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ABSTRACT

The Notch signaling pathway is known to have
multiple roles during development of the inner ear.
Notch signaling activates transcription of Hes5, a
homologue of Drosophila hairy and enhancer of split,
which encodes a basic helix-loop-helix transcriptional
repressor. Previous studies have shown that Hes5 is
expressed in the cochlea during embryonic develop-
ment, and loss of Hes5 leads to overproduction of
auditory and vestibular hair cells. However, due to
technical limitations and inconsistency between pre-
vious reports, the precise spatial and temporal pattern
of Hes5 expression in the postnatal and adult inner
ear has remained unclear. In this study, we use Hes5-
GFP transgenic mice and in situ hybridization to
report the expression pattern of Hes5 in the inner ear.
We find that Hes5 is expressed in the developing
auditory epithelium of the cochlea beginning at
embryonic day 14.5 (E14.5), becomes restricted to a
particular subset of cochlear supporting cells, is
downregulated in the postnatal cochlea, and is not
present in adults. In the vestibular system, we detect
Hes5 in developing supporting cells as early as E12.5
and find that Hes5 expression is maintained in some
adult vestibular supporting cells. In order to deter-
mine the effect of hair cell damage on Notch
signaling in the cochlea, we damaged cochlear hair

cells of adult Hes5-GFP mice in vivo using injection of
kanamycin and furosemide. Although outer hair cells
were killed in treated animals and supporting cells were
still present after damage, supporting cells did not
upregulate Hes5-GFP in the damaged cochlea. There-
fore, absence of Notch-Hes5 signaling in the normal
and damaged adult cochlea is correlated with lack of
regeneration potential, while its presence in the neona-
tal cochlea and adult vestibular epithelia is associated
with greater capacity for plasticity or regeneration in
these tissues; which suggests that this pathway may be
involved in regulating regenerative potential.

Keywords: development, regeneration, supporting
cell, hair cell, Notch, bHLH

INTRODUCTION

The mammalian inner ear sensory epithelia are
composed of mechanosensory hair cells and non-
sensory supporting cells. Auditory hair cells in the
cochlea detect sound, while hair cells in the five
vestibular organs detect signals associated with angu-
lar and linear movements of the head. Supporting
cells share a common progenitor with hair cells
(Fekete et al. 1998) and are a morphologically diverse
population of epithelial cells that surround hair cells
and provide structural and functional support.

Auditory hair cells are susceptible to damage due
to a variety of environmental factors, and hair cell
death is irreversible in mammals. However, birds and
other non-mammalian vertebrates have been shown
to be capable of hair cell regeneration and subse-
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quent gain of hearing after injury (for reviews, see
Bermingham-McDonogh and Rubel 2003; Stone and
Cotanche 2007; Oesterle and Stone 2008). In mam-
mals, when damaged hair cells are extruded from the
organ of Corti, supporting cells close the lesions and
are reorganized, but they do not proliferate or trans-
differentiate into new hair cells (Forge 1985; McDowell
et al. 1989; Raphael and Altschuler 1991; Wu et al.
2001; Oesterle et al. 2008; Taylor et al. 2008). Little is
known, however, about the changes in gene expression
that do occur in mammalian supporting cells after hair
cell damage and whether or not developmental
mechanisms are reinitiated.

The Notch signaling pathway is a potent regulator
of progenitors and stem cells and known to play
several key roles during inner ear development:
initially Notch activity is essential to establish prosen-
sory domains (Daudet and Lewis 2005; Brooker et al.
2006; Kiernan et al. 2006; Daudet et al. 2007; Hayashi
et al. 2008); subsequently, it is involved in establishing
hair cell and supporting cell fates and patterning via
“lateral inhibition” (Chitnis 1995; Lanford et al. 1999;
Pickles and van Heumen 2000; Daudet and Lewis
2005; Kiernan et al. 2005a; Brooker et al. 2006).
Notch signaling activates transcription of Hes5, a
mammalian homologue of Drosophila hairy and en-
hancer of split, which encodes a basic helix-loop-helix
transcriptional repressor (Kageyama and Ohtsuka
1999; Ohtsuka et al. 1999). Previous studies have
shown that Hes5 is expressed in subsets of cochlear
and vestibular supporting cells during embryonic
development (Shailam et al. 1999; Lanford et al.
2000; Zheng et al. 2000; Zine et al. 2001; Tang et al.
2006; Li et al. 2008); however, due to technical
limitations and inconsistency between previous
reports, the precise spatial and temporal pattern of
Hes5 expression in the developing and adult inner ear
has remained unclear. In this study, we use Hes5-GFP
transgenic mice (Basak and Taylor 2007) and in situ
hybridization to report the expression pattern of Hes5
in the inner ear through embryonic and postnatal
development and in adults. We find that Hes5-GFP
mimics the expression of Hes5 and provides superior
sensitivity and cellular resolution. In the cochlea, we
describe the onset of Hes5-GFP expression at E14.5,
its subsequent restriction during development to a
subset of supporting cells where it persists through the
first postnatal week, after which it becomes down-
regulated and is no longer expressed in the adult. In
the vestibular system, we report that Hes5-GFP is
expressed in supporting cells of all five vestibular
organs during development and continues to be
expressed in a subset of supporting cells in the adult.

In order to further understand the responsiveness
of mammalian cochlear supporting cells to hair cell
death, we induced hair cell damage in adult Hes5-GFP

mice via injections of kanamycin and furosemide and
analyzed cochlear tissues to see if Hes5-GFP is
upregulated in the damaged cochlea. Although outer
hair cells were rapidly lost in treated Hes5-GFP
animals and supporting cells remained largely intact,
there was no upregulation of Hes5-GFP. Thus, Notch-
Hes5 signaling is not active in the mature cochlea
under normal or damaged conditions. Taken together
with earlier studies, our findings indicate that absence
of Notch-Hes5 signaling in the adult cochlea is
correlated with lack of regeneration potential, while
its presence in the neonatal cochlea and adult
vestibular epithelia is associated with greater capacity
for plasticity or regeneration in these tissues, which
suggests that this pathway may be involved in regulat-
ing regenerative potential.

METHODS

Animals

Mice were housed in the Department of Comparative
Medicine, and the Institutional Animal Care and Use
Committee approved experimental methods and
animal care procedures. Hes5-GFP transgenic mice,
on the C57/BL6 background, were generated as
previously described (Basak and Taylor 2007) using a
3-kb portion of the Hes5 gene, including 1.6 kb of the
5′ flanking region, with eGFP cloned into the
translational start site. Mice were euthanized accor-
ding to approved procedures: neonatal mice were
killed by decapitation after 5 min of hypothermia;
juvenile and adult mice were killed by anesthesia with
CO2 followed by cardiac perfusion with 4% parafor-
maldehyde solution (PFA).

Drug damage paradigm

Outer hair cells were experimentally lesioned in adult
mice (2–5 months old) as previously described (Oesterle
et al. 2008). Briefly, mice were given single subcutaneous
injections of kanamycin (1000 mg/kg USP grade Sigma-
Aldrich cat. no. K1637, in sterile phosphate-buffered
saline, PBS) followed 30–45 min later by single intraper-
itoneal injections of furosemide (400 mg/kg, Hospira
Inc., Lake Forest, IL, USA, cat. no. RL-1206). Animals
were killed 2 or 4 days after the injections. Un-injected
littermates were used as controls.

Paraffin in situ hybridization

Digoxigenin-labeled probe was in vitro transcribed from
a linearized complementary DNA clone corresponding
to Hes5 (BC103539, IMAGE: 40039948). Embryos were
collected from timed pregnant Hes5-GFP or wild-type
C57/BL6 mice and staged according to Kauffman
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(1992). For postnatal mice, postnatal day 0 (P0) was
defined as the day of birth. In situ hybridization was
performed as previously described (Nelson et al. 2004;
Hayashi et al. 2007). Briefly, embryonic whole heads,
P0–P7 half-heads (with brains removed), or P14–adult
isolated vestibular and cochlear tissues were fixed
overnight at 4°C in modified Carnoy’s solution [60%
ethanol, 11.1% formaldehyde (30% of 37% stock), 10%
glacial acetic acid], dehydrated though an EtOH series,
prepared for paraffin embedding, and sectioned at 6–
8 μm. Slides were baked overnight at 68°C, dewaxed in
xylene, rinsed in 100% EtOH, and air-dried at room
temperature. Overnight hybridization and subsequent
washes were carried out at 68°C. Hybridized probe was
detected using anti-digoxygenin alkaline phosphatase
conjugated antibody (1:2,000 dilution, Roche Biochem-
ical, Indianapolis, IN, USA) and visualized with NBT/
BCIP for a blue precipitate. After in situ hybridization,
sections were post-fixed in 4% PFA, rinsed in PBS, and
processed for fluorescent immunohistochemistry as
described below.

