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Age-associated variation in the expression and function of
TMEMI16A calcium-activated chloride channels in
the cochlear stria vascularis of guinea pigs
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Abstract. The present study was designed to investigate
the expression and function of transmembrane protein 16
(TMEMI16A), a calcium-activated chloride channel (CaCC),
in the stria vascularis (SV) of the cochlea of guinea pigs
at different ages, and to understand the role of CaCCs in
the pathogenesis of presbycusis (age-related hearing loss),
the most common type of sensorineural hearing loss that
occurs with natural aging. Guinea pigs were divided into
the following groups: 2 weeks (young group), 3 months
(youth group), 1 year (adult group), D-galactose intervention
(D-gal group; aging model induced by subcutaneous injection
of D-galactose) and T16Ainh-AO1 (intraperitoneal injection of
50 ug/kg/day TMEMI16A inhibitor T16Ainh-AO1 for 2 weeks).
Differences in the hearing of guinea pigs between the various
age groups were analyzed using auditory brainstem response
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(ABR), and immunofluorescence staining was performed to
detect TMEMI16A expression in the SV and determine the
distribution. Reverse transcription-quantitative PCR and
western blot analyses were conducted to detect the mRNA and
protein levels of TMEMI16A in SV in the different age groups.
Morris water maze behavior analysis demonstrated that spatial
learning ability and memory were damaged in the D-gal
group. Superoxide dismutase activity and malondialdehyde
content assays indicated that there was oxidative stress damage
in the D-gal group. The ABR thresholds gradually increased
with age, and the increase in the T16Ainh-AOl group was
pronounced. Immunofluorescence analysis in the cochlear SV
of guinea pigs in different groups revealed that expression of
TMEMI6A increased with increasing age (2 weeks to 1 year);
fluorescence intensity was reduced in the D-gal model of
aging. As the guinea pigs continued to mature, the protein and
mRNA contents of TMEMI16A in the cochlea SV increased
gradually, but were decreased in the D-gal group. The findings
indicated that CaCCs in the cochlear SV of guinea pigs were
associated with the development of hearing in guinea pigs, and
that downregulation of TMEMI16A may be associated with
age-associated hearing loss.

Introduction

Age-related hearing loss (AHL), also termed presbycusis, is
the pathological and physiological phenomenon by which
hearing gradually declines, and can even be lost completely,
with gradual aging (1). The elderly (>65 years old) account
for ~10% of the global population, and this number is
increasing. As the aging population increases, the number
of cases of deafness is predicted to increase. When patients
cannot hear clearly, their ability to communicate with others
is impaired, and participation in social activities may decline,
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which in turn can affect quality of life (2,3). Thus, deafness is
considered a major hidden danger to social stability. AHL is
classified into five types: Acoustic presbycusis, neurological
presbycusis, stria vascularis (SV) presbycusis (also termed
metabolic presbycusis), cochlear conductivity presbycusis and
mixed presbycusis (4). Among these types, metabolic presby-
cusis is the most common (4). Metabolic presbycusis begins at
~30 years of age, and atrophy and degeneration of the SV in
the cochlea are its major features (5).

The SV of the cochlear wall is the main tissue that
produces the endocochlear potential (EP), which is crucial for
maintaining the high-potassium state of the internal lymphatic
fluid (6). The SV includes marginal cells (MCs), intermediate
cells (ICs) and basal cells (BCs), all of which exert varying
effects on the maintenance of internal lymph (6). The ICs, BCs
and spiral ligament fiber cells of the SV are closely associated,
and form a functional syncytium (7-9). The space between
the syncytium layer and MCs is termed the intrastrial space
(IS), which contains a large number of capillaries (10). The
capillaries in the IS exhibit a number of anastomoses and are
arranged in a network; the direction of these capillaries follows
the cochlear lateral wall (10,11). The capillaries are primarily
composed of endothelial cells (ECs) and pericytes (PCs)
distributed at a ratio of 2:1 (12). PCs are pleomorphic cells with
multiple finger-like protrusions from the cytoplasm, which
contain actin filaments, myosin and binding proteins (13). PCs
possess smooth muscle cell characteristics and a degree of
contractile function. The protrusions can interact with multiple
ECs, and information is integrated and transmitted along the
length of the vessel to bidirectionally regulate the capillary
diameter (13). PCs are scattered along small blood vessels,
including small arteries and veins, particularly on the surface
of the smallest capillaries that have almost no smooth muscle
cells attached (13,14). PCs can also differentiate into other cell
types; when capillaries are damaged, PCs can proliferate and
differentiate into ECs and fibroblasts (15-17). Additionally,
pericytes serve an important role in angiogenesis, blood flow
regulation, vascular integrity and tissue fibrosis (16-19). Many
diseases such as stroke, myocardial infarction, and diabetic
retinopathy are associated with vascular dysfunction caused
by pathological changes and deletions in pericytes (20-22).
The SV is important for the functions of MCs, ICs and BCs,
and the capillary network in the SV includes a large number
of PCs (12); however, only a small number of studies into the
IS and its internal capillary network have been previously
performed, with even less research into PCs within the IS.

