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Up to five distinct cell-surface specializations interconnect the stereocilia and the kinocilium
of the mature hair bundle in some species: kinocilial links, tip links, top connectors, shaft
connectors, and ankle links. In developing hair bundles, transient lateral links are prominent.
Mutations in genes encoding proteins associated with these links cause Usher deafness/
blindness syndrome or nonsyndromic (isolated) forms of human hereditary deafness, and
mice with constitutive or conditional alleles of these genes have provided considerable
insight into the molecular composition and function of the different links. We describe the
structure of these links and review evidence showing CDH23 and PCDH15 are components
of the tip, kinocilial, and transient-lateral links, that stereocilin (STRC) and protein tyrosine
phosphatase (PTPRQ) are associated with top and shaft connectors, respectively, and that
USH2A and ADGRV1 are associated with the ankle links. Whereas tip links are required for
mechanoelectrical transduction, all link proteins play key roles in the normal development
and/or the maintenance of hair bundle structure and function. Recent crystallographic and
single-particle analyses of PCDH15 and CDH23 provide insight as to how the structure of tip
link may contribute to the elastic element predicted to lie in series with the hair cell’s me-
chanoelectrical transducer channel.

The hair cells of the vertebrate inner ear and
those in the lateral line organs of fish, all

larval amphibia, and mature aquatic amphibia
are polarized epithelial cells that detect sounds,
head acceleration, body motion or water flow,
and generate electrical signals that are then re-
layed via the axons of afferent neurons to the
central nervous system. The process of mecha-
noelectrical transduction occurs in the hair bun-
dle, a highly specialized structure that is located
at the apical pole of the hair cell. Hair bundles

come in a variety of shapes and sizes in differ-
ent organs and species, and are presumably
tailored to the stimulus parameters that each
encounters. Nonetheless, all conform, at least
during the early stages of their development,
to the same basic plan, containing two or
more height-ranked rows of actin-packed ster-
eocilia and a single microtubule-based kinoci-
lium. A kinocilium is present in the hair bundles
of most organs, but is lost from the hair bundles
of the mammalian cochlea during the early
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stages of postnatal development and before the
onset of hearing. The stereocilia are modified
microvilli and the kinocilium, when present,
has the 9 + 2 arrangement of microtubule dou-
blets surrounding a pair of central microtubules
that is characteristic of motile stereocilia (Flock
and Duvall 1965). The kinocilium connects to a
basal body, one of a pair of centrioles present at
the top of the hair cell soma and flagellar, whip-
like movements of hair-cell kinocilia have been
described in at least one species, in the semicir-
cular canal organs of the eel (Rüsch and Thurm
1990). These elements of the hair bundle, the
kinocilium and the stereocilia, are interconnec-
ted by a number of morphologically and molec-
ularly distinct cell surface specializations, which
are known as hair-bundle links.

In the hair bundles of some organs up to five
types of link have been described; kinocilial
links, tip links, top connectors, shaft connectors,
and ankle links (Fig. 1). The kinocilial links cou-
ple the kinocilium to the stereocilia that lie im-
mediately adjacent, and the remaining link types
are located at different points or regions along
the length of each stereocilium. In all stereocilia
bar those in the highest row, a single obliquely
inclined tip link connects the distal tip to the
shaft of a neighboring taller stereocilium. The
top connectors lie just below the tip links, shaft
“connectors” extend over much of the surface of
each stereocilium but are concentrated around
the base of the hair bundle in some types of hair
cell, and the ankle links are located in or just
above the tapered region at the base of each
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Figure 1. Structure and distribution of link types. (A,B) Diagrams illustrating the distribution of the five different
link types in the hair bundles of hair cells located in (A) the striolar and (B) the extrastriolar regions of the chicken
utricle. Proteins contributing to the different links are indicated in brackets. (C–H) Transmission electron
micrographs illustrating the structure of (C) kinocilial links, (D) tip link and top connector (longitudinal section),
(E) top connector (transverse section), (F ) top connector (en face section), (G) shaft connectors, and (H ) ankle
links in the avian inner ear. Transmission electron micrographs showing location (I) and details (J ) of the top
connectors (arrows in J ) seen inmouse cochlear outer hair cells (OHCs). Scale bars, 200 nm. (Images are courtesy
of Richard Goodyear.)
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stereocilium. The tip link is the only link type
that is obliquely inclined and uniquely oriented
along the hair bundle’s axis of mechanosensi-
tivity and it was recognized, when it was first
discovered by electron microscopy in the mid-
1980s, as being ideally suited for gating a me-
chanosensitive ion channel (Pickles et al. 1984).
In light of the paucity of material available in the
ear for biochemical studies, it took all of 20 years
and a combination of genetics and cell biology
to identify cadherin 23 (CDH23) and protocad-
herin 15 (PCDH15) as principle components of
the tip link (Goodyear and Richardson 2003;
Siemens et al. 2004; Sollner et al. 2004; Ahmed
et al. 2006). Determining and deciphering the
functions of all the various link types has relied
heavily on a genetic approach and considera-
ble insight has been derived from the analysis
of spontaneous and transgenically engineered
mouse mutants. In this review, we will briefly
summarize the structure of each link type and
its associated proteins, most all of which are the
products of genes that cause human hereditary
deafness, and discuss the insight into their func-
tion that has been gained from various mouse
models and other approaches.

ANKLE LINKS

Ankle links have been described in the vestibular
and auditory hair bundles of a numberof species
(Csukas et al. 1987; Jacobs and Hudspeth 1990;
Goodyear and Richardson 1992). These links
are formed by long (up to 200 nm) thin
(∼5-nm diameter) filaments and are concen-
trated in a region lying just above the point
where the stereocilia insert into the cuticular
plate, creating a web-like mesh that extends
over a distance of ∼0.5 µm up the hair bundle
in mouse hair cells. In the functionally mature
chick inner ear, ankle links are present in all
types of hair bundles, whereas in the mouse co-
chlea they are only present in between postnatal
day (P)2 and P12, disappearing before the onset
of hearing (Goodyear et al. 2005). Current evi-
dence indicates two large transmembrane pro-
teins, USH2A and ADGRV1, may contribute to
the ankle link filaments seen by electronmicros-
copy. Both are the products of genes responsible

for type 2 Usher syndrome, a disease that causes
congenital deafness and progressive blindness.

