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ABSTRACT

In this study, age related Cav1.3 expression in cochlea and auditory cortex of C57BL/6J male mice was
evaluated. It was found that the expression of Cavl.3 in cochlea decreased with aging whereas this
phenomenon was not observed in neuron of auditory cortex. The correlation between decreased expression of
Cavl.3 and age-related hearing losses was studied in vitro, after Cav1.3 was knocked out, the rate of apoptosis
of hair cells increased after being subjected to ROS stresses, accompanied with enhanced senescence. Further,
Cavl.3 knock down also interfered with the electrophysiology of hair cells. The effect was further confirmed in
vivo, after Cavl.3 knocked down by injection of AAV, hearing impairment was observed in C57BL/6J male mice
subjected to senescence and this was accompanied by increased loss of hair cells in cochlea. The effect was
further confirmed in 3D organ culture, increased loss of hair cells after Cavl.3 was knocked down under ROS
stresses.

Mechanistically, Cav1.3 knock out resulted in decreased intracellular calcium which subsequently reduced the
inactivation of ROS from complex I, and finally resulted in increased intracellular ROS and enhanced
senescence.

Collectively, these findings confirmed that Cav1.3 could protect cells in auditory pathway from oxidative
stresses, and decreased expression of Cavl.3 in auditory pathway could contribute to hearing losses by
enhancement of calcium-mediated oxidative stress.

INTRODUCTION sufficient to influence communication, and the rate

increases to 40% in the population older than 65 years
Presbycusis or age-related hearing losses (ARHL) is the [3, 4]. The high prevalence of presbycusis causes severe
most common cause of hearing loss [1, 2]. Overall, 10% social and health problems [5]. It has been found that
of population experience hearing loss which is oxygen free radical, glutamate toxicity, and Ca*'
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overload are closely related to ARHL [6-8]. However,
the underlying mechanism for ARHL are still obscure.

Cavl.3 is a voltage-gated calcium channel which plays
an important role in diverse cell functions. It is mainly
expressed in CNS, mediated persistent Ca’*" influx,
sustain plateau potential, support peacemaking [9], and
has a role in hair cell development [10—12]. Moreover,
it has been found that Cavl.3 calcium channel in the
stria vascularis contribute to the generation and
maintenance of the end cochlear potential. Chen et al
[13] reported that the expression of Cavl1.3 in cochlea of
C57BL/6J was gradually decreased when the mice got
older accompanied by increased hearing threshold,
which indicated a possible association between
decreased expression of Cavl.3 and ARHL, but the
underling mechanism is still unknown.

It is a common understanding that oxidative stress and
mitochondrial dysfunction play a major part in aging
[14-18], ARHL can also be caused by ROS and
mitochondrial dysfunction [19], Menardo et al [20]
reported that oxidative stress, altered level of
antioxidant enzymes, and decreased activity of complex
I, 11, and IV could trigger apoptotic cell death pathways.
Ca?" primary promotes ATP synthesis by stimulating
enzymes of Krebs cycle and oxidative phosphorylation
in the mitochondria. However, it can also diminish ROS
from both complexes I and III [21], therefore, changes
of intracellular Ca** could influence ROS generation
and subsequently causes ARHL.

In this study, age related Cav1.3 expression in cochlea
and auditory cortex of C57BL/6J male mice was
evaluated and it was confirmed that Cav1l.3 expression
in cochlea was decreased with aging whereas this
phenomenon was not observed in neuron of auditory
cortex. The effect of Cavl.3 knock down or knock out
on hair cells when facing aging induction or ROS
stresses was observed in vitro and further confirmed in
vivo, the underling mechanism was also investigated.

RESULTS
Age-related expression of Cav1.3 in cochlea

The expression of Cayl.3 calcium channels in cochlea
of C57BL/6J male mice was detected by
immunofluorescence. As shown in Figure 1A, 1B,
Intense-labeling for CaV1.3 is visible in the organ of
Corti (OC) (Figure 1A) and spiral ganglion (SQG)
neurons (Figure 1B). The labeling was significantly
reduced both in OC and SG neurons of the aging mice,
only very weak labeling for CaV1.3 was visible. The
immunofluorescence staining for CaV1.3 in the OC
segment explants (Figure 1C) showed that the

expression of CaV1.3 in hair cells gradually decreased
with age.

Age-related expression of Cav1l.3 in auditory
pathway

The presence Cavl.3 protein in auditory cortex was also
explored in this study. The results showed that, some but
not all neurons in auditory cortex of of C57BL/6J male
mice expressed Cavl.3 at moderate level, as shown in
Figure 2A. Age-related expression of Cavl.3 was
observed by immunofluorescence which indicated that its
expression in auditory cortex increased before 16 weeks
and decreased after 16 weeks (Figure 2A, 2B). The
changes in expression of Cavl.3 was further confirmed
by real-time PCR, flow cytometry and western-blot
(Figure 2C-2E). To further confirm Cavl.3 expression
specifically in neurons of auditory cortex, the neuron
cells were gated as NeuN+. As shown in Figure 2F,
Cavl.3 expressed in auditory cortex-derived neurons
remained constant between different age groups. The
mRNA expression of Cavl.3 in inferior colliculus and
cochlear nucleus were also evaluated, as shown in Figure
2D. No significantly difference in Cav1.3 expression was
observed in cochlear nucleus and inferior colliculus.

Hair cells were vulnerable to ROS injury after
Cavl.3 was knocked out

To investigate the underlying role played by Cavl.3 in
electrophysiology, Cavl.3 was knocked out by crisper
technology in hair cell line HEIOC1, and the effect of
knock out was confirmed by flow cytometry (Figure 3A).
As shown in Figure 3B, wild type HEIOC1 had
membrane potential of about -40mV, Cav1.3 knock out
decreased membrane potential to about -50mV. Non-
linear capacitance is considered as the electrical signature
of prestin motor function, prestin NLC is bell-shaped and
voltage-dependent. NLC traces using the parameters
Qmax (maximum nonlinear charge transfer), Vmax
(voltage at peak capacitance), and Clin (linear
capacitance). NLCmax= (Cmax- Clin) is the peak value
of NLC. As shown in Figure 3B, mean NLCmax of wild
type HEIOC1 were 0.7pF, Cav1.3 knock out enhanced
the mean NLCmax to 5.5pF which indicated that Cav1.3
knock out enhanced motor function of prestin, possibly
due to progressive translocation of prestin from the
cytoplasm to the plasma membrane.