K* in the internal lymphatic fluid of the cochlea is the main
carrier that transduces sound waves into an electrical receptor
potential; however, the role of K* in the inner ear secretion and
transport process is dependent on CI conductance. Absence of
the chloride conductance gene, chloride voltage-gated channel
Ka (CIC-K), in the SV causes hearing loss in animals (23). CI
channels are categorized into five types in mammals: Cystic
fibrosis transmembrane conductance regulators, calcium-acti-
vated chloride channels (CaCCs), voltage-gated chloride
channels, ligand-gated chloride channels (y-aminobutyric acid
and glycine-activated chloride channels) and volume-regu-
lated chloride channels (24). CaCCs possess typical voltage
dependence and Ca?* sensitivity. Transmembrane protein 16
(TMEMI16A), a CaCC, is activated by depolarization of the
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cell membrane and an increase in intracellular Ca?* (25-28).
TMEMI16A is expressed in ECs (29), smooth muscle
cells (30) and sensory cells, including dorsal root ganglion
neurons (31,32), olfactory cell cilia (33), rods and cones (34),
and is important for the transmission, visual generation and
amplification of olfactory signals (31-34). The function of
TMEMI16A has been investigated in hair cells and other
supporting cell types (35,36). The expression of potassium
voltage-gated channel subfamily Q member 1, solute carrier
family 12 member 2, Na*/K*-ATPase and plasma membrane
calcium-transporting ATPase 2 in the cochlea has also been
reported to be associated with age (37-39).

The aims of the present study were to determine whether
TMEMI6A was expressed in the vascular vessels of the
cochlea, and whether its distribution and expression were
associated with age. Guinea pig cochlear SVs were used
for functional, morphological and molecular analysis of
TMEMI16A in the PCs of the SV, and to evaluate the associa-
tion between TMEM16A and age. The objectives of the present
study were to investigate the potential role for TMEMI6A in
the homeostasis of the cochlea, to provide a theoretical basis
for preventing AHL that may lead to the development of novel
clinical treatments.

Materials and methods

Experimental animals and groups. The animals were
provided by the Animal Experiment Center of Xinjiang
Medical University (animal use license batch no. SCXK new
2003-0001). The use of animals in the present study was
approved by the Committee of Animal Experimental Ethics
of The First Affiliated Hospital of Medical College, Shihezi
University (permit no. A2017-168-01). Healthy auricle reflection
sensitive guinea pigs (n=50) were selected according to age and
divided into the following groups (n=10/group): 2 weeks group,
3 months group, 1 year group, D-galactose-induced aging model
groups [D-gal group; 3-month-old guinea pigs subcutaneously
injected with D-gal (300 mg/kg; 40 mg/ml)] and T16Ainh-A01
group [3-month-old guinea pigs intraperitoneally injected
with T16Ainh-AO1 (cat. no. SML0493; Sigma-Aldrich; Merck
KGaA) 50 ug/kg/day for 2 weeks]. T16Ainh-AO01 is an inhibitor
of TMEMI16A. Guinea pigs with a male to female ratio of 1:1 and
a body weight of 150-450 g were housed in a low-noise environ-
ment with a temperature of 18-22°C and a humidity of 40-70%,
and free access to food and water. No animals presented with
otitis media, and the animal handling and experiments were
performed in accordance with the Regulations of the Committee
of Animal Experimental Ethics of the First Affiliated Hospital
of Shihezi University Medical College.

Preparation of the senescence model. To validate the aging
model, 30 healthy 3-month-old guinea pigs (male:female
ratio=1:1, weight ~250-350 g) were randomly divided into a
control group, normal saline (NS) group and senescence group
(D-gal-induced aging model). Following 1 week of adaptive
feeding, the control group was routinely fed without any treat-
ment. The senescence and NS groups received subcutaneous
injections (back of the neck) of D-gal (300 mg/kg; 40 mg/ml)
or an equivalent volume of physiological saline, respectively,
twice daily. The appearance and behavior of guinea pigs
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were carefully observed. Changes in feeding, drinking water,
weight, activity, hair color and glossiness were monitored.
The experimental results of the Morris water maze behavior
experiment and biochemical indices, malondialdehyde (MDA)
and superoxide dismutase (SOD), were analyzed to deter-
mine whether the senescence model had been established
successfully (40).

Morris water maze behavior analysis. An escape platform
~1 cm below the surface of the water was placed in a circular
water maze with a diameter of 1.2 m and a height of 0.5 m.
Each group of guinea pigs was trained twice daily for 5 days
at regular intervals, with each test lasting 60 secs or until the
guinea pig found the escape platform in the water. Each guinea
pig was numbered and the time they found the platform every
day, and each time they entered the water maze at the same
location were recorded. The parameters that were monitored
were escape latency (the time each guinea pig required to find
the escape platform), and the number of crossings (the number
of times each guinea pig swam through the place where the
platform was located within 60 sec) when the escape platform
was removed following 5 days of training (41).

