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Abstract
Mechanical stimuli generated by head movements and changes in sound pressure are detected by
hair cells with amazing speed and sensitivity. The mechanosensitive organelle, the hair bundle, is a
highly elaborated structure of actin-based stereocilia arranged in precise rows of increasing height.
Extracellular linkages contribute to its cohesion and convey forces to mechanically gated channels.
Channel opening is nearly instantaneous and is followed by a process of sensory adaptation that keeps
the channels poised in their most sensitive range. This process is served by motors, scaffolds, and
homeostatic mechanisms. The molecular constituents of this process are rapidly being elucidated,
especially by the discovery of deafness genes and antibody targets.
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INTRODUCTION
Hair cells of the inner ear execute the fundamental process by which mechanical stimuli,
originating from head movements or acoustic waves, are converted to neural signals. At the
heart of the process is deflection of the hair bundle by mechanical force (see Figure 1), which
causes the rapid opening of transduction channels. Depolarizing current flowing through
transduction channels modulates neurotransmitter release onto afferent fibers of the eighth
nerve, which encode and carry auditory and vestibular information to the brain.

For more than 30 years, researchers have worked to elucidate the mechanism of transduction
at the single-cell level. The result has been a detailed understanding of the ultrastructure and
biophysics of transduction. Poorly understood, however, are the specific proteins that create
these structures and mediate the biophysics. The cloning of deafness genes and the
identification of hair-bundle antigens in recent years have provided some candidate molecules
(see Table 1). Here, we summarize what we know of the physiology and ask which roles these
candidate proteins might play in hair cell function.

STRUCTURE AND BIOPHYSICS
Bundle Structure and Development

Hair cells in vertebrate inner ear or lateral line organs bear a single bundle composed of tens
to hundreds of actin-based stereocilia and (except in mature mammalian cochlear hair cells) a
single microtubule-based kinocilium (see Figure 1). The tapered bases of stereocilia insert into
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an actin-rich cuticular plate; the kinocilium is anchored by a basal body adjacent to the cuticular
plate. These structures anchor the bundle, and the taper creates a flexion point that allows the
rigid stereocilia to pivot at their bases (Crawford & Fettiplace 1985). The eccentric placement
of the kinocilium and the monotonic increase in stereocilia heights, with the tallest nearest the
kinocilium, define the bundle's morphological axis. Deflections of the hair bundle toward the
tallest stereocilia (positive deflections) open transduction channels, defining a corresponding
physiological axis. Even within a species, hair bundles in different regions of an inner ear organ
can have diverse morphology, with stereocilia varying in number, width, height, and
arrangement. Hair bundle morphology likely contributes to variation in mechanical properties
and frequency tuning (Cotton & Grant 2004).

A variety of extracellular linkages connect adjacent stereocilia (discussed in detail below). Of
special note are the tip links that extend from the tip of each stereocilium to the side of the
tallest adjacent stereocilium (see Figure 1b). Tip links are thus arrayed along the bundle's
excitatory axis and not from side to side.

Proper development of the hair bundle is essential for hair-cell mechanotransduction, and, not
surprisingly, defects in the participating proteins are causes of inherited deafness. The
development of the hair bundle has been comprehensively described for the mouse and chick
(reviewed in Frolenkov et al. 2004, Tilney et al. 1992). At early stages, the apical surfaces of
hair cells and supporting cells are covered with short actin-based microvilli and a single
kinocilium. Kinocilium migration to one edge of the cell then determines hair bundle polarity.
Microvilli nearest the kinocilium elongate first by adding actin monomers at their tips.
Successive rows grow out, and tip links soon connect adjacent rows of stereocilia. Stereocilia
then expand in width, concomitant with tapering at their bases. Over the next several days, β-
and γ-actin are crosslinked by espin and fimbrin forming the core of the stereocilia. Finally,
stereocilia grow to reach their mature length (Tilney et al. 1988).

Mechanotransduction
Step deflections of hair bundles in the mouse utricle reveal the characteristic features of
transduction (see Figure 1e, f). Positive deflections of <1 μm elicit inward currents of up to ~1
nA; negative deflections turn off channels that are open at rest. The activation curve,
characterized by the current as a function of deflection [I(X)], has a typical range of 0.5 μm or
less. With the hair bundle in its resting position, the channel is poised in the steepest portion
of its operating range, with 10%–20% of channels open.

Channel opening is extremely fast, with time constants ranging from ~1000 μs in turtle at 3°
C to <10 μs in mammals at 37°C, ruling out second-messenger-mediated activation of channels
(Corey & Hudspeth 1979b, Crawford et al. 1989, Ricci et al. 2005). Instead, channels are
thought to be directly opened by mechanical force conveyed to the channel by stretching an
elastic “gating spring” element (Corey & Hudspeth 1983b). Sensitive measurements of bundle
mechanics confirmed this model by detecting the mechanical correlate of channel opening
(Howard & Hudspeth 1988). Specifically, the stiffness of the bundle is constant when channels
are all closed or all open but is reduced when channels can open or close (see Figure 1i–l).
From such measurements, recently confirmed and extended (Cheung & Corey 2006), one sees
that the channel moves by ~2.5 nm on opening and that the gating spring has a stiffness ~1000
μN/m.

Transduction channels are permeable to small cations, up to ~1.2 nm in diameter (Corey &
Hudspeth 1979a, Farris et al. 2004) and pass Ca2+ particularly well (Lumpkin et al. 1997).
Thus the bulk of the transduction current in vivo, where bundles are bathed in a high-K+ low-
Ca2+ endolymph, is carried by K+. Both Ca2+ and K+ must then be transported out of the hair
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cell; whereas the electrochemical gradient for K+ allows passive efflux through channels in
the cell's basolateral surface, active pumps are required to extrude Ca2+ from stereocilia.

The mechanosensitive transduction channels are located in the distal tips of the stereocilia
(Hudspeth 1982, Denk et al. 1995). The discovery of tip links in the same area suggested a
structural model for transduction (see Figure 1c,d), in which positive deflection of stereocilia
increases tension in tip links, which pulls the channels open (Pickles et al. 1984). Although the
tip link was initially suggested to be elastic like the physiologically defined gating spring, better
images suggest that the tip link does not stretch (more like a cable than a spring) and imply
that the gating spring is intracellular instead (Kachar et al. 2000).

Stereocilium: rigid, elongated microvillus filled with a paracrystalline array of actin
filaments that forms the building block of the hair bundle

Mechanotransduction: conversion of mechanical stimuli into electrical signals

Adaptation
It is remarkable that hair cells can detect hair bundle deflections smaller than 1 nm, as they do
at human auditory threshold, but even more so that this high sensitivity can be maintained in
the presence of large static stimuli. Several Ca2+-dependent processes work in parallel to
maintain the proper bias on transduction channels to keep them at their most sensitive range.
In doing so, they produce a rapid adaptation of the response to deflection, which limits the
sensitivity to slow or tonic stimuli and may also amplify the response to rapid sinusoidal stimuli.

