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Abstract
Aminoglycoside antibiotics and cisplatin (CDDP) are the major ototoxins of clinical medicine due
to their capacity to cause significant, as well as permanent hearing loss by targeting the
mammalian sensory cells. Understanding the pathogenesis of damage is the first step in designing
effective prevention of drug-induced hearing loss. In-vitro systems greatly enhance the efficiency
of biochemical and molecular investigations through ease of access and manipulation. HEI-OC1,
an inner ear cell line derived from the immortomouse, expresses markers for auditory sensory cells
and, therefore, is a potential tool to study the ototoxic mechanisms of drugs like aminoglycoside
antibiotics and CDDP. HEI-OC1 cells (and also HeLa cells) efficiently take up fluorescently
tagged gentamicin and respond to drug treatment with changes in cell death and survival signaling
pathways. Within hours, the C-jun N-terminal kinase pathway and the transcription factor AP-1
were activated and at later times, the “executioner caspase”, caspase-3. These responses were
robust and elicited by both gentamicin and kanamycin. However, despite the initiation of apoptotic
pathways and transient changes in nuclear morphology, cell death was not observed following
aminoglycoside treatment, while administration of CDDP lead to significant cell death as
determined by flow cytometric measurements; β-galactosidase analysis ruled out senescence in
gentamicin-treated cells. The ability to withstand treatment with aminoglycosides but not with
CDDP suggests that this cell line might be helpful in providing some insight into the differential
actions of the two ototoxic drugs.
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Introduction
While clinical trials are the ultimate tests to establish rational treatments and preventive
measures for inner ear pathogenesis, model systems are often used to explore such
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therapeutic strategies and to elucidate fundamental pathways. In-vivo animal experiments
are a standard approach, but they also present significant complexity and potentially
confounding factors, so that simplified systems have frequently been sought. Organ or cell
cultures provide more accessible and convenient ways to investigate cellular pathways and
have been exploited in neurobiological research (Lendahl and McKay 1990) including visual
and olfactory studies (Seigel 1999; Barber and Ronnet 2000).

Likewise, research into auditory and vestibular systems has benefited from cell lines that
were developed from different tissues and developmental stages of the inner ear. More than
300 cell lines have been established, some of which express molecular markers of inner ear
sensory cells (Helyer et al. 2007; Germiller et al. 2004). For example, HEI-OC1, a
conditionally immortalized mouse cell line derived from the postnatal organ of Corti,
displays a variety of phenotypes and expresses math1, myosin 7a, and prestin in addition to
markers for non-sensory cells. Because of its simplicity and ease of manipulation, it is a
potential model system to screen for ototoxic chemicals and to investigate mechanisms of
action. In support of this notion, HEI-OC1 cells respond to aminoglycoside antibiotics by
activating caspase-3, a reaction that should indicate ensuing cell death (Kalinec et al. 2003).

On the other hand, responses in vitro might vary from responses in vivo. We have recently
documented the up-regulation of caspase-independent cell death pathways in the inner ear
following chronic administration of aminoglycosides in-vivo (Jiang et al. 2006). In contrast,
acute application of the drugs to cultured cells and organ culture may predominantly activate
caspase-dependent cell death pathways (Forge and Li et al., 2000; Cunningham et al., 2002).
The current study investigates HEI-OC1 cell cultures, both under permissive and non-
permissive conditions, in order to explore the potential contribution of cell lines to the
analysis of ototoxic mechanisms and, in particular, of aminoglycoside-induced signaling
pathways.