To investigate the relationship between Cavl.3 and age-
related hearing losses, hair cell line HEI-OC1 was
induced by hydrogen peroxide and D-galactose to
produce senescence. The effect of induction was
evaluated by Western-blotting based P53 detection
(Figure 3C), and the effect of induction was confirmed by
C12FDG stain and P-Galactosidase stain (Figure 3D).
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Figure 1. Age-related Cav1.3 expression in cochlea. (A, B) immunofluorescence of CaV1.3(green) and Myo7a (red) in the organ of Corti
(left) and spiral ganglion (right) (magnification, x400), nuclei was visualized by DAPI (blue). (C) the immunofluorescent staining for CaV1.3
(green) in the whole cochlear basilar membrane. (D) quantitative analysis of CaV1.3 expression in hair cells, spiral ganglion and cochlea
basilar membrane.
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Figure 2. Age-related expression of Cavl.3 in auditory pathway. (A) The immunofluorescence of CaV1.3 in the auditory cortex
(green, magnification, x400). (B) the quantitative analysis of CaV1.3 expression in the auditory cortex. (C) the western-blotting analysis of
CaV1.3 expression in auditory cortex (top), the bottom panel is the quantitative analysis. (D) the mRNA expression of CaV1.3 in auditory
cortex, inferior colliculus and cochlear nucleus. (E) CaV1.3 expression in auditory cortex was analyzed by flow cytometry, the right panel is the
quantitative analysis. (F) Cav1l.3 expression in neurons of auditory cortex, the neuron cells were gated as NeuN+, the right panel is the
quantitative analysis. Error bars represent mean + s.d.; *P<0.05; **P < 0.01; ***P < 0.001; n.s. not significant; by one-way analysis of variance
(ANOVA) (B—F).
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Figure 3. Hair cells were vulnerable to ROS injury after Cav1.3 was knocked out. (A) the effect of CaV1.3 knock out in HEI-OC1 was
analyzed by flow cytometry. (B) membrane potential (top) and non-linear capacitance (NLC) (bottom) studies in WT HEI-OC1 and CaV1.3 KO
HEI-OC1 cells (n=5). (C) western-blotting analysis of CaV1.3 and p53 expression in control and senescence HEI-OC1 cells induced by D-
galactose (D-Gal) or hydrogen peroxide (H,0>), the bottom panel is the quantitative analysis. (D) B-Galactosidase staining (top) and C12FDG
staining (bottom) of control and senescent HEI-OC1 cells induced by H,0,. (E) flow cytometry analysis of CaV1.3 in control and H,0, induced
HEI-OC1 cells. (F) C12FDG staining (top) and B-Galactosidase staining (bottom) of NC (negative control) and KO (CaV1.3 knock out) HEI-OC1
cells after H,0, induction. (G, H) CFSE staining and red dot staining of NC and KO HEI-OC1 cells with or without H,0; induction. (I) LDH assay
of NC and KO HEI-OC1 cells after H,0, induction (n=3). (J) caspase-3/7-AAD staining of NC and KO HEI-OC1 cells after H,0, induction (n=3).
Error bars represent mean + s.d.; ¥*P<0.05; **P < 0.01; ***P < 0.001; n.s. not significant; by one-way analysis of variance (ANOVA) (I, J).
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Enhanced expression of Cavl.3 was observed in
senescent cells (Figure 3C), which was further confirmed
by flow cytometry (Figure 3E), implying a possible
oxidative stress-protection role played by Cavl.3. To
confirm this, the viability of the cells subjected to
oxidative stress by administration of hydrogen peroxide
was observed, Cav1.3 knock out aggravated senescence of
hair cells accompanied by enhanced proliferation arrest,
and increased S phase. (Figure 3F—H). After induction of
apoptosis by hydrogen peroxide, the released LDH in
supernatant was increased significantly after Cav1.3 was
knocked out (Figure 3I), this was further confirmed by
caspase-3/7-AAD stain (Figure 3J). Interestingly,
apoptosis of HEI-OC1 could not be detected by traditional
Annexin V stain (including positive control of apoptosis)
due to unknown reason (data not shown).

Cav1.3 knock out decrease intra cellular calcium
and subsequently result in reduction of complex I
derived ROS inactivation

The underlying mechanism responsible for the
vulnerability of hair cells to ROS after Cavl.3 was
knocked out was investigated. It was found that Cavl.3
knock out induced significant up-regulation of intra-
cellular ROS (Figure 4A). As expected, the intra cellular
calcium was decreased as Cavl.3 was KO (Figure 4B).
After administration of lonmycin, the intra cellular
calcium level was partly rescued, accompanied with
decreased intra cellular ROS (Figure 4B—C). ROS-
mediated apoptosis and senescence was also partly
alleviated (Figure 4D-E), which implied that Cavl.3
knock out induced up-regulation of intra cellular ROS was
partly induced by decreasing of intra-cellular calcium.
Given that calcium can inactive complex III and complex
I derived ROS, MitoTracker and mitoSOX co-stain were
performed. As shown in Figure 4F, mitochondria derived
ROS was increased as Cavl.3 was knocked out. After
administration of Retenone, a complex I inhibitor, dose-
dependent ROS reduction was observed in hair cells
whose Cavl.3 was knocked out, but not in WT hair cells.
Further, Antimycin A, a complex III inhibitor couldn’t
affect Cavl.3 knock out induced ROS up-regulation
(Figure 4G). These data suggested that Cav1.3 knock
down induced ROS up-regulation was induced by reduced
inactivation of complex I derived ROS. Taken together,
Cavl.3 knock out decreased intra cellular calcium and
subsequently resulted in reduction of complex I derived
ROS inactivation.

