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Hair cells in the inner ear convert mechanical stimuli provided by sound waves and
head movements into electrical signal. Several mechanically evoked ionic currents with
different properties have been recorded in hair cells. The search for the proteins that
form the underlying ion channels is still in progress. The mechanoelectrical transduction
(MET) channel near the tips of stereociliary in hair cells, which is responsible for
sensory transduction, has been studied most extensively. Several components of the
sensory mechanotransduction machinery in stereocilia have been identified, including
the multi-transmembrane proteins tetraspan membrane protein in hair cell stereocilia
(TMHS)/LHFPL5, transmembrane inner ear (TMIE) and transmembrane channel-like
proteins 1 and 2 (TMC1/2). However, there remains considerable uncertainty regarding
the molecules that form the channel pore. In addition to the sensory MET channel, hair
cells express the mechanically gated ion channel PIEZO2, which is localized near the
base of stereocilia and not essential for sensory transduction. The function of PIEZO2 in
hair cells is not entirely clear but it might have a role in damage sensing and repair
processes. Additional stretch-activated channels of unknown molecular identity and
function have been found to localize at the basolateral membrane of hair cells. Here,
we review current knowledge regarding the different mechanically gated ion channels
in hair cells and discuss open questions concerning their molecular composition and
function.
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INTRODUCTION

Hair cells of the inner ear are specialized mechanosensory cells, which convert mechanical stimuli
provided by sound waves (cochlea) or head movement (vestibular system) into electrical signals.
Hair cells are highly polarized cells with extraordinary morphological specialization for sensing
mechanical stimuli. The most prominent morphological specialization of a hair cell is the hair
bundle. It protrudes from the apical surface of a hair cell and is formed by an array of F-actin based
stereocilia that are arranged in a staircase of decreasing heights (Figure 1A; reviewed in Gillespie
and Müller, 2009; Schwander et al., 2010). The sensory mechanoelectrical transduction (MET)
channel in hair cells is localized near the tips of stereocilia at the base of the tip link filament that
connects a shorter stereocilium to its next taller neighbor (Figures 1A,B; Pickles et al., 1984; Beurg
et al., 2008). Deflection of the hair bundle towards the tallest stereocilia leads to an increase in
the MET channel open probability, while deflections in the opposite direction decrease channel
open probability (Figures 2A,B; Hudspeth and Corey, 1977; Ohmori, 1985; Crawford et al., 1989;
Kros et al., 1992; Nicolson et al., 1998). Tip links thus connect stereocilia in the direction of their
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FIGURE 1 | Mechanically gated ion channels in hair cells. (A) Diagram of a
hair cell with the sensory channel located at the tips of the shorter stereocilia,
reverse-polarity channel in the apical cell surface and stretch-activated
channels in the basolateral membrane. (B) The sensory transduction channel
is localized near the lower end of tip links, which consists of PCDH15 and
CDH23. (C) The reverse-polarity channel is concentrated near the base of the
longest stereocilia. (D) Basolateral currents carried by unknown channels. Cl−

influx through basolateral channel may drive motor protein prestin transitions.

greatest mechanical sensitivity. Tip links have been proposed
to transmit mechanical force onto the transduction channel
and possibly to act as the gating spring that regulates channel
function (Corey and Hudspeth, 1983). Consistent with this
model, transduction is lost when tip links are disrupted (Assad
et al., 1991) and direct pulling on the tip link opens the MET
channel (Basu et al., 2016).

Besides the sensory MET channels at tip links, a second
mechanically activated channel was recently identified in hair
cells that is located at their apical cell surface where stereocilia
emanate from the cell body (Figures 1A,C; Beurg et al., 2016;
Wu et al., 2017). This MET channel was initially observed
after disrupting the function of the sensory MET channel.
It was described as a reverse-polarity MET channel since it
was activated by deflections of the hair bundles towards the
shortest stereocilia and thus opposite to the normal direction that
activates the sensory MET channel (Alagramam et al., 2011; Kim
et al., 2013; Beurg et al., 2014; Marcotti et al., 2014). Subsequent
studies demonstrated that this channel is stretch-activated (Beurg
et al., 2016); its function in hair cells is still under investigation as
described below.

