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ABSTRACT

Human hearing and balance impairments are often
attributable to the death of sensory hair cells in the
inner ear. These cells are hypersensitive to death in-
duced by noise exposure, aging, and some therapeutic
drugs. Two major classes of ototoxic drugs are the
aminoglycoside antibiotics and the antineoplastic
agent cisplatin. Exposure to these drugs leads to hair
cell death that is mediated by the activation of specific
apoptotic proteins, including caspases. The induction
of heat shock proteins (HSPs) in response to cellular
stress is a ubiquitous and highly conserved response
that can significantly inhibit apoptosis in some systems
by inhibiting apoptotic proteins. Induction of HSPs
occurs in hair cells in response to a variety of stimuli.
Given that HSPs can directly inhibit apoptosis, we
hypothesized that heat shock may inhibit apoptosis in
hair cells exposed to ototoxic drugs. To test this hy-
pothesis, we developed a method for inducing HSP
expression in the adult mouse utricle in vitro. In vitro
heat shock reliably produces a robust up-regulation
of HSP-70 mRNA and protein, as well as more
modest up-regulation of HSP-90 and HSP-27. The
heat shock does not result in death of hair cells. Heat
shock has a significant protective effect against both
aminoglycoside- and cisplatin-induced hair cell death
in the utricle preparation in vitro. These data indicate
that heat shock can inhibit ototoxic drug-induced
hair cell death, and that the utricle preparation can
be used to examine the molecular mechanism(s)
underlying this protective effect.
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INTRODUCTION

Hearing loss is the most common sensory impairment
in humans and the sixth most common chronic health
condition in the United States (Adams et al. 1999).
Hearing loss is often caused by death of sensory hair
cells in the inner ear. Hair cells are sensitive to death
from a variety of stresses such as aging, noise trauma,
genetic disorders, and exposure to certain therapeutic
drugs. Ototoxic drugs include the aminoglycoside an-
tibiotics and the antineoplastic agent cisplatin. Studies
in several laboratories over the past few years have
revealed considerable new information regarding the
mechanisms underlying ototoxic drug-induced hair
cell death. Ototoxic hair cell death has been charac-
terized as apoptotic by both morphologic and molec-
ular studies (Li et al. 1995; Lang and Liu 1997; Vago
et al. 1998; Forge and Li 2000; Cunningham et al.
2002; Matsui et al. 2002; Cheng et al. 2003; Matsui
et al. 2003). Both cisplatin- and aminoglycoside-
induced hair cell death are significantly inhibited by
broad-spectrum inhibition of caspases (Liu et al. 1998;
Cunningham et al. 2002; Matsui et al. 2002; Cheng
et al. 2003; Matsui et al. 2003; Shimizu et al. 2003).
Aminoglycoside-induced hair cell death is signifi-
cantly inhibited by inhibition of c-Jun NH2-terminal
kinases ( JNKs), also known as Bstress-activated protein
kinases^ (SAPKs) (Pirvola et al. 2000; Ylikoski et al.
2002; Wang et al. 2003; Matsui et al. 2004; Matsui
et al. 2004). JNKs belong to the family of mitogen-
activated protein (MAP) kinases that also includes
extracellular signal-related kinase (ERK) and p38.
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Heat shock protein induction is a ubiquitous
stress response

Heat shock proteins (HSPs) are part of an evolution-
arily conserved stress response that is activated by
changes in the cellular environment. Activation of
HSPs is the most ubiquitous and highly conserved
stress response in biology (Martindale and Holbrook
2002). HSPs are found in bacteria, yeast, plants, and
all other eukaryotes. The HSP family includes both
constitutive and stress-activated members. In un-
stressed cells, HSPs have constitutive functions that
are important for protein trafficking, folding, and
metabolism. Stress-induced HSP expression occurs in
response to a variety of stressors such as hyperther-
mia, ischemia, and environmental toxicants.

According to their molecular weights, HSPs are
classified as: (1) HSP-90 proteins, which support the
cytoskeleton and chaperone steroid hormone recep-
tors; (2) HSP-70 proteins, which are the most highly
conserved and the most stress-inducible HSPs in mam-
mals; (3) small HSPs, which include ubiquitin and
HSP-27 that are produced in response to ischemia.

