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Harmonics of Outer Hair Cell Motility

J. Santos-Sacchi
Sections of Otolaryngology and Neurobiology, Yale University School of Medicine, New Haven, Connecticut 06510 USA

ABSTRACT The voltage-dependent mechanical activity of outer hair cells (OHC) from the organ of Corti is considered re-
sponsible for the peripheral auditory system’s enhanced ability to detect and analyze sound. Nonlinear processes within the
inner ear are presumed to be characteristic of this enhancement process. Harmonic distortion in the OHC mechanical response
was analyzed under whole-cell voltage clamp. It is shown that the OHC produces DC, fundamental and second harmonic length
changes in response to sinusoidal transmembrane voltage stimulation. Mechanical second harmonic distortion decreases with
frequency, whereas the predicted transmembrane second harmonic voltage increases with frequency. Furthermore, the phase
of the second harmonic distortion does not correspond to the phase of the predicted transmembrane voltage. In contradistinction,
it has been previously shown (Santos-Sacchi, J. 1992. Neuroscience. 12:1906—1916) that fundamental voltage and evoked
mechanical responses share magnitude and phase characteristics. OHC length changes are modeled as resulting from voltage-
dependent cell surface area changes. The model suggests that the observed harmonic responses in the mechanical response
are consistent with the nonlinearity of the voltage-to-length change (V-8L) function. While these conclusions hold for the data
obtained with the present voltage clamp protocol and help to understand the mechanism of OHC motility, modeling the elec-
tromechanical system of the OHC in the in vivo state indicates that the mechanical nonlinearity of the OHC contributes minimally
to mechanical distortion. That is, in vivo, at moderate sound pressure levels and below, the dominant factor which contributes
to nonlinearities of the OHC mechanical response resides within the nonlinear, voltage-generating, stereociliar transduction

process.

INTRODUCTION

The organ of Corti, the mammalian auditory sensory epi-
thelium, possesses two types of sensory cells, the inner (IHC)
and outer (OHC) hair cells. The OHC has received a tre-
mendous amount of attention in the last decade, primarily
because it appears to function as both receptor and effector
(Brownell, 1992; Dallos, 1992). The OHC produces receptor
potentials in response to acoustic stimulation (Dallos et al.,
1982; Russell et al., 1986), and rapidly alters its length as a
function of transmembrane voltage (Ashmore, 1987; Santos-
Sacchi and Dilger, 1988; Santos-Sacchi, 1992). Currently,
the OHC is presumed to modify basilar membrane motion
through a mechanical feedback mechanism (Ruggero, 1992).
This feedback is ultimately considered to enhance the tuning
and sensitivity characteristics of the inner hair cell, the cell
type which is innervated by the majority of eighth nerve
fibers.

Factors which influence the voltages generated in the OHC
are therefore crucial in understanding the impact of the pos-
tulated OHC mechanical feedback within the organ of Corti.
There are a variety of intrinsic nonlinear processes which
may shape the voltages controlling OHC mechanical activ-
ity. Included are asymmetrical transduction processes (Rus-
sell et al., 1986; Dallos, 1986), and voltage-dependent ba-
solateral membrane conductances (Santos-Sacchi and
Dilger, 1988; Ashmore and Meech, 1986; Nakagawa et al.,
1991; Housley and Ashmore, 1992) and capacitance (Ash-
more, 1989; Santos-Sacchi, 1990, 1991). These nonlineari-
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ties will be expected to generate distortions (DC and har-
monic components) in AC membrane voltages, which should
be reflected in the voltage-dependent mechanical activity of
the OHC. In this report, I evaluate the OHC mechanical re-
sponse with the whole cell voltage clamp, under conditions
where the nonlinear basolateral and transducer conductances
contribute minimally. It is demonstrated that fundamental
and harmonic mechanical responses are generated upon si-
nusoidal transmembrane voltage stimulation. Furthermore, it
is shown that the phase of the second mechanical harmonic
does not correspond to the phase of the second voltage har-
monic. Thus, while the phase and magnitude of the funda-
mental mechanical component mirror that of the fundamental
membrane voltage (Santos-Sacchi, 1992), the nonlinearity
of the voltage-to-length change (V-8L) function dominates
the production of higher mechanical harmonics under volt-
age clamp at the voltage magnitudes studied. Nevertheless,
through modeling, it is shown that mechanical nonlineari-
ties in the in vivo situation will be a dominant function of
voltage nonlinearities effected by the stereociliar trans-
ducer mechanism.

