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Different uptake of gentamicin through TRPV1
and TRPV4 channels determines cochlear hair
cell vulnerability

Jeong-Han Lee1,2, Channy Park1,3, Se-Jin Kim, Hyung-Jin Kim, Gi-Su Oh, AiHua Shen,
Hong-Seob So and Raekil Park

Hair cells at the base of the cochlea appear to be more susceptible to damage by the aminoglycoside gentamicin than those

at the apex. However, the mechanism of base-to-apex gradient ototoxicity by gentamicin remains to be elucidated. We report

here that gentamicin caused rodent cochlear hair cell damages in a time- and dose-dependent manner. Hair cells at the basal

turn were more vulnerable to gentamicin than those at the apical turn. Gentamicin-conjugated Texas Red (GTTR) uptake was

predominant in basal turn hair cells in neonatal rats. Transient receptor potential vanilloid 1 (TRPV1) and 4 (TRPV4) expression

was confirmed in the cuticular plate, stereocilia and hair cell body of inner hair cells and outer hair cells. The involvement of

TRPV1 and TRPV4 in gentamicin trafficking of hair cells was confirmed by exogenous calcium treatment and TRPV inhibitors,

including gadolinium and ruthenium red, which resulted in markedly inhibited GTTR uptake and gentamicin-induced hair cell

damage in rodent and zebrafish ototoxic model systems. These results indicate that the cytotoxic vulnerability of cochlear hair

cells in the basal turn to gentamicin may depend on effective uptake of the drug, which was, in part, mediated by the TRPV1

and TRPV4 proteins.
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INTRODUCTION

Aminoglycoside antibiotics such as gentamicin are a class of
polybasic compounds used for Gram-negative bacterial infec-
tions. Rapid uptake and long exposure of the cochlea to
gentamicin accounts for the development of ototoxicity
as assessed by cochlear hair cell death. Interestingly, hair cells
at the base of the cochlea appear to be more susceptible to
damage by gentamicin than those at the apex. Degradation of
three rows of outer hair cells (OHCs) and a single row of inner
hair cells (IHCs) due to gentamicin progresses in a base-to-
apex gradient.1–3 However, the exact mechanisms of how
gentamicin causes the base-to-apex gradient ototoxicity and
how the base-to-apex gradient ototoxicity is associated with

entrance of gentamicin into the IHCs and OHCs of the
cochlea in vivo are not understood. The base-to-apex
gradient of aminoglycoside ototoxicity can be, in part,
attributed to the difference of intrinsic susceptibility of
cochlea to aminoglycosides. Considering that hair cells at
the basal turn are severely affected, whereas hair cells at the
apex are not affected when exposed to an equal amount of
aminoglycosides,1,3 a particular underlying difference in
intrinsic susceptibility toward drugs may exist. Interestingly,
Sha et al.4 supported this possibility by demonstrating that the
levels of reduced glutathione, a critical reactive oxygen species
scavenger, are higher at the apex than those of OHCs at the
base; thereby, OHCs at the apex are intrinsically more resistant
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to free-radical damage than those at the base. However, there
may be a difference of gentamicin uptake by hair cells at the
basal or apical turn of the cochlea, and this difference may
affect the susceptibility of hair cells to gentamicin leading to
the base-to-apex gradient ototoxicity.

It has been proposed that endocytosis is one of the
mechanisms of aminoglycoside uptake at the hair cell apical
membrane.5,6 Internalized aminoglycosides are transported to
lysosomes where they accumulate and cause hair cell apoptosis
over time.7 In general, endocytosis is temperature dependent
in euthermic birds and mammals and slows down at
hypothermic temperatures.8 However, rapid aminoglycoside
uptake and toxicity occur at room temperature and also at
4 1C in vitro,9–11 further supporting the possibility that
aminoglycosides permeate through nonselective cation
channels. This likely involves transient receptor potential
(TRP) cation channels of the subfamily V, such as TRP
vanilloid 1 (TRPV1) and TRP vanilloid 2 (TRPV4) because
regulators of these channels modulate aminoglycoside
uptake.11,12

Although zebrafish do not contain a cochlea or outer
ear,13,14 hair cells in zebrafish neuromasts, which are similar
in structure and function to the inner ear hair cells in
mammals, perform vestibular and auditory functions.15,16

The neuromasts are arranged in a stereotypical pattern
along the anterior lateral lines of the head, body and
posterior lateral lines of the tail. Live hair cells can be
visualized easily in vivo in transparent embryos by staining
with 2-(4-(dimethylamino)styryl)-N-ethylpyridinium iodide
(DASPEI), a fluorescent styryl dye.17–19 The optical clarity of
the zebrafish provides advantages for high-throughput
morphological and functional analyses of hair cells following
drug treatment.

The use of gentamicin conjugated to fluorescent Texas Red
(GTTR) shows the intracellular localization of this aminogly-
coside in endosomes, endoplasmic reticulum, Golgi bodies,
mitochondria, hair cell nuclei and also diffusely in the kidney
tubule cell cytoplasm.10,11,20

We hypothesized that a gentamicin uptake difference in hair
cells occurs depending on the location of these cells from the
base to apex, and that this difference causes base-to-apex
gradient ototoxicity. Thus, in this study, we examined how and
how much aminoglycoside is transported into hair cells using
GTTR as a probe in rodent and zebrafish models. We
demonstrated that TRPV1 and TRPV4 channels in hair cells
are involved in the aminoglycoside uptake gradient and that
the difference in gentamicin uptake by hair cells at the basal
and apical turn of the cochlea caused base-to-apex gradient
ototoxicity.

