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produced in the cochlea (Kawata et al., 1988) and that all EP subtypes
are expressed in various types of cochlear cell (Hori et al., 2009, 2010;
Stjernschantz et al., 2004), suggesting that EP signaling might play
roles in the physiology and pathophysiology of the cochlea. The
present study focused on EP4 because of its reported protective
effects on neurons against neuronal degeneration in various contexts
(Ahmad et al., 2005; Esaki et al., 2010; Li et al., 2008; Shi et al., 2010;
Umemura et al., 2010).

In the current study, we evaluated the functionality and
morphology of cochleae in EP4-deficient mice under physiological
conditions or following noise exposure. Pharmacological inhibition
or activation of EP4 signaling was examined using mouse models of
noise-induced hearing loss in order to confirm the findings.

2. Materials and methods
2.1. Animals and reagents

EP4-deficient mice were generated as described previously (Segi et al., 1998).
Most EP4-deficient mice die postnatally as a result of patent ductus arteriosus and
do not survive on a C57BL/6 background (Nguyen et al., 1997; Segi et al., 1998). Male
EP4-deficient mice with a mixed 129/0la and C57BL/6 genetic background
(Kabashima et al., 2002) aged 8 weeks were used. Male mice with a similar mixed
genetic background to the EP4-deficient mice were used as wild-type animals. The
pharmacological inhibition and enhancement of EP4 signaling were investigated
using 8-week-old male C57BL/6 mice (Japan SLC, Inc., Hamamatsu, Japan).

Animals were maintained at the Institute of Laboratory Animals, Kyoto
University, Japan, under a 12-h light/12-h dark cycle and specific pathogen-free
conditions. Mice were fed ad libitum with standard chow. Bedding and water
bottles were replaced daily. The Animal Research Committee of the Graduate School
of Medicine, Kyoto University, approved all experimental protocols.

The EP4 antagonist ONO-AE3-208 and the EP4 agonist ONO-AE1-329 were
supplied by Ono Pharmaceutical, Co., Ltd (Osaka, Japan). Rabbit anti-Blll tubulin
antibody was purchased from Covance Research Products (Berkeley, CA). Rabbit
anti-myosin Vlla polyclonal antibody was purchased from Proteus BioSciences
(Ramona, CA). Alexa 488 or 568-conjugated goat anti-rabbit antibody, DAPI, and
fluorescein—phalloidin were purchased from Molecular Probes (Eugene, OR). Rabbit
anti-EP4 receptor polyclonal antibody was purchased from Caymann Chemical (Ann
Arbor, MI).

2.2. Auditory brainstem response (ABR)

Measurements of ABRs have been performed as described previously (Kada
et al.,, 2009). Thresholds were determined for frequencies of 10, 20, and 40 kHz
from a set of responses at varying intensities with 5-dB sound pressure level (SPL)
intervals. When no response was present at the highest sound level available, the
threshold was designated as being 5 dB greater than that level for statistical
purposes. The thresholds at each frequency were verified at least twice.

2.3. Distortion-product otoacoustic emissions (DPOAES)

Recordings were made with an acoustic probe (ER-10C; Etymotic Research, Elk
Grove Village, IL) using the DP2000 DPOAE measurement system version 3.0
(Starkey Laboratory, Eden Prairie, MN). Two primary tones with an f2/f1 ratio of 1.2
were presented at intensity levels of 65 dB SPL (L1) and 55 dB SPL (L2). The f2 was
varied in one-ninth-octave steps from 8 to 16 kHz. A peak at 2f1—f2 in the spectrum
was recognized as a DPOAE. The DP/noise floor (NF) levels were calculated and
statistical analyses were performed at each f2 frequency.

2.4. Endocochlear potential

Measurements of the endocochlear potential were performed as described
previously (Kada et al., 2009). A silver—silver chloride reference electrode was placed
under the skin of the dorsum. A micropipette electrode (10—40 MO) filled with
150 mM KCl was advanced through the bony aperture into the spiral ligament. The
entry of the electrode tip into the endolymph was characterized by fast changes of the
recorded potentials. The electrode was advanced until a stable potential was observed,
at which point no alterations were dependent upon its depth. The signal was passed
through an amplifier (Duo 773; World Precision Instruments, Sarasota, FL).

2.5. Surgical procedure for topical application

The EP4 antagonist ONO-AE3-208 was dissolved in 1 N NaOH and diluted with
PBS to give a final concentration of 1 mg/ml and a final pH of 7.4. The EP4 agonist
ONO-AE1-329 was dissolved in DMSO and diluted with physiological saline to give
a final concentration of 1 mg/ml containing 1% dimethyl sulfoxide (DMSO). Both

drugs were applied topically under general anesthesia. The otic bulla of the left
temporal bone was exposed via a retroauricular approach. A small hole was made in
the otic bulla to access the round window membrane (RWM). A dry gelatin sponge
was cut into 0.5—1 mm? pieces and a piece of the sponge placed on the RWM
following the immersion of substrates (2 pl). Control animals received topical
application of PBS at pH 7.4 or physiological saline containing 1% DMSO.

2.6. Noise exposure

Animals under general anesthesia were placed in a ventilated sound-exposure
chamber fitted with speakers driven by a noise generator and a power amplifier.
A 1/2-inch condenser microphone and a fast Fourier transform analyzer (both from
Sony, Tokyo, Japan) were used to monitor and calibrate sound levels at multiple
locations within the chamber, in order to ensure uniformity of the stimulus. The
stimulus intensity varied by a maximum of 3 dB SPL across measured sites within
the exposure chamber.

