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Mechanosensory hair cells are the receptor cells of hearing and balance. Hair cells are sensitive to death from 
exposure to therapeutic drugs with ototoxic side effects, including aminoglycoside antibiotics and cisplatin. 
We recently showed that the induction of heat shock protein 70 (HSP70) inhibits ototoxic drug–induced hair 
cell death. Here, we examined the mechanisms underlying the protective effect of HSP70. In response to heat 
shock, HSP70 was induced in glia-like supporting cells but not in hair cells. Adenovirus-mediated infection of 
supporting cells with Hsp70 inhibited hair cell death. Coculture with heat-shocked utricles protected nonheat-
shocked utricles against hair cell death. When heat-shocked utricles from Hsp70–/– mice were used in cocul-
tures, protection was abolished in both the heat-shocked utricles and the nonheat-shocked utricles. HSP70 was 
detected by ELISA in the media surrounding heat-shocked utricles, and depletion of HSP70 from the media 
abolished the protective effect of heat shock, suggesting that HSP70 is secreted by supporting cells. Together 
our data indicate that supporting cells mediate the protective effect of HSP70 against hair cell death, and they 
suggest a major role for supporting cells in determining the fate of hair cells exposed to stress.

Introduction
Hearing loss is the most common sensory impairment in humans, 
and it affects over 16% of adults in the United States (1). Hearing 
loss is often caused by the death of mechanosensory hair cells in 
the inner ear. Hair cells are the sensory cells of hearing and bal-
ance, transducing mechanical stimuli into neural signals. Hair cells 
are damaged by a variety of stresses including aging, noise trauma, 
genetic mutations, and exposure to certain therapeutic drugs, 
including aminoglycoside antibiotics and the antineoplastic agent 
cisplatin. Hair cell death caused by exposure to ototoxic drugs is a 
significant health problem that results in hearing loss for an esti-
mated 500,000 Americans each year (2). Aminoglycoside antibiot-
ics remain among the most commonly used antibiotics worldwide, 
and significant hearing loss or balance impairment (or both) occurs 
in up to 20% of patients receiving these drugs (3).

The induction of heat shock proteins (HSPs) in response to cel-
lular stress is a ubiquitous and highly conserved response that can 
significantly inhibit apoptosis in many systems (4). We have shown 
that HSP induction via heat shock inhibits aminoglycoside-
induced hair cell death in organ cultures of utricles from adult 
mice (5). HSP70 is required for this protective effect, and HSP70 
overexpression inhibits ototoxic hair cell death (6). Furthermore, 
HSP70 is protective against aminoglycoside-induced hearing loss 
and cochlear hair cell death in vivo (7). Taken together, these data 
indicate that HSP70 induction is a critical stress response that can 
promote survival of hair cells exposed to aminoglycosides.

The mechanism(s) underlying the protective effect of HSP70 
against aminoglycoside-induced hair cell death are unknown. 
Stress-induced HSP70 expression occurs in response to a vari-
ety of stressors and can inhibit apoptosis, both via its chap-
erone activity and via direct inhibition of apoptotic signaling 
(reviewed in refs. 8–10). Here, we have used an in vitro prepa-

ration of utricles from adult mice to examine the mechanisms 
underlying the protective effect of HSP70 against aminoglyco-
side-induced hair cell death.

Results
HSP levels in control and heat-shocked utricles. HSP expression levels 
in control and heat-shocked utricles from CBA/J mice were exam-
ined by Western blotting (Figure 1A). Heat shock resulted in a 
robust (∼14-fold) increase in HSP70. Heat shock also resulted in 
the induction of HSP40 and HSP27. We observed that the levels of 
HSP90, HSP60, and HSP32 remained relatively unchanged after 
heat shock. We examined Hsp mRNA induction in utricles from 
Hsp70+/+ and Hsp70–/– mice using quantitative RT-PCR (Figure 1B). 
Heat shock resulted in a comparable induction of HSP27 in utri-
cles from Hsp70+/+ and Hsp70–/– mice. We found that Hsp70 mRNA 
was induced by heat shock in utricles from Hsp70+/+ mice, but not 
in utricles from Hsp70–/– mice.

Heat shock results in HSP70 induction in supporting cells. In order to 
examine the cellular localization of HSP70 in response to heat 
shock, the utricles were heat shocked and then fixed 6 hours 
later. We sectioned the utricles and stained them for myosin 7a 
(hair cells) and HSP70 immunoreactivity (Figure 2). The control 
utricles show the typical tissue architecture with a single row 
of hair cell nuclei above a single row of supporting cell nuclei. 
While hair cells contact only the luminal surface of the epithe-
lium, supporting cells contact both the luminal and basal sur-
faces and extend processes between the hair cells (see schematic 
diagram in Figure 3). The control utricles show very little HSP70 
immunoreactivity (Figure 2A), whereas the heat-shocked utricles 
show robust HSP70 immunoreactivity, with HSP70 localized to 
supporting cells and no detectable HSP70 immunoreactivity in 
the hair cells (Figure 2, B–E). Since heat shock inhibits amino-
glycoside-induced hair cell death (5), these data suggest that sup-
porting cells mediate the protective effect of heat shock against 
aminoglycoside-induced hair cell death.
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Adenovirus specifically infects supporting cells in adult mouse utricles in 
vitro. To further explore the roles of supporting cells as mediators 
of the protective effect of HSP70, we sought a method for induc-
ing HSP70 expression specifically in supporting cells. Utricles 
were infected with Ad-RFP and cultured in virus-free media for 24 
hours, fixed, and then processed for myosin 7a (hair cells) and SOX2 
(supporting cells) immunoreactivity. As shown in Figure 3, the 
adenovirus specifically and efficiently infected supporting cells with-
out infecting hair cells. Supporting cell infection efficiency was 47.9 
± 11%, and no RFP+ hair cells were observed (n = 10 utricles). Impor-
tantly, we found that adenoviral infection of supporting cells does 
not result in toxicity to hair cells or supporting cells, as cell counts in 
infected utricles are equivalent to those in noninfected utricles (11).

