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Summary: This paper shows collagen-fibril orientation in the developing tectorial membrane
of the cochlea depends on both a tectorin-based matrix and normal expression patterns of
planar-cell-polarity in the underlying epithelium.
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Abstract

The tectorial membrane is an extracellular structure of the cochlea. It develops on the
surface of an epithelium and contains collagen fibrils embedded in a tectorin-based matrix.
The collagen fibrils are oriented radially with an apically-directed slant - a feature considered
critical for hearing. To determine how this pattern is generated, collagen-fibril formation was
examined in mice lacking a tectorin-based matrix, epithelial cilia, or the planar-cell-polarity
genes Vangl2 and Ptk7. In wild-type mice, collagen-fibril bundles appear within a tectorinbased matrix at E15.5 and, as fibril-number rapidly increases, become co-aligned and
correctly oriented. Epithelial-width measurements and data from Kif3acKO mice suggest,
respectively, radial stretch and cilia play little, if any, role in determining normal collagen-fibril
orientation, but evidence from tectorin-knockout mice indicates confinement is important.
PRICKLE2 distribution reveals the planar-cell-polarity axis in the underlying epithelium is
organised along the length of the cochlea and, in mice in which this polarity is disrupted, the
apically-directed collagen offset is no longer observed. These results highlight the
importance of the tectorin-based matrix and epithelial signals for precise collagen
organisation in the tectorial membrane.

Introduction
The tectorial membrane (TM) is an extracellular structure that spirals along the length of the
cochlea, and lies over the organ of Corti (Fig. 1A). It attaches medially to the spiral limbus,
stretches over the spiral sulcus, and connects laterally to the hair bundles of the outer hair
cells (OHCs), the cells that amplify the motion of the basilar membrane at low sound
pressure levels (Ashmore, 2008; Dallos, 2008). Once thought to act as a rigid plate that
hinged around its point of limbal attachment (Davis, 1965), the TM is now known to play a
more complex role (Lukashkin et al., 2010). It acts as an inertial mass against which the
OHCs can react, thereby regulating the amplification of basilar membrane motion (Gummer
et al., 1996; Legan et al., 2000), and it modulates fluid flow in the sub-tectorial space, driving
the inner hair cells (IHCs) optimally at their best frequency (Nowotny and Gummer, 2006;
Legan et al., 2005). The TM also supports travelling waves that couple OHCs along the
length of the cochlea, therefore determining the sharpness of cochlear tuning (Russell et al.,
2007; Ghaffari et al., 2010; Meaud and Grosh, 2010).
The TM is composed of collagens typically found in cartilage (Types II, V, IX and XI) and a
set of non-collagenous glycoproteins that are only expressed at high levels in the inner ear
(TECTA, TECTB, CEACAM16, OTOGELIN and OTOGELIN-LIKE) (Richardson et al., 1987;
Thalmann, 1993; Legan et al., 1997; Zheng et al., 2011; Cohen-Salmon et al., 1997; Yariz et
al., 2012). The collagens form bundles of 20 nm-diameter fibrils that are arrayed across the
width of the TM with a slight offset towards the apical end of the cochlea, hereafter referred
to as a near-radial orientation (Fig. 1B). This offset increases from ~15o in basal regions to
25o at the apex in the region overlying the hair bundles (Fig. 1C) (Lim, 1972). TECTA,
TECTB and CEACAM16 are major components of the striated-sheet matrix within which the
collagen fibrils are imbedded (Hasko and Richardson, 1988; Legan et al., 2000; Russell et
al., 2007; Zheng et al., 2011; Kammerer et al., 2012), and are also associated with other
structures, including the marginal band, the covernet fibrils and Hensen’s stripe, peripheral
features that run principally along the length of the TM (FIG. 1A-B).
The TM forms on the luminal surface of the developing cochlear duct of the mouse over a
period of ~25 days, between embryonic day (E) 12 and postnatal day (P) 16. It is produced
by the cells of the greater and lesser epithelial ridges (Lim, 1987), regions in the ventral wall
of the duct that eventually give rise to the spiral limbus, the spiral sulcus, and the organ of
Corti (Kelley, 2007). In this study we address when and how the collagen fibrils become
oriented across the width of the TM and become aligned along the OHCs’ axis of
mechanosensitivity. Such an arrangement generates mechanical anisotropy, and is thought

to ensure forces are delivered optimally from the hair bundles of the OHCs to those of the
IHCs (Gavara and Chadwick, 2009).
Using wild-type mice and mice with mutations in a number of genes, we provide evidence
that the initial alignment and orientation of the collagen fibrils in the TM occurs rapidly and
before a significant radial expansion of the cochlear epithelium. It also occurs in the absence
of apically-located epithelial cilia but is critically dependent on the presence of the tectorinbased matrix. The latter may initially confine and align the collagen fibrils radially as they
polymerise, and then allow further polymerisation to occur without influence from the forces
generated by the longitudinal extension of the epithelium. Fine tuning of collagen-fibril
orientation is, however, dependent on the cellular organisation of the epithelium as loss-offunction mutations in planar-cell-polarity genes that disrupt PRICKLE2 distribution in the
cells of the greater epithelial ridge (GER) have distinct effects on collagen patterning.

