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Shaping the mammalian auditory sensory organ
by the planar cell polarity pathway
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ABSTRACT The human ear is capable of processing sound with a remarkable resolution over a
wide range of intensity and frequency. This ability depends largely on the extraordinary feats of
the hearing organ, the organ of Corti and its sensory hair cells. The organ of Corti consists of
precisely patterned rows of sensory hair cells and supporting cells along the length of the snail-
shaped cochlear duct. On the apical surface of each hair cell, several rows of actin-containing
protrusions, known as stereocilia, form a “V”-shaped staircase. The vertices of all the “V”-shaped
stereocilia point away from the center of the cochlea. The uniform orientation of stereocilia in the
organ of Corti manifests a distinctive form of polarity known as planar cell polarity (PCP).
Functionally, the direction of stereociliary bundle deflection controls the mechanical channels
located in the stereocilia for auditory transduction. In addition, hair cells are tonotopically
organized along the length of the cochlea. Thus, the uniform orientation of stereociliary bundles
along the length of the cochlea is critical for effective mechanotransduction and for frequency
selection. Here we summarize the morphological and molecular events that bestow the structural
characteristics of the mammalian hearing organ, the growth of the snail-shaped cochlear duct and
the establishment of PCP in the organ of Corti. The PCP of the sensory organs in the vestibule of

the inner ear will also be described briefly.
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Introduction

The mammalian inner ear contains the cochlea and the vesti-
bule for hearing and balance (Fig. 1), respectively. The functional
aspects of the cochlea and the vestibule lend themselves greatly
to the mechanical properties of the tissues and the precise
arrangement and polarity of sensory hair cells in their sensory
organs. The cochlea has one sensory organ, known as the organ
of Corti and the vestibule has five sensory organs (Fig. 1A-C).
Each hair cell has several rows of apical protrusions known as
stereocilia in a staircase-like arrangement with the tallest
stereociliary bundles located toward one side of the hair cell. The
stereocilia of hair cells within each sensory organ is coordinately
oriented (Fig. 1B,D). The coordinated orientation of stereocilia in
inner ear sensory organs manifests perhaps the most distinctive
form of a type of tissue polarity, known as planar cell polarity
(PCP), in vertebrates (Figs. 1, 2).

The entire inner ear is derived from a patch of ectodermal cells
near the hindbrain known as the otic placode (Kikuchi et al., 1988,
Morsli et al., 1998). How does such an incredibly complex struc-
ture develop from what is presumably an equivalent group of

ectodermally-derived cells? The various sensory regions must be
organized, orientated and innervated in an extremely well-con-
trolled manner to allow for proper function. The overall structure
and cellular organization require that tight temporal and spatial
regulation be coordinated during development. The precise cellu-
lar patterning, morphological differentiation and innervation of the
organ of Corti, therefore, depend on early developmental events
and are determined by molecular pathways regulating terminal
differentiation and morphogenesis. In this review, we briefly
summarize the early development of the inner ear (for detailed
discussions, see other reviews in this issue by Schimmang,
Ohyama et al., Wu, Schneider-Maunoury and Pujades) and focus
on the morphological and molecular events that create the uni-
form orientation of stereocilia in the organ of Corti and the
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lengthening of the cochlea during terminal differentiation. We
integrate current data into a working model and discuss PCP
regulation in the morphogenesis of the organ of Corti.

The organ of Corti

The organ of Corti is a continuous array of cells tonotopically
organized on the basilar membrane along the length of the snail-
shaped cochlea (Sher, 1971, Lim and Anniko, 1985). Graded
variations of mechanic properties of the basilar membrane (von
Bekesy, 1970), as well as electrical properties of hair cells
(Hudspeth, 1989, Manley, 2000, Kruse and Julicher, 2005),
enable tuning of sensory hair cells to a progression of frequencies
corresponding to their location along the length of the cochlea.
The tonotopical response is organized in ascending order from
the apex to the base (von Bekesy, 1970). Along the length of the
cochlea, there are four rows of hair cells interdigitated with several
types of non-sensory cells to make up the organ of Corti. The
innermost row toward the center (hereinafter referred to as
“medial”) region of the cochlea and the three rows toward the
peripheral (hereinafter referred to as “lateral”) region of the
cochlea are known as the inner (IHCs) and outer hair cells

(OHCs), respectively (Figs. 1C,D and 2). Several rows of “finger-
like” extensions or hair bundles, known as the stereocilia (Figs.
1D, 2B-D), project from the apical surface of each hair cell and
form a “V” shape, which is shallower in IHCs than in OHCs.
Invariably, the vertices of all the “V"-shaped stereocilia pointin the
medial-to-lateral (hereinafter referred to as “mediolateral”) direc-
tion (Figs. 1C,D and 2B-D). A single primary cilium, known as
kinocilium, is placed at the vertices of “V"-shaped stereocilia
during development. Therefore, each hair cell is intrinsically
asymmetrical in terms of the arrangement of stereociliary bundles
and kinocilia and all the hair cells are uniformly polarized along the
mediolateral axis of the cochlear duct (Figs. 1 and 2). The uniform
orientation of stereocilia of hair cells along the mediolateral axis
of the cochlea manifests a distinctive form of planar cell polarity
(PCP) (Lewis et al., 1985, Lewis and Davies, 2002) (Figs. 1 and
2).

The nonsensory cells of the organ of Corti, commonly referred
to as supporting cells, also have distinctive morphologies and
organizations. Hair cells are separated from each other by sup-
porting cells in a precise and invariable pattern. The supporting
cells of the organ of Corti include the border cells, inner pha-
langeal cells (IPhC), the inner and outer pillar cells (IPC and OPC)
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Fig. 1. Planar cell polarity (PCP) of the inner ear sensory organs. (A) The structure of a right inner ear is illustrated. The shaded areas represent
one sensory organ in the cochlea, the organ of Corti and five sensory organs in the vestibule, maculae of the saccule and utricle (Sa, Ut) and cristae
of lateral (LC), anterior (AC) and posterior (PC) semicircular canals. (B) The five vestibular sensory organs show distinctive forms of PCP. Hair cells
(circles) on opposite sides of the striola (dashed lines) in the saccule and utricle have reversed planar polarity, as shown by the location of the kinocilium
(red dots) which is placed near the tallest stereociliary bundles. The vestibular sensory organs in (B) were rotated counterclockwise 90° horizontally
as they appear in (A) and the lateral crista was further rotated clockwise ~60° horizontally to show their whole mount views. (C-D) The cochlea is a
fluid-filled labyrinth. The organ of Cortiis suspended along the length of the cochlea and situated on the basilar membrane (C). In a whole mount surface
view, the organ of Corti shows a mosaic arrangement of sensory hair cells (D, dark grey) and supporting cells (D, light grey). The stereociliary bundles
(green) are arranged in a “V/”-shaped staircase on the apical surface of each hair cell and the vertices of all the “V"-shaped stereocilia are uniformly
oriented away from the center of the spiraling cochlea (D), displaying a PCP along the mediolateral axis of the cochlea. Abbreviations: IHC, inner hair
cells; OHC1-OHC3, the first —third rows of outer hair cells; IPC, inner pillar cell, OPC, outer pillar cell; DC, Deiters’ cell.



Morphogenesis of the organ of Corti 537

Fig. 2. Stereotyped cellular patterning, polarity
and neural connection in the organ of Corti
stretch the entire length of the snail-shaped
mammalian cochlea. (A) A dissected mouse co-
chlea with YFP expressed in the spiral ganglion
neurons to visualize the general morphology of the
cochlea and innervation of its sensory organ along
the length of the cochlea from the base to apex.
The highest YFP signal is under the row of inner
hair cells (IHC). (B) Schematic diagram showing
the arrangement of auditory hair cells (blue) and
their stereocilia bundles (red), with kinoclium (ma-
genta) at the vertex, along the PCP axis. Support-
ing cells are not shown, but also exhibit distinct
polarity. An example is the Dieter’s cells, each of
which cup the base of an outer hair cells and form
a phalangeal process that forms the separation
between the more lateral row of outer hair cells at
a distance along the longitudinal axis of the co-
chlea. (C) Hair cell polarity occurs in both the apical-

basolateral axis and in a perpendicular axis within the plane of the epithelium, the PCP axis. Cell nuclei of myosinVi-labelled auditory hair cells (blue)
are towards the basal regions of hair cells, whereas the phalloidin-labelled stereocilia bundles (red) are apical towards the lumen. On the apical surface,
the stereocilia bundles are oriented uniformly along the mediolateral PCP axis. (D) Coordinately polarized orientation of the stereocilia bundles (red)
on the apical surface of the auditory hair cells (blue) with kinocilium (magenta) seen at the vertices of the bundles. All four rows of the hair cells, with
one row of inner hair cells and three rows of outer hair cells can be seen here. (E) YFP-expressing spiral ganglion neurons (green) show precise
connections to auditory hair cells (blue). The spiral ganglion neurons and the sensory cells are derived from the same region within the otocyst and
the development of spiral ganglion neurons influences the shape of the cochlea and its sensory organ. m, medial; |, lateral.

and the Deiters’ cells (DC) (Figs. 1D, 2B) (Slepecky, 1996, Jones
and Chen, 2007) The nuclei of these supporting cells are localized
basally; from their soma, the supporting cells project phalangeal
(“finger-like) cellular processes toward the lumen of the cochlear
duct (Fig. 2B). Their flattened ends of phalangeal processes
separate hair cells from each other and form tight cellular contacts
with the hair cells (Figs. 1D, 2B). Notably, the phalangeal pro-
cesses of the supporting cells are highly polarized along the
mediolateral axis of the cochlea. Morphologically, the pillar cells
and DCs extend their cytoplasmic stalks and phalangeal pro-
cesses along the mediolateral axis of the cochlea toward the
periphery of the cochlea and contact the apical surface of the hair
cells in the next row (Fig. 2B). Molecularly, several proteins
display polarized subcellular localization along the mediolateral
axis of the cochlea. The phalangeal processes of OPCs and DCs
are also polarized along the longitudinal axis of the cochlea and
contact hair cells at a distance (toward the apex of the cochlear
duct) from the base of these supporting cells. Bundles of micro-
tubules, intermediate filaments and microfilaments span the pha-
langeal processes of supporting cells to support for structural
integrity of the organ of Corti (Slepecky and Ulfendahl, 1992,
Henderson et al., 1995, Slepecky et al., 1995). The tight juxtapo-
sition of hair cells and supporting cells at their apical surface
allows the separation of the endolymphatic fluid that baths the
apical domain from the perilymph in the basolateral domain for
proper mechanotransduction (Slepecky, 1996). The unique mor-
phology of supporting cells and their cellular organization with
sensory hair cells allows a morphologically defined yet mechani-
cally flexible structure to permit movement of the sensory epithe-
lium in response to mechanical stimuli (Hudspeth, 2000).

