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Abstract

During the development of the inner ear, the Notch cell signaling pathway is responsible for the
specification of the pro-sensory domain and influences cell fate decisions. It is assumed that Notch
signaling ends during maturity and cannot be reinitiated to alter the fate of new or existing cells in
the organ of Corti. This is in contrast to non-mammalian species which reinitiate Deltal-Notchl
signaling in response to trauma in the auditory epithelium, resulting in hair cell regeneration through
transdifferentiation and/or mitosis. We report immunohistochemical data and Western protein
analysis showing that in the aminoglycoside-damaged guinea pig organ of Corti, there is an increase
in proteins involved in Notch activation occurring within 24 hours of a chemical hair cell lesion. The
signaling response is characterized by the increased presence of Jagged1 ligand in pillar and Deiters
cells, Notchl signal in surviving supporting cell nuclei, and the absence of Jagged2 and Delta-likel.
The pro-sensory bHLH protein Atohl was absent at all time points following an ototoxic lesion,
while the repressor bHLH transcription factors Hes1 and Hes5 were detected in surviving supporting
cell nuclei in the former inner and outer hair cell areas, respectively. Notch pathway proteins peaked
at 2 weeks, decreased at 1 month, and nearly disappeared by 2 months. These results indicate that
the mammalian auditory epithelium retains the ability to regulate Notch signaling and Notch-
dependent Hes activity in response to cellular trauma and that the signaling is transient. Additionally,
since Hes activity antagonizes the transcription of prosensory Atohl, the presence of Hes after a
lesion may prohibit the occurrence of transdifferentiation in the surviving supporting cells.

Introduction

Auditory hair cells are inner ear sensory mechanoreceptors which transduce acoustic input into

neural signals that elicit hearing. Hair cells are vulnerable to damage from acoustic over-
stimulation, ototoxic drugs such as aminoglycosides, or aging, while their non-sensory

supporting cell counterparts are substantially more resistant to these factors. Non-mammalian
vertebrates can replace lost hair cells through direct and indirect transdifferentiation of
surviving supporting cells (Adler and Raphael, 1996; Baird et al., 1996; Corwin and Cotanche,
1988; Roberson et al., 1996; Ryals and Rubel, 1988; Taylor and Forge, 2005). Mammals,
including humans, do not spontaneously replace auditory hair cells when lost (Bermingham-
McDonogh and Rubel, 2003; Hawkins and Johnsson, 1976; Roberson and Rubel, 1994; Rubel
etal., 1995). However, proof of concept exists showing that in mammals surviving supporting
cells can be forced to transdifferentiate into new hair cells given the right stimulus: namely,
over-expression of the pro-hair cell gene Atohl, which is normally only present during fetal
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development (Izumikawa et al., 2005; Kawamoto et al., 2003; Shou et al., 2003; Zheng and
Gao, 2000). This suggests that although the mammalian cochlear sensory epithelium has lost
the ability to spontaneously initiate the events needed to replace hair cells, the molecular
activity required for inducing a hair cell fate is still present and functional in mature supporting
cells. Furthermore, it suggests that unlike many other mature cell types, mammalian supporting
cell fate may be altered upon providing appropriate signals.

The Notch pathway has been identified as one of the cell signaling pathways critical for both
the initial specification of the prosensory domain as well as the subsequent cell fate decisions
of sensory progenitors (Daudet et al., 2007; Kelley, 1997; Lewis et al., 1998a). During
embryogenesis, Notch signaling directs the formation of a structured sensory epithelium
consisting of hair cells surrounded by supporting cells—all progeny of presumably identical
sensory progenitors. Fate heterogeneity is accomplished via lateral inhibition, a mechanism
where a differentiating cell transmits inhibitory signals to its neighbors to prevent them from
differentiating into the same cell type (Bray, 2006; Lai, 2004). In the cochlea, cells
differentiating to a hair cell fate produce ligands that inhibit their neighbors from also
developing as hair cells; instead they become supporting cells.

In inner ear development, Notch signaling directly influences the expression of the gene
Atohl by regulating the expression of Hes genes (Hes1 and Hes5) which antagonize Atohl
expression (Daudet and Lewis, 2005; Daudet et al., 2007; Kiernan et al., 2006; Kiernan et al.,
2005; Kiernan et al., 2001; Lanford et al., 1999; Woods et al., 2004). The Notch molecules
reported during the development of the mammalian inner ear include the Notchl
transmembrane receptor and the transmembrane ligands Delta-likel (DII1), Jagged1, and
Jagged2 (Ehebauer et al., 2006; Lanford et al., 1999; Lewis et al., 1998b; Weir et al., 2000).
During signaling, the binding of the Notch1 receptor with a ligand in a neighboring cell initiates
two sequential cleavage events in the receptor, one by TACE and another by y-secretase. This
latter cleavage event liberates the Notch intracellular domain (NICD) which then travels to the
nucleus to form a transcriptional complex with the proteins CSL (CBF1/RBP-J in mammals,
Suppressor of Hairless in Drosophila and Xenopus, and Lag-1 in C. elegans) and Mastermind.
This complex positively affects the gene transcription of repressor basic helix-loop-helix
(bHLH) gene subtypes, namely Hes1 and Hes5. In the absence of NICD, the CSL-Mastermind
complex acts as a repressor to Hes gene transcription, freeing the transcription of prosensory
bHLH genes like Atohl, whose accumulation promotes a hair cell fate (Kelley, 2002; Kelley,
2003; Kiernan et al., 2005; Woods et al., 2004).