Hair cells in the mammalian cochlea come in two flavors,
outer hair cells (OHCs) and inner hair cells (IHCs). OHCs
have an important function in amplifying input sound signals
while IHCs transmit sound information to the CNS (reviewed
in Dallos, 2008; Kazmierczak and Müller, 2012; Safieddine

et al., 2012). Notably, the basolateral membrane of OHCs is a
highly specialized compartment that is thought to be important
for the amplification of sound. OHCs show a phenomenon
called electromotility where the length of the cell body is
regulated by membrane potential. The hair cell shortens during
hair cell depolarization and lengthens during hyperpolarization
(Brownell et al., 1985; Kachar et al., 1986; Ashmore, 1987). The
length of a hair cell is also affected by mechanical stimuli that
are applied to the basolateral membrane (Brundin et al., 1989;
Brundin and Russell, 1994). The motor protein prestin, which is
localized in the basolateral membrane of OHCs but not IHCs,
is critical for electromotility (Belyantseva et al., 2000; Zheng
et al., 2000), but little is known about other proteins that might
contribute to this process. The changes in the length of the cell
body provides a mechanical signal, which could activate MET
channels that in turn might affect the amplification process.
Stretch activated currents carried by ion channels of unknown
molecular identity have been observed at the basolateral surface
of OHCs in guinea-pig (Figures 1A,D; Ding et al., 1991; Iwasa
et al., 1991; Rybalchenko and Santos-Sacchi, 2003). These ionic
currents and the underlying MET channels are least well studied
and we know little about their function.

In the following, we will summarize current knowledge
regarding the properties and molecular composition of the
various mechanically gated ion channels in hair cells.

PROPERTIES OF MECHANICALLY GATED
ION CHANNELS IN HAIR CELLS

Sensory Transduction Channels
The activity of the sensory MET channel at the tips of stereocilia
can be recorded in organotypic culture as an inward current
following deflection of the hair bundle with a stiff probe
(Figures 2A,B) or fluid jet (Figure 2C). Initial studies of hair
cells from the bullfrog saccule showed that the MET channel
opens within ∼40 µs (Corey and Hudspeth, 1979b), but larger
deflection gate the channel much more quickly (Corey and
Hudspeth, 1983). In turtles, activation kinetics is also in the
microseconds range and varies tonotopically (Ricci et al., 2005).
Kinetics in mammalian cochlear hair cells is so fast that it has
been difficult to determine accurately by conventional force
probes (Ricci et al., 2005), but may be directly measured with
new technology in the near future (Doll et al., 2012). The
fast activation kinetics has led to the idea that the channel is
directly gated by mechanical force without intervening second
messengers (Corey and Hudspeth, 1983).

The MET channel is non-selective for cations (Corey and
Hudspeth, 1979a; Kros et al., 1992; Farris et al., 2004) but
has a higher selectivity for Ca2+ compared to other cations
(Lumpkin et al., 1997; Ricci and Fettiplace, 1998; Beurg et al.,
2006). In physiological condition, hair bundles are immersed in
endolymph, which is high in K+ (154 mM) and low in Ca2+

(0.03 mM; Bosher and Warren, 1971, 1978). Most of the ionic
current through the transduction channel is therefore carried by
K+. However, Ca2+ profoundly affects channel function where
channel activity is increased when the external Ca2+ is decreased
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FIGURE 2 | Mechanotransduction currents measured with stiff probe or fluid jets. (A) Representative transduction currents in outer hair cells (OHCs) in response to a
set of 10 ms hair bundle deflections with a stiff probe ranging from −400 nm to 1000 nm with 100 nm steps. (B) Representative plot of open probability with hair
bundle deflection from (A), fitted with a three Boltzmann model. (C) Representative mechanotransduction currents in response to sinusoidal deflection of hair
bundles at P5 for a wild-type C57BL/6 mouse with and without BAPTA treatment to break tip links. Stimulus monitor, the driving voltage to the fluid jet, is shown at
the top. A positive driving voltage denotes displacement toward the tallest edge of the hair bundle. In controls the response after BAPTA treatment occurs in the
opposite phase (reverse-polarity) of the stimulus compared to the response prior to BAPTA treatment.

from a mM to a µM concentration (Corey and Hudspeth, 1983;
Ohmori, 1985; Ricci et al., 2003; Pan et al., 2012).