Materials and Methods
Materials

Gentamicin sulfate was purchased from Spectrum Quality Products Incorporation (Gardena,
CA; Cat #G1005); kanamycin sulfate from USB Corporation (Cleveland, OH; Cat #17924;
Lot #110755); poly(dI-dC) double strand (Lot #3127880021) and MicroSpin™ G-50
columns (Cat #27-5330-01; Lot #19544) from Amersham Pharmacia Biotech (Piscataway,
NJ); anti-phospho-JNK1/2 from Cell Signaling Technology Inc. (Beverly, MA); anti-
cleaved caspase-3 antibody, T4 Polynucleotide Kinase (Cat #M410A; Lot #15453917), and
AP-1 oligonucleotide (Cat #E320A; Lot #13326607) from Promega Corporation (Madison,
WI, USA). Secondary fluorescent antibodies (Alexa 488), propidium iodide and Hoechst
33342 came from Molecular Probes Inc. (Eugene, OR, USA). Complete™ mini EDTA free
protease inhibitor cocktail tablets were purchased from Roche Diagnostic GmbH
(Mannheim, Germany), and [γ-32P]-ATP from PerkinElmer Life And Analytical Sciences,
Inc (Boston, MA). Galacto-Light Plus™ Chemiluminescent Reporter Gene Assays for β-
galactosidase was obtained from AB Applied Biosystems (Foster City, CA). Texas Red and
gentamicin linked to Texas Red (GTTR) were the kind gifts of Dr. Peter Steyger (Oregon
Health & Science University, Portland, OR). All other reagents came from Sigma-Aldrich
Chemical Co. (St. Louis, MO).

Cell line and culture conditions
HEI-OC1, an inner ear cell line, was provided by Dr. Kalinec, House Ear Institute, Los
Angeles, CA. The cell line was cultured on plastic culture dishes under permissive
conditions (33°C, 10% CO2) in high-glucose Dulbecco’s Modified Eagle’s Medium
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(DMEM; Gibco BRL, Gaithersburg, MD, USA) containing 10% fetal bovine serum (FBS;
Gibco BRL) and 50 U/ml gamma-interferon (Genzyme, Cambridge, MA) to proliferate. The
proliferating cell culture was moved to non-permissive conditions (37°C, 5% CO2) in
DMEM containing 10% FBS to differentiate. Cells were grown to ~80% confluency and
regular medium was exchanged for medium with or without drugs. Since both the
gentamicin and kanamycin preparations contain sulfate as the counter-ion, control
incubations were performed with 2.6 molar equivalents of Na2SO4 to test for any potential
effects of the sulfate contents.

HeLa cells from an immortalized human cervical cancer cell line were provided by Dr.
Omar Moussa (Department of Pathology and Laboratory Medicine, Medical University of
South Carolina, Charleston, SC). The cell line was cultured on plastic culture dishes at 37°C,
5% CO2 in Roswell Park Memorial Institute 1640 (RPMI 1640; Thermo Scientific Hyclone,
Logan, Utah, USA) containing 10% fetal bovine serum (FBS; Gibco BRL), and 1%
penicillin streptomycin (Pen/Strep; Sigma-Aldrich, St. Louis, MO, USA). After cells were
grown to ~80% confluency, regular medium was exchanged for medium with or without
drugs.

Gentamicin uptake
HEI-OC1 or HeLa cells were transferred to chamber slides (Nalge Nunc International,
Rochester, NY) and maintained in culture medium under permissive conditions for 1 d when
the medium was exchanged to include 1.56 µg/mL gentamicin coupled to Texas Red
(GTTR; Myrdal et al., 2005). Following incubation with GTTR for the desired time points,
the cells were washed twice with PBS and fixed with 4% paraformaldehyde at 4°C for 20
min. The cells were then counter-stained with Hoechst 33342 for 30 min at room
temperature. After three washes with phosphate-buffered saline, pH 7.4 (PBS), the slides
were mounted with GelMount (Biomedia Corp. , Foster City, CA) and observed with an
Olympus confocal microscope.

Cell death quantification by staining with trypan blue
Control- and aminoglycoside-treated cell cultures grown on 100 mm Falcon culture plates
were washed twice with 10 mM PBS and incubated at 37°C for 10 min in 1 mL 0.05%
trypsin and 0.53 mM EDTA in PBS. The trypsin was neutralized with 4 mL DMEM and the
cells were mixed into a homogenous suspension by vigorous pipetting. They then were
transferred to 15 mL conical tubes. A 500-µL sample was taken from each tube for analysis.
The samples were diluted in DMEM and mixed with 0.4% trypan blue (Invitrogen,
Carlsbad, CA) solution at a 1:1 ratio. The samples were quickly counted under a light
microscope after addition of the trypan blue stain using a hemocytometer loaded with 15 µL
per chamber. Counts are presented as dead cells (taking up the stain) per total cells.