While the Notch pathway has been implicated in hair cell regeneration following trauma to the
basilar papilla in avians (Stone and Rubel, 1999), the status of Notch molecules in the damaged
mammalian auditory epithelium is not well characterized. Additionally, it is important to
determine whether and how the activity of Notch-dependent proteins (such as Hes) changes
following a lesion, as is the case in some other regenerative tissues. Interfering with the
developmental expression of Hes1 in the cochlea results in over-abundance of inner hair cells,
while knocking out Hes5 results in over-abundance of outer hair cells (Zheng et al., 2000; Zine
et al., 2001). Presumably, the elimination of the repressive (and locale-specific) signals
provided by Hes activity allows for the over-expression of Atoh1, directing more cells than is
normal to a hair cell fate. This repressive activity is crucial for producing a heterogeneous
mosaic of hair cells and supporting cells during mammalian ear development, but continued
Hes activity in adults may continue to promote maintenance of the supporting cell phenotype
in maturity and pose a barrier to supporting cell-hair cell transdifferentiation following a lesion.
Studies suggest that interfering with Notch signaling via y-secretase inhibition or Notch-RBP/
J inhibition results in the appearance of hair cell-like cells in the damaged mature cochlea or
overpopulation of hair cell-like cells in the developing cochlea (Hori et al., 2007; Takebayashi
etal., 2007; Yamamoto et al., 2006). This suggests that there is a constitutive Notch-dependent
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signal promoting the maintenance of supporting cell fate, which can be altered by a y-secretase
blocker to relieve repression. These studies provide the impetus to examine whether Notch-
dependent Hes activity is present in the adult mammalian organ of Corti and accounts for failure
to regenerate new hair cells after a lesion. Furthermore, it is important to determine whether
Notch signaling is up-regulated after a lesion as the timing for that up-regulation may suggest
intervals for effective manipulation of those signals.

We report immunohistochemistry and Western blot protein analysis of Notch molecules and
downstream bHLH proteins in the normal and lesioned guinea pig organ of Corti at acute and
chronic time points. The mature organ of Corti exhibited low level cytoplasmic Notch1 signal
in the Deiters cells, very low Jagged1 signal in the pillar cell bodies, and low level nuclear
Hes1 signal in the supporting cells in the inner sulcus. By 24 hours following ototoxic drug
delivery, we observed a large increase of nuclear Notchl signal in the Deiters cells, high
Jagged1 signal in the inner and outer pillar cells as well as nuclear Hes1 and Hes5 labeling in
the surviving supporting cells in the former inner and outer hair cell areas, respectively. The
increase in Notch proteins appears to peak at 14 days post-ototoxicity, before declining below
baseline levels by 60 days.

Materials and Methods

Animals

All animal experiments were approved by the University of Michigan Institutional Committee
on Care and Use of Animals (UCUCA) and were performed using acceptable veterinary
standards. We used 88 pigmented adult male guinea pigs (EIm Hill Breeding Laboratory) with
a normal Preyer’s reflex and weighing between 250-400g at the beginning of the experiments.
Animals were housed at the Animal Care facility at the University of Michigan. Seventy-four
animals were systemically deafened with kanamycin and ethacrynic acid (with ten animals
being replaced as they either died or had hair cells remaining). An additional ten animals were
used as normal controls. Four animals received sham saline injections to provide a control for
the deafening surgery (no difference was observed between saline and un-injected controls).
Prior to all surgical procedures, guinea pigs were anesthetized with a subcutaneous injection
of xylazine (10 mg/kg) and ketamine HCI (40 mg/kg).

Deafening surgery and progression of hair cell loss

Seventy-four adult guinea pigs were bilaterally deafened via the combination of a single
subcutaneous dose of kanamycin (500 mg/kg) followed two hours later by an intravenous dose
of ethacrynic acid (50 mg/kg) in the jugular vein. The pairing of these two drugs systemically
is designed to consistently eliminate all outer hair cells and most or all inner hair cells while
initially sparing supporting cells, in the lower three turns of the cochlea (Izumikawa et al.,
2005; West et al., 1973). Hair cell elimination begins to be evident at about 24 hours following
drug administration, with a few missing hair cells in the organ of Corti. A complete lesion of
all hair cells in the lower three turns is consistently achieved by 3 days following this ototoxicity
protocol, therefore figures of lesioned tissue from animals sacrificed at 24 hours following
drug administration will contain some residual hair cells. All cochlear tissue was from the
second turn. Animals were sacrificed and prepared for analysis (immunocytochemistry or
protein extraction from dissected cochlear lysate) at the following time points: 1 hour (n=5),
4 hours (n=5), 24 hours (n=8), 3 days (n=8), 5 days (n=8), 7 days (n=8), 2 weeks (n=8), 1
month (n=8), or 2 months (n=6).

