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ABSTRACT Substantial evidence exists for spontaneous oscillations of hair cell stereociliary bundles in the lower vertebrate
inner ear. Since the oscillations are larger than expected from Brownian motion, they must result from an active process in the
stereociliary bundle suggested to underlie amplification of the sensory input as well as spontaneous otoacoustic emissions.
However, their low frequency (,100 Hz) makes them unsuitable for amplification in birds and mammals that hear up to 5 kHz or
higher. To examine the possibility of high-frequency oscillations, we used a finite-element model of the outer hair cell bundle
incorporating previously measured mechanical parameters. Bundle motion was assumed to activate mechanotransducer
channels according to the gating spring hypothesis, and the channels were regulated adaptively by Ca21 binding. The model
generated oscillations of freestanding bundles at 4 kHz whose sharpness of tuning depended on the mechanotransducer channel
number and location, and the Ca21 concentration. Entrainment of the oscillations by external stimuli was used to demonstrate
nonlinear amplification. The oscillation frequency depended on channel parameters and was increased to 23 kHz principally by
accelerating Ca21 binding kinetics. Spontaneous oscillations persisted, becoming very narrow-band, when the hair bundle was
loaded with a tectorial membrane mass.

INTRODUCTION

Sound stimuli are transmitted to the inner ear, where they

vibrate the stereociliary (hair) bundles of the hair cells, thus

activating mechanically sensitive transducer (MT) channels

located near the tips of the stereocilia. The hair bundle is

primarily a sensory organelle that responds to deflections

along its excitatory-inhibitory (E-I) axis, toward and away

from the tallest stereociliary rank (1). An excitatory stimulus

is thought to convey force to the MT channel by tensioning

tip links that connect the apex of each stereocilium with the

side wall of its taller neighbor (2,3). Besides being a sensory

structure, the hair bundle can also exhibit motile activity

exemplified by the spontaneous periodic motion in its posi-

tion, with the tip of the bundle oscillating also along the E-I

axis. Spontaneous bundle oscillations have been reported at

frequencies from 5 to 100 Hz in hair cell epithelia of lower

vertebrates such as the turtle (4) and frog (5–7). In such prep-

arations, the oscillations occur with a peak-to-peak amplitude

up to 80 nm, much larger than expected for Brownian motion

of the bundle, which has been taken as evidence for an active

process used by hair cells to amplify the mechanical input

(4,8). It is thought that the oscillatory motion of the bundle

might sum with the external stimulus, providing amplifica-

tion to enhance the signal/noise ratio of transduction, espe-

cially near threshold.

Independent evidence of a mechanical output from audi-

tory hair cells comes from otoacoustic emissions in which the

external ear radiates sound energy (9). Such emissions have

been recorded in nonmammalian vertebrates (frogs, lizards,

and birds) as well as in mammals (10). 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 otoacoustic emissions occur at

frequencies within the audible range of the animal (from a

minimum of ;600 Hz in frogs (11) to ;60 kHz in certain

mammals (12)), but the highest frequency reported for spon-

taneous bundle motion is no more than 100 Hz. A causal link

between the two processes would be greatly strengthened by

an experimental or theoretical demonstration of spontaneous

bundle motion in the kilohertz range of a mammalian prep-

aration.

The origin of spontaneous oscillations in lower-vertebrate

hair cells has been proposed as the interplay of a negative-

stiffness region in the force-displacement relationship of the

hair bundle and an adaptation motor that maintains the

bundle in its most sensitive range (7,8). Adaptation is trig-

gered by influx of Ca21 through open MT channels and oc-

curs on two disparate timescales. In fast adaptation, Ca21

has been suggested to bind to the MT channel, making it

more difficult to open, whereas for slow adaptation, Ca21 is

thought to act on myosin molecules at the upper insertion

point of the tip link, causing the insertion point to slip down

the stereociliary wall and relieve force on the channel (13,14).

Inmodeling the spontaneous oscillations, the latter mechanism

involving the myosin motor is normally invoked, with sub-

stantial experimental support (7). However, as a consequence

of the slow kinetics of the myosin ATPase cycle (,10 s�1),

the oscillations occur at low frequency. High-frequency os-

cillations, if present, will require the fast process mediated by

Ca21 binding to the MT channels. This is a negative feedback
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system whereby Ca21 entering through open transducer chan-

nels closes them, thus generating a force that opposes the

initial bundle deflection (15). Such feedback control of the

channels, which also underlies fast adaptation, could in

theory provide both underdamped resonance and amplifica-

tion. A channel mechanism was previously modeled to show

the feasibility of high-frequency resonance and oscillations

at 5 kHz (16), but there is as yet little experimental support for

the phenomenon. The aim of this work was to investigate this

same process using a finite-element (FE) analysis incorpo-

rating realistic geometry of mammalian hair bundles, stochastic

gating of multiple MT channels, and mass loading by the tec-

torial membrane. The approach enabled us to examine ex-

plicitly the factors that can be varied to extend the upper

frequency limit of the phenomenon. It also allowed us to ob-

serve the behavior of individual channels and their interactions.

THEORY

Structural model of the outer hair cell bundle

A three-dimensional FE model of an outer hair cell (OHC) bundle was

constructed as described previously (17,18) using the geometry of rat co-

chlear OHC bundles (19,20). Two different-sized hair bundles were em-

ployed. For most simulations, we used a hair bundle from the apical turn of

the rat cochlea with three rows of 29 stereocilia in pseudo-hexagonal array

of heights 4.2, 2.2, and 1.1 mm. In a second simulation, we used a hair cell

bundle from the basal turn comprising a larger number of shorter stereocilia

with three rows, each consisting of 37 stereocilia with heights of 2.4, 2.0,

and 1.0 mm. The low-frequency bundle came from a location 0.8 of the

distance along the rat cochlea from the base with a characteristic (acoustic)

frequency of 4 kHz, and the high-frequency bundle came from a location

0.3 of the distance along the cochlea with a characteristic frequency of 23

kHz (21).

The number of nodes in the FE model was 1160 for the low-frequency

bundle and 1258 for the high-frequency bundle. In the model, the stereocilia

were interconnected by horizontal links and tip links (Fig. 1 A) (22,23)

represented by link elements allowing axial deformation only. Stereociliary

deformation was described by Timoshenko beam theory (24). In addition to

these structures, new to this study, a beam was added along the tips of tallest

stereocilia, and link elements connected the beam to the stereociliary tips

(Fig. 1 B). The beam was introduced to represent the in vivo arrangement in

which the tips of the tallest stereocilia are embedded in the amorphous

(Hardesty’s) layer of the tectorial membrane (25). The consequences of this

tip constraint will be discussed in the Results. The values for the mechanical

and other parameters are given in Table 1 and are similar to those used in our

previous simulations that were based on experimental measurements of rat

OHC bundle mechanics (18). The material properties of the bundle tip

constraint were assumed to be sufficiently high to ensure that the bundle tips

would move as one, but the constraint would contribute minimally to the

bundle compliance. The density of the bundle structures was assumed to be

that of water, 1000 kg�m�3.

In all simulations except those in the last section of the Results, the tec-

torial membrane mass was neglected. To assess the importance of the tec-

torial membrane mass, its mass was lumped in with the bundle tip constraint.

Because the volume of the tip constraint is smaller than the tectorial mem-

brane dimensions, a scaled mass density was applied to the constraint to

represent the effective tectorial membrane mass carried by an OHC bundle.