Adaptation : process by which sensory cells adjust to static stimuli allowing for detection
of stimulus changes

Adaptation can be seen in the response to step deflections, as a relaxation in channel open
probability occurring over ~50 ms. During positive deflections, channels tend to reclose; during
negative deflections they reopen (see Figure 1e). Mapping the activation curve with short steps
before and at the end of a maintained adapting step (see Figure 1g) reveals that adaptation is
manifest as a shift of the activation curve in the direction of the stimulus, without significant
change in the number or conductance of available channels (see Figure 1h) (Corey & Hudspeth
1983a, Eatock et al. 1987).

On an expanded timescale (see Figure 1m), adaptation clearly occurs on two distinct timescales,
termed fast (0.3–3 ms) and slow (5–50 ms) adaptation. An attractive and well-supported model
for slow adaptation is that a motor complex at the upper end of each tip link, comprising ~100
myosin molecules and associated regulatory and scaffolding proteins, continuously exerts a
bias force on the channels, keeping them open 10%–20% of the time. Increased tension during
positive deflection drags the motor complex down, relaxing tension on the channels and
allowing them to close (Howard & Hudspeth 1987). Negative deflections allow the complex
to climb and restore tension. Slow adaptation resulting from positive deflection is correlated
with a slow positive movement of the bundle (see Figure 1n), consistent with slipping of a
motor. Slow adaptation is an active process that requires the hydrolysis of ATP and involves
a myosin motor (Gillespie & Hudspeth 1993). Ca2+ that enters the tips of stereocilia through
open transduction channels accelerates the process in both the climbing and slipping directions,
also consistent with regulation of a myosin motor.

In general, adaptation is never complete, in that the activation curve moves by only 80%–90%
of the stimulus amplitude. To account for the incompleteness, the mechanical model for slow
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adaptation was expanded to incorporate an additional “extent spring” that acts to limit the
degree of motor slipping or climbing (Shepherd & Corey 1994, Vollrath & Eatock 2003). The
structural and molecular correlates of the extent spring are not known, and it may be that the
extent is limited by something more complicated than an elastic element.

Fast adaptation is both less well understood and perhaps more important for auditory
perception. It manifests as a rapid closure of channels during positive deflections, sometimes
in less than 0.1 ms (see Figure 1m) (Howard & Hudspeth 1987, Kennedy et al. 2003, Ricci et
al. 2000). Fast adaptation is mediated by Ca2+ that enters through open transduction channels.
Its rapid time course along with estimates of stereociliary calcium buffering and diffusion
suggest that calcium acts within 20–40 nm of the inner mouth of the channel (Lumpkin &
Hudspeth 1995, Ricci et al. 1998). Like slow adaptation, fast adaptation has a mechanical
correlate, but in the opposite direction: As channels close following Ca2+ entry, the bundle
displays a small negatively directed “twitch,” indicating increased tension in the tip links (see
Figure 1n). The twitch is caused by closure of transduction channels because it does not occur
for extreme bundle positions where the channels remain closed or open (Benser et al. 1996,
Cheung & Corey 2006).

Researchers have proposed three distinct Ca2+-dependent mechanisms for fast adaptation,
which could produce both the decline in current and the corresponding bundle twitch. First,
Ca2+ could bind directly to the transduction channel to promote closure, and the closing
channels would pull on tip links to move the bundle negatively (Cheung & Corey 2006, Howard
& Hudspeth 1988, Wu et al. 1999). Second, Ca2+ could bind to an elastic “reclosure element”
in series with the channel, decreasing its stiffness to reduce tension. The reduced tension would
allow channels to close, and as they snap shut they would paradoxically increase tip link tension
to move the bundle (Bozovic & Hudspeth 2003). Finally, Ca2+ could bind to a “release element”
in series with the channel, causing it to lengthen. Again, the reduced tension would close
channels, and the closure would increase tension to move the bundle (Stauffer et al. 2005). A
quantitative analysis of the movement's dependence on bundle position supported only the first
model and suggested that a Ca2+-bound channel requires ~3 pN more force to open (Cheung
& Corey 2006). However, chemical inhibition of myosin-1c, the myosin of the slow adaptation
motor, also slowed fast adaptation, suggesting a more complex interaction of myosin-1c with
the fast adaptation process (Stauffer et al. 2005).

Both slow and fast adaptation have mechanical correlates, but slow adaptation causes a
relaxation in the direction of the stimulus, whereas fast adaptation causes force production in
the opposite direction. Timed properly, fast adaptation can contribute energy to bundle
movement. For sinusoidal stimuli (such as acoustic vibrations in the cochlea), the positive
phase of a stimulus would cause, with a delay, a negative twitch that could amplify the next
negative phase. Like pushing a child on a swing, small forces could build up the vibration of
the bundle. In principle, forces generated by stereocilia could amplify the overall vibration of
the cochlea's basilar membrane, both increasing the sensitivity and sharpening the tuning
(Howard & Hudspeth 1987, Hudspeth 2005).

Which specific proteins, then, form the mechanotransduction machinery and execute this
complex physiology?

MOLECULES CONTRIBUTING TO EXTRACELLULAR LINKS
Individual stereocilia are connected by a variety of extracellular links, named for their location
along the stereocilia. Link development has been best described in chick and mouse (Goodyear
et al. 2005, Tsuprun et al. 2004), but links vary among species and inner ear organs and may
be molecularly heterogeneous. Clues to their molecular identity come from diverse sources:
mouse deafness models with disorganized bundles and missing links; high-resolution electron
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microscopy; identification of the epitopes for stereocilia-binding antibodies; comparison of the
developmental timecourse of links and candidate proteins; and comparison of link sensitivity
to enzymes and calcium chelators.

Ankle Links
Ankle links connect the stereocilia at the taper region near the apex of the cell. They are
composed of small globular structures regularly extending ~150 nm from the ankle of one
stereocilia and forming a zipper-like structure with the ectodomain of the adjacent ankle link
(Tsuprun et al. 2004). These links are sensitive to both subtilisin and BAPTA (1,2-bis(o-
aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid). They persist in mature vestibular hair cells
in a variety of species (chick: Goodyear & Richardson 1992, Goodyear & Richardson 1999;
mouse: Goodyear et al. 1995; human: Jeffries et al. 1986) but are lost in mature mouse cochlear
hair cells (Goodyear et al. 1995).

