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Abstract
The mammalian auditory sensory organ, the organ of Corti, consists of sensory hair cells with
uniformly oriented stereocilia on the apical surfaces, displaying a distinct planar cell polarity (PCP)
parallel to the sensory epithelium1-3. It is not clear how this polarity is achieved during
differentiation4-5. Here we show that the organ of Corti is formed from a thicker and shorter post-
mitotic primordium through unidirectional extension, characteristic of cellular intercalation known
as convergent extension6. Mutations in the PCP pathway interfere with this extension, resulting a
shortened and widened cochlea, as well as misorientation of stereocilia. Furthermore, parallel to the
homologous pathway in Drosophila7,8, a mammalian PCP component Dishevelled2 displays PCP-
dependent polarized subcellular localization across the organ of Corti. Together, these data suggest
a conserved molecular mechanism for PCP pathways in invertebrates and vertebrates, and indicate
that the mammalian PCP pathway might directly couple cellular intercalations to PCP establishment
in the cochlea.

Between embryonic day 13 (E13) and E14, precursors for the organ of Corti can be identified
as a zone of non-proliferating cells within the cochlear duct using BrdU pulse-labeling (Fig.
1c, brackets) 4,9-10. Subsequently, a gradient of cell differentiation within the precursor
domain initiates near the base of the cochlea and leads to the patterning of one row of inner
and three rows of outer hair cells (Fig. 1d, 1e) along the entire length of the cochlea by
E18.510, with uniformly oriented stereocilia on the apical surface of hair cells (Fig. 1e, green).
From E14.5 to E18.5, the length of the cochlea is increased approximately 2 fold (Fig. 1a-b).
As viewed in cross sections, the developing organ of Corti in the same period is thinned from
a 4-5 cell layered primordium (Fig. 1g) to only two layers of cells (Fig. 1h). One layer of hair
cells lies above a layer of supporting cell nuclei whose cytoplasmic phalangeal processes reach
the apexes of the hair cells, separating them from each other (Fig. 1h). Based on these
observations, we have previously proposed that the longer and thinner mature organ is formed
from a defined number of postmitotic precursor cells through integrated cellular intercalation
movements4. BrdU chasing from E14 to E18 further indicated that there was no detectable cell
mixing between the primordial organ of Corti and the surrounding cells (Fig. 1d). Furthermore,
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the hair cells at E14.5 marked by red fluorescent protein (Math1/RFP) were multi-cell layered
(Fig. 1f) within the sensory primordium (Fig. 1g). The thinning of the sensory primordium is
accomplished by E18.5 without detectable cell death (Fig. 1g-h).

To further test our hypothesis, we bisected E14.5 cochlear epithelia into apical and basal
portions, cultured them in a defined media. Using the cutting wound sites as reference points,
we monitored the extension of the organ of Corti from apical-to-basal or basal-to-apical
directions for the apical cultures or basal cultures, respectively (Fig. 2). At the beginning of
the culture, hair cell differentiation is restricted to a single row of inner hair cells near the base
(Fig. 2a-b) that has not yet reached the apex and outer hair cell region of the cochlea (Fig. 2a
and 2b). After 4 days in vitro (DIV), hair cell differentiation progressed normally in both apical
(Fig. 2c and 2h) and basal cultures (Fig. 2d-e, 2i-j). However, no extension of the organ of
Corti was observed beyond the wound site in the apical cultures (Fig. 2c and 2h); whereas hair
cell arrays extended beyond the wound site in the basal cultures (Fig. 2d-2e). This basal-to-
apical extension was confirmed by cellular labeling of the cut cultures (supplemental Fig. 1).
In addition, cells within the sensory region did not take up BrdU from the culture media, while
surrounding cells incorporate BrdU as the basal cultures extended apically (Fig. 2e and 2j,
notice the orientation of the cultures), indicating that only cells within the postmitotic precursor
domain contribute to the extended organ of Corti.