Antibodies

For section and whole-mount immunohistochemistry,
performed as described below, we used the following
primary antibodies: chicken anti-GFP (1:500 dilution,
Abcam, USA, cat. no. AB13970); goat anti-Jag1 (1:300,
Santa Cruz Biotechnology, USA, Jag1 C-20, cat. no.
SC-6011); goat anti-Sox2 (1:500, Santa Cruz Biotech-
nology, Sox2 Y-17, cat. no. SC-17320); rabbit anti-
Prox1 (1:500, Chemicon, USA, cat. no. AB5475);
rabbit anti-Calretinin (1:2,000, Swant, Switzerland);
rabbit anti-actNotch1 (1:500, Cell Signaling Tech,
cleaved Notch 1 Val1744); rabbit anti-Myosin6
(1:1,000 Proteus Biosciences, USA, cat. no. 25-6790);
and rabbit anti-Calbindin (1:500, Millipore, USA,
Calbindin D-28k, cat. no. AB1778).

Activated Notch1 immunohistochemistry

Immunolabeling for activated Notch1 was performed as
described (Nelson et al. 2007). Briefly, P3 half-heads,
with brains removed, were fixed overnight at 4°C in
modified Carnoy’s solution, dehydrated though an
EtOH series, prepared for paraffin embedding, and
sectioned at 6–8 μm. Slides were baked overnight at
68°C, dewaxed in xylene, rinsed in 100% EtOH, and air-
dried at room temperature. Antigen retrieval was
accomplished by autoclave treatment (5 min, 105°C)
in TE buffer (10 mM TrisCl, 1 mM EDTA, pH 9.0).
Sections were washed with PBS, blocked in 10% goat
serum in phosphate buffer with Tween 20 (PBT) for 1 h,
incubated with rabbit anti-actNotch1 antibody over-
night, washed four times with PBS, incubated with
goat-anti rabbit alkaline phosphatase (1:500, Sigma)

for 1 h, washed four times with PBT, equilibrated with
NTMT, pH 9.0, and incubated in NBT/BCIP substrate
(Sigma). Sections were washed in PBS and subjected to
sequential immunolabeling and fluorescent detection
with primary and secondary antibodies as described
below, followed by DAPI counterstaining andmounting.

Fluorescent immunohistochemistry of frozen
and paraffin sections

Embryos were collected from timed pregnant Hes5-GFP
mice and staged according to Kauffman (1992). For
postnatal mice, P0 was defined as the day of birth.
Embryonic whole heads or P0–P5 half-heads were fixed
overnight in 4% PFA in PBS at 4°C. Adult cochlea were
isolated from temporal bones, the stapes was removed
from the oval window, a small opening was made in the
apex, and cold 4% PFA in PBS was perfused through the
cochlea with a syringe. Perfused cochlea were then fixed
overnight in 4% PFA in PBS at 4°C, washed 3×30 min in
PBS, and decalcified in 0.27 M EDTA in PBS for 48 h at
4°C. After fixation and decalcification (for adult co-
chlea), whole cochlea or heads were cryoprotected
through graded sucrose in PBS (10% sucrose, 15%
sucrose, 15% sucrose with 50% OCT), then embedded
inOCT (Tissue Tek), frozen in a bath of ethanol and dry
ice, sectioned at 10 μm, and mounted on Superfrost+
slides (Fisher Scientific). Slides with cryosections (or
paraffin sections already processed for act-Notch1
immunolabeling or in situ hybridization) were then
washed briefly in PBS and blocked for 1 h in 10% fetal
bovine serum (FBS) in PBS with 0.1% TritonX-100 at
room temperature. Primary antibodies were diluted in
block and incubated overnight at 4°C. Slides were then
washed in PBS 3×10 min and incubated in species-
specific fluorescent-labeled secondary antibodies Alexa-
Fluor 488, 568, or 594 nm (1:500, Invitrogen). After
immunostaining, slides were coverslipped in Fluoro-
mount G (Southern Biotechnology, Birmingham, AL,
USA). Images of most stained sections were acquired on
a Zeiss Axioplan 2microscope equipped with DIC optics
and a Spot camera. Images of adult cochlear sections
were also captured on a Zeiss LSM Pascal confocal
microscope and processed using Improvision Volocity
(3.0.2). Images were compiled with Adobe Photoshop
7.0. Within each figure, comparable imaging settings
were used to capture all images of Hes5-GFP immuno-
labeling from sectioned tissues so that expression levels
could be compared between ages and tissues.

Whole-mount immunohistochemistry

Adult inner ears were isolated from temporal bones,
the stapes was removed from the oval window, a small
opening was made in the apex, and cold 4% PFA in
PBS was perfused through the cochlea with a syringe.
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Perfused cochlea were then fixed overnight in 4%
PFA in PBS at 4°C, washed 3×30 min in PBS,
decalcified in 0.27 M EDTA in PBS for 48 h at 4°C,
and washed in PBS 3×30 min. P3 cochlea were
dissected from temporal bones and fixed in 4% PFA
in PBS for 3 h at 4°C then washed in PBS 2×30 min.
P3 and decalcified adult inner ears were then dissected
to isolate the cochlea and vestibular organs from the
bony capsule. To expose the organ of Corti, the anlage
of the vascularis and the tectorial membrane were
removed using fine forceps. The vestibular organs
were dissected to expose the epithelia and otoconia
were removed from the utricle and saccule by directing
a stream of PBS across the surface from a syringe with a
30-G needle. Tissue was permeabilized in PBS/0.1%
TritonX-100 for 1 h and blocked for 2 h in 10% FBS in
PBS with 0.1% TritonX-100 at room temperature.
Primary antibodies were diluted in block and cochlear
and vestibular tissues were incubated together overnight
at 4°C. Tissues were washed in block and incubated
overnight at 4°C in species-specific fluorescent-labeled
secondary antibodies: AlexaFluor 488 or 568 nm (1:500,
Invitrogen). Tissues were washed in PBS and cover-
slipped in PBS/Glycerol. Confocal images of whole
mounts were captured on a Zeiss LSM Pascal confocal
microscope and 2-photon microscopic images were
captured using an Olympus FV1000 MPE multiphoton-
microscope equipped with the 25X SuperObjective
(Olympus) and Mai Tai laser (Spectra Physics). Images
were processed using Improvision Volocity (3.0.2) and
Adobe Photoshop (7.0). We were able to visualize the
endogenous Hes5-GFP (without immunostaining) in
live or fixed whole-mount cochlear tissue from P0–P8
mice and vestibular tissue from P0–adult mice using
standard fluorescent microscopy. However, in cochlear
tissue from embryonic mice or mice older than P8, we
found the endogenous GFP to be too weak to image
clearly, and it was sensitive to photo bleaching. There-
fore, we used immunofluorescent labeling with anti-
bodies against GFP to visualize and image the pattern of
Hes5-GFP in the cochlea prior to P0 and after P8. In the
adult vestibular sensory epithelia, the endogenous GFP
was bright enough to image without immunostaining.
However, to improve photostability and intensity for
whole-mount confocal z-sectioning, we typically used
immunolabeling against GFP in these tissues.

