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We dedicate this book to Alfons Riisch (1959-2002), whose work touched on
almost every aspect of function in vertebrate hair cells. A true naturalist, Alfons
investigated hair cells from diverse organs. A pragmatic experimentalist, he was
at the leading edge in development of elegant physiological preparations and
assays. His results enriched our understanding of transduction and the changes
in auditory and vestibular hair cells that accompany the maturation of hearing
and balance.




Series Preface

The Springer Handbook of Auditory Research presents a series of comprehen-
sive and synthetic reviews of the fundamental topics in modern auditory re-
search. The volumes are aimed at all individuals with interests in hearing
research including advanced graduate students, postdoctoral researchers, and
clinical investigators. The volumes are intended to introduce new investigators
to important aspects of hearing science and to help established investigators to
better understand the fundamental theories and data in fields of hearing that they
may not normally follow closely.

Each volume presents a particular topic comprehensively, and each serves as
a synthetic overview and guide to the literature. As such, the chapters present
neither exhaustive data reviews nor original research that has not yet appeared
in peer-reviewed journals. The volumes focus on topics that have developed a
solid data and conceptual foundation rather than on those for which a literature
is only beginning to develop. New research areas will be covered on a timely
basis in the series as they begin to mature.

Each volume in the series consists of a few substantial chapters on a particular
topic. In some cases, the topics will be ones of traditional interest for which
there is a substantial body of data and theory, such as auditory neuroanatomy
(Vol. 1) and neurophysiology (Vol. 2). Other volumes in the series deal with
topics that have begun to mature more recently, such as development, plasticity,
and computational models of neural processing. In many cases, the series ed-
itors are joined by a co-editor having special expertise in the topic of the volume.

RicHARD R. FAy, Chicago, Illinois
ARTHUR N. PopPPER, College Park, Maryland

vii



Volume Preface

Vertebrate hair cells have the attractive ability to represent key problems in
diverse disciplines. For example, developmental biologists see orderly programs
of development, from the formation of the mechanosensitive hair bundle to the
organization of the hair cell and supporting cell mosaic. Biophysicists analyze
hair cell receptor potentials into contributions from sets of specific mechano-
sensory, voltage- and ligand-gated ion channels. Synaptologists see hair cells
as relatively accessible and high-functioning presynaptic terminals. Each chap-
ter in this volume summarizes the hair cell from a distinct research perspective,
with the overall goal of providing a comprehensive picture of hair cell function.

In Chapter 1, Eatock introduces the modern view of hair cells as represented
in this volume and then provides a historic review of experimental milestones
in hair cell study. Chapter 2 follows with a comprehensive synthesis of the
rapidly expanding field of hair cell development by Goodyear, Kros, and
Richardson.

The next several chapters advance from top to bottom through the afferent
cascade of sensory processing, from transduction at the apical pole of the hair
cell through the effect of basolateral channels on the receptor potential, con-
cluding with synaptic transmission at the basal pole. Furness and Hackney
(Chapter 3) describe the beautifully diverse and ordered structures of hair bun-
dles at the light, ultrastructural, and molecular levels. In Chapter 4, Fettiplace
and Ricci discuss mechanoelectrical transduction, the remarkable process by
which bundle deflection gates channels in the hair bundle, and associated feed-
back processes that shape the transduction current.

The transduction current changes the membrane potential, modulating
voltage-gated ion channels in the hair cell’s basolateral membrane. In Chapter
5, Art and Fettiplace review elegant experimental series showing how the bio-
physical properties of basolateral channels tune the receptor potentials of turtle
and chick cochlear hair cells. In Chapter 6, Fuchs and Parsons describe novel
mechanisms supporting afferent transmission from hair cells to eighth-nerve fi-
bers and efferent transmission from nerve fibers originating in the brainstem.

The volume concludes with two chapters on specialist hair cells. In Chapter
7, Brownell discusses an electromechanical transduction process unique to the

ix



X Volume Preface

highly specialized outer hair cells of mammalian cochleas and fundamental to
mammalian hearing sensitivity. In Chapter 8, Eatock and Lysakowski review
transduction and transmission in mammalian vestibular hair cells, with special
focus on the unusual properties and possible functions of the type I hair cell
and its calyceal afferent ending.

Complementary chapters on hair cells can be found in several other volumes
in the Springer Handbook of Auditory Research series. Volume 8 (The Cochlea)
covers the structure and function of the inner ear, including physiology and other
aspects of hair cells. Vestibular hair cells are discussed in Volume 19 (The
Vestibular System) in chapters covering afferent morphophysiology (Lysakowski
and Goldberg) and basolateral hair cell currents (Steinacker). The evolution of
hair cells is considered in a chapter by Coffin et al. in Evolution of the Vertebrate
Auditory System while the molecular biology of ear (and hair cell) development
is a topic of Development of the Inner Ear.

RuTtH ANNE EAaTOCK, Houston, Texas
RicHARD R. Fay, Chicago, Illionois
ARTHUR N. PoPpPER, College Park, Maryland
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Vertebrate Hair Cells: Modern and
Historic Perspectives

RuTtH ANNE EATOCK

1. Introduction to the Volume

Vertebrate hair cells share many fundamental features, reflecting their common
origin in vertebrate ancestors (chordates; Coffin et al. 2004). Conversely, the
intervening half-billion years have allowed hair cells to diversify across species
and organs. In their well-ordered diversity, hair cells afford natural experiments
in biomechanics, development, sensory transduction, excitability, and synaptic
transmission. Each chapter in this book represents hair cells from a distinct
research perspective, so that the ensemble presents a comprehensive summary
of their development and function.

The volume begins with a chapter by Richard Goodyear, Corné Kros, and
Guy Richardson on hair cell development (Chapter 2; Fig. 1.1A). The fast
growth of research into hair cell development reflects its ability to attract inves-
tigators from outside fields: Hair cell organs are choice tissues in which to
examine how complex three-dimensional structures, such as the vestibular laby-
rinth, are carved out during development (Chang et al. 2004); how highly or-
dered two-dimensional arrays of cells achieve their mature pattern (Bryant et al.
2002); how individual cells regulate the growth of specialized processes such as
stereocilia (Tilney et al. 1988; Fig. 1.1A); and how and why ion channel ex-
pression changes with development (Marcotti et al. 2003). Such routine pro-
cesses as bundling of filamentous actin by cross-linking proteins acquire panache
when the bundling is essential for hearing and balance (Zheng et al. 2000b).
Developmental changes in ion channel expression are well known throughout
the brain, but are precisely anchored in cochlear hair cells by the onset of hear-
ing, at which time a set of ion channel transformations appears to switch the
hair cells from spontaneously spiking promoters of synaptogenesis to proper
sensory cells.

The next several chapters advance from top to bottom through the hair cell
and the afferent cascade of sensory processing. In Chapter 3, David Furness
and Carole Hackney describe the structure of hair bundles. These arrays of
specialized microvilli are organized in a staircase of rows behind a single true
cilium and are cross-linked internally and externally to form a stiff structure that
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1. Vertebrate Hair Cells: Modern and Historic Perspectives 3

bends about its insertion into a dense apical web (the cuticular plate) (Fig. 1.1B).
New data from genetics and molecular biology (Fig. 1.1C) are rapidly expanding
our knowledge of the component molecules and how they may link to produce
an intact transducing bundle.

In Chapter 4, Robert Fettiplace and Tony Ricci describe our unfolding un-
derstanding of how the mechanosensitive apparatus transduces hair bundle de-
flection into current and how the properties of its component parts, especially
the transduction channels, shape the transduction current. It has long been ap-

<

FIGURE 1.1. Levels of study of inner ear hair cells. (A) Investigations of hair cell de-
velopment (Chapter 2) have identified proteins involved in: setting hair cell fate, such as
the transcription factor (TF) Mathl and the ligand-receptor combination Delta—Notch;
establishing the supporting cell/hair cell mosaic (Delta—Notch); making hair bundles (my-
osins VI, VIla, and XV) and orienting them (planar cell polarity, PCP, proteins); making
accessory tectorial and otolithic gels, in part via secretion of such component proteins
as tectorins and otogelin from supporting cells; expression of age-specific calcium-
binding proteins (CBPs); and promoting synapses via neurotrophin (NT) release and
action potentials (spikes) generated by Ca, Na, and K channels. (B) Hair cell morphology
(Chapters 3, 6, 7, and 8). Hair cells are epithelial cells, with an apical bundle of spe-
cialized microvilli (stereocilia) and a basolateral soma contacted by neural endings. Pre-
synaptic to each afferent contact is a synaptic ribbon and postsynaptic to each efferent
contact (on hair cells) is a cistern. (C) A sampling of molecules revealed by genetic,
molecular, immunocytochemical and biophysical approaches (Chapters 2—8). Congenital
inner ear defects frequently reflect mutations in components of hair bundles or extracel-
lular matrices. Thus, genetic approaches have populated the hair bundle with numerous
cytoskeletal (actin, fimbrin, espin), linkage (vezatin, cadherins), and motor (myosin) pro-
teins (Chapters 2 and 3). There are strong candidates for several structures key to me-
chanotransduction, including TRP channels and Myolc adaptation motors (Chapter 4).
Plasma membrane ATPases, PMCA, maintain trans-membrane Ca?* gradients and are
required for transduction and normal otoconia (Chapters 4 and 8). The enzyme PTPRQ
at the base of the bundle may be responsible for apical segregation of phosphatidylinositol
4,5-bisphosphate (PIP,), where it modulates adaptation (Hirono et al. 2004). Extracellular
gels include the secreted collagens, tectorins and otogelin (Chapter 8). Otoconia are
largely calcareous crystals, but some have a proteinaceous core that includes otoconin-
95, and otopetrin may organize their formation (Chapter 8). Basolateral ion channels
include the K channels KCNQ, BK, and IR; the SK channel, which generates the efferent-
evoked inhibitory postsynaptic potential; the presynaptic Ca** channel, o,;; the neuro-
transmitter receptor channels o, ;,; and, on the afferent terminal, glutamate receptors 1—
4 (Chapters 2, 5, 6, and 8). CBPs such as parvalbumin, calretinin and calbindin are
present at high levels and differentially expressed (Chapters 4 and 8). (D) Hair cell
signals, monitored as changes in bundle stiffness (Chapter 4), intracellular free Ca**
(Chapters 4-6), capacitance (a measure of exocytosis; Chapter 6) or electrical activity in
the form of transduction currents (/,...; Chapters 4 and 8), receptor potential (RP; Chapters
5 and 8), inhibitory postsynaptic potentials (IPSPs, Chapter 6), or excitatory postsynaptic
potentials (EPSPs) from afferent nerve fibers (Chapter 6) and spikes.
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preciated that in the cochlea, narrow-band tuning enhances the sensitivity of hair
cells (Block 1992), and for just as long arguments have raged over the site(s)
of such tuning. For the mammalian cochlea, which hears at frequencies well
above the upper limit in other species (10 kHz), current debate centers on
whether amplification depends more on processes localized in the bundle (Chap-
ter 4) or in the basolateral membrane of outer hair cells (Chapter 7).

The transduction current changes membrane potential, secondarily modulating
ion channels in the basolateral hair cell membrane. In Chapter 5, Jonathan Art
and Robert Fettiplace review how the basolateral channels condition the receptor
potentials of cochlear hair cells. In non-mammals, hair cells tuned to stimuli
below several kilohertz often show electrical tuning: amplification of the receptor
potential at the acoustic or vibratory best frequency by the electrical properties
of the membrane. In the afferent sequence, electrical tuning follows tuning of
accessory structures such as tectorial membranes and of the transduction appa-
ratus (the stereociliary amplifier). Electrical tuning is achieved with specific
complements of basolateral ion channels such that current flowing through the
channels enhances the receptor potential at the best frequency. This virtuoso
display of ion channel engineering has made its way into most neuroscience
textbooks. Current research is focused on the molecular mechanisms underlying
this tuning—how are gradients in tuning achieved, such that one cell is tuned
to a slightly higher frequency than its apical neighbor?

In Chapter 6, Paul Fuchs and Tom Parsons consider the synaptic pole, at
which the hair cell transmits its signal to afferent nerve terminals and receives
input from efferent fibers originating in the brainstem. Vertebrate hair cells are
excellent models for studies of excitatory transmission. Like excitatory presy-
naptic terminals in the brain, hair cell afferent synapses release glutamate, but
they offer several experimental advantages. First, they are relatively large and
accessible, so that it is possible to monitor capacitance changes as a measure of
exocytosis (Parsons et al. 1994; Moser and Beutner 2000). Second, hair cell
synapses are “souped-up,’ delivering transmitter at remarkably high peak and
tonic rates. Third, because we know a great deal about the sensory signals being
transmitted, we can relate performance (e.g., speed of transmission) to function
(e.g., temporal representation of sound frequencies). Fourth, vesicles are orga-
nized around intriguing electron-dense structures called presynaptic ribbons or
dense bodies, also found in the high-functioning synapses of photoreceptors and
bipolar cells.

Vertebrate hair cells, unlike other sensory cells, receive direct feedback from
brain neurons. As described in Chapter 6, we now have a good idea of the
physiological effect of efferents on afferent auditory responses (de-tuning) and
of the underlying molecular mechanisms. Unraveling the latter involved dis-
covering a new kind of cholinergic receptor and novel coupling to a special
class of potassium channels (Fuchs and Murrow 1992). These mechanisms have
been worked out in avian and mammalian cochleas, in which efferent feedback
is strongly directed to hair cells that are not the principal sources of afferent
information. Somehow, efferent feedback to one class of hair cells (outer hair
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cells in mammals and short hair cells in chicks) is communicated to a second
class of hair cell (inner and tall hair cells, respectively).

In the mammalian cochlea, this occurs via a special electromechanical trans-
duction process—somatic “electromotility”—in outer hair cells (Brownell et al.
1985). Electrically evoked changes in force generation by outer hair cells feed
into cochlear mechanics, affecting the afferent signals produced by the inner hair
cells. The somatic electromotility of outer hair cells, although sensitive to
efferent-mediated voltage changes in the hair cells, is also driven by the outer
hair cell’s own receptor potential. Indeed, it has been argued that positive feed-
back from this mechanism onto cochlear mechanics is critical to the unique
sensitivity of mammalian cochleas to high sound frequencies (> 10 kHz). A
membrane protein essential for the electromotility has been identified, but, as
Bill Brownell describes in Chapter 7, how that protein works in its lipid envi-
ronment and how the hair cell overcomes the effects of low-pass filtering of
membrane voltage at high sound frequencies remain mysterious.

In Chapter 8, Eatock and Lysakowski turn to the low end of the frequency
spectrum, occupied by hair cells in vestibular organs. Vestibular hair cells pro-
vide input about head movements to brainstem reflexes that control eye, head,
and body position. Chapter 8 presents evidence that mammalian vestibular ep-
ithelia represent head movement frequencies in a coarse zonal map, quite dif-
ferent from the finely graded representations of sound frequency along cochleas.
A prominent feature of amniote vestibular epithelia is the type I hair cell, which
has at least two highly unusual properties whose significance is not understood.
It is enveloped by a large cup-shaped afferent ending (Wersill 1956)—the only
postsynaptic calyx known—and it expresses an enormous potassium conduc-
tance that is significantly activated at resting potential (Correia and Lang 1990).

In summary, this volume reviews our current understanding of hair cell de-
velopment, mechanoelectrical and electromechanical transduction, ion channel
signaling, excitatory synaptic transmission, and efferent feedback. The next sec-
tion provides context for contemporary results with a selective review of his-
torical developments.

2. A Brief History of Research on Vertebrate Hair Cells

The earliest anatomical studies of hair cells coincide with the development of
histological methods for light microscopy in the 1800s and are linked to studies
of the mammalian cochlea, which received then, as now, the lion’s share of the
attention devoted to inner ear organs. Hair cells were apparently first described
by Alfonso Corti in 1851 in his famous light microscopic observations of the
sensory epithelium (now the “organ of Corti”) of the mammalian cochlea, al-
though he did not call them hair cells (Hawkins 2004). Leydig may have been
the first to describe stereocilia (Gitter and Preyer 1991). Deiters (1860, cited
by Schacht and Hawkins 2004) actually referred to cochlear hair cells as “Corti
cells” and called the support cells that now bear his name “hair cells.” Between
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1860 and the early 1880s, hair cells acquired their name, appearing as “Haar-
zellen” in Gustaf Retzius’ remarkable illustrations of inner ear anatomy (Retzius
1881, 1884).

The first recordings of hair cell activity were made inadvertently by Wever
and Bray (1930), who were attempting to record auditory nerve activity but
picked up instead an extracellular trace of the transduction currents flowing
across many hair cells, which became known as the cochlear “microphonic™!
potential. Through the 1960s, microphonic potentials were recorded from prep-
arations as diverse as lizard auditory organs and salamander lateral line organs
(reviewed by Flock 1971). The electron microscope came into widespread use
and the orderly beauty of hair cell epithelia made them favored subjects of study
(Spoendlin 1970). Tract-tracing methods revealed the complex innervation pat-
tern of the mammalian cochlea, with most afferent fibers arising from the single
row of inner hair cells (Spoendlin 1972) and a strong efferent projection onto
the three rows of outer hair cells (Warr 1978).

Key findings established by these pioneering experiments include that hair
cells are directional, responding to the stimulus component parallel to the bun-
dle’s axis of bilateral symmetry (its “orientation’), and that the receptor potential
is a saturating, asymmetric function of bundle displacement or deflection (Flock
1971). From the 1970s to 1990s, the advance of single-cell recording and elec-
tron microscopic methods permitted experiments that established hair cells as
model cells for studies of mechanotransduction and the roles of voltage- and
Ca?"-gated ion channels in signaling, synaptic release, and efferent feedback.

2.1 Hair Cells as Models of Mechanotransduction

Beginning in 1970, investigators succeeded in using sharp micropipettes to rec-
ord intracellular receptor potentials from hair cells in the lateral lines of am-
phibians and fish (Harris et al. 1970; Flock and Russell 1976), the auditory
papilla of the alligator lizard (Mulroy et al. 1974), and the cochlea of the guinea
pig (Russell and Sellick 1977). The latter experiments demonstrated sharp fre-
quency selectivity in auditory hair cells. In the mid-to-late 1970s, these in vivo
approaches to hair cell transduction began to give way to in vitro experiments.
Breakthroughs were made by investigators trained in phototransduction, where
in vitro methods for stimulating and recording from isolated sensory cells were
far advanced (Hudspeth and Corey 1977; Fettiplace and Crawford 1978). Fet-
tiplace and Crawford developed a turtle preparation that maintains the integrity
of the sound transmission pathway while providing microelectrode access to
auditory afferents and hair cells. They showed that turtle auditory hair cells
have sharp electrical tuning that accounts for much of their acoustic tuning
(Crawford and Fettiplace 1981).

!See a biographical memoir of Wever by J. Vernon at www.nap.edu/readingroom/
books/biomems.ewever.html for a description of how a comment by E.D. Adrian led to
this nomenclature.
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Hudspeth and Corey (1977) went more fully in vitro, excising the frog sac-
cular epithelium, pinning it out in an experimental chamber and viewing it with
high-power light microscopy. Because hair cells, unlike photoreceptors, are ex-
quisitely mechanosensitive, many within the cochlear field were skeptical that
in vitro approaches could work; surely the large inadvertent mechanical stimuli
during preparation would destroy the mechanotransduction process. But hair
cells have proven remarkably resilient. Figure 1 in Shepherd and Corey (1994)
demonstrates how transduction and adaptation survive a bundle deflection many
times the size of the cell’s instantaneous operating range. With the otolithic gel
layer in place, extracellular recordings could be made of summed hair cell re-
sponses to deflections of the gel layer (Corey and Hudspeth 1979, 1983). For
intracellular recordings, judicious use of protease facilitated removal of the gel
to expose the apical hair-bundle-bearing surface of the epithelium. Now it was
possible to bring in a fine glass probe to deflect the hair bundle and an
electrolyte-filled micropipette for recording from the hair cell.

The development of experiments on semi-intact epithelia permitted rapid ad-
vances in our documentation of mechanotransduction, so that our knowledge of
the biophysics of hair cell transduction vastly outstrips our understanding of
mechanotransduction in vertebrate somatosensors or any invertebrate mechano-
sensors. Only the bacterial mechanosensing channel, MscL, for which there is
crystal structure, is better understood (Sukharev and Corey 2004). Several tech-
nical aspects were important to the success of early in vitro hair cell experiments.
The large exposed apical surface of hair cells in the pinned-out frog saccular
macula and the use of bent microelectrodes (Hudspeth and Corey 1978) per-
mitted penetration of the hair cell with minimal damage. To deflect hair bundles
or otolithic gels in a controlled, calibrated fashion, Corey and Hudspeth (1980)
affixed glass pipettes to piezoelectric wafers that moved rapidly and linearly
with applied voltage; probe motion was monitored with photodiodes. These
advances made it possible to measure hair cell transducer functions (membrane
voltage as a function of bundle displacement) and the latency of transduction
(tens of microseconds), and to show that the receptor potential adapts during
maintained bundle deflections. From the very short latency of transduction and
the shape of the transducer function, the gating spring model of mechanotrans-
duction was developed (Corey and Hudspeth 1983). This model continues to
dominate our thinking about how hair bundle deflection produces a transducer
current and has strongly influenced models of mechanotransduction in other
specialist mechanosensors, such as the fly’s insect bristle organ (Gillespie and
Walker 2001) and the nematode’s soft-touch sensors (Chalfie 1997).

In vitro stimulating methods were adapted in the 1980s to test the mechanical
properties of hair bundles. Bundle motions were monitored optically and probes
were made wispier so that their stiffness was comparable to or less than that of
the bundle. The bundle’s motion in response to a force delivered by a probe of
known stiffness yields, by Hooke’s law, the bundle’s stiffness. Such experiments
on frog saccular and turtle cochlear hair cells provided substantial insights into
the hair cell’s mechanosensitivity. It was directly shown that bundles transduce
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Brownian motions of endolymph (Denk et al. 1989). The transduction apparatus
was found to be a major component of total bundle stiffness. Remarkably,
gating of the transduction channels substantially softens the bundle, producing
a large “gating compliance” analogous to the gating current of voltage-gated
channels (Howard and Hudspeth 1988). Fast and slow phases of adaptation were
shown to have opposite mechanical correlates, with fast adaptation stiffening the
bundle and slow adaptation relaxing it (Howard and Hudspeth 1987). When
calcium levels are matched to in vivo levels, both adaptation phases can produce
resonances of bundle motion (Benser et al. 1996; Ricci et al. 2000). Thus, what
appears to be adaptation in some conditions may actually reflect tuning processes
that amplify bundle motion over a restricted frequency range (i.e., stereociliary
amplifiers).

From the 1970s to the 1990s, when biochemical approaches were cracking
open the molecular cascade of phototransduction in vertebrate photoreceptors,
the molecules of mechanotransduction in hair cells remained mostly biophysical
constructs. Unlike photoreceptors, hair cells have a direct transduction mecha-
nism that relies on relatively few molecules and is therefore resistant to large-
scale biochemistry. Compare, for example, the numbers of functioning
transduction channels per sensory cell: at most hundreds per hair bundle versus
up to a million cyclic-nucleotide-gated transduction channels per rod outer seg-
ment (Yau and Baylor 1989). Thus, known molecular constituents of vertebrate
hair cells were confined to abundant cytoskeletal elements that could be rec-
ognized by immunocytochemical and biochemical methods (Drenckhahn et al.
1985). Investigators speculated about the identity of just a handful of transduc-
tion molecules. Were the transduction channels members of the DEG/ENaC
family of amiloride-sensitive Na* channels, based on genetic work implicating
such channels in soft-touch sensation in the nematode (Chalfie and Sulston
1981)? Did a complex of unconventional myosin molecules connect transduc-
tion channels to the actin core of the stereocilium (Gillespie and Hudspeth
1994)?

Beginning in the 1990s, however, genetic studies began identifying bundle
proteins at an impressive rate (Fig. 1.1C). Such studies begin with animals with
spontaneous or experimentally induced genetic mutations that have a mechan-
osensory phenotype. Methods include behavioral screens of randomly muta-
genized animals (Kernan and Zuker 1995) and genetic and anatomical analysis
of spontaneous hearing and balance mutants in animals and humans (Brown and
Steel 1994). A screen in fruitfly identified the probable mechanotransduction
channel for the fly bristle organ (Walker et al. 2000) as NOMPC, a member of
the TRP superfamily of ion channels. The founding member of this family is
the “transient receptor potential” channel, isolated in a screen of mutagenized
fruitflies for vision problems (Hardie and Minke 1993). Now, six TRP subfam-
ilies are known and most have channel representatives implicated in cellular
stretch sensitivity or in thermo-, chemo-, and noci-sensing (Moran et al. 2004;
Maroto et al. 2005). TRP channels are permeable to monovalent cations and
Ca?", allowing them to carry large currents and to use Ca?* as a feedback signal.
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Inspired by the fruitfly work, investigators have proposed a zebrafish orthologue
of NOMPC and a related channel called TRPA1 as candidates for hair cell
transduction channel(s) (Sidi et al. 2003; Corey et al. 2004). Biophysical studies
on turtle cochlear hair cells show variations in transduction channels that cor-
relate with best acoustic frequency (Ricci et al. 2003). With the recent identi-
fication of TRP candidates for these channels, we can anticipate molecular
studies to identify variants that affect transduction channel tuning. Such variants
might affect the channel’s Ca?* sensitivity; both the frequency and quality of
stereociliary tuning depend strongly on Ca?*.

Our view of gating of the transduction channel is similarly being refined by
genetic approaches. Until very recently, the tip link, an extracellular link be-
tween stereocilia in adjacent rows, was a favored candidate for the gating spring
(Pickles and Corey 1992). But a behavioral screen of mutagenized zebrafish
and a spontaneously occurring mouse mutation independently led to the iden-
tification of the tip link protein as a Ca*>*-dependent adhesion molecule, cadherin
23 (Siemens et al. 2004; Sollner et al. 2004), which may be too stiff to be the
elastic gating element (Corey and Sotomayor 2004). An alternative suggested
by the structure of NOMPC and TRPA1 channels is that the gating spring com-
prises a helical concatenation of ankyrin moieties on cytoplasmic N termini of
the putative transduction channels (Howard and Bechstedt 2004).

Another example of how genetic approaches can refine or transform the view
painted by biophysical experiments concerns the kinocilium, the single true cil-
ium at the tall edge of many hair bundles (Fig. 1.1). The nonessentiality of the
kinocilium for transduction is evident from its resorption during maturation of
mammalian and avian cochleas (Engstrom and Engstrom 1978; Hirokawa 1978).
Even in vestibular bundles, where kinocilia persist throughout life, transduction
appears to be relatively unaffected by extirpation of the kinocilium (Hudspeth
and Jacobs 1979). But new results locate putative mechanosensitive channels
in kinocilia as well as stereocilia, suggesting that kinocilia do transduce (Corey
et al. 2004). This is an attractive possibility: cilia with sensory functions include
photoreceptor outer segments, olfactory cilia, and the mechanosensitive cilia of
invertebrate hair cells. There is even evidence for a mechanosensory function
in the primary cilia of cells in nonmechanosensory epithelia (Pazour and Whit-
man 2003). Kinocilia originate as centrally located primary cilia in developing
hair cells (Tilney et al. 1992); could cilial mechanosensitivity play a role in
bundle development?

A mouse mutation in the tip link protein, cadherin 23, produces disheveled
hair bundles and the charmingly named balance disorder, the waltzer (Di Palma
et al. 2001). A number of other hearing and balance disorders arise from defects
in hair bundles, accessory structures, and their connections. Analyses of mouse
and human mutants have implicated more than a dozen proteins in hair bundle
formation, including cytoskeletal proteins, adhesion proteins (including cadherin
23), scaffolding proteins, and intracellular motors (myosins), leading to complex
cartoons (Miiller and Littlewood-Evans 2001; Boeda et al. 2002; Frolenkov et
al. 2004). Once a protein is identified by genetic analysis of an animal with a
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hair bundle defect, placement of the protein in the cartoon depends on its ho-
mology with proteins of known function, at least until ultrastructural immuno-
cytochemistry pinpoints its location. For many bundle proteins, it has been
difficult to separate possible functions in the mature bundle from developmental
functions, because failure to form a perfect bundle may produce complete loss
of transduction capability. Two exceptional studies, however, have shown spe-
cific and interesting effects of myosin mutations. Naturally occurring myosin
VII mutations produce bundles that are severely disheveled but can transduce,
at least early in postnatal development (Kros et al. 2002). The operating range
is strongly shifted relative to normal hair bundles and adaptation is exaggerated.
In experiments on myosin Ic, the putative motor molecule of slow adaptation,
Gillespie and colleagues designed a transgenic mouse expressly for patch-clamp
experiments that could functionally knock out myosin 1c¢ during recording (Holt
et al. 2002). The manipulation eliminated the slow component of adaptation,
confirming an essential role for myosin lc.

Genetic analyses have also, unsurprisingly, uncovered mutations that affect
accessory structures, such as tectorial membranes and the calcareous otoconia
that move during linear accelerations (Jones et al. 2004). This work is renewing
interest in these heretofore underappreciated components and their role in shap-
ing the input to transduction.

2.2 Hair Cells as Models of Voltage-Dependent Signaling

In 1981, the first tight-seal patch-clamp recordings of membrane current were
reported (Hamill et al. 1981). Hair cells, unlike many mechanosensors, are
compact epithelial cells and well suited to the whole-cell mode of patch clamp-
ing in which total membrane voltage is controlled while current is recorded
(voltage clamp recordings) or total membrane current is controlled while voltage
is recorded (current clamp recordings). Patch-clamp methods were quickly
adapted to hair cells (Lewis and Hudspeth 1983; Ohmori 1984; Art and Fetti-
place 1987). This approach revealed that both frog saccular and turtle cochlear
hair cells have large complements of voltage- and Ca?*-gated ion channels that
work in concert to tune the receptor potential (Hudspeth and Lewis 1988a,b;
Wu et al. 1995). With such observations, the hair cell field took the lead in
showing the importance of secondarily activated (non-transduction) ion channels
for sensory signaling. This development owes much to the inspired choices of
preparations made by Jim Hudspeth and Robert Fettiplace and colleagues. Frog
saccular hair cells and turtle cochlear hair cells are particularly robust, not just
in semi-intact preparations, as originally intended, but also as dissociated, soli-
tary cells. Moreover, both epithelia are tuned to frequencies between 10 and
1000 Hz, a range suited for electrical tuning. Chick auditory hair cells also
show electrical tuning (Fuchs et al. 1988), probably up to several kilohertz after
correction for temperature effects. Experiments in chick and turtle auditory
papillae continue to explore the general question of how to achieve tonotopic
electrical tuning, that is, graded variation in tuning frequency with position along
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the organ. The answer is not fully in but involves variation in both channel
number and in the Ca?" sensitivity of the K* channels, the latter mediated partly
by splice variants in the pore-forming o subunit and partly by differential ex-
pression of B subunits (Fettiplace and Fuchs 1999).

Modulation of voltage- and Ca?*-gated conductances is too slow to work in
the frequency range above 10 kHz, to which mammals alone are sensitive. In
the late 1970s, receptor potential recordings from guinea pig inner hair cells
(Russell and Sellick 1977) showed that they are sharply tuned. This tuning,
unlike electrical tuning, was not private to the inner hair cell but rather depended
on intact outer hair cells (Ryan et al. 1979). The unknown process by which
outer hair cells remotely boost the tuning of inner hair cells was labeled the
“cochlear amplifier” (Davis 1983). A potential amplifier emerged from early
experiments looking at voltage-dependent behavior of ultralong outer hair cells
isolated from the guinea pig cochlea (Brownell et al. 1985). Remarkably, the
hair cells changed shape as membrane potential was changed. (Again, the
choice of preparation was critical, in that the smaller movements of the shorter
outer hair cells of other species might have gone unnoticed.) Was this “elec-
tromotility” the cochlear amplifier? Gold (1948) had proposed that a
piezoelectric-like feedback could help overcome viscous damping in the cochlea
at high frequencies.

The observation by Brownell and colleagues has stimulated many investiga-
tions, some incorporating outer hair cell electromotility into models of cochlear
mechanics and others aimed at the underlying biophysical mechanism. Drawing
from models of voltage sensing by voltage-gated channels, Dallos et al. (1993)
suggested that electromotility reflects shape changes in a voltage-sensitive pro-
tein expressed at high density in the long basolateral membrane. This hypothesis
received strong support with the isolation of prestin, an outer hair cell protein
that can induce electromotility when transfected into other cell types (Zheng et
al. 2000a) and whose expression is required for high auditory sensitivity (Lib-
erman et al. 2002).

How does electromotility, which depends on membrane voltage, work up to
frequencies so high that membrane voltage should hardly change at all? There
are two classes of proposed solution. Investigators of outer hair cell electromo-
tility tend to propose mechanisms to counter its expected high-frequency roll-
off (Brownell, Chapter 7, this volume). Investigators of mechanoelectrical
transduction argue that somatic electromotility can work only at low frequencies,
with Ca?*-driven feedback intrinsic to transduction (the stereociliary amplifier)
dominating at high frequencies (Jaramillo et al. 1993; Chan and Hudspeth 2005;
Kennedy et al. 2005).

2.3 Hair Cells as Models of Synaptic Transmission

Early on, the patch-clamp method was adapted to measure membrane capaci-
tance changes that reflect fusion of large numbers of vesicles in secretory chro-
maffin cells (Lindau and Neher 1988). The technique was not easily applied to
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neurons, in which vesicle fusion usually occurs at small terminals that are remote
from the site of recording in the soma. In hair cells, however, the soma is
actually a compact presynaptic terminal. In the early 1990s, the capacitance
recording method was applied simultaneously to frog saccular hair cells (Parsons
et al. 1994) and retinal bipolar cells (von Gersdorff and Matthews 1994). The
method has since been used profitably on mouse and chick cochlear hair cells
to probe the dynamics of Ca?*-mediated events in vesicle fusion at ribbon syn-
apses (Moser and Beutner 2000; Eisen et al. 2004). Capacitance changes mea-
sured in this way are averaged over all the active zones of the hair cell. Recently,
Glowatzki and Fuchs (2002) developed methods to study transmission at a single
ribbon synapse by recording excitatory postsynaptic currents from individual
afferent terminals on inner hair cells.

Neurochemical studies have suggested that efferent neurons release multiple
transmitters in the inner ear. In the best-studied effect, efferents release acetyl-
choline (ACh) onto hair cells, evoking a fast inhibitory postsynaptic potential
(IPSP). This was shown in the 1970s and early 1980s in lateral line hair cells
(Flock and Russell 1976) and in guinea pig and turtle cochlear hair cells (Brown
et al. 1983; Art et al. 1984). In the latter, the IPSPs reduce the sensitive response
at best frequency—that is, they de-tune the cell. But the underlying mechanism
was a puzzle: ACh was known to gate receptor-channels that should depolarize
the cell, not hyperpolarize it. The puzzle was solved a decade later by experi-
ments on short hair cells isolated from the chick cochlea (Fuchs and Murrow
1992) which, like mammalian outer hair cells, receive a strong cholinergic ef-
ferent input. ACh puffed onto hair cells while they were patch clamped was
shown to open a pore-forming ACh receptor with high Ca>* permeability and
odd pharmacology, now known to be of unique molecular composition (Chapter
6). The incoming ions, including Ca?*, briefly depolarize the cell before acti-
vating Ca?*-dependent K™ channels, which produce a much larger IPSP.

3. Summary and Future

By the mid-1990s, microelectrode and patch-clamp methods, biochemical and
anatomical experiments had revealed first-order physiological properties of hair
cells, from transduction through voltage-dependent processing to afferent trans-
mission and efferent modulation. These studies established that transduction
channels are located near the tips of stereocilia, that their gating is fast and
direct, and that myosin is involved in a major Ca?>*"-mediated feedback mecha-
nism. A number of post-transduction specializations important for different as-
pects of sensory signaling by the inner ear had been identified. In several model
hair cells, a voltage-gated Ca?* conductance and a large Ca?*-activated K* con-
ductance were known to work together to create electrical tuning. The Ca**
conductance had been shown to be well suited to rapid and sustained transmitter
release, even near resting potential. A second Ca?*-activated K™ conductance
was known to couple to special ACh receptors to create the efferent-evoked IPSP.
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Since 1990; increases in the numbers and kinds of hair cell preparations (and
investigators) have revealed greater diversity than was originally appreciated.
For example, mammalian hair cells have substantial outwardly rectifying baso-
lateral K* conductances at resting potential (Correia and Lang 1990; Housley
and Ashmore 1992), unlike the turtle and chick cochlear and frog saccular hair
cells that dominated early investigations. Also, technical improvements have
substantially altered the biophysical picture. Both the stereociliary amplifier and
electrical tuning have been particularly vulnerable to recording conditions. In
early microelectrode recordings, adaptation was not always seen and when it
was, the use of high extracellular Ca?*, a trick to improve membrane stability,
made it both faster and more damped than is likely to be the case in vivo. Slight
changes in resting potential can eliminate spontaneous evidence of electrical
tuning, while enzymes used to dissociate hair cells can alter the properties of
basolateral ion channels, modifying the electrical tuning frequency (Armstrong
and Roberts 1998).

The transforming technical developments of the past decade, however, have
been molecular and genetic. These can be most immediately productive when
they identify candidate proteins for known functions, such as ion channels carry-
ing voltage-gated, neurotransmitter-gated, and transduction currents; motor pro-
teins that mediate adaptation or somatic electromotility; and proteins that make
cytoskeletal or extracellular structures. Genetic approaches often yield proteins
with a phenotype but not a clearly identified cellular function. Investigators first
localize expression of the proteins and develop ideas by inference and analogy
with related proteins, then make null mutants to which they apply behavioral,
anatomical, and physiological assays. Null mutant animals can show complex
effects reflecting developmental processes as well as mature functions of the
targeted molecule (e.g., the ACh receptor channels of outer hair cells; Vetter et
al. 1999). To understand the adult function of the protein may require more
pointed and transient knockdowns, achievable by combining the cre-recombinase
method with hair cell-specific promoters (Li et al. 2004), or by adenoviral trans-
fections, small interfering RNAs or morpholinos (Sidi et al. 2003; Corey et al.
2004).

One future direction is toward a refined understanding of developmental ac-
quisition of sensory properties. Once the key biophysical and molecular differ-
ences between hair cells of distinct tuning frequency are characterized, a natural
question is how such distinctions are achieved at the level of gene translation.
How does a hair bundle know how to be a micrometer taller than its neighbor?
How do K* channels know to be slightly faster than those next door? What
property of a type I vestibular hair cell encourages calyx formation by the pri-
mary afferent?

An equally important direction is toward a comprehensive understanding of
how hair cell properties shape higher level sensory processing. Because of tech-
nical differences in preparations (in vitro vs. in vivo), and in part because of
cultural gaps between molecular, cellular, and systems-oriented scientists, we
are rather poorly informed about the connection between hair cell properties and
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behavior, except at the crudest level. For example, in the mammalian vestibular
system, comprehensive understanding of the organization of hair cell epithelia
is hampered by a lack of such basic anatomical data as the central targets of
different epithelial zones. Also, we know little of how hair bundles move in
vivo, an essential link between known hair cell properties and the well-
documented responses of eighth-nerve afferents to sounds or complex head
movements. Recent technical achievements in this direction include the pres-
ervation of accessory structures in experiments on hair cells in excised inner ear
organs (He et al. 2004; Chan and Hudspeth 2005) and increasingly sensitive
measures of the in vivo performance of inner ear organs (Fridberger et al. 2004).
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The Development of Hair Cells in
the Inner Ear

RICHARD J. GOODYEAR, CORNE J. Kros, AND GUY P. RICHARDSON

1. Introduction

Hair cells are mechanosensitive cells found in the sensory organs of the inner
ear and lateral line organs of vertebrates. There are up to eight discrete sensory
organs in the inner ears of some species. In the mouse there are six, the three
cristae in the ampullae of the semicircular canals that react to rotation, the
maculae of the utricle and saccule that detect gravity or linear acceleration, and,
in the cochlea, the organ of Corti, a receptor that responds to sound. In the
bird, there are two other mechanosensitive epithelia, the lagena macula and the
macula neglecta, making a total of eight sensory organs.

Despite considerable variety in both form and function, the different mechano-
sensory organs of the vertebrate inner ear all conform to the same basic struc-
tural plan (see Fig. 2.1). They are relatively simple epithelia of ectodermal
origin that rest on an underlying basal lamina. They contain two cell types,
sensory hair cells and nonsensory supporting cells, both of which are polarized
epithelial cells. The hair cells have a stereociliary bundle, or hair bundle, on
their apical surface that is required for stimulus reception and mechanoelectrical
transduction, and a basolateral membrane that has a number of different func-
tions, including shaping the receptor potential and controlling neurotransmitter
release. The basolateral membranes of the hair cells do not reach the basal
lamina, and are contacted by afferent and efferent nerve fibres that penetrate the
epithelium through the basal lamina. The supporting cells surround the hair
cells, effectively isolating the hair cells from each other. The basal membranes
of supporting cells sit upon the basal lamina, and their lateral membranes en-
velop the hair cells and the axons and their nerve terminals. Apically, the lateral
membranes of the supporting cells form adherens and tight junctions with the
membranes of adjacent hair cells and other supporting cells. The apical mem-
branes of the hair and supporting cells therefore form a single continuous surface
sealed by tight junctions, the apical surface of the sensory epithelium. Most
mechanosensory organs have a prominent piece of extracellular matrix contact-
ing this apical surface, either a cupula, an otoconial (or otolithic) membrane, or
a tectorial membrane. These matrices are usually attached to both the hair
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FIGURE 2.1. A diagram illustrating the basic organization of a typical sensory organ in
the inner ear, and some of the key cytological features of hair and supporting cells.
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bundles and the microvilli on the apical surface of the supporting cells. They
serve to deliver the stimulus to the hair bundle, or act as a structure against
which it can react.

The inner ear develops from the otic placode, a thickening of the head ecto-
derm that forms adjacent to the rhombencephalon during the early stages of
embryonic development (see Fig. 2.2). Head ectoderm is a simple cuboidal
epithelium that sits, like all epithelia, on a basal lamina. As the head ectoderm
thickens to form a placode it becomes pseudostratified. The cells become elon-
gated and spindle-shaped but retain contact with both the basal and apical sur-
faces of the epithelium, with their nuclei staggered at different levels within the
thickness of the epithelium. The placode invaginates to form a depression, the
otic pit, that sinks in further and eventually pinches off from the overlying
ectoderm to form the otic vesicle. The otic vesicle is a hollow, pear-shaped
epithelial cyst. It is surrounded by a basal lamina and the apical surfaces of the
epithelial cells face the lumen of the cyst. The different sensory organs of the
inner ear, and the neurons of the VIIIth ganglion that innervate them, all develop
from the pseudostratified epithelial wall of the otocyst. In the first part of this
chapter we consider when, where, and how various regions of the otocyst wall
become specified to form mechanosensory organs.

Once various regions of the inner ear are specified to become sensory organs,
the epithelial cells withdraw from the cell cycle and differentiate along different
pathways to form hair cells or supporting cells. In the auditory organs of birds
and mammals, the patterns formed by these two cell types are remarkably precise
and ordered. In the second part of this chapter we discuss the mechanisms that
influence whether a postmitotic cell becomes a hair cell or a supporting cell,
and how the patterns observed in the sensory organs are generated.

The hair bundle is a structure located at the apical end of the hair cell that is
essential for mechanotransduction. Hair bundles are composed of modified mi-
crovilli, actin-packed finger-like projections known as stereocilia that are ar-
ranged in rows of increasing height toward one side of the hair cell (see Furness
and Hackney, chapter 3). A single, microtubule-containing kinocilium is found
in many types of mature hair bundle and, when present, it is located adjacent
to, and central with respect to, the tallest row of stereocilia. The actin filaments

>

FIGURE 2.2. Schematic diagram illustrating some of the key steps in inner ear develop-
ment and comparing the embryonic age at which they occur in the chick (leff) and the
mouse (right). For the chick, the first day of incubation is EO. For the mouse, midday
on the day of the vaginal plug is E0.5. The exact timing of events in the chick depends
on the temperature at which the eggs are incubated, and the ages quoted are therefore
only approximate. Hatching occurs between E20 and E22 in the chick, and mice are
born between E18 and E21. Cartoons for the chick (E4 to E9) and mouse (E11.5 to
E15) are based on data from inner-ear paint fills published by Bissonnette and Fekete
(1996) and Morsli et al. (1998) and are drawn to scale.
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within each stereocilium are packed in a semicrystalline array and are cross-
linked by two actin bundling proteins, fimbrin and espin. The actin filaments
are all oriented in the same direction with the barbed or + end of each filament
(the preferred end for actin monomer addition) located at the tip of each ster-
eocilium. The stereocilia are connected to one another by a number of different
link types. Up to four morphologically distinct link types can be recognized on
the hair bundles of fish and bird hair cells (see Fig. 2.1). Working from the top
of the bundle down there are tip links, horizontal top connectors, shaft con-
nectors, and finally, around the base of the bundle, ankle links. Additional links,
kinocilial links, are also present between the kinocilium and the tallest row of
stereocilia. Not all hair cells have this entire complement of link types, although
all that have been studied to date have tip links. Hair bundles are polarized,
bilaterally symmetrical structures, and exhibit maximal sensitivity to deflections
parallel to the bundle’s plane of mirror symmetry. Deflecting the hair bundle
toward the tallest row of stereocilia (or the kinocilium when present) increases
the probability of mechanotransducer channel opening, whereas deflections in
the opposite direction reduce it. As tip links are oriented along the hair bundle’s
axis of sensitivity, and are located such that they would apply tension to an
attached channel only when the bundle is displaced toward the tallest row of
stereocilia, they are thought to gate the mechanotransducer channel. Hair bun-
dles differ in their size and shape, and in the numbers and packing arrangements
of their constituent stereocilia, both from organ to organ and within any one
organ in a precisely determined fashion. Furthermore, their orientation within
any organ is critical for that organ to function correctly. The way in which such
a complex piece of cellular machinery as the hair bundle is generated by the
hair cell, and how the desired orientation is achieved, is considered in the third
section of this chapter.

In addition to mechanotransducer channels, hair cells require a number of
other membrane channels and receptors to perform as efficient transducers and
transmitters of sensory information to the central nervous system (CNS). Fur-
thermore, outer hair cells in the mammalian cochlea have electromotile prop-
erties and are able to generate axial movements of their elongated cell bodies
that are thought to amplify the motion of the basilar membrane. In the final
section we review what is known about the development of mechanotransduc-
tion, basolateral membrane currents, transmitter receptors, and electromotility in
hair cells. Although hair cells develop in close association with the axons that
innervate them, there is thus far little evidence that neural input influences the
development of hair cells. We therefore focus specifically on how hair cells
develop. For a recent review on the subject of synaptogenesis and the devel-
opment of innervation patterns in the inner ear the reader is referred to Rubel
and Fritzsch (2002).

Most information concerning the development of hair cells comes from stud-
ies that have been done in the mouse and the chick. As a reference point for
the descriptions that follow, the developmental stages at which key events in ear



2. The Development of Hair Cells in the Inner Ear 25

development occur during embryogenesis in the two species are compared in
Figure 2.2.

2. The Formation of Sensory Patches in the Otocyst

The mechanisms that determine which regions of the otocyst will develop as
sensory patches, and what type of sensory organ each patch will become, are
still far from being understood. Nonetheless, a potentially testable theory has
been proposed (Fekete 1996), and a number of molecular markers are now
known that demarcate the regions that will become sensory organs in advance
of the birth and overt cytodifferentiation of hair and supporting cells (von Bar-
theld et al. 1991; Ekker et al. 1992; Oh et al. 1996; Wu and Oh 1996; Morsli
et al. 1998; Cole et al. 2000; Goodyear et al. 2001; Mowbray et al. 2001).
Bone morphogenetic protein 4 (BMP4) is a member of the transforming
growth factor beta family of secreted signaling molecules known to be involved
in interactions between epithelial and mesenchymal tissues. It is a homologue
of the Drosophila protein decapentaplegic, a molecule involved in many aspects
of fly development. In the chick, the expression patterns of the BMP4 gene
provide the earliest indication that discrete sensory patches have appeared within
the otocyst (Wu and Oh 1996). BMP4 is first detected in the medial and pos-
terior margins of the placode, as it begins to invaginate at embryonic day (E)1.5
(stage 11). The BMP4 expression pattern rapidly changes over the next few
stages but it becomes concentrated in two discrete foci at the anterior and pos-
terior poles of the otocyst by E3 (stage 19). The gene for the low-affinity nerve
growth factor receptor, p75SNGFR, is also expressed in anterior and posterior
poles of the chick otocyst at E3 (von Bartheld et al. 1991). The two foci of
BMP4 expression correspond to the future anterior (superior) and posterior cris-
tae, and by E4 (stage 24) most of the eight different organs in the chick inner
ear can be defined as discrete sites of BMP4 expression (Wu and Oh 1996). For
some, but not all of the organs, p75SNGFR and the homeobox-containing gene
Msx-1 are simultaneously co-expressed in the prospective sensory patches at the
same early stage as BMP4, although the expression domains of p7SNGFR are
usually broader than those observed for BMP4, and Msx-1 is also expressed in
nonsensory regions (Wu and Oh 1996). Likewise, although BMP4 appears rel-
atively specific for prospective sensory patches when first expressed in the chick
otocyst, at later stages it is expressed in a number of regions that will develop
into nonsensory structures. The expression patterns of BMP5 and BMP7 have
also been examined in the developing chick inner ear (Oh et al. 1996). BMP5
is transiently expressed in a pattern similar to that of BMP4, but only during
the very early stages of otocyst formation. BMP7 has a more widespread and
less discrete expression pattern than BMP4, although almost all BMP4-
expressing prospective sensory patches lie within BMP7 expression domains.
Within the avian auditory organ, the basilar papilla, BMP4 expression finally
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becomes restricted to the hair cells, whereas that of BMP7 becomes localized
to the supporting cells. In the vestibular organs, BMP4 expression is finally
restricted to the supporting cells, whereas BMP7 expression becomes excluded
from the sensory epithelium and only continues in the flanking nonsensory ep-
ithelial regions.

In the zebrafish, bmp2b and bmp4 mRNAs are concentrated laterally at the
anterior and posterior ends of the otocyst by 24 hours post fertilization (hpf)
(Mowbray et al. 2001). These bmp expression domains may, as in the chick,
demarcate the cristae, as the first hair cells generated in the zebrafish inner ear
are found at the anterior and posterior ends of the otocyst at 24 hpf (Haddon
and Lewis 1996), where the foci of bmp expression abut a medial domain of
pax2.1 expression (Mowbray et al. 2001). By 27 hpf, the expression of bmp2b
and bmp4 demarcates a third domain that is coincident with that of msxC, a
homeobox gene that is expressed within the lateral crista (Ekker et al. 1992).
Although the bmp2 and bmp4 expression patterns mark the developing cristae
in the zebrafish as in the chick, these genes are not expressed in the developing
maculae of the zebrafish otocyst (Mowbray et al. 2001).

In the mouse, BMP4 expression also appears to serve as an early marker for
the three cristae, but not for the maculae or the organ of Corti (Morsli et al.
1998). For the organ of Corti and the maculae, Lunatic fringe (Lfng), a mod-
ulator of the Notch signaling pathway, is a better marker (Morsli et al. 1998).
In the chick, Serratel (Serl), a gene encoding a Notch ligand, and Lfng are
both specifically expressed within the sensory patches by the time hair-cell dif-
ferentiation is beginning (E5, stage 26; Adam et al. 1998). At earlier stages
(from E2.5+, stage 18), Lfng and Serl are expressed within a single, large,
ventromedial region of the otocyst that extends from the anterior to the posterior
pole of the otocyst (Cole et al. 2000). All of the discrete patches of BMP4
expression that mark the sites of sensory organ generation fall within or largely
overlap with this broad expression domain of Lfng and Ser!, indicating these
latter two molecules may define a ventromedial prosensory patch from which
the sensory organs develop (Cole et al. 2000). This prosensory ventromedial
patch defined by the expression of Lfng and Ser/ at stage 18 may also be
identical to that delineated by the distribution of the cell-cell adhesion molecule
BEN (Goodyear et al. 2001). At earlier stages, whilst the placode is invaginating
to form the pit, although the expression patterns of BMP4 and Serl may be
quite similar, those of Lfing and BEN may be different, possibly from each other
and from those of BMP4 and Seri. However, once the otocyst has formed, the
expression patterns of Serl, Lfng, and BEN together define a prosensory patch
from which the different sensory organs are generated. These recent molecular
observations confirm the suggestion (Knowlton 1967) that all sensory organs
develop from a macula communis—a common ventromedial region of the
otocyst.