In addition to sensory hair cells and supporting cells, the spiral
ganglion neurons that innervate hair cells are important for the

structural integrity and function of the organ of Corti (Fig. 2) (Rubel
and Fritzsch, 2002). The tonotopic organization of the auditory
sensory organ is maintained in the auditory neural pathway,
beginningimmediately postsynaptic to hair cells (Hudspeth, 2000).
The innervation of hair cells by spiral ganglion neurons is required
for the structural integrity of the organ of Corti (Ma et al., 2000,
Rubel and Fritzsch, 2002, Matei et al., 2005). During develop-
ment, the formation of the sensory lineage and the neuronal
lineage within the developing inner ear is tightly coupled (Ma et al.,
2000, Radde-Gallwitz et al., 2004, Matei et al., 2005, Satoh and
Fekete, 2005). Itis no surprise that not only the pathways directly
involved in sensory differentiation are essential for the morpho-
genesis of the organ of Corti, but also the development of the
neuronal lineage influences the shaping of the organ of Corti (Ma
et al., 2000, Matei et al., 2005).

The specification and differentiation of the organ of
Corti

The otic placode is recognizable around embryonic day 8.5
(E8.5) in mice (Kikuchi et al., 1988, Morsli et al., 1998, Riley and
Phillips, 2003). By E10.5, the otic placode has invaginated and
formed a hollow epithelium called the otocyst and at this time the
regions of sensory and non-sensory epithelium begin to be
determined. At these early stages of induction three-dimensional
spatial cues, including Sonic hedgehog (Shh), Wnts, BMPs and
FGFs (McKay et al., 1996, Morsli et al., 1998, Chang et al., 1999,
Cole etal., 2000, Gerlach et al., 2000, Chang et al., 2002, Maroon
etal., 2002, Riccomagno et al., 2002, Liu et al., 2003, Wright and
Mansour, 2003, Chang et al., 2004, Ozaki et al., 2004, Solomon
et al., 2004, Riccomagno et al., 2005, Fritzsch et al., 2006,
Ohyama et al., 2006), play important roles in setting up sub-
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domains of the otocyst and controlling subsequent morphogen-
esis of various structures and specific cell types. Very soon after
the initial specification, the newly formed otocyst begins specifi-
cation and forms regions that will become the cochlea and
vestibule, while the cochleovestibular neurons delaminate from
the same regions in the otocyst that are designated to become the
sensory epithelia. The regional specification of the otocyst is
illustrated by expression of molecular markers in individual re-
gions.

Soon after the cochlear duct has formed at the ventral region
of the otocyst, sharp boundaries are formed to molecularly mark
each half of the cochlear epithelium at E12.5. Otoconin90 (Zhao
etal., 2007) is specifically expressed in the roof while the expres-
sion of several other genes including Isl1 (Radde-Gallwitz et al.,
2004) and Sox2 (Kiernan et al., 2005b) (personal communication,
A. Kiernan) is restricted to the floor of the duct. The pathways that
set up the sharp boundaries of the cochlear duct at this stage are
not known. Isl1 knockout mice die by E11.5 (Pfaff et al., 1996) and
its role in inner ear development has yet to be determined. The
analysis of molecular markers has not been reported in Sox2
mutants at E12.5 (Kiernan et al., 2005b) and the role of Sox2 for
early cochlea development is unknown.

Regional specifications within the floor of the cochlear epithe-
lium continue and result in the formation of a morphologically and
molecularly distinctive sensory primordium. By E13.5-E14.5, the
organ of Corti is recognized as a thickened ridge in the cochlear
epithelium and marked by the expression of multiple genes. In
particular, the precursor cells of the organ of Corti withdraw from
the cell cycle around E14.5 (Ruben, 1967) and form a zone of non-
proliferating cells (ZNPC) that is marked by two cyclin-dependent
kinase inhibitors, p27/Kipl and p19/ink4d, and Isl1 and Sox2
(Chen and Segil, 1999, Chen et al., 2002, Chen et al., 2003,
Radde-Gallwitz et al., 2004, Kiernan et al., 2005b, Matei et al.,
2005, Lee et al., 2006). p27/Kipl and Sox2 are required for the
precursor cells of the organ of Corti to withdraw timely from the cell
cycle (Chen and Segil, 1999) and for the specification of the
sensory primordium (Kiernan et al., 2005b) in the cochlea, re-
spectively. In addition, several genes in the Notch pathway show
distinctive expression patterns in the vicinity of the sensory
primordium, consistent with a role in specifying and/or restricting
the sensory lineage in the cochlea (Haddon et al., 1998, Lanford
et al., 1999, Eddison et al., 2000, Kiernan et al., 2005a, Brooker
etal., 2006, Kiernan et al., 2006). Members of the BMP pathway
are also expressed in the cochlear epithelium abutting the sen-
sory primordium (Morsli et al., 1998). Their exact role in the
specification and differentiation of the organ of Corti in mice,
however, remains controversial (Li et al., 2005, Pujades et al.,
2006).

Following specification of the sensory primordium in the co-
chlea, terminal differentiation of the organ of Corti initiates near
the base of the cochlea. The gradient of hair cell differentiation
begins with the onset of Math1 in the near-basal region and moves
in both directions, finishing in the apical portions of the cochlea
around E17.5 (Sher, 1971, Chen and Segil, 1999). Simulta-
neously with the longitudinal gradient of differentiation, a
mediolateral, or inner-to-outer hair cells, gradient of differentia-
tion is also observed. By E18.5, nearly all the cells of the organ of
Corti along the length have differentiated into the highly patterned
structure of one row of IHCs and three rows of OHCs (Fig. 2). The

expression of p27/Kipl is down-regulated in differentiating hair
cells and remains in supporting cells (Chen and Segil, 1999),
which differentiate and form the full complement of specialized
supporting cells at the same time as the hair cells achieve their
terminal morphology (Fig. 3A). The Notch pathway clearly plays
an essential role in determining the fate of hair cells vs. supporting
cells (Haddon et al., 1998, Kiernan et al., 2005a, Brooker et al.,
2006).

Morphogenesis of the organ of Corti: convergent ex-
tension and establishment of planar cell polarity (PCP)

Convergent extension in the developing organ of Corti

Convergent extension (CE) (Keller, 2002) is one of the most
important cellular movements during gastrulation, contributing to
the formation of three germ layers and the establishment of an
elongated body plan with a distinctive anterior-posterior body axis
from a blastula. It is a process of tissue narrowing along one axis
(mediolateral axis) and concomitant extension along a perpen-
dicular axis (anterior-to-posterior or A-P axis). During gastrula-
tion, mesoderm cells undergo CE to establish the anterior-poste-
rior body axis and to elongate along the anterior-posterior axis
(Keller, 2002). CE also plays important roles in neurulation. At the
neurula stage, cells in the neural ectoderm undergo CE to both
elongate along the anterior-posterior axis and to close the neural
tube (Keller, 2002). During gastrulation in Xenopus, it was shown,
using Keller's explants, that the mesoderm cells first undergo
radial intercalation to form a thinner tissue and subsequently
intercalate mediolaterally (Keller et al., 1985). The mediolateral
intercalation of cells leads to the convergence (narrowing) of the
tissue along the same (mediolateral) axis and elongation along
the perpendicular anterior-posterior axis. While the cellular be-
havior and the driving force for radial intercalation is unclear, it is
known that during mediolateral intercalation, cells are polarized or
elongated along mediolateral axis and project mediolaterally
oriented lamellapodia (Wilson and Keller, 1991, Keller, 2002).
Computational models suggest that force generated by the pro-
trusive activity of the cells along the mediolateral axis is sufficient
to drive the intercalation of cells along the same axis (Zajac et al.,
2003, Brodland, 2006, Brodland and Veldhuis, 2006). This hy-
pothesis is consistent with the observation that actin-myosin
cytoskeletal components are required for cellular intercalation
(Zallen and Wieschaus, 2004). In mammals, morphogenetic
changes indicate that similar CE cellular movement occurs during
gastrulation and neurulation. However, the process of CE in
mammals has yet to be documented directly.

During terminal differentiation from E14.5-E18.5, the postmi-
totic organ of Corti thins from an epithelium of 4-5 cells thick to a
final two cell-layered structure and extends along the longitudinal
axis significantly (Chen et al., 2002, McKenzie et al., 2004). The
extension and thinning are independent of cell proliferation and
death within the developing organ of Corti, respectively, suggest-
ing that cellular rearrangement within a shorter and thicker sen-
sory primordium leads to the formation of a longer and thinner
mature organ (Chen et al., 2002). This type of cellular movement
is remarkably similar to the process of CE which occurs during
gastrulation and neurulation in Xenopus. Morphological and func-
tional studies further suggest that radial and mediolateral interca-
lation of cells characteristic of CE is likely involved in extension of
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Fig. 3. Convergent extension of the organ of Corti. Whole mount surface views of the developing organ of Corti illustrate drastic shape change
and remodeling of cell-cell contact from E13-E14 to E17-E18 in mice (A), which may underlie cellular rearrangement characteristic of convergent
extension during the same period (B). The Arrowheads indicate the pillar cell region that separates IHCs from OHCs. The drawing in (B) is simplified,
omitting the supporting cell population. Nevertheless, the supporting cells may play essential roles in PCP and proposed convergent extension cellular
intercalation. The phenotypic defects in PCP mutants indicate both radial and mediolateral intercalations are involved and PCP signaling is only required
for mediolateral intercalation. However, the sequential order of radial and mediolateral intercalations of the developing organ of Corti is only

hypothesized and not established experimentally.

the cochlea and patterning of the hair cells (Fig. 3) (Montcouquiol
etal., 2003, McKenzie et al., 2004, Wang et al., 2005, Jones and
Chen, 2007).