RESULTS

Hes5-GFP expression in the developing cochlea
mimics the pattern of Hes5 transcription

Hes5 has been reported to be expressed in the
embryonic cochlea; however, there is some debate
over the specific spatial and temporal pattern of its
expression (Lanford et al. 2000; Zheng et al. 2000;

Zine et al. 2001; Tang et al. 2006). Moreover, the
expression pattern of Hes5 in the postnatal and adult
mammalian cochlea has not been investigated. We
used Hes5-GFP transgenic mice and in situ hybridiza-
tion to determine the expression pattern of Hes5 in the
embryonic and postnatal cochlea. In order to deter-
mine the spatial and temporal pattern of Hes5 expres-
sion during embryonic and neonatal development, we
performed in situ hybridization for Hes5 in paraffin
sections of mouse cochlear tissues from E12.5–P0. We
compared the pattern of Hes5 in situ hybridization
signal with the pattern of Hes5-GFP expression in
similar cochlear sections from age-matched Hes5-GFP
mice (Fig. 1). At all ages, we found that the pattern of
Hes5-GFP mimics the pattern of Hes5 messenger RNA
(mRNA) labeling via in situ hybridization with remark-
able precision. Using both methods, we first detected
Hes5 in the developing auditory epithelium of the
cochlea at E14.5 where it appears as a restricted band
of cells in the medial floor of cochlear duct (A, A’, B,
and B’ in Fig. 1). Hes5-GFP immunolabeling was
detectable at this age in the base and apex of the
cochlear duct as well as in the spiral ganglia (A and A’ in
Fig. 1). In the auditory sensory epithelium at this age,
the intensity of Hes5-GFP expression was stronger in the
basal turns than in the most apical turn where it
appeared faint and dispersed (A in Fig. 1). In situ
hybridization signal for Hes5 in the cochlea at this early
time point was weak but clearly restricted to a similar
narrow band of cells in the central floor of the cochlear
duct in the basal turns and presumptive glial cells in the
spiral ganglia (B, and B’ in Fig. 1). In the apex of the
cochlea, at this age, we were not able to discriminate
signal from background using in situ hybridization for
Hes5, presumably due to lower sensitivity of in situ
hybridization compared to detection of Hes5-GFP (B
and B’ in Fig. 1). We did not detect Hes5 expression in
the nascent cochlear duct or spiral ganglia at E12.5 or
E13.5 using in situ hybridization or Hes5-GFP, although
we did find Hes5-GFP expression in the developing
vestibular patches at both of these ages, consistent with
earlier findings (data not shown; Shailam et al. 1999). At
E17.5, developing inner and outer hair cells (arrows and
arrowheads, respectively, in C and D in Fig. 1) and
supporting cells have become specified and can be
identified, based on their location and morphology, in
transverse sections through the auditory epithelium.
With in situ hybridization, we found that Hes5 expres-
sion at this stage is restricted to a particular subset of
cochlear supporting cells. Specifically, Hes5 expression
appears to be strong in the region of Dieters’ and outer
pillar cells, which lie underneath the outer hair cells,
and less intense in the more medial supporting cells,
which surround the inner hair cells and a population of
cells in the greater epithelial ridge (GER; D in Fig. 1).
Similarly, Hes5-GFP expression at E17.5 (C in Fig. 1) is
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FIG. 1. Hes5-GFP mimics expression of Hes5 in supporting cells of
the developing cochlea. Hes5-GFP expression in embryonic cochlear
sections (A, A’, C, and E) compared to similar sections probed for
expression of Hes5 with in situ hybridization (B, B’, D, and F). A Low
magnification view of an E14.5 cochlea section shows that Hes5-GFP
is expressed in three turns of the cochlea (asterisks) and in the spiral
ganglion (sg). B Low magnification view of an E14.5 cochlea section
probed for expression of Hes5 (blue) shows low level of signal in the
two basal turns of the cochlea (asterisks) and the spiral ganglion (sg). A’
High magnification view of the boxed region in A, mid-basal turn of
the E14.5 cochlea, where Hes5-GFP labeling (bracket) is visible in a
narrow band of cells in the floor of the cochlear duct. B’ High
magnification view of the boxed region in B, mid-basal turn of the
E14.5 cochlea. Hes5 in situ hybridization labeling (bracket) is low but

visible in a narrow band of cells in the floor of the cochlear duct,
similar to Hes5-GFP (compare A’ to B’). C Section of E17.5 Hes5-GFP
cochlea middle turn; expression is seen in supporting cells that
surround inner hair cells (arrow) and outer hair cells (arrowheads)
and in a small part of the GER. D E17.5 cochlear middle turn section
probed for expression of Hes5; signal is localized to supporting cells in
a similar pattern to Hes5-GFP at this age (compare C to D). E P0
middle cochlear turn shows Hes5-GFP expression is strong in
supporting cells that underlie and surround the outer hair cells and
slightly weaker in more medial supporting cells and the GER. F P0
cochlea section probed for expression of Hes5 has a similar pattern to
Hes5-GFP (E). Dotted lines in left panels outline the lumena of the
cochlear duct. sg spiral ganglia. Scale bars in A and E=100 μm. Scale
bar in A applies to A–B; scale bar in E applies to A’–B’ and C–F.
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strong in Dieters’ and outer pillar cells. Lower intensity
expression is seen in the supporting cells surrounding
the inner hair cells, including the inner pillar cells,
inner phalangeal cells, border cells, and a portion of the
cells in the GER. At birth, the pattern ofHes5 expression
in the Hes5-GFP mouse and tissue probed with Hes5 (E
and F, respectively, in Fig. 1) is similar to that seen at
E17.5, strong in the four supporting cells that underlie
the outer hair cells and less intense in the more medial
supporting cells. The organ of Corti is more differenti-
ated at this stage and individual cells can more easily be
identified in these transverse sections, but the overall
pattern of Hes5 expression at birth is very similar to that
at E17.5. The Hes5-GFP signal in the spiral ganglia
appeared strongest at E14.5, where it could be seen in
glia surrounding the spiral ganglion neuron cell bodies
and weakly in glia tracking along the nerve fibers to the
developing organ of Corti (A and A’ in Fig. 1). By E17.5,
the Hes5-GFP expression was notably reduced in the
spiral ganglia compared to the organ of Corti, only
faintly visible surrounding the spiral ganglion neuron
cell bodies and undetectable in the fiber tracks (data
not shown, C in Fig. 1.) Hes5-GFP could still be very
faintly detected in glia surrounding the spiral ganglion
neurons as late as P3 (data not shown), but was not seen
at later ages.

Hes5-GFP is expressed in the developing organ
of Corti at E14.5

We used Sox2 and Jag1 immunolabeling to further
characterize the spatial pattern of Hes5-GFP in the
E14.5 cochlea. At this time point in cochlear
development, the prosensory region has been spec-
ified, and hair cell differentiation, marked by ex-
pression of Atoh1, is just beginning (Chen et al. 2002;
Woods et al. 2004). Jagged1 (Jag1) encodes a Notch
ligand known to be expressed in, and required for
establishment of, the early prosensory domains of
the inner ear during development and later becomes
restricted to auditory and vestibular supporting cells
(Lewis et al. 1998; Morrison et al. 1999; Zine et al.
2000; Kiernan et al. 2001; Tsai et al. 2001; Brooker
et al. 2006; Oesterle et al. 2008). We labeled E14.5
Hes5-GFP cochlea cryosections with antibodies to
Jag1 and GFP (A, B–B” in Fig. 2). We found that the
region of Hes5-GFP expression, in the central floor
of the cochlear duct, is adjacent to and partially
overlapping with the Jag1 domain on the medial side
(B–B” in Fig. 2). The region of Jag1 labeling appears
most intense at its lateral edge, where it merges with
the Hes5-GFP region. Similarly, the strongest Hes5-
GFP labeling can be seen at the medial side of the
Hes5-GFP domain, adjacent to the Jag1 region.

Sox2 is a HMG-box transcription factor required
for development of the inner ear sensory epithelia

(Kiernan et al. 2005b). Expression of Sox2 marks the
early prosensory domain of the cochlea and is
restricted to supporting cells during development
and in the mature cochlea (Kiernan et al. 2005b;
Hume et al. 2007; Dabdoub et al. 2008; Oesterle et al.
2008). At E14.5, Sox2 is expressed at high levels in the
medial floor of the cochlear duct and a lower level in
the region of the GER (C–C” in Fig. 2). The region of
high Sox2 expression is overlapping with Hes5-GFP
(C” in Fig. 2). Thus, Hes5 expression first occurs in the
central floor of the cochlear duct at E14.5 within the
prosensory domain from which the organ of Corti
arises.

Hes5-GFP is restricted to a specific subset
of cochlear supporting cells during development

Our initial analysis of Hes5 expression with in situ
hybridization and Hes5-GFP indicated that expression
of this gene is restricted to a subset of supporting cells
during late embryonic development (C–F in Fig. 1).
We found that this pattern of Hes5 expression in the
organ of Corti is maintained in the neonatal cochlea.
To further characterize the pattern of Hes5 expression
and understand the arrangement and cellular struc-
ture of the Hes5-positive supporting cell population,
we performed immunolabeling and imaging analysis
of Hes5-GFP cochlea at P3 (Fig. 3). Prox1 specifically
marks the nuclei of the two rows of pillar cells and
three rows of Dieters’ cells in the developing and
postnatal cochlea (B and B’ in Fig. 3; Bermingham-
McDonogh et al. 2006; Kirjavainen et al. 2008). We
used Prox1 immunolabeling in whole-mount prepara-
tions of P3 Hes5-GFP cochlea to confirm the expres-
sion of Hes5-GFP in the Prox1-positive supporting cell
population (A–C and A’–C’ in Fig. 3). In surface (XY
plane, A’–C’ in Fig. 1) and transverse (ZY plane, A–C
in Fig. 3) views of P3 cochlea taken from confocal z-
sectioned micrographs, all Prox1-positive supporting
cells are labeled with Hes5-GFP. The Hes5-GFP fills
the supporting cells, revealing the long extensions of
the pillar cells and Dieters’ cells that intercalate
between the hair cells and span the depth of the
epithelium (A, D, I–I’ in Fig. 3).