Adenoviral infection of supporting cells with HSP70 inhibits neo-
mycin-induced hair cell death. To examine the role of supporting 
cells in mediating the protective effect of HSP70 against oto-
toxic hair cell death, we used an adenovirus to deliver HSP70 

to supporting cells. We infected the utricles with Ad-HSP70 
(or Ad-GFP as a control) and then cultured them for an addi-
tional 24 hours in either control media or media containing 
neomycin. We then fixed the utricles and visualized the hair 
cells using myosin 7a immunochemistry (Figure 4). The con-
trol utricles show normal numbers of hair cells (Figure 4A). 
Culture in either Ad-GFP (Figure 4B) or Ad-HSP70 (Figure 4C) 
did not result in hair cell toxicity. Neomycin exposure resulted 
in substantial loss of hair cells in uninfected utricles (Figure 
4D). Infection of supporting cells with Ad-GFP was not pro-
tective against neomycin-induced hair cell death (Figure 4E), 
while Ad-HSP70 inhibited neomycin-induced hair cell death 
(Figure 4, F and H). A similar protective effect of Ad-HSP70 
was seen in hair cell counts from the striolar region of the 
utricle (data not shown). Western blot data confirm that infec-
tion with Ad-HSP70 resulted in increased HSP70 expression in 
utricles (Figure 4G). Because hair cells were not infected with 

Figure 1
Effects of heat shock on HSP levels. (A) Control and heat-shocked 
utricles from CBA/J mice were examined for expression levels of HSPs 
using Western blotting. Heat shock results in upregulation of HSP70, 
HSP40, and HSP27. Numbers below each band indicate the fold 
change relative to the utricles that were not heat shocked. (B) Con-
trol and heat-shocked utricles from Hsp70+/+ and Hsp70–/– mice were 
examined for Hsp mRNA expression using real-time quantitative PCR 
(RT-qPCR). Heat shock resulted in a robust induction of Hsp70 mRNA 
in utricles from Hsp70+/+ mice. In heat-shocked utricles from Hsp70–/– 
mice, Hsp27 mRNA was induced, but Hsp70 mRNA was not.

Figure 2
Heat shock results in HSP70 upregulation in supporting cells. Con-
trol and heat-shocked (43°C for 30 minutes) utricles were allowed to 
recover from heat shock for 6 hours and were sectioned (see Methods). 
Sections were labeled using antibodies against myosin 7a (red, hair 
cell marker) and HSP70 (green). Nuclei were labeled with Hoechst dye 
(blue). Confocal microscopy was performed using identical settings for 
laser power, gain, offset, and zoom. Shown are a control utricle (A) 
and a heat-shocked utricle (B–E). Control utricles (A) show very little 
HSP70 immunoreactivity. Heat-shocked utricles (B–E) show robust 
upregulation of HSP70 in supporting cells. C–E show a higher-mag-
nification image of a heat-shocked utricle. (C) Myosin 7a labeling of a 
single hair cell. (D) HSP70 immunoreactivity is present in supporting 
cells but not in the hair cell. (E) Merged image. (F) Schematic showing 
locations of the hair cell (HC) and supporting cells (SC) in C–E. Scale 
bars: 10 μm (A and B); 5 μm (C–E). Images are representative of 3 
experiments for a total of 10 to 12 utricles per condition.
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the adenovirus (Figure 3), these data indicate that HSP70 in 
supporting cells protects hair cells against neomycin-induced 
death and that supporting cells thus act as mediators of hair 
cell survival.

Coculture with heat-shocked utricles is protective. The mechanism(s) 
by which HSP70 in supporting cells results in the protection 
of hair cells are unknown. We hypothesized that HSP70 may 
be secreted by supporting cells and internalized by hair cells. 
This hypothesis makes several specific predictions. First, it pre-
dicts that coculture with utricles that have been heat shocked 
will protect hair cells in utricles that have not undergone heat 
shock. Second, HSP70 should be detectable in the media sur-
rounding heat-shocked utricles. Third, it predicts that add-
ing exogenous HSP70 to the media should be protective. And 
fourth, it predicts that HSP70 should translocate from sup-
porting cells to hair cells.

In order to begin to test the hypothesis that HSP70 is secreted 
by supporting cells and internalized by hair cells, we performed 
a series of coculture experiments using 24-well tissue culture 
plates fitted with Transwell permeable membrane inserts (Fig-
ure 5). These experiments used utricles from both Hsp70+/+ and 
Hsp70–/– (12) mice, allowing us to examine the role of HSP70 in 
any observed protective effect. In the first experiment, utricles 
from wild-type (Hsp70+/+) mice were heat shocked and then placed 
in the top chamber of a well containing a Transwell insert. Utri-
cles (wild-type) that had not been heat shocked were placed in 
the same well beneath the Transwell insert containing the heat-
shocked utricles (see schematic, Figure 5A). As shown in Figure 
5A, gentamicin resulted in significant loss of hair cells in utri-
cles that were not cocultured with heat-shocked utricles. Heat-
shocked utricles (in the top chamber) were partially protected 
against gentamicin-induced hair cell death, in agreement with 
our previous results (5). In addition, coculture with heat-shocked 
utricles protected hair cells in utricles that had not been heat 

shocked (i.e., in the bottom chamber). Moreover, the protective 
effect of coculture with heat-shocked utricles was comparable to 
the protective effect of heat shock itself. These data indicate that 
heat-shocked utricles secrete factor(s) that are protective against 
aminoglycoside-induced hair cell death.

Next, we used utricles from Hsp70–/– mice to determine whether 
HSP70 is required for the protective effect of coculture (Figure 
5B). When utricles from Hsp70–/– mice were used in both the upper 
and lower chambers of the Transwell device, the protective effect 
was abolished in both the heat-shocked utricles (upper chamber) 
and the nonheat-shocked utricles (lower chamber).

The finding that the protective effect of coculture is abolished 
when Hsp70–/– utricles are used in both chambers indicates that 
HSP70 is required for the protective effect observed in coculture. 
Is HSP70 required in the heat-shocked utricles themselves, in the 
cocultured (nonheat-shocked) utricles, or both? To address this 
question, we performed mixed coculture experiments in which 
Hsp70–/– utricles were in 1 chamber and Hsp70+/+ utricles were 
in the other chamber. First, Hsp70–/– utricles were heat shocked 
and placed in the upper chamber over wild-type (Hsp70+/+) utri-
cles (Figure 5C). The use of Hsp70–/– utricles in the top chamber 
abolished the protective effect in both chambers, indicating that 
HSP70 is required in the heat-shocked utricles. In the converse 
experiment, wild-type utricles were heat shocked and placed in 
the upper chamber over nonheat-shocked utricles from Hsp70–/– 
mice (Figure 5D). Both the heat-shocked wild-type utricles in the 
top chamber and the nonheat-shocked Hsp70–/– utricles in the 
bottom chamber were protected against gentamicin-induced 
hair cell death relative to utricles that were not heat shocked or 
cocultured. Taken together, these data indicate that HSP70 was 
required in the heat-shocked utricles in the upper chamber, but 
not in the nonheat-shocked utricles in the bottom chamber, sug-
gesting that either HSP70 is itself secreted, or HSP70 is required 
for the secretion of other protective molecule(s).

