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Introduction
The auditory sensory epithelium of the cochlea, the organ of
Corti, and the sensory epithelia of vestibular organs are
composed of hair cells (HCs) and supporting cells. Inner ear
HCs are mechanosensory cells, which convert mechanical
force produced by sound waves and head movements into
neural impulses. Hair cells and supporting cells have common
precursors, as shown in the chick auditory organ (Fekete et al.,
1998). In the mouse, these precursors permanently exit the cell
cycle in midgestation (Ruben, 1967). In the presumptive organ
of Corti, cell cycle exit is followed by the upregulation of the
basic helix-loop-helix (bHLH) gene Math1 (Atoh1 – Mouse
Genome Informatics), which initiates HC differentiation
(Bermingham et al., 1999; Chen et al., 2002; Fritzsch et al.,
2005). Differentiating and adult HCs are postmitotic and
refractory to mitogens, a likely reason being the activity of
negative cell cycle regulators.

A recent study by Chen et al. (Chen et al., 2003) showed
that targeted disruption of the gene encoding a member of the
Ink4 family of CKIs, p19 (Cdkn2d – Mouse Genome
Informatics), leads to abnormal DNA synthesis in postnatal
cochlear HCs. Bromodeoxyuridine incorporation was shown to
occur at a low rate. Aberrant proliferation was accompanied by

apoptosis and resulted in progressive hearing loss. In contrast
to postnatal HCs, p19 inactivation did not affect the
antiproliferative state of HCs during late-embryogenesis,
although p19 was reported to be expressed in the embryonic
organ of Corti (Chen et al., 2003). These data suggest that
additional CKIs compensate for p19 deficiency in developing
cochlear HCs. Cell cycle regulation downstream of CKIs has
not been reported in the cochlea. Furthermore, the mechanisms
underlying cell cycle arrest of vestibular HCs have not been
explored.

A key regulator of the cell cycle is pRb, the protein product
of the Rb (Rb1 – Mouse Genome Informatics) tumour
suppressor gene (Weinberg, 1995). pRb is the prototypical
member of the pocket protein family, which also comprises
p107 and p130. Pocket proteins have both unique and
overlapping functions in cell cycle control, in regulation of cell
differentiation and survival, and in inhibition of oncogenic
transformation (Classon and Harlow, 2002). pRb is a nuclear
phosphoprotein. It binds members of the E2f transcription
factor family during G1 and represses genes required for G1
to S-transition. In response to mitogens, pRb becomes
phosphorylated (inactivated) by cyclin/cyclin dependent kinase
(CDK) complexes, resulting in the release of bound E2fs,
transcriptional de-repression and cell cycle progression.

Precursors of cochlear and vestibular hair cells of the inner
ear exit the cell cycle at midgestation. Hair cells are
mitotically quiescent during late-embryonic differentiation
stages and postnatally. We show here that the
retinoblastoma gene Rb and the encoded protein pRb are
expressed in differentiating and mature hair cells. In
addition to Rb, the cyclin dependent kinase inhibitor (CKI)
p21 is expressed in developing hair cells, suggesting that
p21 is an upstream effector of pRb activity. p21 apparently
cooperates with other CKIs, as p21-null mice exhibited an
unaltered inner ear phenotype. By contrast, Rb inactivation
led to aberrant hair cell proliferation, as analysed at
birth in a loss-of-function/transgenic mouse model.
Supernumerary hair cells expressed various cell type-
specific differentiation markers, including components of
stereocilia. The extent of alterations in stereociliary bundle

morphology ranged from near-normal to severe
disorganization. Apoptosis contributed to the mutant
phenotype, but did not compensate for the production of
supernumerary hair cells, resulting in hyperplastic sensory
epithelia. The Rb-null-mediated proliferation led to a
distinct pathological phenotype, including multinucleated
and enlarged hair cells, and infiltration of hair cells into the
mesenchyme. Our findings demonstrate that the pRb
pathway is required for hair cell quiescence and that
manipulation of the cell cycle machinery disrupts the
coordinated development within the inner ear sensory
epithelia.
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Mitogenic signals induce the cell cycle machinery at the level
of cyclins and CDKs (Murray, 2004). CDK activation is
regulated by various mechanisms, a particularly important one
being the inhibition by CKIs (Vidal and Koff, 2000). Inhibition
of CDK activity by CKIs maintains pRb in a
hypophosphorylated (active) state. There are two families of
CKIs, the Ink4 family (p15, p16, p18, p19) and the Cip/Kip
family (p21, p27, p57).

Analyses of loss-of-function mutant mice have
demonstrated the essential role of Rb as a repressor of cell
cycle progression during embryogenesis. Rb knockouts die in
midgestation, between embryonic day 13 (E13) and E14. In
addition to ectopic cell cycles, development of the nervous
system, skeletal muscles, lens and haematopoietic cells of the
mutants is characterized by aberrant differentiation and
extensive apoptosis (Clarke et al., 1992; Jacks et al., 1992; Lee
et al., 1993; Morgenbesser et al., 1994; Zacksenhaus et al.,
1996). Consistently, Rb is prominently expressed in these
tissues (Jiang et al., 1997). Recent conditional mutagenesis and
placental rescue indicate that the apoptotic phenotype of
whole-embryo Rb knockouts is not caused by cell-autonomous
mechanisms in all tissues: apoptosis in the brain largely occurs
secondarily to other embryonic defects, whereas apoptosis in
skeletal muscles, retina and lens appears to be a direct
consequence of Rb inactivation (Ferguson et al., 2002; de Bruin
et al., 2003; MacPherson et al., 2003; MacPherson et al., 2004;
Wu et al., 2003; Chen et al., 2004; Zhang et al., 2004).

How Rb regulates cell differentiation is in general poorly
understood. The role of Rb in differentiation appears to be
more versatile than merely indirectly stimulating this process
through the inhibition of cell cycle progression. In some cases,
it has been possible to separate the effects of Rb on cell
proliferation and differentiation (Sellers et al., 1998; Liu and
Zacksenhaus, 2000; Takahashi et al., 2003; Zhang et al., 2004).
In skeletal muscles, Rb transcriptionally upregulates genes
involved in the late stages of differentiation through the bHLH
gene myogenin (Gu et al., 1993; Novitch et al., 1996; Novitch
et al., 1999). Similarly, adipocyte differentiation is induced by
the positive effect of Rb on the transcriptional activity of
CCAAT/enhancer-binding proteins (Chen et al., 1996).

