (70.59) 34
Audiometric parameters
Normal hearing 53 (37.59) 88 (62.41) 141 0.001
Sensorineural hearing loss 98 (66.22) 50 (33.78) 148
Tinnitus duration
≤1 yr 29 (39.73) 44 (60.27) 73

0.0131 yr < 𝑥 ≤ 2 yrs 26 (48.15) 28 (51.85) 54
2 yrs < 𝑥 ≤ 5 yrs 62 (64.58) 34 (35.42) 96
>5 yrs 34 (51.51) 32 (48.49) 66
Sleep
Sleep disturbance 84 (64.62) 46 (35.38) 130 0.005
Sleep well 67 (42.14) 92 (57.86) 159

decreased to 2.7 immediately after the last active intervention.
After active rTMS, 51.3% (SD = 20.6%) patients experienced
a significant reduction in tinnitus loudness, as evidenced by
VAS scale.

In the present study, the duration of tinnitus was corre-
lated with tinnitus suppression by rTMS. The intervention
was more effective in suppressing tinnitus in patients that
had suffered from tinnitus for only a short time. Multinomial
logistic regression analysis was performed with tinnitus
duration as a dependent variable and the change in VAS score
before and after stimulation as a predictor variable. There

Table 2: Multivariate stepwise logistic regression analyses models
for different factors that contribute to tinnitus suppression.

Independent
variables Odds ratio 95%

𝑝 value
Confidence interval

Age (yrs)
<30 0.24 0.06–1.07 𝑝 = 0.061

31–50 0.48 0.14–1.69 𝑝 = 0.255

51–70 0.29 0.08–1.12 𝑝 = 0.072

>70 1
Gender
Female 1
Male 1.57 0.88–2.76 𝑝 = 0.122

Tinnitus laterality
Left ear 1
Right ear 0.81 0.36–1.81 𝑝 = 0.602

Bilateral 0.85 0.45–1.60 𝑝 = 0.613

Ringing in the
head 1.63 0.62–4.31 𝑝 = 0.324

Hearing level
Normal hearing 3.25 2.01–5.27 𝑝 = 0.001

Sensorineural
hearing loss 1

Duration of tinnitus
>5 yrs 1
2 yrs < 𝑥 ≤ 5 yrs 1.52 0.70–3.10 𝑝 = 0.441

1 yr < 𝑥 ≤ 2 yrs 1.61 0.82–3.20 𝑝 = 0.731

≤1 yrs 2.77 1.48–5.19 𝑝 = 0.002

Sleep
Sleep disturbance 1
Without sleep
disturbance 2.51 1.56–4.10 𝑝 = 0.005

was a linear (negative) correlation between the duration of
tinnitus and the degree of tinnitus suppression by rTMS (𝑝 =
0.013). Patients with tinnitus lasting less than 1 year were
more likely to show suppression of tinnitus (OR: 2.77, 95%CI:
1.48–5.19, 𝑝 = 0.002) immediately after the last intervention
compared to those with tinnitus lasting more than 5 years
(Table 2). Tinnitus could be suppressed, on average, in 60.2%
of patients with tinnitus lasting less than 1 year but only in
51.8% of those with symptom duration of less than 2 years
and only in 40.7% of those with symptoms lasting for more
than 2 years.

When compared to patients with sensorineural hearing
loss, those with normal hearing were more likely to show
suppression of tinnitus (OR: 3.25, 95% CI: 2.01–5.27, 𝑝 =
0.001) immediately after the last intervention. In addition, the
rTMS treatment showed a significant effect in patients that
reported no sleep disturbance (OR: 2.51, 95% CI: 1.56–4.10,
𝑝 = 0.005). Patients with tinnitus located centrally in the
head often reported a reduction in tinnitus after the rTMS
procedure in contrast to those with left or right tinnitus (OR:
1.63, 95% CI: 0.62–4.31 𝑝 = 0.324). Although rTMS was
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Figure 1: Correlations were observed between sleep and hearing level and efficacy of rTMS. The intervention was more likely to suppress
tinnitus in subjects with normal hearing and those without sleep disturbance.

only applied over the left temporoparietal cortex, tinnitus
was decreased equally well regardless of whether it was
predominantly experienced in the left or right ear. There was
no significant difference in the outcome between ipsilateral
and contralateral rTMS. There was no significant difference
in the outcome between bilateral and left-sided stimulation
either (Table 2).

To investigate the major determinants of the effects of
rTMS on tinnitus, we performed stepwise linear regression
analyses between baseline characteristics, such as age, sex,
duration of tinnitus, tinnitus laterality, hearing level, sleep
quality, and efficacy of treatment. Age, gender, duration of
tinnitus, hearing level, and sleep quality showed significant
associations with the efficacy of rTMS, while tinnitus lat-
erality showed no considerable effect (𝑝 = 0.233). On
multiple regression analysis adjusted for age and gender, the
patients with shorter tinnitus duration and normal hearing
and without sleep disturbance showed maximal induction of
tinnitus suppression by rTMS (Figure 1).

