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ABSTRACT

Gentamicin is well known to promote hair cell death
in inner ear, but it also appears to activate opposing
pathways that promote hair cell survival. In combina-
tion with others, our previous work has indicated that
a K-Ras/Rac/JNK pathway is important for hair cell
death and an H-Ras/Raf/MEK/Erk pathway is in-
volved in promoting hair cell survival (Battaglia et al.,
Neuroscience 122(4):1025-1035, 2003). However,
these data also suggested that a Ras-independent
survival pathway for activation of MEK might be
stimulated by gentamicin. To investigate alternatives
to the Ras/Raf/MEK/Erk pathway in promoting hair
cell survival, cochlear explants were exposed to
gentamicin combined with several inhibitors of alter-
native pathways (LY294002, calphostin C, SH-6,
U73122). When exposed to gentamicin with the
PI3K inhibitor LY294002 (10, 50 pM), the protein
kinase C (PKC) inhibitor calphostin C (50, 100 nM) or
the PKB/Akt inhibitor SH-6 (5, 10 uM), hair cell
damage was significantly increased compared to
gentamicin alone. By Western blotting, strong PKB/
Akt activation was observed in the organ of Corti
following exposure to 50 pM gentamicin for 6 h. In

Correspondence to: Allen F. Ryan * ENT-0666 + UCSD School of
Medicine * 9500 Gilman Drive, La Jolla, CA 92093-0666, USA.
Telephone: +1-858-5344594; fax: +1-858-5345319; email: afryan@
ucsd.edu

addition, PKC activation by 12-O-tetradecanoylphor-
bol-13-acetate protected outer hair cells from genta-
micin induced cell death. In contrast, the
phospholipase C-y (PLCy) inhibitor U73122 (2, 5
uM) did not affect hair cell damage when combined
with gentamicin. Also, phosphorylation of PLCy was
not increased in the organ of Corti following
gentamicin treatment, as evaluated by Western blot.
The results indicate that PI3K promotes hair cell
survival via its downstream targets, PKC and PKB/
Akt. This suggests that both Ras-dependent and Ras-
independent survival pathways are involved during
gentamicin exposure. In contrast, PLCy activation of
PKC does not appear to play a role.

Keywords: gentamicin, hair cell, ototoxicity, PI3K,
PKC, PKB, Akt, PLCy

INTRODUCTION

Gentamicin is well known to induce hearing loss and
balance disturbance due to the ototoxic destruction
of hair cells. Hair cell death due to gentamicin is
thought to occur via a mixture of apoptosis and
necrosis (Forge and Li 2000). The upstream events
that lead to cell death are less clear. Recently,
aminoglycosides have been reported to activate
c-Jun-N-terminal kinase (JNK), and hair cell loss was
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prevented by the application of JNK inhibitors
(Pirvola et al. 2000; Bodmer et al. 2002b; Ylikoski
et al. 2002). Other recent evidence suggests that the
intracellular signals leading to JNK activation in hair
cells include the small G proteins Ras and Rac/cdc42
(Bodmer et al. 2002a). In particular, K-Ras may
activate the pathway leading to JNK phosphorylation
(Battaglia et al. 2003). Other pathways that promote
cell death in ototoxicity have also been identified
(e.g., Wu et al. 2002; McFadden et al. 2003).

In addition to pathways that promote hair cell
death, gentamicin exposure also appears to activate
opposing pathways that promote hair cell survival
(Battaglia et al. 2003). This observation is consistent
with current concepts of apoptosis regulation in cells,
according to which cells are thought to exist in a
finely tuned balance between survival and cell death
(Raff 1992; Boatright and Salvesen 2003). Exposure
of cells to stress disrupts this balance, and can activate
opposing survival- and death-promoting pathways. If
the stress is severe, apoptosis-promoting pathways
tend to predominate and cell death results. This
scheme suggests that intervention in apoptosis-
promoting pathways might prevent cell death, where-
as intervention in survival-promoting pathways would
enhance cell death.