Cell death quantification by staining with calcein AM and propidium iodide
Cells were grown and treated on glass cover slips in six-well tissue culture plates. After
treatment, cells were incubated with 2 µM calcein AM (Molecular Probes, Eugene, OR) in
DMEM for 35 min at room temperature in the dark and washed once with DMEM. The cells
were then incubated with 5 µM propidium iodide (PI) in DMEM for 30 min at room
temperature in the dark. The cells were washed for 35 min in DMEM prior to counting to
allow the calcein AM to diffuse out of cells with disrupted membranes (dead cells). Cells
were counted on the cover slips mounted with media. They were scored as percent dead
cells per total cells under a fluorescent microscope by separately counting cells with nuclear
PI staining at 515–560 nm and calcein AM-stained cells at 450–490 nm excitation
wavelengths.
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Cell death quantification by MTT Assay
HEI-OC1 cells grown on 100 mm Falcon culture plates were incubated at 37°C for 5 min in
2 mL 0.25% trypsin and 0.53 mM EDTA in PBS. The trypsin was neutralized with 10 mL
DMEM and transferred to 15 mL conical tubes. The cells were collected, resuspended in 1
mL of DMEM and mixed into a homogenous suspension by vigorous pipetting. A 10-µL
sample was taken from the tube and diluted in 0.4% trypan blue (Invitrogen, Carlsbad, CA)
solution at a 9:1 ratio. The samples were quickly counted under a light microscope after
addition of trypan blue stain using a hemocytometer loaded with 15 µL per chamber to
ensure that viability was not less than 95%. Cells were diluted to 1.1×105 cells in DMEM
with 10% FBS and 50U/mL gamma-interferon. Ninety µL of cells were transferred into
appropriate wells of a 96-well flat bottom microtiter plate (Corning Incorporated, Corning,
NY) and incubated overnight at 33°C and 10% CO2. Once cells have reached the 70 to 80%
confluency, 10 µL of medium with or without drugs were added to the appropriate wells and
incubated (33°C, 10% CO2) for the desired time points. Following overnight incubation,
media was removed from the 96-well microtiter plate and cells were incubated (33°C, 10%
CO2) for 4 h with 115 µL of MTT dye solution containing Phenol Red Free DMEM
(Invitrogen Gibco, Carlsbad, CA), 10% FBS, 2 mM L-glutamine (Invitrogen, Carlsbad,
CA), 50 U/mL gamma interferon, and 15 µL of MTT dye (3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide; Promega, Madison, WI) per well. One hundred µL of
Solubilization/Stop solution (Promega, Madison, WI) were added to each well and incubated
(33°C, 10% CO2) for an additional 4 h. The microtiter plate was read within 24 h with a
µQuant Microplate reader and analysed by Alpha Innotech software. Absorption was read at
a primary wavelength of 570 nm and a secondary wavelength of 630 nm.

Cell death quantification by flow cytometry
Drug-treated (gentamicin or CDDP) and control cell cultures were incubated with BD
ApoAlert™ Annexin V-FITC Apoptosis Kit (BD Biosciences Clontech, Palo Alto, CA) per
the manufacturer’s instruction. First, 5×105 cells were collected and rinsed with binding
buffer, then resuspended in 200 µL of binding buffer. Next, 5 µL of Annexin V and 10 µL
of propidium iodide were added to the cells and were incubated at room temperature for 10
min in the dark. Another 300 µL of binding buffer was added to bring the reaction volume
up to 500 µL before the cells were counted using a single laser emitting excitation light at
488 nm. Cell death was determined by double propidium iodide and annexin-V staining.
Viable cells were stained double negative, and early apoptotic cells were stained with
annexin-V only.