Immunocytochemistry

Animals were deeply anesthetized with xylazine and ketamine as above, decapitated, and the
temporal bones were removed. The apical tip of the otic capsule was removed, the oval window
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opened by dislodging the stapedial footplate, and the round window opened with forceps.
Paraformaldehyde (PFA) 4% in phosphate buffered saline (PBS) was locally perfused through
the cochlea. The temporal bone with cochlea in situ was allowed to fix for two hours, at which
time the bony capsule was dissected away and the modiolus with surrounding cochlear duct
removed. These cochleae were stripped of the stria vacularis, tectorial membrane, and
Reissner’s membrane to fully expose the organ of Corti. Specimens were washed three times
for ten minutes in PBS and permeabilized using 0.1% Triton X-100 in PBS for ten minutes.
Tissue was then blocked using 10% normal goat serum (Jackson Immunoresearch, West Grove,
PA) in PBS for thirty minutes at room temperature. Following blocking, specimens were
incubated overnight at 4°C in a 1:100 primary antibody solution in PBS. Primary antibodies
utilized were raised in rabbit against the C-terminus of Notch1 (Abcam, ab27526, lot# 181697;
whole receptor = ~280 kDa, cleaved portion NICD = 120 kDa), Jaggedl (Santa Cruz, H-114,
sc8303, lot # E0604; 150 kDa), Jagged?2 (Santa Cruz, H-143, sc5604, lot# K1904; 150 kDa),
DII1 (Santa Cruz, T-20, sc9932, lot# C1505; 75 kDa), Atoh1/Math1 (Abcam, ab22270-100,
lot# 151411; 38 kDa), Hes1 (Chemicon, Ab5702, lot# LV1438380; ~30 kDa), and Hes5
(Chemicon, Ab5708, lot# 0511016244; ~20 kDa). The following morning, samples were
washed three times in PBS and incubated in a Rhodamine (TRITC)-conjugated AffiniPure goat
anti-rabbit 1gG secondary antibody (Jackson ImmunoResearch, 111-025-144) for thirty
minutes at room temperature. All samples were additionally incubated with Alexa Fluor 488
conjugated phalloidin (Molecular Probes Invitrogen, Carlsbad, CA) for twenty minutes. If
visualization of the nucleus was desired, samples were incubated in the DNA-binding
fluorescent stain 4', 6-diamidino-2-phenylindole (DAPI) diluted 1:600, for three minutes. The
cochleae were then washed three times for five minutes in PBS, dissected into four pieces
(apex, 3™ turn, 2" turn, base) and whole mounted onto slides with Gel/Mount mounting media
(Biomeda, Foster City, CA). The second and third turns were used for analysis.

Because the Notch1 antibody used recognizes the c-terminal fragment of the Notchl receptor,
it labels membrane-bound and cytoplasmic epitopes when un-cleaved, and the nuclear domain
(NICD) when cleaved/activated. To rule out background fluorescence, we incubated normal
and lesioned (1 day post drug administration) guinea pig organ of Corti in just primary or just
secondary antibody. We observed no signal in controls incubated in primary alone. A very low
level of uniform background immunofluorescence was seen in controls incubated in just
secondary antibody, which did not correspond to the location, intensity, and pattern of
fluorescence reported here.

Confocal Microscopy

Immunohistochemically-processed cochlear whole mounts were examined with a Zeiss LSM
510-META Laser Scanning Confocal Microscope mounted on a Zeiss Axiovert 100M inverted
microscope, equipped with four lasers: a Coherent Enterprise laser for UV (351,364 nm), an
Argon laser for FITC/GFP (458, 488, 514 nm), a Helium Neon 1 laser for Rhodamine, Texas
Red, and Cy3 (543 nm), and a Helium Neon 2 laser for Cy5 (633 nm). Wavelengths utilized
in this study include 364 nm (for DAPI), 488 nm (for Alexa 488-conjugated phalloidin), and
543 nm (for Rhodamine). Scanning was performed with all lasers simultaneously in the multi-
track setting and META-analysis provided fine separation of wavelengths and the ability to
track all dyes in the sample simultaneously. The Linear Unmixing function was used to separate
mixed signals pixel by pixel, using the entire emission spectrum of each dye in the examined
specimen and eliminating broadband autofluorescence. Scans were all recorded in 1pum single
images at 40x or 60x magnification with zoom. Confocal images were cropped, labeled, and
spaced in Adobe Photoshop.
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Western Protein Analysis of Dissected Cochlear Lysates