We show here that pRb is expressed in inner ear HCs. The
lethality of Rb knockouts at the stage when part of HCs have
not yet started to differentiate precludes the use of these
mutants in our studies. To genetically dissect the Rb pathway
and unravel the requirement for pRb during HC development,
we have analysed the inner ear sensory epithelia of mgRb:Rb–/–

mutants, which are rescued to birth by a hypomorphic Rb
transgene (Zacksenhaus et al., 1996). The transgene is
expressed in the nervous system, but not in non-neuronal
tissues (Jiang et al., 2001), including the inner ear HCs (this
study). Our results suggest that pRb regulates HC quiescence
and that, during development, p21 may act co-operatively with
other CKI(s) as an upstream effector of pRb activity. Rb loss
induced aberrant HC proliferation, but these cells also showed
pathological features, including mitotic abnormalities and
signs of apoptosis.

Materials and methods
Mice
The NMRI mouse strain was used for the analysis of pRb protein and

Rb and p21 mRNA expression in the inner ear. Timed pregnancies
were established by the detection of vaginal plug, taken the morning
of plug observation as E0.5. Generation and genotyping of
mgRb:Rb–/– mutant mice have been described previously
(Zacksenhaus et al., 1996). p21–/– mice were obtained from Jackson
Laboratory, originally described by Brugarolas et al. (Brugarolas et
al., 1995). E2f1–/– and apoptosis protease-activating factor 1 (Apaf1)–/–

mice have been described previously (Field et al., 1996; Yoshida et
al., 1998). Their genotyping and generation of compound
mgRb:Rb–/–:E2f1–/– and mgRb:Rb–/–:Apaf1–/– mutants have been
described previously (Jiang et al., 2000; Guo et al., 2001).

Histology, immunohistochemistry and TUNEL staining
Whole heads of E12.5, E13.5, E14.5, E15.5 and E16.5 embryos, and
dissected inner ears of E17.5 and E18.5 embryos and of postnatal day
(PN) 2 and 6 pups were fixed overnight in 4% paraformaldehyde
(PFA), embedded in paraffin and cut to 5-µm sections. Inner ears of
8-week-old mice were perilymphatically fixed with PFA, immersed in
this fixative overnight, decalcified with 0.5 M EDTA and embedded
in paraffin wax. Following antibodies were used: monoclonal Rb (BD
Biosciences), polyclonal myosins VI and VIIa (Hasson et al., 1997;
Pirvola et al., 2004), monoclonal calretinin and calbindin (Swant),
polyclonal phospho-histone H3 (Ser10, Cell Signaling Technology)
(Pirvola et al., 2004), polyclonal espin (Zheng et al., 2000), polyclonal
p75 neurotrophin receptor (p75NTR) (Pirvola et al., 2002),
monoclonal p27 (Neomarkers), and monoclonal (rabbit) cleaved
caspase 3 (Cell Signaling Technology). Detection was carried out with
the Vectastain Elite ABC kit or the Vectastain Mouse-On-Mouse kit
and the diaminobenzidine substrate (Vector Laboratories). Methyl
Green was used for counterstaining. For double-labelling
experiments, PFA-fixed inner ears of E18.5 embryos were
cryosectioned, and phospho-histone H3 and calretinin or calbindin
were used as primary antibodies. Binding was visualized by
fluorochrome-conjugated secondary antibodies (Alexa Fluor 488
and 568, Molecular Probes). In addition to cleaved caspase 3
immunostaining, TUNEL method-based Fluorescein In Situ Cell
Death Detection Kit (Roche) was used to detect apoptotic cells.

Semi-thin sections
Inner ears of mgRb:Rb–/– mice and control littermates were dissected
at E18.5 and fixed overnight in 2.5% glutaraldehyde, postfixed in 1%
osmium tetroxide and embedded in Epon. Sections (0.5 µm) were cut
in transverse (midmodiolar) plane and stained with 2% Toluidine
Blue.

In situ hybridization
In situ hybridization was performed with 35S-labelled riboprobes on
PFA-fixed paraffin wax sections according to the protocol by
Wilkinson and Green (Wilkinson and Green, 1991). Rb, p107 (Rbl1
– Mouse Genome Informatics), p130 (Rbl2 – Mouse Genome
Informatics), p21 (Cdkn1a – Mouse Genome Informatics), Math1,
fibroblast growth factor 8 (Fgf8), Fgf10, Brn3c (Pou4f3 – Mouse
Genome Informatics) and brain-derived neurotrophic factor (Bdnf)
cDNAs were used.

Results
pRb expression in the inner ear sensory epithelia
We first studied pRb expression in normal inner ears by
immunohistochemistry (Fig. 1A-H). We confirmed at all stages
that pRb expression pattern corresponded to that of Rb mRNA,
as analysed by in situ hybridization. Weak and diffuse pRb
expression was initially, at E12.5, detected in the presumptive
vestibular sensory patches. The expression was upregulated in
the early-differentiating vestibular HCs at E13.5 (Fig. 1A). In
the vestibular sensory epithelia (saccular and utricular
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maculae, and ampullary cristae) of late
embryonic and early postnatal mice, pRb
was detected in the nuclei of the entire HC
population (Fig. 1A-D). By contrast, adult
vestibular organs showed expression only
in a subpopulation of HCs (Fig. 1E). From
E12.5 onwards, pRb was weakly
expressed in the caudal wall of the
cochlear duct, which contains sensory
precursor cells (data not shown). In the
developing organ of Corti, pRb expression
was upregulated at E15.5, at the early
stage of morphological differentiation of
cochlear HCs. This upregulation was
confined to HCs and followed a base-to-
apex gradient, corresponding to the
differentiation gradient of the auditory organ. Both inner and
outer HCs showed pRb-staining during late embryogenesis and
early postnatal period (Fig. 1F,G), while during adulthood
staining was detected only in inner HCs (Fig. 1H). Supporting
cells adjacent to cochlear and vestibular HCs did not show
detectable expression (Fig. 1A-H). Importantly, by in situ
hybridization, we did not detect expression of the related
genes, p107 and p130, in developing HCs (data not shown),
suggesting that functional redundancy among pocket proteins
is unlikely in these cells.