Detection of biochemical indexes. Specimen collection:
Guinea pigs were anesthetized with 10% chloral hydrate
at a concentration of 350 mg/kg, and did not detect perito-
nitis, pain and discomfort (40,42,43). The main parameters
used to monitor the depth of guinea pig analgesia included:
i) Respiratory amplitude and rhythm; ii) eye movement,
tearing and pupil light reflex; iii) skeletal muscle reaction (e.g.
body movement and struggle); and iv) response to pinching of
hind limb with hemostatic forceps. When the analgesia of the
animal was sufficiently deep, the chest was opened and the
blood was extracted directly from the heart. Blood was centri-
fuged at 5,000 x g at 4°C for 10 min, and the upper serum was
collected. Additionally, the liver was removed, washed with
4°C saline, dried and stored at -80°C. Subsequently, the head
was removed, the parietal bone removed, and the intact brain
tissue is removed and stored as described above. Finally, the
cochlea was removed, and the inner ear tissue was extracted
under a dissecting microscope. All the specimens were placed
in a -80°C freezer until subsequent use.

MDA (malondialdehyde) content detection: The MDA
contents of serum, and liver, brain and inner ear tissues were
detected by the thiobarbital acid (TBA) method according
to the manufacturer's protocols (cat. no. A0O03-1-2; Nanjing
Jiacheng Bioengineering Institute). The MDA content in the
sample was determined as previously described (44).

SOD (superoxide dismutase) activity detection: The SOD
activity in serum, and liver, brain and inner ear tissues was
detected using the TBA method according to the manu-
facturer's protocols (cat. no. A001-3-2; Nanjing Jiacheng
Bioengineering Institute). The activity of SOD in the sample
was determined as previously described (44).

Auditory brainstem response (ABR) detection. Guinea pigs
were anesthetized by intraperitoneal injection and placed
in a soundproof screening room. An acupuncture needle
with a diameter of 0.38 mm and a length of 5 cm was used
as the recording electrode. The recording electrode was
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inserted ~1.0 cm deep into the subcutaneous periosteum at
the midline of the skull and reached the midpoint between
the bilateral external auditory canals. The reference
electrode was placed in mastoid area of the test ear and the
tip of the nose was used for the grounding electrode. Sound
waves were stimulated by a short sound (click) delivered
to both ears simultaneously. The scan time was 10 usec,
and the superimposed number was 1,024. The stimulation
protocol included stimulus intervals of 11.10 beats/sec, with
stimulation intensity gradually decreasing by 20 dB nHL.
When approaching the threshold of response, the stimula-
tion intensity was gradually reduced by 5 dB nHL. The
experiment measured variation in the amplitude and latency
of ABR I waves between the age groups in response to 90 dB
nHL stimulation, and differences in the acoustic threshold
of ABR I waves (40,45).

TMEMI16A immunofluorescence. Guinea pigs were anesthe-
tized and the chest was opened. Saline was perfused through
the ascending aorta to flush blood from the right atrium, and
then 40 g/l paraformaldehyde (500 ml, 4°C, 1 h) was used for
perfusion-fixation. Following cervical dislocation, parietal
bone and brain tissue were removed. The bilateral temporal
bone was collected quickly, and redundant bone tissue was
removed to retain the cochleas. Samples were immersed in
40 g/l paraformaldehyde solution at 4°C for 48 h. Specimens
were decalcified in 100 g/l EDTA (25°C) for 5 days, then moved
into 250 g/1 sucrose for 4-6 h. Samples were then embedded
in optimal cutting temperature compound, and continuous,
parallel, 10-um frozen sections were cut and stored at -80°C.

For antigen retrieval, the prepared frozen sections were
placed in citrate buffer solution (0.01 mmol/l, pH 6.0) and
heated in a microwave for 3 min. Then, sections were micro-
waved at low heat for 5 min, high heat for 1 min and low
heat again for 5 min, and then stored at room temperature.
Subsequently, sections were washed in PBS (0.01 mmol/];
3 washes for 5 min each), incubated in 0.3% Triton-100
(100 pl) for 30 min and washed again. Sections were blocked
in 5% bovine serum albumin (cat. no. B2064; Sigma-Aldrich;
Merck KGaA)at room temperature for 1 h. The blocking
buffer was removed, and the sections were dried and then
incubated with rabbit anti-TMEMI16A antibody (1:100; cat.
no. ab64085; Abcam) and mouse anti-desmin monoclonal
antibody (1:100; cat. no. ab8470; Abcam) at 4°C overnight.
The following day, the temperature was increased to 37°C for
45 min, and then sections were washed. Slides were incubated
with FITC-conjugated goat anti-rabbit and TRITC-conjugated
goat anti-mouse secondary antibody (1:100, ZF-0311 and
ZF-0313; OriGene Technologies, Inc.) at room temperature
for 60 min, and then washed. Sections were stained with
4,6-diamino-2-phenyl indole (DAPI; Solarbio Science and
Technology Co.) at 37°C for 15 min and then washed. Finally,
the slides were sealed with glycerol buffer, and sections were
observed and quantified at a magnification of 200x using a
laser scanning confocal microscope (Zeiss LSM 510 META,
Carl Zeiss AG) (40).