MATERIALS AND METHODS
General

Guinea pigs were overdosed with pentobarbital. The temporal bones were
removed, and OHCs were isolated nonenzymatically from the cochleas by
gentle pipetting of the isolated top two turns of the organ of Corti in Ca2*-
free medium. OHC stereocilia are damaged or lost during this treatment. The
cell-enriched supernatant was then transferred to a 700-ml perfusion cham-
ber, and the cells permitted to settle onto the cover glass bottom. All ex-
periments were performed at room temperature (~23°C). A Nikon Diaphot
inverted microscope with Hoffmann optics was used to observe the cells
during electrical and mechanical recording. All experiments were taped with
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a Panasonic AG6300 video recorder. A modified Leibovitz medium (142.2
mM NaCl, 5.37 mM KCl, 1.25 mM CaCl,, 1.48 mM MgCl,, 5.0 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid, 5.0 mM dextrose, pH 7.2)
was used as the normal perfusate. Modifications made to the extracellular
medium in order to block ionic conductances are noted in figure legends.
NaCl was adjusted to maintain osmolarity (300 mOsm).

Electrical recording

OHCs were whole cell voltage-clamped with a Dagan patch clamp amplifier
at holding potentials between —70 and -80 mV, similar to potentials re-
corded in vivo (Dallos et al., 1982). Pipette solutions were composed of 140
mM CsCl, 5 or 10 mM EGTA, 2 mM MgCl,, and S mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid buffered to pH 7.2. Gigohm seals were
obtained at the nuclear level of the cell membrane and electrode capacitance
was compensated prior to whole cell recording. AC studies were performed
using a digital signal-processing board with custom written software (DSP-
16; Ariel Corp., Highland Park, NJ), capable of delivering and analyzing
pure tone or swept frequency stimuli. Data were saved to disk for off-line
analysis.

Electrode resistance (Rs), membrane resistance (Rn,), and capacitance
(Cr) were estimated from current transients evoked by small voltage steps
(Santos-Sacchi, 1992). Care was taken to maintain low series resistance
values during recording by delivering transient positive or negative pressure
into the electrode to maintain an unobstructed orifice; electronic series re-
sistance compensation was employed as well. Measurements were made on
a physical R-C cell model to rule out potential artifacts generated within the
voltage clamp system.

OHC Motility Measures

OHC mechanical responses and currents were simultaneously measured in
response to sinusoidal voltage stimuli. Fast OHC movements were measured
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with a differential photodiode (PD) onto which the image of the cuticular
plate (apical end of cell) from the microscope was projected (Santos-Sacchi,
1992). Placement of the PD was accomplished remotely by a computer-
controlled micromanipulator, so as not to perturb whole cell recording. The
frequency response of the PD system, measured with an LED, had a 3-dB
rolloff at 6 kHz. Sinusoidal voltage bursts (onset and offset linearly ramped)
were delivered to OHCs under voltage clamp. PD output and whole cell
currents were filtered at 10 kHz (12 dB/octave) and collected simultaneously
using a sampling rate of 20 kHz. Responses were averaged 200 times. Mag-
nitude and phase of the current and mechanical responses were measured
by fast Fourier transform of the central portion of the digitized waveforms
using the software package Matlab (Mathworks, Natick, MA). Numerical
solutions to model equations were also performed with this package. Me-
chanical responses were corrected for the phase and magnitude character-
istics of the PD system. The pertinent response characteristics of the system
were evaluated by measuring the movements of a glass probe driven by a
piezoelectric bimorph (Fig.1). Since the measured quantities in these ex-
periments are the change in cell length (8L) and the current through the
resistance of the patch electrode (Iz), all phase relations (data and model)
are conveniently referenced to that of current (I). That is, fundamental
movement phase [$(3L,,)] is referenced to fundamental current phase
[&(Igs,)), and harmonic movement phase [$H(3L;)] is referenced to
harmonic current phase [¢(/5,)]. Absolute calibration of cell movements
was determined by measuring off the video monitor the cell movement in
response to a large steady state depolarizing voltage stimulus (Santos-
Sacchi, 1989).

