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How Close Should the Outer Hair Cell RC Roll-Off Frequency Be to the
Characteristic Frequency?
Mark Ospeck†* and Kuni H. Iwasa‡
†Boulder, Colorado; and ‡Max Planck Institute for Physics of Complex Systems, Dresden, Germany
ABSTRACT Recent experiments have shown a much larger conductance in outer hair cells, the central components of the
mammalian cochlear amplifier. The report used only the cell’s linear capacitance, which together with increased conductance,
raised the cell’s RC corner frequency so that voltage-dependent motility was better able to amplify high-frequency sounds. We
construct transfer functions for a simple model of a high characteristic frequency (CF) local cochlear resonance. These show that
voltage roll-off does not occur above the RC corner. Instead, it is countered by high-pass filtering that is intrinsic to the mammal’s
electromechanical resonance. Thus, the RC corner of a short outer hair cell used for high-frequency amplification does not have
to be close to the CF, but depending on the drag, raised only above 0.1 CF. This high-pass filter, built in to the mammalian ampli-
fier, allows for sharp frequency selectivity at very high CF.
INTRODUCTION
The mammalian ear is remarkable in its ability to detect
and distinguish faint sound waves at high frequencies: up
to ~20 kHz in humans, ~50 kHz in guinea pigs and rats,
and>100 kHz for bats, whales, and dolphins (1). This ability
depends on prestin, the key component of voltage-dependent
somatic motility (electromotility), which is essential for the
sensitivity and sharpness of frequency tuning in the mamma-
lian cochlear amplifier (CA (2)). Implied is that voltage-
dependent motility amplifies the vibrations of the cochlea’s
basilar membrane that are elicited by weak sounds. Because
motility is driven by outer hair cell (OHC) membrane poten-
tial, a key issue is the magnitude of the membrane potential’s
high-frequency oscillating part. This gives rise to theRC time
constant problem: OHC have too much resistance (R) and
capacitance (C), the combination of which results in a low-
pass filter that attenuates high-frequency voltage oscillations,
limiting the characteristic frequency (CF) at which the cells
can amplify sound waves (3). Recently, a large-scale
cochlear model shows that tonotopic variation of OHC
conductance may permit electromotility to function as the
CA at high CF (4). Also, models that couple active hair-
bundle motion to voltage-dependent somatic motility show
improved high-frequency CA performance (5,6). Addition-
ally, piezoelectric resonance has been proposed as a possible
mechanism for the CA that avoids the RC time constant
problem (7). However, a recent series of experiments that
were significantly better at preserving the operating conduc-
tance of an OHC (8), show that the RC roll-off frequency is
much closer to the cell’s CF than was previously thought.
This experimental finding has improved the chances that
electromotility will be able to function as the CA at high CF.
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The main results reported in this work are the following:
OHC hair-bundle conductance and basolateral potassium
conductance are much larger than previously reported.
The hair-bundle conductance is ~50% open in the resting
condition. Therefore, the resting membrane potential is
~�40 mV, much more positive than in previous reports, so
that most of the cell’s voltage-dependent potassium conduc-
tance is turned on at rest. It follows that in quiet, poised at
its operating point, the OHC has a very high current
throughput. Additionally, and unlike all previous reports,
the authors used only the linear component of OHC capac-
itance (~5 pF for a short one) to calculate the RC roll-off
frequency. They disregarded the nonlinear capacitance,
which near the resting potential of �40 mV is somewhat
larger than the linear capacitance for short OHCs. Neglect-
ing nonlinear capacitance increases the RC roll-off
frequency by a factor somewhat larger than two.

As we will discuss later, their disregarding nonlinear
capacitance appears to be justified for the near-isometric
case, where the OHC produces force while making only
extremely small (<1 part per thousand) changes to its
length. Their experiments on cells with a CF of <~12 kHz
show a large conductance g. For cells in the 1–10 kHz CF
range they found that the RC roll-off frequency was approx-
imately one-half of the CF. Because their RC corner, or roll-
off frequency fRC ¼ g=ð2p CÞ, was now relatively near the
CF, they concluded that electromotility is effective as the
means of cochlear amplification. Also, by extrapolation,
they predict an RC corner of ~5 kHz for a gerbil OHC
that amplifies sound waves with a 20-kHz CF. However,
they note the discrepancy between the CF and the RC corner
because, for the short OHC used for high-frequency ampli-
fication, their RC corner rises more slowly than does
their CF.