Cav1.3 knock down aggravated missing of hair cells
in vivo after senescence induction and resulted in
hearing impairment

To evaluate role of Cavl.3 in vivo, Cav1.3 was knocked
down and control adenovirus particle was administered

via transbullar injection, the effect of knock down of
Cavl.3 was assessed by western-blot of cochlea (Figure
5A). After 1 week, adenovirus infected mice were
randomly divided into four group, one of Cav1.3 knock
down group and control virus infection group was
subjected to D-Gal injection to induce senescence. After
6 weeks, auditory brainstem response (ABRs) was
evaluated, as shown in Figure 5B, the characteristic
ABR waveforms were decreased after aging induction,
and Cavl.3 knock down aggravated this effect, no
significant changes in ABR sensitivity was observed
after Cavl.3 was knocked down. Cochlea basilar
membrane stretched preparation was used to study
underlying mechanism. As shown in Figure 5B, slight
hair cell losses were observed after induction of aging,
and the hair cell loss was increased after Cav1.3 knock-
down, which suggested that down-regulation of Cavl1.3
can aggravate age-related hair cell loss, again, Cavl.3
knock down itself do not result in losses of hair cells.

To further confirm the role of Cavl.3 on the cochlear hair
cells, the organ of Corti (OC) of newborn mice (P3-P5)
was isolated and subjected to 3D culture. After induction
of Cavl.3 knock down AAV or control AAV, the organ
was treated with 0.5Mm hydrogen peroxide for 1 hour
and cultured in hydrogen peroxide-free medium for
another 24 hours. As shown in Figure 5C, similar with
the results of in vivo studies, Cavl.3 knock-down
enhanced hydrogen peroxide induced hair cell losses.

Taken together, Cav1.3 knock down aggravated the loss
of hair cells after induction of aging and resulted in
impairment of hearing.

DISCUSSION

Presbycusis is a common term used for age-related
hearing loss. This term including all conditions that lead
to hearing loss in elderly people. The clinical
presentation of ARHL is characterized by reduced
hearing sensitivity and speech understanding, and this
disorder is classified into- sensory, strial, and neural
[22]. The most common causes for ARHL is damage,
loss and death of sensory hearing cells in the cochlea
[23]. Several molecular changes have been proposed for
ARHL, such as reduction in oxygen delivery, genetic
mutation and a significant increase in the production of
reactive oxygen species (ROS) [14, 24, 25]. ROS is
mainly generated in the mitochondria [26, 27], and this
can damage key mitochondria components, such as
mitochondrial DNA  (mtDNA), mitochondrial
membranes, and nuclear DNA that affect function of
mitochondria. The impairment of mitochondrial
function increase production of ROS, this creates
“vicious cycle” which can finally trigger the cascade of
apoptosis and cell death [24, 28-30].
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The C57BL/6 strain has been most extensively studied
as a model of early-onset hearing loss, Our previously
research was based on C57 early-onset hearing loss
model and found expression of Cavl.3 was changes
during the process of aging, Cavl.3 is mainly expressed
in CNS, it has been reported that Ca** dysfunction plays
an important role in age-related neurodegeneration [31].
Chen et al [13] reported that Cavl.3 expressed in
cochlea gradually reduced in the aging mice and the
down regulation of Cavl.3 might be associated with
ARHL, however the underlying mechanism remain
unknown. In this study, expression of Cavl.3 was
confirmed by IF, which showed that Cavl.3 was
predominantly expressed in inner hair cells (IHCs),
outer hair cells (OHCs), and spiral ganglion (SG)
neurons. The expression was significantly down-
regulated in aging mice, and this result was in
agreement with previous reports [13]. Age-related
Cavl.3 expression in other part of auditory pathway,
including inferior colliculus, cochlear nucleus and
auditory cortex were also investigated.

The function of Cavl.3 down regulation was
investigated in vitro, and it was found that the hair cells
were vulnerable to ROS stresses. Down-regulation of
Cavl.3 decreased Ca®" influx through to Cavl.3
channel and subsequently resulted in hyperpolarize of
resting membrane potential [32]. Down-regulation of
Cavl.3 also resulted in increased generation of ROS
from mitochondria and after administration of lonmycin
or complex I inhibitor, the effect was partly impaired
which indicated that down regulation of Cavl.3 resulted
in reduction of intra cellular calcium and subsequently
reduced inactivation of ROS generated from complex I
of mitochondria, and finally triggered cell apoptosis
under ROS stresses.

The effect was further confirmed in vivo, after Cavl.3
was knocked down by injection of AAV, the mice were
more vulnerable to aging as they exhibited higher
hearing threshold and increased loss of hair cells. Since
knock down of Cavl.3 can interfere with the
functioning of stria vascularis which can also result in
losses of hair cells, 3D organ culture was used to further
confirm the proposed theory, and it was found that hair
cell in the organ of Corti was more vulnerable to ROS
stresses as Cav1.3 was knocked down, the result was in
agreement with in vitro experiment.

But our work still has some limitation. First, in this
study, only male C57 was used to investigate function
of Cavl.3, expression of Cavl.3 might be different
between male and female animal as changes of hearing
sensitivity during aging processes is different between
male and female animal [33]. Second, our work mainly
focuses on relationship between expression of Cavl.3

and apoptosis of hair cells, so only total expression of
Cavl.3 in cochlea was evaluated rather than record
them along tonotopic map.

In summary, these results indicate that down regulation
of Cavl.3 expression in cochlea promotes age-related
hearing losses through augment of ROS from complex I
of mitochondria in hair cells and provides a possible
target for prevention of ARHL.

MATERIALS AND METHODS
Ethic statement

The care and experimental treatment of the animals
were approved by the Animal Research Committee of
Tongji Medical College of Huazhong University of
Science and Technology.

Animals

C57BL/6J male mice were purchased from the Model
Animal Research Center of Tongji Medical College of
Huazhong University of Science and Technology
(Wuhan, China). Mice were randomly divided into five
groups: group A (4 weeks), B (8 weeks), C (16 weeks),
D (32 weeks), E (48 weeks), each group consisted of 5
mice. The care and experimental treatment of the
animals were approved by the Animal Research
Committee of Tongji Medical College of Huazhong
University of Science and Technology.

