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ABSTRACT
Mechanosensory hair cells of the vertebrate inner ear contribute to acoustic tun-
ing through feedback processes involving voltage-gated channels in the basolat-
eral membrane and mechanotransduction channels in the apical hair bundle. The
specific number and kinetics of calcium-activated (BK) potassium channels de-
termine the resonant frequency of electrically tuned hair cells. Kinetic variation
among BK channels may arise through alternative splicingl@fjene mRNA
and combination with modulatoy subunits. The number of transduction chan-
nels and their rate of adaptation rise with hair cell response frequency along the
cochlea’s tonotopic axis. Calcium-dependent feedback onto transduction chan-
nels may underlie active hair bundle mechanics. The relative contributions of
electrical and mechanical feedback to active tuning of hair cells may vary as a
function of sound frequency.

INTRODUCTION

The auditory receptor, the cochlea in higher vertebrates, is responsible both for
transforming the acoustic stimulus into an electrical signal and for resolving
that stimulus into its component frequencies. The relative amplitudes of the
different components are then signaled to the brain by activity in VIlith nerve
fibers, each tuned to a narrow frequency band. Acoustic frequency analysis
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is an important aspect of sensory perception and helps to shape an animal’s
behavior. Thus competition and reproduction within most species depend on the
spectral analysis of vocal or other acoustic signals. The frequency content of a
sound also provides cues for localizing the source. Binaural disparities in sound
intensity that are used for localization vary with the size of the animal’s head
and consequently depend on frequency. Moreover, the external ear reflects and
filters sound differentially according to its direction, and thus confers spectral
signatures onto defined regions of space (1, 2). Acoustic frequency analysis is
therefore fundamental to sound localization, communication, and the detection
of predators and prey.

Extrinsic Versus Intrinsic Tuning

The importance of frequency analysis in inner ear function is emphasized by the
assortment of mechanisms that have evolved to implement this task in species
ranging from insects to humans (3). Among this variety, two general design
principles are found: an extrinsic mechanism in which the stimulus is filtered
prior to hair cell transduction, and one where the filtering is intrinsic to the
hair cell. The mammalian cochlea exemplifies an acoustic detector in which
filtering is performed at least partly by the accessory structures in which the
neural elements are embedded. Owing to the graded mechanical properties of
the basilar membrane, different frequencies displace it maximally in different
places, which results in a tonotopic map of vibration frequency (4). Thus a
small range of frequencies is imparted to each inner hair cell, which transduces
the narrow-band stimulus, thereby generating tuned receptor potentials. This
filter is extrinsic to the hair cell, in analogy to that of the Pacinian corpuscle,
where rapid adaptation arises largely from the mechanical properties of the
accessory bulb that encapsulates the sensory ending.

In contrast, in the auditory papilla of the turtle, the filter is wholly intrinsic
to the hair cell. Here the mechanics of the basilar membrane impart meager
tuning, and transduction current is driven into the hair cell nearly equally by a
broad range of stimulus frequencies. The amplitude of the receptor potential is
then modulated by voltage-dependent ionic conductances that confer a property
of electrical tuning onto the hair cells. An analogy may be drawn with color
perception in the visual system, where different wavelengths in the light are
detected by red, green, and blue cone photoreceptors, each maximally sensitive
over a different spectral range. The resonant frequencies of turtle hair cells vary
systematically along the length of the basilar papilla, resulting in a tonotopic
organization similar to that arising from mechanical tuning in the mammal. The
extrinsic and intrinsic acoustic tuning processes may not be totally independent
because interactions between the two can occur by mechanical feedback from
the hair cells, as is discussed below. Such feedback is thought to be involved
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in augmenting the tuning of the basilar membrane in the mammalian cochlea
(5).

This review focuses on those features intrinsic to the hair cell that participate
in their tuning and mechanosensitivity. The ion channels that comprise the
mechanism of electrical tuning are discussed in the section ELECTRICAL
TUNING. In the section MECHANICAL TUNING other hair cell properties
that also vary along the tonotopic axis are described, with special emphasis on
mechanical tuning by the transduction apparatus.

ELECTRICAL TUNING

Hair Cell Tuning in the Turtle Basilar Papilla

The low-frequency hearing (30—600 Hz) of the red-eared tunteehemys
scripta elegangs served by a receptive epithelium, the basilar papilla, which
contains roughly 1000 hair cells in a strip approximately 1 mm in length (6, 7).
Direct measurements of basilar membrane motion using laser interferometry re-
vealed no position-dependent mechanical tuning (8). Nonetheless, recordings
from hair cells and afferent fibers in a semi-intact preparation showed sharp
tuning and sensitivity, with an orderly sequence of best frequencies mapped
along the basilar papilla (9, 10). The combined tuning curves of all afferent
fibers possessed a minimum threshold and total frequency range matching the
turtle’s behavioral audiogram (11).

Intracellular recording from turtle hair cells showed that they were not passive
reporters of mechanical input. Current pulses injected into hair cells caused
a damped oscillation of the membrane potential (Figure 1) with frequency
and decay rate similar to those elicited by an acoustic transient (click) to that
same cell (12). This behavior, termed electrical resonance, was attributed to
the voltage-dependent activation of a membrafe#&nductance. The optimal
frequencies and bandwidths of tuning for both the electrical and acoustic stimuli
were essentially identical in each of a population of hair cells spanning much
of the turtle’s audible range. Therefore in the turtle there is little or no filtering
of the acoustic stimulus prior to mechanoelectrical transduction (13).