Contrast this with the low-frequency electrically resonant
hair cells of the turtle ear whose CF approximately equals
doi: 10.1016/j.bpj.2012.02.049
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their RC corner frequency (9). In the turtle, the electrical
resonance where amplification occurs falls a bit below the
RC corner, and voltage roll-off occurs immediately above
it. We note that mammals are distinct from reptiles in that
they employ an electromechanical resonance. How close
should their RC corner frequency be to their CF?

Here we address this question by constructing transfer
functions for a simple model of a high CF local resonance.
These show that in the mammalian ear, voltage roll-off does
not occur above the RC corner. Instead, as long as the drag
per OHC is not too large, the mammalian amplifier’s
intrinsic high-pass filtering avoids roll-off. For nominal
drag, the electromechanical resonance becomes sharply
tuned when the RC corner is raised above ~0.1 CF. The
new finding of increased outer hair cell conductance (8)
has substantially raised the RC corner, and intrinsic high-
pass filtering combined with the posited range of cochlear
drag requires that it only needs to be raised partway to
the CF.
RESULTS

When the OHC is isolated, it behaves mainly as a simple
passive electrical low-pass filter (its RC corner being the
frequency at which its voltage begins attenuating with
a �1 slope in a log-log plot of voltage versus frequency).
However, when incorporated into the organ of Corti, the
OHC is not a passive low-pass filter. Instead, the force
that it produces acts back upon its hair-bundle conductance
so that the cell becomes an active electromechanical reso-
nator that improves the quality Q, or sharpness, of its reso-
nance by cancelling local drag force. In 1948, Thomas Gold
observed that for a given frequency, if an antidrag were to
exactly cancel the drag force, the ear could resonate there
and act as a sharply tuned frequency-selective filter (10).
Gold’s local resonance condition now has the following
physical picture: a sound wave at the CF vibrates an OHC
hair bundle causing some of the hair bundle’s transducer
conductance to cycle between its open and closed states,
making a sinusoidal current that oscillates the cell’s
membrane potential at the CF. This voltage oscillation
drives voltage-dependent membrane motors that oppose
drag force—if their phase is correct. In this way, the drag
force can be reduced to near-zero for a resonance oscilla-
tion, so that a small input at the CF is amplified.

To obtain insight into how the RC time constant affects
cochlear amplification and frequency selectivity, we
consider its effect upon a high CF local resonance (see the
Mathematica (Wolfram Research, Champaign, IL) model
in the Supporting Material). The cochlea’s basilar mem-
brane actually supports a sound-driven traveling wave that
traverses between, and is absorbed by, local resonances.
We will discuss how the RC time constant might influence
the traveling wave later, but here we consider only the RC
time constant’s impact on the transfer function of a simple
Biophysical Journal 102(8) 1767–1774
two-equation model of a local resonance that involves
a single OHC (11). The oscillatory component of OHC
receptor potential is described by

�C
dv

dt
¼
�
P0 þ dP

dx
x

�
gHBðvþ V0 � EHBÞ

þ n0 gKðvþ V0 � EKÞ:
(1)

We consider only a small membrane potential oscillation (v)
at the resting potential (V0). Equation 1 describes how the
potential changes as cell capacitance C is first charged
through hair-bundle conductance (gHB), and then discharged
through potassium conductance (gK) at the base of
the cell. The hair-bundle conductance open probability
P0 þ ðdP=dxÞx has a static part P0 ~0.5, its open probability
at the cell’s resting potential, and an oscillatory part that is
a steeply decreasing function of basilar membrane displace-
ment (x). EHB – V0 is the potential drop through hair-bundle
conductance to the cell’s resting potential, and V0 – EK the
drop through the cell’s basal potassium conductance. By
convention, outward current is positive. Note the large
standing ‘‘silent current’’ (8,12), with the constant part of
hair-bundle input current P0 gHB(V0 � EHB) cancelled
by the outward potassium current n0 gK(V0 – EK). The
voltage-gating of the potassium conductance is slow (8) so
that its open probability n0 is a constant that depends on
the resting potential.