2.7. Histology

After the functional analyses, the cochleae were subjected to histological anal-
ysis as whole mounts or 10-pm-thick frozen sections. The whole-mount samples
were used for the histological evaluation of hair cells. The frozen sections were used
for the evaluation of gross anatomy by hematoxylin and eosin (H&E) staining, for
immunohistochemistry for EP4 or for quantitative assessments of spiral ganglion
neurons. )

The whole-mount specimens were separated into three regions with distances
from the apex of 20—40% (corresponding to 8—16 kHz regions; apical portion),
40—-70% (corresponding to 16—32 kHz regions; mid-basal portion), and 70—90%
(corresponding to 32—64 kHz regions; basal portion) (Viberg and Canlon, 2004).
After permeabilization with 0.2% Triton X in PBS for 30 min at room temperature, the
specimens were incubated with anti-myosin Vlla rabbit polyclonal antibody (1:500)
for 12 h at 4 °C, followed by incubation with Alexa-568 conjugated anti-rabbit goat
1gG (1:500) secondary antibody. At the end of the staining procedures, the speci-
mens were stained with fluorescein—phalloidin (1:400) and 4’ ,6-diamino-2-phenyl-
indole (DAPI) for 15 min at room temperature, and viewed with a confocal micro-
scope (TCS SPE; Leica Microsystems, Wetzlar, Germany). The respective numbers of
inner hair cells (IHCs) and outer hair cells (OHCs) were counted, and the ratio of
missing IHCs and OHCs was calculated for each region of cochleae.

Two mid-modiolar sections (separated by a distance of 40—50 pm) from each
cochlea were used for immunostaining for EP4 or for the histological analysis of
spiral ganglion neurons, respectively. Immunohistochemistry for EP4 was per-
formed with anti-EP4 receptor (1:200) primary antibody and Alexa 568-conjugated
anti-rabbit goat IgG (1:500) secondary antibody. Immunohistochemistry for III-
tubulin was performed to identify the spiral ganglion neurons in the Rosenthal’s
canal. Specimens were treated with rabbit anti-BliI tubulin (1:250) primary antibody
and Alexa-488 conjugated anti-rabbit goat IgG (1:500) secondary antibody, followed
by nuclear labeling with DAPIL The specimens were then observed using a fluores-
cence microscope (Olympus BX50, Tokyo, Japan). The numbers of spiral ganglion
neurons and the area of the Rosenthal’s canal were quantified, and the density of
spiral ganglion neurons was calculated as described previously (Kada et al., 2009).

2.8. Statistical analysis

Data are expressed as the mean & SEM for the indicated number of observations.
The unpaired Student’s t-test (two-tailed) was used, as appropriate, for comparisons
between two groups. Two-way factorial analysis of variance (ANOVA) was used for
comparisons of ABR-threshold shifts after noise exposure, and the Tukey—Kramer
test was performed for pair-wise comparisons. P < 0.05 was considered statistically
significant.

3. Results
3.1. Hearing loss in EP4-deficient mice

ABR recordings for screening the auditory function of EP4-
deficient mice demonstrated significant but slight hearing loss at
frequencies of 10, 20, and 40 kHz. EP4-deficient mice (n = 16)
exhibited significant elevation of ABR thresholds in comparison
with wild-type mice (n = 16) at 10 kHz (P < 0.0001), 20 kHz
(P < 0.0001), and 40 kHz (P < 0.0001) (Fig. 1A). To examine the
mechanisms underlying the hearing impairment in EP4-deficient
mice, we measured DPOAEs, which reflect the OHCs in the
cochlea (Parham et al, 1999), and the endocochlear potential,
which is the positive voltage in the endolymphatic space of the
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Fig. 1. Auditory function and cochlear morphology of EP4-deficient mice. (A) The ABR thresholds in EP4-deficient mice differed significantly at each frequency in comparison with
those in wild-type mice. Asterisk indicates a significant difference (P < 0.05). (B) The DP/NF levels of EP4-deficient mice were significantly lower than those of wild-type mice at 2
frequencies of 15,984 and 14,672 Hz. Asterisk indicates a significant difference (P < 0.05). (C) No statistical difference in the endocochlear potential was found between EP4-deficient
and wild-type mice. (D) Immunostaining for EP4 (red) and nuclear staining with DAPI (blue) showed EP4 expression in an inner hair cell (I) and outer hair cells (O) of the organ of
Corti, spiral ganglion neurons and stria vascularis in a wild-type cochlea, while no expression was found in an EP4-deficient cochlea. Scale bar, 50 um. (E) H&E staining of a cross
section of an EP4-deficient cochlea revealed no abnormalities. OC, organ of Corti; RM, Reissner’s membrane; SGN, spiral ganglion neuron; SV, stria vascularis. Scale bars, 200 pm.
(F) Immunostaining for myosin Vila (red) and F-actin labeling with phalloidin (green) revealed loss of OHCs in EP4-deficient mice (asterisked). Scale bar, 50 um. (G) The percentages
of OHC loss in each part of cochleae in EP4-deficient and wild-type mice are shown. (H) No significant differences in the densities of spiral ganglion neuron (SGN) were found in the
apical (Ap), mid-basal (mB) or basal (Bs) portions of cochleae between EP4-deficient and wild-type mice. In all graphs, the error bars represent the SEM. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

cochlea that is mainly generated by the stria vascularis (Tasaki and
Spyropoulos, 1959).

