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Hair cells in the mammalian cochlea are specialized sensory
cells that convert mechanical signals evoked by sound waves
into electrochemical signals. Several integral membrane
proteins have recently been identified that are closely linked to
the mechanotransduction process. Efforts are under way to
determine the extent to which they are subunits of the long
thought-after mechanotransduction channel. Recent findings
also suggest that mechanotransduction may have arole in fine
tuning the length of the stereocilia and thus in the regulation of
morphological features of hair cells that are inherently linked to
the mechanotransduction process.
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Introduction

Hair cells of the mammalian cochlea (Figure 1a) are
mechanosensory cells that convert sound induced vibra-
tion into electrochemical signals that are transmitted to
the nervous system. Mechanically gated ion channels are
located in the stereocilia that emanate from the apical hair
cell surface (Figure 1b). These stereocilia are connected
by tip links, extracellular filaments that are thought to
gate the transduction channels (Figure 2). Several com-
ponents of the mechanotransduction machinery have
been identified. These include the proteins that form
the tip links (Figure 2) [1-7]. Four additional integral
membrane proteins, LHFPLS5 (also named TMHS),
TMIE, TMC1 and TMC2 have been closely linked to
the transduction channel (Figure 2) [8,9,10°°,11°°
12°°,13,14°°]. Although significant progress has been
made in defining their role in transduction, none of
the four proteins has been shown to be a pore-forming

P

@ CrossMark

subunit of the channel [8,9,10°°,11°°,12°°,13,14°°]. It has
also remained a mystery why so many different proteins
are required to build the transduction machinery. Recent
findings suggest that this complexity is crucial to deter-
mine the properties of the transduction channels along
the tonotopic axis of the cochlea and thus for frequency
discrimination. Here we will review these findings and
their implication for hair cell development and function.

The tip link: a stiff mechanical lever or a gating
spring?

The tip link model of transduction channel gating was
born in 1984 when ultrastructural studies identified fine
extracellular filaments that connect the stereocilia of hair
cells near their tips in the direction of their mechanical
sensitivity [15]. These filaments were named tip links but
the proteins that form the tip links remained elusive until
the revolution in genome research allowed for the rapid
identification of gene mutations that cause deafness.
These studies identified mutations in six genes that cause
Usher Syndrome Type I (USH1, deaf-blindness). USH1
genes encode the cell adhesion molecules cadherin 23
(CDH23) and protocadherin 15 (PCDHI15) [16-20], the
adaptor proteins harmonin and SANS [21-23], the calci-
um and integrin binding protein CIB2 [24], and the
molecular motor myosin7a (Myo7a) [25]. Subsequent
studies demonstrated that parallel homodimers of
CDH23 interact with parallel homodimers of PCDH15
to form the upper and lower parts of tip links (Figure 2)
[4]. Harmonin, SANS and Myo7a interact with each other,
bind to CDH23, and are concentrated in the region where
CDH23 inserts into the stereociliary membrane
(Figure 2) [26]. CIB2 is also present in stereocilia and
binds directly or indirectly to Myo7a [24], although its
precise localization still needs to be defined. However,
none of the identified USH1 proteins encodes a protein
that resembles an ion channel.

The identification of components that form tip links has
facilitated new approaches to study tip-link functions in
mechanotransduction. Notably, tip links have been pro-
posed to be the gating spring of the transduction channel,
which is stretched in response to mechanical stimuli,
ultimately leading to channel opening [27]. Consistent
with a role for tip links in transduction, transducer cur-
rents are affected in mice with mutations in C#k23 and
Pcdh15 [28,29]. Furthermore, tip-link regeneration in
wild-type hair cells following BAPTA treatment is pre-
vented in the presence of recombinant extracellular
fragments of CDH23 and PCDH15 [30]. Interestingly,
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Figure 1