These studies do not reveal why it is that sensory organs form at the sites
that they do, or why each organ finally has a different identity. A boundary
model of sensory organ specification has been formulated (Fekete 1996). This
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model proposes that the otocyst is divided into a relatively small number of
compartments, each defined by the differential expression of a few genes and
within which the cells remain restricted by lineage and are prevented from mix-
ing with cells in adjacent compartments. Signaling across the boundaries in-
duces the formation of a sensory patch. The location of a sensory patch would
depend on its proximity to different boundaries, and its identity on the combi-
nation of interacting compartments. The initial compartments may correspond
to different parts of the otocyst, like its dorsal or its ventral segments, and the
signals that specify these compartments may be derived from adjacent tissues
such as the rhombencephalon and the surface ectoderm, or more distant struc-
tures such as the notochord. Genes encoding a variety of transcription factors
(e.g., Pax2, DIx5, Otxl, Eyal, SixI) are expressed within the otocyst in domains
consistent with the existence of a number of compartments, and the phenotypes
of mice that are null mutants for some of these genes are also consistent with
the hypothesis. For example Pax2~/~ mice lack a cochlear duct (Torres et al.
1996), and the anterior and posterior cristae are missing in DIx5~'~ mice, along
with their associated ampullae and canals (Acampora et al. 1999). In OxI~'~
mice, the lateral crista is missing, also along with its associated ampulla and
canal (Acampora et al. 1996; Morsli et al. 1998). The transcription factor eyes
absent (Eyal) is expressed in the ventromedial region of the mouse otic vesicle
(Kalatzis et al. 1998), and the development of the inner ear of Eyal mutant mice
arrests at the otic vesicle stage, with no sensory structures being formed (Xu et
al. 1999). Expression of the homeobox gene Six/, a homologue of Drosophila
sine oculis (so), is dependent on Eyal expression, while that of Pax2 is not (Xu
et al. 1999), suggesting some conservation of the Pax—Eya—Six regulatory hi-
erarchy that is seen in Drosophila eye development.

Six1 expression first becomes prominent around E8.75 in the ventral region
of the early mouse otic pit (Zheng et al. 2003; Ozaki et al. 2004), and is seen
in all sensory epithelia of the inner ear by E15.5 (Zheng et al. 2003). In Six/
mutant mice, sensory organs do not develop and the inner ear arrests at the
otocyst stage, forming simply an enlarged endolymphatic sac and some dorsal
canal structures (Li et al. 2003; Zheng et al. 2003; Ozaki et al. 2004). In Six/
mutant mice, no expression of ventral otocyst markers is seen, while the ex-
pression of dorsal otocyst markers expands ventrally, indicating that Six/ is
important for establishing the correct patterning of the otocyst (Ozaki et al. 2003;
Zheng et al. 2003).

A recent study has shown that the expression patterns of some of these genes
within the otocyst are regulated by Sonic hedgehog, derived either from the
notochord or floor plate of the adjacent neural tube (Riccomagno et al. 2002).
The Six! mutant phenotype closely resembles that seen in Shh deficient mice,
however, the expression levels of Six/ and Shh are mutually independent (Ozaki
et al. 2003), indicating the two genes interact to properly pattern the develop-
ing otocyst. Six/ is required for the normal expression of a number of genes
expressed in the sensory patches, including those encoding BMP4, FGF10,
and Lnfg.
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The role of BMP4 in the developing sensory organs has been studied by
blocking its function with the antagonist Noggin, introduced by infecting the
chick otocyst with retroviral vectors encoding Noggin cDNA (Chang et al.
1999), or by implanting beads impregnated with Noggin or coated with cells
expressing Noggin into the adjacent periotic mesenchyme (Gerlach et al. 2000).
The formation and growth of the semicircular canals were found to be readily
blocked by Noggin treatment (Chang et al. 1999; Gerlach et al. 2000), and this
may be due to a decrease in cell proliferation followed by an increase in cell
death within the otic epithelium (Chang et al. 1999). Sensory structures were
found to be more resistant to Noggin treatment. Although a decrease in the
expression of both p75SNGFR and Msx1, but not of BMP4 or Lfng, was observed
in the anterior crista in response to Noggin treatment, most of the sensory organs
were still present and only misshapen, and the differentiation of hair cells, as
assessed by the expression of the hair-cell antigen (HCA, Richardson et al.
1990), was unaffected. Neither Noggin treatment, nor the introduction of beads
coated with BMP4 expressing cells led to the formation of ectopic or supernu-
merary hair cells (Chang et al. 1999; Gerlach et al. 2000). Overall these results
suggest that BMP4 is most likely to control the development of adjacent acces-
sory structures, rather than acting in a cell-autonomous fashion to regulate hair-
and supporting-cell development within the sensory patch.

Fibroblast growth factor (FGF) 10 is one of the 19 known members of the
FGF family. The genes for FGF10, neurotrophin-3 (NT-3) and brain derived
neurotrophic factor (BDNF) are expressed in the early developing mouse otocyst
in the presumptive sensory epithelia (Pirvola et al. 1992, 1994, 2000). The
precise relationship between the sites of expression of these molecules and other
molecular markers for sensory patches in the developing otocyst has not been
fully elucidated, although the expression patterns of Lfng and NT-3 mRNAs do
overlap in the developing mouse cochlea at E12 (Morsli et al. 1998). FGFI0
expression overlaps with that of both N7-3 and BDNF, and the gene encoding
the receptor for FGF10, Fgfr2(1llb), is expressed in a complementary pattern in
adjacent areas of the epithelium. Like BMP4, FGF10 produced by the sensory
patches may operate in a paracrine fashion and control the development of ad-
jacent nonsensory tissues (Pirvola et al. 2000). Fgfrl is expressed in the ven-
tromedial wall of the otocyst at E10.5 and its expression becomes restricted to
the outer hair cells of the cochlear duct by E16.5 (Pirvola et al. 2002). Loss of
function mutations in the Fgfrl gene reveal that it is required for the develop-
ment of the organ of Corti, but not the vestibular epithelia, and it has been
suggested that it may control the proliferation of a pool of sensory precursor
cells, possibly via an interaction with FGF10 (Pirvola et al. 2002).

The picture that emerges is one in which the different sensory organs of the
inner ear develop within the ventromedial prosensory patch at discrete sites
according to their proximity to the boundaries formed between the expression
domains of genes encoding transcription factors. The prosensory patch defined
by the expression of Serl, Lfng, and BEN may itself be induced by an interaction
between a dorsal and a ventral compartment. As components of the Notch
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signaling pathway, Serratel and Lunatic fringe may maintain Notch in an acti-
vated state within the patch, thereby maintaining sensory competence (Eddison
et al. 2000). BEN, as a cell-cell adhesion molecule, may reinforce the bound-
aries and prevent the cells of the prosensory patch from mixing with those in
adjacent compartments (Goodyear et al. 2001). The molecules that signal across
the compartment boundaries and induce sensory organs of different identity have
yet to be elucidated, although a recent study indicates that components of the
wingless type (Wnt) signaling pathway may be involved (Stevens et al. 2003).

3. The Production of Hair and Supporting Cells

Hair cells, like neurons in the CNS, are terminally differentiated postmitotic
cells. Supporting cells in the sensory organs of the mammalian inner ear and
avian basilar papilla are mitotically quiescent (Jgrgensen and Mathiesen 1988),
and those in the avian papilla retain the capacity to reenter the cell cycle (Corwin
and Cotanche 1988; Ryals and Rubel 1988). In the mammalian inner ear and
the avian basilar papilla, hair and supporting cells are born during a brief time
window during early development (Ruben 1967; Katayama and Corwin 1989).
However, in the inner ears of fishes (Corwin 1981, 1983; Popper and Hoxter
1984, 1990; Lanford et al. 1996) and frogs (Corwin 1985), and in the vestibular
organs of birds (Jgrgensen and Mathiesen 1988; Roberson et al. 1992), hair cells
may be produced throughout the lifetime of the animal.

3.1 Timing of Hair-Cell Production in Birds and Mammals

In the mouse, pulse labelling with [*H]thymidine has been used to study the
time at which hair and supporting cells undergo terminal mitosis (Ruben 1967).
In the cochlea, the largest percentage of labeled hair and supporting cells (ap-
proximately 70% of the total observed at all time points) is observed following
a pulse at E13.5, and 90% of the cells are produced between E12.5 and E14.5.
In the maculae and cristae, most of the hair and supporting cells are produced
over a broader time frame (95% of the total between E13.5 and E17.5). Labeled
hair and supporting cells (< 10% of the total) are first observed in both the
cochlea and the vestibular system after a pulse on E11.5, and not following a
pulse on E9.5, indicating that the first hair cells to be born are produced as early
as E11.5, probably coincident with the first expression of a number of molecular
markers (e.g., NT3, BDNF, FGFI10). Pulse labeling with [*H]thymidine is not
possible with chick embryos in ovo as the label remains continuously available.
However, a negative labeling protocol can be employed, where cells that are not
labeled following injection of [*H]thymidine can be considered to have under-
gone terminal mitosis prior to administration of the label. Using this approach,
it has been shown that the first hair and supporting cells to be born in the basilar
papilla become postmitotic between E4 and ES (stages 23 to 26) (Katayama and
Corwin 1989). Birthdates for the first hair and supporting cells to be produced
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in the vestibular organs of the chick have not been reported. As described above,
the prospective basilar papilla can be distinguished as a discrete sensory organ
by the expression of BMP4 and MsxI by E4 (Wu and Oh 1996), so the birth
of hair and supporting cells in the basilar papilla appears just subsequent to the
onset of expression of these two molecular markers. By E8, almost all hair and
supporting cells in the basilar papilla, except a few at the distal end of the organ,
have been produced (Katayama and Corwin 1989). The production of hair cells
in the avian basilar papilla is therefore limited to a short time period in devel-
opment, as it is in all sensory organs of the mouse inner ear. However, in the
vestibular organs of the bird inner ear, hair, and supporting cells are produced
over a considerably extended period, including the first few weeks after hatching
and probably throughout life (Jergensen and Mathiesen 1988; Roberson et al.
1992; Goodyear et al. 1999). As in fishes and frogs, this postembryonic pro-
duction can lead to an increase in hair-cell numbers in the organs in which it
occurs, as well as serving to replace hair cells that have been lost.

3.2 Patterns of Hair-Cell Production

The pattern of hair- and supporting-cell production in the avian papilla indicates
that the first cells to be born are produced in a strip that runs along most of the
length of the organ, with the cells generated later being added around the edge
of this strip (Katayama and Corwin 1989). This is similar to the situation in
postembryonic toads and elasmobranch fishes in which new hair cells are added
around the periphery of the growing maculae (Corwin 1981, 1983, 1985). It is
also similar to that in the developing vestibular system of the rat, where the
oldest hair cells in the lateral crista and the utricular macula are located centrally,
with new hair cells being added peripherally (Sans and Chat 1982). However,
in the postembryonic maculae of birds and teleost fishes, it appears that new
hair cells are distributed fairly uniformly throughout the maculae, and not pref-
erentially around the periphery (Popper and Hoxter 1990; Roberson et al. 1992;
Lanford et al. 1996; Bang et al. 2001). In the cochlea of the mouse, the first
hair cells to be born are those at the apex, and the last are those at the base
(Ruben 1967). This is surprising as almost all observations show that hair cells
differentiate first at the base and last at the apex (or centrifugally from a point
in the mid-basal coil) and suggests that the first hair cells to be born are the last
to differentiate. As Ruben (1967) pointed out, the data showing that cells in
the apical end of the organ of Corti are born before those in the base need to
be interpreted with caution as the distributions of labelled cells along the cochlea
are based on a very small average number of total labeled cells (e.g., fewer than
seven per cochlea for outer hair cells at E11.5). However, a similar apex-to-
base trend for birthdates was observed for both inner hair cells (IHCs) and outer
hair cells (OHCs), and most of their immediately adjacent supporting cells, sug-
gesting it is correct. Clearly this is an aspect of hair-cell development in the
cochlea that needs to be reexamined, possibly using a continuous supply of BrdU
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and a negative labeling technique similar to that employed for the chick basilar
papilla.

Cyclin-dependent kinases are proteins that influence whether a mitotically
active cell reenters the cell cycle or withdraws from the cell cycle and becomes
quiescent, and the activity of these kinases is regulated by two families of cyclin-
dependent kinase inhibitor (CKI) proteins, the CIP/KIP and INK families. A
member of the CIP/KIP family, p27¥i!, is specifically expressed within the de-
veloping organ of Corti by E14 (Chen and Segil 1999). Expression is not ob-
served at E12, but by E14 the expression pattern of p27%! has tightly defined
boundaries that precisely delineate the region of the cochlear duct within which
the hair and supporting cells will differentiate. Differentiated supporting cells
continue to express p27%P! into adulthood, but the expression of p27¥irlis down-
regulated in hair cells as they begin to differentiate morphologically and start to
express the hair-cell marker myosin VIla. A targeted deletion of p27%r! leads
to the appearance of supernumerary hair and supporting cells within the organ
of Corti and continued cell proliferation (Chen and Segil 1999; Lowenheim et
al. 1999). This indicates that p27%i! normally negatively regulates cell division
within the organ of Corti and controls the final number of cells. However,
p27%P! cannot be the only cell-cycle control molecule operating, as hair and
supporting cells do withdraw from the cell cycle and differentiate in p27%#’ null
mutant mice. P27%P! is also expressed in vestibular organs from E14 onward
(Chen and Segil 1999) and becomes restricted to the supporting cells by P6, but
its expression levels are low in these organs and it is not known whether excess
numbers of hair and supporting cells are produced in the cristae and maculae
of p27%»! null mutants. Other members of the CIP/KIP family of cyclin-
dependent kinase inhibitors may play a more prominent role in the vestibular
system.

3.3 Lineage Relationships

In the mammalian cochlea (Ruben 1967) and the avian basilar papilla (Katayama
and Corwin 1989) hair and supporting cells at any one point in the organ are
born simultaneously, indicating that they may share a common lineage. Tracing
studies with replication-deficient retroviral vectors have been used to demon-
strate that hair and supporting cells are indeed related by lineage in the sensory
organs of the avian inner ear (Fekete et al. 1998; Lang and Fekete 2001). Fol-
lowing injection of virus into the otocyst between E3.5 and ES5, individual clones
of marked cells were observed in basilar papillae (harvested just before hatching)
that were composed of either just hair cells, just supporting cells, or a combi-
nation of both hair and supporting cells. Hair and supporting cells therefore
share a common progenitor. Clones within the papillae varied in size, containing
a single marked cell of either type, or a mixture of up to 17 cells of both types.
The average ratio of hair cells to supporting cells in these latter clones containing
both cell types was 1.6:1 (Fekete et al. 1998). Importantly, two-cell clones were
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found that contained either two supporting cells or one hair cell and one sup-
porting cell, indicating that a progenitor cell can retain the potential to become
either a hair cell or a supporting cell up to its final mitotic division. Time-lapse
studies of living cells in the lateral line organs of axolotls have also clearly
demonstrated that a single progenitor cell can give rise to both a hair cell and
a supporting cell (Jones and Corwin 1996).

4. Differentiation of Hair and Supporting Cells

The mechanism by which cells of common origin adopt different fates during
development has been thoroughly characterized, most notably in the nervous
system of Drosophila, where it involves an interaction of the products of the
proneural and neurogenic genes. Proneural genes like atonal and those of the
achaete—scute complex encode bHLH transcription factors and their expression
defines groups of cells, called proneural clusters or equivalence groups, that all
have the potential to become neurons. The neurogenic genes Notch and Delta
encode the transmembrane receptor Notch and its transmembrane ligand Delta,
respectively, and a process of lateral inhibition mediated by these two proteins
singles out which cell in the proneural cluster adopts the primary, neural fate
and prevents its neighbours from doing likewise, forcing them to adopt the
secondary fate. Activation of Notch by its ligand Delta induces the expression
of genes of the Enhancer-of-split complex, and the products of this complex in
turn repress the expression of the proneural genes of the achaete—scute complex.
The products of the achaete—scute complex induce the expression of neuron-
specific genes and Delfa. Activation of Notch in any one cell thereby reduces
the expression of Delta in that cell, and in a system composed of two or more
cells this generates a feedback loop, as a cell with reduced Delta expression will
be less able to activate Notch in its neighbors, which in turn will thereby express
more Delta and reciprocally activate more Notch. Cells that express more Delta
and have low levels of Notch activation adopt the primary fate and become
neurons, those with high levels of Notch activation adopt the secondary fate.
Mutations in neurogenic genes usually lead to the overproduction of neurons in
the CNS (Lewis 1996). In a population of equivalent cells that initially express
uniform levels of Notch and Delta, a stochastic fluctuation in Notch activation
(or Delta expression) can theoretically, as a consequence of lateral inhibition
with feedback, lead to the production of uniform mosaics of two cell types,
similar to those observed in the sensory organs of the inner ear (Collier et al.
1996; Pickles and van Heumen, 2000).

It was suggested more than a decade ago that a similar process involving
lateral inhibition underlies cell fate determination in the developing inner ear
(Corwin et al. 1991; Lewis 1991). These suggestions were inspired to a large
degree by structural homologies between the sensory organs of the vertebrate
inner ear and the mechanosensory bristle organs of Drosophila, a system in
which many aspects of lateral inhibition were originally elucidated. It has been
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shown since that Notch and the genes encoding its ligands Delta and Serrate,
vertebrate homologues of the Drosophila neurogenic genes, are expressed in the
inner ear and experimental studies have shown that they play a key role in
mediating the differentiation of hair and supporting cells.

Transcription factors are another key class of molecules that regulate devel-
opmental processes, acting either up or downstream of signaling molecules, and
a number are now known to be involved in the differentiation of hair and sup-
porting cells, including a vertebrate homologue of a proneural gene required for
sense organ development in Drosophila. The expression patterns of these tran-
scription factors and the neurogenic genes in the developing inner ear, and the
effects of manipulating their expression, will now be discussed in detail.

4.1 The Transcription Factor Mathl

Mathl is a mouse homologue of the Drosophila proneural gene atonal. It is
expressed in the developing vestibular system by E12.5 and first appears in a
narrow strip of cells in the basal end of the cochlea between E13.5 and E14.5
(Bermingham et al. 1999; Shailam et al. 1999; Lanford et al. 2000; Chen et al.
2002). A careful comparison using tissues from transgenic EGFP/Mathl mice
clearly indicates that the onset of p27%¥! expression in the basal end of the
cochlea (between E13 and E14) precedes the onset of Mathl expression (be-
tween E13.5 and E14.5) (Chen et al. 2002). Math1 expression is initially ob-
served to extend from the basal to the lumenal surface of the sensory epithelia
and becomes restricted to the apical cell layer as the hair cells overtly differ-
entiate (Lanford et al. 2000). These vertical bands of Mathl-expressing cells
may be bipotential progenitors, a subset of which become hair cells (Lanford et
al. 2000). Alternatively, they may be vertical stacks of hair cells that then spread
out along the length of the cochlea as it elongates, by a process that has been
referred to as radial intercalation (Chen et al. 2002). After birth, the expression
of Mathl decreases, in both the cochlea and the vestibular system (Shailam et
al. 1999; Lanford et al. 2000).

Mathl null mutant mice have been produced by replacing the coding region
of Mathl with the gene encoding [-galactosidase. Hair cells are completely
absent from the inner ears of these mice (Bermingham et al. 1999). The sensory
epithelia are thinner than normal and lack nuclear stratification, but retain their
overlying extracellular matrices, suggesting the supporting cells, the cells that
normally produce these structures, have differentiated. Myosin VI, an uncon-
ventional myosin specifically expressed by hair cells in the inner ear, is not
expressed in the inner ear of Mathl null mutants, nor is another hair-cell marker,
calretinin. It was originally reported that apoptosis was not apparent in the
developing epithelia of the null mutant mice, and that there was an overcrowding
of nuclei in the basal layer. These observations suggested that there may have
been a fate switch in the null mutants leading to the overproduction of sup-
porting cells, and it was proposed (Bermingham et al. 1999) that Mathl acts as
a “pro-hair cell” gene required for the specification of hair cells. However, a
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more recent analysis has indicated that apoptosis does indeed occur in the organ
of Corti of Mathl null mutants, and that the appearance of dying cells follows
the normal base-apex sequence of hair-cell differentiation. It may therefore be
the case that hair cells are produced in Mathl null mutant mice, never express
any of the known markers for hair cells, and then die (Chen et al. 2002).

In cochlear cultures prepared from early postnatal rats, the ectopic over-
expression of Mathl in the cells of the greater epithelial ridge lying adjacent to
the organ of Corti leads to the production of additional hair cells (Zheng and
Gao 2000). The cells of the greater epithelial ridge cells do not normally express
Mathl and they recede and disappear as the internal sulcus forms after birth.
When transfected with Mathl, they detach their basally directed radial cell pro-
cess from the underlying basal lamina, express myosin VIIA, and a well-defined
stereociliary bundle forms on the apical surface. Furthermore, if the supporting
cells of rat utricle cultures are transfected with Mathl their conversion into hair
cells is facilitated. These results have led to the suggestion that Mathl acts as
a positive regulator of hair-cell differentiation, and antagonizes the effects of
negative regulators that lie downstream of Notch signaling (Zheng and Gao
2000).

4.2 The Transcription Factors Brn3.1 and Gfil

POU-domain transcription factors are known to be involved in the development
and survival of many neuronal cell types. Brn3.1 (also known as Brn3c) is a
POU-domain transcription factor that is specifically expressed by the hair cells
of the adult rat and mouse inner ear (Erkman et al. 1996; Xiang et al. 1997).
Brn3.0 (Brn3a) and Brn3.2 (Brn3b) are expressed by the neurons of the spiral
and vestibular ganglia but not by hair cells (Xiang et al. 1997). In the developing
vestibular sensory patches, postmitotic cells express Brn3.1 as early as E12.5,
one day before the appearance of the hair-cell markers myosin VI and VIIa
(Xiang et al. 1998). In the developing cochlea, Brn3.1 is expressed by E14.5,
also one day before the appearance of myosin VI and myosin VIIa (Xiang et al.
1998).

In Brn3.1 null mutant mice, all sensory hair cells are lost from the inner ear
by P14 (Erkman et al. 1996; Xiang et al. 1997). Myosin VI, myosin VIla, and
calretinin are all expressed by hair cells in Brn3.1 null mutants between E15.5
and P8, indicating hair cells undergo the initial stages of differentiation (Xiang
et al. 1998). However, the hair cells do not form stereociliary bundles, their
nuclei do not segregate to a plane above that of the supporting cell nuclei, and
they die by apoptosis (Xiang et al. 1998). The ectopic overexpression of Brn3.1
in rat cochlear cultures fails to induce hair-cell differentiation (Zheng and Gao
2000). These results all indicate that Brn3.1 is not required for the determination
of hair cells, but is required for their maintenance and maturation.

Gfil, encoding a zinc finger transcriptional repressor, is a vertebrate homo-
logue of Drosophila senseless, a gene that is required for the survival of neurons
in the embryonic and adult peripheral nervous system, and is also both necessary
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and sufficient for sensory organ formation (Nolo et al. 2000). In Drosophila,
the expression of senseless depends on the expression of the proneural genes,
and the maintained expression of the proneural genes is, in turn, dependent on
the expression of senseless. Gfil protein is expressed in the mouse inner ear
from E12.5 onward and is clearly restricted to the hair cells in the utricle and
saccule by E14.5, and those in the cochlea by E16.5. In Gfil null mutant mice,
hair cells undergo the early stages of differentiation, and express Math1, Brn3.1,
and myosin VI/VIIa. However, the hair cells in the organ of Corti begin to
degenerate between E15.5 and PO and are completely lost by P14. In the ves-
tibular system, the hair cells do not degenerate but the sensory epithelia are
disorganized, with some hair cells remaining within the basal supporting-cell
nuclear layer rather than being apically located within the epithelium (Wallis et
al. 2003). The phenotype of Gfil null mutants is similar in certain respects to
that of the Brn3.1 null mutants, although Gfil is not required for the long-term
survival of vestibular hair cells.

4.3 The Transcription Factors GATA3 and Pax2

GATA3 is one of a family of six transcription factors that are involved in the
differentiation and development of a number of different cell types. In the
mouse, GATA3 is expressed by all of the epithelial cells that form the dorsal
floor of the cochlear duct at E14 (Rivolta and Holley 1998; Lawoko-Kerali et
al. 2002). It is also expressed by the neurons of the spiral ganglion, but not by
any of the vestibular epithelia or other cell types in the ear at this stage. As
hair and supporting cells differentiate in the cochlea, GATA3 expression selec-
tively decreases, first in the hair cells and then in the supporting cells. The
decrease in GATA3 expression progresses in the usual base to apex fashion, and
it has been suggested that it may act as a negative regulator of hair and sup-
porting cell differentiation that ensures controlled differentiation along the length
of the cochlea (Rivolta and Holley 1998). The paired-box gene Pax2 is ex-
pressed throughout the early otic placode in mouse and chick and becomes
restricted to the medial regions as the otocyst develops (Hutson et al. 1999;
Groves and Bronner-Fraser 2000; Lawoko-Kerali et al. 2002). Pax2 is expressed
by hair cells in all of the sensory patches until at least E16.5 in the developing
mouse inner ear (Lawoko-Kerali et al. 2002), and in zebrafish the closely related
homologue pax2.1 is expressed by differentiating hair cells (Riley et al. 1999).

4.4 The Notch Signaling Pathway Molecules
4.4.1 Expression Patterns

Expression of the Notch receptor and its ligands Delta and Serrate (the latter is
called Jagged in mammals) has been studied in the developing inner ears of
chicks, fishes, mice, and rats (Adam et al. 1998; Haddon et al. 1998; Lewis et
al. 1998; Lanford et al. 1999; Morrison et al. 1999; Riley et al. 1999; Shailam
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et al. 1999; Stone and Rubel 1999; Zine et al. 2000). In chick, C-Notchl has
a widespread distribution in the developing otocyst and is present throughout
the sensory patches until at least E12 (Adam et al. 1998). In the mitotically
quiescent basilar papilla of the early posthatch chick, C-Notchl expression is
restricted to the supporting-cell layer (Stone and Rubel 1999). In mouse and
rat the situation is probably very similar. In the mouse, in situ hybridization
shows that Notchl is expressed throughout the vestibular sensory patches and
the entire dorsal floor of the cochlear duct at E14.5 (Lanford et al. 1999; Shailam
et al. 1999). Notchl expression decreases in the hair cells as they differentiate,
while it continues in the surrounding supporting cells, at least until birth. In
the rat, antibody staining also indicates that hair and supporting cells both ini-
tially express Notchl, at least by E18 although possibly not at earlier stages,
and that hair cells, but not supporting cells, stop expressing Notchl as they
differentiate (Zine et al. 2000). In surprising contradiction, there is one claim,
based on the use of a GFP-reporter construct for the Notchl promoter, that
Notchl is exclusively expressed by hair cells in the developing mouse inner ear
(Lewis et al. 1998).

In the chick otocyst, C-Deltal is expressed in sensory patches from E3.5
onward until at least E12 (Adam et al. 1998). It is expressed exclusively in the
sensory patches and, within these, in a scattered subset of cells that eventually
become located in the apical, upper layer of the epithelium and are almost
certainly nascent, differentiating hair cells. In the inner ear of the early post-
hatch chick, C-Deltal is not expressed by either the hair cells or the supporting
cells of the basilar papilla, but it is expressed by a subpopulation of cells in the
utricle where hair-cell production is still an ongoing event (Stone and Rubel
1999). In situ hybridization studies and transgenic mice expressing a lacZ re-
porter construct for cis-acting regulatory sequences of the Deltal gene both
indicate that hair cells in the mouse express Deltal (Morrison et al. 1999). In
the vestibular system, Deltal expression is seen from E12.5, and in the cochlear
duct it is seen from E14.5 onward, initially in the inner hair cells and then in
the outer hair cells. Cells surrounding the hair cells do not express detectable
levels of Deltal at any stage. Nascent hair cells most likely use Deltal to
laterally inhibit their surrounding supporting cells. In zebrafish, expression of
deltaA, deltaB, and deltaD is observed in small patches at the anterior and
posterior ends of the otocyst at 14 hpf (Haddon et al. 1998), foreshadowing the
appearance of morphologically identifiable hair cells at 24 hpf (Haddon and
Lewis 1996).

In the mouse, the expression of Jagged?2 (Serrate2) is first detected at E14.5,
in a narrow strip of cells that extends along the basal coil of the cochlea (Lanford
et al. 1999). This strip is initially the width of a single cell. By E18 it expands
to a width of four to five cell diameters, extends along the full length of the
cochlea, and is clearly restricted to the developing hair cells. Jagged?2 is ex-
pressed in all the sensory organs of the vestibular system (Lanford et al. 1999).
It is detected in the cristae of the ampullae as early as E13.5 and is restricted
to cells that lie close to the lumenal border of the epithelium and are presumably
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hair cells. In the cochlea of the rat, antibody staining indicates Jagged?2 is ini-
tially expressed by the IHCs at E18, and by both the IHCs and the OHCs by
E20 (Zine et al. 2000). Serrate2 expression has not been described in the chick
inner ear, but in zebrafish the expression of serrateB (which is more closely
related to C-Serrate2 than to C-Serratel) closely resembles that of deltaA,
deltaB, and deltaD, although its expression persists for longer than that of the
delta genes in the differentiated hair cells (Haddon et al. 1998).

In the chick, as described earlier, C-Serratel expression is restricted to the
developing sensory patches from the very early stages of development (Adam
et al. 1998). C-Serrate]l mRNA is observed throughout the thickness of the
developing epithelium and its expression is observed in both the hair and sup-
porting cells of the early posthatch basilar papilla (Stone and Rubel 1999). In
the mouse, Jaggedl (Serratel) is also expressed early, by E12.5, and its distri-
bution demarcates the future sensory patches (Morrison et al. 1999). Expression
of Serratel in the mouse otocyst is initially observed throughout the thickness
of the epithelium but becomes restricted to the supporting-cell layer as the hair
cells differentiate (Morrison et al. 1999). In the rat cochlea, Jagged1 (Serratel)
protein, as detected by immunofluorescence, becomes restricted to the support-
ing cells in the organ of Corti by E20 (Zine et al. 2000). The expression of
Lunatic fringe (Lfng), a gene encoding a modulator of the Notch signalling
pathway is, as described above, initially similar to that of Serratel, demarcating
the future sensory patches and eventually becoming restricted to the supporting
cells (Morsli et al. 1998; Cole et al. 2000). In the mouse cochlea, Lfng is
expressed in the cells that immediately surround the IHCs and the OHCs at E18,
that is, by the inner phalangeal cells, Deiters cells and the outer pillar cells, but
not by the inner pillar cells (Zhang et al. 2000).

4.4.2 Mutant Phenotypes and Experimental Observations

Homozygous Notchl null mutants die by E9.5, before the appearance of sensory
patches in the inner ear, so it has not been possible to assess hair-cell differ-
entiation in these mice. However, heterozygous Notchl*'~ mice are viable and
a significant increase is observed in the numbers of regions along the cochlea
where there are four instead of three rows of outer hair cells (Zhang et al. 2000).
A reduced level of Notchl therefore has an effect on the numbers of outer hair
cells that differentiate and their patterning. Treating late embryonic (E16 to
E20) rat cochlear cultures with anti-sense Notchl oligonucleotides leads to the
formation of extra rows of both inner and outer hair cells (Zine et al. 2000).
Up to eight rows of OHCs and 3 rows of IHCs are observed in cultures treated
with anti-sense Notchl oligonucleotides, and the number of hair cells per unit
length of cochlea is significantly increased. The effect declines with the age at
which treatment is initiated. Fewer extra rows are observed in antisense-treated
explants prepared from the early postnatal stages (PO to P3), and these are found
in the more apical, less differentiated end of the cochlea. In regions where
antisense Notchl oligonucleotide treatment caused formation of additional rows
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of hair cells, hair-bundle polarity is disrupted and there is some evidence that
hair cells may be in direct contact with one another. While this suggests ad-
ditional hair cells may have formed at the expense of intervening supporting
cells in response to antisense Notchl oligonucleotide treatment, a definitive anal-
ysis of supporting-cell numbers in these cultures has yet to be performed.

In zebrafish that are homozygous for a dominant negative allele of the deltaA
gene, deltaA+?*2 there is a five to sixfold fold increase in the numbers of hair
cells that form (Riley et al. 1999). The maculae are enlarged, supporting cells
are almost totally missing, and otolith formation is delayed. The zebrafish
pax2.1 gene is expressed by developing and mature hair cells, but not by sup-
porting cells. In no isthmus mutants with a mutation (n0i*?’) in the C-terminus
of pax2.1, the expression levels of deltaA and deltaB in nascent hair cells are
reduced and nearly twice the normal number of hair cells is produced. The
expression of pax2.1 precedes the expression of delta genes in hair cells and
the analysis of double mutants indicates that pax2.1 is required for normal levels
of delta gene expression in developing hair cells (Riley et al. 1999). In the
zebrafish mindbomb mutant, which has a neurogenic phenotype in the CNS, the
expression of delta genes and serrateB is increased and there is a nearly 15-
fold increase in the number of hair cells that form by 36 hpf, accompanied by
a total absence of supporting cells (Haddon et al. 1998). Recent studies have
identified mindbomb as a ubiquitin ligase that interacts with the intracellular
domain of delta, promoting its internalization (Itoh et al. 2003). In the chick,
retrovirally mediated expression of dominant-negative forms of either C-Deltal
(DI147) or suppressor of hairless (a transcription factor that acts downstream of
Notch) (Su(H)™) within the developing sensory patches does not lead to an
increase in the linear density of hair cells, nor does overexpression of full length
C-Deltal cDNA inhibit hair-cell production (Eddison et al. 2000). This latter,
unexpected observation may be explained by the fact that differentiated hair
cells in the chick inner ear express Numb (Eddison et al. 2000), a protein that
interacts with Notch and blocks its activity. Differentiating hair cells may
therefore be immune to the effects of Notch activation caused by the over-
expression of Deltal in surrounding cells. Although blocking Notch signaling
by expressing dominant negative Deltal or Su(H) does not lead to an increase
in hair-cell numbers, it does down-regulate the expression of Serratel in the
sensory patches (Eddison et al. 2000). Notch activation therefore positively
regulates the expression of its ligand, Serrate 1, in sensory patches via lateral
induction.

Mice that are homozygous null mutants for the Jagged2 (Jag2) gene have
nearly complete duplication of the normal single row of inner hair cells, and
regions along the length of the cochlea that contain four rather than three rows
of outer hair cells (Lanford et al. 1999). The number of inner hair cells present
per unit length is increased by approximately 50%, and the number of OHCs
by nearly 20%. Hair-bundle polarity is also disrupted in the Jag2 null mutants,
as in cultures treated with antisense Notch oligonuleotides. No effects are ob-
served in heterozygotes. A null mutant for the Lfng gene has no effect on hair-
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cell patterning or the numbers of hair cells that are produced in the cochlea, but
the appearance of extra rows of inner hair cells in Jag2 null mutant mice is
suppressed on a Lfng null background (Zhang et al. 2000). This suppression of
the Jag2 null mutant phenotype is restricted to the inner hair cells. Extra rows
of outer hair cells and a general disorganization of hair-bundle polarity in outer
hair cells are still observed in mice that are double homozygous Jag2~'~, Lfng ™'~
mutants. It has been suggested that the Lfng protein may normally block the
inhibitory signal delivered by Deltal, but not that delivered by Jag2, and that
this inhibitory signal from Deltal can function in the absence of Lfng to sup-
press the overproduction of inner hair cells caused by the loss of Jag2 signaling
in a Jag2 null mutant (Zhang et al. 2000). An alternative explanation is that
Lfng normally weakly inhibits the Notch-activating effect of Serl, and that an
increase in Notch activation is revealed as a decrease in hair cell production in
a Jag2 mutant background where the action of Serl becomes more critical (Ed-
dison et al. 2000). Neither hypothesis explains why the Lfng mutation does not
suppress the phenotype observed with OHCs in the Jag2 null mutant mouse.

Treating cochlear cultures prepared from E16 to P3 rats with Jagl antisense
oligonucleotides leads to the formation of extra rows of both inner and outer
hair cells, and some disruption in hair-bundle polarity (Zine et al. 2000). This
effect is similar, although not as dramatic, to that observed with antisense oli-
gonucleotides for Notchl (see above). Dominant missense mutations in the
mouse Jagl gene, assumed to be dominant negative mutations, result in extra
hair cells, both normal and atypical, in the inner hair cell row of the cochlea,
but also a loss of most third-row outer hair cells (Kiernan et al. 2001; Tsai et
al. 2001). In addition, these mutations cause a complete loss of the posterior
ampulla, and sometimes the anterior ampulla, along with their cristae, and a
truncation of the associated canals. Jagl may play two roles in ear development
(Kiernan et al. 2001): an early one in specifying sensory patches and a later one
in regulating hair development within the patches.

4.5 The Transcription Factors Hesl and Hes5

Homologues of the Drosophila genes Hairy and Enhancer-of-split, Hesl and
Hes5, encode bHLH transcription factors that are known to negatively regulate
neurogenesis in vertebrates (Ohtsuka et al. 1999). In the cochlea of the rat at
E17.5, Hesl is expressed by the cells of the greater epithelial ridge that lie
adjacent to the developing inner hair cells, by the cells of the lesser epithelial
ridge, and by supporting cells throughout the utricle. At the same stage, Hes5
is expressed by the cells of the lesser epithelial ridge that surround the emerging
hair cells, and by supporting cells in the striolar region of the utricular macula
(Zheng JL et al. 2000). In the mouse, Hes5 is first detected in the basal end of
the cochlea at E15, 2 days after the onset of Mathl expression, throughout the
thickness of the epithelium and in a thin strip of cells that is narrower than that
defined by the expression pattern of Mathl at this stage. By E17, Hes5 ex-
pression is observed throughout the length of the mouse cochlea and is restricted
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to Deiters cells in the basal coils (Lanford et al. 2000). In homozygous Hes!
null mutant mice, additional inner hair cells but not outer hair cells are formed
(Zheng JL et al. 2000). The effect is dose dependent with some but fewer
additional inner hair cells observed in heterozygotes. In homozygous Hes5 null
mutant mice additional outer, but not inner, hair cells are produced (Zine et al.
2001). Additional hair cells are found in the utricles of both Hesl and Hes5
null mutants, and to a lesser extent in those of double heterozygotes. Cotrans-
fecting cells in the greater epithelial ridge of rat cochlear cultures with a mixture
of plasmids expressing both Mathl and HeslI leads to a reduction, relative to
cultures transfected with Mathl alone, in the number of GER cells that can be
induced to become ectopic hair cells (Zheng JL et al. 2000). Hes!, and probably
also Hes5, can therefore antagonize the action of Mathl and negatively regulate
hair-cell differentiation. In Jag2 null mutants, the expression of Hes5 is mark-
edly reduced, suggesting its expression is positively regulated by Notch activa-
tion (Lanford et al. 2000).

4.6 Models for Hair- and Supporting-Cell Differentiation

The expression patterns of the genes described above, their mutant phenotypes,
and the experimental findings are all generally consistent with the hypothesis
that lateral inhibition mediated via Notch signaling controls the differentiation
of hair and supporting cells in the vertebrate inner ear. The situation is clearly
more complex than originally conceived, however, and it seems unlikely that
lateral inhibition with feedback is all that is required to generate organs com-
posed of hair and supporting cells. Several Notch ligands are operating, and
the system can be modulated at different levels. Furthermore, although models
incorporating lateral inhibition with feedback can successfully generate regular
patterns of two cell types similar to those seen in the sensory organs of the ear,
observations in the developing avian basilar papilla have shown that a rearrange-
ment of cells with respect to one another contributes to the formation of a regular
cellular mosaic of hair and supporting cells (Goodyear and Richardson 1997).
J. Lewis and colleagues have recently proposed a system of regulatory inter-
actions (see Fig. 2.3) between Notch and its ligands that accounts for the ob-
servations described above (Eddison et al. 2000). In this system, newly
differentiating hair cells express Deltal, Serrate2, and Numb, and newly differ-
entiating supporting cells express Serratel. Notch activation positively regulates
the expression of Serratel, and negatively regulates the expression of Deltal
and Serrate2. Deltal and Serrate 2 that are expressed by the hair cells activate
Notchl in the supporting cells, thereby preventing supporting cells from ex-
pressing Deltal and Serrate2, inhibiting their differentiation as hair cells, and
promoting the expression of Serratel. Serratel that is expressed by supporting
cells does not activate Notchl in the neighboring hair cells because the hair
cells express Numb, but it will further activate Notchl in adjacent supporting
cells. A low level of Notch activation in hair cells ensures they maintain a high
level of expression of Deltal and Serrate2, and means that they express a low
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FIGURE 2.3. A model for the interactions occurring between components of the Notch
signaling pathway in a differentiating sensory organ of the inner ear. Hair cells express
Deltal (D11) and Serrate2 (Ser2), thereby activating Notchl in the supporting cells. This
prevents the supporting cells from expressing Deltal and Serrate2, and positively regu-
lates the expression of both Serratel (Serl) and Hes1/5, with Hes1/5 inhibiting hair-cell
differentiation. Hair cells express Numb and are therefore immune to Serratel signaling
from adjacent supporting cells. Cells with a low level of Notch activation become hair
cells, while cells with a high level of Notch activation become supporting cells. Mathl
may lie upstream of Deltal and Serrate2, and Hesl/5 may inhibit the expression of
Mathl. Modified with permission from Eddison et al. (2000).
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level of Serratel. The system operates to maintain a high level of Notch acti-
vation in supporting cells, and a low level of Notch activation in hair cells. Any
perturbation that reduces levels of Notch activation should cause an over-
production of hair cells, and in most cases (e.g., in Notch™~, Jag2™'~, and
dominant negative Delta mutants, and in cultures treated with antisense Jag/
and Notchl oligonucleotides) this has been shown to be the case. Increased
activation of Notch should lead to a decrease in hair-cell numbers, but in the
one instance in which this experiment has been attempted (Eddison et al. 2000),
the retroviral overexpression of Deltal in chick ears did not inhibit hair-cell
production, possibly because Notch cannot be activated in cells that already
express Numb.

The model (Fig. 2.3) can be further elaborated by incorporating Mathl up-
stream of the genes encoding the Notch ligands Delta and Serrate2, and Hes1/5
downstream of activated Notch, with HesI/5 repressing the expression of Mathl.
Clearly there is some evidence for this. Mathl is probably expressed before
Deltal and Jagged?2, Hes5 is up-regulated in supporting cells as they differen-
tiate, and the ectopic coexpression of Hesl with Mathl blocks the effects of
Mathl. What is not clear is whether hair cells are selected from a population
of bipotential progenitor cells that are expressing Mathl, or whether the cells
that express Mathl have already been selected by some as yet unidentified sig-
nal/process to be hair cells, or at least to be strongly biased in that direction,
and then reinforce that decision and maintain it by lateral inhibition. Clearly
Mathl is not acting as a proneural gene like its Drosophila homologue atonal,
and a bHLH transcription factor that specifies the prosensory patch, as defined
by the zone of nonproliferating cells that are expressing p27%®! remains to be
identified.

5. Roles of Retinoic Acid and Thyroid Hormone

Retinoic acid and thyroid hormone are known to be involved in a number of
different aspects of embryonic development. Both operate through nuclear re-
ceptors, transcription factors with a zinc finger DNA binding domain and a
domain for ligand binding and dimerization. There are six receptors that me-
diate the effects of retinoic acid, three retinoic acid receptors (RARc, B and )
and three retinoid X receptors (RXRa, [, and ), each the product of separate
genes. There are three T3-responsive thyroid hormone receptors, TRal, TR,
and TRPB2, derived from two genes, Thra and Thrb. The roles of these receptors
in inner ear development have been reviewed fairly recently (Raz and Kelley
1997), so only key observations and more recent findings related specifically to
the development and differentiation of hair cells will be discussed.

Exposing chick otocysts to retinoic acid in vitro causes a decrease in cell
proliferation, a decrease in mitogen-induced c-fos expression and the precocious
differentiation of hair cells (Represa et al. 1990; Leon et al. 1995). Treating
mouse cochlear cultures derived from early (E12.5 to E16), but not later, stage
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embryos with retinoic acid leads to the production of regions with extra rows
of both inner and outer hair cells, along with additional accompanying sup-
porting cells (Kelley et al. 1993). In the mouse, retinoic acid is produced by
the embryonic organ of Corti, but not by the adult organ (Kelley et al. 1993).
In the rat, cellular retinol binding protein I (CRBPI) is expressed transiently by
Deiters cells and the outer pillar cells between E15 and P15 (Ylikoski et al.
1994). CRBPI is thought to be involved in controlling the availability or syn-
thesis of retinoic acid, so these supporting cells may be the source of retinoic
acid within the organ of Corti. However, in situ hybridization studies suggest
CRBPI is not expressed in the developing mouse cochlea, and the development
of the organ of Corti appears normal in CRBPI null mutant mice (Romand et
al. 2000). The cellular retinoic acid binding proteins I and II (CRABPI and
CRABPII) may also control retinoic acid availability. They are expressed in the
greater epithelial ridge adjacent to the developing organ of Corti, but defects are
not observed in the morphological and physiological development of the organ
of Corti in CRABPI/CRABPII double null mutant mice (Romand et al. 2000).
RARo, RXRo, and RXRB mRNAs are expressed in the developing cochlear
epithelium by E13, and transcripts for all three receptors become concentrated
to a certain extent in hair cells as development proceeds (Raz and Kelley 1999).
RXRo mRNA expression decreases dramatically between E17 and P3, corre-
lating with the observed decrease in sensitivity to exogenously supplied retinoic
acid (Kelley et al. 1993). As active retinoic acid receptors are usually hetero-
dimers composed of one RAR and one RXR subunit, and as RXRB/RXRYy com-
pound null mutants are viable and have normal hearing (Barros et al. 1998), it
seems that RARoO/RXRa is the most likely hair-cell receptor for retinoic acid,
although the organ of Corti develops normally in RARa null mutant mice (Ro-
mand et al. 2002). Nonetheless, treating E12.5 cochlear cultures with the RARa
antagonist Ro-41-5253 for 2 days followed by cultivation for a further 5 days
leads to reductions in both the number of hair cells and the numbers of hair-
cell rows that develop (Raz and Kelley 1999). If cochlear cultures are estab-
lished at E13 and treated with Ro-41-5253 for 48 h prior to fixation at the
equivalent of E15.5 (i.e., after a total of 2.5 days in vitro), cells expressing
myosin VI, but not myosin VIIA or Brn3.1, are observed along the entire length
of the cochlea. These results indicate that the expression of myosin VI and the
initial differentiation of hair cells are unlikely to require retinoic acid, and have
been interpreted as supporting the hypothesis that retinoic acid plays a role in
certain specific aspects of the differentiation of progenitor cells as hair cells,
rather than a role in determining the size of the prosensory cell population for
the organ of Corti (Raz and Kelley 1999).

Thyroid hormone receptors are expressed in the rat inner ear from E12.5
onward (Bradley et al. 1994). TRoal and TRo2 are expressed throughout most
of the sensory epithelia of the inner ear, while TRB1 and TRB2 are expressed
only in the cochlear epithelium, by cells of both the greater and lesser epithelial
ridges including the hair cells. Chemically induced hypothyroidism causes a
general delay in the maturation of many components of the organ of Corti, but
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most structures, with the exception of the tectorial membrane, eventually develop
normally (Uziel et al. 1981). A similar effect is observed in compound null
mutant mice that lack all known thyroid hormone receptors (Riisch et al. 2001).
Thrb is essential for the maturation of auditory function (Forrest et al. 1996),
and in Thrb null mutant mice, development of the fast potassium conductance,
I, in IHCs is specifically delayed, but the onset of outer hair cell motility is
unaffected (Riisch et al. 1998a). In Thra=/~/Thrb~'~ double mutant mice, the
onset of Iy ; expression in IHCs and the onset of OHC motility are both affected
(Riisch et al. 2001). A recent study has shown that there are thyroid response
elements in the promotor for the gene encoding prestin, the OHC motor (Zheng
J et al. 2000), and that expression of this gene is indeed regulated by thyroid
hormone (Weber et al. 2002).

6. Hair-Bundle Development

Scanning and transmission electron microscopy have been used to describe the
formation and development of sensory hair bundles in a number of different
mammals (Li and Ruben 1979; Anniko 1983 a, b; Lim and Anniko 1985; Mbi-
ene and Sans 1986; Lavigne-Rebillard and Pujol 1986; Lenoir et al. 1987; Lim
and Rueda 1992; Kaltenbach et al. 1994; Zine and Romand 1996). Studies on
the chick auditory organ, the basilar papilla, have provided the most thorough
and complete description of hair-bundle development (Cotanche and Sulik 1983,
1984; Tilney and DeRosier 1986; Tilney et al. 1986, 1988a, 1992). These papers
will therefore be summarized in some detail, and the extent to which hair-bundle
development in the chick auditory organ is representative or atypical of that in
different organs and species will be considered. Despite good morphological
descriptions, the basic molecular mechanisms underlying hair-bundle develop-
ment remain largely unknown. Hair bundles come in a wide range of very
precisely determined shapes and sizes, even within one organ, and the control
systems that orchestrate this variety of cellular form are even less well under-
stood. Nonetheless studies of mouse and zebrafish mutants, and human deafness
genes, have recently revealed a number of molecules that are required for the
development and maintenance of hair-bundle structure and polarity, and these
will be the focus of the second half of this section.

6.1 Appearance and Growth of Hair Bundles
6.1.1 The Chick Basilar Papilla

Hair bundles can be first identified by scanning electron microscopy (SEM) or
with antibodies directed against the hair-cell antigen (HCA) at E6.5 (stage 29)
in the distal, low-frequency end of the developing basilar papilla (Cotanche and
Sulik 1983; 1984; Bartolami et al. 1991; Goodyear and Richardson 1997). A
single kinocilium and numerous microvilli are present on the apical, lumenal
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surfaces of all the epithelial cells of the papilla at this stage (Fig. 2.4). The
emerging hair bundles seen in the distal end of the papilla consist of 10 to 15
microvilli that are are clustered together, slightly taller and thicker than the
microvilli on adjacent cells, and are grouped around a kinocilium that is centrally
located on an acutely domed cell surface (Cotanche and Sulik 1984). Over the
next 4 days, the number of hair bundles increases rapidly, and the final adult
complement is nearly present by E10 (Tilney et al. 1986; Goodyear and Rich-
ardson 1997). Both SEM and immunofluorescence microscopy indicate that hair
bundles first appear at the distal end of the papilla, with the distal patch of new
hair bundles expanding proximally as the papilla elongates. A few scattered
hair bundles are, however, observed in the proximal end of the papilla before
the distal patch has expanded that far (Goodyear and Richardson 1997). In
contrast, the first hair cells to be born are found in a long narrow strip that
extends along the superior margin of the papilla, and new hair cells are added
peripherally to this strip (see above; Katayama and Corwin 1989), so hair bun-
dles do not simply appear on hair cells at a fixed time after they have been born.

The stereocilia of the newly emerging hair bundles are of fairly uniform
height, and contain only a few peripherally located actin filaments. Between
E8 and E12 the following events occur (see Fig. 2.4): the kinocilium migrates
to one side of the cell, defining the polarity of the bundle (Cotanche and Sulik
1984; Tilney et al. 1992); the hair bundles reorient and become aligned with
those of neighboring hair cells (Cotanche and Corwin 1991); the number of
actin filaments within each stereocilium increases and the actin filaments become
increasingly crossbridged (Tilney and DeRosier 1986); the stereocilia nearest
the kinocilium begin to elongate, followed by those progressively further away
from the kinocilium, thereby generating a hair bundle with rows of stereocilia
of increasing height, the “stereocilial staircase” (Tilney et al. 1986). The initi-
ation of stereocilia elongation occurs synchronously throughout the length and
width of the papilla (Tilney et al. 1986). During this first phase of bundle
differentiation, the hair cell surface is continuing to grow in area and new ster-
eocilia are being added, filling the entire apical surface, to the extent that by
E12 each hair cell has 1.5 to 2.0 times the number of stereocilia than that present
on mature hair cells (Tilney et al. 1992).

