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Abstract
Osmotic stress protein 94 (OSP94), a member of the HSP110/SSE subfamily, is expressed in certain
organs such as the kidney, testis, and brain where it can act as a molecular chaperon. In general, its
alteration in expression is in response to hyper-ionic and osmotic stress as well as heat shock stress.
Since many cells in the inner ear are involved in active ion transportation and are constantly exposed
to two ionic different environments, we hypothesize that OSP94 may be expressed in the inner ear
and its expression may be influenced by loud sound stress (LSS). With immunohistochemistry
combined with confocal microscopy, immunoblotting, and RT-PCR techniques, we found that
OSP94 was widely expressed in various cells in the murine cochlea including the stria vascularis
(SV), the organ of Corti (OC), the interdental cells, spiral ganglion cells, the spiral ligament, and
Reissner’s membrane. Under the unstressed condition, the transcription and protein level of OSP94
expression in the inner ear was quantitatively similar to that of the kidney. Furthermore, its expression
in the inner ear by LSS from broadband noise at 117dB/SPL was upregulated, but remained
unchanged in the kidney. In particular, the upregulation of OSP94 in the cochlear lateral wall tissue
(CLW) was slowly elicited in a LSS time-dependent manner compared with the response of two
other heat shock proteins (HSPs); HSP25 and HSP70 are considered to play a cytoprotective role
under stressful conditions. Our results show that OSP94 is expressed in the inner ear and indicate
this may be necessary for cells in a special ionic and osmotic environment such as endo- perilymphatic
ion compartments. The organ-specific upregulation of OSP94 by acoustic overstimulation reveals
that OSP94 in the inner ear is potentially important for cellular functional adaptation to LSS.
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Osmotic stress protein 94 (OSP94), also named ATP and peptide-binding protein in germ cells
(APG-1) or Heat shock 70kDa protein 4-like (HSPA4L), is a member of the HSP110/SSE
subfamily (Kojima et al., 1996; Kaneko et al., 1997a; Held et al., 2006). To date, OSP94 is
identified in the kidney, restricted to epithelial cells of the cortical segments of renal tubule
(Held et al., 2006), ubiquitously in the testis, especially enhanced in spermatogenic cells
(Kaneko et al., 1997a; Held et al., 2006), in germ cells (Kaneko et al., 1997b), moderately in
the brain (Xue et al., 1998), and in sera of leukemia patients (Takahashi et al., 2007). Its main
function is characterized as a molecular chaperone from the structural similarities to Hsp110
and HSP70RY (Kojima et al., 1996; Kaneko et al., 1997a; Fathallah et al., 1993; Lee-Yoon et
al., 1995) and also as having a cytoprotective role from excessive stimulation from heat and
hyper-ionic and osmotic stress(Kojima et al., 1996; Kaneko et al., 1997a), which cause marked
perturbation of intracellular protein function including the suppression of protein synthesis
(Cohen and Gullans, 1993).

In the kidney, renal epithelial cells are generally exposed to drastic ionic and osmotic stresses
in the uriniferous tubule-collecting duct system, which regulates levels of electrolytes such as
sodium, chloride, potassium, and hydrogen and controls blood volume and pH for maintenance
of bodily fluid homeostatic balance. Therefore a series of studies showed that the stimulated
cells respond by gradually accumulating organic osmolytes including betaine, inositol, sorbitol,
and glycerophosphocholine, which help balance the high osmotic pressure without
significantly perturbing intracellular macromolecules (Cohen and Gullans, 1993; Zablocki et
al., 1991; Burg, 1996). Moreover recent studies revealed that OSP94 is promptly induced by
hyper-ionic and osmotic stress in advance of the accumulation of organic osmolytes (Kojima
et al., 1996; Kojima et al., 2004).