The equation of motion that governs local movement of
the basilar membrane is

M
d2x

dt2
¼ 4 v� D

dx

dt
� K x þ F: (2)

The electromechanical resonance frequency (CF) is close
to the passive mechanical resonance frequency f0 set by
local stiffness (K) and mass (M), where ð2pf0Þ2 ¼ K=M.
Basilar membrane acceleration d2x=dt2 responds to the total
force on the membrane, which is the sum of four terms:
motor force, drag force, spring force, and external force.
Motor force is due to piezoelectric membrane motor
proteins, and for small potential oscillations it can be
approximated as a linear function of membrane potential
4 v where 4 is the isometric force generated per millivolt
(13). The majority of drag force that must be counteracted
by a short OHC is thought to be due to shear drag in the
gap between the tectorial membrane and the reticular lamina
(11,14). Drag due to up-down motion of the basilar
membrane can be ignored (15). The drag due to the hair
bundle is much smaller than gap drag in the basal turn
(11). An upper-bound estimate for internal drag in the organ
of Corti is ~60% of the gap drag (11). The gap between the
two membranes forms a shear cell with drag force inversely
proportional to its width. For low CF, this gap is ~5-mm
wide, but at high CF the gap shrinks down ~1 mm (16).
Mechanical oscillation of the OHC hair bundle drives the
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shear between these two membranes, and this in turn drives
the hair bundles of the sensory inner hair cells.

For laminar shear flow between two plates with a relative
velocity dx=dt, the drag force is ðh A=dÞðdx=dtÞ, where h is
the viscosity, A is the plate area, and d is the width of the gap
between them. The value h A=d can be calculated to be
~10�7 Ns/m for a short OHC and this drag coefficient can
be considered to be the lower bound for the cell’s actual
drag coefficient D (see the Supporting Material). External
force F is due to the sound wave input. At membrane
potentials above �40 mV, approximately one-half of the
hair-bundle conductance is activated and most of the cell’s
potassium conductance is turned on ((8); see Table 1 for
parameter values). This model is intrinsically nonlinear in
that weak input signals are much more strongly amplified
than strong ones (see the Supporting Material). The main
source of nonlinearity is due to the hair-bundle conductance,
which opens in proportion to basilar membrane displace-
ment according to a sigmoid-shaped first-order Boltzmann
open probability (8). Hair-bundle slope conductance
gs ¼ gHBðdP=dxÞ is the important term in Eq. 1 that must
be made sufficiently large to charge cell capacitance on
a cycle-by-cycle basis. Slope conductance is a maximum
for small sub-1-nm displacements around a 0.50 open prob-
ability, and decreases for larger displacements, which has
the effect of lowering gain.

Now we use this simple model of a cochlear resonance to
illustrate why the mammal’s electromechanical resonance is
quite distinct from the reptile’s electrical one, and specifi-
cally why the mammal’s resonance frequency (CF) is able
to lie well above its RC corner. We choose a specific CF
to show transfer functions and a pole-zero plot that clarify
how this sort of resonance works. Because high-frequency
performance is key, we pick a 20-kHz CF to illustrate things,
because before these recent experiments (8), OHC conduc-
tance was considered too low to allow for amplification and
sharp frequency selectivity for such a high CF. Three force-
TABLE 1 Parameter values in Eqs. 1 and 2 for modeling a cochlea

C 5 pF. Linear cap

dP

dx

�1

25 nm
. Maximum slope

EHB – V0 120 mV. EHB endolymph potential þ90 mV� 0 mV reversal po

V0 – EK 60 mV. This assumes resting potential �30

4 0.1 nN/mV. Isometric forc

D
~10�7 Ns/m ¼ hA

d
. Gap shear drag coefficient; minimum

gK Total potassium conductance, proportional to gHB so that rest

and potassium

fRC Passive RC corner ¼ g=ð2p CÞ ¼

Passive Q ¼ M 2p f0
D

¼
ffiffiffiffiffi
M

p ffiffiffiffi
K

p

D
¼ 1:7. This depends on local mass M,

mecha
noise-driven transfer functions are shown for low, high, and
max drag (Fig. 1 A). This transfer function gives the ampli-
tude of the basilar membrane response to the same magni-
tude of forcing at each frequency across a 50-kHz wide
range. Whereas the drag force at a cochlear resonance is
not experimentally known, the passive Q of a dead cochlea
is known to be between 1 and 2 (18). We set it equal to 1.7,
reflecting the fact that without active amplification by
the OHC a local cochlear resonance rings only weakly
and is not very frequency-selective. Then hair bundle and
potassium conductance are together increased, maintaining
the resting potential while raising the cell’s RC corner and
sharpening the resonance. The major effect of raising
OHC conductance is to increase the hair-bundle slope
conductance, permitting it to more rapidly charge cell
capacitance, thereby increasing the size of the voltage oscil-
lation and membrane motor force. More motor force cancels
more drag, increasing the mechanical Q of the resonance.
We raise active small-signal Q up to 20, a frequency selec-
tivity that is comparable to some of the best experimental
data for a living cochlea (19–21).