Reverse transcription-quantitative PCR (RT-gPCR). The levels
of TMEM16A mRNA in the cochlea SV were determined via
RT-gPCR analysis as previously described (33). Total RNA was
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Figure 1. Trajectory of guinea pig movement in the Morris water maze. (A) In the hidden platform experiment, the guinea pigs began to search for the platform
in two manners: Random searching and circular movement. (B) As the amount of training received increased, the guinea pigs began to search near the platform
location with increased tendency, or swim in direct lines to the platform; however, animals in the D-gal did not exhibit similar changes in behavior. (C) In the
search platform experiment, animals in the D-gal group exhibited a notably lesser preference for the former location of the platform compared with the NS and

control groups. NS, normal saline; D-gal, D-galactose.

extracted using TRIzol® (Thermo Fisher Scientific, Inc.) according
to the manufacturer's protocols. Total RNA was reverse tran-
scribed into cDNA using SuperScript™ III reverse transcriptase
and oligo primers as follows: 42°C for 60 min and 70°C for 5 min
(Thermo Fisher Scientific, Inc.). The following primers were
used for gPCR amplification: -actin, forward 5'-CGTAAAGAC
CTCTATGCCAACAG-3, reverse 5-~-AGCCACCATCCACACA
GAG-3'; and TMEMI16A, forward 5-CACTCTTCGCCCTGC
TAAAC-3', and reverse 5" ACCAGATGCCGATGTCTTTG-3'.
The thermocycling conditions consisted of 3 min of hot-start
enzyme activation at 95°C, followed by 45 cycles of PCR at 95°C
for 15 sec (denaturation), 60°C for 40 sec (annealing) and 72°C for
30 sec (elongation). Amplification was confirmed by the presence
of a single peak in the melting temperature analysis and linear
amplification throughout the PCR cycles. The 244 method (46)
was used to analyze relative mRNA expression of target genes.
[-actin was used as the internal control.

Western blot analysis. Cochlear blood vessels and spiral liga-
ment tissues were collected (>10 mg). Protein lysis buffer (RIPA:
PMSF 100:1; Solarbio Science and Technology Co.), was added
to the samples, which were then centrifuged at 24,000 x g for
10 min at 4°C. The supernatant was collected, and bicincho-
ninic acid protein assay kits were used to determine the protein
concentration. Sample buffer was added to the lysates, and
then samples were boiled to denature the protein. Each sample
with equal amounts of protein (15 ug/lane) was separated by
10% SDS-PAGE electrophoresis. Following electrophoresis,
the separated protein bands were transferred to polyvinylidene
difluoride membranes. Blocking was performed in 5% milk for
2 h at room temperature, then TMEMI16A polyclonal antibody
(1:200 cat. no. ab64085; Abcam) and [-actin antibody (1:1,000,
sc-47778, Santa Cruz Biotechnology, Inc.) was incubated
with the membranes at 4°C overnight. Following washing in
TBS-Tween 20 (TBST, 0.2% Tween 20) buffer, horseradish

peroxidase-conjugated secondary antibody [1:20,000, horse-
radish peroxidase-conjugated goat anti-rabbit or goat anti mouse
secondary antibodies (ZB-2301 and ZB-2305; ZSGB-BIO
OriGene Technologies, Inc.)] was incubated with the membranes
at room temperature for 1 h. Following further washing in
TBST, ECL reagent (cat. no. RPN2109; GE Healthcare Life
Sciences) was added, and proteins were detected by exposure to
X-ray film. The optical density of each target protein band was
assessed with Quantity One software version 4.6.6 (Bio-Rad
Laboratories, Inc.) as previously described (47).

Statistical analysis. Statistical analysis was performed using
SPSS 19.0 software (IBM Corp.), and GraphPad Prism 5
(GraphPad Software, Inc.) was used to generate graphs.
Experimental data, ABR analysis and western blotting are
expressed as the mean + standard deviation. Data were
analyzed using one-way analysis of variance, a least signifi-
cant difference post hoc test was used to compare two groups
following ANOVA. P<0.05 was considered to indicate a
statistically significant difference.

Results

General characteristics of the model guinea pigs. At 4 weeks
after D-gal was administered, and the aging model was success-
fully established, guinea pigs in the D-gal group appeared
weak and exhibited reduced appetite, loose skin and hair loss.
The appearance and general state of the control and NS groups
were nearly identical to those prior to the experiment.