Methods

Animals

CD1 mice were used to study TM-development in wild-type mice. Cochleae were obtained
from embryos derived from timed-mated females at E14.5 (n=10), E15.5 (n=29), E16.5
(n=15) and E17.5 (n=6). Cochleae were also obtained from pups at P1 (n=8), P3 (n=7) and
P5 (n=4). Additional CD1 cochleae were used for transmission electron microscopy (TEM) at
E14.5 (n=4), E15.5 (n=4), E16.5 (n=3) and E17.5 (n=3). Cochleae from Tecta/bdKO mice (see
below) were obtained at E15.5 (n=35), E16.5 (n=31), E17.5 (n=19), P1 (n=7), P3 (n=5), P5
(n=5) and P10 (n=3). Cochleae from mice doubly heterozygous for the Tecta/b null
mutations were obtained at E15.5 (n=9), E16.5 (n=9) and E17.5 (n=7) from crosses set up
between Tecta/bdKO mice and CD1 mice. Foxg1-Cre; Kif3aflox/flox (Kif3acKO) cochleae were
used at E18.5 (mutant n=6; control n=4) and E16.5 (mutant n=2; control n=3). Pax2-Cre;
Vangl2flox/flox (Vangl2cKO) cochleae were used at E17.5 and P1 for COL9A staining (P1:
mutant n=3, control n=3; E17.5 mutant n=8, control =8) and at P1-2 for PRICKLE2 staining
(mutant n=3, control n=3). Pax2-Cre; Ptk7flox/flox (Ptk7cKO) cochleae were used at P1 and P6
for COL9A staining (P1: mutant n=4, control n=3; P6: mutant n=4, control n=3) and at P1 for
PRICKLE2 staining (mutant n=4; control n=3); Ptk7-/- (Ptk7KO) cochleae were used at E16.5E17.5 for scanning electron microscopy (mutant n=4; control n=4) and COL9A staining
(mutant n=4; control n=3). Mice of either sex were used and n numbers refer to numbers of
animals. Animal procedures were carried out under UK Home Office Project licence
(PPL70/7658) with approval of the local Animal Welfare and Ethical Review Board at the

University of Sussex, and in compliance with NIH guidelines and approval of the local Animal
Care and Use committees at the Universities of Utah and Virginia.

Transgenic mouse production
Production of an EGFP knockin-Tecta knockout mouse (TectaEFGP/EGFP mouse) in which an
EGFP minigene was inserted into the first coding exon of Tecta is to be described
elsewhere. The mouse expresses EGFP from the Tecta locus in the cells of the developing
cochlea from E13.5 to P7 (RJG and GPR, unpublished). TECTA cannot be detected in the
TectaEGfP/EGFP cochlea using immunofluorescence microscopy with polyclonal antibody R9
(Knipper et al., 2001) and a TM is no longer present on the organ of Corti in mature animals,
as described previously for a Tecta functional-null mutant mouse (the Tectatm1Gpr or
TectaΔENT mouse; Legan et al., 2000). A Tecta/Tectb double-null mutant (double knockout)
mouse was created by crossing the TectaEFGP/EGFP mouse with a Tectb-/- mouse (Tectbtm1Gpr ;
Russell et al., 2007). The resultant mice, doubly heterozygous at both loci, were inbred to
produce TectaEGFP/EGFP, Tectb-/- mice that were maintained as an inbred colony. These mice
will be referred to as Tecta/b double knockout (Tecta/bdKO) mice and are on a mixed, variable
S129SvEv/C57Bl6J background.
Fixation and tissue preparation for light microscopy

Cochleae were fixed in 3.7% (v/v) formaldehyde in 0.1 M sodium phosphate pH 7.4 for 1-3
hours, and washed in phosphate buffered saline (PBS). The otic capsule and the ventral wall
of the cochlea were removed prior to staining wholemount preparations. For COL9A
(Collagen IX) or TECTA (α-tectorin) staining, samples were pre-blocked in PBS containing
10% heat-inactivated horse serum (PBS/HS) for 1 hour and then incubated overnight in
rabbit anti-pig COL9A (a gift from Prof. A Bailey and Dr. V Duance, AFRC, Bristol, UK) or
rabbit anti-chick TECTA (R9; Knipper et al., 2001). Both sera were used at a dilution of
1:1000. For anti-EGFP staining, samples were pre-blocked in PBS/HS containing 0.1%
Triton X-100 (PBS/HS/TX) for one hour, and then incubated overnight in FITC-conjugated
goat anti-EGFP antibody (ab6662, Abcam) at a dilution of 1:1000. Anti-acetylated tubulin
IgG2b clone 6-11B-1 (Sigma-Aldrich) was used at 1:500 overnight in PBS/HS/TX followed by
Alexa-555 conjugated goat anti-IgG2b. Affinity-purified rabbit anti-PRICKLE2 antibody
(Deans et al., 2007) was used at 1:250 overnight in PBS/HS/TX. All Alexa-conjugated
secondary antibodies (Invitrogen) were used at 1:500 for 2-3 hours. Phalloidin staining of
PBS/HS/TX-permeabilised samples was carried out with either TRITC-conjugated phalloidin
(Sigma-Aldrich, 0.1 µg/ml) or Alexa-633 conjugated phalloidin (Invitrogen, 1:100) for at least

2-3 hours. Overnight incubations were carried out at 4°C, all other steps were performed at
room temperature. Following labelling, samples were washed 3x in PBS and mounted in
Vectashield (Vector Laboratories) with or without supporting shims created by stacking
plastic self-adhesive washers on the slide (Fisher Clark). In some cases, TMs were obtained
by dissection and processed in a similar manner. Cryosections of formaldehyde-fixed
cochleae were stained overnight with rabbit antibodies to chick TECTA (R9), chick-TECTB
(R7; Knipper et al., 2001), recombinant fragments of mouse otogelin (Cohen-Salmon et al.,
1997) or Col9A (Duance et al., 1982) at a dilution of 1:1000, followed by Alexa-488 goat and
rabbit IgG (1:500) and Texas-Red conjugated phalloidin (1:300). Samples were imaged on
Zeiss LSM 510 or Leica SP8 confocal microscopes or on a Zeiss Axioplan-2 wide-field
fluorescence microscope. Further image analysis was performed with LSM Image Browser
(Zeiss), ImageJ (NIH) and Photoshop CS5 (Adobe).
Fixation and tissue preparation for transmission electron microscopy

Labyrinths were separated from the skull, the stapes removed and the cochlear windows
opened to improve fixative penetration. Cochleae were fixed in 2.5% glutaraldehyde in 0.1 M
sodium cacodylate pH 7.4 containing 1% (w/v) tannic acid (ACS grade, Sigma-Aldrich) for 34 hours, washed in 0.1 M sodium cacodylate buffer, post-fixed in 1% osmium tetroxide in the
same buffer for 2 hours, washed 3x in buffer, once in water and dehydrated through an
ascending ethanol series. After equilibrating in propylene oxide, samples were embedded in
Epon resin, cured at 60°C for 24h and sectioned with a diamond knife on a Reichert-Jung
Ultracut E ultramicrotome at 80-90 nm thickness to obtain cross-sections of the TM in the
apical and basal coils. Sections were collected on copper-mesh grids, stained with uranyl
acetate and lead citrate and viewed in a Hitachi 7100 transmission electron microscope.
Images were captured with a Gatan Ultrascan 1000 camera.
Fixation and tissue preparation for scanning electron microscopy