This mass was estimated as follows: The cross-sectional area of the tectorial

membrane of rat cochlea was assumed to be 7000 mm2 at the 4 kHz location

(26). If the width of the OHC bundle is 8mm, the volume of a strip of tectorial

membrane carried by three OHC bundles is 5.63 104mm3 and its mass is 5.6

3 10�11 kg assuming a density of 1000 kg/m3. If the mass is evenly dis-

tributed and the stiffness is constant along the radial direction, the effective

mass carried by three OHC bundles is about one-third of the total mass of the

tectorial membrane strip. We therefore used 6.2 3 10�12 kg as the mass

carried by one OHC bundle in the 4 kHz region. For the high-frequency

bundle at the 23 kHz region, the cross-sectional area of the tectorial mem-

brane was reduced to one-fourth of that at the 4 kHz region (26).

In adding the tectorial membrane, it is important to consider extra viscous

drag. There are three possible sources of fluid drag associated with OHC

bundle motion: 1), viscous friction within the bundle; 2), viscous drag be-

tween the endolymph fluid and the hair bundle; and 3), viscous drag between

the tectorial membrane and the surface of the hair cell epithelium. Under

circumstances where the tectorial membrane has been removed, only sources

1 and 2 contribute. In contrast, when the tectorial membrane is present, only

sources 1 and 3 contribute, and source 2 can be ignored for the following

reason: the gap between the tectorial membrane and the epithelial surface,

FIGURE 1 Basic features of the model. (A) Cross section

of a hair bundle depicting the three rows of stereocilia

interconnected by tip links and the horizontal connectors.

The tallest stereocilia are nearly upright, whereas the

shorter stereocilia are tilted toward the taller stereocilia.

(B) In some simulations the tips of the tallest stereocilia

were constrained by a crossing bar. (C) Feedback descrip-

tion of model. A force fHB is delivered to the hair bundle,

which activates the MT channel via tension fTL in the tip

links. Channel gating then develops force f*TL, which then

feeds back to modify the motion of the hair bundle. Channel

opening generates a transducer current iHC. (D) The kinetic

scheme used in the model for the MT channel has five

closed (C) and five open (O) states, with the rate constants

between C and O depending on the mechanical stimulus

and the transitions between each of the C (or O) states

depending on binding of one to four calcium ions. As Ca21

binds to the channel, an additional force fCa is required to

open a channel.

Cochlear Hair Bundle Oscillations 4949

Biophysical Journal 95(10) 4948–4962



equivalent to the height of the hair bundle, is less than the thickness of the

fluid boundary layer (27). For example, at 4 kHz, the boundary layer is.10

mm, whereas the bundle height is 4.2mm. Therefore, the fluid flow due to the

relative motion between the two surfaces is viscous. The Newtonian fluid

flow develops linearly from the bottom to the top across the gap. In such a

case, there is little relative velocity between the hair bundle and the sur-

rounding fluid, making the second source of fluid drag ignorable. The

magnitudes of the viscous drag can be estimated in the two cases—when the

bundle is free standing and when it is constrained by the tectorial membrane—

as follows: When the bundle is freestanding, the fluid drag, r, can be ap-

proximated by the Stokes’ drag of a solid sphere: r¼ 3phd. Assuming a fluid

viscosity h ¼ 0.72 3 10�3 N�s/m2 and a sphere diameter d ¼ 8 mm

(equivalent to the maximum dimension of the bundle), the damping coeffi-

cient r is 43 nN�s�m�1. When the bundle is attached to the tectorial mem-

brane, the fluid drag can be approximated by r¼ hbL/z. Taking the width of a

row of three OHC bundles, b ¼ 8mm, the radial length of the tectorial

membrane strip, L¼ 100 mm, and the gap between the two surfaces, h¼ 4.2

mm, then the viscous coefficient, r, of one hair bundle is 47 nN�s�m�1.

Surprisingly, in this analysis the external viscous forces experienced by the

hair bundle are very similar in the presence or absence of the tectorial

membrane. Assuming that the viscous friction within the bundle is minor

compared to the external viscous drag, we used r ¼ 50 nN�s�m�1 for both

freestanding and tectorial membrane-attached cases.

Bundle mechanics

The equation of motion at time t is

Mt1DtÜ
ðkÞ
1 tCt1DtU̇

ðkÞ
1 tKDUðkÞ ¼ t1DtR� t1DtFðk�1Þ

; (1)

where M, C, and K are the mass, damping, and stiffness matrices, respec-

tively, andU,R, and F are the displacement, applied force, and internal force

vectors, respectively. Dotted variables denote differentiation with respect to

time. Superscripts to the left of the variable, t, denote time, and those to the

right, k, denote the iterative step within each time step.

A proportional damping is used that is defined as

tC ¼ c
tK; (2)

where c is a scalar constant with a value of 0.01 ms. This value for c is

equivalent to a damping coefficient of 50 nN�s�m�1 in the simple second-

order Kevin-Voigt mechanical model and is about one-third of the value

measured in bullfrog saccule bundles (28). At each time step, an incremental

displacement vector at the k-th iterative step, DUðkÞ; was computed and the

displacement updated by

t1DtUðkÞ ¼ t1DtUðk�1Þ 1DUðkÞ
: (3)

Iterations for that time step continued until the internal force distribution

converged. For dynamic structural analysis, a direct integration scheme, the

Newmark method, was used (29). This is a single-step implicit method that is

unconditionally stable. The velocity and displacement vectors at time step

(t1Dt) were calculated by solving the equations below using two coeffi-

cients b and g:

t1DtU̇ ¼ tU̇1Dtfð1� gÞtÜ1 g
t1DtÜg (4)

t1DtU ¼ tU1 tU̇Dt1Dt
2

0:5� bð ÞtÜ1b
t1DtÜ

� �
: (5)

Newmark’s coefficients b¼ 0.3333 and g ¼ 0.5005 were chosen to meet the

stability conditions (g $ 0.5, b # 0.5). For most simulations, a time step of

1 ms was selected as a compromise between computational resources and

temporal resolution.

Mechanotransduction channel kinetics

The basic feature of the model (Fig. 1 C) consists of two components in

feedback configuration: the passive hair bundle mechanics and the mecha-

notransducer (MT) channel. Hair bundle motion activates the MT channels

according to the gating spring hypothesis (30), and channel gating influences

the hair bundle mechanics. A channel kinetic scheme identical to that of our

previous work (18) was used with the parameter values given in Table 1. The

gating of each MT channel was treated as stochastic according to a kinetic

scheme with four calcium-bound states and one calcium-free state for both

open and closed configurations (Fig. 1D). Each of the Ca21 binding sites was

assumed to have the same affinity. Rate coefficients between the states were

defined as follows. Two coefficients describe the calcium binding and un-

binding rate:

k
1
Ca ¼ kbCFA (6)

k
�
Ca ¼ kbKD; (7)

where kb is the calcium binding coefficient, CFA is the calcium concentration

at the binding site, and KD is the calcium dissociation constant (KD ¼ 20

mM). The channel opened or closed according to another two rate coeffi-

cients as follows:

kCO ¼ kF expð0:5DE=kBTÞ (8)

kOC ¼ kR expð�0:5DE=kBTÞ; (9)

where kB is the Boltzmann constant, T is the absolute temperature, and kF and

kR are constants. DE is defined by the tension, f, in the tip link assembly,

gating swing b and fCa, the change in force to open the channel on binding

calcium multiplied by nCa, the number of bound Ca21 ions

DE ¼ bðf � nCa fCa � f0Þ; (10)

where f0 is a constant that contributes to setting the resting-open probability.