The in vivo and in vitro data together supported the hypothesis that the cells within the
postmitotic precursor domain underwent cellular rearrangements for extension. The process
appears to occur through thinning of the precursor domain, and this extension is unidirectional
from the base to the apex along the longitudinal axis of the cochlea, parallel to the basal-to-
apical differentiation gradient of the organ of Corti. The extension of the organ of Corti through
narrowing cell layers at a perpendicular axis is characteristic of cell movements known as
“convergent extension”6, a notion suggested by us4 and supported by a recent morphological
study11. Significantly, convergent extension in vertebrates is regulated by a conserved genetic
pathway, the PCP pathway, delineated by its role in planar cell polarity (PCP) in
Drosophila12-15. In mice, mutations in homologous PCP genes, Vangl21,16, Celsr12,17-18,
or both Dishevelled (Dvl) 1 and 219-20, lead to neural tube defects inferred to be failure of
convergent extension21-24. In addition, loss-of-function of Vangl21 or Celsr12 also results in
mis-orientation of stereocilia in the cochlea, implying that this putative mammalian PCP
pathway regulates cell polarity as well. Therefore, we hypothesized that the mammalian PCP
pathway regulates both the polarized extension and establishment of PCP in the organ of Corti
during terminal differentiation.

We analyzed the expression of mouse PCP homologous genes. As shown in figure 3, Celsr1
and Dvl1 are expressed in the epithelium and the spiral ganglion neurons (SG) that innervate
the hair cells at E16.5 (Fig. 3a and 3b). In addition, mice with a BAC (bacterial artificial
chromosome) transgene containing a functional Dvl2-EGFP fusion gene (supplemental Fig.
2) expressed DVL2-EGFP in the entire epithelium and the SG neurons in the cochlea (Fig. 3c).
The expression of these three PCP homologous genes is similar to the reported expression of
Vangl21. Furthermore, similar to the polarized subcellular distribution of PCP components in
Drosophila7-8,14-15, DVL2-EGFP shows a polarized and asymmetric subcellular localization
in the organ of Corti (Fig. 3h-j) consisting newly differentiated hair cells as well as in the
regions that undergo hair cell differentiation at E17.5(Fig. 3d-j). Coimmunuostaining further
revealed that DVL2-EGFP is enriched on the lateral side of the apical surface of the hair cells
(Fig. 3k-m). This polarized distribution of DVL2-EGFP in both the newly differentiated and
differentiating organ of Corti indicates that DVL2-EGFP is asymmetrically localized in the
organ of Corti prior to and during establishment of stereocilia orientation. This polarized
subcellular distribution of DVL2-EGFP in the hair cells was disrupted in Vangl2 loss-of-
function mutant looptail (Lp/Lp) mice16 (Fig. 3p). In contrast to wild-type littermates of readily
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detectable polarized membrane enrichment (Fig. 3o) at E18.5 (Fig. 3k, 3o), the membrane
enrichment of Dvl2-EGFP was greatly reduced in Lp/Lp mutants. Using laser powers 20 fold
of that used for wild-type littermates, faint cortical signals of Dvl2-EGFP could be detected
only sporadically, and were not restricted to the lateral side of hair cells (Fig. 3p). These data
suggested that a mammalian PCP pathway, involving Vangl2, Dvl and Celsr1 genes, may share
a similar underlying molecular mechanism with the fly PCP pathway in planar cell polarization.

We next examined potential genetic interactions between Vangl2 and Dvl genes and the role
for Dvl genes in the mammalian PCP pathway (Fig. 4 and 5). At E18.5 in Dvl119 or Dvl220
single null animals, or Dvl1 and Dvl2 double heterozygous, or Lp/+ animals display normal
stereocilia orientation (Fig. 4 and data not shown). In contrast, Dvl1−/−; Dvl2−/− (DvlDKO)
20, Lp/Lp, Dvl2−/−; Lp/+ animals show stereocilia mis-orientation (Fig. 4). As reported1, the
development of the stereocilia in Lp/Lp (Fig. 4d-f) was comparable to the wild-type littermate
while the uniform orientation of the stereocilia was disrupted (Fig. 4a-c). This disruption was
more severe in the medial region than in the base. Similarly, stereociliary bundle misorientation
in DvlDKO was mild in the base (Fig. 4i), but was more severely disrupted toward the medial
region (Fig. 4h). Denser cellular packing and a less recognizable form of stereocilia by
phalloidin staining in comparable regions from DvlDKO mutants were also observed (Fig. 4g-
h). The misorientation of stereocilia in DvlDKO is apparent (∼35% in the two outer rows of
outer hair cells), but to a less degree than in Lp/Lp mutants (∼95% in the two outer rows of
outer hair cells) in comparable medial regions. These differences in DvlDKO from Lp/Lp
mutants may result from additional cellular processes involving Dvl genes25-26 and the
possible involvement of another mouse Dvl gene, Dvl327. Misorientation of stereociliary
bundles were also seen in Dvl2−/−;Lp/+ mutants (Fig. 4m-o).