Mechanotransduction by hair cells Zhao and Muller 173

(@)
IHC

Current Opinion in Neurobiology

Anatomy of mammalian organ of corti. (@) The sensory epithelia in the organ of Corti in the mammalian cochlea contain three rows of outer hair
cells (OHCs) and one row of inner hair cells (IHCs). OHCs are important for the amplification of sound signals and receive efferent innervation,
while IHCs are innervated by afferent neurons that carry sound information to the nervous system. Other structural features of the organ of Corti
such as the basilar membrane and the tectorial membrane are indicated. (b) Scanning electron micrograph showing the stereocilia of an IHC that
are organized in rows of decreasing heights (picture courtesy of Nicolas Grillet). Scale bar: 1 pm.
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Model of the tip-link complex in hair cells. (a) Diagram of a hair cell highlighting the hair bundle and the tip-link filaments that connect the
stereocilia in the direction of their mechanical sensitivity. Top-connectors and ankle-links are additional filaments that connect the stereocilia. (b)
Key molecules associated with tip links. Parallel homodimers of CDH23 interact with parallel homodimers of PCDH15 to form the upper and lower
parts of tip links. The USH1 proteins harmonin, Myo7a and SANS form a complex that localizes near CDH23 at the upper tip-link region. LHFPLS5,
TMIE, and TMC1/2 localize at the lower end of tip links near PCDH15 where transduction channels are located. Whirlin and Myo15 are also
concentrated near tip links but are not discussed in the text because their link to transduction is unclear.
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a proportion of nascent regenerating tip links consists
entirely of PCDHI15 at both ends of the filament [31°°].
Transducer currents can be evoked in hair cells early
during regeneration, but their kinetic properties and Ca**
dependence are changed compared to hair cells with
mature tip links [31°°], arguing that tip links with differ-
ent molecular compositions affect transduction in distinct
ways and thus that tip links are inherently linked to the
channel gating process.

The extent to which tip links serve as gating springs is less
clear. Crystallographic studies have shown that the first
and second extracellular cadherin repeats of CDH23 and
PCDH15 adopt the typical cadherin folds and mediate
trans-interactions between the two cadherins [32-34].
Based on molecular dynamics simulations it has been
proposed that the trans-bond is sufficiently strong to resist
the forces in hair cells and that tip links are too stiff to be
the gating spring [34]. However, molecular modeling was
based on monomeric fragments of CDH23 and PCDH15
containing only two cadherin repeats each. The native
extracellular domains of CDH23 and PCDHI15 consist of
27 and 11 cadherin repeats, respectively, and they interact
with each other as dimers [4]. Thus, before final conclu-
sions regarding the gating spring can be reached, it will be
important to experimentally measure adhesive strength
and stiffness using full-length dimeric CDH23 and
PCDH15 molecules.

Mechanisms of adaptation: quo vadis?
Mechanotransduction channels adapt to a stimulus to
maintain their sensitivity. During the initial fast adaption
step that takes a few milliseconds, Ca®* that enters
stereocilia is thought to bind to the transduction channel
or an element near the channel, which leads to channel re-
closure. The subsequent slow adaptation process that
takes tens of milliseconds has been proposed to depend
on an adaptation motor that consist of a cluster of myosin
motors that is attached to the upper tip-link end. The
motor is thought to generate resting tension within the
gating spring, which increases during activation and is
conveyed to the motor in a Ca**-dependent manner; the
motor slides down the actin filaments, relaxing tension
and leading to channel closure. Subsequently, the motor
complex climbs up the stereocilium and restores tension
[35-38].

The classical model of channel adaptation is largely based
on the study of vestibular hair cells in non-mammalian
species and is difficult to reconcile with recent findings in
mammalian cochlear hair cells. Initial studies suggested
that transducer channels are located at the upper and
lower end of tip links [39]. Myolc was localized to regions
near the upper and lower tip-link insertion site in vestib-
ular hair cells [40,41]. Functional studies suggest that
Myolc acts as an adaptation motor in vestibular hair cells
[42,43]. However, in cochlear hair cells Myolc appears to

be distributed along the length of stereocilia [44]. In
addition, taking advantage of high-speed Ca®* imaging,
the transduction channel was recently localized only to
the lower end of tip links near PCDH15 and far away from
the proposed location of the adaptation motor [45°°].
Adaptation in cochlear hair cells is also an order of
magnitude faster than in vestibular hair cells and on a
time scale that is difficult to reconcile with a myosin
motor driven process [46,47]. At least one study found
that adaptation in cochlear hair cells is Ca** independent
[48], although a second study reached a different conclu-
sion [49]. Nevertheless, these studies suggest that the
classical model of channel adaptation might not apply to
cochlear hair cells. Notably, cochlear hair cells operate at
far higher frequencies than vestibular hair cells and
perhaps fast adaptation might be most crucial for cochlear
hair cells within the physiologically relevant range.

What then is the function of the USH1 proteins harmo-
nin, SANS, and Myo7a at the upper tip-link insertion site?
USHI1 proteins may form a protein complex containing
Myo7a that climbs up the actin filaments to adjust tip-link
tension. Harmonin, and SANS might help to cluster
molecules and to stabilized interactions between the
tip-link protein CDH23 and Myo7a. Consistent with this
model, the mechanical sensitivity of transducer channels
is decreased in the absence of harmonin [7,50]. Tip link
integrity and transduction are also affected in the absence
of SANS, and Myo7a has been proposed to be important
for establishing resting tension [5,51]. However, recent
findings suggest that the original data supporting a role for
Myo7a need to be re-interpreted [52°°]. Thus, further
studies are necessary to explore the function of USH1
proteins and Myolc in hair cells and in particular for
adaptation.