When fCa . 0, Ca21 binding to the channel facilitates channel closure and

stabilizes the closed state (31,32).

One change from the previousmodel (18) was the absence of a fast release

mechanism—a release of the MT channel within milliseconds caused by

increased stereociliary Ca21. Two slightly different mechanisms, summa-

rized in Cheung and Corey (32), have been proposed to explain the fast

adaptation of the MT channels, which has a time constant of ;0.1 ms in

mammals (33). These have been referred to as the fast release mechanism (7)

and the fast reclosure mechanism (30,31). Both theories predict that Ca21

influx closes the MT channel but their mechanical consequences differ.

During adaptation, the fast release causes the bundle tip tomove further in the

TABLE 1 Model parameters

Parameter Value Description of parameter

kP (N.m.rad�1) 3.0 3 10�16 Rotational stiffness of stereociliary

rootlet

kGS (mN�m�1) 8 (6)y Stiffness of tip link complex

(gating spring)

kSA (mN�m�1) 1.0 Stiffness of horizontal connectors

f0 (pN) 15 (�15)* Intrinsic force difference between

open and closed states

kb ðms�1mM�1Þ 1 Ca21 binding coefficient

KD ðmMÞ 20 (100)* Ca21 dissociation constant

kF ðms�1Þ 10 MT channel C/O rate constant

kR ðms�1Þ 10 MT channel O/C rate constant

b (nm) 3 (2.5)y Gating swing

fCa (pN) 3.5 (8)* Change in force to open channel

on binding Ca21

CFA (mM) 0.1 (20) [Ca21] near MT channel when

channel was closed (open)0.1 (100)*

*Values for 5-fold increase in spontaneous oscillation frequency.
yAlternate values that also generated low-frequency oscillations.
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excitatory direction, whereas in the fast reclosure mechanism the bundle tip

recoils in the inhibitory direction. These two fast adaptation mechanisms are

not mutually exclusive, and both were included previously (18) to provide a

better description of the experimental results. In this study, however, the two

fast adaptation mechanisms, if they had similar kinetics, canceled each other

out because they had opposing mechanical effects. The magnitude and quality

factor of the oscillations decreased as the time constant of fast release became

,0.5 ms, approaching that of the fast reclosure, so only the fast reclosure

mechanism was included in the simulations.

In the model, the unstrained length of the tip link assembly changes ac-

cording to the channel state and the slow adaptation:

Dx ¼ nb1 xA; (11)

where n is the channel state (0 when closed, 1 when open) and xA describes

the movement of the attachment point of the tip link caused bymyosin-driven

adaptation. Dx is positive when the channel complex elongates. The MT

channels are modeled as connected in series with the tip links, and

interactions between the MT channel and hair bundle occur via the tip links

(30). Thus mechanotransduction is reversible: force delivered via the tip links

evokes a conformational change in the channel culminating in opening;

conversely, changes in channel conformation or location, such as occur during

adaptation, are in turn transmitted via the tip links to elicit bundle motion. The

elongation of the channel,Dx, deforms the bundle through a decrease in tension

in the tip link and vice versa. Likewise, bundle deformation affects the tension

experienced by the channel. Available evidence indicates that there are

between one and two channels per tip link (34,20). For most simulations, a

single MT channel at the upper end of the tip link was assumed, but we also

tested the effects of twoMT channels per tip link in two different arrangements.

In one arrangement, the channels were at either end of the tip link and in the

other, two channels in parallel were attached at the upper end of tip link.

Myosin motors are assumed to provide force to maintain the resting

tension in the gating spring, thus setting the resting-open probability of the

MT channel. The equations governing the myosin motors were identical to

those used previously (18). The parameter values, particularly the maximal

stalling force per channel by the adaptationmotor (30 pN), were chosen to set

the resting-open probability at 0.5. Although this resting-open probability is

larger than that determined in OHCs in isolated cochleas (;0.12 (35,36)), it

is comparable to values measured in vivo (37,38) and corresponds to the

point of maximum sensitivity. The Ca21 near the intracellular face of the MT

channel (CFA) was assumed to cycle within 10 ms between resting and ele-

vated values in synchrony with the stochastic closing and opening of each of

the channels. No calcium buffering or extrusion mechanisms were explicitly

assumed. When the channel was closed, the calcium concentration, CFA, was

0.1 mM, and (unless otherwise stated) when the channel was open, CFA was

20 mM or 100 mM depending on whether low-frequency or high-frequency

oscillations was being simulated. Because the myosin-based slow adaptation

site (SA) may be farther from the pore than the channel-based fast adaptation

site (FA), we assumed that CFA/CSA ¼ 3 (39).

Simulations and postprocessing

The programs were written with MATLAB v7.3 (The MathWorks, Natick,

MA) and run on IBM PCs (Pentium 4, 3.8 GHz). It took;1 min to simulate

1 ms of bundle motion, more than half of the CPU time being used to solve

the equations of motion with the MATLAB-embedded LAPACK sparse

matrix solver. The MATLAB Signal Processing toolbox was used for power

spectral analysis. The power spectrum of the oscillations was generated with

the MATLAB PWELCH function by windowing and Fourier transforming

200 ms of simulation.

RESULTS

Factors affecting the occurrence of oscillations

Parameter values were optimized to generate spontaneous

hair bundle oscillations at 4 kHz (Fig. 2), similar to the

characteristic acoustic frequency of the rat cochlear location

previously studied (18,20). Several manipulations of the

geometric configuration had little effect on the frequency of

the oscillations (FO) but did affect the extent to which they

were narrow-band. When freestanding bundles were mod-

eled, the oscillations were moderately narrow-band with a

quality factor, Q, of 2.7 for the power spectrum (Q is defined

as the ratio of the oscillation frequency to the bandwidth at

half power, BW3db: Q ¼ FO/BW3db). However, the power

spectrum became much sharper (Q ¼ 15) when all the ster-

eocilia of the tallest rank were constrained to move together

(Fig. 1 B), enforcing coherent displacement of all columns

(Fig. 2). Under these conditions, but not with freestanding

unconstrained bundles, motion of the two extreme edges of

the bundle was identical. Such coherent motion has been

observed for isolated frog vestibular hair bundles (40) but not

for mammalian cochlear hair bundles when they were not

attached to the tectorial membrane. Our experimental ob-

servations on hair bundles of both inner hair cells and OHCs

indicate that if a stimulus is administered to only one wing of

the bundle, it elicits smaller motion in the other wing, indi-

cating reduced coherence in motion of freestanding bundles.

A similar property was reported for mammalian cochlear hair

bundles in another study (41). This addition may be regarded

FIGURE 2 Effect of bundle attachment to the overlying structure. (A)

Spontaneous movement of the bundle when the tip of the bundle is con-

strained by the crossing bar. (B) Spontaneous movement of the bundle when

it is freestanding without tip constraint. In A and B, the top three plots show

the bundle tip displacement of a resting hair cell bundle: average bundle tip

displacement (Xmean), and displacement of the right tip (Xright) and left tip

(Xleft) of each bundle. Below is the PSD plot showing that the oscillations

peaked at 4.0 kHz (A) and 3.8 kHz (B). The constrained bundle oscillated

with a higher Q factor (Q ¼ 15) than that for the nonconstrained (Q ¼ 2.7).
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as a first approximation to the in vivo condition, where the

stereocilia are constrained by insertion into the overlying

tectorial membrane. Imprints of each of the tallest rank of

OHC stereocilia are visible on the underside of the tectorial

membrane (25). In the model, the tips of the tallest stereocilia

were constrained by a crossing bar having a flexural rigidity

of 5 3 10�18 N�m2. This value was determined by consid-

ering the dimensions (53 83 50mm) and Young’s modulus

(15 kPa (42)) of a block of tectorial membrane overlying the

hair bundle. The bundle coherence persisted when the flex-

ural rigidity was reduced and the correlation coefficient of

motion of two edges of the bundle fell below 0.5 only when

the flexural rigidity of the bar was less than 13 10�23 N�m2,

which is much smaller than the value used. The constraint is

artificial in that it is rigid but massless, whereas in practice the

bundles will be loaded by a block of tectorial membrane

having significant mass. The effects of tectorial membrane

mass will be considered later.

