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Abstract

Vestibular hair cells of the inner ear are specialized receptors that detect mechanical stimuli from 

gravity and motion via the deflection of a polarized bundle of stereocilia located on their apical 

cell surfaces. The orientation of stereociliary bundles is coordinated between neighboring cells by 

core PCP proteins including the large adhesive G-protein coupled receptor Celsr1. We show that 

mice lacking Celsr1 have vestibular behavioral phenotypes including circling. In addition, we 

show that Celsr1 is asymmetrically distributed at cell boundaries between hair cells and 

neighboring supporting cells in the developing vestibular and auditory sensory epithelia. In the 

absence of Celsr1 the stereociliary bundles of vestibular hair cells are misoriented relative to their 

neighbors, a phenotype that is greatest in the cristae of the semicircular canals. Since horizontal 

semi-circular canal defects lead to circling in other mutant mouse lines, we propose that this PCP 

phenotype is the cellular basis of the circling behavior in Celsr1 mutants.

Introduction

Vestibular hair cells of the inner ear are sensory receptors that convert mechanical stimuli 

triggered by gravity or motion into neural activity. This information is conducted centrally to 

control eye position, balance, blood pressure and heart rate (Uchino and Kushiro, 2011; 

Yates et al., 2014). Hair cell function is dependent upon the development of a polarized 

structure called the stereociliary bundle, the orientation of which is tightly coordinated 

between neighboring cells. Gravity or motion are detected via deflections of the stereociliary 

bundle which is comprised of specialized microvilli, called stereocilia, projecting from the 
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apical cell surface. The organization of stereocilia in this bundle has a distinct morphological 

polarity because individual stereocilia are arranged in rows of increasing height with the 

tallest stereocilia adjacent to a microtubule based kinocilium. In each hair cell, the 

kinocilium and its associated basal body are laterally displaced to one side of the apical cell 

surface, and together the rows of stereocilia and the lateral position of the kinocilium forms 

a morphological polarity axis (Figure 1 and (Deans, 2013)). This is functionally significant 

because mechanical stimuli that deflect the bundle towards the kinocilium places tension on 

tip-links interconnecting the stereocilia which opens mechanoelectrical transducer (MET) 

channels. MET activation depolarizes the hair cell and initiates synaptic transmission to 

afferent neurons projecting centrally through the eighth cranial nerve (Schwander et al., 

2010). In contrast, deflections of the bundle away from the kinocilium releases tip-link 

tension, decreasing MET open probability and are thus inhibitory. As a result hair cells have 

a physiological polarity axis that mirrors the morphological polarity axis of the stereociliary 

bundle (Shotwell et al., 1981).

Vestibular hair cells are located in two sets of sensory organs. The three semi-circular canal 

cristae which respond to head rotation and the utricular and saccular maculae which respond 

to linear acceleration and gravity. Auditory hair cells have similar stereociliary bundle 

structures, respond to acoustic stimuli, and are located in the organ of Corti which spirals 

along the length of the cochlea (Figure 1). Within a semi-circular canal crista, all hair cell 

stereociliary bundles are oriented in the same direction and are aligned parallel to the motion 

of fluid within the canals. As a result, the rotational movement detected by the cristae is 

determined by the orientation of the semi-circular canal within the temporal bone, and all 

hair cells of a single cristae are simultaneously activated by head rotations along that plane. 

In contrast, vestibular hair cells in the utricular and saccular maculae are divided between 

two groups, each containing hair cells with stereociliary bundles arranged in opposite 

directions. The position where these two groups meet is a single cell boundary often referred 

to as the Line of Polarity Reversal (LPR). As a result of this organization, the utricle and 

saccule each have two populations of hair cells tuned to detect gravity or linear acceleration 

in opposite directions (Deans, 2013).

The organization of polarized cellular structures between neighboring cells in the plane of an 

epithelium is called planar cell polarity (PCP) and is evident in many vertebrate systems 

including auditory hair cells of cochlea and hair follicles in the skin (Goodrich and Strutt, 

2011; Wang and Nathans, 2007). Pioneering studies in D. melanogaster based upon the 

development of analogous polarized structures led to identification of core PCP proteins that 

are required for coordinating structures like wing hairs between neighboring cells (Simons 

and Mlodzik, 2008; Vladar et al., 2009). The core PCP proteins include the transmembrane 

receptor Frizzled and its cytoplasmic effector Dishevelled, in addition to the transmembrane 

protein Vang and its binding partner Prickle. In the developing wing these two sets of PCP 

proteins are distributed to opposite sides of wing epithelial cells with Frizzled and 

Dishevelled enriched on the distal side, and Vang and Prickle on the proximal side. At both 

of these cell boundaries is an adhesive G-protein coupled receptor called Flamingo (Chae et 

al., 1999; Lu et al., 1999; Usui et al., 1999) that stabilizes the complexes and acts as an 

intercellular bridge to facilitate the propagation of PCP signaling between cells (Chen et al., 
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2008; Struhl et al., 2012; Strutt and Strutt, 2008). The net result is a hair extending from the 

distal side of the cell and projecting towards the wing tip.

A number of recent studies have demonstrated a conservation of core PCP protein function 

between D. melanogaster wing hairs and inner ear hair cells. For example, mutations in the 

vertebrate ortholog of Flamingo, a molecule called Celsr1 (Cadherin EGF LAG Seven-pass 

G-type Receptor 1), results in misoriented auditory hair cell stereociliary bundles (Curtin et 

al., 2003). Similarly Vangl2, which encodes a vertebrate ortholog of the Vang protein, is 

necessary for the development of auditory and vestibular hair cell PCP (Copley et al., 2013; 

Montcouquiol et al., 2003; Torban et al., 2008; Yin et al., 2012), and the vertebrate Frizzled3 
(Fz3) and Frizzled6 (Fz6) genes act redundantly to coordinate stereociliary bundle 

orientation between neighboring hair cells (Wang et al., 2006b). In addition to conserved 

gene function, the vertebrate PCP proteins are also asymmetrically distributed within cells in 

patterns that are highly similarly to analogous Drosophila systems (Deans et al., 2007; Giese 

et al., 2012; Wang et al., 2006b). However, an important difference is that vertebrate hair 

cells are isolated from their neighbors by intervening supporting cells and thus within the 

inner ear PCP proteins are enriched at hair cell to supporting cell (HC:SC) or supporting cell 

to supporting cell (SC:SC) boundaries rather than between hair cells (Deans, 2013).