The dynamic expression of pRb and the lack of detectable
levels of p107 and p130 in differentiating HCs prompted us to
test the in vivo consequences of Rb loss in the inner ear. To
circumvent midgestational lethality of mice homozygous for a
null mutation in Rb, we used mgRb:Rb–/– mice, which are
rescued to birth by transgenic expression of a wild-type Rb
minigene (consisting of a genomic fragment spanning 1.3 kb
of the mouse Rb promoter plus the first exon and intron fused
to exons 2 to 27 of the mouse Rb cDNA) (Zacksenhaus et al.,
1996). This genetic manipulation leads to suppression of the
neurogenic phenotype seen in Rb knockouts and reveals a role
for pRb in skeletal myogenesis. A severe lens defect and
incomplete erythropoiesis have also been noted in these mutant

fetuses (Zacksenhaus et al., 1996; Liu and Zacksenhaus, 2000;
Jiang et al., 2000). Consistent with this, the minigene, fused to
lacZ reporter gene, directs expression exclusively to the
nervous system (Jiang et al., 2001). In line with the results
obtained in other non-neuronal tissues of mgRb:Rb–/– embryos,
we did not detect Rb or pRb expression in their HCs (Fig. 1I,J).
Hence, these cells can be viewed as null for Rb.

Hyperplasia of the developing auditory sensory
epithelium in the absence of Rb
Global inner ear morphology of mgRb:Rb–/– mutants at E17.5
(n=8 ears) and E18.5 (n=15 ears) was comparable with
controls, but distinct differences were seen in the sensory
epithelia (Figs 2 and 3). Only minor variations were observed
between individual mutants, both at the level of vestibular and
auditory sensory epithelia. The normal organ of Corti shows
one inner HC and three outer HCs in a midmodiolar, radially
sectioned cochlear duct. This was apparent from histology and
from the positive staining with myosin VI, a cytoplasmic
marker (Fig. 2A). One layer of supporting cells is normally
located below HCs on the basilar membrane. The organ of
Corti of mgRb:Rb–/– mutants was hyperplastic because of
excessive HC formation (Fig. 2A′). Hyperplasticity was most

Fig. 1. pRb expression in hair cells of the
inner ear. pRb immunostaining; Rb in situ
hybridization. (A,B) pRb staining in the early-
and later-differentiating HCs of the embryonic
saccule. (C,D) pRb and Rb expressions in HCs
of the late-embryonic utricle. (E) A
subpopulation of HCs is pRb-positive in the
adult utricle. (F,G) pRb expression in inner
and outer HCs of the cochlea at birth and early
postnatal life. In addition to HCs, the greater
epithelial ridge shows weak expression at
birth. (H) In the mature organ of Corti, pRb
expression is detected only in inner HCs.
Supporting cells are negative at all stages.
(I,J) pRb is not expressed in the hyperplastic
sensory epithelium of utricle and cochlea of
mgRb:Rb–/– mutants at E18.5. Abbreviations:
wt, wild type; sac, saccule; ut, utricle; co,
cochlea; IHC, inner hair cell; OHCs, outer hair
cells; GER, greater epithelial ridge; HCs, hair
cells; SCs, supporting cells. Arrows in G,H,J
indicate HCs. Scale bar: 70 µm. 
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prominent in the basal half of the cochlea, where cellular
differentiation is more advanced than in the apical half. When
analysing transverse sections from the upper basal turn of
E18.5 cochleas, myosin VI-positive area showed sixfold
increase in the numbers of HC nuclei (n=6 mutant cochleas,
mean±s.d. 23.2±4.3, contrasting with controls showing four
HC nuclei in the same view). We first asked whether
supernumerary HCs were generated at the expense of
supporting cells. We used the CKI p27 (Fig. 2B,B′) and
p75NTR (Fig. 2C,C′) as markers for differentiating supporting
cells, the former one being expressed in the nuclei of several
supporting cell populations, including pillar, Deiters’,
Hensen’s and Claudius’ cells, and the latter in the cytoplasm
of pillar and Hensen’s cells. p75NTR (Ngfr – Mouse Genome
Informatics) was also expressed in the cochlear ganglion
neurons. At E17.5 and E18.5, supporting cell numbers were
not decreased in the mutants, rather, their numbers were
increased, but not to the extent of HC overproduction. Based

on the analysis of transverse sections from the upper basal turn
of E18.5 cochleas, a threefold increase in the numbers of p27-
positive Deiters’ plus pillar cells was found below HCs (n=6
mutant cochleas, mean±s.d. 14.5±3.1, contrasting with
controls with five of these cells in a corresponding view).

Differentiating cochlear hair cells proliferate in the
absence of Rb
A possible reason for the presence of supernumerary cochlear
HCs in mgRb:Rb–/– mutants could be aberrant cell cycling.
Perturbations in the activity of negative cell cycle regulators
often lead to ectopic DNA synthesis, but manipulated cells can
arrest at G2 and do not enter M phase (Novitch et al., 1996;
Lipinski et al., 2001). To study the cell cycle status in the organ
of Corti at E17.5 and E18.5, we used an M- and late G2-phase
marker, phospho-histone H3. Although mitotic cells were not
present in the control organ of Corti, prominent induction of
mitoses was seen in the auditory sensory epithelium of
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Fig. 2. Proliferation and
differentiation in the cochleas of
mgRb:Rb–/– embryos. Myosin VI-
and phospho-histone H3
immunostaining; Math1 and
Fgf10 in situ hybridization.
(A,A′) At birth, myosin VI is
expressed in inner and outer HCs
of control cochleas and also in
supernumerary HCs of mutants.
(B-C′) At late-embryogenesis,
p27- and p75NTR-positive
supporting cell populations
(arrows) are seen both in controls
and mutants. (D) A myosin VI-
stained mitotic HC (arrow) in a
mutant cochlea at birth. (E,E′) At
birth, phospho-histone H3
staining shows ectopic mitoses in
the greater epithelial ridge and
the region of inner and outer HCs
in mutant cochleas. These are not
present in controls. (E′′) Most of
these mitotic HCs with strongly
stained condensed chromatin are
located near the lumen. (F,F′) At
E14.5, phospho-histone H3-
stained cells are seen in the
caudal wall of the cochlea of both
mutants and controls. (G,G′) At
birth, Math1 is expressed in
cochlear HCs of controls and also
in supernumerary HCs of
mutants. (H,H′) At birth, Fgf10 is
expressed in the greater epithelial
ridge of control cochleas and in
the thickened ridge of mutants.
Abbreviations: wt, wild type;
ph3, phospho-histone H3; myo,
myosin VI; GER, greater
epithelial ridge; IHC, inner hair
cell; OHCs, outer hair cells; CN,
cochlear nerve. Scale bar: 70 µm
for A-C′,E-F′); 30 µm for D; 80
µm for G-H′).
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mgRb:Rb–/– mice (Fig. 2E-E′′). The condensed chromatin of
mitotic cells reacted strongly with the phospho-histone H3
antibody, while the G2-phase cells showed patchy staining of
heterochromatin. Rb inactivation led to proliferation of
differentiating HCs, as confirmed by the presence of mitotic
figures in myosin VI-positive HCs (Fig. 2D). This was further
confirmed by co-expression of phospho-histone H3 and
calbindin, another marker for cochlear HCs (data not shown).
Both inner (Fig. 2E′) and outer (Fig. 2E′′) HCs were cycling
in the mutants. Mitotic HCs showed a rounded morphology,
characteristic of dividing cells (Fig. 2D). Most of them were
found at the lumenal surface, but some also in deeper epithelial
layers. Mitoses were not detected in the supporting cell layer.
In addition to the organ of Corti, the greater epithelial ridge of
the mutants showed prominent increase in thickness and high
numbers of mitotic nuclei (Fig. 2E-E′′), these results being in
accordance with the observations of weak Rb/pRb expression
in this ridge in normal animals (Fig. 1F). In conclusion, in
contrast to controls where cells of the organ of Corti and almost
all cells of the greater epithelial ridge are postmitotic at E18.5,
Rb inactivation leads to ectopic cell cycles. Strikingly,
differentiating HCs undergo mitoses in the Rb-deficient organ
of Corti.

