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Abstract

Years of searching and researching have finally yielded a few leads in the quest to identify 

molecules required for mechanosensory transduction in the mammalian inner ear. Studies of 

human and mouse genetics have raised the profile of several molecules that are critical for the 

function sensory hair cells. Follow up studies have begun to define the molecular function and 

biochemical interactions of several key proteins. These studies have exposed a sensory 

transduction apparatus that is more complex than originally envisioned and have reinvigorated the 

search for additional molecular components required for normal inner ear function.

Introduction

Sensory hair cells of the inner ear are highly specialized for the detection of the mechanical 

forces of sound and head movements. Their crowning achievement is an array of modified 

microvilli, known as stereocilia (Figure 1). Each hair cell includes 50–100 tightly clustered 

stereocilia that are polarized to detect nanometer-scale movement along a physiologically-

defined axis of sensitivity. The axis of physiological sensitivity corresponds to an axis of 

morphological polarity as the stereocilia are arranged in a stair case pattern. Deflection of 

the bundle of stereocilia, collectively known as the hair bundle, toward the tallest stereocilia 

initiates an excitatory response, while deflection toward the shortest is inhibitory. The hair 

bundle is unresponsive to orthogonal deflections. Excitatory hair bundle deflections generate 

inward cation currents that tend to depolarize the hair cell and initiate graded receptor 

potentials which are transmitted at the hair cell – afferent synapse to neurons of the 8th 

cranial nerve. The molecules that mediate sensory transduction in inner ear hair cells have 

been the focus of intensive research over the past few years. Recent progress toward 

identification of hair cell transduction molecules will be reviewed herein.
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Models of sensory transduction

Since the first biophysical characterization of hair cell transduction, ~35 years ago (Corey 

and Hudspeth, 1979), inner ear biologists have sought to identify the molecular and genetic 

basis of this fundamental mechanosensory process. The biophysical properties of hair cell 

transduction lead to the generation of a simple model for how the process might occur 

(Corey and Hudspeth 1983). The model has been depicted in schematized cartoons that have 

been published multiple times since their first appearance in the 1980s and includes several 

basic elements: a gating spring, an extracellular tip-link, a motor that provides feedback, and 

at its core, a mechanosensitive ion channel (Figure 2). The model has been tweaked along 

the way (Howard and Hudspeth, 1988; Assad and Corey, 1992; Shepherd and Corey, 1994; 

Kachar et al., 2000; Beurg et al., 2009), but has remained largely intact. Based on this 

simple model investigators have focused on molecular identification of each of these 

biophysically defined entities. Unfortunately, identification of mechanosensory molecules in 

hair cells has proven challenging for a number of reasons: 1) There are only a few thousand 

hair cells per cochlea in the mouse inner ear, as opposed to a few million photoreceptors in 

each retina. 2) Hair cells do not replicate, so their numbers cannot be easily expand in vitro. 

3) Each hair cell contains very few sensory transduction complexes: 50–100/cell as opposed 

to a few million/photoreceptor cell. These limitations have precluded classical biochemical 

approaches for identification of hair cell transduction molecules. However, several 

intriguing molecules have emerged recently based on genetic evidence. In a number of 

cases, genetic information from both human and mouse studies have converged to raise the 

profile of a few key elements, some of which may be components of elusive 

mechanosensory transduction complex. Yet, it is now becoming increasingly clear that the 

hair cell transduction apparatus is more complex than the simple biophysical models have 

indicated. Indeed, there may multiple molecular components that are required to form the 

fully functional mechanosensory complex. It also seems plausible that each biophysically-

defined component may be comprised of multiple molecular components. For example, the 

biophysically-defined gating spring may be composed of the collective elasticity of several 

molecules in series within a molecular chain rather than a single protein as is often depicted 

in cartoons.

PCDH15 and CDH23 form tip-links

One success story thus far is the identification of tip-link molecules. There is now 

compelling evidence showing that tip-links are composed of a heterophilic interaction 

between cadherin-23 at the upper end of the tip-link and protocadherin-15 at the lower end. 