BK Calcium-Activated Potassium Channels Tune Hair Cells
Electrical tuning has also been observed in hair cells of fish, frogs, alligators,
and chicks (14-19). Voltage-clamp recording from frog saccular hair cells sug-
gest that the interaction between a voltage-gated Garrent and a K current
flowing through large conductance €aactivated K (BK) channels produces

the oscillatory voltage responses (17,20, 21). The basis of the electrical res-
onance can be explained by considering the sequence of events following a
current step: &) depolarization opens voltage-gatecP€ahannels, promoting
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Figure 1 Schematic drawing of two hair cells from the turtle basilar papilla, with resonant fre-
quencies (F) of 75 and 300 Hz. The low-frequency cell has a longer hair bundle, and a low density
of C&t and C&*-activated K (Kc,) channel complexes. The number of channel complexes
increases with (f). Beneath each cell are shown representatiyg(BK) single-channel records

and ringing voltage responses to extrinsic current steps for cells tuned approximately to these
two frequencies. The timing of the extrinsic current is shown above the voltage records. The
single-channel records and the voltage ringing were from different sets of experiments (22, 23).

a rise in internal C& that activates BK channelsb)(the large outward K
current hyperpolarizes the membrane, closing th& €hannels, which leads
to the first cycle of the oscillationg) as the cell hyperpolarizes and intracellular
Ca&+ transients dissipate, the BK channels partially close, but due to the con-
tinued extrinsic current, the membrane swings positive to initiate another cycle
of C&t influx. Since the BK channels are already partly activated, a smaller
fraction of K™ currentis recruited on the second cycle, which will have a smaller
amplitude than the first. Because the Kquilibrium potential £80 mV) is
negative to the resting potential- 50 mV), the BK channels behave as part
of a negative feedback loop, but the time course of their activation delays the
feedback and hence generates damped oscillatory responses.

Such negative feedback also produces sharp tuning for sinusoidal stimuli,
and the frequency at which the cell is maximally sensitive, the resonant fre-
guency, should be influenced by the size and speed of the feedback. The factors
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determining the resonant frequency were studied experimentally in turtle hair
cells tuned to a range of frequencies (22). As in the frog, the electrical res-
onance was generated in most cells by the interaction of voltage-gaféd Ca
channels and large-conductance?Gactivated K (BK) channels. A cell’s
resonant frequency was correlated with the characteristics of its BK channels, a
higher frequency arising from an increase in the number of channels and, more
importantly, from faster channel kinetics.

Analysis of single BK channels in membrane patches excised from turtle
hair cells (23) demonstrated that the kinetic differences were intrinsic to the
BK channel (Figure 1). The mean open time and relaxation time constant of
ensemble-averaged currents at a fixed intracellul&t @aried approximately
30-fold (0.4-13 ms) among BK channels from hair cells tuned to different
frequencies. The G4 sensitivity and unitary conductance in contrast were
indistinguishable in all channels. A kinetic scheme of BK gating based on
measurements from single channels, when combined with voltage-gated Ca
influx and accumulation, quantitatively accounts for electrical tuning over a
frequency range from 40 to 600 Hz (24). For a subset of hair cells with resonant
frequencies less than 40 Hz, tuning is achieved by replacing the BK channels
with other voltage-gated Kchannels.

Voltage-Gated C& Channels

\oltage-gated C& channels have been characterized in hair cells of several
different species (20, 22, 25-29). Inall cases, these channels activate with atime
constant of less than 0.5 ms-ab0 mV, do not inactivate, and deactivate very
rapidly upon repolarization. The €acurrent is reduced by dihydropyridine
antagonists, suggesting an L-type channel, but the hair c&ticbamnnels differ
from L-type channels in other cell types by more rapid gating kinetics, a more
negative activation range, and lower sensitivity to dihydropyridine antagonists
(29). The full-length sequence of apy calcium channel has been cloned from
the basilar papilla of the chick and is the most likely candidate for the hair cell's
channel (30).

BK channels require a relatively high &aconcentration to open (%
~12 uM at —50 mV) and so must be located in close proximity to the voltage-
gated C&" channels (24,27). The co-localization of“and BK channels,
and high concentration of mobile Eabuffer, ensure that excursions in&a
concentration at the internal face of the BK channel follow with little delay
the gating of the C& channels. Thus the kinetics of BK gating become the
rate-limiting step in determining the frequency of electrical tuning. In the tur-
tle, a hair cell's complement of voltage-gatec?Cahannels increases with its
resonant frequency, but the numbers of Cand BK channels maintain a fixed
ratio of about 2:1 in all cells (31). This suggests that the two channel types
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are coregulated, which could be achieved by insertion into the membrane of
channel complexes composed of twa€ehannels linked to each BK channel.

BK Channels—Alternatively Spliced slo Gene Products

To understand the regulation of the electrical tuning it is important to know
the origin of the kinetic variation of the BK channels. There is currently no
evidence that the channel kinetics are controlled by an intracellular modulator,
and the simplest alternative hypothesis is that the variation arises from dif-
ferential expression of distinct kinetic isoforms of the channel. What is the
minimum number of channel variants that can account for the frequency range?
Modeling of electrical tuning in the turtle indicated that five species of BK
channel with different kinetics and overlapping distribution were sufficient to
cover the animal’s auditory range (40-600 Hz) (32). Extension of this model to
the chick basilar papilla, which has a greater frequency range (150-4000 Hz)
and operates at higher temperature, required a minimum of nine species of BK
channel.

The BK channels that support electrical tuning in hair cells are most likely
a product of a singlslo gene originally described iBrosophila(33, 34) and
subsequently found in mammals (35-37). A full-length homologue was cloned
from a chick cochlear cDNA library and shown to encode #subunit of
the BK channel when expressed in HEK 293 cells (38). The coding region of
cSlol predicts an 1137 amino acid protein that is 94% identical to a human brain
slo (hbrl) (36) and may correspond to a minimal length transcript (the fewest
exons). The cSlol channels had a conductance of 224 pS in symmettical K
solutions, were blocked by external charbydotoxin or iberiotoxin and by low
concentrations of tetraethylammonium ions, and were sensitive to intracellular
Ca&t, with half-activation at 0 mV by approximately 20M Ca&+. RT-PCR
from the basilar papilla or from single isolated hair cells confirmed the expres-
sion of this cDNA in hair cells. A homologous minimal length cDNA has also
been identified in turtle basilar papilla (39) and described in other studies on
chick (40, 41).

