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Postnatal Refinement of Auditory Hair Cell Planar Polarity
Deficits Occurs in the Absence of Vangl2
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The distinctive planar polarity of auditory hair cells is evident in the polarized organization of the stereociliary bundle. Mutations in the
core planar cell polarity gene Van Gogh-like 2 (Vangl2) result in hair cells that fail to properly orient their stereociliary bundles along the
mediolateral axis of the cochlea. The severity of this phenotype is graded along the length of the cochlea, similar to the hair cell differen-
tiation gradient, suggesting that an active refinement process corrects planar polarity phenotypes in Vangl2 knock-out (KO) mice.
Because Vangl2 gene deletions are lethal, Vangl2 conditional knock-outs (CKOs) were generated to test this hypothesis. When crossed
with Pax2–Cre, Vangl2 is deleted from the inner ear, yielding planar polarity phenotypes similar to Vangl2 KOs at late embryonic stages
except that Vangl2 CKO mice are viable and do not have craniorachischisis like Vangl2 KOs. Quantification of planar polarity deficits
through postnatal development demonstrates the activity of a Vangl2-independent refinement process that rescues the planar
polarity phenotype within 10 d of birth. In contrast, the Pax2–Cre;Vangl2 CKO has profound changes in the shape and distribution
of outer pillar cell and Deiters’ cell phalangeal processes that are not corrected during the period of planar polarity refinement.
Auditory brainstem response analyses of adult mice show a 10 –15 dB shift in auditory threshold, and distortion product otoa-
coustic emission measurements indicate that this mild hearing deficit is of cochlear origin. Together, these data demonstrate a
Vangl2-independent refinement mechanism that actively reorients auditory stereociliary bundles and reveals an unexpected role
of Vangl2 during supporting cell morphogenesis.

Introduction
Auditory hair cells detect sound through the mechanical deflec-
tion of the stereociliary bundle located on their apical cell sur-
faces. Stereocilia are elongated microvilli arranged in bundles of
two or three rows of increasing stereocilia length. Each stereocil-
ium connects to its taller neighbor by tip links that regulate
mechanotransduction channel opening. During development,
the tallest stereocilia are adjacent to a single kinocilium that is
displaced to one edge of the cell. Auditory hair cells are distributed
between one row of inner hair cells (IHCs) and three rows of outer
hair cells (OHCs) located in a sensory epithelium called the organ of
Corti that spirals along the length of the cochlea. They are stimulated
when the basilar membrane beneath organ of Corti vibrates in re-
sponse to sound and the stereocilia are deflected by the overlying
tectorial membrane. Because of the organization of tip links between
stereocilia, only deflections toward taller stereocilia generate the ten-
sion required to open mechanotransduction channels (Hudspeth

and Corey, 1977; Shotwell et al., 1981). As a result, there is a direct
correlation between the optimal orientation of the stimulus and ste-
reociliary bundle polarity.

The polarization of cellular structures parallel to an epithe-
lium is called planar polarity. For hair cells, planar polarity can be
described along three anatomical scales as recently reviewed for
the vestibular system (Deans, 2013). In the cochlea, planar polar-
ity is understood best at the cellular level in which it is called
planar cell polarity (PCP) and entails the coordinated orientation
of stereociliary bundle polarity between neighbors. Hair cell PCP
is regulated by the core PCP proteins that were identified in Dro-
sophila and includes the transmembrane protein Van Gogh,
Prickle (Pk), the Frizzled (Fz) receptors, Dishevelled, and Fla-
mingo. As best demonstrated in vertebrates for Van Gogh-like 2
(Vangl2), the coordinated orientation of stereociliary bundles is
disrupted in PCP mutants, whereas stereociliary bundle polarity
remains intact (Montcouquiol et al., 2003; Yin et al., 2012). Sim-
ilar PCP phenotypes occur in Celsr1 (Flamingo; Curtin et al.,
2003), Fz (Wang et al., 2006b), and Dishevelled mutants (Wang et
al., 2006a), although the types of hair cells (IHCs vs OHCs) are
not equally affected in each. This phenotypic variability may be
attributable to genetic redundancy (Wang et al., 2006a,b) or re-
flect overlap from alternative polarity pathways as suggested for
the vestibular system (Deans et al., 2007).

Planar polarity is dependent on a differentiation gradient em-
anating from the base of the cochlea that influences stereocilia
development and the severity of PCP phenotypes. For example,
in Vangl2 mutants, these phenotypes are more severe in the apical

Received March 27, 2013; revised July 16, 2013; accepted July 23, 2013.
Author contributions: C.L. and M.R.D. designed research; C.O.C., J.S.D., C.L., H.C., and M.R.D. performed research;

C.O.C., J.S.D., and M.R.D. analyzed data; M.R.D. wrote the paper.
This research was sponsored by grants from the National Organization of Hearing Research, National Institute on

Deafness and Other Communication Disorders (NIDCD) Grants R03 DC009490, R01 DC013066, and P30 DC005211,
Training Grant T32 DC0000023-28 (J.S.D.), and Grant R01 DC011741 (C.L.). We thank Amanda Lauer for guidance in
conducting auditory brainstem response and distortion product otoacoustic emission recordings and Benjamin
Copley for assistance in data management and analysis.

The authors declare no competing financial interests.
Correspondence should be addressed to Michael R. Deans at the above address. E-mail: mdeans4@jhmi.edu.
DOI:10.1523/JNEUROSCI.1307-13.2013

Copyright © 2013 the authors 0270-6474/13/3314001-16$15.00/0

The Journal of Neuroscience, August 28, 2013 • 33(35):14001–14016 • 14001



turn of the cochlea and milder in the base
at late embryonic stages (Montcouquiol et
al., 2003; Yin et al., 2012). One possibility
is that bundle reorientation corrects the
phenotype in the base and that this pro-
cess could rescue the apical PCP pheno-
type if development continued past birth.
To test this hypothesis, we generated
Vangl2 conditional knock-out (CKO)
mice in which Vangl2 deletion is restricted
to the ear for detailed postnatal anatomi-
cal and physiological analysis.

Materials and Methods
Vangl2 gene targeting. A gene targeting vector
was assembled containing a 6 kilobase (kb) 5�
arm that was modified by inserting LoxP and
BamH1 sequences into a unique Xba1 restric-
tion endonuclease (RE) site located in the in-
tron upstream of Vangl2 exon 2. A second
LoxP sequence and a Neomyocin resistance
gene (NeoR) flanked by FLP recombinase rec-
ognition target sequences (FRT) were intro-
duced into a unique EcoR1 RE site located in
the intron downstream of exon 3. The remainder
of the vector consisted of a 5.1 kb 3� homologous
arm and a Diptheria toxin A-chain negative selec-
tion cassette. Mouse genomic DNA sequences
used as homologous arms were amplified by PCR
from DNA derived from the TC1 embryonic
stem (ES) cell line using Phusion High-Fidelity
polymerase (New England Biolabs), and coding
sequence exons located within the homologous
arms were sequenced to check for PCR-induced
mutations. This targeting vector was electropo-
rated into strain 129s6VeV mouse ES cells by the
Johns Hopkins University (JHU) ES Cell Target-
ing Core, and, after positive selection with G418,
homologous recombination was validated in sur-
viving clones by PCR. A single ES cell line was
injected into C57BL/6 blastocysts by the JHU
Transgenics Core. After germ-line transmis-
sion, founders were crossed with transgenic
mice ubiquitously expressing FLP recombi-
nase (ACTB–FlpE; Rodríguez et al., 2000) to
remove the FRT flanked NeoR gene. The
modified Vangl2 LoxP allele was validated by
Southern blot analysis using conventional
protocols. The position of 5� and 3� probe
binding and BamH1 and EcoR1 REs used for

Figure 1. Vangl2 gene targeting for CKO and KO mouse production. A, The Vangl2 CKO allele was generated by flanking Vangl2
exons 2 and 3 with LoxP sequences. Exon 2 contains the translation initiation codon (ATG). An additional BamH1 restriction site was
inserted along with the 5� LoxP sequence to facilitate subsequent Southern blot assays. After germ-line transmission of the
targeted allele, progeny were crossed to FlpE transgenic mice to excise the NeoR selection cassette yielding the Vangl2 LoxP allele.
B, Southern blot analysis confirming proper recombination at the Vangl2 allele, the presence of 5� and 3� LoxP sites, and excision
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of the NeoR selection cassette. The position of BamHI and EcoRI
restriction sites and the location of 5� and 3� probe binding
sites used for Southern blots are indicated in A. C, Western blot
analysis demonstrates the loss of Vangl2 protein from brain
lysates derived from Vangl2 �ATG KO mice at E18.5. D, Western
blot analysis demonstrates the efficiency of Cre-mediated
gene deletion based on the loss of Vangl2 protein from co-
chlear epithelium of individual Pax2–Cre;Vangl2 CKO mice at
P1. E, F, Auditory planar polarity visualized using phalloidin
(green) and antibodies against the basal body protein Peri-
centrin (red) for hair cells located in the middle turn of the
cochlea of E18.5 WT (D) and Vangl2 � ATG KO (E) embryos.
In Vangl2 KOs, misoriented hair cells are found in the IHC
row (arrows) and throughout the OHC3 (arrowheads).
Scale bar, 10 �m.
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Southern blotting are indicated in Figure 1A. The complementary
Vangl2 � ATG knock-out (KO) allele was generated by crossing
Vangl2 LoxP to transgenic mice ubiquitously expressing Cre recombi-
nase (CAG–Cre; Sakai and Miyazaki, 1997) to permanently delete
exons 2 and 3 in mouse oocytes.

