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Ouabain is a common tool to explore the pathophysiological changes in adult mammalian cochlea in vivo. In prior studies, locally
administering ouabain via round window membrane demonstrated that the ototoxic effects of ouabain in vivo varied among
mammalian species. Little is known about the ototoxic effects in vitro. Thus, we prepared cochlear organotypic cultures from
postnatal day-3 rats and treated these cultureswith ouabain at 50, 500, and 1000 𝜇Mfor different time to elucidate the ototoxic effects
of ouabain in vitro and to provide insights that could explain the comparative ototoxic effects of ouabain in vivo. Degeneration of
cochlear hair cells and spiral ganglion neurons was evaluated by hair-cell staining and neurofilament labeling, respectively. Annexin
V stainingwas used to detect apoptotic cells. A quantitative RT-PCR apoptosis-focused gene array determined changes in apoptosis-
related genes.The results showed that ouabain-induced damage in vitrowas dose and time dependent. 500 𝜇Mouabain and 1000 𝜇M
ouabain were destructively traumatic to both spiral ganglion neurons and cochlear hair cells in an apoptotic signal-dependent
pathway. The major apoptotic pathways in ouabain-induced spiral ganglion neuron apoptosis culminated in the stimulation of the
p53 pathway and triggering of apoptosis by a network of proapoptotic signaling pathways.

1. Introduction

The sodium- and potassium-dependent adenosine triphos-
phatase (Na+/K+-ATPase) is an integral membrane protein
and enzyme responsible for establishing or maintaining the
electrochemical gradients of Na+ and K+ ions across the
plasma membrane. The Na+/K+-ATPase consists of large
catalytic subunits, and two major subunits are transporter
𝛼 and transporter 𝛽. The transport 𝛼 subunit plays a role
as transporter, while the transport 𝛽 subunit stabilizes the
complex [1]. In mammals, three isoforms of 𝛼 subunit
(𝛼1, 𝛼2, and 𝛼3) and two isoforms of 𝛽 subunit (𝛽1 and
𝛽2) that are needed for multiple cellular functions have
been characterized.These functions include resting potential
maintenance, transport enabling, cellular volume regulation,
transducer signaling, and energy expenditure [2, 3].

The Na+/K+-ATPase is highly expressed in various
regions of the inner ear, including cochlear hair cells (HCs),
spiral ganglion neurons (SGNs), auditory nerve endings,

vestibular HCs and dark cells, endolymphatic sac, epithelium
on the spiral limbus, type II fibrocytes in the spiral ligament,
and the marginal cells of the stria vascularis, which is a
controller crucial to regulating the endolymphatic potential
in the scala media [4–13]. The differential expression of the
Na+/K+-ATPase presumably reflects different K+ and Na+
transport capabilities among the cell types found in the inner
ear, which serves to generate the unique ionic and electrical
environment of themammalian inner ear. Studies of Na+/K+-
ATPase expression in the developing inner ear have included
a study of the cochlea of the gerbil, mouse, and rat, which
provided detailed information about the Na+/K+-ATPase in
various cell types in the inner ear in developmental stages [12–
18].

Ouabain is a cardiac glycoside that can selectively inhibit
the activity of Na+/K+-ATPase. Ototoxic effects of ouabain
have been studied as a common model in vivo for studies
in cochlear potentials, homeostasis, and cell death path-
ways in various mammalian species [19–32]. Recent studies
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have demonstrated that ouabain not only inhibited the
sodium/potassium pump but also induced complex signaling
cascades that lead to the cell apoptosis [27–33].

Previous studies also showed that local application of
ouabain through the round window could selectively destroy
type I SGNs while leaving HCs intact in the mouse and gerbil
[27–33]. By contrast, the sensory HCs and limbal fibrocytes
were damaged first when ouabain was applied via the round
window or vestibular system in the guinea pig [34]. However,
our recent study revealed that local application of ouabain
in the adult rat destroyed only the SGNs and auditory nerve
fibers at low doses, exactly as it usually does in the gerbil,
whereas in our study ouabain damaged both SGNs and HCs
at high concentrations [34]. Based on these observations, oto-
toxic effects of ouabain in vivo are different in awide variety of
mammalian species.We speculated that the important reason
accounting for these differences was that ouabain-induced
damage was both dose and time dependent, even though the
degenerative mechanisms remained unclear.

In order to delineate these different ototoxic effects of
ouabain in vivo, carefully designed in vitro experiments are
required. However, little research has been conducted with
respect to the toxicity of ouabain to the cochlea in vitro.Thus,
the current study was designed to determine the ototoxic
effects and the apoptotic pathways of ouabain in a cochlear
organotypic culture system in the rat.

2. Materials and Methods

2.1. Animals. Sprague-Dawley rat pups were obtained from
C harles River Laboratories (Wilmington, MA, USA). A total
of 126 cochlear explants were used for this study: 60 for
SGN and HC counts, 6 for exploring apoptotic signals in
SGNs and HCs, and 60 for apoptosis-focused gene arrays.
All experimental procedures, including housing, breeding,
and use in experimental protocols, were approved by the
Institutional Animal Care and Use Committee (IACUC) of
the University at Buffalo, NY, USA, and conformed to the
guidelines issued by the National Institutes of Health, MD,
USA.

2.2. Cochlear Organotypic Cultures. The procedures for
preparing cochlear organotypic cultures have been described
in detail in our earlier publications [35–42]. In brief, to
establish a collagen-gel matrix, a drop (15 𝜇L) of cool rat
tail collagen (Type 1, Collaborative Biomedical Products no.
40236), together with a mixture of 3.76mg/mL in 0.02N
acetic acid, 10× basal medium eagle (BME, Sigma B9638),
and 2% sodium carbonate at a 9 : 1 : 1 ratio was placed at the
center of a 35mm2 diameter culture dish (Falcon 1008, Becton
Dickinson) and allowed to form a gel at room temperature.
Then 1.2mL of serum-free medium, consisting of 2 g bovine
serum albumin (BSA, Sigma A-4919), 2mL Serum-Free
Supplement (Sigma I-1884), 4.8mL of 20% glucose (SigmaG-
2020), 0.4mL penicillin G (Sigma P-3414), 2mL of 200mM
L-glutamine (SigmaG-6392), and 190.8mLof 1×BME (Sigma
B-1522) were added to the dish. Sprague-Dawley rat pups
at postnatal day 3 were decapitated, and the cochleae were
carefully removed and placed into Hank’s Balanced Salts

Solution (1X Gibco, 14175, Invitrogen, Carlsbad, CA, USA).
The cochlear lateral wall and auditory nerve bundle in the
center of the modiolus were dissected away, respectively, and
the whole basilar membrane containing the organ of Corti
and SGNs was transferred onto a collagen-gel matrix as a flat
surface preparation. The cochlear explants were placed into
an incubator (Forma Scientific, no. 3029) and maintained at
37∘C in 5% CO

2
overnight for recovery. In the next day, the

serum-freemediumwas exchangedwith a newmedium,with
or without ouabain, and 60 cochleae were randomly divided
into 12 groups (𝑛 = 5 per group). A total of 3 groups were
used as normal controls, which were cultured in standard
serum-free medium without ouabain, ending at 24 h, 48 h,
and 72 h, respectively. The remaining 9 groups were treated
with various concentrations (50, 500, or 1000 𝜇M) of ouabain
in serum-free medium for 24 h, 48 h, or 72 h, respectively.