Examination of these mutants further revealed a strong correlation between stereocilia
orientation and the extension of the organ of Corti. Inner ears from PCP mutants of DvlDKO,
Lp/Lp, and Dvl2−/−; Lp/+ animals have shortened and widened cochlear ducts (Supplemental
Table I), compared with the normal appearance of inner ears from non-PCP control animals
(Fig. 5a-c, i). The widened organ of Corti in PCP mutants (Fig. 5e, 4d, 4g, 4m) had increased
rows of hair cells within about 1/3 of the cochlea from the apex, whereas compared to one row
of inner and three rows of outer hair cells normally seen throughout the cochlea in control
animals (Fig. 5d, comparable apical region). Collectively, these data indicate that Vangl2 and
Dvl genes are both involved and interact genetically to regulate the length to width ratio of the
cochlear duct, and that this phenotype associates with the PCP phenotype seen in the organ of
Corti.

The organ of Corti in PCP mutants, Lp/Lp (data not shown) and DvlDKO (Fig.5f-h), underwent
normal thinning to form one layer of hair cells and one layer of supporting cells in basal to
medial regions along the cochlear duct (Fig. 5h). These observations imply that the integral
cellular movements within the postmitotic precursor domain likely involve both radial
(thinning) and medial-lateral (narrowing) intercalations6 (Supplemental Fig. 3). The shortened
and widened cochlear ducts in PCP mutants are likely to be the manifestation of failed extension
resulting from defective medial-lateral intercalation.

The anterior-posterior axis of the PCP mutants was shortened1-3 and the inner ears are
displaced dorsally in the PCP mutants (data not shown). It is possible that the spatial alteration
in PCP mutants limited the normal extension of the cochlear duct, thus affecting hair cell
patterning and stereocilia orientation. We used intact and bisected cochlea organ cultures to
test directly the correlation of the loss-of-function of the PCP pathway with stereocilia
orientation and extension of the cochlea, respectively. Wild-type intact E14.5 cochlear ducts
increased in length by 30% after 6 DIV (Fig. 6c and 6e), compared to a 2-fold growth in vivo.
As a result, there were more rows of outer and inner hair cells toward the apical region (Fig.
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6g-i), similar to what has been observed in other studies28. Nevertheless, the stereocilia polarity
was maintained along the entire length of the cochlea duct (Fig. 6g-i), displaying a striking
intrinsic fidelity of stereocilia orientation in wild type tissues. The organs of Corti from Lp/
Lp embryos cultured under the same conditions failed to grow in length (< 2%) (Fig. 6d, 6f),
and displayed misorientation of the stereocilia (Fig. 6j,k). The apex was widened noticeably
in the culture (Fig. 6f). The extension retardation in PCP mutants was further directly
demonstrated in bisected cultures (Fig. 6l-o). As expected (Fig. 2), extension proceeded in a
basal-to-apical direction in wild-type (Fig. 6l-m, length increase = 1.74 ± 0.23 fold, n = 12)
and Lp/+ bisected cultures (length increase = 1.61 ± 0.19, n = 4). The proper orientation of
stereocilia was maintained in the extended organ of Corti (Fig. 6p). In contrast, the cochlea
and its sensory organ from Lp/Lp littermates failed to grow comparably (Fig. 6n-o, length
increase= 1.22 ± 0.08 fold, n = 7), and the orientation of stereocilia was disrupted (Fig. 6q).
These data indicated that the misorientation of stereocilia was intrinsic to the Looptail mutation
within the cochlear tissue, and that the Lp/Lp PCP mutants are defective in the extension of
the cochlea and organ of Corti.