MATERIALS AND METHODS

Reagents
Gentamicin, 40,6-diamidino-2-phenylindole (DAPI), phalloidin–
tetramethylrhodamine isothiocyanate (TRITC), and phalloidin–
fluorescein isothiocyanate (FITC) were purchased from Sigma
Chemical (St Louis, MO, USA). Four-well culture dishes were

purchased from NUNC (Roskilde, Denmark). Dulbecco’s modified
essential medium, fetal bovine serum, YO-PRO-1, DASPEI, Alexa
Fluor 488-conjugated donkey anti-goat, Alexa Fluor 568-conjugated
goat anti-rabbit and Texas Red (TR) were obtained from Invitrogen
(Carlsbad, CA, USA). The anti-TRPV1 and anti-b-actin antibodies
were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). Anti-TRPV4 was obtained from Abcam (Cambridge,
MA, USA).

Organotypic cochlear cultures
Sprague-Dawley (SD) rats were killed on postnatal day 3 (P3), and the
temporal bones were isolated in a sterile manner.21 After placing the
tissue in 6-cm dishes with ice-cold phosphate-buffered saline (PBS,
pH 7.4), the cochlear capsule peeled off, and the membranous
labyrinth was exposed. The spiral ligament and stria vascularis were
removed, and the organ of Corti was dissected under a microscope.
Two types of cochlear explants were prepared for this experiment.
One was a three-part cochlear explant, including the apex, middle and
base. The other type was the whole turn explant without the
modiolus. Each explant was placed on a glass coverslip in a four-
well dish. These explants contained the organ of Corti, spiral limbus,
spiral ganglion neurons and modiolus. The cochlear explants were
treated with high-glucose Dulbecco’s modified essential medium
containing 10% heat-inactivated fetal bovine serum with or without
300mM gentamicin and incubated for 24 h at 37 1C under 5% CO2.

Phalloidin staining
At the end of the experiment, the cochlear explants were fixed with
4% paraformaldehyde (PFA) in PBS at room temperature for 30 min,
washed with PBS and incubated with 0.1% Triton X-100 (Sigma) at
room temperature for 15 min. They were stained with TRITC-labeled
phalloidin (1:3000; Sigma P1951) for 30 min in the dark. After rinsing
three times with PBS, the specimens were further stained with DAPI
for 10 min in the dark and then observed under a fluorescence
microscope. Morphologically intact hair cells were counted in a
section corresponding to 10 IHCs at three different zones located at
the apical, middle and basal turns of each organ of Corti.

Gentamicin–Texas Red conjugation and in vivo injection
GTTR was prepared as described previously.10 Gentamicin sulfate
(Sigma; 50 mg ml�1 in K2CO3, pH 9.0) and succinimidyl esters of
Texas Red (Invitrogen; 2 mg ml�1 in dimethyl formamide) were
agitated together at 4 1C for 3 days to produce GTTR. Neonatal SD
rats were used to examine in vivo uptake of gentamicin into cochlea.
P3 rats were injected subcutaneously with a single 300 mg kg�1 dose
of GTTR solution (including unconjugated gentamicin) and were
allowed to recover for 24 h. Several P3 rats received a subsequent
GTTR injection at 24, 48 and 72 h after the initial injection and were
allowed to recover for 24 h. P3 control rats were injected with TR at
the same volumes and concentration equivalents, and the animals
were allowed to recover for 24 h. This experimental protocol was
approved by the Animal Care and Use Committee at the Wonkwang
University School of Medicine.

Paraffin embedding for cultured organ of Corti
To prepare gels, 18ml of bovine collagen type I (BD Biosciences, San
Diego, CA, USA) was added to 2ml 10� Hanks’ balanced salt
solution and 2ml NaOH in a tube on ice. The solution was mixed
with a pipette, and 22ml was added to a coverglass. The matrix was
given 30 min to gel at 37 1C under 5% CO2, and media were added.

TRPV channels in gentamicin uptake
J-H Lee et al

2

Experimental & Molecular Medicine



After culturing the cochlear explants on a thin collagen matrix, the
specimens were washed with PBS and fixed with 4% PFA for 15 min.
The specimens were then dehydrated and embedded in paraffin.
Sections of 4mm thickness were deparaffinized in xylene and
rehydrated through a graded ethanol. Specimens were further
incubated with DAPI in PBS for 10 min for nuclear staining and
then mounted.