During the next phase, from E13 to El5, there is a pause in stereociliary
elongation, and the stereocilia begin to increase in width in those cells in which
stereociliary thickness is not yet at adult values. Simultaneously the stereocilia
begin to taper at their bases, rootlets form and project down into the developing
cuticular plate, and the excess stereocilia are resorbed from the surface. Sub-
sequently, from E17 onward, the elongation of stereocilia is reinitiated in those
bundles that have not yet attained their final height. Cessation of stereociliary
elongation occurs first in the row of shortest stereocilia, and last in the tallest
row, thereby increasing the difference in height-ranking between the rows.

These studies have indicated that the growth in length and thickness of a
chick stereocilium are processes that are separated in time (Tilney et al. 1986).
Furthermore, it has been suggested that while the actin filaments in stereocilia
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elongate via the addition of actin monomers to the most distal, barbed end at
the tip of the stereocilium, the growth of rootlets into the cuticular plate that
occurs while the stereocilia are not actively elongating is due to the addition of
actin monomers to the proximal, nonpreferred, pointed ends of the few filaments
that pass through the constricting taper developing at the stereocilial base (Tilney
and DeRosier 1986). An analysis of the site of radiolabeled amino acid incor-
poration during the final growth phase of stereocilia in the chick basilar papilla
(E17) failed to provide evidence for the hypothesis that stereocilia grow at their
tips (Pickles et al. 1996). However, recent experimental studies in cultures of
the early postnatal rat cochlea, using hair cells transfected with GFP-actin, have
shown that new actin is continuosly incorporated at the tip of each stereocilium
at this stage of development (Schneider et al. 2002; Rzadzinska et al. 2004).

6.1.2 The Mammalian Cochlea

Despite its importance as a model system, good ultrastructural descriptions of
the normal process of hair-bundle development in the embryonic mouse cochlea
are lacking. Evidence from transmission electron microscopy indicates hair bun-
dles are distinguishable in the basal region of the mouse cochlea at E15 (Anniko
1983a). A monoclonal antibody (SC1) that recognizes stereocilia labels a few
hair cells in the mouse cochlea at E16 (Holley and Nishida 1995). In the rat
cochlea, stereociliary bundles can be first recognized by SEM on IHCs in the
base of the cochlea at E18 (Zine and Romand 1996). As in the chick basilar
papilla, these early rat hair bundles consist of densely packed stereocilia of
approximately the same height surrounding a more or less centrally positioned
kinocilium. Newly emerged hair bundles in the cochlea of the neonatal golden

<

FIGURE 2.4. A diagram illustrating how a generic sensory hair bundle with tip links
develops. The images depict the apical surface of a hair cell at different stages of its
formation as viewed from above at an oblique angle (leff), from directly overhead
(center), or as sectioned transversely in a plane passing through the kinocilium (right).
The kinocilium is depicted in black in the overhead view. Stage I: Hair cell with a single
central kinocilium (K), and a few stubby microvilli on its apical surface. Stage II: Hair
bundle with a central kinocilium surrounded by short stereocilia of uniform height. The
tips of the stereocilia are interconnected by lateral links (L) running in all directions
(shown center and right). Stage III: Kinocilium migrates to the periphery of the cell
(bold vertical arrow). Stage IV: Kinocilium repositions defining hair-bundle polarity
(bold curved arrow). Stereocilia immediately next to the kinocilium begin to increase in
height, pulling the lateral links that are directed along the 1,00 lattice plane up to form
oblique tip links (T, links shown in bold center and right). Stage V: Successive rows of
stereocilia become incorporated into the hair bundle, with tip links forming between new
rows along the 1,00 lattice line. Excess stereocilia begin to be resorbed. Rootlets and
the cuticular plate begin to form. The scheme for link formation is based on Pickles et
al. (1991). Nomenclature for lattice planes is from Tilney et al. (1988b).
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hamster have stereocilia that are undifferentiated in height and can be distin-
guished from the microvilli on surrounding supporting cells by their relative
shortness and clustered appearance (Kaltenbach et al. 1994).

In the hamster, differences in the height of the stereocilia bundles from the
base to the apex of the cochlea (longest bundles at the apex, shortest at the base)
are generated by differences in the growth rate of stereocilia (Kaltenbach et al.
1994). This is in contrast to the scenario proposed for the chick (Tilney et al.
1986), where it is the time period over which growth occurs (at a presumably
constant rate) that determines overall bundle height as well as differences in the
height of stereocilia between the rows in the bundle. Furthermore, during post-
natal development in the hamster cochlea, increases in the width and height of
stereocilia occur simultaneously (Kaltenbach et al. 1994), rather than being sep-
arated in time as they are in the chick (Tilney et al. 1986). In the rat cochlea,
there is some evidence that the stereocilia bundles on basal-coil outer hair cells
may actually shorten between 4 and 24 days after birth (Roth and Bruns 1992).
In all mammalian species studied thus far, hair-bundle appearance and differ-
entiation in the cochlea proceeds in a base-to-apex direction. Hair cells in the
apex begin to differentiate after those in the base, although hair cells in the apex
may be born before those in the base (see above; Ruben 1967). This is in
contrast to the chick basilar papilla, in which hair bundles in the distal, low-
frequency end appear before those in the proximal, high-frequency end (see
Section 6.1.1) and where the different phases of early stereociliary growth that
lead to differentiation of a bundle with rows of ranked stereocilia are initiated
simultaneously through the length of the papilla (Tilney et al. 1986). In both
birds and mammals, hair bundles do not simply appear at a fixed time point
after the cells have withdrawn from the cell cycle.

6.1.3 The Vestibular System

Hair bundles can be first identified in the cristae of the chick inner ear at E4
(stage 26) using the anti-HCA monoclonal antibody (Bartolami et al. 1991).
Scanning electron microscope studies have unambiguously identified hair bun-
dles in the cristae (Mbiene and Sans 1986) and maculae (Denman-Johnson and
Forge 1999) of the mouse inner ear at E13.5, within 2 days of the birth of the
first hair cells in these organs (see above; Ruben 1967). As in the auditory
organs, the newly emerging hair bundles consist of short stereocilia of relatively
uniform length clumped around a central kinocilium of similar height (Mbiene
and Sans 1986; Denman Johnson and Forge 1999). At an earlier stage of de-
velopment (E12.5), cells tentatively identified as immature hair cells have a
single central kinocilium, very few microvilli relative to surrounding cells, and
just a few small dimples on their apical surface (Denman-Johnson and Forge
1999). Bundles with eccentrically placed kinocilia and stereocilia of either uni-
form or staggered height are observed by E14.5 in the cristae, and as early as
E13.5 in the maculae, alongside bundles with a centrally placed kinocilium,
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suggesting that bundle polarization and formation of the stereocilial staircase
occur very rapidly in these organs.

In the anterior crista of the mouse ear, a central-to-peripheral gradient of hair-
bundle differentiation is observed. Mature bundles first appear in central regions
at the apex of the crest, and the less mature bundles are located peripherally
around the sloping flanks (Mbiene and Sans 1986). This gradient of hair-bundle
differentiation roughly matches that described for hair-cell birthdates in the lat-
eral crista, where the oldest cells are located at the top of the ridge (see above;
Sans and Chat 1982). However, despite a general gradient of differentiation in
the anterior crista, from center to periphery, immature bundles are also observed
interspersed among more mature bundles (Mbiene and Sans 1986). A similar
situation has been described in the developing mouse maculae, where hair bun-
dles of differing maturity are found intermingled, suggesting there may be two
or more waves of differentiation occurring at different times (Denman-Johnson
and Forge 1999).

6.2 Determination of Hair-Bundle Polarity

The mechanisms that determine the orientation, or planar polarity, of hair bun-
dles in vertebrate mechanosensory organs are not yet understood, although they
may well turn out to be be similar to those that determine the planar polarity
of sensory bristles in Drosophila (Lewis and Davies 2002). Hair bundles all
have a similar polarity in the auditory organs and the cristae of the inner ear.
In contrast, hair bundles in the maculae are oriented toward (in the utricle) or
away (in the saccule) from a curved line running through a strip of the epithe-
lium known as the striola, and are therefore of opposite polarity on different
sides of the organ. A single kinocilium is a feature of developing hair bundles
in all types of hair cell, although it is lost during the later stages of hair-bundle
maturation in the auditory organs of many species. Migration of the kinocilium
to one side of the cell surface is one of the earliest events occurring during hair-
bundle development (Fig. 2.4). In the chick basilar papilla, this initial movement
of the kinocilium produces fields of adjacent hair bundles with a unimodal but
very broad distribution of polarities (Cotanche and Corwin 1991). Subse-
quently, this variation in distribution decreases considerably and bundle orien-
tation on neighboring cells becomes more uniform. In some areas of the papilla
this occurs very rapidly, before significant growth of the hair bundle, while in
other areas it occurs over a much slower time frame. The degree to which this
reorientation is due to rotation of the entire cell, or movement of the bundle
within the cell is unknown. In the maculae of the mouse, the adult-like pattern
of hair bundle orientation characteristic of these organs is already clearly ap-
parent by E15.5, before the birth of many hair cells and well before the matu-
ration of most hair bundles (Denman-Johnson and Forge 1999). A systematic
variation in orientation across the epithelium is even observed as early as E13.5,
the stage at which polarized bundles can be first identified. In the cochleae of
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both rats and hamsters, unlike the situation in the basilar papilla, hair-bundle
polarity appears to be precisely determined from the outset (Kaltenbach et al.
1994; Zine and Romand 1996). As soon as a hair bundle is observed with an
eccentrically placed kinocilium, its polarity is as it will be in the adult. In a
more recent study of the developing mouse cochlea, however, although hair-
bundle orientation is initially nonrandom it is not as precise as it is in the adult,
and there is good evidence for hair-bundle reorientation occurring in both inner
and outer hair cells between E17 and P10 (Dabdoub et al. 2003).

It has been suggested that the differential growth of layers of matrix within
the overlying tectorial membrane provides a traction force that aligns hair bun-
dles in the developing basilar papilla (Cotanche and Corwin 1991). Data from
SEM studies have been used to argue that this hypothesis is unlikely to work
in mammals. In the hamster cochlea, hair bundles of correct orientation appear
in advance of visible tectorial membrane coverage (Kaltenbach et al. 1994). In
the mouse maculae, correctly oriented bundles are observed before significant
production of a thickened otoconial membrane, and differences in the sites of
otoconial membrane production that could account for the opposing hair-bundle
polarities seen in these organs have not been observed (Denman-Johnson and
Forge 1999). However, it should be noted that mRNAs for the tectorins, proteins
that are major components of the tectorial and otoconial membranes, begin to
be expressed by cells directly adjacent to the sensory primordium of the mouse
cochlea at E12.5, well before the appearance of hair bundles (Rau et al. 1999),
and that B-tectorin mRNA begins to be expressed exclusively within the striolar
region of the maculae coincident with the appearance of correctly oriented bun-
dles. It is not certain to what extent the immature otoconial and tectorial mem-
branes survive the preparation procedures used for SEM, and their artefactual
loss could lead to erroneous conclusions concerning their function.

Within the hair-cell body, microtubules tend to be arranged predominantly
parallel to the long axis of the cell as hair-bundle polarity is being first estab-
lished, suggesting they are unlikely to play a role in determining orientation
(Troutt et al. 1994; Denman-Johnson and Forge 1999). However, organelles
known as striated rootlets tend to lie parallel to the apical surface, and are seen
to run between the basal body that lies beneath the kinocilium and the circum-
ferential adherens junction and may therefore play a role in positioning the
kinocilium (Denman-Johnson and Forge 1999). Aligned microfilament assem-
blies that are associated with the adherens junctions and lie parallel to the apical
epithelial surface are prominent components of supporting cells in mature and
developing maculae. These are also present to a certain extent in differentiating
hair cells, and it has been suggested that a network of such microfilament as-
semblies might provide a signaling framework through which hair-bundle po-
larity is coordinated throughout the epithelium (Denman-Johnson and Forge
1999). In the zebrafish mindbomb mutant, however, in which supporting cells
are completely absent, hair bundles develop the appropriate orientation for their
location in the epithelium and are aligned fairly well with their neighbors (Had-
don et al. 1999). Supporting cells are therefore not required for determining
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hair-cell polarity, nor for transmitting any signal through the epithelium, and
any signals that are transmitted through the epithelium, as opposed to external
influences, can presumably be transmitted directly from hair cell to hair cell if
necessary.

The primary cell polarity genes of Drosophila encode a number of proteins
including Frizzled, a member of the Wingless/Wnt receptor family; Dishevelled,
a PDZ domain protein recruited to the membrane by Frizzled; two members of
the cadherin superfamily, Dachsous and Flamingo; and a protein with a PDZ-
domain binding interface known as Strabismus or Van Gogh. Recent studies
have revealed that two mouse mutants derived from an ENU screen, spin cycle
and crash, have mutations in Celsrl, a mammalian homologue of Drosophila
frizzled (Curtin et al. 2003). In mice heterozygous for these dominant mutations
there is a three-to sixfold increase in the number of misoriented hair bundles
found on the outer, but not inner, hair cells in the adult cochlea. Mice homo-
zygous for these mutations are not viable because of neural tube defects, but
have large numbers of severely misoriented outer hair cells at E18.5. The degree
of misorientation observed in these mutants is substantially greater (up to 180°)
than the nonrandom orientation (up to 35°) observed in wild type mice at E17,
indicating the defect is not simply due to a failure in the normal process of
reorientation that refines planar polarity in the developing organ of Corti, unless
substantial reorientation normally occurs between E15 and E17.

In loop-tail mice homozygous for a mutation in the gene encoding a mam-
malian homologue of Drosophila Van Gogh, Vangl2, the hair bundles of both
inner and outer hair cells are misoriented by up to 180° and analysis at E16.5
indicates that this mutation most likely affects the initial biased movement of
the kinocilium to the abneural edge of the hair cell (Montcouquiol et al. 2003).
Although Frizzled and family members are cell-surface receptors for the Wing-
less/Wnt family of secreted signaling molecules, there is no evidence that these
ligands are required for planar polarity in Drosophila. Cochlear hair-bundle
orientation is normal in Wnt7a mutant mice, but experimental evidence from
mouse cochlear cultures indicates that Wnt7a-conditioned media and inhibitors
of Wnt signaling can block hair-bundle reorientation that is seen in the basal
end of the cochlea in vitro, and in situ studies suggest the pillar cells lying
between the inner and outer hair cells may act as a line source of Wnt7a that
provides the gradient for hair cells to respond to when reorienting during de-
velopment (Dabdoub et al. 2003). Presumably, other signaling pathways may
compensate for the loss of Wnt7a signaling in the mutants.

As described earlier, hair-bundle polarity is also disrupted in the hair cells
that are overproduced in Notch™'~ and Jag2~’~ mutant mice, and in rat cochlear
cultures treated with antisense oligonucleotides for Notchl and Jagl (Lanford
et al. 1999; Zhang et al. 2000; Zine et al. 2000). These data suggest Notch
signaling may play some role in this aspect of hair-cell development, in addition
to determining the cell-fate choice, although the mindbomb mutant (Haddon et
al. 1999) suggests otherwise, and the polarity defects observed in response to
altered Notch signaling may be a secondary effect resulting from overcrowding.
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Mutations in cytoskeletal and cell-surface molecules can also cause alterations
in hair-bundle polarity (see Section 6.6).

6.3 Formation of Hair Bundle Shape

Emerging stereociliary bundles in every organ, when viewed from above, all
initially have a circular shape. As development proceeds they acquire their
characteristic adult shape. In the mammalian cochlea, the stereociliary bundles
of inner hair cells develop a straight or slightly curved crescent-like profile, and
those of outer hair cells become V- or W-shaped. In the chick basilar papilla,
the stereociliary bundles on proximal hair cells develop a rectangular profile,
while those at the distal end retain a circular shape. In the vestibular system
most bundles have a circular profile, although some are more box-shaped. The
development of bundle shapes other than circular involves at least two processes,
a straightening of the rows of stereocilia that are recruited into the elongating
staircase (Tilney et al. 1992) and a resorption of both the excess stereocilia that
are initially produced and those that appear as the apical surface area increases.
Resorption of excess stereocilia is a feature that has been described in the au-
ditory organs of mouse (Lim and Anniko 1985; Furness et al. 1989), rat (Lenoir
et al. 1980; Roth and Bruns 1992), hamster (Kaltenbach et al. 1994), and chick
(Tilney et al. 1986), but not in studies of vestibular organ development (Mbiene
and Sans 1986; Denman-Johnson and Forge 1999), suggesting it may be im-
portant for generating the more complex, location-dependent arrays of stereocilia
that are found in the auditory hair cells.

6.4 Development of the Cuticular Plate

The cuticular plate is a dense meshwork of actin filaments and other cytoskeletal
proteins including o-actinin, spectrin, tropomyosin, myosin Ie, and myosin VI
into which the stereociliary rootlets project (Drenkhahn et al. 1985; Slepecky
1996; Hasson et al. 1997; Dumont et al. 2002). It is located just beneath the
hair bundle and presumably forms a rigid intracellular structure to which the
bundle is anchored. In the chick basilar papilla, transmission electron micro-
scope (TEM) studies indicate that the cuticular plate begins to form at E11, after
the initial polarity has been established, and just as the first phase of stereociliary
elongation is ending and the onset of rootlet formation is starting (Tilney and
DeRosier 1986). In the mouse, TEM observations show cuticular plates are
present by E15.5 in macular hair cells with polarized bundles (Denman-Johnson
and Forge 1999). Structurally distinct cuticular plates are visible in mouse coch-
lear hair cells at E17 (Anniko 1983a,b), and are well defined by P2 (Furness et
al. 1989). A monoclonal antibody that recognizes an unidentified antigen as-
sociated with the cuticular plates of mature hair cells stains the apical pole of
macular hair cells by E14, and that of basal coil inner hair cells by E15, indi-
cating that some molecular components of the cuticular plate may be in place
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before a distinct plate is discernable by purely morphological criteria (Nishida
et al. 1998).

6.5 Development of Links

Despite the likely importance of interstereociliary links for mechanotransduction
and the development and maintenance of hair-bundle integrity, the appearance
and distribution of these membrane specializations on the hair-bundle surface
has received little systematic attention. Tip links have been described on mouse
macular hair cells at E15.5 (Denman-Johnson and Forge 1999), rat inner hair
cells at birth (Zine and Romand 1996), gerbil outer hair cells by P2 (Souter et
al. 1995), and mouse outer hair cells in vitro at the equivalent of P3 (Furness
et al. 1989). In the chick basilar papilla, structures that are probably tip links,
but do not have associated submembranous densities, can be observed by TEM
as soon as a gradation in stereociliary height is apparent (at E9, Pickles et al.
1991). Links between adjacent rows of stereocilia can be observed running up
the 1,00 lattice plane (see Fig. 2.4, stages IV and V) of the hair bundle (i.e.,
like tip links in the adult) in the basilar papilla of E11 chick embryos (Tilney
et al. 1992). Submembranous densities are first observed at the insertion points
of the nascent tip links sporadically at E13, and reliably by E16. The emerging
tip links seen at E9 appear to develop from a network of fine filamentous strands
that is concentrated at the top of the bundle at earlier stages (E7.5, Pickles et
al. 1991). These filaments run along all lattice planes and interconnect all the
nascent stereocilia within a new bundle (Fig. 2.4, stages II and III). Similar
spoke-like arrangements of lateral links interconnecting all neighboring stereo-
cilia have been described at the tops of newly emerging hair bundles in the
mouse macula at E13.5 (Forge et al. 1997), and in early postnatal mouse coch-
lear hair cells between all stereocilia, including those that will eventually be
resorbed (Furness et al. 1989). A protein antigen associated with both tip links
and kinocilial links, the tip-link antigen (TLA, Goodyear and Richardson 2003)
and cadherin 23, another component of tip and kinocilial links (see Section
6.6.3, Siemens at al. 2004), are expressed at high levels in embryonic hair bun-
dles, relative to those observed in the adult (Goodyear and Richardson 2003;
Boeda et al. 2002) consistent with the observation that tip links are generated
from a population of filaments that are initially more abundant and less restricted
in their orientation during the early developmental stages of hair-bundle
development.

A model for tip link formation suggests that a subset of the links in these
arrays of lateral links are pulled upward to a more vertical inclination as ster-
eociliary elongation is initiated and become tip links, while the others remain
in a basal location and contribute to the ankle links (Pickles et al. 1991). In an
interesting model for hair-bundle growth, Tilney et al. (1988a), proposed that
ion flow through the transducer channels that are gated by the tip links may
uncap the barbed ends of the actin filaments at the stereocilial tips and thereby
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initiate stereociliary elongation. A system such as this—stereocilial elongation
increasing tip-link stretching, tip-link stretching increasing channel opening, ion
influx increasing actin uncapping and therefore further elongation—requires
some triggering stimulus, perhaps traction caused by upward growth of the kin-
ocilium. This remains an interesting model for hair-bundle growth, although
recent evidence from both the chick (Si et al. 2003) and the mouse (Geleoc and
Holt 2003) suggest the onset of mechanotransduction (see below) occurs after
the ranking of stereocilia has been initiated.

Far less attention has been paid to the development of the other interstereo-
ciliary link types. It is not known when the horizontal top connectors described
in certain types of hair cell in the frog (Jacobs and Hudspeth 1990), fish (Neu-
gebauer and Thurm 1985), and chick (Goodyear and Richardson 1992) inner
ear are first formed. The development of linkages has been examined in the
utricle and saccule of the European roach by comparing hair bundles on mar-
ginally located, apparently immature hair cells with those on central, presumably
more mature hair cells (Neugebauer 1986). Peripheral bundles have a dense
collection of linkages connecting their entire surface. In addition, spherical,
membrane-bound structures are associated with the links and decorate the entire
stereociliary surface. In central bundles with a more mature conformation, these
spherical structures are not observed, but connectors around the base of the
bundle are enhanced, connectors further up the bundle are reduced in number,
and tip links are more apparent (Neugebauer 1986). In the chick inner ear,
components of the shaft connectors (the 275 kDa HCA, Richardson et al. 1990),
ankle links (the ankle-link antigen, Goodyear and Richardson 1999) and tip links
(the tip-link antigen, Goodyear and Richardson 2003) are expressed over the
entire surface of the hair bundle as it first forms (Bartolami et al. 1991; Goodyear
and Richardson 1999; 2003). The ankle-link antigen eventually becomes re-
stricted to a narrow zone on the hair bundle surface that lies just above the level
of the cuticular plate, but is also transiently concentrated at the very tip of the
developing hair bundle for a brief period (Goodyear and Richardson 1999). The
tip-link antigen finally becomes restricted to the top of the mature hair bundle,
where it is associated with tip links and kinocilial links (Goodyear and Rich-
ardson 2003).

Various aspects of the process of hair-bundle development (Fig. 2.4), like the
changes observed in the position of the kinocilium and the formation of tip links
from arrays of lateral top links, may be common to all hair-cell types and
species, while others, such as the sculpting of a hair bundle from a proportion
of the stereocilia that are initially produced and the subsequent resorption of the
unwanted excess numbers, may occur only in auditory as opposed to vestibular
hair cells. There are a limited number of studies to draw upon, and those that
are available are usually restricted to one organ from one species, so the com-
mon, and therefore presumably essential, features of the process are still hard
to determine with certainty.
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6.6 Role of Cytoskeletal and Cell-Surface Proteins

The mechanisms that control the growth of actin filaments in a hair cell must,
to a large extent, determine the final shape and form of the stereociliary bundle,
and the potential role of molecules that cap the ends of actin filaments has
already been discussed above. Rho-GTPases, members of the Ras family of
small G-proteins including RhoA, Racl and Cdc42, play a pivotal role in di-
recting the assembly and polarity of the actin cytoskeleton in a variety of cell
types, and many upstream effectors and downstream targets of these molecules
are now known (Hall 1998). This knowledge has been used to suggest how the
formation of actin filament bundles is regulated during hair bundle development
(Kollmar 1999; Muller and Littlewood-Evans 2001) but thus far there is little
firm evidence for these various hypotheses. The human homologue of the Dro-
sophila gene diaphanous, HDIAI, encoding a downstream target of RhoA, is
mutated in an autosomal dominant form of hereditary deafness, DFNAI, but this
is a late onset progressive form of deafness, the cellular phenotype in the ear is
unknown, and it is not clear whether HDIA is required for normal development
of the hair bundle (Lynch et al. 1997). However, there are several lines of
evidence indicating that unconventional myosins, actin-bundling proteins and
cytoplasmic scaffolding proteins, and a variety of cell-surface molecules all play
a role in the process of hair-bundle development.

6.6.1 Unconventional Myosins

Myosins are actin-binding molecular motors that form a large superfamily cur-
rently comprising 17 unconventional types of myosin as well as the conventional
type II myosins (for a recent review see Berg et al. 2001). Myosins are defined
by the presence of a highly conserved actin- and ATP-binding head domain that
in most cases is followed by a light-chain binding region comprising one or
more IQ motifs, and a C-terminal, class-specific tail. Tail domains vary greatly
and can contain, for example, FERM domains (e.g., myosin VIla, myosin XVa),
thought to be involved in linking cell membranes with the cytoskeleton, and
SH3 domains that are associated with roles in endocytosis and protein locali-
zation. Myosins are likely to have a wide range of important roles in cells,
including roles in motility, organelle trafficking, and maintenance of cell shape.
More recently described roles in yeast include establishment of polarity by my-
osin V (Yin et al. 2000) and actin polymerization by myosin I (Berg et al. 2001).
Whether these or other myosins play a similar role in hair cells has yet to be
determined. However, unconventional myosins VI, VIIa, and XV are all spe-
cifically expressed by hair cells in the cochlea, and mutations in the genes en-
coding these proteins cause disruption of the hair bundle and result in profound
deafness. Myosin IIla, a vertebrate homologue of Drospohila ninac—an un-
usual myosin with an N-terminal kinase domain, is also expressed by hair cells
in the inner ear, and mutations in human myosin Illa cause a progressive form
of nonsyndromic hearing loss (Walsh et al. 2002).
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Myosin VI localizes to the cuticular plates of hair cells, where it is associated
with the stereociliary rootlets, and to the pericuticular necklace, a vesicle-rich
zone that surrounds the cuticular plate (Hasson et al. 1997). The Snell’s waltzer
mouse exhibits circling behavior and is deaf, has a deletion in the Myo 6 gene
(Avraham et al. 1995), and does not produce any detectable myosin VI protein.
At P1, the hair bundles in the cochleae of Snell’s waltzer mutant mice are
polarized and have ranked stereocilia. However, the outer hair cell bundle lacks
the clear V-shape characteristic of wild-type hair bundles at P1, the excess ster-
eocilia that are normally reabsorbed from the apical surface are more apparent,
and some of the stereocilia are fused (Self et al. 1999). By P7, severe fusion
of stereocilia is evident leading to many giant stereocilia. This degenerative
pathology progresses as maturation continues and only a few hair cells are left
by P20. Myosin VI is unique among myosins in that it moves toward the minus
ends of actin filaments (Wells et al. 1999), and it has been suggested that it
tethers the plasma membrane at the base of each stereocilium to the rootlet (Self
et al. 1999; Cramer 2000). In the absence of myosin VI the plasma membrane
may slide up the actin cores resulting in fusion of the stereocilia. Although
myosin VI is important for apical endocytosis in polarized epithelial cells (Buss
et al. 2001, Biemesderfer et al. 2002), the phenotype observed in Snell’s waltzer
mice is thought not to result from a defect in membrane retrieval. Coated pits
are associated with the apical membranes of hair cells in Snell’s waltzer mutants
(Self et al. 1999), and the fusion of stereocilia apparently does not involve an
increase in the area of membrane covering the stereocilia (Cramer 2000).

Myosin VIla is highly abundant in hair cells, being present in the stereocilia,
cuticular plate, and pericuticular necklace (Hasson et al. 1997), and generally
distributed throughout the cell soma. Shakerl mice have recessive mutations in
the Myo7a gene that cause deafness and vestibular dysfunction (Gibson et al.
1995). There are several different alleles of shakerl. The original shakerl
mouse, Myo7a*!, has a missense mutation in a poorly conserved region of the
motor head of myosin VIla (Gibson et al. 1995). In Myo7a** mutants, inner
hair cell stereocilia are somewhat irregularly organized whereas the stereocilia
of outer hair cells, although well organized even at P15, tend to possess two
rows of stereocilia instead of the normal three (Self et al. 1998). The Myo7a%
and Myo7a’%'%8 alleles of shakerl have mutations in the conserved core region
of the myosin VIla head, and the phenotype is more severe than that in the
Myo7a™™ mutant. Hair bundles can be clearly distinguished by SEM at E18,
and in both wild type and mutant mice the hair bundles are already polarized
with rows of stereocilia of ranked height situated on one side of the cell surface.
However, in comparison to those of wild type animals, the shapes of the Myo7a%
and Myo7a%/%s® mutant bundles are rather irregular, the kinocilia are not always
in their normal position with respect to the stereocilial arrays, and the hair
bundles are poorly oriented with respect to one another (Self et al. 1998). By
P3, severe disruption of hair bundles is seen in mutants. The hair bundles are
often split into multiple small clumps of stereocilia that are randomly arranged
with respect to one another, although the stereocilia within each clump are
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ranked in height and show a typical staircase pattern of organization. The excess
stereocilia appear to be resorbed on schedule in these Myo7a mutants, and en-
docytotic activity at the apical surface is, as judged by cationic ferritin uptake,
normal (Richardson et al. 1997). The cuticular plate also forms on time in these
mutants and is visible by E18, but becomes interrupted by regions of vesicle-
rich cytoplasm forming smaller islands with associated clumps of stereocilia.
As the mouse matures many stereocilia are lost and the hair cells finally degen-
erate and are lost from the sensory epithelium (Self et al. 1998). The phenotype
of these mutants indicates Myo7a may be required to retain the kinocilium, the
cuticular plate and its associated stereocilia associated as a single coherent as-
sembly. In the zebrafish circler mutant mariner, mutations in the myosin VIla
gene also cause splaying of the sensory hair bundles (Nicolson et al. 1998;
Ernest et al. 2000). Myosin VIla binds via its FERM domain with vezatin, a
protein that is a ubiquitous component of adherens junctions and interacts with
the adherens cadherin/catenin complex. Vezatin has been shown to localize to
the ankle-link region of hair bundles in the chick basilar papilla and the early
postnatal mouse cochlea (Kussel-Andermann et al. 2000), a region of the hair
bundle to which myosin VIIa localizes in the frog saccule (Hasson et al. 1997).
The abnormal adaptation behavior and the reduced stiffness of the hair bundles
of Myo7a mutant mice (Kros et al. 2002) provide additional evidence for myosin
VIIa’s role in maintaining structural coherence in the hair bundle. By connecting
the stereociliary membrane to its actin core it may contribute to anchoring and
tensioning membrane-bound elements such as transducer channels, tip links, and
other interstereociliary links.

Myosin XVa is present in the stereocilia, the cuticular plate, and cell body of
wild-type cochlear hair cells (Anderson et al. 2000). Shaker2 (Sh2) mice have
recessive mutations in the Myol5 gene. The Sh2 mouse has a missense mutation
in the head domain of myosin XVa, and the Sh2/ mouse has a truncation of the
tail domain. Significant amounts of myosin XVa are observed in the cell bodies
of Sh2 and Sh2’ mutant hair cells, but the stereocilia do not contain myosin XVa
and are abnormally short by 1 month after birth (Probst et al. 1998; Anderson
et al. 2000). It is not known whether the bundles in these Myol5 mutant mice
initially grow to the correct height during development and then shrink, or
whether they never attain the correct height. The hair bundles are of normal
shape and orientation, and the rows of stereocilia are ranked in height, despite
being very short. In inner, but not outer, hair cells and in vestibular hair cells
of Sh2 mutants an extremely long, abnormal bundle of actin filaments called a
cytocaud (Beyer et al. 2000) is observed that projects basally from a region just
below the cuticular plate and can extend downward for up to 50 um from the
base of the cell. If there is a limited pool of actin monomers available in each
hair cell, the generation of these aberrant, actin-based cytocauds in the mutants
may limit the amount of actin available for the normal growth of stereocilia.
Recent studies have shown that myosin XVa localizes to the extreme tip of each
stereocilium, and that the amount of myosin XVa at the tip correlates with
stereocilial length, with the longest stereocilia having the highest concentration
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and the shortest the least (Belyantseva et al. 2003; Rzadzinska et al. 2004). In
the inner ear of the mouse, myosin XVa expression is detected from E14.5
onward in the vestibule and from E18.5 in the cochlea (Belyantseva et al. 2003).
As actin flux rates are highest in the tallest stereocilia, and as Sh2 mice have
very short stereocilia, it has been suggested that actin polymerization may be
regulated by myosin XVa, possibly acting in conjunction with other capping and
scaffolding proteins (Rzadzinska et al. 2004).

6.6.2 Scaffolding and Actin-Bundling Proteins

There are seven loci (A to G) responsible for Usher syndrome type I, a human
disorder characterized by severe to profound, congenital nonprogressive hearing
impairment, vestibular dysfunction, and progressive retinitis pigmentosa. The
USHIB locus encodes myosin VIIA, and the USHIC locus encodes a protein
called harmonin (Verpy et al. 2000), a PDZ domain protein. PDZ domains are
found in a large number of different proteins and are thought to organize mul-
tiprotein complexes at the plasma membrane. There are three classes of har-
monin isoforms that can be generated by alternative splicing, harmonin a, b, and
¢, and harmonin b is expressed in the hair bundles of the inner ear as soon as
they appear (Verpy et al. 2000; Boeda et al. 2002). Harmonin b has three PDZ
domains, two coiled-coil domains and a PST (proline/serine/threonine rich) do-
main. Harmonin b is an actin-binding protein that bundles actin filaments in
vitro, and interacts via its first PDZ domain with the FERM and Myth4 tail
domains of myosin VIla (Boeda et al. 2002). The deaf circler and deaf circler
2 Jackson mice each have deletions in the murine orthologue of the USHIC
gene, both of which affect harmonin b transcripts (Johnson et al. 2003). At 3
weeks of age, the only stage thus far described, the hair bundles in these two
mouse mutants have height-ranked rows of stereocilia but exhibit a splayed and
disorganized morphology (Johnson et al. 2003). The product of the USHIG
locus, a protein known as SANS (nested acronym for scaffolding protein con-
taining three ankyrin repeats and a SAM [sterile alpha motif] domain), also
interacts with harmonin b (Weil et al. 2003), and mutations in Sans cause defects
in hair-bundle development in the Jackson shaker mouse (Kikkawa et al. 2003).

The whirler mutant mouse has a large deletion in the gene encoding whirlin,
a protein with three PDZ domains and a proline-rich region (Mburu et al. 2003)
that is expressed in hair bundles of the mouse inner ear from E18.5 onward. In
whirler mice, the stereocilia of inner hair cells are, like those in S42 mice,
considerably shorter than normal, and the outer hair cell bundles form a more
rounded U-shape as opposed to the typical V- or W-shape (Holme et al. 2002).
Defects in whirler also underlie DFNB31 (Mburu et al. 2003).

Espins are a recently characterized family of calcium-independent actin bun-
dling proteins (Bartles 2000). A 110-kDa espin isoform is expressed in the
Sertoli cell-spermatid junction, and a small 30-kDa isoform is expressed in the
brush border microvilli of the intestine and kidney. A novel 45 to 50-kDa
isoform of espin is expressed in the auditory organs of chicks and mammals
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and is a component of the hair bundle. Recent experiments with cultured brush-
border cells transfected with different levels of espin have shown that the length
of microvilli is dependent on espin concentration, with the highest levels of espin
generating the longest microvilli (Loomis et al. 2003). In the cochlea of the rat,
there is also correlation between levels of espin expression in hair bundles and
their length, with the longest hair bundles at the apex expressing ninefold more
espin than those at the basal end (Loomis et al. 2003). The deaf jerker mouse
has a missense mutation in the region of the espin gene encoding the actin
bundling module of the protein, the region that is necessary and sufficient to
cause the elongation of microvilli in vitro. Although espin is expressed while
stereociliary elongation is occuring in the developing chick inner ear (Li et al.
2004), hair bundles in both the auditory and vestibular system of the jerker
mouse develop relatively normally and only begin to degenerate by P11 with
the stereocilia shortening and sometimes fusing (Zheng L et al. 2000). Other
actin bundling proteins, fimbrin (I-plastin) and T-plastin, a plastin isoform that
is only expressed transiently during the development of auditory hair cells (Dau-
det and Lebart 2002), may play a greater role in regulating stereocilia length
during early development, and espin may only become critical for maintaining
stereociliary length at a later stage, possibly as a consequence of changes in
actin-treadmilling rates (Loomis et al. 2003).

6.6.3 Molecules of the Apical Cell Surface

Cadherins comprise a large family of membrane proteins that usually mediate
homotypic and heterotypic adhesion of cells (for recent review see Angst et al.
2001). Cadherins typically have an extracellular domain composed of several
cadherin repeats (a negatively charged sequence motif that is stabilized by cal-
cium), a transmembrane domain, and an intracellular domain that that can in-
teract with cytoskeletal and other intracellular proteins. Two members of the
cadherin family have recently been identified as components of the hair bundle,
cadherin 23, the product of the USHID locus (Bolz et al. 2001), and protocad-
herin 15, product of the USHIF locus (Ahmed et al. 2001).

Cadherin 23 (Cdh23), also termed otocadherin, is a large, single-pass, trans-
membrane protein with an ectodomain containing 27 cadherin repeats and a
cytoplasmic domain with no significant homology to any other known proteins
(Di Palma et al. 2001). Cdh23 is expressed in a wide variety of adult tissues
and, within the cochlea, mRNA for Cdh23 is localized to inner and outer hair
cells, and Reissner’s membrane (Di Palma et al. 2001; Wilson et al. 2001).
Recent studies (Siemens et al. 2004; Sollner et al. 2004) have suggested that
cadherin 23 is a component of the tip links. A splice variant containing an
additional exon, exon 68, may be specifically expressed by hair cells (Siemens
et al. 2004). Cdh23 is mutated in the waltzer mutant mouse (Di Palma et al.
2001), and in alleles of waltzer predicted to cause loss of function, hair-bundle
defects are seen very early in development. At E18.5 cochlear bundles have a
particularly immature appearance, with less prominent stereocilia than normal.



60 R.J. Goodyear et al.

In addition, the kinocilium is often misplaced. By P4, the bundles of IHCs are
somewhat irregular in form, while stereocilia of OHCs are arranged in disor-
ganized clumps, a phenotype that closely resembles that seen in shakerl mice
with mutations in the Myo7a gene. In the utricle, bundles are highly splayed
and the stereocilia often appear to be thicker than those in normal mice, and are
sometimes fused together (Di Palma et al. 2001). Cdh23 is found on hair bun-
dles from the onset of their appearance in both the vestibule and the cochlea of
the mouse inner ear, coincident with the expression of harmonin b. The cyto-
plasmic domain of Cdh23 is also know to bind to the PDZ2 domain of harmonin
b (Boeda et al. 2002).

The gene for protocadherin 15 (Pcdhl5) predicts a protein with 11 extracel-
lular cadherin repeats, a single-pass transmembrane domain, and an intracellular
domain that has two proline-rich regions but no homology to other known pro-
teins (Alagraman et al. 2001a). Two isoforms of PcdhlS, a long full-length
form and a short isoform with a truncated ectodomain, are expressed in a variety
of different tissues including brain, retina, liver, spleen, and cochlea (Ahmed et
al. 2003). PcdhlS5 is expressed by hair bundles from E16 in the mouse cochlea,
and becomes restricted to the tallest stereocilia at later stages of development
(Ahmed et al. 2003). Pcdhl5 is mutated in the Ames waltzer mouse, a mouse
in which extensive degeneration occurs in the sensory organs in the cochlea and
saccule, but not in the utricle or ampullae. Four mutant alleles of Ames waltzer
exist, encoding truncated proteins, or proteins with deletions in either the extra-
cellular or cytoplasmic domain of Pcdh15. Although hair-cell degeneration and
loss is observed in mature mice, IHCs and OHCs are still present at P10. At
this stage ranked stereocilia are visible but the bundles of both ITHC and OHCs
are fragmented and disorganized, and are not of the correct shape. The ster-
eocilia of OHCs are shorter than those of wild type littermates and are sometimes
arranged in a circular pattern around the periphery of the cell surface (Alagra-
mam et al. 2000; 2001a; Raphael et al. 2001). Hair-bundle defects have been
described as early as PO in a mouse with a recently characterized spontaneous
missense mutation in Pcdh15 (Hampton et al. 2003). It has been suggested that
Pcdhl5 acts as a stereociliary cross-linker and therefore has a role in the de-
velopment of hair bundles (Alagraman et al. 2001a).

Athough it is not known yet with which hair-bundle proteins Pcdh15 interacts,
the evidence described above suggests that signaling from the hair-cell surface
to the cytoskeleton through protein complexes containing varying combinations
of Cdh23, Pcdhl5, myosin VIla, harmonin, vezatin, and Sans may orchestrate
hair-bundle development. Such signaling could occur via the heterotypic ad-
herens junctions that exist between hair and supporting cells, and/or via
orthotypic junctions between the adjacent stereocilia within a hair bundle. Other
cell surface molecules may also be required for the development and mainte-
nance of hair-bundle structure; these include one of the integrin family and a
receptor-like lipid phosphatase, Ptprq.

Integrins are cell surface receptors that interact with extracellular matrix mol-
ecules and are involved in regulating actin cytoskeleton dynamics via focal ad-
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hesion kinase (FAK) (Giancotti and Ruoslahti 1999). Integrins are heterodimers,
formed from the association of different o0 and B subunits in various combina-
tions. The o8 integrin subunit is expressed by the hair cells in all organs of the
mouse inner ear by E16, where it localizes to the apical pole of the cell including
the hair bundle. FAK is also localized at the apical pole of developing hair
cells, although it is not obviously present on the surface of the hair bundle, and
antibodies to the extracellular matrix molecules fibronectin and collagen type
IV stain the apical surface of the developing sensory epithelium. A targeted
mutation of the mouse a8 integrin subunit, which inactivates the o8B 1 receptor,
causes the malformation or loss of some, but not all, hair bundles within the
utricle, whereas the other organs of the inner ear are unaffected (Littlewood
Evans and Miiller 2000). FAK is not recruited to the apical end of the utricular
hair cells in the absence of a8P1 integrin, fibronectin is no longer detected on
the apical surface of the utricular epithelium, and the distribution of type IV
collagen on the epithelial surface is perturbed. Obvious hair bundle defects are
first observed at E18 in a8B1-deficient mice, several days after the onset of hair-
bundle differentiation at E13 (see above), although FAK recruitment to the apical
end of hair cells is affected as early as E16. Reciprocal interactions between
the hair cell cytoskeleton and the overlying matrix molecules mediated by a8f31
integrin may therefore be required for the growth and/or maintenance of a subset
of hair bundles in the utricle, but not their initial formation. As not every
utricular hair bundle is affected by the loss of the a8B1 integrin receptor, and
as other sensory organs are unaffected, other integrins may also play a similar
role in the inner ear.

Ptprq is a receptor-like protein phosphatase with an ectodomain containing
18 fibronectin type III repeats, a single-pass transmembrane domain, and an
intracellular domain that has activity against a broad spectrum of inositol phos-
pholipid substrates (Oganesian et al. 2003). Ptprq is almost certainly the mam-
malian orthologue of the chicken HCA and is a component of the hair bundle’s
shaft connectors (Goodyear et al. 2003). Ptprq is expressed on vestibular hair
bundles of the mouse inner ear from E13.5 onward, but begins to be expressed
by cochlear hair cells only at E17.5, some 2 days after the first emergence of
hair bundles. In transgenic mice lacking Ptprq, hair bundles in both the vestibule
and the cochlea begin to develop normally but those in the cochlea show signs
of disorganization and shortening by P1. By P8 there is considerable disruption
of the hair bundle, stereocilia are missing or fused, and the hair cells eventually
degenerate. Hair bundles in the vestibule are apparently unaffected by the loss
of Ptprq, although shaft connectors are absent from the surface of the vestibular
hair bundles (Goodyear et al. 2003). These studies indicate that shaft connectors
are not necessary to hold the stereocilia in the bundle together, but are required,
at least by cochlear hair cells, for the correct maturation and maintenance of
hair bundle structure in the cochlea. As an inositol-lipid phosphatase, Ptprq
may regulate PIP2 levels in the hair bundle membrane and thereby control the
assembly/disassembly of actin filaments in the stereocilia. Other phosphatases
may compensate for the loss of Ptprq in vestibular hair bundles.
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6.6.4 Other Mutations that Affect Hair-Bundle Formation

An intriguing phenotype, in which the development of stereocilia is disrupted,
is seen in the tailchaser mutant mouse that has progressive, dominant non-
syndromic deafness and vestibular defects. In this mouse, outer hair cell bun-
dles lack the V-shape normally visible at PO, and the stereocilia of both inner
and outer hair cells are somewhat splayed. By P3, further abnormalities are ev-
ident, bundles are misoriented with misplaced kinocilia, and spurious patches
of stereocilia are seen on the hair-cell apical surface. In the vestibular system,
no clear phenotype is seen at the late embryonic or early postnatal stages.
However, as tailchaser mice age, hair cells of both the cochlear and vestibular
epithelia become substantially reduced in number. The gene affected in fail-
chaser is unknown and, although the early stereociliary phenotypes resemble
those caused by mutations in the myosin VIla gene, partial mapping of fail-
chaser suggests it is a novel locus involved in stereociliary development (Kier-
nan et al., 1999).

A mouse mutant called Tasmanian devil (¢zde) has a transgene inserted into a
locus in the middle of chromosome 5 that appears to regulate the diameter of
stereocilia (Erven et al. 2002). A significant decrease in the diameter of ster-
eocilia is observed for all three rows of stereocilia in the early postnatal stages,
with the tallest row of stereocilia on IHCs showing the greatest difference, a
50% decrease in diameter, from 0.35 to 0.175 um. The hair bundles become
progressively disorganized with age, cytocauds resembling those seen in shaker2
mice are apparent in cochlear hair cells by P7, and the hair cells eventually
degenerate.

The Spinner mouse has a recessive mutation in a novel gene predicted to
encode a small transmembrane protein called Tmie (for fransmembrane inner
ear) that is expressed in a number of tissues including the inner ear (Mitchem
et al. 2002). The mutation results in progressive hair-cell degeneration in the
cochlea from P25. Hair-bundle defects are observed by P15, with a shortening
or loss of a small number of stereocilia, often around the periphery of the bundle.
In addition, kinocilia are seen on IHCs at P15 in spinner mutants but not on
wild type mice at this time, suggesting that the spinner gene is needed for normal
maturation of the organ of Corti (Mitchem et al. 2002).

The mucolipins are a family of proteins that share sequence similarities with
members of the transient receptor potential (TRP) ion channel family. The gene
for mucolipin 3, Mcoln3, encodes a putative six-transmembrane domain protein
that localises to the stereocilial membrane and cytoplasmic vesicles distributed
throughout hair cells. In the varitint-waddler (Va) mice, mutations in Mcoln3
cause abnormalities in cochlear hair-bundle structure that can be detected as
early as E17.5 (Di Palma et al. 2002). These abnormalities include irregularly
arranged stereocilia that eventually become clumped and show signs of fusion,
and may result from defects in intracellular vesicle traffic or membrane turnover
at the hair cell’s apical membrane.
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7. Development of Electrophysiological Properties

Hair cells transduce sound, linear acceleration or rotation into receptor poten-
tials, which ultimately lead to release of neurotransmitter. To do this they need
mechanoelectrical transducer channels in the hair bundle, and potassium and
calcium channels with appropriate kinetics in the basolateral cell membrane
(Kros 1996). Before sensory function commences there is no a priori reason
why any of these specific ion channels should be functioning or indeed present.
In this section we examine what is currently known about the developmental
acquisition of ion channels and other transmembrane proteins that mature hair
cells need to function appropriately. For reference, the time course for the ac-
quisition of a number of ionic currents and other membrane properties by mam-
malian cochlear hair cells is summarized in Figure 2.5. The purpose of ion
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channels present in the hair cells before they start working as sensory transducers
is also considered. For comparison with the timing of ion channel expression
discussed below, auditory function, as judged from compound action potential
recordings and/or behaviorally, commences postnatally between P10 and P12 in
mice and rats (Romand 1983) and around P14 in the gerbil (Romand 1983). In
the guinea pig, which has an average gestation of 68 days, function commences
in utero at about E52 to E53 (Pujol et al. 1991). In the chick, auditory function
develops more gradually, but a notable improvement occurs quite suddenly at
E19, 2 days before hatching (Saunders et al. 1973). Less is known about the
development of vestibular function, but in rats semicircular canal afferents are
already responsive to angular acceleration at PO, the earliest tested, and adult
sensitivity is reached by P4 (Curthoys 1979). It is likely that a similar time
scale applies to mice.

7.1 Development of Mechanoelectrical Transduction
7.1.1 Cochlear Hair Cells

Hair bundles can first be distinguished at E15 in the mouse cochlea (Anniko
1983a), but it is not entirely clear at what point the tip links that are believed
to gate the transducer channels first appear in these cells (see Section 6.5). Many
aspects of mechanoelectrical transduction seem already mature in neonatal mice.
In cochlear cultures that have been prepared from P1 or P2 mouse pups and
kept in vitro for 1 to 4 days, large transducer currents can be recorded from
IHCs and OHCs when the hair bundle is stimulated by a fluid jet (Kros et al.
1992). The external ear canal and middle ear are not patent until about P8 (e.g.,
Mikaelian and Ruben 1965), so the transducer channels are already operational
at a time where they cannot possibly be stimulated by external sound. The OHC
bundles from which transducer currents were recorded were between 3 and 5
pum tall (Kros et al. 1995), and moving their tips by 150 nm in the excitatory
direction activates 90% of the maximum transducer current (Géléoc et al. 1997).
This corresponds to an operating range of 2 degrees of rotation, exactly the
same range as that estimated for adult OHCs stimulated by basilar membrane
vibration in a gerbil hemicochlea (He et al. 2004). With a maximum transducer
conductance of 9.2 nS and a single-channel conductance of 112 pS, up to about
80 functional transducer channels are estimated to be present in apical-coil
OHCs at P1 to P2 (Kros et al. 1992; Géléoc et al. 1997). In the adult gerbil
cochlea the total conductance is up to 15 nS in the apex and 35 nS in the base
(He et al. 2004). This may not simply reflect a larger number of transducer
channels in basal hair cells, in line with the larger number of stereocilia. In
turtle hair cells, the single-channel conductance has been reported to increase
tonotopically toward the base (Ricci et al. 2003) and it is currently not known
whether this is also the case in the mammalian cochlea.

The currents in the immature cochlear cultures can adapt rapidly during small
bundle displacements, with time constants of about 4 ms (Kros et al. 1992).
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Two components of adaptation, a fast one with time constants under 1 ms and
a slower one with time constants between 10 and 20 ms, have been observed
in somewhat older OHCs (P4 to P7) stimulated by a fluid jet in the acutely
isolated mouse cochlea (Kros et al. 2002; Goodyear et al. 2003). The fast,
submillisecond adaptation process, first described in auditory hair cells of the
turtle, is likely to be due to Ca?* acting directly on the transducer channels,
while the slower process may be regulated by myosin motors (Wu et al. 1999;
Holt and Corey 2000). The apparent absence of submillisecond adaptation in
the P1 to P2 cochlear cultures may reflect a developmental change or may be a
technical issue due to the slower stimulus kinetics of the fluid jet used for these
experiments (Wu et al. 1999; Vollrath and Eatock 2003). The first recordings
of transducer currents from turtle hair cells (Crawford et al. 1989) using a stiff
glass probe, also reported slower “fast” adaptation time constants (3 to 5 ms)
than those reported later. In rat OHCs stimulated by a stiff glass probe fast
adaptation time constants of about 0.2 ms were recorded between P3 and P18,
demonstrating that this aspect of transduction is acquired early and remains after
the onset of hearing (Kennedy et al. 2003). The adaptation process ensures that
only a small fraction of 5% to 10% of the transducer channels are open when
the hair bundle is not stimulated, as is already the case in neonatal mouse coch-
lear hair cells at P1 to P2 (Kros et al. 1992; Géléoc et al. 1997).