Surprisingly, the oscillation frequency was also not grossly

affected by altering the stereociliary number from a central

block of 3 columns to a full complement of 29 columns (Fig.

3). With bundle enlargement, there was a small upward shift

in FO, but the major effect was an increase in the Q of the

power spectral density (PSD). The Q values were 1.8, 5.7,

and 15 for bundles with 3, 15, and 29 columns, respectively.

The invariance of FO with bundle size may be partly ex-

plained by the fact that the mechanical parameters—mass

and stiffness—scale in proportion to the number of columns.

One consequence of the parameter values required to gen-

erate bundle oscillations, in particular those for the gating

swing (b ¼ 3 nm) and the stiffness of the tip link complex

(kGS ¼ 8 mN�m�1), was a large single-channel gating force,

z (z¼ gkGSb) of 2.6 pN, where g is the geometric gain (0.11),

and a narrow operating range for the channel of only ;25

nm. When the two critical parameters were reduced, oscil-

lations at a similar frequency persisted with b ¼ 2.5 nm and

kGS ¼ 6 mN�m�1, yielding a single-channel gating force of

1.7 pN. Oscillations could not be obtained with further re-

duction in these parameters. To match the experimental re-

sults of rat OHC bundle stiffness in controls and after

treatment with agents that block the MT channels or sever the

tip links (18), kGS could not be reduced below 4 mN�m�1,

which provided a constraint on the parameter values. A

necessary condition for oscillations is the presence of a re-

gion of negative stiffness in the force-displacement rela-

tionship. According to the gating theory (30), hair bundle

stiffness (kHB) is given by:

kHB ¼ kS 1NgkGS � Nz2�pð1� pÞ=kBT; (12)

where N is the number of MT channels, p is their probability
of opening, and kS is the passive bundle stiffness, which

includes the rootlets and interciliary connections. The con-

dition for hair bundle negative stiffness is

kGS�b
2 . ðNg2 1 aÞkBT=Ng2pð1� pÞ; (13)

FIGURE 3 Effects of bundle size. Three hair cell bundles

with different sizes, each with three ranks but different

numbers of columns, were simulated. (A) Top view of three

bundles. (B) Bundle tip displacements without external

stimulus. (C) PSD plots for the three bundle sizes. As the

number of stereocilia increased, the bundle movement

became less noisy and the power spectrum became nar-

rower. Q factors are 1.8, 5.7, and 15 for the bundle with 3,

15, and 29 columns, respectively.
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where a ¼ kS/kGS. For the low-frequency OHC bundle, a ¼
1.9/8¼ 0.24, N¼ 58, and p¼ 0.5, so the gating energy kGSb

2

must be larger than 21 zJ. In this model, the minimum value

for the gating energy kGSb
2 required to cause the bundle to

oscillate spontaneously, with kGS¼ 6 pN/nm and b¼ 2.5 nm,

was 38 zJ. The force-displacement relationship of the active

hair bundle exhibited a negative stiffness over the region of

channel gating (not shown), and at the extremes of the

relationship, the passive hair bundle stiffness with the chan-

nel fully closed or open was 6 mN�m�1, similar to that found

experimentally (18).

MT channel number and arrangement

For each of the manipulations considered so far, a single MT

channel was sited at the upper end of each tip link, but there is

some evidence for the presence of two MT channels per tip

link in both nonmammals (34) and mammals (20). The

imaging of Ca21 entry through the MT channels using fluo-

rescent dyes has shown fluorescence increases in both the

shortest and tallest ranks of stereocilia, which has been taken

to indicate MT channels at both ends of tip links (34). We

therefore considered two possible channel arrangements:

both channels at the upper end of the tip link compared to one

channel at the upper end of the tip link and the other channel

at the lower end. The two arrangements are functionally

different because in the former case the channels are in par-

allel and will therefore open and close in synchrony, whereas

in the latter case they are in series and their gating will be out

of phase (Fig. 4). Only the parallel arrangement (both chan-

nels at the upper end of the tip link) produced oscillations,

with FO remaining at 4 kHz butQ increasing to 30, twice that

for the single-channel case. It might be argued that the dif-

ference in behavior between the parallel and series channel

configurations stems solely from a difference in the total

gating stiffness. For the case where the channels are at either

end of the tip link, the effective gating stiffness is half the

value of the individual ones: kGS,tot ¼ 4 mN�m�1. However,

no oscillations were present for the series case even when the

gating stiffness for each channel was doubled, making the

effective stiffness equal to 8 mN�m�1, identical to that of a

single channel. Similarly for both channels at one end of the

tip link, the effective gating stiffness is twice that of the of the

individual values (kGS,tot ¼ 16 mN�m�1), but oscillations

persisted when the gating stiffness for each channel was

halved. The oscillations stem from the cooperative interac-

tion between the two channels, a property previously exam-

ined as a means of generating negative stiffness (43). To

examine other properties of the oscillations, only one channel

per tip link was used in the simulations.

FIGURE 4 Effects of arrangement of two MT channels

on spontaneous oscillations. (A) Two channels were

arranged in parallel, both at the upper end of the tip link

(left); two channels in series, one channel attached at the

upper end and the other channel at the lower end of the tip

link (right). (B) The barcode-like plots show the states of

two channels: solid bars denote the time when the channel

was open, and blanks indicate the closed channel. When the

two channels were in parallel they opened and closed in

phase (left), but when they were serially connected (right)

the two channels opened and closed alternatively or in

opposite phase. (C) Two-millisecond stretches of bundle

motion showing spontaneous oscillation when the MT chan-

nels were arranged in parallel (left) but absence of oscillations

when connected in series. Bundle tip displacement and

channel open probability differ dramatically according to

the channel arrangement. (D) PSD plots indicating sharply

tuned oscillations for parallel channel connection (left, peak

value 180 nm2�kHz�1) but low-pass filter with series con-

nection (right, peak value 0.07 nm2�kHz�1). The bundle os-

cillation was not seen when the channels were arranged in

series. The Q factor of the two-channel parallel case is 30,

which is twice that of the single-channel case, but the

frequency remained the same at 4 kHz.
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Entrainment and amplification

The spontaneous oscillations could be entrained by extrinsic

sinusoidal stimulation of the bundle, the system being most

sensitive for stimuli at the oscillation frequency, FO (Fig. 5).

To dissect out the response from spontaneous activity not

locked to the stimulus, multiple (80–160) simulations were

averaged. For stimulation at FO, the amplitude of the aver-

aged response grew with a time constant of 0.7 ms (Fig. 5 B).
Such behavior is typical of a narrow-band filter stimulated at

its resonant frequency and has been seen in the receptor

potentials of turtle auditory hair cells (44). For a resonance,

the time constant, tR, of the response buildup is related to the
Q of the filter, (Q�p FOtR); thus the larger theQ, the slower
the time constant. The estimated Q based on the value for tR
of 0.7 ms is 9. When the bundle was stimulated with the same

force amplitude of 1 pN at 3.5 kHz, slightly lower than FO,

bundle motion was poorly entrained to the stimulus, and the

PSD function contained the frequencies of both the stimulus

and the spontaneous activity. However, when the force was

increased, making it sufficient to suppress the spontaneous

oscillations, the bundle movement was entrained to the ex-

ternal stimulus and the PSD function was dominated by the

stimulation frequency.