Our data demonstrate that the organ of Corti undergoes polarized extension characteristic of
convergent extension through the thinning of cell layers during terminal differentiation.
Analyses of PCP mutants further indicate that, in addition to regulating the planar cell polarity
of the organ of Corti through a similar mechanism to its homologous Drosophila pathway by
asymmetric distribution of PCP components7-8,14-16, the mammalian PCP pathway is also
required for polarized extension of the cochlear duct and its sensory organ. The morphogenetic
observations of the normal development of the organ of Corti and the defect in PCP mutants
suggest that both radial and medial-lateral intercalations (yet to be tested directly) may be
involved in the extension of the organ of Corti and that medial-lateral intercalation is
significantly affected in PCP mutants. It is possible that the medial-lateral asymmetric
subcellular localization of Dvl2 we observed may: (1) indicate a conserved cellular mechanism
of PCP pathways from invertebrates to mammals in regulating planar cell polarity, and (2)
underlie the cellular mechanism by which the vertebrate PCP pathway regulates convergent
extension29 in the organ of Corti.

Methods
Mouse strains and animal care

The mouse strain Math1/GFP expressing GFP in the hair cells under the control of Math1
enhancers was as described4. Looptail animals were obtained originally from Jackson
Laboratory. Dvl1 and Dvl2 double knockout (DvlDKO) alleles were generated as
described19-20. Dvl2-EGFP animals were generated as described in supplemental figure 1.The
mouse strain carrying Math1-RFP was generated by BAC-mediated transgenesis. Embryos
positive for Math1/GFP or Math1-RFP were identified by positive GFP or RFP signals in the
cerebellum and spinal cord, respectively. Genotyping for Dvl1, Dvl2 knockout alleles, and the
Looptail allele was carried out as described16,19-20. To differentiate the Dvl2-EGFP BAC
transgene from the endogenous wild-type Dvl2, a pair of primers flanking intron 2 were used
for PCR (supplemental Table II). Endogenous wild-type Dvl2 allele gave rise to a PCR product
of 370 bp, while the Dvl2-EGFP transgene, due to the insertion of the 34 bp LoxP site in intron
2, gave rise to a PCR product of 404 bp (supplementary Fig. 2). The targeted Dvl2 null allele
would not be amplified in this PCR reaction. For BrdU injection, E14.5 timed pregnant females
were injected with BrdU at 50 μg/gram of body weight three times at two hour intervals and
sacrificed two hours after the last injection for pulse labeling, and three times per day at two
hour intervals till E18.5 for chasing. Animal care and use was in accordance with NIH
guidelines and was approved by the Animal Care and Use Committee of Emory University
and University of California San Diego.
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In situ hybridization and immunostaining of the inner ear tissues
Inner ear dissection, sectioning, immunostaining, and in situ hybridization were performed as
described30. For analyzing planar cell polarity of the organ of Corti, whole mount organs of
Corti were stained with an antibody against acetylated α-tubulin, followed by incubation with
Cy5-conjugated donkey against mouse antibody, counter stained with rhodamine-conjugated
phalloidin, and visualized with Zeiss LSM510. To visualize native GFP signals in the ear from
Dvl2-EGFP mice, the organs of Corti were dissected from lightly fixed embryos, counter
stained with phalloidin, and images were acquired with Zeiss LSM510 for less than 1 μm
optical sections. Primary antibodies and dyes used were: myosinVI (rabbit polyclonal, 1:200,
from Tama Hasson in UCSD); BrdU (mouse monoclonal, 1:100, from Chemicon International
Inc.); Islet1 (mouse monoclonal, 1:100, from Developmental Hybridoma Bank); ActCaspase3
(rabbit polyclonal, 1:100, from R&D Systems); acetylated α-tubulin (monoclonal, 1:50, a gift
from Winfield Sale at Emory University); p75 (rabbit polyclonal, 1:100 from Chemicon
International); rhodamine-conjugated phalloidin (25 pM, from Molecular Probes). Secondary
antibodies were obtained from Molecular Probes. cDNAs for Dvl1 and Celsr1 were cloned
from theE15.5 inner ear epithelium by RT-PCR with oligos listed in supplemental table II. For
quantification of misorientation of stereocilia, confocal images from kinocilium and
stereocilium double staining were used according the method described1. Stereocilia with a
larger than 20° deviation than normal were considered to be misoriented.

