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Topical application. of the antiapoptotic TAT-FNK protein
prevents aminoglycoside-induced ototoxicity

A Kashio®, T Sakamoto', A Kakigi', M Suzuki?, K Suzukawa', K Kondo', Y Sato®, S Asoh®, S Ohta® and T Yamasoba'

We previously demonstrated that an artificial protein, TAT-FNK, has antiapoptotic effects against cochlear hair cell (HC) damage
caused by ototoxic agents when applied systemically. To examine the feasibility of topical protein therapy for inner ear
disorders, we investigated whether gelatin sponge soaked with TAT-FNK and placed on the guinea pig round window
‘membrane (RWM) could deliver the protein to the cochlea and attenuate aminoglycoside (AG)-induced cochlear damage in
vivo. First, we found that the immunoreactivity of TAT-myc-FNK was distributed throughout the cochlea. The immunoreactivity
was observed from 1-24b after application. When Tat-FNK was applied 1h before ototoxic insult (a combination of kanamycin
sulfate and ethacrynic acid), auditory brainstem response threshold shifts and the extent of HC death were significantly
attenuated. When cochlear organotypic cultures prepared from PS5 rats were treated with kanamycin, TAT-FNK significantly
reduced the extent of caspase-9 activation and HC death. These findings indicate that TAT-FNK topically applied on the RWM
cah enter the cochlea by diffusion and effectively prevent AG-induced apoptosis of cochlear HCs by suppressing the

mitochondrial caspase-9 pathway.
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INTRODUCTION

Apoptosis is involved in cochlear sensory hair cell (HC) death
caused by a variety of insults, which include acoustic trauma, loss
of trophic factor support, ischemia-reperfusion, and exposure to
ototoxic agents such as aminoglycoside (AG) antibiotics and the
anti-neoplastic agent cisplatin.'~> Protecting cells from apoptosis
by controlling the balance of pro- and antiapoptotic proteins by
techniques such as gene therapy is considered a good strategy for
protection of HCs from ototoxic insults. Overexpression of Bcl-2
proteins by delivery of the Bcl-2 gene into HCs has been reported
to prevent the degeneration of HCs exposed to AG or cisplatin.®
Injection of the Bckx, gene into mice cochlea also prevents HC
degeneration induced by kanamycin.’> However, such gene
transfer application cannot control the amount or exposure time
of the target protein to achieve optimal prevention of cell death.
In addition, gene transfer technology cannot avoid the possibility
of detrimental insertion of transgenes. Therefore, injection of the
target protein could be an alternative method. For example,
several proteins such as granulocyte-colony stimulating factor®
have already been used in clinics. Such protein therapy, however,
is not always applicable for treatment of inner ear disorders
because the blood-labyrinth barrier may inhibit the delivery of
high-molecular-weight proteins into the cochlea. This problem
may be solved by using the protein transduction domain
technology. When fused with a protein transduction domain such
as the TAT domain of the HIV/Tat (transcription-transactivating)
protein, a variety of high-molecular-weight proteins have been
successfully introduced into cells both in vitro and in vivo.”®

We first constructed a powerful artificial antiapoptotic protein,
FNK (originally designated Bc-xFNK by Asch et al®), which has

three amino-acid substitutions, Tyr-22 to Phe(F), GIn-26 to Asn{N)
and Arg-165 to Lys(K), to strengthen the cytoprotective activity of
Bcl-x.. We then demonstrated that fusion of FNK with TAT enabled
FNK to penetrate highly negjative!y charged chondrocytes®!®
and the blood-brain barrier,”’ and that TAT-FNK showed an
antiapaptotic effect in a model of brain and hepatic ischemia.'"'?
When injected intraperitoneally into guinea pigs in vivo, we
observed that TAT-FNK was distributed widely in the cochlea and
that it reduced the expression of cleaved poly-(ADP-tibose)-
polymerase (PARP), auditory brainstem response (ABR) threshold
shifts, and HC loss induced by a combination of ethacrynic acid
{EA) and kanamycin sulfate (KM), in vivo."®

Another potential drug delivery system for treatment of
cochlear disorders is topical drug application into the middie ear
space. Compared with systemic injections, such local delivery
is beneficial because it requires significantly lower amounts of
drug and reduces systemic side effects. A major side effect after
long-term administration of ah antiapoptotic drug is a possibility
of carcinogenesis. Overexpression of Bcl-x,, the original protein of
FNK, is reported to have the potential to cause tetraploidization,
which would result in neoplasia.*'® Schuknecht'® has developed
a topical drug application technique for inner ear disorders:
injection of streptomycin into the middle ear space of patients
with Méniere's disease. Intra-tympanic dexamethasone injections
have also been performed as primary treatment for sudden
sensorineural hearing loss."” Intra-tympanic drug application has
also been used in animal studies to examine the effects on inner
ear function or disorders. It is quite difficult, however, to achieve
the delivery of high-molecular-weight proteins into the inner ear
because these proteins cannot pass through the round window
membrane (RWM), which is the main route into the inner ear.
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In the current study, we examined whether the TAT fusion
technique could make transtympanic protein therapy applicable
for inner ear disorders. We investigated whether TAT-FNK applied
topically on the RWM could be successfully delivered into the
.cochlea, and protect cochlear HCs from an ototoxic combination
of KM and EA. We also investigated whether TAT-FNK could
prevent HC death caused by KM by suppression of the
mitochondrial caspase-9 pathway.

RESULTS
Transduction of TAT-myc-FNK into cochlear tissue

Immunohistochemical staining using an anti-myc-tag antibody
revealed that TAT-myc-FNK was detectable in the cochlea from
1 to 24h after the application onto the RWM. There was a
statistically significant difference between the groups as deter-
mined by one-way analysis of variance (ANOVA) (Fg 303 =41.239,
P<0.01). Scheffe’s post hoc test revealed that the labeling indices
(LIs) at 1, 3, 6, 12 and 24 h were significantly higher than that of
the control (P<0.01}. The Lis gradually increased from 1 to 6 h, but
no differences were observed among the Lls at 1, 3 and 6h.
Beginning 12 h after the application, the Lis gradually decreased.
The Lis at 6 and 12 h, 6 and 24 h, and 3 and 24 h were significantly
different (P<0.01). No significant difference was observed
between the LI of the control and that at 48h (2a). High-power
views of the organ of Corti (0C) and the spiral ganglion revealed
that many spots consisting of TAT-myc-FNK were localized within
the cells outside their nuclei (Figures 1b and ¢). The basal turn
tended to show higher immunoreactivity than the upper turns,
but there was no statistically significant difference between the
cochlear turns at 1 and 6h. Two-way ANOVA was conducted
to examine the cochlear turns and the time course. There were no
interactions between the two factors (F,74=0.051, P=0.950).
There was also no statistical difference in the main effect of the
cochlear turns (Fy,74 = 1.033, P=0:358; Figure 2b). In addition to
the OC, the spiral ganglion cells (SGCs), the stria vascularis (SV)
and spiral ligament (SL) also appeared to show greater

]

Transduction of TAT-myc-FNK protein into guinea pig cochlea. (a-c) The anti-myc-tag antibody was used to stain TAT-myc—FNK.

Entire cochlea (a). An enlarged image of the OC (b) and the spiral ganglion {c). The insets in panels b and c are high-power views of the cells in
the OC and SGCs, respectively. (d) An image of the contralateral ear, with a high-power view of OC in the insets. Scale bar: 200 pm, panel a;
40 pum, b-d.

Figure 1.
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‘that of the SV and the SL (P<0.071;

immunoreactivity than the control 6h after the application of
TAT-myc-FNK onto the RWM. Because the background immunor-
eactivity in the control sections varied between the organs, the
normalized Lls, that is, the ratio of the Lls in each organ to those of
the control, of these organs were compared by one-way ANOVA,
There was a statistically significant difference between the groups
(F3.116 =39.257, P<0.01). Scheffe’s post hoc test revealed that
immunoreactivity was strongest in the cells in the OC, followed by
that in the SGCs. The normalized Lt of the OC was significantly
greater than that of the SGCs, the SV and the SL (P<0.01).
The normalized LI of the SGCs was also significantly higher than
Figure 2c). Specific
immunoreactivity to myc was not observed in any control ears
that were administered only myc-FNK (that is, without TAT) or in
the ears of animals administered TAT-myc-FNK in the contralateral
ear (Figure 1d).

Protective effects of TAT-FNK agamst ABR threshold shifts induced
by ototoxic insults

The baseline ABR thresholds measured before ototoxic insult were
statistically not different at all tested frequencies among animals
(data not shown). Neither experimental nor drug control animals
showed any signs of systemic illness, such as diarrhea or hair loss,
until euthanasia. For drug control animals, a gelatin sponge
soaked with TAT-FNK was placed on the RWM, but a combination
of KM and EA was not given. These animals showed no ABR
threshold shifts at any tested frequency (data not shown),
indicating that topical application of TAT-FNK on the RWM is
not harmful to cochlear function.