In the inner ear, the cochlea has two different ionic environments, endolymph and perilymph,
produced by a number of ion channels and ion transporters in the organ of Corti and cochlear
lateral wall. In particular, a network of active ion transport (known as the potassium recycling
system) plays a critical role in maintaining the high concentration of potassium ions in
endolymph. In the cochlear lateral wall, the stria vascularis has an abundance of various ion
channels, active ion transporters, and well-developed capillaries, which are thought to strongly
support potassium recycling as well as create the endocochlear potential (Wangemann,
2002). Normal ionic and osmotic homeostasis must be required for hair cells to convert sound
energy into neuronal signals. Meanwhile, the cells involved in active ion transport in the inner
ear are constantly exposed to an environment of high ionic strength that supports an intracellular
flux of ions for a potassium recycling system. The expression of selected genes like OSP94
presumably is required for a cellular adaptation to an environment of high ionic stress.

In the present study, we determined the expression of OSP94 in the inner ear, and examined
whether loud sound stress influences its expression in cochlear lateral wall tissue, which is
enriched with active ion transporters and ion channels for potassium recycling system.

EXPRIMENTAL PROCEDURES
Female and male CBA/J mice aged 10–12 weeks with normal hearing were used. To determine
the expression of OSP94 in a normal inner ear, twelve animals (six female and six male) were
prepared for immunohistochemistry, immunoblot analysis, and reverse transcription
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polymerase chain reaction (RT-PCR). For quantitative real-time PCR analysis, twenty-one
male animals were divided into seven groups; control group, 2, 4 and 6 hours loud sound stress
groups (LSS 2h, LSS 4h, LSS 6h) and 4, 8 and 12 hours waiting after LSS 4h groups (LSS 4h
+4h, LSS 4h+8h, LSS 4h+12h). Separately, six male animals were randomly assigned to serve
as controls (n = 3) or as 12 hours after LSS 6h subjects (LSS 6h+12h, n = 3) and prepared for
immunoblot analysis to evaluate the change of OSP94 in the whole cochlea. All groups were
composed of three animals. Loud sound stress level was used at 117dB/SPL/broad band. After
anesthesia with an overdose of ketamine hydrochloride (100 mg/kg, i.m.) and 2% xylazine
hydrochloride (10 mg/kg) (Abbott Laboratories, N. Chicago, IL), the cochlear lateral wall
tissues and kidneys were dissected in each group for RT-PCR and quantitative real-time PCR
analysis. The procedures of this study were reviewed and approved by the Animal Use
Committee of the Oregon Health & Science University.

Immunohistochemistry
For whole mount specimens, cochleas were dissected from normal animals (one female and
one male) and fixed with 4% paraformaldehyde in phosphate buffer (PBS) for 4h. The cochlear
lateral wall tissues and organ of Corti were then isolated and permeabilized with 0.5% Triton
X – 100 for 1h. After being immunoblocked with blocking solution consisting of 10% goat
serum/2% bovine serum albumin (BSA) in PBS for 1 h, the samples were incubated overnight
at 4°C in an antibody for OSP94 (rabbit polyclonal anti-OSP94, diluted 1:100 with 5% BSA
in PBS, Santa Cruz Biotechnology, USA). The specimens were also double labeled with either
fluorescently labeled phallotoxins (Alexa fluor® 568 phalloidin, dilution 1:50, Molecular
probes/Invitrogen, USA) or propidium iodide (PI; 500 nM, Molecular probes/Invitrogen, USA)
for 1h at room temperature. The specimens were rinsed several times with PBS and incubated
with a secondary antibody (Alexa Fluor® 488 goat anti- rabbit, diluted 1:100 with 5% BSA in
PBS, Molecular probes/Invitrogen, USA) for 1h at room temperature. After rinsing, the tissues
were mounted and observed on a Nikon Eclipse TE 300 inverted microscope fitted with a Bio-
Rad MRC 1024 confocal laser microscope system. Negative control tissues were incubated
with 5% BSA in PBS to replace the primary antibody and double labeled with either phalloidin
or PI. For frozen sectioning, dissected and fixed cochleas were decalcificated for three days in
the 4% EDTA in PBS. The decalcificated cochleas were transferred to PBS containing 10%,
20% and 30% sucrose in turn for cytoprotection and finally frozen in OCT at −20°C. Fourteen-
micrometer-thick sections were cut with a cryostat microtome and stored at −20°C until used.
The immunohistochemical procedures were the same as previously described for
immunohistochemistry.