RESULTS

Sinusoidal voltage stimulation of the OHC produces sinu-
soidal alterations in the cell’s length. Fig. 2 illustrates, for
three cells, the waveforms, magnitudes, and phases of the
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FIGURE 1 Characteristics of the mechanical measurement system. Outputs from PD in response to simulated cell movement. The tip of a glass mi-
croelectrode shank was melted to a sphere of about 15 pm; transmitted light produced a bright area in the sphere’s center which was used to mimic the
bright OHC cuticular plate observed under Hoffmann optics. The artificial cell was attached to a piezoelectric bimorph and moved using the same voltage
waveforms that were used to collect OHC movement data. Upper panel depicts the movement waveforms and magnitude responses obtained by FFT for
the stimulus frequencies of 156, 313, and 625 Hz. Peak to peak movements were about 1 pm. Middle panel depicts the voltage stimulus waveforms and
magnitude responses. Note that only fundamental components are observed, indicating the linearity of the measurement system. Lower panel shows the
phase of the mechanical response fundamental relative to the driving voltage. As expected for the voltage-dependent piezoelectric response, the phase

difference is zero.
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FIGURE 2 OHC mechanical responses induced by sinusoidal voltage
clamp stimulation. Results from three different cells are presented in A, B,
and C. Upper panels depict the movement waveforms and magnitude re-
sponses obtained by FFT for the stimulus frequencies of 156, 313, and 625
Hz. Middle panels depict the measured current waveforms and magnitude
responses. Peak-to-peak movements at low frequency were about 1 pum.
Lower panel shows the phase of the mechanical response fundamental and
second harmonic relative to the measured current phase. Phase is plotted
versus fundamental frequency. Note in each case that the mechanical re-
sponse consists of a DC, fundamental, and second harmonic response. The
phase of the fundamental mechanical component asymptotes near —1.57 rad,
while that of the second harmonic presents an initial phase lag of greater than
-1.57 rad which decreases as frequency increases. Clamp-cell electrical
characteristics: (A) R, = 96 MQ; C,, = 24.73 pF; clamp tau = 0.553 ms.
Nominal peak voltage was 60 mV. CsCl electrode. Extracellular medium
was Leibovitz with 20 mM TEA. (B) R, = 79 MQ; C,, = 41.89 pF; clamp
tau = 0.128 ms. Nominal peak voltage was 40 mV. CsCl electrode. Ex-
tracellular medium was Leibovitz with 20 mM TEA, 300 nM TTX, and 1
mM CdCl,. (C) Nominal peak voltage: S0 mV. CsCl electrode. Extracellular
medium was Ca?*-free Leibovitz with 20 mM TEA and 20 mM CsCl.
Rn = 125 MQ; C,, = 35.4 pF; and clamp tau = 0.125 ms.

measured mechanical and current responses at three frequen-
cies, 156, 313, and 625 Hz. In addition to the fundamental
component, the mechanical responses exhibit nonlinear char-
acteristics, including a DC component and a second har-
monic (higher harmonics may lie below the noise floor). In
all cells successfully recorded from (n = 9), harmonics were
observed. The DC component is clearly due to the nonlinear
form of the V-8L function, and the position of the holding
potential along this function (Santos-Sacchi, 1989; Evans
et al., 1989). The phase of the mechanical fundamental rela-
tive to the current fundamental differs by some 1.5 rad at
these frequencies; this has been observed to be characteristic
of a voltage-driven mechanical process (Santos-Sacchi,
1992). Note, however, that the phase of the mechanical sec-
ond harmonic relative to the current second harmonic dem-
onstrates a phase lag which decreases as frequency increases.
This, as will be demonstrated below, is not characteristic of
a directly driven voltage-induced mechanical response.

As a first step toward evaluating the data, the OHC is
modeled to determine the currents and voltages generated
under whole cell voltage clamp. The electrical characteristics
of the OHC when ionic conductances are blocked can be
modeled most simply as an electrode resistance (access re-
sistance, R;) in series with a parallel combination of a mem-
brane resistance (R,,), a linear membrane capacitance (Cyy,),
and a voltage-dependent membrane capacitance (C,) (Fig. 3
a).! The total membrane capacitance (Cy,) at any given volt-
age is the sum of the linear and nonlinear capacitances,

Cm = Cv + Clin’ (1)