Usherin (now known as USH2A) is one of
four genes causing type 2 Usher syndrome, and
the largest isoform ofUSH2A is predicted to be a
single-pass transmembrane protein with a large
ectodomain comprising single or multiple re-
peats of domains characteristic of extracellular
matrix molecules: fibronectin type 3 repeats and
four different types of laminin domain (Eudy
et al. 1998; van Wijk et al. 2004). Reverse tran-
scription polymerase chain reaction (RT-PCR)
analysis of hair cells isolated from cochleae at
P6 revealed the expression ofUSH2A transcripts
encoding transmembrane domain-containing
isoforms, and antibodies directed against the
predicted cytoplasmic domain of USH2A pro-
vided evidence that the spatiotemporal expres-
sion pattern was similar to that previously
described for ankle links in the cochlear hair cells
of the mouse ear (Adato et al. 2005a). An Ush2a
null mutant mouse that was created by Liu and
colleagues (Liu et al. 2007) has elevated dis-
tortion-product otoacoustic emission (DPOAE)
thresholds for f2 frequencies >15 kHz and a loss
of basal-coil hair cells by 4 months of age. Hair
bundle morphology is not, however, obviously
affected in the mid-frequency region of the co-
chlea, and it is not known whether ankle links
are present during development of the cochlea
in this Ush2a−/− mutant mouse.

The adhesion G-coupled receptor V1
(ADGRV1), also known by many names, includ-
ing the very large G-protein receptor 1 (VLGR1)
and monogenic audiogenic seizure susceptible
(MASS1), is a product of the USH2C locus and
one of the largest cell-surface proteins known
(640 kDa) (McMillan et al. 2002; Weston et al.
2004). The longest isoform of ADGRV1 has a
serpentine seven-pass transmembrane domain
and a large ectodomain containing multiple
(35) calcium-binding Calx-B repeats, an epilep-
sy-associated repeat (EAR) domain and a pen-
traxin domain (McMillan et al. 2002; Weston
et al. 2004). In the chick ear, ankle links are sen-
sitive tobrief treatmentwith the calciumchelator
BAPTA and ankle link filaments can be labeled
by monoclonal antibodies (mAbs) E40 and H28
(Goodyear and Richardson 1999; McGee et al.
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2006). These mAbs also react with the calyceal
processes that surround the connecting cilium in
the photoreceptors of the bird eye, and proteo-
mic analysis of the antigen recognized by mAb
H28 in the chick retina revealed it was an avian
ortholog of ADGRV1 (McGee et al. 2006). Two
Adgrv1 knockout models have been created
(McMillan and White 2004; Yagi et al. 2007).
Ankle links cannot be detected by transmission
(McGee et al. 2006) or scanning (Michalski et al.
2007) electronmicroscopy in the early postnatal
cochlear hair cells of these mouse mutants, and
subtle hair bundle defects arefirst observed atP2,
just after the time at which definitive ankle links
are first observed by electron microscopy. The
hair bundles located throughout the cochlea in
these Adgrv1−/− mutant mice subsequently de-
teriorate, becoming progressively disorganized,
and eventually there is a loss of both inner
(IHCs) and outer hair cells (OHCs) from the
basal, high-frequency end of the cochlea, cou-
pled with an elevation of auditory brainstem
response (ABR) thresholds across the entire fre-
quency range tested (2–32 kHz), and a complete
absence of DPOAEs at all f2 frequencies tested
(2–20 kHz) (McGee et al. 2006).

Although mechanoelectric transduction
(MET) currents of normal or diminished ampli-
tude can be recorded from the hair cells of
Adgrv1−/− mice at P7, “paradoxical” MET cur-
rents can be also recorded from these cells in
response to relatively large deflections of the
hair bundle in the negative direction (Michalski
et al. 2007). These “paradoxical” MET currents
are unlikely to be the “reverse-polarity” current
that is transiently expressed in embryonic hair
cells and declines after birth with the emergence
of normal polarity currents (Beurg et al. 2016)
for two reasons. First, unlike the “reverse-polar-
ity” currents, most of the MET currents that are
recorded by hair-bundle stimulation in the in-
hibitory direction inAdgrv1−/− hair cells exhibit
fast adaptationwith time constants similar to the
currents recordedwhen hair bundles are deflect-
ed in the excitatory direction. Second, these cur-
rents were recorded when hair bundles were
stimulated with a stiff glass probe that is unlikely
to stimulate the apical surface of the hair cells
where the PIEZO2 channels that underlie the

reverse polarity current are now known to be
located (Beurg and Fettiplace 2017; Wu et al.
2017). These paradoxical currents are therefore
likely to be related to the MET channels them-
selves and reflect the decreased cohesion of the
hair bundle in Adgrv1−/− mice at P7.

A number of proteins have been shown to
colocalize in the ankle link region of the hair
bundle and/or interact directly (or have the po-
tential to interact indirectly) with the cytoplas-
mic domains of USH2A and ADGRV1, each
of which has a class 1 PDZ domain-binding
motif at its carboxyl terminus. These include
the PDZ domain containing proteins harmonin
(USH1C), whirlin (WHRN), and PDZ domain
protein 7 (PDZD7), and the actin-based myosin
motor myosin VIIA (MYO7A) (Boeda et al.
2002; Adato et al. 2005b; Reiners et al. 2005;
van Wijk et al. 2006; Michalski et al. 2007; Grati
et al. 2012; Chen et al. 2014; Zou et al. 2017).
USH1C and MYO7A are the products of the
genes causing Usher type IC (Bitner-Glindzicz
et al. 2000; Verpy et al. 2000) and Usher type
IB (Weil et al. 1995), respectively, WHRN is a
product of the USH2D gene (Mburu et al. 2003;
Ebermann et al. 2007), and PDZ7 is a modifier
ofUSH2A (Ebermann et al. 2010). A third trans-
membrane protein, the tight-adherens junction-
associated protein vezatin (VEZT) (Küssel-An-
dermann et al. 2000) has also been reported to be
present in the ankle link regionof thehair bundle
(Michalski et al. 2007). These findings, along
with observations showing the mislocalization
of ADGRV1 in mice with mutations in Myo7a
andWhrn and, reciprocally, the mislocalization
ofUSH2AandVEZT inAdgrv1−/−micehave led
to a putative model for the ankle link complex
(see Fig. 2), in which the PDZ domain proteins
provide a scaffold for the three transmembrane
proteins and, together with MYO7A, couple the
complex to the F-actin core of the stereocilium
(Michalski et al. 2007).

