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Effect of Stress on the Membrane Capacitance of the Auditory Outer Hair
Cell

Kuni H. lwasa

Laboratory of Cellular Biology, National Institute of Deafness and other Communicative Disorders, National Institutes of Health, Bethesda,
Maryland 20892 USA

ABSTRACT The membrane capacitance of the outer hair cell, which has unique membrane potential-dependent motility, was
monitored during application of membrane tension. It was found that the membrane capacitance of the cell decreased when
stress was applied to the membrane. This result is the opposite of stretching the lipid bilayer in the plasma membrane. It thus
indicates the importance of some other capacitance component that decreases on stretching. It has been known that charge
movement across the membrane can appear to be a nonlinear capacitance. If membrane stress at the resting potential restricts
the movement of the charge associated with force generation, the nonlinear capacitance will decrease. Furthermore, less
capacitance reduction by membrane stretching is expected when the membrane is already extended by the (hyperpolarizing)
membrane potential. Indeed, it was found that at hyperpolarized potentials, the reduction of the membrane capacitance due
to stretching is less. The capacitance change can be described by a two state model of a force-producing unit in which the free
energy difference between the contracted and stretched states has both electrical and mechanical components. From the
measured change in capacitance, the estimated difference in the membrane area of the unit between the two states is about

2 nm3.

INTRODUCTION

The motility of the outer hair cell (OHC) from the mam-
malian cochlea is considered to be essential for fine tuning
(1-4). It has been shown that that the fast motility of the OHC
is membrane potential-dependent and the amplitude of the
movement approaches 2 pm, quite unusual for a nonmuscle
cell (5-8). This motility is not ATP-dependent (9). In a pre-
vious report (10), it was shown that deformations of the cell
due to internal pressure application can be described by a
membrane model with an area and a shear modulus. These
elastic moduli, combined with the amplitude of the fast mo-
tility, indicate that the potential-dependent force is about 0.5
nN/mV for a single OHC. The evaluation of the force enables
us to examine energetics of the electromechanical transduc-
tion. It is shown that the electrical energy used and the me-
chanical energy produced by the cell agree within a factor of
two or three, indicating a direct conversion of the energy on
a molecular level.

In order to obtain a more detailed physical picture of force
generation, two questions must be addressed: What is the
origin of the elasticity and what is the nature of mechano-
electric coupling? Although the magnitude of the shear mod-
ulus relative to the area modulus (about 10%) indicates that
cytoskeletal elements are important in the elasticity of the
OHC, it is unclear whether the area modulus is attributable
to lipid bilayer or cytoskeletal elements. If the lipid bilayer
is the main factor in the area modulus, membrane stretching
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would increase the area of lipid bilayer and reduce the thick-
ness of it. If, on the other hand, the cytoskeleton is the main
factor that responds to the stress, the membrane should have
considerable folding, and its area would remain unchanged.
This can be tested by monitoring the capacitance of the cell
during stress application.

Capacitance measurement is also useful in examining
mechanoelectrical coupling of the cell. It has been shown that
charge movements, such as gating charges of ion channels,
contribute to the membrane capacitance. If charge move-
ments are coupled with the fast motility, they should be af-
fected by membrane stress, resulting in a change in the ap-
parent membrane capacitance of the cell.

To address these issues, the membrane capacitance of the
OHC was measured during application of membrane stress.
The membrane capacitance of the cell was measured with a
lock-in amplifier operating between 1 and 2 kHz, and stress
was applied either by a direct pressurization of the cell with
the recording pipetie or by a brief perfusion with a hypo-
osmotic medium. It was shown that the capacitance de-
creases when the cell membrane is stretched. This implies
that the elasticity of the OHC is mainly attributable to the
cytoskeleton and that the movement of force-producing
charge is affected by stretching of the membrane.

MATERIALS AND METHODS

Outer hair cells were isolated from guinea pig cochleas by gentle tritulation
(in Leibovitz L-15 medium), as reported earlier (11). No digestive enzymes
were used for the isolation. Isolated cells were placed in a plastic-bottomed
chamber under an inverted microscope (Diavert, Leitz) with 40 X objective
for observation. Cells used ranged from 50 to 75 pm in length.