Theslogene encodes a channel protein predicted to contain seven transmem-
brane segments, an extracellular N terminus (42), a pore region with homology
to Shaker-type K channels, and a long intracellular C-terminal segment that
includes part of the Gd-binding site (43). Multiple alternative exons are found
at several splice sites within tlizrosophilaand mammalian transcripts. Some
splice variants have altered gating kinetics (44, 45), suggesting that alternative
splicing ofslo mRNA could provide the functional heterogeneity found in hair
cell BK channels. Indeed, hair cedlo transcripts are alternatively spliced
(Figure 2). Eight potential splice sites have been identified and 15 alternative
exons have been described to date (38—41).
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Figure 2 Schematic diagram of the cochlear Slo charnslbunit open reading frame-£150

amino acids in length), carboxy terminus to the righatched boxeare putative amphipathic or
transmembrane domains (S0-S10) based on data of Meera et al (42), ahddle areas the

pore (P). Eight splice sites, X0—X7, have been identified. Tiveefuences have been identified
(38,41). Both contain additional in-frame ATGs, but these are not necessary for producing a
functional channel (36, 148) and may therefore be located in the untranslated region. At X7, three
exons give rise to different carboxy termini of 7, 8, and 60 amino-acids (aa) (38—41; note a single
residue difference in the 8 aa exon among these reports). X1-X6 may have no insert or contain a
single exon or concatenated exons, the amino-acid sizes of which are noted below each site. X1,
which is novel among all vertebrate and invertebrate BK transcripts, may contain an 8 aa insert
(41); X2 may contain a 31 aa insert (40). X3 may com@i4 ag39-41), a 20 aa (41), or a 31 aa

(39) insert. X4 may contaia 3 ag39, 40), a 58 aa (41), or a 61 aa (39) insert. The 58 aa insert is
reported as 59 but includes a modifi€dl&nking amino acid. X5 may contain an 8 aa insert (41)

and X6 a 28 aa insert (40, 41; note the reported sequences differ by a single residue).

Distribution and Function of Alternatively-Spliced

slo Variants in the Cochlea

Hair cells in both the avian and turtle basilar papillae are mapped tonotopically,
with the cell's resonant frequency increasing monotonically along the length
of the sensory epithelium. If alternative splicing underlies variations in hair
cell tuning, then expression of BK splice variants should be spatially localized
within the epithelium. In situ PCR showed that expression of the exoa-X8

was restricted to the middle third of the basilar papilla of the embryonic chick
and was absent from the basal (high-frequency) tip of the post-hatch cochlea
(41). Quantitative PCR from microdissected quadrants of the basilar papilla
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indicated that exon X2= 31 was excluded from the low-frequency quarter of
the cochlea (40). In this latter study, X3 4 appeared equally in all quadrants,

in contrast to the result with in situ PCR (41). %40 was preferentially
expressed in quadrants 2 and 3 from the apex. The distributions of two carboxy
termini were found to differ, with X% 8 occurring at higher levels in quadrants

3 and 4.

In the turtle’s basilar papilla, only a restricted subset of sites (X3 and X4 in
Figure 2) appear to be alternatively spliced, and only the long=£X60) form
of the carboxy terminus is present. It was thus possible to determine some of
the exon combinations occurring naturally (39). The combinations, specified
by the amino acid insert sizes in X3 and X4, respectively, include 0-0, 4-0,
4-3, 4-61 and 31-3. The spatial distribution of the most prevalent isoforms was
studied by RT-PCR on groups of hair cells isolated from different regions. The
combinations 4-3 and 31-3 were absent from the highest frequency quadrant.
It is worth noting that in both turtle and chick, the distributions observed are
quite broad, involving 50% of the papilla or more. However, the amplification
techniques do not as yet allow a conclusion about a gradient in the level of a
particular mRNA transcript in these broad regions. Moreover, the occurrence of
the message does not necessarily reflect the extent of channel incorporation into
the membrane. It will be important to verify (by techniques such as antibody
labeling) thatthe protein isoforms encoded by the different transcripts are indeed
expressed in the hair cell plasma membrane.

The functional effects of alternative splicing are beginning to be explored.
Two carboxy-terminal splice variants, X# 8 and X7= 60 (homologous to
the termini originally described in human and mouse Slo, respectively), pro-
duced functionally identical channels when expressed in HEK celgnopus
oocytes (46). Splice site X4 in turtle includes a 61lamino acid exon that is
related to the 59 or 61 amino acid exon described in adrenal chromaffin cells
(45,47). In studies of chick Slo variants, addition of X461 to the cSlo
backbone caused a two- to threefold slowing of deactivation kinetics, as well
as a 25 mV negative shift in the half-activation voltage (48). While studies
of individual added exons can be instructive, ultimately it will be necessary
to characterize and test those combinations of exons that predominate in hair
cells if the native channels are to be reconstituted. In the chick, the occurrence
of alternative splicing at seven sites within the coding region implies that a
potentially large number of combinations may exist, which makes the task of
assigning functional consequences to different variants daunting.

However, the restriction of splicing in the turtle channel to just two sites,
X3 and X4, suggests that one or both of these sites is crucial for determining
the channel properties, including its €asensitivity and kinetics. Expression
of the different turtlex-subunit variants ilrenopusocytes has confirmed this
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notion (49). In order to match the performance of native channels, reconstitution
will most likely require accessorg-subunits that are known to influence the
channel’'s behavior (50). Preliminary results indicate that coexpression of hair
cell a-subunit with ag-subunit both increased the channel's’Caensitivity

and markedly slowed its kinetics (49,51). Thus in theory a range of channel
kinetics might be achieved by differential expression of different splice variants
of the-subunit in conjunction with an expression gradient gtaubunit.