The organ of Corti in mammals has the ability to separate
sound frequencies along its length—high-frequency tones at the
proximal end and low-frequency at the distal end of the organ.
The Ca2+ selectivity and single-channel conductance also show
tonotopic characteristics in OHCs but not in IHCs. In 20 µM
external Ca2+, single-channel conductance varies from 145 to
210 pS for OHCs along the tonotopic axis but is about 260 pS
for IHCs along the entire length of the cochlea (Beurg et al.,
2006, 2014, 2015b). Similar observations had previously been
made in turtle (Ricci et al., 2003). It is currently not clear why
a tonotopic gradient in conductance is observed only in OHCs
but not in IHCs. It suggests that OHCs might have an active role
in decoding mechanical signals at different frequencies that are
then transmitted to IHCs. Perhaps this has to do with adaptation
rates and frequency tuning. Changes in conductance will affect
adaptation rates and thus the speed by which channels are able to
respond to a new incoming stimulus.

Sensory MET channels in hair cells adapt to mechanical
stimuli, which leads to a decrease in current during a constant
stimulus but additional stimulation again increases current.
Adaptation is thought to set the resting tension of the
transduction channel to position the channel near the most
sensitive point of activation, and is important for providing
amplification for mechanical signals (reviewed in LeMasurier
and Gillespie, 2005). Two components of transducer current
adaptation, fast and slow, were observed in turtle, frog and
mammalian hair cells (Figure 2A; Howard and Hudspeth, 1987;
Crawford et al., 1991; Wu et al., 1999; Eatock, 2000; Holt and
Corey, 2000). Fast adaptation has been proposed to be caused
by binding of Ca2+ either to the MET channel itself or to
a binding side near the channel. Slow adaptation is thought
to be regulated by a myosin motor complex at the upper
insertion site of tip links (Crawford et al., 1989, 1991; Choe
et al., 1998; Cheung and Corey, 2006). However, there is still
considerable debate regarding the mechanism of adaptation and

its regulation by Ca2+ (Peng et al., 2013; Corns et al., 2014).
One possibility is that adaptation varies among different species
and different type of hair cells. Original studies of hair cells in
the bullfrog saccule showed significant fast and slow adaptation
(Corey and Hudspeth, 1983; Assad et al., 1989). Later studies in
mammalian cochlear hair cells, which operate at much higher
frequencies compared to vestibular hair cells, suggested that fast
adaptation predominates in hair cells of the cochlea (Kennedy
et al., 2003; Waguespack et al., 2007; Peng et al., 2013). Recent
findings by the Ricci laboratory indicate that fast adaptation in
cochlear hair cells is independent of both Ca2+ entry and voltage,
while channel open probability is modulated by divalent ions
interacting with the local lipid environment (Peng et al., 2013,
2016). However, others have concluded that adaption even in
cochlear hair cells is dependent on Ca2+ influx (Corns et al.,
2014). The discrepancies between the different studies might be
explained by differences in the way hair bundles were stimulated.
While Peng and colleagues used stiff probes for hair bundle
stimulation, Corns and colleagues used fluid jets to deflect hair
bundles. The importance of the lipid environment in regulating
MET channels was highlighted by the role of PIP2 in hair
bundles. Acute modulation of free PIP2 in stereocilia causes
changes in channel properties, including loss of fast adaptation,
increase resting open probability, reduction of single-channel
conductance, and reduction of Ca2+ selectivity (Effertz et al.,
2017). This is remarkable because PIP2 affects properties that
were previously thought to be intrinsic to the channel. Other
factors such as cyclic AMP may also contribute to channel
activation and adaptation (Ricci and Fettiplace, 1997), suggesting
multiple-pathways of regulation for MET.