Recording pipettes were made from glass capillaries (blue tip; Oxford,
St. Louis, MO) with a two-stage puller (pp 83; Narishige, Tokyo). The
resistance of the pipettes used ranged between 1 and 2 MQ).

For measuring the membrane capacitance, a lock-in amplifier (model
393; Ithaco, Ithaca, NY), operating at a frequency range between 1 and 2
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kHz, was used in combination with a patch amplifier (EPC 7; List, Darm-
stadt, Germany). The amplitude and phase of the current response to a
sinusoidal voltage wave (1 mV peak-to-peak) superposed on holding po-
tentials were recorded from a cell in the whole-cell recording configuration
during stress application and used for obtaining the membrane capacitance.
The patch amplifier was run without capacitance or series resistance com-
pensation, and its output to the lock-in amplifier was not filtered. The time
constant setting for the lock-in amplifier was 125 ms.

Two methods were used to apply stress to the entire cell membrane. In
one of the methods, a positive pressure was delivered to the cell through the
recording pipette in the whole-cell recording configuration. In the other
method, membrane stress was applied by brief extracellular perfusion with
hypo-osmotic medium. The former has an advantage in that a known pres-
sure could be applied to the cell, but may have a disadvantage of changing
the access resistance to the cell in the process. The latter, an osmotic method,
does not change the access resistance of the cell. A drawback of this method,
however, is that estimating the pressure applied from the length change
requires using the calibration plot previously obtained (10). With either
method it was difficult to maintain the stress for more than a few seconds
without destroying the seal between the cell and the recording pipette. De-
tails of these two methods for applying membrane stress have been reported
previously (10, 11).

The standard bath medium consisted of (in millimolar) NaCl 140, KCI
5, MgCl, 2, CaCl, 1.5, and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) 10. The pipette medium contained (in millimolar) potassium
gluconate 145, NaCl 1, MgCl, 2, EGTA 0.1, CaCl, 0.058, and HEPES 10.
The pH of both media are adjusted to 7.4, and the osmolarity was adjusted
to 300 mOsmvkg with glucose. For experiments in which osmotic stress was
applied, low ionic-strength external media were used. The medium with the
normal osmolarity was obtained by adding nonelectrolyte to low-osmolarity
medium. The normal osmolarity medium consisted of (in millimolar) NaCl
90, KCl1 5, MgCl, 2, CaCl, 1.5, stachiose 100, and HEPES 10, and the
low-osmolarity medium did not contain stachiose.

In order to evaluate the capacitance of the cell, an equivalent circuit
which consists of membrane resistance R,,,, membrane capacitance Cp,, and
an access resistance R, was used (Fig. 1). The complex admittance y of the
system is given by

B 1+ iwC, R,
R, + R, + ioC, R, R’

y 1)
where w (= 2m7f) is the angular frequency. If we know the absolute value
and phase of the complex admittance y for two frequencies w, and w,, we
can obtain R,,, C,,, and R,. To determine these values at zero applied pres-
sure, the operating frequency was varied between 1 and 2 kHz. The per-
formance of the setup was tested with a dummy cell with multiple settings.
This cell had five settings for C,,, between 0 and 60 pF, 20 M(2, 50 MQ},
and ® for Ry, and 0, 1, and 2 M(} for R,. To simulate the experimental
condition, a series of tests was carried out in which one of the elements in
the dummy circuit was switched from one value to another. The outputs of
the lock-in amplifier changed on a time scale consistent with the time con-

FIGURE 1 Equivalent circuit for evaluating the membrane capacitance.
The access resistance R, corresponds to the pipette resistance in the whole-
cell mode. The membrane resistance is represented by R,, and the membrane
capacitance by C,,.
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stant setting. The phase and absolute value outputs from the lock-in amplifier
operating at 1, 1.5, and 2 kHz were plotted against theoretical values for
these quantities corresponding to the settings. These calibration plots for
both the absolute value and the phase were linear, and they were used for
determining the phase and absolute value of the complex admittance in the
experiment. During stress application the absolute value and phase were
monitored, while the lock-in amplifier was operated at one frequency, usu-
ally at 1 kHz, because the duration of the stress application is limited to
several seconds.