Extraction of nuclear protein
Cell cultures were rapidly rinsed with ice-cold 10 mM PBS and then lifted in Buffer A
consisting of 10 mM sodium HEPES (pH 7.9) with 10 mM KCl, 1 mM EDTA, 1 mM
EGTA, 5 mM dithiothreitol, 10 mM NaF, 10 mM sodium β-glycerophosphate, and protease
inhibitor (one tablet of inhibitor cocktail per 10 ml of Buffer A). After 15 min on ice, 10%
Nonidet P-40 was added as a final concentration of 0.6% to lyse the cells, which remained
on ice for another 30 min. A nuclear fraction was pelleted by centrifugation at 750 × g at
4°C for 10 min. The pellet was rinsed with Buffer A, suspended in Buffer B consisting of 50
mM Tris-HCl (pH 7.5) with 5 mM MgCl2, 20% glycerol, 250 mM NaCl, 2.5 mM EDTA,
2.5 mM dithiothreitol, 0.25 mg/ml poly(dl-dC)-poly(dl-dC) and kept on ice for 30 min. The
nuclear extracts were collected in the supernatant following centrifugation at 15,000 × g for
10 min at 4°C. Protein concentrations were measured using the Bio-Rad Protein Assay (Bio-
Rad Laboratories, Hercules, CA).
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Extraction of total protein
Cell cultures were rapidly rinsed twice with ice-cold 10 mM PBS and then ice-cold RIPA
lysis buffer containing RIPA lysis buffer base (50 mM Tris-HCl, 1% IGEPAL, 0.25% Na-
deoxycholate, 150 mM NaCl, 1mM EDTA, 1 mM PMSF, 1 mM NaF) plus Phosphatase
Inhibitor Cocktails II and III, and Roche Protease Inhibitor were added to the plates. Cells
were scraped from the bottom of the dishes moved to conical tubes. After 30 min on ice,
tissue debris was removed by centrifugation at 10,000 × g at 4°C for 10 min and the
supernatants were retained as the total protein fractions. Protein concentrations were
determined using the Bio-Rad Protein Assay dye reagent (Bio-Rad, Hercules, CA) with
bovine serum albumin as a protein standard.

Immunocytochemistry
Cell cultures were rinsed with ice-cold PBS three times, then fixed immediately with 4%
paraformaldehyde for 10 min and incubated in 0.5% Triton X-100 for 15 min at room
temperature. After washing three times with PBS, a blocking solution of 3% goat serum was
added to the cells for 30 min at room temperature, followed by the primary antibody of
either p-JNK at dilution of 1:100 or of cleaved caspase-3 at a dilution of 1:200 in PBS for 2
h. The cultures were then washed three times with PBS and incubated with secondary
antibody conjugated with Alexa 488 in a dilution of 1:500 in PBS for 1 h at room
temperature in darkness. The cultures were then stained with propidium iodide (2 µg/mL in
PBS) for 40 min in darkness. After washing with PBS, the fixed cultures were mounted and
photographed using a laser confocal microscope (Olympus American, Melville, NY).

Electromobility shift assay
Ten ng of double-stranded AP-1 or NF-κB oligonucleotides were end-labeled with
[32P]ATP and T4 polynucleotide kinase. Ten µg of nuclear extract and 50,000 cpm of
labeled oligonucleotides were added to binding buffer containing 50 mM Tris-HCl (pH 7.5),
5 mM MgCl2, 20 mM glycerol, 250 mM NaCl, 2.5 mM EDTA, 2.5 mM dithiothreitol
(DTT), and 0.25 mg/mL poly (dI-dC). The reactions were incubated at 25°C for 30 min. The
protein-DNA complexes were separated on 4.5% acrylamide gel and visualized by
autoradiography.

β-Galactosidase assay
At the end of the desired incubation time, HEI-OC1 cells were scraped from the bottom of
the dishes into the medium, moved to conical tubes, and centrifuged at 682 × g for 5 min.
The medium was decanted from the cell pellet and sterile PBS was added to rinse. While the
PBS rinse was repeated, DTT was added to the lysis solution provided in the Galacto-Light
Plus System kit from AB Applied Biosystems to a concentration of 0.5 mM. Lysis solution
was added to the cell pellet after removing the PBS. The final cells were then mixed
thoroughly into the lysis solution, transferred to a micro-centrifuge tube, and centrifuged at
13,000 × g for 2 min to pellet cell debris. The supernatant was retained and stored at −80°C
(Dimri et al., 1995). The concentration of β-galactosidase was determined using Galacto-
Light Plus™ Chemiluminescent Reporter Gene Assays kit according to the manufacturer’s
protocol. Assays were conducted in duplicates and incubations with sodium sulfate served as
controls.

