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Abstract
Animals use acoustic signals to communicate and to obtain information about their environment.
The processing of acoustic signals is initiated at auditory sense organs, where mechanosensory
hair cells convert sound-induced vibrations into electrical signals. Although the biophysical
principles underlying the mechanotransduction process in hair cells have been characterized in
much detail over the last 30 years, the molecular building blocks of the mechanotransduction
machinery have proven difficult to determine. Here we review recent studies that have both
identified some of these molecules and established the mechanisms by which they regulate the
activity of the still-elusive mechanotransduction channel.

INTRODUCTION
Our ability to perceive sound is a demonstration of the extreme signal processing capability
of the nervous system. The mammalian auditory system responds to sound-induced
vibrations at atomic dimension, can amplify signals >100 fold, and has a wide dynamic
range enabling us to perceive sound over a large intensity and frequency range. Changes in
air pressure induce fluid motions that travel along the cochlear duct and induce mechanical
vibrations at the sensory epithelium in the organ of Corti (Fig. 1A, B). As a consequence of
gradual changes in the physical properties of the cochlea from the base to the apex, each
segment of the sensory epithelium vibrates in response to a specific frequency. Three rows
of outer hair cells (OHCs) (Fig. 1B) amplify the vibrations. The mechanical signals are then
transferred onto inner hair cells (IHCs) (Fig. 1B), which transmit the information to afferent
neurons. Hair cells at the base of the cochlea respond to the highest and those at the apex to
the lowest frequencies. Sound frequencies are therefore relayed to the nervous system as a
tonotopic map (for recent reviews, see [1-4]).

At the heart of hearing is the mechanotransduction process, the conversion of mechanical
force into electrical signals. This process is carried out by the mechanosensory hair cells of
the cochlea. The molecular components of the mechanotransduction machinery of hair cells
have for decades escaped detection, largely because hair cells are few in numbers and hard
to manipulate experimentally. As in other experimental systems, genetic studies have
recently overcome these problems. The study of genes that are linked to deafness, the most
common form of sensory impairment in humans, has finally led to the identification of some
of the components of the mechanotransduction machinery. Here we summarize these
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findings as well as several studies that have provided insights into the properties of the
molecules of mechanotransduction.

AUDITORY MECHANOSENSATION: CONVERTING SOUND INTO
ELECTRICAL SIGNALS
Hair bundles and tip links

The mechanically sensitive organelle of a hair cell is the hair bundle, which consists of
actin-rich stereocilia that contain mechanotransduction channels close to their tips (Fig. 1C,
Fig. 2A,B). Stereocilia are organized in rows of decreasing heights and are connected by
extracellular filaments, including the tip and ankle links, as well as the top and shaft
connectors (Fig. 2A). These linkages are remodeled during development; mature murine
cochlear hair cells retain only tip links and top connectors (for recent reviews, see [3, 4]).
The stereociliary bundle is polarized in the apical hair cell surface, which provides
directional sensitivity to stimulation. Sound-induced deflection of the hair bundle in the
direction of the longest stereocilia increases channel open probability; deflections in the
opposite direction decreases channel open probability (for a recent review, see [1]).

Since their original discovery [5], tip links have been proposed to transmit tension force onto
the transduction channel. In support of this model, tip links are oriented along the
mechanical sensitivity axis of hair cells [5]. Furthermore, Ca2+ flows into sterocilia close to
their tips [6, 7]. Finally, disrupting tip links by removal of Ca2+ or treatment with the
protease elastase leads to loss of mechanosensitivity of the hair bundle [8, 9].

Coherence in motion
The hair bundle of a hair cell is exquisitely sensitive to mechanical stimulation. At the
threshold of hearing, bundles are deflected by <1 nm [10, 11]; maximal response to
mechanical stimulation is evoked by ~10 angular deflection [12]. The analysis of hair bundle
motion in response to low-frequency stimulation has shown that stereocilia tilt around the
pivots at their base [13-15]. Recent optical measurements with frog saccular hair cells
demonstrate that the stereocilia within a bundle show a high degree of coherence in motion
with little splay [16, 17]. Pretreatment of hair bundles with the Ca2+ chelator, BAPTA, to
break tip links [16, 17], or with proteinase XXIV to remove ankle links and shaft connectors
[16], does not affect coherence in motion. These treatments leave top connectors intact,
suggesting that they might mediate sliding adhesion between stereocilia [16]. At small
deflections, the close apposition of stereocilia immobilizes the liquid between them, which
reduces drag in the bundle and suppresses the squeezing but not the sliding mode of
stereociliary motion. Therefore, most stereocilia inside the bundle experience little viscous
drag; their tips experience maximal force [18]. Coherence in stereociliary motion ensures
excellent sensitivity to mechanical stimulation by allowing for synchronous gating of
transduction channels across the bundle.