To determine the developmental time window of aberrant
mitoses in the cochleas of mgRb:Rb–/– mutants, we next
focused on earlier developmental stages. The bHLH gene
Math1 is one of the earliest markers for the HC lineage, being
first expressed in the cochlea at E14.5 (Chen et al., 2002). This
is followed by the induction of myosin VI at E15.5. At E13.5
(n=4 ears of mutants and controls each) and E14.5 (n=4 ears
of mutants and controls each), the caudal wall of the cochlear
duct, which houses precursor cells, showed comparable
structure in mgRb:Rb–/– mutants and controls. At these stages,
there was a slight increase in the numbers of phospho-histone
3-positive cells at the site of future organ of Corti in the
mutants, but the increase was not statistically significant (Fig.
2F,F′, data not shown). By contrast, the adjacent mesenchyme
of the mutants showed a clear increase in the amount of
dividing cells, this being in line with the knowledge that Rb is
expressed in the embryonic mesenchyme (Leezer et al., 2002).
In the organ of Corti of the mutants, increased mitotic activity
and overproduction of myosin VI-positive HCs became clear
at E15.5 (n=8 ears of mutants and controls each), at the stage
when pRb expression ensues in cochlear HCs of normal
animals.

Available data show that in addition to a role as a repressor
of cell cycle progression, depending on the cell context, Rb
positively regulates differentiation by inducing expression of
cell type-specific genes (Chen et al., 1996; Novitch et al., 1996;
Novitch et al., 1999). To find out the possible role of Rb on
cochlear HC differentiation, we studied the expression of a
panel of early (Math1, myosins VI and VIIa, calbindin, Fgf8)
and late (Brn3c) differentiation markers in mgRb:Rb–/– mutants
at E17.5 and E18.5. Math1 (Fig. 2G,G′) and the other markers
(data not shown) were expressed in Rb-null cochlear HCs,
similar to controls, although consistent with the expansion of
HCs the signal covered a correspondingly wider zone. In
normal animals, Fgf8 is expressed in inner HCs, but not in
outer HCs (Pirvola et al., 2002). Likewise, in the mutants, Fgf8
expression was restricted to supernumerary inner HCs,
indicating that cochlear HCs were subtyped despite their

overproduction (data not shown). Thus, despite the altered
cytoarchitecture of the organ of Corti, cochlear HCs of the
mutants showed a normal profile of molecules involved in
differentiation and maturation.

In addition, the greater epithelial ridge, the epithelial domain
located medially to the organ of Corti, was hyperplastic in
mgRb:Rb–/– mutants at birth (Fig. 2). Earlier studies have
shown that Fgf10 is expressed in the greater epithelial ridge
(Pirvola et al., 2000; Pauley et al., 2003) (Fig. 2H) and this
structure has been suggested to contain sensory precursor-like
cells (Zheng and Gao, 2000; Woods et al., 2004). At birth,
Fgf10 was expressed throughout the abnormally thick greater
epithelial ridge of the mutants, suggesting that ectopic cells in
this region have characteristics of sensory precursor cells (Fig.
2H,H′).

Differentiating vestibular hair cells mitose in the
absence of Rb
In addition to cochlear HCs, pRb was expressed in vestibular
HCs (Fig. 1). We therefore studied the consequences of Rb loss
in the vestibular sensory epithelia of mgRb:Rb–/– mice at E17.5
(n=8 ears) and E18.5 (n=15 ears). Prominent abnormalities
were found (Fig. 3). Similar to the organ of Corti, Rb
inactivation led to increase in the thickness of the vestibular
sensory epithelia and to overproduction of myosin VI-positive
HCs (Fig. 3A-C′). In normal sensory epithelia, HCs are
situated lumenally and supporting cells basally. In the mutants,
HCs were intermixed with supporting cells in the middle layers
and the basal part of the epithelium was filled with
supernumerary HCs. Moreover, some myosin VI-stained HCs
were dislocated through the basal lamina into the mesenchyme
(Fig. 3A′,C′). Mitotic figures were found in rounded, myosin
VI-positive cells, demonstrating divisions of differentiating
vestibular HCs (Fig. 3D,E), similar to Rb-null cochlear HCs
(Fig. 2D). Most mitotic vestibular HCs were located at the
lumenal surface, but some were seen at deeper epithelial levels
(Fig. 3E) and in the mesenchyme. Accordingly, high numbers
of phospho-histone H3-positive cells were observed in the
vestibular sensory epithelia of the mutants, the majority of
them at the lumenal surface, but some in deeper layers. By
contrast, only a few dividing cells were found in control
specimens (Fig. 3F-H′). Double-labelling experiments showed
co-expression of phospho-histone H3 and calretinin, a marker
for vestibular HCs, these data confirming that vestibular HCs
of mgRb:Rb–/– mice undergo mitosis (data not shown). Similar
to the situation at birth, at E14.5, high numbers of dividing HCs
were found in the early-differentiating vestibular sensory
epithelia of the mutants, in contrast to controls (n=6 ears of
mutants and controls each) (Fig. 3I,I′).