Stress-induced HSP expression promotes cellular
survival in a large number of systems. One well-
characterized HSP inducer is heat stress. Heating an
entire animal induces most HSPs and protects cells
against a number of stresses. For example, short-term
total-body hyperthermia has been shown to protect
the retina against light-induced damage and to
prevent ischemia-induced death in both cardiomyo-
cytes and hippocampal neurons (Barbe et al. 1988;
Chopp et al. 1989; Marber et al. 1995; Radford et al.
1996; Plumier et al. 1997; Yenari et al. 1998). HSP-70
is induced in the inner ear in response to heat shock,
cochlear ischemia, cisplatin exposure, and noise
trauma (Dechesne et al. 1992; Myers et al. 1992;
Thompson and Neely 1992; Lim et al. 1993; Oh et al.
2000). In mice, total body heat stress is effective at
preventing hearing loss caused by exposure to
excessive noise (Yoshida et al. 1999). Local heat
stress can inhibit both cochlear hair cell death and
hearing loss following noise trauma (Sugahara et al.
2003). However, there are no data available regard-
ing the effects of heat shock on ototoxic drug-
induced hair cell death. We examined the role of
heat shock in mediating survival and death of sensory
hair cells exposed to ototoxic drugs.

METHODS

Animals

Adult CBA/J mice (4–6 weeks of age) were purchased
from Harlan (Indianapolis, IN, USA) and housed in
the central animal care facility at the Medical

University of South Carolina. Mice were euthanized
by overdose of Nembutal (Abbott Laboratories, USA).
All animal use and care procedures were approved by
the MUSC Institutional Animal Care and Use
Committee.

Utricle cultures

Utricles from adult mice were dissected under sterile
conditions and cultured free-floating (4–8 utricles/
well) in 24-well tissue culture plates as previously de-
scribed (Cunningham et al. 2002). Culture medium
consisted of 2:1 (v/v) basal medium Eagle (Sigma, St.
Louis, MO, USA) supplemented with Earle’s balanced
salt solution (Invitrogen, Carlsbad, CA, USA), 5% fetal
bovine serum (FBS; Invitrogen), and 50 U/ml peni-
cillin G (Sigma). Neomycin sulfate solution (Sigma)
was added to the culture medium at final concen-
trations ranging from 0.1 to 5.0 mM. Cisplatin was
supplied as a 1 mg/ml stock solution (Bedford
Laboratories, Bedford, OH, USA) and diluted into
culture medium at final concentrations ranging from
1.0 to 25.0 mg/ml. Neither neomycin nor cisplatin was
added to control cultures. Utricles were incubated at
37-C in a 5% CO2/95% air environment.

Heat shock protocol

For heat shock experiments, utricles were cultured
overnight at 37-C in control media as described
above. Utricles were then transferred (with all of the
surrounding media) into sterile 1.5-ml microfuge
tubes. Tubes containing utricles to be heat shocked
were placed into a 43-C water bath for 30 min. At the
end of the heat shock period, utricles and media
were transferred back to the tissue culture plate,
which was replaced in the 37-C incubator for an
additional 2–30 h. Control (no heat shock) utricles
were transferred to a microfuge tube for 30 min, but
were maintained at 37-C.