Establishment of PCP in the organ of Corti

The terminal differentiation and extension of the organ of Corti
occur in a ciliated epithelium between E14.5-E18.5 in mice. Both
electron microscope and immunostaining show that cells in the
developing cochlea are mono-ciliated, containing a microtubule-
based primary cilium (Davis et al., 2006) known as the kinocilium
(Figs. 1 and 2). The kinocilium is first seen centrally placed on the
apex of nascent hair cells and surrounded by microvilli made up
of actin filaments of uniform size (Sobkowicz et al., 1995). Subse-
quently, these microvilli begin to enlarge and become stereocilia.
The kinocilium becomes displaced to the lateral side of the cell
apex and stereocilia grow in a defined “V”-shaped pattern with the
vertex of the “V” closely placed near the kinocilium (Frolenkov et
al., 2004). The polarity of kinocilia appears to lead the polarization
of stereocilia and the development of stereocilia and their polarity
follow the differentiation gradient from the base to the apex along
the longitudinal axis and from the inner to outer hair cells along the
mediolateral axis of the cochlea. By E18.5 in mice, the polarity of
stereocilia and kinocilia is established along the entire length of
the cochlear duct and across the width of the organ of Corti. Once
established, stereocilia continue to grow, mature and renew. In
mammals, kinocilia in the cochlea regress postnatally. The tran-
sient presence and the polarity of kinociliain the cochleaimplicate
a developmental role. However, the function of kinocilia in the

development of the cochlea has not yet been reported.

Planar cell polarity pathway in shaping the cochleaand
its sensory organ

PCP pathway

Intriguingly, as CE (Fig. 3B) was being proposed for the
terminal morphogenesis of the organ of Corti (Chen et al., 2002),
itwas revealed that CE in vertebrates is regulated by a conserved
genetic pathway, the planar cell polarity (PCP) pathway
(Wallingford et al., 2000, Keller, 2002, Mlodzik, 2002, Wallingford
et al., 2002).

The PCP pathway was first identified and characterized for its
role in regulating various forms of PCP in Drosophila tissues
(Gubb and Garcia-Bellido, 1982, Klein and Mlodzik, 2005, Strutt
and Strutt, 2005). In the tissues that exhibit PCP, there is a well-
defined planar polarity both in the intrinsically polarized structure
of each individual cell and in the arrangement of different cells
relative to each other within the group (Fig. 1). In the organ of
Corti, the stereociliary bundles of each hair cell are arranged in an
asymmetrical “V” shape. The asymmetrical nature of the “V”-
shaped stereocilia represent the intrinsically polarized structure
within each hair cell. Furthermore, all the stereocilia are uniformly
oriented along the mediolateral axis of the cochlea, manifesting a
precise coordination in the arrangement of the cells relative to
each other within the group. The planar polarization of cells both
in the intrinsic structure of each individual cell and in the arrange-
ment of different cells relative to each other within the entire group
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requires a three-tiered regulation (Tree et al., 2002) through two
alterative models (Fig. 4). Both models require: a global guidance
cue for directional information (upstream PCP genes) and cellular
factors to interpret the directional signal by adopting polarized
asymmetric localization along the axis for polarity (core PCP
genes) (Fig. 4). Upon the formation of polarized core PCP
complexes, the third and final step of PCP signaling of planar
polarization across the tissue can be achieved by cell-specific
effectors downstream of core PCP genes (downstream PCP
effector genes) that direct the formation of the asymmetrical
structure within each cell and coordinate the polarization of all the
cells across the entire tissue. Alternatively, the machinery that
builds the asymmetrical structure within each cell is independent
of PCP signaling. To achieve the third step in PCP signaling of
planar polarization across the tissue in this second model, cellular
mediators (downstream PCP mediator genes) link polarized core
PCP complexes to the cellular machinery that creates the asym-
metrical structure within individual cells to coordinate planar
polarization in all the cells across the entire tissue (Fig. 4). In the
first model, impaired PCP signaling will lead to defects in both the
formation of the asymmetrical structure within individual cells as
well as the coordination of all the cells across the tissue. In the
second model, however, defective PCP signaling will only affect
the coordination of planar polarization across the tissue but not
the production of the asymmetrical structure within individual
cells.

Genetic studies in Drosophila identified a set of core PCP
genes that affect all known structures with PCP features (Tree et
al., 2002, Klein and Mlodzik, 2005, Strutt et al., 2006). During
establishment of PCP, core PCP proteins are sorted asymmetri-
cally along the polarization axis and this polarized association of
core PCP proteins is required for planar polarization across the
tissue (Axelrod et al., 1998, Axelrod, 2001, Tree et al., 2002, Klein
and Mlodzik, 2005, Strutt and Strutt, 2005). Studies in Xenopus
and zebrafish revealed a conserved vertebrate PCP pathway that
consists of a similar cassette of genes, including Frizzled (Fz)
(Djiane et al., 2000), Dishevelled (Dvl) (Sokol, 1996, Wallingford
et al., 2000), Ltap/Vangl2 (Goto and Keller, 2002, Jessen et al.,
2002, Park and Moon, 2002) and homologs of Diego (Schwarz-
Romond et al., 2002, Moeller et al., 2006) and Prickle (Veeman et
al., 2003), that are required for CE during gastrulation and
neurulation (Fig. 4). Core PCP proteins display polarized subcel-
lular localization along the anterior-posterior axis (Jiang et al.,
2005, Ciruna et al., 2006). Together with mediolaterally polarized
sorting of Par complexes (Hyodo-Miura et al., 2006, Mlodzik,
2006), the core PCP proteins likely provide instructive roles to
direct mediolateral intercalation of cells during CE (Mlodzik,
2006).

The core PCP component Fz can serve as a receptor for Wnt
signaling molecules (Moon, 2005). The binding of Wnt to Fz can
activate a canonical Wnt pathway in which 3-catenin is stabilized
for transcriptional activation of downstream target genes. PCP
signaling does not involve B-catenin mediated transcriptional
activation and, instead, involves cytoskeletal targets (therefore,
known as the noncanonical Wnt pathway). Since the polarization
of cellsin the entire field requires directional information and Wnts
as morphogens can fulfill such a directional role, Wnts have been
extensively tested for their potential involvement in PCP. How-
ever, Wnts appear to be dispensable for PCP in several Droso-

philatissues (Ma et al., 2003, Klein and Moldzik, 2005, Strutt and
Strutt, 2005). A mathematic model (Amonlirdviman et al., 2005),
whose predictions have been tested experimentally, further ar-
gues for a morphogen-independent feedback loop regulation for
polarization over a long range. In contrast, two recent studies
indicate an instructive role for Wnt and Hh in orienting the
denticles (actin protrusions) on the epidermis of Drosophila em-
bryos (Colosimo and Tolwinski, 2006, Price et al., 2006). There-
fore, it is possible that epithelial planar polarization across the
tissues may utilize a morphogen-independent mechanism for
polarization over a long range, an instructive cue-dependent
mechanism for polarization over a short range, or a combination
of both. In contrast to their variable role in establishing epithelial
PCP in Drosophila, upstream morphogens are involved in PCP
signaling for vertebrate CE (Heisenberg et al., 2000, Smith et al.,
2000, Tada and Smith, 2000, Kilian et al., 2003, Ohkawara et al.,
2003). In Xenopus and zebrafish, Wnt5 and Wnt11 are required
for CE (Heisenberg et al., 2000, Smith et al., 2000, Tada and
Smith, 2000, Kilian et al., 2003, Ohkawara et al., 2003) and their

1 (directional cues)

Wnts, BMPs, Hh, FGFs?

2 (core PCP genes)
Fz mCelsrl WMnng
‘ el PTK7
g Pk?

3 (coordination of PCP across the tissue)

Fig. 4. Amodel of planar cell polarity (PCP) regulation in the cochlea.
The establishment of PCP across the organ of Corti requires a three-
tiered regulation: (1) upstream factors for directional information along
the mediolateral axis of the cochlea, (2) core PCP proteins form polarized
complexes along the mediolateral axis of the cochlea; (3) unknown
cellular mediators link polarized core PCP complexes to the machinery
that builds the “V"-shaped stereocilia in individual hair cells and orient the
vertices of the “V"-shaped stereocilia toward the periphery of the
spiraling cochlea, establishing uniformly oriented stereocilia across the
organ of Corti. The identity and the role of the upstream factors were
hypothesized; and the role of Pk and Ankrd6/Diversin in inner ear was
hypothesized based on their role in PCP signaling in Drosophila and in CE
in zebrafish. Several core PCP proteins are observed at the boundaries
between supporting cells and between hair cells and supporting cells in
a polarized manner along the mediolateral axis of the cochlea. Their
localization to one or both cells at the boundaries has not been deter-
mined unequivocally.




role in CE appears to be permissive rather than instructive. In
addition, graded anterior-posterior cues, such as activin and
BMPs, are required for CE in Xenopus (Myers et al., 2002,
Ninomiya et al., 2004). The exact mechanism underlying the
involvement of graded anterior-posterior cues for CE is not clear.

Upon the formation of core PCP proteins on opposite sides of
the cells along the axis for planar polarity, planar polarization
across the tissue is achieved by coordinated morphological
polarization. In Drosophila, three cytoskeleton-binding proteins,
Inturned, Fuzzy and Fritz, function downstream of core PCP
genes (Park etal., 1996, Turner and Adler, 1998, Yun et al., 1999,
Adler et al., 2004, Collier et al., 2005). Mutations in Inturned,
Fuzzy and Fritz cause the formation of multiple hairs at abnormal
locations in wing cells (Adler et al., 2004, Collier et al., 2005),
suggesting that these genes may function as downstream PCP
mediators and link polarized core PCP complexes to the machin-
ery that creates hairs in wing cells for coordinated planar polariza-
tion in all the cells across the wing. The generation of multiple
hairs in these mutants also suggests that these downstream
mediators directly regulate the formation of hairs by limiting the
activity of the machinery that builds hairs in wing cells.

Two members of the Rho family of GTPase that are capable of
modifying cytoskeletal components, RhoA and Rac, are impli-
cated in the vertebrate PCP signaling downstream of a core PCP
gene Dvl during CE in Xenopus (Habas et al., 2001, Marlow et al.,
2002, Habas et al.,, 2003, Phillips et al., 2005). In addition,
Inturned, Fuzzy and another cytoskeleton-binding protein Dub
are required for CE in Xenopus and zebrafish (Oishi et al., 2006,
Park et al., 2006). Notably, PCP signaling and Par complexes
appear to be required only for polarizing lamellapodia protrusions
mediolaterally (Wallingford etal., 2000, Hyodo-Miura et al., 2006).
Disruptions in PCP signaling or Par complexes does not prevent
lamellapodia protrusive activity, but rather results in random and
unstable lamellapodia protrusions (Wallingford etal., 2000, Hyodo-
Miura et al., 2006). Therefore, PCP signaling may guide only the
coordinated polarization of cells across the tissue, but not the
formation of the asymmetrical structure within individual cells
during epithelial planar polarization nor the formation of
lamellapodia during CE.

PCP pathway and morphogenesis of the organ of Corti

The establishment of PCP in the organ of Corti occurs concur-
rently with the extension of the cochlea involving cellular rear-
rangement characteristic of CE, raising the possibility that the
mammalian PCP pathway may regulate both processes during
terminal differentiation of the organ of Corti (Chen et al., 2002).