Transducer channel activation
Transduction channels open in response to mechanical stimulation within microseconds,
indicating that mechanical force directly gates the channel [12, 19]. In the turtle, activation
kinetics varies tonotopically [20]; it is reasonable to assume, although not experimentally
verified, that tonotopic variation is a universal feature of the vertebrate cochlea, thereby
matching the properties of the transduction channel to the sound frequency they process.
The properties of the transducer current fit well with a model where mechanical force is
transmitted to the molecular gate of the transduction channel by an elastic gating spring with
a stiffness of ~ 1mN/m [12]. Deflection of the hair bundle towards the longest stereocilia
increases tension in the gating spring, which promotes transition from the channel’s closed
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to open state (Fig. 2C) [21]. Based on the mechanical behavior of hair bundles, the length of
the swing by the gate of the transduction channel is estimated to be ~4-11 nm [22, 23]. This
is a relatively large displacement and might reflect conformational changes in more than one
molecule.

Transducer channel adaptation
Following activation, hair cells adapt to constant mechanical stimulation. Adaptation is
thought to extend the dynamic range of hair cells, contribute to their frequency selectivity,
and assist in signal amplification. In the absence of mechanical stimulation, adaptation also
establishes a resting current in hair cells (for recent reviews see [1, 24-26]). Adaptation
progresses on a fast and slow time scale and is regulated by influx of Ca2+ through the
transduction channel [27, 28] (Fig. 2C). Adaptation in the cochlea is faster than in the
vestibule, and fast adaptation rates vary tonotopically where cells responding to higher
frequencies show higher adaptation rates [20, 27, 29-35]. These features of adaptation are
likely important for tuning hair cells to their specific frequencies.

Fast and slow adaptation are thought to occur by different mechanisms (Fig. 2C). Two
prominent models have been proposed for fast adaptation. In one model, Ca2+ binds to the
channel and stabilizes it in the closed state [22, 36]. Alternatively, Ca2+ might bind to a site
near the channel, causing release of a mechanical element in series with the transduction
machinery leading to decrease in tension and channel closure [37, 38]. Slow adaptation is
thought to involve an adaptation motor linked to the upper insertion point of tip links.
According to the model, the motor protein climbs up along F-actin, establishing tension in
the transduction machinery. During mechanical stimulation, Ca2+ that flows into stereocilia
releases the motor from F-actin, reducing tension and leading to channel closure.
Subsequently, the Ca2+ concentration in stereocilia declines and the motor reestablishes
tension (Fig. 2C) [39, 40]. As outlined below, recent studies suggest that models of slow
adaptation might need revision.

THE ELUSIVE TRANSDUCTION CHANNEL
Channel numbers and properties

Despite decades of study, the hair cell’s transduction channel has not been identified. The
challenges to identify the channel are tremendous. Most importantly, there are few hair cells
and transduction channels per animal. Hair cells also resist experimental manipulations
typically used in other experimental systems. For example, hair cells are difficult to
transfect, necessitating time-consuming genetic studies to verify channel candidates.
However, electrophysiological recordings have shown that the transduction channel is a
non-selective cation channel with a preference for Ca2+ [41, 42]. Best estimates suggest that
there are two active channels per tip link [7, 22, 43, 44]. Studies in the turtle indicate that the
channel pore is considerably larger than in other cation channels with a minimal pore
diameter of ~12.5 Å [45]. In the rat, channel conductance in IHC is in the order of 260 pS; it
varies tonotopically in OHCs from 145 pS at the apex and 210 pS in the mid frequency
range and was estimated to be 320 pS in the high frequency range [43]. Similar tonotopic
conductance changes are observed in the turtle [44], indicating that this is a conserved
property of the auditory system. The conductance changes indicate that the channel might
consist of several subunits with variations in subunit composition along the length of the
sensory epithelium.

