The interplay between active hair bundle motility and
electromotility in the cochlea

Daibhid O Maoiléidigh and Frank Julicher®
Max Planck Institute for the Physics of Complex Systems, Nothnitzer Strafie 38, 01187 Dresden, Germany

(Received 5 February 2010; revised 15 June 2010; accepted 16 June 2010)

The cochlear amplifier is a nonlinear active process providing the mammalian ear with its
extraordinary sensitivity, large dynamic range and sharp frequency tuning. While there is much
evidence that amplification results from active force generation by mechanosensory hair cells, there
is debate about the cellular processes behind nonlinear amplification. Outer hair cell electromotility
has been suggested to underlie the cochlear amplifier. However, it has been shown in frog and turtle
that spontaneous movements of hair bundles endow them with a nonlinear response with increased
sensitivity that could be the basis of amplification. The present work shows that the properties of the
cochlear amplifier could be understood as resulting from the combination of both hair bundle
motility and electromotility in an integrated system that couples these processes through the
geometric arrangement of hair cells embedded in the cochlear partition. In this scenario, the cochlear
partition can become a dynamic oscillator which in the vicinity of a Hopf bifurcation exhibits all the
key properties of the cochlear amplifier. The oscillatory behavior and the nonlinearity are provided
by active hair bundles. Electromotility is largely linear but produces an additional feedback that

allows hair bundle movements to couple to basilar membrane vibrations.
© 2010 Acoustical Society of America. [DOI: 10.1121/1.3463804]

PACS number(s): 43.64.Kc, 43.64.Bt, 43.64.Ld [BLM]

I. INTRODUCTION

The extraordinary ability of the vertebrate ear to detect
sound stimuli relies on an active process which amplifies
weak stimuli and which permits the ear to operate over a vast
range of sound aunplitude.l’2 Four key signatures have been
associated with this active process.l’3 (i) A high sensitivity to
weak signals,‘"5 (ii) a compressive nonlinear response as a
function of signal amplitude,*® (iii) sharp frequency
tuning(”7 and (iv) the existence of spontaneous otoacoustic
emissions.*” All of these signatures are physiologically vul-
nerable and have been linked to cellular processes.“’s’mo’ll It
has been suggested that these signatures are the consequence
of sets of dynamic oscillators acting in the hearing organs of
vertebrates to serve as nonlinear amplifiers, each operating
close to an oscillating instability or Hopf bifurcation and
tuned to a specific frequency.n_15 While this general prin-
ciple can account for the basic properties of the active pro-
cess, the precise nature of the active processes in vertebrate
hearing organs have remained a matter of debate and contro-
versy. There is a lot of evidence that the mechanosensory
hair cells of the ear exhibit active behaviors that generate the
auditory ampliﬁer.l’z’lﬁfzo Two mechanisms have been sug-
gested to underlie the active process in mammals: outer hair
cell electromotility and active hair bundle motility.

The discovery of the electromotility of mammalian outer
hair cells*’™ has stimulated many studies to elucidate the
role of this electro-mechanical coupling in the cochlear
ampliﬁer.24 Electromotility is the ability of outer hair cells to
change their length upon a change in membrane potential.
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Interestingly, the piezoelectric coefficient which character-
izes electromotility is over four orders of magnitude larger
than that of any other material.”® It has been suggested that
outer hair cell electromotility provides a positive feedback
that reduces viscous damping in the ear and contributes to
active ampliﬁcation.z’lg’%’27 However, outer hair cell electro-
motility alone is not significantly nonlinear within the physi-
ological range of receptor potential chang.ges.z&29 Further-
more, a direct demonstration that electromotility can
generate spontaneous oscillations is lacking.

Another important property of hair cells that could be
involved in auditory amplification is the ability of hair
bundles to generate spontaneous movements and forces. 3
Hair bundles are the mechanosensory organelles of hair cells.
They are formed by groups of stiff, actin based stereocilia
which are linked by tiny filaments, so-called tip links that are
involved in the gating of transduction channels. Deflection of
the stereocilia triggers the opening of these channels. The
resulting ion flux generates a change in hair cell membrane
potential. Myosin motors mediate adaptation of the transduc-
tion rnachinery.16 Interestingly, hair bundles in turtle and frog
have been shown to exhibit spontaneous oscillations.**
The frequency of the observed oscillations range from a few
Hertz to over a hundred Hertz.*>** These oscillations endow
the hair bundle with nonlinear amplification and three of the
signatures of the cochlear amplifier have been observed in
active hair bundles.’"*> However, individual hair bundles are
only modest amplifiers with an amplification gain (ratio of
maximum sensitivity to minimum sensitivity) that is limited
by fluctuations to about 10, much smaller than the observed

amplification in the mammalian cochlea of up to 1000.>%* In
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mammals it has been shown that the hair bundle is active and
has a nonlinear response in the cochlea, but spontaneous os-
cillations have so far not been reported.33’36

The role of electromotility and active hair bundle motil-
ity in the cochlear amplifier and its compressive nonlinearity
remain a matter of debate. Genetic mutants, where the elec-
tromotile properties of the outer hair cell are reduced or lack-
ing, show that outer hair cell electromotility is required for
the function of the ampliﬁer.37‘3 8 However, there are concep-
tual difficulties associated with electromotility mediated am-
plification. For example, it has been remarked that although
the electromotile response is fast enough to function at high
frequencies39 it may not work effectively due to the low pass
filtering of the transmembrane receptor potential by the ba-
solateral membrane capacitance and resistance.”®* This is
known as the RC time constant problem as this low pass
filtering may be described by a simple RC circuit. Solutions
to this problem have been sugge:sted,24’4]_43 but experimental
verification is lacking. The performance of hair bundles on
the other hand may be strongly limited by fluctuations, al-
though it is possible that collections of hair bundles coupled
by the tectorial membrane may respond synchronously to
enhance the amplificatory properties of the group.44 None-
theless, it has been questioned if hair bundles are positioned
in the cochlea such as to generate significant basilar mem-
brane displacements and thus drive the cochlear ampliﬁer.45

The cochlea of the mammalian inner ear is a long fluid
filled chamber where sound stimulation is converted into an
electrical signal for transmission to the brain by the auditory
nerve.>'®% This chamber is bisected by the cochlear parti-
tion, housing the sensory hair cells. Acoustic stimulation re-
sults in a wave which travels along the partition and peaks at
a frequency dependent position which is determined by the
local properties of the partition. The cochlear traveling wave
is boosted in the proximity of this characteristic place by the
cochlear amplifier located in the partition.z’lg’27 The sound
induced deformations of the cochlear partition result in the
deflection of the hair bundles of the sensory hair cells.

Many descriptions of cochlear mechanics have been pro-
posed ranging from passive models**"* to active ones.”*>*
In active models the activity is often introduced as a negative
damping element™™' or by associating an active force with
outer hair cells.”>** Moreover, particular phase relationships
between the components of the partition are often
hypothesized.sz’54 In principle, it is possible to derive the
coupling between the outer hair cell electromotile force and
partition displacements from the observed geometrical and
viscoelastic properties of the cochlea.