Figure 3
Adenovirus specifically infects supporting cells. Utricles were infected with Ad-RFP for 2 hours and then cultured in control media for an additional 
24 hours and fixed. Hair cells and supporting cells were visualized using myosin 7a (blue) and SOX2 (green) immunochemistry, respectively. 
Schematic shows the structure of the utricular sensory epithelium and the locations of the hair cells and supporting cells. Locations of confocal 
(optical) sections shown in the upper and lower panels are indicated by lines and arrows in the schematic. Upper panels: in confocal images 
taken at the level of the hair cell nuclei, the Ad-RFP signal appears in the spaces between hair cells and does not overlap with the hair cell marker 
myosin 7a. Lower panels: in confocal sections at the level of the supporting cell nuclei, the Ad-RFP signal colocalizes with the supporting cell 
marker SOX2. Ad-RFP infection results in RFP expression in supporting cells only, and no hair cells are infected. Scale bar: 20 μm.
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HSP70 is secreted into the media. Our hypothesis that HSP70 is secret-
ed by supporting cells predicts that HSP70 should be present in the 
media surrounding heat-shocked utricles. We analyzed HSP70 levels 
in media from control and heat-shocked utricles using an ELISA 
(Figure 6A). Media from control utricles contained 561 ± 31 ng of 
HSP70, while media from heat-shocked utricles contained 1,105 
± 31 ng of HSP70, representing a significant increase (P < 0.0005; 
Figure 6A). When HSP70 levels were examined in the homogenized 
tissue itself, levels in control utricles (458 ± 141 ng) were comparable 
to those in the control media, while heat-shocked utricles contained 
approximately 4-fold more HSP70 (1,814 ± 49 ng). No HSP70 was 
detected in the control or heat-shocked utricles from Hsp70 knock-
out mice (data not shown). These data indicate that heat-shocked 
utricles secrete HSP70 into the surrounding media.

Extracellular HSP70 is required for coculture protection. In order 
to examine whether secreted HSP70 is required for the protec-
tive effect of coculture, we used a function-blocking antibody to 
deplete the media of HSP70 (13, 14). In the absence of the func-
tion-blocking antibody, we again observed a protective effect in 
both the heat-shocked utricles in the upper chamber and the 
nonheat-shocked utricles in the lower chamber (Figure 6B). How-
ever, when the media was depleted of HSP70 using the blocking 
antibody, the protective effect of heat shock was abolished in both 
chambers (Figure 6B). Use of a control IgG in the media did not 
alter the protective effect of heat shock (Figure 6B). These data 
indicate that extracellular HSP70 is required for both the protec-
tive effect of heat shock and the protective effect seen in the non-
heat-shocked, cocultured utricles in the bottom chamber.

Ad-HSP70 is protective in coculture. We next examined whether 
utricles infected with Ad-HSP70 can protect noninfected utricles 
in a manner similar to the protection provided by heat-shocked 
utricles in the coculture paradigm. Utricles from CBA/J mice were 
infected with an adenovirus carrying HSP70 fused to mCherry 

(Ad-HSP70mCherry). Ad-HSP70mCherry–infected utricles were 
placed in the top chamber of a Transwell dish, and noninfected 
utricles were placed in the bottom chamber. Infection with Ad-
HSP70mCherry inhibited neomycin-induced hair cell death in 
the infected utricles (upper chamber) as well as in the noninfected 
cocultured utricles (lower chamber) (Figure 7). These data indi-
cate that the expression of HSP70 in supporting cells is sufficient 
for the protective effect against hair cell death that we observed in 
cocultured utricles. Taken together, the data from the coculture 
experiments indicate that HSP70 is secreted by supporting cells 
and that this secreted HSP70 inhibits hair cell death.

Exogenous HSP70 is protective. The data from the coculture experi-
ments are consistent with the hypothesis that HSP70 is secreted by 
supporting cells. As mentioned above, the third prediction of this 
hypothesis is that adding exogenous HSP70 to the media should 
be protective. In order to test this prediction, we treated utricles 
with neomycin in the presence (or absence) of exogenous human 
HSP70 (Figure 8A). Treatment with exogenous HSP70 inhibited 
neomycin-induced hair cell death, while treatment with a control 
protein (HSA) was not protective. These data support the idea that 
extracellular HSP70 alone is protective, and they argue against the 
idea that HSP70 is merely chaperoning another protective molecule.

HSP70 is not internalized by hair cells. Our hypothesis that HSP70 
is secreted by supporting cells and internalized by hair cells pre-
dicts that HSP70 should translocate from supporting cells to 
hair cells. Our data (Figure 2) demonstrate that 6 hours after heat 
shock, HSP70 is localized to the supporting cells. We examined 
later time points after heat shock to determine whether HSP70 
eventually appears in hair cells, and we did not detect increased 
HSP70 immunoreactivity in hair cells at 12, 18, or 24 hours after 
heat shock (data not shown). We then examined HSP70 internal-
ization by hair cells in 2 additional paradigms. First, we examined 
the localization of exogenously applied HSP70 by using an FITC-

Figure 4
Adenoviral infection of supporting cells with HSP70 inhibits neomycin-induced hair cell death. Utricles were infected with Ad-HSP70 (or Ad-GFP). 
Under these conditions, the adenovirus infects supporting cells, and no hair cells are infected (see Figure 3). Hair cells are labeled with myosin 7a. 
(A) Control utricles show normal hair cell numbers. (B) Infection with Ad-GFP does not result in hair cell loss (for clarity, the GFP channel is not 
shown). (C) Infection with Ad-HSP70 does not result in hair cell loss. (D) Neomycin treatment results in significant loss of hair cells. (E) Infection 
of supporting cells with Ad-GFP is not protective against neomycin-induced hair cell death. (F) Infection of supporting cells with Ad-HSP70 inhibits 
neomycin-induced hair cell death. (G) Western blot analysis of HSP70 expression in control and Ad-HSP70–infected utricles. (H) Ad-HSP70 is 
protective against neomycin-induced hair cell death. 1-way ANOVA, F5,46 = 12.03, P < 0.0001. n = 5–12 utricles per condition. *P < 0.001 between 
neomycin and neomycin plus Ad-HSP70. Ctrl, control; Neo, neomycin.
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tagged human HSP70 (ExHSP70-FITC). No ExHSP70-FITC was 
detected in hair cells (Figure 8B). We did detect small amounts of 
ExHSP70-FITC in supporting cells, however, supporting cells also 
internalized small amounts of the tagged control protein, BSA-
FITC (ExBSA-FITC). Taken together, these data suggest that the 
protective effect of extracellular HSP70 is probably not mediated 
by the internalization of HSP70 by hair cells.