ABR threshold shifts 14 days after the ototoxic insult in the
experimental animals are shown in Figure 3 (n =8 each). Two-way
ANOVA was conducted to examine the effect of the TAT-FNK
administration and the frequency on the ABR threshold shifts.
There was no significant interaction between TAT-FNK adminis-
tration and hearing frequency (F; 4, = 0.042, P = 0.959). There was
a main effect of TAT-FNK administration (Fy 4, =27.355, P<0.01)
but no significant difference in frequency (F; 4, =0.833, P=442),
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Figure 2. Lls for TAT-myc-FNK immunostaining of the inner ear. The time course of the normalized Lls level for immunostaining of the
OC is shown (a). Error bar: s.d. *P<0.01. (b) Normalized Lis for each turns at 1 and 6h after application of TAT-myc-TNK. (€) Normalized Lis

at 6 h for OC, SGCs, the SV and the SL. Error bar: mean (s.d.). *P<0.01.
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Figure 3. ABR threshold shifts at each tested frequency in both
TAT-FNK treated and untreated ears. Pure tone 4, 8 and 20-kHz
ABR threshold shifts before ototoxic insult and 14 days after the
insult are shown. The dark gray bars indicate the values for the
TAT-FNK-treated ears. The light gray bars indicate the values for
the TAT-FNK-untreated ears. Error bar: s.d. *P<0.01.

indicating that the ABR threshold shifts were significantly smaller
at all the tested frequencies in the TAT-FNK-treated ears than
in the untreated contralateral ears. This result suggests that the
TAT-FNK treatment significantly attenuated the ABR threshold
shifts induced by the ototoxic agents.

HC protective effects of TAT-FNK in vivo

Figures 4a and b show the average cytocochleograms in the TAT-
FNK-treated and contralateral untreated ears, respectively, which
were produced by plotting the average percentage of HC loss in
every segment between 5 and 16 mm from the apex that was
averaged across all subjects (n=6 each). Segments measuring
under 5 mm and over 16 mm were excluded because the extent of
HC damage could not be quantified owing to damage in some
samples during surface preparation. The frequency map was
added in the x-axis according to the data of Tsuji and Liberman.'®

© 2012 Macmillan Publishers Limited

The ototoxic agents induced losses of 91.7 + 7.0% of the outer
HCs (OHCs) and 13.8159% of the inner HCs (IHCs) in the
TAT-FNK-untreated ears, whereas the losses of the OHCs and the
IHCs in the treated ears were reduced to 64.0£29.6% and
83+£3.5%, respectively (Figure 4c). Two-way ANOVA was
conducted to examine the effect of the TAT-FNK administration
and the type of HC on HC loss. There was no significant interaction
between TAT-FNK administration and type of HC (Fy 0 =3.055,
P=10.096). There were main effects of TAT-FNK administration
{F1.20 = 6.869, P=0.016) and type of HCs (F; 50 = 110657, P<0.01),
indicating that the TAT-FNK treatment significantly attenuated the
HC damage induced by KM and EA. Drug control animals
administered only TAT-FNK showed minimal HC loss throughout
the cochlea.

In vitro effect of TAT-FNK on protection of HCs and caspase-9
activation

Figure 5c shows an intact, untreated cochlear explant that was
double-labeled with rhodamine-conjugated phalloidin (red) and
activated caspase-9 (green). The stereacilia bundles on the three
rows of OHCs and one row of IHCs have normal morphology and
negligible green staining. Figure 5a shows a cochlear explant
treated with KM for 10 h. HCs are missing and caspase-9 labeling is
present in the HC regions. These results indicate that KM
treatment caused an increase in caspase-9 activation, leading to
apoptosis of the HCs by a mitochondria-mediated pathway.
Addition of TAT-FNK to the explants greatly suppressed caspase-9
activation (Figure 5b). The number of HCs with activated caspase-
9 in the explants treated only with KM was 20.6 + 5.2 per 0.2-mm
length, whereas the number was reduced to 7.6 £ 3.2 per 0.2-mm
length in the explants treated with KM and TAT-FNK (Figure 5d,
n=4 each). The number of HCs with activated caspase-9 in
explants treated with KM and FNK (without TAT) was 16.7 £ 3.2,
There was a statistically significant difference between the groups
as determined by one-way ANOVA (F3;;=31.337, P<0.01).
Scheffe's post hoc test revealed that there were significant
differences between the KM with TAT-FNK-treated explants, and
the KM-treated explants or the KM with FNK-treated explants
{P<0.01). There was no statistically significant difference between
the KM-treated explants and the KM with FNK-treated explants
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percentages of missing OHCs. {¢) The mean number of missing IHCs and OHCs from 5 to 16 mm. Error bar: s.d. *F<0.05. ’
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Fluorescence micrographs of caspase-9 activation and HC morphology. Rhodamine phalloidin {red) was used to stain the cell

maorphology and the fluorescent caspase substrate fam-LEHD-fmk (green) was used to stain caspase-9. Scale bar = 30 um. (a) TAT-FNK-
untreated group. (b) FNK-treated group. (c) TAT-FNK-treated group. (d) Control group. (&) Mean number of caspase-9-positive HCs
(IHCs + OHCs) present in 0.2-mm length of the cochlea. Error bar: s.d. *P<0.01; *P<0.05.

(P=0429). Therefore, the TAT-FNK treatment significantly re-
duced the number of HCs entering the caspase-9-dependent
apoptotic pathway after KM application.

We counted the number of viable HCs (n = 6 each) after 12h of
culture, In the control that was not administered any additional
agent such as KM, FNK or TAT-FNK, no or only few HCs were lost.
When the number of viable HCs (n=6 each) was counted after
12h of culture with KM (that is, in the absence of TAT-FNK),
massive losses of the OHCs and the IHCs were induced, as only
252%9.1% and 2851 11.9% of the cells survived, respectively.
The TAT-FNK treatment attenuated OHC and IHC damages, as

Gene Therapy (2012) 1141-1149

80.1 £ 14.9% and 74.1 + 20.6%, respectively, of the cells remained.
In the explants treated with KM with FNK, the extent of survival
was 27.6 £ 5.9% for the OHCs and 38.3 £ 15.9% for the IHCs. Two-
way ANOVA was conducted to examine the effect of the drug
administration and the type of HC on HC loss. There was a main
effect of drug administration (Fs40=99.432, P<0.01). There was
also a main effect of type of HC (Fq 49 =419.899, P<0.01). Finally,
there was interaction between drug administration and type of HC
(Fa.40=47.846, P<0.01). The simple effects analysis revealed
significant differences between the KM with TAT-FNK-treated
explants, and the KM-treated explants or the KM with FNK-treated

© 2012 Macmillan Publishers Limited



explants (P<0.01), in the OHCs. There was no significant
difference between the KM-treated explants and the KM with
FNK-treated explants. However, in the IHCs, there were no
significant differences between the KM with TAT-FNK-treated
explants, and the KM-treated explants or the KM with FNK-treated
explants. These results indicate that the TAT-FNK treatment
significantly attenuated damage to the OHCs; however, FNK alone
did not protect the HCs against KM (Figures 6c and d). Drug
control animals administered only TAT-FNK showed minor HC loss.

DISCUSSION

In the present study, we demonstrated that the TAT-fusion
technique enabled the macromolecule FNK protein, which was
infiltrated into a gelatin sponge and placed on the RWM,
to successfully enter the cochlea because it allowed the protein
to penetrate through the RWM. TAT-myc-FNK was distributed
throughout all turns of the cochlea, but immunoreactivity was not
observed in the contralateral ears, suggesting that, when topically
applied, the distribution of TAT-FNK may be confined to the
applied cochlea.

The LIs of TAT-myc-FNK gradually increased until 6 h, but there
were no significant differences in the Lls at 1, 3 and 6 h. Beginning
at 12 h, the Lls gradually decreased. At 48 h, the immunoreactivity
disappeared. This suggests that TAT-myc-FNK was immediately
distributed into the cochlea 1 h after administration onto the RWM
and remained in high concentration until 6h. It gradually
decreased beginning at 12h and disappeared by 48h. When
examining the entite cochlea at 6h after administration of
TAT-myc-FNK, the strongest immunoreactivity was present in
the cytoplasm of the supporting cells and the HCs in the OC,
followed by the SGCs. Immunoreactivity could also be observed in
the SV and SL. This suggests that XTAT-myc-FNK was distributed
most prominently in the OC followed by SGCs, and that it also
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reached the SV and SL at 6h after administration on the RWM.
The duration of FNK expression was much fonger compared with
when it was administered systemically.”® A single topical
administration of TAT-FNK on the RWM effectively protected
cochlear HCs from the combination of KM and EA in vivo. These
findings imply that, when fused with TAT and soaked in a gelatin
sponge macromolecular proteins can be applied on the RWM as
an effective and selective therapeutic agent to function in the
cochlea. Considering the adverse effects introduced by systemic
injection, this technology is feasible as a novel treatment for inner
ear disorders. TAT-FNK attenuated KM-induced HC death by
suppressing the activation of pro-caspase-9 in vitro, suggesting
that the antiapoptotic protein FNK has the potential to regulate
the mitochondria-related apogtotic pathway in the inner ear.
The RWM is a main gate and barrier for various kinds of
substances to enter from the middle ear into the inner ear.'® The
membrane consists of three layers: an outer epithelium facing the
middle ear, a core of connective tissue and an inner epithelium
facing the inner ear20"22'¢"'® The siructure of the outer
epithelium is such that substances can pass from the middle to
the inner ear by selective absorption and secretion.®® The factors
influencing permeability through the RWM indlude the molecular
weight and configuration of the protein, its contact time and the
concentration of the substances in the middle ear®> % Among
these, molecular weight is the most important in determining
permeability. Generally, low-molecular-weight compounds, such
as antibiotics, corticosteroids and labeled lOnS, can easily pass
through the RWM to enter the inner ear,***” whereas penetration
of high-molecular-weight substances, such as proteins and lipids,
is limited."®*”3% |n the current study, myc-FNK, whose molecular
weight is about 30 kDa, did not pass through the RWM, suggesting
that it is too large to pass through. Many proteins related to
apoptosis, such as p53, AKT and super oxide dismutase, have a
molecular weight of 30-60kDa. Thus, when considering the
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Figure 6. Mean number of surviving HCs of cultured OC after exposure to KM, The mean number of IHCs (a) and OHCs (b) present in a 0.2-mm
length of cochlea taken from four independent parts of the mlddle cochlear section. Mean percentage of IHCs (c) and OHCs (d) relative