Reverse-Polarity Channels
During the early development of hair cells, their hair bundles are
less directionally sensitive. Transducer currents can be observed
by deflection of the hair bundle both towards the shortest and
longest stereocilia (Waguespack et al., 2007; Kindt et al., 2012;
Kim et al., 2013; Marcotti et al., 2014). This might in part be
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the case because stereocilia of developing hair bundles are less
well organized and they are connected by an abundance of
linkages between stereocilia such as ankle links, side links, tip
links and top connectors; following hair cell maturation, only
tip links and top connectors remain (Goodyear et al., 2003).
In IHCs and OHCs of the cochlea, reverse-polarity currents
are detectable at birth but decline subsequently in parallel to
maturation of the normal polarity MET current (Beurg et al.,
2016). However, the reverse-polarity currents are detectable
even in more mature hair cells when MET is blocked by
disrupting tip-links with BAPTA treatment (Marcotti et al., 2014;
Wu et al., 2017; Figure 2C) or by gene mutations that affect
components of the MET machinery (Stepanyan and Frolenkov,
2009; Alagramam et al., 2011; Kim et al., 2013; Zhao et al., 2014;
Beurg et al., 2015b, 2016). Notably, earlier studies in isolated
guinea pig hair cells already described a tip-link independent
mechanotransduction current (Meyer et al., 1998, 2005). This
inward current could be inhibited by statically deflecting hair
bundles towards the shortest stereocilia (Meyer et al., 2005).
Since reverse-polarity currents that are observed after tip-link
breakage and after inactivation of the sensory MET channel
increase in parallel to a decrease in normal polarity currents,
it had been proposed that normal and reverse-polarity currents
share a similar pore protein (Kim et al., 2013; Beurg et al.,
2015b, 2016). Further studies showed that the channel properties
such as ion permeability, conductance, regulation of conductance
by Ca2+, and sensitivity to channel blockers are similar but
not identical between the two channels (Beurg et al., 2014,
2016; Marcotti et al., 2014). Single-channel conductance for the
reverse-polarity channel has been determined to be ∼60 pS at
1.5 mM Ca2+ and ∼90 pS at 0.07 mM Ca2+ (Beurg et al.,
2014, 2016), which differs from the conductance of the normal
polarity channel. Unlike the normal polarity currents in OHCs,
the reverse-polarity currents also showed no tonotopic gradient
in conductance. Adaptation kinetics for the reverse-polarity
currents was much faster and more complete when compared
to the normal-polarity currents (Beurg et al., 2014). Thus, the
relationship between the two currents remained unclear for some
time and has only recently been clarified by molecular studies
(see below).

Basolateral Currents
Several studies identified stretch activated MET currents in
the basolateral membrane of hair cells, but the properties of
these currents differed between reports. At least three different
currents that are affected by mechanical force have been reported
in OHCs. One type of current was activated by stretch and
a single-channel conductance of 38–50 pS was determined for
the underlying channel. This ion channel was non-selective to
cations and had a reversal potential ∼ −12 mV (Ding et al.,
1991). The second current was also activated by stretch but a
large conductance around 130–150 pS was reported. The ion
selectivity of this second channel was not fully determined, but
initial studies suggested that it was possibly selective for K+

and Na+ (Iwasa et al., 1991). Finally, a third type of stretch-
sensitive conductance was observed that was non-selective for
cations and anions. Based on its permeability for Cl−, which is

thought to regulate prestin function (Oliver et al., 2001), a role
in cochlea amplification was proposed for this third conductance
(Figure 1D; Rybalchenko and Santos-Sacchi, 2003).