Tissue preparation

All the deeply anesthetized animals were decapitated,
the brains were removed immediately and fixed by
immersing in 4% paraformaldehyde in 0.1 mM
phosphate-buffered saline (PBS), pH 7.4, overnight at
4°C. The brains were embedded in O.C.T. compound
(Sakura, USA) the following day. Before use, the brains
were cryosectioned at 6 um thickness for
immunofluorescence, mounted on glass slides and
stored at —20°C.

The auditory cortex was identified in accordance with the
mouse atlas of Paxinos and Watson (2001). Tissues within
the anterior and posterior ectosylvian sulci (roughly
delineating AI) were dissected. For RNA preparations,
auditory cortex tissues were dissected with small forceps
and immediately frozen in liquid nitrogen and stored at -
80°C before use.

Immunofluorescence staining

The cochlea and Auditory Cortex sections were thawed
and dried for 30 min at room temperature,
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permeabilized with 0.1% Triton X-100(Sigma) in
50mM PBS for 20 min, washed 3 times and blocked
with 10% goat serum for 1 h at room temperature. After
overnight incubation with the primary antibody, rabbit
anti-CaV1.3 calcium channel polyclonal antibody (1:50;
Alomone labs, Israel) or mouse anti-Myo7a antibody
(1:100; Santa Cruz, CA) at 4°C the sections were
washed three times with PBS and incubated using
Dylight 488 conjugated goat anti-rabbit IgG or Dylight
594 conjugated goat anti-mouse (1:500; Multi-Sciences,
Hangzhou, China) for 1 h at room temperature. The
sections were then washed with PBS and costained with
10pg/ml DAPI (Sigma, USA) for 20 min. After finally
washing with PBS, the slides were covered with glass
cover slips and observed under an Olympus Fluoview
500 IX 71 confocal microscope (Olympus, Tokyo,
Japan). The images were digitally recorded at the same
magnification and time of exposure. For hair cells
examination, the surface of the OC was prepared by
removing the otic capsule and tectorial membrane of the
fixed cochlea. The dissected specimens were labeled
with anti-CaV1.3 and DAPI before observation.

Quantitative real-time polymerase chain reaction
(q-PCR)

The Auditory Cortex(AC), inferior colliculus and
cochlear nucleus tissues were dissected and total mRNA
was extracted using TRIzol Reagent (Invitrogen,
Carlsbad, California, USA) following the
manufacturer’s protocol. The extracted mRNA (1pg)
was reverse transcribed into cDNA using ReverTra-
Plus-TM (Toyobo, Osaka,Japan). Real-time PCR was
performed on a LightCycler System 2.0 (Roche,
Mannheim, Germany) using SYBR Premix EX Taq kit
(Takara, Dalian, China). The primer sequences of
CaV1.3 (CACNAID) were: 5°-TGC ACA GAT GAA
GCC AAA AG-3’ for forward and 5°’-ACA GAA CCA
ACG TTC TCA CC-3’ for reverse. A housekeeping
gene, B-actin (forward:5’-GCG CAA GTA CTC TGT
GTG GA-3’, reverse: 5’-GAA AGG GTG TAA AAC
GCA GC-3’), was used as an internal control. PCR was
performed at 95°C for 5 min, then 95°C (45 s), 56°C
(30 s), and 72°C (45 s), followed by a 10 min extension
at 72°C for 40 cycles. Each sample was run in triplicate
and averaged. The relative gene expression was
calculated by 2°44¢ method.

Cell culture, reagents, transfections

The hair cell line HEI-OCI1 cells, obtained from Sun
Yat-sen Memorial Hospital, were incubated in
Dulbecco's Eagle's medium (DMEM; Gibco BRL,
Gaithersburg, Md., USA) containing 10% fetal bovine
serum (FBS; Gibco BRL, USA) without antibiotics at
33°C under 10% CO; (permissive conditions). For

senescence induction, cells were treated with 5uM
hydrogen peroxide (H,0O,; Sigma, USA) for 1 h before
cultured in fresh growth medium for 24h, or 20mg/ml
D-galactose for 48h. Ionmycin (Medchem express,
USA), a Calcium ionophore; Rotenone (Medchem
express, USA), a complex I inhibitor; Antimycin A
(Abcam, UK), a complex III inhibitor. CaV1.3 knock
out and control lentiviral particle, CaV1.3 knock down
and control Adenovirus and Adeno-association virus
(AAV) were purchased from Genechem Co (China,
shanghai). For lentiviral transduction, 5000 cells/well
were seeded in 96 well tissue culture plates and infected
the following day with lentiviral particles at a MOI of
10 in the presence of 10 mg/ml polybrene, purchased
from Santa-Cruz Biotechnology (Dallas, TX). After
infection, HEI-OC1 was selected with Spg/ml
puromycin, purchased from Life Technologies
(Carlsbad, CA).

Flow cytometry staining and analysis

The Auditory Cortex (AC) tissues of different ages were
dissected, then subjected to 2 mg/ml Papain (Sigma,
USA) and DNase digestion for 30min at 37°C. After
digestion, it was passed through a 70 um mesh (BD
Falcon, CA, USA). We centrifuged the filtrate and
washed the remaining cells with PBS. The cells for
analysis were re-suspended in FACS staining buffer for
flow cytometry. Cells were stained with anti-CaV1.3
(1:50) for 1 h, and washed 3 times with PBS, then
stained with anti-rabbit, APC (1:1000; Cell Signaling
Technology, USA) and anti-NeuN, FITC (1:100; Cell
Signaling Technology, USA) for 30min at 37°C.
Labeled cells were analyzed on BD FACSVerse Flow
Cytometer, and the data were processed using FLOWJO
software (Treestar).

