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Coupling Active Hair Bundle Mechanics, Fast Adaptation, and Somatic
Motility in a Cochlear Model

Julien Meaud'™ and Karl Grosh™*
TDepartment of Mechanical Engineering and *Department of Biomedical Engineering, University of Michigan, Ann Arbor, Michigan

ABSTRACT One of the central questions in the biophysics of the mammalian cochlea is determining the contributions of the
two active processes, prestin-based somatic motility and hair bundle (HB) motility, to cochlear amplification. HB force generation
is linked to fast adaptation of the transduction current via a calcium-dependent process and somatic force generation is driven by
the depolarization caused by the transduction current. In this article, we construct a global mechanical-electrical-acoustical
mathematical model of the cochlea based on a three-dimensional fluid representation. The global cochlear model is coupled
to linearizations of nonlinear somatic motility and HB activity as well as to the micromechanics of the passive structural and
electrical elements of the cochlea. We find that the active HB force alone is not sufficient to power high frequency cochlear ampli-
fication. However, somatic motility can overcome resistor-capacitor filtering by the basolateral membrane and deliver sufficient
mechanical energy for amplification at basal locations. The results suggest a new theory for high frequency active cochlear
mechanics, in which fast adaptation controls the transduction channel sensitivity and thereby the magnitude of the energy deliv-

ered by somatic motility.

INTRODUCTION

The mammalian inner ear exhibits both remarkable fre-
quency selectivity and sensitivity to low intensity acoustic
stimuli. The dynamic range of hearing is expanded by
a compressive nonlinearity of the cochlea’s response to
sound. In addition, a healthy cochlea can sometimes sponta-
neously emit sound (otoacoustic emissions) (1). These
characteristics can be explained by a nonlinear active mech-
anism, called the cochlear amplifier (2), that can alter the
response of the system to low-level stimuli and is necessary
for normal hearing. A principal problem in cochlear
biophysics is determining the relative contributions of outer
hair cell (OHC) somatic motility (due to the action of pres-
tin) and OHC hair bundle (HB) motility (linked to adapta-
tion of the transduction current (3,4)) to amplification (5,6).

According to the most widely accepted theory, the active
process in the mammalian cochlea is driven by the conver-
sion of electrical to mechanical energy by a voltage-sensi-
tive transmembrane protein, prestin (7), in the OHC lateral
wall (e.g., see (8)). When the HBs of the OHCs are deflected
due to vibrations in the organ of Corti (OoC), the HB trans-
duction channel opens and the current depolarizes the OHC.
The resulting transmembrane potential produces a force (9)
at high frequencies (10). Recent experiments that alter force
production by prestin, either by perfusion with salicylate
(11) or genetic mutation (12,13), have proven that prestin-
based motility is necessary for normal cochlear function.
The main criticism of the somatic force generation hypoth-
esis is that the low-pass filtering due to the OHC basolateral
membrane electrical impedance reduces the potential asso-
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ciated with an HB-generated current so that the somatic
force is unable to amplify the motion of the structures of
the OoC (14). However, we have previously predicted
(15,16) that the OHC transmembrane potential arising
from acoustic stimulation is sufficient for somatic motility
alone to provide high frequency amplification. In this study,
we examine the role of HB adaptation on the active process
at high frequencies and determine whether this prediction
still holds once HB forcing is included into the mathemat-
ical model.

Of course, the presence of HBs is also requisite as the
channels must be activated (i.e., opened) for the time-
varying transduction current to flow. Once opened,
calcium-mediated fast adaptation will occur. Over that
past five years, fast adaptation (17-20) and force production
(19,20) on a submillisecond timescale have been reported in
mammalian HBs. Slow adaptation and force production (20)
are also observed; however, this modality likely does not
play a direct role in cycle-by-cycle amplification. From
the measurements, it is now reasonable to assume that
HBs can generate forces on a timescale commensurate
with high frequency sound, but it is not clear that this force
has sufficient authority to influence the response of the
basilar membrane (BM) or other cochlear structures.
Different models, based on the gating spring model of trans-
duction (21), have been developed to predict the active HB
dynamics. Fast adaptation has been modeled by different
mechanisms that promote channel reclosure or reduce
tension in the gating spring through the binding of calcium
to some moiety in the channel (3,22,23). The theoretical
analysis of Sul and Iwasa (24) of an individual HB, calls
into question whether HBs can act as the sole source of
amplification at high frequencies, as the HB cannot produce
enough mechanical energy to overcome the viscous
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damping in the subtectorial gap in mammals. We reexamine
this result in the context of a complete cochlear model.