Indeed, mice defective in core PCP genes, including Ltap/
Vangl2, Dvl1/2, Fz3/6 and Celsrl, show various degrees of
misorientation of stereocilia (Fig. 5) (Curtin etal., 2003, Montcouquiol
etal., 2003, Wang et al., 2005, Montcouquiol et al., 2006, Wang et
al., 2006a, Wang et al., 2006b). A widened and shortened organ of
Corti is also reported in several of these PCP mutants (Fig. 5)
(Montcouquiol et al., 2003, Wang et al., 2005, Wang et al., 2006a).
It was further demonstrated that the misorientation of stereocilia
and the apparent CE defect are intrinsic to defective PCP signaling
within the cochlea and not indirectly resulted from neural tube
defects in these mutant animals (Wang et al., 2005). These data
support that the establishment of uniform orientation of stereocilia
and CE of the cochlea are regulated and linked by the mammalian
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PCP pathway.

However, the process of CE and cellular behavior during termi-
nal differentiation of the organ of Corti has not been demonstrated
directly. Neither is it known whether the rearrangement of cells is
an active process within the developing organ of Corti, or a
passive process due to active cellular intercalation in surrounding
epithelial and/or mesenchymal cells and whether the actin/myo-
sin cytoskeletal component is required. It is worth noting that in
Math1”- animals where no hair cell differentiation and some
degree of supporting cell differentiation are observed (Bermingham
et al., 1999, Chen et al., 2002, Woods et al., 2004, Matei et al.,
2005), the cochlea appears to have a normal length (unpublished
observation). This data suggests that the differentiation of the full
complement hair cells and supporting cells is not essential for the
extension of the cochlea and its sensory organ. The surrounding
epithelial and mesenchymal cells may be sufficient to provide the
driving force for CE of the cochlea.

An intriguing question is how the mammalian PCP pathway
concurrently regulates the establishment of PCP, manifested with
uniform oriented stereocilia of hair cells and CE in the cochlea
during terminal differentiation. The two processes occur concur-
rently and defects in both processes are associated in PCP
mutants. However, the establishment of PCP in the organ of Corti
and CE are not mutually dependent. In Math1”- animals, no
apparent PCP manifest, morphologically polarized hair cells and
supporting cells, is observed in the cochlear epithelium, while the
extension of the cochlea appears to be normal. The two pro-
cesses may utilize overlapping signaling pathways but contain
differential molecular and cellular components. Consistent with
this view, several core PCP genes are expressed in the entire
cochlear epithelium with higher levels at the region medial to the
developing organ of Corti. Within the developing organ of Corti,
Ltap/Vangl2, DvI2 and Fz3/6 display polarized subcellular local-
ization along the mediolateral axis of the cochlea (Wang et al.,
2005, Montcouquiol et al., 2006, Wang et al., 2006a, Wang et al.,
2006Db). In the region medial to the organ of Corti, the subcellular
localization of these core PCP proteins are also polarized, but
apparently along the base-to-apex axis of the cochlea that is
perpendicular to the mediolateral axis observed for PCP (data not
published). In addition, the contribution of underlying mesenchy-
mal cells of the cochlea to uniform orientation of stereocilia and
cellular rearrangement within the developing organ of Corti has
not been examined.

To orient stereocilia uniformly along the mediolateral axis of
the cochlea, information to differentiate the medial vs. lateral
direction must be presented during development. Similar to
Drosophila PCP studies, Wnts have been investigated for their
potential role in PCP signaling in the cochlea. Wnt7a is expressed
in pillar cells and addition of Wnt antagonists and Wnt7a in the
organ of Corti culture leads to misorientation of stereocilia in vitro
(Dabdoub et al., 2003). However, Wnt7a” animals do not have
any apparent defects in PCP signaling (Dabdoub et al., 2003),
suggesting that pathways compensatory or independent of Wnts
provide directional information for the organ of Corti during
development. Indeed, the expression of another Wnt molecule,
Whntba, is restricted to the region medial to the developing organ
of Corti (Qian et al., 2007). Genetic inactivation of Wnt5a leads to
~35% penetrance of a characteristic CE defect in the cochlea
(Qian et al., 2007). Furthermore, Wnt5a genetically interacts with
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known PCP gene Ltap/Vangl2 in regulating the orientation of
stereocilia, cochlear extension and neurulation (Qian etal., 2007).
Together these data indicate a role of Wnt5a in PCP signaling in
mice. Intriguingly, a Wnt antagonist, secreted Frizzled-related
protein 3 (Sfrp3 or Frzb), is expressed in a reciprocal pattern with
Whntb5a in the developing organ of Corti (Qian et al., 2007).
However, it is not clear whether the reciprocal expression of
Wnt5a and a Wnt antagonist is involved in generating a graded
Whnt signal for an instructive role in PCP signaling.

Cell adhesion and PCP signaling in the organ of Corti
Ultimately, the affinity among constituent cells and the affinity
between the cells and their extracellular matrix determine the
cellular arrangement and consequently the morphology of a
particular tissue or organ (Townes and Holtfreter, 1955, Nose et
al., 1988, Steinberg and Takeichi, 1994, McNeill, 2000, Zajac et
al., 2003). In vitro, differential cellular affinity can drive cellular
aggregation and cellular rearrangement (Townes and Holtfreter,
1955, Nose et al., 1988, Steinberg and Takeichi, 1994, McNeill,
2000, Zajac et al., 2003, Strutt et al., 2004, Saburi and McNeill,
2005). In Drosophila, atypical cadherins, Fat and Dachsous and
protocadherin Flamingo play essential roles in initiating and
propagating PCP signaling (Fanto et al., 2003, Matakatsu and
Blair, 2004, Simon, 2004, Strutt et al., 2004). A mammalian
homolog of Flamingo, Celsrl, is required for PCP signaling in the
cochlea (Curtin et al., 2003). However, the expression and func-
tion of atypical cadherins in PCP signaling in the cochlea has not
been investigated. Furthermore, cellular packing geometry
changes drastically during terminal differentiation of the organ of
Corti (Fig. 3A). Cellular junctions must be remodeled during
morphogenesis of the organ of Corti at the terminal differentiation
stage. It is very likely that molecules mediating general cell-cell
adhesion play important roles in PCP signaling and
morpohogenesis of the organ of Corti. Investigation of cell adhe-
sive activities and extracellular matrix properties in the cochlea
will provide invaluable information to delineate the cellular and
molecular components for PCP signaling in the cochlea.

PCP signaling and ciliogenesis in morphogenesis of the
organ of Corti

Cilia consist of a microtubule-based axoneme tethered to the
cell at the basal body and typically protrude from the apical
surface of cells (Davis et al., 2006). The basal body consists of a
pair of centrioles and is the organization center for both cytoskel-
etal microtubules and ciliary microtubules. The axoneme in the
ciliary portion consists of microtubule doublets either with (9+2) or
without (9+0) a centrally located pair (Davis et al., 2006). Protein
synthesis does not occur in cilia. Cilia are assembled and main-
tained by intraflagellar transport (IFT), in which multimeric protein
complexes called IFT particles are moved bidirectionally along
the axomeme by the coordination of IFT motors, the anterograde
(toward the plus ends of microtubules or the tip the cilium)
molecular motor kinesin and the retrograde (toward the minus
ends of microtubules) motor protein dynein along microtubules.
The loss of IFT genes leads to ciliary defects.

The polarization of stereocilia in the hair cell is led by the
polarity of the kinocilium, a primary cilium (Figs. 1 and 2). Kinocilia
regress postnatally in the mammalian cochlea (Sobkowicz et al.,
1995, Leibovici et al., 2005), implicating a developmental role.

Recent studies revealed tantalizing links between cilia and PCP
signaling (Ross et al., 2005, Park et al., 2006, Jones and Chen,
2007) and raised the possibility that PCP signaling is required for
ciliogenesis and the possibility that cilia are involved in PCP
signaling. These findings provided the first experimental indica-
tion that kinocilia may indeed have a developmental role in the
cochlea.

Upon close examination, however, there are outstanding ques-
tions regarding the links between PCP signaling and ciliogenesis.
Gene knockdown of PCP downstream effectors, Inturned and
Fuzzy, in zebrafish causes a ciliogenesis defect (Park et al.,
2006), suggesting that PCP signaling may be required for
ciliogenesis. However, the PCP genes that are required for
ciliogenesis are limited to these downstream cytoskeletal effec-
tors. Kinocilia and other primary cilia appear to be normal in core
PCP mutants in studies reported by several laboratories, includ-
ing ours (Jones and Chen, 2007). These data argue against a
requirement for PCP signaling in ciliogenesis, but rather a dual
role of cytoskeletal effectors, such as Inturned and Fuzzy, for both
ciliogenesis and PCP.

Receptors and mediators for hedgehog (Hh) and platelet-
derived growth factor receptor (PDGFR) signaling pathways have
been localized to cilia for transducing both pathways (Corbit et al.,
2005, Haycraft et al., 2005, Liu et al., 2005, Schneider et al.,
2005). This newly defined role of cilia as a specialized subcellular
compartment for localizing and concentrating membrane bound
signal receptors and complexes to relay signals from the cilium to
the cell interior led to speculations that cilia may have a similar
function and transduce Wnt signals (Ross et al., 2005, Simons et
al., 2005). However, the first study implicating a role of ciliain PCP
signaling has raised some issues(Ross et al., 2005). A PCP
component, Ltap/Vangl2, was localized to the basal body and cilia
in ciliated human respiratory epithelial cells from nasal brushing
(Ross et al., 2005). Several Bardet-Biedl Syndrome (BBS) genes
encode basal body proteins and mutations in these BBS genes
cause ciliary defects and minor defects in stereociliary patterning
(Ross et al., 2005). However, the stereociliary defect in BBS
mutants is manifested with a low percentage of misshaped
stereocilia, in contrast to misoriented stereocilia observed in PCP
mutants. Ltap/Vangl2 or any other PCP proteins, such as Fz (Wnt
receptors), have yet to be localized to the basal body or ciliain a
tissue that exhibits PCP like the organ of Corti. Although the exact
role of cilia or ciliary genes in PCP signaling and the morphogen-
esis of the organ of Corti remains obscure, the possibility for the
involvement of cilia in PCP signaling is exciting and will be
pursued vigorously by the general biological field.