This model is now widely accepted by scientists in the field and is based on studies of 

human and mouse genetics (Ahmed et al., 2001; Alagramam et al., 2001; Di Palma et al., 

2001), immunolocalization (Siemens et al., 2004; Söllner et al., 2004; Ahmed et al., 2006; 

Kazmierczak et al., 2007), physiological properties (Lelli et al., 2010; Alagramam et al., 

2011; Geng et al., 2013) and molecular structures (Sotomayor et al., 2010; 2012), all of 

which support the PCDH15/CDH23 hypothesis. A contentious issue that remains is 

precisely which alternative splice forms of CDH23 and PCDH15 contribute to formation of 

tip-links (Ahmed et al., 2006; Webb et al., 2011), but recent evidence favors the CD2 splice 

form of PCDH15 (Pepermans et al., 2014).
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The elusive mechanosensory transduction channel

Other molecular components of the hair cell transduction apparatus are poorly defined. At 

the core of the complex is a mechanosensory ion channel, for which the molecular 

composition remains to be clarified. Current strong candidates for the pore-forming subunits 

of the channel are proteins known as Transmembrane channel-like (TMC) 1 and 2 

(Kawashima et al., 2011). Mutations in TMC1 cause deafness in humans and similar 

mutations in the murine homolog, Tmc1 cause deafness in mice (Kurima et al., 2002). 

Absence of TMC1 and TMC2 renders hair cells unresponsive to sensory stimulation, but 

reintroduction of the coding sequence for either gene restores sensory transduction 

(Kawashima et al., 2011). The biophysical properties of sensory transduction differ in hair 

cells that express wild-type TMC1 or TMC2 (Pan et al., 2013; Kim and Fettiplace 2013). 

The strongest evidence implicating a direct role for TMC1 in hair cell transduction is 

derived from mice with a point mutation in TMC1, known as Beethoven (Bth). The Bth 

mutation causes a methionine to lysine substitution at position 412 in mouse (Vreugde et al., 

2002) and an identical mutation has been identified in the orthologous position in human 

TMC1 (Zhao et al., 2014). In mouse, the Bth mutation causes a decrease in single-channel 

conductance and calcium-selectivity and an increase in calcium-dependent block (Pan et al., 

2013), all of which are core properties of an ion channel pore. Recently, two groups have 

shown compelling evidence for a biochemical interaction between TMC1, TMC2 and the 

intracellular domain of the tip-link protein PCDH15 (Maeda et al., 2014; Beurg et al., 2015). 

These observations are consistent with the hypothesis that TMC1 and TMC2 are pore-

forming subunits of the transduction channel, but they do not provide irrefutable proof. 

Certainly TMC1 and TMC2 expression affects ion selectivity (Pan et al., 2013; Kim et al., 

2013) and single-channel properties (Pan et al., 2013; Beurg et al., 2014), thus there is 

agreement that they are components of the channel complex but whether they function as 

subunits that form the channel pore or provide some other essential function is not yet clear. 

Several alternate possibilities (Figure 3) have been proposed. 1) The location of the Bth 

mutation (p.M412K) is in a putative extracellular loop between transmembrane domains 2 

and 3. Therefore, it has been suggested that this loop may be part of vestibule that serves to 

funnel cations into the ion channel pore (Pan et al., 2013; Holt et al., 2014). Indeed, the 

mutation substitutes a neutral amino acid for a positively charged one, which may act to 

repel cations. 2) TMC1/2 may be essential components of a protein complex that helps to 

stabilize pore-forming subunits composed of other proteins. In this scenario the Bth point 

mutation must be a critical residue for stabilizing pore-forming subunits. 3) They may be 

linker proteins required to convey mechanical tension to the channel. Work aimed at 

distinguishing these possibilities is ongoing. For all of these scenarios, TMC1/2 must be 

either part of the pore or in close enough proximity to the pore to affect permeation 

properties and therefore must be components of the mechanosensory channel complex. It is 

also plausible that TMCs perform several functions: pore, vestibule and linker.