Because of the difficulty in isolating the effect of somatic
motility and HB motility in a conclusive in vivo experiment,
theoretical models have been used to establish the contribu-
tions of the two active mechanisms to cochlear amplification,
as described in recent articles (5,25-27). In Reichenbach and
Hudspeth (25) somatic motility was not incorporated at the
base of the cochlea because the authors claim that somatic
motility is negligible at high frequencies. 0 Maoiléidigh
and Jiilicher (26) and Nam and Fettiplace (27) analyzed the
effect of the two active processes using realistic models of
the OoC but restricted their studies to one cross section
(i.e., uniform properties longitudinally) and did not include
fluid loading and fluid longitudinal coupling. In a previous
article, we included a simple phenomenological model for
the added energy due to HB motility in our macroscopic
cochlear model (5). Although these models provide insight
into the possible contributions of the two active modalities,
they are incomplete in at least one key aspect, and therefore
their predictions are of limited generality. More-comprehen-
sive models of the cochlea are needed, and must include the
micromechanics of the OoC and OHC motility as well as
macroscopic contributions such as fluid loading and electri-
cal conductivity. The predictions of the force, voltage,
current, and mechanical power generated by motility enable
specific comparisons to in vitro and in vivo cellular level
measurements to test the model.

In contrast to the high sensitivity and sharp tuning of the
BM response to high frequency stimulation, limited positive
or negative feedback and poor tuning have been observed at
the apex of the cochlea in response to low frequency sounds
(reviewed in Robles and Ruggero (1)). Moreover, the stiff-
ness gradient of the BM might not be able to explain the
frequency range of hearing (28). Therefore, different mech-
anisms have been proposed to explain the differences
between apical and basal cochlear mechanics and to extend
the range of hearing (25,29-31). Coiling of the cochlear
ducts could have an effect on the low frequency response
and on the micromechanics of the organ of Corti (29). A
ratchet mechanism coupling HB and somatic motility has
been proposed as the biophysical basis for low-frequency
hearing by Reichenbach and Hudspeth (25). Moreover, the
deflection of the HB of the OHC might involve the
squeezing of the fluid in the subtectorial space at low
frequencies (30). Finally, detailed modeling of the unloaded
BM indicates that its mode of deformation might be
different at low frequencies (31). These effects, which
may be important at the apex, are not included in our model
because our focus is on high frequency mechanics in the
basal portion of the cochlea.

In this article, we use a mathematical model to predict the
effect of coupling fast adaptation, active HB mechanics, and
OHC somatic motility on the response of the cochlea. This
model includes three-dimensional fluid effects, longitudinal
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electrical conduction, and a micromechanical model of the
organ of Corti. The nonlinear dynamics of the HB, based on
a six-state channel reclosure model of the HB (32), is linear-
ized for small harmonic stimuli and then incorporated into
our global model. The advantage of this approach is that we
explicitly separate the contributions of each active modality
and analyze their influence on the mechanics of the hearing
organ, estimating, for instance, if forces are sufficient to
modulate the BM response. Moreover, we model the effect
of introducing pharmacological agents (such as salicylate
(11)) or varying ionic concentrations on the cochlear response.

METHODS
Active nonlinear HB model

We describe here the nonlinear model of the active HB dynamics used as
a basis for the linearized HB model. As in Sul and Iwasa (24) and Choe
et al. (32), fast adaptation is modeled by a reclosure mechanism. The
slow adaptation motor is assumed to set the resting tension in the gating
spring but not to affect the dynamics of the HB at the frequencies consid-
ered here. The six-state transduction channel model, with two calcium-
binding sites, is similar to that presented by Choe et al. (32) and is described
in Fig. S1 a in the Supporting Material. In this model, calcium binding of
some moiety in the channel causes a reduction in the intrinsic energy differ-
ence between the closed and open states of the channel.

When an external force, F,,, is applied to the HB, the differential equa-
tion governing the motion of the HB is given by

duy,

dt

where ¢y, is the damping coefficient of the HB due to the viscous fluid, N is
the number of transduction channels per HB, ¢, is the tension in each gating
spring, v is the geometrical gain factor relating HB motion to the tip link
motion (3,21), Ky, is the stiffness of the stereocilia pivot, X, is a constant,
and uy,, is the displacement at the tip of the HB, in a direction perpendicular
to the length of the HB (u,;, = 0 corresponds to equilibrium). The tension in
each gating spring is given by

Loy = kg.v(xhh —Xa — POd)a 2

Chb + N’Ytgs + Ksp (uhh - Xsp) = Fext ) (1)

where k,, is the gating spring stiffness, d is the gating swing, Py is the open
probability of the transduction channel, x, is the position (assumed to be
a constant) of the slow adaptation motor in the tip link direction (33),
and xy,, is the displacement of the HB in the tip link direction (x;, = yu).

As in Beurg et al. (20) and Choe et al. (32), the two binding sites are
assumed to have the same affinity to calcium (modeled by the dissociation
constant in the open state K’p, and in the closed state, K°p) and calcium
binding coefficient (denoted as K’ in the open state and K5 in the closed
state). The calcium concentration is denoted as C°, and C, for the open
and closed states, respectively.