Labyrinths were separated from the skull, the stapes removed and the cochlear windows
opened up. Cochleae were fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate pH 7.4
for 2-3 hours, washed 3x in 0.1 M sodium cacodylate buffer, and the lateral wall removed to
reveal the TM. Tissues were post-fixed with 1% osmium tetroxide in 0.1 M sodium
cacodylate buffer for 2-3 hours, dehydrated through ascending concentrations of ethanol,
critical point-dried, mounted on support stubs and sputter-coated with platinum. Samples
were imaged with a Jeol 6700F SEM.

Cochlear length and width measurements at E15.5-E17.5

For measuring the length of the developing organ of Corti, cochleae were stained to amplify
the EGFP signal (heterozygous Tecta/bdKO mice) or labelled with phalloidin (all cochleae),
and imaged using a x10 objective. The images were photo-montaged using Photoshop CS5
and measurements were made at the location of the IHCs using ImageJ. For width
measurements, confocal z-stacks were oriented in ImageJ such that an orthogonal slice
could be taken perpendicular to the long axis of the cochlea, at defined points from the
basal-most end. These points were at intervals of 10 IHCs counting from the basal end, from
IHC-10 to IHC-110. The width of the EGFP-positive epithelium at these points was
measured at its surface from these orthogonal images, with measurements being made from
the medial-most edge of the EGFP staining to the medial edge of the IHC.
Measurements of cell numbers

Measurements of cell numbers in regions of the GER underlying the TM were acquired in
boxes 50 microns wide (in the apical-basal axis) by 100 microns in depth (the medio-lateral
axis) with the box positioned just medial to the IHC surfaces. Cells were scored as being
within the box in phalloidin-stained preparations if their apical surface was entirely within the
boundary of the box or if it intersected the lower or left-side boundary edges.

Antibody validation

Antibodies raised to the a-1 fragment of chicken TECTA and chicken TECTB (Knipper et al.,
2001) specifically stain the TM in cryosections of the mouse cochlea but do not stain in the
respective null-mutant mice, the EGFP knockin-Tecta knockout mouse (unpublished
observations) and the Tectb-/- mouse (Russell et al., 2007). COL9A antibody specifically
stains bands of the expected size on western blots of the mouse TM and shows no crossreactivity with either Type II or Type XI collagen (Richardson et al., 1987). Antibodies to
recombinant fragments of OTOGELIN (Cohen-Salmon et al., 1997) were prepared and
purified commercially (Eurogentec). PRICKLE2 antibody was validated as described
previously (Deans et al., 2007).

Results

A tectorin-based matrix precedes the appearance of collagen fibrils

Immunofluorescence microscopy was used to compare the distribution and appearance of
the collagenous and non-collagenous components of the TM during its early development
(Figure 2). TECTA and TECTB are readily detected at E14.5 (Fig. 2 A, B), but OTOG levels
are very low relative to those seen in the overlying epithelium (Fig. 2C) and COL9A staining
cannot be observed (Fig. 2D). By E15.5, the level of OTOG staining within the TM increases
(Fig. 2G), and COL9A immunoreactivity appears as a fine layer lying within its central core
(Fig. 2H). By E16.5, the TM is considerably thicker and labels strongly for all four proteins
(Fig. 2I-L). Whilst TECTA is distributed uniformly throughout the TM at E16.5 (Fig. 2I),
TECTB and OTOG are concentrated on the upper surface (Fig. 2J, K) and COL9A is
confined to the central region (Fig. 2L).

Radially-aligned collagen fibrils form within a 24 hour time frame

Electron microscopy (Figure 3) was used to examine these early stages of TM development
in further detail, with a focus on the basal high-frequency region of the cochlea that is known
to mature first. At E14.5 the TM is formed from an upper layer of densely-packed filaments
that are organised into cords and run in a longitudinal direction, and a lower layer of looselypacked filamentous material (Fig. 3A, B). Collagen fibrils are not observed in the TM at this
stage (Fig. 3B), corroborating the data obtained with immunofluorescence microscopy (see
above, Fig. 2D). By E15.5, the depth of the TM is greater, the upper layer has increased in
density, and collagen fibrils with a characteristic diameter of 20 nm are present (Fig. 3C).
These fibrils lie predominantly within the lower layer of the TM, are largely located above and
not between the microvilli of the underlying epithelial cells, and are loosely associated into
bundles that have an apparently random organisation (Fig. 3C). At E16.5, the TM has further
increased in depth, the upper dense layer is more substantial than at earlier stages, and the
collagen-fibril bundles have a radial orientation (Fig. 3D). In developing cartilage, collagen
fibrils are aligned by fibripositors, myosin II driven recesses in the plasma membranes of the
surrounding fibroblasts (Canty et al., 2004; Kapacee et al., 2008; Kalson et al., 2013). A
careful examination of the apical domain of the epithelial cells of the GER, however, failed to
provide evidence for the presence of such recesses or similar structures at these or later
stages of development.

Whole-mount preparations of cochleae were double-labelled with phalloidin and antibodies
to COL9A to examine closely the changes occurring in collagen fibril-bundle organisation
between E15.5 and E16.5 (Figure 4). Confocal projections confirm that the first collagen-fibril
bundles to appear at E15.5 are, as expected from the electron microscopy, randomly
oriented (Fig. 4 A, B). A comparison of equivalent regions of the cochlea at E15.5 and E16.5
reveals there is a marked increase in collagen-fibril bundle density by E16.5 (Fig. 4 D, E),
with the fibrils adopting a highly-organised, near-radial pattern. This arrangement largely
resembles that seen in the mature animal, and includes the characteristic offset of the fibrils
toward the apex of the cochlea.