In DPOAE measurements, EP4-deficient animals demonstrated
significant loss in the DP/NF levels at f2 frequencies of 14,672
(P < 0.0001) and 15,984 Hz (P = 0.0255) compared with wild-type
animals (n = 16 for each; Fig. 1B). By contrast, the mean endoco-
chlear potential of the EP4-deficient mice (107.3 4+ 6.5 mV) did not
differ significantly from that of wild-type mice (104.8 £+ 5.1 mV; n=4
for each; Fig. 1C). These functional assessments suggested that the
EP4-deficient mice had slight hearing loss due to OHC dysfunction.

To investigate the morphological phenotypes of the EP4-
deficient mice, cochlear specimens were examined using either
cryostat sections or surface preparations. The expression of EP4 was
found in in the stria vascularis, spiral ganglion neurons, supporting
cells, IHCs and OHCs in wild-type mice (Fig. 1D) similarly to our
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previous observation (Hori et al., 2009), while no expression of EP4
was identified in EP4-deficient mice (Fig. 1D). H&E staining of cross
sections revealed that the gross anatomy of EP4-deficient mice
cochleae was essentially normal (Fig. 1E). No apparent degenera-
tion was seen in the organ of Corti, spiral ganglion, or cochlear
lateral wall including the stria vascularis at the light-microscopic
level. Immunostaining for myosin Vila and f-actin labeling with
phalloidin revealed the surface morphology of the organ of Corti.
Loss of OHCs was observed in the basal, mid-basal, and apical
portions of EP4-deficient cochleae (Fig. 1F). OHC loss was confirmed
by the nuclear staining with DAPL However, there was no statisti-
cally significant difference in OHC loss between EP4-deficient and
wild-type mice (Fig. 1G). This finding suggested an involvement of
other mechanisms besides OHC degeneration for hearing loss in
EP4-deficient mice. We then quantitatively analyzed the density of
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spiral ganglion neurons, of which loss causes ABR-threshold shifts,
using immunostaining for BII tubulin in cross sections, which
showed no significant loss of spiral ganglion neurons (Fig. 1H). We
therefore considered that EP4 deficiency affected auditory systems
including OHC function, which might result in modest hearing loss
under physiological conditions.

3.2. Vulnerability to noise trauma in EP4-deficient mice

Mouse models of noise-induced hearing loss have previously
been used to test the roles of various molecules in pathophysiological
conditions of the auditory system (Peppi et al., 2011; Polesskaya et al.,
2010; Tan et al., 2010). Noise-induced damage sometimes clarified
roles of molecules in auditory function. We therefore examined the
effects of EP4 deficiency on noise-induced hearing loss, in order to
clarify its role in auditory function. EP4-deficient and wild-type mice
(n = 12 for each) were exposed to an octave-band noise centered on
8 kHz at a 120-dB SPL for 2 h, and then subjected to ABR

measurements 7 and 14 days later. Alterations in the ABR-threshold
shifts of EP4-deficient and wild-type mice are shown in Fig. 2A. The
overall effects of EP4 deficiency on the ABR-threshold shifts were
statistically significant at 10 kHz (df = 1, F = 5.287 and P = 0.0247),
20 kHz (df = 1, F = 10.720 and P = 0.0017), and 40 kHz (df = 1,
F=17.323 and P < 0.0001) with two-way factorial ANOVA. Pair-wise
comparisons with Tukey—Kramer test revealed significantly higher
elevations of ABR thresholds in EP4-deficient than in wild-type mice
on day 14 at 20 kHz, and on days 7 and 14 at 40 kHz. DPOAE
assessments demonstrated significant decreases of DP/NF levels at
11,297 Hz (P = 0.0005), 13,453 Hz (P = 0.0068), 14,672 Hz
(P = 0.0371), and 15,984 Hz (P = 0.0006) in EP4-deficient mice
compared with wild-type mice (Fig. 2B). These findings demon-
strated that noise exposure revealed auditory system differences
between EP4-deficient and wild-type mice, in particular high
frequency regions. By contrast, there was no significant difference in
the endocochlear potential between EP4-deficient (103.3 £ 2.5 mV)
and wild-type (97.3 & 3.5 mV) mice (Fig. 2C).
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Fig. 2. Vulnerability of EP4-deficient mice to noise trauma (an octave-band noise centered on 8 kHz at a 120-dB SPL for 2 h). (A) The time courses of the alterations in the ABR-
threshold shifts of EP4-deficient and wild-type mice at frequencies of 10, 20, and 40 kHz are shown. The overall effects of EP4 deficiency on the ABR-threshold shifts were
statistically significant at all frequencies. Asterisks indicate significant differences in ABR-threshold shifts in pair-wise comparisons. (B) Significant decreases in DP/NF levels in
EP4-deficient mice were observed at 11,297, 13,453, 14,672 and 15,984 Hz. Asterisk indicates a significant difference (P < 0.05). (C) The endocochlear potential in EP4-deficient mice
was similar to that in wild-type mice after noise trauma. (D) Immunostaining for myosin Vlla (red) and F-actin labeling with phalloidin (green) revealed extensive loss of OHCs in
each cochlear portion of EP4-deficient mice (asterisked). Scale bar, 20 pm. (E) EP4-deficient mice showed significantly higher levels of OHC loss in the apical (Ap), mid-basal (mB),
and basal (Bs) portions of cochleae compared with wild-type mice. Asterisk indicates a significant difference (P < 0.05). (F) Immunostaining for Blll-tubulin (green) and nuclear
staining for DAPI (blue) revealed the spiral ganglion neurons of EP4-deficient mice to be normal. Scale bar, 50 pm. (G) There was no significant difference in the density of spiral
ganglion neurons (SGN) between EP4-deficient and wild-type mice. In all graphs, the error bars represent the SEM. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Morphological analyses confirmed that EP4 deficiency enhanced
the degeneration of OHCs in response to noise. Cochlear specimens
were obtained 14 days after noise exposure. Noise-induced damage
to the organ of Corti was assessed by immunostaining for myosin
VIla and f-actin labeling with phalloidin in whole-mount prepara-
tions. Minor loss of OHCs was observed in the basal, mid-basal, and
apical portions of wild-type cochleae, whereas the EP4-deficient
mice exhibited extensive loss of OHCs (Fig. 2D). A quantitative
analysis demonstrated significant decreases of OHCs in the apical
(P = 0.0058), mid-basal (P = 0.0330), and basal (P = 0.0400)
portions of the cochleae of EP4-deficient mice in comparison with
those of wild-type mice (Fig. 2E). No significant difference in inner
hair cells (IHCs) was found between EP4-deficient and wild-type
mice (Fig. 2E). Immunostaining for BIII tubulin in cross sections
revealed no degeneration of spiral ganglion neurons in either
EP4-deficient or wiid-type mice (Fig. 2F), and quantitative assess-
ments revealed no significant difference in the density of spiral
ganglion neurons between EP4-deficient and wild-type mice (n=4
for each; Fig. 2G). Consequently, morphological differences
between EP4-deficient and wild-type mice also appeared to be
apparent following noise exposure, which suggests that the OHC is
included in targets of cochlear damage due to EP4 deficiency. These
findings demonstrate that EP4-deficient mice are vulnerable to
noise-induced damage in comparison with wild-type animals,
indicating the importance of EP4 for cochlear protection, particu-
larly in OHCs, against noise trauma.