2.3. Histology. At the end of the experiment, the cochlear
explants were fixed with 10% formalin in PBS for 2 h.
After fixation, specimens were rinsed in 0.01M PBS and
then incubated with a monoclonal mouse antibody against
neurofilament 200 in 1% Triton X 100 and 5% goat serum in
PBS (1 : 200) for 48 h. Cochlear tissue was rinsed three times
in PBS for 15minwith agitation and incubated with 1%Triton
X 100 and 5% goat serum in PBS plus a secondary antibody
labeled with Alexa Fluor 555 (1 : 400) (goat anti-mouse IgG,
Invitrogen, A21426) for 1 h at room temperature to label SGNs
and their auditory nerve fibers. After rinsing with 0.1M PBS,
specimens were immersed in Alexa 488-labeled phalloidin
(1 : 200) (Sigma P1951) in PBS for 1 h to label the stereocilia
and cuticular plate of the HCs. Cochlear tissue was washed
three times in PBS and mounted on glass slides in glycerin.

To explore the apoptotic signals in HCs and SGNs, six
additional cochlear explants were cultured with ouabain at
a concentration of 50𝜇M or 500𝜇M for 24 h. Specimens
were evaluated using FITC-Annexin V (Biotium Inc.), which
can identify apoptotic cells by their green fluorescence by
binding to phosphatidylserine (PS) under conditions where
PS is translocated from the inner (cytoplasmic) leaflet of
the plasma membrane to the outer (cell surface) leaflet soon
after the induction of apoptosis. In brief, live specimens were
washed twice with 1× binding buffer and then incubated
for 30 min with 5% Annexin V in 1× binding buffer. After
Annexin V labeling, the specimens were fixed in 10% forma-
lin in 0.1M PBS for 2 h. After being rinsed with 0.1M PBS,
SGNs and auditory nerve fibers were routinely labeled with
Alexa Fluor 555-conjugated neurofilament 200 to identify the
neurons, while the cochlear HCs were routinely stained with
0.5% Texas Red-X phalloidin (Invitrogen T7471) in PBS for
1 h to separately label the stereocilia and cuticular plate of the
HCs. Samples were washed three times in PBS and mounted
in glycerin on glass slides.

Specimens were examined under a confocal microscope
(Zeiss LSM-510 meta, step size 0.5 𝜇m per slice) with appro-
priate filters to detect the red fluorescence of Alexa Fluor
555 (absorption 555 nm, emission 565 nm) or Texas Red-X
(excitation 591 nm, emission 608 nm), to detect the green flu-
orescence of Alexa 488 or FITC (excitation 495 nm, emission
519 nm).
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For sensory HCs quantifications, cochlear cultures whose
stereocilia and cuticular plate had been fluorescently labeled
were observed under a fluorescent microscope (Zeiss,
Axioskop) equipped with appropriate filters. The number of
missing cochlearHCs for each 0.24mm segmentwas counted
over the entire length of the organ of Corti from apex to
base, as described previously [36, 41, 42]. A cochleogram
was constructed to determine the percentage of inner hair
cells (IHCs) and outer hair cells (OHCs) as a function
of the percentage of the distance from the apex to the
base. Using custom cochleogram software and laboratory
norms from control rats, we plotted the average (𝑛 =
5/condition) percentage of HCs missing as a function of the
percentage of the distance from the apex of the cochlea for
each experimental group. Specimens were also photographed
with a confocal microscope (Bio-Rad MRC1024). Images
were processed with Zeiss LSM Image Examiner (Carl Zeiss
MicroImaging GmbH) and Adobe Photoshop (version 5.5),
as described previously [35, 37, 39–44].

To quantify the fragmented SGNs, the size of the SGNs in
each experimental condition was examined with a Confocal
LSM Image Examiner as described previously [42]. In brief,
multiple layers of confocal images at a magnification of ×630
were collected.

Multiple layers of the images were selected and merged
into a single layer such that the SGNs with the largest cross
sectional area were measured. To avoid repeated measure-
ments, the images were collected from different regions along
the entire length of Rosenthal’s canal in the modiolus, and
there was an interval of 20𝜇m between each merged layer. A
polygon was drawn around the perimeter of the cell body of
all distinguishable SGNs, and the Zeiss LSM Image Examiner
(version: 4,0,0,91) automatically calculated the enclosed area.
Intact SGNs and degenerating SGNs with associated frag-
mentation were distinguished and counted respectively in all
experimental groups (150 SGNs per group). All data were
evaluated for statistical significance with SigmaStat (version
3.5.0.54).

The same quantification for the positive FITC-Annexin V
labeling of SGNs was performed. Confocal images from three
cochleae that had been treated with 50 𝜇Mouabain and three
cochleae treated that had been treated with 500 𝜇M ouabain
were observed layer by layer (50 SGNs per cochlea, and a total
of 150 SGNs per condition). The positive and negative FITC-
Annexin V labeled SGNs were counted respectively. Data
of FITC-Annexin V positive SGNs were analyzed by one-
way ANOVA followed by Newman-Keuls post hoc analyses
(GraphPad Prism 5 software).

2.4. Quantitative RT-PCR Apoptosis-Focused Gene Arrays.
According to the results of our preliminary experiments,
ouabain-induced apoptotic signals were present only in the
HCs, and did not appear in cochlear supporting cells at the
early stage. To detect apoptosis-related genes in cochlear HCs
by PCR array, it was challenging to collect pure HCs since
they were most usually associated with cochlear supporting
cells. Considering that HCs only occupy a very small pro-
portion of the total cell population on the cochlear basilar

membrane, any changes in gene expression in HCs might
be concealed by those unchanged supporting cells present in
the whole cochlear basilar membrane when testing for gene
expression changes by PCR array. Therefore, the apoptosis-
related genes in HCs were not explored by PCR array in the
current study. By contrast, most cells in Rosenthal’s canal
are SGNs, which almost entirely expressed apoptotic signals
through Annexin V detection at the early stage after ouabain
treatment.Therefore, all of the SGNs in the entire Rosenthal’s
canal were carefully separated along the inner edge of the
basilar membrane for the Rat Apoptosis RT2 Profiler PCR
Array (SABiosciences, PARN-012A) detection in the current
study. The numbers of cultures for each condition were as
follows: 4 h, control (20), 2 h, 500𝜇M ouabain (20), and 4 h,
500𝜇M ouabain (20).