to control cultures. Error bar: s.d. **P<0.01; *P<0.05.
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applicability of protein therapy from the middle ear space, new
technology is required to overcome the difficulty of delivering
large molecules to the inner eat. The Tat protein of HIV-1 is a
protein of 101 residues. The Tat protein has the characteristic that
it can cross the plasma membrane of neighboring cells.3' TAT
comprises the shott stretches of the Tat protein domain that are
primarily responsible for their translocation ability, also referred to
as protein transduction domains.*? Although the exact mechanism
has not been elucidated, two models have been proposed:
energy-dependent macropinocytosis, and direct uptake by
electrostatic interactions and hydrogen bonding® By fusing
FNK to the TAT domain, FNK was effectively absorbed into the
outer epithelium cells and then secreted to the inner ear space,
although further studies are needed to confirm this. When fused
with TAT, various proteins were reported to be transported across
cell membranes.”® Even B-galactosidase, whose molecular weight
is 120kDa, has been reported to enter cells® Moreover,
oligonuclectide, nucleic acids and liposome can also be con-
jugated with TAT to improve its penetration* Thus, protein
transduction technology allows the use of macromolecules for
therapeutic application in a variety of inner ear disorders.

In our previous study, we successfully delivered TAT-FNK
protein to the inner ear by intraperitoneal injection.’® However,
systemic administration may not be suitable for treatment of inner
ear disorders because only relatively small amounts of drug can
enter the inner ear, which therefore requires the application of
high doses of drug to maintain a therapeutic concentration in the
inner ear at an optimal time. Moreover, a single administration has
a short halfife, as shown in our previous study,'® and thus
repeated administration is required. High doses of drug may easily
induce systemic toxicities and acute allergic side effects. In
particular, high doses of this antiapoptotic protein may promote
tumor, although this has not been reported. Therefore, injection of
drugs topically into the middle ear space may be more
appropriate to better control local drug delivery. Injection of
drugs into the middle ear space, however, may result in a large
portion of the drug being absorbed by the middle ear mucosa or
drained into the epiphatynx by the Eustachian tube®

To deliver a drug more effectively into the inner ear, using an
absorbable material as a drug carrier may be promising. These
materials could secure the stability of drugs on the RWM, and
thereby lengthen the contact time with the RWM, and reduce
diffusion into the mucosa and drainage from the middle ear
space® In the current study, we used a gelatin sponge as a carrier
of TAT-FNK, as Husmann et al® used a gelatin sponge on the
RWM to topically apply gentamicin, which then induced severe
damage to the cochlea compared with a single application.
Similarly, Okamoto et al.® used a gelatin sponge containing bone
morphogenetic protein-2, and demonstrated that bone morpho-
genetic protein-2 was slowly released and induced successful
regeneration of cartilage in a canine tracheomalacia model.
Compared with our previous systemic study,'® we could observe
Immunoreactivity of TAT-myc-FNK in the cochlea using approxi-
mately 1/600th the amount of TAT-myc-FNK. Immunoreactivity of
TAT-myc-FNK could still be observed in the cochlea after 24h,
which is significantly longer than the expression periods observed
in previous systemic injection studies targeting organs, including
the cochlea.'™*® Further, the amount of TAT-FNK we topically
applied to protect HCs from ototoxicity was approximately 1/15th
the dose we used systemically to protect from the same
ototoxicity in our previous study.'® Thus, a gelatin sponge is
considered to be an effective drug carrier for inner ear disorders.

When drugs are topically applied onto the RWM, they diffuse
from the basal end of the cochlea and thus initially show a
concentration gradient, decreasing toward the apex. The con-
centration gradient in the perilymph was investigated, and the
greater concentration was demonstrated at the basal turn%*°
However, when the patterns of distribution of the drugs applied
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on the RWM were investigated by immunocytochemistry, the
drugs appeared to be widely and rapidly distributed into the
various organs of the inner ear. Imamura and Adams*® examined
the distribution of gentamicin in the inner ear of guinea pig using
a monoclonal antibody. When gentamicin was placed on the
RWM, the entire cochlear cell was diffusely stained until 6 h after
administration, Beginning at 6h after application, staining was
found to be localized mainly in the basal turn. Greater staining in
the basal turn was also found when gentamicin was administered
systemicaily. These results suggest that gentamicin can be
diffused rapidly into the entire cochlea, and that the localization
of staining in the basal turn is due to the nature of the cells in the
basal turn to accumulate the drug, and not because of the
predominant distribution of gentamicin at the basal turn. Zou
et al.* examined the distribution of lipid nanocapsules in cochlear
cells after application on the RWM by using fluorescein
isothiocyanate and rhodamine-B labeling. The lipid nanocapsules
were present in the SGCs, OC and SV 30min after application.
Moreover, the nanocapsules were more strongly distributed in the
SV in the second turn than in the basal turn, They assumed that
after penetrating the RWM, the nanocapsules are rapidly diffused
through the porous modiolar wall of the scala tympani, after
which they enter the SGCs, and then are widely diffused through
its nerve fibers. In the present study, although there was a trend of
higher intensity of immunoreactivity of TAT-myc-FNK at the basal
turn, we did not observe statistically significant differences among
the turns. We assume that this rapid and relatively even
distribution of TAT-FNK throughout the cochlea was achieved by
this radial diffusion through the modiolus, and not by longitudinal
perilymph diffusion. Pathways to uptake lipid nanocapsules and
TAT-mediated particles into the tissue might be similar, as their
high permeability is considered to accelerate their rapid
diffusion.*"** High immunoreactivity in the SGCs compared with
those in the SV and SL at 6 h can support this argument, although
the cause of the higher immunoreactivity in the OC compared
with that in the SGCs needs to be clarified in future research.

It is known that high-frequency hearing loss occurs initially after
AG ototoxicity. However, when the damage by AG Is severe, apical
cells will be affected and hearing loss expands to lower
frequencies.*® The doses of the KM and EA combination we
chose were assumed to be sufficient to cause threshold shifts
even at a low frequency. We observed some tendency that the
OHCs in the basal parts are more susceptible to the combination
of EA and KM than those the upper parts (Figures 4a and b). This

finding is consistent with that in other studies* When we

compared the extent of missing HCs in the region corresponding
to the frequency at which ABR was measured, the percentages of
missing OHCs was approximately 67% in the region correspond-
ing approximately to 4kHz and 80% in that corresponding to
20kHz. In untreated ears, the percentages of missing OHCs in the
regions comparable to 4 and 20kHz were 95% and 100%,
respectively. The differences in the extent of OHC loss between
the 4~ and 20-kHz regions were small, supporting the ABR findings
that there was no significant difference in the threshold shifts
among the tested frequencies, although the ABR threshold shifts
were slightly greater at higher frequencies than at lower
frequencies.

In the current study, we showed that caspase-9 was activated
by KM in vitro. This finding suggests that KM-induced cochiear HC
death is caspase-9-dependent, which is consistent with other
studies."*® We demonstrated that TAT-FNK suppressed the
activation of caspase-9 in this study and reduced the extent of
cleaved PARP in OHCs in our previous study,’ which suggests
that TAT-FNK prevents the intrinsic apoptotic pathway, as does
the parent protein Bclx.. It has also been shown that TAT-FNK
affects the cytosolic movement of Ca®™ and protects neuronal
cells from glutamate excitotoxicity.”' It has been shown in vitro
that AG antibiotics cause an increase in intracellular calcium levels
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in avian HCs™® and in isolated OHCs of guinea pigs.*’ Therefore,
inhibition of Ca®* homeostasis distribution may have a crudial
role in the ability of TAT-FNK to prevent apoptotic cochlear
HC death. The mechanism of how TAT-FNK prevents cochlear HC
death remains to be fully elucidated.

In conclusion, we demonstrated that TAT-FNK infiltrated in
gelatin sponge and placed on the guinea pig RWM could
successfully deliver the protein to the cochlea by penetrating
through the RWM, and that a single topical administration of
TAT-FNK protected the cochlea against the combination of the
ototoxic drugs KM and EA in vive. An in vitro study demonstrated
that TAT-FNK suppressed the activation of caspase-9 and
protected cochlear HCs from KM-induced apoptosis. These
findings suggest that topical administration of an antiapoptotic
protein fused with TAT and soaked with a gelatin sponge is
effective at preventing the apoptosis of cochlear HCs, and that
such topical treatment is superior to systemic administration in
terms of organ specificity and safety. Future studies using
this technology may extend the feasibility of protein therapy for
treatment of inner ear disorders.