TMC1 and TMC2: a solution to the
transduction channel mystery?

Properties of the mechanotransduction channel in hair
cells have been investigated for decades, including its
kinetic behavior, ion selectivity, and single channel con-
ductance [53]. Many candidate genes have been proposed
to encode subunits of the transduction channel but were
subsequently excluded to play a role in transduction. New
tantalizing insights have finally been obtained from the
study of genes that are linked to deafness. These studies
implicate four integral membrane proteins in the regula-
tion of channel function. These are TMC1, TMC2,
LHFPLS and TMIE (Figure 3). All four proteins interact
in heterologous systems with PCDH15 [13,14°°,54°° 55°°].
TMIE and LHFPLS are present near PCDHI5 at the
lower end of tip links where transduction channels reside
[13,14°°]. TMC1 is present near the tips of stereocilia, but
may also be present in the longest stereocilia that do not
contain active transduction channels [54°°]. The localiza-
tion of endogenous TMC2 protein in hair cells is unknown,
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Figure 3
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Model of the transduction channel complex of hair cells. TMC1/2 and
LHFPLS5 interact with the common region of PCDH15, while TMIE
interact with the unique C-terminus of the PCDH15-CD2 isoform as
well as with LHFPL5.

but when TMCZ2 is overexpressed in hair cells, it localizes
near stereociliary tips in proximity to PCDH15 [9,54°°].

The first evidence linking TMC1/2 to transduction came
from the analysis of mutant mice lacking both 7wl and
Tme2. 'The mutant mice are deaf and transduction cur-
rents are abolished in hair cells. Transduction could be
rescued by re-expression of TMC1 or TMC2, suggesting
that the two proteins can function independently of each
other to support transduction [9]. Interestingly, mutations
in TMC1 but not TMC2 have been shown to cause
deafness [56—-59], which can likely be explained by the
fact that Tmc2 1s expressed only transiently in developing
cochlear hair cells while 7mcl expression is maintained
into adulthood [9].

The co-expression of TMC1 and TMC2 in early develop-
ing hair cells has prompted investigation into their respec-
tive functions in transduction. In rodents, the current
amplitude in OHCs increases and the relative Ca** per-
meability decreases from the apex to base of the cochlea
[11°°,60]. The tonotopic gradient in channel conductance
is no longer observed in the cochlea of mice lacking 7mcl
[8,11°°]. Transduction channels in hair cells expressing
only Tme2 have a high permeability for Ca** and a large
single channel conductance, while cells expressing only
Tmecl have reduced Ca** permeability and single-channel
conductance [8,10°°,11°°,12°°]. The reduction in Ca**
permeability is more pronounced in hair cells expressing
a ' TMCI1 protein that carries a mutation linked to deafness
[12°°]. It has therefore been proposed that TMC1/2 pro-
teins are pore-forming subunits of the transduction chan-
nel, where differences in TMC1/2 stoichiometry explain
tonotopic conductance differences [12°°].

Mechanotransduction by hair cells Zhao and Miller 175

Consistent with a role in transduction, TMC1/2 interacts
in heterologous cells with PCDH15 [54°°,55°°]. One
caveat to the biochemical data is that only minor amounts
of TMC1/2 reach the cell surface suggesting that inter-
actions with PCDH15 occur in an intracellular compart-
ment [9,54°°]. Nevertheless, overexpression of a protein
fragment consisting of the first 117 amino acids of TMC2,
which is thought to disrupt interactions between TMC1/2
and PCDH15, changes the localization of PCDH15 and
decreases the mechanosensitivity of hair cells in zebrafish
[55°°].

