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Chapter 2
Cellular Structure for Hair-Cell
Mechanotransduction

Zhigang Xu

Abstract In this chapter, we will introduce the cellular structure that is responsible
for hair-cell mechanotransduction (MET). Auditory hair cells reside in the inner ear,
where they are interlaced in a precise pattern with various supporting cells. Hair
cells got their name because each one has hundreds of hairy-looking membrane
protrusions, namely, stereocilia, extending from its apical surface. Within each hair
cell, various types of extracellular links couple different stereocilia with one another.
Tip links connect the tips of shorter stereocilia to the lateral shaft of its taller neigh-
bouring stereocilia, and the yet-unidentified MET channels localize at the tips of
shorter stereocilia, near the lower end of tip links. When the stereocilia are deflected
positively, tension of tip links increases, which changes the conformation of MET
channels and increases their open probability. Driven by the potential difference and
ion concentration difference, cations flux into hair cells through the MET channels
and cause membrane depolarization.
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2.1 Inner Ear and Hair Cells

The auditory system consists of three parts: the outer ear, the middle ear, and the
inner ear (Fig. 2.1a). The outer ear funnels sound into the middle ear, which con-
verts the airborne vibration into mechanical vibration and then transfers it to the
cochlea of the inner ear. Besides the cochlea, in the inner ear, there is also the laby-
rinth, which belongs to the vestibular system (Fig. 2.1a). Here we are only con-
cerned with the auditory hair cells in the cochlea, but we want to point out that the
vestibular hair cells in the labyrinth have similar structure as auditory hair cells and
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Fig. 2.1 Auditory pathway: the ear, organ of Corti, and hair cells. (a) The outer, middle, and inner
ear. (b) The cross-section view of the cochlea. The cochlea contains three chambers: scala vestib-
uli, scala media, and scala tympani, which are separated by Reissner’s membrane and the basilar
membrane. The organ of Corti resides upon the basilar membrane. (¢) A traveling wave in the basi-
lar membrane. For the purpose of simplicity, the scala media and Reissner’s membrane are not
illustrated here. (d) The cross-section view of the organ of Corti. The organ of Corti sits upon the
basilar membrane and is covered by the tectorial membrane. (e) Top view of the hair bundles of P8
mouse IHC and OHC. Scale bars, 1 pm

(a) through (d): Reprinted with permission from Bear MF. et al., Neuroscience: Exploring the
brain (4th edition, 2015). Publisher: Wolters Kluwer. (e) Reprinted with permission from Wang Y.
et al., Front. Mol. Neurosci., 2017, 10: 401

that the molecular MET mechanism in auditory hair cells and vestibular hair cells is
believed to be similar, if not the same.

The cochlea has a spiral shape, like a snail’s shell. The inside of the cochlea is
divided into three fluid-filled chambers: scala vestibuli, scala media, and scala tym-
pani. Scala vestibuli is separated from scale media by Reissner’s membrane, and
scala media is separated from scala tympani by basilar membrane (Fig. 2.1b). Scala
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vestibuli and scala tympani are connected to each other at the apex of the cochlea
through a hole called helicotrema, and these two chambers are filled with peri-
lymph, which contains relatively low K* (7 mm) and high Na* (140 mm), similar to
regular cerebrospinal fluid. In contrast, scala media is filled with endolymph, which
contains high K* (150 mm) and low Na* (1 mm), similar to intracellular fluid. The
ionic concentration differences and the selective permeability of Reissner’s mem-
brane result in the so-called endocochlear potential (EP): the electrical potential of
endolymph is about 80 mV more positive than that of the perilymph.

The mechanical vibration transmitted from the middle ear moves the membrane
that covers the oval window, an opening at the base of scala vestibuli. This move-
ment displaces the perilymph and endolymph inside the cochlea and eventually
causes the basilar membrane to move up and down. The basilar membrane starts its
movement by bending near its base, which then propagates towards the apex as a
“travelling wave” (Fig. 2.1c). Sitting on the basilar membrane is the organ of Corti,
which harbours the auditory hair cells as well as various supporting cells (Fig. 2.1d).
From base to apex along the cochlear duct, hair cells at different positions are tuned
to different frequencies, which are known as characteristic frequencies. Hair cells at
the base respond to high frequencies, and those at the apex respond to low frequen-
cies [1, 2].

In mammals, there are two types of auditory hair cells: inner hair cells (IHCs)
and outer hair cells (OHCs). Along the spiral cochlea, there are one single row of
THCs (about 3500 in human) and three rows of OHCs (about 12,000 in human). Hair
cells got their name because each one has hundreds of hairy-looking membrane
protrusions, namely, stereocilia, extending from its apical surface. IHCs have pear-
shaped cell body and contain flattened U-shaped stereocilia. OHCs have cylinder-
shaped cell body and contain V-shaped stereocilia (Fig. 2.1e). The tips of the OHC
stereocilia are embedded in the overlying tectorial membrane.