Western blot

The tissues of Auditory Cortex were separately
dissected and pooled to obtain equalized protein content
(30 pg). Following the standard Western blot technique,
the proteins were respectively electrophoresed through a
10% SDS-PAGE and transferred to immobilon
polyvinylidene  difluoride =~ membrane (Millipore,
Billerica, Massachusetts, USA). The membranes were
blocked for 1 h at room temperature in 5% non-fat
milk/TBS (10 mM Tris-HCI (pHS8.0), 150 mM NacCl,
0.05% tween 20). Proteins were probed with primary
rabbit anti-CaV1.3 antibody (1:200; Alomone labs,
Israel) overnight at 4°C and incubated with GAPDH
antibody (1:2000; Sigma, USA) as the internal control.
After rinsing three times (10 min each) with TBS, the
membrane was incubated with horseradish peroxidase-
conjugated secondary antibody against rabbit IgG
(1:5000, Amersham Bioscience, Piscataway, NJ) for 1 h
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at room temperature. After washout, the membrane was
developed using ECL reagents (Pierce, Rockford,
[linois, USA) and visualized  using a
chemiluminescence system (PTC-200; Bio-RAD
Laboratories, Hercules, California, USA). All western
blots were repeated three times.

Patch clamp

Current was recorded by EPC10 patch-clamp amplifiers
(HEKA electronic, Lambrecht, Pfalz, Germany), 2 kHz
filtering, digitized to 10 kHz, and then stored in the
computer. The non-linear capacitance (NLC) and
membrane potential (MP) of HEI-OCI cells (n=5) were
recorded in the voltage clamp mode using whole-cell
patch clamp technique. External solutions of NLC were
recorded (mM): 100 NaCl, 20 CsCl, 20 TEACI, 2
CaCly, 1.47 MgCl,, 2 CoCl,, and 10 HEPES. PH was
adjusted to 7.3 with NaOH. Internal solution containing
(mM): 140 CsCl, 2 MgClo, 10 EGTA, and 10 HEPES,
PH adjusted to 7.2 using CsOH. Boltzmann equation
was used to fit NLC. The external solutions for
recording MP included (mM): 142 NaCl, 5 KCI, 1.5
CaCly, 2 MgCl,, 10 HEPES, 5.6 glucose. The internal
solution contained (mM): 148 KCl, 0.5 CaCl,, 2 MgCl,,
10 HEPES, and 1 EGTA. PH was adjusted to 7.4 with
KOH. The impedance of the glass electrode was 5-8 m
in whole cell recording. Data analysis was carried out
with fitmaster software, and origin 8.0 was used for
drawing.

3D organ culture

Newborn C57BL/6J mice (P3-P5) were used (n=3).
After the temporal bone was removed from the skull,
the organ of Corti (OC) explant was isolated in cold,
sterile, buffered saline glucose solution. The OC explant
was cut into 3 segments corresponding to basal, middle
and apical turns. Each segment was cultured onto
Corning Matrigel Basement Membrane Matrix (BD
Biocoat, USA). The OC explant isolated from another
ear in the same mouse was served as self-control. The
data-processing was based on the treated group and the
self-control group from the same animal. The OC
explants were infected with CaV1.3 knock down or
control Adenovirus and cultured at 37°C in an incubator
with 5% CO; for 24 h, the OC explants were treated by
0.5 uM HO; for 1 h, then cultured in fresh growth
medium for 24h. The OC segment explants were fixed
in 4% paraformaldehyde at room temperature for 30
min and then permeabilized with 0.2% Triton X-100 in
PBS for 30 min. For hair cell labeling, the epithelia
were stained with tetramethyl rhodamine isothiocyanate
(TRITC)-conjugated  phalloidin ~ (Sug/ml;  Sigma—
Aldrich, Saint Louis, USA) and examined under a
fluorescence microscope. The hair cells were counted

over a longitudinal distance of 100um in three separated
microscopic fields for each segment. Cells were
considered missing when there was a gap in the normal
arrays. A mean value was calculated for each specimen
and at least 6 explants were used for each group.

Animal experiments

The middle ears of C57BL/J male mice were inoculated
via transbullar injection method with 5 pl Cav1.3 knock
down Adeno-associated virus (AAV) labeled with
mCherry, and the negative control (NC) group was
inoculated equivalent control AAV. After 1 week, the
0.25 ml/10g 5% D-galactose were injected into mice for
6 weeks to induce senescence. The distribution and
intensity of red fluorescence were estimated by
fluorescent microscope and the ABR threshold was
recorded.

Auditory brainstem response recording

Auditory brainstem response (ABR) was recorded by a
Nicolet Compass ABR System (Natus Medical Inc., San
Carlos, California, USA). Mice were anesthetized with
an intraperitoneal injection of tribromoethanol at 300
mg/kg. ABR was evoked by click stimulation and
averaged by 1000 times. The stimulus level was started
at 90 dB SPL and descended in a 10 dB SPL step until a
visually discernible ABR waveform was undetectable.

Statistical analyses

All the data were presented as the mean+=SEM. One-
way analysis of variance (ANOVA) was used to analyze
the differences among groups using SPSS 13.0 (SPSS
Inc., Chicago, Illinois, USA). Pair-wise comparisons
were also carried out between the groups using the
Student—Newman—Kuels (SNK) test. A P value less
than 0.05 was considered to be statistically significant.

AUTHOR CONTRIBUTIONS

H.C., F.Q. and R.Z. conceived and designed the study.
F.Q. and R.Z. did the main experiments. R.Z. and F.Q.
performed the animal experiments. J.C. and F.Z.
analyzed and interpreted the data. Y.S., Z.D., D.B. and
P.L. provided technical support. S.S., H.Z. and X.W.
were responsible for reagents and materials. F.Q.
drafted the article. F.Z. and H.C. revised the article
critically. All authors had final approval of the
submitted versions.

ACKNOWLEDGMENTS

Thanks for the accompany of R.Z.

WWWw.aging-us.com 6500

AGING



CONFLICTS OF INTEREST

The authors declare that they have no conflicts of
interest.

FUNDING

This work was supported by the National Natural
Sciences Foundation of China (no. 81771004,
81500791, 81500794, 81070787, 81271078).