Although this model represents a satisfac-
tory working hypothesis, there are a number of
outstanding issues. As indicated above, there is
no definitive evidence from the Ush2a−/− mice
that have been generated and studied thus far, or
from immunogold labeling studies, that the ec-
todomain of the long isoform of USH2A con-
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tributes to the long filaments observed in
the ankle link region. Furthermore, it is not
known with which proteins the ectodomains
of ADGRV1 and USH2A interact. Do they in-
teract homophilically, heterophilically, or with
as-yet unidentified proteins on the opposing
stereocilial membrane? Or, is Ca2+ the ligand
for ADGRV1? Finally, although ADGRV1 is a
G-protein-coupled receptor, the details of the
downstream signaling pathway remain to be re-
solved. Adenylate cyclase 6 (AC6) is localized to
the ankle link region in cochlear hair cells and
the loss of ADGRV1 causes a dramatic up-reg-
ulation of AC6 in the hair bundle (Michalski et
al. 2007), possibly as a compensatory response,
but does the ankle link complex only signal
through protein kinase A (PKA)?

Like many adhesion class receptors,
ADGRV1 has a G-protein-coupled receptor
cleavage site lying just upstream of (external to)
the 7TM domain and is likely to be proteolyti-
cally cleaved at this site with the two resultant
fragments (α for ectodomain, and β for the com-
bined 7TM and cytoplasmic domains) remain-
ing covalently associated. Although the large size
of ADGRV1 complicates exploration of its sig-
naling pathways in heterologous cell systems,
two recent studies have explored theuse of small-

er fragments. Using a construct containing five
as opposed to 35 Calxb repeats, and truncated
versions thereof, Ptacek and colleagues (Shin
et al. 2013) provided evidence that, in response
to extracellular Ca2+, ADGRV1 activates PKA
and PKC through Gαs and Gαq. In contrast,
Sun and coworkers (Hu et al. 2014) have provid-
ed evidence that the β fragment is constitutively
coupled to Gαi and can, for example, decrease
forskolin-induced cAMP production, with this
inhibitory activity being negatively regulated
(i.e., decreased) by the inclusion of sequence
located upstream and by coexpression with
PDZD7, but not by coexpression with either
USH1C or WHRN. Clearly there remain many
options for pathways that could be activated or
inactivated downstream of ADGRV1 engaging
its ligands or otherwise during hair-bundle de-
velopment.

SHAFT CONNECTORS

In hair bundles that have been fixed for trans-
mission electron microscopy in the presence of
the cationic dye ruthenium red, shaft connectors
are seen as electron dense particles that are sus-
pended between adjacent stereocilia by several
fine filaments. When hair cells are fixed in the

F-actin
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Figure 2. The ankle link complex. Diagram illustrating proteins currently thought to contribute to the ankle link
complex, protein–protein interactions demonstrated via pull-down assays or surmised of basis of localization
studies, and the possible signaling pathways via protein kinase A (PKA) and protein kinase C (PKC). Interactions
between individual PDZ domains of whirlin and PDZ7 domains have been simplified for the sake of clarity.
(From Michalski et al. 2007; adapted, with permission, from the Society for Neuroscience © 2007.)
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presence of tannic acid, dense particles are not
observed but numerous fine filaments are seen
forming a fine mesh that spans the gap between
neighboring stereocilia (Goodyear and Richard-
son 1992). This mesh-like material resembles an
extended cell surface coat and is also found in
the tapered region of the stereocilia, on the api-
cal nonstereociliary surface of the hair cells, and
on the outwardly facing surfaces of the stereo-
cilia that lie around the edge of the hair bundle.
The distribution of shaft connectors on the hair
bundle varies according to type of hair cell in
question (see Fig. 1A,B) and the developmental
age, being restricted to the basal end of mature
hair bundles in the auditory organs, the striolar
regions of the maculae and the peripheral re-
gions of the cristae. In the extrastriolar regions of
the maculae and in the peripheral regions of the
cristae, shaft connectors are distributed over the
entire surface of the hair bundle (Goodyear and
Richardson 1992).

Thedistributionof this cell surface featureon
chick hair cells closely correlates with that of the
hair-cell antigen(HCA),a275-kDaTritonX-100
soluble antigen originally defined by a mAb that
specifically labels the apical ends of hair cells in
the avian inner ear (Richardson et al. 1990) and
is one of the earliest markers for hair bundles in
the developing avian inner ear (Bartolami et al.
1991). Subsequent studies identified the HCA as
a receptor-like PTPRQ (Goodyear et al. 2003), a
protein that is now known to be a product of the
DFNB84 locus (Schraders et al. 2010) and from
proteomic analysis (see Krey and Barr-Gillespie
2018) is, along with the plasma membrane Ca2+

ATPase PMCA2 (now ATP2B2), one of the two
most abundant membrane proteins present in
the hair bundle. The longest isoform of PTPRQ
is predicted to be a single-pass transmembrane
protein with large ectodomain comprising 18 fi-
bronectin type 3 repeats and a shorter cytoplas-
mic domain that can catalyze the removal of
phosphate groups from the 30 and 50 positions
of the inositol ring and therefore dephosphory-
late a variety of phospholipids including PIP2
andPIP3 (Oganesian et al. 2003).Althoughorig-
inally described (on the basis of primary se-
quence data) as a protein tyrosine phosphatase,
PTPRQ has low phosphotyrosine activity. Two

additional splice variants of PTPRQ have been
described, one of which lacks the catalytic do-
main and the other of which is predicted to be a
soluble cytoplasmic protein with inositol phos-
phatase activity (Seifert et al. 2003).

Consistent with PTPRQ acting as an inositol
lipid phosphatase, the distributions of PIP2 and
PTPRQ aremutually exclusive in hair cells of the
bullfrog saccule; PTPRQ is found on the apical
surface of the hair cell and around the lower end
of the hair bundle, whereas PIP2 is excluded
from the region where PTPRQ is present and is
localized toward the tip of the bundle (see Fig. 3;
Hirono et al. 2004). Studies of transgenicmice in
which either the transmembraneor the cytoplas-
mic catalytic domain (CAT) of PTPRQ have
been deleted, both of which are likely to be func-
tionally null mutants, indicate that PTPRQ is
required for the normal maturation but not the
early development of hair bundles in both the
auditory and the vestibular system (Goodyear
et al. 2003). The exact details of the hair-bundle
phenotype seen in these mutants vary according
to hair-cell type, but a loss of shaft connectors
and fusion of stereocilia was seen in all types of
hair cell except in theOHCsof the cochlea. In the
latter, a shortening and eventual loss of stereo-
ciliawas observed, whereas in the striolar regions
of themaculae the fused hair bundles were elon-
gated (Goodyear et al. 2003, 2012).