The isolated SGNs in Rosenthal’s canal were cul-
tured with/without ouabain to determine the expression of
apoptosis-related genes by qRT-PCR array that was designed
in 96 wells for the detection of 84 key apoptosis-related
genes. Sample preparation and determination of the RT-PCR
array were similar to those described in our previous studies
[42, 45]. In brief, after culture with/without ouabain, SGNs
were homogenized in buffer RLT. Total RNAwas isolated and
extracted using an RNA extraction kit (RNeasy Lipid Tissue
Mini Kit, QIAGEN 74804) according to the manufacturer’s
protocols. Each sample of purified tRNAwas diluted 1 : 100 in
RNase-free water and examined on a spectrophotometer to
test the purity and concentration of RNA used for synthesis
of first-strand complementary DNA (cDNA; RT2 First Strand
Kit, SABiosciences, C-03). The concentration of tRNA was
used to ensure a consistent quantity of tRNA (0.5𝜇g in this
experiment), which was used for cDNA synthesis across all
experimental conditions.

Expression of 84 apoptosis-related genes was evaluated in
control and ouabain-treated (500 𝜇M ouabain, 2 or 4 h dura-
tion) SGNs samples in a 96-well plate (including five house-
keeping and seven control genes) by the Rat Apoptosis RT2
Profiler PCR Array (SABiosciences, PARN-012A). Apoptosis
gene arrays were processed according to the manufacturer’s
instructions. RT2 Real-TimeTM SYBR Green/fluorescein
PCR Master Mix (included in the kit) was used to monitor
the fluorescent signal during each cycle of the PCR reaction.
The apoptosis arrays were evaluated on a MyiQ TM Single-
Color Real-Time PCR Detection System (BIO-RAD, Model
No. MyiQ TM Optical Module). Each PCR reaction started
with an initial denaturation cycle at 95∘C for 10min, followed
by 40 cycles consisting of 15 s at 95∘C for denaturation and
1min at 60∘C for annealing. Each experimental condition
was repeated three times. The threshold for calculating cycle
threshold (Ct) values was calculated automatically using
MyiQ software (version: 1.0.410). When comparing multiple
tests, a fixed threshold was assigned manually, as suggested
by the manufacturer. The relative expression of each of the
84 apoptosis-related genes was calculated using the ΔΔCt
method [46].

Ct values were transferred into Microsoft Excel
(Microsoft Office 2003) and analyzed with Web-Based PCR
Array Data Analysis tools: (http://www.sabiosciences.com/
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pcr/arrayanalysis.php, SABiosciences) to determine the fold
change and 𝑃 value of each gene. Those changes (𝑃 < 0.05,
≥2-fold change) were defined as biologically relevant changes
[42].

3. Results

3.1. Degeneration in the Cochlear HCs and Auditory Nerve
Fibers. The photomicrograph (Figure 1(a)) showed the
orderly arrangement of cochlear outer hair cells and inner
hair cells with green fluorescent labeling and auditory nerve
fibers with red fluorescent labeling. In addition, SGNs with
red fluorescence in a normal cochlear explant cultured for
72 h are shown. This data indicated that the sensory HCs
and auditory innervations had been regularly growing for at
least three days in the cochlear organotypic primary culture
system. Cochlear HCs were intact (Figure 1(b)), whereas the
density of auditory nerve fibers was greatly reduced 72 h after
50𝜇M ouabain treatment. Adding 500𝜇M of ouabain to the
culture medium for 72 h resulted in severe degeneration in
SGNs and auditory nerve fibers with massive loss of cochlear
HCs (Figure 1(c)). Increasing the ouabain dose to 1000𝜇M
destroyed all of the SGNs, auditory nerve fibers, and cochlear
HCs (Figure 1(d)).

3.2. Ouabain Dose-Response Effects and Cochlear HCs. The
cochlear HCs were treated with 50 𝜇M ouabain for 24 h and
48 h presented as normal appearance (Figures 2(a) and 2(b)).
However, 72 h after 50𝜇M ouabain treatment, about 20%
of the IHCs were missing in the basal turn, but all of the
OHCs were found to be intact (Figure 2(c)). Treatment with
500𝜇M ouabain for 24 h destroyed more than 50% of the
IHCs and 20% of the OHCs. The loss of HCs typically began
at the basal turn and migrated towards the apical turn of
the cochlea (Figure 2(d)). When the duration of the culture
was extended to 48 h, a dose of 500𝜇M ouabain destroyed
70% of the IHCs and 50% of the OHCs (Figure 2(e)).
Extending the duration of the culture to 72 h, treatment
with 500𝜇M ouabain destroyed 90% of the IHCs and 80%
of the OHCs (Figure 2(f)). Increasing the concentration of
ouabain to 1000𝜇M resulted in the destruction of more
than 80% of the IHCs and about 50% of the OHCs 24 h
after ouabain treatment (Figure 2(g)). By contrast, 90%–100%
of cochlear HCs were missing 48 h and 72 h after 1000 𝜇M
ouabain treatment, respectively (Figures 2(h) and 2(i)). The
graphic panels of cochleograms (Figure 2) clearly showed
that ouabain-induced destruction of cochlear HCs expanded
from the basal turn to the apical turn, and that destruction
of IHCs was more severe and occurred earlier than that seen
with OHCs.

3.3. Damage in the Soma of SGNs. Theprofile and the density
of SGNs were all within the normal range in normal control
cochleae from 24–72 h in standard culture conditions. By
contrast, extensive damage in SGNs was found at 48 h and
72 h after ouabain treatment, even with a low dose of ouabain
treatment at 50 𝜇M.

To adequately express the neurotoxic response in SGNs,
four images were chosen from 24 h cultures with/without

ouabain treatment (Figure 3). We found a normal soma of
SGNs and intact auditory nerve fibers that were cultured
in a standard culture medium without ouabain for 24 h
(Figure 3(a)). By contrast, Figure 3(b) showed that treatment
with 50 uM ouabain for 24 h induced pathological changes
that included cell condensation or fragmentation in many
SGNs. When the concentrations of ouabain increased to
500𝜇M or 1000𝜇M for 24 h in the cultures, most SGNs were
completely destroyed (Figures 3(c) and 3(d)).

After 50𝜇M ouabain treatment for 24, 48, and 72 h,
neuron size measurements showed that the number of
condensed SGNs was increased to 22% (Figure 3(f)), 43%,
and 86%, respectively. Treatment with 500𝜇M ouabain for
24, 48, and 72 h increased the number of condensed SGNs
to 67% (Figure 3(g)), 91%, and 100%, respectively. When
the concentration of ouabain increased to 1000𝜇M, 90%
of the SGNs were found to be condensed or fragmented
24 h after culture (Figure 3(h)), while nearly 100% of the
SGNs were fragmented at 48 h and 72 h after treatment
with 1000 𝜇M ouabain, respectively. Treatment with different
doses of ouabain for various periods caused a statistically
significant increase in SGN fragmentation relative to the
controls (as determined by One way ANOVA, Tukey post-
hoc test, 𝑃 < 0.01).