Statistical analysis
All data were evaluated statistically by Student’s t-test and by analyses of variance with
Student-Newman-Keuls test for significance (p < 0.05) using Primer of Biostatistics
software (McGraw-Hill Software, New York, NY). The western blots and EMSA were
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evaluated by one-sided single-sample t-tests using SPSS software by the University of
Michigan’s Center for Statistical Consultation and Research.

Results
Both HEI-OC1 cells and HeLa cells take up gentamicin

Uptake of gentamicin into HEI-OC1 cells was monitored via the drug tagged to fluorescent
Texas Red (GTTR; Myrdal et al., 2005). Uptake was evident at 1 h and intensity of GTTR
significantly increased at 8 h and remained stable at later time points as determined at 24
and 72 h. At 24 and 72 h, however, staining became more punctate and heavier in the
nucleus (fig. 1). HeLa cells, a cell line that was derived from human cervical cancer tissue,
showed similar uptake of gentamicin at 8, 24 and 72 h time points (fig. 1).

Potentially apoptotic cell death pathways are activated by aminoglycoside treatment
Aminoglycosides trigger the activation of C-jun N-terminal kinase (JNK) by
phosphorylation as part of an apoptotic sequence in organ culture and, to some extent, in
vivo (Yikoski et al., 2002; Jiang et al., 2006). Immunocytochemical analysis showed that the
JNK pathway responds early to aminoglycoside exposure in both permissive and non-
permissive conditions of HEI-OC1 cell cultures. Green staining for p-JNK in HEI-OC1 cells
increased from 2 to 4 h after gentamicin treatment (fig. 2A). Based on the
immunocytochemical staining for p-JNK, we chose the 2 h post-gentamicin time point for
further study. The expression of p-JNK by Western blot analysis showed that the ratio of p-
JNK to total-JNK significantly increased by 60% (fig. 2B). A similar response was observed
with 2 mM kanamycin treatment (data not shown).

The activator protein-1 (AP-1) transcription factor is a downstream target of JNK. It is a
heterodimeric or homodimeric complex of primarily the jun and fos family of proteins.
Nuclear extracts of HEI-OC1 cell cultures grown under both permissive and non-permissive
conditions were analyzed using an electromobility shift assay for AP-1 binding activity to
DNA. Semi-quantitative analysis of the bands showed that treatment with 1 mM gentamicin
increased DNA binding activity of AP-1 significantly from 1 to 12 h and decreased later
(fig. 3). A similar pattern was seen with 2 mM kanamycin treatment with a significant
increase around 2 to 4 h (data not shown).

Caspases are a family of cysteine proteases participating in the regulation and execution of
apoptosis. They are activated by aminoglycosides in the HEI-OC1 cell line (Kalinec et al.
2003) as well as in vestibular utricle culture (Cunningham et al. 2002). Consistent with these
reports, treatment with either gentamicin or kanamycin dramatically increased active
caspase-3 in our cultures at 24 and 48 h of treatment (fig. 4).

Endonuclease G (endo G) is a highly conserved non-specific mitochondrial nuclease
encoded by a nuclear gene. Following potentially apoptotic insults, endo G can be released
from mitochondria and translocated to the nucleus to digest nuclear DNA. We analyzed for
endo G because it has been shown that activation and translocation occurs after kanamycin
treatment in vivo (Jiang et al. 2006). However, there was no evidence that endo G was
involved in the response of the HEI-OC1 cell culture to aminoglycosides.
Immunofluorescent staining localized endo G to the cytosol in both proliferated and
differentiated HEI-OC1 cell cultures and remained cytoplasmic after 1, 2, 4, 12, 24, 48, 72,
and 96 h of treatment with either 1 mM gentamicin or 2 mM kanamycin.

Appropriate controls were included in all experiments to account for the presence of sulfate
as the counter ion to aminoglycosides. The presence of sodium sulfate (Na2SO4) did not
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influence the pathways that we tested, nor did it affect any of the parameters in subsequent
experiments.

Transient changes in nuclear morphology
Nuclear morphology began to change after exposure to gentamicin of only 2 to 4 h (fig. 5).
The sharp outline of the nuclei was lost suggesting a compromised integrity of the nuclear
membrane, and punctate formations reminiscent of small chromatin aggregates appeared.
However, the appearance of the nuclei reverted to normal after approximately 6 h of
exposure to the drug and became indistinguishable from the nuclei in the control cells.