Hair Cell Tuning with Other K Channels

As in turtles and frogs, electrical tuning in alligator and chick hair cells arises
from the interaction of voltage-gated €aand C&*-activated K currents
(18,19). However the use of BK channels is confined to frequencies above
100 Hz, and atlower frequencies the outward current of hair cells in these species
is dominated instead by a slowly activating calcium-independent, delayed-
rectifier Kt current (52). In addition, these cells have an inward rectifiecit-

rent that makes a contribution to membrane conductance at potentials negative
to —40 mV. Such cells have more negative resting membrane potentials and
generate low frequency@0 Hz) oscillations or slowly repetitive calcium ac-
tion potentials. In alligator hair cells, a TTX-sensitive sodium current can assist
with spiking (53).

\oltage-gated K channels have also been shown to be involved in tun-
ing of turtle auditory hair cells (54, 55). Slowly activating voltage-dependent
K™ currents and inward rectifier currents are responsible for tuning to the lowest
frequencies (10-40 Hz) in apical hair cells. Use of a delayed rectifier may reflect
the need to slow the activation kinetics of theé gurrent below that obtainable
with a pure BK current. Inward rectifier Kcurrents also serve to augment the
sharpness of tuning in cells containing BK channels tuned to frequencies less
than 200 Hz (24, 55). The utilization of delayed rectifier and inward rectifier
K* channels by low-frequency hair cells implies that expression of these types
of K* channel may be confined to the apical region of the cochlea. RT-PCR
was used to demonstrate that the inward rectifier cIRK1 (56) and a chick ho-
mologue of the Shaw Jfamily, cK,3.1 [a putative delayed rectifier (40)], were
preferentially expressed in segments microdissected from the apical half of the
chick’s basilar papilla.

Determinants of lon Channel Expression in Hair Cells

The expression of ion channels may be related to the synaptic organization
of hair cells. It has been suggested that voltage-gatéd €mannels and BK

channels cluster preferentially at transmitter release sites in frog saccular hair
cells (27,57), as observed at the neuromuscular junction (58). The relationship
between C&" channel expression and release site formation was examined in
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chick hair cells, among which afferent innervation density varies systematically
by cochlear position (59). Release site size is greater in more basally located
hair cells, but release site number falls across the cochlear width (see color insert
C1, Figure 3, at back of volume). &achannel number was found to correlate
with each hair cell’s total release area—a product of release site number and
size. A tonotopic gradient of Ga channels in turtle hair cells also may be
related to variations in presynaptic structure, with the highest frequency hair
cells having the largest calcium currents (22, 31) and the greatest number of
release sites (60).

Gradients of innervation and ion channel expression are observed across, as
well as along, the sensory epithelium. The differential innervation by afferent
and efferent neurons across the width of the chick’s basilar papilla (61) corre-
sponds to cell-specific expression of various voltage-gated potassium channels
(62). Hair cells with predominately efferent innervation have rapidly inactivat-
ing A-type K* currents , whereas hair cells innervated by afferent neurons pos-
sess the delayed rectifier and inward rectifier currents described above. These
pre- and postsynapticKcurrents are reminiscent of the synaptic distributions
of K, subtypes described in mammalian brain (63). It will be of interest to
examine the distribution of ion channels in hair cells that have developed with
altered innervation in vitro (64) or following denervation (65).

Studies of hair cell development may offer additional insights into poten-
tial regulatory mechanisms. BK-type whole-cell currents are first elicited from
chick cochlear hair cells at about embryonic day 18 (66), coincident with a late
stage of functional maturation of the cochlea (67, 68). In contragt; Claan-
nels and delayed rectifier'’Kchannels appear as many as 7 days earlier, and
together support calcium spiking in the embryonic hair cell. Even at embryonic
day 10, chick hair cells express different classes of voltage-gatezhKnnels
depending on their cochlear position (69). Thus developmental schedules, and
presumably the underlying regulatory mechanisms, are channel specific during
hair cell differentiation. One might imagine that spontaneous (or driven) activ-
ity and associated aflux in embryonic hair cells provides some instruction
for the later expression of BK channels, as occurs during the developmental
acquisition of K channels by embryonienopuseurons (70).

MECHANICAL TUNING

Passive Resonance of the Hair Bundle

The auditory signal can be filtered during the process of mechanotransduction
in the hair bundle, as well as by the subsequent activity of voltage-dependent
channelsinthe basolateral membrane. Acoustic stimuli give rise to vibrations of
the basilar membrane, which are translated into a to-and-fro motion of the hair
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Figure 3 Three-dimensional reconstructions of mechanosensory hair cells from the cochlea of

a chick, derived from serial electron micrographs. Presynaptic dense bodies found at sites of
transmitter release are showryiellow. Tall (inner) hair cellsleft) contact the majority of afferent
neurites and have more numerous release sites and voltage-gated calcium channels than do short
(outer) hair cellsight) (59). The nuclei lfrown) are approximately 4 mm in diameter. Image
provided by RL Michaels, Univ. Colorado Health Sciences Center.
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bundle, an array of 50 or more stereocilia that forms the hair cell’s mechanosen-
sory organelle. The bundle is wedge-shaped and the heights of sequential ranks
of stereocilia increase from one side of the bundle to the other, thus defining
an axis of symmetry along which the bundle normally rotates. Relative motion
of adjacent stereocilia is detected by mechanotransducer channels located at
the stereociliary tips (71-73). The channels are thought to be gated by force
delivered through extracellular tip-links connecting the top of one stereocilium
to the side wall of its taller neighbor (74, 75).