Tissue fixation and immunohistochemical studies
Animals were deeply anesthetized at specific time points (24, 48 and
72 h) following the initial GTTR injection to measure in vivo
gentamicin uptake and for immunohistochemical studies. The
temporal bones were removed and fixed in 4% PFA in PBS overnight
at 4 1C as described previously.22 The temporal bones were decalcified
by incubation in 10% EDTA at 4 1C for 2 weeks. The EDTA solution
was changed daily. The bones were then dehydrated and embedded in
paraffin. Sections of 4mm thickness were deparaffinized in xylene and
rehydrated through graded concentrations of ethanol. Specimens
were further incubated with DAPI in PBS for 10 min for nuclear
staining. These specimens were directly examined under a fluorescent
microscope to assess in vivo gentamicin uptake into the cochlea.
Endogenous peroxidase was blocked with 3% hydrogen peroxide
for 5 min at room temperature for the TRPV1 and TRPV4
immunochemical studies. Then, the sections were washed in Tris-
buffered saline and nonspecific binding was blocked with 1% bovine
serum albumin for 1 h. The primary antibody (1:200) was added to
the slides and incubated overnight at 4 1C. After the incubation with
the primary antibodies including anti-TRPV1 and anti-TRPV4, the
slides were washed three times with Tris-buffered saline plus 0.05%
Tween-20 and incubated with secondary antibodies for 1 h at room
temperature in the dark. We used Alexa Fluor 488-conjugated donkey
anti-goat or Alexa Fluor 568-conjugated goat anti-rabbit as the
secondary antibodies (Invitrogen) in a dilution of 1:500. The slides
were then examined under a fluorescent microscope (X71, Olympus,
Tokyo, Japan). In addition, the decalcified cochlear bone was removed
using fine forceps to make surface preparation, followed by removal
of the lateral wall, stria vascularis, Reissner’s membrane and tectorial
membrane. The whole cochlea was stained with phalloidin–FITC and
observed under a fluorescent microscope.

TRPV1 and TRPV4 immunofluorescence in cochlear culture
Cochlear explants were washed twice with ice-cold PBS and fixed with
4% PFA in PBS for 15 min at room temperature after removing the
culture medium. Samples were then rinsed twice with PBS, blocked in
a blocking solution containing 5% goat serum and 0.1% Triton X-100
and then incubated with primary anti-TRPV1 and anti-TRPV4
antibodies in a solution containing 3% goat serum and 0.1% Triton
X-100 overnight at 4 1C. After three washes with PBS, the samples
were incubated for 2 h with Alexa Fluor 488-conjugated donkey
anti-goat secondary antibody for TRPV1 and with Alexa fluor 568-
conjugaed goat anti-rabbit antibody for TRPV4 in a dilution of 1:500.
Samples were then washed with PBS and mounted. Images were
observed under a fluorescent microscope equipped with a digital
camera (IX71, Olympus). Fluorescent images were captured using
appropriate filters.

Reverse transcriptase-PCR amplification
Total cellular RNA was extracted from whole cochleae using TRIzol
reagent (Invitrogen) according to the manufacturer’s protocol.
Complementary DNA was synthesized from total RNA (1mg).

Then, 35 PCR cycles with Taq DNA polymerase (Takara, Takara
Shuzo, Kyoto, Japan) were performed. The gene-specific primer
sequences were as follows: TRPV1 (forward, 50-TGACTACCGGTGGT
GTTTCA-30 and reverse, 50-TGATCCCTGCATAGTGTCCA-30)
TRPV4 (forward, 50-ATCAACTCGCCCTTCAGAGA-30 and reverse,
50-GGTGTTCTCTCGGGTGTTGT-30) and GAPDH (forward, 50-GC
ACCCCTGGCCAAGG-30 and reverse, 50-GGCCTCCAAGGAGTAA
G-30). The predicted size of the amplicon was 330 bp for TRPV1
and 339 bp for TRPV4.

Gentamicin uptake in zebrafish
Wild type zebrafish (AB line) were maintained at 28.5 1C on a 14 h
light/10 h dark cycle.23 All embryos were generated by natural
pair-wise mating and staged as described previously.24 The 5-day-
old zebrafish were treated with gentamicin added directly to the
embryonic medium (EM; 13.7 mM NaCl, 540mM KCl (pH 7.4), 25mM

Na2HPO4, 44mM KH2PO4, 300mM CaCl2, 100mM MgSO4 and 420mM

NaHCO3 (pH 7.4)).23 A total of 20 larvae were incubated in EM alone
(control) or EM with gentamicin (300mM) for 60 min for acute
exposure, rinsed four times in fresh EM and then held to recover for
1 h. Larvae were stained with the vital dyes YO-PRO-1 and DASPEI to
estimate live hair cells in neuromaster. Larvae were exposed to EM
containing 1mM YO-PRO-1 for 30 min. YO-PRO-1-stained hair cells
formed a line on the upper portion of neuromasts under fluorescent
microscopy. DASPEI (Invitrogen) was also used for posttreatment
labeling of hair cells.25 DASPEI was added to the last postgentamicin
rinse at a final concentration of 0.005%. Zebrafish were incubated for
15 min, and then rinsed twice with fresh EM. Ten neuromasts from
each larva (10–13 fish per treatment) were scored on a 0 (no/little
staining), 1 (reduced staining) or 2 (normal staining) scale, resulting
in a score of 0–20 for each fish.25,26 The DASPEI scores were averaged
for each group and normalized as a percentage of vehicle-treated
controls. In addition, larvae were immersed in GTTR (400mM)
diluted in EM for 5 min at room temperature to examine the direct
uptake of gentamicin into neuromast of zebrafish. The larvae were
immobilized in a drop of 1.5% low-melt agarose. Then, neuromasts
(SO1, SO2, IO1 and IO2)19 were captured using a fluorescent
microscope (X71, Olympus).