1 A residual resistive nonlinearity remains in OHCs despite considerable
attempts to block ionic conductances (Santos-Sacchi, 1991). However,
while this nonlinearity varies markedly in magnitude (essentially absent in
some cells), the nonlinear capacitance is robust. Modeling the OHC with a
resistive nonlinearity indicates that the capacitive nonlinearity dominates.
Thus, any residual resistive nonlinearity is ignored in the model.
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where C, is defined as the first derivative of the Boltzmann
function relating OHC nonlinear charge movement and volt-
age (see Santos-Sacchi, 1991). Thus,

(Qnax(ze/kT))

exp(%,{Vm - V,,}) [1 + exp<_k—zTe Vo - Vh}>]2’
()

where V,, is the membrane potential, V}, is voltage at half-
maximal nonlinear charge transfer, e is electron charge, k is
Boltzmann’s constant, T is absolute temperature, z is the
valence, and Q. is maximum charge transfer.

C =

v
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FIGURE 3 (A) OHC-clamp model used to determine the currents and
voltages generated under whole cell voltage clamp. The model consists of
an electrode resistance (access resistance, R;) in series with a parallel com-
bination of a membrane resistance (Ry,), a linear membrane capacitance
(Ciin), and a voltage-dependent membrane capacitance (C.). V. is the volt-
age clamp source and V}, is the source of the harmonic voltages within the
voltage-dependent capacitance. It denotes the direction of fundamental cur-
rents through R; elicited by the voltage clamp source. I, denotes the direction
of harmonic currents through R, and R,,. (B) Solution of the model utilizing
the parameter value (see Results): Vy, -30 mV; z, —=1; Omax, 2 pC; Rm, 100
MQ; R, 5 MQ; Cyin, 20 pF; T, 298K; Vyoi4, —80 mV; and V,, 40 mV Pk.
Upper panel depicts the membrane voltage (V,,) magnitude responses ob-
tained by FFT for the stimulus frequencies of 156, 313, and 625 Hz.
Middle panel depicts the current (I ) magnitude responses. Note that fun-
damental and harmonic components are observed, as is expected in a
nonlinear system under nonideal voltage clamp. Lower panel shows the
phase of the voltage response fundamental relative to the driving current.
As expected the phase of the fundamental voltage asymptotes near —1.57
rad, and the phase of the second harmonic voltage is 180° out of phase
(-3.12 rad) with the phase of /.

Given an AC command voltage of V, which is offset by
a holding potential of V}4, the current measurable under
whole cell voltage clamp, I, is given as

Ip =1 1, 3
or
([Vc + Vhold] - Vm) — Vm 6Vm
R “R,SSwm @

S m

Numerical solutions were obtained with typical empiri-
cally determined parameter values (Santos-Sacchi (1991):
Vi =30 mV; 2, —-1; Orrax, 2 pC; R, 100 MQ; R, 5 MQ; Ciis
20 pF; T, 298K; Vyoi4, =80 mV; and V., 40 mV Pk).
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Fig. 3 b demonstrates, in the nonlinear electrical model of
the OHC under voltage clamp, the current (/) and mem-
brane voltage (V,,) responses due to sinusoidal voltage clamp
stimulation. The model generates both fundamental and har-
monic responses. Under whole cell voltage clamp, sinusoidal
stimulation will elicit voltage harmonics across the nonlinear
cell membrane since, due to the finite value of the series
resistance, R, the clamp is less than ideal (if R were equal
to zero then the voltage across the membrane would be solely
the undistorted sinusoidal clamp voltage). As expected at
these frequencies with the chosen typical component values,
the phase of the fundamental of V,,, lags that of /; by about
1.57 rad or 90°. Note, however, that the phase of the second
harmonic of V,, lags that of I; by 3.14 rad. This derives from
the fact that the input voltage clamp stimulus contains no
harmonics, and the source of the second harmonic is within
the voltage-dependent capacitance, C,. Thus, at the second
harmonic, current flows through R and R, to ground. Keep-
ing the current sign convention through R, constant (see Fig.
3 a), it is apparent why the phase of I at the second harmonic
is —3.14 rad relative to that of V;, (i.e., current lags voltage
by 3.14 rad). Why, then, if OHC motility is voltage-
dependent do the phase characteristics of the motility at the
second harmonic differ from those of the voltage predicted
by the model?