Coalescing multiple signaling pathways in shaping the
organ of Corti during terminal differentiation

Shortened and widened cochlear ducts and misorientation of
stereociliary bundles are not limited to mouse mutants defective
in PCP genes. In particular, genes for the Notch signaling are
expressed in the developing cochlea during terminal differentia-
tion and mutations in some of these genes result in certain
characteristic PCP defects in the cochlea and its sensory organ
(Kiernan et al., 2005a, Brooker et al., 2006). The role of the Notch
pathway in sensory competency and in determining the fate of
hair cells vs. supporting cells has been established (Daudet and
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Fig. 5. Typical PCP phenotypes in the cochlea. Defective PCP signaling leads to formation of a shorter (A) and wider (B) cochlea in mutant (mut)
mice, in comparison to wild-type (wt) animals. The widening of the cochlea and its sensory organ is most prominent toward the apical region (compare
Cand D) by staining for a hair cell marker (C, D). In addition, wild-type cochleae show a distinctive PCP, manifested with uniformly oriented stereocilia
(E) while PCP mutant cochleae display misorientation of stereocilia (F). A single primary cilium, the kinocilium (C-F), is seen on the apical surface of
each hair cell. Ip: the loop tail alleles, a loss-of-function allele for core PCP gene Vangl2 (Ltap). Brackets and arrowheads (E, F) indicate the outer and
inner hair cells, respectively. This image is modified from Wang et al. (2005), Nature Genetics. Authors’ Copyright.

Lewis, 2005, Kiernan et al., 2005a, Brooker et al., 2006, Kiernan
et al., 2006). In the mice carrying mutations in two of the Notch
ligands Jag2 and DII1, however, misorientation of stereocilia is
also apparent (Kiernan et al., 2005a). Shortened cochlear ducts
with increased rows of hair cells were observed toward the apical
region of the cochlea in mice mutated for DII1 (Kiernan et al.,
2005a, Brooker et al., 2006). It has been hypothesized that
misorientation of stereociliary bundles in Jag2 and DII1 mutants
may be an indirect result of defects in patterning hair cell and
supporting cell mosaic (Kiernan et al., 2005a). It has also been
hypothesized that shortened and widened cochlear ducts in DII1
mutants may be related to premature differentiation that shortens
the period of growth and prevents the sensory primordium from
elongating and narrowing normally (Brooker et al., 2006). While
the molecular mechanisms underlying PCP-like defects in Notch
pathway mutants are not determined, these data indicated a tight
coupling of cellular differentiation and patterning with PCP signal-
ing. It is possible that the specification and differentiation of hair
cells and/or supporting cells produces specific surface or mem-
brane components that are necessary for cell-cell communication
during PCP signaling for establishing uniform orientation of ste-
reocilia across the organ of Corti, and/or for mediolaterally polar-
ized cellular protrusive activity to drive CE of the cochlea.

The development of spiral ganglion neurons also appears to
influence the morphogenesis of the organ of Corti. In studies
looking at the role of neurogeninl in making afferent connections
to inner hair cells, it has been found that not only do afferent
connections have strong influence on the proper connections and

autonomic innervations, butit also seems to have directrole in the
development of the sensory epithelium (Ma et al., 2000). Although
hair cells seem to differentiate normally in the absence of afferent
innervation in Ngn1 null animals, other aspect of the phenotype,
in striking resemblance of PCP defects (Ma et al., 2000), strongly
implicates a role for neuronal influence on organ of Corti morpho-
genesis. The organ of Corti is shortened and expanded along the
mediolateral axis in the apical region (Ma et al., 2000).
Misorientation of stereocilia is also observed in the apical region
of the cochlea (Ma et al., 2000).

In addition to the Notch pathway and neural influence, Hh,
transforming growth factor-p (TGF-f) and FGF signaling may also
contribute to PCP processes in the cochlea. In Drosophila em-
bryos, Hh and Wnt molecules function together to orient the
denticles, actin-based cell projections, on segmentally repeated
subsets of ventral epidermal cells (Colosimo and Tolwinski, 2006,
Price et al., 2006). The role of Hh in terminal differentiation of the
organ of Corti is being actively investigated by several laborato-
ries (Riccomagno et al., 2002, Riccomagno et al., 2005) and will
help illustrate the complex upstream signaling molecules in PCP
signaling. During gastrulation in Xenopus, anterior-posterior cues
(along the extension axis), such as activin, a member of the TGF-
B family, are required for convergent extension (Ninomiya et al.,
2004). Interestingly, BMP4, one member of the TGF-3 family, is
expressed in an asymmetric manner in the cochlear epithelium
along the longitudinal (extension axis) and mediolateral axes of
the cochlea (Morsli et al., 1998). Multiple FGF ligands and
receptors/mediators are also expressed in the cochlea during
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terminal differentiation (Pirvola et al., 2000, Mueller et al., 2002,
Shim et al., 2005, Fritzsch et al., 2006). The role of Hh, BMP and
FGF signaling in early patterning and differentiation has been well
characterized. However, whether they also directly regulate PCP
processes, the uniform orientation of stereocilia and the presump-
tive CE, in the cochlea remains uncharted.

A working model of PCP regulation in the cochlea and
perspectives

The organ of Corti manifests perhaps the most distinctive form
of planar cell polarity in vertebrates. It has emerged as a model
system to illustrate the underlying mechanisms of the PCP
pathway thatis essential for development and function of multicel-
lular organisms.

Based on current understanding of PCP signaling and muta-
tions that affect uniform orientation of stereocilia and extension of
the cochlea, we propose a working model that coalesces multiple
signaling pathways for PCP regulation in the cochlea (Fig. 4).
Upon upstream directional cues which may consist of both mor-
phogens and proteins that mediate cell-cell adhesions, the core
PCP complexes are sorted asymmetrically along the mediolateral
axis of the cochlea. Cell-cell communications reinforce the sorting
of core PCP proteins and the alignment of neighboring cells.
Notably, all the known mice defective in core PCP genes maintain
“V"-shaped stereocilia. Although it is possible that there is re-
sidual PCP signaling in all these known PCP mutants sufficient for
the formation of “V”-shaped stereocilia, these observations point
to a mechanism in which the formation of “V”-shaped stereocilia
is independent of PCP signaling. Therefore, we propose that
cellular mediators link polarized core PCP complexes to the
machinery that directs the formation of “V"-shaped stereocilia in
individual hair cells and align uniformly the vertices of the “V”-
shaped stereocilia of all the hair cells along the mediolateral axis
of the cochlea, displaying PCP across the entire organ of Corti.

Many questions remain in PCP signaling in the cochlea. The
nature of upstream directional cues remains elusive. Wnt, Hh,
BMPs, FGFs, Fat-Dachsous interaction, as well as neural influ-
ence may set up the initial polarity of the core PCP complexes.
Similar to PCP regulation in Drosophila, core PCP complexes are
also polarized along the axis for PCP in the mammalian cochlea.
However, the detailed molecular interaction among core PCP
proteins may deviate from that of the well-characterized Droso-
phila core PCP proteins. The identity of the putative cellular
mediators that link polarized core PCP complexes to the machin-
ery for the formation of “V"-shaped stereocilia and how these
putative cellular mediators communicate with core PCP proteins
and components of the stereocilia are not yet unknown. The
apparent involvement of cilia and/or basal body in PCP signaling
opened new directions for seeking the mechanisms underlying
cochlea morphogenesis. It is tempting to hypothesize that cilia
may function as a specialized apparatus for directional cues for
PCP processes in the cochlea and that basal body as a microtu-
bule organization center may function in sorting of core PCP
complexes, and/or linking polarized core PCP complexes to
stereocilia to coordinate their uniform orientation across the organ
of Corti. The adhesive properties of the cells in the cochlea will
also be critical for the understanding of the cellular and molecular
components driving cellular rearrangements that shape the ex-

tended cochlear and its sensory organ. Research toward these
directions is exciting and will not only advance our understanding
of the underlying mechanism for the morphogenesis of the co-
chlea but also address fundamental issues in biology.

Acknowledgements

We thank Sharayne Mark and Kristen Radde-Gallwitz for their contri-
bution to inner ear paint-fill, immunostaining and in situ hybridization
images; Dalian Ding for helpful comments on inner ear structure. This
work is supported by grants from the US National Institute of Health (to
P.C.) and a predoctoral training grant from US National Institute of Health
(to M.K.).

References

ADLER, P.N., ZHU, C. and STONE, D. (2004). Inturned localizes to the proximal
side of wing cells under the instruction of upstream planar polarity proteins. Curr
Biol 14: 2046-51.

AMONLIRDVIMAN, K., KHARE, N.A., TREE, D.R., CHEN, W.S., AXELROD, J.D.
and TOMLIN, C.J. (2005). Mathematical modeling of planar cell polarity to
understand domineering nonautonomy. Science 307: 423-6.

AXELROD, J.D. (2001). Unipolar membrane association of dishevelled mediates
frizzled planar cell polarity signaling. Genes Dev 15: 1182-7.

AXELROD, J.D., MILLER, J.R., SHULMAN, J.M., MOON, R.T. and PERRIMON, N.
(1998). Differential recruitment of dishevelled provides signaling specificity in
the planar cell polarity and wingless signaling pathways. Genes Dev 12: 2610-
22.

BERMINGHAM, N.A., HASSAN, B.A., PRICE, S.D., VOLLRATH, M.A., BEN-ARIE,
N.,EATOCK,R.A.,BELLEN, H.J.,LYSAKOWSKI, A.and ZOGHBI, H.Y. (1999).
Math1: An essential gene for the generation of inner ear hair cells. Science 284:
1837-41.

BOK, J., BRONNER-FRASER, M. and WU, D.K. (2005). Role of the hindbrain in
dorsoventral but not anteroposterior axial specification of the inner ear. Devel-
opment 132: 2115-24.

BRODLAND, G.W. (2006). Do lamellipodia have the mechanical capacity to drive
convergent extension? Int J Dev Biol 50: 151-5.

BRODLAND, G.W. and VELDHUIS, J.H. (2006). Lamellipodium-driven tissue
reshaping: A parametric study. Comput Methods Biomech Biomed Engin 9: 17-
23.

BROOKER, R., HOZUMI, K. and LEWIS, J. (2006). Notch ligands with contrasting
functions: Jagged1 and deltal in the mouse inner ear. Development 133: 1277-
86.

CHANG, W., BRIGANDE, J.V., FEKETE, D.M. and WU, D.K. (2004). The develop-
ment of semicircular canals in the inner ear: Role of fgfs in sensory cristae.
Development 131: 4201-11.

CHANG, W., NUNES, F.D., DE JESUS-ESCOBAR, J.M., HARLAND, R. and WU,
D.K. (1999). Ectopic noggin blocks sensory and nonsensory organ morphogen-
esis in the chicken inner ear. Dev Biol 216: 369-81.