It has been suggested that the basally re-
stricted expression pattern of PTPRQ observed
in the hair bundles of some types of hair cells
may be generated by an interaction with the
minus-end-directed F-actin motor, myosin VI
(MYO6), with active MYO6-directed transport
of PTPRQ toward the base of each stereocilium
counteracting passive diffusion (Sakaguchi et al.
2008). Consistent with this hypothesis, MYO6 is
concentrated around the base of stereocilia and
its loss in the Snell’s waltzer mouse leads to a
fusion of the stereocilia similar to that seen in
the IHCs of the cochlea and the vestibular hair
cells of Ptprq-CAT knockout mice (Self et al.
1999; Goodyear et al. 2003, 2012; Sakaguchi
et al. 2008). Furthermore, in the Snell’s waltzer
mice, PTPRQ is no longer restricted basally and
localizes over the entire surface the fused hair
bundles of IHCs (Sakaguchi et al. 2008).
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The basal restriction of hair-bundle PTPRQ
in frog saccular hair cells also correlates with the
distribution of GM1 gangliosides (as revealed by
cholera toxin B staining following treatment
with neuraminidase) in the apical membrane,
and with the presence of radixin (RDX), a pro-
tein that couples membranes to the actin-based
cytoskeleton (Fig. 3). Additionally, the activated
form of RDX that is phosphorylated at T564
following binding to PIP2 is further restricted
to a narrow region at the interface between the
PIP2-rich distal region of the hair bundle and
the PIP2-free basal region where PTPRQ is lo-
cated (Zhao et al. 2012). As in mice lacking
PTPRQ or MYO6, a fusion of stereocilia is also
seen in the hair bundle of Rdx−/− mice (Kitajiri
et al. 2004). Together, these observations suggest
the localized distribution of PTPRQ plays a key
role in regulating PIP2 distribution at the apex
of the hair cell and, as a consequence, the activity
of cytoskeletal-associated proteins. These in-
clude RDX and possibly also CLIC5, the loss
of which in the jitterbug ( jbg/jbg)mutantmouse
also causes the fusion of hair bundles (Salles
et al. 2014).

Finally, it should be noted that PTPRQ, al-
though nominally a receptor-like inositol lipid
phosphatase, is, likeADGRV1, an orphan recep-

tor and it is not known how its activity is regu-
lated. Can the extracellular domains interact ho-
mophilically with one another in cis or in trans,
or is there an as yet unidentified ligand? There
are 33 potential sites for N-glycosylation in the
ectodomain of PTPRQand there is evidence that
there may be at least three glycoforms expressed
in different types of hair cell and/or at different
points in developmental time (Nayak et al.
2011). Some or all of these glycoforms are likely
to be substituted with chondroitin sulfate GAG
chains, which could account for the chondroiti-
nase-sensitive electron-dense particles that are
seen associated with the shaft connectors in ru-
thenium red stained hair bundles and may also,
via adhesive or repellent electrostatic interac-
tions, modulate the spacing between adjacent
stereocilia (Nayak et al. 2011). The potential
for complexity is high and much remains to be
learned about how one of the major glycopro-
teins of the hair cell’s apical membrane regulates
the final maturation and maintenance of the
hair bundle.

TOP CONNECTORS

Top connectors (also known as side links, side-
to-side links, horizontal top or tip connectors, or
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Figure 3. Distribution of the receptor-like inositol lipid phosphatase PTPRQ, membrane lipids, and radixin in a
hair bundle. (Top row) Confocal images showing hair bundles of isolated frog saccular hair cells double labeled
for (A) gangliosides and F-actin, (B) PIP2 and F-actin, (C) the plasma membrane ATPase PMCA2 and gangli-
osides, (D) PTPRQ and gangliosides, (E) radixin (RDX) and PTPRQ, and (F) radixin and phospho (T564)
radixin (pRDX). (Bottom row) Corresponding single channel images from upper row showing distributions of
(A0) gangliosides, (B0) PIP2, (C0) PMCA2, (D0) PTPRQ, (E0) RDX, and (F0) pRDX in isolation. Gangliosides are
monosialylated gangliosides that were revealed with 488-chlolera toxin B labeling following treatment of fixed
samples with neuroaminidase. Scale bar, 5 µm. (From Zhao et al. 2012; adapted, with permission, from the
Society for Neuroscience © 2012.)
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lateral links to distinguish them from the
obliquely inclined tip links) vary in structure,
according to species and the type of hair cell. In
mammals, the top connectors of the cochlear
OHCs have a characteristic zipper-like structure;
fine filaments project from the membranes of
opposing stereocilia and condense within a cen-
tral extracellular density (see Fig. 1J; Tsuprun
and Santi 1998, 2002; Goodyear et al. 2005). Al-
though the top connectors of cochlear IHCs
bridge the sides of stereocilia both across and
between different rows as in OHCs, a central
density has not been observed andmaybe absent
in this typeofhaircell (Prieto andMerchan1986;
Tsuprun et al. 2003). In fish, frogs, and birds, the
top connectors are structurally distinct from
those in the cochlea and are composed of tightly
packed arrays of short, stubbyelements (∼20 nm
longand6 nmindiameter in chick) that span the
gap between the closely opposed plasma mem-
branes of adjacent stereocilia (see Fig. 1A,D–F;
Neugebauer and Thurm 1985, 1986; Jacobs and
Hudspeth 1990; Nagel et al. 1991; Goodyear and
Richardson 1992). In those sensoryorgans of the
chick inner ear that have been examined in detail
(basilar papilla and utricle), these arrays of con-
nectors are 25–50 nm in width and can extend
for at least 400 nm along the long axis of the
sterocilium (Goodyear and Richardson 1992),
whereas in the ampullary organ of the frog they
can extend along this axis for up to 3 µm (Nagel
et al. 1991). As in mammals, these top connec-
tors couple adjacent stereocilia both within and
across the rows, much like the ankle links. In the
chick utricle, the horizontal top connectors ap-
pear restricted to those hair bundles inwhich the
shaft connectors are absent from the apical end
of the hair bundle, suggesting functional redun-
dancy (Goodyear and Richardson 1992).