REFERENCES
1. Huang Q, Tang J. Age-related hearing loss or
presbycusis. Eur Arch Otorhinolaryngol. 2010;

267:1179-91.
https://doi.org/10.1007/s00405-010-1270-7
PMID:20464410

2. Liu XZ, Yan D. Ageing and hearing loss. J Pathol. 2007;
211:188-97.
https://doi.org/10.1002/path.2102 PMID:17200945

3. Gates GA, Mills JH. Presbycusis. 2005;
366:1111-20.
https://doi.org/10.1016/50140-6736(05)67423-5
PMID:16182900

Lancet.

4. Goman AM, Lin FR. Prevalence of Hearing Loss by
Severity in the United States. Am J Public Health.
2016; 106:1820-22.
https://doi.org/10.2105/AJPH.2016.303299
PMID:27552261

5. Mulrow CD, Aguilar C, Endicott JE, Velez R, Tuley MR,
Charlip WS, Hill JA. Association between hearing
impairment and the quality of life of elderly
individuals. J Am Geriatr Soc. 1990; 38:45-50.
https://doi.org/10.1111/j.1532-5415.1990.tb01595.x
PMID:2295767

6. Gopinath B, Rochtchina E, Wang JJ, Schneider J,
Leeder SR, Mitchell P. Prevalence of age-related
hearing loss in older adults: Blue Mountains Study.
Arch Intern Med. 2009; 169:415-16.
https://doi.org/10.1001/archinternmed.2008.597
PMID:19237727

7. Gopinath B, Schneider J, Rochtchina E, Leeder SR,
Mitchell P. Association between age-related hearing
loss and stroke in an older population. Stroke. 2009;
40:1496-98.
https://doi.org/10.1161/STROKEAHA.108.535682
PMID:19246693

8. Johnson KR, Zheng QY. Ahl2, a second locus affecting
age-related hearing loss in mice. Genomics. 2002;
80:461-64.
https://doi.org/10.1006/gen0.2002.6858

10.

11.

12.

13.

14.

15.

16.

17.

PMID:12408962

Hirtz JJ, Boesen M, Braun N, Deitmer JW, Kramer F,
Lohr C, Miiller B, Nothwang HG, Striessnig J, Lohrke S,
Friauf E. Cavl.3 calcium channels are required for
normal development of the auditory brainstem. J
Neurosci. 2011; 31:8280-94.
https://doi.org/10.1523/JINEUROSCI.5098-10.2011

PMID:21632949

Brandt A, Striessnig J, Moser T. CaV1.3 channels are
essential for development and presynaptic activity of
cochlear inner hair cells. J Neurosci. 2003; 23:10832-40.
https://doi.org/10.1523/JNEUROSCI.23-34-
10832.2003 PMID:14645476

Dou H, Vazquez AE, Namkung Y, Chu H, Cardell EL,
Nie L, Parson S, Shin HS, Yamoah EN. Null mutation of
alphalD Ca2+ channel gene results in deafness but no
vestibular defect in mice. J Assoc Res Otolaryngol.
2004; 5:215-26.
https://doi.org/10.1007/s10162-003-4020-3
PMID:15357422

Platzer J, Engel J, Schrott-Fischer A, Stephan K, Bova
S, Chen H, Zheng H, Striessnig J. Congenital deafness
and sinoatrial node dysfunction in mice lacking class
D L-type Ca2+ channels. Cell. 2000; 102:89-97.
https://doi.org/10.1016/5S0092-8674(00)00013-1
PMID:10929716

Chen J, Chu H, Xiong H, Yu Y, Huang X, Zhou L, Chen
Q, Bing D, Liu Y, Wang S, Cui Y. Downregulation of
Cav1l.3 calcium channel expression in the cochlea is
associated with age-related hearing loss in C57BL/6)
mice. Neuroreport. 2013; 24:313-17.
https://doi.org/10.1097/WNR.0b013e32835fa79c
PMID:23470431

Balaban RS, Nemoto S, Finkel T. Mitochondria,
oxidants, and aging. Cell. 2005; 120:483-95.
https://doi.org/10.1016/j.cell.2005.02.001
PMID:15734681

Beckman KB, Ames BN. The free radical theory of
aging matures. Physiol Rev. 1998; 78:547-81.
https://doi.org/10.1152/physrev.1998.78.2.547
PMID:9562038

Falah M, Farhadi M, Kamrava SK, Mahmoudian S,
Daneshi A, Balali M, Asghari A, Houshmand M.
Association of genetic variations in the mitochondrial
DNA control region with presbycusis. Clin Interv
Aging. 2017; 12:459-65.
https://doi.org/10.2147/CIA.5123278
PMID:28424544

Harman D. Aging: a theory based on free radical and
radiation chemistry. J Gerontol. 1956; 11:298-300.
https://doi.org/10.1093/geronj/11.3.298
PMID:13332224