Hair cell counts

For hair cell counts, cultured utricles were fixed in 4%
paraformaldehyde and prepared for whole-mount,
double-label fluorescent immunohistochemistry using
antibodies against calmodulin and calbindin as previ-
ously described (Cunningham et al. 2002). Otoconia
were removed from fixed utricles by a stream of
phosphate-buffered saline (PBS) applied via a syringe.
Utricles were incubated in blocking solution (2%
bovine serum albumin/0.8% normal goat serum/
0.4% Triton X-100 in PBS) for 3 h at room tempera-
ture (RT). Utricles were double-labeled by using a
monoclonal antibody against calmodulin (Sigma) and
a polyclonal antibody against calbindin (Chemicon,
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Temecula, CA, USA). Utricles were incubated over-
night at 4-C in both primary antibodies diluted in
blocking solution (calmodulin, 1:150; calbindin,
1:250). Utricles were washed in PBS/0.1% Triton X-
100 and incubated for 3 h at RT in secondary
antibodies diluted in blocking solution as follows:
Alexa 488 conjugated goat antimouse IgG (1:500;
Molecular Probes, Eugene, OR, USA); Alexa 594
conjugated goat antirabbit IgG (1:500, Molecular
Probes). Utricles were washed and whole-mounted in
Fluoromount-G (Southern Biotechnology, Birming-
ham, AL, USA) and coverslipped.

The double-label immunohistochemistry protocol
allows for separate counts of hair cells in the two
distinct regions of the mouse utricle: anticalmodulin
labels the cell bodies (and some stereocilia bundles)
of all hair cells in the utricle, and anticalbindin
labels only the cell bodies of the striolar hair cells
(Dechesne et al. 1988; Ogata and Slepecky 1998;
Cunningham et al. 2002). Double-labeled (calmodu-
lin-positive and calbindin-positive) hair cells were
counted as Bstriolar,^ and calmodulin-positive/calbin-
din-negative hair cells were counted as Bextrastriolar.^
This definition of the striolar region likely includes
the narrow band of hair cells in the juxtastriola region
(Leonard and Kevetter 2002; Desai et al. 2005).

Using a high-resolution monochrome digital cam-
era (Zeiss Axiocam MR) and imaging software (Zeiss
AxioVision), hair cells were counted in each of eight
(four striolar and four extrastriolar) 900-mm2 areas.
Using the software, boxes were drawn that were 30 mm
on a side. These boxes were placed over the image of
the utricle such that the four striolar boxes were
approximately evenly spaced along the length of the
striolar region. The four extrastriolar boxes were
placed such that two of them were in the lateral extra-
striolar area, and the other two were in the medial
extrastriolar region (Desai et al. 2005). Hair cell den-
sity is reported as the mean number (average of four
boxes) of hair cells (striolar or extrastriolar) per unit
area for each utricle. Striolar hair cells have been
shown to be more sensitive than extrastriolar hair cells
to aminoglycoside-induced death (Cunningham et al.
2002).

Real-time quantitative RT-PCR

For real-time reverse transcription-polymerase chain
reaction (RT-PCR) experiments, control and heat-
shocked utricles were collected at 2 and 6 h after heat
shock and stored in RNAlater RNA Stabilization
Reagent (Qiagen, Valencia, CA, USA). The 2-
and 6-h timepoints were selected based on literature
indicating that HSP expression peaks 2–6 h after heat
shock (Yoshida et al. 1999; Simpson et al. 2004).
Utricles were homogenized, and total RNA was

collected (RNAEasy, Qiagen). RNA was reverse-tran-
scribed (TaqMan, Applied Biosystems, Foster City,
CA, USA) and the resulting cDNA was used for SYBR
Green (Applied Biosystems) real-time PCR amplifica-
tion of HSP-70, HSP-90, and HSP-27. Primer sets were
as follows: HSP-70 forward primer (Yoshida et al.
1999): 50-AGGCCAGGGCTGGTATTACT-30; HSP-70
reverse primer: 50-AATGACCCGAGTTCAGGATG-30,
yielding a 170-bp PCR product. HSP-90 forward
primer: 50-GTGCGTGTTCATTCAGCCAC-30; HSP-90
reverse primer: 50-GCAATTTCTGCCTGAAAGGC-30,
yielding a 100-bp product. HSP-27 forward primer: 50-
GAGAACCGAACGACCGTCC-30; HSP-27 reverse
primer: 50-CCCAATCCTTTGACCTAACGC-30, yield-
ing a 100-bp product. For all RT-PCR experiments,
18S ribosomal RNA was amplified as an internal
control by using the following primers: 18S forward
primer 50-TTCGGAACTGAGGCCATGATT-30; 18S re-
verse: 50-TTTCGCTCTGGTCCGTCTTG-30, yielding a
100-bp product (Yoshida et al. 1999).