3.3. Inhibition of EP4 signaling enhanced noise-induced cochlear
damage

The pharmacological inhibition of EP4 signaling was investi-
gated in order to confirm the effects of EP4 deficiency on noise-
induced hearing loss. The EP4 antagonist ONO-AE3-208
(Kabashima et al., 2002; Sugimoto and Narumiya, 2007) was topi-
cally applied to the RWM in the middle-ear cavity of 8-week-old
C57BL/6 mice. Immediately after the topical application, animals
were exposed to an octave-band noise centered on 8 kHz at 120 dB
SPL for 1 h. Both control and EP4 antagonist-treated animals (1 =5
for each) showed similar elevations of ABR thresholds on day 1 after
noise exposure (Fig. 3A), indicating that both groups experienced
similar levels of initial damage. However, the subsequent recovery
process differed notably between the two groups (Fig. 3A). In
control animals, the ABR-threshold shifts showed a trend toward
recovery at all frequencies, whereas no recovery was observed in
EP4 antagonist-treated animals (Fig. 3A). Statistical analyses
revealed significant differences in the ABR-threshold shifts between
the two groups at each frequency. The overall effects of EP4
antagonist application were significant at 10 kHz (df = 1, F = 10.195
and P = 0.0032), 20 kHz (df = 1, F = 10.662 and P = 0.0026), and
40 kHz (df = 1, F= 15.703 and P = 0.0004). Pair-wise comparisons
revealed significant differences in the ABR-threshold shifts on day 7
at 10 and 20 kHz, and on days 7 and 14 at 40 kHz. These findings
demonstrate that pharmacological inhibition of EP4 had a similar
effect to genetic deletion in enhancing noise-induced hearing loss.

Morphological assessment demonstrated the enhancement of
noise-induced damage to OHCs caused by pharmacological inhi-
bition of EP4 signaling. Immunostaining for myosin Vlla and f-actin
labeling with phalloidin in whole-mount preparations revealed an
enhancement of OHC loss in the basal, mid-basal, and apical
portions of cochleae by the EP4 antagonist (Fig. 3B). A quantitative
analysis demonstrated significantly greater OHC loss in the basal
(P = 0.0473), mid-basal (P = 0.0089), and apical (P = 0.0282)
portions of cochleae treated with the EP4 antagonist (Fig. 3C). By
contrast, no significant difference in IHC loss was found between
the two groups (Fig. 3C). These findings revealed that
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Fig. 3. Pharmacological inhibition of EP4 accelerated noise-induced damage in
cochleae. The EP4 antagonist ONO-AE3-208 was topically applied to the RWM and
control mice received a topical application of PBS at pH 7.4. (A) The time courses of the
alterations in the ABR-threshold shifts of EP4 antagonist-treated and control mice at
frequencies of 10, 20, and 40 kHz are shown. The overall effects of EP4 antagonist
application were significant at all frequencies. Asterisks indicate significant differences
in ABR-threshold shifts between EP4 antagonist-treated and control mice with pair-
wise comparisons. (B) Immunostaining for myosin Vila (red) and F-actin labeling
with phalloidin (green) demonstrated extensive loss of OHCs in the basal, mid-basal,
and apical portions of cochleae treated with the EP4 antagonist. Scale bar, 20 pm.
(C) A quantitative analysis demonstrated significant differences between the two
groups in the numbers of lost OHCs in the apical, mid-basal, and basal portions of
cochleae. Asterisk indicates a significant difference (P < 0.05). No significant difference
in IHC numbers was found between the two groups. In all graphs, the error bars
represent the SEM. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

pharmacological inhibition of EP4 had a similar effect to genetic
deletion in enhancing OHC degeneration due to noise exposure.
EP4 signaling might therefore play a role in protecting OHCs against
noise-induced damage. :