The energy difference between the open and closed states of the channel
is given by

AE = fgsxhb + AE‘O — Nca€ca, (3)

where f, is the single-channel gating force in the tip link direction (fy is
given by f,s = ko d and is chosen to be 10 pN (20,24)) and AE is the energy
difference between the unbound open and closed states of the channel at
X = 0 (due to the resting tension of the gating spring and to the intrinsic
energy difference between the open and closed states of the channel), nc, is
the number of calcium ions bound to the channel (n-, =0, 1, or 2), and ¢,
is a constant energy that represents the reduction in the intrinsic energy
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difference of the channel due to calcium binding. Based on a thermody-
namic analysis of the HB (24), the constant is given by the ratio of the disso-
ciation constants, where €c, = kgT In(Kp/K5,). The equations for the rates
of calcium binding and unbinding and of channel opening and closing are
detailed in the Supporting Material.

Passive HB model

The passive HB is modeled by a two-state channel (shown in Fig. S1 b), with
only states 1 (closed) and 2 (open). In this model, the HB performs forward
transduction but does not convert chemical to mechanical energy. The
intrinsic barrier and resting open probability P,* are assumed to be the
same as in the active HB model. This requires the energy difference between
the open and closed state, AEONA, to have a different value than in the active
HB model (AE)), as seen in Table S3 in the Supporting Material.

Linearized HB model

Let P; (where i = 1,...,6) represent the probability of the channel to be in
state i, as shown in Fig. Sl a. Using the additional constraint
Z?: Pi = 1, the equations of the kinetic scheme of the six-state channel
(Fig. S1 a) can be reduced to the nonsingular matricial form

dp f s Xnb
i A 8
dt <2kBT

where P is the vector formed by the probabilities of each state P =
[P,P>,P3,P4,Ps]; A is a 5x5 matrix that is a function of the HB deflection,
Xnp: kg is Boltzmann’s constant; 7 is the temperature; and B is a constant
vector. The vector of resting probabilities for x°, = 0, P, is found by
solving A (0) P* + B = 0.

Using the same approach as in Sul and Iwasa (24), the nonlinear differ-
ential equations governing the dynamics of the HB (Eqgs. 1 and 4) are
consistently linearized around the stationary point (x},, P*) for small

—iwt

>P+B, “)

harmonic perturbations 0F,,,. We assume a time dependence e, where
w is the radian frequency. Equation 4 becomes
N B
s sXnhb .
0P = — 28 | A +iwl
2T\ \2ksT )|, -,
. ®)
sXnb
X A/ & Pséxhb,
2kgT

S
Khb =Yy

where I denotes the 5x35 identity matrix and A’ is the derivative of A with
respect to its argument. The change in the open probability is given by
0Py = 0P, + 0P3 + 0P,

A description of the optimization of the parameters of the transduction
channel model can be found in the Supporting Material. The values for
the physical parameters of the HB are given in Table S1.

Mechanical-electrical-acoustical model
of the cochlea

The linearized model of the HB is implemented in a three-dimensional
finite element model of the cochlea, described in Ramamoorthy et al.
(15) and Meaud and Grosh (16). As shown in Fig. 1, the model includes
the fluid (modeled as inviscid and incompressible), the structure (with
a model for the organ of Corti represented in Fig. 1 a that includes the
BM, and a bending and a shearing mode for the tectorial membrane
(TM)), and electrical degrees of freedom (to represent the potentials in
the scalae of the cochlea). The structural and electrical degrees of freedom
are coupled via the somatic motility and HB mechanoelectrical transduc-
tion (as will be described in the next sections and as shown in Fig. 1 b).
The model includes damping in the governing equations for the BM and
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TM to account for viscous losses in the subtectorial space, in the TM and
in the BM. As in Ramamoorthy et al. (15) and Meaud and Grosh (16),
the parameters of the cochlear model are based on experimentally measured
properties for the guinea pig, when available (see Table S5 and Table S6).

OHC electromotility and mechanoelectrical
coupling

As in Ramamoorthy et al. (15), Meaud and Grosh (16), and Tolomeo and
Steele (34), the response of each individual OHC is described by linearized
piezoelectric-like expressions (see Fig. 1 b) relating the OHC deformation,

o and fluctuating part of the transmembrane voltage, Ag ., to the OHC
force, F,., and current, I, as

_ comp
Fohc - ohz'uohc + 63A¢ghc
Ag (6)
_ ohc . comp
lpe = ——+ WU .
m

where K, is the OHC stiffness, &5 is the electromechanical coupling coef-
ficient, and Z,, is the basolateral impedance of the OHC. The mechanical
energy generated by somatic electromotility per OHC per cycle is given by

Esom = —ﬂ]m[63A¢0h(, X (uwmﬂ)*L (7)

ohc

where * denotes the complex conjugate and Im[-] the imaginary part of
a complex number. As in Meaud and Grosh (16), the simulations are
performed with an electromechanical coefficient, &3, of —1.08 x 1071
N/mV at the 17-kHz best place (BP).