Statistical analysis
Each experiment was performed at least three times independently,
and all values are presented as mean±s.d. of triplicates. A one-way
analysis of variance was used to analyze the statistical significance.
A Po0.05 was considered significant.

RESULTS

Base-to-apex gradient hair cell damage caused by
gentamicin
Organ of Corti explants from four regions of P3 rat cochlea
(apex, upper-middle, lower-middle and base) were treated
with 300mM gentamicin for 24 h. The explants were stained
with phalloidin–TRITC (Figure 1Aa, b) and DAPI (Figure 1Ac,
d) and observed under a fluorescent microscope. TRITC–
phalloidin-stained control explants exhibited a normal pattern
of three OHC rows and a single row of IHCs (Figure 1Aa).
All OHCs exhibited V-shaped stereocilia bundles and normal
nuclei (Figure 1Aa, c). However, gentamicin exposure induced
apparent stereocilia bundle damage. Interestingly, basal turn
IHCs and OHCs showed the greatest degree of damage,
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followed by hair cells in the middle and apical turns
(Figure1Ab). The nuclei of control IHCs and OHCs were
round shaped, but the nuclei of gentamicin-exposed IHCs and
OHCs were fragmented and disappeared (Figure 1Ac, d). This
base-to apex gradient damage caused by gentamicin was
further confirmed by treating the cochlear explants with
50–700mM gentamicin for 24, 36 and 48 h. Intact hair cells
were counted in a section corresponding to 10 IHCs at three
different zones located on the apical, middle and basal turns of
each organ of Corti. Hair cell survival decreased significantly
after gentamicin exposure in a time- and dose-dependent

manner (Figure 1B). We also observed base-to-apex gradient
hair cell damage (Figure 1B).

In vitro gentamicin uptake into cochlear explants
Whole cochlear explants on a collagen matrix were treated
with TR (1.8mM) or GTTR (500mM) for 30 min and fixed to
directly observe in vitro gentamicin uptake. The explants were
embedded in paraffin and cut into 4-mm-thick sections. For
observing, specimens were deparaffinized and incubated with
DAPI to observe nuclei. As shown in Figure 2Ab, strong
red fluorescence was observed in the IHCs and OHCs of

Figure 1 Hair cell death caused by gentamicin in a time- and dose-dependent manner. (A) Cochlear explant cultures from postnatal day 3
rats were maintained in the absence (a, c) or presence (b, d) of 300mM gentamicin for 24 h. Cultures were stained with phalloidin–
tetramethylrhodamine isothiocyanate (TRITC; a, b) and 40,6-diamidino-2-phenylindole (DAPI; c, d) and observed under a fluorescent
microscope. Outer hair cells (OHCs): arrow, inner hair cells (IHCs): arrowhead, and Hensen’s cells: star. (B) Quantitative analysis of OHC
loss in explants treated for 24, 36 and 48 h with various doses (50, 100, 200, 300, 400, 500, 600 and 700mM) of gentamicin.
The percentage of hair cells missing at various gentamicin doses was significantly different from that of the control. Data are mean±s.d.
of three samples. *Po0.05 and **Po0.01 by one-way analysis of variance (ANOVA), compared with each turn of control group not
treated with gentamicin.
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GTTR-treated cochlear explants, but not in Texas-red-only-
treated explants (Figure 2Aa). Furthermore, fluorescence was
also slightly detectable in the supporting cells, including
Deiter’s cells, inner and outer pillar cells, Hensen’s cells and
cells of Claudius (Figure 2A). Next, the explants prepared from
the apex (a) and base (b, c and d) of the cochlea were
incubated with GTTR, TR and gentamicin plus TR for 30 min.
After fixation, the explants were stained with FITC–phalloidin
(1:1000) and observed under a fluorescent microscope. As
shown in Figure 2Bc, d, TR fluorescence was not detected in
hair cells of these two explants. Treatment with GTTR for
30 min did not damage the stereocilia bundles of the hair cells.
In addition, strong GTTR fluorescence was present around the
hair cell bodies. However, GTTR fluorescence intensity of hair

cells in the basal turn (Figure 2Bb) was stronger than that in
the apical turn (Figure 2Ba). These results suggest that
gentamicin was more preferentially engulfed by hair cells in
the basal turn compared with those in the apical turn.
Furthermore, gentamicin is more preferentially engulfed by
hair cells compared with that of surrounding supporting cells.
Whole cochlear explants were obtained from P3 rats to further
examine this base-to-apex gradient of gentamicin uptake in
the cochlea. Whole cochlear explants were incubated with
GTTR for 30 min and fixed after removing the modiolus.
Weak diffuse and punctuate GTTR fluorescence was observed
in the IHCs and OHCs of the apical turn, whereas robust
GTTR fluorescence was detected in hair cells of the basal turn
(Figure 2Be).