RESULTS

First, we determined the membrane capacitance of the cell
before application of membrane stress. Examples of the pa-
rameters obtained from the complex admittance measured at
frequencies 1 and 1.5 kHz are shown (Table 1). The typical
membrane capacitance was about 30 pF at —50 mV, near the
resting membrane potentials of these cells. The membrane
potential dependence of the capacitance is discussed later.

Using these values for the membrane capacitance and
membrane and access resistance, it is possible to determine
which component changed during application of membrane
stress while operating the lock-in amplifier at one frequency.
This is necessary because the duration of stress application
is rather limited, up to several seconds, to maintain the seal
between the cell and pipette for whole-cell recording.

A small increase in the access resistance R, decreases both
the absolute value and the phase of y. A small increase in the
membrane resistance R, increases both the absolute value
and the phase of y, but the absolute value is relatively in-
sensitive to the membrane resistance R,;. A small increase in
the membrane capacitance C, increases the absolute value
and decreases the phase of y (Fig. 2). Thus a change in the
capacitance can be qualitatively distinguished from a change
in either of the resistances.

When a positive pressure was applied to the cell through
the recording pipette, the absolute value and the phase of the
output current underwent complex changes (Fig. 3). The
phase ¢ increased rapidly in the beginning and slowly there-
after during the pressure application. The absolute value A
initially increased and then decreased. The response thus had
two phases. In the first phase both the phase ¢ of the complex
admittance and the absolute value A increased. The second

TABLE 1 The membrane capacitance C,,, the membrane
registance R,,, and the access resistance R,

Cell Cn Rn R,
pF MQ MQ
8-Jun 18 3652 12.£2 14£0.1
3-Jun 18 358+3 48.£5 35+x04
1-Aug 19 24, £3 60.+2 55+03
2-Aug 26 1051 35.+5 2.1+05
1-Sep 25 34, £1 65.+6 29+0.1

The absolute value and the phase of the complex admittance at I and 1.5
kHz were used to determine the membrane capacitance, the membrane re-
sistance, and the access resistance. For two frequencies, Eq. 1 provides four
equations (two for real part and one for imaginary part) to determine the
three unknown quantities. Thus one equation not used for obtaining these
quantities provides an error test. These errors are indicated in the table. The
membrane potential was held at ~50 mV.
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FIGURE 2 Effect of a change in the capacitance C,, and the resistances
R, and R, on the absolute value A and the phase ¢ of complex admittance.
The abscissa of the plot is the relative changes of these parameters, i.e., either
AC/Crm» AR.JR,, or AR /R, depending on the label. The reference point
chosenis R, = 1.5 MQ, R,, = 40 M(), C,,,= 30 pF. Aniincrease in the access
resistance R, decreases both the phase ¢ and the absolute value A. An in-
crease in the membrane resistance increases the phase ¢ but it is ineffective
in changing the absolute value A. An increase in the membrane capacitance
decreases the phase ¢ and increases the absolute value A. Thus it is con-
venient to monitor the phase and the absolute value of the complex ad-
mittance during a experiment, because a capacitance change can be rec-
ognized as opposite changes in these two observed quantities.

phase was characterized by a slow increase in the phase ¢ and
decrease in the absolute value A. On the removal of the pres-
sure, both the phase ¢ and the absolute A value gradually
recovered.