MATERIALS AND METHODS

The experimental protocol was approved by the University Committee for
the Use and Care of Animals at the University of Tokyo, and it conforms
to the NIH Guidelines for the Care and Use of Laboratory Animals.

Construction and preparation of TAT-FNK and TAT-myc-FNK

We constructed FNK {originally designated as Bch-xFNK) by introducing
amino-acid substitutions into Bcl-x_ using a two-step PCR mutagenesis
method, as reported previously.® The substituted codons were as follows:
Tyr-22 (TACQ) with Phe (TTC), GIn-26 (CAG) with Asn (AAC) and Arg-165
(CGG) with Lys (AAG). Among the mammalian antiapoptotic factors, FNK is
the only mutant with a gain-of-function phenotype because, compared
with Bclx,, FNK showed stronger antiapoptotic activity to protect cultured
cells from death induced by various death stimuli, including oxidative
stress, a calcium ionophore and withdrawal of growth factors.” TAT-FNK
and TAT-myc-FNK were then prepared as described previously.!' The gene
constructed for FNK was fused with an oligonudeotide encoding TAT, and
the resulting TAT-FNK gene encoded met-gly-TAT (consisting of 11 amino
acids: YGRKKRRQRRR)-gly-FNK. An oligonudleotide encoding GEQKL-
SEEDLG (the myc TAG sequence is underlined) was inserted between
the TAT and FNK sequences of TAT-FNK by PCR to obtain TAT-myc-FNK. To
construct myc-FNK without the TAT domain, an oligonudectide encoding
met-gly-myc TAG-gly was also ligated to the FNK sequence by PCR. The
TAT-FNK plasmid was introduced into Escherichia coli DHS5a cells
(invitrogen, Life Technology, Carlsbad, CA, USA) and the TAT-FNK protein
was overexpressed by treatment with 1mm isopropyl 1-thio-B-p-galacto-
side for 5h with vigorous shaking at 37 °C. Proteins were solubilized in
buffer (7m urea, 2% sodium dodecyl sulfate, 1 mm dithiothreitol, 62.5 mm
Tris-HC (pH 6.8) and 150 mm NacCl} and then subjected to sodium dodecyl
sulfate-PAGE to remove contaminating proteins and endotoxins. The gel
was treated with 1M KCl and the transparent band corresponding to TAT-
FNK was cut out. Proteins were electrophoretically extracted from the gel
slice using extraction buffer (25mm Tris, 0.2M glycine and 0.1% sodium
dodecyl sulfate) for in vitro and in vive experiments. The extraction buffer
was used as the vehicle. The concentration of the extracted TAT-FNK
ranged from 1 to 6mgml™".

Immunohistochemical detection of TAT-myc-FNK in the cochiea
after tympanic administration

Eighteen male albino guinea pigs {Saitama Experimental Animals Supply
Co. Ltd, Saitama, Japan) weighing 250~300 g were used. Under anesthesia
with xylazine hydrochloride (10 mg kg™"; Bayer, Leverkusen, Germany) and
ketamine hydrochloride (40mgkg™"; Sankyo, Tokyo, Japan), a post-
auricular incision was made and the bone posterior to the tympanic ring
was exposed. A hole was drilled into the bulla exposing the middle ear
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space medial to the tympanic ring. The round window niche and the RWM
were identified. The gelatin sponge {Spongel; Astellas Pharma Inc,, Tokyo,
Japan) was soaked in 3 gl of TAT-myc-FNK (0.5 mg ml™") and placed on the
RWM of the left ear. The animals were killed at 1, 3, 6,12, 24 and 48h (n=3
for each time point) after injection, while under deep anesthesia, using an
overdose of xylazine hydrochloride (Bayer) and ketamine hydrochloride
(Sankyo). Three animals that were killed 6h after a similar tympanic
administration of myc-FNK (3, 05mgml™") served as controls. The
cochleae from both ears were perfused with 4% paraformaldehyde in 0.1 M
phosphate-buffered saline (PBS) at pH 7.4 through the oval and round
windows, and immersed in the same fixative overnight at 4°C. The
specimens were decalcified in 10% EDTA acid for 14 days, dehydrated
through a graded alcohol series and embedded in paraffin. The embedded
tissues were cut into S5-um-thick sections parallel to the modiolus and
mounted on glass slides. The sections were deparaffinized, hydrated and
rinsed with PBS. To detect TAT-myc-FNK and myc-FNK in situ, rabbit an
anti-myc-tag polyclonal antibody was used (1:5000, 4 °C overnight; Upstate
Biotechnology, Lake Placid, NY, USA) coupled with a DAKO Envision +
system (Dake Japan, Kyoto, Japan). Negative controls were established by
replacing the primary antibody with blocking buffer.

The LI of the anti-myc antibody in the cochlear tissues was obtained by
a modified Photoshop-based image analysis. The original method was
developed by Lehr et al*® In brief, an image was digitized on magnetic
optical disks. Using the ‘Magic Wand' tool in the ‘Select’ menu of
Photoshop, the cursor was placed on a portion of the immunostained area.
The tolerance level of the Magic Wand tool was adjusted so that the entire
immunostained area was selected. Using the ‘Similar’ command in the
‘Select’ menu, all the immunostained areas were selected automatically.
Subsequently, the image was transformed to an 8-bit grayscale format. An
optical density plot of the selected areas was generated using the
‘Histogram' tool in the image’ menu. The mean staining intensity and
the number of pixels in the selected areas were quantified. Next, the
background was selected using the ‘Inverse’ tool in the ‘Select’ menu. The
mean background intensity was quantified using the ‘Histogram’ tool as
mentioned above. The immunostaining intensity was calculated as the
difference between the mean staining intensity and the mean background
intensity. The immunostained ratio was calculated as the ratio of the
number of pixels in all the immunostained areas to that in the entire
image. LI was defined as the product of the immunostained ratio and the
immunostaining intensity. The modiolar sections were obtained in every
third section and five sections were randomly selected from each ear (10
sections from each animal). As a result, the-LI was measured using 30
sections in each group by a technician naive to the treatment, preparation
techniques or the aims of the current study. To investigate differences
among the cochlear turns, the Lis in the basal, second and third turns were
also measured 1 and 6h after application. The Lis of the SGCs, SV and
SL 6 h after the application of TAT-myc-FNK onto the RWM, as well as those
in the controls, were also measured. To compare the immunostaining
intensity among the cells in these organs, the ratios of normalized
immunoreactivity were calculated by dividing the Lis at 6 h by those of the
control.

Tympanic injection of TAT-FNK in vivo
Eight male albino guinea pigs, weighing 250-300g and showing ABR
thresholds within normal limits based on our laboratory database, were
used in this investigation. Only male animals were used because there are
gender differences in the ability to detoxify reactive oxygen species and in
the levels of endogenous antioxidants in the cochlea***°

Animals were anesthetized with xylazine hydrochloride (10mgkg™)
and ketamine hydrochloride (40mgkg™"). Chloramphenicol sodium
succinate (30mgkg™, intramuscular injection) was administered as a
prophylactic. Under aseptic conditions, the bulla was exposed bilaterally
from an occipitolateral approach and opened to allow visualization of the
RWM. A gelatin sponge soaked with 3pl of TAT-FNK (Emgmi™") was
placed on the RWM in the left ear, whereas a gelatin sponge soaked with
only a vehicle was placed on the RWM in the right ear. One hour after the
wound was sutured, a single dose of KM {200 mg kg™"; Meiji, Tokyo, Japan)
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was injected subcutaneously. Then, 2h after the KM injection, the
jugular vein was exposed under general anesthesia and EA (40mgkg™;
Sigma-Aldrich, Tokyo, Japan) was infused into the vein.as described
previously.>' An additional four animals served as drug controls: a gelatin
sponge soaked with 3 pl of TAT-FNK (6mgml™") was placed on the left
RWM, but KM and EA were not administered.

ABR measurement

ABRs were recorded using waveform storing and stimulus control
using MEB-5504 (NIHON KOHODEN €O, Tokyo Japan) and DPS-725
(DIA MEDICAL CO., Tokyo, Japan). Sound stimuli were produced by the
PT-R7 Il ribbon-type speaker (PIONEER CO. Tokyo, Japan). Recordings
were performed in a closed-field TRAACOUSTICS acoustic enclosure
(TRACOUSTICS INC,, Austin, TX, USA) and sound level calibration was
performed using a sound-level meter (NA-28 RION, Tokyo, Japan). Pure
tones (4, 8 and 20kHz) were measured 3 days after the arrival of the
animals to determine the baseline thresholds, and 14 days after the
ototoxic insult (for experimental animals) or TAT-FNK application (for drug
control animals) to determine the threshold shifts. The frequencies (4, 8
and 20 kHz) measured in this study were frequently used for other studies
using guinea pigs, including our previous study.'**** We have limited our
investigation to these frequencies to evaluate hearing to minimize the
stress on these animals. The method of ABR measurement has been
described previously.>* In brief, animals were anesthetized with a mixture of
xylazine hydrochloride (10mgkg™, intramuscular) and ketamine hydro-
chloride (40mgkg™', intramuscular), and needle electrodes were placed
subcutaneously at the vertex (active electrode), beneath the pinna of the
measured ear {reference electrode) and beneath the opposite ear (ground).
The stimulus duration was 15 s, with a presentation rate of 1157, and the
rise/fall time was 1ms. Responses of 1024 sweeps were averaged at each
intensity level (5-dB steps) to assess the threshold. The threshold was defined
as the lowest intensity level at which a clear reproducible waveform was
visible th the trace. When an ABR waveform could not be evoked, the
threshold was assumed to be 5dB greater than the maximum intensity
produced by the system {105dB SPL). Threshold shifts were calculated by
subtracting the baseline thresholds from those observed before killing.