We next examined the localization of an HSP70-mCherry fusion 
protein after infection of supporting cells with Ad-HSP70mCherry. 
For this experiment, we first confirmed that Ad-HSP70mCherry is 
protective against neomycin-induced hair cell death (Figure 9A), 
indicating that fusion with the mCherry tag did not reduce the 
protective effect of Ad-HSP70. Ad-HSP70mCherry was expressed 
exclusively in supporting cells 24 hours after infection (Figure 9B). 
Even 48 hours after infection, we did not detect any HSP70-mCher-
ry in hair cells (data not shown). Using all 3 of these approaches, we 
found no evidence that HSP70 is internalized by hair cells.

Discussion
Supporting cells are important mediators of hair cell survival. Our data 
indicate that heat shock–induced HSP70 upregulation occurs 
primarily in supporting cells with no detectable upregulation 

in hair cells. In addition, adenoviral-mediated infection of sup-
porting cells with HSP70 inhibited aminoglycoside-induced hair 
cell death. Since hair cells of the mature mouse utricle were not 
infected with the adenovirus (Figure 3 and ref. 11), it shows that 
HSP70 in supporting cells protects hair cells against ototoxic 
death. These findings, therefore, indicate that supporting cells act 
as critical mediators of hair cell survival. Furthermore, recent evi-
dence suggests that supporting cells are also important mediators 
of hair cell death (15) and subsequent phagocytosis (16). Hair cell 
damage caused by either laser ablation or aminoglycoside expo-
sure results in the activation of extracellularly regulated kinases 1 
and 2 (ERK1/2) in supporting cells (Deiters’ and other phalangeal 
cells) in the neonatal rat cochlea (15). ERK1/2 is not activated in 
hair cells in response to this damage. Pharmacological inhibition 
of ERK1/2 signaling inhibited aminoglycoside-induced hair cell 
death (15). Taken together with our data, these findings dem-
onstrate that supporting cells play a major role in determining 
whether hair cells under stress ultimately live or die.

Potential mechanisms for supporting cell–mediated protection against 
hair cell death. We hypothesized that supporting cells secrete HSP70, 
which is then internalized by hair cells. Under normal physiologi-
cal conditions, HSP70 is largely an intracellular protein involved in 

Figure 5
Coculture with heat-shocked utricles is protective. Utricles were cultured in 24-well plates containing Transwell permeable inserts. For each 
experiment, heat-shocked utricles were placed in the upper chamber of the Transwell device, and nonheat-shocked utricles were placed in the 
lower chamber. (A) Wild-type (Hsp70+/+) utricles were cocultured. Control utricles and heat-shocked utricles had comparable hair cell densities. 
Gentamicin caused significant loss of hair cells. Heat-shocked utricles (upper chamber) were partially protected against gentamicin-induced hair 
cell death. Nonheat-shocked utricles (bottom chamber) were protected in a manner comparable to heat-shocked utricles. (B) When utricles from 
Hsp70–/– mice were used in both chambers (heat-shocked and nonheat-shocked), protection against gentamicin-induced hair cell death was 
abolished in both groups of utricles. (C) Hsp70–/– utricles were heat shocked and cultured in the upper chamber of the Transwell device, while 
Hsp70+/+ utricles (nonheat shocked) were in the lower chamber. No protective effect against gentamicin-induced hair cell death was observed in 
either group. (D) Hsp70+/+ utricles were heat shocked and cultured in the upper chamber of the Transwell device, while Hsp70–/– utricles (nonheat 
shocked) were in the lower chamber. Both groups were protected against gentamicin-induced hair cell death. ANOVAs, *P < 0.05. n = 5–11 utricles 
per condition. Gent, gentamicin; HS, heat shocked.
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the folding, assembly, and translocation of other proteins. HSP70 
expression is strongly induced by a wide variety of environmen-
tal stresses, a process known as the stress response (17). These 
stressful conditions result in extracellular release of HSP70 from 
a variety of cell types, including neurons, glia, B cells, and PBMCs 
(18–24). HSP70 secretion does not occur via the classical secretory 
pathway, since it carries no secretion signal, and inhibitors of Gol-
gi-mediated secretion do not inhibit HSP70 release (20). Instead, 
HSP70 is released via secretory exosomes (25, 26), which are endo-
some-derived microvesicles of 50 to 200 nm in size. Extracellular 
HSP70 can act as a danger signal that increases immune surveil-
lance (reviewed in ref. 27). However, extracellular HSP70 can also 
protect against stress-induced cell death in a variety of systems 
(28–31). The protective effects of extracellular HSP70 may be 
particularly important in the nervous system. The application of 
exogenous HSP70 inhibits axotomy-induced death of motor and 
sensory neurons (31), and systemic injections of human HSP70 
increased motoneuron survival and lifespan in a mouse model 

of amyotrophic lateral sclerosis (ALS) (32). The source of stress-
induced extracellular HSP70 appears to be glial cells. Glia release 
HSP70 in response to a variety of stresses, and neurons exposed 
to extracellular HSP70 are more resistant to stress-induced injury 
than unexposed neurons (21, 33–35).

Stress-induced HSP70 production by glia and glia-like supporting 
cells may be a general mechanism by which these cells provide pro-
tection to sensory cells. In the CNS, stress-induced HSP70 induc-
tion occurs largely in glial cells, with little induction in neurons 
(36–38). Similarly, in the rat olfactory system, stress-induced HSP70 
production occurs primarily in supporting (sustentacular) cells and 
not in olfactory sensory neurons (39). In addition, olfactory sensory 
neurons are protected by HSP induction (40). Targeted overexpres-
sion of HSP70 in astrocytes protects CA1 hippocampal neurons 
from death caused by transient forebrain ischemia (41). Consistent 
with our finding that stress-induced HSP70 induction is specific to 
supporting cells, a recent report showed that noise trauma resulted 
in increased HSP70 immunoreactivity in Deiters’ cells (42).