Here we develop a theoretical description of the auditory
amplifier in the cochlear partition which combines outer hair
cell electromotility with active hair bundle motility. We con-
sider a slice through the cochlea at some longitudinal posi-
tion and analyze the interplay between the passive and active
mechanical properties of the hair cells and the other struc-
tural elements as well as the outer hair cell membrane poten-
tial. We show that the combination of hair bundle motility
and electromotility of outer hair cells results in a dynamic
oscillatory module that can be controlled to operate in the
vicinity of a Hopf bifurcation. This integrated system exhib-
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FIG. 1. Simplified model of the cochlear partition. We represent some struc-
tural elements by rigid beams, and others as elastic springs. (a) Rigid ele-
ments are: TM—tectorial membrane, HB—hair bundle, RL-reticular lamina,
AZ-arcuate zone of the basilar membrane, PZ—pectinate zone of the basilar
membrane, IPC—inner pillar cell and OPC—outer pillar cell. The following
structures are represented by elastic springs: OHC—outer hair cells, DC—
Deiters’ cells and HC—Hensen’s cells. The circles indicate pivot points. The
positions of two pivot points are fixed: S. Lim.—the point where the TM
meets the spiral limbus, S. Lam.—point where the basilar membrane meets
the spiral lamina. The relevant displacement variables are indicated by ar-
rows. (b) Geometric parameters for the cochlear partition. The geometric
parameters describing the cochlear partition are defined here with parameter
values given in Table IV. The parameters corresponding to fixed lengths are:
Zam—length of the TM connection between the HB and the S. Lim.,
zpy—distance between the apex of Corti’s arches and the HB, z;—length of the
RL from the apex of Corti’s arches to the HC, z;,.—radial distance between
the S. Lim. and the S. Lam., z,,~length of the AZ, z,.—distance between the
base of the OPC and the base of the DC, z,,~half the length of the PZ,
lyy—length of the HB and y,,—vertical distance between the S. Lim. and the
S. Lam. The parameters corresponding to fixed angles are: 6, ~the angle
between the IPC and the AZ and 6,,.—the angle between the OPC cell and
the AZ. The length of the DC is xg, in the reference state. The rigid beam
angles in the reference state are: ¢°—the angle between the TM beam and
the horizontal, Hﬁ,f—the angle between the HB and the RL perpendicular,
#"_the angle between the AZ and the horizontal, Bz,iffthe angle between the
PZ and the AZ and ¢%'"—the angle between the RL and the AZ.

its many of the features of the auditory amplifier of the mam-
malian cochlea. In this picture, the active process is driven
by the activity of myosin adaptation motors in the hair
bundle as well as electrochemical gradients across the outer
hair cell membrane.

Il. COCHLEAR MECHANICS AND HAIR CELL
DYNAMICS

We present a physical description of the mechanics of
the cochlear partition which takes into account outer hair cell
mechanics, electromotility, ion current dynamics as well as
hair bundle mechanics. We obtain the dynamical equations
starting from the known geometry of the partition and from
known properties of outer hair cells embedded in the parti-
tion.

A. Cochlear geometry and micromechanics

The mechanics of a passive slice of the cochlear parti-
tion containing one row of outer hair cells is described as a
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system of springs attached to rigid beams, which may pivot
about their ends (Fig. 1). For simplicity, we represent the
three outer hair cells in this slice by one effective outer hair
cell element. Our description is based on the cochlear struc-
ture and observed deformations during stimulation.> % We
define the deformation relative to a resting reference state
corresponding to a quiescent cochlea using the set of vari-
ables shown in Fig. 1. These variables are the deflections of
the tectorial membrane x,,,, the reticular lamina x,; and of the
hair bundle x;,. We describe basilar membrane deflections
with two independent variables, x,, and x,,, corresponding to
deformations of the arcuate and the pectinate zones, respec-
tively. In addition, we introduce the change in length of the
outer hair cells x,,, of the Deiters’ cells x4, and of Hensen’s
cells x,.. Geometric constraints due to the rigid beam ele-
ments in Fig. 1 imply that deformation variables cannot vary
independently. We choose to express these constraints such
that the variables x,,, x, X4. and x;,. are determined from the
values of Xy, Xone, Xa, and xp,. These relations are nonlinear
and follow from the geometry depicted in Fig. 1 (see Appen-
dix A). For the small angular changes that result from sound
stimuli in the physiological range, nonlinearities are unim-
portant and a linearized version of these constraints is suffi-
cient. In this linearized regime, the constraints can be written
as

Xtm Xhb
Xl Xohc
=I- , (1)
Xde Xaz
Xhe xpz

where I is a matrix of dimensionless coefficients describing
the geometry of the cochlear partition. This matrix has the
form

yu O vi3 0

0 0
r= Y21 Y23 . ©)

Yii =1 w3 v
Yo O Y43 Yas

Several matrix elements vanish because of independence be-
tween certain variables and one entry is y3,=—1, reflecting
the geometric relation between outer hair cells and Deiters’
cells. For the system shown in Fig. 1, we express force bal-
ances involving inertial forces, friction forces, forces due to
elastic elements as well as the externally applied force ex-
erted through the pressure difference Py, acting on the par-
tition. Using the constraints described above, this force bal-
ance can be expressed as (see Appendix A)

M Xy — NMpXy, + )\xhb Xhb 0
NoheX X 0
ohcXohe ohc
. .. . =K- + Py
MyXaz = MyXpp + )\azxaz Xaz Maz
mpzxpz + )\pzxpz xPZ /“LPZ

A3)

The left hand side of this equation describes inertial and
friction forces, where m,,, m,,, m; and m, denote masses,
and N\, Agpe, Ny, and A, are friction coefficients. In deriving
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these equations, we have introduced the inertia of the basilar
membrane and the tectorial membrane. The geometric con-
straints generate the inertial terms m,;, m,, which depend
upon the tectorial membrane mass. The term m,, depends on
both the tectorial membrane mass and the basilar membrane
mass. The effects of elastic elements in the cochlear partition
are described by the symmetric matrix

-Ky K Kiz Ky
K -K» —-K»y —K

k| K 2 23 2 @)
Kz —Ky —Kzz —Kyy

Ky —Ky —K3y —Ky

of elastic coefficients. Furthermore, the coefficients u,, and
Ky, are the effective areas relating the pressure Py to the
forces that act on the cochlear partition. The force balance
[Eq. (3)] describes the passive dynamics of the model shown
in Fig. 1, taking into account geometric constraints, elastic
elements, inertia and friction. For simplicity, we only include
friction coefficients associated with the variables Xy, Xohes Xaz
and xp,. These friction coefficients include contributions
from the variables x,, X, X4, and x;,. due to the constraints
of Eq. (1). In particular, N includes contributions from the
hair bundle, the fluid in the subtectorial space, the tectorial
membrane, the reticular lamina, Deiters’ cells and Hensen’s
cells and can be much larger than the friction coefficient
associated with an isolated hair bundle. More generally, fric-
tion could also couple different variables, an effect we ne-
glect here. The coefficients of the matrices I' and K defined
in Eq. (2) and Eq. (4) are calculated explicitly in terms of the
geometric and elastic properties of the cochlear partition.

B. Hair bundle mechanics

We describe the dynamics and mechanics of the hair
bundle with two degrees of freedom: the deflection of the
hair bundle xy;,, and the displacement of myosin adaptation
motors x,. These variables obey the equations32’63’64

Nipho = = Kgg(Xnp = X3 = DP) = KXy + fexes (5)

)\axa=Kgs(xhb_xa_DPo) - 7fmax(1 _SPo)- (6)

Equation (5) describes the force balance for the hair
bundle subject to an external force f.,. The dynamics of
adaptation motors given by Eq. (6) is based on a linear force-
velocity relation. Here f,,,, is the maximum force the motors
can produce, Ay, and A, are damping coefficients, and K,
and Ky, are the stiffnesses of gating springs and of the ste-
reociliary pivots, respectively. The hair bundle displacement
associated with transduction channel opening is denoted by
D, v is a dimensionless geometric factor and S is a dimen-
sionless measure of the strength of the calcium feedback
which controls motor activity. Finally, P, is the open prob-
ability of the transduction channels
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-1
P (xpp — x,) = (1 +A exp(— M)) , (7)
b

where 1/(1+A) is the open probability when the gating
springs are severed and &, is a characteristic distance over
which channels open.

It has been shown previously that this model can de-
scribe active hair bundle motility observed in different sys-
tems including frog, turtle and rat.**** The hair bundle model
given by Eq. (5) and Eq. (6) is characterized by a state dia-
gram as a function of the control parameters f,,,, and S.
There exists a region of this state diagram where the hair
bundle oscillates spontaneously.63

C. Outer hair cell electromotility and ion currents

Outer hair cell electromotility is described as a linear
piezoelectric system which couples mechanics to membrane
potential

F==KnXone — PO, (8)
Y

V=pxope + C_ )
ohc

Here F is the variation of the mechanical force exerted by the
outer hair cells, V is the change of the membrane potential
and Q is the charge displaced across the outer hair cells’
membranes. The length change x;,. of the outer hair cells has
been introduced in Section II A. The stiffness of these outer
hair cells is denoted K, .=K,,, C, 1s the capacitance of the
outer hair cells’ membranes and p is the piezoelectric coef-
ficient describing the electromotile response.