There are three Celsr proteins encoded by the mouse genome (Celsr1, Celsr2, Celsr3) (Tissir 

and Goffinet, 2013), and one of the first vertebrate PCP phenotypes was described for two 

Celsr1 mutant lines generated by ENU mutagenesis called spin cycle and crash (Curtin et 

al., 2003). Consistent with Celsr1 function as a core PCP protein, spin cycle and crash 
homozygotes have misoriented auditory hair cells and craniorachischisis; a severe neural 

tube defect that is present in other PCP mutants such as Looptail (Greene et al., 2009; 

Montcouquiol et al., 2003). In heterozygous mice these mutations also result in vestibular 

behavioral deficits including head shaking and spinning during vertical tail suspension 

(Curtin et al., 2003). However, while mice with head shaking or spinning phenotypes often 

have peripheral vestibular deficits, no vestibular abnormalities were reported for spin cycle 
or crash heterozygotes (Curtin et al., 2003). In order to test the possibility that Celsr1 also 

contributes to peripheral vestibular system development and function, the distribution of 

Celsr1 protein was evaluated in inner ear sensory organs, and the planar polarity 

organization of vestibular hair cells and vestibular behavioral phenotypes were evaluated in a 

Celsr1 KO line (Ravni et al., 2009).

Results

Celsr1 KO mice have behavior phenotypes indicative of vestibular dysfunction

The Celsr1 KO mice were generated through a targeted mutagenesis strategy in which 

deletion of coding sequence exons 26 through 29 removed Celsr1 transmembrane domains 

5–7, and introduced a frameshift and premature stop that prevents translation of the 

cytoplasmic domain. The majority of Celsr1 KO mice are not viable, with approximately 

20% dying in utero due to variable neural tube defects, and upwards to half of the remaining 

mutants dying before weaning (Ravni et al., 2009). The occurrence of neural tube defects in 

Celsr1 KOs is consistent with a role of PCP signaling in neural tube closure (Copp et al., 

2003). Mice that do survive beyond weaning are smaller than littermate controls and have 
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characteristic PCP patterning phenotypes in the skin such as hair whirls and crests (Ravni et 

al., 2009). This is in contrast to the Celsr1 ENU-mutagenesis lines spin cycle and crash 
which are not viable because 100% of homozygous mutants exhibit craniorachischisis 

(Curtin et al., 2003). In addition to these previously described phenotypes, Celsr1 KO mice 

that survive to adulthood have behavioral phenotypes that are frequently associated with 

inner ear deficits. These include bouts of circling that disrupt linear travel (Figure 2 and 

Supplemental Movie 1) and occasional headtossing or headbobbing motions. This is 

consistent with the behaviors reported for spin cycle and crash heterozygotes (Curtin et al., 

2003), and are behavioral phenotypes commonly associated with inner ear and hair cell 

deficits (Dong et al., 2002; Gibson et al., 1995).

Celsr1 protein is asymmetrically distributed at cell boundaries during inner ear 
development

A distinctive feature of PCP in vertebrates and invertebrates is the asymmetric distribution of 

core PCP proteins at cell boundaries. This has been demonstrated in the mouse for Vangl2, 

Fz3, Fz6 and Prickle2 (Pk2) in the organ of Corti of the cochlea and in the utricular macula 

(Deans et al., 2007; Montcouquiol et al., 2006; Wang et al., 2006b). In the utricle, Pk2 is 

highly enriched along one side of vestibular hair cells where they contact adjacent 

supporting cells. This distinctive pattern revealed that the relative distribution of PCP protein 

complexes is constant throughout the maculae and does not change between hair cells 

located on opposite sides of the LPR (Deans et al., 2007). Thus the core PCP proteins appear 

to form an underlying ground polarity that coordinates the orientation of stereociliary 

bundles between neighboring hair cells, but are not positioned to directly contribute to 

polarization of the bundle or formation of the LPR.

The distribution of Celsr1 was evaluated in the mouse sensory epithelia using an antibody 

against amino acids 2885–2985 that recognizes an antigen in the cytoplasmic domain 

(Devenport and Fuchs, 2008). Previously a Celsr1 homolog has been visualized at cell 

junctions in the developing basilar papillae, the auditory sensory epithelia of the chick inner 

ear (Davies et al., 2005). Here it is enriched at cell boundaries in a pattern that is reminiscent 

of the distribution of Flamingo protein in D. melanogaster and is consistent with protein 

localization to PCP protein complexes on both the medial and lateral sides of developing 

hair cells. In the postnatal mouse cochlea Celsr1 distribution is more similar to Vangl2 

(Giese et al., 2012), Fz3 and Fz6 (Wang et al., 2006b), and is enriched at the apical cell 

surface of outer hair cells, along the neural cell boundary where they contact adjacent 

supporting cells while being less prominent on the abneural side (Figure 3). This is in 

contrast to Celsr distribution in the chick basilar papillae where protein is enriched on both 

sides of auditory hair cells (Davies et al., 2005). This difference may reflect the diversity of 

supporting cells in the mouse organ of Corti which have developed specialized structural 

morphologies that contribute to the biomechanical properties of the cochlea. In the mouse, 

Celsr1 is present at the boundaries between the third row of outer hair cells (OHC3) and the 

adjacent Deiters’ cell (DC1), OHC2 and Outer Pillar Cells (OPC), and the boundary 

between OHC1 and the Inner Pillar Cells (IPC) (Figure 3). Celsr1 is also present neural side 

of Inner Hair cells (IHC) although there is significantly less protein in IHCs than OHCs. In 

comparison, Celsr1 is more prominent at the junctions between supporting cells that flank 
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the IHCs including the junctions between OPCs and IPCs, Interphalangeal Cells (IphC) and 

IPCs, and IphCs and Border Cells. Finally, Celsr1 can also be found at the junction between 

the second and third rows of Deiters’ cells (DC2 and DC3) and along the abneural side of 

DC3 (Figure 3). This distribution pattern is constant throughout the length of the cochlea 

(data not shown), and since hair cells differentiate in a graded sequence from the base to the 

apex this suggests that the distribution of Celsr1 in the cochlea does not change significantly 

over developmental time.