The styryl dye FM1-43, which enters hair cells through the mechanoelectrical
transducer channels, is taken up by hair cells in mouse cochlear cultures prepared
from P1 or P2 mice, with stronger labeling observed in the basal than in the
apical coil (Gale et al. 2001). Labeling of hair cells in the apical coil increases
with the time the cultures are maintained in vitro, suggesting the usual positional
gradient in the maturation of hair cells along the cochlea. The exact timing of
the acquisition of mechanoelectrical transducer channels in the cochlea, which
may well be before birth in mice, and whether any transduction properties
change before about P3, remain to be explored with electrophysiological and/or
optical techniques. In the chick basilar papilla hair bundles can be identified at
E6.5, with transducer currents and FM1-43 dye loading occuring from E12
onward (Si et al. 2003), slightly after the first appearance of tip links (Pickles
et al. 1991; Tilney et al. 1992); see Section 6.5 above. At E12 the transducer
currents were smaller in size than later on in development, had a broader op-
erating range (i.e., were less sensitive to displacement) and showed little or no
adaptation. Between E12 and the day of hatching (E21) the fraction of the trans-
ducer channels open at rest decreased from about 0.5 to 0.15, again indicative
of a lack of adaptation early in development.

Little is known at present about the activation kinetics of mammalian trans-
ducer channels, and whether these kinetics vary with development, with tono-
topic position along the cochlea, or between cochlear and vestibular hair cells.
The fastest activation of OHC bundles reported so far has been achieved with
stiff probes, but the measured transducer-current activation time constant T of
about 50 ps (corresponding to a corner frequency f,,; = 1/2nt of 3.2 kHz) is
limited by the experimental conditions used and not by the transducer channels
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(Kennedy et al. 2003). Other techniques such as laser tweezers may be required
to probe the true limits of transducer current activation in mammals. For IHCs
and OHCs at the basal end of the cochlea at least, the gating kinetics must be
sufficiently fast to support time-varying transducer currents with frequencies as
high as the upper limits of mammalian hearing (100 kHz or so).

7.1.2 Vestibular Hair Cells

In the murine vestibular organs hair bundles can be identified earlier than in the
cochlea, at E13.5 (see Section 6.1.3). In the mouse utricle FM1-43 labeling
indicative of functional transducer channels (Gale et al. 2001) was seen from
E17, as were indeed transducer currents (Géléoc and Holt 2003). Tip links were
evident at E15.5 (Denman-Johnson and Forge 1999). In contrast to the chick
basilar papilla where size, operating range, and adaptation properties of the
transducer current developed slowly over a period of 5 to 10 days (Si et al.
2003), mechanotransduction in the mouse utricle acquired mature characteristics
within 24 hr (Géléoc and Holt 2003). Over this brief period only the size of
the transducer conductance changed, increasing to 2.7 nS by E17, similar to the
conductance reported for postnatal vestibular hair cells (VHCs) (Lennan et al.
1996; Géléoc et al. 1997; Holt et al. 1997; Vollrath et al. 2003). The values for
fast (though slower than in the cochlea, T about 3 ms) and slow adaptation (T
about 50 ms), the fraction of the transducer channels open at rest, and the
operating range were all similar to those reported for more mature VHCs up to
P10 (Holt et al. 1997; Vollrath and Eatock 2003). Transducer current adaptation
in type I and type II hair cells was similar and also independent of whether they
were positioned in the striolar or the extrastriolar region in the postnatal mouse
utriculus (Vollrath and Eatock 2003). Regional variations in vestibular afferent
responses, which can be tonic or phasic, may thus be due to the basolateral
currents (see below) shaping the receptor potentials: for example, an inactivating
K™ current could counteract adaptation (Vollrath and Eatock 2003).

7.2 Development of Basolateral Membrane Properties

7.2.1 Inner Hair Cells: Basolateral Voltage-Gated Currents, Spiking, and
Neurotransmitter Release

Hair-cell receptor potentials are likely to have a much lower upper frequency
limit than transducer currents, because of the low-pass filtering effect of the
membrane time constant T; the corner frequency f,,; = 1/2nt, where T = R, C,,,,
the product of membrane resistance and capacitance. Nevertheless, auditory
nerve fibres are able to fire action potentials that are locked onto the phase of
sound waves up to several kilohertz. This phase locking, which helps with
locating sound sources in space and speech processing, depends on IHCs being
able to release neurotransmitter periodically at the same frequencies, necessi-
tating a T of the order of a few tenths of a millisecond near the cell’s resting

potential (Palmer and Russell 1986; Kros and Crawford 1990). Before the onset
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of hearing, IHCs have membrane time constants more than 100 times slower
than this (Kros et al. 1998), ruling out any phase locking at audible frequencies.
This developmental decrease in membrane time constant is mostly due to dif-
ferences in the composition of the K™ currents present in the basolateral
membrane of IHCs before and after the onset of hearing.

Before the onset of hearing IHCs express a delayed-rectifier potassium cur-
rent, called Iy ., and I ., in embryonic and immature postnatal hair cells, re-
spectively (Marcotti et al. 2003a). The current’s activation kinetics are slow
(Fig. 2.6A), considerably slower than the voltage-gated inward currents also
present in immature IHCs: a Ca?>* current found in all the cells from E16.5
onward and a Na* current evident in about 70% the cells between E16.5 and
P11 (Marcotti et al. 2003b). Both Ca?* and Na* currents activate quite close
to the resting potential. The net effect of this particular mix of rapid and neg-
atively activating inward currents and slow, more positively activating outward
currents is that the membrane potential of immature IHCs is unstable. As a
consequence IHC generate spontaneous and depolarization-induced action po-
tentials from 1 to 2 days before birth until P6 (Marcotti et al. 2003a). The
spikes have the character of Ca?" action potentials, relatively broad and small
(Fig. 2.6C) with I, increasing the frequency of the action potentials but having
only a modest effect on their shape (Marcotti et al. 2003b). Another ingredient
in the mix of basolateral membrane currents in developing IHCs is a strong
inward rectifier, Iy, that is already present at E15.5 and increases in size up to
the onset of hearing, at which point it disappears (Marcotti et al. 1999, 2003a).
This current is the main determinant of the resting potential and contributes to
shaping the action potentials. From P7 until the onset of hearing IHCs still
spike vigorously in response to depolarizing current injection, but no longer
spontaneously, as the resting potential becomes more negative (about —75 mV).
Likely causes include a reduction in size of I, (Beutner and Moser 2001; Mar-
cotti et al. 2003b), the increasing size of I, and I ,., and the hyperpolarizing
shift in activation of I ., (Marcotti et al. 2003a).

Such slow action potentials would be severely inadequate for encoding the
frequency and intensity of sound within the range of mammalian hearing, but
several lower vertebrates have regions within their mature auditory organs that
encode extremely low-frequency sounds by means of slow action potentials fir-
ing at up to 20 Hz or so (e.g., Fuchs and Evans 1988, 1990; Fettiplace and
Fuchs 1999). Interestingly, these spiking hair cells of lower vertebrates often
also express Iy, pointing to its importance in the mix of currents supporting
slow action potentials.

As auditory function commences an outward potassium current, Iy, is ex-
pressed quite suddenly, increasing the total outward potassium current (measured
at —25 mV) sevenfold between P12 and P16 (Kros et al. 1998). This current
(Fig. 2.6B), with much more rapid kinetics than /i ., and activating more neg-
atively, close to —85 mV in the mouse (Oliver et al. 2003; Marcotti et al. 2004),
was first described in mature guinea pig IHCs (Kros and Crawford 1990). The
effect of its appearance is to disrupt the interplay of inward and outward currents
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FIGURE 2.6. Electrophysiological changes during development of IHCs. (A, B). Current
responses under voltage clamp of an immature (A) and a mature (B) IHC. The cells
were held at —84 mV and depolarizing and hyperpolarizing voltage steps were applied
in 10-mV increments to the potentials shown by some of the current recordings. In A,
depolarizing voltage steps elicit the slowly activating delayed-rectifier / ,.,, whereas hy-
perpolarizing voltage steps activate the fast inward rectifier /,. In B, depolarization
activates the two main outward currents: the rapidly activating I, , and the more slowly ac-
tivating I .. Iy, is no longer present and hyperpolarizing voltage steps result in deactiva-
tion of the small /i ,, which is about 50% activated at the holding potential. Small linear
leak currents have been subtracted. (C, D). Voltage responses under current clamp. The
immature cell (C) fires spontaneous action potentials. When 250 ms depolarizing current
steps are injected (size next to the traces) the spike frequency increases. Same cell as in
A. A mature IHC (D) responds with fast, graded receptor potentials to depolarizing cur-
rent steps. Recordings are at body temperature (except B) and are single traces.
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that makes the cells spike, at the same time enabling them to encode sound
stimuli in graded receptor potentials with kinetics sufficiently rapid to support
phase locking (Fig. 2.6D). A slow K* current called I, is also present in mature
IHCs (Fig. 2.6B), but it differs from /I, ... It activates more negatively, with 5%
of the maximum conductance available at —70 mV, is less sensitive to tetrae-
thylammonium (TEA) ions and it shows less inactivation (Kros and Crawford
1990; Kros et al. 1998). There are no sharp transitions between the classical
delayed-rectifier currents Iy ..., Iy ... and Iy —these names merely relate to
developmental stages at which the currents are observed. All are in fact mixtures
of two different conductances: one sensitive to block by 4-aminopyridine (4-
AP), the other one not. During development, the 4-AP sensitive conductance
gradually becomes the larger of the two (Marcotti et al. 2003a). On maturation,
the IHC resting potential is no longer set by the inward rectifier I, because it
disappears after P14. Another current, I, first seen at P12, takes over this role,
keeping the resting potential around —75 mV (Marcotti et al. 2003a; Oliver et
al. 2003). Iy, is an unusual delayed-rectifier K* current which is already half-
activated at —85 mV and does not inactivate. It is much more prominent in
OHCs (see Section 7.2.2) and in IHCs it is dwarfed by the other outward K*
currents (Fig. 2.6B). However, because of its negative activation range and lack
of inactivation the conductance of I, available at the resting potential (about
5.5 nS: Marcotti et al. 2003a) is comparable to that of I, ; (about 4 nS: Marcotti
et al. 2004). The size of I at the resting potential is smaller at about 1.5 nS
(Marcotti, Johnson, and Kros, unpublished).

In contrast to the transducer channels, Iy ; is thus expressed only when nec-
essary to support auditory function (Kros et al. 1998). Similarly, chick cochlear
hair cells acquire /¢ (with which Iy shares many features) at E19 (Fuchs and
Sokolowski 1990), exactly at the time auditory function improves rapidly (Saun-
ders et al. 1973). Developmental changes in the pharmacology and inactivation
of the slow delayed rectifier K* current of chick tall hair cells also show re-
markable similarities with the transition from [y, to Iy, (Griguer and Fuchs
1996). Evoked (but not spontaneous) Ca?* spikes were recorded from embry-
onic chick hair cells between E12 and E14 (Fuchs and Sokolowski 1990).

Whether immature IHCs and tall hair cells in the chick generate action po-
tentials spontaneously in vivo, and what the precise function of this activity may
be, remain to be established. Eventual degeneration of IHCs that lack the L-
type Ca?* current suggests that the spiking activity may be important for the
normal development of these cells (Platzer et al. 2000; Glueckert et al. 2003).
Regenerative spiking behavior in neonatal hair cells might also control the mat-
uration of synaptic connections in the immature auditory system by initiating
propagated activity, analogous to events in the immature retina (Maffei and
Galli-Resta 1990; Meister et al. 1991; Copenhagen 1996) that occur well before
the eyes become responsive to light (Ratto et al. 1991). Rhythmic spontaneous
activity has been observed in neurons at various levels along the auditory brain-
stem of prehatch chicks (E13 to E18), including the auditory nerve (Lippe 1994;
Jones et al. 2001); by E19 any spontaneous activity became unpatterned. Lippe
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(1994) suggested that the rhythmic activity in the auditory brainstem might be
of cochlear origin, because it disappeared on removal of both basilar papillae.
Less is known about spontaneous activity in the auditory nerve and brainstem
of mammals before the onset of hearing, but there are a few reports of spon-
taneous rhythmic discharges (reviewed by Riibsamen and Lippe 1998). In the
first postnatal week, IHCs are already able to release neurotransmitter, as judged
by increases in membrane capacitance indicative of fusion of synaptic vesicles,
by postnatal day 1 (Marcotti et al. 2003b). Spiral ganglion neurons isolated
from PO to P5 mice are also spontaneously active, but not in a rhythmic manner,
and the spikes are Na* dependent (Lin and Chen 2000). Thus the rhythmicity
of early postnatal afferents may derive from the slow Ca?* spikes of the IHCs,
rather than from intrinsic properties of the afferents. To complicate the puzzle
further, the spiking in the IHCs may in turn be modulated by the central nervous
system (CNS), as the medial efferent system forms transient synapses on IHCs
between P3 and P10 while en route to the OHCs (rat: Lenoir et al. 1980; mouse:
Shnerson et al. 1982). Between P7 and P13 (the age range tested) rat IHCs do
indeed respond to acetylcholine (ACh). Moreover, the spontaneous IPSPs that
were occasionally observed were found to interfere with the generation of action
potentials in immature IHCs (Glowatzki and Fuchs 2000).

7.2.2 Outer Hair Cells: Electromotility, Basolateral Voltage-Gated Currents
and ACh Receptors

The distinguishing feature of OHCs is electromotility. Uniquely among hair
cells, the length of these tall cylindrical cells varies with the receptor potentials
set up by the transducer current, such that depolarization shortens and hyper-
polarization lengthens them. These changes have been measured at frequencies
up to 100 kHz, a limit set by the recording systems, not by the OHCs (Frank
et al. 1999), and are induced by conformational changes in the transmembrane
protein prestin (Zheng et al. 2000; Oliver et al. 2001). The purpose of these
movements appears to be to feed mechanical forces back into the cochlea on a
cycle-by-cycle basis at acoustic frequencies, to boost sensitivity and frequency
selectivity. As for IHCs, this would require the OHCs (particularly those near
the base of the cochlea) to have extremely fast membrane time constants—orders
of magnitude faster than measured to date (Mammano and Ashmore 1996)—
unless one assumes that the time-constant limitations can somehow be circum-
vented (e.g., Dallos and Evans 1995a,b; Kolston 1995). This electromotility can
be altered by activity in the CNS. Efferent nerve fibers synapse directly onto
the OHCs, and postsynaptic ACh receptors are required in the OHC membrane.
It seems reasonable to expect that electromotility and its supporting features
(i.e., K* channels speeding up the membrane time constant, responsiveness to
ACh) would develop together at the onset of hearing.

Guinea pig OHCs do indeed acquire electromotility exactly at the onset of
auditory function, at E52 to E53 for cells from the basal coil, with apical cells
lagging about 3 days behind (Pujol et al. 1991). In other species electromotility
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is first observed well before the onset of hearing, at P7 in the base and at P8
in the apex of the gerbil cochlea (He et al. 1994), and at P8 and PS5 in the apical
coils of the mouse and rat cochlea, respectively (Marcotti and Kros 1999; Be-
lyantseva et al. 2000). The maximum amplitude of electromotile responses,
expressed as percentage length change of the cell, reached adult levels at the
onset of hearing (He et al. 1994). Two lines of evidence show that prestin is
already incorporated in the OHC membrane well before electromotility can be
measured. Faint immunolabeling with anti-prestin antibodies was already no-
ticed at PO in OHCs all along the gerbil cochlea (Belyantseva et al. 2000). Also,
the first signs of the nonlinear membrane capacitance caused by conformational
changes of the prestin molecules were observed at PO in apical rat OHCs, with
basal OHCs surprisingly lagging behind somewhat (Oliver and Fakler 1999).
The development of the size of the nonlinear capacitance and of the immuno-
labeling intensity shows that the density of prestin molecules in the OHC
membrane reaches mature levels near the onset of hearing. The delay of about
1 week between the time at which prestin is first inserted in the membrane and
measurable electromotility is most likely due to a minimum density of prestin
molecules being required before their movements can be coupled together in
series. Alternative possibilities include a lower sensitivity of the optical motility
measurements compared to the capacitance measurements or the need for other
structural molecules that might appear later in or near the OHC membrane. The
latter are unlikely to include GLUT-5, proposed as a candidate for the OHC
motor just before the discovery of prestin (Géléoc et al. 1999), as immunola-
beling was not seen before P15 in the OHC membrane (Belyantseva et al. 2000).

The potassium current [y, (Fig. 2.7B) is the dominant K* current of mature
OHCs, which also express a small delayed rectifier, I. Iy, is more than 50%
activated at the OHCs’ resting potential, thus reducing the membrane time con-
stant (Fig. 2.7D), if not sufficiently to fully explain high-frequency electromo-
tility (Housley and Ashmore 1992; Mammano and Ashmore 1996; Marcotti and
Kros 1999). In the guinea pig it is tonotopically expressed with larger current
densities for the smaller, more basal cells. The ion channel underlying this
current contains the KCNQ4 subunit (Kubisch et al. 1999; Marcotti and Kros
1999) and is a member of the M-current family (Brown and Adams 1980; Se-
lyanko et al. 2000). In mice, Iy, is expressed from P8 onward in apical OHCs,
at exactly the time that electromotility can first be detected and increasing to
half the maximum adult size by P12 (Marcotti and Kros 1999). Its expression
has a huge effect on the resting potential, bringing it from —55 mV before /I, ,
is present to —75 mV in mature OHCs. Mutations in KCNQ4 lead to a dom-
inant form of slowly progressive hearing loss (DFNA2) (Kubisch et al. 1999).
I, may thus be necessary for the survival of hair cells and auditory nerve fibers,
by providing an efficient exit path for K" ions entering through the transducer
channels (OHCs and IHCs) and by maintaining a low submembrane Ca?* con-
centration (IHCs) (Oliver et al. 2003) which in turn ensures a low resting level
of neurotransmitter release, preventing excitotoxic damage to the type I auditory
nerve afferents. Before their functional maturation at P8, mouse and rat OHCs



72 R.J. Goodyear et al.

B P16 OHC
|

my
N 16

kn'lk

Y
I

Current (nA)

=]
1

0 10 20 30 40 50 0 10 20 30 40 50

0 P4 OHC 0. , P18OHC
< -40- w -40-
= +800 pA
© -80- -804
£ 0 O
o
e T
® -80- -80-
O 0- 0+
5
= -40- OpA -40-
-%n—w—%
+100 pA
-80- e A ———1
0O 100 200 300 400 0 100 200 300 400

Time (ms) Time (ms)

FIGURE 2.7. Electrophysiological changes during OHC development. (A, B). Current
responses under voltage clamp of an immature (A) and a mature (B) OHC. Recording
conditions are as in Fig. 2.6. In A, depolarizing voltage steps elicit the slowly activating
delayed rectifier I ,.,. Hyperpolarizing voltage steps activate the fast inward rectifier /.
Both currents are smaller than in IHCs of the same age (Fig. 2.6A). In B, the dominant
current [, is already partially activated at the holding potential of —84 mV. Depolarizing
steps further activate I, , with slow kinetics (as well as a small /), whereas hyperpolar-
izing steps slowly turn the [ current off. Linear leak currents subtracted. (C, D) Voltage
responses under current clamp. The immature cell (C) fires a single action potential upon
depolarization. Same cell as in A. The mature OHC (D) responds with graded receptor
potentials to depolarizing current. Same cells as in B. All recordings are at body tem-
perature and are single traces.
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have a mix of membrane currents, including Iy ..../Ix ..o Marcotti and Kros 1999;
Helyer et al. 2005), a Ca?* current (Michna et al. 2003) and a Na* current
(Oliver et al. 1997), that appear similar to those in IHCs, but the currents are
smaller in size (Fig. 2.7A). Under current clamp (Fig. 2.7C) immature OHCs
do not fire action potentials spontaneously. On injection of depolarizing current
from the resting potential only a single spike occurs followed by smaller oscil-
lations (Marcotti and Kros 1999). OHCs in an L-type Ca?>" channel knockout
mouse degenerate even faster than IHCs, suggesting spiking activity may occur
in vivo and may be important for their development (Platzer et al. 2000; Glueck-
ert et al. 2003). The steep decline in Ca** current density of mouse OHCs at
P8 (Michna et al. 2003) and the fact that mature OHCs retain only a sparse
afferent innervation support the idea that this current may have mainly a devel-
opmental role in these cells. The Na™ current also declines sharply around this
time (Oliver et al. 1997).

Currents in response to ACh can be recorded from P6 on in rat OHCs (Dulon
and Lenoir 1996), exactly the age at which medial efferent synaptic connections
are established on OHCs (Lenoir et al. 1980). At this age the currents are inward
at negative potentials and reverse near 0 mV, which would lead to cholinergic
excitation instead of the usual inhibition (Housley and Ashmore 1991). These
currents are likely to flow through nicotinic ACh (nACh) receptors, which are
nonselective cation channels, made up of 09 and 10 subunits (Elgoyhen et al.
2001; Lustig et al. 2001; Sgard et al. 2002). In adult OHCs and in the func-
tionally similar short hair cells of the chick (Fuchs and Murrow 1992), this
inward current is often barely visible as the Ca?* ions entering through the nACh
receptors open nearby SK channels that carry larger outward currents at phys-
iological potentials positive to the K™ equilibrium potential (Blanchet et al.
1996; Evans 1996, Nenov et al. 1996; Dulon et al. 1998; Oliver et al. 2000).
In rats, responses characteristic of secondary SK channel activity were first seen
at P8, suggesting that the SK channels at P6 are not yet functional or not yet
properly colocalized with the nACh receptors (Dulon and Lenoir 1996). In an
immortalized cell line prepared from mouse cochlea at E13 putative hair-cell
precursors also respond to ACh only with inward currents, again showing a lack
of coupling between ACh receptors and SK channels (Rivolta et al. 1998; Jagger
et al. 2000). In gerbils, responses to ACh are also first observed at P6 in basal
OHCs, but right from the start currents are outward indicative of a functional
nAChR-SK complex (He and Dallos 1999). The responses in gerbil OHCs
reach adult size by P11.

ACh responses can thus be elicited in OHCs at the time efferent synapses are
established and just before the onset of OHC motility, raising the question of
whether any of these events depend on one another. Using cochlear cultures
made from PO gerbil pups, He (1997) found that electromotility develops nearly
as normal in the absence of efferent innervation. Functional ACh receptors and
their associated SK channels also develop normally under the same conditions
(He et al. 2001).
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7.2.3 Vestibular Hair Cells: Development of Basolateral Voltage-Gated
Currents

Hair cells in the mouse utricle show electrophysiological signs of maturation
starting at around P4 (Riisch et al. 1998b). Between P4 and P7, type I cells
acquire their characteristic I, or I, a very large potassium current that is
substantially activated at the resting potential with a number of similarities to
the (much smaller) I, of cochlear hair cells (Rennie and Correia 1994; Riisch
and Eatock 1996), but some differences, including considerably lower sensitivity
to block by linopirdine (Rennie et al. 2001). Another sign of maturation of both
type I and type II cells is the appearance, also around P4, in a fraction of the
cells of the weak inward rectifier /,. Upon maturation, I, was present in almost
all type II cells but in only one third of type I cells. Between birth and P4,
immature type I and type II VHCs can sometimes be distinguished by their
morphology (including the presence of developing calyces) but not by their
basolateral membrane currents: a classical delayed rectifier (I,  for neonatal),
a classical fast inward rectifier (I,), a Ca®>* current (Riisch et al. 1998b), as well
as a large Na* current (Riisch and Eatock 1997; Lennan et al. 1999; Chabbert
et al. 2003). This complement of channels is, in fact, not very different from
that in neonatal hair cells of the mouse cochlea. In contrast to cochlear hair
cells (Marcotti et al. 1999), I, persists on maturation, certainly in type II and
possibly in type I cells (Riisch et al. 1998b). Broadly the same mix of currents,
with regional variations depending on the cell’s position within the ampulla, is
found in developing semicircular canal hair cells of the chick embryo. Type I
cells become identifiable morphologically by E15 and acquire I, by E17 (Ma-
setto et al. 2000).

Perhaps surprisingly, given the similarities with developing cochlear hair
cells, Ca?* spikes, either spontaneous or induced, have not been described in
developing VHCs where they have been studied under current clamp (rat utri-
cle: Lennan et al. 1999; chick semicircular canal: Masetto et al. 2000). Instead,
quite small and slow Na* action potentials could be evoked in developing rat
utricular hair cells between the ages of PO and P2 (Chabbert et al. 2003). Like
OHC Ca?* spikes (Marcotti and Kros 1999), only a single action potential
could be elicited on depolarizing current injection and spontaneous action po-
tentials did not occur. After P4 the Na* current declines in type II cells and
disappears altogether in type I cells (Chabbert et al. 2003). It is presently not
clear whether the classical delayed rectifier in mature type II cells (1) is
pharmacologically or kinetically different from I,  and there is some contro-
versy over the nature of a possible K* current that may remain in mature type
I cells after Iy, is blocked (Rennie and Correia 1994; Riisch and Eatock 1996),
no doubt in part because the large I, is very difficult to block completely (Ea-
tock, personal communication).
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7.3 Functions of Conductances in Immature Hair Cells

The THCs’ ability to spike spontaneously (Kros et al. 1998) and release neuro-
transmitter (Beutner and Moser 2001; Marcotti et al. 2003b) long before the
onset of hearing suggests they may actively contribute to the development of
neuronal connections in the peripheral and central auditory system. Spontane-
ous spiking is also likely to be important for the development of the IHCs
themselves, as IHCs without L-type Ca?* currents degenerate rapidly (Platzer et
al. 2000; Glueckert et al. 2003). As in many other developing cell types, spiking
and associated intracellular Ca?* transients may be required for the expression
of the mature complement of ion channels (e.g., Moody 1998; Spitzer et al.
2002) and altering the spike pattern may even affect the type of neurotransmitter
being released (Borodinsky et al. 2004). In IHCs the L-type Ca*" channel or
the spiking activity is required for the acquisition of Iy, (Brandt et al. 2003).
The generation of action potentials in immature IHCs is made possible by the
particular combination of currents present during early development: a mixture
of large and fast Ca?>* and Na* currents, and small and slow K™ currents. Ex-
pression of the large and fast I . prevents spiking and turns the IHCs into high-
frequency sensory receptors (Kros et al. 1998). Trains of action potentials can
be evoked early in development in the tall hair cells of the chick basilar papilla
(Fuchs and Sokolowski 1990), although spontaneous spiking has not been ob-
served. Immature OHCs express voltage-gated ion channels similar to those of
immature IHCs and can fire a single spike on depolarization (Marcotti and Kros
1999). OHCs also degenerate in the absence of L-type Ca?* channels (Platzer
et al. 2000; Glueckert et al. 2003), suggesting they may spike spontaneously in
vivo. In OHCs, induced spiking is inhibited by the expression of I, , at the time
the cells become electromotile (Marcotti and Kros 1999). Depolarization results
in a single Na* spike in immature vestibular hair cells, with size and kinetics
much like the Ca** spikes of auditory hair cells (Chabbert et al. 2003). It is
perhaps surprising that the transducer channels are already working well before
the onset of auditory or vestibular function (Kros et al. 1992; Géléoc et al. 2003;
Kennedy et al. 2003). This indicates a possible developmental function. Pos-
sibilities include the regulation of developmental processes within the hair
bundle, perhaps triggered by Ca>" entry, and the provision of a source of inward
current to facilitate spontaneous spiking (Kros et al. 1998).

8. Conclusion

Considerable advances have been made over the last decade in our understanding
of the molecular processes underlying the development of hair cells in the inner
ear. The sequence of events leading to the formation of a sensory organ con-
taining a patterned mixture of hair and supporting cells is summarized in Figure
2.8. Levels of Notch activation may play a critical role in this process. Initially,
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Notch activation (by Serratel/Jaggedl) may confer sensory competence upon a
patch of cells in the otocyst. Subsequently levels of Notch activation determine
whether a cell within the patch will become a hair cell or a supporting cell, with
high levels of activation (by Deltal and Serrate2/Jagged?) leading to cells be-
coming supporting cells and low levels leading to cells differentiating as hair
cells. A number of aspects nonetheless remain to be resolved in more detail.
Our knowledge of the signals that determine the formation of the ventromedial
prosensory region of the otocyst and their source, or what determines whether
a sensory patch will become a crista, a macula, or an organ of Corti, is still
rudimentary. A true proneural gene for sensory patches has yet to be found,
and the current data indicate the decision to become a hair cell may be made
before the hair cells express detectable levels of Deltal and Serrate2, implying
that lateral inhibition may really only serve to reinforce a decision that has
already been made at some earlier unknown step.

Our understanding of the molecular mechanisms underlying hair-bundle de-
velopment remains very much in its infancy. Potential players, for example,
unconventional myosins, PDZ domain proteins, cadherins, Wnt signalling mol-
ecules and matrix proteins are emerging on the scene, but it will be a challenge
to discover how the different pathways involving these molecules are coordi-
nated in space and time to produce a functional hair bundle of the desired form
and orientation. Another vitally important aspect of hair-cell development that
has yet to be touched on is how gradients in the morphological, molecular, and
physiological properties of hair cells that are found within and along the sensory
organs are generated and maintained. As discussed above, much more has yet
to be learned about the significance of the developmental changes observed in

<

FIGURE 2.8. A diagram illustrating how hair and supporting cells are produced during
development of the inner ear. (Top) Notchl is expressed throughout the wall of the
otocyst. The prosensory region can be defined as a region where the Notch ligand Ser-
ratel, the modulator of Notch signaling Lfng, and the cell adhesion molecule BEN are
expressed. Serrate 1 may activate Notchl within the prosensory region, endowing it with
the ability to produce hair and supporting cells. BMP4 and FGF10 may operate in a
paracrine fashion to influence development of surrounding tissues. (Middle) Cells with-
draw from the cell cycle and express the cyclin-dependent kinase inhibitor p27¥*! (gray
shading). A subset of these cells then express the transcription factor Mathl (black
nuclei). (Bottom) Hair cells that express Mathl also express Numb, rendering them
insensitive to Notchl activation. They express the Notch ligands Deltal and Serrate2,
thereby activating Notchl in the surrounding cells. Activation of Notchl in these sur-
rounding cells stimulates the production of Serratel, and activates the expression of Hes1/
5 thereby forcing them to differentiate as supporting cells. Hair cells then stop expressing
p27¥IP1, express Brn3.1 and a number of hair-cell markers, including myosin VIIa, myosin
VI, and calretinin. Expression of Notchl and Serratel becomes restricted to supporting
cells as they differentiate. Retinoic acid may influence the early stages of hair-cell dif-
ferentiation. Thyroid hormone may control the timing of hair-cell differentiation.
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the ion channel complement of hair cells, and the functional consequences of
the spontaneous spiking observed in inner hair cells during the early stages of
their life. Clearly, the developing inner ear is still hiding many an interesting
secret from us, so the challenge is there.
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The Structure and Composition of the

Stereociliary Bundle of Vertebrate
Hair Cells

DaviD N. FURNESS AND CAROLE M. HACKNEY

1. Introduction

Mechanoelectrical transduction in the inner ear and lateral line organs of ver-
tebrates depends on sensory hair cells. These usually have flask-shaped or cy-
lindrical cell bodies (Fig. 3.1) and possess an apical bundle of cellular
protrusions (Figs. 3.1 to 3.4) that look like tiny hairs, or cilia, under the light
microscope. However, only one of the protrusions in each bundle, the kinoci-
lium, is a true cilium (Fig. 3.3) containing an array of microtubules. The rest
have either been called stereocilia or stereovilli (see, e.g., Neugebauer and
Thurm 1984, 1985) but although the latter is a more accurate term because they
more closely resemble microvilli than cilia, the former is in greater use and so
is used here.

It is well accepted that deflection of the hair bundle toward the tallest row of
stereocilia, the excitatory direction (Fig. 3.5), increases the rate of opening of
relatively nonselective cationic channels in the hair cell apex; this results in the
development of a depolarizing receptor potential (Hudspeth and Corey 1977;
see also Fettiplace and Ricci, Chapter 4). Deflection in the direction of the
shortest row leads to closure of these mechanoelectrical transducer (MET) chan-
nels. The stimulus direction is important, as it is most effective along the central
axis and not effective at right angles to it (Shotwell et al. 1981). The process
of mechanoelectrical transduction is extremely sensitive with displacements of
the tip of the bundle of around 100 nm being sufficient to open all the MET
channels. It is also so rapid that second-messenger systems are unlikely to be
involved, suggesting that the channels must be mechanically gated (Corey and
Hudspeth 1979, 1983). The motion of hair bundles may also be amplified by
energy supplied by the hair cells themselves with hair bundles being capable of
both force production and spontaneous oscillation (see Hudspeth 1997 and Fet-
tiplace et al. 2001 for reviews). These phenomena may be manifestations of the
adaptation mechanisms that have been developed by hair cells to keep the MET
channels within their most sensitive operating range. Hair cell adaptation has a
rapid component on a sub-millisecond time scale that begins almost immediately
that the channels open followed by a slower component that can take tens of
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FIGURE 3.1. SEM showing the diverse morphology of hair cells. (A) A type I vestibular
hair cell of the utricular macula of a guinea pig revealed by fracturing a critical point
dried specimen. The cell is flask shaped with a narrow neck region (n) and the bundle
of stereocilia (s) protruding from the apex. Many vertebrate hair cells resemble this type,
although precise body and bundle shapes vary. The cell membrane has been removed
during the fracturing process, revealing a granular interior. There are no spaces between
supporting cells and the hair cell. (B) An outer hair cell in a fracture of the guinea pig
organ of Corti revealing the cylindrical cell body and stereocilia (s). The cell body is
enclosed by Deiters’ cells (DC) only at the basal end. Processes (*), here broken, extend
from the Deiters’ cell bodies beneath the hair cell to the upper surface of the organ of
Corti. The membrane of the hair cell is intact, giving it a relatively smooth appearance.
Scale bars = 10 um.

milliseconds to develop (Ricci and Fettiplace 1997; Wu et al. 1999). Mechano-
transduction, amplification, and adaptation are likely to be affected by the precise
morphological organization of the hair bundle and by the mechanical properties
conferred by the cytoskeletal organization of the hair cell apex and the extra-
cellular matrix associated with stereocilia. These processes are also calcium
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sensitive (see Fettiplace et al. 2001 for a review) and will therefore be critically
influenced by the control of intracellular calcium levels by calcium pumps and
buffers in the hair cell apex. Over the last few years, new data have emerged
about the distribution and function of a number of proteins in hair cells. This
review summarizes what is known about the morphology and protein compo-
sition of the hair cell apex with particular reference to findings from ultrastruc-
tural and immunocytochemical studies.

2. Immunocytochemical Techniques for Studying the Hair
Cell Apex: Advantages and Disadvantages

A range of techniques has been applied to the analysis of the structure and
composition of hair cells. These include phenotypic studies of mice and ze-
brafish with mutations or targeted deletions of genes important in human hearing
which have revealed abnormalities in normal hair-bundle development and func-
tion (see, e.g., Nicolson et al. 1998 and reviews by Steel and Kros 2001; Bryant
et al. 2002). These genetic and molecular approaches are being combined with
light (LM), scanning (SEM), and transmission electron microscopy (TEM) and
immunocytochemistry to determine the location and function of proteins directly
responsible for particular processes in hair cells. In view of the importance of
this latter method for determining the distributions of various hair cell proteins,
it is perhaps first worth drawing attention to the pros and cons of some of the
methods in common use.

2.1 Preembedding Labeling at the LM Level

In this technique, relatively lightly fixed material is prepared as whole mounts,
isolated cells, or cryosections. The tissue is usually permeabilized with a de-
tergent and then labeled with a primary antibody. This is then visualised using
secondary antibodies conjugated to fluorochromes (Fig. 3.6) or to other inter-
mediate molecules that can be used to generate a colored reaction product, for
example immunoperoxidase, where chromogens such as diaminobenzidene pro-
vide the visible signal. This technique is relatively quick and easy to perform.
However, false-positive stereociliary labeling is a hazard of this type of prepa-
ration. It is possible, for example, to produce stereociliary labeling in guinea-
pig tissue by using rat, rabbit, or mouse serum in place of primary antibodies
(see, e.g., Steyger et al. 1989). This labeling cannot readily be prevented by
standard blocking steps and is thought to be due to the stereocilia being partic-
ularly prone to nonspecific binding of antibodies and other serum proteins, pos-
sibly because of glycoproteins or negative charges associated with their surfaces
(see also Section 3.4).
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2.2 Preembedding Labeling at the Electron Microscopic
Level

Preembedding techniques for EM are similar to those used for LM but obviously
require electron-dense markers such as immunoperoxidase/DAB or immunogold
gold particles (Fig. 3.7A). The latter can also be used for SEM where back-
scattered electron detection can assist in the identification of gold particles (Fig.
3.7C, D). For TEM, labeled tissue is resin embedded with or without further
fixation. However, this technique can produce the same potentially false-positive
results described in Section 2.1. In addition, other drawbacks are that tissue
preservation is often poor (because of detergent extraction) and when immu-
noperoxidase is used, the reaction with the chromogen also damages tissue struc-
ture (see, e.g., Danbolt et al. 1998). There are limitations with regard to antigen
penetration; central regions of protein-rich structures such as the cuticular plate
(Fig. 3.2; see also Section 4) or the core of the stereocilia may not label because
antibodies are large molecules (immunoglobulin Gs) [IgGs] are approximately
16 nm long) and gold particles 5 to 30 nm in diameter are commonly used,
both of which may be hindered from entering narrow spaces (Fig. 3.7A, B; see
also Slepecky et al. 1990; Mahendrasingam et al. 1998). The use of smaller
gold particles improves penetration but these are difficult to visualize unless
enhanced by silver staining. These factors affect the distribution of labeling and

>

FIGURE 3.2. Detail of the outer hair cell apex. (A) TEM of a longitudinal section showing
three rows of stereocilia (s) increasing in height from one side of the bundle to the other.
The stereocilia are separated at the base but converge so that the tips of the shorter ones
come into close apposition with the adjacent taller ones. Note the electron-dense patches
at the tip of each stereocilium; the inset shows the density at the tip of the tallest ster-
eocilium (arrows) at higher magnification. The stereociliary rootlets (r) extend into the
cuticular plate (cp) and the underlying cytoplasm includes Golgi apparatus (arrowhead),
mitochondria (arrow), and other organelles. A channel of cytoplasm (ch) extends through
the cuticular plate and contains the basal body (bb) of the kinocilium. The kinocilium
itself is absent in adult mammalian cochlear hair cells. Some cuticular plate material is
seen lateral to the channel (*). Scale bar = 1 um. Inset scale bar = 200 nm. (B) SEM
of a fracture of an OHC along a plane that is slightly oblique compared with that shown
in A showing the three-dimensional relationship of the hair bundle to the apical structures.
The fracture was obtained by cryoprotecting a fixed segment of organ of Corti in a
solution of 50% dimethyl sulfoxide, freezing the sample, and fracturing, followed by
osmium maceration (see, e.g., Lim 1986). The three rows of stereocilia (s) are again
visible, some having been broken where they cross the fracture plane to leave short
stumps. The cuticular plate (cp) is relatively homogeneous compared with the granular
cytoplasm, and the cytoplasmic channel (ch) and lateral cuticular plate material (*) are
visible. Scale bar = 1 um. Micrograph taken by the authors from material prepared by
Dr. Y. Katori.
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make estimation of relative amounts of antigen in different subcellular com-
partments subject to uncertainty.

2.3 Postembedding Immunogold Labeling at the Electron
Microscopic Level

Many of the problems associated with preembedding labeling are reduced by
using post-embedding methods (see, e.g., Fig. 3.7B, E-G). Here, labeling is
performed after sectioning when the antigens are exposed on the surfaces of the
section, ensuring equal accessibility. In TEM, the density of gold particles more
accurately reflects the concentration of antigen. This method can therefore be
used for comparing relative concentrations of one or more antigens in different
compartments. It can also provide absolute quantitative data as long as the
labeling is calibrated against known concentrations of the antigen prepared under
similar circumstances (see, e.g., Gundersen et al. 1993; Hackney et al. 2003;
and Section 5). The lateral resolution of this technique is good, on the order of
25 to 30 nm (Matsubara et al. 1996). However, the additional processing re-
quired to embed the samples prior to labeling them can diminish the antigenicity
of the target proteins. Fixation with glutaraldehyde can itself cause loss of
antigenicity by distortion of the fixed proteins, an effect that can be reduced by
fixation with paraformaldehyde or by using antibodies that have been raised
against antigens conjugated to carrier proteins using glutaraldehyde which then
recognize glutaraldehyde-fixed antigens. Loss of antigenicity can also be re-
duced by low-temperature embedding or by embedding freeze-dried unfixed
tissue (Slepecky and Ulfendahl 1992). However, the sensitivity of the postem-
bedding technique may be lower than fluorescence methods; for example, Sle-
pecky et al. (1990) found that phalloidin labeling showed actin to be present in
regions where it was not detectable by postembedding labeling. Moreover, false-
positive labeling of stereocilia cannot be completely ruled out by this method
because the sites that make stereocilia “sticky” may remain attractive to anti-
bodies even after processing. Thus it is important to perform a number of
controls with this as with any immunocytochemical procedure.

2.4 Controls for Immunocytochemistry

In each of the above procedures, omission of the primary antibody will show
whether the secondary antibody is binding nonspecifically to the tissue. How-
ever, this is not a specific control for the primary antibody used and is therefore
of only limited value. A better control is to incubate the primary antibody with
purified antigen in excess (preadsorption). Use of the preadsorbed mixture on
the tissue should result in little or no specific labeling. This confirms that the
epitopic site recognized by the antibody exists on the antigen and is present at
the sites where labeling has been abolished. However, even if preadsorption has
been completely successful, this control does not preclude the possibility that
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similar epitopic sites on different proteins might also be present in the tissue,
as labeling of these epitopes would be reduced just as effectively as the presumed
target because of elimination of the antibody. Preadsorption can also be used
to remove unwanted cross-reactivity with other proteins if the pure form of those
proteins is used as the absorbent. In addition, Western blotting can be used to
check the molecular mass of the proteins being labeled is close to that expected,
although different isoforms of the same protein may vary in this respect. Using
monoclonal antibodies reduces the likelihood of an antibody directed at one
protein recognizing another but has the drawback that such increased specificity
reduces the sensitivity of the detection technique compared with using poly-
clonal antibodies where multiple epitopic sites on a given protein may be rec-
ognized (Harlow and Lane 1999).

Despite the problems associated with these various techniques, which mean
results obtained from them should be interpreted carefully, their application has
added significantly to our knowledge of the composition of the hair cell apex.

3. General Features of Hair Cells and Hair Cell Sensory
Epithelia

All vertebrate hair cells studied so far appear to perform mechanoelectrical trans-
duction in a similar way and share conserved morphological characteristics that
relate to this basic function. However, there are also specializations of the dif-
ferent organs and the hair cells within them that are related to their differing
physiological roles, including modifications to the hair bundles and the accessory
structures to which they may be attached (Manley 2000).

3.1 Morphology and Ultrastructure of the Hair Bundle

Hair bundles are composed of a cluster of stereocilia arranged in rows that
increase in height to form a staircase. The tips of stereocilia in different rows
tend to converge so that many bundles have a conical appearance with a bevelled
edge formed by the tips of the stereocilia as they change in height. The tips of
stereocilia in each of the shorter rows approach a point on the side of the taller
stereocilia in the adjacent taller row (Fig. 3.2). With the exception of some
bundles in primitive vertebrates such as lampreys (Hoshino 1975), virtually all
vertebrate hair cells show this basic staircase pattern but there is considerable
variation in packing, number, height, and width of the stereocilia (Figs. 3.3, and
3.4). These differences in morphology may reflect the need to process different
kinds of environmental stimuli and thus to respond to different ranges of fre-
quency and stimulus intensity.

The stereocilia are arranged in a hexagonal pattern. In most cases, a single
kinocilium is located next to the central stereocilia of the tallest row (Fig. 3.3A,
D) and connected to them by extracellular material (Hillman 1969; Bagger-
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Sjobiack and Wersill 1973; Neugebauer and Thurm 1985). In some hair cells,
the stimulus is probably delivered partly or wholly via the kinocilium, which
sometimes has a specialized bulb and which projects into the accessory
membrane where it is connected by filaments (Lewis and Li 1975; Barber and
Emerson 1979; Jacobs and Hudspeth 1990; Nagel et al. 1991; Tsuprun and Santi
1998). Mammalian and some avian cochlear hair cells, however, lose the Kin-
ocilium on maturation, leaving behind a basal body (Figs. 3.2A, 3.5, and 3.6B,
C). The bundle has a central axis of symmetry that runs approximately through
the position of the kinocilium which is parallel with the physiological excita-
tory—inhibitory axis.

Conical bundles are found in hair cell epithelia in different vertebrate classes
(Fig. 3.3), although considerable variations in size and the number of rows of
stereocilia occur even within a single organ. Thus, for example, six different
types of hair bundle have been described in different regions of the bullfrog
sacculus (Lewis and Li 1975). In the guinea pig, vestibular bundles have been
classified according to differences in packing of stereocilia in adjacent rows into
a “loose” type and a “tight” type; in “loose” bundles, one axis of the hexagonal
array is aligned with the excitatory—inhibitory axis while in “tight” bundles, the
hexagonal array is displaced by 30° from this axis (Bagger-Sjobick and Taku-
mida 1988; see also Fig. 3.3B). However, in turtle and frog vestibular maculae,
a continuum in these bundle geometries has been reported (Rowe and Peterson
2004). Differences in packing could affect the efficiency of activation of MET
channels by off-axis stimulus directions and may therefore be relevant to the
function of different hair cell types.

Hair bundles of mammalian cochlear and vestibular hair cells can have similar
numbers of stereocilia but these are generally arranged in fewer rows in cochlear
hair bundles (3—4; Furness and Hackney 1985) than in vestibular ones in the

<

FiGUre 3.3. SEM showing hair bundles from different vertebrate classes. (A) Teleost
fish utricle (roach—Rutilus rutilus). Although the size of the bundles and packing of
the stereocilia vary, the bundles share the same basic pattern, where the stereocilia form
rows increasing in height in a stepwise manner. Note the kinocilium (k) to one side of
the tallest row of stereocilia. Scale bar = 2 um. Micrograph taken by the authors from
material prepared by Dr. D-Ch. Neugebauer. (B) Mammalian utricle (guinea pig) again
showing the variation in bundle size but the same basic pattern of stereociliary rows.
Note that two forms of packing, “tight” (t) and “loose” (1) as defined by Bagger-Sjobick
and Takumida (1988) can be seen in these hair bundles. Scale bar = 2 um. (C, D)
Reptilian cochlea (turtle—7Trachemys scripta elegans). (C) View of the stereociliary rows
looking along the direction in which the stepwise increments in height occur (i.e., along
the excitatory—inhibitory axis) with the tallest row furthest away. View of another bundle
in the opposite direction from C so that only the tallest stereocilia are clearly seen. Note
the kinocilium (k) which here is similar in height to the tallest rows of stereocilia. Note
also that the tallest stereocilia are thinner than the others in the same bundle. Scale bars
= 1.5 um.




104 D.N. Furness and C.M. Hackney

same species (between 9 and 23; Bagger-Sjobiack and Takumida 1988). The
number of stereocilia per row is consequently greater and the bundle therefore
becomes elongated in the plane orthogonal to the stimulus direction (Fig. 3.4).
This arrangement may allow cochlear hair cells to respond more efficiently to
higher frequencies than vestibular ones. In both inner and outer hair cells (IHCs
and OHCs) (Fig. 3.4A, B), the bundle is arranged in a more or less pronounced
W-shape. The kinociliary basal body lies just beyond the notch of the W in the
excitatory direction, the loss of the kinocilium during development possibly
being an adaptation to increase the sensitivity of the mammalian cochlear hair
cells.

Variations in width of the stereocilia occur within and between hair bundles
of the same organ. In the mouse utricle, the stereocilia of type II hair cells are
finer than those of type I hair cells (Riisch et al. 1998). In turtles, the shorter
stereocilia are wider (approximately 500 nm) than the taller ones (approximately
250 nm) in the same bundle (Fig. 3.3C; Hackney et al. 1993). In OHCs in the
rodent cochlea (Fig. 3.4), shorter stereocilia are sometimes narrower (approxi-
mately 150 nm) than taller ones (approximately 250 nm). The situation in ro-
dent IHCs is more complex as the tallest stereocilia are narrower than the next
row but are wider than the subsequent shorter rows (Lim 1986; Fig. 3.4B). In
lizard hair cells, stereocilia approaching 1 pum in diameter have been noted
(Tilney et al. 1980). Wider stereocilia may be stiffer than narrower ones because
they contain more actin filaments, although variations in their cross-linking pro-
teins and in the stiffness of rootlets may complicate the situation.

The heights of stereocilia also vary considerably. The shortest stereocilia in
the guinea-pig cochlea are under 1 um (see, e.g., Furness et al. 1997) but the
tallest stereocilia in the free standing hair bundles in alligator lizard reach 38
pm (Mulroy and Williams 1987). It should be noted that the height of the
kinocilium, when present, also varies in relation to the height of the tallest
stereocilia within individual epithelia, for example, in the central regions of the
turtle cochlea, the kinocilium is similar in height to the tallest stereocilia whereas
the stereociliary bundles on the limbal edges may have kinocilia that are more
than twice the height of the tallest stereocilia (Hackney et al. 1993).

>

FIGURE 3.4. SEM showing the morphology of mature mammalian cochlear hair bundles.
The number of rows of stereocilia is reduced compared to hair cells from vestibular
organs or the auditory organs of non-mammalian vertebrates. (A) A W-shaped OHC
bundle from a guinea-pig cochlea. The stereocilia form three precisely organized rows
in each of which they are nearly all of similar height. Scale bar = 2 um. (B) In guinea-
pig IHCs, the row structure is less precise. Scale bar = 2 um. (C) An IHC bundle of
a bat (Pteronotus parnellii) showing the presence of only two rows of stereocilia, the
minimum number that would be required for mechanotransduction according to present
models. Micrograph taken by the authors from material supplied by Dr. M. Vater. Scale
bar = 2 um.
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In auditory epithelia, systematic cochleotopic variations in bundle height oc-
cur with location, decreasing toward the high-frequency basal end of the cochlea
or papilla. In turtle, the height decreases from about 8 um to 4.5 um (Hackney
et al. 1993), in chick from 5.5 um to 1.5 um (Tilney and Tilney 1988), and in
the chinchilla third OHC row, from 5.5 um to 1.0 um (Lim 1986). The number
of stereocilia also changes; it increases toward the basal end. In the turtle basilar
papilla, the number of stereocilia increases from about 60 to 100 (Hackney et
al. 1993); in chick basilar papilla, it increases from 50 to 300 (Tilney and Tilney
1988); and in the chinchilla organ of Corti, in the third row OHCs, it increases
from about 18 to 40 in the apical turns to about 80 in the base (Lim 1986).
These changes in height and number of stereocilia are likely to contribute to
the hair cell’s mechanical properties; shorter bundles with more stereocilia are
stiffer. In addition, the increased number of stereocilia is likely to result in an in-
creased number of MET channels and may also be related to the fact that adap-
tation and active movements are faster in high-frequency hair bundles in some
vertebrates (Fettiplace et al. 2001; see also Fettiplace and Ricci, Chapter 4).

The step size between stereocilia of different rows also varies and is likely
to affect the sensitivity of the bundle to deflections. The excitation of hair cells
is believed to depend on shearing between immediately adjacent shorter and
taller stereocilia of neighboring rows. As the bundle is deflected, the stereocilia
pivot about their ankles and this causes a shear to be developed so that the
shorter stereocilium moves relative to the side of the taller stereocilium. The
shearing is maximal at the tip of the shorter stereocilium. The ratio between
this maximal shear distance and the size of the horizontal deflection of the tip
of the tallest stereocilium is called the shear gain.

Kinematic modeling has revealed that the average shear gain in hair bundles
of OHCs increases systematically from apical to basal locations in the guinea-
pig cochlea (Fig. 3.5; Furness et al. 1997). Thus, higher frequency hair cells
require less displacement of their tips to produce the same degree of shearing.
However, the decreasing height of the tallest stereocilia offsets this, as the
amount of shear developed remains relatively constant as a function of angular
rotation. Interestingly, the shear gains for two substantially different bundle
types are very similar; the mean gain of 38 individual stereociliary pairs from
21 guinea pig OHCs was approximately 0.15 (Furness et al. 1997) compared
with the average gain for a bundle of 0.14 in bullfrog saccular hair cells (Jacobs
and Hudspeth 1990). This means that for a 10-nm deflection of the hair bundle,
a shearing movement of about 1.5 nm would occur between the tip of the shorter
stereocilium and the side of the taller stereocilium. In the mouse utricle, a
smaller average bundle shear gain has been found, approximately 0.047 (Holt
et al. 1997), which appears to be consistent with a broader operating range in
terms of bundle displacement for these cells.