Entrainment to an external stimulus can be used to dem-

onstrate both the amplification and nonlinearity of the pro-

cess underlying hair bundle oscillations (Fig. 6). For a range

of frequencies and amplitudes of the external force stimulus,

the bundle displacement response was deduced by averaging

cycle by cycle over 200 ms of response. The ratio of the

amplitudes of the average displacement to the sinusoidal

force stimulus provides a measure of the compliance for the

specific stimulation conditions. Sharp tuning of the response

was visible at the lowest stimulation level of 1 pN, but the

tuning broadened with larger stimuli (Fig. 6 B). The com-

pressive nonlinearity is evident in the displacement-force plot

for stimuli at FO (Fig. 6 C). The form of the nonlinearity

closely resembles that observed in measurements of basilar

membrane vibrations as a function of sound pressure (45,46).

The nonlinearity is also evident when the results of the

simulations are expressed in terms of the gain. Here the gain

is defined as the compliance for the active bundle movement

(see above) divided by the passive compliance with the

channels blocked. The gain was greatest at the frequency of

the bundle oscillations (FO ¼ 4 kHz) and decreased as the

stimulus level increased (Fig. 6 D). For stimulation at FO the

gain decreased from a maximum of ;50 and approached its

passive limit of unity for stimuli above 200 pN (Fig. 6 E).

Determinants of the oscillation frequency

The principal determinants of the oscillation frequency for

freestanding bundles were the channel kinetic parameters,

especially those pertaining to the binding and action of Ca21.

Changing the Ca21 concentration alone, however, was insuf-

ficient to produce large shifts in FO (Fig. 7). When the intra-

cellular Ca21 at the fast adaptation site, CFA, was varied

fivefold, bundle oscillations were obvious in only a restricted

Ca21 range between 12 and 30 mM; in this range the oscil-

lation frequency increased slightly from 3 kHz to 4.5 kHz. The

oscillations were most sharply tuned to 4 kHz with a CFA of

FIGURE 5 Entrainment of spontane-

ous oscillation by an external stimulus.

(A) Sinusoidal forces were applied to a

spontaneously oscillating hair cell bun-

dle for three different stimulation con-

ditions: one at the frequency of the

spontaneous oscillations (FO ¼ 4 kHz)

and two for slightly lower frequency

(3.5 kHz). Thick lines are bundle tip

displacements and thin red lines are

external stimuli. Initial states of the

bundle for the three simulations were

the same and selected to have the oppo-

site phase to the stimulus. (B) Bundle

displacement in response to the three

different stimuli in (A) averaged over

160 presentations (top two records) and
80 presentations (bottom record). Note

that the response at FO (4 kHz, top)

builds up with a time constant of 0.7 ms,

indicative of a sharply tuned resonator.

The bundle entrained poorly to the 3.5 kHz stimulus at low level (middle), but at the higher level the force was sufficient to suppress the spontaneous movement

and the bundle movement was entrained to the external stimulus. (C) A single cycle of bundle displacement (red line) averaged over 200 ms of response

compared to the force stimulus (black line), which was scaled for comparison with displacements. The bundle compliance obtained by dividing the

displacement amplitude by the force amplitude is given beside each trace. (D) PSD plots for each response showing a sharply tuned response at FO (top). At 3.5

kHz, the spectral density contains frequency components (both the spontaneous oscillation and the stimulus; middle). For the larger stimulus level at 3.5 kHz,

the spectral density is now dominated by the stimulus frequency.
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20mM,which was the condition used in the other simulations.

At extreme Ca21 concentrations, the oscillations degenerated

into a series of brief flicks or twitches from the resting posi-

tion, which were especially prominent at 10 mM Ca21. Such

twitches have been observed in frog saccular hair cells (47).

Three main parameters significantly affected FO:fCa, the
change in force to open the channel on binding Ca21, KD; the
dissociation constant for the Ca21 binding site and kb; the Ca

21

binding rate. The effects of changing fCa alone are shown in

Fig. 8. When fCa was reduced from 3.5 pN to 1.5 pN, keeping

all other parameters the same, the frequency of spontaneous

oscillations was reduced from 4.0 kHz to 2.4 kHz. An ex-

planation for this difference can be found by examining the

distribution of channel states during the oscillation cycle.

This was done by comparing the proportion of channels in

each state when the open probability was near a maximum at

the peak of the oscillation cycle and near a minimum at the

dip. At the higher oscillation frequency with fCa¼ 3.5 pN, the

state diagram cycled approximately between the states C4

and O2 (Fig. 8 A). When fCa was reduced to 1.5 pN, the state

diagram cycled approximately between states C4 and O1, thus

taking longer to complete the cycle and hence lowering the

oscillation frequency (Fig. 8 B). The oscillation frequency

could also be changed by altering kb; the Ca
21 binding rate,

while keeping KD; the dissociation constant for the calcium-

binding site, fixed. Reducing kb fivefold to 0.2 ms�1mM�1

lowered the oscillation frequency from 4 to 1.1 kHz. Finally,

the oscillation frequency could be changed by altering KD;
the dissociation constant for the calcium binding site. How-

ever, here it was necessary also to adjust the range of Ca21

concentrations at the adaptation site to optimize the sharpness

of tuning as in Fig. 7.

To extend the results on the factors determining the os-

cillation frequency, a new hair bundle FE model was created

to reflect the bundle shape of a high-frequency hair cell,

which increased the number of stereocilia and decreasing

their height in accordance with hair bundle morphology in

the basal turn of the rat cochlea (see Materials and Methods).

The change in morphology on its own was insufficient to

increase FO, and so fCa and KD were also increased. In ad-

dition, it was necessary to alter one other channel property,

the intrinsic force difference between the open and closed

states, to maintain the same resting-open probability. With

changes in these channel parameters, the oscillation fre-

quency was increased over fivefold to 23 kHz, identical to the

characteristic frequency of the second location in the rat

cochlea (Fig. 9). The oscillation frequency is proportional to

the change inKD; and thus an additional fivefold elevations in
KD and in the Ca21 concentration at the fast adaptation site to

500 mM can in theory increase the oscillation frequency to

100 kHz provided the passive mechanics of the hair bundles

do not become limiting.

It should be noted that the change in bundle morphology,

although realistic for the appropriate characteristic fre-

FIGURE 6 Compressive nonlinearity demonstrated by entrainment to an external stimulus. The hair cell bundle was stimulated with sinusoidal forces with

different frequencies (1–16 kHz) and magnitudes (0.1–1000 pN). (A) Representative examples of average bundle tip displacements (solid lines) and force

stimuli (broken lines) scaled for comparison with displacements for one stimulus cycle. Displacements were averaged cycle by cycle over 200 ms of response.

(B) Bundle displacement plotted against stimulation frequency for three different force magnitudes. Note the sharp tuning for small 1 pN stimuli and the broad

tuning for the largest 100 pN stimuli. (C) Bundle displacement plotted against force magnitude at the frequency of the spontaneous oscillations, FO ¼ 4 kHz.