The first phase is either a reduction in the access resistance
R, or an increase in the membrane resistance R, (cf. Fig. 2).
The membrane resistance Ry, is unlikely to change before the
membrane tension is fully developed, and, if it changes, it
must decrease due to the presence of stretch-activated chan-
nels (11). Thus the change must be attributed to a reduction
of the access resistance R,. Indeed a positive pressure at the
pipette must clear the mouth of the pipette of cellular ma-
terial, and it should result in a reduction in the access re-
sistance R,. The second phase requires a decrease in the
membrane capacitance, because only a capacitance decrease
can bring about the observed change (cf. Fig. 2). An analysis
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FIGURE 3 Effect of pressure application with the recording pipette. The
cell is under voltage clamp in the whole-cell recording configuration. The
holding potential is —40 mV. The superposed sinusoidal wave is 1 kHz and
1 mV peak to peak. Top: The phase ¢ and the absolute value A of the complex
admittance. A bar immediately under the traces indicates the time period a
positive pressure of 1.2 kPa is delivered to the pipette. An initial increase
in the absolute value A is followed by a decrease, while the phase ¢ was
still increasing. Bottom: the membrane capacitance C,, (¢) and the access
resistance R, ((J) evaluated assuming that membrane resistance R, is con-
stant at 20 M(). The pipette pressure during the pressure application is 1.2
kPa. A reduction in access resistance precedes an increase in the membrane
capacitance.

(Fig. 3, bottom) shows that the access resistance dominates
the first phase of the response and the membrane capacitance
is reduced during the pressure application. This interpreta-
tion can be confirmed using another method of applying
stress to the cell membrane.

Membrane tension can also be applied by perfusing the
cell with a hypo-osmotic medium (see Materials and Meth-
ods). Unlike the pattern of the responses to pressure appli-
cation through the pipette, the pattern of the responses to
osmotic stress was simple. A decrease of the absolute value
A of admittance was accompanied by slight changes in phase
¢ during the stress (Fig. 4 a). These data were analyzed with
two different assumptions. In one analysis, the membrane
resistance R, was assumed to be constant. In the other anal-
ysis, the access resistance R, was assumed to be constant.
These two methods did not give a significant difference in
the values of the membrane capacitance (Fig. 4 b). It can be
seen that the changes in the absolute value are attributable
primarily to the membrane capacitance for osmotic experi-
ments.

In both methods of stress application, it was found that the
membrane capacitance decreased. The osmotic method can
also be used to determine the membrane capacitance as a
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function of the strain in the axial direction of the cell (Fig.
4 ¢). Since this strain is linearly related to the membrane
stress (10), the membrane capacitance is expected to be a
function of the membrane stress.

The decrease in cell capacitance due to stretching is par-
adoxical if we regard the cell capacitance to be attributable
solely to the lipid bilayer part of the plasma membrane. The
cell can be electrically equivalent to a capacitor made of two
electrodes (electrolyte solutions) of surface area S sandwich-
ing a material with the dielectric constant € (lipid bilayer).
The capacitance is then proportional to €S/d. Stretching a
lipid bilayer should increase the surface area S and reduce the
membrane thickness d. Either of these changes should result
in an increase of the membrane capacitance. Thus we should
expect an increase, and not a decrease, in the capacitance.
Indeed it has been shown that the capacitance of a small patch
of membrane is proportional to its membrane area when ten-
sion is applied to a patched membrane in the on-cell con-
figuration (12).

This paradox indicates the presence of a membrane com-
ponent whose capacitance decreases on stretching of the
membrane. This component should more than compensate
for the capacitance increase due to stretching the bilayer. It
has been known that a charge movement across the mem-
brane appears as a nonlinear capacitance. If membrane stress
at the resting potential interferes with the movement of the
charge associated with force generation, the total capacitance
will be affected.

The existence of mobile membrane charges is illustrated
by the potential dependence of the membrane capacitance
(Fig. 5). It should be cautioned that this voltage dependence
may not entirely be attributable to charge movement, because
it is reported that the linear capacitance also decreases on
hyperpolarization by 3-5 pF (13). The present result is none-
theless consistent with an earlier report on the nonlinear ca-
pacitance (13) in its magnitude (8-18 pF) and in its shape.