Assessment of extent of HC loss

After ABR measurements 14 days after ototoxic insults {experimental
animals) or TAT-FNK application (drug control animals), animals were killed
under deep anesthesia using xylazine hydrochloride and ketamine
hydrochloride. The bilateral cochleae were perfused with 4% paraformal-
dehyde in 0.1 PBS at pH 7.4 through the oval and round windows, and
then immersed in the same fixative overnight at 4 “C. The cachleae were
then washed with PBS, permeabilized with 03% Triton X-100 for 10 min
and labeled with 1% rhodamine phalloidin (Molecular Probes, Eugene,
OR, USA)} for 30 min to stain F-actin. The tissues were processed as whole
mounts using the surface preparation technique. The specimens were then
mounted on glass slides using the Prolong Antifade kit (Molecular Probes)
and observed. Reticules whose length (bin width) at x 40 was 0.45mm
were used to count the numbers of total and missing HCs, HCs that
showed an identifiable cell body and cuticular plate were considered to
be present. The presence of distinctive scar formations produced
by convergence of adjacent phalangeal processes was regarded as an
indicator of a missing HC. The percentage of HC loss for the IHCs and OHCs
was calculated for each segment obtained from each animal. The average
for each segment was then determined for each group and plotted from
the apex to the base to produce an average cytocochleogram. Two animals
were excluded because of tissue damage during sutface preparation,
leaving a total of six cochleae for the HC count study.

Assessment of the protective effects of TAT-FNK and caspase-9
detection for cultured HCs

Sprague-Dawley rats (Saitama Experimental Animals Supply Co. Ltd) were
decapitated on postnatal day 5 (P5) and the cochlea was carefully
dissected out. On the basis of the methods of Sobkowicz et al,> the 5V,
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the SL and the spiral ganglion neurons were dissected away, leaving the
OC. The cochlea used for analysis was prepared by cutting 2 mm from the
basal end and 3 mm from the apical end of the cochlea (approximately half
of the cochlea). Explants were maintained in Dulbecco’s modified Eagle's
medium with 10% fetal bovine serum, 25mm Hepes and 30Uml™"
penicillin, and were cultured in an incubator at 37 “C under 5% CO, and
95% humidity for 24 h. Explants were exposed to medium containing 20 nm
TAT-FNK, 20 nm FNK without TAT or vehicle. Two hours after exposure, the
medium was changed to one containing 6mM KM and either 20 nm FNK,
20nm TAT-FNK or the vehide. Typically, 10 cultures were evaluated for
each experimental condition: four were cultured for 10h for detection of
caspase-9 and six were cultured for 12h for cell counting. Additional 10
cultures were evaluated for control, of which four were cultured for 10h
and six were cultured for 12h, with the medium containing no KM.
Caspase-9 activity was examined by using the fluorescent caspase
substrate fam-LEHD-fmk (caspase-9 substrate), which was obtained from
Intergen (Purchase, NY, USA) and used according to the manufacturer’s
protocol. After culturing, the fluorescent substrate was added directly to
the culture medium (final concentration, 5 pm) for the final hour in culture.
After 1 h in this substrate, the OC was washed three times for 15 min each
at 37 °C in the washing buffer supplied by the manufacturer. The cultures
were then fixed overnight at 4°C in the fixative supplied by the
manufacturer. After fixation, the cochleae were washed with PBS,

. permeabilized with 0.3% Triton X-100 for 10min and labeled with 1%

rhodamine phalloidin (Molecular Prabes) for 30 min to stain F-actin. Whole
mounted cochieae were viewed with a confocal laser-scanning microscope
(ZEISS LSM5 PASCAL). Caspase-9-positive cells were counted over a 0.2 mm
fongitudinal distance from four separate regions in each culture. A mean
value was determinad for each culture.

Far HC counting, cultures were fixed overnight at 4°C in the fixative
supplied by the manufacturer. After fixation, the cochleae were washed with
PBS, petmeabilized with 0.3% Triton X-100 for 10min and labeled with 1%
thodamine phalloidin (Molecular Probes} for 30min to stain F-actin. To
quantify HC loss in the cochlea after vatious treatments, IHCs and OHGs were
counted over a 0.2mm longitudinal distance from four separate regions of
each culture. A mean value was determined for each culture.

Statistical analysis

The SPSS software was used for statistical analysis. The time course of the
LI for TAT-myc-FNK in the OC was compared between groups by one-way
and then pairwise compatisons, with statistical significance adjusted for
multiple comparisons (Scheffe’s test). The differences in the turns of the LI
for TAT-myc-FNK in the OC at 1 and 6h were compared by two-way
ANOVA (the independent variables were cochlear turns and time course).
The differences in the normalized LIs between the sub-sites in the cochlea
were compared by one-way ANOVA, and then pairwise compatisons were
performed by using Scheffe’s test. The ABR thresholds at each frequency
before and 14 days after the ototoxic insults were compared by two-way
ANOVA (the independent variables were TAT-FNK administration and
hearing frequency). The extent of missing HCs in vitro was also compared
by two-way ANOVA (the independent variables were TAT-FNK treatment
and type of HC). Caspase-9 activities between the groups were compared
by one-way ANOVA followed by Scheffe's test. The extent of missing HCs in
vitro after exposure to KM was compared by two-way ANOVA (the
independent variables were type of HC and drug administration), and if a
statistically significant interaction was observed, Bonferroni test was used
for simple effects analysis. A level of P<0.05 was accepted as statistically
significant.
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Chapter 14
Frontiers in the Treatment of Hearing L.oss

Tatsuya Yamasoba, Josef M. Miller, Mats Ulfendahl,
and Richard A. Altschuler

1 TIntroduction

In the last decade, a paradigm shift has occurred in our vision for the prevention and
treatment of hearing impairment. No longer are the solutions restricted to hearing
aids, surgery, and implants to restore hearing, control of serum levels to prevent
drug-induced ototoxicity, hearing protectors to prevent noise-induced hearing loss
(NTHT ), and for hereditary loss: wait and hope. Obviously all but the latter practices
are of vital continued value, but the promise of more varied and more effective
opportunities to prevent hearing loss and to restore hearing have provided increased
hope and opportunity. Our future vision is now filled with complex pharmaceutical,
cellular, and molecular strategies to modulate hereditary loss, replace and regenerate
tissues of the inner ear, and prevent drug-induced hearing loss and NIHIT.. This future
holds the promise of dramatically reducing the lost educational and job opportuni-
ties, the social isolation, and the reduced quality of life that accompanies hearing
impairment and deafness, and with it the enormous economic COSts associated with
health care and lost productivity (estimated by the World Health Organization at >2%
world GNP). This future molds and reshapes the practices of audiology and otolar-
yagology to place far greater efforts on the prevention of hearing impairment and the
use of local and systemic drug treatment to restore hearing.

A new vision for treatment is based on an increased understanding of the cellular
and molecular mechanisms underlying the progression of pathology from an
initiating event to hearing impairment. Figure 14.1 diagrams this progression and
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Fig. 14.1 A schematic of (he events in the progression of pathology {rom an initiating event such
as noise overstimulation to the long-term changes associated with hearing impairment.
Arrows mark the opportunities for interventions for prevention, repair, and rescue, ranging from
prophylactic interventions before the initiating event, and immediate interventions after the event,
to reatments after damage has progressed

indicatcs multiplc potential timings for interventions. The initiating cvent could be
intensc noisc, an ototoxic drug, a viral agent, an autoimmunc responsc, or any other
traumatic cvent.

This initiating cvent lcads to immediate changes, which could bc common to
most traumatic cvents or could be restricted to a specific trauma such as noisc.
Resulting changes could be in metabolic activity, reactive oxygen specics (ROS)
formation, blood flow, strcss responsc, or cxcitotoxicity, all of which occur after
noisc (for detailed revicws, sec Hu, Chap. 4; Le Prell & Bao, Chap. 13). Some of
these could result in immediate initial damage, for cxample, excitotoxicity resulting
in bursting of auditory nerve peripheral processcs. Prophylactic or immediate post-
trauma intcrventions could target thesc immediate changes and prevent the initial
damage. In the absence of immediate intervention, thete is a subscquent progression
of sccondary changcs. These can induce and influcnce intraccllular pathways, such
as thosc leading toward ccll death or protection, and can also sct in motion ccllular
and molecular changes both in the cochlea and in central auditory pathways (sce,
c.g., Kaltenbach, Chap. 8, for detailed discussion of ccntral auditory system plasticity
post-noisc). Thus, both the cochlca and the central auditory systcm provide targets
for intcrventions. The progression of these sccondary insult pathways can Icad to
apoptotic ccll death and additional waves of ccll damage progressing over hours,
days,. and weeks, with targets for interventions diminishing over time as cvents pro-
ceed. Once the damage is complete, the long-term changes remain, including hear-
ing loss or hearing disorders, and the need for treatments for cure or improvement.