Anomalous mechanotransduction

An alternate proposal that TMCs may be accessory or beta subunits (Kim et al., 2013) is 

inconsistent with ion channel convention (Hille, 2001). Accessory or beta subunits in other 

channel complexes can modify channel properties but those subunits are, by definition, non-
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essential, meaning the channel can function and respond to the appropriate stimulus even in 

their absence. In hair cells, sensory transduction does not function at all in the absence of 

TMC1 and TMC2 (Kawashima et al., 2011; Pan et al., 2013; Kim et al., 2013), ruling out 

the notion that they are merely accessory subunits.

The suggestion that TMCs may be accessory subunits arose from recent observations of a 

second form of mechanosensitivity that is present in wild-type hair cells and in hair cells that 

lack sensory transduction (Kim et al., 2013). Upon strong stimulation with a fluid jet 

directed at the apical surface of hair cells, several groups have described a form of 

“anomalous” mechanotransduction (Alagramam et al., 2011; Kim et al., 2013; Marcotti et 

al., 2014). The anomalous currents are most easily isolated and studied in cells that lack 

conventional bundle-dependent sensory transduction as the latter is more sensitive and tends 

to obscure the less sensitive, smaller and more variable anomalous currents (Marcotti et al., 

2014). The anomalous currents have a biophysical and pharmacological properties that 

differ from conventional sensory transduction in a number of respects (Marcotti et al., 

2014).

Whether anomalous mechanotransduction currents have any relation to conventional sensory 

transduction currents in hair cells is not yet clear (Barr-Gillespie and Nicolson, 2013). They 

may be related developmentally or under pathological conditions or they may be distinct, 

carried by distinct classes of ion channel proteins. The notion that a single cell type may 

express multiple classes of ion channels is not without precedent. For example, sensory 

neurons of the dorsal root ganglion express multiple types of mechanosensitive currents 

(Hao and Delmas, 2010). Hair cells, like many excitable cells, express multiple forms of 

potassium channels (Kros, 2007). Thus, it seems plausible that hair cells may also express 

multiple forms of mechanosensitive ion channels. Interestingly, the anomalous 

mechanotransduction currents are transient and fade during the second postnatal week (Kim 

et al., 2013), suggesting they may have a developmental role. While the function of the 

anomalous mechanosensitive response remains a mystery, it is also possible that it may be 

without function, a consequence of loosely regulated gene expression or an artifact of 

excessive mechanical stimulation.

The adaptation molecules

Sensory adaptation or the decay of the response in the presence of a constant stimulus occurs 

in hair cells on different time scales (Fettiplace and Ricci, 2003). There is a slow component 

that occurs over tens of milliseconds and is most prominent in vestibular hair cells and a fast 

component that occurs within a millisecond or two and is more prominent in auditory hair 

cells, though there is some evidence the two decay rates may coexist in a single cell (Eatock, 

2000; Holt and Corey 2000). The rate of current decay for both fast and slow adaptation 

varies as a function of external calcium. Although numerous studies have examined the 

calcium dependence of adaptation (Eatock et al., 1987; Assad and Corey, 1992; Holt et al., 

1997; Ricci and Fettiplace, 1997; Kennedy et al., 2003; Farris et al., 2006), one recent report 

suggested adaptation may be calcium independent (Peng et al., 2013). However, a follow up 

report has tipped the scales back in favor of traditional calcium-dependent adaptation (Corns 

et al., 2014).
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Slow adaptation in vestibular hair cells seems to depend on the activity of myosin 

molecules. Myosins at the upper end of the tip-link may serve to regulate tension within the 

transduction complex in a calcium-dependent manor (Assad and Corey, 1992). Myo1c has 

been localized to the site of vestibular hair cell adaption (Garcia et al., 1998) where it may 

interact with CDH23 (Phillips et al., 2006). Chemical-genetic inhibition of Myo1c slows 

adaptation in vestibular hair cells (Holt et al., 2002; Stauffer et al., 2005), yet whether 

Myo1c or other myosins contribute to adaptation in auditory hair cells has not been 

determined. However, since sensory transduction channels appear to be localized at the 

lower end of tip-links (Beurg et al., 2009), calcium entry through transduction channels may 

be insufficient to regulate adaptation motors at the upper end, consistent with a less 

prominent role for slow adaptation in auditory hair cells.