In order to explore this dilemma, an extension of the
simple electrical model is generated whereby the voltage
change across the OHC membrane is translated to changes
in cell length and cell radius. This mechanical component
of the model revolves around the assumption that the
voltage-dependent charge movement measured in the OHC
(Santos-Sacchi, 1991) corresponds to a conformational
change induced by the movement of charged moieties
within 10-nm particles known to reside within the OHC
plasmalemma (Gulley and Reese, 1977; Saito, 1983;
Forge, 1991). The conformational change is assumed to al-
ter the surface area occupied by such particles within the
membrane (Fig. 4). Kalinec et al. (1992) have observed
depolarization-induced reductions in surface area of OHC
lateral membrane patches. Given the constraints of con-
stant cell volume (likely because the OHC mechanical fre-
quency response probably extends beyond a 1-kHz cutoff
(Santos-Sacchi, 1992)), and a fixed cell architecture, a
change in length and radius will ensue following a change
in cell surface area.

The diameter (d,,) of the membrane particle when the cell
is fully elongate is taken as 10 nm. The particle area within
the membrane is then,

A= ﬂ(‘%) : ®)

and the change in diameter (8d,) due to voltage-dependent
conformation change results in a single particle area

change of
d,+8d,\* d\?
8A, = 17(—"——2—"> - 17(—2"—) . ©)
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FIGURE 4 OHC mechanical model (see Results). (A) Hyperpolarized
OHC in fully elongate state where all membrane particles (blow up) are in
maximum surface area state. (B) Partially depolarized OHC where some
particles are in minimum surface area state. Note that when cell is depo-
larized length is decreased and radius is increased. Drawing is not to scale.
V,,» volume of portion of fully elongate cell which is bounded by active,
particle containing region; r,, radius of cell in fully elongate state; V,, vol-
ume of apical region of cell not containing membrane particles; V4,, volume
of basal region of cell not containing membrane particles; L,, length of cell
in fully elongate state; V,, volume of portion of partially contracted cell
which is bounded by active, particle containing region; 8r, change in radius
due to depolarization; 8L, change in length of cell due to depolarization; dp,
particle diameter in maximum surface area state; 8d,, change in particle
surface area in minimum surface area state. (C) Predicted change in model
OHC surface area, radius, and length as a function of transmembrane volt-
age. Changes in length and radius are similar to experimental observations
under voltage clamp. Ratio of length to radial change is about 18.

The maximum change in cell surface area (84 .,) depends
upon the number of particles (¥,) in the membrane,

8Amax = 8Ap Nt' (7)

The aggregate membrane surface area change (6A(V,,))
will be voltage-dependent and will display the same Boltz-
mann characteristics of the voltage-dependent charge move-
ment alluded to above (Santos-Sacchi, 1991).

aAmax 8
1 + exp((—ze/kT){V,, — V,}) ®)

aA(Vy,) =

The architecture of an OHC is normally close to cylindrical,
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and the following analysis adheres to that form; however,
since it is known that length changes occur even when the
cell has swelled into a spherical form (Holley and Ashmore,
1988a), an analysis assuming the form of a prolate spheroid
was performed and similar results were obtained. Forces
need not be considered directly, but are simply acknowl-
edged to promote the maintenance of the cylindrical shape
(or, in the case of a spheroid model, the spheroid shape). The
existence of a cytoskeletal spring beneath the OHC plasma-
lemma (Holley and Ashmore, 1988b), in conjunction with
intracellular pressure is taken to provide these forces. The
force providing the change in surface area derives from the
imposed transmembrane voltage.

For the cylindrical cell model (Fig. 4), the volumes of the
particle containing region of the cell before (V),) and after
(V,,,) a change in length (8L) and radius (8r) are

v, =mri, &)
and
v, = m(r, + or) (L, + 8L), (10)

where L, and r, are the cell length and radius in the fully
elongate state.
The total cell volumes before (V,) and after (V) are

Vo=V, + Vg, (11)
and
Vo=V, +V,, (12)

where V,, is the sum of the volumes of the apical (V,) and
basal (V},) regions of the cell which are devoid of the pre-
sumed membrane motor particles. To simplify matters, an
assumption is made that V,;, remains constant. This assump-
tion may be taken to indicate that the apical and basal com-
partments are either rigid or deformable to the extent that the
sum of the volumes remains constant. Because total cell vol-
ume is constant for each condition,

2r, + or

8L = — &, r2+ 2r 8r + &r*°

(13)

The surface areas of the active, particle-containing regions
under each condition are

A, =2mr L, (14)
A, =2m(r, + 8r)(L, + 8L), 15)
The change in cell surface area, 84(Vy,), is then
8A
AWV, =A,—A, = — . (16)