Immunohistochemistry

For immunohistochemical detection of HSPs, utricles
were fixed in 4% paraformaldehyde at the end of the
culture period. Immunohistochemical procedures
were performed as described above, except that the
primary antibodies used were as follows: anti-HSP-70
(diluted 1:200, SPA-810; Stressgen Biotechnologies,
San Diego, CA, USA); anti-HSP-90 (diluted 1:100,
#4874; Cell Signaling Technology, Beverly, MA,
USA); Anti-HSP-27 (diluted 1:75, #06-517; Upstate
Biotechnology, Lake Placid, NY, USA). All HSP
immunochemistry was detected by using Alexa 488
conjugated goat antirabbit IgG (1:500, Molecular
Probes). Hair cell stereocilia were labeled by using
Alexa 594 conjugated phalloidin (Molecular Probes).

RESULTS

Cisplatin exposure results in dose-dependent
death of hair cells in the utricle preparation

We previously published the dose–response relation-
ship between neomycin concentration and hair cell
survival (Cunningham et al. 2002). However, the rela-
tionship between cisplatin dose and hair cell survival
had not been examined in this preparation. Utricles
were cultured for 24 h in the presence of varying con-
centrations of cisplatin. At the end of the culture
period, utricles were fixed and hair cells were counted.
Results are shown in Figure 1. Cisplatin exposure re-
sulted in a dose-dependent decrease in hair cell sur-
vival [one-way analysis of variance (ANOVA), p G 0.05].
Based on these data, further experiments with cisplat-
in were performed using the 20 mg/ml dose.
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Development of the heat shock protocol

In pilot experiments, we examined the effects of var-
ious temperatures and durations of heat shock, based
on protocols found in the literature (Poe and O’Neill
1997; Braiden et al. 2000; Ju and Tseng 2004;
Simpson et al. 2004). We found that exposure to
temperatures above 44-C for periods as short as 10
min resulted in a significant loss of hair cells (data not
shown). Likewise, if the duration of heat shock (at any
temperature above 41-C) was as long as 1 h, we
consistently observed loss of hair cells. Exposure to
temperatures below 42-C or heat shocks with dura-
tions of less than 15 min did not result in any loss of
hair cells, but these exposure conditions also did not
result in any measurable heat shock response (i.e., up-
regulation of HSP-70 mRNA or protein). We found
that heat shock at 43-C for 30 min reliably produces a
robust up-regulation of HSP-70 mRNA and protein,
but does not result in death of hair cells. This heat
shock protocol (43-C for 30 min) was used for all of
the experiments reported here.

Heat shock results in robust up-regulation
of HSP-70 MRNA and protein

HSP-70 mRNA and protein levels were examined in
heat-shocked and control utricles. Utricles were
cultured at 37-C overnight. Utricles then either

remained at 37-C (control) or were heat shocked at
43-C for 30 min. Heat-shocked and control utricles
were then cultured at 37-C for an additional 2 or 6 h.
Quantitative SYBR Green real-time RT-PCR was used
to examine HSP-70 mRNA levels in heat-shocked and
control utricles. At the end of each PCR cycle, the
ABI Prism 7000 sequence detection system measures
SYBR Green fluorescence that is proportional to the
amount of double-stranded DNA generated by the
PCR. Results indicate that heat-stressed utricles dem-
onstrate a 256-fold increase in HSP-70 mRNA (rela-
tive to control utricles) 2 h after heat shock (Fig. 2A).
HSP-70 mRNA levels remain elevated at 90-fold
higher than controls 6 h after heat shock (Fig. 2A).