If the 20-kHz local resonance were to have a minimal
drag coefficient approximately equal to gap shear drag,
D ¼ h A=d � 10�7 N s/m, then obtaining a Q of 20 would
require only a relatively small hair-bundle conductance
~15 nS and a low RC corner ~0.7 kHz. However, although
gap shear drag has been termed essential drag in that it is
responsible for driving the sensory inner hair cell’s hair
bundle (14), and is thought to be a large component of the
total drag, it’s not likely that the drag force could be so close
to its minimum value. Therefore we consider a high-drag
example, increasing the drag coefficient by fivefold over
this shear drag lower bound. Countering enough of this
drag to achieve a Q ¼ 20 resonance required a large OHC
conductance ~77 nS and an RC corner ~3.7 kHz. Before
the recent experiments (8), using such a large hair-bundle
conductance and high RC corner could not be justified.
r resonance

acitance of a short OHC (8).

open probability hair bundle (17).

tential of the hair-bundle conductance minus resting potential �30 mV (8).

mV and a potassium reversal potential EK ¼ �90 mV.

e produced by OHC per millivolt (13).

drag that must be cancelled to obtain a sharp high Q resonance (11).

ing potential is fixed at �30 mV with hair-bundle conductance half-open

conductance 0.81 open (8).

p0 gHBþ n0 gK

2p C
¼ 0:5 gHBþ 0:81 gK

2p C
(8).

stiffness K, and drag coefficient D; it indicates the sharpness of a passive

nical resonance (18).

Biophysical Journal 102(8) 1767–1774



FIGURE 1 (A) Noise-driven force to basilar membrane displacement

transfer functions for a 20 kHz CF cochlear resonance. (Top) Low drag

1.0 10�7 Ns/m, hair-bundle conductance 15 nS, RC corner 0.7 kHz.

(Middle) High drag 5.0 10�7 Ns/m, hair-bundle conductance 77 nS, RC
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Finally, we consider roughly the max drag that can be
cancelled subject to the constraints imposed by the experi-
mentally measured parameters (Table 1), increasing the
drag coefficient by 13 times over its lower bound. To obtain
an equally sharp resonance this case required a 12.6 kHz RC
corner and a very large ~260 nS hair-bundle conductance.
Gaussian white-force noise across a 50-kHz bandwidth
was used to obtain the spectral shape of the force to basilar
membrane displacement transfer functions (22). Although
the active Q of the resonance peaks are all constrained to
20, their low-frequency spectral shapes differ substantially.
In the cases where the RC corner is well below the CF, the
high-frequency noise gets rolled-up (Fig. 1 A). As we will
explain below, this is because the oscillatory component
of hair-bundle current opposes capacitive current (Fig. 1 B).
In vivo, the OHC does not behave like a simple low-pass
filter whose voltage rolls off above its passive RC corner
frequency.

We now use the analytic form of the force to displacement
transfer functions to show that the hair-bundle current
source is acting like an active high-pass filter that opposes
voltage roll-off. This form was obtained by assuming small
forcing and then linearizing the system (Eqs. 1 and 2; and
see details in the Supporting Material). This sort of mechan-
ical force to displacement transfer function is most easily
visualized as displacement being inversely proportional to
a sum of a pair of differences, the first being the difference
between spring force and inertial force. At the resonance
frequency (f ¼ CF) the spring and inertial forces cancel,
corner 3.7 kHz. (Bottom) Max drag 13.0 10�7 Ns/m, hair-bundle conduc-

tance 263 nS, RC corner 12.6 kHz. For each drag case, passiveQ is set equal

to 1.7, then hair bundle and potassium conductance are raised together. This

has the effect of increasing motor force that cancels more drag, so that

a sharp resonance with an active Q of 20 is obtained. The resonance peaks

are made to have the same shape, but below CF the frequency responses

differ. All three cases are driven by 1.0 pN RMS white-force noise across

a 50 kHz bandwidth. (B) Current to voltage transfer functions. In the low

drag case, when motor force is turned off (dark) the voltage rolls-off at

the 0.7 kHz RC corner, as would be expected for a simple low-pass filter.