MOLECULAR COMPOSITION OF
MECHANOTRANSDUTION CHANNELS IN
HAIR CELLS

Sensory Transduction Channels
The search for the molecular constituents of the MET channel
in stereocilia has been in progress for decades. Using high
speed Ca2+ imaging, it was demonstrated that the sensory
MET channel is localized near the lower end of tip links
(Beurg et al., 2009). Subsequent studies that were driven by
the analysis of mouse mutants carrying mutations in genes
that cause deafness identified several multi-transmembrane
proteins that are critical for MET and are also concentrated
near the lower end of tip links. These are transmembrane
channel-like proteins 1 and 2 (TMC1 and TMC2; Pan et al.,
2013; Maeda et al., 2014; Kurima et al., 2015), tetraspan
membrane protein in hair cell stereocilia (TMHS; also known
as Lipoma HMGIC Fusion Partner-Like 5; LHFPL5; Xiong
et al., 2012; Mahendrasingam et al., 2017), and transmembrane
inner ear expressed gene (TMIE; Zhao et al., 2014; Figure 3A,
Table 1). Other proteins such as CIB2 and TOMT are also
essential for mechanotransduction (Riazuddin et al., 2012;
Cunningham et al., 2017; Erickson et al., 2017; Giese et al.,
2017; Michel et al., 2017; Wang et al., 2017) but will not
be considered here because they do not encode proteins
with multiple transmembrane domains and therefore are not
predicted to be components contributing to the pore of
the mechanotransduction channel. TMC1 and TMC2 have
been proposed to be the pore-forming components of the
mechanosensory channels (Corey and Holt, 2016), but direct
evidence for this hypothesis is still lacking (Wu andMüller, 2016)
and the role of LHFPL5 and TMIE in the channel complex still
needs to be determined.

Tmc1 and Tmc2 are members of a gene family consisting
in mammals of eight genes (Keresztes et al., 2003; Kurima
et al., 2003). Tmc1 and Tmc4 are the main family members
that are expressed in adult cochlear hair cells, while Tmc2 is
only transiently expressed in the cochlea during early postnatal
development but can be detected in vestibular hair cells into
adulthood (Kawashima et al., 2011; Liu et al., 2014; Scheffer et al.,
2015). Although Tmc3 belongs to the same gene subfamily as
Tmc1 and Tmc2, it does not appear to be essential for MET
by hair cells (Beurg et al., 2014). Cumulative studies during the
past several years suggest that TMC1 and TMC2 are intimately
associated with the MET channel in hair cells and candidates
for pore-forming subunits for several reasons. First, mutations
in the gene encoding TMC1 cause dominant and recessive forms
of hearing loss in humans andmice (Kurima et al., 2002; Vreugde
et al., 2002). Second, studies with genetically modified mice
have shown that both TMC1 and TMC2 contribute to MET in
cochlear hair cells at early postnatal ages and expression of either
TMC1 or TMC2 can rescue MET in Tmc1/2 deficient hair cells
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FIGURE 3 | Model of the sensory transduction channel and for PIEZO2.
(A) Transmembrane channel-like proteins 1 and 2 (TMC1/2), tetraspan
membrane protein in hair cell stereocilia (TMHS)/LHFPL5 and transmembrane
inner ear (TMIE) bind to PCDH15 and are constituents of the sensory
mechanoelectrical transduction (MET) machinery. TMC1/2 and
TMHS/LHFPL5 bind to PCDH15. TMIE binds to TMHS/LHFPL5 as well as to
the unique C-terminal domain of one specific PCDH15 isoform in stereocilia.
(B) Model of the PIEZO2 channel, which contain at least 18 transmembrane
domains and potentially up to 38 transmembrane domains.

(Kawashima et al., 2011; Pan et al., 2013; Askew et al., 2015).
Third, immunohistochemical studies with antibodies indicated
that TMC1/2 proteins are localized to hair bundles. Similarly,
epitope-tagged versions of TMC1/2 expressed in hair cells with
the help of viruses or in BAC-transgenic mice are expressed