In the semi-circular canal cristae Celsr1 has a polarized distribution that is apparent at hair 

cell to supporting cell (HC:SC) and supporting cell to supporting cell (SC:SC) junctions 

(Figure 4). While Celsr1 is enriched at HC:SC boundaries and along one side of the hair cell 

in the cristae (Figure 4B), surprisingly in some locations Celsr1 does not appear to be 

polarized but rather surrounds individual hair cells (Figure 4C). Despite this variation at 

HC:SC junctions, Celsr1 maintains a distinct polarized distribution at SC:SC junctions 

throughout the cristae (Figure 4). Furthermore, this distribution is maintained in the 

eminentia cruciatum (Figure 4D), a unique region comprised of non-sensory epithelial cells 

that bisects the sensory region of the anterior and posterior semicircular canal cristae (Figure 

1&4A).

Celsr1 is similarly enriched at HC:SC and SC:SC boundaries in the developing utricular 

maculae although this protein distribution shows greater regional variation and 

developmental dynamics than Celsr1 in the cristae or organ of Corti. At embryonic day 14.5 

(E14.5) the LPR is not evident in the developing utricle because hair cells are differentiating 

and beginning to organize polarized stereociliary bundles in the medial region while 

differentiation in the lateral region occurs a day later (Figure 5A). Nonetheless Celsr1 is 

asymmetrically distributed at cell boundaries in both regions at this stage. In the medial 

region Celsr1 is enriched at HC:SC boundaries and SC:SC boundaries which can be 

distinguished based upon cellular morphology following phalloidin stain (Figure 5B). In the 

lateral region Celsr1 is less organized but is still present at cell boundaries throughout 

(Figure 5C). Since hair cells are undergoing terminal differentiation and are actively 

differentiating throughout the utricle at this stage it can be concluded that Celsr1 is present 

at cell boundaries before stereociliary bundle polarization and therefore is positioned to 

contribute to this event.

At E17.5 the LPR can be identified based upon morphological criteria, and at this stage 

Celsr1 is present at HC:SC boundaries (Figure 5D–F, arrowheads) in addition to SC:SC 

boundaries (Figure 5D–F, arrows). Furthermore the distribution of Celsr1 shows important 

regional variation throughout the utricular sensory epithelia at this stage. In the medial 

extrastriolar region, Celsr1 can be detected on both the medial and lateral sides of vestibular 

hair cells (Figure 5D, arrowheads) which is unique from the organ of Corti (Figure 3) or 

Cristae (Figure 4), and is more similar to the chick basilar papillae (Davies et al., 2005). In 

contrast, in the striolar region Celsr1 is also enriched at HC:SC boundaries, however in the 

striola it is only present at the medial side of the hair cell where it is opposite of the 

fonticulus and therefore the kinocilium (Figure 5E, arrowheads). Celsr1 is also restricted to 

one HC:SC boundary in the lateral extrastriolar region where hair cells have the opposite 

stereociliary bundle orientation than hair cells from the striolar and medial extrastriolar 
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regions. However, in the lateral extrastriolar region Celsr1 remains enriched on the medial 

side of hair cells and therefore is adjacent to the fonticulus and hence the kinocilium (Figure 

5F, arrowheads). This protein distribution is similar to that previously reported for Pk2 in 

that Celsr1 and Pk2 are both enriched opposite of the kinocilium in the striolar region and 

are adjacent to the kinocilium in the lateral extrastriolar region.

During subsequent stages of postnatal development, the distribution of Celsr1 at cell 

boundaries is dynamic, and is down-regulated at HC:SC boundaries and enriched at SC:SC 

boundaries. As a result, at P2 Celsr1 becomes restricted to one side of hair cells throughout 

the utricle (Figure 5G–I) and is severely down-regulated or lost from HC:SC junctions by P5 

(Figure 5J–L). Despite this Celsr1 is maintained at SC:SC junctions, and often appears to be 

enriched at these cell boundaries at P5 compared to E17.5.

The coordinated distribution of Celsr1 between neighboring cells requires PCP signaling

The early molecular polarization of core PCP proteins in D. melanogaster, and Pk2 in the 

mouse inner ear, requires the coordinated activity other core PCP proteins including Vangl1/

Vangl2 (Bastock et al., 2003; Deans et al., 2007). To determine if Vangl2 is required for the 

asymmetric distribution of Celsr1, immunolabeling was conducted on Pax2-Cre; Vangl2 
CKO mice where conditional gene deletion results in misoriented hair cells in the striolar 

region of the utricle (Figure 6 and (Copley et al., 2013)). In the absence of Vangl2, Celsr1 

distribution remains enriched at apical cell surfaces however the polarized distribution is no 

longer coordinated between neighboring cells (Figure 6A–D). Moreover, at E17.5 Celsr1 

remained enriched at one HC:SC boundary which was always located at the side of the cell 

opposite of the kinocilium (Figure 6A–B,E–F). Changes in the relative distribution of Celsr1 

are not observed in lateral extrastriolar regions where hair cells are not affected by Pax2-Cre 

mediated gene deletion (Copley et al., 2013). Nonetheless these experiments demonstrate 

that the enrichment of Celsr1 at one HC:SC boundary is correlated with individual hair cell 

stereociliary bundle polarity, and occurs opposite of the kinocilium in the striolar region 

(Figure 6C–D). In addition, unlike Pk2, Celsr1 does not require Vangl2 to become 

established or maintain an asymmetric distribution at cell boundaries. Moreover, in Pax2-

Cre; Vangl1; Vangl2 CKO mice in which both of the mouse Vangl genes are disrupted and 

hair cells are misoriented throughout the utricle, Celsr1 can still be detected at cell 

boundaries with an asymmetric cellular distribution (Figure 7). Thus while the localization 

of Celsr1 to cell boundaries does not require PCP signaling, the coordinated organization of 

Celsr1 at cell boundaries along a tissue polarity axis does require core PCP signaling 

components.