We recently obtained evidence that activation of
different isoforms of Ras may promote opposing out-
comes in gentamicin-induced hair cell death in vitro.
Treatment with low concentrations of the Ras inhib-
itor, FTI-277, sufficient to block the activation of H-
Ras, enhanced gentamicin-induced hair cell death,
whereas concentrations that were high enough to
block K-Ras protected hair cells (Battaglia et al. 2003).
This observation is consistent with the activation of
two signal transduction pathways in hair cells: an H-
Ras/Raf/MEK/Erk pathway promoting hair cell sur-
vival, and a K-Ras/Rac/JNK pathway leading to hair
cell death. However, we also observed that the MEK
inhibitor UO126 produced much stronger promotion
of hair cell death than low-dose FTI-277. This
suggested that a Ras-independent survival pathway
for activation of MEK might be stimulated by genta-
micin. One possibility for the alternative activation of
MEK is phosphatidylinositol (PI) signaling.

Protein phosphorylation plays very important roles
in various cellular physiologies. Protein kinase activity
including protein kinase C has been demonstrated in
normal organ of Corti (Coling and Schacht 1991).
Also, aminoglycoside ototoxicity was shown to inter-
act with PI metabolism (Schacht et al. 1977). Schacht
and colleagues observed PI cascade abnormalities in
hair cells during gentamicin ototoxicity, and further
observed that aminoglycosides bind preferentially to

phosphatidylinositol 4,5-biphosphate (PIP2). They
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also provided evidence that reactive oxygen species
(ROS), products of oxygen metabolism by amino-
glycosides, are responsible for their hair cell toxicity
(Williams et al. 1987; Huang and Schacht 1990;
Crann et al. 1992; Wu et al. 2002), and suggested
that PI serves as an electron donor for ROS formation.
PI'may also participate in other ways, because in various
tissues membrane inositol phospholipids are second
messengers that serve as important components of
signal transduction pathways (Nishizuka 1986).

PI signal transduction pathways include phospho-
lipase C-y (PLCy), phosphatidylinositol 3-kinase
(PI3K) and protein kinase C (PKC). PKC is a lipid
activated serine/threonine kinase and has been
known to have both antiapoptotic and proapoptotic
functions depending on its isoforms (Webb et al.
2000; Bright and Mochly-Rosen 2005). Certain PKC
isoforms can promote cell survival by directly phos-
phorylating Raf-1 without Ras activation and leading
to activate Raf/MEK/Erk pathways (Kolch et al. 1993;
Huang et al. 1995; McCubrey et al. 2000; Oliva et al.
2005). PKC isoforms can be activated by either PLCy
or PI3K. For example, PLCy can be activated by the
phosphorylation of tyrosine residues upon occupa-
tion of cell surface receptors by growth factors. The
activated PLCy catalyzes the hydrolysis of PIP2 to
generate diacylglycerol and inositol triphosphate
(IP3). The former activates PKC isoforms and the
latter stimulates the release of Ca®" from internal
stores (Nishizuka 1986; Oliva et al. 2005). The PI3K
pathway is a well-known signal pathway activated by
cellular stress (Cantley 2002; Franke et al. 2003).
PI3K catalyzes phosphorylation of PI at the 3
position of the inositol ring to convert the plasma
membrane lipid PIP2 into phosphatidylinositol 3,4,5-
trisphosphate (PIP3). This molecule recruits protein
kinase B (PKB, also called Akt) and phosphoinosi-
tide-dependent kinase 1 (PDK-1). PDK-1 phosphor-
ylates and activates PKC isoforms (Huang et al. 1995;
Balendran et al. 2000; Webb et al. 2000; Cantley 2002;
Kuemmerle 2003; Bright and Mochly-Rosen 2005).
Protein kinase B (Akt) is the common downstream
target of PI3K. PDK-1 also phosphorylates and
activates PKB/Akt, which is known to have several
potential antiapoptotic functions including phos-
phorylation of Bad (Wang et al. 1998; Khwaja 1999;
Song et al. 2005; Barthel and Klotz 2005). A
schematic illustration of PI3K signaling is presented
in Figure 8.