3.4. Apoptotic Signals in Cochlear HCs and SGNs. Consider-
ing that cell shrinkage and condensation were detected by
regular staining with neurofilament-200 immunolabeling in
ouabain-treated SGNs, we used FITC-Annexin V techniques
for the detection of apoptosis in cochlear HCs and SGNs.
At 24 h after 50 𝜇M ouabain treatment, the FITC-Annexin V
labeling was negative in the cochlear HCs, despite disarrayed
stereocilia on the HCs that were detected at this time
(Figure 4(a)). However, the positive apoptotic signals (green
fluorescence) were found in the condensed or fragmented
SGNs (Figure 4(b)) 24 h after 50𝜇M ouabain treatment. At
24 h after 500𝜇M ouabain treatment, despite all HCs being
present in the cochlea apical turn (Figure 2(d)), the F ITC-
Annexin V labeled membranes had significantly increased
in most HCs in the apical region and in some supporting
cells in the outer sulcus region (Figure 4(c)). Most SGNs
had greatly shrunk and showed obvious positive expression
of Annexin V 24 h after 500 𝜇M ouabain treatment (Fig-
ure 4(d)). By quantitative observations, 35 positive FITC-
Annexin V labeled SGNs were detected from 140 SGNs 24 h
after 50 𝜇M ouaba in treatment, and the positive labeling
was equivalent to 25% observed SGNs (Figure 4(e)). It is
worthwhile to note that when the concentration of ouabain
increased to 500𝜇M, 89 FITC-Annexin V positively labeled
SGNs were found in 137 SGNs 24 h after ouabain treatment,
an observation that equaled the 65% observed SGNs (see
Figure 5F). By statistical analysis, a significant increase in the
number of positively stained FITC-Annexin V labeled SGNs
was detected 24 h after 50𝜇M or 500𝜇M ouabain treatment
(One-way ANOVA, 𝐹 = 301.6, 𝑃 < 0.0001, and Newman-
Keuls post hoc analysis, 𝑃 < 0.05) as compared with normal
controls. There was also a significant difference between the
50𝜇Mouabain treated group and the 500𝜇Mouabain treated
group (Newman-Keuls post hoc analysis, 𝑃 < 0.05). The
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(a) (b)

(c) (d)

Figure 1: Organotypic cultures from themiddle cochleae 72 h after ouabain treatment.TheHCswere stainedwithAlexa Fluor 488-phalloidin.
Auditory nerve fibers and SGNs were labeled with an antibody directed against neurofilament 200 and an Alexa Fluor 555 conjugated
secondary antibody. (a) Cochlear organotypic culture from postnatal day 3 rat that was cultured for 72 h under normal conditions. (b) Rat
cochlear cultures treated with 50 𝜇M ouabain for 72 h. Note that all HCs were intact, whereas the density of the auditory nerve fibers was
greatly reduced as compared with the normal control in (a). (c) Cochlear explants were treated with 500𝜇M ouabain for 72 h. Many SGNs
and nerve fibers degenerated and significant percentage’s of HCs were missing. (d) Cochlear cultures treated with 1mM ouabain for 72 h
resulted in complete destruction of both SGNs and HCs in the cochlea (Fluorescence microscope ×200).

Annexin V positive response in cochlear HCs and SGNs
suggested that ouabain-induced cell destructionwas involved
in cell apoptosis. In addition, the apoptotic signals appeared
in the SGNs earlier than in the cochlear HCs.

3.5. Changes in the Expression of Apoptosis-Related Genes after
Ouabain Treatment. Using Rat Apoptosis RT2 ProfilerTM
PCR Array, SGNs treated with 500𝜇M ouabain for 2 h or 4 h
were assayed. At 2 h after ouabain treatment (Figure 5(a)), a
significant increase or decrease in gene expression was found
in 20 apoptosis-related genes (𝑃 < 0.05), while the remaining
64 genes were unaltered (𝑃 > 0.05). However, in the
samples treated with 500𝜇M ouabain for 4 h (Figure 5(b)),
expression in 35 genes was markedly changed (𝑃 < 0.05),
while the remaining 49 genes were unchanged (𝑃 > 0.05).
The significant changes in gene expression are listed in Tables
1 and 2, respectively. The new response genes found after
4 h of treatment with 500𝜇M ouabain suggested that more

apoptosis-related genes were activated after 2 h of 500𝜇M
ouabain treatment.

At 2 h after 500𝜇M ouabain treatment, expression in
6 genes (Bcl10, Bcl2a1d, Birc3, Prok2, Tnf, and Tnfrsf11b)
increased, but the expression in a further 14 genes (Bcl2,
Bcl2l1, Birc4, Bnip1, Bok, Card6, Casp2, Casp6, Casp9, Cradd,
Dffb, Fadd, Faim, and Tnfsf12) had decreased. In those altered
20 genes, 10 were anti-apoptotic genes or negative regulator
genes (Bcl10, Bcl2a1d, Birc3, Prok2, Tnf, Bcl2, Bcl2l1, Birc4,
Bnip1, and Faim), while the other 10 genes were pro-apoptotic
or positive regulator genes (Tnfrsf11b, Bok, Card 6, Casp2,
Casp6, Casp9, Cradd, Dffb, Fadd, and Tnfsf12).

The 20 genes described above could be classified
into the TNF-ligand or TNF-receptor family (Tnf, Tnfsf12,
Tnfrsf11b, Prok2, and Faim), Bcl-2 family (Bcl10, Bcl2, Bcl2a1d,
Bcl2l1, Bnip1, Bok), the Caspase family (Casp2, Casp6, and
Casp9), the IAP family (Birc4 and Birc3), the CARD family
(Bcl10, Birc3, Birc4, Card6, Casp2, Casp9, and Cradd), the
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Figure 2: Representative cochleograms that show the percentage of missing IHCs and OHCs following ouabain treatment. No evidence of
missing HCs was found ((a) and (b)). Panels (a) and (b) show the mean cochleograms (average of 𝑁 = 5) at 24 h and 48 h following 50 𝜇M
ouabain treatment, respectively. However, approximately 20% of IHCsweremissing at the basal turn of the cochlea (c), which shows themean
cochleogram at 72 h after treatment with 50 𝜇M ouabain. (d), (e), and (f) show the mean cochleograms at 24 h, 48 h, and 72 h after treatment
with 500 𝜇M ouabain, respectively. Note that the loss in HCs progresses from the base to the apex in a time-dependent manner. In addition,
loss in IHCs was greater than OHCs. (g), (h), and (i) represent the mean cochleograms at 24 h, 48 h, and 72 h after treatment with 1000 𝜇M
ouabain. At 24 h after 1000𝜇M ouabain treatment, approximately 85% of IHCs and 50% of OHCs were missing (g). When the culture period
was extended to 48 h, most IHCs and OHCs were no longer present, with the notable exception of the tip of the apex (h). Treatment with
1000𝜇M ouabain for 72 h destroyed 100% of HCs (i).