Aminoglycosides do not promote cell death in HEI-OC1 cells
The drug concentrations for this study were chosen based on the fact that they will
completely eliminate hair cells in short-term culture of the mouse organ of Corti (Chen et
al., 2009). Cell death and survival following treatment with gentamicin or kanamycin was
assessed in HEI-OC1 cells under both permissive and non-permissive conditions by staining
with trypan blue. Since the nuclear morphology changed 2 to 4 h after gentamicin treatment
and caspase-3 activation was observed during the first day of exposure to the drug, we
selected treatment times of 4 h and 1, 3, and 5 d for the evaluation of cell counts. First, cells
were stained with live/dead dyes and counted under the microscope. For each treatment
condition approximately 600 – 800 cells were counted and counts were repeated three times.
No significant cell death after gentamicin or kanamycin treatment was observed. Even after
5 d of exposure to gentamicin, only 1.0 ± 0.3% (at 1 mM gentamicin) or 0.9 ± 0.2% (at 2
mM kanamycin) of HEI-OC1 cells took up Trypan Blue. This percentage was
indistinguishable from the control incubations (0.9 ± 0.3%) indicating that the drugs did not
induce cell death.

Interestingly, double-staining of a subset of the cells suggested that the plasma membrane
was intact enough to retain calcein AM, but that the nuclear membrane was compromised
allowing for the PI to bind nuclear DNA. This subset consisted of 5.2 ± 0.6% of control cells
and 12.7 ± 3.5% of cells exposed to 1 mM gentamicin for 24 h (p < 0.05).

In addition, we determined cell viability by assessing mitochondrial enzyme activity in an
MTT assay (fig. 6). At the 4, 24, and 72 h time points, there was no difference in cell
viability between control, 1 mM and 2 mM gentamicin treatments, confirming the
observations that aminoglycosides did not increase cell death. In contrast, treatment with
cisplatin at concentrations as low as 10 µM produced a significant decrease in cell viability
and cell death increased with increasing doses of cisplatin reaching 50% at a concentration
of 35 µM (fig. 6).

Flow cytometry analysis corroborated that aminoglycosides did not increase cell death while
CDDP induced significant cell death (fig. 7). There was no difference between the control
and gentamicin-treated cultures. In contrast, a significant reduction in the number of viable
cells was achieved by treatment with 35 µM cisplatin.

Finally, in order to investigate whether the absence of cell death by gentamicin was due to
the cells entering into senescence, the levels of β-galactosidase were measured. Proliferating
cells were treated with 1 mM gentamicin for 3, 24 and 72 h. No change in the levels of β-
galactosidase was observed (fig 8).

Discussion
The responses to an aminoglycoside challenge differ significantly between the HEI-OC1
cells employed in this study and in-vivo or organ culture models of ototoxicity. The most
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significant discrepancy is the absence of cell death in the HEI-OC1 cells despite the
transient activation of apoptotic signals and activation of the transcription factor AP-1 upon
either gentamicin or kanamycin exposure. We should note in this context that the gentamicin
concentrations employed here are ten times higher than the concentrations that will cause
complete hair cell death in short-term cultures of organ of Corti explants (Chen et al., 2009).
The survival of the HEI-OC1 cells despite the appearance of cleaved caspase 3 and p-JNK
was robust regardless of permissive or non-permissive conditions or which aminoglycoside
was used. Also of interest is the fact that the apoptotic marker endo G remained unaffected
by drug treatment in the HEI-OC1 cells while it translocated to the nuclei of hair cells in
vivo after aminoglycoside treatment (Jiang et al., 2005; Jiang et al., 2006). The sum of these
observations strongly supports the notion that responses to aminoglycoside challenge are
model-dependent.