In the current study, we investigated alternatives to
the Ras/Raf/MEK/Erk pathway in promoting hair
cell survival when exposed to gentamicin. We present
evidence that PI3K is involved in a hair cell survival
pathway activated by gentamicin in vitro, but that
PLCy is not. Our data also indicate that the PI3K
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downstream targets PKB/Akt and PKC promote hair
cell survival.

MATERIALS AND METHODS
Cochlear explant culture

Explants of sensory epithelia were isolated from the
basal turn of p5 Sprague-Dawley rat cochleas.
Explants were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) with 10% fetal bovine
serum (FBS) and 30 U/ml penicillin, to which HEPES
buffer had been added to a concentration of 25 mM.
Culture wells containing 500 ul of medium in each
were maintained in an incubator at 37°C with 5% CO»
and 95% humidity.

For the gentamicin-alone condition, explants were
maintained in the initial medium for 12-24 h, during
which period they attached to the culture surface,
and then exposed to medium containing 35 or 50
puM, depending on the batch, of gentamicin (Sigma)
for 48 h. Gentamicin dose was adjusted to provide
partial destruction of outer hair cells over two days.
Primarily due to batch differences, and perhaps due
to differences in rat litters, the degree of outer hair
cell damage varied even with a single dose of
gentamicin. Thus outer hair cell losses due to genta-
micin alone varied around an average of 50%. For this
reason, a gentamicin-alone condition was included in
each study performed, and was used as the control for
that study. For inhibitor studies, cultures were first
maintained overnight (12-24 h) with a medium
containing the test inhibitors. They were then chal-
lenged with medium containing 35 or 50 uM genta-
micin plus the test inhibitors for an additional 48 h. In
addition, to evaluate the toxicity of inhibitor, explants
were maintained for 72 h in medium containing
inhibitor alone at the maximal concentration we used.
After treatment, the explants were fixed and evaluat-
ed. The doses of test inhibitors employed were based
on published 50% inhibitory concentrations (IC5() in
other whole-cell systems, so that the highest level
used exceeded the IC5y. The PKC inhibitor calphos-
tin C (100, 50, 10 nM) (Sigma), the PI3K inhibitor LY
294002 (50, 10 uM) (Sigma), the PKB/Akt inhibitor
SH-6 (10, 5 uM) (A.G. Scientific), and the PLCy
inhibitor U73122 (5, 2 pM) (Sigma) were used. To
activate PKC, explants were exposed to 12-O-tetrade-
canoylphorbol-13-acetate (TPA; Sigma; 1, 10, 20, or
50 nM) overnight prior to, and simultaneously with,
35 uM gentamicin exposure. For each condition, a
minimum of six separate explants was used. All
explants from an individual experimental day, typical-
ly 36-48 explants from 18 to 24 rat pups, were
randomly distributed across conditions.
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Evaluation and data analysis of inhibitor study

The explants were fixed with 4% paraformaldehyde
for 30 min at room temperature, then treated with
blocking solution containing 10% FBS and 5%
Triton X-100 in phosphate-buffered saline (PBS).
The explants were stained with a conjugated phalloi-
din-rhodamine probe in PBS for 60 min at room
temperature. They were washed with PBS twice and
visualized by fluorescence microscopy. Phalloidin—-
rhodamine stains the F-actin of the stereocilia and
cuticular plate of viable hair cells. To assess the
suitability of this method, some gentamicin-treated
explants were double-labeled with phalloidin and an
antimyosin VIIA antibody. We observed excellent
agreement between the two methods, indicating that
we were not failing to detect hair cells with the
phalloidin assay.