CHANG, W., TEN DIJKE, P. and WU, D.K. (2002). Bmp pathways are involved in
otic capsule formation and epithelial-mesenchymal signaling in the developing
chicken inner ear. Dev Biol 251: 380-94.

CHEN, P., JOHNSON, J.E., ZOGHBI, H.Y. and SEGIL, N. (2002). The role of math1
in inner ear development: Uncoupling the establishment of the sensory primor-
dium from hair cell fate determination. Development 129: 2495-505.

CHEN, P. and SEGIL, N. (1999). P27(kip1) links cell proliferation to morphogenesis
in the developing organ of Corti. Development 126: 1581-90.

CHEN, P., ZINDY, F., ABDALA, C., LIU, F., LI, X., ROUSSEL, M.F. and SEGIL, N.
(2003). Progressive hearing loss in mice lacking the cyclin-dependent kinase
inhibitor ink4d. Nat Cell Biol 5: 422-6.

CIRUNA, B., JENNY, A, LEE, D., MLODZIK, M. and SCHIER, A.F. (2006). Planar
cell polarity signalling couples cell division and morphogenesis during neurula-
tion. Nature 439: 220-4.

COLE, L.K.,LEROUX, I.,NUNES, F., LAUFER, E.,LEWIS, J.and WU, D.K. (2000).
Sensory organ generation in the chicken inner ear: Contributions of bone



morphogenetic protein 4, serratel and lunatic fringe. J Comp Neurol 424: 509-
20.

COLLIER, S., LEE, H., BURGESS, R. and ADLER, P. (2005). The wd40 repeat
protein fritz links cytoskeletal planar polarity to frizzled subcellular localization
in the Drosophila epidermis. Genetics 169: 2035-45.

COLOSIMO, P.F. and TOLWINSKI, N.S. (2006). Wnt, hedgehog and junctional
armadillo/beta-catenin establish planar polarity in the Drosophilaembryo. PLoS
ONE 1: e9.

CORBIT, K.C., AANSTAD, P., SINGLA, V., NORMAN, A.R., STAINIER, D.Y. and
REITER, J.F. (2005). Vertebrate smoothened functions at the primary cilium.
Nature 437: 1018-21.

CURTIN, J.A., QUINT, E., TSIPOURI, V., ARKELL, R.M., CATTANACH, B., COPP,
A.J., HENDERSON, D.J., SPURR, N., STANIER, P., FISHER, E.M. et al.
(2003). Mutation of celsrl disrupts planar polarity of inner ear hair cells and
causes severe neural tube defects in the mouse. Curr Biol 13: 1129-33.

DABDOUB, A., DONOHUE, M.J., BRENNAN, A., WOLF, V., MONTCOUQUIOL,
M., SASSOON, D.A., HSEIH, J.C., RUBIN, J.S., SALINAS, P.C. and KELLEY,
M.W. (2003). Wnt signaling mediates reorientation of outer hair cell stereociliary
bundles in the mammalian cochlea. Development 130: 2375-84.

DAUDET, N. and LEWIS, J. (2005). Two contrasting roles for notch activity in chick
inner ear development: Specification of prosensory patches and lateral inhibi-
tion of hair-cell differentiation. Development 132: 541-51.

DAVIS, E.E.,BRUECKNER, M. and KATSANIS, N. (2006). The emerging complex-
ity of the vertebrate cilium: New functional roles for an ancient organelle. Dev
Cell11: 9-19.

DJIANE, A., RIOU, J., UMBHAUER, M., BOUCAUT, J. and SHI, D. (2000). Role of
frizzled 7 in the regulation of convergent extension movements during gastru-
lation in Xenopus laevis. Development 127: 3091-100.

EDDISON, M., LE ROUX, I. and LEWIS, J. (2000). Notch signaling in the develop-
ment of the inner ear: Lessons from Drosophila. Proc Natl Acad Sci USA 97:
11692-9.

FANTO, M., CLAYTON, L., MEREDITH, J., HARDIMAN, K., CHARROUX, B.,
KERRIDGE, S. and MCNEILL, H. (2003). The tumor-suppressor and cell
adhesion molecule fat controls planar polarity via physical interactions with
atrophin, a transcriptional co-repressor. Development 130: 763-74.

FRITZSCH, B., PAULEY, S. and BEISEL, K.W. (2006). Cells, molecules and
morphogenesis: The making of the vertebrate ear. Brain Res 1091: 151-71.

FROLENKOV, G.l., BELYANTSEVA, |.A., FRIEDMAN, T.B. and GRIFFITH, A.J.
(2004). Genetic insights into the morphogenesis of inner ear hair cells. Nat Rev
Genet 5: 489-98.

GERLACH, L.M., HUTSON, M.R., GERMILLER, J.A., NGUYEN-LUU, D., VICTOR,
J.C. and BARALD, K.F. (2000). Addition of the bmp4 antagonist, noggin,
disrupts avian inner ear development. Development 127: 45-54.

GOTO, T. and KELLER, R. (2002). The planar cell polarity gene strabismus
regulates convergence and extension and neural fold closure in Xenopus. Dev
Biol 247: 165-81.

GUBB, D. and GARCIA-BELLIDO, A. (1982). A genetic analysis of the determina-
tion of cuticular polarity during development in Drosophila melanogaster. J
Embryol Exp Morphol 68: 37-57.

HABAS, R., DAWID, I.B. and HE, X. (2003). Coactivation of rac and rho by wnt/
frizzled signaling is required for vertebrate gastrulation. Genes Dev 17: 295-
309.

HABAS, R., KATO, Y. and HE, X. (2001). Wnt/frizzled activation of rho regulates
vertebrate gastrulation and requires a novel formin homology protein daam1.
Cell 107: 843-54.

HADDON, C., JIANG, Y.J., SMITHERS, L. and LEWIS, J. (1998). Delta-notch
signalling and the patterning of sensory cell differentiation in the zebrafish ear:
Evidence from the mind bomb mutant. Development 125: 4637-44.

HAYCRAFT, C.J., BANIZS, B., AYDIN-SON, Y., ZHANG, Q., MICHAUD, E.J. and
YODER, B.K. (2005). Gli2 and gli3 localize to cilia and require the intraflagellar
transport protein polaris for processing and function. PLoS Genet 1: e53.

HEISENBERG, C.P., TADA, M., RAUCH, G.J., SAUDE, L., CONCHA, M.L.,
GEISLER, R., STEMPLE, D.L., SMITH, J.C. and WILSON, S.W. (2000).
Silberblick/wnt11 mediates convergent extension movements during zebrafish
gastrulation. Nature 405: 76-81.

HENDERSON, C.G., TUCKER, J.B., MOGENSEN, M.M., MACKIE, J.B., CHAPLIN,

Morphogenesis of the organ of Corti 545

M.A., SLEPECKY, N.B. and LECKIE, L.M. (1995). Three microtubule-organiz-
ing centres collaborate in a mouse cochlear epithelial cell during supracellularly
coordinated control of microtubule positioning. J Cell Sci 108 (Pt 1): 37-50.

HUDSPETH, A.J. (1989). How the ear’s works work. Nature 341: 397-404.

HUDSPETH, A.J. (2000). Hearing. McGraw-Hill, New York.

HYODO-MIURA, J., YAMAMOTO, T.S., HYODO, A.C., IEMURA, S., KUSAKABE,
M., NISHIDA, E., NATSUME, T. and UENO, N. (2006). Xgap, an arfgap, is
required for polarized localization of par proteins and cell polarity in Xenopus
gastrulation. Dev Cell 11: 69-79.

JESSEN, J.R., TOPCZEWSKI, J., BINGHAM, S., SEPICH, D.S., MARLOW, F.,
CHANDRASEKHAR, A. and SOLNICA-KREZEL, L. (2002). Zebrafish trilobite
identifies new roles for strabismus in gastrulation and neuronal movements. Nat
Cell Biol 4: 610-5.

JIANG, D., MUNRO, E.M. and SMITH, W.C. (2005). Ascidian prickle regulates both
mediolateral and anterior-posterior cell polarity of notochord cells. Curr Biol 15:
79-85.

JONES, C. and CHEN, P. (2007). Planar cell polarity signaling in vertebrates.
Bioessays 29: 120-32.

KELLER, R. (2002). Shaping the vertebrate body plan by polarized embryonic cell
movements. Science 298: 1950-4.

KELLER, R.E., DANILCHIK, M., GIMLICH, R. and SHIH, J. (1985). The function and
mechanism of convergent extension during gastrulation of Xenopus laevis. J
Embryol Exp Morphol 89 Suppl: 185-209.

KIERNAN, A.E., CORDES, R., KOPAN, R., GOSSLER, A. and GRIDLEY, T.
(2005a). The notch ligands dll1 and jag2 act synergistically to regulate hair cell
development in the mammalian inner ear. Development 132: 4353-62.

KIERNAN, A.E., PELLING, A.L., LEUNG, K.K., TANG, A.S., BELL, D.M., TEASE,
C., LOVELL-BADGE, R., STEEL, K.P. and CHEAH, K.S. (2005b). Sox2 is
required for sensory organ development in the mammalian inner ear. Nature
434: 1031-5.

KIERNAN, A.E., XU, J. and GRIDLEY, T. (2006). The notch ligand jag1 is required
for sensory progenitor development in the mammalian inner ear. PLoS Genet
2:e4.

KIKUCHI, T., TONOSAKI, A. and TAKASAKA, T. (1988). Development of apical-
surface structures of mouse otic placode. Acta Otolaryngol 106: 200-7.

KILIAN, B., MANSUKOSKI, H., BARBOSA, F.C., ULRICH, F., TADA, M. and
HEISENBERG, C.P. (2003). The role of ppt/wnt5 in regulating cell shape and
movement during zebrafish gastrulation. Mech Dev 120: 467-76.

KLEIN, T.J. and MLODZIK, M. (2005). Planar cell polarization: An emerging model
points in the right direction. Annu Rev Cell Dev Biol 21: 155-76.

KRUSE, K. and JULICHER, F. (2005). Oscillations in cell biology. Curr Opin Cell
Biol 17: 20-6.

LANFORD, P.J.,LAN,Y.,JIANG, R.,LINDSELL, C., WEINMASTER, G., GRIDLEY,
T. and KELLEY, M.W. (1999). Notch signalling pathway mediates hair cell
development in mammalian cochlea. Nat Genet 21: 289-92.

LEE, Y.S., LIU, F. and SEGIL, N. (2006). A morphogenetic wave of p27kipl
transcription directs cell cycle exit during organ of Corti development. Develop-
ment 133: 2817-26.