Inhibitory deflections cause the shorter stereocilia to slide upwards relative to
the taller stereocilia while excitatory deflections cause them to slide downwards.
By mechanically linking the stereocilia together by means of a “gating spring”
at the point of maximum shear, deformation produced by tension placed on the
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FIGURE 3.5. Schematic diagram depicting the apical structures of an IHC from the guinea
pig cochlea and the complex supporting cytoskeleton of microtubules (thin lines). The
cuticular plate is enclosed in a pericuticular basket of microtubules which includes rings
around the apical and beneath the basal portions and a central underlying meshwork.
Microtubules also extend into the channel of cytoplasm which penetrates the cuticular
plate and contains the basal body (see also Fig. 3.2).

spring can deliver stimulus energy to MET channels located in this vicinity. An
appropriate arrangement of the gating spring and its connection to the channels
would detect the difference in shear direction, so that inhibitory deflections cause
channels to close, and excitatory deflections cause them to open (see Fig. 4.3
in Fettiplace and Ricci, Chapter 4). This gating spring hypothesis can thus
explain the asymmetry of the hair-bundle response (Corey and Hudspeth 1983)
and has gained almost universal acceptance. More controversial, however, is
the issue of the identity and location of the gating spring and the associated
MET channels. It is most likely that this spring is represented by some structure
in the bundle where maximum shear is developed (i.e., the tip of the shorter
stereocilia), thereby maximizing the sensitivity of the bundle to deflections
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(Thurm 1981). Attention has therefore been directed toward extracellular cross-
links that connect adjacent stereocilia together and that may be specialized ad-
aptations of the surface coat of the hair bundle.

3.2 The Surface Coat and the Cross-Links

Hair bundles have an extensive cell coat that has been demonstrated in chick
vestibular hair cells by freeze-etching (Hirokawa and Tilney 1982) and in mam-
malian cochlear and vestibular hair cells by staining with cationic dyes such as
ruthenium red (Slepecky and Chamberlain 1985a; Takumida et al. 1988) and
Alcian blue (Santi and Anderson 1987). The cell coat of cochlear hair bundles
appears to be more prominent than that of adjacent supporting cells. Staining
with ruthenium red reveals a relatively thin (10-nm thick) surface coat on the
hair bundle (Slepecky and Chamberlain 1985a; Santi and Anderson 1987). Long
incubation in Alcian blue reveals a 90-nm thick inner coating that extends over
the stereocilia and the apical cuticular plate and an outer coating that consists
of filaments up to 1.5 um long extending into the subtectorial space around the
hair bundle (Santi and Anderson 1987).

In addition to this generalized cell coat, specific cross-links with well-defined
spatial identities connect the adjacent stereocilia (Figs. 3.8 and 3.9). It has been
suggested that these links could be artifactual condensations of the generalized
cell coat (Hackney and Furness 1986). However, different categories of cross-
link are immunologically distinct and have differential binding to, or susceptibil-
ity to, various agents, suggesting that they have specific identities and functions
(Batanov et al. 2004; see also Section 3.4 and Goodyear et al., Chapter 2).

Several major categories of cross-links have been morphologically defined.
Lateral links run horizontally (parallel to the apical surface) in probably all hair
bundles and have been seen in, for example, fish (Neugebauer and Thurm 1985),
reptiles (Bagger-Sjobéack and Wersill 1973; Czukas et al. 1987), birds (Goodyear
and Richardson 1994), and mammals (Osborne et al. 1984; Pickles et al. 1984;
Furness and Hackney 1985). These lateral links connect adjacent stereocilia
both within and between rows in a hexagonal pattern. In the mammalian coch-
lea, they consist of filaments of variable width and length connecting the lateral
membranes of the stereocilia (Fig. 3.8C-F). The central portions have a denser
region (Fig. 3.8D, E; Furness and Hackney 1985) that stains specifically with
tannic acid (Tsuprun and Santi 2002) and they tend to occupy discrete zones
(Fig 3.8B, C). There are, for instance, clearly identifiable ankle links in fish
(Fig. 3.8B; Neugebauer and Thurm 1985) and chicks (Goodyear and Richardson
1992). Fewer lateral links tend to be seen in adult hair cells in the mammalian
cochlea, suggesting that they are reduced in high-frequency hair cells (cf. Figs.
3.8A, B and Fig. 3.8C). In adult guinea pigs, they are observed to varying
extents along the shafts (Furness and Hackney 1985) and ankle links appear to
be absent.

In addition to the lateral links, cross-links with various orientations can be
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found in the vicinity of the tips in many hair bundles (Fig. 3.9A, B). Among
these is the tip link that connects the tip of each shorter stereocilium with its
neighbor in the taller row behind (Figs. 3.8C, 3.9C-G; Osborne et al. 1984;
Furness and Hackney 1985; Little and Neugebauer 1985). The discovery of tip
links led to the suggestion that they represented the gating springs predicted by
theories of mechanoelectrical transduction (Pickles et al. 1984). The tip link is
a single 2-to-3-nm-wide filament that extends from the tip of the shorter ster-
eocilium (Figs. 3.8C and 3.9C-G) and frequently bifurcates (Figs. 3.8C and
39D, E) to contact the membrane of the taller stereocilium at two adjacent
points (Hackney and Furness 1995; Kachar et al. 2000). At its lower end, the
tip link is anchored by submembrane linkers that occur in a narrow gap between
the stereociliary membrane and an underlying dense plaque that caps the actin
core (Osborne et al. 1988; Kachar et al. 2000). At its upper attachment point,
there is a submembraneous electron-dense plaque (Fig. 3.9G) occupying the
entire width of the gap between the outer actin filaments of the core and the
membrane (Furness and Hackney 1985). In high-resolution studies of freeze-
dried, deep-etched preparations, the lower part of the tip link appears to consist
either of a pair of braided macromolecules or a single filament with double
helical substructure. It may then, in either case, unwind further up to produce
the two narrower anchoring strands (Kachar et al. 2000; see also Tsuprun and
Santi 2000).

Tip links have been observed in all vertebrate classes and most hair cell
sensory organs (fish: Little and Neugebauer 1985; amphibia: Assad et al. 1991;
reptiles: Hackney et al. 1993; birds: Pickles et al. 1989). The electron-dense
plaques at the upper and lower attachment sites are similarly common. These
consistent features are thus likely to be important in the function of the tip link.

3.3 The Contact Region

Below the tip-link attachment points, the angulation of the stereocilia causes the
shorter stereocilia to approach the taller ones in the row behind to a point where
their membranes virtually touch (Fig. 3.10). Termed the contact region in mam-
mals (Hackney et al. 1992), the membranes here frequently appear denser and
to be connected by short pillar-like bridges (Figs. 3.9F, G and 3.10; Hackney
and Furness 1995). These bridges may well correspond to the horizontal top
connectors that have been described in other classes of vertebrate (Nagel et al.
1991; Goodyear and Richardson 1992). Treatment with cationic ferritin (Neu-
gebauer and Thurm 1987) causes the stereocilia to fuse in this region, presum-
ably by cancelling the negative charges keeping the membranes apart. Some
form of morphological specialization is common in this contact region (see, e.g.,
Neugebauer and Thurm 1985; Hackney et al. 1993) but it varies in appearance,
perhaps depending on the method and/or rapidity of fixation. In addition, cal-
modulin labeling has been noted to occur specifically at this point (Fig. 3.7G),
suggesting that it has a particular function (Furness et al. 2002).
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3.4 Composition of the Surface Coat and Links

The presence of carbohydrates in the coating over the membranes of the ster-
eocilia and apical surface has been demonstrated by staining with ruthenium red
and other cationic dyes (Santi and Anderson 1987; Tsuprun and Santi 2002).
In addition, lectin binding histochemistry and immunocytochemistry have in-
dicated more precisely the composition of the surface coat and shown that there
are differences between hair bundles from different systems and during devel-
opment (Warchol 2001).

Lectin binding in bullfrog has suggested the presence of residues of glucose,
mannose (using concanavalin A), galactose (Ricinus communis agglutinin I), N-
acetylglucosamine and N-acetylneuraminic acid (wheat germ agglutinin [WGA])
and N-acetylgalactosamine (Vicia villosa lectin) (Baird et al. 1993). However,
there are differences between vestibular organs and regional differences within
them. Similarly, some avian vestibular hair bundles but not auditory hair cells
label for N-acetylgalactosamine using peanut agglutinin (Goodyear and Rich-
ardson 1994; Warchol 2001). WGA has also been demonstrated to bind to
mammalian cochlear hair bundles (Gil-Loyzaga and Brownell 1988; Katori et
al. 1996b) and chick vestibular hair bundles (Warchol 2001). This binding is
associated with keratan sulfate proteoglycans (KSPGs). In fact, labeling with
antibodies to KSPGs indicates they occur on the crown of the tallest stereocilia
(Fig. 3.7C, D) and at tip and lateral link attachments in mammalian cochlear
hair bundles (Katori et al. 1996a). Cuprolinic acid, which specifically binds to
negatively charged sulfated residues, produces a similar labeling pattern (Tsu-
prun and Santi 2002). KSPGs may organize and determine the spacing of ster-
eocilia, provide mechanical support, and maintain negative charges (Katori et
al. 1996a). They are also present in the tectorial membrane (Munyer and Schulte
1994). The high molecular mass tectorin is a major component of tectorial
membranes, and may be a KSPG (Killick and Richardson 1997). Antibodies to
it label the stereociliary bundles of IHCs and OHCs.

Incubation of organ cultures of neonatal mouse cochlea with WGA (Richard-
son et al. 1988), conconavalin A, and neomycin (an aminoglycoside antibiotic)
(Kossl et al. 1990) in vitro causes hair bundle stiffness to increase, indicating
that the lectins affect the interaction between neighboring stereocilia, either by
binding to cross-links or by changing the distribution of charge on the surface
coat. Cationic ferritin particles bind all over the surface of the stereocilia and
to all the different links, suggesting in general that negatively charged molecules
coat all the structures of the hair bundle. The ferritin particles reduce the ster-
eociliary spacing and, as indicated above, where they approach closely, the mem-
branes of adjacent stereocilia fuse together (Neugebauer and Thurm 1987).
Aminoglycoside antibiotics such as dihydrostreptomycin and gentamicin have
also been shown to bind to the stereocilia (Tachibana et al. 1986) and cause
stereociliary fusion (Furness and Hackney 1986). It is probable, therefore, that
in vivo, stereociliary membranes are prevented from fusing by a combination of
the repulsion of their negatively charged coating (Dolgobrodov et al. 2000) and
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the gel-like spacing properties of the KSPGs (Katori et al. 1996a). Conversely,
they are kept from falling apart by the connections provided by the lateral cross-
links. Thus there may be an internal balance of tension between these opposing
forces that maintains bundle integrity. As discussed later, there are myosin iso-
forms and scaffolding and adhesion proteins present at the attachments of the
lateral links (see Section 4), which suggests the possibility of an active involve-
ment of the links in changing bundle properties. The surface coat and the dis-
tribution of the links may offer a way in which the mechanics of the bundle
could be modified.

The composition of the lateral links and the tip links has yet to be fully
determined, although both appear to have a coating of carbohydrate and a ker-
atan sulfate component, implying that they have glycoprotein components. In
chick auditory hair cells, ankle links are specifically labeled by an antibody to
a 275-kDa protein, which also labels the whole of vestibular hair bundles (Rich-
ardson et al. 1990). An antigen of about 200 to 250 kDa associated with the
tip links has also been detected in chick hair cells; this antigen is relatively
insensitive to short (15 min) subtilisin treatment but disappears after prolonged
(1 h) subtilisin exposure, although the main structure of the tip links does not
(Goodyear and Richardson 2003). It remains to be determined, therefore,
whether this antigen is on the tip link itself, or represents an epitope present in
material surrounding the tip link. For example, it could be associated with
material that binds the hair bundle to the overlying otolithic membrane, rather
like the KSPGs at the tips of mammalian stereocilia (Katori et al. 1996a). In
support of this idea, subtilisin treatment of 20 min is used to aid the removal
of the tectorial membrane from the hair bundles in turtle papilla without pre-
venting mechanotransduction (see Crawford et al. 1989), suggesting it weakens
the attachment between the two without affecting the gating springs.

As indicated above, one approach to characterizing the composition of links
is to use specific enzymes. In lightly fixed mammalian organ of Corti, elastase
destroys tip and lateral links, whereas chondroitinase, hyaluronidase, keratanase,
and collagenase have relatively little effect (Osborne and Comis 1990; Pickles
et al. 1990; Meyer et al. 1998). In vestibular hair cells, elastase also affects the
tip links and to a lesser extent the lateral links (Takumida et al. 1993). However,
elastase is known to digest a range of extracellular matrix proteins, and anti-
bodies to elastin do not label any components in the hair bundle, suggesting that
elastin itself is probably not its target (Katori et al. 1996a). Treatment of isolated
hair cells with the calcium chelator BAPTA also causes loss of tip links (Assad
et al. 1991; Meyer et al. 1998) and lateral links in mammalian OHCs (Meyer
et al. 1998), and the ankle links in chicks (Goodyear and Richardson 1999).
These observations indicate that the links contain extracellular proteins with
calcium-sensitive anchoring sites and that they vary in composition in different
cells and locations.

It is possible that intercellular adhesion proteins of the cadherin superfamily
may be components of the links. Protocadherin 15 appears in the stereocilia of
developing mammalian hair cells and is then found all along their length in adult
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hair cells, suggesting that it may be part of the lateral links (Ahmed et al. 2003).
Cadherin 23 also appears during the development of mammalian hair cells and
was thought to disappear in adult ones (Boeda et al. 2002). However, recent
studies in frog and zebrafish hair cells have suggested it is a component of the
tip links as well as of the links that join the stereocilia to the kinocilium, and
that it remains at the tips of adult mammalian stereocilia (Siemens et al. 2004;
Sollner et al. 2004). A crucial role for cadherin 23 in mechanosensation is
supported by the fact that mutations in the gene for this protein affect inner ear
function in the zebrafish, human, and mouse inner ear (Nicolson et al. 1988;
Holme and Steel 2004).

3.5 Possible Functions of the Cross-Links and the Identity
of the Gating Spring

A great deal of effort has been made to localize MET channels and the gating
springs as these are fundamental to the operation of these mechanosensory hair
cells. As there may be no more than five functional transduction channels per
stereocilium (see review by Hudspeth 1989), the amount of channel protein in
most hair cell epithelia is small and the channels have not yet been purified or
immunolocalized although various candidates are being investigated (see Fetti-
place and Ricci, Chapter 4). Techniques for localizing them have included ob-
serving calcium influx into the stereocilia using calcium dyes (Denk et al. 1995;
Lumpkin and Hudspeth 1995) and the application of blocking agents to different
points on the hair bundle while monitoring channel activity (Jaramillo and Hud-
speth 1991). These methods have provided strong evidence that the channels
are located near the stereociliary tips but have insufficient resolution to indicate
directly whether the channels are associated with any particular category of
linkage in this region.

Various modeling studies have suggested that the horizontal links located
along the stereociliary shaft would not provide an efficient way of operating the
MET channels as they undergo minimal deformation during physiologically rel-
evant deflections of the hair bundle (Geisler 1993; Pickles 1993a). Instead, the
function of the lateral links may be to connect the stereocilia together, preventing
them from becoming disarrayed and allowing them to be deflected as a unit,
ensuring that the MET channels open simultaneously. Coupling between the
stereocilia also reduces random responses caused by Brownian motion. The fact
that the compositions of the lateral links and the associated glyocalyx on the
stereocilia seem to show variation between different categories of hair bundle
suggests that they might be associated with different mechanical properties, for
example, responses to different frequency ranges as suggested by Goodyear and
Richardson (1994).

The tip link has been, for some time, considered to be the main candidate for
the gating spring. The evidence for and against this has been comprehensively
reviewed on a number of occasions (see, e.g., Pickles and Corey 1992; Hackney
and Furness 1995) so it will only briefly be summarized here. In favor of this
idea, the tip link is in the vicinity of the channels and is in a good position to
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be stretched during excitatory deflections and relaxed during inhibitory ones
(Pickles et al. 1984). In support of this view are data that suggest loss of the
tip links produced by BAPTA treatment coincides with the loss of sensitivity in
the transduction mechanism (Assad et al. 1991) and their subsequent regenera-
tion after destruction in vitro coincides with reappearance of mechanosensitivity
(Zhao et al. 1996). However, the tip link has been shown by high-resolution
electron microscopy to have a double helical structure that is unlikely to be
elastic, so rather than being the spring itself, it has been suggested to pull on
elements at its ends that are the gating springs (Kachar et al. 2000). Thus
tension generated by bundle deflection could open MET channels located at one
or other end of the link.

Despite its position, it has yet to be demonstrated by a direct means that the
channels are associated with the tip links, and instances have been documented
in which the orientation and location of tip links are not ideal for efficient MET
channel opening (Hackney et al. 1988). Hair bundles are also found that have
numerous links at the tips of their stereocilia that are orientated in multiple off-
axis directions (Figs. 3.8A, and 3.9A, B). In addition, experimental manipula-
tions of tip-link integrity, such as the application of BAPTA, affect other
structures (Goodyear and Richardson 1999) and the loss of the tip links may
disturb the operation of gating springs located elsewhere. Also, Meyer et al.
(1998) showed that if tip links were destroyed by either BAPTA or elastase
treatment, the mechanotransducer mechanism became less sensitive but the chan-
nels remained in an open state blockable by dihydrostreptomycin. This suggests
the tip link is not directly attached to the channel gate, as the channel would be
expected to close in the absence of tension transmitted by the link. The loss of
tip links may thus either be coincidental to the loss of mechanosensitivity or
the tip link may be crucial but less directly involved in channel gating as pos-
tulated above. Distinguishing these possibilities will require knowledge of the
precise ultrastructural localization of the MET channels and determination of
the molecular arrangement of coupling between the gating spring and the chan-
nel itself.

In an attempt to localize the MET channels at an ultrastructural level, we
sought to label them via their amiloride binding site as they had been shown to
be blocked by amiloride (Jgrgensen and Ohmori 1988), using polyclonal anti-
bodies raised against whole epithelial sodium channels that also have an ami-
loride binding region (Tousson et al. 1989). Using the preembedding technique,
we found labeling in the vicinity of the contact region (Hackney et al. 1992)
that could be reduced by treatment with both amiloride and dihydrostreptomy-
cin, another MET channel blocker (Furness et al. 1996). Controls suggested
that the labeling was not simple trapping or nonspecific binding of the antibodies
or gold label. In addition, a monoclonal antibody raised by an antiidiotypic
approach against amiloride binding sites was found to functionally block trans-
duction in a manner that suggested that they are an integral part of the MET
channels (Schulte et al. 2002) but it remains to be confirmed by alternative
techniques that the MET channels are located in the contact region rather than
at the ends of the tip links.
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Kinematic modeling of stereociliary motion has indicated that the shear in the
contact region is greater than the relative elongation of the tip link for a given
deflection of the bundle (Furness et al. 1997). Thus channels located in the
contact region could detect bundle deflections efficiently. There are several ways
in which such channels could be operated. First, the tip link could alternately
pull on and relax the membrane at the tip of the shorter stereocilium between
the tip-link attachment and the contact region. If the stereociliary membrane is
anchored in the contact region, stretch-activated channels located between the
tip link and the contact region could be operated. Second, the tip link may have
no direct role in transduction but could simply be a connection maintaining
tension in the contact region. In this case, the gating springs could be repre-
sented by the shorter cross bridges seen in the contact region. These may be
arranged to detect shear in the plane of the membranes, for example, by rotating
or deflecting an intermembrane molecular link that operates the channel gate.
While these mechanisms are speculative, they are consistent with other channel
gating mechanisms involving twisting of molecular components in ion channels
or receptors (Unwin 1989, 2003).

The nature of the MET channels, their location, and gating mechanism thus
remain major questions in research on hair cells. Other aspects of hair-bundle
structure and in particular the internal cytoskeleton also play vital roles in bundle
mechanics and physiology. In the next section, the major components of the
hair-bundle cytoskeleton and their relationship to transduction are reviewed.

4. Cytoskeletal Composition of the Hair Cell Apex

The hair cell apex contains a range of structural and regulatory cytoskeletal
proteins forming complex networks that have common features in all hair cells
and display homologies with the terminal webs of other epithelial cells. The
major component of these is actin (Fig. 3.6A), which will be described first.

>

FIGURE 3.6. Light microscope immunocytochemistry of components of the hair cell apex.
All images are of guinea pig cochlea. (A) Immunofluorescence and confocal microscopy
of actin in the hair-cell apex. Intense labeling of stereocilia (s) and weaker labeling of
the cuticular plate (cp) of both IHC and OHCs can be seen. Note the cytoplasmic channel
(arrow in IHC) through the cuticular plate is unlabeled (see also Fig. 3.2). The apices
of supporting cells such as inner pillar cells (IPC) and Deiters cells (DC) also show some
labeling. Scale bar = 10 um. (B, C) Two focal planes of three outer hair cell apices
immunolabeled for tubulin and viewed by epifluorescence microscopy. The location of
the basal body (arrow) is indicated, and in one cell where the hair bundle is rotated (r),
this location is displaced (*) compared with the two on either side. In the lower plane
(C), microtubules can be seen directly beneath the plate forming a meshwork (m) and in
a ring around the edge of the cell. The surrounding supporting cell apices are also
labeled. Scale bar = 5 um.
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4.1 Actin Isoforms

G-actin is a globular monomeric protein of 43 kDa molecular mass that poly-
merizes in the presence of ATP to form 5- to 7-nm-diameter microfilaments (F-
actin) of relatively high tensile strength that confer structural rigidity on cellular
regions and protrusions. Actin is also involved in cell motility, for example, it
is associated with myosin II in muscle to produce myofibril contraction and with
non-muscle myosins (“unconventional myosins”) for cell and organelle move-
ment elsewhere (see, e.g., reviews by Mermall et al. 1998; Wu et al. 2000; Berg
et al. 2001). Flock and Cheung (1977) first described 5-nm diameter microfi-
laments in stereocilia, their rootlets, and the cuticular plate, that could be dec-
orated by the S-1 fragment of myosin (heavy meromyosin—the myosin head).
The bound S-1 appeared as “arrowheads” in TEM pointing away from the ster-
eociliary tip, the preferred end for addition of actin monomers during filament
elongation. The presence of the actin was confirmed by immunofluorescence
microscopy (Flock et al. 1982; Sobin and Flock 1983), while subsequent studies
revealed that only non-muscle B- and y-actin isoforms are present (Pickles
1993b; Slepecky and Savage 1994). Differences in the regional distributions of
these two isoforms and the proteins commonly associated with them contribute
to the formation of at least three distinct actin networks with different properties
in the apex (Drenckhahn et al. 1991): (1) a paracrystalline bundle of actin fil-
aments forming the core of the stereocilium; (2) a meshwork of randomly ori-
ented actin filaments forming the matrix of the cuticular plate; and (3) a
circumferential ring of actin filaments surrounding the cuticular plate.

4.1.1 Actin in the Stereocilia and Their Rootlets

The core of the stereocilium contains a bundle of actin filaments (Fig. 3.8E),
composed of both - and y-actin (Hofer et al. 1997), the number of which varies
with stereociliary width. In primitive vertebrate hair bundles from neuromasts
of the lamprey, Lampetra japonica, the hair cells have a few very small ster-
eocilia about 0.1 um in diameter, similar in size to microvilli, containing ap-
proximately 30 to 40 actin filaments (data obtained from Fig. 4, Katori et al.
1994). In 0.8-um wide alligator lizard stereocilia, there are about 3,000 fila-
ments (Tilney et al. 1980) while in mammalian OHC stereocilia, which are
approximately 0.2 to 0.25 pm in width (Lim 1986), there are approximately 300
(Engstrom and Engstrom 1978). The actin filaments lie in parallel in a para-
crystalline array, with a center-to-center separation of approximately 10 nm in
alligator-lizard (Gerrhonotus multicarinatus) hair cells (Tilney et al. 1980) and
8.3 nm in guinea-pig OHCs (Itoh 1982). The filaments are normally hexago-
nally packed, but in very thin cross sections of alligator-lizard (Tilney et al.
1980, 1983) and guinea-pig stereocilia (Fig. 3.8E), they appear to be arranged
in festoons, which suggests that the packing is not completely symmetrical. It
is possible that there are systematic changes in the packing density or arrange-
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ments of actin filaments that affect stereociliary stiffness, although this requires
further investigation.

In nearly all hair cells, stereocilia have a narrower ankle (Fig. 3.2A), the
majority of actin filaments terminating near the inward curving stereociliary
membrane (see Fig. 4.3A in Fettiplace and Ricci, Chapter 4). However, several
actin filaments (in alligator-lizard, between 18 and 30; Tilney et al. 1980) pen-
etrate into the cuticular plate to form the rootlet (Fig. 3.2A). Within the rootlets,
the filaments are wider, 6.5 nm in alligator lizard (Tilney et al. 1980) and 8 nm
in chick (Tilney et al. 1983). In alligator lizard and turtle, they spread out in a
cone as the rootlet goes deeper into the plate (Tilney et al. 1980; Hackney et
al. 1993) but in guinea-pig cochlear hair cells, the rootlets are denser and tubular.
The filaments in the latter are hexagonally packed (Itoh 1982), as in the stereocil-
ium, but appear closer together with a smaller center-to-center spacing (8.0 nm).

The actin filaments of the stereocilium and rootlet all have the same polarity
with the plus end toward the tip (Tilney et al. 1980; Slepecky and Chamberlain
1982a), suggesting they “grow” during development by the addition of mono-
mers at the top of the stereocilia. Schneider et al. (2002), using fluorescently
tagged B-actin, showed that monomers are continually added at the tips, renew-
ing the B-actin in the stereocilium every 48 h. However, it has been proposed
that the filaments in the rootlet can also grow from the cuticular plate end (Tilney
and Tilney 1988) at different stages during development of the hair bundle (Til-
ney and DeRosier 1986). This latter suggestion is consistent with some data
from the incorporation of radiolabeled amino acids into the hair bundle, which
preferentially occurs at its base (Pickles et al. 1996).

The actin filaments have a helical substructure with a two-start helix turning
once every 7.5 nm, and lie in register so that they are cross-linked to their
neighbors by precisely spaced bridges once every 3.75 nm. This bridging can
be visualized in TEM (Itoh 1982; Tilney et al. 1983) and suggests that the actin
bundle is very stiff, as the bridges appear to remain attached to the same subunits
even when the actin bundle is bent. The cross bridges may be composed of
fimbrin (Tilney et al. 1989) and espin (Zheng et al. 2000), but although these
proteins have been detected in the stereocilia at the LM level (Sobin and Flock
1983; Slepecky and Chamberlain 1985b; Zine et al. 1995; Lee and Cotanche
1996; Zheng et al. 2000), their localization to the cross bridges has yet to be
confirmed by immunocytochemistry at the EM level (see Section 4.3.1). If cross
bridges composed of two different proteins are present then differences in the
length or angle of the bridges might give rise to the festoons described above.
There are also linkers between the membrane and the peripheral actin filaments
of the core along the length of the stereocilium (Hirokawa and Tilney 1982;
Tilney et al. 1983; Furness and Hackney 1985) that may correspond to recently
described myosin-associated proteins such as harmonin, vezatin, and whirlin (see
Frolenkov et al. 2004 for a review and also Section 4.2).

As noted in Section 3.2, the stereocilia contain areas of electron-dense ma-
terial associated with the actin core. These include the cap over the actin, which
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in the tallest stereocilia is located directly beneath the membrane and covers the
actin bundle like a shower cap (see Fig. 3.2A), but in shorter stereocilia is
separated from the membrane and may not completely cover the bundle (Fig.
3.9G). There is also a dense patch at the upper end of the tip link (see Section
3.2; Fig. 3.2A) and where the lateral links attach to the stereociliary membrane,
the actin filaments just inside the attachment sites have a denser appearance
(Fig. 3.8E, F; Furness and Hackney 1985). Dense material also surrounds the
central actin filaments of the core, extending down into the cuticular plate with
the rootlet filaments. Finally, toward the lower end of the actin bundle, a group
of 10- to 12-nm-diameter electron-dense filaments (Fig. 3.8G) run parallel to
the actin filaments at the periphery of the filament bundle (Furness and Hackney
1987). Proteins that may be associated with these electron-dense areas are dis-
cussed in subsequent sections.

4.1.2 Actin in the Cuticular Plate

The cuticular plate is composed predominantly of y-actin (Hofer et al. 1997),
which is interesting given that there are several mutations of the gene that en-
codes for this isoform that result in non-syndromic but progressive sensorineural
hearing loss in humans (see review by Frolenkov et al. 2004). Given that -
actin is found in many other cell types, this suggests that it has some specific
function in the inner ear that may be related to unique interactions with hair-
cell specific proteins or mechanisms in this region. The actin filaments in the
center of the cuticular plate are randomly organized with no consistent polarity
(Hirokawa and Tilney 1982; Slepecky and Chamberlain 1982a; Tilney et al.
1983) and are cross-linked together by fine, 3-nm whisker-like filaments (Hi-
rokawa and Tilney 1982). The meshwork of actin filaments gives the plate a
dense appearance (Fig. 3.2B) but an area immediately surrounding the rootlet
appears devoid of filaments, giving the rootlets an electron-lucent halo (Kimura
1975; Fig. 3.2A) which, in alligator lizard, contains 3-nm filaments cross-linking
the outermost filaments of the rootlet to the actin filaments of the matrix of the
plate. Similar filaments are also present within the rootlet, giving it a wagon-
wheel appearance in cross section (Tilney et al. 1980). In chick hair cells, as
actin filaments from the cuticular plate approach the apical membrane, crows-
foot-like projections link them to it (Hirokawa and Tilney 1982).

The cuticular plate of mammalian hair cells also contains dense strands and
patches, often apparently arranged in layers (Fig. 3.2A) and a particular zone
of parallel light and dark striations, called the Friedmann’s body, has been noted
commonly along the lower boundary of the plate in a number of hair cell types
(Slepecky and Chamberlain 1982a,b).

Guinea-pig OHCs have a unique infracuticular network of actin (Angelborg
and Engstrom 1973; Thorne et al. 1987; Carlisle et al. 1988) formed by a pro-
jection of the cuticular plate extending toward the nucleus. This protrusion
extends deepest into the cell in apical OHCs, gradually diminishing toward the
basal region of the cochlea (Thorne et al. 1987; Carlisle et al. 1988). This
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distribution pattern suggests that it may help stiffen or strengthen hair cells that
have particularly long cell bodies such as those at the apex of the guinea-pig
cochlea.

4.1.3 Actin in the Circumferential Ring

A circumferential ring of parallel actin filaments lies around the main cuticular
plate, adjacent to the region of zonula adherens that holds the supporting cells
and the hair cells together (see, e.g., Hirokawa and Tilney 1982; Tilney and
Tilney 1988) and consists predominantly of y-actin (Hofer et al. 1997). The
ring contains filaments of opposite polarity lying alongside one another (Hiro-
kawa and Tilney 1982) which could indicate that it is contractile given that this
ring also contains myosin (see Section 4.2). If so, it could potentially compress
or dilate the apical region of the cell, thereby changing the stiffness of the
cuticular plate and the anchorage of the stereocilia.

4.1.4 How Does the Complex Organization of These Networks Arise?

It has been estimated that, at least within the chick cochlea, each hair-cell apex
contains the same amount of actin (Tilney and Tilney 1988), despite the system-
atic differences in the height and number of stereocilia along the length of the
cochlea (Tilney and Saunders 1983). Thus there must be very precise control
of the organisation of actin filaments into the different networks during devel-
opment. This is thought to be achieved by the regional sorting of the different
isoforms of actin in conjunction with the different proteins that characteristically
associate with them (Hofer et al. 1997). A model for the developmental control
of hair bundles has been proposed that is based largely on data from analogous
systems (Kollmar 1999); this suggests that the control of actin polymerization
in the apex may be mediated through Rho GTPases, since one member of the
Rho GTPase family (CDc42) is up-regulated during bundle regeneration after
noise trauma in chick. This model is supported by the localization of other actin
associated proteins in the apex (see Section 4.3.5). The distributions of these
proteins together with their probable functional significance are now considered.

4.2 Myosin Isoforms and Their Distribution in the Hair
Cell Apex

Myosin I and myosins III to XVIII are unconventional myosins found in non-
muscle cells. The human genome contains some 40 genes coding 12 classes of
myosins. Several of these relate to deafness (Berg et al. 2001) including myosin
IIIa, myosin VI, myosin VIIa, and myosin XVa, where mutations in their genes
affect the hair cell phenotype. All myosins consist of a head domain, which
gives the molecule motor properties, and a tail domain which contains a variable
number of IQ domains with calmodulin binding sites. Myosin II (muscle my-
osin) is a two-headed molecule that combines with other myosin II molecules
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to form the thick filaments recognizable in muscle cells by TEM. However,
some unconventional myosins have only one head domain (see review by Mer-
mall et al. 1998), and all myosins appear to have unique tail domains. Binding
of the head domain to actin filaments and its modulation by ATP leads to myosin
molecules moving along the actin filament away from the barbed end except for
myosin VI, which appears to move in the opposite direction (see review by Wu
et al. 2000). Movement of myosin II-coated beads has been demonstrated in
vitro to occur along isolated actin cores of stereocilia (Shepherd et al. 1990)
and the polarity of the actin suggests that myosins would move toward the tip,
except potentially for myosin VI.

The earliest search for myosins in hair cells dates back to the discovery of
active nonlinear processes involved in mammalian cochlear function. Since ac-
tin—myosin interactions produce motility using energy, it seemed likely that they
would be involved in active feedback mechanism in the cochlea, for example,
in the stereocilia because of their high actin content. Macartney et al. (1980)
reported myosin in the cuticular plate and stereocilia using immunofluorescent
microscopy of whole mounts with polyclonal antibodies to purified muscle my-
osin. More recently, it has been suggested that the slower of the two components
of adaptation in hair cells could be based on myosin (Gillespie and Hudspeth
1993; see also review by Fettiplace et al. 2001) and several different myosins
have now been described in the hair cell apex.

4.2.1 Myosin lc

One of the more intensively studied isoforms is myosin 1P (related to brush
border myosin), now called myosin 1c. The presence of this protein is further
evidence of the similarity between stereocilia and microvilli, which contain
brush border myosin. Myosin Ic has been immunolocalized in bullfrog hair
cells by antibodies that do not cross-react with mammalian myosin 1c. In ad-
dition, two orthologues, Myolc and Myolf, have been identified by screening a
mouse cochlear cDNA library (Crozet et al. 1997). Manipulation of Myolc has
been carried out in a mouse transgenic model in which physiological data sug-
gest that myosin 1c plays a role in the slow form of adaptation in mammalian
utricular hair cells (Holt et al. 2002).

Myosin 1c has been found in bullfrog stereocilia (Hasson et al. 1997; Metcalf
1998), particularly toward the tips where it is concentrated in the vicinity of
both the lower and upper attachment site of the tip links (Garcia et al. 1998;
Steyger et al. 1998). It has therefore been proposed to function in active ten-
sioning of the tip link to mediate slow adaptation (Assad and Corey 1992); the
direction of motion of the upper end of the tip link would be expected to be
toward the top of the actin core. In rat and mouse, myosin lc is distributed
along the length of the stereocilia in cochlear hair cells but it is concentrated
towards the tips in vestibular ones (Dumont et al. 2002). Labeling for this
protein has also been noted along the periphery of the actin core and in a
particular concentration in the ankle region of the stereocilia (Garcia et al. 1998).
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Thus it could conceivably move the entire core relative to the plasma membrane
or have some other transport function. In addition, labeling for myosin lc¢ can
be denser in the cell body than in the stereocilia (Hasson et al. 1997), implying
that it also has functions in hair cells unrelated to adaptation.

4.2.2 Myosin Illa

Mutations in a human gene for myosin Illa have been shown to cause nonsyn-
dromic progressive hearing loss (Walsh et al. 2002). The ultrastructural location
of this myosin has yet to be determined in hair cells but its Drosophila homo-
logue binds to a PDZ (postsynaptic density, disc large, zonula occludens)
domain-containing scaffolding protein in the rhabdomeres to organize the
phototransduction machinery into a signaling complex. It is therefore likely that
it interacts with actin filaments in hair cells and may play a role in organizing
the transduction mechanism there.

4.2.3 Myosin VI

Myosin VI has also been detected strongly in the cuticular plates and to a lesser
extent, in the cytoplasm of hair cells of mammalian cochlea and vestibular sys-
tem, and bullfrog saccule. Weak labeling has also been noted in bullfrog sac-
cular stereocilia where it was particularly associated with the base of the hair
bundle, although stronger labeling of stereocilia was detected in apparently
newly forming hair bundles (Hasson et al. 1997). Defects in Myo6 result in the
Snell’s waltzer mouse phenotype (Avraham et al. 1995), where cochlear hair
bundles that initially appear normal become disorganized and the stereocilia
fuse. It has therefore been suggested that myosin VI is necessary for proper
development of the bundle and that it may be required to moor the apical plasma
membrane to the base of the stereocilia or to anchor stereociliary rootlets (Self
et al. 1999). In addition, its preferred direction of movement means that it could
move down the actin filaments toward the cell body, making it a potential can-
didate for removal of molecular components from the stereocilia.

4.2.4 Myosin VIla

Five of the relevant genes associated with Usher’s syndrome type 1, in which
patients suffer from sensorineural hearing loss, vestibular dysfunction, and visual
impairment, have been identified (see Frolenkov et al. 2004 for a review). These
genes encode PDZ-domain containing scaffold proteins called harmonin and
SANS (scaffold protein containing ankyrin repeats and a sterile alpha motif
domain); the intercellular adhesion and signaling molecules cadherin 23 and
protocadherin 15; and the unconventional myosin, myosin VIIa (Boeda et al.
2002; Kikkawa et al. 2003; see also review by Frolenkov et al. 2004). Together
these proteins may form adhesion complexes (Siemens et al. 2002) that form
the basis of the stereociliary linkage systems. The myosin VIla isoform has
been localized throughout the cytoplasm and apical region of hair cells from
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both bullfrog saccule and guinea-pig vestibular system and cochlea. It occurs
all along the stereocilia, in particular associated with regions where lateral links
are concentrated (Hasson et al. 1997). Interestingly, vezatin, a protein that is
known to link myosin VIla to catenin—cadherin complexes, is also found at the
attachment sites of the lateral links (Kussel-Andermann et al. 2000). This com-
plex could correspond with the dense material noted at the edge of the actin
core where the lateral links attach (Fig. 3.8E). Defects in the genes encoding
myosin VIIa also cause disturbance of the hair bundles in mice, the bundles
requiring more displacement than in the wild type to obtain a response, while
showing stronger adaptation of the transducer currents (Kros et al. 2002). It has
been suggested that myosin VIIa holds membrane-bound elements to the actin
core. Thus it may be that vezatin and myosin VIla together associate at the
lateral link attachment sites to maintain the normal functional integrity of the
hair bundle in response to displacements.

4.2.5 Myosin XVa

Another class of unconventional myosin implicated in hair cell function is my-
osin XVa. Defects in Myol5 underlie the mouse shaker 2 mutation (Probst et
al. 1998) which is the homologue of the human DFNB3 gene. The phenotype
is shortened stereocilia and an additional long actin-containing process project-
ing from the basal end of the hair cell. Immunocytochemistry has shown that
myosin XVa is present in the stereocilia and cuticular plate (Liang et al. 1999)
and more recent studies have shown it to be located at the tip of every stereo-
cilium where it appears just before the staircase is developed (Belyantseva et al.
2003). Furthermore, the longer stereocilia in hair bundles have more myosin
XVa at their tips than do the shorter rows of stereocilia, suggesting that it adds
components to the tips during growth (Rzadzinska et al. 2004). Another PDZ-
domain containing protein, whirlin, has recently been discovered that causes
deafness in humans (DFBN31) and whirler mice (Mburu et al. 2003). Whirler
mice have short stereocilia like shaker2 mice so it has been suggested that
myosin XVa and whirlin may be part of a macromolecular complex involved in
stereociliary elongation (Belyantseva et al. 2003).

In summary, myosin isoforms are clearly as important in hair-cell function as
they are in many other cell types. The potential involvement of myosins in
adaptation and development of the hair bundle are major areas of interest at
present and the presence of several of them in the hair-cell body suggests that
they may have a number of other as yet only poorly characterized roles in hair
cells.

4.3 Other Actin-Associated Proteins in the Hair Cell Apex
4.3.1 Fimbrin and Espin

Fimbrin is a 65 to 70 kDa protein originally isolated from intestinal microvilli
(Bretscher and Weber 1980). It has various isoforms (known as plastins in
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humans) that are actin-bundling proteins forming cross-links between adjacent
actin filaments. Detergent treatment of the high-salt extracted hair cell cytoske-
leton removes both fimbrin, as determined by immunoblots, and the cross
bridges between actin filaments in the stereociliary core, as determined by TEM
(Tilney et al. 1989) providing circumstantial evidence that it forms the bridges.
Fimbrin contains calmodulin-like calcium binding domains (de Arruda et al.
1990) and one homologue, L-plastin, has been shown to be sensitive to calcium,
its ability to cross-link actin becoming increasingly inhibited by higher calcium
concentrations (Pacaud and Derancourt 1993). As noted above, fimbrin has been
localized at the LM level in the stereocilia and cuticular plates of mammalian
cochlear hair cells (Pack and Slepecky 1995), the stereocilia of mammalian
vestibular hair cells (Sobin and Flock 1983), and in chick hair bundles (Lee and
Cotanche 1996). A study using the reverse transcriptase polymerase chain re-
action in chick utricles has also shown that message for fimbrin is reduced after
aminoglycoside-induced hair cell loss in vitro, and then restored after 4 weeks,
consistent with the recovery of the epithelium and regeneration of hair cells and/
or their stereocilia (Stacey and McLean 2000). Although I-plastin is the isoform
expressed in mature hair cells, T-plastin is transiently present in stereocilia dur-
ing development (Daudet and Lebart 2002).

The major role of fimbrin is probably in the maintenance of the stiff actin
core of the stereocilium, which is remarkably resistant to bending except for the
rootlet region, where the core narrows and there are fewer actin filaments.
Whether fimbrin can also alter the properties of the hair bundle in relation to
stimulation remains to be determined. As discussed in Section 5, calcium and
its regulatory proteins play important roles in the hair bundle and fimbrin is a
potential target for calcium-dependent processes, and it is possible that the dif-
ferent isoforms have different sensitivities to Ca?* (Lin et al. 1994). Fimbrin
also has a higher binding affinity for B- than for y-actin (Hofer et al. 1997) and
the latter is found in higher concentrations in the periphery of adult guinea-pig
stereocilia at least (Furness et al. in press). It will be interesting to see if fimbrin
is also more concentrated around the periphery given that another actin bundling
protein, espin, is also found in the stereocilia.

Espin is a 110-kDa actin-bundling protein first identified in Sertoli junctions
(Bartles et al. 1996; Chen et al. 1999) and subsequently found as a 30-kDa
splice variant of the same gene in microvilli (Bartles et al. 1998). Antibodies
to a fusion protein containing almost half of the C-terminal sequence for the
110-kDa rat espin label the stereocilia strongly in both rat and mouse cochlear
and vestibular hair cells (Zheng et al. 2000). Espn is found in the same region
of mouse chromosome 4 as the recessive mutation that causes hair cell degen-
eration, deafness, and vestibular dysfunction in the jerker mouse. The mutant
gene contains a frameshift mutation that results in a change in the sequence
coding for the actin-binding domain. Although espin mRNAs are present at
normal levels in the jerker mouse, the protein is not expressed in the stereocilia,
thus probably giving rise to the jerker phenotype as a result of its failure to
interact correctly in the formation of the actin core. Unlike fimbrin (plastins),
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espins bundle actin filaments efficiently even in the presence of Ca?*, a property
that has been suggested to be important to hair cells because they need to main-
tain their cross-linked actin structures even when intracellular Ca?* levels rise
as a result of influxes through the MET and other ion channels or via release
from intracellular calcium stores (Sekerkova et al. 2004).

4.3.2 o-Actinin

a-actinin is a 200-kDa homodimeric protein that enhances nucleation of actin
(Wagner et al. 1999) and cross-links actin filaments dynamically (Sato et al.
1987), possibly in a calcium-dependent manner (Tang et al. 2001). o-actinin
increases the viscosity of actin gels up to twofold compared with purified actin
(Holmes et al. 1971) and also changes their response to a vibrating rod. Thus,
as frequency increases, the elastic modulus of an actin/ai-actinin gel increases,
while for pure actin gels, it remains relatively constant (Wagner et al. 1999).

a-actinin has been detected by immunocytochemistry in the apex of mam-
malian cochlear hair cells (Drenckhahn et al. 1982). Its presence in the cuticular
plate and the junctional regions associated with the supporting cells (Slepecky
and Chamberlain 1985b; Slepecky and Ulfendahl 1992; Zine and Romand 1993)
seems to be uncontroversial. However, it is less clear whether stereocilia contain
a-actinin as there are both positive (Zine et al. 1995) and negative reports (Sle-
pecky and Chamberlain 1985b). While a negative result cannot be considered
definitive, false positives in stereocilia are also possible as discussed in Section
2.2, so this must be considered an unresolved point. Certainly at the EM level,
using postembedding immunogold labeling, o-actinin was not found in stereo-
cilia but was present throughout the cuticular plate, in the electron-dense patches
in particular (Slepecky and Chamberlain 1985b).

Because of the influence of o-actinin on the stiffness of actin gels, the amount
present in the cuticular plate will influence its rigidity. This may be one way
in which stiffness properties of the apical region of the cell are optimized for
the frequency response required of the hair bundle in different cochlear locations.
It is possible that amounts of alpha-actinin in the apex of the hair cells vary
systematically with the frequency of the stimulus that they receive, in which
case a cochleotopic gradient might be expected.

4.3.3 Tropomyosin

Tropomyosin is involved in covering actin—myosin binding sites until displace-
ment by troponin enables the actin—-myosin interaction to occur. Immunocyto-
chemical studies of tropomyosin in the hair cells (Slepecky and Chamberlain
1985b; Karkanevatos 2001) suggest that it occurs in rootlets and along the shaft
of the stereocilia, where it may be involved in the interaction between the various
myosin isoforms and the actin of the stereociliary core.

4.3.4 Kaptin and Spectrin

Kaptin (or 2E4) is an actin-associated protein of 45 kDa molecular mass that is
found in growth cones (Bearer 1992), red blood cells, and stereocilia, particu-
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larly at the tips of the latter (Bearer and Abraham 1999). This protein has been
implicated in human deafness because the gene maps close to the human deaf-
ness DFN4 locus on chromosome 19 (Bearer et al. 2000). The function of
kaptin is uncertain but from its position at the leading edge of lamellipodia, it
has been proposed to be involved in the membrane-associated polymerization
of actin filaments. Its presence at the barbed ends of actin filaments in stereocilia
also suggests a similar, perhaps developmental role in stereociliary formation
and maintenance. Its localization is close to or coincident with the position of
dense material capping the actin core described earlier which also contains my-
osin XVa (Fig. 3.2A).

Spectrin is a 240-kDa structural protein that is associated with maintaining
cell shape. It has been localized in the cuticular plate (Fig. 3.7B; Drenckhahn
et al. 1991) and stereocilia of hair cells (Mahendrasingam et al. 1998). It has
been suggested that spectrin cross-links the rootlets of the stereocilia (Nishida
et al. 1993), and may connect the actin core to the membrane within the
stereocilia.

4.3.5 Focal Adhesion Proteins

Several focal adhesion proteins may occur in the hair cell apex, for example,
where the actin approaches the adjacent supporting cells. Vinculin appears to
be present at the surface of fetal vestibular organs (Anniko et al. 1989). How-
ever, its ultrastructural distribution remains to be investigated. Keapl is ho-
mologous to Drosophila kelch and interacts with myosin VIla (Velichova et al.
2002). This protein could be associated with myosin VIIa in hair cells, along
with vezatin as described earlier. Integrins also help to mediate surface inter-
actions between cells and the extracellular matrix. Integrin o8B1, fibronectin
and the integrin-regulated focal adhesion kinase (FAK) colocalize to the apical
hair cell surface during formation of stereocilia in the utricle and that defects
in the integrin gene may cause malformation of the stereocilia (Littlewood-Evans
and Miiller 2000).

Proteins of the ezrin/radixin/moesin (ERM) family are actin-binding proteins
often found associated with the microvilli of epithelial cells; they cross link
actin filaments to the plasma membrane. These proteins discriminate between
isoforms of actin, binding B- but not o-actin (Hirao et al. 1996), consistent with
the presence of the former isoform in the hair cell apex. Both myosin VIla and
XVa have FERM binding domains (band 4.1, ezrin, radixin, moesin) which
suggests their interaction with specific membrane proteins (Oliver et al. 1999;
Anderson et al. 2000). In addition, radixin has been found in the stereocilia of
zebrafish, bullfrogs, chicks, and mice (Fig. 3.8) and is concentrated in their ankle
regions where it has been suggested to participate in the anchoring of the pointed
end of the actin filaments to the membrane (Pataky et al. 2004).

Profilin is a low-molecular-weight protein (16 kDa) found in the cuticular
plates of hair cells that binds primarily to actin monomers (Slepecky and Ul-
fendahl 1992). In other cells it is implicated in the organization of actin com-
plexes along with actin-related proteins (see, e.g., Feldner and Brandt 2002). In
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hair cells, its function is uncertain. However, one of its ligands is the human
homologue of the Drosophila diaphanous protein, which is a target of Rho, a
protein that regulates polymerization of actin during cytoskeletal development
in the hair cell apex (see review by Kollmar 1999). The potential importance
of this group of proteins is demonstrated by the fact that the diaphanous hom-
ologue is encoded by DFNAI, a gene responsible for an autosomal dominant,
nonsyndromic sensorineural progressive hearing loss (Lynch et al. 1997). Di-
aphanous belongs to the formin family of proteins which accelerate actin nu-
cleation while interacting with the barbed ends of the actin filaments. Thus,
both profilin and diaphanous may play a role in the control of actin turnover in
the stereocilia.

4.4 Tubulin and Microtubules in the Hair Cell Apex

The two major isoforms of tubulin, o-tubulin and B-tubulin, are each about 55
kDa molecular mass. They dimerize in the presence of guanosine triphosphate
and then polymerize to form protofilament sheets that roll up to form microtu-
bules. Microtubules vary in their stability and there are a range of microtubular-
associated proteins (MAPs) that confer different properties on microtubular
networks. Thus, microtubules are involved in development and maintenance of
cell shape and structural support, in intracellular transport, and some in motility
of cell extensions such as cilia (see review by Furness et al. 1990).
Microtubules occur in all hair cells in the kinocilium, when present, and its
basal body, which is retained even when the kinocilium disappears during de-
velopment, as in mammalian cochlear hair cells (Fig. 3.6B, C). Various isotypes
of B-tubulin have been found in the vestibular and cochlear sensory epithelia,
with different combinations being found in different types of hair cells and
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FIGURE 3.7. Immunogold labeling of components of the hair-cell apex observed by elec-
tron microscopy. (A, B) Comparison of pre- and postembedding immunogold labeling
for spectrin in the cuticular plate (cp) of inner hair cells. The location of immunoreac-
tivity is revealed by gold particles (black spots). Note that only the edge of the plate is
labeled following preembedding labeling (A) but the matrix is also labeled after postem-
bedding (B). Scale bar = 100 nm. (C, D) SEM (C) and comparative backscattered
(BSD) electron imaging (D) of the tips of stereocilia after immunogold labeling for
keratan sulfate proteoglycans. In the BSD image, the gold particles appear white and
are more clearly distinguished than with SEM. The images show a concentration of
labeling crowning the tips of the tallest stereocilia of outer hair cells from the guinea-
pig cochlea. Scale bar = 200 nm. (E-G) Postembedding labeling for calmodulin in
outer hair cells. Note that labeling occurs at the periphery of the stereocilia (E, arrow-
heads) and around their tips (E, arrows). It is particularly concentrated at the upper (F,
arrow) and lower (F, arrowhead) end of the tip link and in the contact region (G, arrow).
Scale bars: (D) = 200 nm; (E, F) = 100 nm. (A) and (B) modified from Mahendrasin-
gam et al. (1998); (E-G) modified from Furness et al. (2002).
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supporting cells (Jensen-Smith et al. 2003; Perry et al. 2003), suggesting that
they may have different functions although these are currently unknown. How-
ever, there are specific concentrations of microtubules in the apex of many hair
cells of different types (see review by Furness et al. 1990). One of the most
detailed descriptions of their organization has been provided for guinea-pig
cochlear hair cells (Figs. 3.5, and 3.6B, C; Steyger et al. 1989; Furness et al.
1990). The apical microtubular networks form a basket around the cuticular
plate and extend into cytoplasmic channels that run from top to bottom through
it. Concentrations of microtubules are present in both IHC and OHCs, ema-
nating from within the widest channel in the cuticular plate that contains the
basal body, which may form a nucleating or organizing site for the microtubule
networks. This channel lies below the position of the kinocilium in lower ver-
tebrates, that is, on the abneural side of the hair cell (Figs. 3.5, and 3.6B). Other
narrower channels in the periphery of the cuticular plate contain microtubules
that emanate from them and contribute to a shallow network lying directly be-
neath the lower surface of the cuticular plate (Figs. 3.5, and 3.6C), and a cir-
cumferential ring that runs inside the actin ring. There is a second more apical
ring more prominent in IHCs, usually incomplete, that encircles the cuticular
plate just beneath the apical membrane and links the main channel and the
smaller subsidiary channels. In the OHCs, microtubules usually extend down
alongside the infracuticular network (Furness et al. 1990).