Owing to differences in the timing of onset of
differentiation, vestibular HCs at birth represent a more mature
HC status when compared with cochlear HCs. Therefore, we
also focused on the development of HC stereocilia in the
vestibular organs. Math1, myosins VI and VIIa, calretinin,
Fgf8, Bdnf and Brn3c were expressed in vestibular HCs of the
mutants, similar to controls (data not shown). The fact that the
neurotrophic factor Bdnf was expressed in supernumerary HCs
suggests that these cells can attract neuronal endings for
the establishment of synaptic contacts. Together, molecular
differentiation of Rb-deficient vestibular HCs appears well
advanced, similar to Rb-null auditory HCs. However, HCs of
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the mutants showed abnormalities in the stereociliary bundle
development, as evidenced by espin staining (Fig. 4A-H).
Controls showed espin expression exclusively in stereocilia
(Fig. 4A,E,G). In the mutants, espin-staining showed abnormal
stereociliary bundle morphologies, particularly in utricles (Fig.
4B-F), but near-normal bundles were also seen, often in
ampullae (Fig. 4G,H). Interestingly, supernumerary HCs in the
deeper epithelial layers and in the mesenchyme showed espin-
positive, disorganized cilia-like protusions and staining along
cell membrane, indicating that the apicobasal polarity of these
cells was lost (Fig. 4B-F).

Supernumerary hair cell production is partially
compensated by apoptosis
In addition to the regulation of cell cycle progression and
differentiation, several studies have shown that Rb inactivation

is associated with apoptosis. Because ectopic proliferation in
the absence of Rb is rapidly balanced by massive apoptosis in
many tissues, there are no obvious hyperplastic lesions
(Zacksenhaus et al., 1996; Guo et al., 2001; Chen et al., 2004;
MacPherson et al., 2004, Zhang et al., 2004). In contrast to
other tissues, cleaved caspase 3- and TUNEL staining revealed
apoptotic profiles only in part of sections through the mutant
inner ear sensory epithelia at E17.5 and E18.5 (n=6 mutant ears
at each stage). Myosin VI staining of nearby sections localized
apoptosis to the regions of supernumerary cochlear (Fig. 5A-
C) and vestibular HCs (Fig. 5D-F). Control sensory epithelia
(n=6 ears at E18.5) showed very few apoptotic profiles (data
not shown).

Rb loss can induce cell-autonomous apoptosis in certain
tissues through the E2f1/p53/Apaf1 pathway (Morgenbesser et
al., 1994; Macleod et al., 1996; Tsai et al., 1998; Jiang et al.,
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Fig. 3. Mitosis and
differentiation of vestibular
hair cells of mgRb:Rb–/–

embryos. Myosin VI- and
phospho-histone H3-
immunostaining. (A,A′) When
compared with controls at
birth, utricular sensory
epithelia of mutants are
hyperplastic because of an
excess of myosinVI-positive
HCs, some of which have
penetrated into the
mesenchyme (arrows).
(B,B′) In contrast to the
saccular sensory epithelium of
controls in which HCs occupy
the lumenal layer, HCs are
distributed throughout the
epithelium in mutants.
(C,C′) In contrast to controls,
ampullary sensory epithelia of
mutants are hyperplastic
because of overproduction of
myosin VI-positive HCs,
some of which invade the
mesenchyme (arrow). (D) An
oblique section through the
utricular sensory epithelium of
a mutant shows mitotic figures
(arrows) in myosin VI-stained
HCs. (E) A cross-section
through the utricle shows that
mitotic HCs (arrows) have
rounded shape and occupy
both lumenal and deeper
epithelial layers.
(F-H′) Phospho-histone H3-
stained utricular (F,F′),
saccular (G,G′) and ampullary
(H,H′) sensory epithelia at
birth show higher numbers of
mitotic cells in mutants when
compared with controls.
(I,I′) At E14.5, early-
differentiating saccular HCs of
mutants undergo mitoses, in contrast to controls. Differentiating HCs occupy the lumenal layer and have a large nucleus. Abbreviations: wt,
wild type; myo, myosin VI; ph3, phospho-histone H3. Scale bar: 120 µm for A,A′,F,F′); 70 µm for B-C′,G-I′; 30 µm for D,E.
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2000; Guo et al., 2001). To further evaluate
the contribution of apoptosis to the mutant
phenotype, we studied the compound
mgRb:Rb–/–:Apaf1–/– mutants (n=5 ears) and
mgRb:Rb–/–:E2f1–/– mutants (n=5 ears) at
E18.5. The expectation was that Rb loss-
induced apoptosis might be rescued to some
extent by the concomitant Apaf1 or E2f1
inactivation and, thus, that the compound
mutants might exhibit an increase in the
amount of supernumerary HCs. The
analysis revealed that, first, the morphology
of the inner ear sensory epithelia of Apaf1
and E2f1 single null mutants was
indistinguishable from controls and, second,
the extent of HC overproduction in both
types of compound mutants was comparable
with mgRb:Rb–/– mutants (data not shown).
Thus, apoptosis seems to be part of the
altered phenotype, but does not prevent the
distinct hyperplasia of Rb-deficient inner ear
sensory epithelia at birth. The fact that we
did not find deregulated cell cycle activity
in these epithelia of E2f1-null mutants
suggests that other E2f family members,
which can bind pRb (E2f2, E2f3), regulate
the expression of genes required for the G1-
to S-phase progression either alone or
redundantly with E2f1.

Rb loss induces hair cell
multinucleation
To further study the developmental status of
supernumerary HCs of mgRb:Rb–/– mutants
at birth, we analysed 0.5 µm Toluidine Blue-
stained plastic sections. Intermixture of HCs
and supporting cells within the hyperplastic
vestibular sensory epithelia was readily
observed in the absence of Rb (Fig. 6A-H).
In contrast to controls (Fig. 6A,G), the
mutant sensory epithelia contained large
numbers of HCs with a single, bizarre-shaped nucleus or with
two (occasionally three or four) nuclei (Fig. 6B-E,H). Most of
these HCs showed decondensed DNA. The occurrence of
multinucleated HCs suggests that nuclear divisions had
occurred without cytokinesis. Despite these distinct nuclear
abnormalities, many of the lumenally located HCs showed
near-normal stereociliary bundles (Fig. 6B,E,H). Many
multinucleated HCs seemed to have a giant size, extending
from the lumenal surface to the deeper epithelial strata (Fig.
6B,C,E). In addition to HCs with aberrant nuclear
morphologies, small and rounded cells with mitotic figures in
a single nucleus were seen, most of them at the epithelial
surface (Fig. 6C-E,H). Many of these mitotic cells were
identified as HCs, based on their immature stereociliary
bundles and, in paraffin sections, on myosin VI expression
(Fig. 3E). Thus, the hyperplastic phenotype of the inner ear
sensory epithelia of mgRb:Rb–/– mutants seems to be caused
by increase both in numbers and size of HCs. The relationship
between the two types of Rb-null HCs is unclear, although in
some cases HCs undergoing mitosis appeared to be derived