Many of the ccllular and molecular mechanisms associatcd with the different
pathologics and changes along this progression, as well as interventions and methods
of accomplishing interventions, arc considered in morc detail in the other chapters.
Here we relate thesc new insights in mechanisms to the potential clinical interven-
tions that may treat the inner car to prevent hearing loss ot restore lost hearing. The
most optimal intcrvention and intervention time may not always be practical when
brought into a rcal-lifc situation, and altcrnative approachcs must be considered.
Translational studics based on basic rescarch, identification of mecchanisms, and
potential interventions (sitcs and times) will have a feed-forward influence on
validating (or not) our undcrstanding and interpretation of mechanisms underlying
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pathologies of the inner ear. This increasing knowledge and understanding will then
feed back to create new interventions and novel technologies to further enable the
interventions. '

2 Prevention of Hearing Loss

2.1 Timing of Interventions for Preventing Hearing Loss

There arc many cascs wherein a subject knowingly cnters into a situation that
provides a risk of generating hcaring loss. Such an “initiating cvent” (Fig. 14.1)
could be from noisc in the working or recreational environment, or from drugs that
arc taken to trcat discascs such as cancer or bacterial infection. Tt could then be
possible to have interventions before the initiating cvent, shown as the prophylactic
interventions in Fig. 14.1, during or immediately after the cvent (listcd as Immediate
Intervention in Fig. 14.1) before the immediate changces induced by the noisc, drug,
or other “event” occurs. In this casc, our knowlcedge of the mechanisms leading to
carly pathology is critical to identify carly intcrventions. Howcever, many of the
pathways that arc induced continuc to progress over hours, days, and cven weeks,
and prcevention/intervention can still be possible well after the initiating cvent.
Outer hair cells arc specialized scnsory cclls that actively cxpand and contract
during acoustic transduction and thus contributc to the exquistive scnsitivity of the
auditory system. Nccrotic- or apoptotic-induccd hair ccll death represents the pri-
mary causc of hcaring impairment for most, if not all, cnvironmental stress-induced
cell death (c.g., Hu, Chap. 5). In addition, many instances of genctic stress-induced ccll
dcath appear to reflect metabolically driven mitochondral derived oxidative stress
(c.g.. Gong and Lomax, Chap. 9). Noisc strcss can be considered a represcntative
modecl of cnvironmental stress-induced inncr car ccll death. During noisc stress,
encrgy demands induce mitochondrial free radical formation, causing lipid peroxi-
dation and the upregulation of ccll death pathways, producing hair ccll death by
necrosis or apoptosis. Free radical formation occurs in the organ of Corti and lateral
wall soft tissucs, and this frec radical formation is cnhanced by reduccd blood flow
during noisc and a “stroke-likc” rcbound reperfusion after the noise. Free radical
formation continucs after cxposurc, and incrcascd accumulations have been linked to
progressive ccll death over a 10-day post-noisc period (Yamashita ct al. 2004).
Genetic- or dict-induced uprcgulation of cndogenous antioxidant pathways, or
cxogenous treatment with antioxidants and vasodilators, modulates the frec radical
. formation, subscquent ccll death, and hearing loss. Similar findings show the samc
mecchanism, mitochondrial-derived oxidative stress, underlics aminoglycoside-
induced hair cell death, may underlic age-rclated cell death, and has been speculated
as a factor in Mcéniere’s discasc, sudden scnsorincural hearing loss, and trauma of
cochlcar implantation. From other ficlds, it is clearly cstablished that free radical
formation is key to hypcroxia-, hypoxia-, rcoxygcnation-, radiation-, cigarcttc
smoke-, and strokc-induced cell death (Circu and Aw 2010; Roberts ct al. 2010;
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for recent reviews). To the extent that mitochondrial-derived oxidative stress
represents a common element to the final pathway to cell death, it represents an
“upstream” target of opportunity for intervention and prevention. ,
Most mechanism-based therapeutic straiegies take one of two approaches. One
approach is to mimic or enhance endogenous “good” mechanisms, those that provide
protection. Three such protective pathways are discussed herein: antioxidants,
neurotrophic factors, and heat shock proteins. The other approach is to block the
progression of “bad” pathways, those that lead to cell death. This could involve block-
ing apoptotic and excitotoxic pathways, using agents such as calcium channel blockers,
calpain and calcineurin inhibitors, Bcl-2 anti-apoptotic proteins, caspase inhibitors,
and JNK-inhibitors. These agents were reviewed in Le Prell et al. (2007b), and a more
recent discussion is provided by Abi-Hachem et al. (2010). Recent data on calcium
channel blockers and JNK inhibitors are reviewed in Le Prell and Bao (Chap. 13).

2.1.1 Antioxidants

Endogenous antioxidant systems are a major protective mechanism in the cochlea that
can respond to a variety of trauma, stresses, and “initiating events” such as intense
noise that generates free radicals in the cochlea for hours and days after exposure,
which then induce cell death signals (for detailed reviews, see Le Prell et al. 2007b;
Le Prell and Bao, Chap. 13). Administration of exogenous antioxidants has great
potential for therapeutic intervention. In fact, a variety of antioxidant agents have been
shown to attenuate NIHL effectively in animal studies. Such agents include glutathi-
one monoethyl ester (GSHE; Ohinata et al. 2000; Kopke et al. 2002; Miller et al.
2003b), resveratrol (Seidman et al. 2003), allopurinol (Seidman et al. 1993; Cassandro
et al. 2003), superoxide dismutase-polyethylene glycol (Seidman et al. 1993), lazaroid
(a drug that inhibits lipid peroxidation and scavenges free radicals) (Quirk et al. 1994),
vitamin A (Ahn et al. 2005), vitamin C or ascorbate (Derekoy et al. 2004; McFadden
et al. 2005), alpha-tocopherol (Hou et al. 2003), salicylate and trolox (Yamashita et al.
2005), and (R)-phenylisopropyl-adenosine (R-PIA; Huetal. 1997). 2-Oxothiazolidine-
4-carboxylate (OTC) (Yamasoba et al. 1998), N-acetylcysteine (NAC) (Ohinata et al.
2003; Duan et al. 2004), NAC and salicylate (Kopke et al. 2000), p-methionine (Kopke
et al. 2002), and ebselen (Pourbakht and Yamasoba 2003; Lynch and Kil 2005;
Yamasoba et al. 2005). Other potential agents such as coenzyme Q10 (Hirose et al.
2008) and ferulic acid (Fetoni et al. 2010) continue to be added.

Dietary supplements that reduce NIHL are of particular interest given their easy
over-the-counter accessibility, but therapy with any single micronutrient may need to
be initiated days to weeks in advance of noise exposure to obtain clinically meaningful
results. Whereas a 35-day pretreatment with vitamin C significantly reduced NIHL
and cochlear hair cell death (McFadden et al. 2005), vitamin C treatment initiated 48
h before noise exposure failed to prevent noise-induced cell death (Branis and Burda
1988). Pretreatment requirements may vary across miicronufrients, as vitamin E
reduced NIHL with treatment initiated 3 days pre-noise (Hou et al. 2003) and vitamin
A reduced NIHL with treatment initiated 2 days pre-noise (Ahn et al. 2005).



14 Frontiers in the Treatment of Hearing Loss 343

Although dietary treatments may need fo be provided for some longer period of time
pre-noise (o be maximally effective, high-dose vitamin C did not completely prevent
NIHL even with 35 days pretreatment (McFadden et al. 2005), and stable plasma and
tissue levels of vitamin C are obtained in humans approximately 3 weeks after begin-
ning dietary treatment (Levine et al. 1996). Taken together, these data suggest that
dietary antioxidants may be more useful in combination than as single-agent thera-
peutics. The work of Le Prell et al. (2007a) demoustrating robust attenuation of
NIHL with 1-h pre-exposure administration of the antioxidants beta-carotene,
‘vitamins C and E, plus magnesium, supports this view.

With respect to the propagation of oxidative stress reactions, it is clear that iron
(Halliwell and Gutteridge 1986) and other transition metals (for review, see Halliwell
and Gutteridge 2007) contribute to the generation and propagation cycles of free
radicals. Ferrous iron (II) is known to be oxidized by hydrogen peroxide to ferric
iron (IiI), a hydroxyl radical and a hydroxyl anion. Iron (II) is then reduced back
to iron (II), a peroxide radical and a proton by the same hydrogen peroxide. This
process is known as the Fenton reaction. Because iron is involved in ROS genera-
tion, iron chelators are also potential candidates to reduce NIHL. An iron chelator,
deferoxamine mesylate (DFO), alone or in combination with mannitol, a hydroxyl
scavenger and weak iron chelator, attenuated NIHL in guinea pigs with litde
evidence for additive effects (Yamasoba et al. 1999). Because an oral iron chelator
is available and used safely for humans (Oliva et al. 2010), such agents may be
applied prophylactically for humans, especially for those who are scheduled to
be exposed (o intense noise, including those in the military such as bomber crews.