LEIBOVICI, M., VERPY, E., GOODYEAR, R.J., ZWAENEPOEL, I., BLANCHARD,
S., LAINE, S., RICHARDSON, G.P. and PETIT, C. (2005). Initial characteriza-
tion of kinocilin, a protein of the hair cell kinocilium. Hear Res 203: 144-53.

LEWIS, E.R.,LEVERENZ, E.L. and BIALEK, W.S. (1985). The vertebrate inner ear.
Boca Raton: CRC Press.

LEWIS, J. and DAVIES, A. (2002). Planar cell polarity in the inner ear: How do hair
cells acquire their oriented structure? J Neurobiol 53: 190-201.

LI, H., CORRALES, C.E., WANG, Z., ZHAO, Y., WANG, Y., LIU, H. and HELLER,
S. (2005). Bmp4 signaling is involved in the generation of inner ear sensory
epithelia. BMC Dev Biol 5: 16.

LIM, D.J. and ANNIKO, M. (1985). Developmental morphology of the mouse inner
ear. A scanning electron microscopic observation. Acta Otolaryngol Suppl 422:
1-69.

LIU, A., WANG, B. and NISWANDER, L.A. (2005). Mouse intraflagellar transport
proteins regulate both the activator and repressor functions of gli transcription
factors. Development 132: 3103-11.

LIU, D., CHU, H., MAVES, L., YAN, Y.L., MORCOS, P.A., POSTLETHWAIT, J.H.



546 M. Kelly and P. Chen

and WESTERFIELD, M. (2003). Fgf3 and fgf8 dependent and independent
transcription factors are required for otic placode specification. Development
130: 2213-24.

LU, X., BORCHERS, A.G., JOLICOEUR, C., RAYBURN, H., BAKER, J.C. and
TESSIER-LAVIGNE, M. (2004). Ptk7/cck-4 is a novel regulator of planar cell
polarity in vertebrates. Nature 430: 93-8.

MA, D., YANG, C.H., MCNEILL, H., SIMON, M.A. and AXELROD, J.D. (2003).
Fidelity in planar cell polarity signalling. Nature 421: 543-7.

MA, Q., ANDERSON, D.J. and FRITZSCH, B. (2000). Neurogenin 1 null mutant
ears develop fewer, morphologically normal hair cells in smaller sensory
epithelia devoid of innervation. J Assoc Res Otolaryngol 1: 129-43.

MANLEY, G.A. (2000). Cochlear mechanisms from a phylogenetic viewpoint. Proc
Natl Acad Sci USA 97: 11736-43.

MARLOW, F., TOPCZEWSKI, J., SEPICH, D. and SOLNICA-KREZEL, L. (2002).
Zebrafish rho kinase 2 acts downstream of wntl1 to mediate cell polarity and
effective convergence and extension movements. Curr Biol 12: 876-84.

MAROON, H., WALSHE, J., MAHMOOD, R., KIEFER, P., DICKSON, C. and
MASON, I. (2002). Fgf3 and fgf8 are required together for formation of the otic
placode and vesicle. Development 129: 2099-108.

MATAKATSU, H. and BLAIR, S.S. (2004). Interactions between fat and dachsous
and the regulation of planar cell polarity in the Drosophila wing. Development
131: 3785-94.

MATEI, V., PAULEY, S., KAING, S., ROWITCH, D., BEISEL, K.W., MORRIS, K.,
FENG, F., JONES, K., LEE, J. and FRITZSCH, B. (2005). Smaller inner ear
sensory epithelia in neurog 1 null mice are related to earlier hair cell cycle exit.
Dev Dyn 234: 633-50.

MCKAY, 1.J., LEWIS, J. and LUMSDEN, A. (1996). The role of fgf-3 in early inner
ear development: An analysis in normal and kreisler mutant mice. Dev Biol 174:
370-8.

MCKENZIE, E., KRUPIN, A. and KELLEY, M.W. (2004). Cellular growth and
rearrangement during the development of the mammalian organ of Corti. Dev
Dyn 229: 802-12.

MCNEILL, H. (2000). Sticking together and sorting things out: Adhesion as a force
in development. Nat Rev Genet 1: 100-8.

MLODZIK, M. (2002). Planar cell polarization: Do the same mechanisms regulate
Drosophila tissue polarity and vertebrate gastrulation? Trends Genet 18: 564-
71.

MLODZIK, M. (2006). A gap in convergent extension scores par. Dev Cell 11: 2-4.

MOELLER, H.,JENNY, A., SCHAEFFER, H.J., SCHWARZ-ROMOND, T., MLODZIK,
M., HAMMERSCHMIDT, M. and BIRCHMEIER, W. (2006). Diversin regulates
heart formation and gastrulation movements in development. Proc Natl Acad
Sci USA.

MONTCOUQUIOL, M., RACHEL, R.A., LANFORD, P.J.,, COPELAND, N.G.,
JENKINS, N.A. and KELLEY, M.W. (2003). Identification of vangl2 and scrb1 as
planar polarity genes in mammals. Nature 423: 173-7.

MONTCOUQUIOL, M., SANS, N., HUSS, D., KACH, J., DICKMAN, J.D., FORGE,
A., RACHEL, R.A., COPELAND, N.G., JENKINS, N.A., BOGANI, D. et al.
(2006). Asymmetric localization of vangl2 and fz3 indicate novel mechanisms
for planar cell polarity in mammals. J Neurosci 26: 5265-75.

MOON, R.T. (2005). Wnt/beta-catenin pathway. Sci STKE 2005: cm1.

MORSLI, H., CHOO, D., RYAN, A., JOHNSON, R. and WU, D.K. (1998). Develop-
ment of the mouse inner ear and origin of its sensory organs. J Neurosci 18:
3327-35.

MUELLER, K.L., JACQUES, B.E. and KELLEY, M.W. (2002). Fibroblast growth
factor signaling regulates pillar cell development in the organ of Corti. J
Neurosci 22: 9368-77.

MYERS, D.C., SEPICH, D.S. and SOLNICA-KREZEL, L. (2002). Bmp activity
gradient regulates convergent extension during zebrafish gastrulation. Dev Biol
243: 81-98.

NINOMIYA, H., ELINSON, R.P. and WINKLBAUER, R. (2004). Antero-posterior
tissue polarity links mesoderm convergent extension to axial patterning. Nature
430: 364-7.

NOSE, A., NAGAFUCHI, A. and TAKEICHI, M. (1988). Expressed recombinant
cadherins mediate cell sorting in model systems. Cell 54: 993-1001.

OHKAWARA, B., YAMAMOTO, T.S., TADA, M. and UENO, N. (2003). Role of

glypican 4 in the regulation of convergent extension movements during gastru-
lation in Xenopus laevis. Development 130: 2129-38.

OHYAMA, T., MOHAMED, O.A., TAKETO, M.M., DUFORT, D. and GROVES, A K.
(2006). Wnt signals mediate a fate decision between otic placode and epider-
mis. Development 133: 865-75.

OISHI, I, KAWAKAMI, Y., RAYA, A., CALLOL-MASSOT, C. and BELMONTE, J.C.
(2006). Regulation of primary cilia formation and left-right patterning in zebrafish
by a noncanonical wnt signaling mediator, duboraya. Nat Genet 38: 1316-22.

OZAKI, H., NAKAMURA, K., FUNAHASHI, J., IKEDA, K., YAMADA, G., TOKANO,
H., OKAMURA, H.O., KITAMURA, K., MUTO, S., KOTAKI, H. et al. (2004). Six1
controls patterning of the mouse otic vesicle. Development 131: 551-62.

PARK, M.and MOON, R.T. (2002). The planar cell-polarity gene stbm regulates cell
behaviour and cell fate in vertebrate embryos. Nat Cell Biol 4: 20-5.

PARK, T.J., HAIGO, S.L. and WALLINGFORD, J.B. (2006). Ciliogenesis defects in
embryos lacking inturned or fuzzy function are associated with failure of planar
cell polarity and hedgehog signaling. Nat Genet 38: 303-11.

PARK, W.J., LIU, J., SHARP, E.J. and ADLER, P.N. (1996). The Drosophilatissue
polarity gene inturned acts cell autonomously and encodes a novel protein.
Development 122: 961-9.

PFAFF, S.L., MENDELSOHN, M., STEWART, C.L., EDLUND, T. and JESSELL,
T.M. (1996). Requirement for lim homeobox gene isl1 in motor neuron genera-
tion reveals a motor neuron-dependent step in interneuron differentiation. Cell
84: 309-20.

PHILLIPS, H.M., MURDOCH, J.N., CHAUDHRY, B., COPP, A.J.and HENDERSON,
D.J. (2005). Vangl2 acts viarhoa signaling to regulate polarized cell movements
during development of the proximal outflow tract. Circ Res 96: 292-9.

PIRVOLA, U., SPENCER-DENE, B., XING-QUN, L., KETTUNEN, P., THESLEFF,
I., FRITZSCH, B., DICKSON, C. and YLIKOSKI, J. (2000). Fgf/fgfr-2(iiib)
signaling is essential for inner ear morphogenesis. J Neurosci 20: 6125-34.

PRICE, M.H., ROBERTS, D.M., MCCARTNEY, B.M., JEZUIT, E. and PEIFER, M.
(2006). Cytoskeletal dynamics and cell signaling during planar polarity estab-
lishment in the Drosophila embryonic denticle. J Cell Sci 119: 403-15.

PUJADES, C., KAMAID, A., ALSINA, B. and GIRALDEZ, F. (2006). Bmp-signaling
regulates the generation of hair-cells. Dev Biol 292: 55-67.

QIAN, D., JONES, C., RZADZINSKA, A.K., MARK, S., ZHANG, X., STEEL, K.P.,
DAI, X. and CHEN, P. (2007). Wnt5a functions in planar cell polarity regulation
in mice. Developmental Biology doi: 10.1016/j.ydbio.2007/03.011.

RADDE-GALLWITZ, K., PAN, L., GAN, L., LIN, X., SEGIL, N. and CHEN, P. (2004).
Expression of isletl marks the sensory and neuronal lineages in the mammalian
inner ear. J Comp Neurol 477: 412-21.

RICCOMAGNO, M.M., MARTINU, L., MULHEISEN, M., WU, D.K. and EPSTEIN,
D.J. (2002). Specification of the mammalian cochlea is dependent on sonic
hedgehog. Genes Dev 16: 2365-78.

RICCOMAGNO, M.M., TAKADA, S. and EPSTEIN, D.J. (2005). Wnt-dependent
regulation of inner ear morphogenesis is balanced by the opposing and
supporting roles of shh. Genes Dev 19: 1612-23.