Morris water maze behavior analysis. At the beginning of the
water maze experiment, the time required by the guinea pigs
to identify the platform was ~60 sec (Figs. 1 and 2). In the first
few days of training, two main paths, random and circular, were
used by the guinea pigs to find the platform (Fig. 1A). As the
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D-gal, D-galactose; MDA, malondialdehyde.

number of training events increased, the time and path to find
the hidden platform changed in the control and the NS groups;
the path approached a straight line (Fig. 1B); however, there
were no obvious changes in the D-gal group. Following 4 days
of training, the time required for the control and NS guinea pigs
to find the hidden platform was gradually reduced; however,
the D-gal group required more time to find the platform than
the control and NS groups (Fig. 2A). No significant difference
was observed between the three experimental groups on day 1
[58.69+5.56, 57.58+9.43 and 58.69+6.96 sec (control, NS and
D-gal, respectively); n=10; P>0.05]. On days 2-4, the escape
latency of the D-gal group was increased compared with the
control and NS groups, and by day 3, the difference between
the groups was statistically significant (P<0.05; n=10; Fig. 2A).

On day 5 of the experiment, the hidden platform was removed
from the water (Fig. 1C). The number of times that the D-gal
group crossed the area previously containing the hidden plat-
form (3.17+1.33) was significantly reduced compared with the
control and NS groups (6.40+3.78 and 6.60+2.19, respectively;
n=10; P<0.05; Fig. 2B). These results indicated that the spatial
learning ability of guinea pigs in the D-gal group was impaired
compared with animals in the control and NS groups.

Biochemical index detection (SOD and MDA). MDA content
and SOD activity were detected in inner ear, liver and brain
tissue, and serum samples from guinea pigs. The MDA content
in the D-gal group was significantly increased compared with in
the NS and control groups (n=10; P<0.01; Fig. 3). Furthermore,
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SOD activity was significantly reduced in the D-gal group
compared with in the NS and control groups (P<0.01; Fig. 4).
The results indicated that the D-gal group exhibited decreased
SOD activity and increased MDA content, further suggesting
that the natural aging process was successfully simulated the
D-gal group guinea pigs.

ABR detection in guinea pigs of different ages. To explore
differences in auditory ability, ARB tests were performed
on the different groups of guinea pigs. After subjecting each
group to 5-90 dB stimulation, different waveforms were
obtained (Fig. S5A-E). As the first wave (I wave) is clear and
stable, it can be used to evaluate auditory ability (45). The
latency, threshold and amplitude of the I wave were recorded
for further evaluation. There was no difference in the latency
of I waves between the groups (n=10; P>0.05; Fig. 5F). The
threshold of I waves in guinea pigs gradually increased
with age. Compared with the 3 months (5.8+1.8 dB nHL)
and 1 year (15.1£2.2 dB nHL) groups, the threshold of the
D-gal group (22.9+2.1 dB nHL) was significantly increased
(n=10; P<0.01; Fig. 5G). Additionally, the threshold of the
T16Ainh-A01 group (25.8+2.5 dB nHL) was significantly
increased compared with the 3 months group (n=10; P<0.001).
Compared with the 3 months (6.34+0.16 V) and 1 year
(5.63+0.18 uV) groups, the amplitude of I waves was signifi-
cantly decreased in the D-gal group (2.58+0.20 xV; n=10;
P<0.01; Fig. 5H). Furthermore, compared with the 3 month
and 1 year groups, the I wave amplitude was significantly
decreased in the T16Ainh-A01 group (3.78+0.21 xV; n=10;

P<0.001; Fig. 5H); however, there was no difference in the
I wave amplitude between the TI6Ainh-AO1 and the D-gal
groups.

TMEMI6A expression in cochleas of different aged guinea
pigs. TMEM16A immunofluorescence staining (green)
revealed that TMEMI16A was widely expressed in cochlear
SV cells and widely distributed in the cochlea of guinea
pigs in the different age groups (2 week, 3 months, 1 year
and D-gal groups; Fig. 6A). Desmin (red), a specific marker
of PCs, was used to determine the location of these cells.
Semi-quantitative statistical analysis revealed that TMEM16A
fluorescence intensity gradually increased with age, and that
the fluorescence intensity of PCs was consistent with the fluo-
rescence intensity of all SV cells; however, the fluorescence
intensity of TMEMI16A was significantly decreased in the
D-gal group compared with in the 3 months and 1 year groups
(Fig. 6B). Conversely, there was no difference in TMEM16A
fluorescence intensity between the D-gal group and 2 weeks
group (Fig. 6B).

mRNA content of TMEM16A in the cochlear SV of guinea pigs
of different ages. The mRNA expression of TMEMI16A in SV
cells in guinea pig cochleas varied between the different groups
(n=6; P<0.05; Fig. 7). With maturation, the mRNA levels of
TMEMI6A also increased. The mRNA level of TMEMI16A in
the D-gal group was significantly reduced compared with the
3 months and 1 year groups (n=6; P<0.05), and was similar to
that of the guinea pigs in the 2 weeks group (Fig. 7).
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Figure 5. ABR waveform of guinea pigs in different age groups. ABR waveforms in guinea pigs from the (A) 2 weeks, (B) 3 months, (C) 1 year, (D) D-gal and
(E) T16Ainh-AO1 groups. (F) Latency of the first wave in each group. (G) Threshold of the first wave in each group. (H) Amplitude of the first wave in each
group. Data are presented as the mean = standard deviation (n=10). “P<0.01 vs. 2 weeks; #P<0.01, 7"P<0.001 vs. 3 months; “4P<0.01, *“4P<0.001 vs. 1 year.
D-gal, D-galactose; ABR, auditory brainstem response; dB nHL, decibel above normal adult hearing level.