In mice, stereocilin (STRC), a product of the
DFNB16 locus originally identified using a can-
didate deafness gene approach (Verpy et al.
2001), is now known to be associated with the
top connectors of OHCs, as well as with the at-
tachment crowns that couple the extreme tips of
the tallest stereocilia in the OHCs to the overly-
ing tectorialmembrane (Verpyet al. 2008, 2011).
As STRC is not detected in the hair bundles of
IHCs, itmay contribute to the prominent central

density that has thus far only been described in
the top connectors ofOHCs (see above). STRC is
predicted to be a protein with a mass of ∼180
kDa and has distant homology to mesothelin,
a protein expressed by mesothelial cells that
may be involved in cell adhesion, and otoancorin
(OTOA), a product of the gene causing DFNB22
(Zwaenepoel et al. 2002) now known to be
required for attachment of the tectorial mem-
brane to the spiral limbus (Jovine et al. 2002;
Sathyanarayana et al. 2009; Lukashkin et al.
2012). Nptn55, a splice variant of neuroplastin
(NPTN) that is expressed in the distal end of the
hair bundle of developing OHCs, may also be
component of the tectorial membrane attach-
ment links (Zeng et al. 2016), but STRC and
Npt55donot appear to interactwithone another
and their potential ligands in the tectorial mem-
brane remain unknown.

STRC is expressed in the kinocilia of devel-
oping OHCs at P2, and it appears in all three
rows of stereocilia between P10 and P12, coinci-
dent with the time at which clearly defined top
connectors are first observed by transmission
electron microscopy (Goodyear et al. 2005;
Verpy et al. 2011). In Strc−/− mice, top connec-
tors fail to form, and a distinct phenotype be-
comes visible in the hair bundles of the OHCs
at P10, with the distal tips of the stereocilia in all
three rows being no longer aligned precisely and
exhibiting a degree of disorganization (Verpy
et al. 2011). Although these Strc−/− mice even-
tually become deaf, auditory thresholds, as de-
termined by measurements of the compound
action potential (CAP), are nearly normal at
P14, at the onset of hearing (Verpy et al. 2008).
Intriguingly, despite near normal sensitivity and
evidence that the tectorial membrane is func-
tionally attached/coupled to the hair bundles of
the OHCs, distortion product otoacoustic emis-
sions cannot be detected in these mice and
suppressive two-tone masking is reduced. Hori-
zontal top connectors may therefore be required
for the cohesion of the stereocilia and thereby
ensure a cooperative gating of theMET channels
required for productive two-tone interactions
(Verpy et al. 2008; Avan et al. 2013).

Although STRC is clearly required for top
connector formation in cochlear OHCs, it is not
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found in the hair bundles of mature IHCs. Fur-
thermore, although human STRC is predicted
by some algorithms to be produced as a GPI-
anchored glycoprotein, mouse STRC is not,
leaving it unclear as to how it is attached to the
membrane of the stereocilium. The proteins that
form the horizontal top connectors of IHCs and
those that may be additionally associated with
top connectors of OHCs along with STRC
therefore remain to be identified, as do those
that form the structurally distinct top connec-
tors that are seen in frogs, fish, and birds. The
latter resemble, at least in transmission electron
micrographs, the septate junctions found in the
epithelial cells of invertebrates (see Furuse and
Izumi 2017 for review of these junctions).
Whether this similarity is reflected in protein
composition remains to be determined.

TIP LINKS

Tip links have, in light of their proposed pivotal
role in MET, attracted considerable attention
and are probably the best characterized connec-
tors of the hair bundle. A freeze-fracture deep-
etch analysis of chemically fixed hair bundles
from the inner ears of the guinea pig and the

frog provided evidence that the tip link is com-
prised of a pair of closely intertwined, helically
coiled protofilaments with a pitch of 60 nm,
which form a single filament with a diameter of
∼8–10 nm (Fig. 4; Kachar et al. 2000). At their
upper end and within 10–50 nm of the adjacent
taller stereocilium, many of these tip-link fila-
ments were seen to bifurcate, and at the lower
end two or three branches were seen to connect
the tip link to the shorter stereocilium. In thin
sections of hair bundles, distinct submembra-
nous densities, which are now known as the up-
per and lower tip link densities, are observed
at the sites at which the top and the bottom
of the tip link attach to the membranes of the
stereocilia (Furness and Hackney 1985; Jacobs
and Hudspeth 1990). Whereas a survey of pub-
lished transmission electron micrographs sug-
gests tip length can be quite variable, bothwithin
and between species, this may be due to variable
shrinkage during fixation. A length range of
150–185 nmwas found inone studyof themam-
malian (guineapig) cochlea (Furness et al. 2008).

Tip links are known to be sensitive to calci-
um chelation (Assad et al. 1991) and a number
of studies that were published at the turn of the
21st century identified mutations in genes en-

MYO1C

MYO7A

SANS

Harmonin

CDH23

PCDH15

Channel complex

A B C D

Figure 4.Tip-link structure. (A) Freeze etch image showing a segment of a tip link from a chemically fixed, fast
frozen frog saccular hair cell. The link appears to be formed from two helically wound filaments with a pitch
of ∼60 nm. Scale bar, 10 nm. (From Kachar et al. 2000; adapted, with permission, from the National Academy
of Sciences © 2018.) (B) Diagram illustrating the components of the tip link and it associated proteins. (C) 2D
class averages of negatively stained images of PCDH15 EC1-11 molecules that were expressed in mammalian
cells and purified by size exclusion chromatography. The PCDH dimer forms a parallel double helix. (D) 3D
class average of the PCDH15 dimer with crystal structure for EC1-3 and simulated 11 Å electron density
for EC4-10 superimposed. (Panels B–D from Dionne et al. 2018; adapted, with permission from Elsevier ©
2018.)
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coding CDH23 and PCDH15 as the cause of
type 1 Usher syndrome (Ahmed et al. 2001; Ala-
gramam et al. 2001; Bolz et al. 2001; Bork
et al. 2001). CDH23 (underlying USH1D) and
PCDH15 (underlying USH1F) are single pass
transmembrane proteins with, respectively, 27
and 11 extracellular cadherin (EC) repeats in
their ectodomains. A loss of tip links in the ze-
brafish sputnik mutant, which is mutated in
cdh23, immunolabeling of the tip links in mice
and fish with antibodies to CDH23, and identi-
fication of the tip-link antigen, an antigen de-
fined by a monoclonal antibody that specifically
labels the tip and kinocilial links of hair bundle
in the avian inner ear as PCDH15 provided
the evidence that both cadherinsmay contribute
to the tip link (Siemens et al. 2004; Sollner
et al. 2004; Ahmed et al. 2006). Subsequently,
it was shown that the ectodomains of the two
proteins can both form parallel homodimers
when expressed in vitro, that these homodimers
can interact via their amino termini, and that
(using high resolution immunogold labeling)
CDH23 localizes to the upper end of the tip
link and PCDH15 to the lower end (Kazmier-
czak et al. 2007). With each cadherin repeat
estimated to be 4.5 nm in length, the two pro-
teins could, in principle, form a tip link that is
∼170 nm long.