WwWw.aging-us.com 6501

AGING


https://doi.org/10.1007/s00405-010-1270-7
https://doi.org/10.1007/s00405-010-1270-7
https://www.ncbi.nlm.nih.gov/pubmed/20464410
https://www.ncbi.nlm.nih.gov/pubmed/20464410
https://www.ncbi.nlm.nih.gov/pubmed/20464410
https://www.ncbi.nlm.nih.gov/pubmed/20464410
https://doi.org/10.1002/path.2102
https://doi.org/10.1002/path.2102
https://www.ncbi.nlm.nih.gov/pubmed/17200945
https://www.ncbi.nlm.nih.gov/pubmed/17200945
https://doi.org/10.1016/S0140-6736%2805%2967423-5
https://doi.org/10.1016/S0140-6736%2805%2967423-5
https://www.ncbi.nlm.nih.gov/pubmed/16182900
https://www.ncbi.nlm.nih.gov/pubmed/16182900
https://doi.org/10.2105/AJPH.2016.303299
https://doi.org/10.2105/AJPH.2016.303299
https://www.ncbi.nlm.nih.gov/pubmed/27552261
https://www.ncbi.nlm.nih.gov/pubmed/27552261
https://doi.org/10.1111/j.1532-5415.1990.tb01595.x
https://doi.org/10.1111/j.1532-5415.1990.tb01595.x
https://www.ncbi.nlm.nih.gov/pubmed/2295767
https://www.ncbi.nlm.nih.gov/pubmed/2295767
https://doi.org/10.1001/archinternmed.2008.597
https://doi.org/10.1001/archinternmed.2008.597
https://www.ncbi.nlm.nih.gov/pubmed/19237727
https://www.ncbi.nlm.nih.gov/pubmed/19237727
https://doi.org/10.1161/STROKEAHA.108.535682
https://doi.org/10.1161/STROKEAHA.108.535682
https://www.ncbi.nlm.nih.gov/pubmed/19246693
https://www.ncbi.nlm.nih.gov/pubmed/19246693
https://doi.org/10.1006/geno.2002.6858
https://doi.org/10.1006/geno.2002.6858
https://www.ncbi.nlm.nih.gov/pubmed/12408962
https://www.ncbi.nlm.nih.gov/pubmed/12408962
https://www.ncbi.nlm.nih.gov/pubmed/12408962
https://doi.org/10.1523/JNEUROSCI.5098-10.2011
https://doi.org/10.1523/JNEUROSCI.5098-10.2011
https://www.ncbi.nlm.nih.gov/pubmed/21632949
https://www.ncbi.nlm.nih.gov/pubmed/21632949
https://doi.org/10.1523/JNEUROSCI.23-34-10832.2003
https://doi.org/10.1523/JNEUROSCI.23-34-10832.2003
https://doi.org/10.1523/JNEUROSCI.23-34-10832.2003
https://doi.org/10.1523/JNEUROSCI.23-34-10832.2003
https://www.ncbi.nlm.nih.gov/pubmed/14645476
https://www.ncbi.nlm.nih.gov/pubmed/14645476
https://doi.org/10.1007/s10162-003-4020-3
https://doi.org/10.1007/s10162-003-4020-3
https://www.ncbi.nlm.nih.gov/pubmed/15357422
https://www.ncbi.nlm.nih.gov/pubmed/15357422
https://doi.org/10.1016/S0092-8674%2800%2900013-1
https://doi.org/10.1016/S0092-8674%2800%2900013-1
https://www.ncbi.nlm.nih.gov/pubmed/10929716
https://www.ncbi.nlm.nih.gov/pubmed/10929716
https://doi.org/10.1097/WNR.0b013e32835fa79c
https://doi.org/10.1097/WNR.0b013e32835fa79c
https://www.ncbi.nlm.nih.gov/pubmed/23470431
https://www.ncbi.nlm.nih.gov/pubmed/23470431
https://doi.org/10.1016/j.cell.2005.02.001
https://doi.org/10.1016/j.cell.2005.02.001
https://www.ncbi.nlm.nih.gov/pubmed/15734681
https://www.ncbi.nlm.nih.gov/pubmed/15734681
https://doi.org/10.1152/physrev.1998.78.2.547
https://doi.org/10.1152/physrev.1998.78.2.547
https://www.ncbi.nlm.nih.gov/pubmed/9562038
https://www.ncbi.nlm.nih.gov/pubmed/9562038
https://doi.org/10.2147/CIA.S123278
https://doi.org/10.2147/CIA.S123278
https://www.ncbi.nlm.nih.gov/pubmed/28424544
https://www.ncbi.nlm.nih.gov/pubmed/28424544
https://doi.org/10.1093/geronj/11.3.298
https://doi.org/10.1093/geronj/11.3.298
https://www.ncbi.nlm.nih.gov/pubmed/13332224
https://www.ncbi.nlm.nih.gov/pubmed/13332224

18.

19.

20.

21.

22.

23.

24.

25.

26.

Lin MT, Beal MF. Mitochondrial dysfunction and
oxidative stress in neurodegenerative diseases. Nature.
2006; 443:787-95.
https://doi.org/10.1038/nature05292
PMID:17051205

Fujimoto C, Yamasoba T. Oxidative stresses and
mitochondrial dysfunction in age-related hearing loss.
Oxid Med Cell Longev. 2014; 2014:582849.
https://doi.org/10.1155/2014/582849
PMID:25110550

Menardo J, Tang Y, Ladrech S, Lenoir M, Casas F,
Michel C, Bourien J, Ruel J, Rebillard G, Maurice T,
Puel JL, Wang J. Oxidative stress, inflammation, and
autophagic stress as the key mechanisms of
premature age-related hearing loss in SAMP8 mouse
Cochlea. Antioxid Redox Signal. 2012; 16:263-74.
https://doi.org/10.1089/ars.2011.4037
PMID:21923553

Gorlach A, Bertram K, Hudecova S, Krizanova O.
Calcium and ROS: A mutual interplay. Redox Biology.
2015; 6:260-271.
https://doi.org/10.1016/j.redox.2015.08.010

PMID: 26296072

Revuelta M, Santaolalla F, Arteaga O, Alvarez A,
Sanchez-Del-Rey A, Hilario E. Recent advances in
cochlear hair cell regeneration-A  promising
opportunity for the treatment of age-related hearing
loss. Ageing Res Rev. 2017; 36:149-55.
https://doi.org/10.1016/j.arr.2017.04.002
PMID:28414155

Schuknecht HF, Kimura RS, Naufal PM. The pathology of
sudden deafness. Acta Otolaryngol. 1973; 76:75-97.
https://doi.org/10.3109/00016487309121486
PMID:4771957

Chen H, Tang J. The role of mitochondria in age-
related hearing loss. Biogerontology. 2014; 15:13-19.
https://doi.org/10.1007/s10522-013-9475-y
PMID:24202185

Seidman MD. Effects of dietary restriction and
antioxidants on presbyacusis. Laryngoscope. 2000;
110:727-38.
https://doi.org/10.1097/00005537-200005000-00003
PMID:10807352

Orrenius S. Reactive oxygen species in mitochondria-
mediated cell death. Drug Metab Rev. 2007; 39:443-55.
https://doi.org/10.1080/03602530701468516
PMID:17786631

27.