death-domain or death-effector-domain family (Cradd, Fadd,
Prok2, and Tnfrsf11b), CIDE-domain family (Dffb), and the
p53- and DNA-damage-induced apoptosis family of genes
(Bcl2, Bcl2a1d, Bcl2l1, Casp1, Casp2, Casp6, Casp9, Cradd,
Fadd, Faim, Prok2, and Tnf ), respectively. To summarize the
apoptotic pathways in the early-altered 20 genes 2 h after
ouabain treatment, we found that 25% of the genes were

directly involved in the TNF-ligand or TNF-receptor family,
30% belonged to the Bcl-2 family, 15% were members of
Caspase family, 10% were in the IAP family, 35% belonged to
CARD family, 20% were part of the death-domain or death-
effector-domain family, 5% were in the CIDE-domain family,
and 60% were related to p53- and DNA-damage-induced
apoptosis family of genes. The total percentage was over
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(a) 0𝜇M ouabain 24 h (b) 50𝜇M ouabain 24 h

(c) 500𝜇M ouabain 24 h (d) 1000𝜇M ouabain 24 h

100%

(e) 0𝜇M ouabain 24 h

78%

22%

(f) 50𝜇M ouabain 24 h

Intact nucleus in SGNs (%)
Shrunk nucleus in SGNs (%)

67%

33%

(g) 500𝜇M ouabain 24 h

10%

90%

Intact nucleus in SGNs (%)
Shrunk nucleus in SGNs (%)

(h) 1000𝜇M ouabain 24 h

Figure 3: Photomicrographs show SGNs at 24 h following ouabain treatment (0–1000𝜇M). (a) SGNs were cultured for 24 h in a standard
culture medium without ouabain. Note that SGNs and auditory nerve fibers were intact. (b) 50 𝜇M ouabain treatment for 24 h caused
condensation of the body in some SGNs. (c) 500𝜇M ouabain for 24 h resulted in soma condensation or fragmentation in most SGNs. (d)
All SGNs and auditory nerve fibers were destroyed 24 h after 1000 𝜇M ouabain treatment (fluorescence microscope magnification ×600).
Specimens were labeled with an antibody directed against neurofilament 200 and Alexa Fluor 555 conjugated secondary antibody (red). (e)
At 24 h after culturewith standardmediumwithout ouabain, all SGNswere intact. (f) At 24 h after 500 𝜇Mouabain, 22%SGNswere condensed
or shrunk. (g) At 24 h after 500 𝜇Mouabain, the percentage of degenerating SGNs with cell shrinkage was greatly increased with 67% showing
degeneration. (h) At 24 h after 1000𝜇M ouabain, 90% SGNs were present with morphological apoptotic features seen and characteristic cell
condensation, cell shrinkage, and/or nuclear/cellular fragmentation.
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(a) (b)

(c) (d)

25%

75%

Annexin V negative labeling in SGNs
24 h after-50𝜇M ouabain
Annexin V positive labeling in SGNs
24 h after-50𝜇M ouabain

(e)

65%

35%

Annexin V negative labeling in SGNs
24 h after-50𝜇M ouabain
Annexin V positive labeling in SGNs
24 h after-50𝜇M ouabain

(f)

Figure 4: Apoptotic labeling inHCs and SGNs after ouabain treatment in cochlear organotypic cultures. (a)There was no evidence of positive
Annexin V labeling in HCs 24 h after 50 𝜇M ouabain treatment, although the stereocilia were disarrayed on the HCs. (b) In the same culture
conditions as (a), apoptotic signals were detected in some SGNs (arrow). (c) Annexin V positive labeling was seen in HCs and the supporting
cells in the region of the lateral sulcus 24 h after 500 𝜇M ouabain treatment. (d) In the same culture conditions as (c), with 500 𝜇M ouabain,
most SGNs presented with positive Annexin V expression (arrows) showing apoptotic features (fluorescence microscope at a magnification
of ×600). (e) At 24 h after 50 𝜇M ouabain treatment, a quarter of the SGNs exhibited FITC-Annexin V positive labeling. (f) At 24 h after
500 𝜇M ouabain treatment, the FITC-Annexin V positive labeling of SGNs was increased to 65%.



BioMed Research International 9

Bcl10 Bcl2 Bcl2a1d

Birc3 Birc4 Bnip1

Bok Card6 Casp2 Casp6

Casp9 Cradd Dffb Fadd Faim

Prok2 Tnf Tnfrsf11b Tnfsf12 

Bcl2l1Bax

1 2 3 4 5 6 7 8 9 10 11 12

A

B

C

D

E

F

G

Magnitude of log2(fold change)
−2.549 0 2.549

(a)

Bcl10 Bcl2a1d

Birc3 Bnip1

Bok Card6 Casp2 Casp6

Casp9 Cradd Dapk-1 Dffb Fadd

Prok2 Tnf

Tnfsf12

Tnfrsf11b

Bad Bak1 Bax

Bid Bnip2

Casp1

Cflar Cidea Dffa

Ltbr Nfkb1 Nol3

Paycard Ripk2 Cd40 Fas

Tp53 Tp73l

1 2 3 4 5 6 7 8 9 10 11 12

A

B

C

D

E

F

G

−3.295 0 3.295
Magnitude of log2(fold change)

(b)

Figure 5: Visualization of rat apoptosis RT2 ProfilerTM PCR array following 500 𝜇Mouabain treatment. (a) 20 apoptosis-related genes were
upregulated (red) or downregulated (green) 2 h after 500𝜇M ouabain treatment. (b) 35 apoptosis-related genes were upregulated (red) or
downregulated (green) at 4 h after 500 𝜇M ouabain treatment. The number of significantly altered apoptosis-related genes rapidly increased
within 2 h.
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Table 1: Altered gene name, description, functional grouping, and fold change, with 𝑃 value, 2 h after 500 𝜇M ouabain treatment.

Gene Functional gene groupingnoitpircseD Fold change

Bok
Caspase recruitment domain CARD family

Cradd
DNA fragmentation factor, Caspase-activated
DNase CIDE domain family

Fadd

Faim alpha
Apoptosis-associated speck-like protein
containing a CARD

Tumor necrosis factor receptor superfamily
member 11b

member 12

member 10
TNF/TNFR/Death domian

TNF/TNFR family/p53 family

Tumor necrosis factor (ligand) superfamily, TNF/TNFR family

Tnf Tumor necrosis factor (ligand) superfamily,

P value

Bcl10 B-cell leukemia/lymphoma 2-related protein 
A1

Bcl-2 family/CARD family 3.91 0.0004

Bcl2 B-call leukemia/lymphoma 2 Bcl-2  family/p53 & DNA apoptosis −2.42 0.0007

Bcl2a1d B-call leukemia/lymphoma 2-related protein
A1

Bcl-2  family/p53 & DNA apoptosis 3.51 0.0121

Bcl2l11 BCL2-like 11 (apoptosis facilitator) Bcl-2 family/p53 & DNA apoptosis −2.22 0.0054
Birc3 Baculoviral  IAP  repeat-containing 3 IAP family/CARD family 5.18 0.0011
Birc4 Baculoviral  IAP  repeat-containing 4, Xiap IAP family/CARD/Caspase inhibitor  −2.3 0.0042

Bnip1 BCL2/adenovirus E1B 19kD interacting 
protein 1

Bcl-2 family −2.13 0.0012

BCL2-related ovarian killer protein Bcl-2 family −2.24 0.02584 
Card6 −2.31 0.018296
Casp2 Caspase 2 Caspase family/CARD/p53 family  

Caspase family/CARD/p53 family  
Caspase family/CARD/p53 family  

0.018688
Casp6 Caspase 6 −2.14 0.000266
Casp9 Caspase 9 −2.51 0.000874

CASP2 and RIPK1 domain Death domain/CARD/Caspase/p53  

Death domain family/CARD/p53 family  

−2.37 0.008963

Dffb −2.01 0.021673

Fas-associated via death domain −2.03 0.020777
Growth  arrest  and  DNA-damage-inducible 45 p53 family −2.69 0.04637

Prok2

Death  domain/p53 family  

2.01 0.00468

3.55 0.03372 

Tnfrsf11b 2.03 0.025371

Tnfsf12 −4.12 0.002591

Antiapoptotic genes were marked with italics in boldface, while proapoptotic genes were written in regular letters. Genes with red text were overexpressed,
whereas genes with blue text were down-regulation.