Figure 2 Distribution of gentamicin-conjugated Texas Red (GTTR) in cochlear explants after treatment in vitro. (A) Whole cochlear
explants on a collagen matrix were treated with (a) Texas Red (TR; 1.8mM) or (b) GTTR (500mM total including unconjugated gentamicin)
for 30 min and fixed. The explants were embedded in paraffin and cut into 4-mm-thick sections. Specimens were deparaffinized and
incubated with 40,6-diamidino-2-phenylindole (DAPI) to observe the nucleus. Inner hair cells (IHCs) and outer hair cells (OHCs) displayed
strong GTTR fluorescence intensity in the cytosol (IHCs: arrowhead, OHCs: arrow). Weak diffuse GTTR fluorescence was observed in the
IHCs and OHCs nuclei. However, supporting cells displayed faint GTTR fluorescence intensity: Hensen’s cell (h), cells of Claudius (c),
Deiter’s cells (d), pillar cells (p) and basilar membrane (large arrow). (B) Cochlear explants were cultivated on cover glasses and treated
for 30min with 500mM GTTR (a, b, e), 1.8mM TR (c) and 500mM gentamicin plus 1.8mM TR (d). After fixation, the explants were stained
with fluorescein isothiocyanate (FITC)–phalloidin (1:1000) and observed under a fluorescent microscope. Whole cochlear explants were
obtained from postnatal day 3 (P3) rats to further examine this base-to-apex gradient of gentamicin uptake in cochlea (e). After removing
the modiolus, the whole cochlear explant was incubated with 500mM GTTR for 120 min. The specimens were observed under a
fluorescent microscope after fixation.
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In vivo GTTR uptake into the inner ear
The P3 SD rats were injected subcutaneously with a single
300 mg kg�1 dose of GTTR or TR solution, and allowed to
recover for 24 h to examine in vivo gentamicin uptake into the
inner ear. Then, the inner ears were fixed in 4% PFA overnight
at 4 1C, and the surface was prepared. Apical and basal turns of
cochlear explants were stained with FITC-labeled palloidin for
30 min. As shown in Figure 3Ab, only faint diffuse and
punctuate GTTR fluorescence was observed in apical turn
hair cells. However, the intensity of GTTR fluorescence
(Figure 3Ac) was much stronger in the plate of basal turn

hair cells than that in hair cells of the apical turn (Figure 3A).
In addition, intact stereocilia bundles of OHCs and IHCs were
also clearly observed by FITC-labeled palloidin staining. These
data showed that the red GTTR fluorescence was colocalized
with FITC–palloidin fluorescence, indicating that gentamicin
was more preferentially engulfed by cochlear hair cells. Next,
other fixed inner ears were embedded in paraffin for section-
ing. The 4-mm-thick sectioned specimens were stained with
DAPI and examined under a fluorescent microscope. As
shown in Figure 3Ba, b, GTTR fluorescence intensity of basal
turn hair cells was much stronger than that in hair cells at the

Figure 3 Distribution of gentamicin-conjugated Texas Red (GTTR) in the inner ear after in vivo injection. (A) Postnatal day 7 Sprague-
Dawley rats were injected subcutaneously with a single 300 mgkg�1 dose of GTTR (b, c) or Texas Red (TR) solution (a) and then allowed
to recover for 24h. Then, the temporal bones were prepared and fixed in 4% paraformaldehyde (PFA) overnight at 4 1C. Apical and basal
turns of cochlear explants were prepared and stained with fluorescein isothiocyanate (FITC)-labeled palloidin for 30min, and specimens
were observed under a fluorescent microscope. (B) The temporal bones were prepared from these rats and fixed in 4% PFA overnight at
4 1C. Next, the temporal bones were embedded in paraffin for sectioning at 4mm thickness. The sectioned specimens were stained with
FITC-labeled phalloidin for 30min and 40,6-diamidino-2-phenylindole (DAPI) for 10 min and examined under a fluorescent microscope.
Inset shows punctuate GTTR staining observed in the cuticular plate of outer hair cells (OHCs)14 and inner hair cells (IHCs; double
arrow), hair cell membrane (arrowhead), outer pillar cells (op), inner pillar cells (ip), Hensen’s cells (h) and the spiral ligament (SL).
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apical turn. Negligible GTTR fluorescence was observed in
many of the surrounding supporting cells, spiral ligament, stria
vascularis and spiral ganglion neurons (Figure 3B).

The P3 SD rats were injected subcutaneously with GTTR
(300 mg kg�1 per day) once, twice or three times and allowed
to recover for 24 h to further test whether GTTR accumulation
in the inner ear was affected by the number of injections. Inner
ears were fixed in PFA overnight at 4 1C and embedded in
paraffin for sectioning at 4mm thickness. The specimens were
stained with DAPI and examined under a fluorescent micro-
scope. As shown in Figure 4, GTTR accumulation in the inner
ear was amplified by increasing the number of injections.
Interestingly, in contrast to preferential in vitro GTTR uptake
by organ of Corti hair cells, in vivo GTTR uptake in other
tissues including the spiral limbus, spiral ligament and stria
vascularis was also observed (Figures 4a–c).