RESULTS

The HB mechano-electric transducer sensitivity
and active HB force are related

In the nonlinear model of the HB, the active reclosure mech-
anism (see Methods and the Supporting Material) is respon-
sible for the active HB mechanics and fast adaptation of the
transduction current. Because the physiologically relevant
displacements of the HB are small for low intensity acoustic
stimulation, the linearized model for the HB dynamics
described in Linearized HB Model, above, is used. Based
on Eq. 5, the equations relating time harmonic oscillations
of radian frequency in the HB force (for each individual
HB), that is, 0F},;, transduction channel current, di,, and
HB displacement, u,,,, are

6th = [Kpass - Kact(w)] Upp

; 3)
diy = G™J(w)Vouy,

where K, is the passive HB stiffness (given by K. =
Ky, + Nyzkgs), K,..(w) the complex active dynamic stiffness
of the HB (due to gating compliance (3), and fast adapta-
tion), J(w) represents the sensitivity of the transduction
channel to HB deflection, V* is the resting potential across
the HB, and GJ'** is the maximum saturating conductance
of the entire HB. The values J(w) and K,.(w) are given by

_ Ve
ksT

J(w) TF(w), 9)
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FIGURE 1 Coupling among cochlear macromechanics, organ of Corti
kinematics, outer hair cell (OHC) somatic motility, and hair bundle (HB)
activity in the model of the cochlea. (@) Model of the organ of Corti kine-
matics. As in Ramamoorthy et al. (15), the basolateral membrane (BM)
deformation is modeled by a simply supported BM mode shape and the
tympanic membrane (TM) by its shearing and bending modes. Different
cross sections of the BM and TM are connected due to structural longitu-
dinal coupling (16). The fluid in the scala vestibuli (SV) and scala tympani
(ST) applies in a pressure on the BM. The fluid pressure in the SV and ST is
coupled to the BM velocity via the linearized Euler relation. As shown in
Eq. 6, each OHC soma is modeled by the superposition of a linear spring
and of an active force along the length of the OHC, F&! = e3Ad,,..
Each HB is modeled by the superposition of a rotational spring
(modeled by an equivalent linear spring with stiffness K,) and of an
active force, Fs/ = —Kue(w)up, (see Eq. 8). The contributions from the
three rows of OHC to the somatic and HB forces are added. (b) Coupling
between the mechanical model of the OHC and its electrical model. The

act

active somatic force (Fi ), the active HB force (F;'), the HB deflection
(upp), and the OHC compression (u,,"), are coupled to the electrical
domain. The apical part and basolateral parts of each OHC are modeled
by an electrical circuit similar to Ramamoorthy et al. (15). The resting
conductance of the HB, 1/R,°, and capacitance, C,, are in parallel with
a current source 0, corresponding to the transduction current and propor-
tional to the HB deflection, uy;,, as shown in Eq. 8. The basolateral part
of the OHC includes the basolateral conductance, 1/R,,, and capacitance,
C,., of the OHC, as well as a current source, iwu',.", proportional to the

ohc >

OHC compression (see Eq. 6). The OHC depolarization, A¢,,, is the
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where TF(w) is the nondimensional-complex-valued,
frequency-dependent transduction channel filter (obtained
by solving Eq. 5).

The mechanical energy generated by the HB per cycle
depends on the imaginary part of the active stiffness as

Ey, = Wlm[Kacr(w)”“hh|2» (11)

where for this sign convention Ej;, > 0 represents dissipa-
tion and E;;, < O generation. These relations reveal that
HB energy generation (Eq. 11), the mechano-electric trans-
ducer (MET) sensitivity (given by G J(w)V*), and the
active HB force (K,.(w)uy,), are related and depend on
the same frequency-dependent filter, 7F(w). HB energy
generation is proportional to &23 (as shown in Sul and Iwasa
(24)). We highlight here that the MET sensitivity is propor-
tional to G'“*V*f,, explicitly showing the linkage between
MET sensitivity and HB forcing. The parameters of the
transduction channel have been optimized to maximize
the peak of the mechanical energy delivered by the HB.
The HB parameters are then adjusted so that the transduc-
tion channel filter varies spatially and is tuned to
a frequency chosen to maximize the peak of the BM
response to acoustic stimulation (see the Supporting
Material).