—ze
1+ exp F{Vm -V}

Given the Boltzmann dependence of 8A(V,,), the cell vol-
ume constraint, and the further constraint that | 6r| < | r,1,
physically realizable values of 8L and &r are obtained.
Fig. 4 c plots the solution to the equations as voltage is varied
between —200 and 100 mV. The parameters used were: L,
50 pm; ro, 5 pm; 8dp,, —0.5 nm; and N,, 4000/um?. The
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number of particles derives not only from estimates based on
the relation between charge movement and length changes in
OHCs (Santos-Sacchi, 1991), but also from ultrastructural
studies (Kalinec et al., 1992). The outcome of this model
(Fig. 4 c) displays characteristics which are comparable to
actual results obtained under whole cell voltage clamp
(Ashmore, 1987; Santos-Sacchi and Dilger, 1988; Santos-
Sacchi, 1989, 1991, 1992). For example, maximal length

changes are about 20 times greater than radial changes, and-

while depolarization decreases cell length, cell radius is in-
creased. More importantly for the present analysis, the model
can be used to simulate the nonlinear effects evoked by si-
nusoidal voltage stimulation.

Fig. 5 illustrates the fundamental and harmonic structure
of 8L and V,, for the complete model (electrical and me-
chanical) when excited by those same frequencies used to
collect the biophysical data. Several characteristics of the
model output should be noted. First, it is obvious that phase
relations are similar between model and data (Fig. 2). Sec-
ond, the relative magnitudes of the fundamental and second
harmonic mechanical responses resemble those of the actual
mechanical data. Clearly, the relative magnitude of the sec-
ond harmonic mechanical response is greater than would be
predicted from the corresponding predicted voltage. Finally,
note that while the magnitude of the voltage second harmonic
increases with frequency, the magnitude of the mechanical
second harmonic decreases with frequency. Overall, the

FIGURE 5 Combined electrical and mechanical model of OHC mechani-
cal response under voltage clamp. Parameters as in Figs. 3 and 4. Upper
panels depict the membrane voltage waveforms and magnitude responses
obtained by FFT for the stimulus frequencies of 156, 313, and 625 Hz.
Panels between arrowheads represent the V-8L function with parameters as
in Results. Middle panels depict the mechanical waveforms and magnitude
responses. Lower panel shows the phase of the mechanical response fun-
damental and second harmonic relative to the current phase. Phase is plotted
versus fundamental frequency. Note that the mechanical second harmonic
decreases with frequency unlike the voltage second harmonic. The phase
response is similar to the actual biophysical data (Fig. 2).
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model results are similar to the actual data in that they suggest
that the second harmonic mechanical response is due to
forces other than the second harmonic voltage.

Certainly, however, the voltage harmonics should induce
mechanical responses at their respective frequencies. A
model simulation was performed where the voltage from the
nonlinear electrical cell model was stripped of its funda-
mental prior to evoking changes in membrane surface area.
This was accomplished mathematically by zeroing the fun-
damental component of the voltage fast Fourier transform,
followed by reverse transformation. Obviously, the funda-
mental component is absent in the mechanical response. In-
formatively, however, the voltage-dependent mechanical re-
sponse at the second harmonic is unmasked. It mirrors the
increase in magnitude which the second harmonic voltage
displays. More importantly for this analysis, the phase of the
mechanical response lags that of /; by 3.14 rad, just as volt-
age does (Fig. 3).