100%becausemany geneswere involved inmultiple apoptotic
pathways. For example, genes in the Tnf family were also
important apoptotic regulators in the p53-signaling pathway.
Casp6 was another example; it is a member of the Caspase
family but also plays an important role in the CARD and the
p53 families. Therefore, one altered gene may affect multiple
apoptotic pathways.

At 4 h after 500𝜇M ouabain treatment, expression in 15
genes was greatly upregulated (𝑃 < 0.05); these genes were
Bcl10, Bcl2a1d, Bid, Birc3, Bnip2, Cflar, Nfkb1, Prok2, Ripk2,
Tnf, Tnfrsf11b, Tnfrsf5 (CD40), Tnfrsf6 (Fas), Tp53, and Tp73l.
Another 20 genes were significantly downregulated (Bad,
Bak1, Bax, Bnip1, Bok, Card6, Casp1, Casp2, Casp6, Casp9,
Cidea, Cradd, Dapk-1, Dffa, Dffb, Fadd, Ltbr, Nol3, Pycard,
and Tnfsf12) (𝑃 < 0.05).

In those altered 35 genes, 17 genes were anti-apoptotic or
negative regulator genes (Bcl10, Bcl2a1d, Birc3, Bnip1, Bnip2,
Cflar, Cidea, Dapk-1, Nfkb1, Nol3, Prok2, Ripk2, Tnf, CD40,
Fas, Tp53, and Tp73l), and another 18 were pro-apoptotic or

positive regulators (Bid, Tnfrsf11b, Bad, Bak1, Bax, Bok, Card6,
Casp1, Casp2, Casp6, Casp9, Cradd, Dffa, Dffb, Fadd, Ltbr,
Pycard, and Tnfsf12).

These 35 genes can be classified into the TNF-ligand or
TNF-receptor family (Ltbr, Prok2, CD40, Fas, Dapk-1, Tnf,
Tnfsf12, and Tnfrsf11b), the Bcl-2 family (Bad, Bak1, Bax,
Bcl10, Bcl2a1d, Bid, Bnip1, Bnip2, and Bok), the Caspases
and its regulators family (Bax, Cflar, Casp1, Casp2, Casp6,
Casp9, Pycard, and Tp53), the IAP family (Birc3), CARD
family (Bcl10, Birc3, Card6, Casp1, Casp2, Casp9, Cradd, Nol3,
Pycard, and Ripk2), death-domain or death-effector domain-
family (Cflar, Cradd, Dapk1, Fadd, Nfkb1, Pycard, Tnfrsf11b,
CD40, andFas), CIDE-domain family (Cidea,Dffa, andDffb),
and p53 and DNA-damage-induced apoptosis family (Bad,
Bax, Bid, Casp6, Casp9, Cradd, Fadd, Nfkb1, Prok2, Pycard,
Tnf, Tp53, and Tp731), respectively.

In the collected data from the above 35 altered apoptosis-
related genes following 4 h treatment with ouabain, 20% of
the genes were in the TNF-ligand or TNF-receptor family,
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Table 2: Altered gene name, description, functional grouping, and fold change, with 𝑃 value, 4 h after 500 𝜇M ouabain treatment.

Gene Functional gene groupingnoitpircseD Foldchanges
Bad

Bax

Bid

Bok −2.14
−2.01
−2.05

−2.02
−2.33

regulator Death/death domain family

Cell death activator CIDE-A −2.36

domain

(predicted) Death domain family/TNF −2.11

DNA fragmentation factor,alpha
subunit CIDE domain family −2.06

DNA fragmentation factor, bata
polypeptide (caspase-activated Dnase) CIDE domain family −2.18

domain −2.14

Tumornecrosis factor
receptor/Lymphotoxin Breceptor TNF/TNFR family

Nuclear factor of kappa light polypeptide

Apoptosis-associated speck-like protein
containinga CARD
Receptor-(TNFRSF-) interacting Card family

Tumornecrosis factor superfamily,

Tumornecrosis factor receptor, member TNFreceptor/death domain family

Tumornecrosis factor (ligand) TNF/TNFR/death/caspase

Tumornecrosis factor (ligand) TNF/TNFR/death/caspase

Tumornecrosis factor (ligand) TNF/TNFR family −2.77

BaM1

Bcl10

Bcl2a1

Birc3

Bnipl

Bnip2

Card6
Caspl
Casp2
Casp6
Casp9

Cflar

Cidea

Cradd

Dapk1

Dffa

Dffb

Fadd

Ltbr

Nfkbl

Nol3
Prok2

Pycard

Ripk2

Tnf

Tnfrsf11b 

Tnfrsf5 (CD40) 

Tnfrsf6 (Fas)

Tnfsf12

Tp53
Tp73l

BCL2-associated death promoter 
BCL2-antagonist/killer 1 
BCL2-asociated X protein 
B-cell leukemia/lymphoma 2 related
protein A1
BCL2-related protein A1
BH3 interating domain death agonist 
Inhibitor of apoptosis protein 1
BCL2/adenovirus E1B 19kDa interacting
protein 1
BCL2/adenovirus E1B 19kDa interacting
protein 2
Bcl2-related ovarian killer protein
Caspase recruitment domain, member 6
Caspase 1
Caspase 2
Caspase 6
Caspase 9
CASP8 and PADD-like apoptosis