Vlgr1—One component of the ankle links in chick hair cells, recognized by a monoclonal
antibody and called the ankle link antigen (ALA) (Goodyear & Richardson 1999), was recently
identified as the very large G protein–coupled receptor 1 (Vlgr1) (McGee et al. 2006). VLGR1,
a huge protein of ~6300 amino acids, has an extended N-terminus composed primarily of calx
beta domains, a domain found in Na+-Ca2+ exchangers and the integrin subunit beta4 that is
usually cytoplasmic and that binds Ca2+ (see Figure 2). The C-terminus has a proteolytic site
and seven transmembrane domains typical of G protein–coupled receptors, suggesting a
signaling function as well as a structural function.

Usher syndrome: group of genetic disorders characterized by varying degrees of congenital
or progressive auditory, vestibular, and visual dysfunction

Mutations in the human ortholog of Vlgr1 cause Usher syndrome 2C. Vlgr1-mutant mice lack
ankle links. They are severely deaf by three weeks of age, although vestibular hair cells retain
normal transduction currents (McGee et al. 2006). Vlgr1-mutant mice are predisposed to
audiogenic seizures (McMillan & White 2004).

Usherin—Usherin, a protein defective in Usher syndrome 2A, is another candidate for the
ankle links. Although originally described as a basement membrane protein (Bhattacharya et
al. 2002), a long isoform was recently described which is restricted to the ankle-link region
(Adato et al. 2005a). Usherin, a large protein of almost 5200 amino acids, has an extended N-
terminus with a variety of protein interaction domains preceding a single transmembrane
domain (see Figure 2). They include domains (LamNT, EGF lam, and LamG) found in the
basement membrane adhesion protein laminin and 37 fibronectin-type-3 domains. The
ectodomain is predicted to be 125–170 nm in length in different isoforms. It is possible that
Usherin and Vlgr1 multimerize to form the ankle link, but this remains to be shown
experimentally.

Although loss of these candidate ankle link proteins contributes to deafness in Usher syndrome
and improper hair cell development, hair cell transduction is unlikely to depend on the ankle
links because transduction persists after removal of ankle links with subtilisin.

Shaft Connectors
Ptprq—Shaft connectors span the region between neighboring stereocilia above the ankle
links (see Figure 2). A component of the shaft connectors, recognized by an antibody and called
the hair cell antigen (HCA) (Goodyear & Richardson 1992), has been identified as Ptprq, a
member of the receptor-like protein tyrosine phosphatase family (Goodyear et al. 2003). Ptprq
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has an extended N-terminus composed of 17 fibronectin-type-3 domains, which mediate
binding to extracellular proteins. There is a single transmembrane domain (see Figure 2). A C-
terminal domain, similar to the protein tyrosine phosphatase type C domain, apparently
functions as a phosphatidylinositol lipid phosphatase (Oganesian et al. 2003).

Ptprq-deficient mice lack shaft connectors, but hair bundles do not significantly splay or
separate. Transduction currents, although smaller than normal, adapt normally (Goodyear et
al. 2003). Instead, cochlear stereocilia become fused and degenerate. Ptprq may be a structural
element that properly spaces stereocilia; alternatively, phosphatase activity may maintain the
appropriate lipid content necessary for stereocilia integrity.

Horizontal Top Connectors
In the mouse cochlea, horizontal top connectors—also referred to as lateral links—are a zipper-
like array of links, 12–14 nm long, 4–8 nm wide, and spaced ~20 nm apart, that connect the
upper shafts of the stereocilia (Goodyear et al. 2005). In outer hair cells they consist of 1–3
strands composed of small globular domains spaced 6–8 nm apart. Pairs of links overlap and
end in a prominent varicosity (Tsuprun et al. 2003). These links persist in mature hair cells and
are insensitive to subtilisin and BAPTA. At present their molecular identity is unknown, and
the lack of agents that disrupt them makes it difficult to test their function. However, the
continued cohesion of the bundle after all other links are severed suggests that horizontal top
connectors mediate a sliding adhesion of stereocilia extending to high frequencies (Karavitaki
& Corey 2006).

Tip Links
Although all links contribute to hair bundle development and mechanics, only the tip link has
a clear role in mechanosensation. Tip links are disrupted by BAPTA, EGTA (ethylene glycol-
bis(2-aminoethylether)-N,N,N′,N′-tetraacetic acid), elastase, or La3+, but not by subtilisin;
these abolish mechanosensitivity and move the bundle by a distance consistent with releasing
resting tension on transduction channels (Assad et al. 1991, Crawford et al. 1991). Furthermore,
tip links and mechanotransduction return on the same time scale of 5–10 h (Zhao et al. 1996).
The protein synthesis inhibitor cyclohexamide does not prevent regeneration (Zhao et al.
1996), suggesting a reserve pool of tip links or transduction complexes.

Electron micrographs reveal the tip link as 8–11 nm in diameter and ~150 nm in length and as
a pair of coiled filaments composed of uniform globular units (Tsuprun et al. 2004, Kachar et
al. 2000). At its upper and lower attachment points the link bifurcates into two or three strands,
respectively.

Cadherin 23—Cadherin 23 has an extended extracellular N-terminal domain comprising 27
cadherin repeats and a single transmembrane domain (see Figure 2). The cadherin domains
mediate Ca2+-dependent antiparallel homotypic binding between adjacent membranes. Steered
molecular dynamics simulations of individual cadherin repeats suggest a very stiff structure,
consistent with the indications from electron microscopy that the tip link is inextensible
(Sotomayor et al. 2005).

Mutations in the human CDH23 gene cause Usher syndrome 1D. Mice with mutations in
Cdh23 display aberrant stereocilia organization early in hair-cell development and show
progressive hearing loss (Di Palma et al. 2001). In developing hair bundles, cadherin 23 is
located along the length of the stereocilia, where it likely contributes to transient lateral links
and kinociliary links (Michel et al. 2005, Rzadzinska et al. 2005, Siemens et al. 2004).
Conflicting results have been reported for mature hair cells. An antibody to the cytoplasmic
region of Cadherin 23 showed intense labeling along the kinocilia and in the tallest stereocilia,
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with more specific labeling at the tips. Immunogold labeling appears near the tip link insertions
(Siemens et al. 2004, Sollner et al. 2004). In contrast, labeling with other N- and C-terminal
antibodies disappears in mature hair bundles, inconsistent with the continuing presence of tip
links (Boeda et al. 2002, Lagziel et al. 2005, Michel et al. 2005). Cadherin 23 can be
immunoprecipitated with myosin-1c, a part of the transduction complex, although in vitro
association may not reflect binding in hair cells.