We used similar preparations and imaging methods
of whole-mount P3 cochlea labeled with anti-Calreti-
nin to examine the spiral ganglion nerve endings and
their spatial relationship with the Hes5-GFP-positive
supporting cells (D–F and D’–F’ in Fig. 3). Calretinin
is a calcium-binding protein expressed in type I spiral
ganglion cells and inner and outer hair cells in the
neonatal cochlea (Dechesne et al. 1994; Sage et al.
2000; E–E’ in Fig. 3). At P3, type I spiral ganglion
neurons are in a stage of refinement and plasticity
where they innervate both inner and outer types of
hair cells (Pujol 1985; Echteler 1992; Simmons 1994;

326 HARTMAN ET AL.: Hes5 in the Adult Inner Ear



Huang et al. 2007). Consistent with these earlier
studies, we found that anti-Calretinin-labeled spiral
ganglion neurites in the P3 cochlea projected to the
inner spiral plexus (isp, bracket E’ in Fig. 3) region
beneath the row of inner hair cells and extended

beyond this, as neurites projected to the OHC region
and formed three rows of outer spiral bundles
(arrowheads, E’ in Fig. 3) beneath the OHCs (E–E’
in Fig. 3). Earlier studies have shown that some
neurite fibers in the organ of Corti are in close

FIG. 2. Hes5-GFP overlaps partially with Jag1 expression and lies
within the Sox2-labeled prosensory domain of the developing cochlea
at E14.5. Sections of E14.5 Hes5-GFP cochlea were labeled with
antibodies to GFP and Jag1 (A, B–B’’) or Sox2 (C–C’’). A Low
magnification view of three Hes5-GFP cochlear turns stained for
Jag1 and GFP. B–B” High magnification views of boxed region in A,

mid-basal turn showing Hes5-GFP (brackets, B), Jag1 (B’), and merged
(B’’). C–C” Similar mid-basal turn labeled with Hes5-GFP (C), Sox2
(C’), and merged (C”). Note that there is nonspecific labeling of the
tectorial membrane in B–B” and C–C”. Scale bar in A=100 μm. Scale
bar in C”=50 μm and applies to B–B” and C–C”.
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contact with supporting cells (Burgess et al. 1997;
Okamura et al. 2002; Jagger and Housley 2003; Huang
et al. 2007). Consistent with this, we found that the
neurite projections in the P3 cochlea are closely
associated with the supporting cells labeled by Hes5-
GFP (D–F and D’–F’ in Fig. 3). The cochlear nerve
fibers projecting into the organ of Corti, through the
osseous spiral lamina to the IHC region, run between
clusters of Hes5-GFP-labeled GER and border cells.
Similarly, the nerve endings within the isp (bracket, E’
in Fig. 3), forming calyceal innervation to the IHCs,
overlay the Hes5-GFP-positive inner phalangeal cells.
Most strikingly, the three rows of outer spiral bundles,
which run longitudinally beneath the outer hair cells,
were found to track precisely between the four rows of
more lateral supporting cells, the outer pillar and
Dieter’s cells (D–D’, E–E’, and F–F’ in Fig. 3). Thus,
Calretinin labeling here highlights the tracts made by
spiral ganglion neurite projections in the neonatal
organ of Corti which are closely associated with the
Hes5-GFP-positive population of supporting cells.

We also labeled P3 Hes5-GFP cochlea cryosections
with Jag1 to examine the relationship between these
two Notch pathway components in the late stages of
cochlear development (G–G” in Fig. 3). At this stage,

Jag1 labels the membranes of the cochlear supporting
cells and a portion of the GER (G’ in Fig. 3). We
found a remarkable degree of overlap in the Hes5-
GFP and Jag1-labeled supporting cell populations.
Like Hes5-GFP, Jag1 labels the supporting cells that lie
directly underneath the hair cells, including the
Dieters’, pillar, border, and inner phalangeal cells.
At this age, neither Jag1 nor Hes5 is expressed in the
non-sensory epithelial cells lateral to the Dieters’ cells,
specifically the Hensen’s and Claudius cells. The Jag1
labeling in the GER extends slightly more medially
than the Hes5-GFP, but otherwise, the two populations
appear to overlap at this age.

We used an antibody specific to the activated form
of Notch1 to examine the spatial pattern of Notch1
signal activation at P3 (H–H” in Fig. 3). In paraffin
sections of P3 cochleae, actNotch1 immunolabeling
was visualized with alk-phos NBT/BCIP (blue stain);
hair cells and nerve fibers were labeled with anti-
Calretinin and nuclei were stained with DAPI (H–H”
in Fig. 3). The pattern of activated Notch1 expression
is also similar to that of Hes5-GFP at this age,
appearing strong in more lateral supporting cells
and slightly less intense in the GER (compare G and
H in Fig. 3). An earlier study used this antibody to
report the pattern of activated Notch1 in cochlear
development and described a rapid downregulation
during the first postnatal week, with only very weak
expression at P3 (Murata et al. 2006). We found that
the actNotch1 expression pattern was similar to the
previous report, but in our hands was still detectable
in supporting cells at P3. The differences between our
observations could be due to slight differences in
mouse strain background (we use the C57BL6, which
is the background of the Hes5-GFP, while Murata et al.
worked with CBA/N mice) or differences in our tissue
preparation and staining methods. Thus, we find that
the expression of activated Notch1 correlates with the
pattern of Hes5-GFP and Hes5 in situ hybridization
signal in the early postnatal period of cochlear
development.

In order to resolve and identify the individual cells
that make up the Hes5-GFP population in the
developing cochlea, we imaged whole-mount prepa-
rations of P3 cochlea with high-resolution two-photon
excitation microscopy. While similar imaging may
have been accomplished with confocal microscopy,
two-photon excitation microscopy allowed collection
of large numbers (∼80) of thin optical sections
(0.5 μm) with little photobleaching of the GFP. We
generated and analyzed z-series images and 3D
projections (I and I’ in Fig. 3) of two-photon
excitation micrographs and were able to readily
discern the individual Hes5-GFP-labeled cells and
identify them based on their positional arrangement
and cellular morphology. An oblique view of a 3D