Baseline RMT in tinnitus patients was 48.5%, and that in
healthy controls was 53.1%, indicating that tinnitus patients
had significantly lower RMTs (Figure 2) than healthy volun-
teers (𝑡 = 2.926, 𝑝 = 0.004).

4. Discussion

The present study demonstrated that active low-frequency
rTMS results in a significant decrease in the loudness of
tinnitus. With respect to different factors that contribute to
tinnitus suppression, active rTMS induces maximal tinni-
tus suppression in subjects with shorter tinnitus duration,
normal hearing, and without sleep disturbance. The tinnitus
patients have enhanced brain excitability compared with the
controls.

The use of rTMS in the treatment of tinnitus stems from
the development of models of central generation induced
by auditory deafferentation (neural plasticity with hypersyn-
chrony or hyperactivity of cortical and subcortical auditory
and nonauditory areas) [16–19]. The results of the present
study showed that tinnitus can be transiently suppressed
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Figure 2: The resting motor threshold was significantly lower in
tinnitus patients compared with healthy volunteers.

partially or completely by rTMS in approximately 47.8% of
tinnitus patients. Tinnitus duration, hearing level, and sleep
quality were identified as positive predictors, in agreement
with previous studies [20]. The amount of tinnitus suppres-
sion by rTMS was inversely correlated with the duration of
symptoms; that is, shorter duration of tinnitus was associated
with a greater suppressive effect. Two years seems to be an
important turning point for obtaining a beneficial outcome.
Tinnitus lasting less than 1 year could be suppressed on
average in 60.2% of responding patients, decreasing to 51.8%
of those with a symptom duration of less than 2 years and
40.7% after more than 2 years. It is possible that the central
network involved in tinnitus becomes less plastic and less
responsive to rTMS intervention over time. In addition,
the degree of tinnitus suppression achieved through rTMS
depended on the hearing of the patients. Hearing impairment
was also identified as a negative predictor in our study. When
compared to patients with sensorineural hearing loss, those
with normal hearing were more likely to show suppression of
tinnitus immediately after the last intervention. These obser-
vations suggested that hearing loss may represent an ongoing
trigger for the generation of tinnitus and both reduce and
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shorten the TMS treatment effects. In addition, the depriva-
tion of auditory input may lead to disinhibition in the central
auditory system, which in turn may exacerbate the plastic
changes in neural functioning that could underlie tinnitus
[21]. In addition, the reduction of inhibition in central audi-
tory structures leads to hyperexcitability of circumscribed
regions of the central auditory system, as evidenced by the
enhanced brain excitability indicated in the present study.
Moreover, rTMS treatment had a significant effect in patients
without sleep disturbance. Nonauditory areas, such as the
frontoparietal areas and limbic areas, have been suggested to
be involved in the pathophysiology of tinnitus, as evidenced
by the functional imaging data in our previous study [6].
These interactions between auditory and nonauditory brain
regions may explain why tinnitus is perceived as bothersome.
These mechanisms can lead to comorbid conditions, such as
concentration problems, depression, and sleep disturbances
[22]. Accordingly, impaired sleep quality shows an increased
prevalence in cases of chronic tinnitus. In addition, patients
frequently report that tinnitus prevents them from falling
asleep.

Low-frequency rTMS, which is known to suppress cor-
tical excitability, has been used successfully to interfere with
neural functioning in the temporoparietal cortical region as
the magnetic field passes through the skull and induces a
small secondary current in the cortex [9, 23]. Accordingly,
low-frequency rTMS has been used to treat tinnitus [24, 25].
In addition, TMS can also be used as a diagnostic tool for the
assessment of motor cortex excitability by quantifying con-
tractions of peripheral muscles induced by stimulation of the
corresponding motor cortex representation. In the present
study, tinnitus patients were shown to have enhanced brain
excitability compared with controls, which was consistent
with previous studies suggesting that central mechanisms
are responsible for at least some cases of tinnitus [26]. The
enhanced brain excitability was accompanied by a decrease
in glucose metabolism and inhibitory-acting 𝛾-aminobutyric
acid (GABA) in the stimulated temporal cortex and an
increase in cingulate and frontal areas but also in motor cor-
tex, as evidenced by the previous study [27–29]. Many efforts
have been made to gain insight into the neurophysiological
mechanisms of tinnitus [30]. This knowledge can contribute
to investigations into the pathophysiology of tinnitus.