Channel localization and slow adaptation
Ca2+ imaging studies initially supported the location of the transduction channel on both tip-
link ends [7], but a recent study using high-resolution imaging provided convincing
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evidence that the channel is localized to the lower tip-link end [6]. The localization of the
transduction channel suggests a physical connection to the tip link, but it does not
necessarily have to be direct. The channels could be opened by the change in tension of the
lipid bilayer, as has been suggested in other systems [46, 47]. In this model, the number of
open channels depends on the distance of force propagation within the membrane; a large
number of channels could be present in stereocilia as long as on average only two channels
are opened simultaneously by membrane stretch.

The localization of the transduction channel raises questions regarding models of slow
adaptation because it places the site of Ca2+ entry into stereocilia at the lower tip-link end,
far away from the proposed localization of the adaptation motor at the upper tip-link end
(Fig. 2C). To reconcile these differences, it has been proposed that Ca2+ entering through
the transduction channel might affect the adaptation motor hooked up to the next tip link
lower down in the same stereocilium [1]. In this scenario, adaptation motors in the longest
stereocilia would experience minimal changes in Ca2+ and likely not show Ca2+-dependent
adaptation. In addition, slow adaptation rates in mammalian auditory hair cells are much
faster than in vestibular hair cells and hair cells in other species [27, 32, 33, 35, 36] raising
the question whether the same mechanism controls slow adaptation in all hair-cell types.

THE TIP LINK: AN UNUSAL CADHERIN ADHESION COMPLEX
Molecular constituents of tip links

The hunt for the molecular components of the tip link has been active for over 20 years.
Recent studies finally have demonstrated that tip links are formed by cadherin 23 (CDH23)
and protocadherin 15 (PCDH15), two cadherin superfamily members (Fig. 2B). Hints that
these proteins are important in hair cells came from the observation that mutations in their
genes lead to deafness [48-55]. In mice, mutations in Cdh23 and Pcdh15 also lead to
morphological hair bundle defects [49, 53, 55], and zebrafish with mutations in Cdh23 lack
tip links [56]. Immunolocalization studies with an antibody to CDH23 demonstrated its
presence at tip links [57]. Subsequently, PCDH15 was localized to tip links [58]. Using a
combination of immunolocalization, biochemical and structural studies, it was finally shown
that tip links are heterophilic adhesion complexes consisting of parallel CDH23 cis-
homodimers interacting in trans with parallel PCDH15 cis-homodimers to form the upper
and lower parts of tip links, respectively (Fig. 2B) [59]. Subsequent studies have confirmed
the localization of CDH23 and PCDH15 at tip links [60].

A new adhesion mode
Like classical cadherins, tip-link cadherins each contain an ectodomain largely composed of
extracellular cadherin (EC) repeats that fold into immunoglobulin-like globular domains
featuring two opposed β-sheets formed by seven β-strands. Three Ca2+ ions bind between
EC domains and stabilize cadherin structure. Classical cadherins have 5 EC repeats while
the longest isoforms of CDH23 and PCDH15 have 27 and 11 EC repeats, respectively (Fig.
3A) (for recent reviews see [61-64]). Classical cadherins are Ca2+-dependent homophilic
receptors, albeit with some affinity for closely related family members [63, 65, 66]. They
form large adhesion complexes at adherens junctions [62]. The basic adhesive unit is a trans
dimer comprised of opposing monomers [67-69]. Binding is achieved through EC1, where
N-terminal β-strands are swapped between binding partners (Fig. 4A,B) [67, 68]. Classical
type I cadherins have one Trp residue at amino acid position 2 (W2) that fits into a
hydrophobic pocket on the opposing EC1 domain, while classical type II cadherins contain
two Trps (W2 and W4) that fit into two binding pockets enhancing binding affinity (Fig. 4C)
[70].
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The tip-link complex differs significantly from the classical cadherin complex. A tetramer
consisting of two cis-homodimers interacting in trans is the functional unit [59]. Trp2/4 are
not conserved in EC1. Two laboratories have solved the structure of the first 2 EC domains
of CDH23 [71, 72]. The typical EC fold is maintained but a classic trans-binding interface is
not (Fig. 4D,E). Instead, polar residues at the N-terminus of CDH23 form a novel Ca2+-
binding motif (Fig. 4E,F). The PCDH15 N-terminus also harbors polar amino acids;
biochemical studies show that polar amino acids in both cadherins are required for trans
binding [71]. These amino acids might be necessary for correct protein folding or could
serve to integrate Ca2+ into the trans-binding surface, perhaps to increase adhesive strength.
In classical cadherins, the trans-binding affinity is surprisingly low (e.g., mouse E-cadherin;
Kd = 97 μM [73]), and adhesive strength is achieved through lateral cadherin clustering.
Lateral clustering does not occur at tip links, necessitating a different mechanism for high-
affinity binding that can sustain substantial mechanical force. Measurements of the affinity
for interactions between CDH23 and PCDH15 are eagerly awaited.