Note that the relationship displays a compressive nonlinearity for intermediate stimulus levels, is linear at low stimulus levels, and again approaches linearity

(denoted by dashed line) at the highest levels. (D) Gain plotted against stimulation frequency for three different force magnitudes. Gain is defined as the ratio of

the compliance under the stimulus conditions to the passive compliance with the MT channel blocked. (E) Gain plotted against force magnitude at the

frequency of the spontaneous oscillations, FO ¼ 4 kHz. The gain declines from a maximum of 50 at the lowest levels, approaching 1 (passive) at the highest

levels.

Cochlear Hair Bundle Oscillations 4955

Biophysical Journal 95(10) 4948–4962



quency, was not required to increase the oscillation fre-

quency. If the low-frequency (4 kHz) bundle geometry was

combined with the high-frequency channel parameters, the

bundle still oscillated at high frequency (23 kHz). The fact

that the passive bundle properties did not limit performance is

surprising given that there were several differences between

the two hair bundle types: the high-frequency bundle had

more stereocilia, was approximately half as high (2.4 mm
compared to 4.2mm), and had twice the geometric gain of the

low-frequency bundle (0.25 compared to 0.11).

The effects of tectorial membrane loading

The simulations so far have dealt exclusively with freestanding

hair bundles without inertial loading, similar to those used in

vitro preparations. In contrast, the bundles of mammalian

cochlear OHCs in situ are tightly attached to an overlying

tectorial membrane. Although the contribution of the tectorial

membrane stiffness to the organ of Corti mechanics is still

controversial, recent observations (48) have been used to

support the previous theoretical proposal for a radial resonance

of the tectorial membrane (49,50). We investigated whether

the inertia of the tectorial membrane can affect the mechanics

of the hair bundle-tectorial membrane complex. This was

implemented by loading the hair bundle with an effective mass

calculated as described in Materials and Methods. In the first

instance, we simulated the passive behavior of the systemwith

the MT channels blocked, and a series of sinusoidal forces

with the amplitude of 100 pN and different frequencies were

applied to the tips of the bundle. When the tectorial membrane

mass was neglected, the bundle behaved as an overdamped

system and the roll-off (half-power) frequency was dominated

by the damping of the bundle (Fig. 10 A). The roll-off fre-

quencies of the two bundles tested (low-frequency and high-

frequency) were 23 kHz and 88 kHz, much higher than the

characteristic acoustic frequencies of the OHCs: 4 kHz and

23 kHz, respectively. These values agree with the first-order

approximation. Under circumstances where viscous forces

dominate the mechanics, the passive bundle behaves as a low-

pass filter with a half-power frequency given by kHB /2pr,
where r is viscous damping. When the low-frequency bundle

was loadedwith a tectorial membranemass, the passive bundle

resonated to the external stimulus (Fig. 10 B) at a frequency of
5.1 kHz. This is consistent with the second-order approxima-

FIGURE 7 Effects of Ca21 on the spontaneous oscillation. Different

levels of the calcium concentration at the fast adaptation site were simulated.

The bundle oscillated when the Ca21 concentration at the fast adaptation site

was between 12 and 30 mM. Other parameters were identical to those given

in Table 1. The hair bundle oscillated most strongly at 4 kHz with Ca21 of

20 mM. The oscillation frequency increased from 3 kHz to 4.5 kHz as the

Ca21 concentration increased from 12 to 30 mM. Note the ‘‘twitch-like’’

behavior at low Ca21.

FIGURE 8 Determinant of frequency: a shift in fCa, the

change in force to open the channel on binding Ca21,

changes the oscillation. (A) A 2-ms section of bundle tip

displacement showing spontaneous oscillations at 4.0 kHz;

fCa¼ 3.5 pN. Below is the channel state diagramwhen open

probability was near a minimum (t¼ a1) and maximum (t¼
a2). C and O indicate the closed and open channel config-

urations, respectively, with the subscripts denoting the

number of Ca21 ions bound to the channel. The areas of

the solid circles represent the proportion of the channels

that stays in each channel state at that point in time. (B) A
2-ms simulation showing spontaneous oscillations at 2.4

kHz. fCa¼ 1.5 pN; all other parameters as in Table 1. Below

is the channel state diagram when the open probability was

near minimum (t¼ b1) and maximum (t¼ b2). Note that the
state diagram cycled approximately between states C4 and

O2 in A, but between states C4 and O1 in B. This explains

why the cycle time was longer in B.
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tion in which the resonant frequency of the hair bundle/tec-

torial membrane (FHB-TM) mechanical complex is determined

by the hair bundle stiffness, kHB, and the tectorial membrane

mass, m, according to:

FHB-TM � ðkHB=mÞ0:5=2p: (14)

When the active contribution of the MT channel was incor-

porated, the bundle displayed spontaneous oscillations in the

absence of an external stimulus. With the addition of the

tectorial membrane mass, two differences emerged (Fig.

10 C). First, the spontaneous oscillations became more

narrow-band and the Q of the PSD function increased to 40

compared to 15 without the tectorial membrane mass. Sec-

ond, the spontaneously oscillating frequency (2.9 kHz) was

lower than that for either the active bundle without tectorial

membrane mass (4 kHz) or the passive bundle with tectorial

membrane mass (5.1 kHz). The lower oscillations frequency

probably arises because the effective bundle stiffness in the

active case is lower than that with the passive case. When

active, the bundle stiffness varies depending on the bundle

deformation. At zero displacement the bundle has negative

stiffness (�0.8 mN/m) and as it deforms further either in the

negative or positive directions, the bundle stiffness ap-

proaches the passive stiffness (6 mN/m). The relevance of

the tectorial membrane mass to the spontaneous oscillation

frequency was confirmed by altering the mass. As the mass

was decreased, the oscillation frequency increased and

asymptotically approached to 4 kHz, the oscillation fre-

quency for the freestanding bundle.

To simulate the high-frequency system, the tectorial mem-

brane mass was decreased fourfold based on histological ob-

servation in the adult rat cochlea (26). At the same time, the

passive hair bundle stiffness increased about fourfold from 6

mN/m at 4 kHz location to 25 mN/m at high-frequency loca-

tion. In the absence of the channel, the passive resonant fre-

quency (FHB-TM) of the hair bundle/tectorial membrane

increased from 5.1 to 21 kHz as expected according to Eq. 14

(Fig. 10 B). Simulations using the high-frequency hair bundle

structure that incorporated channel gating now produced

spontaneous bundle oscillations at 14 kHz with a very large Q
of 110 (Fig. 10 C). These results show that the dependence of

the oscillation frequency on model parameters is complex and

depends on both the hair bundle/tectorial membrane me-

chanics (the feed-forward pathway) and the MT channel ki-

netics (the feed-back pathway). The oscillation frequency is

limited by whichever of the two is slower.

FIGURE 9 Determinant of frequency:KD, Ca
21 dissociation constant. (A)

The hair bundle morphology of a rat high-frequency hair cell was used to

create a new FE model. The hair bundle had more stereocilia of smaller

maximum height, (2.4 mm compared to 4.2 mm) than the low-frequency

bundle. (B) Spontaneous oscillations of bundle position and open probabil-

ity. (C) PSD plots indicating sharply tuned oscillations at 23 kHz. For these

simulations, KD and CFA, the Ca21 concentration near the open channel,

were elevated five times. Other values as in Table 1 except: fCa ¼ 8 pN and

f0, the intrinsic force difference between open and closed states ¼ �15 pN.