The chemical sensitivity of these epitopes is also confusing. Treatment with EGTA, which
breaks tip links, apparently eliminates cadherin 23 immunoreactivity from the tips of the hair
bundle and increases immunoreactivity at the apical surface. Like tip links, recombinant
cadherin 23 is cleaved by elastase but not by subtilisin (Siemens et al. 2004). A different study
found that cadherin 23 staining in the hair bundle was insensitive to BAPTA or La+3 but was
abolished with subtilisin (Michel et al. 2005). These differences may be attributable to scarcity
of tip link protein and the presence of different splice variants.

Protocadherin 15—Like cadherin 23, protocadherin 15 (Pcdh15) has a large extracellular
domain with 11 cadherin repeats and a single transmembrane domain (see Figure 2). A
component of the tip link and kinocilial links in chick hair cells called the tip link antigen (TLA)
was recently identified as Pcdh15 (Ahmed et al. 2006). Its immunoreactivity follows a
developmental pattern similar to cadherin 23, being widely expressed early and later restricted
to the tips of stereocilia and kinociliary links (Goodyear & Richardson 2003). Furthermore,
TLA immunoreactivity is lost with BAPTA treatment and recovers on the same timescale as
tip links.

At least four isoforms of protocadherin 15 are expressed in the inner ear. Three contain unique
cytoplasmic domains; a fourth is likely secreted. Staining with isoform-specific antibodies
shows that each has a distinct spatial and temporal expression pattern as well as differing
chemical sensitivities (Ahmed et al. 2006). Because the labeling pattern of no single isoform
completely overlaps the TLA, protocadherin 15 may contribute to a variety of links at different
times in development.

Mutations in the human PCDH15 gene are responsible for Usher syndrome 1F and for
nonsyndromic deafness, DFNB23 (Alagramam et al. 2001b, Ahmed et al. 2001). Pcdh15 is
mutated in Ames waltzer mice, which are deaf and exhibit vestibular dysfunction (Alagramam
et al. 2001a, Pawlowski et al. 2006). In these mice the cochlear and saccular epithelia
degenerate, but the crista and utricle are unaffected (Alagramam et al. 1999, 2000).
Furthermore, the horizontal top connectors and ankle links are intact, suggesting protocadherin
15 is not a major component of either linkage. More severe mutant Pcdh15 alleles disrupt the
stereociliary rootlets and actin meshwork of the cuticular plate (Pawlowski et al. 2006), and
they have splayed and poorly formed bundles, suggesting an important role in bundle
development. Cochlear and vestibular hair cells lack transduction currents; however, this may
be secondary to bundle malformations.

MOLECULES CONTRIBUTING TO TRANSDUCTION AND ADAPTATION
Motor Proteins for Adaptation

Slow adaptation represents a change in the force stimulus reaching the transduction channels
(Corey & Hudspeth 1983a,b). When it was recognized that tip links could convey the force
(Pickles et al. 1984), that they were near the actin cores of stereocilia, and that slow adaptation
corresponded to a mechanical relaxation of the elements within the bundle, investigators
suggested that a myosin-based motor regulates the force on channels (Howard & Hudspeth
1987). A search for the myosin then followed (for review see Gillespie & Cyr 2004).
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Myosin-1c—Phosphate analogs such as vanadate bind to the ATP-binding site of myosins
and can block force production. Such treatment of hair cells slowed the adaptation motor and
reduced its apparent resting tension (Yamoah & Gillespie 1996), supporting the idea that the
adaptation motor is indeed a myosin. Labeling of purified frog stereocilia proteins in the
presence of vanadate revealed three potential myosin candidates. One, of ~120 kDa, was
labeled by antibodies to bovine myosin-1c; these antibodies also labeled the distal hair bundles
of frog hair cells (Gillespie et al. 1993). In addition, antibodies made to a myosin-1c cloned
from frog saccule labeled the distal stereocilia of hair cells, especially their tips (Hasson et al.
1997, Solc et al. 1994). Quantitative immunogold localization showed myosin-1c was at its
highest concentration at either end of the tip link, within ~100 nm of its insertions (Garcia et
al. 1998).

Myosin-1c is a type-I unconventional myosin, smaller (at 1028 amino acids) than conventional
muscle myosins. It has a traditional myosin head that binds actin and hydrolyzes ATP, a linear
neck region of three or four light-chain-binding IQ domains, and a globular C-terminus, which
apparently mediates binding to membranes and resembles a binding domain found in
transcriptional regulators (see Figure 3). The tail portion of myosin-1c is unlike the coiled-coil
domain of conventional myosins, which dimerize to form a two-headed motor protein that
binds and translocates along actin filaments. Instead, the C-terminus of type-I myosins contains
a putative anionic phospholipid-binding domain, which can adhere to phosphatidylserine and
phosphatidylinositol 4,5 bisphosphate (PIP2). Type-I myosins tend to be unbound from actin
90%–95% of the time. Thus to move and not diffuse away, myosin-1c must be clustered by a
scaffolding protein or through binding to an immobile element such as a lipid raft. Protein
purification and antibody labeling suggested that there are 100–500 myosin-1c molecules per
stereocilium (Garcia et al. 1998,Gillespie et al. 1993), fitting well with estimates of 100–200
myosins in the adaptation motor, of which 5–10 are in series with the transduction channel at
any one time (Gillespie & Cyr 2004). Myosin-1c binds 2–3 molecules of calmodulin under
low-Ca2+ conditions (Cyr et al. 2002), but binding is disrupted by increased Ca2+

concentrations, consistent with the adaptation rate's Ca2+ dependence.

To test myosin-1c involvement in the adaptation motor, Gillespie and colleagues (1999)
introduced a mutation that expanded the ATP-binding pocket of myosin-1c (tyrosine 61 to
glycine, Y61G) so that a larger ADP analog, N6 2-methyl butyl ADP (NMB-ADP), could bind
and inhibit motility. Mutant myosin-1c in vitro, inhibited with NMB-ADP, blocked motility
of wild-type myosin-1c that was mechanically coupled to it. Thus the mutant acted in a
dominant-negative manner. Adaptation was then tested in transgenic mice carrying an
additional gene for the Y61G myosin-1c. Hair cells from this mouse had normal transduction
and adaptation in the absence of NMB-ADP. When NMB-ADP diffused into hair cells from
the recording pipette, however, adaptation was blocked in minutes (Holt et al. 2002). Similar
results were seen in a knock-in mouse where all myosin-1c carried the Y61G mutation (Stauffer
et al. 2005). Myosin-1c involvement in the slow adaptation motor seems incontrovertible at
this point.

Surpisingly, inhibition of myosin-1c in the Y61C knock-in mouse (but not in the transgenic)
reduced fast adaptation as well (Stauffer et al. 2005). Myosin-1c may also be an important
mechanical component mediating fast channel closure, or slow adaptation may poise the
channel in an appropriate range for more direct Ca2+-dependent closure.