Changes in TMEM16A protein in SV cells. The molecular size
of TMEMI16A in guinea pigs was ~114 kD, according to the
western blot analysis. With maturation, TMEMI16A protein
expression was increased in SV cells. TMEMI16A expression
was significantly reduced in the D-gal group compared with
the 3 months and 1 year groups, consistent with the immu-
nofluorescence and the mRNA data (n=6; P<0.05; Fig. 8).
Consistent with the other experimental results, the expression
of TMEMI16A protein in the D-gal group was decreased to a
level similar to that in the 2 week group, indicating that the

hearing of aged guinea pigs may be reduced to the same level
as that of newborn guinea pigs.

Discussion

The present study yielded a number of meaningful results.
First, ABR measurements revealed no difference in the latency
of I waves between the groups. The threshold of the I wave
in guinea pigs was gradually increased with age. Compared
with the 3 months and 1 year groups, the I wave threshold
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Figure 6. Distribution of TMEMI16A in the PCs in the SV of guinea pigs.
(A) SV was stained for TMEMI16A (green) and desmin (red) as a specific
marker of PCs (arrows indicate PCs in the SV). DAPI (blue) was used to
stain nuclei. Scale bars=50 ym. (B) Quantification of TMEMI16A expression
at different ages; similar fluorescence intensity was observed in PCs and
the overall SV. Data are presented as the mean + standard deviation (n=10).
“P<0.01, "P<0.001 vs. 2 weeks; “P<0.05, #P<0.01 vs. 3 months; 44¢P<0.001
vs. 1 year. D-gal, D-galactose; TMEMI16A, transmembrane protein 16;
SV, stria vascularis; PC, pericytes.
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Figure 7. mRNA levels of TMEMI6A in guinea pigs. TMEM16A mRNA
expression expressed in stria vascularis cells in the cochleas of guinea pigs from
the different age groups. Data are presented as the mean + standard deviation
(n=6). "P<0.05, “P<0.01 vs. 2 weeks; “P<0.05, #P<0.01 vs. 3 months; “4P<0.01
vs. 1 year. D-gal, D-galactose; TMEM16A, transmembrane protein 16.

of the D-gal group was significantly increased, whereas
the amplitude of the I waves in the D-gal group decreased
significantly. Treatment with the TMEMI16A-specific blocker,
T16Ainh-AOl, replicated the experimental results of the D-gal
group. Immunofluorescence was used to examine TMEMI16A
expression in the SV of guinea pig cochlea samples from
the various age groups. As the age of guinea pigs increased
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(2 weeks to 1 year), the TMEMI16A expression fluorescence
intensity was increased; however, TMEMI16A expression was
decreased in the D-gal group. RT-qPCR analysis demon-
strated that the mRNA levels of TMEMI16A in guinea
pig cochleas were highest in the 1 year age group, and that
there were significant differences among the other groups.
The TMEM16A mRNA levels were higher in the 3 months
group than in the 2 weeks and the D-gal groups. Western blot
analysis demonstrated that expression of TMEMI6A protein
in guinea pig cochlea samples was highest in the 1 year age
group, and that significant differences were observed among
the other groups. TMEMI16A protein expression was higher in
the 3 month group than in the 2 week and D-gal groups. The
results indicated that the CaCC TMEMI16A in the cochlear SV
may be associated with the development of hearing in guinea
pigs, and that reduced function/expression of TMEMI16A may
be associated with AHL.

Models of aging include the natural aging of SMAP
mice (48), gamma ray irradiation (49), thymus removal and
D-gal-induced aging (49). Among these models, the SMAP
senescence model is the most similar to the natural aging
process (48); however, this model is expensive and has not
been previously used for investigating hearing. The gamma
ray irradiation method is based on the theory of free radicals;
gamma rays can produce a variety of free radicals in the body,
including O, and OH", which cause damage to biological
membranes (49) and promote the characteristics of rapid aging
in animals (49); however, gamma rays are more commonly
used to simulate aging in cell lines, rather than in animal
studies (50,51). In the thymus excision method, removal of
the thymus can lead to the reduction or absence of cellular
immune responses, which can accelerate aging; however, this
is a complex animal model that is difficult to produce, and
there is risk of damage to the animal during the surgery (with
a high postoperative animal death rate) (49).