The current flow through the outer hair cells involves
several ion types.40’65 For simplicity we describe the flow of
charge through the outer hair cells with a single effective ion
species of positive charge as most of the current through the
outer hair cell is carried by potassium.65 We consider the
scala media and scala tympani to be large reservoirs of ions
where the ion concentrations are approximately constant. In
other words, we assume that the endocochlear potential is
approximately constant so that the changes in the electro-
chemical gradients across the outer hair cell membranes are
given by the change in the outer hair cell electrochemical
potential. In general, the current from outside to inside the

outer hair cell Q, is a function of the open probability of the
mechanoelectrical ion channels P,, the electric potential of
the interior of the outer hair cell V., and the intracellular
concentration of the effective ion species [k.y.]. Expanding
this relationship to linear order near a reference state where

P,= Pf)ef, Vohe= Vf)‘]’]fc and [kgpc]= [Kffhfc] yields
Q = Q'ref - (gth:-)ef + gohc)(vohc - Vf)ehtc)
+ o[ Kone] = [KG5) + (P, = PYY). (10)

Here g, and g, are conductances associated with the apical
and basolateral membranes of the outer hair cell, respec-
tively. The coefficients a and Ii™* describe the linear re-

sponse corresponding to changes in the ion concentration
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and the open probability of the mechanoelectrical channels,
respectively.
We choose the reference state to be a stationary state of

the system for a particular set of parameter values such that

0"'=0. Moreover, we ignore a([ Ko]—[«%5L]), as it is small

within the physiological range of concentration changes.66
Defining g = g, P "+ gone and V= V.= VL 4+ T P!/ o the
dynamics of the displaced change is written as

0=-gV+Ii¥™P,. (11)

The coefficient /;;™* is the current through a hair bundle with
open transduction channels when V is zero. This current is
driven by an electrochemical gradient across the outer hair
cell membrane which depends upon the endocochlear poten-
tial.

lll. DESCRIPTION OF ACTIVE COCHLEAR
MECHANICS

A. Full description of the integrated system

We now combine the components discussed above into
an integrated description of the cochlear partition. This de-
scription includes the passive mechanics of the partition [Eq.
(1) and Eq. (3)], the active motility of the hair bundles [Eq.
(5) and Eq. (6)], the electromotile response of the outer hair
cells [Eq. (8) and Eq. (9)] and the dynamics of outer hair cell
charge [Eq. (11)]. The resulting dynamical equations are

My X, — Moy, + Ny = = Kgs (X, = Xy = DP) = (Ko + K)oy,

+ KipXone + Ki3%y, + K4Xp,s (12)

NXy = Kgs(xhb_xa _DPO) - Yfmax(l - SP0)7 (13)

: 89 <
0=- C _gpxohc'i'lhmba P, (14)
ohc

and

)\ohcxohc - PQ
. . . ,
Mgz Xqy — MyXpy, + )\azxaz =K' MeazPexi

My + Ny, MpzPext

(15)

The geometric constraints [Eq. (1)] complete the description
of the system. Here K’ is a 3 X4 matrix of elastic coeffi-
cients which is obtained by removing the first row of the
matrix K defined in Eq. (4). The effective stiffness of the hair
bundle is K, [Eq. (4)] and depends upon the stiffness of the
hair bundle, the tectorial membrane, the reticular lamina,
Deiters’ cell and Hensen’s cell (Appendix A). We introduce
the contribution to this stiffness from the cochlear partition
Kep =71 Kun* %51 K+ V31 Kgo+ Vi1 Kpee  such that Kjj=Ky
+Kg,+K,. Equations (12)-(15) and Eq. (1) describe the ac-
tive mechanics of the cochlear partition driven by the pres-
sure difference P.,,. A discussion of this complete system is
given in Appendix B.
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B. Elimination of fast variables

In order to extract the main properties of this system and
to keep the analysis simple we consider the overdamped
limit and adiabatically eliminate rapidly relaxing variables
(Xone» Xa, and x,,). In the overdamped limit the relaxation
time of the mechanical variables 7y, 7,, Tones 7o, and 7,
depend upon the damping coefficients. As the values of the
damping coefficients Aoy, Ay, and A, are not known we may
choose them such that 7, 7, and 74> 74, 7,, and 7,,, Where
7q is the relaxation time of the charge displacement. The
overdamped limit is first obtained by neglecting the inertial
terms in Egs. (12)—(15). Then we set xy,.=0, X,,=0 and X,
=0 and use Eq. (15) to eliminate the fast variables X, X,
and xp,. In this limit the time evolution of the three slowest
variables is described by

Ny = = Kos(Xpp = Xy = DP,) = Kxpp, + oy Pex = 710 Qs

(16)
)\axa:Kgs(xhb_xa_DPn) - yfmax(l _SPo)s (17)
s g max
Q=-8gpaPey— ——0—8pY1xny + Iy Po- (18)

Ceff

Equation (16) is similar to the equation for an isolated hair
bundle [Eq. (5)] except for one additional term, —vy,pQ,
which describes the effect of electromechanical feedback on
the hair bundle. The stiffness K, depends on the stiffnesses of
all of the structures in the partition and is much larger than
the stiffness of an isolated hair bundle due to the fact that it
can be dominated by the stiffnesses of the other components
of the partition such as the basilar membrane. The effective
external force due to the pressure difference across the basi-
lar membrane is Py, Where uyy, is an effective area. The
equation describing the adaptation motors [Eq. (17)] is the
same as Eq. (6). Equation (18) describes the change in the
charge displacement of the outer hair cells. This may be
driven by P, due to the electromechanical coupling. More-
over, electromotility and the coupling of mechanical ele-
ments in the cochlear partition introduce a linear dependence

of Q on the hair bundle displacement x, in addition to the
nonlinear dependence associated with the open probability of
the transduction channels. Finally, there is a contribution
from electromotility to the effective capacitance Cogz=(CyL
+B,p>)~", where the coefficient 8, is described below.

The dynamics of the other mechanical degrees of free-
dom x = (Xone»Xaz> Xpz»Xim»Xe1 s Xde» Xhe)» are linearly dependent
on P, QO and xp,. This can be expressed as

X =aPq+ BpO + Yxnps (19)

where a, 8 and 7y are coefficient vectors. The coefficients K,
Mhbs @, B; and vy; are determined by the geometry and stiff-
nesses of the cochlear partition.

The elimination of inertial effects is a dramatic simpli-
fication. As a result, the dynamics of the system is described
by fewer degrees of freedom and a smaller number of coef-
ficients [Egs. (16)—(18)]. However, these coefficients now
have a much more complex dependence on the bare physi-
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ological parameters. Note that the inertial effects neglected
here become important at the high frequency end of the co-
chlea (see Appendix B).

C. Electromotile feedback

The effect of electromotility on the dynamics of the hair
bundle is described by the feedback term, —y;pQ, in Eq.
(16). This feedback is effectively nonlinear due to the depen-

dence of Q on xy;, associated with P,(x,,—x,) in Eq. (18). In
order to understand the nature of this feedback we linearize
Egs. (16)—(18) in the absence of external pressure. To linear
order we find

xhb — Wyp KC/)\ - ')/]p/)\ Xhb
X, =] o, - w, 0 X, | (20)
0/ \Lw'Py —hi'Py —wq /\Q

Here we define P;=dP,(x)/dx, K.=Ky(1-DP/) is the gat-
ing spring stiffness between the hair bundle and the adapta-
tion motors and wy,= (K=K DP})/\, w,=(Ky(1-DP)
+ ¥ maxSPy) /N, and wg=g/Ce are characteristic frequen-
cies associated with xy;, x, and Q, respectively. We examine
the effect of the dynamics of Q on the dynamics of the hair
bundle by writing Eq. (20) in the time Fourier domain de-
fined by

X(w) = f“’ e x(r)dt. (21)

Elimination of the Fourier amplitude of the charge displace-

ment Q, yields an expression for the Fourier amplitude X,
of the hair bundle displacement given by

[WNTyp, = = ([0 (@) + Ko (@) + @)Xy
+ (iwhgp(@) + Kop(@) + K)X,. (22)

Here N\, (w) and K, (w) are a frequency dependent friction
and stiffness, respectively, which result from the electromo-
tile feedback and have the form

vl P,

}\em(w) == (1)2 + (1)2Q P (23)
Kem(w) =~ wQ)\em(w)- (24)

Note that \,(w) has necessarily the opposite sign of K,,(®)
and that their signs are determined by vy;, which is in turn set
by the stiffnesses and geometry of the cochlear partition. For
a given geometry, we find that the sign of v, is determined
by the ratio K,/ K,,, of the tectorial membrane stiffness and
the stiffness of the arcuate zone of the basilar membrane
[Fig. 2(a)]. Thus we have two possible feedback scenarios to
examine, classified by the sign of the feedback. In case A,
with y; >0, the electromotile feedback contributes negative
damping and positive stiffness to the hair bundle while in
case B, with y; <0, the electromotile effect contributes posi-
tive damping and negative stiffness to the hair bundle.