In classical cadherins, competition between trans- and cis-binding modes mediated by EC1
is thought to reduce affinity for trans binding [63, 74]. During adherens junction formation,
such competition is mitigated by a steric mechanism resulting from ectodomain curvature
[63, 75]. Tip-link cadherins lack this curvature and bind heterophilically (Fig. 4D), which
can be viewed as yet another mechanism to increase binding affinity.

Cis interactions by classical cadherins and tip-link cadherins
Unlike classical cadherins, which engage in cis interactions by a binding surface on EC1 that
interacts with EC2 [76], the CDH23 and PCDH15 extracellular domains form parallel
homodimers with extensive lateral contacts [59]. Theoretical studies have tested the
hypothesis that a classical cadherin junction is an ordered, thermodynamically condensed
2D lattice of trans dimers held together by cis interactions [77, 78]. A model built on
experimentally supported assumptions predicts that junction formation is a cooperative
process in which initial contact between cells is mediated by trans dimers, creating a
thermodynamic diffusion trap, which promotes recruitment of monomers and formation of
additional trans dimers. In this model, an ordered junction can form only in the presence of
cis interactions. The extensive lateral alignment between the extracellular domains of
CDH23 (and PCDH15) molecules might prevent additional lateral interactions that would
lead to cadherin clusters, clearly an adhesion mode not desirable for tip-link formation.

Tip links as gating springs?
Since its discovery, the tip link has been an attractive candidate for the gating spring.
However, high-resolution electron microscopic (EM) images suggest that tip links are stiff
and buckle under strain [79]. Modeling of the classical C-cadherin extracellular domain
suggests high stiffness in the presence of Ca2+ and limited elasticity without Ca2+ [80, 81].
Modeling studies based on the structure of the CDH23 EC1-EC2 fragment attempted to
provide estimates of the tip-link stiffness [72]. EC1 alone displayed stiffness of 710 mN/m;
simulations with the first two EC domains produced the value of 570 mN/m Assuming
similar properties for the remaining EC domains, tip-link stiffness was predicted at ~40-60
mN/m. Even when Ca2+ was omitted in the simulations tip-link stiffness was considerable at
16 mN/m [72], far greater than the 1 mN/m measured for the gating spring.

The values obtained by modeling are burdened with several approximations. First,
calculations were based on the model derived from a monomeric EC1-EC2 fragment of
CDH23. Nothing is known about the structure of the remaining 25 EC domains of CDH23
and the 11 EC domains of PCDH15. Second, the membrane proximal regions of CDH23 and
PCDH15 (~100 amino acids) fold into an unknown structure. Finally, EM studies suggest
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that the two strands of the tip link filament separate close to the upper membrane insertion
point [79]. Such separation could lead to substantial structural flexibility.

Mechanical properties of tip-link cadherins have not been studied, but the nanomechanics of
C-cadherin has been experimentally analyzed [81]. Single molecule force spectroscopy
confirms Ca2+ induces ectodomain rigidification. When force is applied in the presence of 1
mM Ca2+, EC domain unfolding requires ~186 pN and stretches the molecule by ~34.2 nm.
This force peak is preceded by a smaller one. At ~143 pN C-cadherin stretches by ~2.7 nm
as a single Ca2+ binding site unfolds. Without Ca2+, the EC domains are less stable and
unfold at ~83 pN [81]. At 0.1 mM Ca2+, the unfolding force is ~90 pN, significantly lower
than in 1 mM Ca2+.[81]. Notably, the Ca2+ concentration of the endolymph varies
tonotopically and reaches low levels (~20 micromolar) [82, 83]. Trans interactions between
CDH23 and PCDH15 are not disrupted even at 100 micromolar Ca2+ [59], but low local
Ca2+ concentration might affect the mechanical properties of tip-links.

Based on the above studies, it seems plausible that the gating spring is formed by a molecule
distinct from tip-link cadherins, although it does not necessarily have to be a protein. The
plasma membrane near the lower tip-link insertion points appears to be under tension and
pulls away from the cytoskeleton; this morphological feature is lost when tip links are
broken [8, 79, 84]. Perhaps, forces that are too small to rupture or stretch tip links can
deform the lipid bilayer. Interestingly, the stiffness module of the plasma membrane of the
cell body in OHCs is ~1 mN/m [85], a value strikingly similar to the gating-spring stiffness.
We do not know the mechanical properties of the stereociliary membrane, but one
possibility is that force-induced membrane deformation could account for the gating spring.