Despite these interesting findings, the extent to which
TMC1 and TMC2 are pore-forming subunits of the
transduction channel remains unclear. Adult cochlear hair
cells only express Tmcl. Thus, variations in the stoichi-
ometry of TMC1/2 cannot explain tonotopic variations in
transducer currents of the adult cochlea. Furthermore,
robust transducer currents can be evoked in hair cells
from 7mcil/2 double mutant mice by deflection of the
stereocilia in the opposite from normal direction [8,10°°].
Although it is unclear whether the same channel carries
the normal and reverse polarity current, the two share
many features such as block by high concentration of
extracellular Ca** and by standard pharmacological chan-
nel inhibitors (albeit with somewhat different efficacy)
[8,10°°,52°°]. Activation of the reverse polarity current in
Tmecl/2 mutant hair cells does not depend on tip links
[10°°], and a similar reverse polarity current is observed
when tip links are disrupted by mutations in (423 and
Pcdh15 or by application of BAPTA to wild-type hair cells
[10°°,28,52°°]. Interestingly, in Tmcl and Tmc2 single
mutants, less tip links are occupied with channels com-
pared to Tmc2 deficient hair cells expressing mutant
TMC1 [12°°]. Thus it seems possible that TMC1/2
function to transport channels into stereocilia and/or to
stabilize interactions with tip links [9]. Alternatively, it
has been proposed that TMC1/2 might form a vestibule
of the transduction channel that shuttles ions towards the
pore [8,52°°].

Ultimately, it will be important to analyze the properties
of TMC1 and TMC2 in heterologous cells. So far,
attempts have failed to express TMC1 and TMC2 at
the cell surface of heterologous cells or to demonstrate
that the proteins encode ion channels [9,14°°]. A TMC
ortholog in worm has been shown to be necessary for salt
sensation and to generate a sodium-sensitive channel
when expressed in heterologous cells [61]. Independent
replication of these results is eagerly awaited.

LHFPL5 and TARPs: regulating transducer
channels and tonotopia

In a screen that was designed to identify components of
the mechanotransduction machinery of hair cells, Xiong
et al. (2012) demonstrated that deaf mice with mutations
in LAfpl5, a protein with four transmembrane domains,
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have transducer currents with an amplitude that is re-
duced by ~90%. When expressed in heterologous cells,
LHFPLS5 and PCDH15 colocalize at the cell membrane
and interact with each other. Subsequent studies demon-
strated that LHFPLS5 regulates the transports of
PCDHI15 into stereocilia thereby controlling the efficien-
cy of tp-link formation [13]. In addition, LHFPLS5 di-
rectly affects the properties of the transduction channel.
Single channel recordings demonstrated that in the ab-
sence of LHFPLS5, the conductance of the transduction
channel is reduced and adaptation is severely impaired
[13]. These findings suggest that LHFPLS5 is an accessory
subunit of the transduction channel. Interestingly,
LHFPLS5 shares certain features with the TARP subunits
of AMPA receptor. Like LHFPLS5, TARPs have four
transmembrane domains and regulate both the transport
of the pore forming subunits of AMPA receptors and
channel conductance [62]. In analogy, it has been pro-
posed that LHFPLS acts as a TARP-like protein for the
transduction channel [13]. Alternatively, LHFPLS5 might
affect membrane properties locally, which is a function
attributed to some tetraspans [63].

A recent study has established a functional link between
LHFPLS5 and TMCI1. In mice lacking L4fp/5 as well as in
mice lacking 7mcl, the tonotopic gradient in the conduc-
tance of the transducer channels is similarly blunted
[54°°]. Immunolocalization studies demonstrated that
TMC1 is no longer localized to the stereocilia of
Liflp5-deficient hair cells, suggesting that TMC1 and
LHFPLS5 act in a common molecular complex [54°°].
Variations in levels of LHFPL5 and/or TMC1 along
the cochlear axis could explain tonotopic differences in
the conductance properties of the transducer channel.
Notably, LHFPLS is a member of a branch of the tetra-
span family that consists in mammals of six members [64].
An interesting hypothesis is that different LHFPL family
members might cooperate to regulate properties of trans-
duction channels in hair cells.

TMIE: adding to the transduction channel
mystery

In a yeast two-hybrid screen that was tailored towards the
identification of interactions between transmembrane
proteins, TMIE was identified as a binding partner for
PCDH15 and LHFPLS5 [14°°]. TMIE is a protein with
two predicted transmembrane domains and is linked to
deafness in both humans and mice [65,66]. Studies in
zebrafish have shown that 7mie-deficient hair cells show
degenerative changes and lack microphonic potential in
response to vibratory stimulation, indicating that trans-
duction is affected [67]. Recent studies in mice demon-
strate that TMIE is localized in the tip-link region and
essential for normal mechanotransduction but not for tip-
link formation. As in mice lacking tip links or TMC1/2,
reverse polarity currents can still be evoked in Twie-
deficient hair cells. The transduction defect can be