We also find that the feedback is low pass filtered with a
corner frequency wq. This low pass filtering of the feedback

is the RC time constant plroblem.z&40 However, due to cou-
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FIG. 2. (Color online) (a) The dimensionless parameter 7y, describes the
coupling of outer hair cell length changes to hair bundle deflections. The
sign and magnitude of this parameter determines the nature of the electro-
motile feedback to the hair bundle. The parameter 7y, is shown as a function
of the ratio K,,,/K,, of elastic coefficients for different values of K,,. De-
creasing values of K, result in curves intersecting the ; axis at higher
values of v,. The K,, stiftness values used are: K,,=1.0 N/m, 0.1 N/m, 0.05
N/m and 0.01 N/m. (b) The parameter B, describes the effect of the elec-
tromotile feedback on the effective capacitance C.. The parameter —f; is
shown as a function of the Deiters’ cell stiffness K. for different values of
K- These stiffness values are from top to bottom: K;,.=0.05 N/m, 0.01
N/m, 0.005 N/m, 0.001 N/m and 0.0005 N/m.

pling to the surrounding cochlear partition and the electro-
motile response the corner frequency can in principle be ei-
ther larger or smaller than g/ C,. depending upon the sign of
the coefficient 8,. We find that 3, is negative and dependents
on K. and K, [Fig. 2(b)]. The corner frequency is thus
reduced by electromotility.

If the system described by Egs. (16)—(18) undergoes a
Hopf bifurcation, its oscillatory frequency at the bifurcation
is fo=w./2 with

cha + 'ylpl}rlrllaaxp(;
A A '

WF = Wy, + W0 + W04 — (25)
Equation (25) shows that the resonance frequency of the sys-
tem is not limited by the slowest internal frequency and in
particular can be much larger than the corner frequency wg,.
The resonance frequency is not set by the properties of the
hair bundle alone. The parameters wy, and vy, are strongly
dependent upon the stiffness of the basilar membrane and the
tectorial membrane [see Fig. 2(a) and the next section].
Moreover, the friction coefficient N could be dominated by
damping due to the deformation of Hensen’s cells or the
tectorial membrane rather than friction associated with the
hair bundle alone. In addition, the electromotile feedback
described by p can be used to adjust the critical frequency f..

D. Parameter values

We now consider a 10 um slice of the cochlear partition
at the 4 kHz place where most parameter values are well
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TABLE I. Parameter values for cochlear partition description. Footnotes
indicate relevant references.

D 60 nm"

Snp 0.518 nm

A 3.22%10%

g 40 nS°

Ky 8x10 N/m®
y 0.25

p 16 kV/m*
Cone 20 pF°

“Reference 64.
PReferences 28 and 92.
“Reference 25.

constrained by experimental observations. Many of the pa-
rameter values are known from experimental observations,
though not in one animal or at all places along the length of
the cochlea. We use parameters consistent with observations
from the rat, Mongolian gerbil, mouse and guinea pig. Pa-
rameter values associated with the dynamical equations Egs.
(16)—(18) are given in Tables I and II. The parameter values
for Eq. (19) are given in Tables II and IIL

We examine the two feedback cases A and B described
above. The value of v, is positive in case A and is negative in
case B due to different values of the tectorial membrane
stiffness Ky, [Tables II and III, and Fig. 2(a)]. Moreover, we
use different values of three other parameters in case A ver-
sus B, namely N, \, and [;i™* (Table II). The values of N and
N, chosen result in slow hair bundle dynamics in case A and
fast hair bundle dynamics in case B. The differences between
other parameter values in cases A and B result from the
change in K,,,, [Tables II and III]. A more detailed discussion
of the parameter values used is given in Appendix C

IV. SPONTANEOUS OSCILLATIONS AND RESPONSE
TO PERIODIC FORCING

A. Case A: Electromotility provides negative damping
1. State diagrams

The state diagrams as a function of § and f,,,, without
electromotility (p=0) and with electromotility present (p

TABLE II. Cochlear partition parameter values for case A and case B.
Footnotes indicate relevant references. Parameter values for u,, K, a;, B
and 7, are derived from the geometry and elastic properties of the cochlear
partition and are different in cases A and B as the values of K, are not the
same in these cases.

Case A Case B
A 2X 107 Ns/m 5% 1077 Ns/m*
A 2% 10 Ns/m" 5% 10”7 Ns/m®
e 3 nA 25 nA
b 1.05 nm/Pa 1.89 nm/Pa
K 0.103 N/m 0.391 N/m
a —6.91 nm/Pa —3.88 nm/Pa
B —8.12 m/N —4.40 m/N
" 0.530 —0.506

“Reference 45.
PReference 63.
“Reference 64.
dReference 70.
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TABLE III. Elastic and geometric coefficients for cases A and B. The dif-
ferent values in A and B result from the difference in K, only.

Case A Case B
a, 5.57 nm/Pa 2.23 nm/Pa
a3 6.15 nm/Pa 7.32 nm/Pa
ay —3.54 nm/Pa —1.42 nm/Pa
as —12.8 nm/Pa —5.12 nm/Pa
ag —0.0691 nm/Pa —0.0388 nm/Pa
ay —17.3 nm/Pa —10.8 nm/Pa
B> 6.86 m/N 2.74 m/N
B3 1.61 m/N 3.06 m/N
Bs —4.36 m/N —1.74 m/N
Bs —15.8 m/N —6.31 m/N
Bs 0.919 m/N 0.956 m/N
By —16.4 m/N —8.53 m/N
Vv 1.07 221
V3 0.206 —0.197
V4 1.21 0.485
Vs 1.35 —-1.29
Vs 0.00530 —0.00506
V7 1.13 —1.08

=16 kV/m) are shown in Fig. 3 for case A. Both diagrams
have three primary regions where the system is bistable (BI),
monostable (MONO) or oscillatory (OSC). The solid lines
separating the oscillatory regions from the monostable re-
gions are Hopf bifurcation lines. The transduction channels
respond most sensitively to hair bundle motion along the
dashed lines where P,=1/2. We consider the behavior of the

system at the operating points O; and O; (circles). The oper-

p=16kV/m
1000 1200 1400 1600
£ [PN]

FIG. 3. State diagrams for the dynamical system given in Egs. (16)—(18)
describing the active mechanics of the cochlear partition in case A, where
y:>0. The system behavior in the absence of an external stimulus is shown
as a function of the maximal force of adaptation motors f,,,, and the strength
of the calcium feedback S of hair bundles. Three regions can be distin-
guished: a region OSC of spontaneous oscillations, a monostable region
MONO and a region where the system is bistable BI. The solid line loop
indicates a line of Hopf bifurcations. The points O; to O; are different
operating points of the system discussed in the text. (a) State diagram in the
absence of electromotility (p=0). (b) Same state diagram but with electro-
motility present (p=16 kV/m). The operating points correspond to the fol-

lowing parameter values: S=1.76 and f,, =144 nN (O, and O,), S

=1.793 and £,,,,=1.593 nN (O, and O,), S=1.77 and f,,,,=1.44 nN (O5).
The dashed line in (b) and (c) indicates operating points with P,=1/2. [See
Tables 1 and II for parameter values. ]
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FIG. 4. (Color online) (a) Spontaneous oscillations of the basilar membrane.
The displacement of the basilar membrane xy,,=x,,+x,, is shown as a func-
tion of time ¢ when the operating point is in the oscillatory region when
there is no electromotility (operating point O;) and when electromotility is

present (operating point O,). (b) Spontaneous oscillation frequency. The
square of the frequency of spontaneous oscillations at the Hopf bifurcation
ff, when P =1/2, is shown as a function of the electromotility coefficient p
for cases A and B.

ating points O; correspond to specific values of S and f,,x
with p=0, while the O, are corresponding operating points
with electromotility present.