The transduction channel is a poorly tuned
bandpass filter and the dynamics of fast
adaptation reduces the MET channel sensitivity

The magnitude and phase of the transduction channel filter,
TF(w), are plotted as a function of frequency in Fig. 2,
a and b, for an isolated HB at the 17-kHz best place
(BP). In a model without adaptation (see Methods),
the transduction channel filter is a low-pass filter with a
characteristic frequency (CF) of 224 kHz, limited by
kinetics of channel activation. When the fast adaptation
mechanism is included, TF(w) is a poorly tuned bandpass
filter, with a barely discernible peak at 30.0 kHz. At CF,
|TF(w)| and hence the MET sensitivity (see Egs. 8 and
9), are ~25% lower with adaptation than without adapta-
tion. The phase of TF(w) is ~—2° so that the MET current
leads the HB displacement, but only by a small amount.
The broad tuning of the transduction filter is also mani-
fest in the real part of the active HB stiffness, K, .(w),
as shown in Fig. 2 c¢. The passive bundle stiffness

potential drop from point A to point B. The contributions from the three
rows of OHC are added and integrated into a macroscopic model of the
potentials in the scala media, scala tympani, and scala vestibuli that
includes longitudinal cables to represent propagation of current along the
length of the cochlea (15). HB activity affects the active HB force, F,;,*",
as well as the current source 6.
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FIGURE 2 For a single isolated HB at the 17-kHz CF location, predic-
tions of the transduction channel filter function, active stiffness, and energy
generation are plotted versus frequency. These results vary spatially with
frequency in a way described in Fig. S1. (Vertical dots) The CF. (Thick solid
line) Predictions with fast adaptation and channel activation included in the
model. (Dashed line) Results with only channel activation included. (a)
Magnitude and (b) phase of the transduction channel filter, 7F(w) (defined
by Eq. 9) which relates the MET current to HB displacement. (c¢) Real part
of the active HB stiffness, K, (w). (d) Mechanical energy delivered
per cycle by the HB (positive is dissipation, negative generation) for
a 0.5-nm HB displacement. (Thin solid line) Energy dissipated by viscous
drag in the subtectorial space.

(0.16 N/m at this location) is reduced only by 10% by the
active stiffness.

Energy dissipation and generation by the effects
of HB fast adaptation and channel activation are
small

The mechanical energy generated by the HB as computed
from Eq. 11 is shown in Fig. 2 d for a HB located at the
17 kHz BP. As in Sul and Iwasa (24), the magnitude of
the energy dissipated or generated by the HB is predicted
to be much smaller than the energy dissipated by viscous
drag of the HB through the surrounding fluid, except at
the lowest frequencies (<~10 kHz). The model without
fast adaptation predicts that the HB dissipates mechanical
energy over all frequencies. With fast adaptation, the HB
delivers mechanical energy up to 20.4 kHz, with a peak at
5.2 kHz. At this frequency, the HB delivers more energy
than dissipated by viscous drag. At frequencies above
20.4 kHz, the HB dissipates energy, but the amount of
energy dissipated is small, more than one-order-of-magni-
tude less than viscous drag at CF, for instance.
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A complete cochlear model including somatic
motility and HB activity predicts the BM response
to low intensity sound stimulation

The response of the BM to low intensity acoustic stimula-
tion is simulated using a macroscopic mathematical model
of the cochlea described in Fig. 1 that includes HB mecha-
noelectrical transduction and any combination of somatic
motility (see Methods) and HB activity (fast adaptation
and HB motility, modeled by Eq. 8). The predicted
frequency dependence of the normalized BM displacement
at the 17-kHz BP is shown in Fig. 3. The passive model of
the BM response (without somatic motility or HB activity)
exhibits a broad peak, as observed in measurements at
high intensity or postmortem (35). With HB activity and
somatic motility, the BM response approximately matches
the sensitivity (with a 34 dB gain relative to a passive
model), tuning (with a mechanical quality factor, Qo4 of
6.1 vs. 6.5 in the experiment), and peak frequency
(~17 kHz) of the experimental response to low intensity
acoustic input (35).

If somatic motility is included in the model but HB
activity is not included, the model predicts a higher gain
of the BM and a lower peak frequency. The presence of
fast adaptation reduces the MET sensitivity (Fig. 2 a), which
makes the system with somatic motility and HB activity less

40t .

30 1

20 1

10} 1

10 — — — Passive model
Somatic motility

and active HB

-20 Active HB, no
somatic motility

Normalized BM displacement (dB)

Somatic motility,
passive HB

10 14
Frequency (kHz)

22

FIGURE 3 BM response to acoustic stimulus for three different cochlear
models. Displacement of the BM in dB normalized to the maximum passive
response due to acoustic stimulation at the 17-kHz best place. (Thick solid
line) Prediction with somatic motility and HB activity (fast adaptation and
active HB mechanics). (Thick dashed line) Prediction of a passive model.
(Thin solid line) Theoretical prediction of HB activity only without somatic
motility. (Thin dashed line) Prediction of a model with somatic motility and
without HB activity.
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sensitive and more stable than in a model with somatic
motility and a passive HB. However, when HB activity is
included and somatic motility is not included, the response
reverts nearly to that of a passive model. The response of the
BM as well of the shearing and bending modes of the TM at
different longitudinal locations is shown in Fig. S4. At loca-
tions <~1.2 cm from the base of the cochlea, the fully active
model (with somatic motility and HB activity) predicts qual-
itatively similar responses compared to Fig. 3.