Studies in bullfrog hair cells have suggested that microtubules enter the cu-
ticular plate and are associated with the actin filament matrix via a specialized
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FIGURE 3.8. Morphology and ultrastructure of stereocilia and their cross links. (A) A
fish (roach—Rutilus rutilus) hair bundle showing numerous filaments emanating from
the tip and down the sides of each stereocilium, some of which connect adjacent ster-
eocilia together. Scale bar = 500 nm. (B) The ankle links in a roach hair bundle
(arrows). Scale bar = 750 nm. Micrographs in (A) and (B) taken by the authors of
material prepared by Dr. D-Ch. Neugebauer. (C) SEM of guinea-pig cochlear stereocilia
showing lateral links (1) in bands and tip links (t). Scale bar = 500 nm. (D) High-
magnification SEM of lateral links between two guinea-pig cochlear stereocilia. Individ-
val filaments emanate laterally from the shafts and enter a central stripe of material
(arrowhead) that runs parallel to the sides of the stereocilia. Scale bar = 100 nm. (E)
TEM of a cross section of guinea-pig stereocilia showing the packing of actin filaments
within the core. Note the festoon pattern (between arrows) where rows of actin filaments
appear to be curved and to meet adjacent rows at an angle (at the central arrow). Note
also the lateral links with a medial density (arrowhead) corresponding to the central
stripe visible in SEM (see D). The membrane and actin filaments adjacent to the origin
of the links on the stereocilium shaft have associated electron densities. Scale bar =
100 nm. (F) TEM of a cross section of guinea-pig cochlear stereocilia showing lateral
links connecting each neighbor. Scale bar = 100 nm. (E, F) taken by Dr. Y. Katori.
(G) TEM of a guinea-pig cochlear stereocilium where thickened filaments occur around
the periphery of the actin core. Scale bar = 50 nm.
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cap at their ends suggested to be composed of MAP-1A and MAP-1B (Jaeger
et al. 1994). This capping material has not been noted in mammalian hair cells,
where there is little evidence that microtubules penetrate the matrix of the plate
(Furness et al. 1990). This may reflect variations in the packing of actin fila-
ments in the cuticular plate. Moreover, neither MAP-1A nor MAP-1B was
reported in immunocytochemical studies of guinea-pig organ of Corti, so this
may indicate a further difference between mammalian and amphibian hair cells
(Oshima et al. 1992; Pack and Slepecky 1995).

The microtubules in mammalian cochlear and vestibular hair cells label with
an antibody to tyrosinated tubulin, implying that they are subject to frequent
polyermization and depolymerization and probably involved in dynamic events
(Ogata and Slepecky 1995; Pack and Slepecky 1995). Vesiculation, coated pits,
and other signs of endocytosis are visible in the apical region of mammalian
(Lim 1986; Furness and Hackney 1990; Furness et al. 1990), bullfrog (Kachar
et al. 1997), and turtle hair cells (Hackney et al. 1993). Recent studies with the
fluorescent membrane tracking dye FM1-43 have confirmed that there is con-
siderable membrane trafficking in the apical region in living OHCs (Meyer et
al. 2001) and IHCs (Griesinger et al. 2002). It is probable therefore that the
microtubular networks in the apex not only provide structural support but are
also involved in active movement of vesicles and membrane recycling in the
hair cell apex.

5. Calcium Pumps, Buffers, and Binding Proteins

Cytoplasmic calcium regulates a number of fast events in sensory hair cells (see
Fettiplace and Ricci, Chapter 4; Fuchs and Parsons, Chapter 6) including ad-
aptation of MET channels at the apex (Assad et al. 1989; Crawford et al. 1989)
and the release of neurotransmitter at the base (Parsons et al. 1994). For calcium
ions to be effective as a signaling mechanism, their intracellular concentration
has to be precisely controlled by calcium pumps, stores, and buffers.

5.1 Calcium Pumps

The calcium pump in hair cells appears to be a plasma membrane Ca?*-ATPase
(PMCA). Crouch and Schulte (1995) found that cochlear stereocilia immuno-
labeled with a monoclonal antibody to the conserved hinge region of PMCA
and then showed that PMCA isoforms 1b, 2b, 3a, 3c, and 4b are present in the
cochlea (Crouch and Schulte 1996). The fact that the presence of this calcium
pump is essential to hair-cell function was confirmed by studies of the deaf-
waddler mouse mutant and mice with a targeted gene deletion of the gene for
PMCAZ2 (Kozel et al. 1998; Street et al. 1998). In both cases, the mice become
deaf and display vestibular defects. More recently, Dumont et al. (2001) re-
ported that PMCAZ2a is the only PMCA isoform in the bundles of mammalian
OHCs and vestibular hair cells, and in hair cells of the bullfrog sacculus, and
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that it is the predominant PMCA in the bundles of IHCs, while PMCA1b occurs
in basolateral membranes. This suggests that specific PMCA isozymes with
particular biochemical properties are targeted to specific membrane regions be-
cause of differing requirements for calcium extrusion by different subcellular
compartments.

A significant fraction of the mechanotransduction current is carried by Ca>*
ions whose concentration rises rapidly in the tips of the stereocilia (Fig. 3.9)
when the bundle is deflected in the excitatory direction (Denk et al. 1995; Ricci
and Fettiplace 1997; Lumpkin and Hudspeth 1998). The influx of Ca?* ions
regulates the fast component of adaptation that is likely to be based on a direct
interaction of the ions with the channel (Ricci et al. 1998). It is also implicated
in regulating the rate of the slower component that is thought to be based on a
myosin motor (Eatock et al. 1987; Assad et al. 1989). The rate of diffusion
down the stereocilia and binding to both fixed and diffusible calcium-binding
proteins will directly affect the spatial and temporal spread of the Ca?* transient
in the stereociliary tips and thus influence these processes. In addition, Ca?*
ions must also be extruded to remove them from the buffers so the latter can
be reused. In the mammalian cochlea, the amount of PMCA appears to be
greatest on the hair bundles of the OHCs (Crouch and Schulte 1995), suggesting
these cells have to cope with a greater Ca?* influx than the IHCs. In frog
sacccular hair cells, Yamoah et al. (1998) estimated that the density of PMCA
was approximately 2000 molecules per square micrometer of stereociliary
membrane. They found that dialysis of the frog hair cells with ATPase inhibitors
such as vanadate and carboxyeosin resulted in an increase in the Ca?* concen-
tration in the hair bundle, consistent with the regulatory role of this pump, and
speculated that the activity of the PMCA molecules must locally increase the
concentration of Ca?* around hair bundles. Such a local extracellular increase
could affect the MET channels by block affecting the fraction of current flowing
at rest, the maximum current achieved on deflection and the time course of
adaptation (Eatock et al. 1987; Ricci and Fettiplace 1997), thus affecting bundle
twitches (Benser et al. 1996). Interestingly, one function proposed for the ex-
tracellular matrix around other cell types is that it may increase the concentration
of divalent cations in the vicinity of the cell membrane and thus it is possible
that these two systems, the Ca?>* pump and the extracellular matrix, may act
together to alter the extracellular ionic environment close to the stereociliary
membrane compared to that in the remaining endolymph.

5.2 Calcium Buffers

The effects of altering calcium buffering capacity on various calcium sensitive
processes in hair cells have been investigated by including exogenous calcium
buffers (e.g., BAPTA) in the recording pipette used to measure the hair cell’s
electrical responses. Comparison of the effects of applying different concentra-
tions of exogenous buffers with results from perforated patch recordings, where
soluble proteins are not eluted from the cytoplasm, have been used to determine
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the concentration of the hair cell$ native diffusible buffer (Roberts 1993; Tucker
and Fettiplace 1996). The endogenous buffer in turtle auditory hair cells has
similar concentrations in the hair bundle and cell body but increases with the
cell§ characteristic frequency (Ricci et al. 1998; 2000). Such variation probably
reflects the extent of calcium loading via MET or Ca?* channels, both of which
increase in number as characteristic frequency increases. As indicated in the
previous section, an important function of the endogenous buffer is to limit
the spatial and temporal spread of the calcium signal associated with any of the
calcium-dependent processes within the hair cell and thus prevent interference
between the different signaling pathways and permit fast recovery and rapid
responses (Roberts 1994). The question therefore arises, which proteins play
this role?

A number of calcium-binding proteins have been found in hair cells (Slepecky
and Ulfendahl 1993) and several of these have been proposed to act as calcium
buffers. These include calbindin (Dechesne and Thomasset 1988; Oberholtzer
et al. 1988; Rogers 1989), calretinin (Rogers 1989; Dechesne et al. 1991), and
parvalbumin (Eybalin and Ripoll 1990; Sakaguchi et al. 1998; Heller et al.
2002). The parvalbumin family contains two sublineages, o and B (Goodman
and Pechere 1977), the former being found mainly in muscle. Oncomodulin, a
calcium binding protein discovered in rat hepatoma (MacManus 1979), was
shown to resemble the latter and was then found in a range of tissues, including
the mammalian cochlea (Thalmann et al. 1995) where it has been suggested to
occur only in the OHCs (Sakaguchi et al. 1998; Yang et al. 2004).

Of these various proteins, wash-in of around 1 mM calretinin in frog vestib-
ular hair cells has been found to have an effect similar to that of the native
buffer (Edmonds et al. 2000) and biochemical analysis of the chick auditory
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FIGURE 3.9. The ultrastructure of links at the tips of stereocilia. (A) SEM looking down
onto the tips in a guinea-pig utricular hair bundle. Links emanate in several directions
from the tip region including laterally between stereocilia of the same row (white arrow-
heads) and between rows in various orientations (white arrows). Scale bar = 200 nm.
(B) Similar view of a turtle cochlear hair bundle. Links of various orientations are
detectable between rows (single white arrows) and along the rows (arrowhead). Scale
bar = 500 nm. (C) SEM showing a tip link from a roach utricular hair bundle. The
link appears to be a single filament in this case. Scale bar = 100 nm. Micrograph taken
by the authors from material prepared by Dr. D-Ch. Neugebauer. (D, E) Tip links from
guinea pig (D) and turtle (E) cochlea showing that they have an almost identical ap-
pearance, with a relatively narrow single filament at the lower end (black arrowhead)
bifurcating into two thicker upper strands (white arrows). Scale bars = 100 nm. (F)
SEM of a side view of a tip link and contact region (arrow) between a shorter and taller
stereocilium from a guinea-pig cochlea. Scale bar = 50 nm. (G) TEM of the tip link
(T) and contact region (arrow) in guinea pig cochlea. Note the fine nature of the tip link
and the dense patches at its upper end (u) and close to its lower end (I). The two
membranes in the contact region show some thickening. Micrograph supplied by Dr. Y.
Katori. Scale bar = 50 nm.
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papilla gave a calbindin D-28k concentration of around 1 mM (Oberholtzer et
al. 1988). Immunocytochemistry has also demonstrated a tonotopic gradient for
calbindin in the mammalian (Pack and Slepecky 1995; Imamura and Adams
1996) and avian (Hiel et al. 2002) cochlea. However, the gradients are in op-
posite directions with the calbindin being most concentrated at the high fre-
quency end in birds and least concentrated there in mammals, raising the
question of how this protein is related to tonotopic variations in Ca?"-dependent
processes in these different classes of vertebrate. In addition, the concentration
of parvalbumin-3, a calcium-binding protein that displays strong sequence sim-
ilarity to parvalbumin-B (oncomodulin), in one morphological variety of frog
saccular hair cells has been estimated to be as much as 3 mM by means of
quantitative Western blot analysis. This could make it the major buffer in these
cells (Heller et al. 2002).

Of the calcium buffers found so far in the inner ear, each has been reported
to show a unique pattern of expression (Pack and Slepecky 1995; Baird et al.
1997; Edmonds et al. 2000) often restricted to one region of the hair cell epi-
thelium, one type of cell or subcellular location. So far, there have been few
ultrastructural studies of the subcellular distribution for any of these proteins.
However, in a recent study, a postembedding immunohistochemical approach
was used to investigate the distribution of calbindin, parvalbumin, and calretinin
in turtle hair cells (Hackney et al. 2003). The likelihood of each of them acting
as the major calcium buffer in this system was also investigated by determining
their respective cytoplasmic concentrations. To calculate a protein concentration
from the gold particle counts, immunogold labeling was performed on an ultra-
thin section of a gel containing a known amount of protein for comparison with
a cochlear section processed at the same time in the same fluid drops. For each
protein, the counts in the gel were matched to hair-cell measurements made at
low-frequency and high-frequency positions in the cochlea. The concentration
of calbindin-D28k was found to be 0.13 mM at the low-frequency end of the
cochlea and 0.63 mM at the high-frequency end, with parvalbumin-f occurring
at 0.25 mM all along the length.

Physiological measurements of the endogenous calcium buffering in the turtle
cochlea indicate that 0.5 to 2 mM calbindin should be present if this is the main
calcium buffer and that there should be a tonotopic gradient (Ricci et al. 1998,
2000). The findings by Hackney et al. (2003) show that calbindin and
parvalbumin-f levels are nearly in this range but a gradient was found only for
calbindin. However, it is possible that calbindin and parvalbumin contribute
different components to calcium buffering in the hair-cell apex that change under
different ionic conditions (Henzl et al. 2003) and thus both may be required for
shaping the turtle hair cell’s response to calcium influx. Parvalbumin-f is known
to have two calcium binding sites while calbindin-D28K has four. The sites on
calbindin-D28K are low affinity (K}, 0.2 to 0.5 uM) with fast binding kinetics
(k,, = 1-8 X 107 M~' - s71) and a high selectivity site for Ca?>" over Mg>"
(Nagerl et al. 2000). Of the two sites in parvalbumin-f3, one is a high-affinity
site (K¢, > 108 M '; K,,> 10* M) while the other is a low-affinity site (K,
approximately 10° M~'; K,,, < 10° M~"). The significant affinity for Mg?* of
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the high-affinity site means that Mg2* will compete with Ca?* thus slowing its
binding kinetics and lowering its calcium affinity (Pauls et al. 1996). Thus, in
the presence of physiological millimolar concentrations of Mg?*, both sites on
parvalbumin-f will have similar low affinity for Ca>* but one site will bind Ca**
rapidly whereas the other will bind it slowly because it must first release Mg**
(Pauls et al. 1996). As both calbindin-D28k and parvalbumin-f§ occur in turtle
hair cells, they are likely to contribute both fast and slow components to calcium
buffering. Both buffers are also found in rat hair cells but parvalbumin-3
is found at levels of 1 to 2 mM in the OHCs and at micromolar levels (if at
all) in IHCs while calbindin-D28K occurs at 0.1 to 0.2 mM in the OHCs and
at micromolar levels in the IHCs. Calretinin and parvalbumin-o are also found
at only micromolar levels in both types of cell (Hackney et al. 2005). These
results suggest that the OHCs may have a greater calcium buffering require-
ment than the IHCs and that it is best met by the binding characteristics of
parvalbumin-f3.

In turtles, as in rats, calretinin was found at only micromolar levels, suggesting
it does not play a major role as a buffer in this species either, although a gradient
was observed for it in whole mounts using immunofluorescence. During de-
velopment of the murine cochlea, calretinin first appears in the basal turn hair
cells around E19 to P1 and then calretinin immunoreactivity occurs in a wave
that moves apically with development, finally disappearing in the OHCs and
remaining only in the IHCs by P22 (Dechesne et al. 1994). This pattern of
expression suggests that calretinin may be predominantly involved in develop-
mental processes in mammals at least. Clearly, its role needs to be investigated
further by studying how much is present at different stages of development in
various vertebrates.

In addition to the proteins mentioned above, other calcium binding proteins
may contribute to calcium buffering (e.g., peptide 19; Imamura and Adams
1996) although some are fixed and not diffusible. How much of each is present
and how they bind Ca?* will also affect calcium handling in different types of
hair cell and at different tonotopic locations in the cochlea.

5.3 Calmodulin

Calmodulin is a small, heat- and acid-stable calcium binding protein whose
amino acid sequence has been highly conserved through evolution (Klee et al.
1980). It regulates a number of fundamental activities in eukaryotic cells
(Means and Dedman 1980), acting as a calcium-activated facilitator of cellular
metabolism and cell motility (Sobue et al. 1983). It possesses four calcium
binding sites with equivalent affinities for calcium. Binding of calcium causes
a change in the conformational state of the protein. This change is associated
with calcium’s ability to regulate multiple cell functions (Schulmann and Lou
1989), including cyclic nucleotide and glycogen metabolism, secretion, mitosis,
and calcium transport (Means and Dedman 1980). In addition, a calcium-
calmodulin—dependent activation of myosin light chain kinase regulates
contraction in smooth muscle and non-muscle cells (Cheung 1980). Phospho-
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rylation of the myosin light chain activates the actomysin ATPase, leading to
hydrolysis of ATP and shortening. Calmodulin has been reported in the hair
bundles in the bullfrog sacculus (Shepherd et al. 1989; Walker et al. 1993).
Calmodulin has also been found in the adult mammalian cochlea in both IHCs
and OHCs including the stereocilia (Slepecky and Ulfendahl 1993) and cuticular
plate (Fig. 3.7E-G; Furness et al. 2002). In gerbil and guinea pig, Pack and
Slepecky (1995) reported no difference in the intensity or labeling pattern for
calmodulin between IHCs and OHCs. Similarly, Ogata and Slepecky (1998)
reported equivalent levels of immunolabeling in type I and type II hair cells in
the sensory epithelia of the gerbil utricle and crista ampullaris. However, Baird
et al. (1997) reported that calmodulin is associated only with hair cells that can
undergo adaptation in bullfrog otolith organs. This observation supports the
findings of Walker and Hudspeth (1996), who found that calmodulin antagonists
abolished adaptation to sustained mechanical stimuli and suggested that cal-
modulin binds directly to myosin 1c. More recently the interaction of myosin
1c with stereociliary receptors has been shown to be blocked by calmodulin
(Cyr et al. 2002), leading to the suggestion that calcium-sensitive binding of
calmodulin to myosin 1c may modulate the interaction of the adaptation motor
with other components of the transduction apparatus. Postembedding immu-
nogold labeling has shown calmodulin concentrations are highest at either end
of the tip link and in the contact region between the stereocilia in hair cells (Fig.
3.7E, F; cf. Fig. 3.10; Furness et al. 2002), perhaps indicating that one or other

FIGURE 3.10. The ultrastructure of the contact region. (A) The relationship between the
tip link (arrow) and the contact region (arrowheads) in a guinea-pig IHC. Note the
increased electron density in the apposed membranes of the adjacent stereocilia and
structures linking them in the contact region. (B) A comparable view of turtle stereocilia.
The tip link is absent in this view. The contact region (arrowheads) is similar to that
seen between guinea-pig stereocilia. Scale bar = 50 nm.
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site might be involved in the slow component of adaptation. However, calmo-
dulin is also known to interact with other molecules known to be abundant in
the stereocilia such as PMCA and some ion channels proteins. Double labeling
and further investigations of calmodulin interactions with stereociliary proteins
will be required to determine its role in these two locations.

6. Functional Implications of the Apical Organization of
Hair Cells

The foregoing description includes some examples of the likely roles of in-
dividual cytoskeletal and other apical proteins: a summary is provided in Table
3.1. However, the interaction between the various components of the apex
make it desirable to consider the apex as a whole, in relation to the mechano-
sensory function of the hair cell, rather than as a series of independent com-
ponents. Thus it is important to consider how the cytoskeleton will contribute
in different ways to the bundles’ response to displacement, how displacement is
converted into gating of the MET channels, how the transduction process is
modulated via regulatory proteins on both shorter and longer time scales, and
finally how systematic variations in the cytoskeletal networks may contribute to
differences in hair-cell responses in different organs and for different stimulus
conditions.

A major facet of how the bundle works is dependent on the facts that the
individual stereocilia are stiff and are coupled strongly together by cross-links.
This stiffness, implied by the organization of the actin filaments and fimbrin/
espin cross bridges, can be observed experimentally; the stereocilia do not bend
when displaced, but pivot around their narrow ankles, and indeed, they snap at
that point if displaced excessively (Flock et al. 1977). Functionally, stereocilary
stiffness means that when a bundle is displaced, the stereocilia move together
without individually bending, generating a point of maximum shear that occurs
between adjacent ranks, where the tips of the shorter ones approach the sides
of the taller ones. The energy produced by displacement is thus likely to be
concentrated on channel gating structures in this region. MET channel opening
occurs for very small positive deflections of the hair bundle (see, e.g., Russell
et al. 1986). The tip links or structures in the contact region are ideally placed
to operate them at the site of maximum shearing (Furness et al. 1997). If the
stereocilia were not stiff, and instead began to bend, the energy of displacement
would be dissipated throughout the bundle, thus making the process less
efficient.

The presence of myosins that can interact with the actin core in the stereocilia
gives the opportunity for the cells to actively modulate bundle movement and
is one explanation for the slower component of adaptation (Holt et al. 2002).
There are, in fact, at least two components, both of which are rapid events in
terms of cellular responses but differing in that one is faster and located within
20 to 50 nm of the channel, while the other is slower and further away, ap-
proximately 150 to 200 nm. Both mechanisms are calcium dependent (Wu et



TABLE 3.1. Summary of the components of the hair cell apex discussed in this chapter.

Components

Location

Suggested function

Surface coat and cross-links

Carbohydrate residues

Keratan sulfate proteoglycans,
tectorin
Tip-link antigen, cadherin 23

Protocadherin 15, vezatin
Ankle-link antigen

Surface coat of stereocilia and
cross-links

Surface coat of stereocilia and
cross-links

Stereociliary tips, kinociliary
links

Stereociliary shafts and ankle

Lateral links

Stereociliary spacing

Stereociliary spacing; links to
accessory membranes

Mechanotransduction and adapta-
tion, bundle integrity

Anchoring of links

Stereociliary spacing, bundle
integrity

Cytoskeletal and associated proteins

B- and y-actin

Myosin IC
Myosin IITA
Myosin VI

Myosin VIla

Myosin XVa

Fimbrin (T-plastin developmen-
tally; I-plastin in adult)

Espin

o-actinin

Tropomyosin

Kaptin (or 2E4)

Spectrin

Profilin

Diaphanous

B-Tubulin isotypes

MAP-1A and MAP-1B

Stereocilia and cuticular plate

Stereociliary shaft and tip

?

Stereociliary ankles and cutic-
ular plate

Stereocilia

Stereocilary tips

Stereociliary core and cuticular
plate

Stereociliary core

Cuticular plate

Stereociliary rootlets

Stereociliary tips

Cuticular plate and stereocilia

Cuticular plate

?

Kinocilium and pericuticular
meshwork

Microtubular network

Stereociliary stiffening and anchor-
ing; substrate for motility and
transport

Adaptation, transport (?)

9

Bundle development, rootlet an-
choring (?)

Link anchoring complex, adapta-
tion (?)

Stereociliary elongation

Ca?"-sensitive (?) actin bundling

Ca?"-insensitive actin bundling
Actin cross-linking

Rootlet anchoring and motility
Actin polymerization
Actin-membrane linker

Actin monomer binding

Actin nucleation

Structural support, transport

Microtubule regulation

Other proteins

Vinculin

Keapl

Integrin 8P 1, fibronectin, focal
adhesion kinase

Radixin

Whirlin

Harmonin b, SANS

Hair bundle (?)
Lateral links
Hair cell apex

Stereociliary ankles
?

Stereocilia

Actin-membrane linker
Link anchoring complex
Bundle development

Actin-membrane anchor
9

Link anchoring complex

Calcium pumps, buffers, and signaling proteins

Plasma membrane Ca?*-ATPase

Calbindin D-28Kk, calretinin,
parvalbumin-o. and-
(oncomodulin)

Calmodulin

Stereociliary membrane
Throughout hair cell

Stereociliary shaft and tips

Ca?" extrusion
Diffusible Ca** buffers

Ca?* signaling

The list is derived from studies of a range of species and hair cell epithelia and so not all molecules are

necessarily found in all hair cells.
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al. 1999). The bundle is therefore equipped with calcium buffers, pumps, and
receptors that control calcium levels and use it for signaling. It is unlikely that
the fast adaptation is based on actin—-myosin interactions because it occurs too
rapidly for them to be involved (see Fettiplace et al. 2001 for a fuller discussion).
However, at least three of the different myosin isoforms, myosin lc, VIla, and
XVa, may be present in the vicinity of the MET channels where calcium enters.
Any of these could potentially be responsible for, or involved in, the slower
components of adaptation. Although loss of myosin VIla does not eliminate
adaptation, it changes its properties and this may indicate a degree of involve-
ment. Myosin lc is, however, the currently favored candidate for an adaptation
motor (Holt et al. 2002). The possibility of these myosin isoforms also acting
on the attachment sites of the lateral links suggests another mechanism by which
bundle motion can be modified. Changing the stiffness of the link attachments
might affect the degree to which the stereocilia move together and thus the
amount of shear developed. Tropomyosin in the stereociliary rootlets may also
be involved in this process.

Other changes in the stiffness of the hair bundle may be mediated through
the interaction between the stereociliary rootlets and the cuticular plate. Varying
amounts of o-actinin could change the viscosity of the plate, affecting the rootlet
movement, and provide another means by which the hair cell could adapt to
different stimulus frequencies or strengths. Myosin, tropomyosin, and actin to-
gether may also allow a contractile response in the rootlet. Furthermore, myosin
isoforms in the plate and the encircling actin ring could potentially provide a
means for modifying the stiffness of the plate or producing a tilting action. The
microtubular basket which seems to enclose and in places permeate the cuticular
plate may also function in maintaining or altering its position within the apex
and preventing mechanical deformation from disturbing the apical organization,
as well as playing a role in membrane cycling.

In summary, the apical cytoskeleton appears to be designed for structural
rigidity with pivot points that allow for appropriate hair bundle motion, and
connections to prevent splaying of the bundle and ensuring its coherent move-
ment. It also contains modulatory proteins that control stiffness by modifying
the properties of the stereocilia, cuticular plate, and stereociliary anchors. These
various events are regulated by calcium binding proteins, themselves controlled
by calcium buffers and pumps that regulate calcium concentrations in the hair
cell apex.

Focal adhesion proteins such as integrins are likely to be involved in attaching
the hair bundle to its accessory structure, and offer possible mechanisms through
which that interaction might be modulated. For example, changing the degree
of coupling of the stereocilia to the tectorial membrane in OHCs is a potential
way of modulating the degree of amplification that these cells could provide in
the mammalian cochlea.

Several of the proteins, myosin VI, myosin VII, myosin XVa, profilin, the
ERM proteins, and kaptin, have been suggested to be involved in shaping the
cytoskeleton and the hair bundle during development, and potentially maintain-
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ing or repairing it, highlighting the fact that it is necessary to determine the role
of a particular protein at different stages in the lifetime of a cell. There is
therefore still much to be learned about the extent to which each of the different
components that have been identified so far in the hair-cell apex are involved
in its development, maintenance, or function.
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Mechanoelectrical Transduction in
Auditory Hair Cells

ROBERT FETTIPLACE AND ANTHONY J. Riccl

1. Introduction

The detection of a sound stimulus and its conversion into an electrical signal
by hair cells of the vertebrate inner ear is a special case of mechanoreception,
which is arguably a most ancient and ubiquitous sensation. The mechanical
sensitivity of the cell membrane underlies such fundamental processes as cell
volume regulation and detection of osmotic stress, touch sensation that pervades
the animal and plant kingdoms, and the signaling of muscle stretch and joint
position indispensable for coordinated motion in higher animals. But compared
with these disparate forms of mechanoreception, transduction in the inner ear is
exceptional both in terms of its speed and sensitivity. Auditory hair cells can
detect vibrations of atomic dimension on the order of 0.2 nm, and yet respond
in mammals like bats up to 100,000 times a second, thus evading the frequency
limits imposed on other nerve cells. How they achieve this feat is still not fully
understood, but it probably requires local amplification of the force stimulus that
is directed at a mechanically gated ion channel with ultrafast activation kinetics.
The possibility that all forms of mechanoreception share a common molecular
basis has not been substantiated, and over the past decade quite different types
of ion channel believed to serve as mechanoreceptors have been cloned from
Escherichia coli (Sukahrev et al. 1993), Caenorhabditis elegans (Huang and
Chalfie 1994), and Drosophila (Walker et al. 2000). In both the worm and
insect, channel identification was aided by the availability of mechanically in-
sensitive mutants. A similar approach has recently indicated that a channel of
the transient receptor potential (TRP) family orthologous to a Drosophila mech-
anoreceptor may underlie hair cell transduction in zebra fish, Danio rerio (Sidi
et al. 2003). Although it is still unclear whether TRP channels mediate trans-
duction in the inner ears of other vertebrates, especially mammals, there are
many observations about the in situ properties of the channel that provide clues
to its molecular nature and classification. This chapter summarizes such prop-
erties, including the conductance, ionic permeation, and blockade of single chan-
nels, and their control by Ca?>*. The ability of the mechanotransducer channel
to generate force during gating, which has attracted attention as a potential
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stimulus amplification mechanism (Hudspeth 1997; Fettiplace et al. 2001; Man-
ley 2001), is also addressed. A recurring theme in discussing auditory hair cells
is the variation in cellular properties with the sound frequency to which the cell
is tuned. Here tonotopic gradients in both single-channel and macroscopic as-
pects of mechanotransduction are described.

2. Overview of Hair Cell Transduction

2.1 Hair Bundles and Tip Links

Hair cells of the inner ear are tightly anchored to nonsensory supporting cells
in an epithelial sheet with their mechanically sensitive appendage, the hair bun-
dle, projecting from the surface of the epithelium. Forces transmitted to the
sensory epithelium result in submicron deflections of the hair bundles that open
mechanoelectrical transducer (MET) channels, causing influx of small cations
and depolarization of the hair cell. The hair bundle is composed of a few tens
to a few hundred modified microvilli, stereocilia, stacked in rows of increasing
height. Abutting the tallest stereociliary row in many hair bundles (but not those
in the adult mammalian cochlea) is a kinocilium of uncertain function. The
number and maximum height of the stereocilia vary with hair cell location; for
example, in a wide array of species, auditory hair cells tuned to higher fre-
quencies have hair bundles that are shorter and often contain more stereocilia
(Mulroy 1974; Tilney and Saunders 1983; Lim 1986; Hackney et al. 1993). The
stereocilia are interconnected by various types of extracellular filamentous links
(Bagger-Sjoback and Werséll 1973; Little and Neugebauer 1985; Goodyear and
Richardson 1999). Lateral links connect adjacent stereocilia along their entire
length (Flock et al. 1977), while tip links extend from the vertex of each ster-
eocilium to the side of its taller neighbor (Pickles et al. 1984; Furness and
Hackney 1985; Kachar et al. 2000). Together the links constitute an extracellular
matrix coupling the stereocilia, so that when force is delivered at the tip of the
bundle, all stereocilia rotate in unison (Flock and Strelioff 1984; see Fig. 3 of
Crawford et al. 1989).

The standard model for hair cell transduction is that deflection of the ster-
eocilia exerts tension on the tip links, which transmits force directly to the MET
channels (Pickles et al. 1984; Hudspeth 1985). Since the tip links run approx-
imately parallel to the axis of symmetry of the bundle, they are properly oriented
to apply force during rotations of the bundle toward its taller edge, and to unload
with deflections toward its shorter edge. This explains the functional polariza-
tion of transduction (Pickles et al. 1984) whereby only those movements of the
bundle along its axis of symmetry, toward or away from the tallest stereociliary
rank, are detected (Shotwell et al. 1981). The clearest evidence for the role of
tip links is that lowering extracellular Ca** (usually with a calcium chelator
such as BAPTA) irreversibly abolishes transduction (Crawford et al. 1991) and
destroys these links (Assad et al. 1991). Furthermore, subsequent regeneration
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of the tip links after exposure to BAPTA is correlated with restoration of me-
chanotransduction (Zhao et al. 1996). However, low-calcium BAPTA treatment
also destroys the lateral links as well as the tip links and causes substantial
rotation of the bundle toward its taller edge (Hackney and Furness 1995). Even
assuming the tip links are involved in force transmission, their exact relationship
to the channels is still debatable, and whether they have a direct molecular
connection to the channels or merely insert into the plasma membrane around
the channels is unknown.

Various physiological methods have been used to localize the MET channels
in the hair bundle. Evidence derived from mapping the flow of transducer cur-
rent during excitatory stimuli (Hudspeth 1982), or from blocking transduction
by local iontophoresis of dihydrostreptomycin (Jaramillo and Hudspeth 1991),
has placed the channels at or near the top of the bundle. Finer spatial resolution
was achieved by exploiting the high Ca?* permeability of the channels and by
using confocal microscopy to trace the site at which Ca** entered the stereoci-
lium (Denk et al. 1995; Lumpkin and Hudspeth 1995). These experiments,
demonstrating the first appearance of Ca?* fluorescence at the tips of the ster-
eocilia, are remarkable given the small stereociliary diameter (0.1 to 0.4 um),
but light microscopic observations have inadequate resolution to demonstrate
that the links are directly connected to the channels. Based on the presence of
Ca?* signals in both the shortest and tallest stereociliary rows, Denk et al. (1995)
argued that channels occur at both ends of the tip link. However, such an
arrangement implies a negative cooperativity between pairs of channels at the
two ends of the link (the opening of one of the pair relieving force on the other)
for which there is no experimental support (Martin et al. 2000). It is worth
noting that many cartoons of the transduction apparatus locate the MET channel
solely at the upper end of the tip link and thus free to slip down the side of the
stereocilium during adaptation. It is argued that the myosin motor underlying
slow adaptation is located in the osmiophilic plaque at the upper end of the tip
link in order to tension the link, and that the MET channel must be in close
proximity to enable Ca?" influx to control the motor (see Section 4.1). There
is no firm evidence for this arrangement.

An alternative site for the MET channel is in the contact region just below
the stereociliary tips where short lateral connections can be seen between the
membranes of neighboring stereocilia (Hackney et al. 1992). Placement there
is supported by immunogold labeling with an antibody raised against the binding
site for amiloride that blocks the transducer channels (Jgrgensen and Ohmori
1988; Riisch et al. 1994). One interpretation of these results is that the tip links
are not directly connected to the channels, an idea endorsed by the surprising
observation that the MET channels can still open after tip link destruction with
either BAPTA or elastase (Meyer et al. 1998). This latter work was done on
mammalian outer hair cells, and could not be repeated in similar experiments
on turtle hair cells (Ricci et al. 2003). Whether restriction of the channel to the
contact region (Hackney et al. 1992) is correct or not, the work emphasizes the
subcellular resolution afforded by electron microscopy that is essential for pre-
cisely localizing the channel. The full benefit of this technique could be realized
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with the availability of a high-affinity channel-blocking agent whose binding
could be revealed in electron micrographs.

2.2 Mechanoelectrical Transducer Currents

The properties of transduction, its high sensitivity and fast kinetics, have been
studied using in vitro preparations, in which the electrical response of the cells
can be monitored while directly manipulating the hair bundle. Original evidence
came from hair cells of animals such as frogs (Hudspeth and Corey 1977; Holton
and Hudspeth 1986), chickens (Ohmori 1985), and turtles (Crawford and Fet-
tiplace 1985), but the conclusions also extend to mammalian hair cells (Kros et
al. 1992; Géléoc et al. 1997; Holt et al. 1997; Vollrath and Eatock 2003; Ken-
nedy et al. 2003). Rotation of the bundle toward its taller edge opens mechano-
sensitive ion channels, which at the resting potential, —50 to —70 mV, rapidly
activates an inward transducer current that peaks and then declines to a steady
level in multiple processes of adaptation (Fig. 4.1). The mechanisms underlying
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FIGURE 4.1. (A) Family of mechanotransducer currents recorded from a voltage-clamped
turtle hair cell in response to step displacements of the hair bundle. Positive deflections
toward the tallest stereociliary row evoke an inward transducer current at —84 mV hold-
ing potential that rapidly reaches a peak and then declines in multiple phases of adapta-
tion. The decline in the current has been fitted with the sum of two exponential processes
(dashed lines) representing fast and slow adaptation. Fast adaptation, most prominent for
small stimuli, has a time constant of 0.7 ms; slow adaptation appears with larger stimuli
and has a time constant of 10 to 70 ms. Extracellular Ca?*, 2.8 mM. (B) Relationship be-
tween the peak current, /, and bundle displacement, X, measured from the records in (A).
Smooth curve is Eq. (4.2): I = I /[1+ {exp(z, - X, — X)) H 1+ exp(z, - X, — X))},
where [, = 1.26 nA, z, = 125 um™', z, = 31 um™', and X, = X, = 0.177 pm.
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adaptation are discussed in Section 4.1. In the intact ear, where the bundles are
bathed in endolymph, the inward current is carried mainly by K", with a con-
tribution (up to 10%) from Ca?>* (Ricci and Fettiplace 1998). Rotation of the
bundle toward its shorter edge closes that small fraction of channels open at
rest, which varies from 2% to 30% depending on conditions (e.g., concentration
of extracellular Ca?* or cytoplasmic calcium buffer; Ricci et al. 1998). Even at
room temperature, the current develops with a sub-millisecond time course sig-
nifying fast gating kinetics for the channel. The minimal delay (< 20 us) be-
tween the bundle deflection and channel opening argues that external force
directly gates the MET channels without any of the biochemical amplification
seen in other sensory receptors (Corey and Hudspeth 1983).

As might be expected if the mechanical stimulus directly affects the channel’s
opening rate, fast bundle deflections (rise time of 50 ps or less) elicit a trans-
ducer current with an onset time constant that depends on stimulus amplitude
(Corey and Hudspeth 1983; Crawford et al. 1989). Information about channel
kinetics was originally derived from measuring extracellular “microphonic” cur-
rents summed across the voltage-clamped frog saccular epithelium (Corey and
Hudspeth 1983), but subsequent experiments on individual voltage-clamped
turtle hair cells gave similar results (Crawford et al. 1989; Fettiplace et al. 2003).
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FIGURE 4.2. Time course of activation of MET currents in auditory hair cells of turtle
(A) and rat (B). Rapid deflection (Ax) of the hair bundle with a piezoelectric stimulator
connected to a rigid glass fiber evokes fast-onset MET currents. In the turtle (A), the
activation time constant decreases (from approximately 400 pus to 50 pus) with increasing
stimulus amplitude. In the rat outer hair cell, the time course of current activation is
faster than in the turtle and is limited by the stimulus onset, time constant approximately
50 us. The mammalian responses also show adaptation at a faster rate than in the turtle,
dotted line denoting fit with a time constant of 300 us. In both experiments, the fluid
bathing the hair bundle contained 0.05 mM Ca?*; holding potential, —80 mV at room
temperature (approximately 22°C).
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The activation time constant measured in turtle hair cells decreased with the size
of bundle displacement (Fig. 4.2) from approximately 400 ps for small stimuli
to less than 50 ps for saturating ones at room temperature (approximately 22°C).
These time constants also depended on the local Ca?* concentration and were
lengthened by lowering Ca?* (Fettiplace et al. 2003). Values from single cell
measurements were twofold slower than those obtained from microphonics when
adjusted to the same conditions. Even so, it is unclear that either is sufficiently
fast to account for the speed of transduction in mammalian outer hair cells,
where cochlear microphonics indicate that channel gating occurs on a cycle-by-
cycle basis at frequencies of 50 kHz or more (Pollak et al. 1972). Thus extrap-
olating existing kinetic measurements to 37°C using a Q,, of 2.0 (Corey and
Hudspeth 1983; Crawford et al. 1989) yields an activation time constant of 60
to 100 ps for small stimuli and 10 to 20 ps for large stimuli. To generate a
corner frequency of 50 kHz, the required activation time constant is (27 - 50)~!
ms or 3 Us, substantially briefer than inferred from kinetic measurements on
frog or turtle hair cells. It is conceivable that there are variations in kinetics
originating from small differences in channel structure or bundle mechanics in
different species, and that mammalian cochlear hair cells are optimized to
achieve the rapid transduction required for high-frequency hearing (Fig. 4.2;
Kennedy et al. 2003).

2.3 Kinetic Schemes for the Mechanoelectrical Transducer
Channel

A basic assumption of models for hair cell transduction is that force is trans-
mitted to the channel via elastic elements, the “gating springs,” which are
stretched when the bundle is displaced toward its taller edge (Howard and Hud-
speth 1988). The gating springs are usually identified with the tip links. Their
location would admirably suit them for this role, because the tension in them
would rise with positive deflections and fall with negative deflections. However,
there is no evidence that the tip links are significantly extensible: high-resolution
electron microscopy reveals a coiled double-filamentous structure, suggesting a
protein structure too stiff for them to act as gating springs (Kachar et al. 2000).
The proposal that cadherin-23 is a major component of the tip links (Siemens
et al. 2004; Sollner et al. 2004) accords with the notion that they are not very
elastic. An alternative site for the series compliance of the gating springs is in
the channel or its intracellular attachments to the cytoskeleton (Fig. 4.3).

In the simplest form of the model, the MET channel occupies two states,
closed and open (C <> O), with the transition rates modulated by stimulus
energy. The open probability of the channel (p,) is then a sigmoidal function
of bundle displacement (X):

po (X) = [1 + exp(—z - (X — X) / kD] (4.1)

where kg is the Boltzmann constant, T is absolute temperature, X, is the dis-
placement for half-activation, and z is the single channel gating force applied at
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FIGURE 4.3. (A) Each stereocilium is packed with actin filaments that insert into the
osmiophilic region at its apex which may be the location of the MET channels as well
as several myosin isoforms. The tip link stretches from the apex of one stereocilium to
the side wall of the next, inserting into a plaque that has been proposed to contain myosin
IC. It is suggested that the tip link is tensioned by myosin IC climbing the actin back-
bone. Also shown is the contact region which has been suggested as an alternative MET
channel location. (B) Schematic of MET channel gating. Hair bundle displacement ten-
sions the tip link (T), which acts via gating springs that deliver force to the channel to
increase its probability of being open. The sites of the gating springs are unknown, but
they are depicted as connecting to the channel both externally (Gs) and internally (Gs').
Ca?* entering the stereocilium through the open channel may promote channel closure
and evoke fast adaptation either by binding at the inner face of the channel or by altering
the stiffness of the internal gating spring Gs'. Ca?>" may also produce slow adaptation
by causing slippage of the myosin IC motor to slackening the tip link.

the top of the bundle. Equation (4.1) has a symmetrical form that often inad-
equately describes experimental measurements (Fig. 4.1) which can display a
sharp corner at low p, and a more gradual asymptote to saturation at high p,.
The asymmetry is accommodated by postulating a three-state channel, two
closed states and one open state (C, <> C, <> O). The open probability of the
channel (p,) is then given by:

Po (X) = [1 + {exp(—z, * (X — Xo) / kgT)} -
{I +exp(—z, - (X = X))/ kxD)}™! (4.2)

where z,, X,, z; and X, are constants the meanings of which depend on the
specific model (Markin and Hudspeth 1995; van Netten and Kros 2000). Such
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a three-state channel scheme has been used to fit hair cell current—displacement
(I-X) relationships in various preparations (Corey and Hudspeth 1983; Holton
and Hudspeth 1986; Crawford et al. 1989; Kros et al. 1992; Géléoc et al. 1997).
To accommodate the Ca?* dependence of the kinetics, more complex gating
schemes in which both closed and open states can also bind Ca?* ions may be
required.

2.4 Sensitivity and Working Range of Transduction

The operating range of the MET channels can be specified in terms of the width
of the I-X relationship, the differences in bundle position from where the trans-
ducer current starts activating to where it is fully saturated. Because of the
curvature of the relationship, the width can be quantified by plotting the current
scaled to its maximum value (//I,,,) against bundle deflection, determining the
tangent line of greatest slope and calculating its inverse value. The operating
range varies from approximately 50 to 250 nm for hair cells of the turtle cochlea
(Crawford and Fettiplace 1985; Crawford et al. 1989), mouse cochlea (Géléoc
et al. 1997), and frog saccule (Howard and Hudspeth 1988; Assad et al. 1989).
These values represent motion at the tip of the hair bundle and to obtain the
displacements imposed on the channel they must be scaled by a geometrical
factor (7y) that depends on bundle geometry (Howard and Hudspeth 1988; Geisler
1993). This factor is given by y =~ s/h where s is the separation between the
rootlets of successive stereocilia along the excitatory axis of the hair bundle and
h is the average stereociliary height. For turtle auditory hair cells, with s ~ 0.4
wm and an average i of 4 um, Y = 0.1. Since 7 is inversely proportional to
stereociliary height, a change in bundle dimensions provides a means of altering
the sensitivity of transduction, matching it to the needs of the hair cell. The
hair bundle can thus be regarded as an accessory structure for converting dis-
placements occurring during inner ear stimulation to the molecular scale appro-
priate for deforming the transducer channel protein. In the mammalian cochlea
a fivefold decrease in bundle height from the the low- to the the high-frequency
end of the cochlea will produce an equivalent increase in Y, and hence sensitivity.

Because the /-X relationship is asymmetric, it has the steepest slope, and
hence maximal sensitivity, around the bundle’s resting position near the foot of
the curve. The largest transducer current sensitivities of approximately 10 pA
- nm~! have been measured from auditory hair cells in turtle (Fig. 4.1; Ricci
and Fettiplace 1997) and mouse (Géléoc et al. 1997; van Netten et al. 2003).
In both preparations, the stimuli were delivered to bundles of comparable height
(6 and 4 pum, respectively) and at about the same holding potential, —80 mV.
Since hair cells signal by changes in membrane potential, a more pertinent mea-
sure is the linear voltage sensitivity, which, for a cell with 100 M() input resis-
tance, is 1.0 mV - nm™'. A significant receptor potential can therefore be
generated by displacements less than 1 nm. At auditory threshold, turtle audi-
tory hair cells can transmit information about bundle displacements of approx-
imately 0.2 nm corresponding to 0.2 mV of receptor potential (Crawford and
Fettiplace 1980, 1983). However, reliable signaling may be limited by the
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signal-to-noise ratio. Sources of noise include the stochastic chattering of the
MET channels, with large unitary current of 10 pA (see Section 3.2), Brownian
motion in the gating springs and fluctuations in the adaptation motor. Each of
these is equivalent to a noise stimulus to the hair bundle of several nanometers
(Frank et al. 2002; van Netten et al. 2003). Such values imply a signal-to-noise
ratio less than 1 during hair cell transduction at threshold. One mechanism for
extracting the signal is for the hair cell to respond only over a limited frequency
range, band-limiting the noise and hence improving the signal-to-noise ratio.
However, the tuning process must be an active rather than a passive one, since
a passive filter would compress all the noise power into the pass-band and am-
plify both signal and noise alike (Bialek 1987; Block 1992).

3. The Mechanoelectrical Transducer Channel

3.1 Ionic Selectivity and Block

The MET channel is a nonspecific cation conductance, showing limited voltage
dependence or rectification (Ohmori 1985; Crawford et al. 1989, 1991). The
channel discriminates little between monovalent cations but is highly permeable
to divalent cations, especially Ca?>* (Corey and Hudspeth 1979; Ohmori 1985).
The permeability ratios for monovalent cations determined from measuring re-
versal potentials for the transducer current are: Li*, 1.14; Na*, 1 ; K*, 0.96 ;
Rb*, 0.92 ; Cs*, 0.82 (Ohmori 1985). The permeability ratios for divalent
cations relative to Na* are: Ca?*, 3.8; Sr**, 2.3 ; Ba?*, 2.2; Mg?*, 2.0 ; Na*,
1, and indicate only a modest preference for Ca** over monovalent cations
(Ohmori 1985). However these measurements were also based on interpreting
reversal potentials using the constant field equation, which assumes no interac-
tion between different ionic species in the pore. This is unlikely to be the case
given the blocking action of external Ca*>* on the flux of monovalent ions (Craw-
ford et al. 1991; Ricci and Fettiplace 1998) and the anomalous mole fraction
effects seen with ion mixtures (Lumpkin et al. 1997). A more pertinent measure
of the channel’s selectivity is obtained from the fraction of current carried by
the different ions. This indicates an effective permeability ratio for Ca?* over
monovalent ions of more than 100: 1 (Jgrgensen and Kroese 1995; Ricci and
Fettiplace 1998). Thus, in saline with 2.8 mM Ca?* and 150 mM Na™, more
than half the current will be carried by Ca?* (Ricci and Fettiplace 1998), and
even in an endolymph-like solution containing only 50 uM Ca**, Ca?>* carries
at least a tenth of the current. The Ca®>" content of cochlear endolymph has
been estimated in different preparations as between 20 and 65 uM (Bosher and
Warren 1978; Salt et al. 1989; Crawford et al. 1991).

The high flux of Ca** through the channel when exposed to endolymph is
important physiologically because of the ion’s role in regulating transducer ad-
aptation. Furthermore, though the channel is equally permeable to Na™ and K*,
substitution of K* for Na™ as the chief monovalent ion increases the fractional
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current carried by Ca?* and augments its intracellular effect in adaptation (Ricci
and Fettiplace 1998). Thus endolymph composition is specialized to allow a
compromise between the largest monovalent current and the largest Ca>* influx.
In the mammalian cochlea, both monovalent and divalent currents are further
augmented in vivo by the +80 mV endocochlear potential that increases the
driving force through the MET channel.

A variety of larger organic cations can traverse the channel (Corey and Hud-
speth 1979) with permeability ratios relative to Na* of choline, 0.27; tetra-
methylammonium (TMA), 0.16; tetracthylammonium (TEA), 0.14 (Ohmori
1985). These permeability values suggest that the channel has a minimum pore
size of approximately 0.7 nm, similar to the diameter of the largest permeant
ion, TEA. More recently, the MET channel pore diameter was estimated using
methods first developed while investigating pore dimensions of the nicotinic
acetylcholine channel (Dwyer et al. 1980). A series of alkyl ammonium com-
pounds that increase in molecular dimensions were substituted for Na™ as the
monovalent ion and the corresponding change in MET current measured (Farris
et al. 2004). The plot of current ratio against the size of the substituted am-
monium indicated that the pore was approximately 1.26 nm, considerably larger
than that of other nonselective cation channels including the nicotinic acetyl-
choline receptor channel (Dwyer et al. 1980) and olfactory cyclic nucleotide
gated channels (Balasubramanian et al. 1995). However, the hair cell MET
channel is much smaller than the 4 nm measured for the bacterial mechanically
gated (MscL) channel (Cruickshank et al. 1997).

The cationic styryl dye FM1-43 (MW = 451) can also pass through the
channel and its fluorescence on binding to intracellular membranes provides a
sensitive monitor of rapid intracellular accumulation (Gale et al. 2001; Meyers
et al. 2003). The ability of such a large molecule to pass through the channel
has been explained by its elongated structure with cross-section, 0.78 nm X 0.5
nm, similar to TEA. FM1-43 acts as a permeant blocker of the MET channel,
as do Ca?* and Mg?*, which block the channel in millimolar concentrations
(Crawford et al. 1991; Ricci and Fettiplace 1998). The position of the Ca?*
binding site responsible for the blocking effect was estimated by fitting a single-
site binding model to the current—voltage relationships generated in the presence
and absence of the blocker. A distance of approximately 0.5 through the
membrane electric field was obtained (Kros et al. 1992; Gale et al. 2001; Farris
et al. 2004). Similar distances were found for FM1-43 dye and a variety of
other antagonists, which implies an interaction between the Ca?* binding site
and these compounds (Gale et al. 2001; Farris et al. 2004).