2. Electromotility increases the spontaneous
oscillation frequency and the resonance frequency

The spontaneous displacements of the basilar membrane
Xom(8) =X, (1) +x,,(1), as a function of time are shown in Fig.

4(a) at the operating points O, and O, which lie in the oscil-
latory region of the state diagrams shown in Fig. 3. The
basilar membrane oscillates spontaneously with a frequency
of 0.64 kHz when p=0 and with a frequency of 3.98 kHz
when electromotility is present with p=16 kV/m. The natu-
ral frequency of the system as a function of p can be deter-
mined analytically at the Hopf bifurcation with P,=0.5 from
Eq. (25) [Fig. 4(b)]. This critical frequency behaves as f,
~ p'? for large p.

If the system is stimulated with a sinusoidal pressure
difference across the basilar membrane ﬁm, at a frequency f,
it elicits a vibration of the basilar membrane Xy, at the same
frequency. The sensitivity x=|%ym/Pex| is displayed in Fig.
5(a) for different operating points in the non-oscillatory re-
gion at |P.,|=20 wuPa [We refer to this as 0 dB sound pres-
sure level (SPL) for simplicity]. There is an increase in the
frequency where maximum sensitivity occurs when electro-
motility is present from 0.89 kHz at operating point O, to

4.06 kHz at operating point (_)2.

3. Hair bundle motility and electromotility affect the
sensitivity

Introducing electromotility at operating point O,, with-
out changing the other parameters, reduces the sensitivity
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FIG. 5. (Color online) Sensitivity to external sinusoidal pressure stimuli y in
case A as a function of frequency. (a) The sensitivity for a stimulus pressure

amplitude of |ﬁm\=20 mPa is shown as a function of frequency f, for
different operating points described in Fig. 3. Operating point O, is for the

case with no electromotility. Operating points O,, 63 and O, correspond the
case with electromotility (p=16 kV/m). The adaptation motors are turned
off f,,,=0 at operating point O, and in this case the system is bistable. We
show the sensitivity at the closed state here. The sensitivity is largest when
electromotility is present and when the operating point is near the Hopf

bifurcation (operating point O,). (b) The sensitivity with electromotility

present and adaptation motors on (operating point O5) is shown as a func-
tion of the stimulus frequency f for different sound pressure levels (0 dB
SPL corresponds to 20 uPa.). The frequency at which the peak of the sen-
sitivity occurs and the symmetry of the sensitivity curve decrease as the
sound pressure level increases until the curves no longer have a well defined
maximum.

[O,, Fig. 5(a)]. This reduction is the result of operating point

0, being further from the Hopf bifurcation than operating
point O, (Fig. 3). This can been seen by noting that the
relaxation time 7, of the system decreases when moving from

0, (=100 ms) to O, (7=0.8 ms). However, if we compare

0, to O;, where the relaxation time is the same, we find that
electromotility increases the sensitivity.
For a passive hair bundle (f,,,,=0) with electromotility

present (Oy), the system is bistable. The maximum sensitiv-
ity is now much smaller than at other operating points and
there is no peak of sensitivity as a function of frequency

[Fig. 5(a)].

4. Nonlinear response

The sensitivity ¥, is shown for operating point O in Fig.
5(b) as a function of stimulus frequency for various sound

pressure levels. For |P,,| between 0 dB and 90 dB SPL, x
exhibits a peak at the resonance frequency. As the intensity
of the stimulus increases, the magnitude of the peak and the
resonance frequency decrease while the width of the peak
grows. At intensities larger than 90 dB SPL there is no well
defined peak in the sensitivity and the frequency dependence
of the sensitivity is similar to the case when adaptation mo-
tors are turned off (f,,,x=0) [Fig. 5(a)].
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FIG. 6. (Color online) (a) Basilar membrane sensitivity as a function of
stimulus sound pressure level. The sensitivities at different operating points
and stimulus frequencies are shown as a function of sound pressure level as
solid lines. The stimulus frequencies in kHz are shown in parentheses for
each operating point. The dashed line indicates the slope of a power law
function of the external pressure with a power of —2/3. The largest change
in sensitivity over the range of sound input levels shown occurs when the
system is stimulated at the resonance frequency corresponding to an oper-
ating point close to the Hopf bifurcation [operating point O3 (4)]. (b) Basilar
membrane tuning curves. The threshold sound pressure levels needed to
drive basilar membrane vibrations with |x,,|>0.4 nm are shown as a func-
tion of frequency f at two different operating points. One curve corresponds
to the case without electromotility (operating point O,) and has a minimum
at a frequency of 0.89 kHz. The second curve corresponds to the case with
electromotility (p=16 kV/m) (operating point O3) and has a minimum at a
higher frequency of 4 kHz.

The sensitivity as a function of stimulus amplitude ex-
hibits a compressive nonlinearity [Fig. 6(a)]. At 4 kHz the

sensitivity at operating point O; obeys y ~ |ﬁext Y, over sev-
eral orders of magnitude with v=-2/3 due to the proximity
to a Hopf bifurcation.'*"” In contrast, the range of the com-
pressive nonlinearity is significantly reduced when the sys-

tem is stimulated at 3.5 kHz Os, or when the operating point

is O, (further from the bifurcation) and the system is stimu-
lated at 4.04 kHz.

Calculated tuning curves at O, and O are shown in Fig.
6(b). They display the SPL that elicits a basilar membrane
vibration of 0.4 nm in amplitude as a function of frequency.
The minimum threshold is 23 dB SPL smaller when electro-

motility is present (O) than when it is absent (O,). Further-
more, the quality of the resonance increases from about 20 to
240 and its frequency shifts from 0.89 kHz to 4 kHz as a
consequence of the electromotile feedback (Resonance qual-
ity is the ratio of the frequency at the minimum threshold to
the curve width 10 dB SPL above the minimum).

5. Cochlear partition vibrations

The vibration patterns of the sinusoidally stimulated sys-
tem are represented using phasor diagrams in Fig. 7. Without
electromotility the movement of the mechanical degrees of
freedom are in phase with one another Fig. 7(b). Electromo-
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FIG. 7. (Color online) Vibration pattern of the cochlear partition in case A.
The vibration pattern of the components of the cochlear partition is shown
using phasor diagrams. Each arrow represents the motion of a component of
the cochlear partition defined in Fig. 1(a) relative to a sinusoidal sound
pressure stimulus. The length of each arrow indicates the amplitude of the
corresponding displacement and the angle relative to 0° indicates the phase
of the displacement with respect to the stimulation. The circular dashed lines
indicate the magnitude of mechanical displacements in nm or the magnitude
of charge displacement in units of 107 C. (a) Vibration pattern with elec-

tromotility present (operating point Os) for a 0 dB SPL amplitude and 4 kHz
frequency stimulus. The elongation of the outer hair cell leads the displace-
ment of the hair bundle by about 90°. (b) Vibration pattern without electro-

motility present (operating point O,) for a 0 dB SPL amplitude and 0.89 kHz
frequency stimulus. All of the mechanical displacements are in phase with
one another. (c) Vibration pattern with electromotility present (operating

point 63) for a 120 dB SPL amplitude and 4 kHz frequency stimulus. All of
the mechanical displacements are approximately in phase with one another.

tility introduces relative phase differences between these
variables [Fig. 7(a)]. Negative hair bundle damping results
from outer hair cell elongation being in phase with the ve-
locity of the hair bundle (velocity leads displacement by
90°). The mechanical displacement variables move into
phase with respect to one another for large stimuli [Fig.
7(c)], similar to the case without electromotility.