IHCs form synapses with the spiral ganglion cells, which are afferent neurons.
Spiral ganglion cells relay the auditory information to the cochlear nuclei in the
medulla and eventually to the auditory cortex. OHCs, on the other hand, usually do
not form synapses with the spiral ganglion. Instead, they mainly form synapses with
efferent neurons and work as cochlear amplifier and play an important role in fre-
quency tuning [3, 4]. Nevertheless, the molecular MET mechanisms in these two
types of auditory hair cells are considered to be the same.

2.2 Hair Bundle: Stereocilia and Kinocilia

Hair cells are characteristic of their hairy-looking, F-actin-based stereocilia on the
apical surface (Fig. 2.2a). One hair cell has dozens to hundreds of stereocilia, which
are organized into several rows of increasing heights, forming a staircase-like pat-
tern. The actin core in each stereocilium is tightly packed in a paracrystalline array,
with the barbed (plus) ends pointing towards the stereociliary tips [5]. The actin
core is dynamic in developing stereocilia but stable in mature stereocilia [6, 7]. The
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Fig. 2.2 Hair bundles: structure and function. (a) Schematic drawing of a hair cell. (b) Schematic
drawing of extracellular links that connect stereocilia. (¢) The model of sound-induced hair bundle
deflection (Reprinted with permission from Bear MF. et al., Neuroscience: Exploring the brain (4th
edition, 2015). Publisher: Wolters Kluwer)

stereocilium tapers at its base, and a few actin filaments (referred as rootlet) con-
tinue to insert into the F-actin matrix of the cuticular plate underneath the apical
surface. This makes stereocilia easy to bend at the base when basilar membrane
moves up and down (see below). Stereocilia are organized in a flattened U-shaped
(IHCs) or V-shaped (OHCs) pattern, with the tallest stereocilia positioning at the
vertices. The vertices of all stereocilia point away from the centre of the cochlea,
establishing the planar cell polarity (PCP) in the cochlear epithelia.

Besides stereocilia, there is a single microtubule-based kinocilium on each hair
cell’s apical surface. Stereocilia and kinocilium together constitute the so-called
hair bundle. Kinocilium localizes at the vertex of stereocilia, juxtaposed next to the
tallest stereocilia. Kinocilium is degenerated at late developmental stage in cochlear
hair cells (but persists in vestibular hair cells), suggesting that it is not necessary for
MET [8-10]. Nevertheless, kinocilium is believed to play pivotal roles in stereocilia
development and cochlear PCP establishment.

There are various types of extracellular links that couple different stereocilia
with one another as well as with kinocilium [11, 12]. Four types of links connect
stereocilia, namely, tip links, horizontal top connectors, lateral links, and ankle
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links. Among them, tip links and horizontal top connectors are found in the mature
cochlear stereocilia, whereas lateral links and ankle links only temporally exist in
developing cochlear stereocilia (Fig. 2.2b). The tallest stereocilia are connected to
kinocilium by kinociliary links. As kinocilium only exist in developing auditory
hair cells, kinociliary links in auditory hair cells are also transient. These links play
important roles in the development and function of hair bundle.

The morphogenesis of hair bundle was first thoroughly studied in avian hair cells
[5, 13]. At the onset of hair bundle morphogenesis, the apical surface of hair cell is
covered uniformly with multiple microvilli, and a single kinocilium is localized in
the centre of the apical surface. The microvilli elongate and form stereocilia of simi-
lar height then stop elongation and start to increase the width by adding more actin
filaments. Meanwhile, the kinocilium moves from the centre to the bundle periphery
at a random direction then reorients so that the kinocilia of all the hair cells are on
approximately the same side of the cell. The stereocilia next to the kinocilium then
start to elongate again, followed by elongation of the adjacent rows of stereocilia,
forming a staircase-like pattern. After that, stereocilia stop elongation and increase
their width. Kinocilium is lost during this period, and the unelongated stereocilia
are eventually resorbed. The filaments in the central core of stereocilia extend
basally to form rootlets. At last, stereocilia reinitiate elongation and grow to their
final lengths. Development of mammalian auditory hair bundles generally follows
the same theme, although the stages are less distinct [14, 15].