Calmodulin—Calmodulin is a classic, small, Ca2+-binding regulatory protein with four EF-
hand domains (see Figure 3). Calmodulin is detected at the distal tips of stereocilia (Shepherd
et al. 1989), near the insertion points at both ends of the tip link (Furness et al. 2002). A higher
density of molecules was observed in the side plaques of the taller stereocilia, consistent with

Vollrath et al. Page 8

Annu Rev Neurosci. Author manuscript; available in PMC 2010 May 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



calmodulin binding myosin-1c and with its putative role in mediating the Ca2+ dependence of
adaptation.

Myosin-7a—Myosin-7a, first identified in PCR screens in cell lines and inner ear (Bement
et al. 1994, Solc et al. 1994), became of special interest when it was recognized as the gene
product mutated in the human deafness Usher syndrome 1B (Weil et al. 1995) and in the deaf,
shaker-1 mouse (Gibson et al. 1995).

Myosin-7a is a larger unconventional myosin with a traditional head domain and five IQ
domains. A short coiled-coil domain may mediate dimerization. An extended tail has a tandem
arrangement of likely cargo-binding domains (MyTH4 and FERM domains) found in myosins
and in a kinesin as well as an SH3 domain also associated with protein interaction (see Figure
3). Myosin-7a is widely expressed in epithelial cells that have cilia or microvilli (Hasson et al.
1997) and may anchor membrane proteins to the cytoskeleton. Myosin-7a has also been
associated with transport of intracellular organelles in a variety of cells. It is located throughout
the hair bundle of mouse hair cells (although it is restricted to the ankle-link region in frog)
and found in the cuticular plate and pericuticular zone (Boeda et al. 2002,el-Amraoui et al.
1996,Hasson et al. 1997).

In the shaker-1 mouse mutants, the severity of phenotype depends on the specific allele. But
in general, hair bundles are disorganized with stereocilia sometimes separated into clusters.
Within clusters, however, stereocilia retain their staircase pattern and are interconnected with
horizontal top connectors and tip links. Myosin-7a may thus play a role in linking adjacent
stereocilia, especially during development (Self et al. 1998).

In shaker-1 mice, transduction channels are closed in a resting hair bundle and require large
positive deflections to be opened, as if resting tension on the transduction channels is greatly
reduced. Furthermore, adaptation is much faster in shaker-1 hair cells, as if the adaptation motor
cannot exert much force (Kros et al. 2002). This suggests that myosin-7a may also be involved
in the adaptation motor complex. However, the evidence for myosin-1c as the adaptation motor
is very strong, and myosin-7a is not concentrated near stereocilia tips. Instead, defects in
myosin-7a may prevent the proper transport or assembly of adaptation motor components.

A large number of putative myosin-7a-binding proteins have been discovered and localized
within hair cells (Boeda at al. 2002); some of these are the products of genes defective in other
forms of Usher syndrome. Despite clear phenotypes, no clear function for myosin-7a in hair
cells has been found.

Scaffolding Proteins
Two scaffolding proteins, harmonin b and SANS, are essential for proper hair bundle
development and may interact with extracellular links and components of the transduction
complex. Numerous interactions have been found using in vitro approaches (for review, see
Adato et al. 2005b, Reiners et al. 2006), most which remain to be verified in hair cells.

Harmonin b—The gene defective in Usher 1C encodes harmonin, a protein that occurs in a
variety of splice forms. All are intracellular scaffolding proteins with 2–3 PDZ domains and a
coiled-coil region (see Figure 3). Harmonin b is localized specifically to stereocilia and binds
both cadherin 23 and myosin-7a (Boeda et al. 2002), thus creating a link by which myosin-7a
could be involved in connections between stereocilia. Further evidence for harmonin
interaction with myosin-7a is its failure to localize to stereocilia in the shaker-1 mouse.
Harmonin b also reportedly binds protocadherin 15, VLGR1, and usherin.
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MODULATORS OF ADAPTATION AND HOMEOSTATIC MECHANISMS
Anionic Phospholipids

PIP2—The anionic lipid phosphatidylinositol-4,5-bisphosphate (PIP2) is found in the distal
portions of frog saccular stereocilia. Ptprq, a lipid phosphatase also thought to contribute to
shaft connectors, is found in the PIP2-free regions and may keep PIP2 concentrations low by
removing phosphate groups to form PI(4)P or PI(5)P. Ptprq-deficient mice have cochlear hair
bundles that become disorganized after birth; the hair cells eventually degenerate (Goodyear
et al. 2003).

PIP2 is required for proper mechanotransduction and adaptation. It binds to myosin-1c both
on the C-terminus (Tang et al. 2002) and the IQ domains (Hirono et al. 2004). Pharmacological
agents that deplete PIP2 reduce the rates of slow and fast adaptation and increase the resting
open probability of the transduction channel (and ultimately abolish hair cell transduction;
Hirono et al. 2004). One interpretation is that PIP2 binding tends to separate myosin-1c from
the actin core, reducing the overall force of the motor and accelerating adaptation. Indeed,
elevated Ca2+ increases binding of myosin-1c to PIP2, perhaps by releasing calmodulin and
exposing IQ domains, and it also accelerates adaptation. Without PIP2, myosin-1c is less tightly
associated with the membrane and could bind more tightly to actin to reduce the rate of slow
adaptation.

Buffers and Pumps
Ca2+ concentration in the stereocilia affects the resting open probability of the transduction
channel as well as the rate and extent of adaptation (Assad et al. 1989; Ricci et al. 1998,
2003; Ricci & Fettiplace 1997). Hair cells regulate calcium concentration with fixed and mobile
calcium buffers and through active extrusion.

Calcium Buffers—Hair cells express many different calcium-binding proteins including
calbindin D28k, calretinin, parvalbumin-α, and parvalbumin-β (oncomodulin). Calmodulin
may also contribute to calcium buffering. Quantitative immunogold electron microscopy has
shown that the concentration of calcium buffers varies along the tonotopic axis of the cochlea
and with hair cell type (Hackney et al. 2003, 2005). In stereocilia the concentrations of
calbindin-D28k and oncomodulin are estimated at 20 and 969 μM, respectively (Hackney et al.
2005). Calbindin-D28k is a small (261 a.a.) protein with six Ca2+-binding EF hands (see Figure
4). Oncomodulin has just two EF hand domains (see Figure 4). Electrophysiological
measurements from turtle cochlear hair cells show a tonotopic gradient of calcium buffering
capacity, equivalent to between 0.1 and 0.4 mM BAPTA for low- and high-frequency cells,
respectively (Ricci & Fettiplace 1997).