B. Case B: Electromotility provides negative stiffness
1. State diagrams

State diagrams of case B for various values of p are
shown in Fig. 8. For p=0 there is no oscillatory region due to
the large tectorial membrane stiffness used [Fig. 8(a)]. As p
is increased from zero, an oscillatory region appears and
grows in size due to the negative stiffness provided by the
electromotile feedback.
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FIG. 8. (Color online) [(a)-(d)] State diagrams for the dynamical system
given in Egs. (16)—(18) describing the active mechanics of the cochlear
partition in case B, where y; <0. The system’s behavior in the absence of an
external stimulus is shown as a function of f,,, and S for different values of
the electromotility coefficient p. (a) There is no Hopf bifurcation when p
=0. [(c) and (d)] A loop of Hopf bifurcations appears for p>0 and grows in
size as p increases. The operating point Os is at S=1.80 and fi.«
=1.61 nN corresponding to a system relaxation time of 7=100 ms. [(e) and
(f)] Vibration pattern of the cochlear partition in case B. Vibration pattern
with electromotility present (p=16 kV/m) (operating point Os) at a stimu-
lus frequency of 4 kHz. (e) The amplitude of the stimulus is 0 dB SPL. The
contraction of the outer hair cell is in phase with the displacement of the hair
bundle. (f) The amplitude of the stimulus is 120 dB SPL.

2. Both electromotility and hair bundle motility tune
the oscillation frequency

The critical frequency f, at the bifurcation, for P,=1/2,
is shown as a function of p in Fig. 4(b). The frequency grows
initially due to the increase in the values of f;,,, and § re-
quired to maintain the operating point on the Hopf bifurca-
tion line at P,=1/2. However, f, attains a maximum at p
=42 kV/m and vanishes at p=100 kV/m as electromotility
decreases f. when ;<0 [see Eq. (25)]. At the operating

point Os in Fig. 8(d) the resonance frequency is 4.05 kHz. At
this operating point near the bifurcation the system exhibits
the same generic features of high sensitivity, compressive
nonlinearity and sharp frequency tuning described in case A.

3. Cochlear partition vibrations

The vibration patterns of the system in response to ex-

ternal pressure stimuli at operating point Os are shown in
Fig. 8. At low stimulus levels electromotile feedback pro-
vides negative stiffness to the hair bundle. However, at high
stimulus levels negative stiffness is reduced as the pressure
force uy,P.y, dominates the electromotile feedback force
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-ypQ [see Eq. (16)]. Figure 8 shows the stimulus amplitude
dependence of the vibration pattern due to nonlinearities in
the system. The connection between negative stiffness and
the vibration pattern can best be seen at low levels of input
where the contraction of the outer hair cell results in a force
on the hair bundle in phase with its deflection [Fig. 8(e)].

V. CONCLUSIONS

In this work we address the interplay between active hair
bundle movements and electromotile feedback in a slice of
the cochlear partition, which is described by three coupled
differential equations [Eqgs. (16)—(18)]. We distinguish two
possible cases: in case A electromotility provides negative
damping to the hair bundle and in case B it results in nega-
tive stiffness. In case A spontaneous oscillations are possible
in the absence of electromotility. In this case the main role of
electromotility is to allow the combined system to achieve a
higher frequency of spontaneous oscillation and resonance as
compared to the hair bundle alone. Furthermore, electromo-
tility also increases the sensitivity to periodic stimuli and it
sharpens the frequency tuning. In case B both hair bundle
motility and electromotility are required for spontaneous os-
cillations to exist. In this case, electromotile feedback de-
creases the frequency of oscillations due to positive damp-
ing. If the system operates in the vicinity of a Hopf
bifurcation both cases A and B exhibit similar properties of
nonlinear amplification and frequency selectivity. Which
case is of relevance for the cochlea? There is experimental
evidence in support of case A. A decrease in the characteris-
tic frequency and a broadening of the frequency tuning have
been reported when electromotility is absent in a mutant
mouse.®” Moreover, some of the parameters chosen to gen-
erate case B appear to be unphysiological (see Appendix C).
We therefore suggest that the cochlea operates, at least at the
4 kHz place, under conditions similar to case A, where elec-
tromotile feedback provides negative damping.

Although the electromotile feedback is limited by the
RC time constant we find that this is not a problem at the
characteristic place described here. The 4 kHz resonance fre-
quency of the partition is much larger than the corner fre-
quency wqg/(27)=0.3 kHz in both case A and case B corre-
sponding to the membrane time constant. As a result the
electromotile feedback is attenuated, but it can still effec-
tively drive basilar membrane vibrations at 4 kHz and boost
mechanical amplification. Cochlear partition inertia could
play a role at higher frequency locations along the cochlea in
mitigating the attenuation of electromotile feedback (see Ap-
pendix B).

The contractile electromotile force of the outer hair cell
soma has two opposing effects on the hair bundle. First, it
pulls Corti’s arch (formed by the two pillar cells), toward the
tectorial membrane by acting directly on the basilar mem-
brane. This results in a force on the hair bundle in the posi-
tive direction, as the pivot point of the reticular lamina
moves closer to the tectorial membrane (Fig. 1). Second, this
electromotile force pulls the reticular lamina downwards.
This induces a negative force on the hair bundle. The direc-
tion of the net force on the hair bundle depends on the rela-
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tive importance of these two effects, which in turn depend
upon the stiffnesses of the components to which the hair
bundle is coupled. In case B, where electromotility provides
negative stiffness and the tectorial membrane is stiff (Table
V), the electromotile force acts in the direction of positive
hair bundle displacements, thus producing negative stiffness
[Fig. 8(e)]. In case A the net force on the hair bundle due to
outer hair cell elongation is in phase with the velocity of the
hair bundle yielding negative hair bundle damping [Fig.
7(a)]. Both of these scenarios differ from the previously hy-
pothesized effect of electromotility on the cochlear
partition.68 However, the relative motions of the reticular
lamina, tectorial membrane and basilar membrane with re-
spect to the change in length of the outer hair cell [Fig. 7(a)
and Fig. 8(e)] obtained here are consistent with experimental
observations of cochlear partition vibrations.®"%2

Our work shows that the inertia of the partition is not
necessary for frequency tuning. This implies that a traveling
wave with a nonlinear response at a characteristic place can
result from inertialess Hopf oscillators,69 and that the reso-
nance frequency is set by the combination of hair bundle
dynamics and electromotility. Indeed, our description indi-
cates how tonotopic variation in the properties of the parti-
tion, such as the maximum hair bundle current /™ or the
electromotility coefficient p, could regulate the place fre-
quency map within the cochlea [Eq. (25) and see Appendix
C].

In our description, the cochlear amplifier gets its energy
input from the work of hair bundle adaptation motors as well
as the electrochemical gradients across the outer hair cell
membrane. In the presence of electromotility, it is possible to
turn the hair bundle motors off (f,,x=0) and to choose sys-
tem parameters such that spontaneous oscillations occur for
passive hair bundles (see Appendix D). However, for this to
be possible I needs to be one to two orders of magnitude
larger than the physiological estimate’ (see Appendix C).

The responses of the cochlear partition slice to external
sound stimuli discussed here are related to local experimen-
tal observations of the cochlear traveling wave (Figs. 5 and
6).4_6‘67 However, we overestimate the maximum sensitivity

and the sharpness of the resonance at operating point O3 as
we have not corrected for the gain of the middle ear’' and we
do not take the effects of fluctuations into account.” In ad-
dition, the compressive nonlinearity we describe at this op-
erating point is modified by the traveling wave® and by
fluctuations.** Finally, the traveling wave can modulate
cochlear responses to be more asymmetric at low sound pres-
sure levels than the responses we calculate.*>*

In vivo a homeostatic mechanism may regulate the sys-
tem to operate in the proximity of a Hopf bifurcation.'* For
example, such a mechanism could be based on adjustment of
hair bundle motility by changing f,,.x or on regulation of
electromotility by varying p. Since outer hair cells receive
efferent nerve fibers from the brain such mechanisms could
be controlled by the central nervous system.l’2’72’73 Overall
our description indicates that electromotility and hair bundle
motility work together to provide the mammalian ear with its
remarkable signal detection properties.
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APPENDIX A: GEOMETRIC CONSTRAINTS AND
PASSIVE LINEAR MICROMECHANICS

1. Passive linear mechanics

Equation (3) can be derived systematically by writing
the Lagrange function for the system described by the geom-
etry of masses and springs shown in Fig. 1. This Lagrangian
is given by

1 . .
L= _Mazx + M xpz + _th(Ylehb + 713xaz)2

Kohcxohc I(azx2 K x

- E(K +K S)xhb pzipz

- th(7’4lxhb + VazXa, t+ 7’44xpz) tm(’)’l 1Xhb + ’)’Hxaz)

- zKrl(‘}’zlxhb + ¥V23Xa)

- %ch(')’Slxhb — Xohe + V33Kar + V3aXp) (A1)
Here M,,, M, and M, are the masses of the arcuate zone,
pectinate zone and tectorial membrane respectively and the
Kj; are stiffness. In writing the Lagrangian, we have already
made use of geometrical constraints on the system [Egs. (1)
and (2)].