Hair cells were regarded as missing if no stereo-
cilia or cuticular plate was observed in the appropri-
ate location. Quantitative analysis was obtained by
evaluating 30 outer hair cells associated with 10 inner
hair cells in a given microscope field. Four micro-
scope fields were counted for each explant, and these
were averaged to obtain a value for that explant.

Statistical analysis was performed to compare hair
cell number after treatment with gentamicin and
with different inhibitors or TPA by using analysis of
variance (ANOVA) followed by the least significant
difference (LSD) post-hoc test with correction for
repeated measures (Stat View 5.0). Differences asso-
ciated with Pvalues of less than 0.05 were considered
to be statistically significant. All data are presented as
mean +SD.

Western blotting

Antibodies against the active form of signaling
molecules were used to verify the activity state of
signaling proteins following ototoxic exposure. Gen-
tamicin-treated and normal control organ of Corti
samples were used for Western blotting. Each sample
consisted of the basal turn sensory epithelium from
20 pb rat cochleas to obtain sufficient protein.
Explants were exposed to 50 pM gentamicin for 6 h.
Explants were collected from media, washed with ice-
cold PBS, spun down (2000 rpm for 5 min) and lysed
with 100 pl sodium dodecyl sulfate (SDS) phospha-
tase inactivation buffer (50 mM Tris, pH 6.8, 10%
glycerol, 2% SDS, 0.005% bromophenol blue, 100
mM dithiothreitol, 1 mM sodium fluoride, 1 mM
sodium orthovanadate, 1 mM leupeptin, 1 mM
PMSF), boiled for 10 min to denature proteins and
sonicated for 15 min to shear chromosomal DNA.
Equal volumes (30 pl) of these lysates were separated
by SDS-polyacrylamide gel electrophoresis (PAGE)
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on 7.5% gels, and electrotransferred to polyvinyli-
dene difluoride (PVDF) membranes (Immobilon-P;
Millipore, Bedford, MA, USA). The membranes were
blocked with 5% nonfat dried milk in TBS-Tween
[560 mM Tris-HCL (pH 7.4), 150 mM NaCl, 0.1%
Tween 20] for 60 min at room temperature. Blots
were incubated with primary antibodies in blocking
buffer overnight at 4°C and then incubated with
horseradish peroxidase-linked secondary antibodies
followed by chemiluminescent detection. Antiphos-
pho-AKT and antiphospho-PLCy antibodies (Cell
Signaling) were used at a dilution of 1:1000. To verify
protein loading, the PVDF membranes were immedi-
ately stripped by placing the membrane in stripping
buffer (0.5 M NaCl and 0.5 M acetic acid) for 30 min at
room temperature. The membrane was then washed
once for 10 min in TBS-Tween, reblocked, and
blotted with antibodies to an internal control protein
ERKI (total ERK, Cell Signaling). The intensities of
the bands corresponding to phospho-AKT, phospho-
PLCy were quantified by using an EDAS290 gel
documentation system (Kodak, Rochester, NY, USA)
with an Agfa Arcus II scanner. Band intensity for the
phosphoproteins was corrected for intensity of our
internal control signaling protein (total ERK) and
then expressed as the percentage increase, compared
with the nontreatment tissue. Each assay was per-
formed three times. Antibody against phospho-PKC
(Cell Signaling) was also employed but did not
produce asignal in repeated attempts. Ratio data were
analyzed using the Mann-Whitney nonparametric
statistical test.

RESULTS
In vitro toxicity of gentamicin

Phalloidin-rhodamine stained normal control
explants showed well-arrayed inner and outer hair
cells after 72 h of culture. Basal turn equivalent
explants cultured for 24 h and then treated with
gentamicin for 48 h showed significantly reduced
numbers of outer hair cell stereocilia and cuticular
plates. The first row of outer hair cells exhibited the
most damage, and damage to the third row was the
least. The inner hair cells were more resistant to
gentamicin than the outer hair cells (Fig. 1A, B).