CASP2 and RIPK1 adaptor with death

Death associated protein kinase 1

Fas (TNFRSF6)-associated via death 

gene enhancer in B-cells 1
Nucleolar protein 3
Prokineticin 2 precursor

serine-threonine kinase 2

member 2

11b (osteoprotegerin)

superfamily, member 5 

superfamily, member 6

superfamily member 12 
Tumor protein 53
Tumor protein p73-like

Bcl-2 family/CARD family

Bcl-2 family/p53 pathway

Bcl-2 family/p53 pathway/caspase
Bcl-2 family

Bcl-2 family/p53 pathway 
LAP family/CARD family 

Bcl-2 family

Bcl-2 family

Bcl-2 family

Bcl-2 family

Caspase family/Card family/p53 
Caspase family/Card family/p53 

Caspase/p53/Card family 
Caspase/p53-induced apoptosis

Caspase family/Card family

Death domain/Card/p53 family

Death domain family/p53 pathway 

Death domain family/p53 pathway 

TNF/TNFR/death domain/p53

Death/Card//p53/caspase 

Card family

TNF/p53 pathway

Caspase activator/p53 family 
p53 family

0.004054
0.001164
0.036975

0.000288

0.01672
0.023942
0.000749

0.002461

0.006679

0.006489
0.013424
0.009278
0.005392
0.000489
0.000051

0.007469

0.006102

0.000299

0.04981

0.032176

0.000478

0.020221

0.028001

0.00983

0.009845
0.002482

0.03962

0.000102

0.004432

0.003831

0.017314

0.002976

0.000424

0.011789
0.00183

P value

 4.23

2.19

−2.11

2.08

2.15

−2.18

−3.94

2.89

−2.21

−2.76
−2.06
−2.01

2.56
2.87

−2.11

−3.01

2.59

 2.35

5.36

3.29

3.33

2.42

3.56

4.19

CIDE domain family

Antiapoptotic genes were marked with italics in boldface, while proapoptotic genes were written in regular letters. Genes with red text were overexpressed,
whereas genes with blue text were downregulation.
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26% of the genes belonged to the Bcl-2 family, 16% were
members of the Caspase family, 3% were in the IAP family,
26% belonged to the CARD family, 29% were part of the
death-domain or death-effector-domain family, 6% were in
the CIDE-domain family, and 43% were related to the p53-
and DNA-damage-induced apoptosis family of genes. As
described previously, the total percentage involving various
apoptotic pathways exceeded 100% due to many genes being
involved in multiple apoptotic pathways.

The major pathways induced by 500 𝜇M ouabain treat-
ment were displayed in a cartoon illustration (see Figure 6).
This suggested that ouabain-induced apoptotic signaling
might have initiated both extrinsic and intrinsic stimulated
pathways and finally converged to the p53-signaling pathway.

4. Discussion

Ouabain has served as a common tool in many previous
investigations to explore the physiological and pathological
changes in the cochlea in adult mammals in vivo [4, 27, 29,
30, 33]. However, ototoxic effects of ouabain in vivo vary
according to the different kinds of mammalian species under
study. In order to explain these different ototoxic effects of
ouabain in vivo, further studies were warranted.

The observations from the current study provide the first
evidence of the ototoxic effects of ouabain in vitro. Our
microscopic observations revealed a sequence of ouabain-
induced pathology in the cochlea that started with prior
degeneration in SGNs and auditory nerve fibers 72 h fol-
lowing lowdose (50 𝜇M) ouabain treatment, while most
cochlear HCs were intact. This may have indicated that
the toxic effects of ouabain occurred earlier in peripheral
auditory neurons than in the cochlear sensoryHCs.However,
when the concentration of ouabain was increased to 500𝜇M
or 1000 𝜇M, most cochlear HCs were also destroyed. This
suggested that ouabain was also very toxic to cochlear HCs
in vitro when its concentration was extremely high.

Thus, our findings suggested that SGNs in postnatal day 3,
rats were more vulnerable to ouabain than the cochlear HCs
in culture conditions. To pursue the probable causes, it should
be noted that theNa+/K+-ATPase𝛼 and𝛽 subunit isoforms (𝛼
subunit 𝛼1, 𝛼3, and 𝛽 subunit 𝛽1, 𝛽2) were strongly expressed
in SGNs in newborn rats but were absent in cochlear HCs
after birth.The expression ofNa+/K+-ATPase𝛼 and𝛽 subunit
isoforms initially appeared in the cochlear HCs and usually
does so seven days after birth and reaches normal levels
around postnatal day 21 [14, 17]. Moreover, the Na+/K+-
ATPase 𝛼3 subunit was most sensitive to ouabain that was
strongly expressed only in SGNs, especially during the period
immediately after birth in the rat [47]. Therefore, this might
represent one possible approach to induce the susceptibility
of SGNs in response to injury by ouabain at postnatal day 3
in cochlear organotypic cultures.

Ouabain-induced degeneration of cochlear HCs occurs
in a dose- and time-dependent manner, exhibiting a stereo-
typic pattern of damage that begins at the base of the cochlea
and progresses toward the apex. The destruction of gradient
HCs was consistent with other ototoxic reagents, such as

that provided by gentamicin. Gentamicin generally damaged
the cochlear OHCs [48]. However, ouabain preferentially
targets the cochlear IHCs in culture conditions. This kind of
damage pattern was similar to the ototoxic effects of dimethyl
sulphoxide andmanganese, in which damage to the IHCswas
more prominent than OHCs lesions in vitro [41].

Considering that IHCs only connect with type I SGNs,
whereas type I SGNs are themajor target of ouabain in gerbil,
mouse, and rat [27–29, 33], the susceptible and missing IHCs
suggests that ouabain selectively affects the type I auditory
nervous system in the cochlea including type I SGNs and
their innervated IHCs. Based on the first finding in the
current study, we can only suggest the involvement of this
potential phenomenon, and we can only suggest further
explanations for the specificmechanisms in the present paper.

Prior studies have shown that an extremely low dose of
ouabain may protect SGNs from apoptosis when a concen-
tration of ouabain as low as 10 nM is applied [49, 50]. In
the current study, the lowest dose of ouabain that we used
was 50𝜇M, which was 5000 times higher than 10 nM. This
concentration of ouabain clearly led to apoptosis in SGNs.
The Annexin V positive labeling in SGNs and cochlear HCs
revealed that ouabain-induced destruction in both SGNs and
cochlear HCs were specifically related to or characterized
by apoptosis. These findings are consistent with previous
findings that ouabain induces apoptosis in SGNs in vivo [27,
29]. When the cochlear explants were treated with ouabain at
a concentration of 500𝜇M for 24 h, many HCs at the apex
remained viable yet displayed intense Annexin V labeling.
This indicated that the surviving HCs were already in the
initial phases or the process of programmed cell death and
doomed to perish soon after by apoptosis.

To investigate the apoptotic mechanisms involved in
ouabain-induced cellular apoptosis, a quantitative RT-PCR
apoptosis-focused gene array (84 apoptosis-related genes)
was used to assess changes in apoptosis-related gene expres-
sion in SGNs treated with 500𝜇M ouabain. For gene array
testing in the present study, the cochlear explants were
harvested at 2 h or 4 h after ouabain treatment and before
cell destruction. The purpose for the two designed schedules
was conside red so that attempts could be made to determine
the earliest responding genes, which may have been closely
related to the initial apoptotic response.