However, when motor force is turned on (light) the voltage does not roll-

off at the RC corner, because the oscillatory part of hair-bundle current

opposes capacitive current. Thermal-sized 0.4-nm RMS hair-bundle noise

was used to obtain the spectral shapes. (C) By linearizing Eqs. 1 and 2,

analytical force to basilar membrane displacement transfer functions

were obtained (Eq. 3). Parameters were chosen so that these correspond

exactly to the three simulation cases of part A: (Top) low drag, (middle)

high drag, and (bottom) max drag. (D) Pole-zero plot in the complex

frequency plane for the low drag transfer function from part C. Three poles

are shown as small solid points and the zero as a larger shaded point located

at �0.7 kHz on the negative real axis. This RC zero acts to roll-up high-

frequency voltage noise, raising part C’s transfer function above the corner

with a log-log slope ~þ1. The hair-bundle current source is behaving like

an active high-pass filter, causing voltage roll-up, instead of roll-off. The

negative real axis pole at �11.6 kHz is due to the combined effects of

capacitance and drag. This arrangement of a pole and zero on the negative

real axis is the sign of a high-pass filter. The complex pole pair at (�0.5 5

i20.0) kHz is responsible for the Q ¼ 20 resonance peak.
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leaving only the residual drag force—the difference
between drag force and antidrag motor force—to limit the
displacement amplitude. It is informative to write this trans-
fer function in its parameter and frequency representations:
x

F
¼ 1:=M

ð2p f0Þ2�ð2p f Þ2þi

0
BB@2p f

D

M
�
4gs
Mg

ð � EHB þ V0Þ

i� 2p f
C

g

1
CCA

¼ 1:

K �Mð2p f Þ2þi

0
BB@2p f D�

4
gs
g
ð � EHB þ V0Þ
fRC
f

þ f

fRC

1
CCAþ

4
gs
g
ð � EHB þ V0Þ

1:þ
�

f

fRC

�2
:

(3)
Fig. 1 C shows analytical transfer functions correspond-
ing to the same low, high, and max drag cases as the simu-
lation transfer functions in Fig. 1 A. The frequency
representation distinguishes the real part of the membrane
motor force that has the correct phase to oppose drag,
from its imaginary part that increases the effective spring
constant. Note that 2p CF $ D is the drag force at the CF
that must be almost cancelled by motor force to obtain
ðdistance to RC zero at � 0:72Þ
ðdistance to pole at � 0:5� i20Þðdistance to pole at � 0:5þ i20Þðdistance to pole at � 11:6Þ:
a high Q resonance. Inspection of the frequency representa-
tion shows that at CF the phase of motor force is mainly real
when the RC corner lies well below CF, so that then motor
force opposes drag. However, for the max drag case when
the RC corner is close to the CF, for frequencies near CF
the phase of motor force is in between spring force and
anti drag. Physically this means that counteracting max
drag demands a very large hair-bundle conductance and
current that charges cell capacitance quickly so that the re-
sulting fast motor force raises the effective spring constant.
In the max drag case, the CF is raised by ~3 kHz above its
passive mechanical resonance f0. The limiting CF where
motor force can completely cancel drag force is shown as
a function of hair-bundle conductance and drag coefficient
in Fig. 2. The figure was obtained by setting drag force equal
to the real part of motor force in Eq. 3. High drag and high
CF quickly start to require enormous amounts of hair-
bundle conductance to achieve sufficient slope conductance
to charge the cell on a cycle-by-cycle basis.

There is a third and extremely useful algebraic way to
write the Eq. 3 transfer function in terms of its factors:
specifically, its zeros (complex frequencies where its numer-
ators zeros) and poles (complex frequencies where its
denominators zeros). These poles and zeros are then
plotted in a pole-zero plot in the complex frequency plane
(Fig. 1 D). This sort of plot is well suited for a geometric
interpretation of a transfer function. One first chooses
a frequency of interest on the positive imaginary axis, draws
lines from it to the poles and zeros, and then forms the
ratio between the distances to the zeros divided by the
distances to the poles. This ratio gives the value of the trans-
fer function for that frequency. In the low drag case, this
ratio goes as
For example, for f near the 20 kHz resonance frequency, the
distance in the denominator between f at i 20.0 kHz and the
pole at (�0.5 þ i 20.0) kHz is very small, hence the large
value of the transfer function at resonance. In this way the
pole can be seen as being responsible for the resonance
peak. The closer the pole to the imaginary axis, the higher
theQ and the sharper the resonance. Also, frequencies above
the RC corner are rolled-up (23) by the action of the RC zero
because, as f increases from1 to 10 kHz, the distance between
i f and the zero at �0.72 kHz increases much more quickly
than does its distance to the pole at �11.6 kHz. Their
ratio increases with rising frequency, increasing the value
of the transfer function, hence roll-up. Physically, ‘‘roll-
up’’ means that in the frequency range between theRC corner
and CF, motor force is more than able to counter drag force,
amplifying these frequency components. Gold’s resonance
constraint, requiring that most of the drag force be cancelled
at the CF, means that lower-frequency, lower-velocity
components see negative drag.