If the observed capacitance reduction is mainly due to the
nonlinear capacitance, less reduction is expected at more hy-
perpolarized membrane potentials, where the membrane is
alrady stretched. Indeed, at hyperpolarized potentials, the
reduction of the membrane capacitance due to stretching is
less (Fig. 4 b). These observations can be explained by a
force-producing (motility) element, presumably a protein,
that has both electrical and mechanical components of en-
ergy, and that is responsible for the direct mechanoelectrical
coupling in the OHC (see Discussion).

DISCUSSION
The magnitude of the capacitance

The value for the capacitance obtained in this report is about
30 pF at =50 mV. This value is in agreement with earlier
reports (13, 14). It has been noticed that that the specific
capacitance for lipid bilayers and neuronal membranes is
universal and is 1 wF/cm? (15). The surface area of the cell
body of an OHC is between 1.2 X 10° and 2.1 X 10° um?,
the diameter being 10 wm and the length from 40 to 70 pm.
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The area of stereocilia would be about 5 X 10? wm?, as-
suming that an OHC has 60 stereocilia with diameter 0.5 and
5 pwm in length. The specific capacitance of 1 uwF/cm? leads
to a whole-cell capacitance between 17 and 26 pF. In addi-
tion, the nonlinear capacitance is about 5 pF at =50 mV. Thus
the specific capacitance of 1 wF/cm? appears to be valid for
OHC membrane.

Due to the presence of nonlinear capacitance, the present
experiment cannot give a definitive answer to the question
as to whether the area modulus is attributable to the lipid
bilayer or the cytoskeleton. It is, however, highly unlikely
that the lipid bilayer is stretched more than 4% in area with-
out being broken (16). The maximum axial strain 0.15 pro-
duced in the experiment corresponds to an apparent mem-
brane area strain of 0.13. (The apparent area strain AS/S and
the axial strain AL/L are related by AS/S = ~6/(y — 3) X
AL/L, where v is the ratio of the area modulus to the shear
modulus (10). The ratio vy is about 10.) The most likely can-
didate for explaining the rest, if not all, of the apparent area
change is a reduction in the waviness of the membrane. This
interpretation implies that the area modulus is attributable to
the cytoskeleton.

Quantitative description with a two-state model

The tension-dependent capacitance can be explained by a
simple two-state model for the force-generating molecules in
the cell. For the sake of simplicity, let us assume that a mem-
brane potential-dependent force-producing unit has two
states, extended (represented by a subscript e ) and contracted
(subscript ¢). Let the Helmholtz free energy in these two
states be F, and F.. The free energy difference between the
two states can be written as

F,—F. = —qV—-V,)— at,, (2)

where g is the charge transferred across the membrane by the
conformational change, V the membrane potential, V, a con-
stant, and 7., the membrane tension. The first term represents
electrical energy, and the second term represents the elastic
energy. When either the membrane is hyperpolarized or
stretching force is applied to the membrane, the extended
state is favored. Thus a is positive and ¢ is negative. The
quantity a has the dimensionality of area and it represents the
cross section (area) difference of the force-producing unit in
the two states. The functional dependence of the free energy
on the membrane tension has been discussed by Sachs and
Lecar (17) for stretch activated channels. They showed that
this functional dependence in general may be quadratic, but
it is linear when the two states have equal mechanical com-
pliances. The same arguments will apply for this motility
element. Primarily for the simplicity of the model, a linear
relationship was used in Eq. 2. The fraction P, of the force-
generating unit in the extended conformation and the fraction
P, in the contracted state are determined by the free energy
difference,