Celsr1 is Required for Vestibular Hair Cell PCP

The spin cycle and crash mutations in Celsr1 each result in behavior phenotypes in 

heterozygous mice that are suggestive of vestibular deficits and homozygous mutants have 

craniorachischisis which is indicative of disrupted PCP signaling (Copp et al., 2003; Curtin 

et al., 2003). In contrast to these homozygous mutants, a portion of Celsr1 KO mice survive 

beyond weaning, and neural tube defects only occur in <20% of Celsr1 KOs (Ravni et al., 

2009). Nonetheless mice that survive to adulthood have behavioral phenotypes, including 

circling, that are consistent with inner ear vestibular deficits (Figure 2). To assess the 
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possibility that Celsr1 mutations could yield hair cell PCP phenotypes that underlie these 

behaviors, hair cell stereociliary bundle orientation was evaluated in each of the inner ear 

sensory organs. Auditory hair cells of the organ of Corti were immunolabeled using 

antibodies against β2-Spectrin to visualize the cuticular plate, an actin-rich structure that 

anchors the stereociliary bundles on the apical hair cell surface, and phalloidin to label the 

stereociliary bundle (Figure 8). Auditory hair cell PCP is not significantly altered at P0 in 

Celsr1 KO mice with only 3.2% of OHCs (709 total) having stereociliary bundles that 

deviated from the neural:abneural axis by >30 degrees in the middle turn of the cochlea 

(Figure 8B,E) and no OHCs (612 total) affected to this extent in the basal turn (Figure 

8A,D). This is in contrast to the spin cycle and crash mutants in which a large proportion of 

auditory hair cells appear misoriented in homozygous mutants (Curtin et al., 2003). 

Moreover, in the extreme apex of the cochlea where OHCs are still differentiating, the 

Celsr1 KO cochlea does not show other PCP phenotypes such as extra rows of outer hair 

cells which have been attributed to convergent extension defects (Figure 8C,F).

Hair cells from the utricular maculae were similarly evaluated for planar polarity defects by 

immunolabeling with β2-Spectrin alone. The orientation of individual hair cells was 

measured and quantified on circular histograms for three regions of the utricle corresponding 

to the striolar and the lateral and medial extrastriolar regions (Figure 9A). These three 

analysis fields were utilized so that cells could be evaluated from either side of the LPR, and 

because in Vangl2 KOs the PCP phenotype is restricted to the striola (Yin et al., 2012). The 

boundaries of the striolar region were determined by immunolabeling for Oncomodulin as 

previously described (data not shown) (Copley et al., 2013). In the utricle of Celsr1 KO 

mice, vestibular hair cells are still capable of forming polarized stereociliary bundles as 

evident by the asymmetric position of the fonticulus in all cells (Figure 9B,D). A broader 

range of stereociliary bundle orientations was detected in all fields, however the general 

organization of bundles in the epithelia was maintained (Figure 9C,E). Similar to Vangl2 
CKOs, hair cells within the striolar region of the Celsr1 mutant showed the greatest effect, 

and these cells were frequently not properly oriented towards the LPR and appeared less 

organized than in littermate controls (Figure 9D,E). While they did not appear random like 

Vangl2 mutants (Copley et al., 2013; Yin et al., 2012), the cells in the striolar region tended 

to be oriented more posteriorly than controls, and tended to align parallel to the LPR (Figure 

9E). In comparison, hair cells in the lateral extrastriolar region maintained a greater degree 

of organization and as a result the position of the LPR could still be identified in Celsr1 
KOs.

In comparison to the organization of hair cells in the utricle, hair cells in the semi-circular 

canal cristae showed stronger PCP phenotypes based upon cuticular plate morphology 

(Figure 10) and measurements of stereociliary bundle orientation (Figure 11). In the 

horizontal, anterior and posterior semicircular canals cristae, individual hair cells formed 

asymmetric stereociliary bundles based upon the asymmetric distribution of the fonticulus, 

however measurement and quantification of bundle orientation revealed a range of 

orientations that were not coordinated between neighboring cells, or arranged in a single 

direction that was aligned with the associated semi-circular canal (Figures 10&11). This is 

significant because hair cells of the cristae are arranged to detect rotational accelerations 

aligned in the same plane as their semi-circular canal. Therefore, induction of a uniform hair 
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cell response to rotational motion is likely disrupted in Celsr1 KO cristae because the 

organization of stereociliary bundles appears randomized. Of particular interest is the 

horizontal cristae because defects in horizontal canal development have been associated with 

circling behavior in other mutants (Abraira et al., 2008). Altogether these phenotypical 

analyses are consistent with the hypothesis that developmental defects in the semi-circular 

canal cristae of Celsr1 KOs lead to circling behaviors in Celsr1 KO mice.

Discussion

Using antibodies against the adhesion G-protein coupled receptor Celsr1, and by evaluating 

the vestibular phenotype of Celsr1 knockout mice we have further demonstrated the 

conservation of core PCP protein function between D. melanogaster and the inner ear hair 

cells of the mouse that facilitate hearing and balance. In the inner ear Celsr1 is 

asymmetrically localized at cell boundaries formed between hair cells and the supporting 

cells that surround them, and is further enriched at cell boundaries between supporting cells. 

This distribution is consistent with models in which PCP proteins signal from cell to cell in a 

bucket brigade-like fashion to coordinate the orientation of polarized structures between 

neighbors. One important difference between the Drosophila and inner ear systems is that in 

the ear signal propagation must pass through an intervening population of supporting cells 

which themselves do not display overt anatomic features of planar polarization. However, 

the asymmetric distribution of Celsr1 reveals that these supporting cell populations are 

indeed polarized at the molecular level. Moreover, in the utricular macula planar polarity 

appears to persist through postnatal development via Celsr1 enrichment at SC:SC junctions 

long after Celsr1 is downregulated at HC:SC boundaries (Figure 5).

It is striking to note that in all of the mouse core PCP mutants that have been evaluated to 

date, the primary phenotype is that stereociliary bundle orientation is not coordinated 

between neighboring hair cells, yet individual cells are still capable of forming polarized 

stereociliary bundles (Lu et al., 2004; Montcouquiol et al., 2003; Wang et al., 2006a; Wang 

et al., 2006b; Yin et al., 2012). We have found that this is also the case for Celsr1 mutants. 