Cocrystallization of the complex formed by
the interacting amino-terminal domains, EC1-
2, of CDH23 and PCDH15 has revealed these
domains form an extended antiparallel hetero-
dimeric handshake that is predicted, from
steeredmolecular dynamic simulations, towith-
stand the forces imposed on the tip link during
transduction (Sotomayor et al. 2010, 2012). Al-
though this study and the deep-etch freeze frac-
ture study of Kachar et al. (2000) both suggested
the tip link was unlikely to be the elastic element
proposed to gate the hair-cell MET channel, a
more recent study (Araya-Secchi et al. 2016) has
provided evidence that a bent, noncanonical,
calcium-free linker between EC9 and EC10 of
PCDH15may confer a limited degree of tertiary
state elasticity (an extension of∼4 nm). Further-
more, there are a number of other linker regions
between adjacent EC domains in CDH23 that
lack one or more of the three Ca2+ binding sites

that stabilize EC–EC domain interactions and
may therefore modify the elasticity of the link
(see Jaiganesh et al. 2018 for further details).
Finally, a very recent study (Dionne et al.
2018) combining single-particle and crystallo-
graphic analyses has shown that the ectodomain
of PCDH15 forms cis-homodimers when ex-
pressed in vitro that interact via adhesive in-
terfaces contained, at one end, within EC2 and
EC3 and, at the other, between the membrane
proximal region (with this region now being re-
ferred to as a “PICA” domain, for PCDH15
interacting-channel-associated domain). Muta-
tions in residues within the EC2–EC3 inter-
face that interfere with cis-homodimerization
also impair a rescue of mechanotransduction
when introduced into full-length PCDH15 con-
structs injectoporated into transduction-defi-
cient Pcdh15av3J/av3J hair cells in vitro, and an
unwinding of the helical structure for the homo-
dimer predicts an extension of ∼3.5 nm, almost
as much as that predicted by a straightening of
the EC9–EC10 bend in PCDH15 by Sotomayor
and colleagues (Araya-Secchi et al. 2016). Al-
though the data from these studies discussed
above are within the working extensions of the
gating spring (10–20 nm) and provide evidence
that the tip link is elastic, they do not account for
the distance of 100 nm or more over which the
gating spring is thought to extend in response to
large stimuli (Sotomayor et al. 2005).

As described abovewith the transmembrane
components of the ankle links, CDH23 and
PCDH15 are known to interact via their intra-
cellular carboxy-terminal domains with a num-
ber of other proteins, many of which are also
encoded by genes that are associated with Ush-
er’s syndrome. These proteins form part of a
complex network that allows the cytoplasmic
domain of CDH23 to interact with the F-actin
cytoskeleton of the stereocilium and membrane
phospholipids (Boeda et al. 2002; Siemens et
al. 2002; Pan et al. 2009; Bahloul et al. 2010)
(for previous reviews, see El-Amraoui and Petit
2005; Kremer et al. 2006; Reiners et al. 2006;
Pan and Zhang 2012; Cosgrove and Zallocchi
2014). The cytoplasmic domain of CDH23 in-
teracts with the PDZ-domain protein harmonin
(USH1C), a scaffolding protein composed of
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four ankyrin repeats called sans (USH1G), and
MYO7A (USH1B). The harmonin b isoform in-
volved in this complex binds to F-actin (Boeda
et al. 2002; Lefevre et al. 2008; Grillet et al. 2009;
Michalski et al. 2009), and switches between an
open and a closed conformation that is likely to
be regulated by USH1G binding and, in turn,
regulates interactions with CDH23 (Bahloul
et al. 2017). Harmonin b has also been shown
to limit the full relaxation of the tip link (Michal-
ski et al. 2009). At the lower end of the tip link,
the cytoplasm domain of PCDH15 has the po-
tential to interact with at least three proteins,
including a two-pass transmembrane protein
of the inner ear (TMIE), a four-pass transmem-
brane protein now known as lipoma HMIG fu-
sion partner-like protein (LHFPL5), and the
transmembrane channel-like proteins (TMC1/
2) (see Corey et al. 2018; Cunningham andMül-
ler 2018). The interactions of this multiprotein
tip-link complex with the cytoskeleton may in
turn bemodulated by anumberof other proteins
including, at the top end, a myosin motor
controlling tip link tension and MET channel
adaptation (MYOIC) (Holt et al. 2002; Stauffer
et al. 2005) and, at the bottom end, MYO15A,
WHRN, two actin-associated proteins (ESPN-1
and ESPNL), and the calcium and integrin-
binding protein CIB2 (Belyantseva et al. 2003;
Delprat et al. 2005; Salles et al. 2009; Ebrahim
et al. 2016; Giese et al. 2017).