Mouse husbandry and genotyping. Pax2–Cre mice were provided by
Andrew Groves (Baylor College of Medicine, Houston, TX), and the
CAG–Cre (Sakai and Miyazaki, 1997) and ACTB–FlpE (Rodríguez et al.,
2000) lines were distributed by the JHU Transgenics Core. Vangl2 � ATG

and Vangl2 LoxP lines were produced as described, and the Vangl2 � TMs

allele was previously reported (Yin et al., 2012). For general colony main-
tenance, all mouse lines were backcrossed with hybrid B6129SF1/J fe-
males (The Jackson Laboratory strain 101043). Mice were genotyped by
PCR amplification using the following primer pairs: Pax2–Cre and CAG–
Cre,5�-ATTTGCCTGCATTACCGGTC-3�and5�-ATCAACGTTTTCTT
TTCGGA-3�; Vangl2 � ATG, 5�-GCCTTCCATGGTATGGTGTC-3� and
5�-CACCCAACAGGAGGTGAGTT-3�; Vangl2 LoxP and Vangl2 wild
type (WT), 5�-TCCTGTCCCTGAGTCCCAAATG-3� and 5�-CTACTC
CAGCCTGCGCCAACCTTA-3�; and Vangl2 � TMs, 5�-ATCACCTCAC
TTGGCTGGAATAGATG-3� and 5�-GAAGTTATAAGCTTTGTTCC
AG-3�. All mice were maintained at JHU School of Medicine under
Institutional Animal Care and Use Committee-approved guidelines.

Western blot and immunofluorescence. Protein lysates were prepared
from tissues for Western blot analysis using a lysis buffer consisting of 25
mM Tris, pH 7.4, 1% NP-40, 50 mM NaCl, and 1� protease inhibitor
cocktail (P8340; Sigma). Protein lysates from microdissected cochlear
epithelium collected at P1 were concentrated before electrophoresis us-
ing Spin-X UF Concentrators (Corning). After SDS-PAGE, proteins
were transferred to nitrocellulose filters and blotted with standard West-
ern blot techniques using anti-Vangl2, anti-Zeb1, or anti-Actin antibod-
ies, followed by chemiluminescent detection using Bio-Rad ImmunStar
HRP substrate. Cochlear epithelial samples containing detectable levels
of the mesenchymal marker Zeb1 (Hertzano et al., 2011) were considered
to be insufficiently dissected and were excluded from the analysis. Im-
munofluorescent labeling of auditory and vestibular hair cells was com-
pleted using inner ear tissues fixed for 2 h in a solution of 4%
paraformaldehyde (PFA) prepared in 67 mM Sorenson’s phosphate buf-
fer, pH 7.4. Utricles and cochleae were subsequently removed, dissected
to expose the surface of the sensory epithelia, and permeabilized and
blocked using blocking solution (5% donkey serum, 1% BSA, and PBS)
supplemented with Triton X-100 to 0.5%. Primary antibodies and phal-
loidin Alexa Fluor 488 (Invitrogen A12379) were diluted in blocking
solution supplemented with Tween 20 to 0.1% and incubated with the
tissue overnight at 4 °C. Tissue was washed thoroughly with PBS-T (PBS
and 0.05% Tween 20), followed by incubation with species-specific, Al-
exa Fluor-conjugated (Invitrogen) or DyLight-conjugated (Jackson Im-
munoResearch) secondary antibodies. Tissue was subsequently washed
with PBS-T, mounted using Fluoro-Gel (Electron Microscopy Sciences),
and imaged using a Carl Zeiss LSM710 confocal microscope. Three-
dimensional (3D) reconstructions of individual Deiters’ cells were
generated using Zen software (Carl Zeiss) from confocal stacks. The
following commercial antibodies were used in this study: Actin
(mAB1501; Millipore), �1�2-tubulin (T8535; Sigma), Myosin VIIa (25-
6790; Proteus Biosciences), Oncomodulin (SC7446; Santa Cruz Biotech-
nology), Pericentrin (PRB432C; Covance), Vangl1 (HPA025235;
Sigma), Vangl2 (SC46561; Santa Cruz Biotechnology), and Zeb1 (A301–
921A; Bethyl). The Pk2 antibody was a gift from M. Scott and J. Axelrod
(Stanford University, Stanford, CA; Deans et al., 2007), and the Fz6
antibody was a gift from J. Nathans (JHU, Baltimore, MD; Wang et al.,
2006b).

Quantification of phenotypes. For auditory hair cell analyses, the organ
of Corti was imaged by confocal microscopy at three positions located at
25, 50, and 75% the length of the cochlea relative to the base. The orien-
tation of individual hair cells was measured using the NIH ImageJ angle
measurement tool as described previously (Yin et al., 2012) and were
compiled in circular histograms using Oriana circular graphing software
(Kovach Computing Services). Planar polarity phenotypes were further
quantified by averaging the absolute deviation of hair cell polarities from
mediolateral axis of the cochlear spiral for each animal. These analyses

were completed for Vangl2 CKOs and littermate controls at each of the
three cochlear positions. The ratio of OHCs/supporting cells at P10 –P12
was determined for the 75% planar polarity analysis fields by counting
individual cells using the NIH ImageJ cell counter plug-in. Cells were
labeled with phalloidin, and hair cells and supporting cells were distin-
guished by the presence of stereocilia and the shape of the apical surface.
The supporting cell populations quantified for comparison to the OHCs
were the outer pillar cells (OPCs) and three rows of Deiters’ cells (n � 5
Vangl2 CKOs and 5 littermate controls).

For vestibular hair cell analyses, the utricular maculae was imaged by
confocal microscopy at two positions spanning the Oncomodulin-
positive striola, and images were combined based on regions of overlap.
Stereociliary bundle orientation measurements were completed in three
100 � 50 �m analysis fields as described previously (Yin et al., 2012) and
were compiled in circular histograms using Oriana circular graphing
software (Kovach Computing Services). Planar polarity phenotypes were
further quantified by averaging the mean absolute deviation of hair cell
polarities from a reference axis drawn perpendicular to the line of polar-
ity reversal (LPR). Statistical significance was calculated by a two-tailed
Student’s t test with unequal variance. Circular variance (CV) was calcu-
lated separately using Oriana software for the hair cells located in each
analysis field from the different animals, and calculated values were pre-
sented using scatter plots binned for each variable.

3D reconstruction of intact inner ears. Ears were processed for 3D recon-
struction as described by Kopecky et al. (2012). In brief, ears were dissected
from embryonic day 18.5 (E18.5) mice and fixed in 4% PFA for 48 h, fol-
lowed by PBS wash and dehydration through a graded series of ethanol, and
then tissues were stained using a solution of 0.0005% Rhodamine B isothio-
cyanate (Sigma) prepared in 100% ethanol for 2 d. The staining solution was
then replaced with a 1:1 ratio of staining solution/Spalteholz solution over-
night. The ears were then placed in 100% Spalteholz solution (five parts
methyl salicylate, three parts benzyl benzoate) for 6–48 h until imaged. For
imaging, tissue was mounted on glass slides using Spalteholz solution and
sealed using vacuum grease. Images were collected using a Carl Zeiss 780
confocal microscope with Zen software. For 3D reconstruction, image stacks
were segmented and rendered using Imaris imaging software.

Scanning electron microscopy. The mice for scanning electron micros-
copy (SEM) were killed using CO2 and perfused with 4% PFA. Ears were
then immediately removed and fixed in a combination of 2.5% glutaral-
dehyde and 2% PFA overnight. Ears were rinsed in 0.1 M sodium phos-
phate buffer, followed by decalcification with 5% EDTA for 72 h.
Cochleae were then dissected from the ear and, after tectorial membrane
removal, were secondarily fixed in 2% osmium tetroxide in 0.1 M phos-
phate buffer for 1 h. Samples were dehydrated in a graded ethanol and
hexamethyldisilazane series, mounted on stubs, and coated with gold/
palladium for 2 min at 10 mA. Samples were then viewed with a LEO/Carl
Zeiss Field-Emission Scanning Electron Microscope located in the JHU
School of Medicine Microscopy Facility using 3 MeV acceleration.