This is consistent with work from other labs showing that intracellular planar polarity and 

polarization of the stereociliary bundle is independently regulated through signaling by Gαi 

proteins (Ezan et al., 2013; Tarchini et al., 2013). This is also in agreement with a three 

tiered model of vestibular hair cell development in which the primary function of the core 

PCP proteins is to establish an underlying polarity axis that aligns adjacent hair cells, and 

does so irrespective of their position on either side of the LPR (Deans, 2013; Deans et al., 

2007). Indeed, Celsr1 is enriched on the medial side of hair cells in both the striolar and 

lateral extrastriolar regions of the developing utricle which are separated by the LPR. Since 

the hair cells in these two regions have opposite stereociliary bundle orientations, Celsr1 is 

opposite of the kinocilium in the striolar region and adjacent to the kinocilium in the lateral 

extrastriolar region. This pattern is similar to the core PCP protein Pk2. However, we also 

find that in Vangl2 CKOs where PCP signaling is disrupted in the striola, Celsr1 remains 

enriched on the cell boundary opposite of the kinocilium even if the hair cell is incorrectly 

oriented for that position in the epithelia (Figure 6C&D). One explanation for this 

coordination might be that Celsr1 is a molecular link between the PCP and Gαi signaling 

pathways and functions to couple polarization of the stereociliary bundle with an underlying 
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PCP-dependent ground polarity (Deans, 2013). However, when core PCP signaling is 

completely disrupted by deleting Vangl1 and Vangl2 (Song et al., 2010; Wang et al., 2016), 

Celsr1 can still be detected at cell boundaries (Figure 7) and this distribution is no longer 

correlated with either the position of the kinocilium or a planar polarity axis within the 

tissue. Thus the mechanism linking intracellular planar polarity with the core PCP polarity 

axis remains uncertain.

Celsr1 was first linked to inner ear PCP for auditory hair cells in the spin cycle and crash 
mutant mice. In these lines, independent ENU generated missense mutations in the 

extracellular cadherin domains of Celsr1 yielded heterozygous mice with vestibular behavior 

phenotypes and misoriented auditory hair cells. No clear defects in the peripheral vestibular 

system were found in adult heterozygotes, however homozygous spin cycle and crash mice 

have craniorachischisis and auditory hair cell phenotypes similar to other core PCP mutants 

(Curtin et al., 2003). In this study we find distinct PCP phenotypes in the vestibular sensory 

organs of Celsr1 KO mice that are correlated with profound bouts of circling that disrupt 

mutant mouse navigation throughout the cage but no significant auditory hair cell 

phenotype. The molecular bass for the different, complementary auditory and vestibular 

phenotypes that occur in the Celsr1 ENU mutants and the Celsr1 knockouts are unclear. One 

possibility is that the Celsr1 KO lacks an auditory phenotype because of compensation from 

other Celsr genes (Tissir and Goffinet, 2006, 2013) and therefore has only partially penetrant 

mutant phenotypes. This could also explain other aspects of the KO phenotype, like neural 

tube defects, which are less frequent in the Celsr1 KO than for the spin cycle and crash 
mutants. Along these lines, the ENU-induced mutations in the spin cycle and crash mice are 

likely to be semi-dominant and as a result generate more pronounced homozygous mutant 

phenotypes in the organ of Corti than the Celsr1 KO. This latter explanation would also be 

consistent with the vestibular behavioral phenotype that epitomizes the spin cycle and crash 
heterozygotes. In this case perhaps vestibular hair cell phenotypes may have been 

overlooked in the spin cycle and crash heterozygotes because they were restricted to hair 

cells of the cristae, which still extend stereocilia and are present in normal numbers, but 

could have subtle changes in stereociliary bundle orientation that are best revealed when 

analyzed at the cuticular plate. Regardless of the molecular basis for these differences, the 

Celsr1 mutant phenotype in the semi-circular canal cristae likely underlies the behavioral 

phenotype because mice in which the semi-circular canals fail to form properly also circle 

(Abraira et al., 2008; Cryns et al., 2004). Moreover, in the cristae it is essential that the 

stereociliary bundles are properly aligned with the associated semi-circular canals in order 

for the hair cells to be stimulated by rotational movements. Thus a simple explanation is that 

Celsr1 KO mice circle because stereociliary bundles within the horizontal cristae are poorly 

aligned with the horizontal semi-circular canal, and that headtossing and headbobbing are 

similarly due to disorganization in the anterior and posterior cristae. However since this is a 

global knockout, inner ear restricted CKOs would be needed to confirm these hypotheses.
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Materials and Methods

Mouse husbandry and genotyping

Pax2-Cre; Vangl2 CKO were produced by intercrossing Pax2-Cre+;Vangl2 ΔTMs/WT male 

mice with Vangl2 Floxed female mice as previously described (Copley et al., 2013). Pax2-

Cre; Vangl1; Vangl2 CKO mice were produced by intercrossing Pax2-Cre;Vangl1
ΔTMs/WT;Vangl2 ΔTMs/WT male mice with Vangl1 Floxed; Vangl2 Floxed female mice. The 

Pax2-Cre line (Ohyama and Groves, 2004) were provided by Andrew Groves (Baylor 

College of Medicine). The Vangl1 mouse line was generously provided by J. Nathans (Johns 

Hopkins University School of Medicine) and have been previously characterized (Wang et 

al., 2016). For colony preservation all mouse lines were back-crossed with hybrid 

B6129SF1/J females (Jackson strain #101043). CD1 mice were obtained from Charles River 

(Strain# 022) and used for wild type Celsr1 experiments. For timed breeding and tissue 

staging, noon on the day of vaginal plug visualization was considered embryonic day 0.5 

(E0.5), and postnatal day 0 (P0) was the day mice were born. CD1, Vangl1, Vangl2, and 

Pax2-Cre mice were maintained at the University of Utah under IACUC approved 

guidelines. Celsr1 mutant and littermate control tissue was provided by F. Tissir and the 

Celsr1 mouse line was maintained at the Université Catholique de Louvain under 

institutional guidelines. Mice were genotyped by PCR amplification as previously described 

(Copley et al., 2013; Ravni et al., 2009).

Immunofluorescence

Inner ears were fixed for 2 hours in a solution of 4% paraformaldehyde prepared in 67mM 

Sorenson’s phosphate buffer (pH 7.4). For immunofluorescent labeling, inner ear sensory 

organs were micro-dissected to expose 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 phalloidin 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, Alexa Fluor-conjugated 

(Invitrogen) or DyLight-conjugated (Jackson ImmunoResearch) secondary antibodies. 

Tissue was subsequently washed with PBS-T, mounted using Prolong Gold (Molecular 

Probes, P36930), and imaged via structured illumination microscopy using a Zeiss Axio 

Imager M.2 with ApoTome.2 attachment. Images were collected with Zeiss Zen software, 

and figures were prepared with Adobe Illustrator. The following commercial antibodies were 

used in this study: β2-Spectrin (BD Biosciences 612562); Oncomodulin (Santa Cruz 

Sc7446). The Celsr1 antibody was provided by D. Devenport and has been previously 

described (Devenport and Fuchs, 2008).