Radial alignment of collagen fibrils can occur without medio-lateral expansion of the
underlying epithelium

With solutions of collagen that are allowed to polymerise in the absence of cells in vitro,
imposed strain (Vader et al., 2009), molecular crowding/confinement (Saeidi et al., 2012)
and fluid flow (Lee et al., 2006) are all able to produce aligned collagen fibrils. Phalloidin
staining reveals there is an increase in the surface area of the apical profiles of cells in the
medial zone of the GER between E15.5 (Fig. 4C) and E16.5 (Fig. 4F) and suggests an
expansion in the width of the epithelium underlying the TM may generate the radial
patterning of collagen-fibril bundles. TectaEGFP mice were therefore used to examine
changes in the dimensions of this region as the collagen fibrils become aligned and oriented
(Figure 5A).
Labelling Tecta+/EGFP mice with antibodies to TECTA demarcates the boundaries of the TM
and shows that it extends across the entire surface of the region defined by the distribution
of EGFP+ve GER cells between E15.5 and E17.5 (Fig 5B-D), consistent with the TM
expanding in conjunction with growth of the underlying epithelium. The width of this
EGFP+ve region (as demarcated by arrows in Fig. 5B-D) was therefore measured from
defined points along the length of the basal cochlear duct at E15.5, E16.5 and E17.5. IHCs
were counted from the basal end (see Fig. 5A), and orthogonal projections were produced
from confocal stacks at regions located 10-110 IHCs from the base, at 10 IHC intervals. Fig.
5 B-D show examples of profiles used, with each corresponding to a point that was 70 IHCs
from the basal end of the cochlea. Whilst there is a small, but significant increase (~15%) in
the width of the GER in the region spanning IHC60 to IHC110 between E15.5 and E16.5,
there is not a significant increase in the basal region (between IHC10 and IHC50) during this
period (Fig. 5E), the period over which the collagen fibrils are becoming co-aligned and nearradially oriented. Furthermore, the overall percentage increase in the width of the GER in the

basal region of the cochlea is no greater than the increase in its length that occurs during
this time frame (Fig. 5F). A larger (30-40%) increase in the width of the GER occurs between
E16.5 and E17.5 at all points measured (Fig. 5E). Although this width increase is
proportionally greater than the concomitant increase in cochlear length occurring during this
period, both for the entire cochlea (19.7%) and for the basal region (12.1%) analysed (see
Fig. 5F), this happens after and not during the initial co-alignment and near-radial orientation
of the collagen fibrils.

Collagen fibrils initially fail to orient radially in the absence of a tectorin-based matrix

As the appearance of a non-collagenous, tectorin-based matrix precedes the appearance of
collagen fibrils, and as the morphological data presented above indicate the collagen fibrils
polymerise and align within this matrix, collagen-fibril development in wild type mice (Fig. 6
A, C, E) was compared with that in the in the Tecta/bdKO mouse (Fig. 6 B, D, F), a mouse in
which neither TECTA, TECTB nor OTOG cannot be detected (unpublished observations).
Unlike those in wild-type mice (Fig. 6A), the collagen fibrils in the Tecta/bdKO mouse at E15.5
are compact, of varying diameter and oriented in many directions (Fig. 6B). By E16.5, the
collagen-fibril bundles in the Tecta/bdKO TM become more substantial but remain, relative to
those in the wild type, incorrectly oriented (Fig. 6C, D). Transmission electron microscopy
reveals the electron-dense cords that are normally present on the surface of the TM (Fig.
6E) are completely absent the Tecta/bdKO mouse (Fig. 6F), and suggests these structures
may serve to confine the collagen as it polymerises.

However, and somewhat unexpectedly, although the collagen-fibril bundles that are initially
produced in the Tecta/bdKO mice by E16.5 are of variable diameter and randomly oriented, by
P0 and at later early-postnatal stages the TM of the Tecta/bdKO mouse is composed of an
upper layer of disorganised, thicker collagen-fibril bundles, similar to those seen at E16.5,
and a lower layer comprised of finer-diameter bundles that are remarkably well co-aligned
(Fig. 7A-C). Transmission electron microscopy fails to reveal the presence of any dense
cords or covernet-like material on the upper surface of the Tecta/bdKO TM at these stages,
and the aligned collagen-fibril bundles that are seen in the lower layer of the TM are closely
opposed by an overlying network of disorganised collagen (Fig. 7D).
Although the lower-layer collagen-fibril bundles seen in the TMs of Tecta/bdKO mice at later
stages (P0-P3) are co-aligned, they are abnormally offset towards the basal, instead of the
apical, end of the organ of Corti (Fig. 8A, B), at least in the higher-frequency regions of the

cochlea. This discrepancy in the offset of the co-aligned collagen fibrils seen in the lower
layer of the TM in the Tecta/bdKO mice is even more exaggerated at the extreme basal tip of
the organ of Corti, a region where, over a distance of ~50 microns, the fibrils of wild-type
mice are oriented with a slight basal-ward tilt (Fig. 8C, E). In striking contrast, the collagen
fibril-bundles in the lower layer of this region of the TM in the Tecta/bdKO cochlea are oriented
strictly along the length, instead of the width, of the organ of Corti (Fig. 8D, F). Wholemount
preparations of the entire Tecta/bdKO TM stained with anti-COL9A (Fig. 8G) indicate that the
lower-layer collagen-fibril bundles are only abnormally offset in the basal third of the TM.
Those in the remaining two thirds have the expected apically-directed slant.

Cilia are not required for the radial alignment of collagen fibrils

Although a tectorin-based matrix is clearly necessary for the formation, co-alignment and
orientation of the first collagen fibril bundles that appear within the TM, it is not required for
the co-alignment and bundling of the collagen-fibril bundles that form later. The potential
roles of other cues were therefore examined. In scanning and transmission electron
micrographs, the collagen fibrils of the developing TM that are immediately adjacent to the
surface of the GER often appear to be attached to the cilia of the underlying cells (Fig. 9A,
B). The possibility that this cilial attachment could be orchestrating the alignment and
orientation of collagen fibrils was investigated using a conditional Kif3a knockout mouse
(Kif3acKO) that lacks cilia within the inner ear (Sipe and Lu, 2011). Confocal images of
cochlear ducts taken from heterozygous control (Fig. 10A-C, G) and Kif3acKO (Fig. 10D-F, H)
mice at E16.5 and E18.5 reveal that despite an absence of cilia (Fig. 10D-E) and some
deformity and shortening of the cochlear duct (not shown), collagen fibril-bundle alignment
within the TM is remarkably well maintained (Fig. 10H) in the Kif3a knockout mouse.