Deiters’ cell dye injection. Postnatal mice (P8 –P10) were anesthetized
using isoflurane and were decapitated after ensuring deep anesthesia with
a foot pinch. After removal of the temporal bone, the stria vascularis and
tectorial membrane was microdissected away from the apical turns of the
organ of Corti. The cochlear turn was then flattened by an insect pin
glued onto a coverslip and imaged under a Carl Zeiss Examiner D1
microscope using a 40� water-immersion objective and a camera with
contrast enhancement (Hamamatsu C2400-62). Tissue was bathed in an
extracellular solution composed of the following (in mM): 5.8 KCl, 144
NaCl, 1.3 CaCl2, 0.9 MgCl2, 0.7 NaH2PO4, 5 glucose, and 10 HEPES, pH
7.4. Deiters’ cells were identified by the location of their soma under the
three rows of OHCs. Sharp electrodes were pulled from 1 mm borosili-
cate glass capillary (WPI), reaching a resistance of 100 –150 M�, and
were filled with 10 mM Alexa Fluor 488 hydrazide (Invitrogen). The dye
was injected using biphasic current (�500 pA, 5 Hz, 30 s to 1 min) until
the phalangeal processes of Deiters’ cells were brightly labeled. After dye
injection, the cochlea was immediately fixed in 4% PFA for 2 h at 4°C.
After fixation, tissues were labeled for whole-mount immunofluorescent
imaging as described previously.

Auditory brainstem response and distortion product otoacoustic emis-
sion. Animals bred for auditory brainstem response (ABR) and distortion
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product otoacoustic emission (DPOAE) recordings were reared in a
noise-controlled vivarium to minimize the potential for noise-induced
hearing loss caused by environmental sources (Lauer et al., 2009). Six to
8-week-old mice were anesthetized with a solution of ketamine (100
mg/kg) and xylazine (20 mg/kg) in 14% ethyl alcohol administered by
intraperitoneal injection and maintained at 37°C on gauze-covered heat-
ing pads located inside a sound-attenuating chamber. Body temperature
was monitored throughout the recording period using a rectal thermom-
eter, whereas heart rate and breathing were monitored with an audio
monitor and oscilloscope.

ABRs were recorded from the scalp with platinum subdermal needle
electrodes (Grass Instruments) placed behind the left pinna and at the
vertex of the skull, whereas a ground electrode was inserted into the
ipsilateral hindleg muscle. Stimulus generation and ABR recordings
were controlled using customized MATLAB software interfaced with
Tucker Davis Technologies hardware. Stimuli were amplified using a
Crown amplifier and played through a Fostex dome tweeter speaker
(model FT28D). Speaker calibration was performed using a 1⁄4-inch
Brüel and Kjær free-field microphone, Tucker Davis Technologies hard-
ware, and customize MATLAB software, and speakers were positioned 25
cm from the vertex of the skull and aligned with the left–right axis of the
animal. Sound stimuli were amplified using a Crown amplifier, and the
recorded neuronal responses were amplified using a WPI ISO-80 biolog-
ical amplifier and filtered between 30 and 3000 Hz using a Krohn-Hite
bandpass filter. Responses to 100 �s clicks and 5 ms tone pips of 4, 8, 16,
24, or 32 kHz (0.5 ms rise/fall times) presented at a rate of 20 –30/s were
recorded for Pax2–Cre;Vangl2 � TM/LoxP experimental or Pax2–Cre;
Vangl2 � TM/WT littermate control animals. The recording period lasted
for 30 ms beginning with stimulus onset. Within this period, the ABR
waveform initiated and receded within 2–10 ms of stimulus onset. ABR
magnitude was determined by calculating the maximum peak-to-peak
amplitude for any wave occurring within this 8 ms window. For each
animal, recordings were averaged for �300 epochs at each frequency and
sound pressure level. The magnitude of the baseline response was calcu-
lated by averaging the last 10 ms of each 30 ms trace. Threshold was
defined as the stimulus level that produced a waveform response with
magnitude �2� SD of the baseline magnitude. This value was interpo-
lated from the input– output function relating ABR magnitude to stim-
ulus level. Wave 1 amplitude was calculated as the difference between P1
and N2 (defined as maximum and minimum voltage, respectively, re-
corded in the time window 1.5–3.1 �s after stimulus onset). For Figure
11, representative ABR responses were produced by averaging the wave-
form responses from all animals tested (n � 8 Pax2–Cre;Vangl2 CKOs;
n � 10 littermate controls). Statistical significance was calculated by a
two-tailed Student’s t test with unequal variance.

DPOAEs were measured from anesthetized mice using an ear insert
consisting of independent conduction tubes for two Etymotic ER-2 re-
mote speakers and a microphone (ER-10C; Etymotic). When fitted with
a small rubber tip sized for a neonatal human, the probe unit fits snugly
into the ear canal of an adult mouse. Accurate placement of the probe was
tested by measuring the ear canal response for both speakers. Using this
probe, the cochlea was stimulated with two primary frequencies (f1 and
f2, where f2 � f1), and the distortion product (2f1 � f2) emitted by the
cochlea was measured. Distortion products were produced using an f2/f1
ratio of 1.22 and an f2 primary frequency of 12 or 16 kHz. The level of f1
was always 10 dB higher than the level of f2, and f2 was varied from 10 to
50 dB SPL to produce input– output functions relating distortion prod-
uct magnitude to stimulus level. Responses were averaged over 50 repe-
titions. Stimulus presentations and DPOAE recordings were made using
MATLAB OpenDP software version 4.0 created by Ed Smith (University
of Maryland, College Park, MD). Statistical significance was calculated by
a two-tailed Student’s t test with unequal variance.

Results
Production of ear-restricted Vangl2 CKOs and phenotypic
comparison of KO and CKO phenotypes
The core PCP protein Vangl2 contributes to planar polarity dur-
ing a number of different development events, including the con-

vergent extension movements of neuroepithelial cells along
the vertebrate axis that are essential for neural tube closure. As
a result, the Vangl2 mutations in the Looptail mouse and
Vangl2� TMs KO mice result in craniorachischisis, a profound and
lethal neural tube defect in which the neural tube fails to close
along the length of the embryo (Kibar et al., 2001; Yin et al.,
2012). To interrogate Vangl2 function at later postnatal stages,
Vangl2 CKO mice were generated in which Vangl2 gene deletion
can be restricted in specific cells or tissues using Cre recombinase.
For this approach, the Vangl2 gene was modified by homologous
recombination in mouse ES cells to introduce tandem LoxP sites
flanking exons 2 and 3 (Fig. 1A). Homozygous floxed animals
(Vangl2 LoxP/LoxP) are viable, and homologous recombination
and excision of a neomycin resistance (NeoR) gene used for pos-
itive selection were confirmed by Southern blot assay (Fig. 1B).
To confirm that Cre-mediated deletion of these exons prevented
Vangl2 protein expression as predicted, Vangl2 LoxP mice were
crossed to CAG–Cre mice in which recombination occurs in the
oocyte (Sakai and Miyazaki, 1997). This permanently deleted
Vangl2, resulting in a second Vangl2 KO allele (Vangl2� ATG).
Western blot analyses using a polyclonal antibody directed
against the N terminus of Vangl2 demonstrated a complete loss of
Vangl2 protein from Vangl2� ATG KO brain lysates at E18.5 (Fig.
1C). In addition, and similar to the Vangl2� TMs KO, Vangl2� ATG

KOs are not viable because of neural tube defects (Yin et al.,
2012). To confirm that the Vangl2� ATG deletion produced a fully
penetrant inner ear phenotype, cochleae were collected from
Vangl2� ATG KOs and WT control embryos at E18.5. At this stage,
the planar polarity of auditory hair cells was visualized using
phalloidin to label the stereociliary bundle and antibodies against
Pericentrin to mark the basal body of the kinocilium (Fig 1E,F).
In all positions examined along the length of the cochlea, the
mutant organ of Corti contained misoriented hair cells in the
IHC and third outer hair cell (OHC3) rows. Similar to the Loop-
tail (Montcouquiol et al., 2003) and Vangl2� TMs KO (Yin et al.,
2012) lines, this phenotype is greatest in OHC3 in which the
majority of hair cells are pointed in the wrong direction.