CYTOPLASMIC COMPONENTS OF THE TIP-LINK COMPLEX
Cytoplasmic domains of tip-link cadherins

The cytoplasmic domains of classical cadherins harbor binding sites for many proteins,
including β-catenin and p120 catenin [69]. The cytoplasmic domains of tip-link cadherins
show no sequence homology to classical cadherins, suggesting that they recruit different
proteins. Both the CDH23 and PCDH15 cytoplasmic domains are also alternatively spliced,
providing additional diversity. Two cytoplasmic splice variants have been described for
CDH23. The longer isoform contains an insert of 35 amino acids and is specifically
expressed in hair cells [57, 86]. For PCDH15, three prominent isoforms named CD1, CD2,
and CD3, which differ in their cytoplasmic domains, have been described; all three are
expressed in hair cells [58, 87]. However, which isoforms of CDH23 and PCDH15
contribute to the tip link is unclear (see below).

Binding partners for CDH23 and PCDH15 and hair bundle development
The identification of binding partners for the cytoplasmic domains of CDH23 and PCDH15
has been facilitated by the study of genes linked to deafness. Mutations in CDH23 and
PCDH15 lead to Usher syndrome Type I (USH1) [48, 50-52], a severe form of deaf-
blindness. The disease is also caused by mutations in the genes encoding the molecular
motor myosin 7a (Myo7a), and the adaptor proteins harmonin and sans (scaffold protein
containing ankyrin repeats and SAM domain) [48, 50-52, 88-90]. Mutations in murine
orthologs of the human genes lead to defects in hair bundle morphology, suggesting that
USH1 proteins act in a common pathway [49, 53, 55, 91-95]. This notion is supported by in
vitro studies, which show that USH1 proteins bind to each other. Harmonin, sans and Myo7a
bind in vitro to all USH1 proteins; harmonin and sans also interact homophilically; finally,
harmonin and Myo7a bind to F-actin (for protein domain structures, see Fig. 3) [86, 95-102].
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USH1 proteins are broadly distributed in developing hair bundles, where they form the
linkages that connect the stereocilia to each other and to the single kinocilium (which is
present in developing cochlear hair cells but degenerates as the cells mature) (for recent
reviews see [3, 4]). Intriguingly, alternative splicing regulates the function of PCDH15 in
hair cells. PCDH15-CD2-deficient mice, but not mice lacking PCDH15-CD1 or –CD3 lack
kinociliary links and develop hair bundles with abnormal polarity [87]. PCDH15-CD2 is
abundantly expressed in the kinocilium, while CDH23 is expressed in the adjacent
stereocilia, suggesting that kinociliary links are heteromeric complexes consisting of CDH23
and PCDH15 [60, 87]. Therefore, kinociliary links resemble tip links in composition, except
with reversed polarity in CDH23 and PCDH15 localization relative to the hair bundle
polarity axis [59, 60]. PCDH15-CD2 in kinocilia might recruit CDH23, which does not
traffic into kinocilia, to the longest stereocilia next to the kinocilium. This would lead to the
formation of kinociliary links. Some CDH23 in the longest stereocilia might then bind to
PCDH15 in the next shorter row of stereocilia, establishing opposite polarity in tip links.

Binding partners for CDH23 at tip links
The tip-link localization of CDH23 and PCDH15 suggested that their bindings partners also
function in mechanotransduction. This was initially demonstrated for harmonin-b, a
harmonin isoform that binds to CDH23, Myo7a, sans and F-actin [86, 96-99, 101, 102] (Fig.
5). In adult hair cells, harmonin-b is localized to the upper tip-link density (UTLD) [29],
which can be visualized by transmission EM as a density below the membrane at the upper
tip-link insertion-point [103]. Deaf circler (dfcr) mice, which carry a harmonin-b mutation
that prevents interaction with F-actin [92], preserve their tip links but lack UTLDs [29].
Gating of transduction channels throughout the hair bundle is less well coordinated in the
mutants, and transducer current activation and adaptation are slowed [29]. Harmonin-b
might connect the tip link to the cytoskeleton and regulates the activity of the slow
adaptation motor thereby establishing tension in the transduction machinery. Analyses of
transducer currents in dfcr2J mice, which entirely lack harmonin-b, have similarly
implicated harmonin in regulating the slow adaptation motor [104].