28.

29.

30.

31.

32.

33.

Rachek LI, Yuzefovych LV, Ledoux SP, Julie NL, Wilson
GL. Troglitazone, but not rosiglitazone, damages
mitochondrial DNA and induces mitochondrial
dysfunction and cell death in human hepatocytes.
Toxicol Appl Pharmacol. 2009; 240:348-54.
https://doi.org/10.1016/j.taap.2009.07.021
PMID:19632256

Bottger EC, Schacht J. The mitochondrion: a
perpetrator of acquired hearing loss. Hear Res. 2013;
303:12-19.
https://doi.org/10.1016/j.heares.2013.01.006
PMID:23361190

Chen B, Zhong Y, Peng W, Sun Y, Hu YJ, Yang Y, Kong
WIJ. Increased mitochondrial DNA damage and
decreased base excision repair in the auditory cortex
of D-galactose-induced aging rats. Mol Biol Rep.
2011; 38:3635-42.
https://doi.org/10.1007/s11033-010-0476-5
PMID:21104133

Seidman MD, Ahmad N, Joshi D, Seidman J, Thawani
S, Quirk WS. Age-related hearing loss and its
association with reactive oxygen species and
mitochondrial DNA damage. Acta Otolaryngol Suppl.
2004; 124:16-24.

PMID:15219042

Mattson MP. Calcium and neurodegeneration. Aging
Cell. 2007; 6:337-50.
https://doi.org/10.1111/j.1474-9726.2007.00275.x
PMID:17328689

Lichvarova L, Lacinova L. Ca(V)1.2 and Ca(V)1.3 L-type
calcium channels regulate the resting membrane
potential but not the expression of calcium
transporters in differentiated PC12 cells. Gen Physiol
Biophys. 2015; 34:157-65.
https://doi.org/10.4149/gpb 2014045
PMID:25675390

Guimaraes P, Zhu X, Cannon T, Kim S, Frisina RD. Sex
differences in distortion product otoacoustic
emissions as a function of age in CBA mice. Hear Res.
2004; 192:83-89.
https://doi.org/10.1016/j.heares.2004.01.013
PMID:15157966

WwWw.aging-us.com

6502

AGING


https://doi.org/10.1038/nature05292
https://doi.org/10.1038/nature05292
https://www.ncbi.nlm.nih.gov/pubmed/17051205
https://www.ncbi.nlm.nih.gov/pubmed/17051205
https://doi.org/10.1155/2014/582849
https://doi.org/10.1155/2014/582849
https://www.ncbi.nlm.nih.gov/pubmed/25110550
https://www.ncbi.nlm.nih.gov/pubmed/25110550
https://doi.org/10.1089/ars.2011.4037
https://doi.org/10.1089/ars.2011.4037
https://www.ncbi.nlm.nih.gov/pubmed/21923553
https://www.ncbi.nlm.nih.gov/pubmed/21923553
https://doi.org/10.1016/j.redox.2015.08.010
https://doi.org/10.1016/j.redox.2015.08.010
https://www.ncbi.nlm.nih.gov/pubmed/26296072
https://www.ncbi.nlm.nih.gov/pubmed/26296072
https://doi.org/10.1016/j.arr.2017.04.002
https://doi.org/10.1016/j.arr.2017.04.002
https://www.ncbi.nlm.nih.gov/pubmed/28414155
https://www.ncbi.nlm.nih.gov/pubmed/28414155
https://doi.org/10.3109/00016487309121486
https://doi.org/10.3109/00016487309121486
https://www.ncbi.nlm.nih.gov/pubmed/4771957
https://www.ncbi.nlm.nih.gov/pubmed/4771957
https://doi.org/10.1007/s10522-013-9475-y
https://doi.org/10.1007/s10522-013-9475-y
https://www.ncbi.nlm.nih.gov/pubmed/24202185
https://www.ncbi.nlm.nih.gov/pubmed/24202185
https://doi.org/10.1097/00005537-200005000-00003
https://doi.org/10.1097/00005537-200005000-00003
https://www.ncbi.nlm.nih.gov/pubmed/10807352
https://www.ncbi.nlm.nih.gov/pubmed/10807352
https://doi.org/10.1080/03602530701468516
https://doi.org/10.1080/03602530701468516
https://www.ncbi.nlm.nih.gov/pubmed/17786631
https://www.ncbi.nlm.nih.gov/pubmed/17786631
https://doi.org/10.1016/j.taap.2009.07.021
https://doi.org/10.1016/j.taap.2009.07.021
https://www.ncbi.nlm.nih.gov/pubmed/19632256
https://www.ncbi.nlm.nih.gov/pubmed/19632256
https://doi.org/10.1016/j.heares.2013.01.006
https://doi.org/10.1016/j.heares.2013.01.006
https://www.ncbi.nlm.nih.gov/pubmed/23361190
https://www.ncbi.nlm.nih.gov/pubmed/23361190
https://doi.org/10.1007/s11033-010-0476-5
https://doi.org/10.1007/s11033-010-0476-5
https://www.ncbi.nlm.nih.gov/pubmed/21104133
https://www.ncbi.nlm.nih.gov/pubmed/21104133
https://www.ncbi.nlm.nih.gov/pubmed/15219042
https://www.ncbi.nlm.nih.gov/pubmed/15219042
https://doi.org/10.1111/j.1474-9726.2007.00275.x
https://doi.org/10.1111/j.1474-9726.2007.00275.x
https://www.ncbi.nlm.nih.gov/pubmed/17328689
https://www.ncbi.nlm.nih.gov/pubmed/17328689
https://doi.org/10.4149/gpb_2014045
https://doi.org/10.4149/gpb_2014045
https://www.ncbi.nlm.nih.gov/pubmed/25675390
https://www.ncbi.nlm.nih.gov/pubmed/25675390
https://doi.org/10.1016/j.heares.2004.01.013
https://doi.org/10.1016/j.heares.2004.01.013
https://www.ncbi.nlm.nih.gov/pubmed/15157966
https://www.ncbi.nlm.nih.gov/pubmed/15157966