PI3K, PKC, and PKB/Akt are involved in a hair
cell survival pathway induced by gentamicin

Treatment of explants with the PI3K inhibitor LY
294002 (Sigma, 50 pM) alone did not damage
cochlear hair cells. However, the combination of
50 uM LY 294002 with gentamicin significantly
worsened the degree of hair cell damage when
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FIG. 1. Fluorescence microscopic images of phalloidin-stained
organ of Corti explants: (A) normal control; (B) gentamicin (35 pM)
treatment; and (C) gentamicin (35 pM) treatment combined with the
PKC inhibitor calphostin C (100 nM). In the normal control culture,
one row of inner hair cells and three rows of outer hair cells are
visible. In the gentamicin-treated explant, the outer hair cells are
damaged, especially in the first row, whereas the inner hair cells
are intact. The calphostin C- and gentamicin-treated culture exhibits
the worse hair cell damage, with extensive loss from the second and
third rows of outer hair cells.

compared to gentamicin alone. There was no effect
on hair cell damage induced by gentamicin at a
concentration of 10 uM of LY 294002 (Fig. 2).
Treatment of explants with the PKC inhibitor
calphostin C (Sigma, 100 nM) alone also did not
induce damage of outer or inner hair cells. However,
combined calphostin C and gentamicin exposure
induced significantly more hair cell damage than was
produced by gentamicin only at calphostin C con-
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FIG. 2. Quantitative analysis of hair cell damage by gentamicin
combined with the PI3K inhibitor, LY 294002. LY294002 signifi-
cantly enhanced hair cell damage at a concentration of 50 pM
(p<0.05), but not at 10 pM. LY294002 alone had no effect on hair
cells.

centrations of 50 and 100 nM (Figs. 1C and 3). At 10
nM, there was no effect on gentamicin toxicity.

Treatment with SH-6, an inhibitor of PKB/Akt,
combined with gentamicin significantly increase
gentamicin toxicity at 10 pM (Fig. 4). There was no
effect on hair cell damage at 5 pM. Also, SH-6 alone
(10 uM) did not show any effect on hair cell survival.

The PKC activator TPA was shown to be protective
against gentamicin-induced hair cell loss at concen-
trations of 5, 10, and 50 nM. Treatment of explants with
TPA (50 nM) alone had no effect on hair cells (Fig. 5).

To determine whether phospho-Akt protein, down-
stream of PI3K pathway, is up-regulated in gentamcin-
treated tissue, Western blotting was performed. Using
total Erkl as an internal control, normalized phospho-
Akt protein levels against Erk1l were expressed as % of
control. In three replicates, the relative intensity of
phopho-Akt was increased over twofold in gentamicin-
treated tissue compared to tissue maintained in tissue
culture media only (Fig. 6).

Hair cell survival pathway induced by gentamicin
is not PLCy-dependent

Treatment with the PLC inhibitor U73122 alone (5
pM) had no effect on hair cell survival. When com-
bined with gentamicin, U73122 (5, 2 uM) also had no
significant effect on gentamicin-induced hair cell loss
(Fig. 7). These concentrations equal or exceed those
found to significantly reduce PLCy-mediated
responses in breast cancer cell (Katterle et al. 2004),
rat pituitary cells (Leblanc et al. 1998), and neuro-
blastoma cells (Santagata et al. 2001). By Western blot,

377

phospho-PLC protein level normalized against total
Erkl was not increased in gentamicin-treated organ of
Corti sample compared to normal controls (Fig. 6).