Immunoblot analysis
To compare the protein level of OSP94 expression between different organs and between
genders, whole cochleas were isolated from normal animals (three female and three male). The
kidney and testis tissues were also excised (kidney; one female and one male, testis; one male).
Likewise, whole cochleas and the kidneys from the controls and the LSS 6h+12h were prepared
to determine the change of OSP94 by LSS. All tissue samples were then homogenized in lysis
buffer (RIPA Lysis buffer, Upstate, Cell Signaling Solutions, NY, USA) with protease inhibitor
cocktails (Protease Inhibitor cocktails Set III, Calbiochem, Germany) for 30s. After
centrifuging (4°C, 30min, and ×14000 rpm), the supernatants were collected and protein assay
was done by using DC protein Assay kit (Bio-Rad, Hercules, CA, USA). Equal amounts of
protein were loaded on 10% sodium dodecyl sulfate-polyacrylamide gels by electrophoresis
(200V for 1h) and transferred to nitrocellulose membranes by electroblotting (100V/200mA
for 1h). Subsequently, the nitrocellulose membranes were blocked in 5% non-fat milk and
0.1% Tween 20 in Tris-buffered saline (TBS-T) for 1h at room temperature and incubated
overnight at 4°C with a primary antibody for OSP94 (diluted 1:100 with 5% BSA inTBS-T).
The membranes were rinsed and incubated with a secondary antibody (Goat anti-Rabbit IgG
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conjugated with horseradish peroxidase, dilution 1:3,000, Bio-Rad, Hercules, CA, USA) at
room temperature for 1h. After washing, the membranes were developed using enhanced
chemiluminescence (ECL; Bio-Rad, Hercules, CA, USA). In this study, Actin (Rabbit anti-
Actin, dilution 1:500, Sigma) served as an internal control.

Expression and Quantification of OSP94 from mouse tissues cDNA
Total RNA of whole cochleas was extracted from four ears of normal animals (two female and
two male) by using RNeasy® Micro Kit (Qiagen, Valencia, CA, USA) following the standard
protocol. Total RNA of the kidney and testis was also extracted from the same animals (one
female and one male). First-strand cDNA of each sample was synthesized from 2 μg of total
RNA by using RETROscript® Kit (Ambion, USA). The reaction was finally heat-inactivated.
Conserved regions spanning introns were selected to design primers for OSP94 and
Glyceraldehyde-3-phoshpate dehydrogenase (GAPDH) from mouse cDNA sequence
encoding mouse OSP94 (mouse Chr11 NM_008300) and GAPDH (mouse Chr6 NM_008084).
The primers used were as follows: OSP94 (forward, AATAGCAAGCTTAACCTGCAGAAC;
reverse, AGCATGTTTTGGTTCCTCCTTT, 165 bp product), GAPDH (forward,
ATGTGTCCGTCGTGGATCTGAC; reverse, AGACAACCTGGTCCTCAGTGTAG 132 bp
product). Cycling conditions of RT-PCR were 95°C for 2min; up to 30 cycles of 95°C for 30s,
60°C for 30s, 72°C for 30s; and a final 4min extension at 72°C. All products were amplified
usingTaqDNA polymerase (Promega, Madison, WI) by DNA Engine Dyad® (Bio-Rad,
Hercules, CA, USA). The cDNA synthesized from total RNA was also diluted 6-fold with
DNase-free water and each cDNA sample was independently subjected three times to real-
time PCR with the same primers of RT-PCR and SYBR Green PCR Master Mix (Applied
Biosystems, CA, USA) using the StepOnePlus™ Real-Time PCR System (Applied
Biosystems, CA, USA). Cycling conditions of real-time PCR were 95°C for 2min; 40 cycles
of 95°C for 30s, 60°C for 60s. GAPDH was used as a reference gene, and relative quantification
analysis was determined via the 2−ΔΔCT method (Livak and Schmittgen, 2001).