To confirm that the increase in HSP-70 MRNA was
indicative of an increase in HSP-70 protein levels, we
examined control and heat-shocked utricles via
fluorescent immunohistochemistry. Utricles were
cultured and heat shocked as described above. At 6
h after heat shock, utricles were fixed and processed
for indirect immunohistochemistry by using a mono-

FIG. 1. Cisplatin dose–response relationship. Utricles were cul-
tured for 24 h in various concentrations of cisplatin. Hair cells were
double-labeled and counted using calmodulin and calbindin
immunofluorescence (see Methods). For both the striolar and
extrastriolar regions, hair cell survival decreases as cisplatin
concentration increases (one-way ANOVA, p G 0.05). For the
extrastriolar region, Tukey_s multiple comparison correction showed
that the 25 mg/ml dose was statistically different from 0, 10, and 15 mg/
ml at the 0.05 level of significance. Likewise, 20 mg/ml was
statistically different from 0 mg/ml. For the striolar region, only the
25 mg/ml dose was different from 0 mg/ml at the 0.05 level of
significance. Shown are mean hair cell numbers T SEM for n = 5–7
utricles per concentration.

FIG. 2. Heat shock results in robust upregulation of HSP-70. (A)
SYBR Green real-time RT-PCR results for HSP-70 mRNA in heat-
shocked and control utricles. For each sample, Ct is defined as the
number of thermocycles required for the SYBR Green fluorescence
intensity to reach a threshold (0.1, indicated above by horizontal
line) above background. HSP-70 mRNA levels are highest at 2 h after
heat shock (Ct = 22.1 T 0.06). HSP-70 mRNA levels remain high
at 6 h after heat shock (Ct = 23.3 T 0.01). Ct for control utricles is
30.1 T 0.20. Assuming that the amount of PCR product doubles with
every cycle, these data indicate a 256-fold difference in HSP-70
mRNA between control and heat-shocked utricles at 2 h after heat
shock. Each experimental condition was run in duplicate, and data
are shown for both of the duplicate samples. (B, C) HSP-70 immu-
noreactivity increases in hair cells after heat shock. Control and
heat-shocked utricles were labeled by using phalloidin (red) and
anti-HSP-70 (green). Control utricles show little HSP-70 immunore-
activity (B). HSP-70 immunoreactivity is significantly increased 6 h
after heat shock (C).
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clonal antibody directed against human HSP-70.
Results indicate a low level of HSP-70 expression in
control utricles (Fig. 2B) and robust up-regulation of
HSP-70 protein levels in hair cell bodies of heat-
shocked utricles (Fig. 2C). These data demonstrate
that the heat shock protocol results in significant
induction of HSP-70 protein.

Heat shock results in up-regulation of HSP-90
and HSP-27 mRNA levels

To more fully characterize the cellular response to
heat shock, we examined the levels of two other sig-
nificant HSPs, HSP-90 and HSP-27. Quantitative RT-
PCR results demonstrate that at 2 h after heat shock,
HSP-90 mRNA had increased approximately 9-fold
(Fig. 3A). HSP-90 mRNA levels continued to increase
over the next few hours. At 6 h post-heat shock, HSP-
90 mRNA had increased to approximately 18-fold
above control levels (Fig. 3A). Immunohistochemical
data confirmed that HSP-90 was up-regulated in hair
cells 6 h after heat shock (Figs. 3B, C).

Real-time RT-PCR data indicated a more moderate
up-regulation of HSP-27 mRNA (Fig. 4A). Two hours
after heat shock, HSP-27 mRNA levels were up 7.7-
fold relative to control values. By 6 h post-heat shock,

HSP-27 mRNA levels had begun to decrease, and
were only at 3.3-fold above control levels. This up-
regulation was not obvious in immunohistochemical
data obtained 6 h after heat shock (Figs. 4B, C).

Heat shock inhibits neomycin-induced
hair cell death

To determine whether heat shock treatment has an
effect on ototoxic hair cell death, we exposed both
control and heat-shocked utricles to a moderate dose
of neomycin (1 mM) for 24 h. Four groups of utricles
were prepared: (1) no heat shock, no neomycin;
(2) heat shocked, no neomycin; (3) no heat shock,
neomycin-exposed; (4) heat shocked, neomycin-
exposed. Six hours after the heat shock, utricles in
groups 3 and 4 were transferred into wells containing
media with 1 mM neomycin. All utricles were cultured
for an additional 24 h. At the end of the culture
period, utricles were fixed and hair cells were counted.
Results are shown in Figure 5. Relative to control utri-
cles, the heat shock treatment alone did not result in
loss of hair cells (Figs. 5A, B). In contrast, the neo-
mycin treatment alone resulted in significant loss of
hair cells (Fig. 5C). Heat shock treatment significantly
inhibited neomycin-induced hair cell death in both