In most vertebrates, the structure of the hair bundle varies along the cochlea’s
tonotopic axis, with a decrease in the height of the stereocilia toward the high-
frequency end (76—78). Reduction in bundle height is often accompanied by an
increase in the number of stereocilia per bundle (7,79, 80). The chick basilar
papilla is a well-documented example, where bundle height decreases from
6 to 1.5um, and the number of stereocilia increases from 50 to 300 from the
low- to high-frequency end (79). Direct manipulation of the bundle has shown
that the stereocilia are rigid and move as a concerted array, pivoting about their
base with no flexure along their length (81-83). At first glance, therefore, the
hair bundles should behave as mechanical resonators like the arm of a tuning
fork, with the resonant frequency being a function of the bundle’s stiffness and
mass. The number of stereocilia per hair cell, the links interconnecting them,
and the maximum height of the bundle all contribute to the hair bundle stiffness
(84). In a simple analysis, if the bundle contains stereocilia of mean length
L, each with a rotational stiffnessgkthe free bundle’s undamped resonant
frequency f is given by

Fg = kKL, 1.

where k is a constant. The resonant frequency is inversely proportional to the
stereociliary length to the three halves power predicting that shorter bundles
should resonate at a higher frequency (85). Inthis treatment, the bundle stiffness
is assumed to be constant, but this is likely to be an oversimplification owing
to the active bundle movements discussed below.

In the majority of species, passive resonance of the hair bundle probably
contributes little to cochlear frequency selectivity. The resonant frequencies
estimated from Equation 1 are inappropriately high (82, 86), and the predicted
resonance is likely to be over-damped. A further limitation is that the bundles
do notvibrate independently but are usually coupled laterally and longitudinally
via attachments to an acellular tectorial membrane that carpets the entire papillar
surface. Exceptions to this rule are found in several lizard species (87), where
the basilar papilla is subdivided into regions with distinct morphologies. In
one region, the hair bundles are connected to a continuous tectorial membrane
in an arrangement common to most other vertebrates. In a second region,
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either the tectorial membrane is absent or there are a series of specialized
tectorial structures, the sallets, each attached to only a small cohort of hair
bundles. In the alligator lizar@errhonotus multicarinatysells in the high-
frequency region of the papilla possess very long, free-standing bundles with
no connection to a tectorial membrane (76). Both theoretical analysis (85, 88)
and direct experimental observations (89, 90) indicate that the bundle resonance
provides some frequency tuning. The bundle heights decrease from 30 12

in conjunction with an increase in characteristic frequency from 1 to 4 kHz, a
correlation that is in good agreement with Equation 1 (85).

A sharply tuned passive resonance can also be achieved by employing shorter
stereocilia but increasing the mass loading of the bundles with tectorial sallets
coupledto arow of about ten hair bundles. This organization has been described
and modeled in both the bobtail lizafdiqua rugosa(91) and the Tokay gecko
Gekko geck@92). For example, in the gecko, a gradient in hair bundle height
from 16 to 5um (80) combined with the mass of tectorial sallets produces a
passive resonance predicted to tune the hair cells to frequencies from 1 to 5 kHz.
Both the free-standing bundles and sallet-loaded bundles are specializations that
may have evolved to expand the high-frequency range of the hearing organ up
to about 5 kHz. For these lizard species, there is an additional portion of the
basilar papilla possessing a conventional tectorial canopy and receptor cells
tuned to lower frequencies; in the gecko, hair cells in this portion probably
employ an electrical tuning mechanism to encode frequencies from 0.15 to
0.8 kHz. (93).

There is at most a 5-fold variation in bundle height in a given cochlea, which
(from Equation 1) yields only a 11-fold change in the passive resonant fre-
guency. Without assuming variations in other factors, such as stereociliary
rotational stiffness or tectorial mass loading, changes in bundle height are in-
adequate to explain the wide frequency range of most cochleae. What role then
does the ubiquitous tonotopic variation in bundle structure play? One simple
consequence of reducing bundle height and increasing stereociliary number at
high frequencies will be to enhance the sensitivity of transduction. A given
motion of the tectorial membrane will cause shorter bundles to undergo a larger
angular rotation. When this factor is combined with the larger transducer cur-
rent (from increases in numbers of both stereocilia and transducer channels per
stereocilium; 94), it can, in theory, generate in the turtle a 10-fold increase in
the sensitivity of transduction at high frequencies.

Transducer Currents and Adaptation

To examine other tuning processes intrinsic to the hair bundle, it is first neces-
sary to document the properties of the transduction mechanism. Performance
of the transducer channels has been assessed either by measuring extracellular
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microphonic currents (95, 96) or by recording transducer currents in isolated
voltage-clamped hair cells (97—-100) during manipulation of the hair bundle.
Both methods have demonstrated that the channels respond maximally for bun-
dle rotations of+5° (equivalent to+ 0.5 um deflection at the tip of a Gm
bundle). The channels activate with time constants on the order of 0.1 ms
at room temperature (95, 99), but in response to a maintained stimulus, they
close again because of an adaptation process that resets the bundle’s operating
range. Depending on the measurement conditions and preparation, the adapta-
tion time constant can range from 0.3 ms to more than 30 ms (94-96, 99, 101).
Transduction in solitary hair cells is often compromised by mechanical damage
incurred during the isolation procedure. Such damage can be minimized by
patch-clamping hair cells in an intact cochlear epithelium (102), where larger
currents and faster adaptation are observed. When this approach was applied
to the turtle cochlea, the properties of the transducer current were found to vary
with hair cell position along the tonotopic axis (94). In progressing from the
low-frequency to the high-frequency end of the cochlea, the maximum trans-
ducer current increased more than fivefold and the time constant of adaptation
decreased nearly tenfold. The turtle basilar papilla exhibits trends in hair bun-
dle morphology similar to those described elsewhere (7), with a halving in
bundle height (10 to m) and an approximate doubling in stereociliary num-

ber (50 to 90) in high-frequency hair cells compared with low-frequency hair
cells. Variation in the number of stereocilia is insufficient alone to explain the
gradient in the transducer current, and a change in the number of transducer
channels per stereocilium must also be assumed (94). An increase in number
of transducer channels per stereocilium will result in a largeér @alux that

may partly account for the acceleration of adaptation in high frequency hair
cells (see below).