in hair bundles and some of the protein is concentrated in
the tip-link region (Askew et al., 2015; Kurima et al., 2015).
Fourth, yeast two-hybrid screens and co-immunoprecipitation
experiments provide evidence that TMC1/2 binds to PCDH15
(Maeda et al., 2014; Beurg et al., 2015b), which is a component of
the tip-link in proximity to the transduction channel (Figure 1B;
Ahmed et al., 2006; Kazmierczak et al., 2007). Finally, MET
channel properties are affected by TMC1 and TMC2. Single-
channel conductance, Ca2+ selectivity and adaptation time
constant in developing hair cells lacking either TMC1 alone or
TMC2 alone differ (Kim and Fettiplace, 2013; Pan et al., 2013;
Corns et al., 2017). The tonotopic gradient in single-channel
conductance normally observed in OHCs is diminished in hair
cells lacking TMC1. Conversely, the Ca2+ selectivity of IHCs
and OHCs lacking TMC2 but not TMC1 is significantly reduced
(Kim and Fettiplace, 2013; Pan et al., 2013; Beurg et al., 2014).
Finally, a missensemutation in Tmc1 has been reported to reduce
Ca2+ permeability and single-channel conductance in IHCs (Pan
et al., 2013).

However, whether TMC1 and TMC2 form the channel pore
is still under debate. It was proposed that the tonotopic gradient
in the conductance and Ca2+ selectivity of the MET channel
can be explained by variations in the stoichiometry of TMC1/2
(Pan et al., 2013). However, TMC2 is not expressed in adult
hair cells, TMC1 and TMC2 show little co-localization in hair
cells, and TMC2 mutations do not affect hearing function
(Kawashima et al., 2011; Kurima et al., 2015). In addition, a
second study could not confirm that a missense mutation in
Tmc1 reduces single-channel conductance (Beurg et al., 2015a)
as initially reported (Pan et al., 2013). Surprisingly, a recent study
has also shown that all changes in the properties of the MET
current that have been reported for mice with mutations in Tmc1
and Tmc2 can be caused by modulating the concentration of
PIP2 in hair bundles (Effertz et al., 2017), indicating that these
changes are not necessarily directly linked to the channel pore.
Finally, no mechanical sensing function for TMCs was found
so far in invertebrates. A tmc ortholog in the worm has been
reported to relate to sodium-sensitive channel for salt sensation
(Chatzigeorgiou et al., 2013), but subsequent studies did not
confirm this finding and suggested that the worm protein has
instead a function in pH sensing (Wang et al., 2016). Others
showed a sexual and metabolic function for TMC1 in C. elegans
(Zhang et al., 2015) and a modulatory role of TMC1/2 for
membrane excitability through a background leak conductance
(Yue et al., 2018). In Drosophila, TMC was found to play a
function in providing sensory feedback for laval locomotion

TABLE 1 | Candidate components of the mechanotransduction channel in hair cells and how they affect channel activity.

Candidates Stereocillia
localization

MET
requirement

Channel properties changed in mutant mice Heterologous
expression

Rise
time

Adaptation Single-channel
conductance

Calcium
permeability

TMC1/2 Yes Required N/A Slower Conflict Altered Intracellular
LHFPL5 Yes Required Slower Slower Reduced N/D Cell surface

together with
Pcdh15

TMIE Yes Required N/A N/A N/A N/A Cell surface

Frontiers in Cellular Neuroscience | www.frontiersin.org 5 April 2018 | Volume 12 | Article 100

https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Qiu and Müller Mechanically Gated Ion Channels

(Guo et al., 2016). Additional study showed a role in food
texture sensation for Drosophila TMC (Zhang et al., 2016).
Critically, TMC proteins from mammals and invertebrates could
so far not be expressed at the cell surface of heterologous
cells, and appear to be largely retained in the ER (Labay et al.,
2010; Zhao et al., 2014; Guo et al., 2016; Zhang et al., 2016).
Thus, while TMC1/2 are plausible candidates to contribute
to the channel pore of the MET channel, further studies are
necessary to determine their role in the transduction complex
(Table 1).