The molecules that mediate fast adaptation are unknown, though based on the time course of 

fast adaptation, they must be in close proximity to transduction channels (Wu et al., 1999). 

Fast adaptation may result from calcium binding directly to the channel or to other nearby 

proteins that modulate channel open probability. Interestingly, Pan et al. (2013) found that 

adaptation was slower and to a lesser extent in auditory inner hair cells that expressed TMC2 

than in those that expressed TMC1, suggesting that TMC1 and TMC2 may contribute to 

adaptation as well. Another candidate for the fast adaptation calcium sensor is CIB2 

(Riazuddin et al., 2012). CIB2 is a calcium-binding protein localized to the tips of cochlear 

hair cell stereocilia that causes deafness when mutated.

Other components required for mechanotransduction

Other possible components of the sensory transduction apparatus, including TMHS (also 

known as LHFPL5) and TMIE, have been proposed, but their role is poorly defined (Xiong 

et al., 2012; Zhao et al., 2014). TMIE (Transmembrane Inner Ear) protein has been linked to 

deafness in mice and humans (Mitchem et al. 2002; Naz et al., 2002) and several studies 

have shown that TMIE is localized to hair bundles (Su et al., 2008; Shin et al., 2010) and 

required for sensory transduction (Shen et al., 2008; Shin et al., 2008; Gleason et al., 2009; 

Park et al., 2013). Recently, Zhao et al. (2014) showed that TMIE interacts with PCDH15 in 

HEK293 cells but were unable to identify the molecular function for TMIE in hair cells. 

Interestingly, Zhao et al. (2014) demonstrated the presence of anomalous mechano-

transduction currents in TMIE-deficient hair cells, thus, it could be argued that TMIE is an 

accessory protein and is not essential for mechanotransduction. However, using 

conventional nomenclature (Hille, 2001), TMIE cannot be considered an accessory protein 

for sensory transduction as conventional hair cell transduction was completely absent in 

TMIE-deficient cells. Unlike TMC1, TMIE mutations have not been identified that alter the 

biophysical properties of sensory transduction channels. Thus, TMIE seems to be an 

essential component of the transduction apparatus but may be more remotely involved, 

perhaps as a linker required to convey mechanical tension to mechanosensory channels.

TMHS has also been localized to hair bundles and causes deafness in mice and humans 

when mutated (Longo-Guess et al., 2005; Kalay et al., 2006; Shabbir et al., 2006). Xiong et 

al. (2012) suggested TMHS may be a component of the transduction apparatus in hair cells 

based on biochemical interactions with PCDH15. However, since TMHS expression is 
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transient during early development (Shabbir et al., 2006) and hair cells deficient in TMHS 

are dysmorphic (Xiong et al., 2012), it is not clear whether TMHS plays a direct role in 

mechanotransduction or a developmental role during hair bundle morphogenesis. Recent 

work suggested that TMHS expression is required for proper targeting of TMC1 to the tips 

of hair cell stereocilia and may help stabilize an interaction between TMC1 and the tip-link 

protein PCDH15 (Beurg et al., 2015). In the absence of TMHS expression, TMC1 

localization at the tips of stereocilia is lost, the number of tip-links is reduced by ~66% and 

the whole-cell currents are reduced by 70–80%. TMHS deletion does not disrupt TMC2 

localization, suggesting that another unknown protein may be responsible for targeting 

TMC2. Since TMHS is required for proper targeting of TMC1, deletion of both TMHS and 

TMC2 resulted in complete loss of residual transduction currents, consistent with prior 

observations that proper expression of TMC1 or TMC2 are required for sensory transduction 

in hair cells (Kawashima et al., 2011). A model that includes TMHS and TMIE is shown in 

Figure 3D.