To study Vangl2 function during postnatal development,
CKOs were generated in which Vangl2 gene deletion is re-
stricted to limited tissues including the inner ear by crossing
Vangl2 LoxP/LoxP female mice to Pax2–Cre	;Vangl2� TMs/WT

males. The resulting Pax2–Cre	;Vangl2� TMs/LoxP mice (hence-
forth called Vangl2 CKOs) are viable and display no overt phys-
iological or behavior phenotypes in standard housing conditions.
The efficacy of Vangl2 gene deletion by Pax2–Cre within the inner
ear was demonstrated by Western blot analysis of cochlear epi-
thelia microdissected from Vangl2 CKOs or littermate controls at
P1 (Fig. 1D). The phenotypic efficacy of Vangl2 gene deletion by
Pax2–Cre was demonstrated by quantifying the planar polarity
phenotype of auditory hair cells in Vangl2 CKOs and comparing
phenotypic severity with Vangl2� ATG KOs at E18.5. For this com-
parison, the measured orientations of individual stereociliary
bundles in analysis fields located 50% along the length of the
cochlea were graphed on circular histograms (Fig. 2A). In addi-
tion, the deviation of bundle orientations from the mediolateral
cochlear axis was calculated and averaged between animals for
hair cells located in analysis fields positioned at 25, 50, or 75% of
the cochlear length as measured from base to apex (Fig. 2B–D).
Although statistically significant differences were measured be-
tween Vangl2� ATG KOs or Vangl2 CKOs and WT controls, there
was no difference in averaged stereociliary bundle deviations be-
tween KOs and CKOs (two-tailed Student’s t test with unequal
variance).
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The cochleae of Vangl2 � ATG KO
mice frequently contained additional
rows of OHCs in that region of the api-
cal turn, corresponding to 75% of the
cochlear length (five of six embryos)
similar to Looptail and the Vangl2 � TMs

KO. Therefore, for the purpose of quan-
tification, hair cells located between
OHC1 and the outermost row were
grouped together (Fig. 2 A, D, midO-
HCs), whereas the outermost row was
analyzed separately (Fig. 2 A, D, lastO-
HCs). Additional OHC rows were less
common in Vangl2 CKOs, occurring in
only 2 of 21 embryos at this apical loca-
tion and at a frequency more similar to
littermate controls (1 of 18 embryos).
The Vangl2 CKO also lacks the gross
morphological changes that occur in
Looptail mutants (Montcouquiol et al.,
2003) and the Vangl2 � ATG KO ear.
When evaluated by 3D reconstruction
of whole inner ears optically sectioned
by confocal microscopy (Kopecky et al.,
2012), the length and number of turns
of the Vangl2 CKO cochlea is similar to
littermate controls (Fig. 3 A, B, D, E). In
contrast, the cochlea of Vangl2 KOs is
shorter and has fewer turns (Fig. 3C,F ).
Altogether, these analyses demonstrate
that Pax2–Cre is sufficient to remove
Vangl2 from the developing inner ear at

Figure 2. Vangl2 CKOs phenocopy Vangl2 � ATG KOs in the E18.5 organ of Corti. Vangl2 CKO mice were generated in which the
Vangl2 � ATG deletion is restricted to tissues including the inner ear using Pax2–Cre. Efficacy of Vangl2 deletion on Pax2–Cre-
mediated recombination was determined by quantifying the auditory planar polarity phenotypes for comparison between Vangl2
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CKOs and KOs at E18.5. A, Individual stereociliary bundle ori-
entations graphed on circular histograms for all hair cells ana-
lyzed in the middle turn of the cochlea (50% cochlear length).
For these histograms, 0° is directed toward the base of the
cochlea and 180° toward the apical turn. Bin width is 12°. The
total number of hair cells represented by each histogram (n) is
shown, and black bars mark mean stereociliary bundle orien-
tation. B, For quantitative analyses, stereociliary bundle orien-
tations were measured for hair cells located within three
analysis fields located at positions 25, 50, and 75% along the
length of the cochlea as illustrated on this low-magnification
image of a fluorescently labeled E18.5 mouse cochlea. C, Sche-
matic illustration of a single hair cell demonstrating the angu-
lar measurement used for quantifying stereociliary bundle
deviation. The red dot marks the position of the basal body of
the kinocilium. D, The averaged stereociliary bundle deviation
from the mediolateral axis of the cochlea for Vangl2 KO,
Vangl2 CKO, and control hair cells from basal (25%), middle
(50%), and apical (75%) turns of the cochlea. For orientation
assays, the number of mice analyzed is n � 5 (25%), 5 (50%),
5 (75%) for WT, n � 6, 6, 6 for KO, and n � 5, 5, 3 for CKO.
Because Vangl2 KO cochleae frequently contain additional hair
cell rows in the 75% analysis field, those hair cells located be-
tween OHC1 and the last row of OHCs (lastOHCs) were group
together for analysis as middle hair cells (midOHCs). Error bars
show SD, and asterisks indicate statistical significance for dif-
ferences between Vangl2 CKOs or Vangl2 KOs and littermate
controls of the same hair cell type and cochlear position calcu-
lated using two-tailed Student’s t test with unequal variance
(*p 
 0.05, **p 
 0.005). No significant differences between
Vangl2 KO and Vangl2 CKO were identified in this analysis.
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a stage early enough in development to
produce stereociliary bundle orienta-
tion phenotypes that are indistinguish-
able in severity between Vangl2 CKOs
and Vangl2 � ATG KOs. In contrast, co-
chlear convergent extension deficits, as
defined by the presence of additional
rows of OHCs in the apical turns and
length of the spiraling cochlea, are infre-
quent in Vangl2 CKOs.

Planar polarity in the Vangl2 mutant
cochlea is actively refined during
neonatal development
The severity of the planar polarity pheno-
type in Vangl2� ATG and Vangl2� TMs KO
mice decreases along a gradient running
the length of the cochlea, with the most
effected cells located in the apical turn and
the least effected in the base (Fig. 2D; Yin
et al., 2012). To determine whether this
phenotypic gradient is maintained at later
postnatal stages, the planar polarity of
Vangl2 CKOs was evaluated from birth
(P0) to a stage just before onset of hearing
(P10 –P12) using phalloidin and Pericen-
trin antibodies. As reported previously,
the hair cells located in OHC3 of litter-
mate control animals generally pointed
toward the apical turns of the cochlea at
P0, deviating �40° from the mediolateral
cochlear axis (Figs. 4A, 5A). These cells are actively reoriented so
that, by P4, their stereociliary bundles are aligned with bundles
from the other hair cell rows (Figs. 4C, 5B; Dabdoub et al., 2003).
In comparison, the stereociliary bundles in OHC3 of Vangl2
CKOs are more severely misoriented at P0 relative to controls and
are inappropriately aligned along the mediolateral axis of the
organ of Corti (Figs. 4B, 5A). Remarkably, over the next 4 d of
postnatal development, the severity of this phenotype is dimin-
ished, and, by P4, hair cells located in OHC3 are realigned with
stereociliary bundles correctly oriented toward the lateral edge of
the cochlea similar to controls (Figs. 4C,D, 5B). Other aspects of
cellular differentiation and tissue maturation, including flatten-
ing of the stereocilia rows on IHCs and expansion of the inner
pillar cell (IPC) apical surfaces, continue at a similar rate in
Vangl2 CKOs and littermate controls (Fig. 4E,F).

Despite this period of dramatic refinement and continued
maturation, the planar polarity of OHCs is never completely cor-
rected in Vangl2 CKOs. As a result, a broader range of stereocili-
ary bundle orientations remain present in OHC3 at all ages (Figs.
6, 7). Similar to the Looptail and Vangl2 KO phenotypes, there is
also a gradient in the planar polarity phenotype that spans the
length of the cochlea. When quantified, the averaged deviation of
stereociliary bundle polarity from the mediolateral axis is less in
the 25% analysis fields positioned in the base (Fig. 6A) than at the
50% (Fig. 6B) and 75% (Fig. 6C) locations. However, because of
the period of postnatal refinement, this gradient is shallower in
Vangl2 CKO cochlea at P10 –P12 than Vangl2 KOs at E18.5 (Fig.
2C). Moreover, the remaining planar polarity deficits in the CKO
are greatest in the apical turn of the cochlea, beyond the 75%
analysis field (illustrated in Fig. 4B), in which severely misaligned
OHCs can be visualized between P10 and P12 (Fig. 7A,B). These
misoriented hair cells are maintained in the apical turn of the

adult until at least 7 weeks of age, as demonstrated by SEM (Fig.
7C,D). Overall, at 7 weeks, hair cells in the CKO appear healthy
and viable, and there is no indication of hair cell loss in the Vangl2
CKO cochlea. Other characteristics of the stereocilia, including
stereocilium length and bundle formation, also appear normal.
Together, these results suggest the existence of a critical period in
which planar polarity deficits are actively refined and that after-
ward stereociliary bundle orientation becomes static. As a result,
some cells in the apical turn remain fixed in a misaligned state.
One interesting possibility is that closure of the critical period is
attributable to the elaboration of intercellular adhesion com-
plexes (Collado et al., 2011; Burns et al., 2013) and that cytoskel-
etal maturation prevents stereocilia rearrangement or hair cell
rotation.