Evidence from previous studies suggested that a func-
tional network of several cortical areas may be responsible
for tinnitus, but the precise region affected remains unclear
[31, 32]. Using PET imaging, Plewnia et al. [33] found
greater activity in the left auditory cortex of chronic tinnitus
patients, regardless of the side of symptoms, or centrally
within the head. Although rTMS was only applied over the
left temporoparietal cortex in the present study, patients
responded equally well regardless of whether their symptoms
were predominantly in the left or right ear. The rate of
response in tinnitus located centrally in the head was even
higher than that for tinnitus located predominantly in the
ears. However, on multiple regression analysis adjusted for
age and gender, tinnitus laterality had no considerable effect.

In conclusion, active low-frequency rTMS resulted in
significant suppression of the loudness of tinnitus, especially

in patients with a shorter tinnitus duration and normal hear-
ing and without sleep disturbance. Tinnitus patients showed
enhanced brain excitability compared with controls. Future
studies may significantly benefit from emerging imaging
techniques to identify the mechanisms underlying tinnitus
and from stimulation protocols that will together determine
the optimal site for targeting rTMS stimulation.
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Recent studies on animal models have shown that noise exposure that does not lead to permanent threshold shift (PTS) can
cause considerable damage around the synapses between inner hair cells (IHCs) and type-I afferent auditory nerve fibers (ANFs).
Disruption of these synapses not only disables the innervated ANFs but also results in the slow degeneration of spiral ganglion
neurons if the synapses are not reestablished. Such a loss of ANFs should result in signal coding deficits, which are exacerbated by
the bias of the damage toward synapses connecting low-spontaneous-rate (SR) ANFs, which are known to be vital for signal coding
in noisy background. As there is no PTS, these functional deficits cannot be detected using routine audiological evaluations and
may be unknown to subjects who have them. Such functional deficits in hearing without changes in sensitivity are generally called
“noise-induced hidden hearing loss (NIHHL).” Here, we provide a brief review to address several critical issues related to NIHHL:
(1) themechanismof noise induced synaptic damage, (2) reversibility of the synaptic damage, (3) the functional deficits as the nature
of NIHHL in animal studies, (4) evidence of NIHHL in human subjects, and (5) peripheral and central contribution of NIHHL.

1. Noise-Induced Hidden
Hearing Loss (NIHHL)

Noise-induced hidden hearing loss (NIHHL) refers to any
functional impairment seen in subjects with noise exposing
history but no permanent threshold shift (PTS). This is
different from the conventional definition of noise-induced
hearing loss (NIHL), which is based on changes in auditory
sensitivity or threshold shift [1]. Therefore, noise exposure
recommendations are based on the likelihood that a partic-
ular dose of exposure will result in a PTS. Noise exposures
that are not expected to cause PTS are thus considered safe.

Physiologically, variations in auditory sensitivity follow-
ing exposure to noise are largely due to the functional
status of outer hair cells (OHCs) in the cochlea, which
provide mechanical amplification of soft sounds [2, 3]. Noise
exposures that result in only a temporary threshold shift
(TTS) have a reversible impact on OHC function, which
is manifested by the recovery of otoacoustic emissions
(OAE) [4–6] and cochlear microphonics (CM) [7–11]. The
functional changes in these measures parallel the recovery

of hearing thresholds, as well as the repair of structures
such as stereocilia and the tectorial membrane [7, 12]. By
contrast, noise exposure at higher levels and/or for longer
durations can cause permanent damage to, or even the death
of, OHCs and, hence, lead to PTS. Therefore, the OHCs
and the structures surrounding them, including the tectorial
membrane and the supporting cells, are considered to be the
major loci of cochlear damage that result in noise-induced
threshold shifts [13, 14].

Although some early reports claimed that reversible
noise-induced IHC pathologies were responsible for TTS
[15, 16], IHCs are relatively insensitive to noise-induced cell
death. However, it has long been recognized that the synapse
between IHCs and primary spiral ganglion neurons (SGNs)
can be damaged by noise [17–19]. These early studies showed
that this manifests mainly as damage to the postsynap-
tic terminals; however, there is clear evidence from more
recent studies that noise induces damage to both pre- and
postsynaptic structures. More importantly, disruption of the
synapses can be permanent, resulting in degenerative death
of SGNs [6]. The finding that damage to ribbon synapses
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can occur without PTS is significant because of the potential
impact of such damage on hearing function. Because the
physiological damage is not accompanied by a permanent
shift in hearing threshold, it would likely be missed by a
standard (i.e., threshold-based) hearing assessment and has
thus been referred to as NIHHL.

NIHHL first manifests as reduced output of the auditory
nerve at high sound levels, without affecting the hearing
threshold. This reduction has been found in both animals [6,
20–23] and human subjects with a history of noise exposure
but with normal audiograms [24]. Since the thresholds of
the auditory nerve remain unchanged, the function relating
compound action potentials (CAP) amplitude with sound
levels in NIHHL animal is different from that in animals with
threshold changes. Schematic curves of CAP input/output
functions are presented in Figure 1 for a comparison across
normal control and those with different pathologies.Theoret-
ically, if the damage is restricted toOHCs, themajor change in
CAP input/output (I/O) curve is restricted around threshold
and the amplitude reaches the control value at high sound
levels. In the case of NIHHL, CAP reduction ismainly at high
sound level, with no difference at low sound level, suggesting
a suprathreshold deficit. When the damage occurs at both
OHCs and the IHC-SGN synapses, the reduction of CAP
amplitude is seen across all sound levels.