PCP pathway genes are required for fine tuning collagen fibril orientation

The role of the planar-cell polarity (PCP) genes in establishing the correct orientation of
sensory hair bundles in the developing cochlea has been well established (Montcouquiol et
al., 2003; Wang et al., 2005; Wang et al., 2006; see also reviews, May-Simera and Kelley,
2012; Ezan and Montcouquiol, 2013; Lu and Sipe, 2016). Interestingly, whilst PRICKLE2 is
asymmetrically distributed in inner pillar cells and stains just the medial edge of these cells
within the organ of Corti, it is aligned in the orthogonal direction in cells within the GER
(Copley et al., 2013). Closer examination of PRICKLE2 distribution in the GER shows it is
present in a narrow stripe within the width of the GER that lies approximately beneath the
middle of the TM (Fig. 11A-C). PRICKLE2 specifically localises to the apical pole of the cells

in this region, and its distribution defines an axis of planar cell polarity that is broadly directed
along the length of the cochlea with little or no staining seen on either the medial or lateral
boundaries of these cells. The overall pattern of staining across this stripe gives the
appearance of diagonal lines that have an apically-directed slant (arrows in Fig 11).
Furthermore, the angle of this slant progressively increases towards the apical end of the
cochlea (Fig. 11A-C). This slant resembles that seen in the overlying collagen fibrils (Fig.
12A-B, G-H) in equivalent regions of the cochlea (see Fig.1C).
In Vangl2cKO mice, PRICKLE2 is no longer asymmetrically localised and is, instead,
distributed equally around the periphery of cells within this GER stripe (Fig. 12C-D'). This
loss of asymmetrical PRICKLE2 staining is accompanied by a striking loss in the normal
apical slant of collagen-fibril bundles, which instead have an almost strictly-radial orientation
(Fig. 12I-J). An identical phenotype is observed following cochlear deletion of another PCP
gene, Ptk7 (Fig. 12E-F, K-L). Whilst these observations provide good evidence that PCP
genes can fine tune the orientation of collagen fibrils in then TM, the abnormal basal slant of
the collagen fibrils seen in the lower layer of the TM in the basal third of cochlea of the
Tecta/bdKO (Fig. 8) does not correlate with the distribution of PRICKLE2 which remains
similar to that seen in wild type animals (Fig. S1). Other factors may therefore override the
influence of PCP genes in the Tecta/bdKO mice.

The cords of densely-packed filaments that run almost longitudinally along the upper surface
of the TM prior to the appearance of collagen fibrils (Fig. 3A) are also slanted towards the
apical end of the cochlea, albeit with a far greater offset than that of the collagen fibrils. Their
orientation may, nonetheless, depend on PCP within the epithelium. An examination of these
cords in control and PTK7 knockout cochleae failed, however, to reveal any obvious
difference in their orientation (Fig. S2).

Discussion

The results of this study can be summarised as follows: (i) a tectorin-based matrix precedes
the appearance of collagen fibrils and is required for the formation of co-aligned and nearradially oriented collagen-fibril bundles during the first phase of TM development, (ii) the
formation of this highly organised system of collagen fibrils occurs within 24 hours and
correlates with a large increase in collagen-fibril numbers, (iii) the near-radial orientation of
the collagen fibrils does not appear to be dependent on an increase in the width of the
underlying epithelium, (iv) a tectorin-based matrix is not required for the formation of co-

aligned collagen fibrils at later stages of development, (vi) the cilia of the underlying epithelial
cells are not required for normal collagen-fibril bundle patterning, (vi) the asymmetric
proximo-distal distribution of PRICKLE2 in the underlying epithelial cells correlates with the
apically-directed offset of the collagen-fibril bundles in the TM, and (vii) the collagen-fibril
bundles of the TM are no longer apically offset in the absence of either Vangl2 or Ptk7.
Using TEM, polymerised collagen fibrils with a diameter of 20 nm are first observed in the
TM at E15.5, at least one day after the formation of a thin tectorin-based matrix on the
surface of the GER, and 3 days after Tecta and Tectb mRNA expression begins in this
region (Rau et al., 1999). These collagen fibrils lie on and above the microvilli that crown the
surfaces of GER cells and below the electron-dense matrix that forms the upper surface of
the TM. Immunofluorescence microscopy reveals the collagen at this stage forms fibril
bundles that are oriented in an apparently random fashion. By E16.5 these collagen-fibril
bundles are longer and co-aligned in a near-radial manner (i.e., replete with an apicallydirected offset), a pattern closely resembling that seen in the mature TM. The alignment and
orientation of the collagen-fibril bundles therefore happens very rapidly, as the number of
collagen fibrils in the TM is increasing, and is therefore likely to be happening in parallel with
collagen-fibril polymerisation.
Whilst the apical-basal polarity of the cells in the GER makes it unlikely that fibripositor-like
devices are involved in directing collagen orientation in the developing TM, cells located
along the inwardly-inclined medial edge of the ridge could pull in polymerised fibrils and
extrude them in a radial fashion, much in the same way that fibripositors align collagen fibrils
within developing tendons. An extensive search for apical membrane invaginations
enveloping collagen fibrils in this region and elsewhere failed, however, to reveal evidence
for the existence of such a mechanism. Furthermore, polymerised collagen fibrils were never
observed around the basal regions of the microvilli on the GER cells.
It has been known for some time that cells can generate traction forces that can orient
extracellular fibres (Harris et al., 1981), and more recent studies have shown that cell
colonies grown on a collagenous matrix can induce collagen-fibre alignment (Vader et al.,
2009). Inducing strain on Type I collagen gels also results in the post-polymerisation
alignment of collagen fibres, providing the induced strain/stretch exceeds 5% (Vader et al.,
2009). Cellular growth or cell-based traction have also been implicated in in vivo models;
fluorescently-labelled collagen injected into developing chick limb buds rearranges and
aligns in an injection-site appropriate manner (Stopak et al., 1985). As collagen-fibril
alignment and orientation occurs concomitant with a large increase in the apical surface area
of a medially-located subset of GER cells, we explored whether an increase in the width of