Results

Cochlear lysates of control and hair cell-lesioned guinea pigs were examined for the presence
of Notch proteins before and after a lesion at varying time-points. Cochleae were dissected
from the temporal bone and the auditory nerve and as much bone and tissue as possible was
removed from the organ of Corti with a fine needle under a microscope. Remaining tissue was
incubated in cold T-Per Lysis Buffer (Pierce Biotechnology, Thermo Fischer, Rockford, IL)
for 30 minutes then homogenized with a small plastic pestle. The homogenate was kept on ice
a further 30 minutes then spun in a centrifuge until a visible pellet formed. The supernatant
was retained and the amounts of protein standardized (30 pg). Separation of proteins was
achieved using Nu-Page SDS-PAGE with X-Cell SureLock system and Novex 4-12% Bris-
Tris gels with MOPS buffers (Invitrogen, Carlsbad, CA). Separated proteins were transferred
to PVDF membrane by electrophoresis. Afterwards, the membrane was blocked with 5% dry
milk in PBS for an hour and then incubated in 1% milk in PBS plus the primary antibody
(1:5000) overnight at 4°C. Following three brief washes in TBS-T, the membranes were
incubated for 30 minutes in a complementary HRP-conjugated secondary antibody solution
(1:8000) in 5% dry milk. The membranes were again washed in TBS-T three times for 10
minutes each. Developing fluid (Pierce Biotechnology, Thermo Fischer, Rockford, IL) was
applied to the membrane, and film was quickly placed on the membrane in the dark and
developed. Average film development time was one minute in a sealed cassette. Film was then
processed in the dark and the film was digitally scanned. The scan was inverted and sharpened
in Adobe Photoshop. Cell lysates RAW 264.7 and ECV304 (Santa Cruz Biotechnology, Santa
Cruz, CA) were used as positive controls of the proteins Jaggedl and DII1 respectively, and
both contained the Notchl receptor. Mouse embryo tissue extract (from embryonic day17-19)
were used as positive controls for Hes1 and Hesb. Our blot indicated that the RAW 264.7 lysate
was positive for both Jaggedl and DII1 while ECVV304 produced a positive band only in the
case of DII1. A lane with buffer and no protein served as a negative control. In addition to the
predicted bands (for mouse) referenced above, the Hes5 blot had a faint non-specific band at
~40 kDa, and the Notchl blot had a faint nonspecific band at ~250 kDa. The Hes1 blot was
clean of non-specific bands. GAPDH, a common cellular housekeeping protein (37 kDa), was
used as a loading control to quantify relative protein amount using “ImageJ” analysis software.

Notch molecules and Hes labeling in the normal organ of Corti

To determine baseline levels and locales of Notch1, Jagged1l, Jagged2, DII1, Atohl, Hes1, and
Hes5, we performed immunohistochemistry to detect these molecules as well as the nuclear
stain DAPI in the normal guinea pig organ of Corti. We did not observe Notch1 signal in the
nuclei of the normal cells in the organ of Corti (Fig. 1A), but more apical to the nuclei we did
observe punctate membranous and cytoplasmic Notchl signal in Deiters cells (Fig. 1B). Higher
magnification of Notch1-positive Deiters cells also revealed non-nuclear cytoplasmic Notchl
signal which appeared to outline the cell body (Fig. 1C). Hes1 signal was faintly observed only
in some of the nuclei of the supporting cells flanking the inner hair cell area, as illustrated by
DAPI co-label (Fig. 1D; Fig. E shows same field without DAPI). Hes5 signal was not observed
in the nuclei of any sensory or nonsensory cells in the outer (Fig. 1F) or inner (Fig. 1G) hair
cell area. However, diffuse low-level cytoplasmic Hes5 label was observed in some cells in
the inner hair cell area. The ligand Jaggedl was weakly expressed in the outer pillar cells (Fig.
1H, 1H’). Higher magnification of the Jagged1-positive outer pillar cells suggested that only
the middle region of the cell body was positive for Jaggedl (Fig. 1H’). The ligands for DII1 or
Jagged2 were not detected (data not shown).
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Notch molecules and Hes labeling is up-regulated in the traumatized organ of Corti

Expression of the whole Notch1 receptor, the cleaved Notch1l receptor (NICD), Jaggedl, Hes1
and Hes5 all appeared to be significantly increased in response to ototoxicity, with striking
increases apparent by 24 hours following the ototoxic drug administration. The nuclei of many
remaining supporting cells in the organ of Corti were now positive for Notch1 signal, indicating
the intracellular portion of the receptor which had traveled to the nucleus following its cleavage
(Fig. 2A, 2A’ and 2A’’). Some non-nuclear, cytoplasmic or membranous Notchl signal was
also evident in many of the remaining supporting cells. Many cell nuclei in the outer hair cell
area were labeled with Hes5 (Fig. 2B, B’ and B’”). Very few nuclei of cells in the inner hair
cell area or the inner sulcus were positive for Hes5, instead many nuclei in these areas were
positive for Hes1 (Fig. 2C and 2C’). The nuclei of cells immediately adjacent to the inner hair
cells all appeared to be more brightly positive for Hes1 signal than cell nuclei positioned more
medially towards the inner sulcus (less bright nuclei shown by right arrows in 2C and 2C”).
Cytoplasmic Hes1 labeling was strongly observed in these cells, yet nuclear label was
significantly brighter. Hes1 signal was also observed in most Hensen cell nuclei and in the
cytoplasm (Fig. 2D and D’). Jagged1 signal was positive in the inner (Fig. 2E) and outer (Fig.
2E’) pillar cell bodies and in the Deiters cells. Western blot analysis of protein from guinea
pig dissected traumatized cochlear lysates detected the significantly increased presence of
Hes1, Hes5, NICD, and Notch1 as compared with normal baseline levels of these proteins (Fig.
3).