Somatic motility, not HB motility, amplifies
motion for frequencies near CF

When we speak of energy generation, we mean net conver-
sion to mechanical energy from some other form of energy
on a cycle-by-cycle basis. Somatic motility can convert
electrical energy (in the form of the resting endocochlear
potential) to mechanical energy (e.g., Ramamoorthy et al.
(15)) in a nearly reciprocal fashion (36) while HB activity
can transfer chemical energy to mechanical energy during
the binding process (24,32). The results for an individual
HB presented in Fig. 2 d are now revisited by making
predictions in a global cochlear model. The mechanical
energy delivered per cycle by the somatic force and the
HB force is plotted as a function of frequency in Fig. 4
for a 0.5-nm BM displacement. For this location, the upper
limit of energy generation derived from somatic motility is
21.7 kHz (this limit depends on the micromechanics of the
00C) whereas that for HB motility is 20.4 kHz (as in
Fig. 2 d, this limit depends on the kinetics of the MET
channel). Hence, both motilities deliver mechanical energy
at CF. Note that the peak of energy generation for HB
motility (as well as somatic motility) corresponds to the
CF; this peak is due to the peak in the HB deflection at
CF. However, the energy delivered by the HB is about two
orders of magnitude lower than the energy delivered by
the OHC soma at CF. From 11.1 kHz to 19.0 kHz, somatic
motility delivers more energy than the energy dissipated in
the organ of Corti and subtectorial space.

The gain of the BM response to acoustic
stimulation depends on the somatic
electromechanical coupling coefficient and
on the calcium concentration

We varied the electromechanical coupling coefficient (&5 in
Eq. 6) so as to determine the effect of a small reduction in
prestin activity, as might be induced by intracellular perfu-
sion of salicylate (11). In Fig. 5, the BM gain in response
to low intensity acoustic stimulation is reduced by 6.1 dB
when &3 is reduced by 10%, similar to reductions seen in
salicylate perfusion experiments. The procedure used to
compute the effect of calcium on the transduction channel
is described in the Supporting Material. An increase of the
calcium concentration at the fast adaptation site (when the
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energy gives the boundary between generation and dissipation; the active
processes generate mechanical energy on the left of the vertical lines (as
indicated by the arrows). (Thin solid line) Mechanical energy dissipated
by viscous drag in the subtectorial space and by viscous damping in the
TM and BM (see the Supporting Material).

channel is open), ji’a, by 10%, results in a 2.3-dB reduction
in the gain through a reduction of the amplitude of TF(w).
Alterations of the calcium concentration can be induced
by disturbance of endolymph calcium homeostasis (for
example in Meniere’s disease (37)) or exposure to loud
sounds (38), although the relation between these conditions
and the calcium concentration is less clear than for the effect
of salicylate on somatic electromotility.

Sensitivity of the model predictions to the HB
parameters

The influence of the parameters of the HB (both the trans-
duction channel properties and the HB stiffness) on the
predictions of the BM response is analyzed in Fig. 6
(the effect of other parameters was studied in Ramamoorthy
etal. (15) and Meaud and Grosh (16)). As the single-channel
gating force, f,, is increased, the value of the CF does not
change but the BM becomes more sensitive close to
the CF (an increase of 10% increases the BM gain by
8.0 dB; see Fig. 6 a) because of the increase in the energy
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FIGURE 5 Effect of changes in the OHC somatic electromechanical
coupling coefficient, €3, and in the endolymphatic calcium concentration,
Cf,» on the predictions of the BM response to acoustic stimulation. The
normalized BM gain is plotted as a function of frequency. (Thick solid
line) Initial values for e; and C;fa. (Thin solid line) C;; is increased by
10%. (Thin dashed line) &5 is reduced by 10%.

delivered by HB motility (proportional to fgi) and in the
transduction current sensitivity (proportional to f,). The
value of the maximum saturating conductance of the HB,
G7*, has a similar (but not as pronounced) effect as f,,
because G’ only affects the value of the transduction
current. An increase of 10% of G”'** increases the gain by
6.1 dB.

The effect of the value of the passive HB stiffness, Ky, is
shown in Fig. 6 c.