Conclusions

The molecular complexity of the hair cell transduction apparatus and the heterogeneity in 

hair cells of different organs and species is becoming increasingly apparent. How the 

various components of this complex fit together to form one of nature’s most exquisite 

mechanosensory devices is not yet clear, but these question surely will keep investigators 

busy for some time to come. Recent progress in the field has already fuelled expanded 

interest and research into the molecules and mechanisms of hair cell sensory transduction. 

We anticipate that identification of the molecular composition of the sensory transduction 

apparatus will facilitate a better understanding of basic biology of inner ear function and 

dysfunction and will help translate these discoveries into treatment strategies designed to 

restore hearing and balance function in deaf and dizzy patients.
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Highlights

• The molecular mechanisms of sensory transduction in hair cells are more 

complex than depicted in cartoons based on biophysical models.

• Tip-links are composed of cadherin-23 and protocadherin-15.

• TMC1 and TMC2 function as components of sensory transduction channels in 

hair cells.

• The molecules, mechanisms and functions of anomalous mechanotransduction 

are unknown.

• Myosins contribute to slow adaptation in vestibular hair cells. The molecular 

mechanisms of fast adaptation are unknown.
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Figure 1. 
Scanning electron micrographs of hair bundles from the rodent inner ear. (a) Hair bundle 

from a P15 rat inner hair cell. Scale bar = 2 µm. Reprinted from Beurg et al. (2006). (b) Hair 

bundle from a mouse hair outer cell. Scale bar = 2 µm. Reprinted with permission from 

David Furness. (c) Hair bundle from a mouse vestibular hair cell. Scale bar = 2 µm. 

Reprinted from Holt et al. (2002).
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Figure 2. 
Schematic diagrams of the mechanosensory hair bundle of the mammalian inner ear. (a) 
Hair bundles are comprised of 50–100 modified microvilli, known as stereocilia (pictured in 

green). They are arranged in a stair case pattern of increasing height. At the tall edge is a 

single true cilium, known as the kinocilium which is present in vestibular hair bundles and 

auditory bundles during development. Stereocilia are held together in a compact bundle by 

extracelluar linkages know as ankle links and horizontal top connectors. The bundle is 

anchored to the cuticular plate at the apical surface of the hair cell cell-body. Deflection of 

the hair bundle toward the kinocilium is excitatory. The region within the red box is 

enlarged at the right to show greater detail. (b) Stereocilia have cores of actin filaments 

crosslinked with Espin and Fimbrin. Several unconventional myosins, shuttle cargo up and 

down the stereocilia, function to maintain bundle lingages and hold the cell membrane in 

place around the actin core. Four key components of the biophysically-defined model for 

hair cell sensory transduction are shown here: the gating spring, the mechanosensitive 

channel, the tip-link and the adaptation motor. Modified from Géléoc and Holt (2014). The 

molecular composition of the hair cell sensory transduction apparatus is under investigation.
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Figure 3. 
Three possible configurations of TMC1 and TMC2 within the sensory transduction channel 

complex. Modified from Kawashima et al. (2014). (a) TMC1/TMC2 may be linker proteins 

that bind PCDH15 and convey tension to pore-forming subunits of the transduction channel. 

In this configuration, extracellular domains of TMC1/TMC2 may be within close enough 

proximity to the mouth of the pore to modify calcium-selectivity and single-channel 

conductance. (b) TMC1/TMC2 may be essential components of the channel linking directly 

with PCDH15. In this case, TMC1/TMC2 are part of an ion channel complex that includes 
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other, as yet unknown, ion channel subunits. (c) In this scenario, TMC1/TMC2 are pore-

forming subunits of the transduction channel and are coupled directly PCDH15. Modified 

from Kawashima et al. (2014). (d) A model based on the most recent biochemical data 

which suggest interactions between PCDH15 and TMC1 (Maeda et al., 2014), PCDH15 and 

TMIE (Zhao et al., 2014), PCDH15 and TMHS and shows that TMHS is necessary for 

TMC1 localization at the tips of sterocilia (Beurg et al., 2015).
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