Further complexity is generated by the pres-
ence of multiple isoforms of most all of the Ush-
er proteins, with CDH23 and PCD15 providing
no exception to the rule. There are six isoforms
of CDH23 (Di Palma et al. 2001; Lagziel et al.
2005; Michel et al. 2005) and at least 24 splice
variants of PCDH15 expressed in the inner ear
(Ahmed et al. 2006). The transmembrane vari-
ants of PCDH15 fall into three major isoform
classes, CD1, CD2, andCD3, each of which has a
distinct cytoplasmic domain. Labeling studies
with antibodies specific for these three classes
showed that each has a different spatiotemporal
expression pattern during inner ear develop-
ment and indicated that the CD3 class was lo-
calized toward the tips of the stereocilia, suggest-
ing this may be the isoform associated with the
tip link (Ahmed et al. 2006). A subsequent study,

however, in which three transgenic mouse lines
were generated, each of which lacked one of the
threemajor isoforms, provided evidence that the
three isoforms were, at least for normal mecha-
notransduction, functionally redundant (Webb
et al. 2011). Although the mice lacking the CD2
isoform had severely misoriented cochlear hair
bundles andwere profoundly deaf by 1month of
age, tip links were present and transduction cur-
rents of normal amplitude could be recorded
from the cochlear hair cells of these mice at P7.
While these data suggest that any one of the
three transmembrane PCDH15 isoform classes
may be sufficient for normalMET, amore recent
study in which the CD2 isoform class was con-
ditionally deleted after normal hair-bundle de-
velopment is nearly complete and has revealed
PCDH15-CD2 is an essential component of this
structure in mature hair cells (Pepermans et al.
2014). Hair-bundle orientation was normal in
mice homozygous for the conditional deletion
at P30 and P45, but tip links were absent and
the mice were profoundly deaf by P45. Further-
more, PCDH15-CD2 was found to localize to
the tip link.

KINOCILIAL LINKS

Some of the earliest electronmicroscopic studies
of the hair bundle in the saccule of the bullfrog
described the presence of a meshwork of fine
fibrous links coupling the kinociliary bulb, a
swelling found at the tip of the kinocilium in
this species, and the immediately adjacent ster-
eocilia (Hillman 1969). Although these kinoci-
lial links were suggested to play a key role in
mechanotransduction, a subsequent study in
which the kinociliumwas either removed bymi-
crosurgery or detached and stuck down onto the
apical surfaces of adjacent supporting cells
showed it was, in fact, dispensable for normal
MET (Hudspeth and Jacobs 1979). In the ves-
tibular system of the chick inner ear, in which
the kinocilium of the hair cell does not end in a
bulbous swelling, the kinocilial links are located
along a distance of up to several microns along
the length of the shaft of the kinocilium (Good-
year and Richardson 2003). A comparison of the
ultrastructure of tip and kinocilial links in chick
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hair cells using Fourier analysis provided evi-
dence for structural similarity, and dual immu-
nogold labeling showed CDH23 and PCDH15
were both associated with the kinocilial links,
with PCDH15 likely located in the kinocilium
and CDH23 in the stereocilia (Tsuprun et al.
2004; Goodyear et al. 2010). Furthermore, like
tip links, kinocilial links are both BAPTA sensi-
tive and resistant to degradation with subtilisin,
a protease that is frequently used to remove the
overlying otoconial membrane prior to record-
ing MET currents. Thus, tip and kinocilial links
may well be similar structures, but their polarity
with respect to the hair bundle’s axis of mecha-
nosensitivity is the opposite and the kinocilial
links may, in some hair cells, be shorter than the
tip links (Goodyear et al. 2010).

Although the microsurgical manipulations
described above indicate the kinocilium is not
required for normal mechanotransduction in
frog saccular hair cells, the mechanosensitive
TRP channel TRPN1 localizes to the kinocilial
bulb in this species (Shin et al. 2005), and there is
evidence that the kinocilium and kinocilial links
maymediatemechanosensitivity (as detected by
a genetically encoded calcium sensor) in the im-
mature hair cells of developing zebrafish lateral
line neuromasts (Kindt et al. 2012).Whereas the
mechanosensitivity of these immature lateral
line hair cells is dependent on the presence of
a kinocilium, it is of reverse polarity (i.e., acti-
vated by displacement of the kinocilium toward
the stereocilia) and could possibly result from
gating of the anomalous, reverse-polarity cur-
rents discussed above (see section on Ankle
Links) that are mediated by PIEZO2 channels
located in the apical membrane close to the base
of the kinocilium (Beurg and Fettiplace 2017;
Wu et al. 2017). Alternatively, the mechanosen-
sitivity mediated by the kinocilial links in the
immature lateral line hair cells might be related
to currents observed in shaker-2 (Myo15sh2/sh2)
mice with similar (i.e., nonobliquely directed)
links between the tip of the drastically shortened
stereocilia (Stepanyan and Frolenkov 2009).

Although it is debatable whether kinocilial
links can directlymediatemechanotransduction
in hair cells, there is good evidence that attach-
ment of the kinocilium to the stereocilia is re-

quired for normal development of the hair bun-
dle. PCDH15-CD2 is expressed throughout hair
bundles in the developing cochlea (Ahmed et al.
2006) and at high levels at the kinocilium–ster-
eocilia interface in vestibular hair cells (Webb
et al. 2011). As discussed above, although trans-
duction currents are normal in the PCDH15-
ΔCD2 mice, the hair bundles are misoriented.
The kinocilium is also mislocalized and no lon-
ger associated with the stereocilia, and the vari-
ably disorganized V-shaped bundles of stereo-
cilia are not aligned with their axis of bilateral
symmetry across the medial–lateral (neural–ab-
neural) axis of the cochlear duct (Webb et al.
2011), a phenotype that resembles that seen in
mice with mutations affecting either the core
PCP genes or the development of the kinocilium
(Montcouquiol et al. 2003, 2006; Ross et al. 2005;
Jones et al. 2008). The normal asymmetric dis-
tribution of Frizzled and van Gogh-like in the
cochlear epithelium is, however, unaffected in
the PCDH15-ΔCD2 mice and it has therefore
been suggested that PCDH-CD2 lies down-
stream of the core PCP pathway and that its
loss causes an effect similar to that of ciliarymu-
tants (Webb et al. 2011). As the position of the
kinocilium and the orientation of the stereocili-
ary bundle in the PCDH-ΔCD2mutantmice are
frequently different (i.e., they “point” in different
directions), the kinocilial links appear essential
for ensuring the position of the two elements of
the hair bundle is coordinated. Most likely there
must be continual interplay (feedback and feed-
forward) between the two structures and the
mechanisms pulling the kinocilium to one pole
of the cell and those that ensure exactly where
and how the stereociliary bundle forms (see
Montcouquiol and Kelley 2018).