FIG. 3. Heat shock results in upregulation of HSP-90. (A) Real-time
RT-PCR for HSP-90 mRNA. HSP-90 mRNA levels increase 9.31-fold
relative to controls by 2 h after heat shock [Ct (controls) = 28.6
cycles; Ct (2 h post-heat shock) = 25.4 cycles]. HSP-90 mRNA levels
had further increased to 18.8-fold over controls by 6 h after heat
shock [Ct (6 h) = 24.4 cycles]. (B, C) HSP-90 immunoreactivity
increases in hair cells after heat shock. Control and heat-shocked
utricles were labeled using phalloidin (red) and anti-HSP-90 (green).
Control utricles show baseline levels of HSP-90 immunoreactivity
(B). At 6 h after heat shock, HSP-90 immunoreactivity is increased in
hair cells relative to controls (C).

FIG. 4. Heat shock results in up-regulation of HSP-27 mRNA. (A)
Real-time RT-PCR for HSP-27 mRNA. Two hours after heat shock,
HSP-27 mRNA levels are increased 7.7-fold relative to controls [Ct

(controls) = 27.3 cycles; Ct (2 h after heat shock) = 24.3]. By 6 h after
heat shock, HSP-27 levels have decreased again to 3.3-fold above
controls [Ct (6 h post-heat shock) = 25.6 cycles]. (B, C) HSP-27
immunoreactivity in control and heat-shocked utricles. Utricles
were labeled by using phalloidin (red) and anti-HSP-27 (green).
HSP-27 immunofluorescence appears similar for control (B) and
heat-shocked (C) utricles.

CUNNINGHAM AND BRANDON: Heat Shock Inhibits Hair Cell Death 303



the striolar and extrastriolar regions (Figs. 5D, E; two-
way ANOVA, p G 0.05 for each region). Specifically,
heat shock treatment prevented approximately 60%
of the hair cell death caused by neomycin exposure
in both regions of the utricle. These data indicate
that heat shock treatment has a protective effect
against neomycin-induced hair cell death.

Heat shock inhibits cisplatin-induced
hair cell death

The heat shock treatment also had a significant effect
on the survival of hair cells exposed to cisplatin. In an

experiment with the same design as the neomycin
experiment shown above in Figure 5, we exposed
both control and heat-shocked utricles to a moderate
dose of cisplatin (20 mg/ml) for 24 h. Six hours after
the heat shock, utricles were fixed and hair cells
counted. Results are shown in Figure 6. The heat
shock treatment had a significant protective effect
against cisplatin-induced hair cell death in the
extrastriolar region (at this dose of cisplatin, we did
not observe a significant decrease in hair cell density
in the striolar region). These data indicate that heat
shock has a significant protective effect against
cisplatin-induced hair cell death in the extrastriolar
region (ANOVA, p G 0.001).

DISCUSSION

The cisplatin dose–response relationship in both the
striolar and extrastriolar regions indicates that hair
cell density decreases as cisplatin concentration
increases. Interestingly, we saw less hair cell loss in
the striolar region with cisplatin than in the extra-
striolar region. These data are in contrast with our
data on aminoglycoside-induced hair cell death,
which indicate that striolar hair cells are more
susceptible than extrastriolar hair cells to death
caused by exposure to neomycin (Cunningham et al.
2002).

In vitro heat shock resulted in robust up-regulation
of HSP-70 mRNA levels of greater than 250-fold.