from multinucleated HCs (data not shown). Based on
observations made in some semi-thin sections, we cannot
exclude the possibility that some supporting cells normally
located basally in the sensory epithelia translocate to the
lumenal surface and divide there (the mitotic cell marked with
arrowhead in Fig. 6C). Consistent with an increase in
apoptosis, as revealed by TUNEL- and cleaved caspase 3
staining (Fig. 5), semi-thin sections revealed scattered
apoptotic profiles in the inner ear sensory epithelia of the
mutants (Fig. 6D,F). The cytoplasm of some mitotic HCs
exhibited signs of degeneration and, in a some cases, appeared
apoptotic with condensed and fragmented nuclei (Fig. 6E,F).
The organ of Corti of the mutants (Fig. 6I,J) showed similar
pathological features to the vestibular sensory epithelia.

p21 is expressed in differentiating hair cells, but the
null mutants have an unaltered inner ear phenotype
In our efforts to understand cell cycle regulation of HCs, we
found that, in addition to Rb, the CKI p21 is expressed in
developing vestibular and cochlear HCs (Fig. 7A-C). p21

Fig. 4. Stereociliary bundles of vestibular hair cells of mgRb:Rb–/– mutants at birth, as
shown by espin-immunostaining. (A) Espin is localized to HC stereocilia of control
utricules. (B) In mutants, espin-positive HCs are situated throughout the thickened
utricular sensory epithelium. Several HCs at the surface show abnormal bundles.
(C,D) High magnification views show HCs with aberrant stereocilia in the utricle and in
the adjacent mesenchyme (arrow) of mutants. (E,F) In contrast to controls, mutants show
espin-stained HCs at different levels of the ampullary sensory epithelium. HCs in the
mesenchyme are also espin positive (arrow). (G,H) In addition to the distinct bundle
abnormalities, stereociliary bundle morphologies comparable with controls are seen in
some HCs of mutants, especially in ampullae. Abbreviations: wt, wild type; ut; utricle;
amp, ampulla; SE, sensory epithelium; ME, mesenchyme; LU, lumen. Scale bar: 70 µm
for A-F; 60 µm for G,H; 30 µm for C,D.
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expression was induced in vestibular HCs at E12.5 and in
cochlear HCs at E14.5 (data not shown). By PN6, this
expression was downregulated in vestibular HCs, while weak
expression was still seen in cochlear HCs. Hair cells of the
adult inner ear were devoid of p21 (data not shown). Thus,
in contrast to Rb, p21 expression in HCs is restricted to
developmental stages. In addition to HCs, p21 was strongly
expressed in some other structures of the developing inner ear:
spiral limbus and stria vascularis of the cochlear duct; non-
sensory epithelium of vestibular organs; endolymphatic duct;
and the neurons of the cochlear and vestibular ganglia (Fig.
7A,C).

To address the role of p21 in the inner ear, we analysed the
consequences of p21 inactivation (Fig. 7D-H). Earlier studies
have shown that p21 knockout embryos develop into
phenotypically normal adults (Deng et al., 1995), most likely
owing to functional compensation between the CKI family
members. However, previous studies have not specifically
analysed p21 null inner ears. At E16.5, E18.5, P2 and 2 months
postnatally, we did not find morphological abnormalities in
these mutant inner ears. Specifically, the cytoarchitecture of the
vestibular and auditory sensory epithelia appeared normal (Fig.
7D-G) and there was no induction of proliferation (Fig. 7H).
Taken together, the intriguing co-expression of p21 and Rb in
developing HCs suggests that p21 is an upstream regulator of
pRb activity and that both cell cycle repressors account for the
postmitotic state of developing HCs. The fact that p21
knockouts exhibit a normal inner ear phenotype suggests
redundancy between p21 and another CKI(s).

Discussion
The present study shows that the Rb tumour suppressor gene
and its encoded protein, pRb, are expressed in cochlear and
vestibular HCs, both during the stages of differentiation and

during adulthood. We have dissected
the requirement for Rb during HC
development in mgRb:Rb–/– mutant
mice, in which HCs are Rb negative. A
main finding is the aberrant cycling
of differentiating HCs. Differentiating
and mature HCs are normally
characterized by their permanent
withdrawal from the cell cycle.
Analysis of mgRb:Rb–/– mutants at
birth, together with the expression data,
suggest that pRb is required in a cell-
autonomous manner for keeping
differentiating HCs in a postmitotic
state. As pRb expression was also
detected in postnatal HCs, it is likely
that its role as a negative cell cycle
regulator is maintained during
adulthood.

In several tissues, precursor cells
permanently withdraw from the cell
cycle before the onset of
differentiation. This has also been
shown to be the case in the embryonic
cochlea (Chen et al., 2002). Although
we could not see a clear effect of Rb-

inactivation on the size of the precursor cell pool at E13.5 and
E14.5, other observations suggest that pRb regulates the timing
of their terminal mitoses. First, at these stages, there was a
slight increase in the amount of phospho-histone 3-positive
cells at the site of presumptive organ of Corti in mgRb:Rb–/–

mice. Second, the greater epithelial ridge, which harbours
precursor-like cells that can develop into HCs (Zhang et al.,
2000; Woods et al., 2004), contained aberrantly cycling cells
in the late-embryonic mutants. Third, in the cochleas of E18.5
mutants, the supporting cell population was to some extent
expanded. As mitoses were not detected in the supporting cell
layer of mutant cochleas, elevated numbers of precursor cells
might contribute to this expansion. Based on our studies on the
expression of members of the pocket protein family in the
midgestational inner ear (U.P. and J.M., unpublished), the role
of pRb on precursor cells appears to be to some extent
redundant with other pocket proteins.