3.4. EP4 agonist attenuated noise-induced cochlear damage

Both genetic deletion and pharmacological inhibition of EP4
enhanced noise-induced damage to cochleae. These findings sug-
gested that the activation of EP4 signaling could attenuate noise-
induced hearing loss. We tested the effects of the EP4 agonist
ONO-AE1-329 (Sugimoto and Narumiya, 2007; Suzawa et al., 2000)
on noise-induced damage in 8-week-old C57BL/6 mice. Immedi-
ately after drug application, the animals were exposed to an octave-
band noise centered on 8 kHz at 120 dB SPL for 2 h. Control animals
(n = 5) showed ABR-threshold shift of approximately 80 dB on day
7 and no recovery on day 14. The animals treated with the EP4
agonist (n = 5) exhibited comparatively small ABR-threshold shifts
on day 7, and showed a trend for decreasing shifts until day 14
(Fig. 4A). Statistical analyses revealed that local application of the
EP4 agonist had significant effects on ABR-threshold shifts at
10 kHz (df = 1, F=25.000 and P < 0.0001), 20 kHz (df = 1, F=9.164
and P = 0.0058), and 40 kHz (df = 1, F = 36.152 and P < 0.0001).
Pair-wise comparisons showed significant differences between the
two groups in ABR-threshold shifts on days 7 and 14 at 10 kHz, on
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Fig. 4. The EP4 agonist ameliorated noise-induced damage to cochleae. The EP4
agonist ONO-AE1-329 was locally applied to the RWM and control animals received
a local application of physiological saline containing 1% DMSO. (A) The time courses of
the alterations in the ABR-threshold shifts of EP4 agonist-treated and control mice at
frequencies of 10, 20, and 40 kHz are shown. The overall effects of local application of
the EP4 agonist on ABR-threshold shifts were significant at all frequencies. Asterisks
indicate significant differences in ABR-threshold shifts between EP4 agonist-treated
and control mice with pair-wise comparisons. (B) Immunostaining for myosin Vlla
(red) and F-actin labeling with phalloidin (green) showed severe loss of OHCs in
control specimens, whereas the morphology of the organ of Corti was preserved in EP4
agonist-treated mice. Scale bar, 20 pm. (C) A quantitative analysis demonstrated
significant differences between the two groups in the numbers of lost OHCs in the
apical, mid-basal, and basal portions of cochleae. Asterisk indicates a significant
difference (P < 0.05). No significant difference in IHC numbers was found between the
two groups. In all graphs, the error bars represent the SEM. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

day 14 at 20 kHz, and on days 7 and 14 at 40 kHz. These findings
demonstrate that the topical application of an EP4 agonist attenu-
ated noise-induced hearing loss.

Morphologically, severe degeneration of OHCs was observed
from the apex to the base of cochleae in control animals (Fig. 4B).
Approximately 70% of the OHCs in the mid-basal and basal portions
of cochleae were destroyed by the noise exposure in control
animals (Fig. 4C). In contrast to control animals, OHCs in specimens
treated with the EP4 agonist were well maintained (Fig. 4B).

"Quantitative assessments showed that the EP4 agonist had
a significant protective effect on OHCs in the apical (P = 0.0209),
mid-basal (P = 0.0215), and basal (P = 0.0455) portions of cochleae
(Fig. 4C). No significant difference in IHC loss was found between
the two groups (Fig. 4C). These findings demonstrate that the
pharmacological activation of EP4 signaling promoted the survival
of OHCs exposed to noise trauma. These findings in pharmacolog-
ical activation of EP4 support our hypothesis that EP4 signaling
plays a crucial role in the maintenance of auditory function.

4. Discussion

The present study demonstrates that genetic deletion of EP4
causes slight elevation of ABR thresholds and loss of DPOAEs,
although the endocochlear potential is maintained in normal levels.
Genetic deletion of EP4 accelerated ABR-threshold shifts and loss of

DPOAEs, but not of endocochlear potentials, following noise
exposure. These findings in EP4-deficient mice indicate that EP4
may be involved in the maintenance of auditory function, in
particular OHC function. In addition, pharmacological inhibition of
EP4 signaling enhanced noise-induced hearing loss, and its phar-
macological activation attenuated noise-induced hearing loss.
Findings in pharmacological inhibition or activation support the
findings in genetic deletion of EP4.

Experimental animals were exposed to an octave-band noise
centered on 8 kHz at a 120-dB SPL, which causes cochlear damage
not only in low frequency regions, but also middle and high
frequency regions (Ou et al., 2000), for 1 or 2 h according to the
experimental design. In experiments of genetic deletion or phar-
macological inhibition of EP4, we intended to induce mild hearing
loss in control animals, which is suitable for assessments of accel-
eration of noise-induced damage by toxic treatments. In genetic
deletion of EP4, 2-h noise exposure was used, while 1-h exposure
was used in pharmacological inhibition of EP4, because of the
difference in back ground strains between two experiments. In
genetic deletion of EP4, a mixed 129/0la and C57BL/6 genetic
background was used, while in pharmacological inhibition of EP4,
we used C57BL/6 mice, which were reported to be more vulnerable
to noise trauma than sub-strains of mouse strain 129 (Turner et al.,
2005; Yoshida et al., 2000). We therefore used a shorter noise
exposure period in pharmacological inhibition of EP4 than that in
experiments using EP4-deficient mice. In experiments for phar-
macological activation of EP4 signaling, we intended to generate
profound hearing loss in control animals, which is suitable for
assessments of protective effects. C57BL/6 mice were, therefore,
exposed to an octave-band noise centered on 8 kHz at 120 dB SPL
for 2 h, which was longer than that in pharmacological inhibition
experiments. As we expected, profound hearing loss occurred in
control animals, and significant protection by pharmacological
activation of EP4 was observed.