FIG. 3. Hes5-GFP is expressed in a specific population of cochlear
supporting cells in a pattern similar to activated Notch1. P3 cochlear
tissues from Hes5-GFP mice were processed for immunohistochem-
istry with antibodies against Prox1 (A–C, A’–C’), Calretinin (D–F, D’–
F’), Jag1 and GFP (G–G”), or activated-Notch1 and Calretinin (H–H”),
and patterns were compared to Hes5-GFP. A–C, A’–C’ ZY plane
section and XY projection views, respectively, of a confocal image
through the epithelium of a P3 Hes5-GFP organ of Corti labeled with
anti-Prox1. The XYprojection (A’–C’) is of a subset of the total z series
that spans the basal supporting cell nuclei, marked by the bracket in A.
D–F,D’–F’ ZYplane section and XYprojection views, respectively, of a
confocal image through the epithelium of a P3 Hes5-GFP organ of
Corti labeled with anti-Calretinin. The XYprojection (D’–F’) is of a thin
subset of the total z series in the region of neurite projections
underlying the hair cells, marked by the bracket in D. Bundled
cochlear nerve fibers (arrow points to one example) traverse through
the osseous spiral lamina (osl) in close contact with Hes5-GFP-labeled
GER cells. Calyceal nerve endings forming the inner spiral plexus (isp)
overlay the Hes5-GFP-positive inner phalangeal cells; the three rows
of outer spiral bundles (osb), which run longitudinally beneath the
outer hair cells, track precisely between the four rows of outer pillar
and Dieter’s cells. G–G” Transverse cryosection through a P3 Hes5-
GFP cochlea immunolabeled for Jag1 and GFP. The dotted line
outlines the lumenal surface; above is nonspecific staining of the
tectorial membrane. H–H” Transverse paraffin section through a P3
cochlea labeled with antibodies to activated Notch1 and Calretinin.
Arrow and arrowheads denote inner hair cell and outer hair cells,
respectively. I, I’ 3D projection of a P3 Hes5-GFP cochlea rendered
from a two photon excitation z-series micrograph. osl osseous spiral
lamina, isp inner spiral plexus, osb outer spiral bundles, GER greater
epithelial ridge, b border cell, iph inner phalangeal cell, ip inner pillar
cell, op outer pillar cell, d1–d3 Dieters’ cells. Scale bar in F’=100 μm
and applies to A–F and A’–F’. Scale bar in H”=100 μm and applies to
G–G” and H–H”. Scale bars in I and I’=50 μm.
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projection of the P3 Hes5-GFP cochlea shows the
orderly arrangement and cellular shape of the
supporting cells, their lumenal projections ensheath-
ing hair cells, which appear as empty spaces in the
epithelium (I in Fig. 3). Close examination of the
transverse optical section that appears on the front
edge of the projection shows the profiles of individual
supporting cells arranged in their respective rows
(I’ in Fig. 3). The Hes5-GFP-labeled supporting cells
include a cluster of cells in the GER, the border cells
and inner phalangeal cells (which underlie and
surround the inner hair cell), the inner and outer
pillar cells, and three rows of Dieters’ cells (labeled
GER, b, iph, ip, op, d1, d2, and d3, respectively, in
I’ in Fig. 3). In general, we found that the level of
Hes5-GFP expression in the P3 cochlea appears more
intense in the Dieters’ cells and outer pillar cells than
in the supporting cells on the medial side of the organ
of Corti (see A, A’, D, D’, and G in Fig. 3). However,
the relative GFP intensity levels of the individual cells
are not apparent in the 3D projection (I and I’ in
Fig. 3) because of the contrast and density settings
required for rendering. This pattern is present
throughout late embryonic and neonatal develop-
ment and suggests that the more lateral supporting
cells have comparatively higher levels of Notch1-Hes5
signaling than the supporting cells on the medial side
of the organ of Corti and in the GER. In contrast to
earlier in situ hybridization studies (Zheng et al. 2000;
Zine et al. 2001), we did not detect Hes5 expression in
the more lateral supporting cells of the lesser
epithelial ridge, i.e., the Hensen’s and Claudius cells,
at any time during cochlear development.

Hes5 expression persists in the cochlea
through the first postnatal week, after which
it is rapidly downregulated

In order to determine the pattern of Hes5 expression
in the inner ear during postnatal development, we
again turned to a combination of in situ hybridization
and Hes5-GFP. We performed in situ hybridization for
Hes5 on inner ear tissues from mice collected at P3,
P5, P7, P14, and adult ages. We found that in the early
postnatal period of P3, Hes5 mRNA expression was
still detectable in a similar pattern to that of P0
throughout the organ of Corti, but was only faintly
expressed in the basal turn (data not shown). At P5,
Hes5 mRNAwas still detectable in the apex in a similar
pattern to earlier ages (A in Fig. 4), but in the basal
region was nearly imperceptible (C in Fig. 4). We
found that Hes5 mRNA is not expressed in the
auditory epithelium at P7 (data not shown) or P14
(F in Fig. 4). Thus, our Hes5 mRNA expression
analysis of the postnatal cochlea indicates that expres-
sion of this gene is downregulated rapidly in a base to

apex sweep that begins shortly after birth and is
concluded around P7.

We next analyzed the pattern of Hes5-GFP expres-
sion in the postnatal cochlea to see how it correlated
with our in situ hybridization study. In the P7 cochlea,
Hes5-GFP is expressed in the apex in a similar pattern
to that observed at earlier ages, appearing in the
Dieters’ and outer pillar cells, and at a lower level in
the more medial supporting cells and the GER (B in
Fig. 4). In the base of the P7 cochlea, we found that
Hes5-GFP is quite faint, detectable only dimly in the
supporting cells (D in Fig. 4). We were still able to
visualize endogenous Hes5-GFP in the apex of whole
mount cochlea preparations as late as P8 and used
confocal z-series microscopy to generate 3D projec-
tions of the pattern in the apex at this age (E in
Fig. 4). Undetectable in the base at P8, Hes5-GFP was
restricted to the extreme apex at this age and was
notably dim compared to similar whole-mount prep-
arations at P3 (see Fig. 3), requiring higher laser
power and detector gain for visualization with confo-
cal microscopy. Due to the low levels of Hes5-GFP in
the supporting cells at this age, compared to P3, the
cellular resolution in images is reduced and cells
appear less dense (compare A, D, and I in Fig. 3 and E
in with Fig. 4). Hes5-GFP was completely undetectable
in the auditory sensory epithelium of tissues exam-
ined at P12 (not shown), P16 (G in Fig. 4), and adult
ages (A and A’ in Fig. 6). Thus, we found that Hes5-
GFP expression in the cochlea is downregulated in a
base to apex gradient beginning with reduced expres-
sion in the base around P7 and loss of expression in
the apex between P8 and P12. This result is consistent
with the findings of our Hes5 in situ hybridization
analysis where we saw a similar basal to apical down-
regulation of Hes5 mRNA during the first postnatal
week, though the loss of GFP is delayed relative to the
in situ expression.

Hes5 is expressed in vestibular supporting cells
throughout development and in adults

We found that Hes5 mRNA and Hes5-GFP are
expressed in developing vestibular patches as early as
E12.5 (data not shown) and in vestibular supporting
cells at E17.5 (J and J’ in Fig. 4). The Hes5-GFP
pattern in the developing utricle and cristae includes
expression in nearly all of the supporting cells of
these organs, which can be seen surrounding nearly
every hair cell of the utricle and horizontal crista in
sections at E17.5 (J and J’ in Fig. 4). We also found
Hes5-GFP expression in the developing saccule where
it was typically restricted to the peripheral edges and
appeared less intense than the utricle or cristae (J and
J’ in Fig. 4, asterisk).
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FIG. 4. Hes5 is downregulated in the neonatal cochlea but is
expressed in mature vestibular supporting cells. Postnatal and
juvenile cochlear sections were probed for Hes5 (A, C, F) and
compared to similar sections of Hes5-GFP cochlea immunolabeled
for GFP and the hair cell marker Myosin6 (B, D, G). Hes5 is
expressed in cochlear supporting cells in the apex at P5 (A), but is
nearly undetectable in the base at this age (C) and is not detectable at
P7 (not shown) or P14 (F). B, D, G Hes5-GFP is similarly down-
regulated in cochlear supporting cells such that it is present in the
apex at P7 (B), but only weakly expressed in the base at P7 (D) and is
not detectable at P16 (G). Hes5-GFP could still be detected in the
apex as late a P8 and was bright enough to be visualized with
confocal z-series microscopy to generate a 3D projection, immuno-
labeled with anti-Myosin6 (E). Although Hes5 was not detectable in
the juvenile cochlea, it was clearly expressed in supporting cells of
the P14 utricle, shown here in an oblique section (H). Similarly,
Hes5-GFP was expressed in supporting cells of the P16 utricle (I). J–J’