FIGURE 10 Effects of loading the

hair bundle with a tectorial membrane

mass. (A) Passive resonance of a low-

frequency (solid circles) and a high-

frequency (open circles) hair bundle in

the absence of the tectorial membrane

mass with MT channels blocked. The

system behaves as a low-pass filter with

corner frequency of 23 kHz (solid cir-

cles) and 88 kHz (open circles). The hair
bundle was driven with a sinusoidal

force stimulus of 100 pN amplitude at

different frequencies. (B) Passive behav-

ior of the same two hair bundles surmounted by a block of tectorial membrane. The block of tectorial membrane had a mass of 6.2 3 10�12 kg for the low-

frequency location, which was decreased fourfold for the high-frequency location. TheMT channels were blocked, so the system was not spontaneously active.

Resonant frequencies: 5.1 kHz (solid circles) and 21 kHz (open circles). (C). The active hair bundles, incorporating MT channel gating, combined with the

tectorial membrane mass generated narrow-band spontaneous oscillations. PSD function is plotted against frequency, giving FO¼ 2.9 kHz,Q¼ 40 for the low-

frequency location, and FO ¼ 14 kHz, Q ¼110 for the high-frequency location.
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DISCUSSION

The mechanical filter and the channel filter

The basic feature of the hair cell transduction model consists

of two components in feedback configuration (Fig. 1 C): the
passive hair bundle mechanics and the MT channel in the

feedback loop. Hair bundle motion activates the MT chan-

nels, and channel gating modifies hair bundle mechanics via

the tip links. In our simulations of freestanding hair bundles,

the properties of the MT channels in the feedback loop

largely determine both the frequency of oscillations (due to

the kinetics of Ca21 binding and action; Figs. 8 and 9) and

their sharpness of tuning (by channel number and location;

Fig. 4), oscillation frequencies of at least 23 kHz being pro-

duced. Different bundle sizes affected the sharpness of tuning

but had no significant effect on the resonant frequency. This

contrasts with the conclusions of Choe et al. (16), who also

simulated high-frequency resonance of freestanding hair

bundles using an MT channel scheme. They obtained reso-

nant frequencies up to 20 kHz, but argued for a central role of

the number and height of the stereocilia in dictating fre-

quency. A possible explanation for the difference is that in

the model presented here, the mechanics of freestanding

bundles have a wider frequency range than the MT channels

in the feedback loop and hence do not limit the performance

of the system.

In theory, the hair bundle can behave as a mechanical res-

onator with resonant frequency set by the stiffness of the

bundle and the mass it carries. If the bundle is freestanding and

the mass is contributed only by the bundle itself, the passive

resonant frequency will be very high and the response is likely

to be overdamped (4,28). Under these circumstances, viscous

forces dominate the passive bundle mechanics and the bundle

behaves as a low-pass filter with half-power (roll off) fre-

quency of 23 kHz, well above the 4 kHz spontaneous oscil-

lations. Thus, passive bundle mechanics will not attenuate

frequencies around those of the spontaneous oscillations. This

line of argument applies only if the hair bundle is freestanding.

In both avian and mammalian cochleas, the bundles are at-

tached to an overlying tectorial membrane, which will con-

tribute mass. If inertial force dominates over viscous force,

the hair bundle/tectorial membrane mechanical complex itself

becomes resonant. Clearly, the system would function most

efficiently if the resonant frequency of the bundle/tectorial

membrane complex, the transfer function in the forward di-

rection, were matched to the performance of MT channel

gating in the feedback loop. Our simulations (Fig. 10) suggest

that this could be the case. However, it is also conceivable that

the MT channel (the channel filter) has much faster kinetics

than the hair bundles/tectorial membrane complex (the me-

chanical filter). In this case, the frequency performance of the

system is determined solely by the mechanical components in

the feed-forward pathway.

The model presented here shares several features with that

of Choe et al. (16), who also proposed an explanation for

high-frequency amplification by the hair bundle. First, both

models utilize fast adaptation due to the channel reclosure as

a driving mechanism for the amplification, unlike other

analyses (7,51) that adopt myosin-driven adaptation as part

of the hair bundle’s oscillatory mechanism. Second, to op-

timize the effects of fast adaptation, both models assume

multiple Ca21 binding sites on theMT channel. However, the

studies differ in their representation of the hair bundles. As in

most other analytical studies of the hair bundle, Choe et al.

(16) used a simple mechanical model (30) that represents the

complex bundle shape by two linear springs and a damper.

They concluded that the oscillation frequency depends on the

bundle morphology, after lumping the bundle variations

(including total stiffness due to the rootlets and horizontal

connectors, geometrical gain, and bundle height) into a single

parameter: the stereociliary number. In contrast, the hair

bundle structure is explicitly defined in our treatment. This

allowed us to simulate two hair bundles from high- and low-

frequency regions, but we found little effect of the differences

in bundle structure itself on the oscillation frequency. An-

other theory regarding hair bundle oscillations (52), again

employing a simple mechanical model, also infers a depen-

dence of oscillation frequency on bundle structure. However,

this theory relies on a motor role for the kinocilium, which is

absent in mature mammalian OHCs.

The role of the tectorial membrane

Experimental measurements of hair bundle mechanics are

usually performed in isolated preparations in which the tec-

torial membrane has been removed. However, in vivo the

bundles are loaded with the tectorial membrane, which is

crucial for stimulus delivery and will modify the mechanical

performance of the hair bundles. The traditional view of the

role of the tectorial membrane is that it behaves as a solid

plate, extending about its attachment at the spiral limbus and

acting as mass loading for the hair bundles (53,54). We used

this simple notion in analyzing its contribution, its mass

combined with the hair bundle stiffness acting as a second-

order resonance. In the active system, with the MT channel-

hair bundle interaction included, the tectorial membrane may

affect frequency selectivity in two ways. First, the tectorial

membrane may behave as a constraint that enables coherent

motion of all the stereocilia. Unlike the bullfrog saccular hair

bundle (40), freestanding isolated OHC bundles did not de-

form coherently. As the bundle was constrained, the quality

factor Q of the oscillations increased from 2.7 to 15 (Fig. 2).

This implies that even if there were spontaneous oscillations

of the OHC bundle in vivo, these might be difficult to observe

after removal of the tectorial membrane. It also suggests that

spontaneous oscillations of inner hair cell bundles, which are

not firmly constrained by the tectorial membrane, may be

poor or absent. Second, the hair bundle-tectorial membrane

complex can behave as a passive resonator. Our results pre-

dict that this passive resonance enhances the frequency se-
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lectivity still further over that in the absence of the tectorial

membrane (Fig. 10). Some experimental support is available

for the existence of a secondary resonance in the vibration

pattern of the tectorial membrane (55), though this conclu-

sion has been disputed (56). It should be noted that there is a

substantial (;30-fold) reduction in tectorial membrane mass

along the cochlea (57,26,58), which along with an increase in

OHC bundle stiffness (;100-fold, attributable to a decrease

in (hair bundle height)2 and an increase in number of stere-

ocilia (59)) will increase the passive resonant frequency

50-fold.

We have ignored the overall radial stiffness of the tec-

torial membrane, which is justifiable provided it is much

lower than the OHC bundle stiffness. There are two main

components to the radial stiffness of a slice of tectorial

membrane: the stiffness of the middle zone overlying the

hair bundles, and the stiffness of the attachment site on the

spiral limbus (Fig. 1) (60). The stiffness of the middle zone

is assumed to be greater than that of the hair bundles based

on measurements in isolated pieces of tectorial membrane

(61–63). If the stiffness of the limbal attachment is small, it

will dominate the radial motion. Evidence on this is con-

troversial but it can only be assayed by in situ measure-

ments. There are two in situ measurements of the radial

stiffness of the tectorial membrane. Zwislocki and Cefaratti

(53) concluded that the tectorial membrane radial stiffness

is an order of magnitude smaller than the bundle stiffness.