TRANSIENT LATERAL LINKS

During the very early stages of hair-bundle de-
velopment an extensive network of filaments is
found between themicrovilli that are the precur-
sors of the stereocilia, the stereocilia that emerg-
ing from a subset of these microvilli, and the
kinocilium (Goodyear et al. 2005).Manyof these
filaments, which are collectively referred to as
transient lateral links, disappear as development
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proceeds or may become integrated into the
more clearly defined link types that have been
categorized in mature or maturing bundles. In
avian auditory hair cells, ADGRV1 and PTPRQ
are initially present throughout the hair bundle
and come basally restricted as a function of time
(Bartolami et al. 1991;GoodyearandRichardson
1999). As newmembrane is most likely added at
the basal end of the stereocilium these proteins
must be restricted from diffusing distally as the
stereocilia grow in length, presumably via their
interactions with the actin-based cytoskeleton
mediated by either the minus-end-directed my-
osinMYO6 and/or the scaffolding proteins with
which they are associated. By contrast, CDH23
and PCDH15-CD2 become localized toward the
tips of the stereocilia after the emergence of the
hair bundle, and there is good evidence that this
involves at least three other components of the
Usher 1 complex—USH1C, sans (USH1G), and
MYO7A (Boeda et al. 2002). Mice with sponta-
neous or engineered mutations in genes encod-
ing the 5 Usher type 1 proteins (MYO7A,
USH1C, CDH23, PCDH15, and USH1G) all
have similar phenotypes (Lefevre et al. 2008),
with fragmented and misoriented hair bundles
being evident 1–2 days after the time at which
these proteins would normally appear in the hair
bundle (E16.5 for mouse OHCs). Although the
hair bundles are fragmented, lateral links, albeit
reduced in density, are evident within the frag-
mented clumpsof height-ranked stereocilia in all
thesemice suggestingPCDH15andCDH23may
each be able interact homophilically in trans to
forma subset of the transient lateral links that are
observed on developing hair bundles. In this re-
spect, it is interesting to note that there is evi-
dence that the short tip links that rapidly reform
following BAPTA-induced loss in young postal
mouse IHCs only contain PCDH15 and not
CDH23 (Indzhykulian et al. 2013). Although
CDH23 can self-associate when expressed in
cells in vitro (Siemens et al., 2004), whether it
can interact ina similarmanner to formtransient
lateral links in developing hair bundles in the
absence of PCDH15 remains to be determined.

Whereas the results discussed above and in
preceding sections indicate the transient lateral/
kinociliary link proteins CDH23 and PCDH15

affect the early stages of hair-bundle develop-
ment, and that the ankle link and shaft connector
proteins (ADGRV1 and PTPRQ, respectively)
are only required for the maintenance of hair-
bundle form at slightly later stages of develop-
ment despite their premature appearance, the
situation is clearly more complex. The use of a
conditional mutant in which USH1G, a compo-
nent of the upper tip link density, was deleted
after the early stages of hair bundle development
(after P0) shows that tip links are required for
maintaining the height of the second and third
rows of stereocilia in the hair bundles of mam-
malian cochlear hair cells (Caberlotto et al.
2011). A loss of tip links and a considerable re-
duction in the mean maximal MET current was
observed in hair cells by P8, and the subsequent
shortening of the stereocilia observed in these
conditional mutants at later stages (see Fig.
5A–C) provided the first experimental evidence
for a theory proposed in 1988 (Tilney et al. 1988)
suggesting that Ca2+ influx through the MET
channel regulates actin polymerization at the
tip of the stereocilium, a concept that has been
further supported by in vitro data showingMET
channel block in vitro causes a similar reduction
in the length of second and third row stereocilia
that is, furthermore, reversible (Fig. 5D,E; Vélez-
Ortega et al. 2017).

CONCLUSIONS

Much has been learned about the structure and
function of hair-bundle links over the last 30
years. Common emerging themes are the use of
transmembrane proteins with large ectodo-
mains containing multiple repeats and the cou-
pling of the cytoplasmic domains of these link
proteins through to the cytoskeletal core of the
stereocilium via a small number of scaffolding
proteins and amyosin motor. There is, however,
much we still need to know about the how these
molecular specializations of the apical compart-
ment of the sensory hair cell contribute to its
development and the way it processes stimuli.
Clearly much effort has been directed at under-
standing the molecular structure of the tip links,
but it may now be beneficial to focus on struc-
tures that do not directly gate the hair cell’sMET
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Figure 5. Tip links and transduction regulate stereocilia length. (A) Mechanoelectrical transduction (MET)
currents recorded from outer hair cells (OHCs) located in the middle of the cochlea in Ush1gfl/fl mice (black
traces, left) and Ush1gfl/fl Myo15-cre+/− mice (right, pink) mice at P8. (B) Height of stereocilia in row 2 (R2)
relative to that in row 1 (R1) in inner hair cells (IHCs) (left) and OHCs (right) in the middle of the cochlea in
Ush1gfl/fl mice (blue) and Ush1gfl/fl Myo15-cre+/− mice (red) mice at P8 and P9. The second row stereocilia are
shorter in the IHCs of Ush1gfl/fl Myo15-cre+/− mice at P8 and continue to shorten by P9. The second row
stereocilia of the OHCs ofUsh1gfl/flMyo15-cre+/−mice start to shorten at P9. (C) Scanning electronmicrographs
showing the hair bundles of IHCs (top) and OHCs (bottom) in the middle of the cochlea at P9 (left) and at P22
(right). Note the shortening and loss of the second and third row stereocilia. Scale bar, 1 μm. (A–C from
Caberlotto et al. 2011; adapted, with permission, from the authors in conjunction with National Academy of
Sciences © 2011 Open Access policy.) (D) Scanning electron micrographs showing hair bundle from early
postnatal mice (P4-P6) that were cultured in control medium (top), 100 µM amiloride (middle), and 30 µM
benzamil (bottom) for 24 hours. Stereocilia have been pseudocolored; row 1 (blue), row 2 (yellow), row 3 (red).
MET channel block by amiloride and benzamil cause a rapid shortening of the second and third rows. (E)
Quantification of data shown inD above. Significant shortening is observed in rows 2 and 3 but not in row 1. n.s.,
Not significant. �p < 0.05, ����p < 0.001. (D and E from Vélez-Ortega et al. 2017; adapted under the terms of the
Creative Commons Attribution License.)
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channel but impact the dynamics of the hair-
bundle’s global response. For example, little is
known about the structure of the top connectors
in hair cells other than OHCs, nor do we fully
understand how the tectorial membrane is
attached to the hair bundles of the OHCs. Con-
sidering that mutations in STRC are now
recognized as a very frequent cause of human
hereditary deafness (Vona et al. 2015; see also
Sheffield and Smith 2018), these issues are
among the many that need to be resolved if we
are to reverse and repair some of the multiple
causes of deafness.
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