FIG. 5. Heat shock inhibits neomycin-induced hair cell death.
Utricles were cultured at 37-C overnight. Two groups of utricles
were then heat-shocked at 43-C for 30 min. Six hours after heat
shock, one group of control utricles and one group of heat-shocked
utricles were exposed to 1 mM neomycin for 24 h. Utricles were
fixed and double-labeled for calmodulin and calbindin immunore-
activity, and hair cells were counted. (A) Control (no neomycin, no
heat shock) utricles show normal numbers of striolar (red, calbindin
+) and extrastriolar (green, calmodulin +) hair cells. (B) Heat-
shocked (no neomycin) utricles appear similar to control utricles. (C)
Neomycin-treated (no heat shock) utricles show significant hair cell
loss, especially in the striolar region. (D) Heat-shocked, neomycin-
treated utricles show decreased hair cell death relative to neomycin
alone. (E) Quantification of hair cell densities in each condition.
Heat shock treatment significantly inhibited neomycin-induced hair
cell death in both the striolar and extrastriolar regions. Shown are
mean T SEM hair cell densities for n = 7–13 utricles per condition.
Asterisks indicate significance (ANOVA, p G 0.05; Tukey’s multiple
comparison correction) relative to neomycin alone.

FIG. 6. Heat shock inhibits cisplatin-induced hair cell death. Six
hours after heat shock, one group of control utricles and one group
of heat-shocked utricles were exposed to 20 mg/ml cisplatin for 24 h.
Heat shock treatment inhibited the hair cell death caused by
exposure to cisplatin in the extrastriolar region. This protective
effect of heat shock against cisplatin-induced hair cell death in the
extrastriolar region is significant. There were no significant differ-
ences in the striolar region. Shown are mean T SEM hair cell
densities for n = 9–12 utricles per condition. Asterisk indicates
significance (ANOVA, p G 0.001; Tukey’s multiple comparison
correction) relative to cisplatin alone.
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These data are consistent with in vivo data on total
body heat stress in mice, which resulted in a transient
increase of 104-fold in HSP-70 mRNA levels in whole
cochleas (Yoshida et al. 1999). In addition, immuno-
histochemical data confirmed that HSP-70 protein
levels increased following heat shock, and that this
increase occurred in hair cells. The increase in HSP-70
did not appear to be limited to hair cells, however,
because HSP-70 immunofluorescence was also visible
in deeper cell layers of the utricle. Thus, the heat
shock likely results in up-regulation of HSP-70 in both
hair cells and supporting cells. Because all of the HSP
immunochemistry was all performed in whole mount
using phalloidin as the hair cell marker, we were not
able to determine whether HSP staining was different
in the striolar vs. the extrastriolar region. However,
immunofluorescence for each of the HSP antibodies
appeared to be evenly distributed across the sensory
epithelium, with no obvious or consistent regional
differences in staining intensity.

Heat shock resulted in more moderate increases in
mRNA levels of both HSP-90 and HSP-27. HSP-90
mRNA levels were elevated approximately 9-fold
relative to controls at 2 h after the heat shock. HSP-
90 mRNA levels continued to increase to approxi-
mately 18-fold above control levels 6 h after heat
shock. In contrast, HSP-27 mRNA levels showed a
shorter time course of elevation, rising to approxi-
mately 8-fold above controls at 2 h, but falling again to
only 3-fold above controls by 6 h after the heat shock.
This difference in the time courses of HSP elevation
suggests that mRNA levels of HSP-90 and HSP-27 are
differentially regulated in response to heat shock. In
addition, the immunohistochemical data on HSP-27
suggest that the increase in HSP-27 mRNA may not
result in a comparable increase in HSP-27 protein
levels. However, the absence of an obvious increase in
HSP-27 immunofluorescence may merely reflect the
fact that immunofluorescent data are not as quantita-
tive as real-time RT-PCR data. In addition, HSP-27
function can be regulated at both the transcriptional
and posttranslational levels. Heat shock can result in
phosphorylation of HSP-27 by MAPKAP kinase 2,
possibly resulting in changes in its stability or function
(Landry et al. 1992; Rouse et al. 1994).