PMCA2—Even without stimulation, transduction channels open at rest may elevate
stereociliary calcium by ~1 mM/s (Ricci & Fettiplace 1998). To extrude Ca2+, stereocilia
contain ~2000 molecules/μm2 of plasma membrane Ca2+ ATPase (PMCA). PMCA is an
electrogenic Ca2+/H+ exchanger, accepting one proton for every Ca2+ extruded (Hao et al.
1994). Its structure—10 transmembrane domains with interspersed intracellular ATP-binding,
phosphorylation, and ATP-hydrolysis domains (see Figure 4)—is typical of ATP-dependent
Ca2+ and Na+ pumps. PMCA2 was identified in hair cells on the basis of its pharmacological
and electrophysiological properties (Yamoah et al. 1998). The outward current produced by
the pump is dependent on Ca2+ entering through transduction channels and is blocked by
vanadate, a phosphate analog that prevents ATP hydrolysis and blocks PMCA's enzymatic
activity.

Vollrath et al. Page 10

Annu Rev Neurosci. Author manuscript; available in PMC 2010 May 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



PMCA exchangers are the main pathway in the hair bundle for calcium extrusion (Dumont et
al. 2001, Lumpkin & Hudspeth 1998, Yamoah et al. 1998). Deafwaddler mice with mutated
PMCA2 are deaf and have vestibular defects (Street et al. 1998). PMCA2 apparently maintains
the endolymphatic calcium level; in deafwaddler mice it is reduced from the normal ~30 μM
to ~7 μM (Wood et al. 2004).

Proton Pumps—PMCA exchanges Ca2+ for H+, which could lead to acidification of the
stereocilia cytoplasm (Yamoah et al. 1998). To maintain physiological pH, stereocilia must
extrude protons. Gillespie and colleagues (Hill et al. 2006) have shown that hair cells extrude
protons at ~1 mM/s. Several proton pumps are expressed in hair cells. ATP6V1E, a H+ ATPase,
is prominent in the cell body of both cochlear and vestibular hair cells but not in stereocilia
(Stankovic et al. 1997). Similarly, members of the family of electrogenic Na+/H+ exchangers,
NHE1 and 3, have been detected in the hair cell body (Bond et al. 1998). However, the apical
hair cell membrane is bathed in endolymph, which lacks the Na+ necessary to drive these
pumps. Recently, two other members of the NHE family, NHE6 and -9, each with 12
transmembrane domains (see Figure 4), have been described in hair cell stereocilia (Hill et al.
2006). NHE6 and -9 operate as K+/H+ exchangers and are generally located in intracellular
organelles where they control pH. In stereocilia, they would be powered by the electrochemical
gradient for K+.

MECHANICALLY GATED ION CHANNELS
Clues to the molecular identity of the hair cell transduction channel can be gleaned from its
physiological properties. It is a nonselective cation channel with high Ca2+ permeability (Corey
& Hudspeth 1979a, Lumpkin et al. 1997, Ohmori 1985). In endolymph-like solutions with high
K+, up to 20% of the current is carried by Ca2+ (Ricci & Fettiplace 1998), but millimolar
Ca2+ blocks the channel. The large (100–300 pS) single-channel conductance (Crawford et al.
1991, Geleoc et al. 1997, Ricci et al. 2003) and permeability to small organic cations like the
styryl dye FM1-43 (Corey & Hudspeth 1979a, Farris et al. 2004, Gale et al. 2001, Meyers et
al. 2003) indicate a pore of at least 1.3 nm. Although there are no high-affinity blockers,
amiloride and its analogs block at low micromolar concentrations in a voltage-dependent
manner (Jorgensen & Ohmori 1988, Kroese et al. 1989, Marcotti et al. 2005, Rusch et al.
1994).

Candidate channel proteins should be localized at the tips of stereocilia and should be present
from the onset of mechanosensitivity through adulthood. Because the single-channel
conductance and kinetics vary in cochlear hair cells tuned to different frequencies (Ricci et al.
2003), multiple subunits or splice variants may form the channel.

Transient Receptor Potential Channels
A growing number of transient receptor potential (TRP) channels have been implicated in
sensory transduction and mechanosensation in both vertebrates and invertebrates (Clapham
2003, Lin & Corey 2005, Sukharev & Corey 2004). In addition, TRP channels generally have
high single-channel conductances and nonselective pores with high Ca2+ permeability
(Owsianik et al. 2006). TRP channels operate as tetramers, but their combinatorial coassembly
is still largely unknown.

NOMPC/TRPN1—Great excitement greeted a novel ion channel discovered in a genetic
screen for mechanosensitive genes in D. melanogaster (Kernan et al. 1994, Walker et al.
2000). The mutated gene nompC (no mechanoreceptor potential in the bristle organs) is a
homolog of mammalian TRP channels. Although the precise location of nompC within the
bristle complex is unknown, bristle mechanoreceptors share many hallmarks of hair cell
transduction, including fast-latency responses and nonselective currents that adapt with
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sustained deflection. Mutant alleles of nompC abolish or alter the large, transient portion of
the receptor potential, implying that nompC is intimately linked to mechanosensation in the
fly bristle (Walker et al. 2000).

Vertebrate orthologs of nompC, TRPN1, have been found in zebrafish (Sidi et al. 2003) and
two frog species, Xenopus laevis (Shin et al. 2005) and Rana catesbeiana (N.D. Stern, K.Y.
Kwan, and D.P. Corey, unpublished observations). TRPN1 is a large channel with 29 ankyrin
repeats in an extended, probably intracellular, N-terminus. Ankyrin repeats are commonly
protein-binding domains, but they also fold into a curved elastic structure. Six transmembrane
domains with a pore domain between the fifth and sixth are typical of TRP channels; two others
are predicted by hydropathy but not confirmed (see Figure 5). Transcripts for TRPN1 are
detectable 48 h postfertilization in zebrafish inner ear hair cells during the developmental
window when hair cells become mechanosensitive. Inhibiting TRPN1 expression with
morphlino oligonucleotides leads to auditory and vestibular defects assessed by a loss of
acoustic-startle response and uncoordinated swimming (Sidi et al. 2003). In fish without startle
responses, mechanotransduction is impaired: Lateral line hair cells failed to accumulate the
fluorescent dye FM1-43, a marker of functional transduction channels. Hair bundle deflections
could not elicit microphonic potentials, an extracellular measure of current flow into hair cells.

In Xenopus, a TRPN1 antibody labels the embryonic lateral line and adult saccular hair cells.
However, saccular hair cell labeling can be observed only in the kinocilia, and not in the
stereocilia where the transduction channels are located (Shin et al. 2005). TRPN1 may play a
yet-undefined role in the kinocilia, supported by its presence in another class of ciliated
epidermal cells located in the tadpole tail.

Despite some enticing evidence in insects and lower vertebrates, TRPN1 clearly cannot
mediate transduction in all vertebrates because the gene is absent in mammals and birds as well
as in two pufferfish species.