Cryosection through an E17.5 Hes5-GFP inner ear immunolabeled
with antibodies to GFP (J) and Myosin6 (merged, J’). Hes5-GFP is
expressed in supporting cells throughout the utricle and horizontal
crista and in a subset of supporting cells in the periphery of the
saccule (asterisk, J’). Adult Hes5-GFP vestibular tissues were probed
for Hes5 and then immunolabeled for GFP (K–K’ and L–L’) to confirm
that the transgene expression mimics expression of Hes5. K–K’
Transverse section of an adult posterior crista shows Hes5 in situ
hybridization signal (K) and Hes5-GFP (K’) are co-localized in the
peripheral supporting cells (brackets). L–L’ Oblique section through
an adult posterior crista shows similar overlap between Hes5 in situ
signal and Hes5-GFP (brackets, L and L’, respectively), but neither
are overlapping with the central zone (type I) hair cell calyx marker
Calbindin (asterisk, L’). Scale bar in G=100 μm and applies to A–D
and F–G. Scale bar in E=100 μm. Scale bar in I=100 μm and applies
to H and I. Scale bar in J’=100 μm and applies to J and J’. Scale bar
in K’=50 μm and scale bar in L=100 μm.
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To determine the expression pattern of Hes5
during postnatal development and in adults, we
collected cristae and utricles from Hes5-GFP animals
at P14 and adult ages and processed them for Hes5 in
situ hybridization. We found that Hes5 mRNA was
detectable in vestibular organs at P14 and adult ages
(H, K, and L in Fig. 4). In oblique sections through
the P14 utricle, Hes5 expression was visible in support-
ing cells in a honeycomb pattern surrounding Hes5-
negative hair cells (H in Fig. 4). Similarly, Hes5-GFP
was expressed in supporting cells throughout the P16
utricle, which are seen to span the depth of the
epithelium in transverse sections (I in Fig. 4). We also
detected Hes5 expression in adult cristae, visible in the
peripheral supporting cells in transverse and oblique
sections (K and L, respectively, in Fig. 4, brackets). We
were able to visualize Hes5 mRNA and Hes5-GFP in
the same sections by immunostaining for GFP after in
situ hybridization (K, K’, L, and L’ in Fig. 4). We
confirmed the co-localization of the Hes5-GFP with
Hes5 expression in the adult cristae where in trans-
verse sections, it was highest in supporting cells in the
peripheral margins and low or absent from the apices
(K and K’ in Fig. 4). Similarly, in oblique sections of
the adult posterior crista, Hes5-GFP co-localized with
Hes5 expression in peripheral supporting cells and
was low or absent in the apices, marked by anti-
Calbindin labeling (L and L’ in Fig. 4).

We further examined the Hes5-GFP expression
pattern in whole-mount preparations of adult vestibular
organs (Fig. 5). In surface views of adult utricles, Hes5-
GFP is expressed in supporting cells in a mosaic pattern
throughout the epithelium (A and B in Fig. 5). We
consistently observed highest levels of Hes5-GFP in the
medial posterior region of the adult utricle where most
supporting cells are labeled with the transgene. Within
the striolar region of the utricle, labeled by Calbindin,
Hes5-GFP expression was markedly reduced (B–B” and
enlarged in C and C’). In a 3D projection of the region
at the posterior tip of the striola (upper box in B” in
Fig. 5), the Hes5-GFP-labeled supporting cells can be
seen adjacent to the Calbindin-labeled striolar calyces
(D in Fig. 5). TheHes5-GFP supporting cells in the adult
utricle have a radial morphology which spans the depth
of the sensory epithelium (D in Fig. 5). We never
saw co-expression of Hes5-GFP in anti-Myosin6 or
anti-Calbindin-labeled hair cells. Although we also
found that Hes5-GFP is expressed in the adult saccule,
Hes5-GFP expression in this organ was primarily
restricted to a few scattered cells in the peripheral edges
of the epithelium and appeared quite faint compared to
the robust levels observed in the cristae and utricle.

In adult whole-mount preparations of the cristae of
the semicircular canals, Hes5-GFP is expressed in
supporting cells surrounding the peripheral margins
of the epithelia (E and F in Fig. 5). Hes5-GFP

expression is strong in discrete bands of supporting
cells along the lateral edges, but is absent from the
central apices of the three cristae (E–E” in Fig. 5). In
reptiles, birds, and some mammals, the anterior and
posterior (vertical) cristae, but not the horizontal
crista, are divided by a non-sensory structure whose
function is unknown, called the eminentia cruciatum
(for review, see Lysakowski and Goldberg 2004).
Interestingly, the regions of Hes5-GFP expression in
the anterior and posterior cristae extend over the
apices of the epithelia adjacent to either side of
the eminentia, essentially forming a border around
the periphery of each half of the crista (F–F” in Fig. 5).
This suggests that the eminentia does not merely bisect
a single concentric structure but that it divides each
vertical crista into two hemicristae, similar to those in
birds and reptiles. The expression of Hes5 specifically
in the peripheral supporting cells of the cristae
suggests that these supporting cells may be intrinsically
different from supporting cells in the apices.

Hes5 is not expressed in the adult cochlea
after hair cell damage

Our findings that Hes5 is not expressed in the adult
cochlea under normal conditions are consistent with
the terminally differentiated status of adult cochlear
supporting cells. Auditory hair cell regeneration from
supporting cells in lower vertebrates appears to
require their upregulation of Notch signaling (Stone
and Rubel 1999; Ma et al. 2008). In order to determine
whether the supporting cells of the mammalian
cochlea respond to hair cell damage by a similar
upregulation in Notch signaling, we analyzed the
Hes5-GFP mice after hair cell damage. We induced
hair cell damage by a single high-dosage injection of
kanamycin followed by a single injection of the loop
diuretic furosemide (Oesterle et al. 2008). We killed
injected animals and uninjected littermate controls at
2 days (n=3) and 4 days (n=5) after treatment. OHCs
were lost throughout most of the cochlea of injected
animals, but inner hair cells were largely intact
(Fig. 6). Hes5-GFP was not expressed in any of the
normal adult cochlea (A and A’ in Fig. 6 and merged
with anti-Myosin6 in A” and A”’ in Fig. 6); we also did
not find any expression in the cochlea after ototoxic
drug injections (B–B”’ in Fig. 6). To ensure detection
of low levels of Hes5-GFP, we performed immunolab-
eling for GFP on adult tissues. We processed and
analyzed damaged and control cochlear tissues to-
gether and included vestibular organs from the same
animals as positive control tissues for Hes5-GFP
immunolabeling. A comparison of Hes5-GFP expres-
sion in the positive control utricle tissue, processed
and imaged alongside the cochlear tissues in A–A”’
and B–B”’ in Figure 6, is shown in C–C”’ in Figure 6.
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In frozen transverse sections of control and damaged
Hes5-GFP cochlea (D and E, respectively, in Fig. 6),
Hes5-GFP expression is also absent, while strong
expression can be seen in a P3 frozen section stained
and imaged alongside the adult specimens (F in
Fig. 6). Sox2 antibody labels the supporting cell nuclei
in the same control and damaged adult sections (D’
and E’ in Fig. 6) and, as reported by Oesterle et al., is
unchanged in the damaged cochlea (E’ in Fig. 6).
Thus, although supporting cells are still present in the
damaged cochlea and express Sox2, they do not
upregulate Hes5-GFP in response to hair cell death.

DISCUSSION

Hes5-GFP reports Notch signal activity
in the inner ear

The reporter construct used to generate the Hes5-
GFP mice used in this study contains a 3-kb portion of
the Hes5 gene, including 1.6 kb of the 5′ flanking
region, with eGFP cloned into the endogenous
translational start site (Basak and Taylor 2007). The
expression pattern of GFP in this transgenic line has
been well characterized in the developing central
nervous system where it is expressed in neural
progenitors and correlates strongly with self-renewal
capacity and multipotency (Basak and Taylor 2007).
Hes5-GFP was found to be inducible by Notch1, and
expression was nearly completely absent from Notch1-
deficient embryos (Basak and Taylor 2007). Among
the four Notch receptors, only Notch1 has been
conclusively shown to be expressed in the developing
mammalian cochlea (Lewis et al. 1998; Shailam et al.
1999; Zine et al. 2000; Murata et al. 2006), although
Notch3 was reported to be expressed in the early rat
otocyst prior to cochlear differentiation (Lindsell et
al. 1996). Hes5-GFP expression strongly correlates
with expression of activated Notch1 in the developing
inner ear such that they appear to be nearly identical
spatial and temporal patterns (Fig. 3; Murata et al.
2006). Thus, Hes5-GFP appears to be a reliable
readout of Notch signal activity in the inner ear.

Hes5 in embryonic development of the organ
of Corti

In this study, we have used a combination of
approaches to define the pattern of expression of
Hes5 in the developing and mature inner ear. In the
organ of Corti, we show that Hes5 is expressed at a low
level in the E14.5 cochlea approximately 12–24 h
earlier than previously reported. Hes5 expression at
E14.5 appears in a discrete region in the central floor
of the cochlear duct, which is largely overlapping with
Jag1 and Sox2. Earlier studies from our lab and others

have reported that nascent hair cells express the
Notch ligand-encoding genes Dll1 and Jag2 beginning
at E14.5, and Dll3 is expressed in hair cells about 24 h
later (Lanford et al. 1999; Morrison et al. 1999; Zhang
et al. 2000; Kiernan et al. 2005a; Hartman et al. 2007).
Expression of these hair-cell-specific Notch ligands
has been shown to be restricted to the developing hair
cells, which appear at this stage as a single row of
presumptive inner hair cells on the medial edge of
the prosensory domain. Thus, the pattern of Hes5
expression at E14.5 is slightly broader than that which
might be expected to result from Notch signaling
initiated by hair-cell-specific ligands alone. Since Jag1
protein is expressed throughout most of the Hes5-
positive region and the most intense region of Jag1
labeling is adjacent to the brightest Hes5-GFP cells, it
is possible that Jag1-Notch signaling contributes to the
expression of Hes5 at E14.5. Further studies, such as
examination of Hes5-GFP expression in Jag2/Dll1
mutants, would be necessary to determine how
specific ligands contribute to Hes5 signaling.