PP, = exp[—(F, — F,)lkgT], 3)
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FIGURE 4 Responses to osmotic pressure. The cell is under voltage clamp in the whole cell recording configuration. Hypo-osmotic stress to the cell is
applied to the cell by brief perfusion (see Materials and Methods). The resting potential of the cell is —55 mV. (A) The phase ¢ and the absolute value A
of the complex admittance. The holding potential is indicated on the left. The durations of the hypo-osmotic perfusion are indicated by bars immediately
under the traces. The holding potential is indicated. The length change of the cell (60 um long) due to osmolarity change is about 2.2 um. (B) The membrane
capacitance and the resistances at two membrane potentials at =50 mV (top) and —110 mV (bottom). The data shown in A are analyzed based on two alternative
assumptions. One is to assume that the access resistance R, is constant at 2 M{) (@ for C,, and X for R,,). This assumption made the membrane resistance
larger at more hyperpolarized potential, an expected result. The other assumption is to regard the membrane resistance Ry, as constant during osmotic stress
(A for C, and + for R,). Ry, is fixed at 20.6 MQQ for 50 mV and 24.3 M} for —110 mV. For determination of the membrane capacitance, the choice as
to which assumption to make is not important. Horizontal bars indicate duration of hypo-osmotic perfusion. (C) The relationship between the membrane
capacitance and the membrane strain in the axial direction of the cell. The axial strain and the membrane capacitance of another cell during osmotic stress
are plotted. For obtaining the membrane capacitance, the access resistance is assumed to be constant at 2.9 M(). The membrane resistance obtained is between
44 and 47 MQ). An alternative assumption of constant membrane resistance does not make an appreciable difference in the values of the membrane capacitance.
The solid curve indicates the best fit with C, = Co + Cy, where Cp is a constant and Cy is given by Egs. 4 and 5. The linearity of the stress-strain relationship
is also assumed. The axial strain 0.07 corresponds to 1-kPa pressure P in the cell and the axial tension ¢, and the circumferential tension . are given by
t. = rP and t, = rP/2, where r is the radius of the cylindrical cell (10). Since r is about 5 wm and it would be reasonable for the membrane tension f,,
to be the average of the tension in two directions, 1, = (t. + £,)/2 = 4.9 X 1072 AL/L. The fit gives Co = (28 * 2) pF,a = (2.1 * 0.9) nm?, and ¢ =
(0.6 = 0.3)e, where e is the elementary charge. The holding potential is —47.2 mV. The natural length of the cell is 67 um.
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FIGURE 5 Membrane potential-dependence of the membrane capaci-
tance. The plot represents a full cycle of change in the holding potential
starting from —100 mV. The membrane capacitance (A) and the membrane
resistance (<) plotted at the bottom are obtained from the absolute value
(®) and the phase (A) of the complex admittance (plotted at the top) as-
suming that the access resistance is constant at 2.0 M{). The solid curve in
the bottom plot indicates the best fit with C,, = Cp + Cy, where Cy is a
constant and C; is given by Egs. 4 and 5. The fit gives Co = (18 * 1) pF
and g = (0.83 * 0.1)e, where e is the elementary charge. The value for ¢
is similar to previously reported values, ranging from 0.5 to 0.8 e (13, 14)

where kg is the Boltzmann constant, T the temperature, and
P. + P. = 1. The total charge Q¢ of the cell attributed to the
motile units is then Q@ = Q.P. + Q.P.. Since the difference
Q. — Q. in the whole cell charge in the two states is based
on the charge transfer ¢ of a single motile unit, we have
Q. — Q. = Ng where N is the number of the motile units in
.the entire cell membrane. The contribution C; of the force-
generating charge to the capacitance is then C; = dQ¢/dV.
Thus we obtain

N B .
I kT (1 + B)? “
with
_ _q(V—Vo) + at,
B= exp[ T RT ] &)

This result predicts that a stress applied to the membrane
shifts the peak of the capacitance due to the force-generating
charge to more depolarized membrane potential. This is il-
lustrated in Fig. 6. Tuis result can be understood in the fol-
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FIGURE 6 Prediction of nonlinear capacitance C¢ by a two-state model
for potential-dependent force generation. The charge associated with the
conformational transition is assumed to be 0.75¢, where e is the elementary
charge. The reduced mechanical energy ar,/kgT is assumed to be 1. The
number N of the units in the entire cell is assumed to be 5 X 10°.

lowing way: The capacitance peak is at the membrane po-
tential corresponding to the steepest transition between the
extended and contracted states. Since both membrane tension
and hyperpolarized membrane potentials favor the extended
state, increased membrane tension elevates the fraction of the
extended state for a given membrane potential. Thus an in-
creased membrane tension shifts the peak to a more depo-
larized potential. This shift explains why the capacitance re-
duction at a more hyperpolarized potential is less for a given
membrane tension (Fig. 6).