In contrast to the auditory system, the planar polarity pheno-
type of vestibular hair cells of the utricular maculae is not actively
refined. This was established using vestibular planar polarity as-
says in which the utricular maculae is divided into three analysis
fields based on the LPR and position of the striola (Fig. 8A; Yin et
al., 2012). In Vangl2 CKOs, stereociliary bundles in the striola are
misoriented (Fig. 8B–D), similar to the vestibular phenotype of
Vangl2� TMs KOs (Yin et al., 2012). During the developmental
period between P0 and P12, the overall distribution of stereocili-
ary bundle orientations (Fig. 8B) and the averaged deviation of
the bundle orientation from a reference drawn perpendicular to
the LPR (Fig. 8C) are not changed in Vangl2 CKOs. This finding
is confirmed by measurements of circular variance (CV), an in-
dependent statistical measure of PCP for groups of hair cells in
each analysis field in which a CV value of 0 only occurs when
stereociliary bundle orientations are uniform. CV analysis fur-
ther demonstrates that the planar polarity phenotype of vestibu-
lar hair cells is not refined during postnatal development (Fig.

Figure 3. The gross morphology of the inner ear is unaltered in Vangl2 CKOs. Medial views of the 3D reconstructions of control
(A) and Vangl2 CKO (B) inner ears at E18.5 show similar size and morphology of the endolymphatic spaces, including the length and
spiral coil of the cochlea. Auditory (blue) and vestibular (red) structures were highlighted by pseudocoloring after reconstruction.
C, The inner ear from Vangl2 KOs shows a reduction in size dorsoventrally and a shortened cochlear duct. Ventral views of control
(D) and Vangl2 CKO (E) scala media demonstrate the similar length and number of turns of the cochlea in these genotypes. The
ventral view of Vangl2 KO scala media (F) shows a reduction in the length and number of turns to the cochlea duct. Scale
bars, 200 �m.
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8D). Altogether, these postnatal studies demonstrate the pres-
ence of a Vangl2-independent planar polarity pathway that ac-
tively refines the orientation of stereociliary bundles of auditory,
but not vestibular, hair cells.

Postnatal planar polarity refinement does not require
asymmetric localization of the remaining PCP proteins
In vertebrates, like invertebrates, mutations in core PCP genes
lead to changes in the expression or subcellular distribution of the
remaining PCP proteins. For example, disrupted Vangl2 traffick-
ing to the cell surface in Looptail mutants (Merte et al., 2010;
Wansleeben et al., 2010) prevents the concurrent delivery of
Vangl1 attributable to oligomerization between Vangl1 and
Vangl2 (Belotti et al., 2012; Yin et al., 2012). Similarly, in Looptail
mutants, Fz3 and Fz6 fail to assemble into a functional complex at
the apical cell surface despite maintaining protein expression lev-
els similar to controls (Wang et al., 2006b). In contrast, the loss of
Vangl2 in Vangl2� TMs KOs does not inhibit Pk2 delivery to the
cell surface but results in the symmetrical redistribution of Pk2
around vestibular hair cells located in the striola region of the
utricle (Yin et al., 2012). Nevertheless, one possible explanation
for planar polarity refinement in Vangl2 CKOs is residual PCP

signaling or genetic compensation from the closely related
Vangl1 gene. Consistent with this hypothesis, genetic interactions
between Vangl1 and Vangl2 have been reported in the developing
cochlea (Torban et al., 2008; Song et al., 2010). This possibility
was tested by evaluating the expression and distribution of core
PCP proteins in the Vangl2 CKO mice.

For these experiments, immunofluorescent labeling was com-
pleted at P1 because this postnatal age falls within the active pe-
riod of planar polarity refinement. When visualized by confocal
microscopy in control tissues, Vangl1 immunofluorescence is
detected at the boundaries between OHCs and the adjacent OPCs
or Deiters’ cells (Fig. 9A,A�; Song et al., 2010). Although gener-
ated against a Vangl1 antigen, this Vangl1 antibody has been
shown to cross-react with Vangl2 after overexpression in heter-
ologous cells (Yin et al., 2012), raising the possibility that the
labeling patterning in littermate controls represents the distribu-
tion of both proteins. In Vangl2 CKOs, this pattern of Vangl1
immunofluorescence is significantly altered with decreased label-
ing of the hair cell–supporting cell (HC–SC) boundary (Fig.
9B,B�). The absence of immunofluorescent signal at this time
suggests that Vangl1 protein is not present during the initial
stages of planar polarity refinement. However, in both Vangl2

Figure 4. Auditory stereociliary bundles are reoriented through a Vangl2-independent mechanism. A, B, Hair cells labeled at P0 with phalloidin (green) and antibodies against Pericentrin (red)
demonstrate the planar polarity phenotype of Vangl2 CKO mice (B), particularly in OHC3. C, D, At P4, the magnitude of the planar polarity phenotype in CKO mice is diminished and stereociliary
bundle orientation appears less severely affected. E, F, For hair cells in tissue labeled between P10 and P12, planar polarity development appeared complete and stereociliary bundle orientations
were more similar between Vangl2 CKOs and littermate controls. Schematics presented in A�–F� illustrate the stereociliary bundle orientations of hair cells imaged in the primary panels. All images
were collected from the 50% analysis field. Scale bars, 10 �m.
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CKOs and littermate controls, Vangl1 levels increase between P1
and P5 (Fig. 9C,D). In control tissue, Vangl1 becomes highly
enriched at the HC–SC boundary at P5 (Fig. 9C). This is in con-
trast to Vangl2 CKOs in which Vangl1 protein is also upregulated
at P5 but never attains a polarized subcellular distribution (Fig.
9D). Nonetheless, these results raise the possibility that residual
Vangl1 signaling could compensate for the loss of Vangl2. An-
other core PCP protein that is enriched at the HC–SC boundary is
the transmembrane receptor Fz6 (Fig. 9E; Wang et al., 2006b).
Consistent with the observed loss of hair cell planar polarity in the
Vangl2 CKO cochlea, Fz6 is also missing from cell boundaries in
the absence of Vangl2. Moreover, changes in Fz6 localization are
correlated with increased immunofluorescent puncta at the api-
cal surface of hair cells and supporting cells, suggesting that Fz6
expression is maintained in the CKO but that, similar to Vangl1,

the asymmetric localization of Fz6 protein at the HC–SC bound-
ary is dependent on Vangl2 (Fig. 9F,F�).

The polarized subcellular distribution of the putative Vangl2
binding protein Pk2 is also dependent on Vangl2. In control
tissues, a low level of Pk2 is present at the boundary between the
IPCs and the IHCs or the inner phalangeal cells (Fig. 9G,G�,
arrowhead). Similar to Vangl1 and Fz6, the polarized distribution
of Pk2 at these cell boundaries is lost in the Vangl2 CKO (Fig.
9H,H�). In littermate controls, Pk2 immunolabeling is more
prominent outside of the organ of Corti in the Hensons’ cells and
cells of the inner sulcus in which it is localized to cell boundaries
parallel to the mediolateral cochlear axis (Fig. 9G,G�, arrows).
This localization is perpendicular to polarized subcellular distri-
bution of Pk2 and other PCP proteins within the organ of Corti.
The distribution of Pk2 in these nonsensory cell types is also

Figure 5. A period of auditory planar polarity refinement occurs between P0 and P4. A, B, Individual stereociliary bundle orientations for hair cells located in the 75% analysis field graphed as
circular histograms from Vangl2 CKO and littermate control cochlea labeled at P0 (A) and P4 (B). In control tissues at P0, the hair cells located in OHC3 have stereociliary bundles that lean toward the
apical turn of the cochlea (A). These bundles are reoriented along the mediolateral axis through a process that is completed by P4 (B). In Vangl2 CKO tissues, hair cells in OHC3 are severely affected
at P0 with the majority of stereociliary bundles oriented toward the spiral ganglia (A). These bundles are also actively reoriented, as are the hair cells in the remaining rows, so that they appear more
similar to littermate controls at P4 (B). For these histograms, 0° is directed toward the base of the cochlea and 180° toward the apical turn. Bin width is 12°. The total number of hair cells represented
by each histogram (n) is shown, and black bars show mean stereociliary bundle orientation.
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altered in the Vangl2 CKO in which it becomes more uniform
and is also present at lateral cell boundaries (Fig. 9H,H�, arrows).
Altogether, these protein distribution assays argue that residual
PCP signaling in Vangl2 CKO tissue is severely compromised
because essential proteins are either missing or are mislocalized
and that PCP signaling is unlikely to contribute to the refinement
of planar polarity at this postnatal stage.