Involvement of TRPV1 and TRPV4 channels in gentamicin
uptake into hair cells
TRP receptors are typical, nonselective calcium-permeant
cation channels that transduce environmental stimuli. TRPV1
and TRPV4 modulate aminoglycoside uptake.11,12 Therefore,
we examined whether TRPV1 and TRPV4 are expressed and
involved in gentamicin uptake in the inner ear. TRPV1 and
TRPV4 mRNA expression was clearly detected in all three
parts, including the apex, middle and basal turns of the
cochlea. Interestingly, TRPV1 mRNA expression in both the
middle and basal turns was higher than that in the apex
(Figure 5a). We performed immunofluorescence staining with
anti-TRPV1 and anti-TRPV4 antibodies to further support the
evidence of TRPV1 and TRPV4 protein expression in IHCs
and OHCs. TRPV1 protein preferentially localized at the
stereocilia. TRPV4 was detected at the stereocilia and the hair
cell bodies (Figure 5b). Horizontal sections of paraffin-
embedded cochlea were stained with anti-TRPV1 and anti-
TRPV4 (Figure 5c). TRPV1 localized at the cuticular plate of
IHCs and OHCs, including stereocilia and the hair cell body.
TRPV4 was also detected in the hair cell body membranes.
Notably, TRPV1 and TRPV4 protein expression was much
higher in IHCs and OHCs of the basal turn than those of the

apical turn. Next, we examined whether TRPV1 and TRPV4
expression is critically involved in gentamicin uptake by hair
cells. Cochlear explants were treated with GTTR in the absence
or presence of TRPV cation channel regulators such as
gadolinium (Gd3þ ) ions and ruthenium red (RR). Gd3þ

ions block calcium-permeant, mechanosensitive cation chan-
nels.27–29 RR is also a noncompetitive TRPV antagonist that
blocks numerous cation channels. GTTR uptake was clearly
observed in the absence of Gd3þ or RR. However,
pretreatment with Gd3þ (50 and 100mM) or RR (10 and
50mM) inhibited GTTR uptake in a dose-dependent manner
(Figure 6a). We further confirmed that treatment with either
Gd3þ or RR did not affect TRPV1 and TRPV4 protein
expression (Figure 6b). Extracellular calcium desensitizes the
TRPV1 channel,30 thereby reducing the movement of cations
including gentamicin.11 Therefore, we tested whether changes
in the extracellular calcium concentration might alter GTTR
uptake from hair cells. GTTR uptake decreased markedly at
calcium concentrations of 41 mM (Figure 7a). Furthermore,
hair cell damage caused by gentamicin in IHCs and OHCs was
also clearly attenuated by calcium treatment (Figure 7b).
However, the calcium treatment did not change TRPV1 and
TRPV4 protein expression levels (Figure 7c).

Effect of TRPV channel inhibitors on hair cell damage
in neuromasts of GM-treated zebrafish
Zebrafish have been extensively used as a model for assessing
otototoxicity.31 At 5 day after fertilization, larvae were treated
with 300mM gentamicin for 60 min and allowed to recover for
1 h in normal EM to evaluate gentamicin-induced death of
hair cells in neuromasts of zebrafish. Then, the hair cells were
labeled with YO-PRO-1 or DASPEI. As shown in Figure 8a,
YO-PRO-1-stained hair cells in control neuromasts exhibited a
normal conditioned state. However, hair cells treated with
gentamicin showed significantly reduced cell survival. In
addition, gentamicin exposure resulted in a reduced DASPEI
score, indicating hair cell damage or loss (Figure 8b). Further-
more, GTTR uptake in hair cells of neuromasts was
clearly attenuated by pretreatment with RR, Gd3þ and
Ca2þ (Figure 8c).

Figure 4 Gentamicin-conjugated Texas Red (GTTR) accumulation in the inner ear after consecutive in vivo injections. To further test
whether GTTR accumulation in the inner ear is affected by the number of injections, postnatal day 3 Sprague-Dawley rats were injected
subcutaneously with GTTR (300mgkg�1 per day) once (a), twice (b) or three times (c) and allowed to recover for 24h. Inner ears were
fixed in paraformaldehyde (PFA) overnight at 4 1C and embedded in paraffin for sectioning at 4mm thickness. Specimens were stained
with 40,6-diamidino-2-phenylindole (DAPI) and examined under a fluorescent microscope. IHCs are indicated by arrowhead and OHCs by
arrow. IHCs, inner hair cells; Lim, spiral limbus; OHCs, outer hair cells; SL, spiral ligament; SV, stria vascularis.
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DISCUSSION

Gentamicin ototoxicity has remained a serious clinical pro-
blem since the 1960s,32,33 and the mechanism of hair cell death
caused by gentamicin still remains unclear. Aminoglycosides
raise the intracellular calcium and reactive oxygen species levels
in hair cells of inner ear and kidney cells.9,34,35 They also lead
to changes in cytoskeletal organization and cytochemical
composition of hair cells,36,37 ultimately inducing the
cell death pathway. However, a better understanding of
gentamicin-induced ototoxicity is required to comprehend
the uptake mechanisms in the inner ear. In this study, we
investigated gentamicin ototoxicity in in vitro and in vivo
model systems. The number of hair cells decreased in
gentamicin-treated organ of Corti explants in a time- and
dose-dependent manner. Hair cells at the base of the cochlea
showed much greater preferential gentamicin uptake and were
more susceptible to cytotoxicity than those of hair cells at the
apex. In addition, the first row of OHCs exhibited severe
damage, whereas the third row of OHCs exhibited moderate
damage. The IHCs were more resistant to gentamicin than all
three layers of the OHCs in the same organ of Corti region.