D-gal has been widely used to generate a guinea pig senes-
cence model in numerous studies due to the short execution
time required, simple protocol and replicability (52,53). D-gal
induces aging by increasing the intracellular concentration of
gal; gal entry into cells produces large amounts of galactitol
via a reduction reaction (53). As galactitol cannot be further
metabolized in cells, it accumulates and increases the osmotic
pressure in cells, leading to cell swelling and dysfunction,
ultimately leading to senescence (52). D-gal metabolism can
also produce a large number of free radicals via the action
of gal synthase, promoting aging (52). In the present study,
subcutaneous injection of guinea pigs with D-gal continuously
for 28 days induced the model of aging. The SOD activity in
serum, liver, brain and inner ear samples from the aging model
group was significantly reduced compared with the control
and NS groups; conversely, the MDA content was significantly
increased in the D-gal group compared with the control and
NS groups. The results indicated that damage induced by free
radicals and lipid peroxidation was significantly increased
in the guinea pig model of aging. Furthermore, the results of
the Morris water maze behavioral test and ABR experiments
demonstrated that the cognitive ability and hearing of the D-gal
guinea pigs was decreased. There were no differences in MDA
content, SOD activity or water maze performance between the
control and NS groups, indicating that the aging model was
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Figure 8. Protein levels of TMEMI16A in guinea pigs. (A) Expression of TMEMI16A in SV cells from the cochleas of guinea pigs from the different age groups,
as determined via western blotting. (B) TMEMI16A protein expression in SV cells varied between guinea pigs from the different age groups. Data are presented
as the mean = standard deviation (n=6). "P<0.05, “P<0.01 vs. 2 weeks; "P<0.05, 7/P<0.01 vs. 3 months; ““P<0.01 vs. 1 year. D-gal, D-galactose; TMEMI16A,

transmembrane protein 16; SV, stria vascularis.

established successfully. This aging model can quickly and
conveniently simulate rapid aging-associated degeneration
of the cochlea and senile hearing loss in guinea pigs; it also
has the advantages of short breeding cycles, low interference
factors and low cost, and it also meets the requirements for
physiological and pathological experimental research into
senescence.

According to previous analyses of the EP and ABR,
alterations in the ABR and EP are associated with changes in
hearing (54,55); however, EP detection is invasive and fatal,
whereas ABR detection is a transient response induced by
sound stimulation. Therefore, ABR is frequently used to assess
hearing levels, as it exhibits good objectivity and stability (56).
In CBA mice, the amplitudes of ABR I and II waves decrease
with age (although the I wave is more pronounced), and the
threshold increases with age (57); similar findings have been
reported in the aging Fisher Brown Norway rat model, where
the amplitude of ABR I waves decreases, and the threshold
increases with age (46). A review of early studies reported that
the latency delays of ABR I and III waves are marked when
AHL occurs (58). In the present study, stable and clear ABR I
waves were recorded. There were no marked differences in the
ABR I wave latency between the experimental groups. From
the beginning of the 3 months group, the threshold of I waves
in guinea pigs gradually increased with age, but the threshold
of the 2 weeks group was higher than that in the 3 months
group, probably because the auditory organs were not mature.
The ABR results in the study are consistent with the character-
istics of AHL (59). In addition, TMEMI16A-specific blockers
mimicked the results observed for the D-gal group.

The SV is located in the lateral wall of the cochlea and
is a metabolically active tissue (6). The SV secretes K* into
the internal lymphatic fluid and absorbs other electrolytes,
resulting in an EP (6). The main function of the SV is to
maintain normal ion and bioelectric balance in the cochlea,
and ensure its normal metabolism and physiological function,
which is the basis of normal hearing (60). Gratton ez al (61)
reported that the cochlear SV of young gerbils exhibits a
discontinuous shrinking phenomenon, and that the rate of
shrinking increases with age; atrophy and the disappearance

of ECs also occur. SV atrophy is a key factor that leads to
AHL; when SV atrophy reaches a certain limit, the SV wall
becomes thin or disappears, and the capillary vessels and
PCs are decreased or lost from the SV tissue, resulting in
microcirculation damage (62). Microcirculation damage leads
to decreased activity of various enzymes in cells of the SV,
and affects energy conversion and K* cycle transfer. These
dysfunctions result in alterations in the internal environment
of the cochlea and lead to a decrease in K* concentration in the
lymph (6,62). Consequently, the EP is reduced or lost, resulting
in hearing loss or deafness (62).

The cochlear SV is composed of MCs, the IS, ICs and
BCs (6). The cochlear SV forms two relatively independent
barrier systems: A barrier composed of MCs, and a barrier of
ICs and BCs. The area between the two barriers is the IS (7-9).
MC:s, ICs and BCs serve important roles in ion transport in the
cochlear SV, and the functions of these three cell types in the
IS of the cochlear SV are closely connected (63-65). Abundant
capillary networks are present in the IS; the capillary wall
is composed of ECs, PCs, the basement membrane (BM)
surrounding the vessels and perivascular macrophage cells,
forming the inner ear blood labyrinth barrier (BLB) (6). The
BLB maintains the solute and ion balance in the inner ear; PCs
are an important component of the BLB (6,66). PCs are flat
and protuberant cells that are distributed between ECs and the
BM. The protrusions of PCs are covered with ECs, and each
protrusion can associate with multiple ECs; PCs integrate and
transmit information along the vessel to regulate the activity
of capillaries (67,68).