Richter et al. (64) reported that the tectorial membrane ra-

dial stiffness is about the same order as the hair bundle.

However, in making the comparison, they did not directly

measure hair bundle stiffness; instead they used bundle

stiffness values obtained for large, visually-detected motion

in a guinea pig cochlea preparation for which there was no

evidence of transduction (65). More recent measurements for

small deflections of OHC bundles during simultaneous re-

cording of MT currents yielded values for bundle stiffness

that were seven times larger (18,66), suggesting that the

bundle stiffness dominates the stiffness of the bundle/tecto-

rial membrane complex. If the effective radial stiffness of the

tectorial membrane is much greater than the OHC bundle

stiffness, the bundles are deformed as if they were displace-

ment-clamped. In such a situation, spontaneous oscillations

of the OHC bundle are suppressed and frequency selectivity

attributable to channel kinetics disappears.

Applicability to the mammalian cochlea

Although spontaneous oscillations of hair bundles have been

reported for both turtles (4) and frogs (7), no equivalent data

are available for mammalian cochlear hair bundles. This

experimental lacuna is at least partly attributable to the

greater technical difficulty of obtaining mechanical mea-

surements in isolated preparations of hair cells with much

higher characteristic frequencies and faster MT channel ki-

netics. In addition, mammalian hair bundles in isolated co-

chleas in which the tectorial membrane has been removed

may show less coherence of motion between the stereocilia

(Fig. 2), which would lower the Q of the spontaneous os-

cillations. Nevertheless, our simulations demonstrate the

feasibility of high-frequency bundle oscillations and provide

motivation for further experimental investigation in mam-

mals. However, there are some caveats to our results. First, it

was necessary to assume large values for the gating swing

and the stiffness of the tip link complex, with the conse-

quence that the single-channel gating force was large (.1.6

pN compared with experimental values of ,1 pN (30)) and

the operating range of the channel narrow (only ;25 nm).

The values of the two model parameters are not necessarily

unrealistic, and the gating energy (kGSb
2 . 38 zJ) is com-

parable to values assumed in other models of bundle oscil-

lations (range of 24–57 zJ (7,16, 51)). However, the predicted

operating range is smaller than observed experimentally for

mammalian hair bundles, where it is .100 nm (66,67,18).

Second, the proposed model of channel kinetics is incom-

plete in that it does not fully reproduce the time-dependent

nonlinearity observed experimentally (18,68), due to omis-

sion of the fast release mechanism from the model (see

Materials and Methods). Nevertheless, any uncertainty or

incompleteness in the channel kinetics model does not in-

validate our major conclusions, such as the effect of channel

arrangement or the consequences of tectorial membrane

loading. Third, the hair bundle alone may be unable to gen-

erate sufficient force to drive the motion of the basilar

membrane. The maximum force produced by channel gating

(here no more than 100 pN per OHC) is considerably smaller

than the maximum force attributable to the somatic motor

(69,70), underpinned by prestin (71), which is able to create

forces .1 nN (72). Furthermore, the force produced by the

bundle is largely radial, whereas a transverse component of

force is needed to move the basilar membrane. Despite these

caveats, observations of hair bundle motion in the isolated

gerbil cochlea have revealed a component of cochlear am-

plification that, based on ionic manipulations, was attributed

to active bundle motion (73).

A possible solution to this conundrum is to postulate that

both active hair bundle motion and somatic contractility

contribute to cochlear amplification but the hair bundle/tec-

torial membrane complex endows frequency selectivity with

a modicum of gain, and prestin largely provides the force

amplification. A second filter in the OHC force feedback is

often postulated in cochlear modeling (74) even though there

is no evidence that somatic prestin-based OHC motility itself

is frequency selective. Further work, both experimental and

theoretical, on the micromechanics of the cochlear partition

will be needed to answer this question. Although our simu-

lations have been directed at the OHCs of the mammalian

cochlea, they may also apply to the short hair cells of the

avian basilar papilla to provide a mechanism for achieving

hair bundle frequency selectivity in cells lacking prestin-

based electromotility (75).
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APPENDIX: INTERNAL FORCES IN THE
HAIR BUNDLE

Externally applied force deforms the bundle to result in a variation of the

element forces. At rest, due to the work of myosin motors, the tip links are

tensed and the force is equilibrated by the deformation of other structures,

such as the stereocilia and horizontal connectors. As the bundle deforms, the

internal forces of the hair bundle structures vary to counteract the external

force. In Fig. 11 A, the internal forces in the tip links (fTL), horizontal
connectors (fHC), and the reaction forces of stereociliary rootlets (mS, fS) are

illustrated. To find these internal forces, a static FE analysis was imple-

mented. To observe the mechanical response only, the MT channels were

closed. Under such a passive condition, if the external force is evenly applied

to the bundle tips, there is little interaction between the columns of

stereocilia. Therefore, for simplicity we illustrate only one column of the

bundle, which is comprised of three ranks of stereocilia. First, the internal

forces of the hair bundle were computed when the bundle was at rest. Then

the bundle was deformed by an externally applied force of fext¼ 1 pN.When

the bundle was at rest, the internal forces were: fTL1 ¼ fTL2 ¼ 25 (giving

resting tension), mS1 ¼ 43.3, mS2 ¼ �7.8, mS3 ¼ �8.4, fS1x ¼ 19.8, fS2x ¼
�0.5, fS3x¼�19.3, fS1y¼ 16.9, fS2y¼ 2.4, fS3y¼�19.3, fHC1¼ 1.6, and fHC2¼
3.2. The units are pN for the forces and pN�mm for the moments, with negative

values indicating that the force or moment is opposite to the direction shown in

the figure. Here, the tip links have angles of 52.4� (upper tip link) and 50.0�
(lower tip link) with respect to the epithelial surface. When a force of 1 pN was

applied at the bundle tip in the excitatory direction, the bundle tip was displaced

by 4.3 nm. Fig. 11 B shows deformed (thick line) and resting (thin line) bundle

configurations, the difference being exaggerated 50 times for illustrative

purposes. At this deformation, the internal forces were changed to: fTL1 ¼
28.1, fTL2 ¼ 28.3, mS1 ¼ 41.1, mS2 ¼ �8.0, mS3 ¼ �8.7, fS1x ¼ 26.9, fS2x ¼
�1.6, fS3x ¼ �25.6, fS1y ¼ 17.6, fS2y¼ 2.6, fS3y ¼ �22.7, fHC1 ¼ 1.3, and

fHC2 ¼ 2.9. There are two notable features in the results. First, the applied

external force affects the tip link tension rather than that of the horizontal con-

nectors. At 4.3 nm bundle tip displacement the tension in the tip links was in-

creased by 3 pN, whereas the tension of horizontal connectors was decreased by

0.3 pN. Second, the root of the tallest stereocilium is subjected to a compressive

force caused by the tension in the tip link while the shortest stereocilium

experiences a pulling force. This remains true as long as the tip links are tensed.

There is little axial force in the middle stereocilium because it is contacted

by two tip links pulling in opposite directions. With a larger excitatory stimulus

(25 pN) that displaces the tallest stereocilium by 100 nm, there are substantial

axial forces (fS1x, fS3x ;200 pN) at the ankle region, suggesting that the

stereocilia must be firmly anchored by the rootlets into the top of the cell (76).
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