the epithelium underlying the TM could account for the observed near-radial patterning of
collagen fibrils. Our observations, however, suggest otherwise. Alignment and orientation in
the basal (IHC10-50) region of the cochlea occurs without an increase in the width of the
GER and, in more apical regions, it occurs whilst the length and width of the GER are
increasing by a similar amount, suggesting there is unlikely to be a force vector that is
greater in the radial dimension.
Nonetheless the alignment and orientation of collagen fibrils within the TM does occur whilst
the luminal surface area of the cells in the medial GER is increasing considerably (see Fig.
4C, F), and a previous study of cellular changes in the developing cochlea (McKenzie et al.,
2004) has shown that sensory cells immediately lateral to the GER undergo radial
intercalation (McKenzie et al., 2004) coupled with an increase in apical surface area, leading
to a reduction in the number of cells across the medio-lateral axis of the developing organ of
Corti as it undergoes convergent extension. Whilst there is a considerable reduction in the
number of cells per unit area in the GER between E15.5 and E16.5 (from 500 to 300 per
5000 um2, see Fig. S3), which is accompanied by an increase in the surface area of some of
the cells (notably those in the medial GER), in the absence of distinct cell types (such as the
inner hair cells within the organ of Corti) it is not possible to determine whether radial
intercalation is occurring in this region.
Recent evidence has shown that molecular crowding and confinement within a narrow space
can have a dramatic effect on the ability of collagen fibrils to align in vitro (Saeidi et al.,
2012). When concentrated solutions of acid-soluble Type I collagen are neutralised and
allowed to polymerise between two glass coverslips, layers of highly-organised, co-aligned
collagen fibrils are formed that resemble the lamellae seen, for example, in either the cornea
or the anulus fibrosus, leading to the view that physical factors alone may control collagen
fibrillogenesis (Saeidi et al., 2012). The upper, dense layer of the developing TM may
confine collagen polymerisation to a narrow layer just above the epithelium and, in the
Tecta/bdKO mouse in which this upper layer is absent, the first collagen-fibril bundles are,
indeed, malformed and highly disorganised. Whilst this observation strongly implies
confinement plays a role, fibril bundles that form subsequently in the Tecta/bdKO mouse are
of normal dimension, co-aligned with one another and, at least throughout the apical two
thirds of the cochlea, oriented radially across with TM with the expected apical slant/offset.
Whilst additional factors (e.g., hyaluronate) may be secreted during the later phase that
could cause molecular crowding, it is also possible that the network of disorganised
collagen-fibril bundles that initially forms in the Tecta/bdKO mouse confines the collagen that
forms subsequently, and this is sufficient to enable collagen-fibril bundle co-alignment.

Although an overlying meshwork of disorganised collagen fibrils may substitute for the lack
of a tectorin-based matrix during the later stages of TM development in the Tecta/bdKO
mouse, the later-forming collagen-fibril bundles in the basal third of the cochlea that lie
closest to the epithelium are, whilst being co-aligned, incorrectly oriented. At the extreme
basal end of the cochlea these lower-layer collagen fibrils run exclusively along the length of
the organ of Corti, instead of near-radially, and their orientation does not correlate with the
distribution of PRICKLE2. The cochlea continues to grow in length after the early phase of
collagen-fibril bundle formation and, if this elongation is largely restricted to the basal part of
the cochlea, the forces produced may be sufficient to cause the mis-orientation of the lowerlayer collagen-fibril bundles seen in the Tecta/bdKO mouse. The tectorin-based matrix could
therefore serve an additional function; it may lock the collagen-fibril bundles into place once
they have been produced and thereby reduce the impact of external forces.
Although confinement may drive the production of co-aligned collagen-fibril bundles within
the developing TM, it cannot alone explain why the co-aligned fibril bundles are near-radially
oriented. The active movement of small cilia on cells distributed throughout the otic vesicle of
the zebrafish is thought to generate fluid flow important for the normal formation of otoliths
(Riley et al., 1997; Yu et al., 2011) and an in vitro study of collagen-fibre alignment in
microfluidic channels (Lee et al., 2006) has shown confinement of Type I collagen coupled
with exposure to a few seconds of fluid flow can generate collagen fibrils that align in parallel
(±15°) with the long axis of the chamber. Whilst the cilia of the GER cells have a 9+0 or 9v
distribution (Gluenz et al., 2010) of microtubule doublets (RG & GR unpublished) and
therefore likely to be non-motile primary cilia, collagen fibrils in the developing TM are
associated with these cilia and their movement within the apical pole of the GER cells may
direct collagen patterning. However, in the Kif3acKO mouse (Sipe and Lu, 2011), despite a
complete absence of cilia and defects in cochlear elongation, the collagen fibrils are still
remarkably well co-aligned, with a typical near-radial orientation. The cilia therefore do not
play a direct role in this process.
Although cilia of the cells in the GER are not required for the normal orientation of the
collagen-fibril bundles in the developing TM, the distribution of PRICKLE2 in the region of
the GER underlying the middle of the TM and the loss of an apical offset seen in the
conditional Ptk7 and Vangl2 mutants clearly indicates that signals from the epithelial cells of
the GER can influence collagen patterning in the overlying extracellular matrix. Although
mutations in many of the PCP genes lead to convergent extension defects and a shortening
of the cochlear duct, and whilst the PTK7cKO mouse has a shortened cochlea, the length of
the cochlea is normal in the Vangl2cKO mice so it is unlikely that an extension defect
underlies the observed lack of an apical offset. Furthermore, a distinct radially directed apical