ROSS, A.J., MAY-SIMERA, H., EICHERS, E.R., KAI, M., HILL, J., JAGGER, D.J.,
LEITCH, C.C., CHAPPLE, J.P., MUNRO, P.M., FISHER, S. et al. (2005).
Disruption of bardet-biedl syndrome ciliary proteins perturbs planar cell polarity
in vertebrates. Nat Genet 37: 1135-40.

RUBEL, E.W. and FRITZSCH, B. (2002). Auditory system development: Primary
auditory neurons and their targets. Annu Rev Neurosci 25: 51-101.

RUBEN, R.J. (1967). Development of the inner ear of the mouse: A radioauto-
graphic study of terminal mitoses. Acta OtolaryngolSuppl 220:1-44.

SABURI, S. and MCNEILL, H. (2005). Organising cells into tissues: New roles for
cell adhesion molecules in planar cell polarity. Curr Opin Cell Biol 17: 482-8.

SATOH, T.and FEKETE, D.M. (2005). Clonal analysis of the relationships between
mechanosensory cells and the neurons that innervate them in the chicken ear.
Development 132: 1687-97.

SCHNEIDER, L., CLEMENT, C.A., TEILMANN, S.C., PAZOUR, G.J., HOFFMANN,
E.K., SATIR, P. and CHRISTENSEN, S.T. (2005). Pdgfralphaalpha signaling is
regulated through the primary cilium in fibroblasts. Curr Biol 15: 1861-6.

SCHWARZ-ROMOND, T., ASBRAND, C., BAKKERS, J., KUHL, M., SCHAEFFER,
H.J.,HUELSKEN, J.,BEHRENS, J., HAMMERSCHMIDT, M. and BIRCHMEIER,
W. (2002). The ankyrin repeat protein diversin recruits casein kinase iepsilon to



the beta-catenin degradation complex and acts in both canonical wnt and wnt/
jnk signaling. Genes Dev 16: 2073-84.

SHER, A.E. (1971). The embryonic and postnatal development of the inner ear of
the mouse. Acta Otolaryngol Suppl 285: 1-77.

SHIM, K., MINOWADA, G., COLING, D.E. and MARTIN, G.R. (2005). Sprouty2, a
mouse deafness gene, regulates cell fate decisions in the auditory sensory
epithelium by antagonizing fgf signaling. Dev Cell 8: 553-64.

SIMON, M.A. (2004). Planar cell polarity in the Drosophilaeye is directed by graded
four-jointed and dachsous expression. Development 131: 6175-84.

SIMONS, M., GLOY, J., GANNER, A., BULLERKOTTE, A., BASHKUROV, M.,
KRONIG, C., SCHERMER, B., BENZING, T., CABELLO, O.A., JENNY, A. etal.
(2005). Inversin, the gene product mutated in nephronophthisis type ii, functions
as a molecular switch between wnt signaling pathways. Nat Genet 37: 537-43.

SLEPECKY, N.B. (1996). The cochlea. Springer, New York.

SLEPECKY, N.B., HENDERSON, C.G. and SAHA, S. (1995). Post-translational
modifications of tubulin suggest that dynamic microtubules are present in
sensory cells and stable microtubules are present in supporting cells of the
mammalian cochlea. Hear Res 91: 136-47.

SLEPECKY, N.B. and ULFENDAHL, M. (1992). Actin-binding and microtubule-
associated proteins in the organ of Corti. Hear Res 57: 201-15.

SMITH, J.C., CONLON, F.L., SAKA, Y. and TADA, M. (2000). Xwntl1l and the
regulation of gastrulation in Xenopus. Philos Trans R Soc Lond B Biol Sci 355:
923-30.

SOBKOWICZ, H.M., SLAPNICK, S.M. and AUGUST, B.K. (1995). The kinocilium
of auditory hair cells and evidence for its morphogenetic role during the
regeneration of stereocilia and cuticular plates. J Neurocytol 24: 633-53.

SOKOL, S.Y. (1996). Analysis of dishevelled signalling pathways during Xenopus
development. Curr Biol 6: 1456-67.

SOLOMON, K.S., KWAK, S.J. and FRITZ, A. (2004). Genetic interactions underly-
ing otic placode induction and formation. Dev Dyn 230: 419-33.

STEINBERG, M.S. and TAKEICHI, M. (1994). Experimental specification of cell
sorting, tissue spreading and specific spatial patterning by quantitative differ-
ences in cadherin expression. Proc Natl Acad Sci USA 91: 206-9.

STRUTT, H., MUNDY, J., HOFSTRA, K. and STRUTT, D. (2004). Cleavage and
secretion is not required for four-jointed function in Drosophila patterning.
Development 131: 881-90.

STRUTT, H., PRICE, M.A. and STRUTT, D. (2006). Planar polarity is positively
regulated by casein kinase iepsilon in Drosophila. Curr Biol 16: 1329-36.
STRUTT, H. and STRUTT, D. (2005). Long-range coordination of planar polarity in

Drosophila. Bioessays 27: 1218-27.

TADA, M. and SMITH, J.C. (2000). Xwntl1 is a target of Xenopus brachyury:
Regulation of gastrulation movements via dishevelled, but not through the
canonical wnt pathway. Development 127: 2227-38.

TOWNES, P.L. and HOLTFRETER, J. (1955). Direct movements and selective
adhesion of embryonic amphibian cells. J. Exp. Zool. 128: 53-120.

TREE, D.R., MA, D. and AXELROD, J.D. (2002). A three-tiered mechanism for
regulation of planar cell polarity. Semin Cell Dev Biol 13: 217-24.

Morphogenesis of the organ of Corti 547

TURNER, C.M.and ADLER, P.N. (1998). Distinctroles for the actin and microtubule
cytoskeletons in the morphogenesis of epidermal hairs during wing develop-
ment in Drosophila. Mech Dev 70: 181-92.

VEEMAN, M.T., SLUSARSKI, D.C., KAYKAS, A., LOUIE, S.H. and MOON, R.T.
(2003). Zebrafish prickle, a modulator of noncanonical wnt/fz signaling, regu-
lates gastrulation movements. Curr Biol 13: 680-5.

VON BEKESY, G. (1970). Travelling waves as frequency analysers in the cochlea.
Nature 225: 1207-9.

WALLINGFORD, J.B., FRASER, S.E. and HARLAND, R.M. (2002). Convergent
extension: The molecular control of polarized cell movement during embryonic
development. Dev Cell 2: 695-706.

WALLINGFORD, J.B., ROWNING, B.A., VOGELI, K.M., ROTHBACHER, U.,
FRASER, S.E. and HARLAND, R.M. (2000). Dishevelled controls cell polarity
during Xenopus gastrulation. Nature 405: 81-5.

WANG, J., HAMBLET, N.S., MARK, S., DICKINSON, M.E., BRINKMAN, B.C.,
SEGIL, N., FRASER, S.E., CHEN, P., WALLINGFORD, J.B. and WYNSHAW-
BORIS, A. (2006a). Dishevelled genes mediate a conserved mammalian pcp
pathway to regulate convergent extension during neurulation. Development
133: 1767-78.

WANG, J., MARK, S., ZHANG, X., QIAN, D., YOO, S.J., RADDE-GALLWITZ, K.,
ZHANG, Y., LIN, X., COLLAZO, A., WYNSHAW-BORIS, A. et al. (2005).
Regulation of polarized extension and planar cell polarity in the cochlea by the
vertebrate pcp pathway. Nat Genet 37: 980-5.

WANG, Y., GUO, N. and NATHANS, J. (2006b). The role of frizzled3 and frizzled6
in neural tube closure and in the planar polarity of inner-ear sensory hair cells.
J Neurosci 26: 2147-56.

WILSON, P. and KELLER, R. (1991). Cell rearrangement during gastrulation of
Xenopus: Direct observation of cultured explants. Development 112: 289-300.

WOODS, C., MONTCOUQUIOL, M. and KELLEY, M.W. (2004). Math1 regulates
development of the sensory epithelium in the mammalian cochlea. Nat Neurosci
7:1310-8.

WRIGHT, T.J. and MANSOUR, S.L. (2003). Fgf3 and fgf10 are required for mouse
otic placode induction. Development 130: 3379-90.

YUN, U.J.,, KIM, S.Y., LIU, J., ADLER, P.N., BAE, E., KIM, J. and PARK, W.J.
(1999). The inturned protein of Drosophila melanogaster is a cytoplasmic
protein located at the cell periphery in wing cells. Dev Genet 25: 297-305.

ZAJAC, M., JONES, G.L. and GLAZIER, J.A. (2003). Simulating convergent
extension by way of anisotropic differential adhesion. J Theor Biol 222: 247-59.

ZALLEN, J.A. and WIESCHAUS, E. (2004). Patterned gene expression directs
bipolar planar polarity in Drosophila. Dev Cell 6: 343-55.

ZHAO, X., YANG, H., YAMOAH, E.N. and LUNDBERG, Y.W. (2007). Gene
targeting reveals the role of 0c90 as the essential organizer of the otoconial
organic matrix. Dev Biol.

Published Online: 27th August 2007



548 M. Kelly and P. Chen

Related, previously published Int. J. Dev. Biol. articles

See our Special Issue Ear Development edited by Fernando Giraldez and Bernd Fritzsch at:
http://www.ijdb.ehu.es/web/contents.php?vol=51&issue=6-7

Analysis of Netrin 1 receptors during inner ear development
Tanja Matilainen, Maarja Haugas, Jordan A. Kreidberg and Marjo Salminen
Int. J. Dev. Biol. (2007) 51: 409-414

Cell proliferation during the early compartmentalization of the Xenopus laevis inner ear
Quincy A. Quick and Elba E. Serrano
Int. J. Dev. Biol. (2007) 51: 201-210

Analysis of the role of the Rac/Cdc42 GTPases during planar cell polarity generation in Drosophila
Silvia Mufioz-Descalzo, Azucena Gémez-Cabrero, Marek Mlodzik and Nuria Paricio
Int. J. Dev. Biol. (2007) 51: 379-388

Do lamellipodia have the mechanical capacity to drive convergent extension?
G. Wayne Brodland
Int. J. Dev. Biol. (2006) 50: 151-155

Dynamin-dependent endocytosis is necessary for convergent-extension movements in Xenopus animal cap
explants.

Oliver Jarrett, Jennifer L Stow, Alpha S Yap and Brian Key

Int. J. Dev. Biol. (2002) 46: 467-473

Regulation of convergent extension in Xenopus by Wnt5a and Frizzled-8 is independent of the canonical Wnt
pathway.

J B Wallingford, K M Vogeli and R M Harland

Int. J. Dev. Biol. (2001) 45: 225-227