The traumatized organ of Corti remained positive for Notchl, Jaggedl, Hes1, and Hes5 for at
least one month following ototoxic drug administration and the presence of these molecules
reached baseline levels by two months. According to Western blot analysis of protein from
traumatized cochlear lysates at several time points following ototoxicity, the highest levels of
Notchl, NICD, and Hes1 was at 14 days following ototoxic drug administration (Fig. 3).
Immunohistochemistry to Notch1l at two weeks revealed widespread nuclear Notchl signal in
most of the remaining supporting cells of the traumatized organ of Corti (Fig. 4A and B).
Higher magnification revealed less punctate cytoplasmic Notchl signal than at one day
following exposure, with the majority of Notchl localized to nuclei (Fig. 4B and B”). The inner
and outer pillar cells of the 14-day post traumatized organ of Corti were still brightly positive
for Jagged1l signal (Fig. 4C). Hes1 signal was localized in supporting cell nuclei medial to the
former inner hair cell area and nuclei in the inner sulcus, with high concentrations of Hesl
protein visible in scars where inner hair cells were absent (arrows in Fig. 4D and Fig. 4D’).
Some cytoplasmic Hes1 signal was also visible in this area. Hensen cell nuclei as well as
cytoplasm were still positive for Hes1 (data not shown), similar to their appearance at 24 hours
following ototoxicity (Fig. 2D and 2D’). Hes5 signal was observed in the DAPI-stained nuclei
of the remaining supporting cells in the outer hair cell area (Figs. 4E and 4E’), but not in the
nuclei of the remaining cells in the inner hair cell area. Some cytoplasmic Hes5 signal was
observed in these cells at low levels. At no observed time point following ototoxicity did the
signal of Hes1 and Hes5 appear to overlap.

Western blot analysis of protein from traumatized cochlear lysates detected the increased
presence of Hes1, Hes5, NICD, and Notch1 at 2 weeks and one month following ototoxicity,
as compared with normal baseline levels of these proteins. However, at one month, with the
exception of Hes5 which could not definitively be noted to change, there was a decrease in
these protein amounts as compared to 24 hours and 14 days following drug administration.
This decrease in protein amount at 30 days was reflected in decreased immunohistochemical
signal as well (not shown). At two months following ototoxicity, the blot indicated that levels
of all observed proteins were at or below normal baseline levels (Fig. 3, graph at right illustrates
trends). No perceptible immunohistochemical signal was observed at 2 months following
ototoxicity for any of the proteins mentioned (Supplemental Figure 1 shows Notchl and
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Jagged1, others not shown). Immunohistochemical analysis to DII1, Atohl, and Jagged2 were
all negative at all time points observed (not shown).

Summary and Discussion

Summary of results

We have shown that in the guinea pig organ of Corti, Notch signaling is active at low levels
in normal animals and dramatically increases in response to trauma induced by the delivery of
ototoxic chemicals. Baseline presence of Notch molecules consists of non-nuclear Notch1, low
level Jagged1 in pillar cells, and low level nuclear Hes1 in supporting cells medial to the inner
hair cells. Post-lesion signaling, which is characterized by an increase in Jaggedl and nuclear
Notchl signal, is coupled with increases in Notch-dependent proteins Hes1 and Hes5 in
supporting cell nuclei. Hes1 and Hes5 immunolabel following a lesion appeared to be location-
specific and non-overlapping, with Hes1 located in the nuclei and cytoplasm of remaining
supporting cells in the inner hair cell area and Hes5 located in the nuclei and cytoplasm of
supporting cells in the outer hair cell area. The intensity of the signaling response varies over
time: Notchl, Jaggedl, Hes1, and Hes5 appeared to peak at between 14 and 30 days following
the lesion (Fig. 3) and were at or below baseline levels by 2 months (Supplemental Figure 1).