slant in the collagen fibrils is observed in the Kif3acKO mouse in which the cochlea is
considerably truncated. The question therefore arises as to how PTK7 and VANGL2 are able
to determine the distinctive offset in the radial orientation of the collagen-fibrils bundles in the
TM. Evidence from studies of how hair-cell polarity in the organ of Corti is controlled have
suggested that PTK7, acting via Src and ROCK, acts in concert with the core PCP pathway
(via PRICKLE and JNK) to regulate actomyosin contractility at the cell-cell junctions (Lee et
al., 2012; Andreeva et al., 2014). Assuming the default state for collagen-fibril bundle
alignment generated by physicochemical forces is strictly radial (Fig. 13A), the PTK7 and
VANGL2 dependent asymmetric distribution of PRICKLE2 may result in an actomyosin
driven rotation of the terminal web that causes the collagen fibrils lying atop of the microvillar
bed to rotate in one direction, with the fibrils that form subsequently templating on those that
are deflected during this rotation (Fig. 13B). Alternatively, a constant asymmetrically directed
force towards the junctions at the distal edges of the GER cells may be sufficient to generate
an apical slant in the collagen fibrils as they are produced (Fig. 13C). In both these models it
is assumed the forces are transmitted to the collagen fibrils via the microvilli.
Whilst previous studies have shown that PCP pathway genes can regulate the distribution
and assembly of fibronectin during gastrulation (Goto et al., 2005; Dzamba et al., 2009;
Dohn et al., 2013) or tissue remodelling (Williams et al., 2012), the results of this study
provide, to the best of our knowledge, the first evidence that PCP can fine tune the
orientation of collagen-fibril bundles within an extracellular matrix.
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Figure legends

Figure1. Organ of Corti and tectorial membrane structure. A) Schematic drawing of the
mature mouse organ of Corti. The TM (blue) attaches to the spiral limbus and the tips of

OHC hair bundles. Specialised peripheral features include covernet fibrils, marginal band
and Hensen's stripe. Collagen fibrils run across the TM. B) Surface view of a mature Alcianblue stained TM (DIC optics). The covernet fibrils and marginal band run along the TM whilst
the collagen-fibril bundles are aligned near-radially, with a slight apically-directed (small
arrows) slant. C) Drawings showing the organisation of collagen-fibril bundles with respect to
the hair bundles of the inner and outer hair cells. Collagen fibrils are oriented with a (15-25o)
bias towards the apex. IHCs, inner hair cells; OHCs, outer hair cells. Bar in B = 10 µm.
Figure 2. Matrix molecule distribution in the developing tectorial membrane. TECTA (A,
E, I), TECTB (B, F, J), OTOGELIN (C, G, K) and COL9A (D, H, L) distribution (green) in the
mouse cochlea at E14.5 (A-D), E15.5 (E-H) and E16.5 (I-L). Sections are counterstained for
F-ACTIN (magenta). TECTA and TECTB are readily observed at E14.5 (A, B). OTOG
staining of the TM is weak at E14.5 (arrow in C). COL9A is not detected in the TM until
E15.5 (arrow in H). By E16.5, TECTA staining is seen throughout the TM (I), whereas
TECTB and OTOG are concentrated within the upper region (arrowheads in J and K). GER,
greater epithelial ridge; HCs, hair cells. Bar = 50 µm.
Figure 3. Ultrastructure of the developing tectorial membrane. A) Scanning electron
micrograph showing the surface of the TM in the basal cochlea at E14.5. Matrix in the upper
layer is organised as thick fibrils that run longitudinally (double arrowheads). B-D) TEM
images from radial sections of the TM in the basal cochlea at E14.5 (B), E15.5 (C) and
E16.5 (D). B) Double arrowheads indicate dense, upper-layer fibrils shown in A above.
Single arrowheads point to the lower layer of loosely-packed fibrillar material. C) Arrows
indicate randomly-orientated collagen-fibril bundles first observed at E15.5. D) Arrows in D
indicate the radially-oriented collagen fibril-bundles seen by E16.5. Bar in A = 5 µm, Bar in D
= 1 µm and applies to B-D.
Figure 4. Collagen-fibril orientation in the developing tectorial membrane. Confocal zprojections from equivalent regions of the cochlea, ~130 inner hair cells (IHCs) away from
the basal end, from E15.5 (A-C) and E16.5 (D-F) embryos double-stained with phalloidin
(magenta in A, D) anti-COL9A (green in A, D). Single-channel images of COL9A (B, E) and
phalloidin staining (C, F) are also shown. Tangled, disorganised collagen fibril-bundles are
seen at E15.5 (A, B), At E16.5 collagen fibril-bundles form a highly-organised, near-radially
oriented array (D, E). Apical cell-surface size increases between E15.5 (C) and E16.5 (F)
within the medial GER. Bar = 20 µm.

Figure 5. Quantification of epithelial dimensions. A) Photomontage of confocal zprojections from the basal region of a heterozygous Tecta/bdKO cochlea at E17.5 stained to
amplify EGFP (green) and highlight F-ACTIN (magenta). Numbers indicate cumulative IHCcount from the basal end, asterisk indicates region used for projections shown in B-D. B-D)
Orthogonal projections from the 70 IHC region of heterozygous Tecta/bdKO mice doublelabelled for GFP (green) and TECTA (magenta). Arrows demarcate GER regions from which
measurements were taken. E) Graph showing the change in width of the GER region
between E15.5, E16.5 and E17.5. Measurements were made at points 10-110 IHCs from
basal end of the cochlea. Values at E16.5 and E17.5 significantly different (two-way ANOVA
with Dunnett's multiple comparison tests comparing E15.5 with E16.5, and E16.5 with E17.5
at each IHC point) from those at E15.5 and E16.5, respectively, are indicated by asterisks (*
P<0.05, ** P<0.01, **** P<0.0001), n=6 (E15.5), n=5 (E16.5 and E 17.5), ns denotes not
significant (P≥0.05). F) Relative length of the 10-110 IHC region at E15.5, E16.5 and E17.5.
Lengths of entire cochleae are shown to the right. n numbers ± standard deviations are also
shown, n refers to individual cochleae from different animals. Bar in A = 100 µm, bar in D =
50 µm and applies to B-D.
Figure 6. Collagen-fibril orientation in Tecta/bdKO mice. A-D) Confocal z-projections of the
GER in the basal cochlea of wild-type (A, C) and Tecta/bdKO (B, D) mice at E15.5 (A, B) and
E16.5 (C, D) stained with anti-COL9A (green) and phalloidin (magenta). Collagen-fibril
bundles in wild-type mice become co-aligned and near-radially oriented between E15.5 and
16.5, those in the Tecta/bdKO mice do not. Collagen-fibril bundles in the mutant (B, D) are
randomly organised and thicker than those of the wild type (A, C). E-F) TEM images from
transverse sections through the basal cochlea at E16.5 in wild-type (E) and Tecta/bdKO (F)
mice. The dense upper layer of matrix (arrow in E) in the wild-type mouse is absent in the
mutant (F). Arrowheads indicate mis-oriented collagen fibrils in the mutant (F). Bar in D = 20
µm. Bar in F = 1 µm.
Figure 7. Collagen-fibril orientation in later-stage Tecta/bdKO mice. A) Confocal zprojection from the basal cochlea in a P3 Tecta/bdKO mouse stained with anti-COL9A (green)
and phalloidin (magenta). B-C) Confocal z-projections (~20 microns depth) of COL9A
distribution from upper (B) and lower (C) layers of the TM shown in panel A. Collagen-fibril
bundles in the upper layer (B) are thicker and have multiple orientations. Those in lower
layer (C) are thinner, co-aligned and oriented near-radially but with a basal offset. D) TEM
image from a transverse section through the basal region of a Tecta/bdKO cochlea at P3.
Note that large mis-oriented collagen-fibril bundles (arrowhead) sit above the radially-aligned