Rayleigh’s dissipation function describes the friction
forces on the system and we write it as

Iy .2 1 .2 1 .2 1 -2
F= E)\xhb + E)\ohcxohc + E)\azxaz + z)\pzxpz’ (AZ)

where the \ are friction coefficients. The dynamic equations

involving force balances of elastic, inertial, friction and ex-

ternal forces can be obtained from Lagrange’s equation as’™
d(dL\ dL dF
-\ __+_.=Fexl’ (A3)
dr\ dx dx dx

Here, x is any of the independent dynamic variables
(Xnb s Xohe»Xaz>Xp,) and Fey is the corresponding element from
the force vector (0,0, gy, Pexs iy, Pex). This leads to Eqg.
(3) where the masses are given by m;=v My,
m2:_711713th’ de_MdZ+y23 tm and mpz_Mpz The
stiffnesses in Eq. (4) also result from Eq. (A3) and are
linear combinations of the stiffness parameters in the
Lagrangian. For example, K;;=Kgy+Kg,+ %lKlm"' y%lKrl

+ 7§1ch+ 11 Khe-

2. Geometric constraints

In this section we show how the geometric constraints
are obtained which are used in the Lagrangian for the passive
system [Eq. (Al)]. The variables which describe the defor-
mation of the cochlear partition are the angles 6, 6, G,
0,, and 6, and the spring lengths xp., x4. and x,.. The an-
gular variables are related to the displacements X, X, Xpbs
Xaz and xpzzxtmzztm SiIl( atm)’ Xi1=2n Sil’l( 0rl)’ xhbzlhb Sin(ehb)’
X, = (20, +2p,)8i0(6,,) and x,,=2z,, sin(6,,), where the beam
lengths zy, Za, lhps Za, and zp, are constant, see Fig. 1. The
geometry of the partition introduces the following geometric
relations:
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M)z

2
lp= (Ztm c08(On) — zpp cOS(6;) — Lipe ™~ in( lpc)

. . Ype €08(65) \*
+ (Ztm Sln(atm) — Znb s1n(t91) *+ YooC ~ _;)

sin( Gipc)
(A4)
p sin(6,) \?
thm = (lhb Sin(03) + Zhb 005(01) + Zipc + Y C ( 2)>
Sin(6,,.)
. Ype €0s(6) \?
+ | Ly €08(63) + zyp, SIN(6;) = Yoo +
ln( lpC)
(AS)
(xohc + xdc)z = (ypc + Znp Sin( 6rl) -2 tan( apz))Z
2
(Zohc ( ) ) - z(ypc + Znp Sin(arl)
1
- Zl tan(gpz)) X ZOhC ( )
Xcos(m/2 - 6,,), (A6)
1 2
_ : 2
Xhe = (ypc +2y SIH( arl) -2 tan(apz)) + (sz —22 COS(ng) )
- 2(ypc + 2y Sin(arl) -2 tan(epz))
1
X (zpz - ZQCOS( o) )cos(w/Z - 0,), (A7)
where
1 1 -
e r "
’ tan(f,c) " tan( Oopc)
6,=6,+0,, (A9)
0, = /2 — Oipe = Ouzs (A10)
03= ghb_arl_ 0az» (All)
21= 2 c08(6) — —2—, (A12)
an( )
25 =2, cos(6,) — — e (A13)
an( GOPC)

These nonlinear geometric constraints can be linearized
around a reference state. Using the fact that the beam lengths
are constant, we find to linear order

(?lhb [?lhb &lhb

0=—"860, +—860,+ —=50,,, Al4
P etm tm J 01-1 rl P eaz az ( )
9 F d
I S+ 56, + 2 56,,, (A15)
9 Ohp a6y a6,
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ﬁ(xdc + 'xohc) a(xdc + xohc)

Oxg.+ O 660, + o0,,,
Xdc Xohe = J 0;1 1l ) epz Pz
(A16)
ox 7]
Stpe = 2 50, + 250, (A17)
96, 36,

where  860y,= O — O, 864=0,— 05", 56,,=0hp— 051, 56,
= aaz azrgf’ 50 = 0 0{)6;’ 5x0hc_xohc :ﬁ]fc, 5xdc_xdc x:]ecf
and Oy =xXp.— xhC The reference state values for the angles
are defined in Fig. 1(b). For small angular changes, the
changes in the beam displacements are: Ox.,=2zim0m> Xy
=Zr]50r]’ 5xhb=lhb50hb’ 6xaz=(zaz+zpz) 50;12 and 5xpz=Zp250p2'

Using the relations Egs. (A14)—(A17) we express the
displacements Ox,, Ox;, Oxg. and Oxp. in terms of the other
displacements, see Eq. (1). In the main text, we drop the “&”
to simplify the notion. The parameters ; in Eq. (2) are func-
tions of the geometric parameters in Eqs. (A4)—(A13) and

can be found using Egs. (A14)—(A17)

APPENDIX B: FULL SYSTEM DYNAMICS

The full system dynamics, given by Egs. (12)—(15), may
be written in the Fourier domain as

HMK K, _

Hy X, = Ko (DP, + X,) = T myw’x,,
5

oYk, - HOk, -
HgA) pQ+ HgA) MlPext’ (Bl)

Ha-fa == Kgs(Dﬁo _fhb) - ’Yfmax(zﬂ'ﬁ(a)) - Sﬁo)7 (BZ)

- HPK, HP

HoQ=——""8P%w— 3 8P°0
Q hb ™ (A
H5 H( )
HYKs - -
A 8PHaPex+ Iy P, (B3)
5
and
_ HPk, HP _ HWMKks -
Xohe = H(A) xhb"‘H(A)pQ"' H(A) /-L2Pexts (B4)
H(B) H(ZB) é H(A)K 13 (BS)
— =X, + + s
H(A) hb Hé AP H(A) T (A) M3lext
HPK, HY _ HOKk, -
Xpz = H_ ) xhb+H(A)PQ+ H(A) M4Pext (B6)

Here Hy,=-m,w’ tNw+Ko+ Ko+ Koy, Hi=Niw+Ky, Hg
=iw+g/ Copes Hy=Zi 0AJ(w)) K, are stiffnesses and u, are
effective areas. The constants A; are functions of the stiff-
nesses, masses and damping coefﬁcients in Egs. (12)-(15).
Adiabatic elimination corresponds to the case where the
H, are evaluated for =0 in Eqs. (B1)—(B6). After taking the
overdamped limit and adiabatic elimination the H, are con-

stants independent of masses and damping coefficients.
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FIG. 9. (Color online) Frequency dependence of the electromotile feedback.
The frequency dependence of electromotile feedback is shown by plotting
|1?em/5fhb| as a function of frequency f, where fem is the electromotile feed-
back force. Each curve corresponds to different values of the tectorial mem-
brane and basilar membrane masses. The masses of the basilar membrane
zones and the tectorial membrane are the same (denoted by m) such that the
inertial terms are given by mg,=(1+1y)m, my,=m and my=—yyi3m,
where the values of m are given in the figure. When m is not zero there is a
resonance in the electromotile feedback. This position of this resonance is
associated primarily with the arcuate zone of the basilar membrane. For all
curves we use the parameters from case A given in Tables I and II. In
addition we use Agpe=\,,=\,,=1077 Ns/m and P,=1/2.

The most general form of the electromotile feedback can
be found by substituting Eq. (B3) into (B1). The force ex-

erted on the hair bundle by electromotility when ﬁexl=0 is
given to linear order by

- (gKspHP/HP - m>phKpHP
T (iw+g/Cup)HYY + gp?HY

Xhb- (B7)

The force fem depends upon the masses m,,, m,, and m,
as well as the damping coefficients Ay, A4, and A,,. We plot

|Fom/ %/ as a function of frequency f=w/(2), in Fig. 9 for
three different values of the mass m where m,,=(1+7y;,)m,
my,=m, and m,=—"y,,y,3m for simplicity (see Appendix A).
When m=0 the electromotile force is severely attenuated at 4
kHz due to the low pass filtering associated with the RC time
constant.