Earlier studies verified that OHC loss starts from the base of
the cochlea and progresses toward the apex.1,2 One possible
explanation for this finding is higher sensitivity of OHCs at the
basal turn when compared with those at the middle and apical
turns. Notably, levels of the reactive oxygen species scavenger
glutathione at the apex are higher than those of OHCs at the
base,4 indicating that the apex is intrinsically more resistant to
free-radical insults than that of the base. Furthermore,
Hayashida38 demonstrated that OHCs at the basal turn show
preferential uptake of the aminoglycoside amikacin compared
with those at the apical turn. This is also, in part, explained
by the higher sensitivity of OHCs at the basal turn when
compared with those at the middle and apical turns. Although
we also showed that gentamicin uptake into OHCs increased
from the apex to the base, our results were somewhat different
from those of Hayashida38 with regard to the gentamicin
uptake in IHCs. Hayashida38 reported that amikacin uptake
decreases from the apex to the base, but gentamicin uptake
into IHCs increased from the apex to the base in our in vitro
and in vivo data. Although this discrepancy might be
attributed to differences in the animal species used (guinea

Figure 5 Expression and localization of transient receptor potential vanilloid 1(TRPV1) and TRPV4 in inner ear hair cells. (a) Total RNA
was isolated from each turn of the cochlea, and complementary DNA (cDNA) was synthesized by reverse transcriptase-PCR (RT-PCR).
The TRPV1 and TRPV4 genes were amplified with specific primer sets. GAPDH was used for coamplification of gene transcripts. (b) The
stereocilia and bodies of hair cells were stained with anti-TRPV1 antibody14 or anti-TRPV4 antibody (arrowhead indicates outer hair cells
(OHCs) and large arrow indicates inner hair cells (IHCs)) overnight at 4 1C. Specimens were washed three times with Tris-buffered saline
(TBS) plus 0.05% Tween-20 (TBS-T) and incubated with secondary antibodies for 1 h at room temperature in the dark. Alexa Fluor 488-
conjugated donkey anti-goat and Alexa Fluor 568-conjugated goat anti-rabbit were used as the secondary antibodies, respectively.
(c) Horizontal tissue sections showing TRPV1 and TRPV4 immunofluorescence staining. Inner ears derived from postnatal day 3 Sprague-
Dawley rats were fixed in paraformaldehyde (PFA) overnight at 4 1C and embedded in paraffin for sectioning at 4mm thickness. The
specimens were stained with anti-TRPV1 or anti-TRPV4 antibodies and further stained with 40,6-diamidino-2-phenylindole (DAPI). These
specimens were examined under a fluorescent microscope. O1, first layer of outer hair cells; O2, second layer of outer hair cells; O3,
third layer of outer hair cells.
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pig vs SD rats) or the aminoglycosides used (amikacin vs
gentamicin), it must be resolved.

The gentamicin uptake mechanism remains unclear, but a
long-standing hypothesis suggests that endocytotic uptake of
aminoglycosides with processing through the Golgi bodies
or lysosomes leads to hair cell death.5,7,39–44 However,
more recent evidence suggests that aminoglycosides may
enter hair cells via stereociliary mechanosensory transduction
channels.45,46 GTTR has proven useful in studying endocytosis
and trafficking of gentamicin.44,47 We observed in vitro and
in vivo gentamicin uptake in OHCs, IHCs and other cells of
the inner ear using GTTR. Our findings showed that the
GTTR distribution increased from the apex to the base of the
organ of Corti. Hair cells at the base were more susceptible to
gentamicin than those at the apex, which might be related to
the sequestration of gentamicin into those respective regions.
The diffuse GTTR uptake in Deiter’s cell and pillar cells after
GTTR injection validated the observations of earlier

studies.37,48,49 Pillar cells in guinea pigs are more susceptible
to aminoglycoside toxicity than other supporting cells.50

Furthermore, GTTR uptake in the stria vascularis also confir-
med the findings of a previous report,37 suggesting either low
levels of uptake or rapid extrusion. In the present study, GTTR
uptake was low in the stria vascularis in vivo. Although it is not
considered a primary target of aminoglycosides, the lateral wall
and stria vascularis are subject to cytotoxicity only during
chronic gentamicin treatment.51,52

All receptors in the growing TRP family are well documen-
ted as cation and transduction channels. TRP channels are
only cation permeant; however, they also allow entry of larger
molecules such as gentamicin. Our data provide evidence that
fluorescence-labeled gentamicin entered cells via cation
channels and that this penetration was mediated by TRPV1
and TRPV4 regulators. TRPV4 regulates cellular uptake of
aminoglycoside antibiotics.12 We evaluated TRPV1 and
TRPV4 expression in hair cells of the cochlea in vivo by