The resistance of the HEI-OC1 cells to aminoglycoside-induced cell death is remarkable. It
is not a simple consequence of a lack of internalization of the drugs since gentamicin is
quickly and efficiently taken up. Incidentally, the efficient entry of GTTR into HEI-OC1 and
HeLa cells suggests that functional hair cell mechanotransducer channels in stereocilia may
not be required for cellular uptake and that other transport mechanisms must exist
(Alharazneh et al., 2011; Xie et al., 2011). It is most intriguing that some of the early
molecular responses, like jun-kinase and caspase-3, are similar to those documented for
ototoxic treatment with aminoglycosides in other systems (Rybak et al., 2008) and should be
expected to lead to cell death. For example, studies of vestibular organ explant cultures of
guinea pigs and gerbils show that caspase-9 and caspase-3 are activated by aminoglycosides,
leading to apoptosis as the primary type of cell death (Cunningham, et al.,
2002,Cunningham, et al., 2004,Lee, et al., 2004). Consequently, the presence of caspase
inhibitors rescues the majority of sensory cells from ototoxic insults (Forge and Li, 2000;
Lee, et al., 2004).

This enigmatic behavior of transient caspase activation is reflected in the morphological
changes occurring in the nuclei. The nuclear membrane appears to be compromised during
early exposure to gentamicin and there are changes in nuclear morphology that resemble
chromatin condensation. Similar morphological alterations can be observed in other cell
lines exposed to aminoglycoside antibiotics, such as aminoglycoside-sensitive renal LLC-
PK1 or MDCK cell cultures (El Mouedden, et al., 2000) and OC-k3, another immortalized
mouse cell line from the organ of Corti (Bertolaso et al., 2003). In contrast to HEI-OC1
cells, however, these other cell lines lose their viability. The nuclei of HEI-OC1 cells regain
an essentially normal appearance in the continued presence of the drugs and do not undergo
apoptosis. Both MTT assays and flow cytometry of cells labeled with live/dead markers and
quantification of cell numbers extend this observation and confirm the lack of significant
detrimental effect of aminoglycosides on HEI-OC1 cells.

The reasons for the resistance to apoptotic signals are not entirely clear. Resistance can arise
in some cell types when they undergo senescence, for example, in reaction to oxidative
stress (Chen et al., 2000). Aminoglycosides trigger oxidative stress in vivo (Jiang et al.,
2005) as well as in organ of Corti explants (Choung et al., 2009) and could create a stable
senescent cell culture. However, this explanation is ruled out by the fact that β-galactosidase
activity, a biomarker of senescence (Dimri et al., 1995), does not increase. One might also
consider the fact that the transgenic immortomouse harbors the simian virus 40 (SV40) large
tumor antigen (TAg) which is associated with tumorigenesis. The introduction of this gene
is expected to change cellular signaling, especially the apoptotic pathways. The T antigen
blocks apoptosis by binding to its pro-apoptotic protein, p193 or by abrogating p53 function;
blocking p53 induces the expression of pro-apoptotic genes such as Box (Saenz-Robles et al.
2001). The HEI-OC1 cell line developed from the immortomouse utilizes a thermolabile
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TAg to reduce the levels of functional T antigen (Jat et al. 1991). Thus, while cell death
pathways may be initiated, they do not follow the same signaling sequence as in in-vivo
models and do not lead to the demise of the cell. Such an explanation is conceivable but
remains incomplete since cisplatin will cause cell death in the HEI-OC1 cells.

However, while the activation of caspase-3 has long been considered an irreversible step
towards apoptosis (Stennicke and Salvesen, 1998), recent evidence points towards a more
complex role of caspases in cell fate determination including context-dependent non-
apoptotic functions (Kuranga and Miura, 2007; Feinstein-Rotkopf and Arama, 2009;
D’Amelio et al., 2010). Therefore, it is possible that aminoglycosides are only a limited
toxic stimulus to HEI-OC1 cells and are able to induce only some early features of
apoptosis. The cells would retain their capability for homeostatic responses and allow
caspase-3 to execute non-apoptotic processes. In this case, the HEI-OC1 cells have the
potential to be useful in providing insights into different mechanisms of cisplatin and
aminoglycoside ototoxicity or into specific resistance capabilities against aminoglycosides.

Highlights

• The inner ear immortomouse cell line (HEI-OC1) efficiently takes up
gentamicin conjugated with Texas Red (GTTR).

• Aminoglycoside antibiotics activate caspase-dependent cell death pathways but
do not cause cell death in the inner ear immortomouse cells (HEI-OC1).