DISCUSSION

Gentamicin-induced damage to hair cells that we ob-
served in culture is similar to that reported previously
(Battaglia et al. 2003; Bodmer et al. 2002a). More-
over, the agreement we observed between phalloidin
and MyoVIla labeling suggests that we did not miss
surviving “topless” hair cell somata in our assays.
However, it should be noted that in vitro toxicity
assessed in neonatal cultures may occur by different
mechanisms than in vivo toxicity in adults. For
example, it has been noted that high-dose amino-
glycoside treatment in vitro can lead to rapid bleb-
bing of the apical hair cell surface (Richardson and
Russell 1991), not normally observed in vivo. We used
relatively low gentamicin dosages that appear to
mimic many features of adult, in vivo ototoxicity,
including basal turn sensitivity, first row outer hair
cell sensitivity followed by second and third row and
then inner hair cells, cJun phosphorylation in hair
cell nuclei, caspase 3 activation in hair cells, and hair
cell loss over days. However, our data should be
considered with the limitations of neonatal tissue and
in vitro ototoxin exposure in mind. Also, it is possible
that the intracellular events that underlie our results
occur, not in hair cells, but in the supporting cells
that make up a significant fraction of our cultures. As
may also occur in vivo, any of our treatments could
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FIG. 3. Quantitative analysis of hair cell damage due to gentami-
cin combined with the PKC inhibitor, calphostin C. Gentamicin
alone (35 uM) induced outer hair cell damage of about 30%.
Calphostin C with gentamicin enhanced hair cell damage signifi-
cantly at 50 and 100 nM (p < 0.05), but not at 10 nM. Calphostin C
alone at 100 nM had no effect on hair cells.
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FIG. 4. Quantitative analysis of hair cell damage by gentamicin
combined with the PKB inhibitor, SH-6. When combined with
gentamicin, SH-6 enhanced hair cell damage at a concentration of
10 uM (p<0.05), but not at 5 uM. SH-6 (at 10 pM) alone had no
effect on hair cells.

have affected supporting cell-mediated survival pro-
motion of hair cells.

We have previously shown that gentamicin acti-
vates a hair cell survival pathway via H-Ras dependent
Rafl/MEK/Erk (Battaglia et al. 2003). However, our
data suggested that MEK might also be activated in a
Ras-independent manner. Results of the current
study suggest an additional survival pathway involving
PI3K, PKC, and protein kinase B (PKB/Akt).

PI3K is activated by a variety of growth and survival
factor receptors including insulin, insulin-like growth
factor (IGF-1) and cytokine receptors (Webb et al.
2000; Cantley 2002; Kuemmerle 2003; Barthel and
Klotz 2005; Song et al. 2005). Activated PI3K phos-
phorylates membrane lipid PIP2 at the 3-OH posi-
tion to generate PIP3. PIP3 recruits signaling
proteins to the membrane, where they are activated.
These include protein kinase B (PKB, also called Akt)
and PDK-1. PDK-1 phosphorylates and activates PKB/
Akt (Rameh and Cantley 1999; Kuemmerle 2003).
The activation of PKB/Akt often mediates the
transduction of cell survival signals (Rameh and
Cantley 1999). In particular, PI3K activation of
PKB/AKkt has been shown to oppose cell injury and
death in a variety of cell types (Barthel and Klotz
2005) including epithelial cells (Takeuchi and Ito
2004), myocytes (Fukazawa et al. 2003), and neuro-
blastoma cells (Emran et al. 2002).

PDK-1 also phosphorylates and activates other
PI3K-dependent effectors including all of the many
PKC isoenzymes (Webb et al. 2000; Cantley 2002;
Kuemmerle 2003; Bright and Mochlly-Rosen 2005;
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Oliva et al. 2005). However, there is an alternative
pathway to activate PKC isoforms. Mitogenic signals
that stimulate growth factor receptors can activate
PLCy. This is rapidly followed by tyrosine phosphor-
ylation of PLCy and its dissociation from the receptor
(Carpenter and Ji 1999). Activated PLCy hydrolyzes
PIP2 into IP3 and diacylglycerol. IP3 mediates Ca®*
mobilization, and diacylglycerol (DAG) activates
PKC. PKC can directly phosphorylate Raf-1 and
increase its kinase activity without Ras activation
(Kolch et al. 1993; Huang et al. 1995). Both PLC/
PKC and PI3K/PDK-1/PKC downstream signaling
can involve the Raf-1/MEK/ERK MAPK cascade
following growth factor stimulation (Cai et al. 1997;
Schonwasser et al. 1998). In inner ear sensory
epithelia, including avian epithelia and mammalian
utricular macula, PKC is involved in cell proliferation
(Montcouquiol and Corwin 2001; Witte et al. 2001).