As the passive HB stiffness is reduced, the peak of the
BM response shifts to a lower frequency and has a higher
magnitude. In the model, the most important factor control-
ling the CF of the BM (see Fig. S4) is the passive resonance
of the uncoupled TM shear mode (the resonant frequency
is given by \/Kys + 3K /Myns, where K, is the TM stiff-
ness, M,,,, is the TM shearing mass, and 3 is the number of
HB per cross section). Therefore, as in the previous model
of the cochlea (that did not include the active HB dynamics
(15)), a reduction in the HB stiffness induces a reduction in
the CF. The CF depends weakly on the peak frequency of
the transduction channel filter, TF(w), and we denote this
peak frequency as F),... (see the Supporting Material for
more discussion on Fj.u). In Fig. 6 d, we show that
a 50% change in F,., changes the CF by only a few percent.

DISCUSSION

In our model, we can explore a variety of ways for HB and
somatic force generation and HB filtering to alter the
mechanics and response of the cochlea. At the outset, we
envisioned several potential scenarios for their interaction
at high frequencies, including some sort of synergistic
amplification by both processes. We found a very different
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FIGURE 6 Sensitivity of the BM response to acoustic stimulation to the
changes in the parameters of the HB. The normalized BM displacement, in
dB, is plotted as a function of frequency at the 17-kHz best place. (a) Effect
of changing the value of the single-channel gating force, f,,. (b) Effect of
changing the maximum saturating conductance of the HB, G'**. (c) Effect
of changing the passive hair bundle stiffness, K,,.,,. (d) Effect of changing
the peak frequency of the transduction channel filter, F,eqx.

cooperation between the two modalities. Somatic motility
provides the amplification at CF. Fast adaptation reduces
the MET channel sensitivity and controls the magnitude of
the energy delivered by somatic motility. HB amplification
somewhat ameliorates the dissipative effects of channel
gating, but neither the added energy nor the amount of dissi-
pation are significant compared to dissipation by the HB
moving through the fluid at high frequencies (see Fig. 2 d).
Our simulations (see Fig. 4) confirmed the analysis that the
energy generated per cycle by an isolated HB was not suffi-
cient to influence high frequency global cochlear mechanics.

Resistor-capacitor filtering of the OHC
transmembrane voltage does not preclude
somatic motility from acting as the cochlear
amplifier

Our results show that somatic motility can be the underlying
source of high frequency mammalian cochlear amplification
despite low-pass filtering of the transducer currents by the
basolateral membrane of the OHC. In our model, the cutoff
frequency of an isolated OHC is 280 Hz at the 17 kHz BP.



Coupling Adaptation and Somatic Motility

At this location, in a sensitive cochlea, a sound input at
17 kHz of ~20-dB sound pressure level gives rise to a BM
displacement of 0.5 nm (39). For such a displacement, we
predict a transduction current of 1.17 nA and a transmem-
brane potential of 480 uV for an OHC at this location. There
is strong evidence that these are physiologically realistic
values. In our model, the value of the HB saturating conduc-
tance, G,"*, is set to 140 nS at the 17 kHz BP. Using the
in vitro hemicochlea preparation at room temperature, He
et al. (40) measured a conductance of 34.7 nS for a basal
HB in the adult gerbil hemicochlea. The experimental
values must be corrected to account for in vivo conditions
including a lower in vivo calcium concentration (a factor
of 2 (40)), higher temperature (a factor of 1.6 assuming
a Qo at ~1.3 (17)), and potassium as opposed to the
sodium-based endolymph for experiment (a factor of 1.25
(17)) for a fourfold increase of the conductance to a value
of 138 nS (within 2% of the value we use).

The largest in vitro current measured by He et al. (40) is
2.4 nA. Using the same temperature and ionic corrections as
above, along with a factor of 2 for a larger in vivo resting DC
potential, our estimate of the largest current is 28 nA—
larger than our theoretical estimate near threshold of 1.17
nA. Moving to a discussion of the voltage, we predict an
OHC transmembrane potential that is higher than the only
in vivo transmembrane measurements (41) at these frequen-
cies. This is expected, as discussed in He et al. (40), Dallos
(42), Russell and Kossl (43), and Fridberger et al. (44),
because the microelectrode measurement underestimates
the receptor potential due to the leak conductance around
the electrode, the piercing of the OHC membrane (which
may reduce the driving DC receptor potential), the loss of
sensitivity due to the overall surgical preparation, and any
mechanical constraints due to the microelectrode penetra-
tion. Extracellular potential measurements are less invasive
and our prediction (177 uV for a 0.5-nm BM displacement)
is in good agreement with the measurement-based estimate
of Fridberger et al. (44) (~80 uV for a 0.3-nm BM displace-
ment) for a cochlea in good physiological condition.