Figure 6
HSP70 is secreted to the medium, and depletion of HSP70 from the medium abolishes the protective effect of coculture. (A) HSP70 levels in 
medium from control and heat-shocked utricles were examined by ELISA. Medium surrounding heat-shocked utricles contained significantly more 
HSP70 than medium surrounding the control (nonheat-shocked) utricles (ANOVA, P < 0.0005). HSP70 levels in control tissue were comparable to 
those in control medium, while heat-shocked utricles contained significantly higher levels of HSP70. Shown are data from 3 biological replicates 
processed in parallel. The experiment was repeated 5 times with similar results. (B) Heat-shocked (upper chamber) and nonheat-shocked (lower 
chamber) utricles from Hsp70+/+ mice were cocultured in a Transwell device containing 5 mM of gentamicin. As in Figure 5, gentamicin resulted in 
significant hair cell death, and both heat-shocked (upper) and nonheat-shocked (cocultured, lower) utricles were protected. Addition of a control 
IgG to the medium did not alter the protective effect of either heat shock (upper) or coculture with heat-shocked (lower) utricles. Depletion of 
HSP70 from the medium using an HSP70 function-blocking antibody (fbAb) abolished the protective effect of both heat-shocked (upper) and 
nonheat-shocked, cocultured (lower) utricles. ANOVA, *P < 0.05 relative to gentamicin. n = 5–15 utricles per condition.

Figure 7
Ad-HSP70-mCherry is protective in coculture. Utricles were infected 
with Ad-HSP70-mCherry and placed in the upper chamber of a Tran-
swell device containing 3 mM of neomycin. Noninfected utricles were 
placed in the lower chamber. No utricles were heat shocked. Infection 
of supporting cells with Ad-HSP70-mCherry resulted in significant inhi-
bition of neomycin-induced hair cell death in both the infected utricles 
(upper) and noninfected utricles (lower). ANOVA, *P < 0.05 relative to 
neomycin alone. n = 6–11 utricles per condition.
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Several lines of evidence support the hypothesis that HSP70 is 
secreted by supporting cells. First, coculture with heat-shocked 
utricles protects utricles that have not been heat shocked (Figure 
5A). HSP70 is required for both the protective effect of heat shock 
itself (in the heat-shocked utricles) and for the protective effect 
on cocultured, nonheat-shocked utricles (Figure 5, B–D). Second, 
HSP70 is present in the media surrounding heat-shocked utricles 
(Figure 6A). Third, depletion of HSP70 from the media abolished 
the protective effect of the coculture (Figure 6B). Together, these 
findings indicate that HSP70 is secreted by supporting cells in 
response to heat shock. While our finding that exogenous HSP70 
is protective (Figure 8A) suggests that extracellular HSP70 alone is 
sufficient for the protective effect against hair cell death, our data 
do not rule out the possibility that secreted HSP70 is chaperoning 
additional protective molecules.

Although our data indicate that HSP70 is secreted by support-
ing cells, we found no evidence that it is internalized by hair cells. 
We examined hair cells at various time points after heat shock 
and found that HSP70 immunoreactivity is consistently strong 
in supporting cells but not in hair cells (Figure 2). Fluorescently 
tagged HSP70 was not internalized by hair cells (Figure 8B), and 
Ad-HSP70mCherry did not translocate from supporting cells to 
hair cells (Figure 9B). These data suggest that rather than being 
internalized by hair cells, extracellular HSP70 may be acting at the 
cell surface, perhaps by ligating a cell surface receptor and caus-
ing signaling downstream of that receptor. Extracellular HSP70 
can bind a variety of cell surface receptors on the secreting cell, on 
adjacent cells, or on distant cells (20). Several classes of cell sur-
face receptors have been identified as HSP70 receptors, including 

TLRs, scavenger receptors (SRs), and c-type lectins (19, 27, 43). 
Extracellular HSP70 is an endogenous ligand for TLR2/4. In the 
human squamous carcinoma cell line A431, ligation of TLR2/4 
with HSP70 results in the formation of heterodimers between TLR 
2/4 and the EGFR (44). This complex results in transactivation of 
the EGFR and prosurvival signaling in the EGFR-expressing cell 
(45). Similarly, HSP70 expressed on the surface of tumor-derived 
exosomes from mouse cell lines results in the ligation of TLR2 
and the subsequent activation of STAT-3 and NFκB (46), both 
of which can have prosurvival effects. These data suggest that 
HSP70-mediated activation of prosurvival signaling via TLRs does 
not require the internalization of HSP70.

Recent studies have found that supporting cells can act as 
mediators of hair cell death. These studies demonstrated that 
damage to hair cells results in the activation of ERK1/2 exclu-
sively in supporting cells, and that pharmacological inhibition 
of ERK1/2 inhibits hair cell death (15). In addition, supporting 
cells were found to mediate the removal of dead hair cells from 
the sensory epithelium (16). Our data indicate that supporting 
cells can act as mediators of hair cell survival. Taken together, 
these data implicate supporting cells as critical determinants 
of whether a hair cell under stress ultimately lives or dies. The 
roles of supporting cells as mediators of hair cell survival and 
death are only beginning to be explored. In addition, the mecha-
nisms by which hair cells send stress signals and supporting 
cells sense and respond to these signals are largely unknown. 
From a basic science perspective, elucidating these intercellular 
signaling mechanisms in the mature inner ear will be critical 
to understanding the fundamental roles of supporting cells as 

Figure 8
Exogenous HSP70 is protective. (A) Utricles were cultured in neomycin with (or without) recombinant human HSP70. Recombinant HSA was 
used as a control. Neomycin resulted in significant loss of hair cells (ANOVA, *P < 0.05 relative to control). Addition of exogenous HSP70 inhibited 
neomycin-induced hair cell death (ANOVA, #P < 0.05 relative to neomycin), while HSA was not protective. n = 5–20 utricles per condition. (B) 
Exogenous HSP70 is not internalized by hair cells. Neomycin-treated utricles were cultured in the presence of FITC-labeled recombinant human 
HSP70 (ExHSP70-FITC) or BSA (ExBSA-FITC) and examined for the presence of intracellular HSP70-FITC (or BSA-FITC) (green). Hair cells 
were labeled with an antibody against myosin 7a (red). Neither ExHSP70-FITC nor ExBSA-FITC was internalized by hair cells, although support-
ing cells internalized small amounts of both exogenous proteins. Scale bar: 10 μm (applies to all panels). Orth, orthogonal.



research article

3584 The Journal of Clinical Investigation   http://www.jci.org   Volume 123   Number 8   August 2013

determinants of hair cell survival versus death. From a clinical 
perspective, understanding these intercellular signals will inform 
the rational design of therapies aimed at preventing hearing loss 
and balance disturbances resulting from hair cell death.