Initiation of Notch signaling following trauma

After cell fates are determined during development, Notch signaling is static in tissues which
do not have active cell turnover (Djalilian et al., 2008; Krawczyk et al., 2008; Shimojo et al.,
2008). However, in some tissues trauma triggers Notch signaling as part of the process of
cellular replacement, transdifferentiation, or repair. Post-developmental initiation of Notch
signaling has been reported to accompany changes in cell fate in mouse endothelial cells
(Lindner et al., 2001), mammalian muscle precursor cells (Conboy et al., 2003), mammalian
dental pulp cells (Lovschall et al., 2005; Mitsiadis et al., 1999), intestinal crypt cells in the fruit
fly, zebrafish, rodents, and humans (van Es and Clevers, 2005), adult neural stem cells in the
mammalian subventricular zone (Givogri et al., 2006), Barrett’s metaplasia in humans (Liu et
al., 2007), as well as the avian basilar papilla during trauma and hair cell regeneration (Stone
and Rubel, 1999). One factor in post-traumatic Notch up-regulation may be the severity of the
lesion and cell damage in the epithelium. This would help explain why the few studies reporting
on the status of the organ of Corti following a lesion have produced varied results(Hori et al.,
2007; Oesterle et al., 2008). In one recent study, both Sox2 and Jagged1 were reportedly
unchanged following a partial lesion of the organ of Corti in mouse (Oesterle et al., 2008). This
particular study utilized a single high-dose injection of kanamycin (1000 mg/kg) followed 30
minutes later by a dose of furosemide (400 mg/kg) which was reported to lesion outer hair cells
almost exclusively, sparing inner hair cells. Our lesion model in guinea pigs achieves a more
complete lesion, yielding a nearly complete loss of outer hair cells and inner hair cells
(Abrashkin et al., 2006; Izumikawa et al., 2005; Raphael and Altschuler, 1991; Webster and
Webster, 1981; West et al., 1973).

It is possible that in addition to loss of hair cells, indirect injury to supporting cells leads to a
drastic up-regulation of Notch signaling in the auditory epithelium. This notion is supported
by the observation that in the mouse, where the organ of Corti is more resistant to ototoxic
drug regimens, the loss of outer hair cells was not accompanied by a substantial increase in
Notch family molecules (Oesterle et al., 2008). In contrast, using our insult in the guinea pig
ear, both outer and inner hair cells are eliminated. In addition, supporting cells are also likely
affected, leading to a drastic increase in Notch signaling in these cells. The change in two Notch
molecules in the guinea pig was also noted in another study (Hori et al., 2007).
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Hes labeling is increased in surviving supporting cell nuclei

Notch-dependent Hes1 and Hes5 were observed to increase in the nuclei of supporting cells in
response to ototoxicity, hypothetically as a result of increased Notch signaling in the damaged
organ of Corti. During development of the organ of Corti, Hes gene expression has a deleterious
effect on prosensory fate (hair cell fate) via the antagonism of Atohl (Zheng et al., 2000). It is
probable that Hes expression persists at low levels in the organ of Corti in order to maintain
non-sensory fate in mature supporting cells. Following an aminoglycoside-induced hair cell
lesion, the cellular and structural integrity of the organ of Corti is compromised and the
epithelium undergoes reorganization, perhaps to preserve any remaining function. We
hypothesize that the increased Notch signaling is due to the loss of hair cells and the changes
in supporting cells, and leads to increased Hes labeling. It is unclear at present whether the
changes in supporting cells that up-regulate Notch are direct toxicity from the drugs, or a
response to the loss of the neighboring hair cells, or both.

Hes activity may serve to discourage or prevent transdifferentiation of supporting cells to hair
cells. Transdifferentiation in the absence of mitosis would rapidly result in supporting cell
depletion in and the eventual destruction of the remaining portions of the organ of Corti. It is
possible that transdifferentiation does not occur spontaneously to prevent this eventuality.

We observed Hes1 and Hes5 in mostly non-overlapping areas of the organ of Corti, with Hes1
restricted to the former inner hair cell area and the Hensen cells, and Hes5 located in the former
outer hair cell area with diffuse labeling in some Hensen cells. It is interesting to note that this
post-lesion localization corresponds to the developmental presence of these molecules. In the
developing organ of Corti, Hes1 becomes restricted to the supporting cells of the inner hair
cell area and Hes5 is likewise in the supporting cells of the outer hair cell area (Zine et al.,
2000). This suggests that mature supporting cells may react differently to post-lesion Notch
signaling depending on their prior developmental history and their location in the mature organ
of Corti. It further suggests that positional information that impacts cell fate and protein
production in response to signaling events is retained in the mature organ of Corti.