TMHS/LHFPL5 is a second protein that has been implicated
to be an integral component of the mechanotransduction
channel in hair cells. TMHS/LHFPL5 is a member of a
small subfamily within the large superfamily of proteins
with four transmembrane domains (Petit et al., 1999; Kalay
et al., 2006). Immunohistochemical studies have shown that
TMHS/LHFPL5 is localized in developing and adult hair
cells near the lower end of tip-links where the transduction
channel is localized (Xiong et al., 2012; Beurg et al., 2015b;
Mahendrasingam et al., 2017). Biochemical experiments have
shown that TMHS/LHFPL5 binds to the C-terminus of
the tip-link protein PCDH15, but so far no interactions
with TMC1/2 could be demonstrated (Beurg et al., 2015b).
Tmhs/Lhfpl5 mutations cause deafness and lead to a dramatic
reduction in mechanotransduction currents in cochlear hair
cells of mice (Xiong et al., 2012). Further studies demonstrated
that TMHS/LHFPL5 regulates the transport of PCDH15 and
TMC1 into the stereocilia of hair cells thus affecting the
assembly of tip links and the transduction complex (Xiong
et al., 2012; Beurg et al., 2015b). However, TMHS/LHFPL5 is
not absolutely essential for protein transport and up to 30%
of stereocilia still assemble tip link complexes in the absence
of TMHS/LFHPL5 (Xiong et al., 2012). This has facilitated the
study of the properties of the remaining transduction complexes
in Tmhs/Lhfpl5-deficient hair cells. Single channel recordings
demonstrated that in the absence of TMHS/LHFPL5 the
conductance of the MET channel is affected as well as its
activation and adaptation kinetics (Table 1, Xiong et al.,
2012). The tonotopic gradient that is normally observed
in the conductance of the MET channel in OHCs is also
dramatically diminished in the mutants (Beurg et al., 2015b).
Taken together, the findings suggest that TMHS/LHFPL5 is
an integral component of MET complex (Xiong et al., 2012;
Beurg et al., 2015b). Since some residual current remains
in hair cells lacking TMHS/LHFPL5, it is unlikely that this
protein alone forms the pore of the MET channel. One
possibility is that TMHS/LHFPL5 is an auxiliary subunit of
the pore-forming subunits of the transduction channel much
like TARP proteins are for AMPA receptors; TARP proteins
share structural similarity to TMHS/LHFPL5 and regulate
the transport and conductance properties of AMPA receptors
(Xiong et al., 2012). However, TMHS/LHFPL5 could also be
part of a heteromeric channel and contribute to the channel
pore.

TMIE is a protein with two transmembrane domains and
linked to deafness in both human and mice (Mitchem et al.,
2002; Naz et al., 2002). TMIE was identified as a binding partner

of PCDH15 and TMHS using yeast two-hybrid screens (Zhao
et al., 2014). Interactions with TMC1/2 could so far not be
demonstrated (Zhao et al., 2014). Further studies demonstrated
that TMIE is localized to the tips of the stereocilia near the
transduction machinery and binds to a splice variant of PCDH15
(PCDH15-CD2) that is directly implicated in regulating MET
(Zhao et al., 2014). Strikingly, in Tmie-deficient cochlear hair
cells, no MET currents can be detected, even though tip
links remain intact and all known components of the MET
machinery including TMC1/2 can travel into stereocilia (Zhao
et al., 2014). Overexpress the C-terminal fragment of TMIE,
which contain the binding domain mediating interactions with
PCDH15 and TMHS/LHFPL5 disrupt transduction. Similarly,
transduction is disrupted by expression of a PCDH15 protein
fragment that perturbs interactions between PCDH15 and
TMIE. Taken together, these findings suggest that PCDH15,
TMIE and TMHS/LHFPL5 form a ternary complex critical
for MET (Zhao et al., 2014; Figure 3A). Nevertheless, the
precise function of TMIE in the transduction complex remain
to be established. Heterologously expressed TMIE has so far
not been shown to form an ion channel (Table 1, Zhao
et al., 2014), but TMIE is a candidate protein to be integral
to the transduction channel and possibly contributing to
its pore.