The present study reveals that EP4 signaling plays a crucial role
in the protection of OHCs against noise trauma. Extending the
findings of our previous study that EP4 is expressed in the OHCs of
the mouse cochlea (Hori et al., 2009), EP4 signaling could therefore
act directly on OHCs. The activation of EP4 induces cyclic AMP
production in OHCs, which might help to rescue them from energy
depletion caused by overstimulation in response to excessive noise
exposure. EP4 signaling has been reported to activate anti-
apoptotic pathways associated with protein kinase A (Hoshino
et al, 2003), phosphatidylinositol 3-kinase-mediated AKT phos-
phorylation (Liou et al., 2007), BCL-2 antagonist of cell death (BAD)
(Chun et al, 2007) and survivin (Baratelli et al., 2005). Such
mechanisms could be involved in OHC protection by EP4 signaling
in mouse models of noise-induced hearing loss.

The expression of EP4 was also identified in a variety of cell
types in the mouse cochlea (Hori et al., 2009). Therefore, indirect
effects of EP4 signaling could contribute to the promotion of the
survival of OHCs. Previously, pharmacological activation of EP4 has
been reported to induce generation of vascular endothelial growth
factor in spiral ganglion neurons (Hori et al, 2010), which may
contribute to the survival of OHCs against noise-induced damage
(Picciotti et al., 2006; Selivanova et al., 2007).

There are some discrepancies between the functional and
morphological findings in the present study. In EP4-deficient mice
under a physiological condition, slight ABR-threshold shifts were
found, whereas morphological analyses demonstrated essentially
normal morphology of cochleae except for limited loss of OHCs.
C57/BL6 mice treated with an EP4 antagonist exhibited slight loss of
OHCs, despite of remarkable ABR-threshold shifts following noise
exposure. These findings suggest that other targets of EP4 signaling
in the cochlea besides OHCs may play a role in hearing loss due to
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EP4 deficiency. EP4 expression was also found in IHCs and spiral
ganglion neurons, which are also involved in mechanisms for
noise-induced hearing loss (Pujol and Puel, 1999). Hence, the IHC
and spiral ganglion neuron could contribute to hearing loss due to
genetic deletion or pharmacological inhibition of EP4. However, no
significant loss of IHCs or spiral ganglion neurons was found in EP4-
deficient mice under a physiological condition or after noise trauma
in the present study. Therefore, degeneration at the substructural
level might occur in IHCs and spiral ganglion neurons, in particular
in afferent dendrites attached to the base of the IHC, which is
known as a target of noise trauma (Pujol and Puel, 1999). Future
studies using electron microscopy are required to elucidate detailed
mechanisms underlying hearing loss due to lack of EP4 signaling.
In conclusion, the present findings demonstrate an involvement
of EP4 signaling in the maintenance of the auditory system, and of

Py ]

OHCs in particuiar. The roies of other PGE recepiors, inciuding
EP1-3, in the cochlea should also be determined, in order to
understand the roles of PGE; signaling in the auditory system. This
could help to identify new targets for cochlear disease therapeutics.
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Local application of IGF1 using inner ear drug delivery system for treatment of sudden deafness
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Recently, local drug application has gained particular attention as a therapeutic strategy for inner ear dis-
eases. In local treatment, therapeutic agents are applied on the round window membrane (RWM) in the mid-
dle ear, and transferred into the cochlear fluid through the RWM by diffusion. Sustained delivery of drugs is
included critical issues for the efficiency of local therapy. We have performed a clinical trial to test the safety
and efficacy of local application of insulin-like growth factor 1 (IGF1) using gelatin hydrogels, which enables

sustained release of growth factors, for patients with sudden deafness resistant to systemic sterpids.

The

results demonstrate hearing improvement in a half of patients and no occurrence of serious adverse events,
indicating the safety and efficacy of local IGF1 treatment via gelatin hydrogels for sudden deafness.
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Liposome-Encapsulated Hemoglobin Alleviates Hearing
Loss After Transient Cochlear Ischemia and Reperfusion in
the Gerbil

*Masahiro Okada, {Akira T. Kawaguchi, *Nobuhiro Hakuba, *Shoichiro Takeda,
+Jun Hyodo, §Kiyohiro Imai, *Naohito Hato, and *Kiyofumi Gyo

*Ehime University Graduate School of Medicine, Otolaryngology Shitsukawa, Toon; $Takanoko Hospital, Otolaryngology,
Takanoko, Matsuyama, Ehime; 1 Tokai University School of Medicine, Cell Transplantation and Regenerative Medicine,
Isehara, Kanagawa; and §Bioscience and Applied Chemistry, Hosei University, Koganei, Tokyo, Japan