Methods

Animals
CBA/J mice of both sexes were obtained from either the Jackson Labora-
tory or Harlan. Hsp70–/– mice (12) were obtained from the Mutant Mouse 
Regional Resource Center at the UCSD. These mice carry a deletion of an 
11-kb region of genomic DNA that contains both Hspa1a and Hspa1b (12). 
The mouse genome contains 3 inducible Hsp70 genes: Hspa1a (formerly 
Hsp70.3), Hspa1b (formerly Hsp70.1), and Hspa2 (formerly Hsp70.2). Hspa1a 
and Hspa1b are strongly induced by heat and other stresses. Hspa2 expres-
sion is restricted to spermatogenic cells (47). Young adult mice (4–6 weeks 
of age) were euthanized by CO2 inhalation and decapitated.

Utricle culture
The adult mouse utricle culture preparation has been described in detail 
(11, 48). Utricles were dissected under sterile conditions and cultured free 
floating (5–8 utricles per well) in a 24-well tissue culture plate overnight in 
a tissue culture incubator at 37°C and 5% CO2. The culture medium con-
sisted of DMEM/F12 (11320; Invitrogen), 5% FBS, and 50 U/ml of penicil-
lin G (Sigma-Aldrich).

Aminoglycoside treatment
Before treatment, neomycin sulfate (Sigma-Aldrich) was equilibrated for 
at least 30 minutes in a tissue culture incubator at 37°C in a humidified 

atmosphere of 95% air and 5% CO2. Utricles were exposed to neomycin (2–3 
mM in culture medium) for various periods of time at 37°C. The control 
utricles were not exposed to neomycin.

Because Hsp70–/– mice carry a neomycin resistance gene in place of the 
HSP70 coding region (12), we used gentamicin C (5 mM for 24 hours) in 
the experiments on utricles from these mice. The neomycin resistance gene 
used to develop these knockout mice encodes an aminoglycoside kinase 
that modifies neomycin, kanamycin, and related aminoglycosides at the 
3′-hydroxyl group (49). Other aminoglycosides, including gentamicin C 
and tobramycin, are not substrates for this enzyme (49), and utricles from 
Hsp70–/– mice show the same susceptibility to gentamicin-induced hair cell 
death as utricles from wild-type mice (6).

Heat shock protocol
Heat shock treatment was carried out as previously described (5). Utricles 
and surrounding culture media were transferred from the 24-well plate 
into sterile 1.5 ml microcentrifuge tubes. Tubes containing utricles to be 
heat shocked were placed into a water bath at 43°C for 30 minutes. Con-
trol utricles (no heat shock) were replaced in the incubator at 37°C. Fol-
lowing heat shock, all utricles were returned to the tissue culture plates 
and maintained in culture at 37°C for 6 hours prior to neomycin exposure.

Quantitative RT-PCR
Control and heat-shocked utricles (4 per condition) from Hsp70+/+ and 
Hsp70–/– mice were homogenized in ground-glass homogenizers, and 
total RNA was collected using an RNeasy Micro Kit (QIAGEN). RNA was 
reverse transcribed using random hexamer primers (Life Technologies). 
cDNA was amplified with SYBR Green qPCR (Applied Biosystems) using 
the following primer sets (5′–3′): 18S (forward) TTCGGAACTGAGGC-

Figure 9
Ad-HSP70-mCherry is protective, and it is 
not internalized by hair cells. (A) Supporting 
cells were infected with Ad-HSP70-mCherry 
(or Ad-mCherry as a control). Infected utricles 
were cultured in the presence or absence of 
neomycin (3 mM). Neither virus resulted in 
significant hair cell death, while neomycin 
caused a significant loss of hair cells. Infection 
of supporting cells with Ad-HSP70-mCherry 
inhibited neomycin-induced hair cell death 
(ANOVA, *P < 0.05). Infection of supporting 
cells with Ad-mCherry was not protective. n = 
6–11 utricles per condition. (B) Utricles infect-
ed with Ad-HSP70-mCherry were fixed, and 
hair cells were labeled using antimyosin 7a 
(green). Utricles were examined using confo-
cal microscopy (original magnification, ×63). 
Schematic shows the location of each panel. 
Upper panels show confocal images taken 
at the level of the hair cell cuticular plates, 
while the lower panels show confocal images 
from the same field taken at the level of the 
hair cell nuclei. Ad-HSP70-mCherry (red) is 
restricted to supporting cells and does not 
colocalize with myosin 7a (green, hair cells), 
indicating that Ad-HSP70-mCherry does not 
translocate from supporting cells to hair cells. 
Scale bars: 20 μm.
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CATGATT, (reverse) TTTCGCTCTGGTCCGTCTTG; HSP27 (forward) 
GAGAACCGAACGACCGTCC, (reverse) CCCAATCCTTTGACCTAAC-
GC; HSP32 (forward) CTCACAGATGGCGTCACTTCGTCA, (reverse) 
TTGCCAACAGGAAGCTGAGA; HSP70 (forward) AGGCCAGGGCTG-
GTATTACT, (reverse) AATGACCCGAGTTCAGGATG; HSP90 (forward) 
GCAATTTCTGCCTGAAAGGC, (reverse) GTGCGTGTTCATTCAGCCAC. 
Results are reported as fold changes in mRNA levels relative to control 
(nonheat-shocked) utricles from mice of the same genotype.