Hair cell count and cochlea length to width ratio (L/W) measurements
For L/W ratio, images of the entire dissected cochlear ducts were imported to NIH Image J,
and calculated by three independent measurements for each sample. For hair cell counting,
confocal images of the entire cochlear ducts stained for myosinVI were collected and hair cells
were counted at least twice for each sample.

Inner ear Paint-fill
The embryos of appropriate stages were fixed in Bodian fixative for overnight at 4°C,
dehydrated through series of alcohol, histo-cleared in methyl salicylate. The inner ears were
then partially dissected to allow insertion of micropipettes filled with 1% white latex paint in
methyl salicylate at the base of the cochlear duct for injection. Paint-filled inner ears were
imaged with an Olympus stereoscope SZX12 fitted with Hamamatsu digital camera.

Organ culture
Timed-pregnant females were sacrificed at E14.5. Inner ears were dissected out in DPBS
(GIBCO, Cat# 14040-133), incubated with dispase (GIBCO, Cat#17105-041, 1 mg/ml) and
collagenase (Worthington, Cat# S3J6581, 0.5 mg/ml) in DPBS for 2 minutes at room
temperature to clear away tissues surrounding the cochlear duct. Dissected cochlear ducts were
allowed to settle down on polyD-lysine (Sigma, Cat# P-6407, 0.5 mg/ml) and fibronectin
(Sigma, Cat# F1141, 0.005%) coated glass-bottomed dishes, and cultured in DMEM/F12
(Cellgro, Cat# 15-090-cv) supplemented with N2 (Gibco, Cat# 17502-048) for 4-6 DIV. For
BrdU incorporation in the culture, 1 μM of BrdU was included in the culture media for the
entire culture period. Culture media were replenished every other day, and images of live
cultures were taken with an Olympus I71 inverted microscope or a Zeiss LSM510. For bisected
cochlea cultures, while the base of the cochlear duct was adhered to the culture dish, the roof
of the tubular cochlear duct that did not adhere to the dish remained at its original location
during the culture period (supplemental Fig. 1). The bisection site of the roof of the cochlea,
therefore, served as a reference marker for the extension of the organ of Corti in the culture,
and verified by DiI labeling (supplemental Fig.1). For organ culture of Looptail mutants, the
wild-type, Lp/+, or Lp/Lp littermates were initially identified by normal appearance, loop tail,
or open neural tube, respectively. PCR reactions were followed to confirm the genotypes of
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the littermates. Culture images were imported into NIH Image J and the extension was
quantified by comparing the original length of the cochlea duct to the final length after 4-6
DIV.

Scanning Electron Microscopy of the organ of Corti
Inner ears were fixed in 2% paraformaldehyde/2% glutaraldehyde (EM grade) for overnight
at 4°C, transferred to 0.1M NaCacadylate, pH7.4. After removal of the aldehydes, the
specimens were treated with 1% tannic acid, followed by osmium tetroxide treatment.
Dehydrate the specimens through series ethanol, and critically dry the samples. The dried
samples were mounted on metal stubs, and coated with gold particles, and ready for
examination. The images were taken with DS-130/Schottky Field Emission SEM/STEM.