In present study, we only detected gene expression by
apoptosis-focused PCR array in SGNs but did not conduct
the same test in cochlear HCs. The reason lies in the fact
that most cells in Rosenthal’s canal are SGNs at the early
stage without too much interaction from other cell types.
In addition, many apoptotic signals are early expressed in
most SGNs, so that it is relatively uncomplicated to detect
changes in apoptosis-related genes from the relatively pure
neurons. By contrast, there are various cell types on cochlear
basilar membrane, and the percentages of cochlear HCs are
less than 10% of all cell types on cochlear basilar membrane.
Moreover, apoptotic signals were preferentially expressed in
cochlear HCs after ouabain treatment, whereas apoptotic
signals did not appear in most supporting cells. To avoid
the unresponsive background from most supporting cells,
the gene array was not applied to the tissue of cochlear
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Figure 6: Major apoptotic pathways in SGNs induced by oubain treatment. Genes that respond to intrinsic stimulation are believed to
be involved in the mitochondrial pathway, and two major factors appear to be important, namely cytochrome C and apoptosis inducing
factor (AIF). The pathway began with Caspase-9 activation, which was followed by executioner Caspases that resulted in proteolytic activity
and nuclear damage (DNA fragmentation). The extrinsic pathway-responding genes were triggered first by cell-surface occupation of
receptors belonging to the TNF/TNF R superfamily, which activate Fas causing the recruitment of Fas-associated protein with death domain
(FADD).Then, Caspase-8 cleaves other pro-Caspases, which effectively initiates a Caspase cascade that ultimately drives apoptosis. Caspase-
8 activation can also activate Bak, Bid, and Bax, which enhance mitochondrial damage and promote leakage of cytochrome C. Since many
groups of genes are involved in the intrinsic and extrinsic pathways, many of which belong to the p53 superfamily, it was inevitable that the
p53 signaling pathway was involved in ouabain-induced apoptosis.

basilar membrane due to its inconsistent response from
miscellaneous cell types.

At 2 h after ouabain treatment, 20 apoptosis-related genes
were significantly changed and were either upregulated or
downregulated, while the remaining 64 genes remained
unaltered. By contrast, the number of altered genes increased
to 35 at 4 h after 500𝜇M ouabain treatment. This might
indicate that the rapid changes in gene expression were in
response to the release of apoptotic signals from SGNs by
ouabain injury. In addition, the rapid increase of responding
genes from 2 h to 4 h after ouabain treatment might suggest
that a greater interaction was triggered, which provoked a
chain reaction from more apoptosis-related genes following
ouabain treatment. For example, 2 h after 500𝜇M ouabain
treatment, only one proapoptotic gene, Bok, which is a
member of the Bcl-2 family, was altered. By contrast, 4 h
after 500 𝜇Mouabain treatment, the number of pro-apoptotic
genes in the Bcl-2 family increased to five. Whatever the

up-regulation or down-regulation events, changes in gene
expression can always be considered as evidence of the cell
responding to apoptotic stimuli.

No matter how different the quantity of altered genes
between 2 h and 4 h after ouabain exposure is, the altered
genes in SGNs were involved in the following apoptotic
families: TNF-ligand or TNF-receptor family, Bcl-2 family,
Caspase family, IAP family, CARD family, death-domain
or death-effector-domain family, CIDE-domain family, and
p53- and DNA-damage-induced apoptosis. Despite the over-
lap in gene expression between 2 h and 4 h after ouabain, the
new altered genes in specimens 4 h after ouabain treatment
can be considered as apoptotic response. However, the altered
genes at 2 h after ouabain were the earliest responding genes
that might approximate the actual factors in the initial
mechanisms of the onset of apoptosis.

We synthesized the relevant data to determine the major
apoptotic pathways in ouabain-induced apoptosis, especially
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in those apoptotic pathways with a high percentage of altered
genes. Based on our observations, 25% of the altered genes
were members of the TNF family 2 h after 500 𝜇M ouabain
treatment. Considering that the tumor necrosis factor (TNF)
ligands or receptors are located on the cell membrane, the
gene changes in the TNF family are believed to be related
to membranous damage and to extrinsic attack or intrinsic
injury [49, 51–53]. The TNF family can also trigger multiple
signaling pathways, such as activation of a Caspase cascade
that might indirectly shift the balance in the Bcl2 family and
activate the p53 family [49, 54, 55].

In those altered genes 2 h after 500𝜇Mouabain exposure,
30% were members of the Bcl-2 family. Since Bcl-2 is a
family that governs mitochondrial outer membrane perme-
abilization, changes in the Bcl-2 family are usually considered
in relation to mitochondrial damage. Caspase-9-mediated
killing is initiated only throughmitochondrial damage,which
leads to the release of cytochrome C into the cytosol [11, 36,
43, 56–62]. We found significant changes in gene expression
ofCasp9.The decreased gene expression inCasp9may reflect
a tentative response from Casp9 by ouabain, but upregulated
antiapoptotic genes, such as Birc3 in the IAP family, might
also suppress it, and Birc2 is an antiapoptotic gene that
specifically blocks cytochrome C release [62]. Further, many
genes in the Bcl-2 family are also crucial members of the p53
signaling pathway.Therefore, as a prognostic indicator of p53
activity, Bcl-2 is thought to interact with the p53 family [63–
66].

Furthermore, 35% of the total altered genes 2 h after
500𝜇M ouabain treatment were CARD members. The full
name of the CARD family is Caspase recruitment domain
family. As the name suggests, the altered genes in the CARD
family are related to the Caspase family and have a partial
bearing on the p53 family.

Moreover, 60% of the total changed genes 2 h after
ouabain were involved in the p53 pathway, which reached
the maximum percentage of total altered genes. This result
was consistent with previous studies that showed that the
p53 pathway was part of an important process of apoptotic
execution in ouabain-induced apoptosis [66–68]. In addition,
many members of the Bcl-2 family, TNF family, CARD
family, Caspase family, IAP family, and death-domain family
are also important regulators for the governance of the p53
family [54, 63, 69, 70]. Considering that the p53 pathway and
its complex can be stimulated by a wide variety of signals
in response to cellular stress, the genes in the p53 family are
considered to execute ouabain-induced apoptosis in SGNs.

In summary, ouabain-induced damage to SGNs and
cochlear HCs occurred in a dose- and time-dependent
manner, whereas the damage in SGNs occurred earlier
and more severe than that in cochlear HCs. A feature of
cochlear HC lesions induced by ouabain treatment was a
gradient progression from base to apex. Interestingly, the
IHCs were more susceptible to ouabain toxicity than OHCs,
which was characterized by cochleograms. The pattern of
ouabain-induced cell death in both SGNs and the HCs was
apoptosis and was confirmed by Annexin V labeling. The
data of quantitative RT-PCR apoptosis-focused gene array
showed that multiple pathways and some of the altered genes

were pro-apoptotic, and some were antiapoptotic. However,
irrespective of their effect, the changes in those responding
genes generally suggested that the cells were responding to
the stimuli of specific apoptotic signals. In accordance with
the large percentage of responding genes at an early stage,
TNF, Bcl-2, death domain, and p53 families, TNF, and Bcl-
2 were believed to occur in response to extrinsic stimuli from
membranous damage and intrinsic stimuli from mitochon-
drial damage, which initiated the death receptor-mediated
signaling pathway and apoptotic mitochondrial pathway,
respectively. However, the apoptotic signaling release from
both extrinsic and intrinsic attacks then evoked a wide net-
work of response signaling and in multiple genes. This broad
array of response signaling triggered the p53-dependent
pathway to execute and complete cellular apoptosis.
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