The systematic variation in adaptation time constant along the cochlea
(Figure 4) from 4 ms to less than 0.5 ms suggests that adaptation contributes
to hair cell frequency selectivity. Dissection of the hair cell’s acoustic tuning
curve in the turtle cochlea (12) revealed that, apart from the major compo-
nent endowed by the electrical resonance, there was a residual low-pass filter
attributed to the middle ear mechanics and a single-pole high-pass filter of un-
known origin. The high-pass filter varied from 29 to 350 Hz and was roughly
scaled with the hair cell's characteristic frequency. A similar high-pass filter
range was inferred from tuning curves during efferent stimulation that nullifies
the electrical resonance (103). A variation in the time constant of transducer
adaptation could account for this filter (94). The smooth curve in Figure 4 was
calculated on the assumption that transducer adaptation contributes a high-pass
filter with a 3 dBcorner frequency of 0.7 of the cell’s characteristic frequency.

It should be emphasized that the absolute values of the time constant will vary
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Figure 4 (a) Families of transducer currents from two hair cells near the low-frequencyta)d (

and high-frequency end of the turtle basilar papiliatton). Numbers in parentheses denote hair
cell position as the fractional distance, d (0 to 1), from the low-frequency apical end. Note the
currents in the high-frequency cell are larger and, for small stimuli, adapt more rapidly. Traces above
current records represent deflections of the hair bundle. Holding poter&amV, intracellular

Cat buffer, 1 mM BAPTA. p) Adaptation time constants;, of 53 cells against fractional
distance of a cell from the low-frequency (apical) end of coch&mooth curvevas calculated

on the assumption that adaptation contributes a high-pass filterandtdBcorner frequency of

0.7 of the cell's resonant frequency,fF The time constant of adaptatiory, in milliseconds, is
related to 5 and, assuming an exponential frequency map (32), to d, the fractional distance along
the cochlea from the low-frequency end by= 1000/1.47F, = 5.68 exp(¢0.37).

to some extent depending on the extern&@ancentration and the intracellu-
lar C&* buffer (94, 104), but nevertheless, the relative range is approximately
correct.

The mechanism of transducer adaptation is stillincompletely understood, but
it is generally agreed to be regulated by changes in stereociligry @acen-
tration following influx of the divalent ion through open transducer channels
(94,98, 99, 105). The change in €ahen resets the range of displacements
detected by the channel. One mechanism by which this resetting might be ac-
complished entails a myosin motor connected to both the transducer channel
and the actin cytoskeleton of the stereocilium (106).2"Gaflux is postu-
lated to inhibit the actomyosin interaction, causing the channel to slip down
the side-wall of the stereocilium and thereby reduce the extension in the tip-
link. Circumstantial evidence in support of this motor hypothesis includes the
demonstration that myosirnglis present near the tips of the stereocilia in frog
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saccular hair cells (107). In addition, adaptation is blocked by ABPLO8)

and by various phosphate analogs (109) that interfere with myosin ATPases.
However, it should be stressed that all such agents also inhibit the Ca ATPases
responsible for G extrusion from hair cells (110, 111) and thus affect the
stereociliary C&". Whether such an actomyosin interaction is rapid enough to
account for the fastest adaptation time constants observed in turtle hair cells
(<0.5 ms) is also presently unclear, and a more direct action &f Ga the
transducer channel may be required. Nevertheless, the scheme whereby the
transducer channels are under negative feedback control is widely accepted.

Feedback Control and Tuning of the Transducer Current

Feedback control of the transducer channels arises because the transducer cur-
rentis a function of the difference between the external stimulus and an internal
set position for the channel determined by the level of intracellular fré&.Ca

As the transducer channels open during bundle deflecticii,&lders the stere-

ocilia and triggers adaptation, which acts to close the channels. As with other
negative feedback systems, the transducer current may be tuned under certain
conditions. Such tuning has been observed in turtle hair cells and is manifested
as an under-damped oscillation of the voltage-clamped transducer current for
small positive displacements. Resonant frequencies of 58 to 230 Hz have been
measured (104). Whether adaptation displays an over-damped exponential de-
cay or an under-damped oscillation depends on a variety of experimental fac-
tors including the magnitude of the transducer current, the intracellufar Ca
buffering, and the external €aconcentration. The resonance will occur at

a frequency related to the rate of opening of the transducer channels and the
speed of the adaptive feedback. It should be noted that this resonance in the
transducer current does not require an active motor to produce the feedback.
However, if the change in the channel’s set point is achieved by a motor (101),
then a mechanical output may be generated.

A useful analogy can be drawn between active transducer feedback and the
electrical resonance. The passive electrical properties of the hair cellmembrane,
resulting from a leak resistance and a membrane capacitance, provide only a
low-pass filter, but the addition of negative feedback by voltage-dependent
activation of K" channels can generate a sharply tuned resonance. In a similar
manner, a displacement-sensitive feedback on the transducer channels could
generate a sharply tuned transducer current.

Active Hair Bundle Movements

Active movements of the hair bundles have been described in a number of

lower vertebrate preparations. Such movements were manifested as sponta-
neous fluctuations in bundle position (82, 112-114), nonlinear responses to
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force steps (82,112, 115), and motion evoked by intracellular current injection
(82,98, 101, 113, 116). The motion is regarded as active because its amplitude,
ranging from 5 to 100 nm, exceeds that expected for the Brownian motion of
a passive resonator (82). Whether the assorted observations reflect a single
underlying mechanism is unclear.