The present data show that HCs differentiate despite
abnormal cell cycling, suggesting that HC proliferation and
differentiation are uncoupled processes. Supernumerary
HCs expressed a wide panel of markers characteristic for
differentiating (and mature) HCs. During skeletal myogenesis,
Rb stimulates the expression of differentiation markers by
influencing Myod1 activity (Gu et al., 1993; Novitch et al.,
1996; Novitch et al., 1999; Zacksenhaus et al., 1996). A similar
mechanism might occur in the developing inner ear, but as the
interacting genes of the equivalent bHLH gene (Math1) in HCs
have not been characterized, this possibility remains to be
explored. Rb-null HCs at birth showed molecular evidence of
differentiation, including expression of integral molecular
constituents of stereocilia. However, supernumerary HCs
situated in the deeper epithelial strata showed distinctly
abnormal stereociliary bundles. At the lumenal surface, where
stereociliary development normally occurs, large numbers of
nascent bundles were seen. In many cases, this immaturity

Development 132 (10) Research article

Fig. 5. Apoptosis in the inner ear of mgRb:Rb–/– mutants at E18.5. (A-C) In a mutant cochlea,
the myosin VI-stained region of supernumerary HCs, which comprises mitotic figures (A, short
arrows), shows TUNEL- (B) and cleaved caspase 3- (C) positive cells. Views are from adjacent
sections. Compare with normal morphology in Fig. 2A. (D-F) TUNEL- and caspase 3-positive
cells are present in the myosin VI-stained region of a hyperplastic utricular sensory epithelium.
Compare with normal morphology in Fig. 3A. Long arrows indicate apoptotic profiles.
Abbreviations: co, cochlea; ut, utricle; myo, myosin VI; casp, cleaved caspase 3. Scale bar: 60
µm.
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could be linked with HCs undergoing mitosis. Thus, the
aberrant stereociliary development seems to be a consequence
of deregulated cell cycles. The fact that stereociliary bundles
of some of the supernumerary HCs appeared histologically
almost comparable with controls implies they are functional in
terms of mechanotransduction (Sage et al., 2005).

Using a phospho-histone H3 antibody, we were able to
determine the kinetics of dividing HCs. Phospho-histone H3 is
an M-phase marker, based on the fact that histone H3 Ser10
phosphorylation coincides with chromosome condensation of
mitotic cells. Initiation of this phosphorylation is associated
with heterochromatin of late G2 phase, and, thus, this antibody

Fig. 6. Mitosis, apoptosis and
multinucleation of hair cells of
mgRb:Rb–/– mutants at E18.5,
as shown in semi-thin sections.
(A) Normal utricular sensory
epithelium shows HCs at the
lumenal surface and underlying
supporting cells. (B) A mutant
utricle shows disorganized cell
layering and HCs with an
atypical nucleus or with two or
more nuclei. Some of these
HCs show near-normal
stereociliary bundles. Some
HCs seem to extend from the
surface deep into the
epithelium. (C) Mitotic cells
with rounded morphology and
nascent stereocilia (arrow) at
the lumenal surface are
intermixed with HCs with
aberrant nuclear morphologies.
A putative supporting cell that
has translocated to the surface
for mitosis is marked by an
arrowhead. (D) Mitotic HCs
(short arrows) are found mostly
at the lumenal surface, but also
in deeper layers, such as in this
view where a cell undergoing
mitosis is penetrating through
the basal lamina. Scattered
apoptotic profiles are also
found (long arrows). (E,F) A
mitotic cell (short arrow)
showing signs of degeneration
in the cytoplasm. Mitotic cells
occasionally showed apoptotic
figures (long arrow). (G,H) In
contrast to controls, the
ampullary sensory epithelia of
mutants contain mitotic cells
(arrows). In addition, several
HCs with abnormal nuclei are
found and many of them have
stereociliary bundles with a
morphology comparable with
controls. (I,J) A transverse view
through the organ of Corti of a
normal cochlea shows four HCs
and the underlying supporting
cells. In the region of organ of
Corti of mutants, high numbers
of nuclei are seen, some of
them having mitotic figures
(short arrows) and a few
apoptotic profiles (long arrow). Abbreviations: wt, wild type; ut, utricle; amp, ampulla; co, cochlea; LU, lumen, BL, basal lamina; ME,
mesenchyme; HCs, hair cells; SCs, supporting cells; IHC, inner hair cell; OHCs, outer hair cells; P, pillar cell; Ds, Deiters’ cell, H, Hensen’s
cell. Scale bar: 15 µm for A-J.
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is not completely M-phase specific (Hendzel et al., 1997; Van
Hooser et al., 1998). The present results demonstrate, in controls
and mutants, the difference between the strong staining of
condensed chromatin of mitotic cells and the ‘patchy’ staining
of heterochromatin of G2-phase cells. In the inner ear sensory
epithelia of normal embryos, at the stages before HC
differentiation, mitotic nuclei were invariably located to the
lumenal surface. The majority of late G2-phase (this study) and
S-phase cells (bromodeoxyuridine-positive) (e.g. Pirvola et al.,
2002) are situated deeper in the sensory epithelia. This kind of
relationship between nuclear position and the phase of cell cycle,
termed as interkinetic nuclear migration, has been found in
several types of developing epithelia, including the traumatized
inner ear sensory epithelia of birds (Bhave et al., 1995). Also in
mgRb:Rb–/– mutants, most mitotic HCs were located to the
epithelial surface. However, HCs undergoing mitosis were also

seen deeper in the epithelia, indicating that
translocation of nucleus or cell body to the
surface is not a prerequisite for mitosis.

Our results suggest that postmitotic HCs
retain the potential for cell cycle entry, but
the pRb pathway acts as a guard to prohibit
proliferation. The activity of pRb is probably
kept in check by post-translational
modifications, such as phosphorylation.
Mitogens activate CDKs through
upregulation of cyclins. A primary
mechanism inhibiting CDK activity is the
binding of CKIs to these kinases. CKIs
efficiently inhibit CDKs even in the presence
of cyclins (Olson et al., 2000). Indirect
evidence for the importance of CDK
regulation by CKIs in HCs comes from the
fact that HCs do not proliferate in response
to serum or mitogenic growth factors (Ryan,
2003).