Quantification of hair cell orientation

For measuring and quantifying the orientation of vestibular stereociliary bundles, utricular 

maculae and horizontal cristae were immunolabeled using antibodies against β2-Spectrin 

and imaged at 63x magnification as previously described. Stereociliary bundle orientation 

was determined based upon the polarized position of the fonticulus (see Figure 1), with 

orientation vectors extending from the center of the cuticular plate to the fonticulus, and a 
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user defined reference-line drawn along the lateral border of the sensory epithelia (see 

Figure 9&10). Measurements and graphing were conducted using customized software 

developed in Python which generated orientation vectors based upon manually annotated 

positions of the fonticulus and cuticular plate center. To measure bundle orientation the 

software generated a second line tangential to the user defined reference-line, and at a point 

aligned with the x-position of the cell center. Using this approach, bundle orientation is the 

measured angle between the orientation vector and the tangent of the reference-line. As a 

result, when graphed on a circular histogram 90° is a stereociliary bundle orientation that is 

perpendicular to the reference-line. For the semi-circular canal cristae, measurements were 

obtained from hair cells located within the center of the sensory epithelium. Measurements 

were pooled from a single crista from 3 Celsr1 KOs and littermate controls for horizontal 

and anterior cristae, while the posterior measurements were gathered from 2 Celsr1 KOs and 

2 littermate controls. For the utricular maculae measurements were obtained from hair cells 

located in three distinct regions and separate circular histograms were created for each. 

Regions were identified based upon immunolabeling for the striola marker Oncomodulin, 

and measurements were pooled within each region for utricles from 4 Celsr1 KOs or 2 

littermate controls.

For measuring and quantifying the orientation of auditory hair cells within the organ of 

Corti, cochleas were labeled with phalloidin and an antibody against β2-Spectrin to 

determine the location of the fonticulus. Stereociliary bundle orientation was determined 

based upon the polarized position of the fonticulus relative to the neural:abneural axis, with 

0° corresponding to a hair cell with the fonticulus on the abneural side and on this axis. Hair 

cells with a fonticulus deviating >30° from the neural:abneural axis were characterized as 

misoriented. Hair cells were manually scored for misorientation by comparison to a 30° 

template.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Celsr1 knockout mice have vestibular behavior phenotypes

• Celsr1 is asymmetrically distributed at cell boundaries between hair cells and 

supporting cells

• Celsr1 asymmetric distribution is correlated with stereociliary bundle 

orientation

• Celsr1 knockout mice have misoriented vestibular stereociliary bundles
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Figure 1. Anatomical organization of the mouse inner ear and hair cell stereociliary bundles
(A) Sensory receptor hair cells are distributed between six sensory organs demarcated by 

blue shading in this diagrammatic representation of the mouse inner ear. Three vestibular 

organs, the anterior cristae, posterior cristae and horizontal cristae are associated with the 

semi-circular canals and detect rotational movements. The anterior and posterior cristae can 

be distinguished in part by the presence of the eminentia cruciatum, a central region 

consisting of non-sensory epithelia that is devoid of hair cells, and is not found in the 

horizontal cristae. Two additional vestibular organs, the utricle and saccule, detect gravity 

and linear acceleration in the horizontal and vertical planes respectively. A single auditory 

organ called the organ of Corti detects sound and spirals along the length of the cochlea. (B) 
The stereociliary bundle of an individual hair cell consists of a staircase array of stereocilia 

arranged with the tallest adjacent to the kinocilium. The stereocilia are embedded within an 

actin meshwork called the cuticular plate which is located throughout the apical surface of 

the hair cell with the exception of a small region where the kinocilium is anchored to an 

underlying basal body. The cuticular plate can be labeled using antibodies against β2-

Spectrin (red) and outlines the fonticulus; the anchorage site of the kinocilium which can be 

used to visualize stereociliary bundle orientation. Flourescently-tagged phalloidin (green) 

labels filamentous actin in the stereocilia and cuticular plate as well as intercellular junctions 

(not illustrated). Hair cells of the vestibular sensory epithelia and auditory hair cells of the 
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cochlea differ in the organization and length of stereocilia yet both have a distinct planar 

polarity that is evident in the morphology of the stereociliary bundle and the position of the 

fonticulus. The orientation of the vestibular stereociliary bundle is indicated by the large 

black arrow.

Duncan et al. Page 16

Dev Biol. Author manuscript; available in PMC 2018 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Targeted deletion of Celsr1 results in circling behavior indicative of vestibular deficits
Still frame images isolated from a video of the spontaneous navigational behavior of a 

Celsr1 knockout mouse. Individual still images from this video at 0.25 second intervals 

illustrates a circling bout lasting approximately 3 seconds. The full length video is available 

as a supplemental movie.
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Figure 3. Celsr1 is asymmetrically distributed at cell boundaries in the developing Organ of 
Corti of the cochlea
(A) Celsr1 immunofluorescence (red) and phalloidin labeling (green) shows Celsr1 

distribution in the organ of Corti of the mouse cochlea at P2. Celsr1 is enriched at the neural 

boundary of outer hair cells at the junction with the adjacent supporting cell. (B) Grayscale 

image of Celsr1 immunoflourescent labeling from ‘A’. Arrowheads illustrate examples of 

Celsr1 at HC:SC boundaries, arrows illustrate examples of Celsr1 at SC:SC boundaries and 

asters mark the position of the fonticulus in a subset of hair cells. (C) Schematic diagram 

summarizing the distribution of Celsr1 relative to the different cell types of the organ of 

Corti. Hair cells are blue and red shading shows the relative distribution of Celsr1 at cell 

boundaries based upon the immunofluorescent labeling in ‘A’. IHC (Inner Hair Cell), OHC 

(Outer Hair Cell), DC (Deiters’ cell), IPC (Inner Pillar Cell), OPC (Outer Pillar Cell), IPhC 

(Inter Phalangeal Cell), BC (Border Cell). Anatomical reference arrow points along the 

neural to abneural axis of the inner ear. Scale bar, 10μm.
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Figure 4. Celsr1 is Asymmetrically Localized in the Developing Cristae
(A) The anterior cristae at P2 contains two fields of hair cells that can be visualized using 

phalloidin (green), flank the eminentia cruciatum (EC), and contains Celsr1 (red) at cell 

boundaries throughout. (A′) Grayscale image of Celsr1 immunofluorescent labeling from 