Vangl2 contributes to the morphogenesis of auditory
supporting cells
In the developing organ of Corti, Vangl2 is present at the HC–SC
boundary in which it is in a position to influence planar polarity
signaling between the two cells types (Montcouquiol et al., 2006).
Recent protein distribution studies based on electroporation of
GFP-tagged Vangl2 and visualization of Vangl2 immunofluores-
cence by stimulated emission depletion microscopy show Vangl2
enrichment at the supporting cell side of the HC–SC boundary
(Giese et al., 2012). At this location, Vangl2 is opposite of Fz3 and
Fz6 at the hair cell side of the boundary (Wang et al., 2006b) and
is similar to Drosophila in which Fz and Vang complexes also
oppose each other across the extracellular space (Wu and
Mlodzik, 2008). More importantly, this distribution raises the

possibility that Vangl2 may have specific
functions during the morphogenesis of
supporting cells in addition to acting with
Fz during the initial establishment of hair
cell planar polarity.

Hair cells and supporting cells in the
organ of Corti form a pseudostratified ep-
ithelium in which the hair cell bodies are
located closer to the cochlear lumen and
above the supporting cells. Two classes of
supporting cells, the OPCs and Deiters’
cells, extend phalangeal processes be-
tween the OHCs to contact the organ of
Corti surface. The Deiters’ cell phalangeal
process projects toward the apical turn of
the cochlea and contacts the apical sur-
faces of two neighboring hair cells. Deit-
ers’ cells are thought to be important
cellular components of the cochlear am-
plifier that transmit the force generated by
OHC electromotility to the underlying
basilar membrane (Nam and Fettiplace,
2010). The Deiters’ cell phalangeal pro-
cess can be visualized when the Deiters’
cell cytoskeleton is immunolabeled using
antibodies against �1�2-tubulin (Fig.
10A�, arrowheads). This antibody also
highlights the apical surface of the
tubulin-rich IPCs (Fig. 10A�, bracket) and
OPCs (Fig. 10A�, arrows). During postna-
tal development in the mouse, the apical
surface of OPCs and Deiters’ cells is ex-
panded and establishes the regular spac-
ing between OHCs that is evident when
the surface of the organ of Corti is labeled
with phalloidin (Fig. 10A�, arrows and as-
terisks). Supporting cells from each class
are centrally positioned between adjacent
hair cells of a single row. Thus, the apical
surface of the OPC is located between ad-
jacent hair cells in OHC1, and the apical

surfaces of Deiters’ cells are located between adjacent hair cells in
OHC2 and OHC3.

Distinct changes in the shapes and distribution of supporting
cell apical surfaces are evident in Vangl2 CKOs at P10 –P12 in the
75% analysis field (Fig. 10B), and these changes become more
pronounced in the apical turn. In Vangl2 CKOs, the OPCs are
often more compact and incorrectly positioned at the neural side
of OHC1 rather than between adjacent hair cells (Fig. 10B�, ar-
rows). Similarly, the Deiters’ cells are frequently shifted out of the
OHC2 or OHC3 rows and are not centrally positioned between
the hair cell lateral edges (Fig. 10B�, asterisks). The changes in the
apical surface of Deiters’ cell processes are correlated with struc-
tural changes in their phalangeal process as revealed by �1�2-
tubulin labeling (Fig. 10B�, arrowheads). Frequently in the CKO,
the phalangeal process does not project laterally to contact neigh-
boring hair cells and instead appears to contact the apical surface
of the OHC above the Deiters’ cell body. In these instances, the
apical surface of the Deiters’ cell appears to be misplaced to the
neural side of the hair cell (Fig. 10B, asterisks).

The characteristic morphology of an individual Deiters’ cell is
best illustrated when it is injected with the fluorescent tracer
Alexa Fluor 488 (Fig. 10C–E). The Deiters’ cell soma sits beneath

Figure 6. The extent of planar polarity refinement is graded along the length of the cochlea. A–C, Averaged stereociliary bundle
deviations from the mediolateral axis for hair cells located at the 25% (A), 50% (B), and 75% (C) analysis fields from tissues
collected at three stages of postnatal development. Planar polarity refinement actively reorients stereociliary bundles in the Vangl2
CKO between P0 and P4, whereas bundle polarity does not change significantly between tissues collected at P4 and P10 –P12. At
all ages, the differences in averaged stereociliary bundle deviation from the mediolateral axis are greatest in the most apically
positioned 75% analysis field (C). Despite planar polarity refinement, IHCs and hair cells located in OHC3 remain modestly misori-
ented and are never as organized as the corresponding hair cells in littermate controls. The number of mice assayed at P0 is n � 4
(25%), 4 (50%), 4 (75%) for WT and n � 6, 6, 6 for CKO; at P4, n � 3, 3, 3 for WT and n � 5, 6, 6 for CKO; and at P10 –P12, n �
2, 4, 6 for WT and n � 4, 4, 6 for CKO. Error bars show SD, and asterisks indicate statistical significance for differences between
Vangl2 CKOs and littermate controls of the same hair cell type and cochlear position calculated using two-tailed Student’s t test
with unequal variance (*p 
 0.05, **p 
 0.005).
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a single hair cell (Fig. 10C, asterisk), whereas the apical surface of
the phalangeal process extends past three to four OHCs before
contacting the organ of Corti surface (Fig. 10C, arrow). In Vangl2
CKOs, the position of the Deiters’ cell body beneath the OHCs is
not altered, but the relative length of the phalangeal processes is
frequently reduced (Fig. 10D,E). As suggested by �1�2-tubulin
immunofluorescence, these phalangeal processes are often
shorter and contact the apical surface of the OHC located imme-
diately adjacent to the labeled Deiters’ cell (Fig. 10D). For other
Deiters’ cells, the apical surface of the phalangeal process is mis-
positioned between the OHC rows rather than terminating be-
tween the lateral edges of OHCs in a single row (Fig. 10E,
arrowhead). Despite these morphological changes, there are no
differences in the number of supporting cells, and the ratio of
OHCs/supporting cells remains constant (1 OHC:1.4 SCs for
both genotypes). Thus, in addition to its well-described function,
stereociliary bundle planar polarity, Vangl2 also acts during the
polarized morphogenesis of cochlear supporting cells.

Changes to the cellular architectures in the Vangl2 CKO
organ of Corti lead to hearing deficits
The ability of Vangl2 mutant ears to detect sound and relay that
information to the CNS was tested by ABR and DPOAE measure-
ments. It has not been possible to collect similar physiological
measurements from other core PCP mouse mutants because of
the lethal neural tube defects associated with those mutations. In
contrast, when Vangl2 gene deletion is restricted using Pax2–Cre,
these mice are viable beyond 6 months of age. Nonetheless, ABR
and DPOAE measurements were conducted in 6- to 8-week-old
animals to preclude the effects of age-related hearing loss associ-
ated with inbred mouse strains. In addition, mice subjected to
auditory testing were also raised in a sound-controlled environ-

ment because background noise levels in standard high-capacity
vivariums may also contribute to hearing loss (Lauer et al., 2009).

At the loudest sound pressure levels applied, the overall shape
of the ABR waveform was similar between Vangl2 CKOs and
littermate controls, although the amplitude of the CKO ABR was
diminished (Fig. 11A). In addition, the response threshold of
Vangl2 CKOs to clicks and pure tones across a range of frequen-
cies was mildly, albeit significantly, increased (Fig. 11A,B). For
these measurements, threshold was defined as a synchronous
neural activity with a magnitude of response 2 SDs above baseline
activity. The ABR waveform can be temporally divided, and sep-
arate peaks are associated with the activation of different popu-
lations of neurons along the ascending auditory pathway. Wave 1
is generated by the neurons of the spiral ganglion; bipolar neu-
rons are essential for hearing because they receive input from
auditory hair cells and extend axons through the VIIIth cranial
nerve to the CNS (Fig. 11A, arrows). Pax2–Cre-mediated gene
deletion resulted in a decrease in wave 1 peak amplitude consis-
tent with phenotypic changes in the organ of Corti (Fig. 11C). In
addition, wave 1 amplitude was decreased across all frequencies,
suggesting that the physiological consequences of Vangl2 gene
deletion were not enhanced in the apical versus the basal turns
despite the graded severity of the planar polarity phenotype along
the length of the cochlea (Fig. 6). These differences are not attrib-
utable to progressive hair cell loss because there is not a signifi-
cant difference in hair cell number when the organ of Corti was
examined by SEM at 7 weeks of age (Fig. 7 and data not shown).

Because Pax2–Cre also drives Cre-mediated recombination in
neurons of the spiral ganglion (Ohyama and Groves, 2004), mice
tested for ABRs were also subjected to DPAOE measurements to
determine whether the cellular basis of the ABR phenotype was
attributable to changes in the spiral ganglia or the organ of Corti.