When sound-induced mechanical energy is transferred to the cochlea, the basilar
membrane moves up and down. The tips of the OHC stereocilia are embedded in the
tectorial membrane; hence, the movement of the basilar membrane relative to the
tectorial membrane causes the deflection of the stereocilia of OHCs. Although the
tips of IHC stereocilia are not embedded in the tectorial membrane, IHC stereocilia
are also deflected, possibly by the moving endolymph. The extracellular links hold
the stereocilia together, so all the stereocilia move as a unit (Fig. 2.2¢). The move-
ment of hair bundle provides the basis for hair-cell MET. The response of hair cells
to stereocilia movement is direction-sensitive: movement towards the tallest stereo-
cilia produces depolarized receptor potential, whereas opposite movement produces
hyperpolarized receptor potential. There is a cosine relationship for responses to
stereocilia movement of any directions, and the sensitive direction is referred as
“axis of mechanical sensitivity” [16, 17].

2.3 Tip Links and Mechanotransduction

Among all the extracellular links that connect the stereocilia, tip links probably
attract the most attention. Tip links connect the tips of shorter stereocilia to the lat-
eral shaft of its taller neighbouring stereocilia [18]. Ultrastructural studies showed
that they are 150-200 nm long and 8—11 nm thick, adopting a double-helical con-
formation with a 20-25 nm periodicity [19, 20] (Fig. 2.3a—c). Each filament in the
double helix is composed of multiple globular structures that are 4 nm in diameter.
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Fig. 2.3 Tip links: the pivotal linkers that gate the MET channels. (a) Model of tip-link structure.
(b) Freeze-etch image of tip link from guinea pig hair cells. (¢) Higher magnification view of the
tip link in (b). (d) Model of MET mechanism (Scale bars: 50 nm in b; 10 nm in ¢)

(a) through (c): Reprinted with permission from Kachar B, et al. Proc. Natl. Acad. Sci. U. S. A.,
2000, 97(24):13336-41. Copyright (2000) National Academy of Sciences, U.S.A. (d) Reprinted
with permission from Bear MF. et al., Neuroscience: Exploring the brain (4th edition, 2015).
Publisher: Wolters Kluwer

Tip links are separated into two or three strands at both ends, which insert into the
plasma membrane of stereocilia. Electron microscopy revealed that the upper and
lower tip-link insertion sites display electron-dense plaques [21], which were named
later as upper tip-link density (UTLD) and lower tip-link density (LTLD). Ca** che-
lators such as BAPTA cause disruption of tip links, suggesting that the structural
integrity of tip links is Ca**-dependent [22]. Tip links were also shown to be asym-
metric: the upper part and lower part are formed by different proteins [23], and the
MET channels are placed near the lower end of tip links [24].

Several lines of evidence indicate that tip links are directly involved in the MET
process. First, the direction of tip links is parallel to the bundle’s axis of mechanical
sensitivity [18]. Second, high-speed calcium imaging revealed that the MET chan-
nels are localized at the tips of shorter stereocilia, near the lower end of tip links [24].
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Third, when tip links are disrupted with calcium chelators, MET is also abolished
[22]. Fourth, hair-cell MET is interrupted in mutant mice that lose tip links [25-27].

Figure 2.3d summarizes our present understanding how MET happens in hair
cells. When there is no sound stimuli, the stereocilia are not deflected and stand
straight up. The resting tension of the tip links causes the MET channels to spend
part of the time in the open state. Driven by the EP and the ionic concentration dif-
ferences, a small amount of cations (K* and Ca?*) enter hair cells through the chan-
nels (Fig. 2.3d1). When the stereocilia are deflected towards the taller edge, tension
of the tip links increases, which in turn increases the open probability of the chan-
nels, and allows more cations to enter hair cells. The flux of cations causes mem-
brane depolarization in hair cells (Fig. 2.3d2). On the other hand, when the stereocilia
are deflected towards the shorter edge, tension of tip links decreases, less cations
enter hair cells, and cell membrane is hyperpolarized (Fig. 2.3d3).

2.4 Discussion

Cochlear hair cells are the auditory receptor cells, and their characteristic stereocilia
are indispensable for MET. In the present model, tip links, which connect the tips of
shorter stereocilia to the lateral shaft of its taller neighbouring stereocilia, are placed
in a central position next to the MET channels. Deflection of stereocilia changes
tension of tip links, opens the MET channels, and produces receptor potential.

Given the importance of stereocilia in hair-cell MET, it is not surprising that defi-
cits in stereocilia development or maintenance could lead to profound hearing loss.
Indeed, mutations that affect stereociliary F-actin polymerization, bundling, or even
actin itself have been shown to associate with syndromic or nonsyndromic deafness
[28]. Kinocilia are not present in mature mammalian cochlear hair cells and hence
are not necessary for MET. Nevertheless, kinocilia are essential for hair bundle
development, as mutations that affect kinocilia are associated with hair bundle
polarity deficits [29, 30].

The small numbers of hair cells and the scarcity of functional MET channels in
each hair cell hindered the identification of the channel. We now know that the MET
channels localize at the tips of shorter stereocilia, close to the lower insertion site of
tip links. The property and molecular composition of the MET machinery are dis-
cussed in the following chapters.
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