As NIHHL is initiated at the synapse between the IHCs
and SGNs, which silences the auditory nerve fibers (ANFs)
that extend from them, the corresponding disorder is catego-
rized as a cochlear neuropathy (i.e., cochlear synaptopathy)
[25, 26]. Presumably, the reduction in the amplitude of the
auditory nerve response without threshold elevation is due
to selective loss of ANFs that have high thresholds, which is
supported by single-unit recording studies [20, 27]. Given the
important features of those low-spontaneous-rate ANFs in
auditory coding, the neuropathy or synaptopathy in hidden
hearing loss is not simply a reduction in the number of
functional ANFs. Furthermore, the synaptopathy in NIHHL
is likely to be related to the synaptic repair after initial damage
by noise [20], rather than a simple initial loss. In addition,
the functional deficits seen in NIHHL may also involve the
contribution from central auditory plasticity [26, 28–32].
In this review, we summarize the available data for noise-
induced damage and repair around IHC–SGN synapses
and discuss the evidence for the contributions of cochlear
malfunction and central plasticity to NIHHL.

2. Noise-Induced Damage and Repair around
Cochlear Ribbon Synapses

Accumulated evidence has shown that the synapses between
IHCs and type-I SGNs are sensitive to noise and the dam-
age to this synapse is likely to be the bases for NIHHL.
The synapse is characterized by presynaptic dense bodies
termed ribbons [33–35], which are spherical or ellipsoidal
in shape, 100–200 nm in diameter [36], and surrounded by
synaptic vesicles. The ribbons are built up from RIBEYE
protein subunits [37, 38] and anchored to the active zone
of the presynaptic membrane via Bassoon proteins [39–41].
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Figure 1: Schematic curves of CAP I/O functions under different
conditions. As compared with the control behavior, restricted OHC
lesion results in an elevation of CAP threshold, but no reduction of
CAP amplitude at high sound levels, while the restricted synapse
damage results in the reduction of CAP amplitude largely at high
sound levels.

The functional role of ribbons has been recognized as teth-
ering and conveying synaptic vesicles to the active zones [42,
43], where the release of neurotransmitters at these synapses
is modulated by a specific L-type calcium ion channel (i.e.,
CaV1.3) [44, 45].

Noise exposure causes damage to both the presynaptic
ribbons and postsynaptic nerve terminals of the ribbon
synapses [6, 22, 23, 46–48]. The damaged synapses exhibit
various degrees of swelling of the terminals, resulting in
disruption of the synaptic connections between IHCs and
SGNs [20, 46, 48]. Immunohistological staining has revealed
similar losses for ribbons and terminals [6, 22, 23, 49]. The
mechanism for the damage to the postsynaptic terminal is
glutamate-mediated excitotoxicity (reviewed in [46]). How-
ever, it is unclear how the presynaptic ribbons are damaged.
One possible mechanism of ribbon loss is the loss of cell-cell
contact that is required for the maintenance of the pre- and
postsynaptic complexes [50–53]. Our electron microscopy
evaluations did not reveal any residual presynaptic complexes
without ribbon and postsynaptic terminals [20]. Therefore,
it is likely that the entire presynaptic structure breaks down
when the postsynaptic terminal is damaged.

Another possibility is that ribbon loss results from a
breakdown of ribbon building units. A brick assemblymodel,
in which a ribbon is built up from multiple Ribeye sub-
units, has been proposed for ribbon construction in retina
photoreceptor cells [37]. Moreover, the ribbons in retina
sensorial cells can be partially broken down by light, but
they rapidly reassemble in the dark, probably serving as a
mechanism of adaption to bright light [54–58]. In the retina,
the ribbon size appears to be a determining factor for the
quantity of neurotransmitter released. However, the dynamic
disassembling/reassembling process has not been identified
in the cochlea, and changes in the ribbon size and the
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relationship with the release of neurotransmitters have not
been investigated in the cochlea. Additionally, disassembly
and reassembly, as well as ribbon size, are modulated by
Ca2+ signaling involving CaV-channels, presynaptic Ca2+
levels and storage, and guanylate cyclase-activating protein-
2 (GCAP2; see the review by Schmitz [59]). Interestingly,
optical stimulation of photoreceptors causes hyperpolar-
ization of the presynaptic membrane and a decrease in
[Ca2+]i, as opposed to depolarization and the large increase
in [Ca2+]i in IHCs in response to sound. The decrease in
[Ca2+]i in photoreceptor cells is followed by a conformational
change of GCAP2, which results in the disassembly of the
ribbons. In the cochlea, it is not known whether there is a
GCAP-mediated pathway that controls ribbon size. As the
membrane potential of IHCs is depolarized with increasing
sound levels, resulting in an influx of Ca2+, the role of Ca in
ribbon assembly is unlikely to be the same as it is in the retina.