Experimental observations indicate that the bare values
of the basilar membrane mass and the tectorial membrane
mass are at most 7X 1078 g for a 10 um slice of the
cochlear partition.56 Using m=7X10"% g we find a reso-
nance at 6.2 kHz. However, the effect of basilar membrane
inertia on the electromotile feedback is negligibly small near
4 kHz. If we choose m,,=1.67X 1077 g there is an inertial
resonance at 4 kHz which compensates for the RC low pass
filtering. The frequency of this inertial resonance is most
sensitive to the value of the arcuate zone mass. Thus it may
be possible to overcome the RC time constant problem at
high frequencies if a basilar membrane resonance is close to
that of the active cochlear partition.

At low frequencies the electromotile feedback force has
the form

= _ npepy —Iiy*Py)
0+ g/Cope+ 8PP

(B3)

Equation (B8) may be simplified by using the approximation
P! —gpy, =In"P) yielding the electromotile feedback
terms in Eq. (22). Electromotile feedback is low pass filtered
by the RC membrane time constant in this case, but the mag-
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TABLE IV. Cochlear partition dimensions. Lengths in um. Parameters are
defined in Fig. 1.

Zhb 40

Ztm 165°

Zohe 25.6"
L 2.8
Vool 97.2%
Brpe 76°°

o' 20°°

&:lezf 7.20a,b
e:;f —-03 oa,b
2 92.5"
Zipe 122°

Z 90*°

Za 83.7°
K 64.2"
Oope 47°°

e;]ebf Ooa

g]r)eLl Ood

“Reference 58.
"Reference 57.
“Reference 56.
dAssumed.

nitude of the feedback is sufficiently large at 4 kHz to have a
big effect on the behavior of the cochlear partition.

APPENDIX C: DISCUSSION OF PARAMETER VALUES
1. Geometry

The geometry of this system is determined by a set of
experimental measurements on unfixed cochleae from the
Mongolian gerbil (Meriones unguiculatus)’®™® (Table IV,
Fig. 1). We note that while there are unknown variations in
these geometric parameters the requirement of geometric
consistency serves to constrain their possible values.

2. Stiffnesses

The stiffnesses of the components of the system may be
estimated from experimental observations of their deflections
due to point probes.75780 We interpret these measurements
within the context of our approximation for the movement of
the basilar membrane (up to its mid-point between the spiral
lamina and the spiral ligament) as two rigid beams which
pivot about the connection of the basilar membrane to the
spiral lamina and the base of the outer pillar cell (Fig. 1).
Measurements of basilar membrane stiffness in the 4 kHz
region yield values in range from 5X 1072 N/m to 5
% 107! N/m.”"* We use the most recent values for basilar
membrane stiffnesses for the cochlea of the gerbil.80 Several
studies of the tectorial membrane point stiffness have been
made 3% However, the interpretation of these measure-
ments is difficult as the tectorial membrane appears to be
quite inhomogeneous.82 Assuming that the tectorial mem-
brane is homogeneous we estimate the tectorial membrane
stiffness range at the 4 kHz place to be 1072 N/m to 5
% 107! N/m.*""* We examine the behavior of the system
when the tectorial membrane stiffness is 1072 N/m (case A)
and when it is 5X 107" N/m (case B). No measurements of
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TABLE V. Stiffnesses in N/m.

Ko 0.01(A)/0.5(B)
K, 0.05°

K, 0.005°

K, 0.005°

Ky 1

K,, 0.05°

Kpe 0.01¢
Kope 0.01°

“Reference 80.
PReference 64.
‘Reference 94.
dReference 93.
“References 86 and 38.

the stiffness of Deiters’ cell are available. We choose its stiff-
ness in order to maximize the outer hair cell corner fre-
quency wq, [Fig. 2(b)]. Order of magnitude estimates are
available for the stiffnesses of most of the other components
of the system (Table V).

3. Damping

The values for the damping coefficients are uncertain. In
case A we choose A=2X 107> Ns/m in order to take into
account additional damping of the cochlear partition. This
value is large compared to the values corresponding to free-
standing hair bundles.”*** The value of A\,=2X 107 Ns/m
previously associated with adaptation motors is also used.®?
In case B the damping coefficients A=5X 10~ Ns/m and
N\,=5X 1077 Ns/m are chosen to be much smaller as com-
pared to case A in order to tune the system to 4 kHz, leading
to faster hair bundle dynamics, similar to the values used for
individual rat hair cells.* The value for X used in this case is
also close in magnitude to an estimate of viscous damping in
the subtectorial space.45

4. Hair bundle

The parameter values we use for the hair bundles are
based on an application of the model described in Egs.
(5)—(7) to describe experimental observations of isolated
outer hair cell bundles from the 4 kHz place of the rat
cochlea® (Table I). The values of Jfmax required for the sys-
tem to function at the operating points chosen are three times
or less than the maximum force that can be generated by an
individual rat hair bundle.”

In our description the open probability of the hair bun-
dle’s transduction channels P,, is much more sensitive to
hair bundle displacement than previous models allow and
experimental measurements indicate.™** However, the
sharpness of P, is underestimated and has not been measured
for conditions similar to those in vivo. ¥ Moreover, we
choose to make the hair bundle very sensitive to displace-
ments as we are coupling a single hair bundle to a stiff
cochlear partition, rather than three as in vivo.

5. Outer hair cell soma

We use values for the capacitance and conductance cor-
responding to measurements of isolated outer hair cells from

D. O Maoileidigh and F. Jilicher: Hair bundle motility and electromotility 1187

Author's complimentary copy



0.10

)
2 0.05 MONO 0sC
(=%

100 100 107 _10° 107 10° 10°
i [PA]

FIG. 10. State diagram for the dynamical system given in Eqgs. (16)—(18)
describing the active mechanics of the cochlear partition in case A, where
v,>0, when the hair bundle adaptation motors are off (f,,,,=0). The system

behavior in the absence of an external stimulus is shown as a function of the

maximal current through the hair bundle /i, and the electromotility coef-

ficient p. Spontaneous oscillations occur in the region labeled OSC and the
system is monostable in the region labeled MONO. The solid line between

these to regions is a line of Hopf bifurcations. A Hopf bifurcation is only
possible for very large values of I;;™*. Our description of cochlear mechanics
is not valid in the shaded unphysiological region where it is necessary to

take into account additional nonlinearities.

the second row of the 4 kHz region of the guinea pig
cochlea.”?*% The maximum current through the outer hair
cell hair bundle is on the order of a few nanoamperes in
vivo.”"" The value of I"™=3 nA used in case A is well
within this range. However, the value of 25 nA used in case
B is less consistent with experimental data (Table II). In
addition, I™ is proportional to the maximum transduction
channel conductance, which can vary tonotopically along the
cochlea,®® and thus it could regulate the place frequency
map.

Electromotility is nonlinear over a range of about 200
mV.” However, the physiological range of receptor potential
changes is only about 5 mV.¥ Thus, electromotility is ap-
proximately linear within the physiological range and is
characterized by the linear response coefficient p. We esti-
mate the value of the maximum electromotile response coef-
ficient, p, from measurements of the stiffness, capacitance
and the electromotile response of outer hair cells to be on the
order of 10 kV/m.>>**%¢ In order to construct a system which
is resonant at about 4 kHz and to take into account three
outer hair cells per cochlear slice we use p=16 kV/m. The
value of p could vary tonotopically in the cochlea. For ex-
ample, p is a function of the unstimulated outer hair cell
length,90 which changes monotonically along the cochlea.”!

APPENDIX D: ADAPTATION MOTORS OFF

Here we consider the system with the adaptation motors
turned off. The remaining source of activity associated with
the electrochemical gradients coupled with the nonlinearity
of the hair bundle allows for spontaneous oscillations under
certain conditions. The necessary conditions for oscillations
are satisfied in case B when the open probability P, of the
hair bundle transduction channels is described by &,
=51.8 nm and A=2.0. The state diagram of the system as a
function of p and I™ is shown in Fig. 10. Spontaneous
oscillations are possible for very large values of Iji™*. How-
ever, these values are one to two orders of magnitude larger

then the physiological estimate (Table II).
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