Reverse-Polarity Channels
The similarities in single-channel conductance and
pharmacological properties of the normal and reverse-polarity
current in hair cells initially suggest that these two mechanically
gated currents are carried by the same channel pore (Kim et al.,
2013; Beurg et al., 2014, 2015b, 2016). However, others noted
significant differences between normal and reverse-polarity
currents (Marcotti et al., 2014). Intriguingly, the reverse-
polarity current shares characteristics with currents carried
by mechanically gated ion channels PIEZO1 and PIEZO2.
PIEZO1 and PIEZO2 were identified in a functional screen as
bona fide MET channels in mammals (Coste et al., 2010, 2012).
They are by far the largest ion channels identified and contain a
large number of transmembrane domains (Figure 3B). Similar
to the reverse-polarity currents in hair cells, currents carried by
PIEZO1 and PIEZO2 are rapidly activated by mechanical force
and adapt much faster than typical MET currents in hair cell
stereocilia (Coste et al., 2012; Beurg et al., 2014). Wu et al. (2017)
subsequently demonstrated that PIEZO2 but not PIEZO1 is
expressed in mechanosensory hair cells. However, the function
of the sensory MET channel is normal in PIEZO2 mutant mice.
Instead, reverse-polarity currents are completely abolished in
mice lacking PIEZO2 function in hair cells (Wu et al., 2017).
Immunohistochemical studies demonstrated that PIEZO2 is
localized at the apical surface of hair cells near the base of
stererocilia with highest concentration near the tallest stereocilia
(Wu et al., 2017). The function of PIEZO2 in mechanosensory
hair cells is still unclear. PIEZO2 activity is observed after the
sensory MET machinery in stereocilia is disrupted, suggesting
regulatory crosstalk between the two MET channels that appears
to be regulated by the intracellular Ca2+ concentration (Wu
et al., 2017). Interestingly, the assembly of the sensory MET
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complex in stereocilia during development appears to be affected
in the absence of PIEZO2 and hearing function is slightly
affected in adult mutants (Wu et al., 2017). It is therefore
tempting to speculate that PIEZO2 has an important repair
function in hair cell, similar to its role in bone (Ivanusic,
2017).

Basolateral Currents
We still know next to nothing about the molecular composition
of ion channels that carry the stretch activated currents in
the basolateral membrane of OHCs (Ding et al., 1991; Iwasa
et al., 1991; Rybalchenko and Santos-Sacchi, 2003). Since OHCs
undergo length-changes during mechanical amplification, it is
tempting to speculate that MET channels in OHCs are in some
way related to the amplification processes. As noted above,
the prestin protein that located in the basolateral membrane
of OHCs but not IHCs is critical for sound amplification
(Belyantseva et al., 2000; Zheng et al., 2000). Notably, Cl−

influx through a stretch-sensitive channel in the basolateral
membrane of OHCs was reported to allosteric modulate prestin,
thus potentially functioning in OHC amplification (Oliver
et al., 2001; Rybalchenko and Santos-Sacchi, 2003). A candidate
protein to be stretch activated in OHCs is PIEZO2. Although
it is concentrated in the apical surface of hair cells (Wu
et al., 2017), it cannot be excluded that it is also present
at lower levels in the basolateral membrane. However, the
ion-selectivity of PIEZO2 does not fit with a role in passing
anions and studies with Piezo2-deficient hair cells demonstrated
that PIEZO2 is not essential for electromotility (Wu et al.,
2017). Thus, further studies are necessary to identify the
proteins that form the stretch-activated ion channels in the
basolateral membrane of hair cells and to determine their
function.

CONCLUSION

Recent studies have provided compelling evidence that hair
cells express several molecularly distinct ion channels with
different function. The best studied of these is the sensory
MET channel at tips of stereocilia. Substantial evidence suggests
that TMC1/2, TMHS and TMIE are integral components of
the sensory MET channel (Figure 3A) but which protein(s)
form the channel pore remains to be established. Far less
is known about the molecular composition and function of
stretch activated ion channels in the cell body of hair cells.
PIEZO2 has recently been shown to be an integral component
of the stretch-activated MET channel in the apical surface of
hair cells (Figure 3B), but virtually nothing is known about the
molecular composition of the stretch-activated MET channels
located in the basolateral surface of hair cells. The function
of the MET channels in the cell bodies of hair cells also
remains to be established. Intriguing questions are how the
different ion channels are targeted to different compartments
in hair cells and the extent to which they engage in regulatory
crosstalk.
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