2.1. Is the Synaptic Damage Reversible? There is some debate
about whether noise-induced ribbon synapse damage is
reversible. The first quantitative study of noise-induced rib-
bon synapse damage in CBA mice [6] reported that the
number of ribbon synapses was reduced to 40% compared
with the control 1 day after brief noise exposure that did not
lead to PTS. The synapse count recovered to 50% within 1
week, but no further recoverywas observed, and this 50% loss
of synapses was considered permanent. SGN death observed
2 years after the noise was found tomatch the 50% permanent
loss of synapses [6]. However, a study on guinea pigs carried
out by the same research group found a similar loss of ribbon
synapses 2 weeks after exposure to noise that did not cause
PTS [49], but this study found a much smaller final loss of
SGNs. This suggests that some SGNs, which had originally
lost their synapses with IHCs, survived and reestablished
synapses with IHCs.

Our studies on guinea pigs have revealed a clear recovery
in the synapse count following a massive initial loss induced
by noise exposure that did not lead to PTS [22, 23]. Although
this recovery was not complete, approximately 50% of the
initial loss of paired ribbon and postsynaptic density (PSD)
puncta in the basal half of the cochleae was seen 1 day
after noise, and the loss was recovered to <20% within
1 month. Comparing the aforementioned data from mice
and guinea pigs, it appears that there may be some species
difference in the ability to regenerate synapses following
noise-induced hearing damage. However, a recent study of
C57mice reported that the loss of ribbon synapses induced by
non-PTS-inducing noise was largely reversible [60].This dis-
crepancy in synapse regeneration following noise exposure
requires further investigation.

In a recent review, it was argued that the recovery
of CtBP2/PSD counts in guinea pig cochleae following
noise exposure reported in our studies may be attributable
to up/downregulation of the synaptic protein rather than
regeneration of synaptic connections [25]. However, there are
several lines of evidence for the possibility of synapse repair
following noise-induced damage. First, it has been reported
that plastic changes occur in the presynaptic component,

including the existence of multiple presynaptic ribbons
around an active zone [61] and the changes in the size and
location of ribbons following noise exposure [22]. Second,
the change in the amplitude of the compound action potential
(CAP) corresponded to the changes in ribbon/PSD counts:
a large initial reduction in CAP amplitude and synapse
counts were followed by a significant recovery after the noise
exposure [20]. Third, changes in many single-ANF coding
activities were not seen at the time that the synapses were
damaged but rather manifested later (see Section 3) with the
recovery in both the CAP and synapse number, suggesting
that those changes occurred in the ANFs that connect IHCs
via repaired/reestablished synapses [20]. Further work is
required to determine the mechanisms and factors that influ-
ence the repair of both pre- and postsynaptic components.

3. Cochlear Coding Deficits in
Hidden Hearing Loss

Ribbon synapses exhibit spatial differences around IHCs;
that is, the synapses at the modiolar side of an IHC have
relatively small ribbons but larger postsynaptic terminals,
whereas those at the pillar side have relatively large ribbons
but smaller terminals [62]. This spatial variation in synapse
morphology has been linked to functional variations across
ANFs. Liberman et al. reported that ANFs are functionally
categorized by their spontaneous rate (SR), which is inversely
related to the fiber’s threshold and dynamic range [63–65]. It
is widely accepted that low-SR ANFs exhibit synapses with
IHCs on their modiolar side, whereas high-SR units exhibit
synapses on the pillar side (this is based on data obtained
using intracellular tracer injections) [66]. The low-SR units
are considered critical for hearing in noisy environments due
to their larger dynamic range, higher thresholds, and the
ability to follow the quick change of the amplitude of acoustic
signals. By contrast, high-SR units are responsible for the
sensitivity to quiet sounds and are saturated by high-level
background noise [26, 63, 64, 67, 68].

In NIHHL, low-SR ANFs appear to be more vulnerable
to noise than high-SR units. Selective loss of low-SR ANFs
has been found following exposure to noise that did not
lead to PTS [27]. Presumably, this selective loss of low-SR
units should produce coding deficits, which can be predicted
based on the unique features of those units [26]. However,
no coding deficits were examined and reported in this study
[27]. On the other hand, we reported a time delay in the
development of coding deficits by single ANFs in guinea pigs
following a similar noise exposure that did not cause PTS
[20]; these deficits were attributed to intensity coding and
temporal coding as summarized in Sections 3.1 and 3.2.