‘A’. Boxed fields correspond to approximate locations of higher magnification images in 

panels ‘B–D’. (B,B′) Celsr1 is localized to HC:SC boundaries and SC:SC boundaries in the 

sensory epithelia of the cristae. (C,C′) A subset of hair cells are surrounded by Celsr1 which 

is present at the boundaries with all adjacent supporting cells. (D,D′) Celsr1 distribution in 

non-sensory cells of the EC is also asymmetric and resembles the distribution at SC:SC 

boundaries. (B–D) Arrowheads illustrate examples of Celsr1 at HC:SC boundaries, arrows 

illustrate examples of Celsr1 at SC:SC boundaries and asters mark the position of the 

fonticulus in a subset of hair cells. Anatomical reference arrow points along the Lateral (L) 

axis of the inner ear. Scale bars are 20 μm in ‘A’, 10μm in ‘B’.
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Figure 5. Celsr1 is asymmetrically localized and dynamically regulated in the developing 
vestibular sensory epithelia
(A) Schematic diagrams of the utricular maculae at early (E14.5) and later (E17.5 – P5) 

stages of development showing the approximate locations of medial (M), lateral (L) and 

striolar (S) imaging fields used throughout the figure. The LPR appears at later stages and is 

represented by a dashed line while arrows show relative stereociliary bundle orientation. 

(B,C) Celsr1 (red) and phalloidin (green) labeling of the E14.5 utricle demonstrates the 

asymmetric distribution of Celsr1 in medial imaging fields (B) where hair cells are 

beginning to differentiate and the lateral imaging field (C) which lack polarized stereociliary 

bundles at this stage. (D–F) At E17.5 Celsr1 is enriched at HC:SC and SC:SC boundaries 
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throughout the utricular maculae. In the medial imaging field Celsr1 is present at the cell 

boundaries along two sides of the hair cell. In contrast, in the striola and lateral imaging 

fields Celsr1 is restricted to the HC:SC boundary at the medial side of the hair cell. This 

medial distribution does not change between the striola and lateral regions despite the 

difference in stereociliary bundle orientation for hair cells on opposite sides of the LPR. (G–
I) At P2 Celsr1 levels are decreasing at HC:SC boundaries throughout the utricular maculae 

and is only detected at boundaries on the medial side of hair cells. (J–L) By P5, Celsr1 is 

largely restricted to SC:SC boundaries and can only be found occasionally at HC:SC 

boundaries that are restricted to the medial imaging field (J) where levels are also 

significantly reduced compared to adjacent SC:SC boundaries. Arrowheads illustrate 

examples of Celsr1 at HC:SC boundaries, arrows illustrate examples of Celsr1 at SC:SC 

boundaries and asters mark the position of the fonticulus in a subset of hair cells. 

Anatomical reference arrow points along the Lateral (L) axis of the inner ear. Scale bars are 

20μm.
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Figure 6. The polarized distribution of Celsr1 correlates with the axis of stereociliary bundle 
orientation in Vangl2 CKOs
(A) Celsr1 (red) and β2-Spectrin (green) immunofluorescent labeling of the utricle from an 

E17.5 littermate control mouse in a region spanning the boundary between the striola and 

lateral region. Celsr1 is localized to HC:SC boundaries at the medial side of hair cells 

irrespective of their position relative to the LPR. (A′) Grayscale image of Celsr1 

immunoflourescent labeling from ‘A’. (B) Celsr1 and β2-Spectrin labeling of the utricle 

from an E17.5 Pax2-Cre; Vangl2 CKO mouse. Stereociliary bundles in the striolar region are 

misoriented relative to each other which is characteristic of the Vangl2 KO phenotype. 

Bundle orientation can be inferred from the position of the fonticulus in the β2-Spectrin 

labeled hair cell apical surface. (B′) Grayscale image of Celsr1 immunofluorescent labeling 

from ‘B’. Celsr1 remains asymmetric in the absence of Vangl2, however the polarized 

distribution is no longer coordinated between different cells in the striola while remaining 

organized in the lateral region. Boxed fields in ‘A&B’ correspond to approximate locations 

of higher magnification images in panels ‘C&D’ respectively. (C) Higher magnification 

images of E17.5 hair cells from ‘A’ in which the fonticulus is marked with an aster to 

illustrate stereociliary bundle orientation. In each of these hair cells Celsr1 is localized to the 
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HC:SC boundary opposite of the fonticulus. (D) Higher magnification images of Pax2-Cre; 

Vangl2 CKO hair cells from ‘B’ showing the distribution of Celsr1 relative to misoriented 

stereociliary bundles. Celsr1 is maintained at the cell boundary opposite of the fonticulus. (C
′,D′) Schematic representation of stereociliary bundle orientations and the relative position 

of Celsr1 for the hair cells imaged in ‘E&F’. In these schematics, black arrows originate 

from the center of the apical cell surface and terminate at the fonticulus. (E–F) Salient 

features of the Celsr1 distribution pattern are maintained in the Pax2-Cre; Vangl2 CKO at 

postnatal (P2) stages. While Celsr1 is downregulated at HC:SC junctions it remains 

prominent at SC:SC junctions, and the polarized distribution of Celsr1 at these junctions 

remains correlated with the orientation of stereociliary bundles on the adjacent hair cells. In 

all image panels except C′-D′, arrowheads illustrate examples of Celsr1 at HC:SC 

boundaries, arrows illustrate examples of Celsr1 at SC:SC boundaries and asters mark the 

position of the fonticulus in a subset of hair cells. Anatomical reference arrow points along 

the Lateral (L) axis of the inner ear, and is consistent for all images. Scale bars are 20 μm.
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Figure 7. The polarized distribution of Celsr1 persists in the absence of Vangl1 and Vangl2
(A) Celsr1 (red) and β2-Spectrin (green) labeling of the utricle from P2 littermate control 

mouse in a region spanning the boundary between the striolar and lateral region. Celsr1 is 

localized to SC:SC boundaries and organized along an axis parallel to stereociliary bundle 

orientation. (A′) Grayscale image of Celsr1 immunoflourescent labeling from ‘A’. (B) 
Celsr1 and β2-Spectrin labeling of the utricle from P2 Pax2-Cre; Vangl1; Vangl2 CKO 

mouse. Stereociliary bundles are misoriented relative to each other in all regions consistent 

with the loss of PCP signaling throughout the maculae. Bundle orientation can be inferred 

from the position of the fonticulus in the β2-Spectrin labeled hair cell apical surface. (B′) 
Grayscale image of Celsr1 immunoflourescent labeling from ‘A’. Despite the loss of Vangl1 

and Vangl2, Celsr1 is still found to be asymmetrically localized at SC:SC junctions but no 

longer appears coordinated with stereociliary bundle polarity. Arrowheads illustrate 

examples of Celsr1 at HC:SC boundaries, arrows illustrate examples of Celsr1 at SC:SC 

boundaries. Anatomical reference arrow points along the Lateral (L) axis of the inner ear. 