2.1.2 Neurotrophic Factors

Neurotrophic factors (NTFs) provide another endogenous protective mechanism
that can be mimicked or enhanced to provide therapeutic intervention in the pro-
gression toward hearing loss. NTEFs have multiple functions and, therefore provide
different options. For example, NTFs will scavenge free radicals, interrupt cell
death pathways, and modulate calcium homeostasis; any of which may attenuate
the progression toward hearing loss. Withdrawal of NTFs leads to ROS formation
and initiates a cascade of events that lead to cell death (for review, see Kirkland and
Franklin 2003).

Most of the exogenous NTFs delivered into the cochlea have been reported to pre-
vent noise-induced hair cell death, which include acidic fibroblast growth factor
(FGF1) (Sugahara et al. 2001), basic FGF or FGF2 (Zhai et al. 2004), glial cell line—~
derived neurotrophic factor (GDNF) (Ylikoski et al. 1998; Yamasoba et al. 1999), and
neurotrophic factor 3 (NT3) (Shoji et al. 2000a). Brain-derived neurotrophic factor
(BDNF) (Shoji et al. 2000a) and, in some studies, FGF1 and FGF2 (Yamasoba et al.
2001) did not reduce noise-induced injury, suggesting that (1) the effect is growth fac-
tor specific. which could be a consequence of different NTF receptors on the hair cells
(Ylikoski et al. 1993; Pirvola et al. 1997), and (2) the protective effects are dependent
on multiple factors such as optimal drug dosage and nature or severity of injury.



344 ’ T. Yamasoba et al.

In addition to preserving hair cell survival after noise, NTFs have been shown to
be extremely effective at preserving neural survival in the absence of surviving hair
cells. In the presence of intact hair cells, damaged auditory nerve peripheral processes
may be able regrow- and restore auditory sensation (Puel et al. 1991, 1995; Le Prell
et al. 2004), whereas with loss of hair cell targets, auditory nerve regrowth is limited
(Bohne and Harding 1992; Lawner et al. 1997; McFadden et al. 2004). It has, how-
ever, recently been shown that an acoustic overexposure that causes moderate,
reversible, temporary shift of hearing threshold (TTS) may leave cochlear sensory
cells intact but cause loss of afferent nerve terminal connections and delayed degen-
eration of the auditory nerve and cell bodies (Kujawa and Liberman 2009), suggest-
ing that regrowth can be absent or imefficient. Although delayed auditory nerve
degeneration is frequently observed as a consequence of NTF deprivation that occurs
when sensory cells in the organ of Corti are damaged, the finding of loss of inner hair
cell-auditory nerve connections and nerve degeneration post-noise, in the presence
of intact hair cells, is a component of NIHL that should not be ignored. Indeed, much
of the basic research defining protection via NTFs in the auditory system has only
been in the context of neural preservation after noise- or aminoglycoside-induced
cell death and deafness and not considered connections to auditory nerve.

Use of growth factor combinations, or combinations of growth factors with other
non-growth factor substances, enhances efficacy over single agents both in vivo and
in vitro (for review see Le Prell et al. 2007b). Importantly, a single NTF or combina-
tions of N'TFs can be highly efficacious in promoting auditory nerve survival even
with temporal delay in onset of treatment relative to deafening. Nerve growth factor
(NGF) delivered alone (Shah et al. 1995), or BDNF, NT3, and neurotrophin-4/5
alone (Gillespie et al. 2004), each enhanced neural survival even when administra-
tion was delayed by 2 weeks. The combination of BDNF and ciliary neurotrophic
factor (CNTF) enhanced auditory nerve survival even at delays of up to 6 weeks
post-deafening (Yamagata et al. 2004). Consistent with an important role for FGF1
in neurite outgrowth in the immature auditory system (Dazert et al. 1998; Hossain
and Morest 2000), it has recentdy been demonstrated that BDNF plus FGF1 was
effective in promoting systematic regrowth of the peripheral process of the auditory
nerve even after a 6-week period of deafening (Miller et al. 2007; Glueckert et al.
2008). Together, these results suggest post-noise treatment with NTFs may prevent
neural degeneration that occurs consequent to noise-induced sensory cell death.

2.1.3 Heat Shock Proteins

The classical stress response, involving heat shock proteins, provides another endog-
enous pathway that could be induced to provide protection from noise ot other initi-
ating events. Heat shock proteins provide protection by stabilizing proteins and
preventing stress-induced misfolding and may further interface with the endoplasmic
reticulum (ER)-related pathways and pathologies. Yoshida et al. (1999) found that
providing a heat stress in mice that induced the heat shock response in the cochlea
provided protection from a noise exposure that might otherwise be damaging to the
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cachlea and hearing. Fairfield et al. (2005) did the opposite, removing the protection
by using mice with the heat shock response compromised by knockout (KO) of
HSF1, the transcription factor that induces activation of the pathway. Results showed
more damage and hearing loss after noise in the HSF1 KO mice compared to
wild-type littermates. While heating one’s ear before noise might not be practical,
recently small molecules have been developed that can act at the cellular level to
activate HSF1 and induce the heat shock protective response (Neef et al. 2010)
providing the potential for a more applicable therapeutic intervention.

2.1.4 Blockers of Excitotoxicity

Although prevention of ccll death 1s a major target of interventions to prevent hear-
ing loss, therc can also be cxcitotoxicity lcading to loss of conncctions between
inner hair cells (IHCs) and auditory necrve, contributing to hearing disorders.
Although regrowth and reconnection of lost processes to surviving IHCs has becn
shown (Pucl et al. 1998; Pujol and Pucl 1999), recent studics show this reconnection
is not always cfficicnt (Kujawa and Libcrman 2009), and loss of these connections
could contribute to reduced specch comprehension, particulary in a noiscy cnviron-
ment. Prevention of excitotoxicity must, therefore, also be.a goal for therapeutic
interventions. Excitotoxic trauma and the development of novel calcium channcl
blockets as potential therapeutics for prevention of NIHL arc revicwed in detail in
Lc Prell and Bao (Chap. 13) and arc not discusscd further in this chapter.

2.1.5 Blood Flow Promoting Drugs

Trauma-mediated changes in cochlcar blood flow influcnce the progression of hear-
ing loss and interventions influencing blood flow can also be a therapeutic target.
‘While in most other tissucs incrcased metabolism is associated with incrcascd blood
flow to providc additional oxygen to stressed cells; in the cochlea, intensc noisc
decreascs blood flow and is followed by a subscquent rebound and overshoot in
blood flow (for revicw sce Le Prell ¢t al. 2007b). The decrcascd blood flow in the
cochlea is associated with noisc-induced reductions in blood vessel diameter and red
blood cell velocity (Quirk ct al. 1992; Quirk and Scidman 1995). This appears to be
causcd by a byproduct of noisc-induced frce radical formation, particularly in tissucs
associated with the cochlear vasculaturc (atcral wall) (Miller ct al. 2003b) and
reducing the vasoconstriction that occurs with ROS production could contribute to
the reduction of NIHL achicved by antioxidants. Agents that reduce vasoconstriction
or bave vasodilating cffects such as hydroxycthyl starch (HES, c.g., Lamm and
Armold 2000) or magncsium (c.g., Scheibe ct al. 2000), have been shown to reducc
NIHL (Lec Prell ct al. 2007b for revicw). The protective cffects of enhancing blood
flow during noisc cxposurc may bc bascd on reducing the noisc-induced blood flow
reduction directly or by blocking the subscquent blood flow rebound and overshoot
that follows the noisc-induced reduction. In addition to the well-characterized cffects
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on vasodilatation, biochemical effects of magnesium include modulation of calcium
channel permeability, influx of calcium into cochlear hair cells, and glutamate release
(Gunther et al. 1989; Cevette et al. 2003). Regardless of the specific mechanism,
magnesium clearly attenuates NIHL and is safe for use in humans within the
recommended dose range.

2.1.6 Post-trauma Interventions

The question of timing for therapeutic interventions along the progression of noise-
induced damages (Fig. 14.1) is a critical one. How late can interventions be applied in
the process and pathway to cell death to prevent the cell from dying? Will the preserved
cell be completely healthy and functioning if it is saved late in the process? This may
depend on the mechanism applied for the intervention and how far along a cell is in the
apoptotic pathway; however, this question remains to be carefully studied.

One exciting development is that because cell death pathways progress over a
period of time, it is possible to intervene well after the initiating event and still
prevent cells from progressing toward the end state of cell death. Noise-induced
oxidative stress begins early and becomes substantial over time (first suggested by
Ohlemiller et al. 1999), which would explain observations of hair cell death that
accelerates with time after exposure for a period of up to 14 days (Bohune et al. 1999;
Yamashita et al. 2004). Yamashita et al. (2004) found peak ROS and RNS produc-
tion in cells of the organ of Corti was at 7-10 days after noise insult, and the final
extent of damage to cochlear tissues could reflect cell death pathways initiated by
late-forming free radicals in the inner ear. Therapeutic interventions after noise
exposure have proven to be effective. Treatment with salicylate and vitamin E initi-
ated 24 h after noise exposure was almost as effective as pretreatment in preventing
loss of sensory elements and treatment initiated 3 days postexposure also reduced
NIHL and sensory cell death relative to untreated controls (Yamashita et al. 2005).
Treatment delayed 5 days relative to noise insult was not effective. b-Methionine
reduced NIHL and cochlear damage when provided 1 h after noise overstimulation
{Campbell et al. 2007), and all-trans retinoic acid could reduce NIHL and cochlear
damage when provided up to 2 days after a noise overstimulation (Shim et al. 2009),
though efficacy decreased over time. These studies suggest there is a window of
opportunity of several days after noise overstimulation where therapeutic interven-
tion can provide benefit, even if pretreatment or treatment shortly after the noise is
most effective.