3.1. Intensity Coding Deficits in NIHHL. Intensity coding in
the cochlea is defined as the ability of ANFs to encode the
sound intensity or the change of sound intensity.This ability is
determined primarily by the spike rate (or the change of spike
rate) of individual ANF in response to sound intensity change
and the number of functional ANFs. Therefore, the intensity
coding deficits can be evaluated in both evoked field potential
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and single-unit recordings. Deficits in intensity coding were
first suggested by a reduction in wave I of the auditory
brainstem response (ABR) [6, 49], as well as a reduction in
the amplitude of the CAP [20], as this is likely due to the loss
of functional ANFs following synapse disruption. The fact
that the reduction is more significant at higher sound levels
has been considered evidence for selective damage to low-SR
fibers, which have higher thresholds [25, 26, 69].

The deterioration in intensity coding following no-PTS
noise exposure was manifested as a reduction in the driven
spike rates (peak, sustained, and total rates) of ANF units
that were tested only at one sound level [20]. Such changes
are significant only in low-SR ANF units and are seen at a
later time rather than immediately following exposure. This
time delay in the development of coding deficits suggests that
(1) the reduction in driven spike rates occurs in the ANFs to
which the synaptic connections to the IHCs are reestablished
following the initial disruption and (2) the repaired synapses
are functionally abnormal, with less efficient neurotransmit-
ter release.

3.2. Temporal Coding Deficits in NIHHL. Temporal process-
ing ability in the cochlea as well as in the whole auditory
pathway is defined as the ability to follow the quick change
of acoustic signals. In human subjects, the process involves
both bottom-up and top-down mechanisms; but in animal
models, only bottom-upmechanisms are tested (see reviewed
by [67]). Many different tests have been used to detect the
bottom-up mechanisms of temporal coding, some of them
based on the peristimulatory changes of firing rate showing
latency and adaptation. As reviewed above, the major func-
tion of presynaptic ribbons in IHCs is to facilitate the synaptic
transmission. Therefore, the damage to this synapse likely
produces temporal coding deficits in ANFs. Indeed, such
deficits were manifested as an increase in response latency of
ANFs in animals withNIHHL.This was first demonstrated as
a significant delay in CAP peak latency [21] and then further
supported by the delayed latency of peak in PSTH (or peak
latency) of ANFs in our single-unit study [20]. In another
very recent report, such delay was reported in ABR as the
marker of cochlear synaptopathy [70].We also found a reduc-
tion in the ratio of peak to sustained rates in animals that
were exposed to noise. This ratio is considered an index of
the ability of a neuron to encode dynamic signal changes (see
review by [68]). Using a paired-click paradigm, we found that
the ANF response of noise-exposed animals to the second
click recovered more slowly from the masking effect of the
first click. These results reveal poorer coding to the transient
features of acoustic signals by ANFs, which were examined
in previous studies to show the deterioration in of temporal
coding in animals with Bassoon mutation [39, 41]. Whereas
an increase in peak latency was seen shortly after exposure
to noise, changes in the peak rate and the peak/sustained
spike ratio, as well as a slower recovery of the spike rate
to the second click, were not seen until later, suggesting an
association between the deficits and the synapse repair.

Phase locking is a mechanism for the auditory coding
of temporal envelopes. A temporal deficit in phase-locking

responses has been proposed based on selective loss of low-
SR units and the functional features of this group of ANFs
[25, 26, 69], but it has not been tested at the single-unit level.

4. Association of Coding Deficits with
Unhealthy Synaptic Repair

So far, there appear to be two models for the development
of coding deficits in NIHHL. One model suggests that the
coding deficit or synaptopathy is simply due to the loss of
low-SR ANFs. Since those units have unique functions in
signal coding, the loss of those functions is predicted as the
consequences. Evidence from our own laboratory suggests
another model. That is, the coding deficits are developed as
the result of unhealthy synaptic repair after initial disruption.
We found that the noise-induced synaptic damage in guinea
pigs under NIHHL is largely repairable, leaving only a small
amount of synapses not being reestablished. Therefore, the
coding deficits or synaptopathy cannot be simply attributed
to the loss of SR units. Since the coding deficits are seen at
the time when the synapse counts are largely recovered, we
believe that the coding deficits likely occur in the repaired
synapses (most of them innervating low-SR ANFs). Studies
are needed to verify which model is more likely the case in
human subjects.

5. Central and Peripheral
Contributions to NIHHL

Hearing loss impacts auditory perception. It has long been
recognized that subjects with normal audiograms may have
perceptual difficulties, and this is especially true in the elderly.
Age-related hearing loss with threshold elevation is termed
peripheral presbycusis, whereas the perceptual difficulties
seen in the elderly without threshold shift are usually termed
central presbycusis [71]. For example, temporal processing
deficits and difficulties of hearing in noisy environments are
two major problems experienced by the elderly. These prob-
lems were recognized long before the discovery of cochlear
damage associated with NIHHL and were considered to be
the result of “central auditory processing disorders” [71–75].
It was generally accepted that any perceptual deficits observed
without changes to hearing thresholds and cognitive func-
tioning can be attributed to central dysfunctions.