Comparative gene expression of OSP94 and other heat shock proteins in cochlea lateral wall
tissues by loud sound stress

Cochlear lateral wall tissues were isolated from the control group, LSS 2h, 4h and 6h groups
and LSS 4h+4h, 4h+8h and 4h+12h groups (three animals in each group). The kidney tissues
were also excised from the control group and the LSS 2h, 4h and 6h groups (one animal in
each group). After total RNA extraction and cDNA synthesis, RT-PCR and real-time PCR
were performed by the same protocol and the data of real-time PCR was estimated by the
2−ΔΔCT method. Heat shock protein 25 (HSP25/HSPB1) and HSP70 (HSPA1A, HSPA1B)
were selected as other heat shock proteins (HSPs) and their primers were designed from
conserved regions in mouse cDNA sequence encoding mouse HSP25 (mouse Chr5
NM_013560) and HSP70 (HSPA1A: mouse Chr17 NM_010479). The primers of HSP70
(HSPA1A, HSPA1B) were designed from the same exon in HSPA1A, because cDNA
sequences in HSPA1A (mouse Chr17 NM_010479) and HSPA1B (mouse Chr17 NM_010478)
are homologous and they have only one exon in the open reading frame. The primers used were
as follows: HSP25 (forward, GTCTCGGAGATCCGACAGAC; reverse,
AGAGATGTAGCCATGTTCGTCCT, 153 bp), HSP70 (forward,
ACAAGAAGAAGGTGCTGGACA; reverse, CTGGTACAGCCCACTGATGAT, 140 bp)

Statistical analysis
Numerical results are presented as means ± S.D. The significant differences between the data
sets were assessed with the Student’s t-tests. The differences were considered significant at p
< 0.05.
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RESULTS
Expression and Distribution of OSP94 in the inner ear

The immunohistochemistry showed that OSP94 was expressed in the murine inner ear
including the stria vascularis (SV), the organ of Corti (OC), interdental cells (IDC), the type
II, III fibrocytes and root cells area in the spiral ligament (SL), Reissner’s membrane, and
distributed in the cells that face the endolymphatic space (Fig. 1). In particular, on the luminal
side of the SV, marginal cells were the most labeled and the somas of inner and outer hair cells
were intensely labeled in OC (Fig. 1). In addition, OSP94 was highly expressed in the spiral
ganglion cells (SG) (Fig. 1). There was no difference in the distribution of OSP94 in the inner
ear between female and male (data not shown).

Comparison of OSP94 expression between organs
OSP94 was expressed in the whole cochlea, the kidney, and the testis at the protein level (Fig.
2A). Likewise, the RT-PCR analysis disclosed the presence of OSP94 transcription in the inner
ear (Fig. 2B). Actin and GAPDH were used as a control and there were no apparent differences
in the levels of actin and GAPDH among all samples (Fig. 2A,B). Quantitative real-time PCR
analysis indicated the transcription level of OSP94 expression in the whole cochlea was
quantitatively similar to that of the kidney. However, its expression in the testis was 3-fold
more abundant than that of the other organs (p < 0.05) (Fig. 2C, Table 1).

The change of OSP94 in the inner ear by loud sound stress
RT-PCR and quantitative real-time PCR analysis were used for determination of the change
of OSP94 expression by loud sound stress (LSS). In RT-PCR, PCR products of OSP94 and
GAPDH in the LSS groups were compared with the control group at 21 cycles of the reaction.
The result exhibited that the band intensities of OSP94 in cochlear lateral wall tissue (CLW)
were slightly enhanced in the LSS 2h group, but appreciably elevated in the LSS 4h group (Fig.
3A). Quantitative real-time PCR analysis also showed that transcription of the OSP94 gene in
the CLW was significantly upregulated at 4h and 6h under LSS (Fig. 3B). Its upregulation
reached 2.66-fold in the LSS 4h group and 8.11-fold in the LSS 6h group compared with the
control group (p < 0.05) (Table 2). In contrast, the transcription level of OSP94 expression in
the kidney was consistently unchanged by LSS (Fig. 3B, Table 2). Moreover, to compare with
the response of other heat shock proteins (HSPs) by LSS, HSP25 and HSP70 were selected as
stress resistant molecules (Yoshida et al., 1999;Bruey et al., 2000;Ravagnan et al., 2001).
Although the transcriptions of HSP25 and HSP70 in the CLW were also significantly increased
by LSS, their induction was more prompt than that of OSP94 and their upregulation came close
to saturation between 4h and 6h under LSS (Fig. 3C, Table 3).