At these frequencies, hair-bundle fluctuations are ampli-
fied due to a high-pass amplifier effect that is quite distinct
Biophysical Journal 102(8) 1767–1774



FIGURE 2 Contour plot showing the maximum frequency that is able to support a high Q cochlear resonance, versus hair-bundle conductance and drag

coefficient. This result depends on the experimentally measured parameters in Table 1. Slope sensitivity of the hair-bundle conductance dP=dx and isometric

motor force per millivolt 4 are especially important parameters for high-frequency amplifier performance (see the Supporting Material). Note that setting the

hair bundle half-open with the cell’s resting potential at�30 mV fixes the RC corner at 1.5 gHB/(2p C), hence the RC corner is plotted across the top. The plot

was obtained by assuming that, at the frequency limit, motor force was able to completely cancel drag force (Eq. 3). Drag force, being proportional to

frequency, is limiting. For example, for a high drag coefficient five-times its lower bound (D ¼ 5.0 10�7 Ns/m), a CF of 30 kHz would require an RC corner

frequency close to 10 kHz, and achieving this would require 200 nS of hair-bundle conductance. However, if drag were only twice its lower bound, then a high

Q resonance at 30 kHz could be made to work with a 75-nS hair-bundle conductance, and an RC corner at ~3.5 kHz.
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from resonance amplification (which is associated with the
complex pole pair). This high-pass effect lifts the transfer
function below the CF, so that if the drag is not too large,
the RC corner can be placed well below the CF. A simple
low-pass filter has a single pole on the negative real axis
at the RC corner, whereas a simple high-pass filter has
a pole on the negative real axis and a zero at the origin.
The pole-zero plot shown here has two distinct parts—
a complex pole pair that is responsible for the resonance,
and a pole-zero pair on the negative real axis that makes
an active high-pass filter that lifts the resonance. Physically,
Biophysical Journal 102(8) 1767–1774
the hair bundle is sourcing a current that opposes capacitive
current for frequencies up to the CF. This high-pass filtering
preamplifies frequencies in the range below CF, and we
speculate below that it would appear to amplify traveling
wave components on the basilar membrane that are soon
to be absorbed by lower CF resonances. Also, high-pass
filtering leads to differences in low-frequency signal rejec-
tion between the different drag cases. The f ~ 0 noise-floor
part of the transfer function is lower with respect to the
CF peak for the low drag low RC corner case (Fig. 1 C;
~2.6 log units versus max drag’s 1.3 log units).
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DISCUSSION

The above analysis shows the consequences of a low RC
corner, its corresponding RC zero, and the resulting high-
pass filtering, from the perspective of a local cochlear reso-
nance. The mammalian cochlea responds to sounds by
making a traveling wave on its basilar membrane that typi-
cally contains many different frequency components (1).
Sounds are input at the oval window at the cochlea’s
high-frequency end, with its high-frequency components
being absorbed there by high CF local resonances. The
more distal the local resonance, the lower is its CF. The trav-
eling wave shows a steep high-frequency cutoff because at
a cochlear location below a particular CF, sound energy at
or above that frequency is absent, having already been
removed (1). However, at a given high CF resonance, all
the lower-frequency components are present within the
traveling wave, and frequencies above its RC corner are
presumably being amplified by high-pass filtering. The
issues of high-pass preamplification and low-frequency
noise rejection due to the action of the RC zero are questions
that need to be answered by cochlear mechanics: What is
a good CF/RC corner ratio that would optimize the traveling
wave?