Based on recent progress in functional deficits in cochlear
coding, such separation between peripheral and central
presbycusis is likely to be incorrect. The so-called central
presbycusis may, at least in part, result from disorders in the
auditory periphery. The coding deficits related to the loss
of low-SR ANFs had been described as a type of auditory
neuropathy and/or synaptopathy even before any of the
predicted deficits were identified. Data on changes in the
SR distributions of ANFs suggest the reestablishment of
synapses following an initial disruption that was selective to
low-SR units [20]. Although our data revealed abnormalities
in some aspects of coding in the auditory nerve, further
work is required to investigate coding deficits in NIHHL.
Such studies cannot be replaced by speculation based on



Neural Plasticity 5

the selective loss of low-SR fibers; for example, one cannot
be certain how the auditory nerve changes its response to
amplitude modulation until it is measured at the single-unit
level. Two possibilities must be considered: (1) the surviving
ANFsmay change their function and (2) the initially lost low-
SR fibers may be repaired but with changed function.

It should be noted that there is now a tendency in the
literature to consider NIHHL to be a purely peripheral issue,
a result of the overcorrection of the “central presbycusis.”
However, despite the strong evidence for a peripheral con-
tribution, the central contribution to the problems seen in
NIHHL should not be neglected. In other words, it may be
more constructive to assume that there are both peripheral
and central contributions to NIHHL. It is well known that
hearing loss (with elevated threshold) can induce central
changes, which can result in deteriorations in signal process-
ing. Studies aiming to distinguish the role of central plasticity
from that of ribbon synapse damage are rare. One such
report found that an increase in central gain was responsible
for tinnitus in human subjects with typical damage seen
in NIHHL (i.e., reduced auditory nerve input to the brain
(measured as a smaller ABR wave I)) but normal hearing
threshold [24]. In an earlier study in rats, tinnitus was found
6 months after exposure to noise that caused minimal loss of
hair cells and PTS but significant loss of ANFs [76].

One of the central impacts of hearing loss due to damage
to peripheral auditory organ is imbalance between excitation
and inhibition, resulting in hyperactivity and/or hyperre-
sponsiveness in the central auditory system (see reviews in
[77–80]). The types of hearing loss producing such central
enhancement include cochlear ablation, drug- and noise-
induced damage. While direct effect of drugs and noise on
central neurons needs to be differentiated, a similarity across
those hearing loss models is the reduction of cochlea output
to the auditory brain, which may be the main initial factor
causing the imbalance between excitation and inhibition. In
this sense, central plasticity should also be seen in subjects
withNIHHL.Whilemost of studies in central plasticity using
NIHL model correlated the central enhancement with the
amount of threshold shifts [29, 81–85], at least one study
has reported central enhancement in mice exposed briefly to
noise at a moderate level that did not cause PTS, presumably
producing only NIHHL [30]. Unfortunately, the reduction in
auditory input from the cochlea was not quantified in this
study. Taken together, available data suggest that cochlear
damage, with or without threshold elevation, can lead to
central plasticity by reducing input from the auditory nerve.
Further work is required to establish the central contribution
to coding/perception difficulties in NIHHL, and previous
studies on central processing disorders in subjects withNIHL
should be reevaluated to differentiate the central contribu-
tions from the peripheral ones.

In a brief summary, we use Figure 2 to summarize the
available data for the mechanisms of perception difficulty
experienced by subjects with history of noise exposure
but normal or near normal thresholds. In this schematic
diagram, we include the two potential models of noise-
induced synaptopathy in cochleae. In model 1, the coding
deficits are speculated based on the role of low-SR ANFs in
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Figure 2: Diagram for the hypothesis of coding deficits in NIHHL.

signal coding. Further evaluation is needed to validate this
model. Both models result in a reduction in the cochlear
output to the auditory brain, which in turn will result in
plastic reorganization of the brain. Auditory signal processing
disorders experienced by subjects with long-term NIHHL
should include what are inherited from the coding deficits
developed in the auditory peripheral and those associated
with the plastic changes of auditory brain.