Our data show that the CKI p21 is
expressed in the differentiating cochlear and
vestibular HCs, and that the expression
is induced at the initiation of HC
differentiation. In the auditory sensory
epithelium, p21 expression was initiated at
E14.5, at the stage when Math1 expression
has been first detected (Chen et al., 2002). It
is possible that p21 induction in HCs is
regulated by Math1, in analogy to the
positive role of bHLH proteins such as
Myod1 and myogenin in skeletal
myogenesis (Halevy et al., 1995; Guo et al.,
1995). Thereafter, p21 together with other
CKI(s) (see below) might have an active role
in keeping pRb in a hypophosphorylated
form. Thus, negative regulation at the level
of both pRb and CKIs seems to be
responsible for the maintenance of HC
quiescence.

We did not find phenotypic alterations or
aberrant mitoses in the inner ears of
developing or adult p21–/– mice (Fig. 7).
Interestingly, in addition to p21, another
CKI, p19, has been shown to be expressed in

the late-embryonic organ of Corti, but its inactivation does not
result in developmental abnormalities (Chen et al., 2003). Thus,
functional redundancy may exist between p21 and p19 in
developing cochlear HCs. In addition, developing vestibular
HCs express p21, but do not show phenotypic changes following
targeted gene disruption, most probably owing to functional
compensation. The identity of the CKI that may cooperate with
p21 in vestibular HCs remains to be identified, as p19 expression
and the consequences of p19 inactivation have not been reported
in vestibular organs.

In contrast to developmental stages, we did not detect p21
expression in adult HCs. Consistent with these observations are
the data that cochlear HCs of p19-null mice show aberrant S-
phase entry only during postnatal life (Chen et al., 2003).
Interestingly, in the mature cochlea, p19 inactivation was shown
to have a stronger effect on inner HCs when compared with outer

Development 132 (10) Research article

Fig. 7. p21 expression in the developing inner ear and the phenotype of p21 knockout
mice. p21 in situ hybridization; myosin VI and phospho-histone H3 immunostaining;
Haematoxylin staining. (A,B) As shown in adjacent sections, p21 and myosin VI are
expressed in utricular HCs (arrows) at E16.5. p21 is also found in the utricular non-sensory
epithelium. (C) In the cochlea at E16.5, p21 is expressed in HCs and in stria vascularis,
spiral limbus and cochlear ganglion neurons. (D,E) Histology of the utricular sensory
epithelium of adult p21–/– mice is indistinguishable from controls, as shown by
Haematoxylin staining. (F,G) Histology of the organ of Corti of adult p21 knockouts is
comparable with controls. (H) Mitoses are not induced in the cochleas of p21-null mutants,
as shown at P2 by phospho-histone H3-staining (compare with control in Fig. 2E). Arrows
in G,H indicate HCs. Abbreviations: wt, wild type; ut, utricle; co, cochlea; HE,
Haematoxylin; SL, spiral limbus; CG, cochlear ganglion; SV, stria vascularis; IHC, inner
hair cell; OHCs, outer hair cells; NSE, non-sensory epithelium; myo, myosin VI; ph3,
phospho-histone H3. Scale bar: 70 µm for A-C,H; 80 µm for D-G.
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HCs (Chen et al., 2003), suggesting differences in the regulation
of postmitotic state between the two cochlear HC subtypes.
There might be differences in the expression of p19 and/or other
CKIs in these cells (postnatal expression of p19 was not shown
by Chen et al.) or cell cycle regulation downstream of CKIs
might be different. The latter possibility is supported by the
present data showing detectable expression of pRb in inner, but
not outer, HCs of the adult cochlea. Interestingly, also in adult
vestibular organs, pRb and Rb were expressed in a subset of
HCs. Although non-labelled HCs may express pRb levels that
are below the detection limit of the methods used, it remains to
be determined whether this non-homogenous expression is
linked to the morphological classification into type I and type II
vestibular HCs (Wersäll and Bagger-Sjöbäck, 1974).

Existing data provide evidence for the sensitization of cells to
apoptosis because of Rb loss-induced unscheduled proliferation
at ectopic sites, although there is also evidence that pRb harbours
inherent anti-apoptotic functions (Chau and Wang, 2003). We
observed low-level apoptosis in the inner ear sensory epithelia
of mgRb:Rb–/– mice at birth. The extent of this death did not
compensate for the prominent hyperplasia of these epithelia, in
marked contrast to several other Rb-deficient tissues showing
massive cell-autonomous apoptosis in conjunction with ectopic
proliferation (Zacksenhaus et al., 1996; Guo et al., 2001; Chen
et al., 2004; MacPherson et al., 2004; Zhang et al., 2004). Thus,
at least during development, the extent of apoptosis associated
with Rb loss appears to be context dependent. The present data
raise the issue of the fate of Rb-null HCs. Intriguingly, Rb loss
induced HC cycling, but a large part of supernumerary HCs had
defects in the completion of the cell cycle, with apparent failures
in cytokinesis. The formation of multinucleated HCs, most of
which appeared binucleated, implies for polyploidy. Based on
the knowledge that polyploidy induced by manipulation of the
cell cycle machinery often triggers cell death (Storchova and
Pellman, 2004), the rate of apoptosis of supernumerary HCs may
accelerate during postnatal life, an issue that can not be studied
in the mgRb:Rb–/– mice because of their lethality at birth. The
data that supernumerary HCs of adult p19 knockout mice, which
are generated postnatally rather than during embryogenesis,
apoptose (Chen et al., 2003) support the possibility that Rb-
deficient HCs may ultimately be lost. However, the aberrant
proliferation, polyploidy and infiltration of Rb-null HCs into the
mesenchyme may lead to neoplastic transformation.

In conclusion, the present work reveals unexpected plasticity
of differentiating HCs. We show that the normally quiescent HCs
proliferate in response to Rb loss and that these divisions are to
a large extent tolerated, as analysed at birth. Continued Rb and
pRb expression in mature HCs speaks for the role of this tumour
suppressor as a guard against mitoses during adulthood as well.
Our results point to the importance of upstream effectors of the
CKI family in modulating pRb activity. While our work was
under review, Sage et al. showed, in agreement with our results,
that Rb inactivation induces HC proliferation (Sage et al., 2005).
Similar to our data, they also showed that stereociliary bundles
of Rb-null HCs were disoriented, but they also demonstrated
that supernumerary HCs can function as mechanoelectric
transducers. Our findings on the pathology of Rb-null HCs,
including apoptosis, polyploidy and disorganization within and
outside the inner ear sensory epithelia, were not reported by Sage
et al. but suggest that HC quiescence is essential for the
maintenance of coordinated development of these epithelia. Our

results suggest that forced HC proliferation may induce tumour
cell-like and death-prone phenotypes. These data are likely to
have implications in the design of future therapies to induce HC
re-growth.
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