Figure 6 Modulation of gentamicin-conjugated Texas Red (GTTR) uptake in hair cells by gadolinium and ruthenium red (RR). (a) Cochlear
explants were pretreated with gadolinium (50mM and 100mM) and RR (10 and 50mM) for 30min. Cochlear explants were fixed in 4%
paraformaldehyde (PFA) and stained with phalloidin–fluorescein isothiocyanate (FITC) following treatment with 500mM GTTR for 30 min.
The specimens were examined under a fluorescent microscope. (b) Cochlear explants were treated with gadolinium (100mM) and RR
(50mM) for 12h. Total cell lysates of the organ of Corti were subjected to 8% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and immunoblotted with transient receptor potential vanilloid 1 (TRPV1) and TRPV4 antibodies.
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immunohistochemistry. TRPV1 and TRPV4 were highly
expressed in IHCs and OHCs of the basal turn compared
with those of the apical turn. TRPV1 and TRPV4 protein
expression also occurred in hair cell stereocilia. We found that

the TRPV channel inhibitor RR significantly reduced GTTR
uptake in vitro. As expected, GTTR uptake was also suppressed
by Gd3þ because it has physiologically inhibited TRP channel
function.27,28,53,54 In the present study, the dose-dependent

Figure 7 Modulation of gentamicin-conjugated Texas Red (GTTR) uptake and hair cell survival following exposure to calcium ions.
Cochlear explants were pretreated with Ca2þ (1 or 2 mM) for 10min. (a) Cochlear explants were incubated with GTTR (500mM) for
30 min in the absence and presence of Ca2þ (1 or 2 mM). The samples were washed and fixed in 4% paraformaldehyde (PFA) and
stained with fluorescein isothiocyanate (FITC)-labeled palloidin for 30 min. The specimens were observed under a fluorescent microscope.
(b) Cochlear explants were incubated with 300mM gentamicin for 24h in the absence and presence of Ca2þ (1 or 2 mM). After fixation,
the specimens were stained with phalloidin–tetramethylrhodamine isothiocyanate (TRITC) and examined under a fluorescent microscope.
(c) Cochlear explants were incubated with or without Ca2þ (1 or 2 mM) for 12h. Cochlear explants treated with various
Ca2þ concentrations were protected against gentamicin. Total cell lysates from the organ of Corti were subjected to 8% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotted with transient receptor potential vanilloid 1 (TRPV1) and
TRPV4 antibodies.
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reduction of GTTR uptake by Gd3þ was confirmed in
cochlear explants. These results demonstrate that gentamicin
was contained by OHCs and IHCs through TRPV1 and
TRPV4 channels. Finally, we tested whether GTTR uptake
could be blocked by pharmacologically inhibiting TRPV1 and

TRPV4 in zebrafish hair cells. We observed that zebrafish
neuromast hair cells deteriorated when treated with
gentamicin, suggesting that zebrafish hair cells may share
similar damage mechanisms as those of mammals. We
showed that Gd3þ and RR inhibited gentamicin uptake in

Figure 8 Effect of transient receptor potential vanilloid (TRPV) channel inhibitors on neuromast hair cell damage in gentamicin-treated
zebrafish. At 5 day post fertilization (dpf), zebrafish larvae were treated with 300mM for 1 h and allowed to recover for 1 h. (a) Hair cells
labeled with YO-PRO-1. The scale bar in (a) is 5mm and applies to other panels also. (b) Hair cells are labeled with 2-(4-
(dimethylamino)styryl)-N-ethylpyridinium iodide (DASPEI). Mean hair cell survival was estimated using DASPEI scoring from 10
neuromasts per larvae (**Po0.01, one-way analysis of variance (ANOVA)). (c) The 5 dpf, larvae were treated with 300mM gentamicin-
conjugated Texas Red (GTTR) for 15min and allowed to recover for 30 min. Then, larvae were further stained with YO-PRO-1 at 1mM for
30min. Arrow in (c) indicates GTTR uptake in hair cells.
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zebrafish hair cells. These findings are in agreement with
the results derived from a gentamicin ototoxicity rodent
model system.

We also found that external calcium reduced gentamicin
uptake in mouse and zebrafish, consistent with the hypothesis
that gentamicin uptake occurs through nonselective cation-
permeant channels in the cytoplasm.55 Extracellular calcium
desensitizes the TRPV1 channel and shortens the inward
current induced by agonists.30,56 In addition, change in the
external calcium concentration alters the kinetics of
aminoglycoside entry through the transduction channel.57 It
has also been shown that calcium modulates the uptake.58

Our data coincide with earlier observations, confirming that
calcium reduces cation movement through TRPV1 channels.

In conclusion, the major finding of this study was that hair
cells at the base of the cochlea were essentially able to take up
more gentamicin than hair cells at the apex of the cochlea. Our
results demonstrated that gentamicin uptake by hair cells
occur through TRPV1 and TRPV4 channels. In addition,
TRPV1 and TRPV4 expression in IHCs and OHCs at the basal
turn was higher than that at the apical turn of the organ of
Corti. These results suggest that the base-to-apex gradient
damage to hair cells by gentamicin ototoxicity was, in part,
attributed to the difference in gentamicin uptake by hair cells,
where the cells were located at the basal or apical turn of
cochlea. This difference in gentamicin uptake was attributed to
the difference in TRPV1 and TRPV4 expression on hair cells.
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