6. Clinical Implications and Future Directions

6.1. Evidence of NIHHL in Human Subjects. Although more
studies on the impact of noise on human hearing showing
no changes in auditory sensitivity are required, evidence
suggesting the occurrence of NIHHL in human subjects is
being accumulated. This is supported by thorough research
on the signal perception deficits experienced by subjects with
a history of noise exposure but normal thresholds [26]. Since
the deficits are demonstrated at suprathreshold levels, it is
clear that normal hearing thresholds do not guarantee normal
hearing functions, especially in subjects with history of noise
exposure [24, 86].The second line of evidence is the reduction
in the output of the auditory nerve in subjects with a history
of exposure to noise. This manifests as a reduction in wave
I in the ABR at suprathreshold levels [24]. Interestingly, the
combination of a reduction in wave I and an increase in wave
V/I ratio may be considered evidence of increased central
gain and is likely responsible for the generation of tinnitus in
hidden hearing loss [32, 87, 88]. The third line of evidence
comes from the age-related SGN degeneration seen in the
examination of human temporal bones [89]. Unfortunately,
there is, as yet, no clear human evidence that degeneration of
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SGNs is expedited by exposure to noise that does not cause
threshold elevation.

6.2. Significance of NIHHL. The clinical implications of
NIHHL are manifested by the fact that noise exposure
causing NIHHL occurs frequently in daily life and impacts
muchmore general population [90]. Such noise exposure has
been generally considered to be safe according to current
safety standards for exposure to noise. The evidence from
the studies reviewed here indicates that the resulting damage
to the ribbon synapses from noise that did not induce
PTS can be repaired even though the repair is incomplete.
More importantly, the signal coding deficits are developed
in association with the synapse repair. Since the damage
and repair occur repeatedly, the damage on signal coding
can be accumulated during aging and likely contributes to
the perceptual difficulties experienced by the elderly [26].
This impact of noise exposure on signal coding is obviously
different from the contribution made by the hearing loss
defined by threshold shifts.

6.3. Future Direction. In future, the coding deficits and
related synaptic repair in NIHHL should be further investi-
gated in a laboratory setting. Since the ribbon synapse is the
first gating point for temporal processing in auditory path-
way, the observed coding deficits suggest a clear peripheral
origin for the decline in temporal processing and perceptual
difficulties during aging. Whether and how the synaptic
damage will impact the central auditory processing need to
be investigated in a manner that is clearly differentiated from
the impact of hearing threshold shift. Moreover, the coding
function of ANFs should be observed over a long period of
time following exposure to noise to determine whether the
coding deficits are temporary or persistent. We are currently
collecting data using electronmicroscopy, as well as conduct-
ing an analysis on the potential changes of the molecular
structures of ribbons and PSDs, in an attempt to elucidate
the morphological/molecular mechanisms responsible for
functional changes of repaired ribbon synapses. It would also
be interesting to understand the reasons for the extreme
sensitivity of low-SR synapses to noise, as well as elucidate
possible methods to prevent damage. Laboratory studies
should also aim to explore the mechanisms of synaptic repair
in the cochlea, as well as reveal the factors that influence
repair in order to promote it.

To translate the knowledge to clinic, investigation is
needed to establish good measures for detecting NIHHL in
human subjects. AlthoughABRwave I is useful for evaluating
synaptopathy caused by noise that does not induce PTS, its
reliability and sensitivity are questionable in human subjects
where the ABR amplitude is small, and othermethods should
be explored. A very recent report suggests the use of ABR
latency as the marker of NIHHL [70]. The study tested
human subjects with normal hearing thresholds and reported
a big variation in the threshold of envelope interaural timing
difference, which was negatively correlated with the shift
of ABR wave V latency by background noise: the higher
the threshold (poorer sensitivity), the smaller the shift.

Theobservation of the latency shiftwithmasking is supported
by the fact that the low-SR ANFs have longer latency than
high-SR fibers and are resistant to background noise [91, 92].
It is not clear why the study did not report the change in wave
V amplitude by masking. Theoretically, the masking should
produce greater reduction in wave V amplitude in subjects
with selective loss of low-SR units. Moreover, no information
about the history of noise exposure was reported and it is
not clear whether the poorer performance in temporal cue
detection was due to noise-induced synaptopathy or other
reasons.

To date, the most promising methods for diagnosing
cochlear synaptopathy are related to selective loss of low-SR
ANFs, the subcortical steady state responses (SSSR) [93, 94].
Based on the animal studies, this test should be carried out
using amplitude-modulated signals at relatively high intensity
and a shallow modulation depth [95]. The input intensity
of the driving signal should fall within the saturation range
of the high-SR fibers. High frequency carrier waves with a
high intensity and with shallow amplitude modulation are
especially useful for evaluating the function of low-SR fibers.
This is supported by modeling the loss of low-SR fibers. To
differentiate the SSSR contribution from the auditory nerve
from that of central neurons, a higher modulation frequency
should be used.The optimalmodulation frequency is likely to
differ across species [96–98]. A recentmouse study found that
the modulation frequency close to 1 kHz was optimumwith a
high frequency carrier without concern of modulation depth
[99]. However, a recent human study reported a successful
detection of the low-SR unit loss using off-frequencymaskers
and a shallow modulation depth [95].
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