It is shown in Fig. 6 that the fundamental component of
the voltage, i.e., the voltage stripped of its harmonics (an
ideal voltage clamp), induces a mechanical response which
presents both fundamental and second harmonic structure.
The magnitude of the second harmonic decreases with fre-
quency less so than for the complete model (Fig. 5), and it
appears to follow the similar slight decrease of the funda-
mental magnitude. The phase of the second harmonic relative
to the current is somewhat similar to the complete model
(Fig. 5), however, the phase lag is decreased at all frequen-
cies. The apparent frequency dependence of the mechanical
second harmonic phase is not real, but only reflects the fre-
quency dependence of the I phase to which the mechanical
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FIGURE 6 Asin Fig. 5 except that the second harmonic voltage has been
removed prior to generating the mechanical response. This is equivalent to
an ideal voltage clamp, without the effects of series resistance. Note that
mechanical second harmonics are generated due to the nonlinearity of the
V-8L function. The phase is somewhat similar to the complete model (Fig.
5), but the second harmonic lag is slightly decreased at all frequencies (see
Fig. 7).
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phase is referenced. The phase of the mechanical second
harmonic actually mirrors that of the fundamental, i.e.,
&(8Lg,) = P(8Ly;)/2. The frequency independence of the me-
chanical second harmonic phase is demonstrated in Fig. 7,
where the phase of the mechanical second harmonic of the
fundamental-only model is plotted relative to that of the com-
plete model (essentially, the phase reference to current is
removed). Note, however, that a slight residual frequency
dependence in this phase plot is revealed, showing a lag
accumulating with frequency. This is totally attributable to
the mechanical effects of the frequency-dependent increase
in the magnitude of the voltage second harmonic of the com-
plete model, given its phase lag of 3.14 rad. That is, in the
complete model, and presumably in the actual data, although
the second harmonic mechanical response is dominated by
distortion in the mechanical transformation, voltage distor-
tion plays a minor role.

DISCUSSION

In the present report, the higher harmonic components of the
OHC voltage-dependent mechanical response were meas-
ured, and deduced through modeling to arise primarily from
nonlinearities in the V-8L process. Voltage nonlinearities
generated due to the OHC nonlinear capacitance (see Foot-
note 1), under nonideal voltage clamp, account for little of
the mechanical harmonic distortion. Thus, while mechanical
distortion can be induced by nonlinearities in the voltages of
the OHC, the nonlinear nature of the mechanical transfor-
mation ensures distortion product generation under the pre-
sent experimental conditions.

Effects of the V-6L function on evoked
mechanical nonlinearities of the OHC

The form of the OHC V-3L function under voltage clamp can
be fit by a two-state Boltzmann relation (Santos-Sacchi,
1991, 1992) and consequently the mechanical sensitivity of
the cell, the slope of the V-8L function, varies depending
upon resting potential. Because the normal resting potential
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FIGURE 7 Relations between second harmonic mechanical phase data
for the three model conditions: complete (fundamental and harmonic volt-
ages, open circles), fundamental voltage only (closed circles), and harmonic
voltage only (closed triangles). The difference between fundamental only
and complete model (open triangles) essentially removes the reference to
current and demonstrates the minimal frequency dependence of the me-
chanical phase. The remaining slight frequency dependence (increasing lag
with frequency) is due to the effects of the mechanical response induced by
second harmonic voltage, since this voltage driven response increases in
magnitude with frequency, and has a phase lag of -3.12 rad.
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lies at the hyperpolarizing saturation knee of the V-6L func-
tion, sinusoidal voltage excitation elicits both DC and har-
monic mechanical distortion. The production of DC me-
chanical components has been documented (Santos-Sacchi,
1989; Evans et al., 1989), and the polarity of this component
has been shown to reverse, as expected, when the holding
potential is shifted to values more positive than V}, (the volt-
age (~-30 mV) at half-maximal length change (Santos-
Sacchi, 1989, 1992)). Indeed, under voltage clamp, the DC
component has been measured at stimulus frequencies as
high as 3.2 kHz (Santos-Sacchi, 1992). Nevertheless, it was
shown that the magnitude of the DC component is highly
level-dependent, decreasing in size much more precipitously
than the fundamental component as voltage level decreases
(see Figs. 5 ¢ and 10 d in Santos-Sacchi (1992)). This is a
consequence of the inherent linearization of the V-8L func-
tion as stimulus amplitude is decreased. Modeling indicates
that the same level dependence characterizes the mechanical
harmonic components as well. In the intact, normal organ of
Corti, these level-dependent effects will be expressed as au-
ditory threshold is approached; that is, near auditory thresh-
old, mechanically generated distortion will be several orders
of magnitude smaller than the fundamental component,
given a pure sinusoidal voltage stimulus.

In addition to level-dependent effects, mechanisms which
alter the relationship between resting potential (operating
point along the V-8L function) and V;, of the V-8L function
will also influence the generation of nonlinearities. That
is, shifts in either resting potential or V;, will modify the
characteristics of mechanical distortion. For a two state
Boltzmann process (namely, the V-8L function) which is
symmetrical about its midpoint, V}, the DC mechanical com-
ponent theoretically will be abolished by superposition of the
resting potential and V. Nonetheless, harmonic distortion
will remain, and under these conditions predominantly odd
harmonics will be generated. In the absence of superposition,
level-dependent DC, odd and even harmonics are always
expected. In the present study, harmonics above the second
were probably below the noise floor.