The most prominent current model proposes that the slow adaptation motor is formed by a
cluster of myosin-1c (Myo1c) motor proteins at the UTLD (for a recent review, see [25]). In
support of this model, Myo1c in frogs is concentrated close to the UTLD [105, 106]; its
inactivation dramatically affects channel open probability at rest and adaptation [33, 107].
The close proximity of Myo1c and harmonin-b at UTLDs and the demonstration that Myo1c
forms a protein complex with CDH23 [57], suggest that harmonin-b might affect Myo1c
function. However, as outlined above (see also Fig. 2C), Ca2+ enters stereocilia close to the
lower end of tip links [6], raising questions as to the mechanism by which Ca2+regulates the
slow adaptation motor at the upper tip-link end. Furthermore, a recent study shows that in
IHC of mammals, Myo1c is distributed along the length of stereocilia [108]. Therefore, the
function of Myo1c in adaptation needs further study.

Myo7a has emerged as a second candidate for the slow adaptation motor. Accordingly, mice
with a mutation in Myo7a show defects in transduction and altered adaptation [109].
Immunolocalization studies suggested that Myo7a in frog hair cells is concentrated in the
cell body and at the base of the hair bundle [110], but a study in mice has revealed additional
expression at the UTLD [111]. The same study also localized sans to the UTLD [111].
Biochemical and crystallographic data show that CDH23, harmonin, Myo7a, and sans form
a multimeric protein complex (Fig. 5) [86, 96-99, 101, 102, 111]. Notably, harmonin binds
through multiple surfaces to CDH23 [86, 96-99, 101, 102, 111] leading to a binding affinity
that is far greater than measured for interactions between other PDZ domain proteins and
their interaction partners [97]. Inactivation of sans in mice leads to a reduction in transducer
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current and loss of tip links [91]. Perhaps the protein complex at UTLDs is unstable without
sans.

Binding partners for PCDH15 at tip links
Little is known about the putative protein complex at the lower tip-link end that includes
PCDH15 and the elusive transduction channel. Immunolocalization studies initially
suggested that the PCDH15-CD3 isoform is present at the lower tip-link end [58]. However,
tip links form in mice individually lacking PCDH15-CD1, -CD2, and –CD3, indicating that
several of these isoforms function redundantly at tip links [87]. Notably, all PCDH15
isoforms share a proline-rich membrane proximal region and contain a C-terminal binding
site for PDZ domain proteins (Fig. 3) [58]. They might therefore recruit similar proteins
through these shared domains. Several proteins such as whirlin, Myo3a, Myo15, and espin1
have been localized to the tips of stereocilia; functional studies implicate them in regulating
stereociliary elongation (for a recent review see [4]). The extent to which these proteins
participate in regulating transduction channels is unclear. Mice with mutation in Myo15
show altered transduction [112, 113], but morphological hair bundle defects make it difficult
to ascertain direct effects of Myo15 on transduction. As pointed out above, structural studies
and immunolocalization studies have placed sans at the UTLD, but a recent study has
concluded that sans is located close to the LTLD [91]. Sans might therefore also play a role
in regulating transduction at the lower tip-link region.

CONCLUDING REMARKS
Building on a solid biophysical foundation, researchers have started to identify the
molecules required for mechanotransduction by hair cells. Two themes emerge: asymmetry
and evolution of special features required for force transmission. Asymmetry is evident in
the composition of the tip-link, in the proteins recruited by the cytoplasmic domains of tip-
link cadherins, and in the localization of the transduction channel (Fig. 2). Specialized
features for force transmission are likely the new binding surface between CDH23 and
PCDH15, and the high-affinity binding mode between CDH23 and harmonin. However,
there are a number of important outstanding questions (Box 1). The most intriguing issue, of
course, is the identity of the transduction channel.
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Box 1

Outstanding questions

➤ What is the molecular identity of the mechanotransduction channel?

➤ What are the mechanical properties of tip links, and what is the atomic
structure of the adhesion interface between CDH23 and PCDH15?

➤ Which molecule(s) form the gating spring for the transducer channel?

➤ What is the mechanism of fast adaptation?

➤ What is the mechanism of slow adaptation and what roles do Myo1c and
Myo7a play in this process? Are other myosin motor proteins involved?

➤ What is the full complement of proteins at the upper and lower end of tip
links and how do they regulate tip-link function in mechanotransduction?