Familiar blocking agents of hair cell transduction, such as the aminoglycoside
antibiotic dihydrostreptomycin (DHS), are also polycations. These antagonists
share a number of properties that indicate they may compete with Ca** for a
binding site in external mouth of the pore. They are effective only from the
extracellular surface and their block is voltage dependent and diminished by
depolarization that opposes the entry of the cation into the pore (Kroese et al.
1989). Furthermore the block is subject to competition from extracellular Ca>™:
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raising the Ca®>" concentration alleviates channel block with FM1-43 (Gale et
al. 2001) and increases the half-blocking concentration for DHS (Table 4.1;
Kroese et al. 1989; Ricci 2002). An alternative explanation for the calcium and
voltage effects on DHS block is that these manipulations also alter the proba-
bility of opening of the MET channel at rest, thereby indirectly affecting the
half-blocking concentration for open channel blockers (Ricci 2002). On this
hypothesis, an increased probability of opening will allow more time for the
blocker to enter the channel and therefore increase its potency. A similar ex-
planation may account for the dependence of DHS block on hair cell location
within the turtle cochlea with a half-blocking concentration of 14 pM at the
low-frequency end and 75 uM at the high-frequency end of the papilla respec-
tively (Ricci 2002). This difference parallels a two- to threefold difference in
resting open probability between hair cells at the low-frequency and high-
frequency locations (Ricci et al. 1998). A related phenomenon is the decrease
in aminoglycoside-induced toxicity in mice where myosin VIIA was knocked
out (Richardson et al. 1997). In these mice, the activation curve for the MET
channel is profoundly shifted to the right, reducing the probability of opening
at rest to near zero and thus limiting the effectiveness of a permeant blocker
(Kros et al. 2002).

Based on the observation that FM1-43 not only blocks the channel but also
(probably in small amounts) permeates it (Nishikawa and Sasaki 1996), similar
behavior may apply to the aminoglycoside antibiotics, which may gain access
to the hair cell cytoplasm via the MET channel. There they have a long-term
deleterious effect on energy supply from the mitochondria (Cortopassi and

TABLE 4.1. Some blocking agents of the hair cell’s mechanotransducer channel.

Blocking agent K (uM) ny Reference
Ca?* 1000 1 Ricci and Fettiplace 1998
Gd** 10 1.1 Kimitsuki et al. 1996
La3* 3.8 14 Farris et al. 2004
Tetracaine 579 2.7 Farris et al. 2004
Diltiazem 228 1.8 Farris et al. 2004
D600 110 1 Baumann and Roth 1986
Farris et al. 2004

Amiloride 50 Jgrgensen and Ohmori 1988
Amiloride 53 1.7 Riisch et al. 1994
Amiloride 25 2.2 Ricci 2002
Dihydrostreptomycin 44 (Ca = 5 mM) Kroese et al. 1989
Dihydrostreptomycin 23 (Ca = 2.5 mM) 0.9 Kimitsuki and Ohmori 1993
Dihydrostreptomycin 8 (Ca = 0.25mM) 1 Kroese et al. 1989
Benzamil 6 1.6 Riisch et al. 1994
Ruthenium Red 3.6 1.4 Farris et al. 2004
Curare 2.3 1.0 Glowatzki et al. 1997

6.3 2.1 Farris et al. 2004
FM1-43 2.4 (1.2) Gale et al. 2001

K, is the half-blocking concentration and n,, is the Hill coefficient.
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Hutchin 1994). Interestingly, hair cell destruction by aminoglycoside antibiotics
proceeds more rapidly at the high-frequency end (Forge and Schacht 2000),
which is similar to the cochlear gradient in intracellular accumulation of FM1-
43 (Gale et al. 2001). One explanation for this effect is that cells tuned to
higher frequencies have more MET channels (Ricci and Fettiplace 1997) or
larger single channel conductances (Ricci et al. 2003). This may also account
for the variation in DHS block with cochlear location.

3.2 Single-Channel Conductance

A basic property of the transducer channel that may provide a clue to its mo-
lecular identity is single-channel conductance but there have been few systematic
studies of this attribute. It has not been possible to measure by the usual method
of recording channels in cell-attached or detached membrane patches most likely
because of the small diameter of the stereocilia. An alternative approach is to
inactivate the majority of channels in a hair bundle and to monitor the one or
two channels remaining by whole-cell recording (Crawford et al. 1991; Ricci et
al. 2003). The number of channels can be reduced by brief exposure to sub-
micromolar concentrations of Ca?>* (buffered with EGTA or BAPTA) which
probably severs most of the tip links (Assad et al. 1991; Hackney and Furness
1995). When applied to turtle hair cells this method gave single channels with
surprisingly large unitary conductances of 80 to 160 pS (mean = 118 pS) in
high 2.8 mM Ca?* (Crawford et al. 1991; Ricci et al. 2003). Similar values
have also been obtained by whole-cell recordings in other species: 50 to 100 pS
in hair cells of chick (Ohmori 1985) and 112 pS in mouse (Géléoc et al. 1997).
Without observing single channel events, a unitary conductance of 87 pS was
inferred in frog hair cells from measurement of the macroscopic current and the
number of active stereocilia (Denk et al. 1995). This inference assumed that
each active stereocilium possessed two channels.

The technique of inactivating most of the channels in the hair bundle by
exposure to submicromolar Ca?* allowed a systematic study of the channel re-
maining (Ricci et al. 2003). The single channel behaved similarly to the mac-
roscopic transduction current, suggesting it was not affected by the isolation
procedure. Thus it was gated by submicron displacements of the hair bundle,
displayed fast activation and adaptation, and was blocked by 0.2 mM DHS (Ricci
et al. 2003). Furthermore, changing external Ca** had two actions on channel
properties mirroring its effects on the macroscopic current (Fig. 4.4). Reducing
Ca?* slowed the time course of channel activation and adaptation and also in-
creased the channel amplitude. When the Ca?* concentration was by lowered
from 2.8 mM to 50 uM, the range of single-channel conductances nearly doubled
to 150 to 300 pS (Fig. 4.4). Since the half-blocking concentration by Ca?" is
approximately 1 mM (Table 4.1; Ricci and Fettiplace 1998) measurements in 50
uM Ca?* should reflect the maximum conductance of the channel in its un-
blocked state.

In the vertebrate cochlea, hair cells are arranged tonotopically such that their
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FIGURE 4.4. Single MET channels in turtle hair cells. (A) Four single-channel responses
for hair bundle deflections (Ax) of 150 nm in 2.8 mM external Ca*>*. Bottom trace is the
ensemble average of 140 individual responses. C and O denote the closed and open
levels of the channel. (B) Two single-channel responses in the same cell in 0.05 mM
external Ca?*; bottom trace shows the ensemble average of 250 channel responses. Re-
ducing extracellular Ca?* had two effects increasing the mean single-channel amplitude
from 7 pA to 15 pA and slowing the time course of channel activation and adaptation.
(C) Plot of the single-channel current and conductance for hair cells at different fractional
distances along the turtle cochlea from the low-frequency end. The holding potential

was —80 mV.
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characteristic frequency (CF), the sound frequency to which they are most sen-
sitive, changes systematically along the cochlear length. The variation in single-
channel conductance, either in high or low Ca?*, was correlated with the CF of
the hair cell: cells with higher CFs possessed channels with larger conductance
(Fig. 4.4; Ricci et al. 2003). The change in channel conductance with CF in
the turtle cochlea is unlikely to result from differences in Ca?>* homeostasis
within the stereocilia because the relative increase in conductance was virtually
identical in both high and low extracellular Ca>* (Ricci et al. 2003). Changes
in MET channel conductance are most simply explained if hair cells in different
regions of the cochlea contain channels with unique structure or subunit com-
position. Further support for this notion comes from the finding that MET
channels in hair cells with higher CFs also differ functionally in having faster
activation kinetics (Ricci 2002; Fettiplace et al. 2003). The tonotopic distribu-
tion of MET channel properties is unexpected, but it parallels gradients in the
properties of the Ca?* activated K™ channel that underlie changes in the elec-
trical resonant frequency in the turtle cochlea (Art et al. 1995). Such variation
may reflect differential expression of alternatively spliced isoforms of the Ca**
activated K* channel o-subunit as well as a cochlear gradient in an accessory
B-subunit (Jones et al. 1999; Ramanathan et al. 1999). The consequences of
differences in single-channel conductance for tonotopic variation in mechano-
transduction are further examined in Section 5.1.

3.3 Molecular Identity of the Mechanoelectrical Transducer
Channel

The paucity of starting material, several thousand hair cells per animal and only
a few hundred MET channels per cell, has hampered isolation of the channel
by either biochemical purification or molecular cloning. Nevertheless, there are
several distinctive features of the channel gleaned from measurements on intact
hair cells that may aid in its molecular classification. These include a high
selectivity for Ca?* over other cations, a broad spectrum of blocking agents,
large unitary conductance, and regulation by intracellular Ca?>*. These attributes
eliminate several channel contenders (Strassmaier and Gillespie 2002). One is
the epithelial Na* channel (ENaC) that has subunits orthologous to the MEC-4
and MEC-10 proteins that form a mechanoreceptor channel in touch neurons of
the nematode worm C. elegans (Huang and Chalfie 1994; Goodman et al. 2002).
Like the hair cell MET channel, ENaC is blocked by amiloride. However,
known forms of ENaC are Na*-selective channels with low Ca?* permeability
and small unitary conductance (13 to 40 pS; Ismailov et al. 1996). Moreover,
the characteristics of their block by amiloride block are substantially different,
with a 100-fold greater affinity for the drug (half-blocking concentration = ap-
proximately 0.5 uM) and a Hill coefficient of 1 (Sariban-Sohraby and Benos
1986). Although subunits of the ENaC channel do occur in the cochlea, they
have been localized to the epithelial cells lining the scala media, and may be
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involved in regulating the Na* content of the cochlear fluids (Grunder et al.
2001).

In its ionic selectivity and pharmacological profile, the MET channel shows
some similarity to the cyclic-nucleotide-gated (CNG) channel that underlies
transduction in the visual and olfactory systems. Both are nonselective cation
channels with a high permeability to Ca?*, show little voltage dependence, and
are also blocked by approximately 1 mM Ca?" at the external face, with the
divalent binding site near the center of the membrane electric field (Matulef and
Zagotta 2003; Farris et al. 2004). Many blocking agents for the CNG channel,
including amiloride, diltiazem, D600, and tetracaine (Frings et al. 1992; Fodor
et al. 1997), are effective antagonists of the MET channel with similar half-
blocking concentrations (Table 4.1). However, some CNG channel blockers,
such as pseudecatoxin and LY83583, are ineffective (Farris et al. 2004). Al-
though CNG transcripts have been found in hair cells (Drescher et al. 2002),
the case for a CNG channel as the hair cell mechanotransducer is not conclusive.
If the MET channel is a member of the CNG channel family, it is unlike known
channels that have small single—channel conductance (35 pS; Bonigk et al. 1999)
and lower permeability to organic cations such as TEA (Balasubramanian et al.
1995).

The most likely channel candidate based on present evidence belongs to the
TRP superfamily, some members of which possess channel properties resem-
bling the hair cell MET channel and are linked with sensory transduction (Minke
and Cook 2002). All are nonselective cation channels with a high permeability
for Ca*>* over Na* (P./Py,) and a large unitary conductance. For example, in
the TRPV subfamily, TRPV3, a temperature receptor, has a P. /P, of 12:1 and
maximum channel conductance of 172 pS (Xu et al. 2002) and TRPVS, an
epithelial Ca?* transporter, has a P.,/Py, of 100:1 and a maximum channel con-
ductance of 77 pS (Nilius et al. 2000; Vennekens et al. 2000). Values for single-
channel conductance were obtained in Ca?*-free media and were reduced in the
presence of Ca?*. MET channels and TRP channel also show a common set of
antagonists including Gd** (Kimitsuki et al. 1996), La** (Ohmori 1985; Farris
et al. 2004), and ruthenium red (Farris et al. 2004; Table 4.1). There is thus
substantial evidence suggesting the MET channel has strong similarity with the
TRP class of ion channels.

Genetic screens of C. elegans mutants lacking a touch response, besides un-
covering the MEC channels, also generated a separate channel, OSM-9, from
animals with defects in osmotic avoidance and nose touch (Colbert et al. 1997).
OSM-9 was the first TRP channel implicated in mechanosensitivity, but two
relatives were subsequently cloned from Drosophila melanogaster. One of these
is NOMPC, the mutation of which largely abolishes receptor potentials in the
touch-sensitive bristle organs (Walker et al. 2000) but only mildly affects hearing
in Drosophila (Eberl et al. 2000). The other is Nanchung (NAN), which is
localized to the ciliary neurons in Johnston’s organ and whose mutation deafens
the insects (Kim et al. 2003). Both NOMPC and NAN have TRP-like structures
with six transmembrane domains, a pore region between S5 and S6, intracellular
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N- and C-termini, and multiple ankyrin repeats at the N-terminus (29 in NOMPC
and 5 in NAN). A vertebrate NOMPC with 62% similarity at the amino acid
level to the Drosophila version has now been identified in hair cells of the zebra
fish, Danio rerio (Sidi et al. 2003). Removal of NOMPC gene function by
injection of morpholino antisense oligonucleotides into larvae caused initial
deafness and imbalance which later reversed as the morpholino was diluted by
the endogenous transcript, thus confirming its role in hair cell transduction.
However, there is as yet no evidence for the occurrence of NOMPC in hair cells
of other vertebrates including mammals. Another TRP channel, TRPA1, was
recently identified in both mouse and zebrafish hair cells and proposed as a
component of the mechanotransduction channel in these animals (Corey et al.
2004). Strong evidence in support of this suggestion was that mechanotrans-
duction in mouse hair cells was inhibited by transfection with small interfering
RNAs that reduced TRPA1 protein expression. This leaves open the question
of how TRPA1 and NOMPC might interact to mediate transduction in zebrafish
hair cells.

4. Adaptation
4.1 Multiple Mechanisms of Adaptation

The MET channels of auditory hair cells encode hair bundle displacements of
no more than a few hundred nanometers, which is similar to the diameter of the
constituent stereocilia. Therefore to preserve high sensitivity in the face of larger
fluctuations in bundle position, the MET channels are subject to multiple mech-
anisms of adaptation (reviewed in Eatock 2000; Fettiplace and Ricci 2003).
Adaptation is manifested as a decline in the transducer current during a pro-
longed bundle displacement, reflecting a shift of the /-X relationship along the
displacement axis in the direction of the adapting stimulus (Eatock et al. 1987;
Crawford et al. 1989; Assad and Corey 1992). The kinetics of adaptation, which
may be important for assigning a mechanism, can be determined from the time
course of decay of current to the maintained stimulus (Crawford et al. 1989) or
of the shift in the /-X relationship (Assad et al. 1989). For small adapting steps
in the linear range, the two methods should yield the same time constant. Re-
cordings from hair cells in frog saccule and turtle cochlea have suggested two
distinct processes with different kinetics. In turtle auditory hair cells, adaptation
is predominantly fast with a time constant (t,) of 0.3 to 5 ms (Crawford et al.
1989; Ricci and Fettiplace 1997), whereas adaptation in frog saccular cells is
usually slower with T, reported to be in the range 10 to 100 ms (Assad et al.
1989; Assad and Corey 1992). Nevertheless, slow adaptation can be observed
as a secondary component in turtle, especially with larger stimuli (Crawford et
al. 1989; Wu et al. 1999), and a fast adaptive component has been seen in frog
(Howard and Hudspeth 1987; Vollrath and Eatock 2003). For example, adap-
tation in turtle MET currents in Figure 4.1 show a fast component with T, of
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0.7 ms prominent at low stimulus levels and a slower component with T, of
more than 10 ms at high levels. The ability to see two phases of adaptation
may to some extent depend on the mode and speed of stimulation (Wu et al.
1999; Vollrath and Eatock 2003). It appears therefore that multiple adaptation
mechanisms exist in both auditory and vestibular hair cells. The different bal-
ance between the fast and slow components in turtles and frogs may reflect the
fact that turtle hair cells are auditory and respond to higher frequencies of vi-
bration than frog vestibular hair cells. Despite differences in kinetics and un-
derlying mechanism, both fast and slow adaptations are regulated by Ca?* influx
through the MET channels (Assad et al. 1989; Crawford et al. 1989; Ricci and
Fettiplace 1997).

Fast adaptation, because it can occur on a sub-millisecond time scale, prob-
ably requires a direct interaction of Ca?* with the MET channel to modulate its
probability of opening (Crawford et al. 1989; Jaramillo et al. 1990; Ricci et al.
1998). The distance that Ca?>* diffuses must be short, 15 to 35 nm from the
mouth of the channel (Ricci et al. 1998), and its resulting action must occur in
well under a millisecond (Ricci and Fettiplace 1998). Furthermore, Ca?* can
alter the time constant of channel activation as well as adaptation, which argues
that it is closely associated with the channel gating mechanism (Fettiplace et al.
2003). By contrast, slow adaptation is regarded as an input control in which
the tension in the tip link is adjusted by moving its upper attachment point along
the side of the stereocilium (Howard and Hudspeth 1987; Assad and Corey
1992). In a specific molecular model, the upper end of the tip link is proposed
to connect through the membrane to an array of unconventional myosins that
are capable of ratcheting along the actin backbone of the stereocilium (Gillespie
and Corey 1997; Gillespie and Cyr 2004). Ca** influx through an adjacent MET
channel is postulated to detach the myosin from the actin core of the stereoci-
lium, allowing the link’s attachment to slip. This would slacken the tip link and
reduce the force on channels, causing them to close. There is now evidence
implicating myosin lc in slow adaptation (Holt et al. 2002; Gillespie and Cyr
2004). Myosin-1c has an ATPase cycle time, measured in vitro as approximately
6 s™! (Ostap and Pollard 1996; Howard 2001), which is clearly too slow to
explain fast sub-millisecond adaptation. Furthermore, fast adaptation in turtle
hair cells is insensitive to inhibitors of myosin-based motors, such as butane-
dione monoxime, and is therefore unlikely to directly involve the myosin motor
cycle (Wu et al. 1999).

4.2 Calcium Control of Adaptation

Although fast and slow adaptation may operate by different mechanisms, both
are regulated by Ca?* that enters the stereocilia through the MET channels (As-
sad et al. 1989; Crawford et al. 1989; Hacohen et al. 1989; Ricci and Fettiplace
1997). Several types of experimental manipulation argue for a regulatory role
of intracellular calcium. Suppressing Ca** influx either by lowering its extra-
cellular concentration or by depolarizing to near the Ca?* equilibrium potential
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slows or abolishes adaptation. Such manipulations also shift the /-X curve to
the left, increasing the fraction of MET current activated at the bundle’s resting
position. Furthermore, the rate of fast adaptation in the turtle is directly pro-
portional to the amount of Ca?>* entering the stereocilia through the MET chan-
nels; this was assayed by the fluorescence change in hair bundles loaded with
a calcium-sensitive dye (Ricci and Fettiplace 1998). A rise in cytoplasmic Ca?*
by release from an intracellular caged source increases the rate of adaptation
(Kimitsuki and Ohmori 1992). Finally, adaptation is susceptible to the nature
and concentration of the cytoplasmic calcium buffer. Raising the concentration
of BAPTA in the patch electrode solution had effects similar to lowering external
Ca?", decreasing the speed and extent of adaptation and shifting the /-X rela-
tionship to more negative displacements (Ricci and Fettiplace 1997; Ricci et al.
1998).

A drawback of an MET channel control mechanism that relies on Ca?* influx
is that the endolymph bathing the hair bundles in vivo has a low Ca** concen-
tration, especially in the auditory division of the inner ear: 20 to 30 UM in
mammals (Bosher and Warren 1978; Ikeda et al. 1987; Salt et al. 1989) and 65
uM in turtles (Crawford et al. 1991). Nevertheless, recordings with perforated-
patch electrodes, where the endogenous calcium buffer was retained in the cy-
toplasm, showed that adaptation in turtle auditory hair cells persisted even in
physiological levels of extracellular Ca** (70 uM; Ricci et al. 1998). Moreover,
such recordings revealed that when in vivo like extracellular Ca?* and intracel-
lular calcium buffering were used, the usual adaptive decline in current to a
displacement step could sometimes become resonant and generate damped os-
cillations (Fig. 4.5). These oscillations occur at a frequency near the hair cell’s
CF, implying that fast adaptation may amplify and tune the MET current. Os-
cillation frequencies in different cells ranged between 58 and 230 Hz, which
represents a significant portion of the auditory range of the turtle (30 to 600 Hz;
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Crawford and Fettiplace 1980). Under some conditions, the damping was di-
minished to the point where the transducer current oscillated continuously with
large amplitude in a limit-cycle mode (Fig. 4.6), which may be accompanied by
spontaneous oscillatory motion of the hair bundle (Crawford and Fettiplace
1985; Howard and Hudspeth 1987; Martin and Hudspeth 1999; Martin et al.
2003). The importance of this mechanism in vivo is unknown but it is signifi-
cant that the resonance is most prominent in isolated preparations at reduced
Ca?* concentrations similar to those in endolymph (Ricci et al. 1998; Martin
and Hudspeth 1999).

Besides the two calcium-driven mechanisms discussed so far, other signals,
such as cyclic adenosine monophosphate (cAMP), may control the operating
position of the MET channel on a slower time scale. Perfusion of 8-Br-cAMP
shifted the I-X relationship along the displacement axis in the positive direction
with no effect on fast adaptation (Ricci and Fettiplace 1997; Géléoc and Corey
2001). A similar shift was produced by the phosphodiesterase inhibitor 3-
isobutyl-1-methylxanthine (IBMX), which elevates cAMP by preventing its
breakdown. Application of protein kinase A inhibitors H89 or RpcAMP had
the opposite effect in some cells (Géléoc and Corey 2001), suggesting that
cAMP acts through a protein kinase A that is constitutively active. Possible
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FIGURE 4.6. Spontaneous oscillations in the MET current of a turtle hair cell. The resting
current in the absence of hair bundle stimulation was quiescent in 2.8 mM Ca**, but
when the bundle was bathed in 0.35 mM Ca?* it became oscillatory at 26 Hz and in
0.07 mM Ca?* the oscillation frequency dropped to 8 Hz. The oscillations in the current
disappeared on returning to saline with 2.8 mM Ca>".



4. Mechanoelectrical Transduction in Auditory Hair Cells 173

targets for phosphorylation include the transducer channel or the myosin motor.
However, the large (0.5 pm) shifts in the /-X relation evoked by cAMP, and the
lack of effect on the fast adaptation are more consistent with an action on the
motor. Protein kinase A may in turn be activated by an ambient cAMP level
produced by ongoing activity of a calcium-calmodulin—activated type I adenyl
cyclase found in hair cells (Drescher et al. 1997). Stereociliary Ca?* would thus
also influence the activity of this cAMP pathway to regulate the set position of
the transducer channels.

4.3 Functions of Adaptation

The usual role of adaptation in sensory transduction is to preserve sensitivity
for small changes in stimulus occurring on a larger background. In the ear there
are adaptive processes peripheral to the hair cells that prevent large static dis-
placement being imposed on the cells, shielding them from overstimulation and
damage. For example, the helicotrema acts like a high-pass filter for sound
frequencies below 100 Hz (Franke and Dancer 1982; Cheatham and Dallos
2001). More precise control may be exerted at the hair cell level to maintain
the MET channels near their maximal sensitivity on the steepest slope of the I-X
relationship. But why have multiple processes of adaptation? One explanation
is that the slower myosin-based mechanism has a wider dynamic range to main-
tain tension in the tip links and orient the bundle to where the fast channel
mechanism can produce finer control at frequencies used by the auditory system.
In support of this notion, large (0.5 to 1 pm) shifts in the I-X relationship with
no effect on the fast adaptation time constant were seen after treatment with
phosphate analogs such as vanadate, which would block a myosin-based motor
(Yamoah and Gillespie 1996; Wu et al. 1999). In contrast the compensatory
range of fast adaptation may be no more than 0.1 wm, comparable to the chan-
nel’s dynamic range. Fast adaptation, with its small limits of adjustment and
its rapid kinetics, may have a more subtle function.

A possible clue to the role of fast adaptation comes from the turtle auditory
papilla, where the fast adaptation time constant (T,,) varies inversely with hair
cell characteristic frequency or CF (Ricci and Fettiplace 1997; Ricci et al. 1998).
Fast adaptation acts as a first-order high-pass filter whose corner frequency (2w
- TAp) ! is approximately two thirds of the CF. This implies that fast adaptation
may contribute to hair cell frequency selectivity, a notion reinforced by the
observation that under physiological conditions fast adaptation can display
under-damped resonance at frequencies in the turtle’s auditory range (Ricci et
al. 1998). In the mammalian cochlea, where the CFs are much higher than
those in the turtle, T, is correspondingly smaller with a value of approximately
100 us (Kennedy et al. 2003).

In the turtle cochlea the activation time constant of the MET channel also
changes with CF (Fettiplace et al. 2003); the kinetics of activation and fast
adaptation therefore bestow on transduction a variable band-pass filter matched
to the CF. To a first approximation, this filter consists of a first-order low-pass
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filter, attributable to the principal time constant of activation, and a first-order
high-pass filter produced by fast adaptation. It is important to note that the
tuning of the MET current in turtle hair cells does not require simultaneous
active motion of the hair bundle (see Section 5.2) because it occurs even when
the bundle is displacement clamped with a rigid stimulator. However, this trans-
duction filter is unlikely to be the major source of hair cell frequency selectivity
in the turtle, which instead stems from a sharply tuned electrical resonance
(Crawford and Fettiplace 1981). Electrical tuning is produced by combined
action of a voltage-dependent Ca?* channels and a Ca?>*-activated K™ channels
in the hair cell basolateral membrane (Art and Fettiplace 1987). The transduc-
tion filter may provide a mechanism for actively restricting the input bandwidth
to improve the signal-to-noise ratio of transduction within the frequency range
encoded by the hair cell. This must be done on a cycle-by-cycle basis and to
be optimal should therefore vary with CF. It has been previously argued (Bialek
1987; Block 1992) that using an active filter to restrict the stimulus bandwidth
is a way of extending the physical detection limits of sensory transduction in
the face of intrinsic thermal noise.

4.4 An Unconventional Myosin as the Motor for
Slow Adaptation

Since the original proposal that a myosin motor caused adaptation (Howard and
Hudspeth 1987), six myosin isoforms have been found in the inner ear and have
been localized to hair cells: myosin 1c, IIA, IIIA, VI, VIIA, and XV (Gillespie
et al. 1993; Hasson et al. 1997; Walsh et al. 2002; Belyantseva et al. 2003;
Mhatre et al. 2004; Rzadzinska et al. 2004; see Furness and Hackney, Chapter
3). Remarkably all appear vital for sensory function because mutations in their
genes cause progressive deafness and vestibular dysfunction (Petit et al. 2001;
Walsh et al. 2002; Donaudy et al. 2003). Several of these myosins may be
crucial for development and maintenance of the hair bundle structure and may
not therefore be directly involved in transducer function. However, there is
evidence for the adaptation motor being myosin lc (Gillespie et al. 2002; Gil-
lespie and Cyr 2004) or myosin VIIA (Kros et al. 2002). Myosin lc occurs
throughout the frog hair cell soma and the hair bundle (Metcalf 1998) but some
work shows it to be concentrated in the hair bundle at the two ends of the tip
link (Garcia et al. 1998; Steyger et al. 1998): in the osmiophilic plaque marking
its upper attachment point and at the tip of the stereocilium. Direct support for
the role of myosin lc in slow adaptation has come from introducing a point
mutation in its ATP-binding site to confer susceptibility to inhibition by certain
ADP analogues (Gillespie et al. 1999). Expression of the mutant myosin Ic in
mouse utricular hair cells rendered slow adaptation sensitive to block by the
ADP analogues introduced through the recording pipette (Holt et al. 2002). The
mutation did not alter slow adaptation in the absence of the inhibitor, nor was
fast adaptation affected even in the presence of the inhibitor, which accords with
other evidence for the lack of involvement of a myosin in fast adaption (Wu et
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al. 1999). Block of adaptation was not accompanied by a change in the resting
open probability or the position of the /-X relationship, an unexpected obser-
vation if myosin lc does indeed underlie the optimal positioning of the bundle
by slow adaptation; furthermore, the result differs from that seen with mutation
of myosin VIIA, where the [-X relationship is shifted positive.

Myosin VIIA is distributed along the entire length of the stereocilia and there
is no evidence for its accumulation at the stereociliary tips near the transduction
apparatus in contrast to myosin lc and myosin XV (Rzadzinska et al. 2004).
Nevertheless, mutation of myosin VIIA in shakerl mice caused a substantial
positive shift of the /-X relationship along the displacement axis so that the
MET channels were no longer poised to open at the bundle’s resting position
(Kros et al. 2002). However, the effects of the mutation on the response to a
maintained hair bundle displacement were inconsistent because adaptation was
barely evident in the wild type but it became more conspicuous in the mutant.
It is possible that adaptation in the control, because of its speed, was underes-
timated owing to the slowness of bundle deflection by the water jet stimulator,
but that adaptation in the mutant was sufficiently sluggish to be monitored faith-
fully. Other important consequences of myosin VIIA mutation included pro-
gressive disorganization of the hair bundle and reduction in its stiffness which
may have contributed to the effects on the MET currents (Kros et al. 2002).
Although both myosin 1c and VIIA may be important in optimizing transduc-
tion, their relative roles in setting the tension in the tip links are not well un-
derstood. Indeed it is not even known whether they operate together in the same
cell because myosin-1c has been studied exclusively in vestibular hair cells
whereas work on myosin VIIA has been confined to auditory hair cells.

A significant area of uncertainty in understanding myosin-based adaptation
lies in the regulation by intracellular Ca?* (Gillespie and Cyr 2004). Increased
tension in the tip link opens MET channels, thus elevating stereociliary calcium.
According to the current hypothesis, this must promote detachment of the my-
osin head from actin and its slippage down the stereocilium. Channel closure
by a slackening of the tip link and the ensuing drop in Ca?>* causes the myosin
to ascend the stereocilium. At first sight these effects seem opposite to what is
expected for Ca?* stimulation of myosin motility. Ca?* is known to regulate
the enzymatic and mechanical activities of myosin I by interaction with cal-
modulin (Zhu et al. 1998; Perrault-Micale et al. 2000). At low concentrations
Ca?* binds to calmodulins that are constitutively attached to myosin I, but high
concentrations of Ca>* cause dissociation of the calmodulins. The involvement
of calmodulin in hair cell adaptation is supported by the observation it is blocked
by calmodulin antagonists (Walker and Hudspeth 1996). When the MET chan-
nel is closed, the resting Ca?>* must be adequate to stimulate myosin to climb
the stereocilium. During positive bundle deflection, an increase in Ca?* with
MET channel opening promotes detachment of myosin from the actin filament.
This may occur either by dissociation of the calmodulin or by the recently
reported mechanism of shortening the lifetime of attachment of the myosin (Bat-
ters et al. 2004).
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5. Calcium in the Hair Bundle

5.1 Calcium Summation and the Time Constant of
Fast Adaptation

There are various conditions under which the time constant of fast adaptation,
Tap and the amplitude of the MET current are inversely correlated. For example,
hair cells tuned to higher frequencies have on average larger MET currents and
faster adaptation than those tuned to lower frequencies (Fig. 4.7; Ricci and
Fettiplace 1997). Even at one cochlear location, different hair cells show a range
of current sizes with a corresponding variation in T,; (Ricci and Fettiplace 1997,
Kennedy et al. 2003). Reducing the MET current in a single hair cell by par-
tially blocking the channels with streptomycin also slows adaptation (Ricci
2002), often to the point where it disappears (Kimitsuki and Ohmori 1993).
These collected observations could be explained if the differences in t,; arise at
least partly from a variation in the Ca?* influx, which in turn depends on the
magnitude of the MET current. The adaptation rate (t,,) "' has been shown to
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FIGURE 4.7. Variation of maximum MET current and time constant of fast adaptation
with hair cell location in the turtle cochlea. (A) Maximum MET current ({,,,.), measured
at —80 mV holding potential, is plotted against the relative distance of the hair cell along
the cochlea for 171 cells. The straight line was calculated from the single-channel conduc-
tance data (Fig. 4.4C) assuming one channel/stereocilium with the number of stereocilia
per bundle increasing from 60 at the low-frequency end to 90 at the high-frequency end
(Hackney et al. 1993). (B) Time constant of fast adaptation (t,;) plotted against relative
distance of the hair cell along the cochlea for 83 hair cells. In both (A) and (B), the distance
of the cell from the apical (low-frequency) end of the cochlea was normalized to the total
length of the cochlea (approximately 830 w). All measurements were made in saline con-
taining 2.8 mM Ca>*. Smooth curve in (B) is a fit given by: T,; = 5.7 - exp(—d/0.4), where
d = distance of the hair cell along the cochlea.
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increase in proportion to the amount of Ca?>* entering the hair bundle (Ricci and
Fettiplace 1998). A larger Ca>* influx will produce a higher stereociliary Ca>*
concentration, which will accelerate adaptation. This sequence of events as-
sumes that the intracellular Ca?* concentration is raised by the summation of
Ca?" originating from multiple MET channels (Ricci and Fettiplace 1997; Ricci
2002). However, summation must occur within each stereocilium because in-
teraction between channels located at the tips of neighboring stereocilia will not
occur sufficiently rapidly to affect adaptation. For example, the time required
for Ca>" to diffuse along a single 4-um stereocilium is 20 milliseconds assuming
a Ca?* diffusion coefficient of 400 um? - s~!. The Ca** concentration will also
be attenuated along the stereocilium, thus diminishing its signaling capacity, as
a consequence of binding to cytoplasmic proteins and extrusion by the Ca?**
pump in the stereociliary membrane (Yamoah et al. 1998).

It has been generally acknowledged that there are only a few MET channels
(fewer than five) per stereocilium (Ohmori 1985; Holton and Hudspeth 1986;
Howard and Hudspeth 1987; Denk et al. 1995; Ricci and Fettiplace 1997), but
are these sufficient to produce a large enough range of values of t,;? The
number of channels per stereocilium has been estimated in turtle auditory hair
cell from the single-channel conductance and the maximum size of the macro-
scopic transduction current, both of which increase with CFE. If the MET chan-
nels are uniformly distributed across the bundle, each stereocilium possesses
between one and two channels regardless of hair cell CF (Ricci et al. 2003). A
combined increase with CF in the stereociliary complement (Hackney et al.
1993) and single-channel conductance (Fig. 4.4) produces a several-fold increase
in the peak amplitude of the macroscopic MET current from the low- to high-
frequency ends of the turtle cochlea (Fig 4.7). Therefore Ca?>" summation in
each stereocilium occurs between at most two channels, which cannot account
for the range of time constants. Instead the tonotopic gradient in T,, must be
largely explicable by variations in single-channel properties. Adaptation was
evident in the ensemble averages of single-channel activity (Fig. 4.4), arguing
that there is sufficient Ca?>" entering through a single channel to elicit adaptation.
The fast adaptation time constant extractable from single-channel records
showed a similar range to that seen in macroscopic (multichannel) currents and
also varied similarly with CF (Ricci et al. 2003). Thus the increase in the rate
of fast adaptation with hair cell CF may be largely attributable to an increase
in channel size: doubling the channel conductance doubles the amount of Ca**
entering and thus halves the adaptation time constant.

Cochlear gradients in other properties of the MET channel could also con-
tribute to the tonotopic variation in T, Spectral analysis of MET current noise
has suggested a difference in channel kinetics between high- and low-frequency
hair cells (Ricci 2002). This difference is endorsed by measurements of acti-
vation kinetics obtained by fitting the onset of the MET current in response to
rapid bundle deflections (Fettiplace et al. 2003). Speeding up the activation and
deactivation kinetics of the channel might produce additional acceleration of
adaptation rate over that realizable by changes in single-channel conductance.
Altering the calcium sensitivity of the MET channel (as occurs with the Ca?*-
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activated K* channel; Jones et al. 1999) is another possible source of variability.
However, there is no evidence that the tonotopic gradient in channel conductance
is accompanied by a concomitant augmentation of Ca** permeability, which
would theoretically speed up adaptation (Ricci 2002).

If there are at most two channels per stereocilium, it is less easy to understand
why 1, is inversely correlated with the maximum MET current at a one cochlear
location. In both turtle and rat, a fivefold reduction in the amplitude of the MET
current is associated with an almost equivalent slowing of the adaptation time
constant (Ricci and Fettiplace 1997; Kennedy et al. 2003). MET currents
smaller than normal in an excised preparation are often attributed to mechanical
trauma to the bundle causing destruction of tip links. Loss of one of the two
channels per stereocilium could at most double T, but much larger variations
in time constant are seen. This suggests that the residual channels in a damaged
bundle have a reduced conductance compared to that in healthy intact bundles.
It is possible that one consequence of hair cell injury is raised intracellular Ca**
which might lead, directly or indirectly, to a modification or block of the MET
channels, thus accounting for the correlation between maximum current and T,;.
It is important therefore to understand the factors that contribute to hair cell
calcium balance.

5.2 Calcium Homeostasis in the Stereocilia

The free Ca?>* in the stereocilia is a crucial parameter in regulating mechano-
transduction. By affecting adaptation, it sets the position of the bundle and the
open probability at rest; it also speeds up the kinetics of both activation and
adaptation of the MET channels (Ricci et al. 1998; Fettiplace et al. 2003); it
may control phosphorylation of stereociliary proteins by direct or indirect (via
cAMP) activation of protein kinases; and it may influence tip link regeneration
(Zhao et al. 1996). Under conditions where the MET current is oscillatory (Figs.
4.5 and 4.6) free Ca?* will determine the resonant frequency. Stereociliary Ca**
concentration is determined mainly by the balance between influx through the
MET channels and extrusion via plasma membrane Ca?>"-ATPase pumps (Tucker
and Fettiplace 1995; Yamoah et al. 1998). Other factors that modify the mag-
nitude and time course of calcium transients include buffering by proteins such
as calbindin-D28k and parvalbumin-f§ (Hiel et al. 2001; Heller et al. 2002; Hack-
ney et al. 2003) that may be present at near millimolar concentrations.
Stereociliary Ca?* concentration may reach several hundred micromolar
around the MET channel during its opening (Ricci et al. 1998; Fig. 4.9) which
places a burden on the Ca?* pump to aid with its removal. Hair bundles of both
frogs and rats express exclusively the PMCAZ2a isoform of the Ca** pump, which
differs from the PMCA 1 isoform localized to the basolateral membrane (Dumont
et al. 2001). Mutation of the PMCA?2 in the deaf waddler mouse causes deaf-
ness and balance defect which attests to the importance of the extrusion by the
hair bundle pump (Street et al. 1998; Kozel et al. 1998). Furthermore, PMCA2*/~
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heterozygotes show an increased susceptibility to noise-induced hearing loss
(Kozel et al. 2002). Thus Ca*" loading may be an important factor that influ-
ences transducer performance. Because of adaptation, the MET channels remain
closed for a significant period of time after a single large stimulus and the resting
open probability returns to its initial level with a time course that parallels the
recovery of sensitivity (Fig. 4.8). These slow recoveries, which can take several
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FIGURE 4.8. Effects of the interval between two stimuli to the hair bundle on the MET
current. (A) A large conditioning stimulus, 20 ms duration, was followed by a smaller
test stimulus delivered with a variable delay. The arrows indicate the time of onset of
the test stimuli, the responses to which are superimposed. (B) An initial conditioning
stimulus, 100 ms duration, was followed by an identical test stimulus delivered with a
variable delay. Interpulse intervals of more than 0.8 s are needed for the recovery from
the effects of the first pulse. Note that in both (A) and (B), with short interpulse intervals,
the peak current and the time course and extent of adaptation for the second stimulus
are reduced. The time course of recovery from the initial stimulus is slower in (B) owing
to the larger Ca?>" load. Both recordings were in 2.8 mM external Ca?*, 1 mM intracel-
lular BAPTA.
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hundred milliseconds, are probably limited by the clearance of Ca?>* from the
stereocilia following its accumulation during the initial stimulus rather than by
the kinetics of adaptation. In accord with this hypothesis, when the conditioning
step is lengthened so increasing the Ca?* load, the recovery time is markedly
prolonged to close to 1 second (Fig. 4.8B).

The importance of the Ca?>*-ATPase in this recovery process can be appre-
ciated from models that explore the calcium homeostasis in the stereocilia. Fig-
ure 4.9 shows calculations of the open probability of the transducer channels
during a repetitive stimulus using the model of mechanotransduction described
in Wu et al. (1999). The model also displays the local concentrations of free
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FIGURE 4.9. Effects of Ca®" extrusion rate on the time course of recovery of theoretical
responses to a maximal stimulus. (A) A conditioning 1-um displacement step, 20 ms
duration, was followed by a series of 0.4 wm test stimuli at 70-ms repetition intervals.
The traces give the hair bundle displacement, open probability of MET channels (P,.,),
and the concentrations of Ca?>* and BAPTA measured 20 nm from the channel. Density
of Ca?>"-ATPase pumps, 2000 um~2. (B) Same calculations as in (A) except that the
Ca?*-ATPase pump density was increased to 20,000 um~2. Note that in (A), although
the responses have apparently recovered, the BAPTA remains depleted near the channel.
2.8 mM external Ca*>*. Total intracellular calcium buffer was 1 mM BAPTA. For details
of computation see Wu et al. (1999).
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Ca?>*" and the calcium buffer (BAPTA) and incorporates the fast calcium-
controlled adaptation mechanism. After the first large stimulus, the Ca** con-
centration close to the channel approached 0.4 mM, and took more than 100 ms
to return to its resting level. Subsequent test stimuli during the recovery evoked
smaller transducer responses and Ca?* excursions. It is important to note that
the calcium buffer remained depleted throughout the entire period even when
the response had reached a steady state. The calcium buffer acts as a large sink
and although a quasi-steady state was attained, the stereocilia were still effec-
tively Ca**-loaded. Regeneration of free buffer can occur only by extruding
Ca?* from the cell. Recovery of the responses and restoration of the free buffer
was accelerated by a 10-fold increase in the density of Ca?>"-ATPase pumps
from a standard value of 2000/um? (Ricci and Fettiplace 1998; Yamoah et al.
1998). The effect of pump density was evaluated for a single location in the
cochlea corresponding to a particular Ca>* flux per channel. If the MET channel
conductance and with it the Ca?* influx per stereocilium increases with CF, an
accompanying increase in the number of Ca?>"-ATPase pumps per stereocilium
might be expected to handle the larger Ca>* load.

These simulations attest to the importance of the long-term calcium balance
in the stereocilia for optimizing the sensitivity of the transduction process. Fail-
ure to extrude the Ca?* accumulated in the hair bundle during intense or frequent
stimulation may be an important factor in accounting for the threshold shifts
and hearing loss known to result from acoustic over stimulation (Saunders et al.
1991; Fridberger et al. 1998).

6. Mechanical Properties of the Hair Bundle

6.1 Passive and Active Components of Hair Bundle
Compliance

Hair cells are stimulated in vivo by a force produced by lateral motion of the
overlying gelatinous membrane, the tectorial or otolithic membranes, which
causes the hair bundle to rock about its insertion into the top of the cell. The
displacement caused by a given force stimulus depends on the compliance of
the hair bundle. This compliance has been measured in isolated preparations
by delivering calibrated force stimuli, with a glass fiber more flexible than the
bundle (Strelioff and Flock 1984; Crawford and Fettiplace 1985; Howard and
Ashmore 1986; Howard and Hudspeth 1987), or a water jet (Szymko et al. 1992;
Géléoc et al. 1997). The forces delivered with the water jet were estimated from
the viscous force on an idealized geometrical shape resembling the bundle, and
are therefore less well defined than using the flexible fiber. The ensuing motion
of the bundle was usually inferred from the change in photocurrent as the
shadow of the bundle or the attached fiber traversed a photodiode array (Craw-
ford and Fettiplace 1985; Denk and Webb 1992). Such measurements have
shown that the bundle compliance is nonlinear (Fig. 4.10) and has both passive



182 R. Fettiplace and A.J. Ricci

A 06—

0.4
s
&,
8 0.2
o
|,
0.0 —
-0.2 —
I A A R MG
0 40 80
B 10- - 20
w
08 15§-
< 06 @
=z E3
o {— =
g2 04 103
8 (%]
_ | - 3
0.2 5 3
3
0.0 =
- 0

0 40 80
Displacement (nm)

FIGURE 4.10. Nonlinear compliance of the stereociliary bundle of a turtle hair cell. (A)
The force—displacement relationship (fop) and the current—displacement relationship (bot-
tom, filled circles) were derived from measuring the displacement of the hair bundle and
the MET current evoked by a force step of the hair bundle delivered with a flexible glass
fiber. Note that the force—displacement relationship is nonlinear with a reduction in slope
stiffness over the range where the MET channels are gated (Eq. [4.3]). (B) Differentiating
the force—displacement results gives the hair bundle slope stiffness which is plotted
against displacement (bottom, open circles).

and active components (Howard and Hudspeth 1988; Russell et al. 1992; van
Netten and Kros 2000; Ricci et al. 2002). The passive component is attributable
to the flexibility of the stereociliary ankles, the interciliary connections, and the
gating springs. The active component, termed the “gating compliance” (Howard
and Hudspeth 1988), is linked to the opening and closing of the MET channels.
The contributions of the components are described by the gating-spring model
(Howard and Hudspeth 1988; Markin and Hudspeth 1995; van Netten and Kros
2000) which predicts a relationship between the force, Fy, applied to the bundle
and X, the bundle displacement given by:

Fy =X K — Nz-po + F, (4.3)



4. Mechanoelectrical Transduction in Auditory Hair Cells 183

where K| is the passive linear stiffness, p, is the probability of opening of the
N transducer channels, and z is the gating force per channel. F, is a constant
to make F, zero at the bundle’s resting position and is presumably generated
by the motors tensioning the tip links.

The passive stiffness, K, in Eq. (4.3), is contributed by the parallel combi-
nation of the stereociliary pivots, interciliarly links and gating springs (Pickles
1993). In most preparations, K, is 0.5 to 1 mN - m~! (Crawford and Fettiplace
1985; Howard and Ashmore 1986; Howard and Hudspeth 1987; Szymko et al.
1992; Russell et al. 1992) measured at the tip of 6 um-tall hair bundles. The
passive stiffness varies directly with the number of stereocilia and inversely with
the square of their maximum height (Crawford and Fettiplace 1985; Howard
and Ashmore 1986). Thus smaller hair bundles, such as those in the basal turn
of the mammalian cochlea, will have a larger stiffness than those in the apical
turn (Strelioff and Flock 1984). Since K| includes a contribution from the gating
springs connected to the active channels, it is larger in cells with more functional
channels. Recent measurements on hair cells with large MET currents that may
approximate those in vivo gave stiffnesses of 3 to 5 mN - m™! in mouse (Géléoc
et al. 1997) and turtle (Ricci et al. 2002). Destruction of the tip links, and hence
loss of the gating springs, by treatment with low-calcium BAPTA, reduced frog
hair bundle stiffness by about 30% (Jaramillo and Hudspeth 1993). The relative
bundle stiffness contributed by the gating springs represents the fraction of work
done in deflecting the bundle that is funneled into the gating springs to open
the channels. In cells with increased bundle stiffness attributable to more intact
gating springs and channels, this fraction is likely to be even higher, implying
that the stimulus energy is very efficiently coupled to the MET channel.

The negative term in Eq. (4.3) embodies an active component in the bundle
stiffness. The effect of channel gating is to generate a force in the same direction
as the imposed displacement, thus effectively lowering bundle stiffness. The
stiffness of the hair bundle is therefore nonlinear, and it decreases as the channels
open, reaches a minimum when the probability of opening is approximately 0.5,
and then increases again at larger open probabilities (Howard and Hudspeth
1988; Fig. 4.10). The relative magnitudes of the passive and active components
determine the extent of the nonlinearity. For some hair bundles, the passive
compliance is much larger than the active one and so the bundle approximates
a simple spring (van Netten and Kros 2000). For others, the stiffness is dom-
inated by the active component to the extent that over the central range of
channel gating, the stiffness can become negative. This property had been linked
to spontaneous oscillations of the bundle (Martin et al. 2000). The more usual
behavior lies somewhere between these extremes with the active component
supplying about half the total stiffness of the bundle (Howard and Hudspeth
1988; Russell et al. 1992; Ricci et al. 2002). Whenever there is a substantial
active component, factors that affect the probability of opening of the MET
channels, such as adaptation, will alter compliance of the hair bundle and may
cause it to move. This is termed “active movement” because it is powered by
energy supplied from the hair cell. Adaptation is driven by the influx of Ca**
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and its interaction with the MET channels, and a source of energy for the active
bundle motion derives from the large (up to 1000-fold) gradient in Ca?* con-
centration across the stereociliary membrane.

6.2 Active Hair Bundle Movements

There are three manifestations of active hair bundle movements: (1) spontaneous
periodic motion of free-standing bundles; (2) nonlinear responses of the bundle
to force stimuli delivered with a compliant probe; (3) bundle displacements to
voltage steps which depolarize the hair cell positive to 0 mV. Spontaneous
oscillations occur with amplitudes up to 50 nm, greater than those expected for
Brownian motion of the bundle, and at frequencies of 5 to 50 Hz (Crawford and
Fettiplace 1985; Denk and Webb 1992; Martin and Hudspeth 1999; Martin et
al. 2003). Their under-damped nature and low frequency make it unlikely that
they arise from a passive bundle resonance (Crawford and Fettiplace 1985) and
they provide the most convincing evidence for an active process (Martin and
Hudspeth 1999). Like the oscillatory transducer currents (Figs. 4.5 and 4.6),
they are exaggerated when the hair bundles are bathed in artificial endolymph
with low Ca?* concentrations similar to those in vivo (Martin and Hudspeth
1999). Active bundle movements can also be elicited by mechanical or electrical
stimuli. The connection between these two manipulations is the intracellular
Ca?" concentration, which is reduced by displacements of the hair bundle toward
its shorter edge or by closing off Ca?* influx through the MET channels by
depolarization to the Ca** equilibrium potential. The evoked movements can
be classified according to their polarity and kinetics, which match those of fast
and slow adaptation. For an increase in stereociliary calcium, the fast movement
is in the negative direction (toward the short edge of the bundle) and therefore
opposes applied deflection of the bundle, whereas the slow movement is in the
positive direction and reinforces the applied deflection. The fast active response
(Fig. 4.11) is complete in a few milliseconds (Crawford and Fettiplace 1985;
Benser et al. 1996; Ricci et al. 2000), but the slow response can extend from
10 to 100 ms (Howard and Hudspeth 1987; Assad and Corey 1992).

The slow movement is probably a consequence of the operation of the
myosin-based motor proposed to regulate tip link tension and slow adaptation
(Assad and Corey 1992). Thus during a positive force stimulus to the bundle,
the increase in tip link tension initially opens the channel, but slipping of the
upper attachment point of the link increases the compliance, causing further
displacement of the bundle. The fast movement, a recoil that opposes the stim-
ulus, is synchronous with the channel closure attributed to fast adaptation (Ricci
et al. 2000). As with fast adaptation, the time constant of the fast recoil in turtle
auditory hair cells varies with cochlear location, and hence CF of the cell (Fig.
4.11). A plausible mechanism is a shift along the displacement axis of the active
component of the bundle compliance as the channel adapts (Fig. 4.12; Ricci et
al. 2000). The fast bundle movements, similar to fast adaptation, are slowed by
reducing extracellular Ca*>*. Counterparts of these active movements are also
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FIGURE 4.11. Active hair bundle motion linked to fast adaptation in a turtle hair cell.
(A) Hair bundle was stimulated with a 40 pN force step (fop) delivered with a flexible
glass fiber that produced an MET current (middle) with time course resembling the bundle
displacement (bottom). The bundle displacement showed a decline (or recoil) that could
be fitted with a single time constant T(movement) that was virtually identical to the time
constant of fast adaptation. (B) Time constant of decay of displacement transient,
T(movement), for 16 cells is plotted against fractional distance of hair cell from the low-
frequency end (d). Smooth line calculated from tonotopic variation in time constant of
fast adaptation with cochlear location (Fig. 4.7B): t(movement) = 5.7 exp(—d/0.37).

seen during depolarizing voltage steps, which can produce a slow deflection of
the hair bundle toward its shorter edge (Assad et al. 1989) or a fast displacement
toward its taller edge (Ricci et al. 2000). The relative prominence of these two,
as with adaptation, differs in frog vestibular hair cells and turtle auditory hair
cells but both polarities of movement may occur, depending on the conditions,
in the same cell. Thus in turtle hair cells, depolarization normally evokes a fast
positive motion of the bundle, but the response is slowed and reverses polarity
when a sustained positive bias is imposed on the bundle (Ricci et al. 2002).