Western blot analyses
After treatment, utricles (10 utricles per condition) were homogenized 
using a ground-glass homogenizer containing RIPA buffer (150 mM 
NaCl, 1 mM EDTA, 1% NP-40, 0.25% Na-deoxycholate, 0.1% SDS) supple-
mented with 1 mM Na3VO4, 1 mM NaF, and a Protease Inhibitor Cocktail 
Set III (539134; EMD Chemicals) used at 1:100 dilution. Supernatants 
were resuspended in Laemmli buffer, boiled for 5 minutes, and sepa-
rated by SDS-PAGE using 4%–15% Tris-HCl minigels (Bio-Rad). After 
wet transfer to PVDF membranes and incubation in blocking buffer (1X 
TBS with 0.1% Tween 20 and 5% w/v nonfat dry milk), the membranes 
were probed with primary antibodies. The following antibodies were 
obtained from Cell Signaling Technology and diluted 1:1,000 in block-
ing buffer: anti-human HSP90 (4875), anti-human HSP70 (4872), anti-
human HSP60 (4870), and anti-human HSP40 (4868). Other antibodies 
included anti-human HSP32/HO-1 (MAB3776; R&D Systems; diluted 
1:500), anti-hamster HSP27 (06-517; Millipore; diluted 1:200), and anti-
pan actin (A-2066; Sigma-Aldrich; diluted 1:200). Antibody binding was 
visualized by chemiluminescence (SuperSignal West Dura Extended 
Duration Substrate) using preflashed CL-XPosure Film (Pierce Biotech-
nology). Each Western blot experiment was performed at least 3 times 
with similar results. Quantification of Western blots was performed 
using ImageJ software (NIH). All HSP band intensities were normalized 
to that of actin. Densitometry data are reported relative to the control 
(no heat shock, no neomycin) conditions.

Immunofluorescence
Whole mounts. At the end of the culture period, utricles were fixed for 30 
minutes in 4% paraformaldehyde and then washed. Tissue was permeabi-
lized for 1 hour in PBT (PBS plus 0.1% Tween 20). Utricles were blocked 
for 1 hour in 5% fish gelatin (G7765; Sigma-Aldrich) in PBT. Anti-SOX2 
antibody (sc-17320; Santa Cruz Biotechnology) was diluted 1:500 in block-
ing solution and incubated overnight at 4°C. SOX2 was detected using 
Alexa 594–conjugated donkey anti-goat IgG (all secondary antibodies were 
from Invitrogen). Anti-HSP70 (SPA-810; Assay Designs) recognizes induc-
ible HSP70 (HSPA1A and HSPA1B) and does not recognize constitutive 
HSP70 (HSPA8). This antibody was diluted 1:200 in blocking solution 
and detected using Alexa 488–conjugated goat anti-mouse IgG. Antimyo-
sin 7a (Proteus BioSciences rabbit polyclonal ab 25-6790, diluted 1:250 
in blocking solution; or Developmental Studies Hybridoma Bank mouse 
monoclonal 138-1, diluted 1:00 in blocking solution) was detected using 
Alexa 647–conjugated goat anti-rabbit IgG. Axiovision software version 4.8 
(Carl Zeiss Microscopy) was used to draw 4–6 boxes (30 μm on a side) in 
the extrastriolar region of the utricle, and hair cells were counted in each 
of these boxes. At least 2 regions were sampled from the medial extrast-
riolar region and 2 from the lateral extrastriolar region (50). We regularly 
generated a second set of hair cell counts that were performed by a blinded 
observer, and each time these counts agreed with the original cell counts. 
Hair cell densities are reported as mean hair cells per unit area.

Sections. For utricle sections, we modified the cryoembedding protocol 
described previously for cochlea (51). In brief, utricles were fixed over-
night in 4% paraformaldehyde, followed by 3 washes with 1× PBS (pH 7.4) 

for 15 minutes each. Otoconia were removed using fine forceps (no. 55). 
Utricles were incubated for 30 minutes in 10% sucrose (Sigma-Aldrich) 
and then in 15% sucrose with gentle rotation at room temperature. The 
utricles then remained in 15% sucrose overnight at 4°C with rotation. On 
the following day, the utricles were transferred into a 1:1 solution of 15% 
sucrose and Tissue-Tek OCT Compound (4583; Sakura) and incubated 
overnight with rotation at 4°C. OCT-containing tissue culture plates 
were placed in a vacuum dessicator for 1 hour to remove air bubbles, and 
the utricles were then transferred to those wells and incubated at 4°C 
overnight with rotation. The utricles were then transferred to degassed 
OCT-containing vinyl cryomolds (4566; Tissue-Tek), oriented, and cryo-
embedded in a slurry of absolute alcohol and dry ice. Frozen sections 
(30-μm thickness) were cut on a cryostat (Leica CM), mounted on glass 
slides (Superfrost Plus; Fisher Scientific), and air dried for 1 to 2 hours 
before using them for immunostaining.

Sections were treated with 2% PFA for 5 minutes and then washed 3 
times (5 minutes each). Sections were kept in blocking solution (0.5% tri-
ton X-100 [T-8787; Sigma-Aldrich], 2% BSA [A3294; Sigma-Aldrich], and 
0.8% normal goat serum in 1× PBS) for 2 hours. Primary antibodies against 
myosin 7a and HSP70 (33575, 1:100 in blocking solution; Santa Cruz Bio-
technology) were added, and the slides were incubated overnight at 4°C in 
a humid chamber. The following day, utricles were washed, and second-
ary antibodies (Alexa-594 goat anti-mouse and Alexa-488 goat anti-rabbit; 
Invitrogen) were added and incubated for 2 hours at room temperature. 
Hoechst staining was applied for 30 seconds. The sections were washed 
and mounted on glass slides using Fluoromount G (SouthernBiotech).