Notch signaling has been shown by several recent
studies be active during, and essential for, specifica-
tion of the prosensory domains, which is thought to
occur in the mouse inner ear around E12.5 (Daudet
and Lewis 2005; Brooker et al. 2006; Kiernan et al.
2006; Murata et al. 2006; Daudet et al. 2007; Hayashi
et al. 2008). Since we confirmed that Hes5 is not
expressed at this early stage and earlier studies
showed that Hes5 ablation does not inhibit sensory
patch formation (Zine et al. 2001), it is unlikely that
Hes5 participates in the process of sensory specifica-
tion. Other Hes family transcription factors, HesR1
and HesR2, are expressed during the prosensory
specification phase of early cochlear development
and are more likely to be involved in this process
(Hayashi et al. 2008). Thus, the expression of Hes5 in
the prosensory region at E14.5 may represent a
baseline of low-level Notch-Hes5 signaling that is set
up with contributions from Jag1 just prior to initiation
of lateral inhibition by hair-cell-specific Notch ligands.

The expression of Hes5-GFP in the glia of the spiral
ganglia during early embryonic development (A, A’,
B, and B’ in Fig. 1) suggests that the developing
neurons express a Notch ligand which activates Notch
signaling in the developing glia. This is consistent with
known roles for Notch signaling in glial development
and differentiation throughout the nervous system
(Gaiano et al. 2000; Hojo et al. 2000; Morrison et al.
2000; Tanigaki et al. 2001; Ge et al. 2002; Taylor et al.
2007).

The expression pattern of Hes5 during the middle
and late stages of cochlear development, from E17.5
through the neonatal period, is consistent with a role
for this gene in lateral inhibition. In this model,
Notch signaling is activated in nascent supporting
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cells by ligands presented on the surface of hair cells.
Consistent with this, Hes5 expression levels during
cellular differentiation of the cochlea appear to be
highest in the supporting cells in direct contact with
hair cells. This is particularly evident by the high levels
of Hes5 present in the more lateral supporting cells,
the Dieters’ and outer pillar cells, which are each in
contact with multiple outer hair cells (Fig. 3). Simi-
larly, Hes5 null mice produce extra cochlear hair cells
that appear in three specific patterns: a row of
additional outer hair cells along the lateral edge,
occasional extra inner hair cells, and some ectopic
hair cells in the GER (Zine et al. 2001). These extra
hair cells likely arise from the same population of
supporting cells that are labeled with Hes5-GFP
during embryonic development. Additionally, Hes5
appears to function in parallel with Hes1 and HesR2
(Hey2), which are expressed in partially overlapping
regions with Hes5, and combination of mutations in
either of these genes with loss of Hes5 increases the
overproduction of hair cells (Zine et al. 2001; Li et al.
2008).

Our description here substantially improves on
earlier in situ hybridization studies that reported
Hes5 expression in the embryonic cochlea (Shailam
et al. 1999; Lanford et al. 2000; Zheng et al. 2000; Zine
et al. 2001; Tang et al. 2006; Li et al. 2008). While
several of these studies accurately showed Hes5
expression in the region of the Dieter’s cells, most
did not pick up the expression in other supporting
cells or the GER and none provided single-cell
resolution of the Hes5-positive population. Some of
the earlier studies also reported Hes5 expression in
the more lateral supporting cells of the lesser
epithelial ridge, i.e., the Hensen’s and Claudius cells

(Zheng et al. 2000; Zine et al. 2001), where we did not
detect Hes5 expression at any time during cochlear
development.

Hes5 in the neonatal cochlea correlates
with supporting cell plasticity

Hes5 downregulation in the cochlea during the first
postnatal week (Fig. 4) correlates with a similar loss of
expression of Notch ligands in hair cells. Earlier, we
reported that Dll1 and Dll3 are downregulated from
base-to-apex in neonatal hair cells between P0 and P3,
and expression of these two Notch ligands is lost from
hair cells by P5 (Hartman et al. 2007). Thus, the
spatial and temporal pattern of loss of Hes5 expression
in supporting cells closely follows the downregulation
of Notch ligands in hair cells. The expression pattern
of Notch ligands thus offers further support that Hes5
expression is a result of Notch signaling initiated by
ligands presented on the surface of hair cells.
However, it is also possible that Jag1, expressed in
supporting cell membranes, contributes to Hes5
signaling during embryonic and postnatal develop-
ment, particularly in the GER where Hes5 is expressed
in cells that do not appear to contact hair cells.

Another possible source of Notch ligands that
could contribute to the Hes5 signal in the organ of
Corti are the spiral ganglion neurons. The expression
of Hes5-GFP in the glia of the spiral ganglia during
embryonic and neonatal development suggests that
spiral ganglion neurons express Notch ligands. Addi-
tionally, we found that the spiral ganglion nerve
endings are in close contact with Hes5-GFP-positive
supporting cells in the neonatal cochlea (D–F’ in
Fig. 3). Although expression of Notch ligands in
auditory nerve fibers has not been reported, Delta
has been shown to be trafficked to neurites of other
neurons, such as Drosophila ventral nerve cord neu-
rons (Cornbrooks et al. 2007). Notch signaling has
also been shown to be involved in regulating contact-
dependent neurite growth in mammalian neuronal
cultures (Franklin et al. 1999; Sestan et al. 1999),
suggesting that Delta-Notch signaling occurs in some
neurites. Additionally, spiral ganglion neurons under-
go a period of neurite retraction and pruning
between P3 and P6 (Huang et al. 2007), which we
found correlates spatially and temporally with loss of
Hes5 in the organ of Corti. Although intriguing, these
findings are only correlative; further studies would be
needed to directly address the hypothesis that Notch
ligands presented on spiral ganglion neurites contri-
bute to Notch-Hes5 signaling in the organ of Corti.

Recent studies have demonstrated that under
certain conditions, neonatal mouse cochlear support-
ing cells are capable of proliferation and/or differen-
tiation into new hair cells (Chardin and Romand

FIG. 5. Hes5-GFP is expressed in a subset of adult vestibular
supporting cells. Adult Hes5-GFP vestibular organs were immunola-
beled for GFP and the hair cell marker Myosin6 (A–A” and E, E”), or
the striolar (type I) hair cell calyx marker Calbindin (B–B”, C–C’, and
D), or Calretinin (F–F”) which labels both hair cells and type I hair cell
calyxes. Images are brightest point projections (A–A”, B–B”,C–C’, and
E–E”) or 3D projections (D and F–F”) of confocal z-series micrographs.
Hes5-GFP is expressed in a mosaic pattern in the adult utricle; there is
an area of high expression in the medio-posterior region of the macula
and scattered cells throughout the epithelium (A, B). Only a few Hes5-
GFP labeled cells are found within the striolar region, labeled with
anti-Calbindin (B–B”). The large boxed regions in B and B” are shown
at higher magnification in C and C’, respectively. The smaller boxed
region in B” is shown as an oblique 3D projection inD, rotated slightly
counterclockwise; the radial profiles of Hes5-GFP labeled supporting
cells can be seen at the margins of the striolar region, marked by the
Calbindin-labeled striolar calyxes (asterisk). E–E” A horizontal crista
shows Hes5-GFP labeling in supporting cells of the peripheral
margins. F–F” The anterior crista has Hes5-GFP labeling surrounding
the periphery of each half of the organ in a concentric pattern. Scale
bar in B”=100 μm and applies to A–A” and B–B”. Scale bars in C’, E”,
and F”=100 μm. Scale bar in D=50 μm.
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1997; White et al. 2006; Yamamoto et al. 2006;
Takebayashi et al. 2007; Doetzlhofer et al. 2009).
Inhibition of Notch signaling in cochlear explant
cultures with DAPT was shown to lead to transdiffe-
rentiation of supporting cells into hair cells as late as
P3 (Yamamoto et al. 2006; Takebayashi et al. 2007;
Hayashi et al. 2008). Two other recent studies found
that cells isolated from neonatal cochleae can be
maintained in vitro and can give rise to cells with hair
cell characteristics; however, the expression of pro-
genitor markers and the capacity for proliferation of
isolated supporting cells decreases dramatically dur-
ing postnatal development (White et al. 2006; Oshima
et al. 2007). These findings indicate that supporting
cells retain some degree of plasticity even into the
neonatal period and that Notch signaling may have a
role in preventing spontaneous cell fate changes.
Since loss of Notch-Hes5 signaling in postnatal
supporting cells correlates with diminishment of stem
cell features, this pathway is a potential candidate for
regulation of supporting cell plasticity.