Additionally, to follow the change of OSP94 expression at the transcription and protein level
after LSS, a time-course study was performed after either four hours or six hours noise-
exposure (LSS 4h, LSS 6h), both of which significantly upregulate the OSP94 gene in the inner
ear (Fig. 3B). At the protein level, the overexpression of OSP94 in the whole cochlea was
observed at 12h after LSS 6h (LSS 6h+12h), while lacking any change in the kidney (Fig. 4A).
At the transcription level, OSP94 expression was gradually increased until 8h after LSS 4h
(LSS 4h+8h) and slowly declined at 12h (LSS 4h+12h) (Fig. 4B, Table 4). These results
revealed that unlike the other HSPs, the upregulation of OSP94 in the CLW is elicited in a LSS
time-dependent manner and continues for more than 12h after LSS.

DISCUSSION
In the present study, we have shown that OSP94 is widely expressed in the murine inner ear
with no difference in its expression between genders. The transcription and protein level of
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OSP94 expression in the whole cochlea is quantitatively comparable with that of the kidney,
and less than that of the testis. It is noteworthy that the distribution of OSP94 in the inner ear
overlapped with active ion transport regions such as the organ of Corti, the stria vascularis
(SV), the spiral ligament (SL), and interdental cells. Moreover, our experimental data indicated
that loud sound stress (LSS) induced the organ-specific enhancement of OSP94 in the inner
ear at the transcription and protein level. In particular, the upregulation of OSP94 in the cochlear
lateral wall tissue (CLW) was gradually initiated, but time-dependently advanced by LSS in
comparison with the response of HSP25 and HSP70, both of which are considered to play a
cytoprotective role under stressful conditions (Yoshida et al., 1999; Bruey et al., 2000;
Ravagnan et al., 2001). Interestingly, the change of OSP94 expression is in accord with the
study in the kidney, where the transcription of the OSP94 gene was slightly increased at 3h
and continuously elevated until 24h in response to hyperosmotic NaCl (Kojima et al., 1996).

In the inner ear, the CLW composed of the SV and the SL is constantly exposed to the two
ionic different environments and permits an intracellular flux of ions in order to maintain a
potassium recycling system and endocochlear potential (EP). Past studies revealed that
although there was no significant difference in the osmolality between endolymph and
perilymph, the osmolality in the inner ear was altered according to the change of plasma
osmotic pressure (Bosher and Warren, 1971), and the application of high concentration of NaCl
on the round window membrane induced immediate reduction of EP (Hisashi et al., 1999).
Additionally, LSS is known to cause the ionic imbalance between endolymph and perilymph
(Konishi et al., 1979), disturb the vascular microcirculation system in the CLW (Thorne and
Nuttall, 1987; Nakashima et al., 2003), and eventually lead to hearing dysfunction (Hirose and
Liberman, 2003). This supports the view that the CLW requires a mechanism to maintain the
ionic and osmotic homoeostasis as well as potassium recycling system in the inner ear. OSP94
presumably plays a role in adapting the cells involved in potassium recycling system to the
ionic and osmotic stress and would have a response to its imbalance caused by LSS.

On the other hand, a gene targeting study provided the evidence that the phenotype of OSP94
deficient mice have about 40 percent male infertility by apoptosis of developing germ cells
and a minor degree of hydronephrosis with no functional impairment (Held et al., 2006). In an
osmotic pressure loading experiment, however, it was found that renal function was
preferentially susceptible to osmotic stress (Held et al., 2006). This evidence leads us to
speculate that depending on the expression level of OSP94 in organs, the deficiency of OSP94
has various influences on normal function in the testis and for osmotic tolerance in the kidney.
The intolerance of osmotic stress on renal function suggests that OSP94 mutant animals would
have poor tolerance to LSS, although they apparently have normal hearing function (Held et
al., 2006).

In our study, the utilization of the CLW enabled us to obtain more accurate information about
the relationship between OSP94 expression and ionic and osmotic imbalance by LSS than that
of whole cochleas. The transcription study by RT-PCR and quantitative real-time PCR analysis
was accomplished on a small sample volume reducing the number of experimental animals
needed for this work. However, the possibility that the other factors rather than ionic and
osmotic stress would be related to the expression of OSP94 in spiral ganglion cells cannot be
ruled out and the molecular mechanism of OSP94 function in the inner ear still remains to be
elucidated by further detailed studies in the future.