Infection of supporting cells using adenoviruses
For utricle cultures that were to be infected using adenoviruses, otoconia 
were removed during the dissection using an eyelash tool (no. 113; Ted 
Pella) (11). We used recombinant adenoviruses to infect supporting cells 
in the adult mouse utricle. In all cases, adenovirus type 5 (dE1/E3) was 
used to deliver a transgene under the control of the human CMV pro-
moter (Vector BioLabs). Stock viruses included adenovirus red fluores-
cent protein (Ad-RFP), adenovirus GFP (Ad-GFP), adenovirus-mCherry 
(Ad-mCherry), and adenovirus HSP70 (Ad-HSP70). Ad-HSP70-mCherry 
was generated by PCR amplification of wild-type inducible HSP70 from 
pDrive-HSP70 (gift from Wolfgang Dillmann, UCSD). This fragment was 
cloned into the BamHI/EcoRV site of the pDual2CCM-mCherry shuttle 
vector (Vector BioLabs) to generate a fusion protein in which mCherry was 
fused to the C-terminal end of HSP70. This expression cassette was then 
cloned into the pAd viral backbone to generate Ad-HSP70-mCherry. Viral 
stocks were obtained at titers of 1.0 to 4.0 × 1010 PFU/ml. For infection, 
utricles were transferred to individual wells of a Nunc MiniTray (136528; 
Thermo Scientific). Each well contained 15 μl of serum-free culture medi-
um, to which 0.5–2 μl (1.0–4.0 × 107 PFUs) of viral stock was added for 2 
hours. After 2 hours, the utricles were transferred back into serum-con-
taining media in the 24-well tissue culture plate. Utricles were cultured 
for an additional 24 hours before being fixed in 4% paraformaldehyde. 
Myosin 7a immunochemistry was used to label hair cells, and SOX2 
immunochemistry was used to label supporting cells (and a subset of 
hair cells) (52). Utricles were examined at ×63 magnification by confocal 
microscopy. Within each experiment, all images were obtained using iden-
tical settings for laser power, gain, offset, and zoom. For Ad-HSP70 experi-
ments, utricles were cultured as above in Ad-HSP70, in which the CMV 
promoter was upstream of HSP70 (1047; Vector BioLabs). Ad-HSP70 was 
removed from the cultures after 2 hours, and the utricles were cultured 
for 24 hours before the medium was changed to neomycin-containing (2 
mM) medium for an additional 24 hours and fixed. Hair cells were visual-
ized using myosin 7a immunochemistry.
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Exogenous HSP 70 experiments
Whole-organ utricle cultures were prepared as described above. The utri-
cles were allowed to recover in culture medium overnight, then 5 μg of 
purified human recombinant HSP70 (ADI-ESP-555-F; Enzo Life Sciences) 
or 5 μg of HSA (AB94020; Abcam) was added to the utricle-containing 
wells for 24 hours. After 24 hours, 3 mM of neomycin (Sigma-Aldrich) was 
equilibrated for 3 hours in 95% air/5% CO2 and added to the culture wells 
for 24 hours. The control utricles were maintained in untreated culture 
medium. The utricles were fixed in 4% paraformaldehyde overnight at 4°C. 
Specimens were prepared for myosin 7a immunochemistry, and hair cells 
were counted as described above.

To examine whether exogenous HSP70 is internalized by hair cells 
or supporting cells, human recombinant HSP70 and BSA were each 
tagged with FITC according to the manufacturer’s instructions (F6434; 
Invitrogen). Unbound FITC molecules were removed and FITC-tagged 
proteins were purified using spin columns provided in the kit. After over-
night recovery, the cultured utricles were incubated for an additional 24 
hours in 5 μg of FITC-labeled recombinant human exogenous HSP70 (or 
BSA). Utricles were then fixed in 4% paraformaldehyde at 4°C for 2 hours. 
Hair cells were labeled with antimyosin 7a as above, and images were taken 
at ×63 magnification with a Zeiss 780 laser scanning confocal microscope.

Statistics
Each experiment was repeated at least 3 times. Data on hair cell counts are 
shown in figures as the mean ± SEM hair cell densities (average hair cells 
per 900 μm2). Data were analyzed by ANOVA with Tukey’s multiple com-
parison post-hoc tests (IBM SPSS Statistics version 19). Differences were 
considered significant at P < 0.05.

Study approval
All animal experiments were approved by the IACUC of the Medical Uni-
versity of South Carolina (MUSC) or the National Institute on Deafness 
and Other Communication Disorders (NIDCD). Experiments using ade-
noviruses were performed at Biosafety Level II using procedures approved 
by the MUSC and NIDCD biosafety committees.
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Coculture experiments
The utricle cultures were maintained in an incubator at 37°C in a 5% 
CO2/95% air environment overnight. Heat shock was performed as 
described above. Immediately after heat shock, the utricles were transferred 
to 24-well tissue culture plates containing Transwell inserts (3422; Corn-
ing). These inserts have a permeable polycarbonate membrane bottom with 
an 8.0-μm pore size, thus they allow 2 sets of utricles to be cultured in the 
same medium without physically contacting one another. Heat-shocked 
utricles were placed in the upper chamber of the Transwell plate, while 
nonheat-shocked utricles were placed in the bottom chamber. Using cul-
ture medium, gentamicin was added to a final concentration of 5 mM in 1 
ml and added to the Transwell dish. The control utricles were cultured in 
the absence of gentamicin. All utricles were incubated for 24 hours before 
being fixed and prepared for myosin 7a immunohistochemistry and hair 
cell counts as described above.

Some cocultures were incubated with an HSP70 function-blocking anti-
body to deplete the culture medium of HSP70. We tested the specificity of 
this antibody (SC-33575; Santa Cruz Biotechnology) using control and heat-
shocked utricles from HSP70 knockout mice and their wild-type littermates 
and found that the antibody labeled supporting cells in heat-shocked utri-
cles from Hsp70+/+ mice, but it did not label utricles from heat-shocked (or 
control) Hsp70–/– mice (data not shown). For these experiments, utricles from 
wild-type mice were cultured as above. Heat-shocked utricles were placed in 
the upper chamber of a Transwell plate, and nonheat-shocked utricles were 
placed in the lower chamber. The medium contained both gentamicin (5 
mM) and either the HSP70 function-blocking antibody (SC-33575, 1 μg/
ml; Santa Cruz Biotechnology) or a control IgG (AB37361, 1 μg/ml; Abcam). 
Cocultures were incubated in gentamicin with or without HSP70 function-
blocking antibody for 24 hours and then fixed. Hair cells were labeled using 
antimyosin 7a, and hair cell counts were performed as above.

For cocultures with virus-infected utricles, the utricles were cultured as 
described above and infected with Ad-HSP70-mCherry in 15 μl of serum-free 
culture medium for 2 hours. Utricles were then transferred to 1 ml of serum-
containing medium and cultured 24 hours in an incubator at 37°C in a 5% 
CO2/95% air environment. A Transwell insert was placed in control (untreat-
ed) or neomycin-containing (3 mM) medium within a 24-well plate as above. 
The virus-infected utricles were placed in the top chamber of the Transwell 
plate, while noninfected utricles were placed in the bottom chamber. All utri-
cles were incubated for 24 hours before being fixed and prepared for myosin 
7a immunohistochemistry and hair cell counts as described above.

ELISA
Utricles were cultured and heat shocked as described above. Twenty-four 
hours after heat shock, culture medium was collected from the wells. Utri-
cles (8 per condition) were homogenized and analyzed for HSP70 expres-
sion separately from the culture medium. The utricles were homogenized 
using a mammalian cell lysis kit (MCL-1; Sigma-Aldrich). HSP70 was 
quantified using an ELISA according to the manufacturer’s instructions 
(SUV1663; R&D Systems). Using a multimode microplate reader (LB 940; 
Berthold Technologies Mithras), absorbance levels were read at 450 nm, 
with a dual wavelength correction at 540 nm. Sample values were calcu-
lated from a standard curve generated using recombinant HSP70.
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