Database Accession Numbers
Vangl2/Ltap: Mm.36148; Celsr1: Mm.22680; Dvl1: Mm.3400; Dvl2: Mm.5114
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Fig. 1.
Differentiation of the organ of Corti from its postmitotic precursor domain. a-b: Paint-filled
inner ears at E14.5 (a) and E18.5 (b). Arrows indicate the base of the cochlea. Scale: 200 μm.
c-e: Confocal scans of E14.5 (c) or E18.5 (d) cochlear whole-mounts pulse-labeled for 6 hours
or chased with BrdU for 4 days, respectively, and double-stained for BrdU(red) and myosinVI
(green). The bracket in (c) indicates the non-proliferating primordium, within which a row of
inner hair cells (indicated by an arrowhead) is seen at the medial edge (c). By E18.5 (d), no
BrdU+ cells were detected in the organ of Corti. The organ of Corti from a P1 animal (e)
displays uniformly oriented stereocilia (green). The vortexes with a single kinocilium (red) of
the V-shaped stereocilia point to the lateral side. Scale: 50 μm (c-d); 10 μm (e). f-h: The
expression of Math1/RFP (f) marks the earliest hair cells in a multi-layered column
(arrowheads) at the medial edge of the precursor domain (bracket), which is demarcated by
Isl1 expression in E14.5 cross sections (g)27. By E18.5 (h), the organ of Corti has one layer
of hair cells (red) above the layer of supporting cell nuclei (indicated by an arrow). No activated-
caspase3+ cells (green in f and g, marked by asterisks) were detected within the organ of Corti
from E14.5 to E18.5. Scale: 50 μm. Inner and outer hair cells were indicated by arrowheads
and brackets (d, e, h), respectively. The magenta arrowhead (e) indicates the pillar cell region
separating inner from outer hair cells.
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Fig. 2.
Unidirectional extension of the organ of Corti in vitro. a-b: bisected basal (a) and apical (b)
portions of the same cochlear duct. Nuclei-localized GFP is expressed under the control of
Math1 enhancers4, marking the hair cells in live cultures. The bisection sites were indicated
by arrows. Both the basal (basal culture) and apical (apical culture) portions of the cochlea
were used for in vitro cultures (c-e). Note that the direction of prospective extensions beyond
the wound sites for the basal or the apical cultures will be basal-to-apical or apical-to-basal,
respectively. c-e: both the basal (basal culture) and apical (apical culture) portions of the same
cochlea (a-b) were cultured and extensions were monitored using the cutting wound sites
(indicated by arrows) as reference points (c-e). Hair cells (GFP+) differentiated normally in
the apical culture after 4 DIV (c). However, the rows of hair cells did not pass the bisection
site (c), indicating no apical-to-basal extension in the apical culture. The rows of hair cells in
the basal cultures (d and e) extended past the bisection sites (d, e) from basal-to-apical direction.
No BrdU incorporation in the organ of Corti was detected in extended basal cultures (e). The
rows of hair cells were bracketed with a pair of arrowheads, and the orientation of the explants
was indicated in (c-e).The bottom panels (f-j) are corresponding phase images of the upper
panels.
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Fig. 3.
Presence of a functional PCP pathway in the developing organ of Corti. a-c: in situ
hybridization of Celsr1 (a) and Dvl1 (b) at E16.5, and DVL2-EGFP signals (c) at E18.5. The
brackets in (a-b) indicate the organ of Corti. d-g: Confocal scans of the E17.5 organ of Corti
at 80% (d), 75% (e), 50% (f), and 25% (g) from the base of the cochlear duct. At the base (g),
hair cells are differentiated and stereocilia (red) are visible. In the medial region (f), the
stereocilia are less developed and not visible (red). However, both inner and outer hair cells
are differentiated (blue) and the kinocilia (green) are eccentric, indicating a polarized region.
At the apical region (d-e), myosinVI expression (blue) has yet to complete in the outer hair
cell region and the kinocilia (green) are centric, indicating a transition stage prior to the
polarization process. h-m: Confocal scanning of DVL2-EGFP (green) in a whole mount organ
of Corti at E17.5 from the corresponding apical (h), medial (i), and basal (j) regions as shown
in d-g. Counter-staining with hair cell membrane (l, red) and DVL2-EGFP (k) at E18.5
indicated DVL2-EGFP signal at the lateral side of hair cells (m) o-p: DVL2-EGFP in wild-
type (o) and Lp/Lp (p) littermates at E18.5. Note the loss of the wild-type (o) subcellular
localization of DVL2-EGFP in the Lp/Lp mutant (p, the asterisks mark hair cells with DVL2-
EGFP at the medial side). Arrowheads and brackets (c-p) mark the inner and outer hair cells,
respectively. Scale: 50 μm (a-m).
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Fig. 4.
The stereocilia of the organ of Corti displayed abnormal polarity in Dvl1−/−;Dvl2−/−