In conclusion, this study provides new information that OSP94 is widely expressed in the
murine inner ear and induced in response to loud sound stress, suggesting that OSP94 would
play a potential role related to cellular adaptation to the specific ionic and osmotic environment
in the inner ear.
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Abbreviations
APG-1  

ATP and peptide-binding protein in germ cells

GAPDH  
Glyceraldehyde-3-phoshpate dehydrogenase

HSPs  
heat shock proteins

HSPA4L  
heat shock 70kDa protein 4-like

LSS  
loud sound stress

SG  
spiral ganglion cells

SL  
spiral ligament

SV  
stria vascularis

OC  
organ of Corti

OSP94  
osmotic stress protein 94
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Fig. 1.
Distribution of OSP94 in the cochlea. Panel A–E; fluorescent confocal images from frozen-
sections of the cochlea. The tissues were immunolabeled with OSP94 (green) and the nuclei
were stained with PI (red). Scale bars, 100μm (A), 10μm (B–E). Panels F–M; the fluorescent
confocal images were from whole mount preparations. Cell structure was visualized by labeling
with phalloidin (red). Merged images (H, L) were compared with negative controls (I, M).
Immunoreaction for OSP94 (green) was found in the organ of Corti, especially both IHC and
OHC soma (F, G, H). In the SV, OSP94 was prominently labeled on the luminal side of
marginal cells (J, K, L). Scale bars, 10μm (F–I), 10μm (J–M).
The abbreviations used are as follows: SV, stria vascularis; SG, spiral ganglion cells; IDC,
intradental cells; IHC, inner hair cell, and OHC, outer hair cell.

Yamamoto et al. Page 9

Neuroscience. Author manuscript; available in PMC 2010 February 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
OSP94 expression between whole cochlea (female and male), kidney (female and male) and
testis. Panel A shows that the specific bands for OSP94 were observed at 120 kDa area in all
samples by immunoblot analysis. (Actin was used as an internal control.) Panel B shows PCR
products of OSP94 at 21cycles of the reaction by RT-PCR. Its intensity in the testis is higher
than the other organ samples. (GAPDH was used as a reference gene.) Panel C shows the
quantification of OSP94 expression in each organ by quantitative real-time PCR analysis. The
bar graph shows the average of three independent experiments for each sample. Error bars
represent the S.D. Each value represents a comparison with the whole cochlea sample defined
as 1.0. There was a statistical difference in transcription level of OSP94 between the testis and
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the other organ samples (p < 0.05). There was no statistical difference between the whole
cochlea and the kidney.
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Fig. 3.
LSS time-dependent change of OSP94 and other HSPs in the CLW. Panel A shows PCR
products of OSP94 and GAPDH in cochlear lateral wall (CLW) and the kidney by RT-PCR.
Panel B and C show the value estimated by the 2−ΔΔCT method in quantitative real-time PCR
analysis. Each value represents a comparison to either the CLW control or kidney control
defined as 1.0. The bar graph shows the average of three independent experiments for each
sample. Error bars indicate the S.D. In panel B, the expression of OSP94 in the CLW was time-
dependently increased by LSS (p < 0.05). There was no statistical difference in the kidney
between the control group and the LSS groups. In panel C, the significant increases of HSP25
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and HSP70 were confirmed from 2h under LSS (p < 0.05), and their upregulation was settled
after 4h.
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Fig. 4.
The change of OSP94 in time-course after LSS. Panel A shows the change of OSP94 expression
at the protein level by immunoblot analysis. In the whole cochlea, the enhancement of OSP94
protein was observed at 12h after LSS 6h (LSS 6h+12h) in comparison with the control. In
contrast, there was no obvious difference in the kidney between the control and the LSS 6h
+12 h. Panel B shows the time-course study of OSP94 change in the CLW after acoustic
overstimulation (LSS 4h: 4hours noise-exposure at 117dB/SPL/broad band). At the
transcription level, the upregulation of the OSP94 gene was until 12h after LSS 4h (p < 0.05).
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