Hes5 in development of vestibular epithelia

The pattern of Hes5 expression in vestibular support-
ing cells is similar to that of the cochlea and suggests a
similar role for this gene in vestibular development,
regulating progenitor maintenance and differentia-
tion. Hes5 null mice, analyzed at birth, were found to
have slight increases in hair cell numbers in the
utricle and saccule (Zine et al. 2001). The increase in
the number of hair cells in the utricle of Hes5 mutants

was relatively greater than the increase observed in
the saccule (Zine et al. 2001), which is consistent with
our observation that Hes5 is more broadly expressed
in the utricle than the saccule (J and J’ in Fig. 4).
Hes1 appears to have distinct and overlapping roles
with Hes5 in vestibular development, since loss of
either gene alone or together in double heterozygotes
leads to production of extra vestibular hair cells (Zine
et al. 2001). Although the cristae of Hes5 mutant mice
have not been analyzed, it is reasonable to expect a
hair cell overproduction phenotype in the cristae of
mice lacking Hes5, given that Hes5 is strongly
expressed in the developing cristae.

Hes5 in adult vestibular supporting cells
is correlated with regeneration potential

We found that Hes5 expression is maintained in some
adult vestibular supporting cells, particularly in the
cristae and the utricle (Fig. 5). Previous studies
indicate that mammalian vestibular sensory epithelia
retain some potential for proliferation and regenera-
tion. Early studies performed in vitro showed that
supporting cells in mammalian utricular sensory
epithelia proliferate after hair cell loss caused by
treatment with the aminoglycosides and new imma-
ture hair cells appear after several weeks (Forge et al.
1993; Warchol et al. 1993). It was also found that
treatment of cultured adult mouse utricles with
mitogenic growth factors stimulates proliferation of
supporting cells (Yamashita and Oesterle 1995). More
recent in vivo studies in rats and mice show that hair
cells spontaneously regenerate in aminoglycoside-
damaged utricular sensory epithelia (Oesterle et al.
2003; Kawamoto et al. 2009). Additionally, cells
isolated from adult vestibular organs are capable of
forming spheres and can give rise to a variety of cell
types, including cells with hair cell characteristics (Li
et al. 2003; Oshima et al. 2007). In addition,
significant hair cell regeneration has been show to
occur in the chinchilla crista ampullaris following hair
cell damage (Tanyeri et al. 1995; Lopez et al. 1997).
Interestingly, Lopez et al. reported that hair cells
appeared to regenerate first in the peripheral areas of
the crista and that type II hair cells, but not type I hair
cells, were regenerated. Since we find that Hes5-GFP
is highly enriched in the peripheral areas of the
cristae where most type II hair cells are found, this
result provides further correlation between Hes5
expression and regenerative capacity. Thus, in sharp
contrast to the cochlea, adult mammalian vestibular
epithelia exhibit regenerative capacity, which appears
to rely on supporting cells with stem cell features. The
presence of active Notch-Hes5 signaling in adult
vestibular epithelia correlates with maintenance of
regenerative capacity in these tissues. This correlation

FIG. 6. Hes5-GFP is not upregulated in the adult cochlea after
damage. Adult Hes5-GFP mice were given ototoxic injections and
sacrificed 2 or 4 days later. Tissues were collected from injected mice
and uninjected littermate controls and processed for either whole
mount (A–A”’ and B–B’”) or cryosection (D–D’ and E–E’) immuno-
histochemistry alongside positive control tissues: whole mount adult
utricles (C–C’”) or cryosectioned P3 cochlea (E–E’). A–A’” Normal
adult Hes5-GFP cochlea processed for whole mount immunohisto-
chemistry with antibodies to GFP and Myosin6 shows no expression
of Hes5-GFP. ZY plane (A and A”) and brightest point XY projection
views (A’ and A’”) are shown. The normal arrangement of inner and
outer hair cells are seen in the merged views (A’ and A’’’). B–B’’’
Hes5-GFP is also not expressed in a drug-damaged cochlea 4 days
after ototoxic injection, which caused complete outer hair cell loss.
C–C’” Hes5-GFP immunolabeling is clearly present in utricle tissue
from uninjected animal processed and imaged alongside cochlear
tissues in A–A’” and B–B’”. D–D’ A normal adult Hes5-GFP cochlea
cryosection was immunolabeled with antibodies to GFP and Sox2.
No Hes5-GFP was detected. Anti-Sox2 labeled supporting cell
nuclei. E–E’ In a drug-damaged adult Hes5-GFP cochlea cryosection,
4 days after injection, GFP was also not detected. However,
supporting cells were still present and labeled with anti-Sox2. F–F’
A P3 Hes5-GFP cochlear cryosection was processed alongside adult
tissues shown in C and D and shows strong labeling of Hes5-GFP
and Sox2. Scale bar in A’”=100 μm and applies to A–A’”, B–B’”,
and C–C’”. Scale bar in F’=100 μm and applies to D–D’, E–E’, and
F–F’.
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needs further evaluation; but it suggests the hypoth-
esis that Hes5-positive supporting cells are endowed
with greater regenerative potential than other vestib-
ular supporting cells. Future studies should address
this hypothesis directly and investigate the potency of
individual supporting cell populations, one of which
can now be identified by expression of Hes5-GFP.

Absence of Notch-Hes5 signaling in the damaged
mammalian cochlea and implications
for regeneration

Although the adult vestibular epithelium has clear
Hes5 expression, the adult mammalian cochlea lacks
Notch-Hes5 signaling. Moreover, Hes5-GFP is not
expressed in the adult cochlea even in response to
hair cell damage. The apparent lack of Notch signal
activity in the adult cochlea could be due to absence
of Notch ligand expression in hair cells, which down-
regulate Delta-like 1 (Dll1) and Dll3 postnatally (Hart-
man et al. 2007). However, Jag1 is still expressed in
the adult cochlea (Oesterle et al. 2008), and Notch1
expression persists through at least P7 (Murata et al.
2006), indicating that key elements of this pathway
may be present in the adult cochlea. Future studies
will be necessary to resolve this issue.

The absence of Notch signaling in the mature,
damaged mammalian organ of Corti may be related to
the lack of regeneration in this tissue. Hair cell
regeneration in birds and fish has been shown to
depend on proliferation and/or direct transdifferen-
tiation of supporting cells (Stone et al. 1999; Roberson
et al. 2004), and Notch signaling is active in regenerat-
ing sensory epithelia and appears to play a role in
regulating the regeneration process. Delta-Notch sig-
naling was shown to be active in the normal chick
utricle and becomes upregulated in the basilar papilla
during hair cell regeneration (Stone and Rubel 1999).
Additionally, Notch signaling was shown to regulate the
extent of hair cell regeneration in the zebrafish lateral
line (Ma et al. 2008). Similarly, in the regenerating
post-hatch chick retina, Notch activity is necessary for
the de-differentiation/proliferation of Muller glia
(Hayes et al. 2007), while in the central nervous system,
Notch has been shown to be required for maintaining
progenitors and neural stem cells in development and
adults (Alexson et al. 2006; Givogri et al. 2006).

In summary, we showed conclusively that Hes5 is
expressed in discrete populations of supporting cells
in the developing mouse inner ear. We found that
Hes5 is downregulated in the cochlea during the first
postnatal week, during the period of cochlear matu-
ration and diminishment of stem cell features. In
contrast, Hes5 expression is maintained in adult
vestibular sensory epithelia, which are known to retain
capacity for proliferation/regeneration. Importantly,

Hes5 is absent in the normal and drug-damaged adult
mammalian cochlea, indicating a failure in Notch
signaling, consistent with the lack of regenerative
capacity. Since loss of Notch-Hes5 signaling in post-
natal supporting cells correlates with diminishment of
stem cell features, reactivating this pathway in mature
cochlear support cells may provide a means of
restoring regenerative capacity.
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