When considering the amplification of small signals at
high frequency, is it correct to use only the OHC’s linear
capacitance? It appears that the cells used for high-
frequency amplification are made shorter, in part to decrease
their linear capacitance (~5 pF for a short 15-mm-long
OHC). However, if outer hair cells are not constrained,
then their nonlinear capacitance cannot be ignored, and
the cell’s total capacitance between �30 and �40 mV is
more than twice as large as its linear capacitance (24). It
is possible that nonlinear capacitance can be significantly
reduced if the motile element in the membrane is prevented
from undergoing large conformational changes (25). Such
a reduction of nonlinear capacitance could happen if an
isometric condition is imposed on the OHC in vivo. In this
regard, imposing a virtual isometric condition on OHC is
advantageous for electromotility. Not only could the
membrane capacitance be significantly reduced, but then
the voltage-dependent motor’s frequency response would
be able to extend out to 80 kHz (26).

In our simulations at high CF, the OHC is constrained by
a stiff environment and we are principally concerned with
very small, near-threshold basilar membrane displacements
that are in the 1-nm range. These would correspond to rela-
tive length changes in the OHC that are<<0.1%, and would
engage <1% of the cell’s nonlinear capacitance. So for this
small displacement range the use of a near isometric force-
producing condition for the outer hair cell appears to be
justified. Hence, in Eq. 1, we neglect both this small
nonlinear capacitance term and also a slightly larger resis-
tive motor current term that is due to piezoelectric reci-
procity (27). Together these two terms amount to <2% of
the hair-bundle current, and including them would require
slightly more hair-bundle conductance to maintain the
same quality of resonance.

Our simple treatment of the OHC hair bundle involved
relating its transducer conductance open probability to
hair-bundle displacement using a first-order Boltzmann
function (8). Investigating CA performance near auditory
threshold, we considered only basilar membrane displace-
ments in the 1-nm range. Both cochlear partition stiffness
and hair-bundle stiffness are increasing functions of CF,
and in vivo the OHC hair bundle is firmly imbedded into
a stiff tectorial membrane. Hair-bundle transducer conduc-
tance is found to be approximately half-open in its resting
condition (8). Due to transduction channel gating compli-
ance, when poised half-open, a hair bundle becomes a
nonlinear spring that shows a decreasing stiffness with
increasing transducer conductance open probability, or
vice versa—an intrinsic sort of positive feedback that can
make the transducer conductance’s half-open point unstable
(28). Several CA models now couple active hair-bundle
motion to voltage-dependent somatic motility (5,6). Hair-
bundle adaptation processes that seek to poise transducer
conductance at its half-open point likely would enhance
net hair-bundle displacement during OHC elongation and
contraction cycles.

In conclusion, recent experiments have shown that outer
hair cell conductance is much larger than was previously
thought, and this raises the cell’s RC corner frequency,
which in turn raises the frequency limit for cochlear ampli-
fication (8). This frequency limit is a decreasing function of
drag and an increasing function of hair-bundle conductance.
Their experiments show ~60 nS hair-bundle conductance in
rat OHC with a CF of 4 kHz that increases to ~75 nS for rat
at a CF of 10 kHz. Conductance for higher CF cells has not
yet been investigated, but they find that hair-bundle conduc-
tance increases approximately threefold from a CF of
0.35 kHz to a CF of 10 kHz. Consider a CF of 50 kHz having
OHC with ~130 nS hair-bundle conductance. If the drag
were only 1.5 times its lower bound, then a high Q reso-
nance could be obtained with an RC corner of only ~6 kHz.
We have used a simple model for a high CF local resonance
to generate transfer functions that show how their spectral
shape is affected by the outer hair cell’s RC corner
frequency. The corner needs to be raised high enough so
that the voltage-dependent membrane motors are able to
cancel most of the local drag force at the CF. However, if
the drag force is reasonably close to its lower bound, then
the RC corner need not be raised close to the CF. High-
pass filtering that is inherent to the mammalian resonance
prevents voltage from rolling-off above the RC corner. For
nominal drag, a sharply tuned high-frequency resonance
can be obtained with an RC corner above 0.1 CF. Unlike
the reptile’s electrical resonance, the mammal’s electrome-
chanical resonance employs mechanisms that allow it to
reach very high frequencies.
Biophysical Journal 102(8) 1767–1774
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SUPPORTING MATERIAL

AMathematica (WolframResearch)model and reference (29) are available at

http://www.biophysj.org/biophysj/supplemental/S0006-3495(12)00320-7.

Thanks to Dorshka Wylie for editing.
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