These pathways provide multiple opportunities for
intervention using well-established pharmacological
inhibitors. For all inhibitors used, the concentration
was based on the dosages that produce robust suppres-
sion of activity mediated by the factor in question in
other cell types (Kobayashi et al. 1989; Ozaki et al.
1999; da Rocha et al. 2002; Montcouquiol and Corwin
2001; Vlahos et al. 1994; Brunn et al. 1996; Jin et al.
1994; Kozikowski et al. 2003). Unfortunately, no
specific inhibitor of PDKI1 is commercially available.
For all inhibitors, we have tested for direct toxicity to
hair cells and found them to cause no detectable
damage at the maximum dosages we employed. Our
data are based on in vitro experiments. However, it
should be noted that in vivo studies would be needed
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FIG. 5. Protective effect of TPA against gentamicin-induced hair
cell loss. When TPA was combined with gentamicin, hair cell
damage was significantly reduced at concentrations of 5, 10, or 50
nM when compared to gentamicin alone (p<0.05). At 50 nM TPA
alone, no hair cell damage was observed.
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FIG. 6. Western blot analysis of Akt(PKB) and PLCy phosphorylation in organ of Corti explants. Explants were treated with 50 pM gentamicin
(GM) for 6 h. Phospho-Akt and phospho-PLCy were detected by Western blot. Total Erk1 was used as an internal control. Phospho-protein levels
were determined by densitometry and were normalized against Erk1. Gentamicin treated levels are expressed as % of control values. Phospho
Akt was significantly increased by gentamicin treatment (p<0.05), whereas phospho-PLCy levels were not.

to determine whether the present results could be
generalized to hair cells in situ.

The data of the present study provide several lines of
evidence implicating the activation of a PI3K signaling
pathway that promotes hair cell survival. We observed
the activation of PI3K target, PKB/Akt, by using a
Western blot analysis at 6 h after gentamicin treatment.
Relative to a control protein, phospho-Akt increased
approximately by 200%. Treatment with the PI3K
inhibitor, LY294002, combined with gentamicin wors-
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FIG. 7. Hair cell damage by gentamicin combined with the PLC
inhibitor, U73122. U73122 (5, 2 uM) combined with gentamicin
had no significant effect on damage, compared to that seen with
gentamicin alone (p<0.05).

ened hair cell loss. This indicates that PI3K plays a role in
promoting hair cell survival, and supports the previous
observations of Schacht et al. (1977) that implicate PI
metabolism in ototoxicity. In addition, especially the
PKC inhibitor (calphostin C) and, to alesser extent, the
PKB/Akt inhibitor (SH-6) combined with gentamicin
enhanced hair cell death more than gentamicin alone.
Finally, TPA, a PKC activator, was found to be protective
against gentamicin-induced hair cell loss.

In contrast, when a PLCy inhibitor was used
combined with gentamicin, there was no effect on
hair cell loss. PLCy activation was not observed by
Western blot after 6 h of gentamicin treatment. These
data suggest that PKC activation pathway in hair cells is
likely to be via PI3K rather than PLCy activation.