Abstract: To test liposome-encapsulated hemoglobin
(LEH) in transient cochlear ischemia/reperfusion as a
model of sudden deafness, Mongolian gerbils were ran-
domly assigned to receive 2 ml/kg of either low-affinity
LEH (I-LEH, Ps0O,=40mm Hg), high-affinity LEH
(h-LEH, P50, =10 mm Hg), homologous red blood
cells (RBCs), or saline (each group n=6) 30 min before
15-min occlusion of the bilateral vertebral arteries and
reperfusion. Sequential changes in hearing were assessed
by auditory brain response 1, 4, and 7 days after ischemia/
reperfusion, when the animals were sacrificed for patho-
logical studies. h-LEH was significantly more protective
than I-LEH in suppressing hearing loss, in contrast to RBC
or saline treatment, at 8,16, and 32 kHz, where hearing loss

was most severe (P < 0.05 between any two groups) on the
first day after cochlear ischemia/reperfusion. Thereafter,
hearing loss improved gradually in all groups, with a sig-
nificant difference among groups up to 7 days, when mor-
phological studies revealed that the inner hair cells but not
the outer hair cells, were significantly lost in the groups in
the same order. The results suggest that pretreatment with
h-LEH is significantly more protective than I-LEH in miti-
gating hearing loss and underlying pathological damage, in
contrast to transfusion or saline infusion 7 days after tran-
sient cochlear ischemia/reperfusion. Key Words: Artifi-
cial oxygen carrier—Auditory brain response—Cochlear
ischemia—Sudden deafness—Reperfusion injury.

Acute interruption of blood supply is considered to
be the primary cause of sudden deafness (1), a rare
but serious otological event that affects 20 people
per 100000 per year (2). Effective treatments for
this condition have, however, been quite limited (3,4),
and approaches for improving the demand/supply
balance of oxygen (O,) by local hypothermia (5,6) to
reduce demand or hyperbaric O, therapy to increase
supply remain controversial. Thus, we tested the
effects of liposome-encapsulated hemoglobin (LEH)
(7,8), the efficacy of which has been reported in
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reducing focal ischemic injury of rat brain (9-11) as
well as of nonhuman primates (12) as an artificial O,
carrier, but not as a substitute of red blood cells
(RBC:s) for transfusion (13,14). The liposome capsule
is small enough (230 nm) to circulate with plasma
through capillaries and collaterals, thereby shorten-
ing O, diffusion distance in ischemic tissues. At the
same time, LEH is large enough to remain in the
vascular lumen, extending its retention time and
avoiding direct contact of hemoglobin with the vas-
cular endothelium (7,8). As the Mongolian gerbil
lacks the posterior communicating arteries of the
circle of Willis, occlusion of the bilateral vertebral
artery causes hindbrain ischemia; this model has been
used as an animal model of transient cochlear
ischemia (5,6,15,16). In this study, we examined the
effects of LEH with high- and low-O, affinity on
ischemia and reperfusion injury to the cochlea in
terms of hearing loss as determined by auditory brain
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response (ABR) and the severity of damage to the
inner and outer hair cells (OHCs) in the gerbil as a
simulation of clinical sudden deafness.

MATERIALS AND METHODS

The experiments were conducted in accordance
with the Guidelines for Animal Experimentation at
Ehime University Graduate School of Medicine. The
animals received humane care as required by the
institutional guidelines and the Guide for the Care
and Use of Laboratory Animals (17).

LEH

The relevant characteristics of LEH (Terumo,
Tokyo, Japan) have been reported elsewhere (7).
Briefly, the liposome capsule, 230 nm in mean diam-
eter, contains purified hemoglobin from outdated
human RBCs. The liposome capsule is coated with
polyethylene glycol to reduce mutual aggregation, to
avoid recognition by the reticuloendothelial cell
system, and to prolong its half-life in the circulation
(8). In its preparation, inositol hexaphosphate was
used to control O affinity to PO, =40 mm Hg for
low-affinity LEH (I-LEH) and to PsyO, =10 mm Hg
for high-affinity LEH (h-LEH) (Fig. 1). LEH, sus-
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FIG. 1. Oxygen dissociation characteristics for h-LEH, I-LEH,
and gerbil's RBC. Oxygen dissociation characteristics have been
determined for every batch of LEH by actually measuring O,
saturation using a UV-Spectrophotometer (MPS-2000, Shi-
madzu, Kyoto, Japan) in closed cells under a varying range of O,
(0 to 95%) and 5% CO, with N, replacement. Iron oxidation state
was determined by cyanmethemoglobin method. The equilibrium
curve for RBC was from gerbil's RBC (PspO,=28.7 mm Hg).
While I-LEH (Ps0O2 = 40 mm Hg) is considered to have higher O,
delivery than gerbil's RBC (P50, =28.7 mm Hg) under physi-
ologic conditions, h-LEH (Ps02 =10 mm Hg) is considered to
have more efficient O, delivery than gerbil’s RBC under hypoxic
condition.

pended in saline at a hemoglobin concentration of
6 g/dL or 20% by volume, has reduced viscosity
(2 ¢P) compared to blood (5 cP), and specific gravity
close to that of plasma. Homologous RBCs were
washed with saline three times and suspended in
saline at a final concentration of 20% hematocrit.

Experimental animals

Adult male Mongolian gerbils (Meriones unguicu-
latus) weighing 60-80 g were purchased from Kyudo
(Tosu, Japan) and used at 12-16 weeks of age. Anes-
thesia was induced with a mixture of 3% halothane
and nitrous oxide:oxygen (7:3) gas, and was main-
tained with a mixture of 1% halothane gas. The
animals were ventilated artificially via a transoral
tracheal tube (tidal volume 1 mL; respiration rate
70/min). During the experiment, body temperature
was monitored with a thermocouple probe (PTI-200,
Unique Medical, Tokyo, Japan) placed in the rectum
and kept at 37 = 1°C using a heating pad (HP-1 M,
Physitemp, Clifton, NJ, USA). The femoral vein was
exposed to establish an intravenous infusion line by
polyethylene catheter. The animals were randomly
assigned to receive 2 mL/kg of h-LEH (n = 6),1-LEH
(n=6), RBCs (n = 6), or saline (n = 6) 30 min before
cochlear ischemia over 10 min to avoid acute volume
load; after which, the catheter was removed and the
vein was ligated.