lower-layer collagen-fibril bundles (arrows). Bar in C = 20 µm and applies to A-C. Bars in D =
1 µm.
Figure 8. Mis-oriented collagen in lower layer of later-stage Tecta/bdKO mice.
Comparison of TM collagen-fibril bundle orientation in wild-type (A, C, E) and Tecta/bdKO (B,
D, F, G) cochleae at P3. COL9A staining is shown in green (A-D) and in single-channel
panels (E-F). A-B) Basal-coil z-projections including the entire depth of the TM (A, wild type)
or the lower 20 microns (B, Tecta/bdKO). Collagen-fibril bundles are aligned with an apical
slant in the wild-type cochlea (arrow in A). Co-aligned fibrils of the Tecta/bdKO TM in this
region slant basally (arrow in B). C) Collagen-fibril bundles in the wild-type cochlea slant
apically (right-most two arrows in C), except in the basal-most region where they slant
basally (left-most two arrows in C). D) At the basal end of Tecta/bdKO cochleae, collagen-fibril
bundles are aligned longitudinally (arrows in D). G) Photomontage of TM dissected from a
P3 Tecta/bdKO mouse. Arrows indicate orientation of aligned collagen-fibril bundles at points
along the length. Bar in B = 20 µm and applies to A-B, bar in F = 20 µm and applies to C-F,
bar in G = 200 µm.
Figure 9. Cilial attachments of collagen fibrils. A) TEM image from the GER of a wild-type
cochlea at E17.5. Collagen fibrils are associated with the tips of microvilli and cilia (arrow).
B) Scanning electron micrograph of the organ of Corti from a Tecta/bdKO cochlea at E17.5.
Tips of collagen-fibril bundles are often attached to the cilia of underlying cells (arrows). Bar
in A = 500 nm, B = 2 µm.
Figure 10. Collagen patterning in Kif3acKO mice. A-F) Acetylated tubulin (A-B, D-E) and
phalloidin staining (A, C, D, F) in heterozygous control (A-C) and Kif3acKO (D-F) cochleae at
E16.5. Cilia can be seen on the surface of GER cells in control (arrows in A, B) but not
Kif3acKO mice. Inserts in B and E are x3 enlargements of the boxed regions from the
respective panels. G-H) COL9A staining in a heterozygous control (G) and a Kif3acKO mouse
at E18.5. Fibril orientation and alignment are similar in mutant and control mice. All images
are from the basal cochlea. Bar in F = 20 µm and applies to A-F, bar in H = 20 µm and
applies to G-H.

Figure 11. PRICKLE2 distribution in underlying epithelium. PRICKLE2 staining (green)
within the GER of a P2 wild-type mouse at regions 40% (A), 75% (B) and 90% (C) from the
base of the cochlea. F-ACTIN labelling is also shown. PRICKLE2 is asymmetrically
distributed around the apical pole of cells located in a narrow band within the GER,

generating lines of staining that run in a medio-lateral direction with a slant that progressively
increases towards the apex of the cochlea (compare orientation of arrows in A, B and C).
Bar = 20 µm.
Figure 12. PRICKLE2 distribution in Vangl2CKO and PTK7CKO mice. Equivalent mid-coil
regions of P1 cochleae double labelled for PRICKLE2 and F-ACTIN (A-F), or COL9A and FACTIN (G-L), from control (A-B, G-H), Vangl2CKO (C-D, I-J) and PTK7CKO (E-F, K-L) mice.
PRICKLE2 staining is asymmetrically distributed within a longitudinal stripe within the GER
in control animals (A-B’) but not in Vangl2CKO (C-D’) or PTK7CKO (E-F’) mutants. B’, D’ and F’
show x3 enlargements of PRICKLE2 staining shown in B, D and F respectively. In wild-type
mice collagen-fibril bundles have an apically-directed slant (G-H). In the Vangl2CKO (I-J) and
PTK7CKO (K-L) mutant mice collagen-fibril bundles are oriented in an almost perfectly radial
fashion. Bar = 20 µm.

Figure 13. Proposed models. Two potential models (B, C) for generating apically-offset
collagen-fibril bundles. A) Default state, in which collagen fibrils have a purely radial
orientation. B) A one-time, PRICKLE2-dependent, actomyosin-generated rotational force
reorients collagen fibrils, with subsequently produced fibrils also having a similar orientation
due to templating. C) A constant, actomyosin-generated force towards the distally-localised
PRICKLE2 results in collagen fibrils adopting an apical slant as they are produced. Forces
are assumed to be transmitted from the junctions to the collagen fibrils via the microvilli on
the surfaces of the GER cells.