➤ How is the exquisite polarity of CDH23 and PCDH15 at tip links achieved,
and how are proteins such as the transduction channel and harmonin targeted
to opposite ends of the tip link?

➤ Which mechanisms define the numbers and rows of stereocilia and their
organ pipe arrangement? Which signaling mechanisms establish precise
polarity of the hair bundle in the apical surface of a hair cell?
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Fig. 1. The mammalian auditory sense organ and its hair cells
(A) Diagram of the inner ear. The snail-shaped cochlea (end organ for the perception of
sound) and parts of the vestibule (end organ for the perception of head movement) are
indicated (panel modified from [4]). (B) Diagram of the organ of Corti. One inner hair cell
(IHC) and three outer hair cells (OHCs) are indicated. (C) Scanning electron micrograph of
the cochlear sensory epithelium of the mouse after removal of the tectorial membrane
(kindly provided by Dr. Nicolas Grillet, TSRI). The image shows the stereociliary bundles
of two IHCs. Note the staircase arrangement of the rows of stereocilia. Scale bar: 2 μm.
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Fig. 2. Hair cells and their mechanotransduction machinery
(A) Cross section through the apical part of a hair cell. Hair bundles consist of several rows
of actin-rich stereocilia and a microtubule-based kinocilium. The sterocilia are connected to
each other and to the kinocilium by extracellular filaments that can be visualized by electron
microscopy. These are the tip links, top connectors, ankle links and kinociliary links (for a
recent review see [4]). Note that the kinocilium, kinociliary links, ankle links and top
connectors are present in murine cochlear hair cells only during hair bundle development.
These structures degenerate once hair bundles have reached their mature shape and only
stereocilia, tip links and top connectors remain [114]. (B) Diagram of the tip-link region,
indicating molecules that are part of the tip-link complex. CDH23 homodimers form the
upper part of the tip link and PCDH15 homodimers the lower part [59]. Two electron dense
regions (shaded in gray) can be visualized by transmission electron microscopy in proximity
to the upper and lower insertion sites of tip links [103]. Immunolocalization studies have
localized the indicated proteins to the electron dense regions (for a recent review see [4]).
(C) Current model of activation and adaptation of transduction channels in hair cells.
Transduction channels that are located in proximity to the lower insertion site of tip links are
opened by deflection of the hair bundle in the direction of the longest sterocilia. The tip link
is thought to gate the channel. Ca2+ that flows into the stereocilia leads to fast adaptation
likely by binding to the channel or a molecule nearby. Slow adaptation is thought to be
regulated by a myosin motor complex at the upper insertion site of tip links. Upon Ca2+

entry, the adaptation motor is released from the cytoskeleton and slips down the actin
filaments, leading to channel closure. Tension in the transduction complex is restored by
movement of the myosin motor towards the tips of stereocilia (for a recent review see [1]).
However, the localization of the transduction channel raises questions regarding models of
slow adaptation because it places the site of Ca2+ entry into stereocilia at the lower tip-link
end, far away from the proposed localization of the adaptation motor at the upper tip-link
end. It has been proposed that Ca2+ entering through the transduction channel might affect
the adaptation motor hooked up to the next tip link lower down in the same stereocilium [1],
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but adaptation motors in the longest stereocilia would then likely not show Ca2+-dependent
adaptation.
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Fig. 3. Molecules of transduction
The domain structure of proteins that have been implicated as components of the tip-link
complex are indicated and can be grouped into three categories: 1) transmembrane receptors
of the cadherin superfamily (CDH23 and PCDH15) that form tip-link filaments [57-59]. The
classical C-cadherin is shown for comparison to the tip-link cadherins. Note that the
extracellular domains of CDH23 and PCDH15 are substantially larger than those of classical
cadherins. The figure also shows different isoforms of CDH23 and PCDH15 that differ in
their cytoplasmic domains. Two CDH23 isoforms have been identified in hair cells that are
generated by alternative splicing of exon 68 [57, 86]. For PCDH15, three prominent
isoforms that are generated by alternative splicing (PCDH15-CD1, -CD2, and -CD3) are
expressed in hair cells [58, 87]. All CDH23 and PCDH15 isoforms contain consensus-
binding sites for PDZ domain proteins (PBIs) (for a recent review see [61]). Which isoform
of CDH23 and PCDH15 is at tip links remains to be determined; 2) adaptor proteins
harmonin and sans. These adaptor proteins bind to the cytoplasmic domains of tip-link
cadherins [86, 95-98, 115]. Harmonin can bind to the CDH23 and PCDH15 cytoplasmic
domains but it co-localizes at tip links only with CDH23 [29]. Sans can bind to CDH23 and
has been localized to the upper and lower ends of tip [91, 111]; 3) myosin motor proteins
that are implicated in slow adaptation. Myo1c and Myo7a have been localized to the upper
end of tip links but have also been reported, depending on species and experimental
conditions, to be more broadly distributed in hair cells [105, 106, 108, 111, 116].
Abbreviations are as follows: Ank, ankyrin-like repeat; cc, coiled-coil domain; CEN, central
sans domain; EC, extracellular cadherin repeat; FERM, protein 4.1, ezrin, radixin, moesin
domain; IQ, calmodulin binding IQ domain; MyTH4, myosin tail homology 4 domain; N-
ter, N-terminal domain of harmonin; PBI, PDZ binding interface; PDZ, PSD95/SAP90,
Discs large, zonula occludens-1 domain; PST, proline, serine, threonine rich domain; SAM,
sterile alpha motif domain; SH3, src homology 3 domain.
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Figure 4. Structural features of the extracellular domains of classical cadherins and Cdh23
The figures summarize crystallographic data for classical cadherins and tip-link cadherins.
(A) The entire Xenopus laevis C-cadherin extracellular domain (red) in the Ca2+ (green)
bound state is shown. Note the five extracellular cadherin repeats (EC1-5), the three Ca2+