Transient cochlear ischemia and reperfusion

Thirty minutes after administration of the solu-
tions, cochlear ischemia and reperfusion were
effected as previously described (15). Briefly, with the
animal in supine position, the vertebral arteries were
exposed bilaterally (Fig. 2A) and dissected free from
the surrounding tissues through a ventral midline
incision in the neck. Silk ligatures (4-0) were looped
loosely around each artery. Ischemia was then
induced in both cochleae by pulling on the ligatures
(Fig.2B) simultaneously using 5-g weights for
15 min. Subsequently, the threads were removed to
allow reperfusion, which was confirmed by observa-
tion through an operating microscope. The wound
was closed and the animals were returned to cages
with water and food ad libitum until further testing.
As a preliminary study, changes in cochlear blood
flow during the bilateral vertebral artery occlusion
were monitored by laser Doppler flow meter (ALF-
21, Advance, Tokyo, Japan) focused on the lateral
aspect of its basal turn in six animals. The percent
level of cochlear blood flow was calculated, with the
value measured after exsanguination taken as 0%
and the preischemic value regarded as 100%.
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FIG. 2. Intact vertebral artery (A) and occlusion by pulling the
sling (B). Silk ligatures (4-0) were looped loosely around bilateral
vertebral artery. Ischemia was induced in both cochleae by
pulling the ligatures simultaneously using 5-g weights for 15 min.
Releasing and removing these slings allowed reperfusion of the
cochlear artery.

Evaluation of hearing by ABR

The hearing of each animal was assessed before
and at 1, 4, and 7 days after ischemia and/or
reperfusion. The animal was anesthetized with an
intramuscular injection of ketamine (50 mg/kg) and
xylazine (1 mg/kg), and then ABR was recorded
using a signal processor (NEC Synax 1200, NEC
Medical Systems, Tokyo, Japan). Recording and ref-
erence needle electrodes were placed at the vertex
and retroauricular area, respectively. The stimulus
sound was a pure tone burst at 8,16, and 32 kHz (rise
and fall time, 1 ms; duration, 5 ms; repetition rate,
15/s) delivered in an open field system (DPS-725,
DIA Medical, Tokyo, Japan). The phases of the
stimuli were alternated, thereby negating interfer-
ence of the cochlear microphonics. The speaker was
located a constant 20 cm from the left external audi-
tory canal. Responses to 1000 consecutive stimuli
were averaged. The ABR threshold was determined
by recording responses in 5-dB steps.

Histological study

For the histological study, the animals were decapi-
tated under deep anesthesia 7 days after ischemia.
After removing the otic bullae, the cochleae were
perfused with 4% paraformaldehyde in 0.1 M phos-
phate buffer at pH 7.4 into the scala tympani and
postfixed for 2 h with the same fixative at 4°C. The
specimens were immersed in phosphate-buffered
saline (PBS) and the organ of Corti was dissected
using a surface preparation technique under an oper-
ating microscope. The walls of the bony cochleae
were removed entirely without disrupting the organ
of Corti. Then, the basal turn of the organ of Corti
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was isolated. The specimen was stained with
rhodamine-phalloidin (Molecular Probes, Eugene,
OR, USA) diluted 250 times in PBS containing
0.25% Triton X-100 and 1% bovine serum albumin
for 30 min at room temperature. After rinsing in
PBS, it was further stained with Hoechst 33342
(Calbiochem-Novabiochem, La Jolla, CA, USA) dis-
solved in PBS in a dark room for 1 h. It was again
rinsed in PBS and mounted in carbonate-buffered
glycerol (one part 0.5 M carbonate buffer at pH 9.5
to nine parts glycerol) containing 2.5% 1,4-
diazabicyclo[2,2,2]octane to retard bleaching of the
fluorescent signal. Fluorescence was detected using
an Olympus BX60 microscope (Olympus, Tokyo,
Japan) equipped with green (band pass filter [BP]
546, Farb Teiler Spiegel [FT] 580, long pass filter [LP]
590 nm) and UV (BP 365, FT 395, LP 397 nm) filters.
Rhodamine-phalloidin staining permits observation
of the hair cell stereocilia, whereas Hoechst 33342
staining reveals that of the nuclei. The numbers of
intact and dead hair cells at the basal turn were
counted, and the percentage of dead hair cells to
intact hair cells (IHCs) was determined. As gerbils
have about 300 IHCs at the basal turn, we examined
at least 200 IHCs in each specimen.

Statistics

All data are presented as mean * SD. Statistical
differences between groups were evaluated using the
Mann-Whitney U-test. The results were considered
significant at P < 0.05.

RESULTS

Cochlear ischemia

Occlusion of the bilateral vertebral arteries (Fig. 2)
severely reduced cochlear blood flow as measured
by laser Doppler flow meter (Fig.3), which then
increased over the preischemic level and returned to
baseline shortly after reperfusion.

Hearing loss

The preischemic ABR threshold was set at 0 dB,
and the subsequent increase (hearing impairment) in
threshold is shown on the ordinate (Fig. 4). At 8 kHz
(left panel), the increase in ABR threshold was sig-
nificantly suppressed in the order of the animals
treated with h-LEH, 1-LEH, and RBCs or saline.
Among the frequencies tested (8,16, and 32 kHz), the
higher the frequency, the more severe the magnitude
of hearing loss and difference among the treatment
groups. The magnitude of hearing loss was most
prominent on day 1, then declining in severity with
time to day 7 at each frequency tested and in every