The most significant finding of this study is that
heat shock significantly inhibits both neomycin- and
cisplatin-induced hair cell death. The most straight-
forward explanation of this result is that the protective
effect of heat shock against ototoxic drug-induced
hair cell death is the result of HSP-mediated inhibi-
tion of specific apoptotic signaling pathways. Studies
in other systems have demonstrated that HSPs can
inhibit the apoptotic machinery by interfering with
some of the same events that have been shown to be
important in mediating ototoxic drug-induced hair

cell apoptosis, including cytochrome c release, cas-
pase activation, and phosphorylation of JNK.

Heat shock proteins can inhibit the apoptotic
machinery by interfering with apoptosome assembly
at a number of sites. For example, HSP-70 can inhibit
the release of cytochrome c from mitochondria
(Tsuchiya et al. 2003). Further downstream, both
HSP-70 and HSP-90 can prevent apoptosome assem-
bly by inhibiting cytoplasmic cytochrome c from
binding to Apaf-1 (Beere et al. 2000; Li et al. 2000;
Pandey et al. 2000; Saleh et al. 2000). HSP-27 can
bind directly to cytochrome c to prevent apoptosome
assembly (Bruey et al. 2000). Even in the presence of
an activated apoptosome, HSP-70 can prevent death
of cells in which caspases are activated, indicating
that HSPs may be able to inhibit the cell death
machinery farther downstream than any other known
antiapoptotic protein ( Jaattela et al. 1998). Interest-
ingly, our data indicate that the magnitude of the
protective effect of heat shock against neomycin-
induced hair cell death is very similar to that we
obtained by using a broad-spectrum caspase inhibitor
(z-VAD) (Cunningham et al. 2002).

Heat shock proteins can also inhibit JNK-mediated
apoptosis. In human acute lymphoblastic leukemia T
cells with tetracycline-inducible HSP-70 expression,
hyperthermia-induced JNK activation was inhibited
by HSP-70 induction (Mosser et al. 1997). In cells
that constitutively overexpress HSP-70, heat-induced
apoptosis was blocked (Mosser et al. 1997). The
inhibitory effect of HSP-70 on JNK activation appears
to be through HSP-70-mediated stimulation of de-
phosphorylation (inactivation) of JNK (Meriin et al.
1999). In healthy cells, JNK is rapidly dephosphory-
lated. The rate of JNK dephosphorylation is reduced
by protein-damaging stimuli such as oxidative stress.
Elevation of HSP-70 levels inhibits this reduction in
JNK dephosphorylation, effectively keeping JNK in-
active (Meriin et al. 1999).

Although it seems reasonable to hypothesize that
the protective effect of heat shock is mediated by
HSP induction, it is also possible that proteins other
than HSPs contribute to the heat shock response. In
fact, it seems likely that the heat shock results in
activation of a number of stress-inducible proteins.
For example, superoxide dismutase (SOD) can be
activated by heat shock (Moriyama-Gonda et al.
2002). In addition, SOD-1 knockout mice show
increased susceptibility to both noise-induced hear-
ing loss and age-related hair cell death (McFadden
et al. 1999a,b; Ohlemiller et al. 1999). Thus, the
mechanism of the protective effect may involve
multiple classes of proteins. The notion that the
protective effect of heat shock is mediated by HSP
induction is supported by data indicating that ge-
ranylgeranylacetone (GGA), an inducer of the heat
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shock factor 1 (HSF-1) transcription factor, inhibits
gentamicin-induced hair cell death (Takumida and
Anniko 2005). Finally, in addition to directly inhibit-
ing apoptotic mechanisms, HSPs play critical roles in
cellular homeostasis via their chaperone functions.
Thus, the mechanism of heat shock-induced inhibi-
tion of ototoxic hair cell death may be via HSP-
mediated repair or degradation of misfolded proteins
(Sreedhar and Csermely 2004). Experiments are
currently underway in our laboratory to examine the
molecular mechanism(s) of the protective effect of
heat shock against both aminoglycoside- and cisplatin-
induced hair cell death. Elucidating the molecular
interactions underlying this important intrinsic pro-
tective mechanism will enhance our understanding of
the regulation of hair cell death and survival. In
addition, understanding these interactions in detail
may provide insights for the design of therapies aimed
at preventing or reversing hearing loss.
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