As the most abundant anion in the body, CI is crucial
for maintaining the K* balance in the cochlea (23). CaCCs
are widely distributed CI" channels with important physi-
ological functions, and TMEMI16A is an important CaCC
protein (25-27). Gritli-Linde et al (69) reported that
TMEMI6A expression is specifically enriched in the SV of
mice, and expression gradually increases during the growth
and development of the inner ear. Jeon et al (70) noted that
TMEMI6A is expressed only in the SV of the mouse cochlea
and the outer hair cells of the inner olive cochlear; however,
Yi et al (36) reported that TMEMI6A is also expressed in the
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inner hair cells (IHCs) and inner supporting cells (ISCs). The
ATP released by ISCs activates its own purinergic receptor,
inducing increases in intracellular Ca** levels and opening of
the TMEMI16A channel (35). Cl outflow through TMEMI16A
is accompanied by water and K* efflux, eventually inducing
depolarization and contraction of IHCs, producing periodic
discharges and complete electrical transduction of signals (36).
Additionally, it was demonstrated that TMEMI16A was
expressed in the interstitial cells of Cajal (ICCs) and ISCs at 2,
6 and 10 weeks in mice, and that expression at 6 and 10 weeks
was significantly increased compared with at 2 weeks; however,
TMEMI16A expression was lost by 16 weeks (35,36). This is
mostly consistent with the trend of age-associated expression
of TMEMI16A in vascular PCs.

The mechanism underlying this change in expres-
sion during development is yet to be fully determined.
TMEMI6A serves an important role in the excretion and
transport of Cl in various organs (71). During development,
the accumulation of oxygen free radicals in the cochlea
induces irreversible damage to cell mitochondria, resulting
in a decrease in expression of the channel within the vascular
groove (72); thus, CI is retained in MCs, and the Cl" concen-
tration in the IS is insufficient. This induces a compensatory
increase in TMEMI16A to maintain the homeostasis of the
internal environment and ensure normal ion transport in the
cochlea, potentially explaining the age-associated increase
in TMEMI16A expression. Additionally, the low expression
of TMEMI16A at 2 weeks following birth may be associ-
ated with the underdevelopment of the cochlea; however,
by 2 years of age, severe vascular stenosis and dysfunction
occurs in the mouse auditory system, with TMEMI16A
decompensated and its expression significantly decreased,
leading to dysfunctional secretion and transport of CI. This
results in imbalanced microcirculation homeostasis in the
cochlea, eventually inducing hearing loss.

Cavl.3 is the main calcium ion channel in the inner ear;
it is abundant in vascular veins in the cochlea, and its main
function is to control the inward flow of Ca** (73). A reduction
in Cavl.3 expression is closely associated with AHL (73-75).
Reduced Cavl.3 expression and loss of associated functions
can induce a Ca®* imbalance in the inner ear, particularly in
the cells of the cochlear vascular tissue (74,75). Therefore, it
was hypothesized that Cavl.3 protein expression decreases
with age, resulting in decreased Ca®* in cells and, in turn,
the inability to activate CaCCs. The existing literature and
the findings of the present study indicate that the muscle-like
phenotypic expression of PCs (76), and electrophysiological
properties that are similar to those of smooth muscle cells,
regulate local capillary contraction and expansion (77,78).
Therefore, it was hypothesized that activation of CaCCs on
PCs can regulate capillary vasoconstriction in the IS, thus
affecting K* microcirculation, the composition of internal
Ilymph and regulation of auditory function. Decreased
TMEMI16A on vascular PCs in aged guinea pigs may lead to
contractile dysfunction in PCs, which may cause microcircu-
latory disorders in the capillary network and eventually lead
to hearing impairment.

Combining the observed changes in TMEMI16A and the
results of the hearing analysis suggest that there is an important
association between TMEMI16A and senile deafness. During
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the mature development of guinea pig cochlea, the expres-
sion of TMEMI6A increased over time, but the expression of
TMEMI6A decreased again during D-gal-induced aging. This
process may be central in the onset and further development
of senile deafness. Additionally, there was a significant loss
of hearing in young guinea pigs following intervention with a
TMEMI16A blocker, further suggesting that the downregula-
tion of TMEMI16A is associated with hearing loss; however, the
present study only revealed that TMEM16A may be associated
with presbycusis to a certain extent. Its specific mechanisms
of action and direct roles in the EP require further investiga-
tion in subsequent studies. Present studies involve the primary
culture and identification of perivascular cells in the cochlea
of guinea pigs. The effect of TMEMI16A on PC function and
the specific mechanisms involved should be examined using a
TMEMI6A gene knockout in primary cultured PCs in future
studies. Nevertheless, the present findings provided a poten-
tial novel direction for the clinical prevention and treatment
of AHL.
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