We show that the Notch1 receptor and Jaggedl ligand are increased in surviving supporting
cells in response to cellular trauma and hair cell loss. We hypothesize that the remaining
supporting cells engage in Notch1-Jaggedl signaling, resulting in NICD cleavage from the
Notch1 receptor and its translocation to the nucleus. We believe that the increases seen in Hes1
and Hesb in the damaged organ of Corti are due to promotion of their transcription in response
to nuclear NICD in supporting cells. This in turn results in accumulations of Hes protein in the
supporting cells, creating an antagonistic environment for direct supporting cell to hair cell
transdifferentiation to occur. This is supported by the proposed role of Jaggedl in prosensory
cell developmental, as illustrated by the application of antisense to Jagged1 to cultured cochlea
at embryonic day 18 (Zine et al., 2000). This treatment resulted in an indiscriminate
overpopulation of hair cells (2 rows of inner hair cells and several extra rows of outer hair cells)
and the disruption of stereocilia polarity. This contributes to the notion that Jagged1 could be
a promiscuous inhibitory signal for hair cell fate at the crucial stage in prosensory cell
development (around E18), acting to restrict the overpopulation of hair cells and maintain the
proper balance of cell types. We would further posit that similar phenotypes to the Jaggedl
antisense can be attributed to developmental Notch reduction (and thereby, Hes reduction) in
the developing cochlea. Hes1 ™/~ mice exhibited reduced IHC population while Hes5~/~ mice
exhibited reduced OHC population (Zine et al., 2000). One way of looking at this could be that
the Jagged1 signal at this stage might prompt locale-specific Hes expression (1 or 5, depending
on the area) and that the global reduction of all Jagged1 signal results in the indiscriminate
overpopulation of both hair cell types.
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The pattern of Notch activation we report is fundamentally different than what has been
reported in avian hair cell regeneration following trauma, which is characterized by Deltal-
Notch1 signaling and the presence of Atohl in areas of regeneration (Cafaro et al., 2007; Stone
and Rubel, 1999). We did not observe the Deltal homolog DII1, or Jagged2, or Atohl at any
time point following a lesion in mammals, although at 24 hours following the lesion.

Clinical Implications and Future Directions

Conclusions

In light of our data reporting Hes labeling in the lesioned organ of Corti, it is reasonable to
assume that forced mammalian hair cell regeneration via transdifferentiation may be
accomplished by Hes repression. However, it may also be necessary to increase Atohl levels
to change the fate of the remaining cells in the auditory epithelium. Future studies should
explore whether Notch inhibition following a lesion has a direct effect on decreasing Hes
activity in the organ of Corti. Because Notch signaling and Hes activity peak at around 14 days
following a lesion, it would likely be beneficial to deliver therapies which relied on Notch
interference before this time point. It is also important to explore the possibility of enhancing
hair cell regeneration via simultaneous delivery of prosensory gene therapy and inhibitors of
Notch signaling, as well as determining whether over-expression of Atohl in supporting cells
is overriding the repressive effect Hes may have on transdifferentiation. Additionally, future
work may address whether it may be possible to selectively induce regeneration of an inner or
outer hair cell by eliminating the expression of solely one of the Hes genes (for example,
through siRNA). Our data indicated that following a lesion, Hes5 was predominantly located
in the nuclei of supporting cells in the outer hair cell area, and Hes1 was located in nuclei of
cells in the inner hair cell area. If Hes1 and Hes5 partially recapitulate their developmental role
of Atohl antagonism in locale-specific ways following a lesion, specifically blocking Hes1
after a lesion may increase the likelihood of hair cell regeneration of supporting cells to inner
hair cells and blocking Hes5 may provide a similar effect for supporting cell to outer hair
transdifferentiation. Finally, future work should focus on additional pathways, either
independent of or complicit with Notch signaling, which could also discourage the spontaneous
transdifferentiation of supporting cells in the damaged mammalian organ of Corti.

We demonstrate that mammals preserve the ability to reinitiate Notch signaling following hair
cell loss. A severe lesion to the organ of Corti leads to up-regulation of Jagged1-Notchl
signaling and the presence of the bHLH proteins Hes1 and Hes5. The changes in Notch
signaling following a lesion to the mammalian auditory epithelium are inherently different
from the response preceding hair cell regeneration in birds, where Deltal-Notchl signaling is
increased after a lesion, followed by the production of prosensory bHLH protein Atoh1 (Cafaro
et al., 2007; Stone and Rubel, 1999). Our data present a potential mechanism by which
mammalian supporting cell transdifferentiation may be repressed by Notch-dependent Hes
activity after hair cell loss, and outlines a window of time in which Notch signals might be
optimally manipulated for inducing therapeutic transdifferentiation.
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Figure 1. Confocal images of whole mounts of the normal guinea pig organ of Corti stained with
fluorescent phalloidin (green), DAPI (blue), and antibodies to Notch signaling molecules (red: A—
C, Notchl; D-E, Hesl; F-G, Hes5; H, Jagged1)