(DvlDKO), Lp/Lp, and Dvl2−/−;Lp/+ embryos. a-i: Confocal surface scanning of organs of
Corti stained for stereocilia (red) and kinocilia (green) from E18.5 wild-type (a-c), Lp/Lp (d-
f), DvlDKO(g-i) and Dvl2−/−; Lp/+ (m-o) embryos. Note that the stereocilia were readily
stained in the basal and medial regions of the cochlea at this stage in the control (b-c), while
they were less developed in the apical region (c). j-k: Scanning EM of the organs of Corti at
comparable medial regions from E18.5 control Dvl1−/−;Dvl2+/− (j) and DvlDKO embryos (k).
l: Higher magnification of SEM image for the two cells circled in (k). Note the relative positions
of kinocilium (arrowhead) and stereocilia were maintained while the orientation of the
stereocilia was altered in one of the cells. The outer and inner hair cell regions (a-k) are indicated
by brackets and arrowheads, respectively. Scale bars: 50 μm (a-i); 10 μm (j and k); 952 nm (l).
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Fig. 5.
Shortened and widened cochlear duct and its sensory organ, and defective extension in PCP
mutants. a: inner ears from PCP mutants, DvlDKO, Lp/Lp, Dvl2−/−; Lp/+, and control embryos
at E18.5. The brackets indicate the cochlea portion of the inner ear. The remainder is vestibule.
Scale: 500 μm. b-c: dissected cochlear ducts (b) from a control (upper) and DvlDKO (lower)
E18.5 embryos. Comparable regions from both samples were shown (c). The lines outline the
diameters of the cochlear ducts at comparable regions (b and c). Scale: 200 μm. d-e: confocal
images of the apical region of the organ of Corti from the control (d) and DvlDKO (e) E18.5
littermates. MyosinVI (green) for hair cells and acetylated α-tubulin (red) for kinocilia stainings
were shown. Notice the organized patterning of both hair cells and kinocilia in the control
samples (d) vs. increased hair cell rows and displacement of kinocilia in the mutant sample
(e). Scale: 25 μm. f-h: overlays of myosin VI (green) and phase images of the organ of Corti
at the apical-most (f), one fourth from the apex (g), and the basal-medial (h) regions of the
cochlea from E18.5 DvlDKO mutants. The asterisks mark the cells that are yet to complete the
thinning process. Scale: 25 μm.
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Fig. 6.
Direct requirement of PCP pathway in extension and planar cell polarity of the organ of Corti.
a-b: inner ears from control and Lp/Lp littermates at E14.5. Brackets mark the cochlear portion
of the inner ear. c-f: intact cochlear ducts from control (c and e) and Lp/Lp (d and f) cultured
6 DIV. Diameters of the cochlear ducts at the comparable apical regions were outlined (e and
f). Hair cells were visualized by Math1-EGFP. g-k: confocal images stereocilia (phalloidin)
for control (g-i) and Lp/Lp (j-k) cultures at the apical (g and j), medial (h and k), and basal (i)
regions. Scale: 25 μm. l-q: bisected basal regions of the cochlear ducts from wild type (l-m)
and Lp/Lp (n-o) cultured for 6 DIV, and the confocal images of stereocilia near the bisection
sites for the wildtype (p) and Lp/Lp (q). Arrows in l-o indicate the bisection sites. Arrowheads
and brackets in (g-k, p-q) mark the inner and outer hair cell regions, respectively, and magenta
arrowheads mark the pillar cell region that was stained with p75 (h, k, p,magenta).
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