Figure 7. Misoriented stereociliary bundles in the apical turn of the cochlea are maintained in the adult. OHCs in the apical turn of the cochlea from littermate control (A) and Vangl2 CKO (B) mice
labeled for phalloidin at P10 –P12. In this position of the cochlea, the postnatal refinement of planar polarity deficits is incomplete and misoriented stereociliary bundles in OHC3 can still be identified
(B, arrowheads). The loss of Vangl2 also disrupts the patterning of Deiters’ cells, and their apical cell surfaces are frequently misshapen and displaced to the medial side of OHCs. Three examples of
Deiters’ cells are marked by asterisks in control (A) and Vangl2 CKO (B) tissues. C, D, SEM images of tissue collected at 7 weeks of age demonstrate that misoriented hair cells are maintained in OHC3
of the apical turn of the adult cochlea. OHC stereociliary bundles are pseudocolored in purple, and arrowheads mark misoriented bundles in OHC3 (D). Scale bars: A, B, 10 �m; C, D, 2 �m.
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Distortion products are sounds generated
by the cochlea when it is stimulated with
two pure tones (f1 and f2) that can be re-
corded from within the ear canal in which
the frequency of the distortion product
equals 2f2 � f1. DPOAEs reflect the activ-
ity of the cochlear amplifier and as such
reflect the functional state of the OHC
and Deiters’ cell array. When assayed us-
ing two separate pure tone combinations,
Vangl2 CKOs showed significant de-
creases in the amplitude of the distortion
product produced compared with litter-
mate controls (Fig. 11D). Altogether,
these tests of auditory function indicate
that the hearing deficits associated with
the loss of Vangl2 are attributable to de-
velopmental changes to the organ of
Corti. Because the planar polarity of au-
ditory hair cells is primarily corrected
before the onset of hearing, one possible
explanation is that the hearing deficits
in Vangl2 CKO mice are attributable to
changes in supporting cell morphology.

Discussion
Altogether, these experimental results
demonstrate the activity of a Vangl2-
independent planar polarity mechanism
that is capable of rescuing defects in stereo-
ciliary bundle orientation that occur during
embryonic cochlear development. Al-
though this is still consistent with previous
studies demonstrating that Vangl2 is neces-
sary for establishing PCP during embryonic
development, these results suggest that core
PCP signaling may not be the only pattern-
ing mechanism that influences inner ear
planar polarity. Evidence for a parallel pla-
nar polarity mechanism is also suggested by
the phenotypes of Looptail and Vangl2 KO
mice because, in these mutants, the severity
of the PCP deficits increases along the length
of the cochlea (Montcouquiol et al., 2003;
Yin et al., 2012). This gradation mirrors the
hair cell differentiation gradient and sug-
gests that the Vangl2-independent mecha-
nism reported here may be a normal step in
stereociliary bundle maturation. One possi-
bility is that this second later phase is medi-
ated by the related Vangl1 protein that is
coincidently upregulated in the organ of
Corti between P1 and P5 (Fig. 9A–D). Re-
markably, this mechanism is robust enough
to reorient mutant hair cells that initially
develop 180° out-of-phase and is not
dependent on the polarized subcellular
distribution of the remaining core PCP pro-
teins, including Vangl1. We also report
changes to supporting cell morphology in
Vangl2 CKOs that influence the projection
of the Deiters’ cell phalangeal process and
the shape and position of their apical cell

Figure 8. Planar polarity refinement does not occur in the utricular maculae. A, Schematic illustrating the positions of the three analysis
fields relative to the position of the LPR. Hair cells in the maculae are patterned about an LPR, and, as a result, cells in the LES have
stereociliary bundle orientations that are opposite of those in the striola and MES. B, Individual stereociliary bundle orientations for vestib-
ular hair cells of the utricular maculae at P0 or between P10 and P12 graphed as circular histograms demonstrate stereociliary bundle
misorientation in the striola region of the Vangl2 CKO. Unlike the case for auditory hair cells, the orientation of affected cells in the striola of
Vangl2 CKO mice is not refined during the first 12 postnatal days. For these histograms, 90° is directed toward the lateral and 180° toward
the medial edge of the utricular maculae, and each bin is 12°. The total number of hair cells represented by each histogram (n) is shown, and
black bars mark the mean stereociliary bundle orientation. C, Averaged vestibular stereociliary bundle deviations from a polarity reference
drawn perpendicular to the LPR. Error bars show SD, and asterisks indicate statistical significance for differences between Vangl2 CKOs and
littermate controls of the same hair cell type and utricular position calculated using two-tailed Student’s t test with unequal variance (*p

0.025). D, The CV of stereociliary bundle orientation for hair cells located in each vestibular analysis field demonstrates the loss of coordi-
nated orientation for hair cells located in the striola region. In this analysis, a CV value of 0 occurs for uniform bundle orientations, and each
symbol represents a single analysis field. No difference in the distribution of CV values occurs between P0 and P12, indicating that active
refinement does not occur in the vestibular maculae. The number of mice assayed at P0 is n�4 for WT and n�5 CKO, and, at P10 –P12,
n � 6 for WT and n � 6 for CKO. LES, Lateral extra striolar region; MES, medial extra striolar region.
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surface. In contrast to stereociliary bundle orientation, this aspect of
the Vangl2 mutant phenotype does not appear to be refined during
postnatal development. These changes in Deiters’ cell morphol-
ogy highlight an underappreciated role for Vangl2 in shaping
other complex cellular architectures.

Another significant phenotypic feature of vertebrate PCP mu-
tations is craniorachischisis resulting from convergent extension
deficits in the developing neuroepithelia. Similar cellular move-
ments have been proposed to establish the four rows of cochlear
hair cells (Wang et al., 2005, 2006a). In this study, we used Pax2–

Figure 9. The polarized distribution of the remaining PCP proteins is disrupted in Vangl2 CKOs. A, A�, Vangl1 protein visualized by immunofluorescence (red) is asymmetrically localized in the P1
organ of Corti, including the cell boundaries between OHCs and the adjacent Deiters’ cells (examples indicated by arrowheads) and at the boundaries between IPCs and inner phalangeal cells
(example indicated by arrow). A�, Grayscale image of A shows the asymmetric distribution of Vangl1 at these cell boundaries. B, B�, In Vangl2 CKOs, Vangl1 localization is disrupted and Vangl1
protein is no longer enriched at cell boundaries. C, D, At P5, the level of Vangl1 expression is increased in littermate controls (C, examples illustrated by arrowheads) and Vangl2 CKOs (D). Despite this,
Vangl1 is never asymmetrically localized at hair cell boundaries after OHC reorientation (D, examples illustrated by arrowheads). E, The transmembrane receptor Fz6 (red) is asymmetrically localized
in auditory hair cells at P1 to the medial boundary between OHCs and the adjacent Deiters’ cells and at the boundaries between IPCs and inner phalangeal cells (examples indicated by arrowheads).
E�, Grayscale image of E shows the asymmetric distribution of Fz6 at cell boundaries. F, F�, In Vangl2 CKOs, Fz6 localization to cell boundaries is disrupted (F�) and appears as immunofluorescence
puncta throughout the organ of Corti. G, G�, The Vangl2-associated protein Pk2 (red) is enriched in nonsensory cells flanking the organ of Corti, including the Hensons’ cells (asterisks mark two
examples) and cells of the inner sulcus (bracketed region). In both cell types, Pk2 is enriched at cell boundaries oriented perpendicular to the hair cell rows (vertical arrows). Within the organ of Corti,
Pk2 is enriched along one edge of the IPCs (arrowhead). G�, Grayscale image of G shows the asymmetric distributions of Pk2 at these cell boundaries. H, H�, In Vangl2 CKOs, the polarized distribution
of Pk2 is disrupted with Pk2 frequently redistributed throughout the cell periphery (horizontal arrows). Pk2 expression in the IPCs is also significantly reduced. For all primary panels, hair cell
stereociliary bundles and the actin-rich cortical belts surrounding hair cells and supporting cells are labeled with phalloidin (green). Scale bar, 10 �m.
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Cre to restrict Vangl2 gene deletion to limited tissues, including
the inner ear, thereby avoiding the embryonic lethality of the
neural tube defect. Remarkably, in the absence of craniorachis-
chisis, additional rows of OHCs are not prevalent in the Vangl2
CKO and extension of the cochlea is not obstructed (Fig. 3). This
is unlikely to be a hypomorphic artifact stemming from the

Vangl2� ATG deletion because extra rows of OHCs are formed in
the Vangl2� ATG KO cochlea. One possibility is that stereociliary
bundle polarization and convergent extension are temporally
distinct developmental events that can be distinguished by the
onset of Pax2–Cre-mediated deletion of Vangl2. A related possi-
bility is that Vangl2 is required in cells outside of the Pax2–Cre