Another prediction of this model is that the membrane
capacitance of the cell should increase if the membrane po-
tential is clamped to an extremely depolarized level (see Fig.
6). It was difficult to test this prediction, because the mem-
brane quickly became leaky when the membrane potential
was clamped to a potential where such an effect is expected.

Equations 4 and 5 allows evaluation of the area difference
a of the motile element in the two states. Since the stress-
strain relationship in the OHC has been determined (10),
strain dependence of the membrane capacitance C,, can be
described by Eqs. 4 and 5, assuming that all strain depen-
dence is due to C; and that the membrane tension 7., is the
mean value of the axial tension and the circumferential ten-
sion. The strain-capacitance plot can be fit with Eqs. 4 and
5, using this assumption (Fig. 4 c). The fit indicates that the
area change a is about 2.1 nm?. A cruder estimation can be
done by comparing Fig. 4 b with Fig. 5. The comparison
indicates that a strain of 0.04 (= 2.2 um/60 um) produces
capacitance reduction equivalent to a shift of about 20 mV
in the membrane potential. Equating the electrical energy due
to a 20-mV change with the mechanical energy due to the
strain of 0.04 gives a similar value for the area change a.

The estimates above assume that none of the capacitance
change is caused by the lipid bilayer. If the lipid bilayer
stretches up to 4% during membrane tension increasing the
linear capacitance, the nonlinear capacitance must decrease



498

even more to compensate for this increase. This assumption
leads to a 50% larger value for a.

The significance of the area change of the motile unit eval-
uated above may also be examined by relating it to mor-
phological studies. Electron microscopy shows that the lat-
eral membrane of the outer hair cell is packed with particles,
presumably protein molecules, with 10-nm diameter (18,
19). These particles are considered to be responsible for the
motile response (19), because a similar structure has not been
observed in other cells. This individual particle may be the
unit in which the area change of 2.1 nm? evaluated in this
study takes place. Alternatively this area change can be at-
tributed to each subunit which forms these particles. When
these change their cross section in the membrane, the linear
capacitance should increase. This effect, however, may not
be significant, because membrane proteins are usually
thicker than lipid bilayers and thus should contribute less to
the membrane capacitance than lipid bilayers do.

It is not clear how the tension applied to the cell membrane
is conveyed to the motile element without significantly af-
fecting the lipid bilayer component of the membrane. A sim-
ilar, if not the same, path of transmission in the reverse di-
rection is expected for the membrane potential-dependent
force generation. One of the possibilities is that this motile
element has direct links with the cytoskeleton and that cy-
toskeletal links convey tension. Morphological studies show
that the cytoskeletal spacing is greater than the spacing of the
putative motile elements (19, 20), and thus this interpretation
is not supported. An alternative explanation is that the elastic
constant of the motile element is smaller than that of lipid
bilayers, and lipid bilayers are important for transmitting
force between the cytoskeleton and the motile element. In-
deed, recent values (1.5-10 N/m) for the area modulus of
lipid bilayers (16) are larger than the area modulus (0.07
N/m) of the OHC (10).

While the two-state model probably gives the simplest
description of the system, other models can describe the ob-
servations equally well. These alternatives include multistate
and continuum models. In these models, stress may change
the shape of the voltage dependence of the capacitance,
whereas in the two-state model the change is limited to a shift
in the transition point preserving the shape of the functional
dependence. The clarification of such details requires sep-
aration of linear and nonlinear capacitance while maintaining
a constant membrane stress. It is expected nonetheless that
the essential features of the electromechanical coupling are
represented by the two-state model.
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