• Cellular senescence is not observed in the inner ear immortomouse cells (HEI-
OC1) following gentamicin treatment.

• Cisplatin treatment leads to inner ear immortomouse cell (HEI-OC1) death.

Non-standard abbreviations

DMEM Dulbecco’s Modified Eagle’s Medium

FBS fetal bovine serum

GTTR gentamicin coupled to Texas Red

MTT Thiazolyl Blue Tetrazolium Blue

PBS phosphate-buffered saline
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Figure 1.
Uptake of gentamicin. Following incubation of HeLa or HEI-OC1 cultures under permissive
conditions with GTTR (red) for the times indicated, cells were processed for confocal
microscopy. Uptake of GTTR was evident in both types of cells. Representative images of
each time point are shown and experiments were repeated three times. Fluorescence
intensity was measured by Image J software. Blue is Hoechst 33342 counter stain of nuclei.
Scale bar = 20 µm. * indicates p < 0.05 compared to control.
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Figure 2.
JNK is phosphorylated. (A) This representative image is from an incubation under non-
permissive conditions. The arrow indicates a cell with a condensed nucleus. No
phosphorylated JNK was detected in control cells treated with 2.6 mM Na2SO4 for 2 h. Each
panel is representative of three individual experiments. Green indicates p-JNK; Red
represents propidium iodide to counter-stain the nuclei. Scale bar = 20 µm. (B) Western blot
for the quantification of p-JNK. OC-1 cells were treated with 1 mM gentamicin for 2 h.
GAPDH services as loading control. Data are means ± s. d.; * indicates p < 0.05.
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Figure 3.
AP-1/DNA binding activity increases. Analysis of the AP-1 binding of HEI-OC1 cells under
non-permissive conditions showed a significant increase of DNA binding activity of AP-1
after 1, 4, and 12 h of treatment with 1 mM gentamicin (*p < 0.05 at 1 h; **p < 0.01 at 4 and
12 h). Data are presented as mean ± s. d., n = 4. A representative image is presented above
the bar graph.
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Figure 4.
Caspase-3 is activated. Active caspase-3 was detected with anti-cleaved caspase-3 antibody
shown in green after fixation of HEI-OC1 cells under non-permissive condition. After 24
and 48 h of treatment with 1 mM gentamicin, some cells showed positive staining of active
caspase-3 (arrow). Each panel is representative of three individual experiments. Propidium
iodide (red) acts as counter-stain for nuclei. Scale bar = 20 µm.
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Figure 5.
Nuclear morphology changes transiently. HEI-OC1 cell cultures treated with 1 mM
gentamicin were fixed at different time points and stained with propidium iodide (red). At 2
to 4 h following gentamicin treatment, the nuclei lost their sharp outline, but appeared to
revert to a normal appearance at longer incubation times in the presence of drug. The panels
are representative of three incubations at each time point. Inserted images show higher
magnification of nuclear morphology. Scale bar = 20 µm.
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Figure 6.
Gentamicin does not reduce cell viability. Following incubation with 1 and 2 mM
gentamicin for 4, 24, and 72 h, the viability of HEI-OC1 cells under permissive conditions
was measured via MTT assay as described in the ‘Methods’ section. There was no
difference in enzymatic activity between control cells and gentamicin treated cells, but there
was a significant difference between controls and cisplatin treatment. Data are presented as
mean ± s. d., n = 5 for each drug concentration shown. * represents p < 0.05 compared to
control.
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Figure 7.
Gentamicin does not induce cell death. Following incubation with 1 mM gentamicin for 24
h, HEI-OC1 cells under permissive conditions were stained for apoptotic features and
analyzed by a flow cytometry assay. There was no difference in cell death between control
and 1 mM gentamicin treated cells. In contrast, incubation with 35 µM cisplatin
significantly increased the number of cells with features of cell death. Data are presented as
mean + s. d., n = 5 for each treatment. * represents p < 0.05 compared to control.
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Figure 8.
Gentamicin does not induce cellular senescence. There was no difference in β-galactosidase
activity between 1 mM gentamicin treatment or control HEI-OC1 cells under permissive
condition at 24 and 72 h. Control cells were treated with 2.6 mM Na2SO4. Data are
presented as mean + s. d., n = 3 for each experimental condition.
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