Figure 10. Loss of Vangl2 results in changes in organ of Corti supporting cell morphology. A, B, Phalloidin (green) and immunofluorescent �1�2-tubulin (red) labeling of P10 –P12 organ of Corti
in the 75% analysis field shows the distribution of hair cells and the morphology of supporting cells. The orientation of these panels has been inverted on the y-axis to highlight the orientation of
supporting cells. A�, �1�2-Tubulin in control tissues marks the apical surface of IPCs (bracketed region), the apical surface of OPCs that separate hair cells in the OHC1 row (examples marked by
arrows), and the phalangeal processes of Deiters’ cells (examples marked by arrowheads). Asterisks mark the position of three Deiters’ cells positioned between hair cells of the OHC2 row. A�,
Phalloidin only labels the actin-rich apical surface of the IPCs and the hair cells. B�, In Vangl2 CKO tissues, changes in the morphology of cochlear supporting cells are evident by �1�2-tubulin
labeling. This includes the displacement of some OPC processes to the medial side of OHCs (arrows highlight examples) and Deiters’ cell phalangeal processes that fail to extend toward the apical turn
(arrowheads highlight examples). B�, Changes in the distribution of the apical surface of supporting cells are also revealed by phalloidin labeling of cell boundaries, including the OPCs (arrowheads)
and Deiters’ cells (asterisks). C–E, Individual Deiters’ cell morphology at P8 –P10 stages in littermate control (C) and two Vangl2 CKO cochleae (D, E) visualized by intracellular injection of Alexa Fluor
488. Asterisks indicate the position of the cell body, and arrows (C, D) indicate the apical surface of the phalangeal process. In the absence of Vangl2, the phalangeal process of some Deiters’ cells
project directly toward the apical surface of the organ of Corti rather than laterally toward neighboring hair cells. The arrowhead in E illustrates a process that is misplaced to the medial side of the
OHC. Brackets demarcate the length of the Deiters’ cell process. Scale bars, 20 �m.
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expression domain to guide cochlear extension, in which case this
activity would not be disrupted in Vangl2 CKOs, where gene
deletion is restricted to inner ear epithelia and spiral ganglia
(Ohyama and Groves, 2004). Alternatively, the appearance of
ectopic OHC rows in PCP mutants is a peripheral phenotype that
is a secondary consequence of the dramatic disruptions in cranial
morphogenesis and cochlear duct extension associated with
craniorachischisis.

Regardless, by using Pax2–Cre in this study to produce a re-
stricted pattern of Vangl2 deletion that includes the inner ear, we
were able to characterize the postnatal refinement of stereociliary
bundle orientation. Postnatal reorientation has been described
for WT hair cells in OHC3 as they rotate �30° to become aligned
with the mediolateral axis of the cochlear duct (Dabdoub et al.,
2003). We observed a similar refinement of littermate control
hair cells between P0 and P4 (Fig. 5). Stereociliary bundle reori-
entation is also a significant maturational event occurring in the
chick basilar papillae, the hearing organ of birds (Cotanche and
Corwin, 1991). In vitro studies using mouse cochlear explants
suggest that reorientation occurs downstream of a Wnt signal
because the process is disrupted by the application of Wnt inhib-
itors (Qian et al., 2007) or ectopic Wnt7a (Dabdoub et al., 2003).
Mild planar polarity deficits also occur in the wnt5a mutant co-
chlea (Qian et al., 2007). Despite these observations, the signal
transduction pathway that may act downstream of these Wnt
ligands to reorient stereociliary bundle polarity are not known.
Biochemical approaches have demonstrated that Wnt5a signal-
ing through ROR2 (receptor tyrosine kinase-like orphan receptor

2) regulates Vangl2 phosphorylation and asymmetric localiza-
tion in the developing limb bud (Gao et al., 2011), whereas sig-
naling through Ryk controls Vangl2 turnover (Andre et al.,
2012). However, because our phenotypic analyses demonstrate
that the postnatal refinement of planar polarity occurs indepen-
dently of Vangl2, stereociliary bundle reorientation is unlikely to
involve either of these Wnt signaling pathways.

In the chick, it was proposed that stereociliary bundle reori-
entation is the result of physical interactions between the stereo-
cilia and the developing tectorial membrane as this extracellular
matrix grows across the basilar papillae (Cotanche and Corwin,
1991), raising the possibility that a similar physical stimulus
could reorient stereociliary bundles in the mouse cochlea. This
mechanism was demonstrated experimentally for the multi-
ciliated ependymal cells that line the lateral ventricles of the brain.
In this setting, physical stimuli comprising hydrodynamic forces
act in parallel with core PCP signaling to establish planar polarity
and the coordinated ciliary beating movements that drive CSF
flow (Guirao et al., 2010). Despite this potential role for a physical
component of polarization, planar polarity phenotypes were not
reported in �-tectorin KO mice in which the tectorial membrane
is detached from the cochlear epithelium and does not contact
the stereocilia (Legan et al., 2000). Moreover, in Vangl2 CKO
mice, the planar polarity defect of vestibular hair cells is not re-
fined despite the fact that their stereociliary bundles receive phys-
ical stimuli from the overlying otoconial matrix. Although these
arguments do not rule out the contribution of physical mecha-
nisms, together they suggest that the tectorial membrane is un-

Figure 11. ABR and DPOAE analyses demonstrate reduced auditory sensitivity in Vangl2 CKOs. A, The averaged ABR waveform collected from littermate control and Vangl2 CKO mice between 6
and 8 weeks of age in response to click stimuli. CKO animals have decreased waveform amplitude and increased response threshold. B, The threshold of the ABR response to click stimuli or tones at
fixed frequencies. C, The peak amplitude of ABR wave 1 measured from P1 (arrow in A) to N2 (arrowhead in A) in response to clicks or tones of increasing sound intensity. The amplitude of the
response is reduced for all stimuli. D, DPOAE measurements of the amplitude of the distortion product in response to f2 stimulus of increasing sound pressure level. The decreased amplitude of the
distortion product in Vangl2 CKO animals suggests that hearing deficits in these animals stem from changes in OHC activity and/or function of the cochlear amplifier. In each graph, the responses of
Vangl2 CKO animals are red. The number of mice assayed for ABR is n � 10 for controls and n � 8 for CKOs, and for DPOAEs is 8 for controls and n � 5 for CKOs. Error bars show SD, and asterisks
indicate statistical significance for differences between littermate controls and Vangl2 CKOs using two-tailed Student’s t test with unequal variance (*p 
 0.05, **p 
 0.005).
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likely to be a primary component of auditory planar polarity
refinement.

The auditory deficits measured in Vangl2 CKO mice could
have several different cellular origins. Although Pax2–Cre effec-
tively promotes recombination in the organ of Corti, Cre is also
expressed in the spiral ganglia and nonsensory epithelia of the
inner ear, including the stria vascularis (Ohyama and Groves,
2004). Altered stria vascularis function can lead to ionic imbal-
ance with dilation of the endolymphatic spaces and deafness as
seen in Pendred syndrome and Pendrin/SLC26A4 KOs (Everett et
al., 2001). Despite this, the gross morphology of the Vangl2 CKO
(Fig. 3) appears normal, suggesting that at least the ionic homeo-
stasis function of the stria vascularis remains intact. Conversely,
the reduced amplitude of Peak1 of the ABR waveform (Fig. 11C)
is indicative of decreased spiral ganglion activity. Although this
may be attributable to uncharacterized changes in spiral ganglion
morphology or function, the concomitant reduction in distor-
tion product amplitude (Fig. 11D) indicates that the reduced
ABR amplitude is influenced at least in part by functional changes
to the organ of Corti. One possibility is that the threshold shifts
stem from residual planar polarity or stereociliary bundle orien-
tation deficits on OHCs. The amplitude of the hair cell response
to mechanical stimulation scales with the cosine of the angular
difference between the orientation of the stimulus and the orien-
tation of the bundle (Shotwell et al., 1981). Consistent with this,
stereociliary bundle misorientation is associated with diminished
auditory function in guinea pig and hamster models (Fujita,
1990; Yoshida and Liberman, 1999). However, the cosine rela-
tionship between stimulus and bundle orientation predicts that
the average deviation of 25° occurring in the middle turn of the
Vangl2 CKO cochlea (Fig. 6) should only reduce response ampli-
tudes to 91% that of hair cells from littermate controls. There-
fore, it seems unlikely that planar polarity deficits are the only
factor contributing to hearing loss in Vangl2 CKOs. The remain-
ing structural defect in the organ of Corti that might have more a
significant impact on auditory threshold are the morphological
changes that occur in the Deiters’ cells. This population of sup-
porting cells is thought to contribute to OHC function during
cochlear amplification by acting as a transducer that allows the
force generated by OHC electromotility to be transferred to the
underlying basilar membrane (Nam and Fettiplace, 2010). We
propose that the changes in Deiters’ cell phalangeal processes
alter the active biomechanical properties of the organ of Corti,
possibly by dampening the force generated by OHC electro-
motility. Together, these changes in Deiters’ cell structure and
stereociliary bundle orientation could have a negative effect
on the function of the cochlear amplifier, thereby decreasing
sensitivity to sound. In future studies, we propose to test this
hypothesis through the development of transgenic mouse
lines in which Vangl2 gene deletion is further restricted to
specific cell populations.
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