6.3 Role of Active Bundle Movements and Cochlear
Amplification

The significance of the active bundle movements in transduction is not fully
understood. They could simply be an epiphenomenon, resulting from instabil-
ities in an adaptation mechanism the primary role of which is to adjust the
mechanical input and thereby set the working point of a mechanically sensitive
channel. Alternatively they might sum with the forces of the external stimulus
providing amplification to enhance the signal-to-noise ratio of transduction es-
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FIGURE 4.12. A model for the effects of intracellular Ca?* on hair bundle mechanics.
(A) Probability of opening of MET channels with bundle displacement in different in-
tracellular Ca?* concentrations. The relationship under resting conditions is indicated by
the dashed curve. The curve is shifted to the right with an increase in intracellular
calcium (+Ca) as occurs during adaptation to positive steps; the curve is shifted to the
left with a decrease in intracellular calcium (—Ca) as occurs during depolarization or
reduction in external Ca?*. (B) Displacement—force relationship of the hair bundle de-
pends on the state of the channels. If all the channels are fixed closed or open, the plot
is linear with a slope reflecting the compliance of the stereociliary pivots, ciliary links,
and gating springs (Eq. [4.3]). However, the channels are free to open with displacement
producing the dashed curve under resting conditions. Because of the effects in (A), an
increase (+Ca) or decrease (—Ca) in Ca?* shifts the inflection in the displacement—force
relationship. Thus if the bundle is subject to a force step, F, the bundle initially moves
along the dashed curve, but as Ca?>" enters and binds to the channel (+Ca), there is a
reduction in the displacement (Ax) reflecting channel closure.

pecially near threshold (Hudspeth 1997; Fettiplace et al. 2001). Amplification
has been demonstrated by active motion of individual hair bundles in isolated
epithelia (Crawford and Fettiplace 1985; Martin and Hudspeth 1999), but in the
intact inner ear, the hair bundles are restrained by attachment to a tectorial (or
otolithic) membrane. For active bundle movement to fulfill a physiological role,
the hair bundles must contribute significantly to cochlear mechanics, and the
size and speed of the forces produced by the active process must be comparable
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to those of the external physiological stimulus. In the frog saccule, the stiffness
of the otolithic membrane is determined largely by the stiffness of the hair
bundles to which it is coupled and therefore much of the stimulus energy goes
into deflecting the hair bundle (Benser et al. 1993). Consequently, stiffness
changes or active motion of the bundle must affect the mechanics of the entire
organ. No equivalent measurements have been performed for the cochlea,
though available values suggest that the basilar membrane is stiffer than the hair
bundles (Kolston 1999; Dallos 2003).

Evidence of a mechanical output from cochlear hair cells is available in the
form of otoacoustic emissions. Such emissions, where the external ear radiates
sound energy (Kemp 1978), have been recorded in sub-mammalian vertebrates
(frogs, lizards and birds; reviewed in Koppl 1995; Manley 2001) as well as
mammals (Probst et al. 1991). Otoacoustic emissions can be measured under
conditions similar to those where active hair bundle motion is found: they can
occur spontaneously, or they can be evoked by acoustic or electrical stimulation.
The combined results of electrical and acoustic stimulation have provided strong
evidence for the active involvement of the hair cells in generating otoacoustic
emissions in mammals (Mountain and Hubbard 1989; Ren and Nuttall 1996;
Yates and Kirk 1998). The interaction between electrical and acoustic stimuli
in the bobtail lizard, which has rows of hair cells with oppositely oriented hair
bundles, argues that emissions in that animal originate from motion of the bundle
(Manley et al. 2001).

The narrow-band nature of spontaneous otoacoustic emissions is reminiscent
of the spontaneous periodic motion of hair bundles, but there is a significant
discrepancy in the frequency ranges of the two phenomena. Spontaneous oto-
acoustic emissions occur at frequencies within the audible range of the animal,
from a minimum of approximately 600 Hz in frogs (van Dijk et al. 1996) to
approximately 60 kHz in certain mammals (Kossl 1994), but the highest fre-
quency reported for spontaneous bundle motion is less than 100 Hz. In the
mammalian cochlea, it is not even established that the otoacoustic emissions are
the product of a local hair cell oscillator, rather than the global properties of the
cochlear duct (Shera 2003). A causal link between narrow-band otoacoustic
emissions and hair bundle oscillations would be greatly strengthened by the
demonstration of spontaneous bundle motion in the kilohertz range of a mam-
malian preparation. Amplification at such high frequencies, if present, is most
likely to involve the fast active process mediated by Ca?* binding directly to
the transducer channels. This mechanism can provide both under-damped res-
onance and amplification, and generate a range of resonant frequencies depend-
ing on the feedback parameters, such as the Ca?* influx and the number of MET
channels. In the turtle, damped oscillations of the transducer current were ob-
served at frequencies between 58 and 230 Hz (Ricci et al. 1998), and damped
oscillations in bundle motion were seen at 31 to 171 Hz (Crawford and Fettiplace
1985). Both are within the auditory range of the animal (20 to 600 Hz).
Damped oscillations of a hair bundle in the chick cochlea have been reported
at a frequency of 235 Hz (Hudspeth et al. 2000), also within the auditory range
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of that animal. Spontaneous oscillations of hair bundles could be entrained up
to 300 Hz or more by delivering sinusoidal electrical currents across the frog
saccular epithelium (Bosovic and Hudspeth 2003). This response was linked to
hair cell transduction since it disappeared on blocking the MET channels with
gentamycin.

Despite theoretical arguments, there is no direct evidence that an active me-
chanical process in the hair bundle is employed to tune hair cell responses in
any auditory end organ. In many sub-mammalian vertebrates, including the
turtle, sufficient frequency selectivity is available from an electrical tuning mech-
anism (Crawford and Fettiplace 1981; Fettiplace and Fuchs 1999). By contrast,
in the mammalian cochlea augmentation of the intrinsic mechanical tuning of
the basilar membrane has been largely attributed to the contractile behavior of
the outer hair cells (Brownell et al. 1985: Ashmore 1987), which is mediated
by prestin (Zheng et al. 2000). The best case in support of a role for hair bundle
amplification has been made for the abneurally placed short hair cells of the
avian cochlea, which by their position and sparse afferent innervation resemble
outer hair cells of the mammalian cochlea. It has been proposed that their
function, similar to that of the outer hair cells, is to amplify the vibrations of
the tectorial membrane and thereby modify the input to the tall (inner) hair cells
that contact the majority of the afferent nerve fibers (Koppl et al. 2000). The
attachment of the short hair cells to adjacent supporting cells effectively pre-
cludes contractions of their cell body as envisioned for outer hair cells, and force
generation by the hair bundle is the more attractive proposition. Although tall
avian hair cells possess electrical tuning (Fuchs et al. 1988), this mechanism
may not operate up to the highest frequencies of 5 to 10 kHz of bird hearing
(Fettiplace and Fuchs 1999). Modeling of the amplification produced by Ca?*
binding to the transducer channel has suggested that with the distribution of
avian hair bundle morphologies resonant frequencies from 0.05 to 5 kHz might
be achievable (Choe et al. 1998). In the model the resonant frequency is partly
dictated by the number of stereocilia per bundle, which increases from 50 to
300 from the low-frequency to high-frequency end of the chick cochlea (Tilney
and Saunders 1983).

7. Mechanotransduction in the Mammalian Cochlea

7.1 Properties of Mammalian Mechanotransducer Channels

The current view of hair cell transduction is largely formulated from experiments
on sub-mammalian vertebrates where it has been possible to combine recordings
of electrical activity in individual cells with direct manipulation of the hair
bundle. Understanding auditory transduction in the mammalian cochlea is the
ultimate goal of much hair cell research, however, and it is essential to examine
the generality of the conclusions because of their relevance to constructing coch-
lear models that incorporate realistic hair cell properties (Nobili and Mammano
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1993; Kolston 1999; Dallos 2003). The introduction of an isolated neonatal
mouse cochlea (Russell and Richardson 1987) allowed repetition of many of the
experiments already performed on sub-mammalian vertebrates. These demon-
strated a high sensitivity for hair bundle displacements toward the tallest row of
stereocilia, and a nonselective cationic transducer conductance up to 9 nS, as
large as any previously measured (Russell and Richardson 1987; Kros et al.
1992; Géléoc et al. 1997). The transducer conductance is composed of single
channels with unitary amplitude of 112 pS (Géléoc et al. 1997), and is blocked
by aminoglycoside antibiotics (Kros et al. 1992) and amiloride (Riisch et al.
1994). Recordings in mouse hair cells also showed evidence of the fast adap-
tation mechanisms seen in lower vertebrates (Kros et al. 1992). Experiments
using a rapid piezoelectric stimulator to deflect the hair bundles of rat outer hair
cells have shown sub-millisecond adaptation kinetics even at room temperature
(Fig. 4.13; Kennedy et al. 2003). As in the turtle, this fast adaptation was Ca?*
dependent. Correcting T,, to in vivo conditions of endolymph composition and
higher body temperature predicted adaptation time constants of approximately
50 us, which fits with the high CF of the hair cells studied (Kennedy et al.
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FIGURE 4.13. Hair cell transduction in the mammalian cochlea. (A) Average MET cur-
rents recorded from an outer hair cell from a P7 rat in response to hair bundle deflections
(Ax) evoked with a fast piezoelectric actuator. Note the predominance of fast adaptation,
but otherwise the currents resemble those seen in turtle hair cells. (B) Current—displace-
ment relationship, which has been fitted with Eq. (4.1): I = [, /[1 + {exp(a - (X, —
XN}, where I, = 1 nA, a = 22.2 um™!, and X, = 0.12 um. (C) Current onsets on a
faster time scale, showing that current activation is sufficiently fast to be limited by the
stimulus rise time, and that fast adaptation occurs with a time constant of 0.2 ms. Hold-
ing potential —84 mV, temperature 22°C, and extracellular Ca>* 2.8 mM.
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2003). These results indicate that the MET channels in mammalian auditory
hair cells display the same characteristics as those in sub-mammalian hair cells,
although their kinetics may be faster for processing the higher sound frequencies.

A drawback of the mouse experiments is that they employ neonatal prepa-
rations up to about 10 days of age, prior to the onset of hearing which occurs
between postnatal days 12 and 14. Extending the age at which a rodent prep-
aration can be isolated and still transduce has proved difficult, possibly because
of alterations in cochlear anatomy or increased mechanical sensitivity of the hair
cells at maturation. Some of the vulnerability may reflect changes in expression
of a number of proteins that occur at this point in development. For example,
in outer hair cells, both the KCNQ4 potassium channel (Kharkovets et al. 2000;
Marcotti and Kros 1999) and the motor protein, prestin (Belyantseva et al. 2000),
are up-regulated at a time coinciding with the emergence of electomotility. It
is important to know whether there are concurrent changes in the number or
properties (e.g., kinetics, adaptation, subunit composition) of the MET channels.
Recent observations in neonatal rat outer hair cells failed to find any major
change in the magnitude of the MET current or in the time constant of adaptation
as the cochlea matured through the onset of hearing (Kennedy et al. 2003).
More extensive measurements in adults are still needed to verify this conclusion,
however. Another point of comparison with the turtle is whether there is an
increase in the number of channels per hair cell toward the high-frequency end
of the mammalian cochlea. A gradient in hair cell transduction has been as-
sumed in some cochlear models (Nobili and Mammano 1996). Recordings from
outer hair cells in a novel gerbil hemicochlea preparation during vibration of
the intact basilar membrane have found large MET currents whose amplitude
and sensitivity increase with more basal high-frequency locations (He et al.
2004). These changes may stem from increases in the number of stereocilia per
bundle and size and number of MET channels, as in the turtle. Preliminary
measurements at multiple locations in the rat cochlea have also confirmed that
more basal outer hair cells have larger currents and correspondingly faster ad-
aptation time constants (Ricci et al. 2005).

It is known that there are positional gradients of K™ currents in outer hair
cells (Mammano and Ashmore 1996) with I, the current that flows through
ion channels containing the KCNQ4 subunit (Marcotti and Kros 1999), increas-
ing toward the basal turn of the guinea pig cochlea. One hypothesis for the
function of I, is that it is an exit route for K* ions that have entered the outer
hair cells through the MET channels. It may therefore be part of the pathway
for recycling K™ back to the endolymphatic space (Kikuchi et al. 2000). The
tonotopic gradient in I, would be consistent with an increased K™ loading in
the high-frequency cells resulting from a larger MET current.

7.2 Hair Bundle Mechanics and Active Bundle Movements

The properties of mammalian hair bundles are important for the part they might
play in cochlear mechanics, contributing to the passive stiffness of the cochlear
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partition and generating force as part of the cochlear amplifier. Several mea-
surements on rodent inner and outer hair cells have given passive stiffness val-
ues of 1 to 10 mN - m™' at the tip of the bundle (Strelioff and Flock 1984;
Russell et al. 1992; Géléoc et al. 1997; Langer et al. 2001). The mechanics of
mammalian hair bundles, like those of sub-mammalian vertebrates, show signs
of a nonlinear stiffness attributable to the gating of the MET channels (Russell
et al. 1992; van Netten and Kros 2000). However, there is no evidence so far
that such nonlinearity is accompanied by fast active movements of the hair bun-
dle such as those seen in turtle and bullfrog. Even if they did occur, it is not
clear that compared to the somatic contractility of outer hair cells they are an
important component of the mechanical feed back that underlies the cochlear
amplifier.

The relative benefits of mechanical amplification by active motion of the hair
bundle (“bundle amplifier”) compared to the cell body (“somatic amplifier”)
have been recently summarized (Fettiplace and Fuchs 1999; Robles and Rug-
gero 2001). Three points of comparison are the amount of force that each de-
velops, the speed of the movements, and their potential for frequency
selectivity. The maximum force produced by the somatic amplifier is at least
10 times larger than that produced by the bundle amplifier, assuming that the
cell’s complement of MET channels is similar to turtle auditory hair cells (Fet-
tiplace et al. 2001). However, recent measurements in the semi-intact gerbil
cochlea have indicated that the MET currents are significantly larger than pre-
viously thought (He et al. 2004). The force produced by the bundle amplifier
will increase with the number of MET channels, which may be more numerous
in adult mammalian outer hair cells than in sub-mammalian vertebrates. A re-
curring criticism of a voltage-controlled somatic amplifier is the low-pass fil-
tering by the membrane time constant, which will attenuate the receptor
potential above 1 kHz (Santos-Sacchi 1992; Preyer et al. 1996). The decline in
sensitivity imposed by the membrane time constant may be partially offset by
the increase in amplitude of the MET current with CF of mammalian outer hair
cells. The bundle amplifier, in contrast, is driven by the MET current, which is
expected to be wideband and limited only by the kinetics of the transducer
channels. A third factor is the frequency selectivity of the amplifier. For coch-
lear models to produce realistically sharp tuning, the active mechanical feed-
back from the outer hair cells must occur in a frequency-selective manner to
ensure it supplies force at the appropriate phase of basilar membrane vibration
(Neely and Kim 1983; Geisler and Sang 1995; Nobili and Mammano 1996).
The required tuning has been postulated as a mechanical resonance in the tec-
torial membrane but it could equally reside in the outer hair cells. There is no
evidence that the “somatic amplifier” is frequency selective but the bundle am-
plifier, if it operates as in the turtle cochlea, will possess frequency selectivity
and the appropriate phase delay imparted by the variation in the speed of fast
adaptation with hair cell location (Ricci et al. 2000). As discussed in Section
5, this variation reflects differences in Ca?* influx through MET channels of
different unitary conductance.
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7.3 Conclusions

Appreciation of the complexities of mechanoelectrical transduction in hair cells
has grown steadily since the first success in manipulating hair bundles and mea-
suring receptor potentials in isolated epithelia (Flock et al. 1977; Hudspeth and
Corey 1977). Nevertheless, nearly 30 years on there are still important ques-
tions remaining about the molecular and functional attributes of mechanotrans-
duction in hair cells. A major goal of future research is to identify the
components of the transduction apparatus, including the MET channel itself
and the ancillary proteins that bridge each to the actin core of the stereocilium.
Together these may comprise a large submembranous complex (conceivably the
electron-dense region at the tips of the stereocilia) as has been proposed for
other transduction channels (Huber 2001). Development of specific antibodies
for the MET channel for use in electron microscopy will confirm whether they
are localized at one or both ends of the tip link. It will be important to docu-
ment more fully the properties of the MET channels in mammalian cochlear
hair cells. Are they identical to those channels that have been characterized in
lower vertebrates? Are their properties, size and kinetics, tailored to the fre-
quencies encoded by the hair cell? Are they subject to the same control by
Ca?* binding that can create frequency tuning of the transducer current and hair
bundle motion? The narrow stimulus limits of transduction, corresponding to a
total excursion of approximately 100 nm at the tip of the hair bundle, demand
tight regulation of the mechanical input to ensure that the MET channels op-
erate in their optimal range. This regulation is provided by multiple compo-
nents of adaptation involving one or more unconventional myosins. More
information is needed about whether the same myosin isoforms are used in ves-
tibular and auditory hair cells, how these are regulated by Ca?*, and how they
connect to the channel. In the mammalian cochlea, the somatic contractions of
the outer hair cell may also perform an adaptive function by adjusting the po-
sition of the reticular lamina to appropriately orient the hair bundles. Such ad-
aptation would be fast (Frank et al. 1999), have a broad dynamic range, and
may facilitate active high-frequency mechanical resonance of the hair bundle.
The relative contribution of active bundle motion and outer hair cell contractil-
ity to amplification and frequency selectivity in the mammalian cochlea is still
an open question. Two recent papers (Chan and Hudspeth 2005; Kennedy et al.
2005) provide evidence for a mechanical output attributable to MET channel
gating in mammalian cochlear hair cells, but the significance and mechanism
remain to be established.
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Contribution of Ionic Currents to
Tuning in Auditory Hair Cells

JONATHAN J. ART AND ROBERT FETTIPLACE

1. Introduction

The vertebrate hearing organ is a spectrum analyzer that in transducing sound
stimuli also separates the frequency constituents of the sound along its length.
At each place on the basilar membrane the hair cell receptor potential is tuned
at low sound levels to one particular frequency, the characteristic frequency
(CF). The auditory periphery largely dichotomizes between those in which fre-
quency selectivity is a property local to each hair cell, and those, like mam-
mals, in which the mechanical input to the hair cell is tuned prior to the
generation of the transduction current. Local hair cell tuning can be further
subdivided into micromechanical tuning attributable to the properties of the ap-
ical stereociliary bundle and electrical tuning by basolateral voltage-dependent
conductances (Fettiplace and Fuchs 1999; Manley 2000). No taxonomy is
without its complications and there are examples, epitomized by birds, in which
cochlear frequency selectivity results from mechanical mechanisms preceding
and electrical mechanisms following transduction (von Békésy 1960; Fuchs et
al. 1988). In other cases, such as the alligator lizard, Gerrhonotus multicari-
natus, different mechanisms may be used to encode different parts of the acous-
tic spectrum: electrical tuning for low frequencies and mechanical resonances
of free-standing hair bundles for high frequencies (Holton and Weiss 1983a,b;
Eatock et al. 1993).

In non-mammalian vertebrates the role of voltage-dependent Ca?* channels
and K* channels in cochlear frequency selectivity has been analyzed function-
ally, the mechanisms modeled, and the molecular and structural basis of channel
variations are now being addressed Wu et al. 1995; Fettiplace and Fuchs 1999).
The story is far less clear in the mammalian cochlea, in which both inner and
outer hair cells possess the same types of ion channel as those found in non-
mammals but where there is no evidence that these channels are used for elec-
trical tuning. Nevertheless, these channels must make an important contribution
to auditory transduction because mutations in either Ca?* channels or K™ chan-
nels result in hair cell degeneration that can produce hearing loss or deafness
(Kubisch et al. 1999; Platzer et al. 2000; Riittiger et al. 2004). While such
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results are intriguing, they have yet to be assembled into a coherent picture in
which the critical roles of these channels are fully understood.

A review of the role of ionic conductances in hair cell tuning is necessarily
uneven with respect to members of the vertebrate phylum. The material will
be largely retrospective concerning tuning in non-mammalian vertebrates, where
much of the work dissecting the components and reconstructing them into a
coherent scheme has been accomplished. The material with respect to mammals
is necessarily more prospective, because even though additional data have been
collected since the previous review in this series (Kros 1996), it has not yet
been possible to fully fathom the cellular nuances and the precise role of ionic
conductances in the mammalian cochlea.

2. Characterization of the Receptor Potential

2.1 Response to Pure Tones

Successful intracellular recordings were reported from sensory epithelia in am-
phibians, reptiles and mammals in the late 1970s using ultrafine glass micro-
electrodes (Hudspeth and Corey 1977; Russell and Sellick 1978; Crawford and
Fettiplace 1980). Many of the features common to the receptor potential are
illustrated in Figure 5.1 for recordings from hair cells in the basilar papilla of
the red-eared turtle, Trachemys scripta elegans. In response to a tone burst at
the cell’s CF, the receptor potential is an analog representation of the pressure
wave at the eardrum (Fig. 5.1A). For low intensity stimuli the response in-
creases transiently over the first few cycles, and then the amplitude remains
constant for the duration of the tone. At the end of the stimulus the amplitude
of the periodic response decays exponentially toward the resting level. As the
intensity of the stimulus increases, the amplitude of the receptor potential in-
creases proportionally. At higher intensities two nonlinearities become apparent.
The first is that the proportionality between the amplitudes of the input and
output is lost, and with an order of magnitude increase in the input, the ampli-
tude of the receptor potential increases more modestly and eventually saturates
at close to 50 mV peak to peak. The other nonlinearity is a progressive distor-
tion in the receptor potential waveform, with the depolarizing phase noticeably
larger and sharper than the corresponding hyperpolarizing phase of each cycle.
These nonlinearities reflect both the saturating and asymmetric transducer func-
tion as well as the voltage-dependent properties of the hair cell membrane. For
stimuli significantly higher than the CF, the response in the turtle resembles that
in mammals where filtering by the membrane capacitance results in a sustained
depolarization known as the summating potential accompanied by attenuation
of the periodic response (Russell and Sellick 1978; Crawford and Fettiplace
1980; Palmer and Russell 1986).

For a given hair cell the response amplitude also varies with frequency (Fig.
5.1B), displaying a V-shaped tuning curve with maximal response at the CF.
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FIGURE 5.1. Microelectrode recordings of hair cell responses evoked by pure tones in
the intact turtle cochlea. (A) Average responses to tone bursts at 55, 75, and 95 dB (re
20 pPa) at 220 Hz, the characteristic frequency (CF) of the hair cell. Ordinate plotted
with respect to a resting potential (V,) of —45 mV. (B) Frequency responses of three
hair cells derived from sound frequency sweeps between 40 Hz and 1 kHz. The ordinate,
the linear sensitivity of the cell near threshold, was calculated by dividing the amplitude
of the fundamental component of the receptor potential by the sound pressure at the
eardrum. The CF and quality factor Q (CF divided by 3 dB bandwidth) of each cell are
indicated near the peak of the tuning curve. The details of stimulation and the analysis
can be found in Art et al. (1985).
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The tuning curve can be determined from responses to low-level tones at dif-
ferent frequencies that produce receptor potentials in the linear range. At each
frequency point linear acoustic sensitivity was calculated by scaling the ampli-
tude of the receptor potential by the sound pressure. Several features of the
tuning curves common to the three cells in Figure 5.1B should be noted. First,
each has a remarkably high acoustic sensitivity, in some cases nearly 1 V/Pa, at
its CF. Second, at frequencies above or below CF, the sensitivity declines dra-
matically, and thus viewed through the lens of the receptor potential, the epi-
thelium acts as a series of acoustic filters, with a broad stimulus spectrum
detected by an array of cells, each of which is narrowly tuned to a small fre-
quency range. Third, the narrowness of the tuning curve, which can be quan-
tified by the quality factor or Q (defined as the CF divided by the half-power
bandwidth) increases with CF. Because the receptor potential is highly tuned,
the response of the cell to transient stimuli will be prolonged, and its temporal
resolution degraded. This accounts for the slow buildup and decay of the re-
sponse to CF tones (Fig. 5.1A).

2.2 Response to Acoustic Transients and Current Injection

In the turtle the notion that frequency selectivity might be a locally addressable
function of each hair cell resulted from the observation of a clear correspondence
between the features of the receptor potential in response to sound and that of
the potential following injection of exogenous current through the recording
electrode (Fig. 5.2A). The intimate relationship between the hair cell and its
tuning mechanism is illustrated in the similarity between the receptor potential
in response to a brief acoustic “click” and the membrane oscillations following
injection of current through the recording electrode. The frequency and duration
of the oscillations with the two types of stimuli are comparable. Moreover, the
frequency of the voltage oscillations is identical to the CF of the hair cell de-
termined with tonal stimuli (Crawford and Fettiplace 1981a). This implies that
there is a functional link between the filtering of an acoustic signal and the
electrical properties of the cell in the turtle. As might be expected from the
tonotopic organization of the cochlea (Crawford and Fettiplace 1980), hair cells
at different positions along the turtle basilar membrane resonate at different
frequencies (Fig. 5.2B).

Electrical tuning has been found in the auditory end organs of a variety of
non-mammals besides the turtle. These include the saccules of the goldfish,
Carassius auratus (Sugihara and Furukawa 1989) and the bullfrog, Rana cates-
beiana (Lewis and Hudspeth 1983; Hudspeth and Lewis 1988a), the amphibian
papilla of the frogs Rana temporaria and Rana pipiens (Pitchford and Ashmore
1987; Smotherman and Narins 1999), the alligator lizard cochlea (Eatock et al.
1993), and the tall hair cells of the chick basilar papilla (Fuchs et al. 1988;
Pantelias et al. 2001). However it is remarkable that little other experimental
evidence has been acquired that directly compares the acoustic and electrical
responses of a given hair cell within an intact auditory organ. All that follows
for species other than the turtle is therefore based on the untested assumption
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that the properties elicited electrically in reduced preparations, usually isolated
hair cells, accurately reflects their contributions to tuning in the intact ear. The
fact that this idea remains untested in many preparations may be the major
reason that it has been difficult to characterize the roles of ionic currents in
tuning the auditory periphery.

2.3 Theoretical Considerations

Sound-evoked vibration of the stereociliary bundle gates the mechanotransducer
channels and generates a transducer current that at low levels is a faithful rep-
resentation of the acoustic waveform. This current then flows out across the
basolateral membrane to produce a receptor potential. In turtles and frogs the
mechanotransducer channels activate with sub-millisecond kinetics (Corey and
Hudspeth 1983; Crawford et al. 1989) and are probably not rate limiting over
the auditory range of the animal concerned (less than 1 kHz). Therefore for a
given transducer current, the amplitude of the receptor potential depends on the
filtering characteristics of the basolateral membrane. If the membrane is passive,
being composed of a capacitance, C, and an instantaneous leak conductance G,
it will behave as a low-pass filter with a time constant, T,,, equal to C/G,; this
causes the receptor potential to decline in amplitude above a corner frequency
F. (F. = 'Amt,,). In practice, T,, is typically on the order of 1 ms, which results
in attenuation above an F. of 160 Hz. An increase in the bandwidth of the hair

<

FIGURE 5.2. Electrical tuning in turtle auditory hair cells (A) Comparison of the changes
in membrane potential for an acoustic click (fop) and an extrinsic current pulse (bottom).
At top, a brief acoustic impulse at the eardrum evokes a damped oscillation at the cell’s
CF (370 Hz). At bottom, a current pulse injected through the microelectrode produces
damped oscillations at beginning and end of the step reflecting the cell’s inherent resonant
properties. Note that the frequency of oscillation and their rate of decay in response to
the current pulse are virtually identical to the cell’s response to the acoustic stimulus,
implying that the electrical resonance accounts for most of the cochlear frequency selec-
tivity. The oscillation frequency is at the CF of the cell and the rate of decay of the
oscillations reflects the quality factor, Q: the more prolonged the oscillation, the higher
the Q. Changes in membrane potential are relative to the resting potential (—50 mV).
(B) Tonotopic organization of the turtle cochlea. Left: Surface view of the turtle basilar
papilla with the strip of hair cells on the right-hand side of the basilar membrane. Num-
bers indicate the fractional distance along the epithelium from the low-frequency end.
Scale bar, 100 um. Right: Examples of the electrical resonance recorded in hair cells at
different positions along the epithelium. Each trace is the averaged response to 25 pres-
entations of a small depolarizing current step. Standing depolarizing currents were added
where necessary to bring the cell to a resting potential at which it was optimally tuned.
Resonant frequencies are given next to each trace. Membrane potentials prior to the
current step were: —51 mV (63 Hz), —47 mV (97 Hz), —47 mV (124 Hz), —39 mV
(254 Hz), —44 mV (345 Hz), —44 mV (400 Hz). (B) is reproduced from Ricci et al.
(2000b).
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cell could in principle be achieved by reducing the capacitance, but there is a
limit to how small the cell capacitance can be made given that the stereociliary
bundle contributes nearly 40% of the hair-cell membrane area. A second ap-
proach to expanding the bandwidth would be to alter the passive basolateral
conductance G;. An increase in G, would increase the corner frequency by an
equivalent amount, allowing the cell to follow high-frequency stimuli with less
attenuation. However, the amplitude of the receptor potential in the steady state
would necessarily be reduced (Fig. 5.3). Clearly use of a fixed conductance, of
whatever size, leads to unacceptable tradeoffs between the bandwidth and the
amplitude of the receptor potential (Fig. 5.3B). Furthermore irrespective of the
magnitude of G;, the membrane impedance, and hence receptor potential, de-
clines at high frequencies due to the capacitance.

An alternative approach is to introduce a time- and voltage-dependent K*
conductance into the basolateral membrane that can behave in a negative feed-
back manner. By appropriate choice of the activation time constant for this
conductance it is possible to offset the effects of the capacitance and maximize
the membrane impedance over a limited frequency range. Because the current
flowing through the capacitor is proportional to the rate of change of the
membrane potential, dV/dt, it leads the voltage by a quarter of a cycle, whereas
the K* current, because of its delayed activation, progressively lags the voltage.
Thus there will exist a limited range of frequencies where currents in the two
elements balance out, and where a minimum transducer current is needed to
charge the membrane capacitance. Although it is difficult to satisfy these criteria
across a wide frequency range in any one cell, a high impedance membrane at
a given frequency can be created by choosing the time constant for activation
of the conductance, T,, to be proportional to the square of the conventional
membrane time constant at the desired frequency, that is, T, = K (C/G)?, where
K is a constant, and C and G are the membrane capacitance and conductance
respectively. If the activation time constant of the ionic current is chosen in this
way, the membrane behaves not as a simple low-pass filter, but as an electrical
resonator at the desired frequency. From a theoretical standpoint, we have cre-
ated a receptor that is maximally sensitive to a narrow range of frequencies (Fig.
5.3B). The resonant frequency F, is then given by (Art and Fettiplace 1987):

F3 = [0G/dV - (V — EQ)/[4m*Crq] (5.1

where dG/dV is the slope conductance at the membrane potential V and Ey is
the K* equilibrium potential. To extend the bandwidth of the system as a whole
requires producing a collection of cells with different kinetics to span the fre-
quency range. Assuming a constant cell capacitance, to create an array of re-
ceptors that cover a decade in frequency, as occurs in the turtle, requires an
order of magnitude change in the size of the conductance and two orders of
magnitude change in the kinetics of its activation.

In the analysis described above, the high impedance at the resonant frequency
depends upon the capacitive current being balanced out by the current flowing
through voltage-dependent K* channels having simple kinetics with a single
activation time constant. Introduction of a second K* conductance, as an in-
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FIGURE 5.3. Equivalent circuit and theoretical frequency response of a hair cell. (A)
Equivalent circuit is the parallel combination of a mechanotransducer conductance mod-
ulated by hair bundle deflections (G), cell capacitance (C) and two voltage-dependent
conductances giving positive feedback (G, and negative feedback (G,,). G, primarily
represents Ca?" channels (see text for other channels that can produce positive feedback)
and G, represents K* channels. The battery E, is the Ca>* equilibrium potential which
is positive to the resting potential (—50 mV) whereas the battery Ey is the K* equilibrium
potential negative to the resting potential. (B) Variation of the cell impedance with
frequency for three conditions: a low-pass membrane filter with resistance of 150 MQ
and capacitance 10 pF; a low-pass membrane with resistance of 50 M() and capacitance
10 pF; and an electric resonance due to a voltage—dependent conductance and a capac-
itance. Arrows indicate half-power frequencies of 106 Hz and 318 Hz. Note that for the
two low-pass filters, reducing the resistance increases bandwidth but reduces steady-state
sensitivity; for both, the impedance declines along a common curve at high frequency
due to membrane capacitance.
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stantaneous leak in parallel with the voltage-dependent conductance, reduces the
impedance at resonance and broadens the tuning curve. This is known as shunt
damping and largely explains the loss of frequency selectivity that occurs on
stimulation of efferent nerve fibers to the turtle cochlea (Art et al. 1984). The
efferent axons make synapses on the hair cells where release of acetylcholine
elicits slow hyperpolarizing synaptic potentials due to an increase in the K*
conductance. Another type of shunt damping may arise by addition of a second
set of voltage-dependent K* channels. If these channels have significantly dif-
ferent activation kinetics from the primary voltage-dependent K* channels, they
will also offset the high impedance at resonance because their quarter cycle
phase lag occurs at a different frequency. Thus if a hair cell possesses two types
of voltage-dependent K* channel, they will need to have comparable activation
time constants to generate sharply tuned resonance. This is an important con-
sideration in mixing K™ channel subtypes to generate a smooth gradation of
resonant frequencies.

3. The Hair Cell Current—Voltage Relationship

In the turtle, alterations in the receptor potential in the presence of pharmaco-
logical agents such as the K*-channel blocker tetraethylamonium (TEA) sug-
gested that the hair cell response was dominated by voltage- and time-dependent
conductances similar to those that shape responses in other excitable cells (Craw-
ford and Fettiplace 1981b). By analogy with techniques used to understand
mechanisms of excitability in nerve and muscle, a more complete analysis of
hair cell function required experiments to characterize the voltage-dependent
gating of the underlying currents. The highly nonlinear steady-state current-
voltage (I-V) relationship (Fig. 5.4A) comprises a central region of high impe-
dance near the resting potential (about —50 mV) flanked by two relatively low
impedance regions of outward and inward rectification. Extensive studies using
pharmacological blocking agents and ionic substitution have demonstrated that
the net I-V curve is the result of a superposition of at least three types of current,
for which the representative steady-state curves are illustrated in Figs. 5.4B and
C. The high impedance and the outward rectification near the resting level are
usually due to the combined effects of inward Ca?* currents and outwardly
rectifying K* currents. The inward rectification at membrane potentials hyper-
polarized to the resting potential is due to additional voltage-activated conduc-
tances permeable to K*. Functionally, all these currents fall into two classes:
those which upon depolarization give positive feedback and work in concert
with the transduction current to depolarize the cell further, and those that give
negative feedback, work against the transduction current and repolarize the cell
to its resting level (Fig. 5.3A). Because the Ca?* equilibrium potential is pos-
itive to the resting potential, an increase in the Ca*" conductance, G,;, evoked
by depolarization produces an inward current that causes further depolarization.
In contrast, an increase in the K* conductance, G, generates an outward current
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FIGURE 5.4. Whole-cell current-voltage (/-V) relationships in turtle hair cells. (A) Steady-state
net /-V curve in an isolated hair cell with resonant frequency of 13 Hz. Cell bathed in normal
saline solution containing (in mM): NaCl, 125; KCl, 4; MgCl,, 2.8; CaCl,, 2.2; HEPES, 10.
Patch electrode was filled with a K*-based solution (in mM): KCl, 125; MgCl,, 2.8; CaCl,,
0.45; K,.EGTA, 5; Na,.ATP, 2.5; KHEPES, 5. Each point is the average current flowing during
the last 5 ms of a 140-ms voltage step. (B) Comparison of the steady-state net /-V curve (filled
circles) and the inward Ca?* current (open circles) measured in a solitary 234-Hz hair cell with
a —54 mV resting potential. The net /-V curve determined as before, with a patch pipette
containing a K*-based intracellular solution. The inward Ca?* current was subsequently mea-
sured while superfusing with a modified saline solution containing 65mM TEA substituted on
an equimolar basis for NaCl, and a Cs*-based intracellular solution containing (in mM): CsCl,
125; MgCl,, 2.8; CaCl,, 0.45; Cs,.EGTA, 5; Na,.ATP, 2.5; CsHEPES, 5. (C) The inward rec-
tifier (K,z) current in a 6-Hz hair cell. The current was isolated by superfusion with a solution
containing 65 mM TEA, 5 mM 4-AP and 50 uM nisoldipine to block other hair cell currents
carried by K* and Ca?*. This cocktail also blocks Kz by 35% in a voltage-independent manner.
Conventional K*-based intracellular solution in the recording pipette. Each point is an average
current at the end of a 120ms command pulse from a holding potential, —90 mV.

that tries to repolarize the cell because the K* equilibrium potential is negative
to the resting potential.

In general, currents giving positive feedback are rapidly activating inward
currents that closely follow the membrane potential and add to the depolarizing
current generated by the transducer. Currents giving negative feedback may be
partially activated at the resting potential, are more sluggish, and their delay in
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activation ultimately leads to the resonant behavior in the hair cell response to
injected current. Negative feedback systems are well known to be capable of
generating resonance at a frequency that is dictated by the speed and strength
of the feedback (Murray 1989). Indeed, in electrically tuned cells, it is the size
and kinetics of the dominant outward current, flowing through either large con-
ductance Ca?*-activated K* (BK.,) channels or voltage-dependent K* (K,)
channels which largely determines the hair cell CF. By comparison the inward
current, for example the voltage-dependent Ca?* current, if it activates on a fast
time scale, increases the Q or sharpness of tuning. Clearly this only works if
the inward current operates in subthreshold regime (Hodgkin and Huxley 1952).
Once the net current is inward, the response becomes regenerative and leads to
action potentials. Whether the cell produces action potentials or resonance de-
pends on the relative magnitude of the inward and outward currents. Models
employing experimentally derived descriptions of the Ca?>" current and Ca?*-
activated K™ (BK,) current have been shown to correctly predict the electrical
tuning in responses to applied current pulses, including the nonlinear depend-
ences of resonant frequency and Q on membrane potential (Hudspeth and Lewis
1988b; Wu et al. 1995).

4. Positive Feedback: Identification of Currents that
Enhance Depolarization

Currents that provide positive feedback and augment the depolarization pro-
duced by the inward transduction current include inward Ca?>* and Na* currents
that are activated by depolarization, and a K*-selective inward rectifier whose
outward current is blocked by depolarization at voltages near the resting poten-
tial. Of the inward currents, the most important is the voltage-dependent Ca?*
current. This current not only directly contributes to membrane excitability as
a charge carrier, but also elevates intracellular calcium concentration leading to
activation of BK, channels in the basolateral membrane (as well as exocytosis
during synaptic transmission). Less prominent in generating positive feedback
are the inward Na™ currents, which are transient compared to the calcium cur-
rents. Na* currents in conjunction with the Ca®>" current develop strong and
rapid depolarization leading to either spiking behavior or action potentials. In
mature auditory hair cells, Na™ currents are relatively rare, being observed in
fish (Sugihara and Furukawa 1989) and crocodilians (Evans and Fuchs 1987),
but they are transiently expressed in the mammalian cochlea where they may
contribute to spontaneous firing during development (Oliver et al. 1997; Mar-
cotti et al. 2003). The third current contributing positive feedback is the in-
wardly rectifying K* current near the resting potential. The significance of the
inward rectifiers in hair cell function stems from the positive feedback afforded
by the negative-slope region of the I-V curve positive to E, (Goodman and Art
1996a).
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4.1 Calcium Currents

Voltage-dependent Ca?* currents in hair cells have been characterized in audi-
tory and vestibular epithelia in a variety of species (Lewis and Hudspeth 1983;
Art and Fettiplace 1987; Fuchs and Evans 1988; Hudspeth and Lewis 1988a;
Fuchs et al. 1990; Roberts et al. 1990; Prigioni et al. 1992; Steinacker and
Romero 1992; Art et al. 1993; Zidanic and Fuchs 1995; Smotherman and Narins
1999; Rispoli et al. 2000; Engel et al. 2002). The hair cell Ca>* current has a
half activation voltage of —30 to —40 mV, and activates and deactivates rapidly
with a time constant less than 0.5 ms at room temperature. It shows little in-
activation on the millisecond time scale, can be blocked by extracellular Cd>*
or Ni?" and is enhanced when Ba?* is substituted for Ca?* as the charge carrier
(Art and Fettiplace 1987; Fuchs et al. 1990; Zidanic and Fuchs 1995; Smoth-
erman and Narins 1999; Schnee and Ricci 2003). This specification, combined
with sensitivity to dihydropyridines (Fuchs et al. 1990; Schnee and Ricci, 2003),
suggests that the major species of Ca?" current in hair cells is of the L-type.
However, the hair cell Ca?* current has faster kinetics, a more hyperpolarized
activation voltage, and reduced sensitivity to block by dihydropyridines such as
nimodipine compared to the L-type Ca?* current originally described in cardiac
myocytes (Tsien et al. 1987; Lipscombe et al. 2004). Based on the pharmaco-
logical profile it has been argued that only L-type Ca?* channels are present in
turtle cochlear hair cells (Schnee and Ricci 2003) but a subpopulation of N-type
channels may be present in frog saccular hair cells (Rodriguez-Contreras and
Yamoah 2001).

Molecular analysis of Ca?* channels has demonstrated that they are multi-
meric proteins, composed of o, B, 028, and sometimes Y subunits (Hille 2001).
L-type Ca?** channels are dihydropyridine-sensitive channels that are divided
into four subtypes, based on differences in the pore-forming o subunits, as ot1S
(CaVl.1l), alC (CaV1.2), alD (CaV1.3), or alF (CaV1.4). The alS and alC
subtypes are found mainly in skeletal and cardiac muscle respectively, ot1D is
prevalent in neurons and endocrine cells and «1F is a retinal isoform. When
examined in a heterologous expression system, the o.1D most closely resembles
the native currents in hair cells, with fast kinetics, hyperpolarized activation
curves, and lower sensitivity to dihydropyridines than the other L-type channels
(Xu and Lipscombe 2001; Lipscombe et al. 2004). The o.1D subtype has been
identified as the major molecular species in cochlear hair cells of chicken based
on the greater abundance of mRNA for ot1D compared to ot1C, (Kollmar et al.
1997). A similar conclusion was reached for mouse inner hair cells where
knockout of the allD subtype (at1D~'7) produced more than 90% reduction in
the mean Ca?* current (Platzer et al. 2000), thus arguing for conservation of the
o1D type across a wide range of species.

Ca?* influx through voltage-dependent Ca?* channels drives synaptic trans-
mission and the Ca?* channels are clustered, probably at the synaptic release
sites on the basolateral membrane of the hair cell (Roberts et al. 1990; Issa and
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Hudspeth 1994; Tucker and Fettiplace 1995). In non-mammals, this Ca?* influx
also gates the BK, channels that underlie electrical tuning. In turtle cochlear
hair cells, the numbers of Ca?* channels increase systematically with CF in
parallel with the numbers of release sites and BK, channels (Art and Fettiplace
1987; Ricci et al. 2000). The significance of this tonotopic variation for synaptic
transmission is not fully understood. However, it is likely to be important for
electrical tuning because it will ensure uniform activation of the increased num-
ber of BK, channels and it will also provide more positive feedback to maintain
the sharpness of tuning in the face of a larger outward K* current.

4.2 Sodium Currents

Voltage-dependent Na™ currents sensitive to tetrodotoxin (TTX) were first de-
scribed in the tall, low frequency cochlear hair cells in the alligator, A. missis-
sippiensi (Evans and Fuchs 1987; Fuchs and Evans 1988). Na* currents have
since been reported in auditory and vestibular hair cells in fish, reptiles and
mammals (Sugihara and Furukawa 1989; Witt et al. 1994; Kros 1996; Oliver et
al. 1997; Riisch and Eatock 1997; Lennan et al. 1999; Chabbert et al. 2003;
Masetto et al. 2003; Marcotti et al. 2003). Classically the rapid TTX-sensitive
current is known to give positive feedback and to produce action potentials in
nerve (Hodgkin and Huxley 1952; Hille 2001). Evidence in support of such a
role in hair cells is clearest in fish (Sugihara and Furukawa 1989) and crocodilian
(Evans and Fuchs 1987; Fuchs and Evans 1988) preparations, where superfusion
with TTX or removal of Na™ either changes or eliminates spiking potentials in
a distinct population of hair cells within the epithelia. Similar data are available
in the immature inner hair cells in the mammalian cochlea (Marcotti et al. 2003).
A surprising feature, however, is the wide range of voltages for the steady-state
inactivation of the Na* current. The extremely hyperpolarized potentials re-
ported for half-inactivation bring into question the physiological role of the
current at the resting potential. Indeed, there is no evidence that Na* currents
contribute either to setting the resonant frequency or improving the Q in hair
cells that possess electrical tuning.

4.3 Potassium Inward Rectifiers

The existence of an inwardly rectifying K* current has been demonstrated in a
variety of auditory and vestibular hair cells (Corey and Hudspeth 1979; Ohmori
1984; Art and Fettiplace 1987; Fuchs and Evans 1990; Holt and Eatock 1995;
Marcotti et al. 1999). The most frequently cited role for the K*-selective inward
rectifier (Kj) relates to its ability to maintain a cell’s resting membrane potential
near Ey (see Hille 2001). Inward rectifiers are unlikely to play this type of role
in auditory hair cells however, since the average zero-current potential of —50
mV is 30 mV positive to E; (Crawford and Fettiplace 1980). Nevertheless, the
finding that the magnitude of Kz conductance varies systematically with CF
suggests that it makes some contribution to the tuning process. The Kz con-
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ductance differs from other voltage-dependent or transduction conductances in
the turtle in that it shows a reversed tonotopic gradient, being largest in cells
tuned to the lowest CF and declining systematically with increasing CF (Good-
man and Art 1996a). A decrease in the expression of K channels with CF
also occurs in the chick cochlea as indicated both by variation in Kj; current
with hair cell resonant frequency (Fuchs and Evans 1990) and the distribution
of cIRK1 transcripts (Navaratnam et al. 1995).

The inward rectifier is so named because it carries large inward currents
negative to E but small outward currents positive to Ey. The inward rectifi-
cation arises because the channel is subject to rapid, sub-millisecond, voltage-
dependent block by positively charged intracellular particles, divalent cations or
polyamines, as the channel is depolarized (Lopatin et al. 1994). As a conse-
quence of this voltage-dependent block, the steady-state I-V relationship can
have a negative slope near the resting potential. The increasing block of outward
current is functionally equivalent to activating an inward current and implies the
channel would be capable of generating positive feedback. It may therefore
serve a function similar to activation of the voltage-gated Ca>* current for which
depolarization leads to a rapid activation of an inward current. Interestingly
both the magnitude and kinetics of the two inward-going currents are similar in
turtle cochlear hair cells with low CF (Fig. 5.5). The K, current and the Ca?*
current sum to give a combined inward current that spans a range of membrane
potentials from —60 to —20 mV. As noted earlier, positive feedback does not
directly contribute to the frequency of the electrical resonance, but instead boosts
the sharpness of tuning or Q. That Kz can perform this role has been verified
by showing that application of 5 mM extracellular Cs™ both blocks the inward
rectifier and also reduces or abolishes electrical tuning in hair cells (Goodman
and Art 1996a). This effect is most pronounced in cells tuned to low frequencies
where the negative feedback is generated by a purely voltage dependent K*
current. The contribution of K, in augmenting the Q in the low-frequency range
has been confirmed by modeling of electrical tuning with and without the inward
rectifier (Wu et al. 1995; Goodman and Art 1996a).

Experimental study and modeling of the contribution of K;; has also been
done for frog saccular hair cells (Holt and Eatock 1995; Catacuzzeno et al.
2004). In those cells interaction between Kz and a hyperpolarization-activated
current carrying both Na*™ and K* (/) causes spontaneous low-frequency (ap-
proximately 5 Hz) oscillations in the membrane potential (Catacuzzeno et al.
2004). The contributions of the two currents were established by using barium
to block Kz and the selective inhibitor ZD-7288 to block 1,. If K, provides
the positive feedback, the negative feedback is generated by I, (depolarization
closes channels with a reversal potential positive to rest resulting in hyperpo-
larization), which has a slow activation time constant of approximately 100 ms
and sets the oscillation frequency. The significance of these oscillations in not
fully clear, but they may act in concert with similarly timed spontaneous hair
bundle oscillations (Martin et al. 2003) to amplify the sound stimuli in the low
frequency range.



218 J.J. Art and R. Fettiplace

A 57 [
e -85 mv
oz — ———
m
40 5
-47
A
4 -42
0
l |
0 5ms

B 100 —

Current (pA)

T (ms)

-80 -60 -40 -20

Membrane Potential (mV)}



5. Contribution of Ionic Currents to Tuning in Auditory Hair Cells 219

5. Negative Feedback: Repolarizing the Membrane
with K* Conductances

5.1 Comparison of Hair Cell Response in Current- and
Voltage-Clamp

To understand how the kinetics of the basolateral current might vary between
cells tuned to different frequencies, it is useful to compare the resonant behavior
in current clamp (Fig. 5.6A) with the membrane current seen in voltage clamp
(Fig. 5.6B) for an isolated turtle hair cell. Figure 5.6A illustrates the voltage
oscillations and damping in response to a small current step reminiscent of that
seen for current injection in hair cells in the intact cochlea (Fig. 5.2). In the
corresponding voltage-clamp experiment, small voltages steps around the resting
potential evoke a net K* outward current that activates with a delay at the onset
of depolarization, but at the termination of the step, the current deactivates ex-
ponentially back to the resting level. Cells tuned to higher frequencies have
both a larger current and faster time constants for activation and deactivation
(Art and Fettiplace 1987). The conductance is directly proportional to resonant
frequency, and there is an inverse relation between the dominant time constant
for current deactivation and resonant frequency (Fig. 5.6C), the fitted line being
predicted by Eq. (5.1). Similar results have been obtained in the frog amphibian
papilla (Smotherman and Narins 1999), showing that the size and speed of the
K™ currents increase with CFs up to nearly 400 Hz. The amplitude of the K*

<

FIGURE 5.5. Behavior of Iz and I, in the physiological voltage range. (A) Rapid block
produced by small depolarizations from —57 mV. Current carried by K;; was isolated
by superfusion with the modified saline solution specified in the Figure 5.4C. Each trace
is the average of four to six presentations and was digitally filtered with a three-point
Gaussian filter. Single-exponential functions (thin lines) were fit to the onset of the block.
(B) Comparison of the negative slope region of K;; with the average calcium /-V curve.
Filled symbols are the steady-state current measured in the blocking cocktail, scaled to
account for 35% inhibition of K;z. The smooth curve was calculated using

1

V-V
1 + Bexp ”

with fitting parameters: g... = 35 nS, Ex = =86 mV, B = 2.0, V;, = -8 mV, V, =
11 mV. Calcium current was calculated following Wu et al. (1995), according to I, =
Nic,pc.,» Where N is the number of channels, i., is the single channel current given by
the constant field equation, and p, is the steady-state open probability, calculated from
an m? Hodgkin—Huxley scheme. N was adjusted to give the peak /., estimated from the
relationship between Ca*>" current size and F, determined previously (Art et al. 1993).
(C) Time constant, T, of K block exhibits a modest voltage-sensitivity about the resting
level comparable to that seen for the Ca>* current.

1= 8max (V_ EK)
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currents was also found to increase in progressing toward the high-frequency
end of the chick cochlea (Pantelias et al. 2001).

Given these results, a fundamental question is the extent to which the kinetic
variation is explained by a single class of K™ channels, or by different members
of the channel superfamily. The evidence for a contribution by large Ca?*-
activated K* (BK,) channels to resonance was established early on (Lewis and
Hudspeth 1983; Art and Fettiplace 1987) and similar channels are found in hair
cells in most species. Other types of K* channel, akin to delayed rectifiers and
inactivating, “A” type channels, have been reported in a variety of cochlear and
vestibular hair cells (Hudspeth and Lewis 1988a; Housley et al. 1989; Lang
and Correia, 1989; Sugihara and Furukawa 1989; Fuchs and Evans 1990; Kros
and Crawford 1990; Masetto et al. 1994; Murrow 1994; Rennie and Correia
1994; Riisch and Eatock 1996; Smotherman and Narins 1999), but their func-
tional role was initially unclear. One possibility was that rather than a single
class of channels with variable kinetics being used 