In addressing the mechanism of the bundle motor, the experimental phe-
nomenon may be categorized according to the speed of the active process.
Some movements, epitomized by the responses to current injection reported by
Assad & Corey (101), take place over 100 ms or more. This time course is
correlated with that of transducer adaptation in bullfrog saccular hair cells and
appears sufficiently slow to be mediated by the myosin motor detailed above.
In contrast, some active movements occur on a millisecond time scale (82, 112)
and have been referred to as rapid twitches (115) to distinguish them from the
slower manifestations of adaptation. The faster motion may underlie the fast
adaptation rates recently described in turtle hair cells (94).

Aunifying hypothesis is that there are two®alependent processes to chan-
nel regulation, both of which could potentially involve myosin. In the slower
component, myosin ratchets up and down the core of the stereocilium, detaching
from and reattaching to the actin cytoskeleton and ferrying the channel with itin
order to adjust the tension on the tip-links (106). In the faster component, there
is a modulation of the transducer channel (99, 100) mediated either directly by
an interaction of C& with the channel protein, or indirectly via myosin, which
merely rocks back and forth without detachment from the actin cytoskeleton
(106). Evidence that the hair cells are capable of creating a significant ac-
tive force-output, even in lower vertebrates, is provided by the observations
of spontaneous otoacoustic emissions. An especially compelling example was
recently reported in the lizarinolis sagre(117), where the otoacoustic emis-
sions were related to the number of hair cell generators in the high-frequency
portion of the basilar papilla. In some other lizards and in some birds, the spon-
taneous otoacoustic emissions also appear to be confined to a frequency range
corresponding to the high-frequency region of the papilla (118).

The role of active mechanical feedback in the tuning of individual hair cells is
still poorly defined and remains an area for future exploration. How and where
might it be employed? The obvious site for such a mechanism would be at high
frequencies, where electrical tuning may have been abandoned because of the
inordinately high densities and fast kinetics of Ehannels required to achieve
tuning at such frequencies (24). In lower vertebrates, electrical tuning seems
adequate to explain auditory frequency selectivity at frequencies below 1 kHz.
Avian cochleae utilize electrical resonance (19) and contain two types of hair
cell (119), each arranged in multiple rows: a columnar inner hair cell (the tall
cells) along the edge of the basilar membrane that receives the majority of the
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afferent innervation, and a flattened outer hair cell (the short hair cell) situated
toward the center of the basilar membrane and innervated predominantly by
efferent neurons (see color insert C1, Figure 3, at back of volume). This
arrangement is striking in that it resembles the mammalian organization.

Although the role of the avian short outer hair cells is not established, it
is tempting to suppose that, by analogy with their mammalian counterparts,
they perform a motor function supplying tuned energy into the vibration of
the cochlear partition, which itself displays some mechanical tuning (120).
Because the cell bodies of the short hair cells are anchored to supporting cells
in the basilar papilla, they can deliver force only via hair bundle motion. This
movement in the short hair cells would be transmitted to the tall hair cells on the
neural limbus via the overlying tectorial membrane. The proportion of short
outer hair cells increases toward the basal end of the cochlea, consistent with
their being used to extend the high-frequency range. The potential motor role
of the short hair cells is an important area for future investigation.

Electromechanical Behavior in Mammalian Outer Hair Cells

The auditory frequency range in submammalian vertebrates rarely exceeds
about 5 kHz, but in the evolution of the mammalian hearing organ, this range
has been extended by an order of magnitude with the acquisition of new tun-
ing mechanisms. The main morphological innovations are a modification of
the middle ear structure, an increase in the length of the basilar membrane,
and the specialization of cell types, both supporting and sensory, within the
organ of Corti. This specialization includes a separation of the hair cells into
two subtypes: a single row of inner hair cells through which most of the au-
ditory information is funneled to the auditory nerve fibers, and three or four
rows of long cylindrical outer hair cells with a conspicuous efferent but sparse
afferent innervation. Each hair cell type has distinctive response properties
(121-123) and makes a differential contribution to the cochlea’s sensitivity and
frequency selectivity (124). The elongated basilar membrane supports a trav-
eling wave, with a maximum amplitude that moves systematically from apex
to base with an increase in stimulation frequency (4). The basilar membrane
thus possesses sharp mechanical tuning (125, 126), but as with other frequency-
selective mechanisms, the tuning has both passive and active components. The
passive component stems mainly from a gradient in the mechanical compli-
ance of the cochlear partition (4). The amplitude of vibration and frequency
selectivity are then augmented by active mechanical feedback from the outer
hair cells, which generate forces predicted to cancel the viscous damping of the
cochlear partition (127, 128).

The current notion of force generation by the outer hair cells involves
their contracting longitudinally like miniature muscle fibers (129, 130). The
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contractions are fast and voltage-controlled — depolarization inducing cell short-
ening and hyperpolarization causing elongation. The molecular basis of the
mechanism is thought to be a voltage-sensitive motor protein embedded at high
densities in the lateral wall of the hair cell (131). Reorientation of the pro-
tein in the membrane field, which is envisioned to alter the area per molecule,
has been followed by monitoring the associated charge movements (132, 133).
Conformational changes in the motor protein are thought to change the surface
area of the membrane thus altering the cell length at constant volume. Most
of the characterization of outer hair cells has been performed on isolated cells,
but in the organ of Corti these cells are constrained by apical attachments to the
reticular lamina and by basal connections to Deiters cells. Evidence that outer
hair cells can generate sufficient force to deform the organ of Corti is provided
by the observation that current passed across the cochlear partition results in
basilar membrane movements of tens of nanometers (134).