A, B and inset C: The region of the organ of Corti that contains nuclei is largely negative for
the Notch1 receptor (A), punctate Notchl positive areas are evident in non-nuclear locations
such as the cell membrane and cytoplasm of Deiters cells more apical to the cell nuclei (B, and
higher magnification inset C). D and E: Hesl is found to be co-labeled in some supporting cell
nuclei (D) in the inner hair cell area. An arrow labels one of several Hes1 positive nuclei (D
is Hes1, phalloidin and DAPI, and E is Hesl and phalloidin). F and G: Nuclei in the outer hair
cell region (F) and inner hair cell region (G) are all negative for Hes5 although some
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cytoplasmic Hes5 signal was observed. H and H’: Low-level Jagged1 signal was seen in the
pillar cells (H, shown focused on the area of positive outer pillar cell bodies in higher
magnification in H”). Labels: ‘O’ refers to the outer hair cell area; ‘I’ refers to the inner hair
cell area; ‘P’ refers to the apical surface of the inner and outer pillar cells. The lateral edge of
the organ of Corti is oriented towards the top of each panel, and the medial edge is oriented
towards the bottom. Scale bars represent 2um.
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Figure 2. Confocal images of guinea pig organ of Corti whole mounts one day following ototoxic
drug administration, stained with fluorescent phalloidin (green), DAPI (blue), and antibodies to
Notch signaling molecules (red: A-A’’, Notchl; B-B’’, Hes5; C-D’, Hesl; E-E’, Jaggedl)

A, A’, and A’’: One day following drug administration, many DAPI-labeled nuclei (blue, in
Aand A’) were also positive for Notchl (red in A’ and A’’, arrows point to examples of double-
labeling). A” and A’’ are higher magnification of the Deiters cell nuclei. Focus is at the level
in the tissue where the nuclei of the remaining supporting cells were visible. Some diffuse
membrane- or cytoplasmically-located Notchl signal was still evident. B, B’, and B’’: Many
DAPI-labeled nuclei in the remaining supporting cells in the outer hair cell area were co-labeled
with Hesb (B, higher magnification of DAPI and Hes5 signal in B’ and Hes5 signal alone in
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B’*). C, C’, D, D’: Many DAPI-labeled nuclei (blue in C and D) in the supporting cells of the
inner hair cell area (C, C”) as well as the Henson cells (D, D) were co-labeled with Hes1 signal.
Cytoplasmic Hes1 signal was also observed in these same cell types to a lesser degree. E, E’:
Both inner (E) and outer (E’, at a lower focal plane with the red channel alone) pillar cell bodies,
and the Deiters cells were very brightly positive for Jaggedl. Labels: ‘O’ refers to the outer
hair cell area; ‘I’ refers to the inner hair cell area; ‘P’ refers to the apical surface of the inner
and outer pillar cells. The lateral edge of the organ of Corti is oriented towards the top of each
panel, and the medial edge is oriented towards the bottom. Scale bars represent 2um.
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Figure 3. Western blot analysis and quantification graph of Notchl1, NICD, Hes1, and Hes5 in

normal and drug-damaged organ of Corti
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Notchl, NICD, Hesl, and Hesb all appeared to rise after a lesion, with the first three peaking
at 2 weeks and Hes5 appearing to peak at one month following ototoxicity. The Notchl blot

exhibited bands at ~280 kDa corresponding to the whole receptor, ~120 kDa corresponding to
the cleaved portion (NICD), and one faint non-specific band at ~250kDa. The Hes1 blot
exhibited the predicted band at ~30 kDa and no nonspecific bands. The blot to Hes5 exhibited
the predicted band at ~20 kDa and one faint nonspecific band at ~40 kDa. GAPDH was used
as a loading control for relative quantification of protein amounts with ImageJ (graph at right).
N = normal, 1d = 1 day following the lesion, 14d = 14 days after the lesion, 30d = thirty days

after the lesion, 60d = 60 days after the lesion.
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Figure 4. Confocal images of guinea pig organ of Corti whole mounts two weeks following ototoxic
drug administration, stained with fluorescent phalloidin (green), DAPI (blue), and antibodies to
Notch signaling molecules (red: A-B, Notchl; C, Jaggedl; D-D’, Hesl; E-E’, Hes5)

A, B: Nearly all DAPI-labeled nuclei (blue) of remaining supporting cells were also positive
for Notchl (red). In B’, DAPI signal is omitted to more clearly show Notchl. Arrows in B and
B’ point to two double-labeled nuclei. Very little diffuse membrane- or cytoplasmically-located
Notchl signal was evident at this time point. C: All the inner and outer pillar cells and most
of the Deiters cells were still brightly positive for Jagged1 signal (red). D, D’: Many supporting
cell nuclei medial to the inner hair cell area (1) were co-labeled with DAPI and Hes1 (red).
Additionally, there were high concentrations of non-nuclear Hes1 protein in some scars where
inner hair cells had died (arrows in D, D” which shows DAPI and Hes1 only). E, E’: Supporting
cell nuclei in the outer hair cell area were co-labeled with DAPI and Hes5 signal, while all
nuclei in the inner hair cell area were negative for Hes5. Labels: ‘O’ refers to the outer hair
cell area; ‘I’ refers to the inner hair cell area; ‘P’ refers to the apical surface of the inner and
outer pillar cells with “IP” and “‘OP’ referring to inner and outer pillar cells, respectively. The
lateral edge of the organ of Corti is oriented towards the top of each panel, and the medial edge
is oriented towards the bottom. Scale bars represent 2um.
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