Our theoretical model predicts the response that would be
measured in a pristine sensitive cochlea. Hence, the quanti-
tative differences are reasonable in view of the differences
between the model and measurement configurations. We
show that a submillivolt transmembrane potential is con-
verted to an active somatic force of 50 pN at CF (<1% of
the in vitro maximal values of ~10 nN (45)), a force suffi-
cient to provide for the 30—40 dB gain difference between
sensitive and insensitive conditions in vivo.

To achieve a transduction current of 1.17 nA at the 17-kHz
best place, two additional factors are of central importance:

First, an electromechanical resonance of the OoC-TM
system, due to the interaction of the TM mass (46,47), the
compliance and kinematic constraints of the structures of
the OoC, and the active somatic force, magnifies the HB
shearing motion and maintains the appropriate phase of
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the HB transducer current. This electromechanical reso-
nance is responsible for the sharp tuning of not only the
transduction current, but also of the BM motion. This tuning
does not arise from an intrinsic tuning of somatic electromo-
tility (which is not tuned (10)) and depends only weakly on
HB filtering (which was shown here to be poorly tuned in
Fig. 2 a and Fig. 6 d).

The second important factor is the longitudinal propagation
of electrical current in the scalae and interstitial space. By
artificially altering the numerical values of the fluid conduc-
tances in our model, we tested the effect of longitudinal prop-
agation of current in the scalae and the interstitial space on our
predictions. Including this conductance path provides for
roughly 5 dB of additional gain in our model due to an increase
in the transmembrane potential that drives somatic motility.
Note that our conclusions about the role of somatic motility
is different from Ospeck et al. (48), who found a limiting
frequency for amplification of ~13 kHz; however, their anal-
ysis was based on the lower conductance of an apical HB of
the neonatal mouse (49) and did not include a TM mass reso-
nance and the longitudinal propagation of current.

Could HB motility be the amplifier?

In our model, the value for the single-channel gating force is
in good agreement with experimentally derived values for
the mammalian HB (20,33,50). We found that a higher
single-channel gating force (>20 pN), such as used in
Nam and Fettiplace (51) or 0o Maoiléidigh and Jiilicher
(26), and faster kinetics for adaptation, is needed for the
active HB force to have a more prominent role in high
frequency cochlear amplification. Such a value of f,; would
result in unrealistic transduction current and OHC potentials
at threshold. The calcium-binding coefficients we use at the
base of the cochlea are near the upper limit for a diffusion-
limited reaction (52); it is unlikely that the kinetics can be
much faster. Therefore, it does not appear that HB forcing
is responsible for cochlear amplification at high frequencies.

For lower-frequency hearing, nearer the apex of the
cochlea, HB forcing may play a more important role (which
would be consistent with the measurements of Chan and
Hudspeth (53) showing calcium-dependent amplification of
OHC deflection in an in vitro preparation of an apical segment
of the cochlea). In this region, the HB force is able to over-
come viscous drag in the subtectorial space at frequencies
relevant to apical cochlear mechanics (see Fig. S5). Continued
system level and cellular level biophysical measurements
along with fully nonlinear mathematical models are still
needed to completely describe the response of the cochlea.
In light of our small-signal modeling results, we conclude
that, in the base of the mammalian cochlea, prestin-mediated
somatic motility of outer hair cells is the mechanism by which
stored electrical energy is converted into mechanical energy
driving cochlear amplification and providing for acoustic
compression so essential to normal hearing.
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Experiments supporting and needed to test our
theory

The predictions by the model of the BM and TM displace-
ments as well as of the electrical degrees of freedom in
response to high frequency acoustic stimulation can provide
data for indirect test of our theory. As discussed above, the
predictions of the BM displacement, and intracellular and
extracellular OHC potentials, are reasonable. Moreover,
the somatic-based amplification mechanism proposed here
is consistent with measurements made with intracochlear
perfusion of salicylate (11) or prestin-knockin mutation
(13)—interventions known to disrupt the prestin-based
transduction and reduce cochlear output (either in the BM
gain or auditory thresholds) as in our model (Fig. 5).

In vivo measurements of the TM response to acoustic
stimulation (using techniques such as those employed by
Hong and Freeman (54) and Choudhury et al. (55)) could
also serve to validate this cochlear model. Moreover, the
parameters of the HB model that are critical for our predic-
tions (particularly G,”*" and f,,) could be refined if
measurements of the HB response in more physiologically
relevant conditions were available. A more direct test of
our theory could be the extension of the preparation of
Chan and Husdpeth (53) to a basal segment of the cochlea;
the conclusions of a similar experiment in a high frequency
location could be used to validate or challenge our theory.

SUPPORTING MATERIAL

Additional informational text, including six figures, six tables, and 27
equations, is available at http://www.biophysj.org/biophysj/supplemental/
S0006-3495(11)00527-3.

This research was supported by National Institutes of Health NIH-NIDCD
RO1-04084.
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