Scale bar is 20μm.
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Figure 8. Celsr1 gene deletion has only mild effects on organ of Corti development
(A–C) β2-Spectrin (red) and phalloidin (green) labeling of auditory hair cells in the basal 

turn (A) or phalloidin labeling of hair cells in the middle turn (B) or apex (C) of the organ of 

Corti from littermate control cochleas at P0. All hair cells are oriented with the fonticulus 

towards the abneural edge of the organ of Corti, and in all regions a single row of IHCs and 

three rows of OHCs can be distinguished from the surrounding supporting cells. In the 

extreme apex (C) hair cells are less differentiated and have poorly formed stereocilia, but are 

still morphologically distinct from the surrounding supporting cells. (D–F) In the Celsr1 KO 

cochlea, the orientation and patterning of auditory hair cells is similar to littermate controls 

in all regions. Only a small percentage (3.2%) of third row OHCs are misoriented >30°, and 

these are more prevalent in the middle but not the basal turn of the cochlea. Celsr1 KO hair 

cells with misoriented stereociliary bundles are marked with asters (E). Arrows specify the 

position of the three rows of OHCs in the apex of littermate control (C) and Celsr1 KO (F) 

cochlea. Arrowheads specify the position of the single row of IHCs. Scale bars are 20 μm.
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Figure 9. Celsr1 gene deletion results in misoriented stereociliary bundles in the utricular 
maculae
(A) P0 littermate control utricle with hair cells labeled for β2-Spectrin (red) that has been 

annotated to illustrate the approximate position of the LPR (white dashed line), and the 

striolar (yellow), lateral extrastriolar (blue), and medial extrastriolar regions (green) used for 

quantification of stereociliary bundle orientation. Immunolabeling using antibodies against 

Oncomodulin was used to determine the position of the striola (data not shown). The dashed 

magenta line follows the lateral edge of the utricle and is used as a reference for polarity 

measurements as described in greater detail in the methods. (B) Higher magnification 
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images of utricular hair cells from littermate control mice labeled with β2-spectrin for 

quantification analysis. (B′) Schematic illustration of stereociliary bundle orientation from 

each of the three analysis fields outlined in ‘B’. Arrows originate from the center of the 

apical cell surface and terminate at the fonticulus. (C) Circular histograms demonstrating 

cumulative stereociliary bundle orientations for hair cells from 2 littermate control utricles. 

The number of hair cells (n) contributing to each histogram are indicated. Measurements of 

90° or 270° are perpendicular to the magenta reference line drawn in ‘A’. (D) Higher 

magnification images of utricular hair cells from P0 Celsr1 KO mice labeled with β2-

spectrin for quantification analysis. (D′) Schematic illustration of stereociliary bundle 

orientation from each of the three analysis fields outlined in ‘D’. (E) Circular histograms 

demonstrating cumulative stereociliary bundle orientations for hair cells from 4 Celsr1 KO 

utricles. The number of hair cells (n) contributing to each histogram are indicated. Scale bars 

are 40μm in ‘A’, and 20μm in ‘B’ and ‘D’.
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Figure 10. Celsr1 gene deletion results in misoriented stereociliary bundles in semi-circular canal 
cristae
(A) P0 littermate control horizontal canal cristae with hair cells labeled for β2-Spectrin (red) 

that has been annotated to illustrate the location of a field of cells used for quantification of 

stereociliary bundle orientation. The dashed magenta line follows the lateral edge of the 

cristae and is used as a reference for polarity measurements. (B) Higher magnification image 

of horizontal canal cristae hair cells from within the analysis field of littermate control mice 

labeled with β2-Spectrin. (B′) Schematic illustration of stereociliary bundle orientation from 

hair cells in ‘B’. In the horizontal canal cristae stereociliary bundles are oriented medially 

and towards the adjacent utricle. (C) Higher magnification image of cristae hair cells from 
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P0 Celsr1 KO mouse labeled with β2-Spectrin for quantification analysis. (C′) Schematic 

illustration of stereociliary bundle orientation from hair cells in ‘C’. (D) Higher 

magnification image of anterior canal cristae hair cells from littermate control mice labeled 

with β2-Spectrin. (D′) Schematic illustration of stereociliary bundle orientation from hair 

cells in ‘D’. In the anterior canal cristae stereociliary bundles are oriented laterally and away 

from the adjacent utricle. (E,E′) Higher magnification image and schematic of anterior 

cristae hair cells from P0 Celsr1 KO mouse. (F,F′) Higher magnification image and 

schematic of posterior cristae hair cells from at littermate control mouse. In the posterior 

canal cristae stereociliary bundles are oriented laterally and thus point away fromthe 

adjacent utricle. (G,G′) Higher magnification image and schematic of posterior cristae hair 

cells from P0 Celsr1 KO mouse. In all schematic illustrations arrows originate from the 

center of the apical cell surface and terminate at the kinocilium. Anatomical reference 

arrows point along the Lateral (L) or Posterior (P) axes of the inner ear. Scale bars are 50μm 

in ‘A’ and 25μm in ‘C’.
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Figure 11. Quantification of stereociliary bundle orientation in control and Celsr1 KO cristae
Circular histograms demonstrating cumulative stereociliary bundle orientations for hair cells 

from each of the semi-circular canal cristae. Graphs of the horizontal and anterior canal 

cristae are from 3 littermate control and 3 Celsr1 KOs. Graphs of the posterior canal cristae 

are from 2 littermate controls and 2 Celsr1 KOs. The number of hair cells (n) contributing to 

each histogram are indicated. Measurements of 90° or 270° are perpendicular to a reference 

line drawn along the border of the sensory epithelia as illustrated for the horizontal cristae in 

Figure 10A.
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