Taken together, our protein activation and inhibition
data suggested that PI3K is involved in a hair cell survival
pathway induced by gentamicin. PKC and PKB/Akt,
common downstream targets of PI3K, are also involved
although PKC may predominate. The downstream
targets of PI3K signaling were not directly addressed in
this study, and they can be complex. However, PKC is
known to activate Mek/Erk signaling via Raf-1, leading
to the transcription of genes involved in cell survival such
as antiapoptotic members of the Bcl-2 family (e.g., Liu
et al. 1999). PKB has been shown to act posttransla-
tionally by phosphorylating, and thus inhibiting, the
proapoptotic Bcl-2 protein, Bad (e.g., Yu et al. 2005)
(Fig. 8). Thus these two arms of PI3K signaling may act
via different and complementary mechanisms.

The mechanism of upstream activation of these
signaling molecules is not clear. One possibility is the
interaction of gentamicin and/or a metabolite with an
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FIG. 8. Proposed survival pathway induced by gentamicin in the mammalian organ of Corti. PI3K activation of PKC and PKB leads to
downstream enhancement of survival and inhibition of apoptosis. PLCy activation of PKC is not involved. Pathway components tested directly in

this study are indicated in gray.

unknown cell surface receptor. Another alternative is
the direct activation of intracellular signaling by ROS.
ROS is well known to be related to gentamicin
ototoxicity (e.g., Wu et al. 2002; McFadden et al.
2003). Intracellular gentamicin may chelate with iron
and interact with phosphoinositides to produce ROS
(Wu et al. 2002). ROS is reported to induce tyrosine
phosphorylation of the p110 catalytic subunit of PI3K
and to activate PKB/Akt through PI3K membrane
recruitment (Qin and Chock 2003). Our findings are
schematically summarized in Figure 8.

Our data, implicating PI3K in the hair cell response
to gentamicin, support the observations of Schacht and
his colleagues regarding the importance of PI metabo-
lism in the process of aminoglycoside ototoxicity (e.g.,
Schacht et al. 1977; Willams et al. 1987). They also
complement the many other recent studies that have
documented signal transduction pathways leading to

hair death due to a variety of stressors, including
aminoglycosides (e.g., Pirvola et al. 2000; Bodmer et al.
2002a), cisplatin (e.g., Zhang et al. 2003; Wang et al.
2004), and noise exposure (e.g., Harris et al. 2005;
Lang et al. 2006).

The recruitment of pathways that promote cellular
survival by toxins that are known to produce cell death
may not at first glance appear logical. However, the
activation of parallel pathways leading to cell death on
the one hand, and cell survival on the other is a
common feature of responses to stress in many tissues
(Wang et al. 2001; Salvesen 2002). In fact, processes
leading to cell death are heavily regulated, with inhibitory
points at multiple levels of pathways leading to apoptosis
or necrosis. Survival pathways, by enhancing this limiting
regulation, presumably allow cells to survive brief or
sublethal exposures to stress with less damage. For
example, growth factor exposure, long known to en-
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hance the survival of many cell types exposed to stress,
has been shown to increase the expression of genes
encoding antiapoptotic proteins such as Bcl-2 and IAP
(e.g., Liu et al. 1999), or to influence function
posttranslationally as in phosphorylation of Bad (e.g.,
Yu et al. 2005). Naturally, there are limitations to what
protective pathways can accomplish, or cells would
never succumb to toxins. When stress is prolonged or
intense, it can tip the balance of cell signaling toward
cell death. Once initiated, apoptosis and/or necrosis
proceed rapidly to completion.

If the activation of survival pathways occurs in vivo, it
might be possible to employ them clinically to protect
hair cells from ototoxicity. Growth factors known to
activate PI3K and H-Ras (GDNF, FGF) are one possibil-
ity. Such factors have been shown to protect hair cells
from toxicity in vitro (Low et al. 1996; Kawamoto et al.
2003). Small molecule analogs of signaling molecules
are another potential mechanism. The survival pathways
identified in this and other studies may also protect hair
cells against other forms of stress, such as noise- or age-
induced damage. Of course, there are many steps
between in vitro observations and useful pharmacologic
interventions that would need to be traversed.
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