As with the active hair bundle movements discussed above, the mechanical
output frequency is a function of the kinetics of the transducer channels and the
speed of the motor. The motor appears to operate up to at least 25 kHz (135) and
therefore may not be rate-limiting. However, because the process is voltage-
controlled, it is also limited by the membrane time constant, which attentuates
the receptor potential at high frequencies. The time constant is the product of the
cell capacitance, C, and the input resistance, R, which is dominated by voltage-
dependent K conductances. At least two major types of khannel con-
tribute: @) a high-threshold channel activated at membrane potentials positive
to —35 mV and blocked by 0.1 mM 4-aminopyridine; arl & low-threshold
channel activated betweerf0 and—50 mV, the identity of which is obscure
(136-138). Some evidence also suggests the presence éfaQwated K
channel similar to that found in lower vertebrate hair cells (136, 139).

Itis clear that there are cochlear gradients both in the outer hair cell's mem-
brane capacitance (from systematic changes in cell length), and in its comple-
ment of K channels. Even the Kchannel types are differentially expressed,
with the high-threshold channel confined to the apical turn of the cochlea and the
low-threshold channel predominating in the basal turns (138). Up to a fivefold
reduction in cell capacitance from the low- to high-frequency end of the cochlea
is accompanied by a severalfold decrease in input resistance (136, 138, 140).
Consequently, the cell time constant of high-frequency outer hair cells is an or-
der of magnitude faster than that of low-frequency cells. This is an appropriate
trend for minimizing the high-frequency attenuation of the receptor potentials
that are required to drive the motor on a cycle by cycle basis. However, absolute
values of the time constant have so far yielded equivalent corner frequencies
(F. = 1/27RC) of no more than-1 kHz (138, 140, 141). These time con-
stants present a significant rate-limiting step in the electromechanical feedback
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loop. The roll-off in sensitivity caused by the membrane time constant may
be partially compensated if the magnitude of the transducer current increases
in outer hair cells tuned to higher frequencies in mammals as it does in turtle
(94).

The contractile behavior of the outer hair cells is a striking mammalian
adaptation with properties appropriate for its presumed role as the cochlear
amplifier. Owing to its robustness and relative insensitivity to cell metabolism
or temperature (142), it has been fairly easy to study. In contrast, elucidat-
ing the mechanism and role of active hair bundle movements, which for their
manifestation rely on proper functioning of the transduction mechanism, has
proved difficult. Nevertheless, it remains a possibility that such bundle move-
ments contribute to mechanical feedback especially at high frequencies. The
calcium-dependent feedback described above is likely to be driven by transducer
current and therefore is not constrained by the cell membrane time constant.
Moreover, the apparent fragility of the hair bundle motor resembles that of
the basilar membrane tuning, which is sensitive to the slightest mechanical or
metabolic insult to the cochlea and rapidly deteriorates even in the best experi-
mental preparations (e.g. 125). Such vulnerability is most likely located in the
mechanoelectrical transduction mechanism. The importance of a fully func-
tional transducer in cochlear mechanics is indicated by the effects of treatment
with the diuretic furosemide. The main short-term action of furosemide is to
reduce the endolymphatic potential, but this results in removal of the sharp tips
of both neural and mechanical tuning curves (143, 144). Loss of the endolym-
phatic potential will reduce the electrical driving force across the stereociliary
membrane from 150 to 70 mV, thus roughly halving the transducer current.
This argues that the mechanical feedback is strongly sensitive to the gain of
the mechanoelectrical transduction mechanism. Future experiments should
seek to distinguish between the contribution of the transducer and of outer
hair cell contractility in generating the active component of basilar membrane
tuning.

CONCLUSIONS

The evolution of the auditory receptor is worth summarizing because it may
illuminate the limitations of the various mechanisms for frequency selectivity
and provide insight into the cellular processes employed in higher vertebrates.
The turtle, which has been extensively studied, relies almost exclusively on
electrical tuning of the hair cells, perhaps supplemented with active bundle
movements driven by a tuned transducer current. The turtle is close to the
primitive vertebrate condition, and in more evolutionarily recent amphibians
and reptiles there has been an attempt to extend the upper frequency limit by
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introduction of various additional mechanisms. An increase in the high-fre-
guency range may stem from selective pressure to improve sound localization
in animals with small heads. Frogs possess both a low-frequency amphibian
papilla, composed of hair cells endowed with an electrical tuning mechanism,
and an organ unique to amphibians that is tuned to the major frequency compo-
nents of the mating call (1-3 kHz) (145). In lizards, the low-frequency range
may also be served by electrical tuning, but in some species the upper fre-
guency limit has been extended to 5 kHz (at room temperature) by use of a
secondary papillar region with distinct morphology that utilizes passive me-
chanical tuning of the hair bundle. These developments would argue that elec-
trical tuning, as described in the turtle, can not be used above about 1 kHz. This
may reflect limitations on both the achievable densities and kinetics of the BK
channels.

Birds also employ electrical tuning, mediated by eithef‘Gaependent or
voltage-activated K channels. The frequency range is partly expanded by el-
evated temperature, which raises the electrical resonant frequency wjth a Q
of 2 (146). However, birds also possess other innovations that include a divi-
sion of labor by inner and outer hair cells and a basilar membrane with some
mechanical tuning. The simplest hypothesis is that this mechanical tuning is
supplemented by electromechanical feedback from the short (outer) hair cells.
Owing to the anchoring of the short hair cells in the basilar papilla, this feedback
must be mediated via active hair bundle motion—perhaps transmitted through
the tectorial membrane. The upper frequency limit attained is approximately
5 to 10 kHz. The developments found in birds are exaggerated in mammals
that utilize a novel electromechanical feedback, by somatic contractions of the
outer hair cells, to sharpen the passive mechanical tuning of the basilar mem-
brane. There is no evidence that mammals employ electrical tuning over any
frequency range (123, 147), and it may be that the active electromechanical
output of the hair bundle also has intrinsic frequency limitations. This ques-
tion may be settled only by more detailed studies of mammalian cochlear hair
cells to investigate their ionic conductances and mechanoelectrical transduction
mechanism.
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