TRPA1—TRPA1 is unique among mammalian TRP channels owing to its large number of
N-terminal ankyrin repeats. TRPA1 has 17 ankyrin repeats preceding the six transmembrane
domains typical of TRP channels. A highly conserved coiled-coil domain in the C-terminus
may mediate multimerization (see Figure 5). Steered molecular dynamics simulations suggest
that the ankyrin repeat domain has elasticity like that of the hair cell gating spring (Lee et al.
2006,Sotomayor et al. 2005).

TRPA1 mRNA is detected in mouse hair cells as early as embryonic day 17, coincident with
the onset of mechanosensation (Geleoc & Holt 2003). TRPA1 antibodies label the tips of
bullfrog hair cell stereocilia; this labeling is eliminated by treatment with BAPTA or La3+

(Corey et al. 2004), which suggests that the channel may be recycled along with broken tip
link components. Transient knockdown of TRPA1 with morpholino oligonucleotides in larval
zebrafish or with adenovirus-mediated siRNAs in cultured embryonic mouse utricles reduced
transducer channel function (Corey et al. 2004). These data, along with its structural similarity
to TRPN1, strongly implicated TRPA1 as a candidate for both the mammalian mechanically
sensitive channel and the gating spring.

However, some properties of TRPA1 expressed in heterologous cell lines do not match the
native transduction channel. Single-channel conductances are large (100–300 pS in hair cells,
but only 50–100 pS in cell lines; Nagata et al. 2005), but a known activator of TRPA1, allyl
isothiocyanate, does not affect hair cell transduction (M.A. Vollrath & D.P. Corey, unpublished
observations; Jordt et al. 2004). Furthermore, blocker sensitivities vary dramatically. The
transduction channel is 10–20 times more sensitive to amiloride than is TRPA1 (Nagata et al.
2005), and it is 100 times less sensitive to Gd3+. Whereas TRPA1 is thought to be activated
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by intracellular Ca2+ (Jordt et al. 2004, Zuborg et al. 2007), Ca2+ inhibits the transduction
channel (Cheung & Corey 2006, Howard & Hudspeth 1987).

More damning are findings that TRPA1-knockout mice have normal auditory and vestibular
behavior (Bautista et al. 2006, Kwan et al. 2006), and transduction and adaptation are normal
in single mouse utricular hair cells (Kwan et al. 2006). TRPA1 cannot be a critical component
of the transduction complex unless another channel compensates for its function when it is
deleted.

TRPML3—TRPML3 (mucolipin-3) is a small TRP channel with a large loop between the first
and second transmembrane domains (see Figure 5). The varitint-waddler mouse has point
mutations in Trpml3 and shows pigmentation defects, deafness, and circling behavior. The
inner-ear phenotype is attributable to early-onset hair bundle disorganization and progressive
hair cell degeneration (Cable & Steel 1998,Di Palma et al. 2002). Antibodies to TRPML3 label
hair cell cytoplasm and vesicles in the pericuticular zone, but stereocilia are also labeled (Di
Palma et al. 2002). TRPML3 also functions in the melanocytes of the stria vascularis, which
maintain the endocochlear potential of the endolymphatic compartment. Although a role in
transduction cannot be ruled out, the phenotype may be attributable to defects in vesicle
trafficking and ion homeostasis because other TRP channels in its subfamily, TRPML1 and
TRPML2, coassemble with TRPML3 and associate with lysosomal compartments
(Venkatachalam et al. 2006).

TRPV4—TRPV4 is a typical TRP channel, with five ankyrin domains preceding its six
transmembrane domains (see Figure 5). It may be activated by osmotic (Liedtke et al. 2000),
mechanical (Liedtke et al. 2003), or thermal (Guler et al. 2002) stimuli. TRPV4 transcripts are
present in hair cells, stria vascularis, and the spiral ganglion of the mouse cochlea. Although
TRPV4 knockout mice exhibit hearing loss, hearing is normal during the first 8 postnatal weeks
and later diminishes in sensitivity by just 20 dB (Tabuchi et al. 2005). Shen et al. (2006) recently
demonstrated that osmotic and TRPV4 activators evoke responses in hair cells from wild-type
but not TRPV4-deficient mice. Thus, TRPV4's function is still unresolved.

Other Channels that Could Play a Role in Mechanosensation
TMHS—Several members of the large tetraspan superfamily of membrane proteins have been
implicated in human deafness; these include claudins, clarins, and connexins. A new member
called TMHS, for transmembrane protein of hair cell stereocilia, has been implicated in human
deafness (DFNB67) (Kalay et al. 2006, Shabbir et al. 2006). TMHS is a small (219 a.a.) protein
with four putative transmembrane helices and two short cysteine-containing extracellular loops
(see Figure 5).

Longo-Guess et al. (2005) also found a spontaneous mutation in TMHS in Hurry-scurry mice,
which have auditory and vestibular defects. Cochlear hair bundles become disorganized and
splayed by P8, and the cochlea degenerates by 4 months of age. A TMHS antibody indicates
transient expression in cochlear hair cell stereocilia between E16.5 and P3 and in immature
vestibular hair cells (Longo-Guess et al. 2005, Shabbir et al. 2006). TMHS's phenotype,
location, and early time course of peak expression all suggest it plays a role in hair bundle
morphogenesis.

P2X2—P2X2, a member of the P2X family of ATP-gated channels, has just two
transmembrane domains with a large extracellular loop (see Figure 5). P2X receptors share
some properties with the hair cell transduction channel. Both are expressed in the apical part
of the hair cell and are blocked by amiloride. However, the ATP-activated and mechanically
activated currents in hair cells are distinct. Futhermore, D-tubocurarine blocks both channels
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but with different KDs (Glowatzki et al. 1997). Finally, P2X1, 2, and 3 individual knockout
animals and their combinations lack overt auditory or vestibular defects.

The criteria for the hair cell transduction channel have not been met by any of the current
candidate channels known to be expressed in hair cells. Other candidates with high conductance
and/or nonselective pores include other TRPs, acetylcholine receptors, glutamate receptors,
cyclic-nucleotide-gated channels, and connexin hemichannels.

SUMMARY POINTS

1. Although the anatomy and physiology of hair-cell transduction are well
understood, the corresponding proteins have not, for the most part, been identified.

2. Cloning of deafness genes and hair-cell antigens has provided a number of
candidates. Usher syndrome genes, in particular, have been illuminating.

3. Links between stereocilia are tentatively identified, with usherin and VLGR1
likely in the ankle links, PTPRQ in the shaft connectors, and protocadherin 15 and
cadherin 23 possibly in the tip links. The horizontal top connector's identity is yet
unknown.