2.1.7 Combination Effects

Given that none of the interventions tested to date completely prevents NIHL and
noise-induced sensory cell death, it would seem reasonable to seek an additive effect
" with a combination of factors that intervene at multiple sites in the biochemical cell
death cascade. When the effect of a combination of an antioxidant (mannitol,
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a hydroxyl scavenger), a neurotrophic factor (GDNF), and an iron chelator
(deferoxamine mesylate [DFQ]), each of which individually attenuate NIHL, was
evaluated, there was little evidence for additive effects; that is, treatment with a
combination of agents yielded no greater protection than the most effective agent
delivered alone (Yamasoba et al. 1999).

Other studies similarly failed to find evidence for additive or synergistic effects.
Another study that evaluated the potential for additive effects of various combina-
tions of antioxidants and vasodilators, including betahistine, vitamin E, and a com-
bination of these agents, and salicylate, vitamin E, and a combination of these agents
also demonstrated no evidence for additive effects (Miller et al. 2006). When the
individual and combined effects of creatine, a cellular energy enhancer, and tempol
were compared in guinea pigs exposed to noise, the effects of the combination treat-
ment were similar to those treated with creatine alone (Minami et al. 2007).

Only recently, with combinations of antioxidant vitamins and magnesium, have
additive effects on prevention of NIHL or otoxicity been demonstrated. Yeum et al.
(2009) have shown additive effects with B-carotene and a-tocopherol, ascorbic acid
and o~tocopherol, and B-carotene and ascorbic acid on antioxidant activity in recon-
stituted human serum. A robust additive effect on protection from NIHL was dem-
onstrated with the combination of B-carotene, vitamins C and E, and magnesium
(Le Prell et al. 2007a). The identification of specific combinations of agents that act
in additive or synergistic (i.e., multiplicative) ways is a compelling goal for future
research activities. Because activation of calcineurin depends on ROS production
and ROS-induced deficits in calcium homeostasis (Huang et al. 2001; Gooch et al.
2004; Rivera and Maxwell 2005), one might predict that blocking early ROS pro-
duction would reduce activation of the calcineurin-initiated apoptotic pathway. If
so, pretreatment with antioxidant agents that are highly efficient hydroxyl radical
scavengers, in combination with FK506 to directly intervene in the calcineurin
pathway, might more effectively reduce NIHL and noise-induced cell death. This
hypothesis has not been directly tested, and identification of the most effective com-
binations remains a challenge for future research efforts.

2.1.8 Novel Therapeutic Tools: Hydrogen Gas and Water

Molecular hydrogen (hydrogen gas and hydrogen-rich water) was recently cstab-
lished as a uniquc antioxidant that sclectively reduces the hydroxyl radical, the most
cytatoxic ROS, but that docs not react with other ROS that posscss beneficial physi-
ological rolcs. Inhalation of hydrogen gas markedly suppresses brain injury induced
by focal ischemia and reperfusion by buffering the cffects of oxidative stress in rats
(Ohsawa ct al. 2007). Further, the inhalation of hydrogen gas suppressed hepatic
injury causcd by ischcmia-reperfusion in mice (IFukuda ct al. 2007) and limited the
extent of myocardial infarction in rats (Hayashida ct al. 2008). In the nervous sys-
tem, hydrogen-rich water was shown to prevent superoxide formation in brain slices
of vitamin C-depleted sencscence marker protein 30/gluconolactonasc-knockout
mice (Sato ct al. 2008) and to prevent stress-induced impairments in learning tasks
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during chronic physical restraint in mice (Nagata et al. 2009). Moreover, a clinical
study showed that consuming hydrogen-rich pure water improves lipid and glucose
metabolism in type 2 diabetes patients (Kajiyama et al. 2008).

Hydrogen gas is permeable to cell membranes and can target organelles, including
mitochondria and nuclei. This is especially favorable for inner-ear medicine, because
many therapeutic compounds are blocked by the blood-labyrinthine barrier and can
not get access to the inner ear. In a recent ex vivo study, hydrogen gas markedly
decreased oxidative stress by scavenging ROS and protected cochlear cells
and tissues against oxidative stress (Kikkawa et al. 2009). When antimycin A was
applied to organotypic explant cultures of mouse auditory epithelia, incubation with
a hydrogen-saturated medium significanty reduced ROS generation and subsequent
lipid peroxidation. Reduced free radical insult increased survival of the hair cells.
Considering the safety and easy accessibility of hydrogen to cells in the inner ear,
hydrogen gas or hydrogen-rich water seems to be a promising agent to investigate
for potential prevention of NIHL in human subjects exposed to noise.

3 Treatment of Hearing Disorders

Although prevention of hearing disorders would clearly be optimal, protective treat-
ments have not yet been shown to work in human trials, are not yet approved by the
FDA for hearing protection, and even once they are more developed they may be 100
late or insufficient for many subjects. Therefore, treatment of hearing loss and hear-
ing disorders remains an important and critical goal, the last intervention target in
Fig. 14.1. Treatments fall into two general categories of “maintenance” and “resto-
ration.” Maintenance can involve prevention of further pathology, where it overlaps
with preventions. Restoration rests upon the three Rs of “repair,” “regeneration,”
and “replacement.” Repair involves treating remaining cells in the damaged ear to
return the auditory pathways to their condition before the hearing loss. Regeneration
requires treatments to induce repopulation from endogenous progenitors or redif-
ferentiation of cells remaining in the damaged ear, although replacement could
involve a variety of approaches ranging from the use of exogenous cell implants to
replace lost cells to cochlear prostheses to bypass lost cells. The combination of
repair, regeneration, and replacement is frequently termed “tissue engineering.”

3.1 Maintenance

3.1.1 Survival Factors: Neurotrophic Factors

Just as NTFs can have multiple roles in protection, they also have roles in mainte-
nance, repait, and restoration. NTFs have an important function as survival factors,
-and deafferentation can result in NTF deprivation for the auditory nerve that can
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-lead to free radical formation and the upregulation of cell death pathways (NTF
hypothesis; Mattson 1998 for review). Thus, hair cell loss results in a secondary and
progressive loss of auditory nerve and its spiral ganglion neurons (SGN). If exoge-
nous NTFs such as BDNFE, NT-3, and GDNF are supplied to the auditory nerve to
replace lost endogenous NTFs, they will promote maintenance and survival (e.g.,
Ernfors et al. 1996; Staecker et al. 1996; Miller'et al. 1997; Green et al. 2008).
Supplying NTFs will enhance not only the survival of SGN (Green et al. 2008 for
review) but also the electrical responsiveness of the neurons (Maruyama et al. 2008).
Today, the cochlear prosthesis offers an important treatment option for patients with
severe hair cell loss. Because efficacy of the cochlear prosthesis is dependent on the
number and functionality of the remaining SGN (e.g., Nadol et al. 1989; Incesulu
and Nadol 1998), it is of therapeutic interest to prevent degeneration of auditory
sensory neurons, and neurotrophic treatment has been suggested for use with
cochlear prostheses to protect and support the SGN.

3.1.2 Surv,ival Factors: Electrical Stimulation

Electrical activity within the auditory nerve provides another important survival
factor (Green et al. 2008), and providing electrical stimulation to the auditory nerve
has been shown to increase SGN survival after the deafferentation associated with
THC loss (Green et al. 2008 for review). The combination of chronic cochlear elec-
trical stimulation and application of NTFs has been shown to be more effective than
either alone (for examples, see Kanzaki et al. 2002; Scheper et al. 2009).

3.1.3 Regrowth of Auditory Nerve Peripheral Processes

An early event on the long-term path to SGN death after loss of IHCs is the rela-
tively rapid degeneration of the deafferented peripheral processes of the auditory
nerve, first to the level of the habenula perforata and later to the soma (Webster and
Webster 1981; Spoendlin 1984; Spoendlin and Schrott 1990). If hair cell replace-
ment becomes possible, then regrowth of the peripheral process will need to be
successfully induced. Moreover, it will ultimately be necessary to connect the new
hair cells to the cochlear nucleus via regrown peripheral processes when hair cell
restoration or replacement becomes possible (see next section). In the present, SGN
peripheral process regrowth might provide benefit to cochlear prostheses. Regrowth
of the SGN peripheral process to the vicinity of the electrode would provide a closer
target for cochlear electrical stimulation that would allow lower thresholds for exci-
tation, a larger dynamic range of responsiveness, and provide less current spread
and better channel separation. Lowet thresholds would require less energy, allowing
more eomplex signal processing strategies and increased battery life.

Several NTFs including BDNF, NT-3, GDNF, fibroblast growth factor (FGF),
and CNTF play a role in inducing, directing, and modulating connections in the
cochlea during normal development (Fritzsch et al. 1997 for review) and have also