ions that are bound between each of the EC domains, and the curvature of the ectodomain
[67]. (B) Adhesive trans dimer of murine E-cadherin [117]. Individual E-cadherin
extracellular domains (red and black) emanate from opposing directions. The trans binding
surface is located in the EC1 domain. Side view (left) reveals the characteristic curvature of
the monomers, which appear straight when rotated by 90° (right). (C) The N-terminal EC1
domains of classical cadherins that engage in trans-interactions are depicted. The molecules
form the so-called strand-swapped dimers. Classical type I cadherins such as murine E-
cadherin (upper) contain in EC1 one key tryptophan residue (W2) that fits into a binding
pocket in EC1 of its binding partner [117]. Classical type II cadherins such as murine MN-
cadherin (lower) contain two tryptophan residues (W2 and W4) that fit into two binding
pockets on EC1 of the binding partner [70]. (D) Crystallographic structure of the EC1-EC2
domain of murine CDH23 (blue) [71, 72]. The classic cadherin fold with Ca2+ ions (blue
dots) between EC1 and EC2 is maintained. Superimposition of EC1-EC2 of C-cadherin
(red) highlights the straight alignment of CDH23 EC1-EC2 compared to the curvature of C-
cadherin [67, 71]. (E) Structure of the EC1-EC2 domains of two parallel CDH23 molecules.
Note that only monomeric structures have been crystallized. The contact surface between
EC domains that are aligned in parallel remain to be determined. Ca2+ ions (green dots) are
indicated. Note the presence of a Ca2+ ion at the extreme N-terminus of CDH23 that is not
bound by classical cadherins. The strands formed by amino acids 1-4 are clamped down in a
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loop (blue) by the coordinate bond between Asn3, Arg4, Asp36, Asp38, Asp40 and Ca2+ to
form a large exposed area on the surface of EC1. Mutations in Asn3 and Arg4 reduce
CDH23 binding to PCDH15 [71]. (F) Detailed view of the amino acids in CDH23 that
coordinate the N-terminal Ca2+ [71, 72]. Structures were generated in RasMol
(http://www.umass.edu/microbio/rasmol/) using protein coordinates from the Protein Data
Bank (PDB) database (www.pdb.org).
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Figure 5. Structural aspects of the UTLD complex emerging from crystallographic and
biochemical studies
(A,B) Model of the interactions between proteins at the UTLD. In (A) a model of the
interaction surfaces is provided that is based on biochemical data and, where available, on
structural information [86, 95-102]. In (B), the known crystal structures are shown, except
for an internal binding motif for PDZ-domain proteins (NBI) of CDH23, which was fitted
artificially into its N-terminal binding site on harmonin. Protein-domains in (A) are color-
coded to match the structures in (B). Abbreviations are as in Figure 3. Note that we present
here a partial representation not considering all interactions revealed by biochemical data.
For example, Myo7a can also bind to harmonin and CDH23 [94, 106], but these complexes
have not yet been crystallized. Structures were generated as described in Figure 4.
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