4. PMCA2 pumps Ca2+ from the stereocilia but acidifies the cytoplasm; NHE6 and
9 then use the electrochemical gradient for K+ to pump protons out of stereocilia.

5. Myosin-1c is almost certainly the adaptation motor that regulates bias tension on
transduction channels. Myosin-7a, after ten years and many putative binding
partners, still does not have a clear function.

6. The transduction channel itself is conspicuously mysterious, despite the discovery
of several promising candidates.

FUTURE ISSUES

1. The key proteins of the transduction apparatus are the transduction channel, the
tip link, and the adaptation motor. Only one has been firmly identified (myosin-1c
is the motor). Finding the other two, and additional proteins that bind to them, will
start to reveal the micromachinery of transduction. Only then can we start to
correlate biophysical events with specific protein domains and to modify those
domains to test biophysical theories. Only then can we test theories that might
explain the exquisite sensitivity and frequency discrimination of vertebrate
hearing.

2. The remarkable geometry and complexity of the transduction apparatus begs the
question of how the components of the transduction complex are assembled during
development and maintained and regenerated over the lifetime of the animal.

3. For many of the candidate molecules, knockouts and mutant mice have severe
defects in hair cell development. Differentiating their roles in bundle development
from those in the transduction complex may require chemical-genetic strategies
like those used for myosin-1c, where function can be transiently disabled.
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Figure 1.
Hair cell anatomy and physiology. (a) Hair bundle in a bullfrog saccule, comprising ~60
stereocilia and a single kinocilium (adjacent to tallest stereocilia) (scale bar = 1 μm). (b) Two
stereocilia and the tip link extending between them (scale bar = 0.1 μm). (c) Deflection of hair
bundle. Stereocilia tips remain in contact but shear with deflection. (d) Schematic model of
transduction. Shearing with positive deflection increases tension in tip links, which pull open
a transduction channel at each end. Myosin motors slip or climb to restore resting tension. An
elastic gating spring likely exists between a channel and the actin cytoskeleton. (e) Mouse
utricular hair cell transduction currents. Step deflections (not shown) from –0.3 to +0.7 μm
elicit inward currents that adapt over 10–50 ms. (f) Activation or I(X) curve shows an operating
range of ~0.7 μm, with ~12% of channels open at rest. Inward current is shown here as upward
to reflect open probability. (g) Multiple short stimulus steps (not shown) map the I(X) curve
before (square) and after (open circle) a 250-ms, 0.4-μm adapting step. (h) Adaptation occurs
as a shift of the activation curve in the stimulus direction to an extent of 80%–90% of the
stimulus amplitude. (i) Bullfrog saccular hair cell transduction currents, measured 1 ms after
onset of a force stimulus delivered by an optical trap. (j) The I(X) curve is very narrow (~0.1
μm) when measured with fast stimuli. (k) Corresponding bundle movements elicited by the
force stimuli. (l) Force-displacement relation measured 1 ms after onset of the stimulus. The
bundle shows simple elastic movements for stimuli where channels are all closed or all open
but is more compliant over the range of channel opening. (m) Fast and slow adaptation in a
bullfrog hair cell. Positive force steps (not shown) elicit rapid channel opening followed by
adaptation occurring in two phases, a fast phase of 1–3 ms and a slow phase of 10–50 ms. (n)
Corresponding bundle movements reveal correlates of adaptation: a quick negative movement
associated with fast adaptation and a slower positive movement with slow adaptation.
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Figure 2.
Proteins associated with links between stereocilia. (a) Position of different links between
stereocilia. (b) Links at tips of stereocilia. (c) Protein domain structures. CA, cadherin domain;
tm, transmembrane domain; FN3, fibronectin type 3 domain; PTPc, protein tyrosine
phosphatase catalytic domain; LamNT, laminin N-terminal domain; EGF lam, laminin-type
epidermal growth factor–like domain; LamG, laminin G domain; calx beta, Ca2+ exchanger/
integrin-beta4 domain; EPTP, epitempin-like domain; GPS, G protein–coupled receptor
proteolytic site domain; GPCR7tm, G protein–coupled receptor seven-transmembrane domain.
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Figure 3.
Proteins associated with adaptation. Myosin-1c is located in the hair bundle, especially in the
distal third, and is most concentrated at either end of the tip link. Myosin-7a is found throughout
the bundle. Both are found in the vesicle-rich pericuticular zone (pz) between the cuticular
plate (cp) and the membrane. IQ, regulatory light-chain-binding domain; HDACI, histone
deacetylase interacting domain; EFH, EF hand (Ca2+-binding) domain; cc, coiled-coil domain;
MyTH4, myosin tail homology domain 4; FERM, 4.1/ezrin/radixin/moesin-like domain; SH3,
Src homology 3 domain; PDZ, PSD-95/Dlg/ZO-1-like domain.
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Figure 4.
Proteins associated with ion homeostasis. All are located in stereocilia; the Ca2+-binding
proteins calbindin and oncomodulin are in the soma as well. ATPase, cation transporter ATPase
domain; hydrolase, haloacid dehalogenase-like hydrolase domain.
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Figure 5.
Protein candidates for the mechanosensory transduction channel. The channel is located most
likely at either end of the tip link. A, ankyrin domain. Lightly-shaded transmembrane domains
are predicted by hydropathy but not common to other members of the TRP channel family.
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Table 1

Mutations of putative mechanosensation genes

Putative function Gene (name) Mutant mice Human deafness genes

Adaptation Myo7a (myosin 7a) shaker-1, Myo7a nmf371, Myo7a6J, Myo7a4626SB DFNB2, DFNA11, USH1B

  Myo1c (myosin 1c) Y61G knockin, Y61G transgenic  

Homeostasis Atp2B2 (PMCA2) deafwaddler, wriggle, dfw2J

Ush1g (Sans) Jackson shaker USH1G

  Ush1c (Harmonin) Deafcircler, deaf circler 2 Jackson DFNB18, USH1C

Stereociliary Links Gpr98 (Vlgr1) Vlgr1 knockout DFNB6, USH2C

Pcdh15 (Protocadherin 15) Ames Waltzer DFNB23, USH1F

Cdh23 (cadherin 23) Age-related hearing loss 1, bobby, bustling, modifier of
deaf waddler, otocadherin, waltzer, Cdh23 nmf112,
Cdh23 nmf181, Cdh23 nmf252

DFNB12, USH1D

Ush2a (Usherin) USH2A

  Ptprq Ptprq knockout  

Transduction Channels TrpN1 nompC (D. melanogaster)

TrpV4 TrpV4 knockout

TrpA1 TrpA1 knockout

Mcoln3 (TRPML3) veratint-waddler, varitint-waddler-J

Tmhs hurry scurry DFNB67

P2rx2 (P2X2) P2X2 knockout
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