rescued be re-expression of TMIE, but not by overex-
pression of either LHFPLS5 or TMC1/2 [14°°]. What then
is the function of TMIE in transduction? And what is its
relation to tip links, LHFPLS5 and TMC1/2? The locali-
zation of TMIE in hair cells and its binding to PCDH15
and LHFPLS5 suggests that TMIE is an integral compo-
nent of the transduction machinery. Biochemical studies
provide additional clues. PCDHI15 is expressed in three
major alternative spliced wvariants (PCDH15-CD1,
PCDH15-CD2, PCDH15-CD3) that are identical in their
extracellular and transmembrane domains as well as in a
short membrane proximal cytoplasmic domain that med-
iates interactions with TMC1/2 and LHFPLS5 (Figure 3)
[1,13,54°°,55°°]. The splice variants differ in the remain-
ing C-terminal part of their cytoplasmic domains [1].
Remarkably, PCDH15-CD2 is the PCDH15 isoform
crucial for mechanotransduction in mature hair cells
[68] and TMIE binds to the unique C-terminus of
PCDH15-CD2 (Figure 3) [14°°]. TMIE also interacts
with all three PCDH15 isoforms in a ternary complex
with LHFPLS5 (Figure 3) [14°°]. Overexpression of a
TMIE fragment consisting of the C-terminal half that
disrupts interactions both with PCDH15 and LHFPL5
affects transduction in wild-type hair cells. Transduction
is also disrupted by overexpressing the CD2 domain of
PCDHI15, a protein fragment that affects interactions
between TMIE and PCDH15-CD2 [14°°]. Taken to-
gether, the findings suggest that TMIE is part of a protein
complex containing LHFPLS5 and TMIE that connects
the tip link to the transduction channel. Notably, proteins
with two transmembrane domains such as ENac/DEG in
Caenorhabditis elegans oligomerize to form a channel pore
[69]. However, it has so far not been demonstrated that
"TMIE has ion channel properties, either alone or together
with other proteins such as LHFPLS5 and TMC1/2 [14°°].
Thus further studies are important to define the precise
function of TMIE for transduction.

Mechanotransduction: a role in hair bundle
morphogenesis?

Hair bundles of mammalian hair cell consist of three rows
of stereocilia of decreasing heights. The structure and
staircase pattern of the hair bundle is crucial for hair cell
function since deflection only in the direction of the
longest stereocilia leads to an increase in the open prob-
ability of mechanotransduction channels. It has therefore
long been speculated that tip links and transduction
channels regulate hair bundle morphogenesis. The most
conclusive evidence for this model stems from the recent
analysis of genetically modified mice, where the Sans and
Cdh23 genes were inactivated at postnatal ages. In these
mice, rows of stereocilia of graded heights have already
developed. Following gene inactivation, tip links are
disrupted and the shortest and second rows of stereocilia,
which contain transduction channels near their tips,
shrink [5]. Tip-link mediated tension, possibly via the
SANS/harmonin/Myo7a complex, may be crucial to

Current Opinion in Neurobiology 2015, 34:172-179

www.sciencedirect.com



maintain the stereociliary staircase. However, it is cur-
rently unclear whether this protein complex acts on the
actin cytoskeleton of stercocilia by tension forces and/or
by activating transduction channels. One way to address
this question is to analyze morphological changes in the
hair bundles from 7wmcl/2-deficient or 7mie-deficient
mice. Although hair bundles with a staircase pattern
develop in these mutant mice [9,14°°], a morphometric
analysis of stereociliary length has not been carried out.
Clearly, hair bundles eventually degenerate in the mutant
mice. It is therefore tempting to speculate that mechani-
cally evoked currents are crucial to regulate the F-actin
assembly process at the tips of stereocilia.

Summary

Recent studies have revealed an unexpected complexity
in the transduction machinery of hair cells. These find-
ings have shown that the transduction machinery of hair
cells has an inherent asymmetry that manifests in the
composition of tip links and the localization of distinct
protein complexes to the upper and lower ends of tip
links. Several USH1 proteins form a protein complex at
the upper end of tip links that appears to establish tension
in the tip link. This protein complex might be involved in
setting resting tension and controlling adaptation. Several
integral transmembrane proteins that bind to PCDH15
are appropriately localized near the lower end of tip links
to be subunits of the transduction channel. Current data
suggest that the transduction channel consists of pore
forming and accessory subunits and that variation in the
stoichiometry of these components is crucial establishing
tonotopia. However, the extent to which LHFPLS,
TMIE, TMC1/2 contribute to the channel pore is un-
clear. Ultimately, it will be important to reconstitute the
mechanically gated ion channel in a heterologous system.
Given the molecular complexity in the transduction
machinery and structural requirements that might de-
pend on a highly organized cell shape, this might be a
difficult but ultimately crucial task.
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LHFPLS. Interactions between TMIE with PCDH15 and LHFPL5 are
crucial for mechanotransduction, suggesting that the proteins are part
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