Modeling the mechanism of OHC motility

The similarity between characteristics of OHC nonlinear
charge movement (indicative of membrane-bound voltage
sensors) and OHC motility has been suggested to indicate
that an estimated 4000/wm? membrane-bound voltage
sensor-motor elements control OHC length (Santos-Sacchi,
1991, 1992). In the present report, the mechanism respon-
sible for OHC motility was modeled as a modification of
membrane surface area due to a two state voltage-dependent
conformational change of an intrinsic membrane particle,
representing the sensor-motor element. Intrinsic membrane
particles, presumably membrane proteins, have been ob-
served in the OHC lateral plasmalemma (Gulley and Reese,
1977; Saito, 1983; Forge, 1991; Kalinec et al., 1992). The
density of particles is similar to estimates based on nonlinear
charge data.
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Kalinec et al. (1992) have provided evidence that voltage-
dependent OHC length changes continue to occur after sub-
plasmalemmal cytoskeletal elements are disrupted with in-
tracellular trypsin. In fact, they report that membrane patches
change surface area when hyperpolarized or depolarized—
hyperpolarization increases the membrane patch area, while
depolarization decreases it. They have suggested that a re-
arrangement of membrane particles within the plasmalemma
induces a change in membrane surface area, and a concomi-
tant change in OHC length. Furthermore, these same inves-
tigators (Kalinec et al., 1993) have speculated that tetrameric
anion exchangers in the lateral OHC membrane underlie
OHC motility. However, according to their model, it is not
clear how two-state tetrameric rearrangements of the ob-
served membrane particles within the OHC membrane can
account for the one-to-one correspondence between voltage
sensor and motor element derived from nonlinear charge
movement and motility data (Santos-Sacchi, 1991, 1992;
Ashmore, 1992); that is, the reduced number of discrete mo-
tor elements (four per element rather than one per element;
hence, one quarter the density of membrane particles) might
predict results contrary to experimental observations relating
nonlinear charge movement and motility.

Dallos et al. (1991a) have presented a model of OHC mo-
tility based on a “motor unit” of circumferentially arranged
discrete sensor-motor elements which acts in series along the
length of the OHC. The model accurately predicts motility
data obtained with the partitioning microchamber technique
(Dallos et al., 1991b). The motor elements are predicted to
be anisotropic, providing a greater displacement in the lon-
gitudinal direction than in the radial direction. The putative
alignment of the individual motor’s displacement vector
(~20°) roughly corresponds to an early estimate of the angle
of the circumferential filaments described by Holley and
Ashmore (1988b). Newer estimates of the filament angle are
closer to 9°, although the range is substantial (-55° to 74°
(Holley et al., 1992)). It should be noted that recently Iwasa
and Chadwick (1992) presented evidence that the active ten-
sion within the OHC plasma membrane is likely to be iso-
tropic. Furthermore, they suggested that the presumed mo-
tors are not aligned within the plasmalemma.

The simple model developed in the present report is fun-
damentally isotropic, but evokes anisotropic shape changes
in the OHC due to the geometric constraints of the cell ar-
chitecture (see Results). The modifications in cell surface
area are simply governed by changes in particle (protein)
conformation and attendant reductions in the area of the par-
ticle within the lipid bilayer. The lipid bilayer is assumed to
instantaneously occupy the potential void created by the par-
ticle’s reduced area; the particle need not be spherical as
depicted. It is the simplest model available to fit the whole-
cell voltage-clamped OHC, and its usefulness is evident from
the similarity between model predictions and data.

Voltage nonlinearities of the OHC

As was demonstrated through modeling, nonlinear voltages
will evoke voltage-induced mechanical responses. The de-
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gree to which these voltage nonlinearities contribute to the
measured mechanical nonlinearities will depend upon their
magnitudes. Voltage nonlinearities will arise from several
processes known to exist within distinct domains of the OHC
plasmalemma. The very process that translates acoustically
driven stereociliar movements into OHC receptor currents is
nonlinear (Russell et al., 1986; Dallos, 1986). That is, op-
posite but equal displacements of the hair bundle from the
resting position generate asymmetrical conductance
changes, resulting in asymmetrical voltage responses.
Whereas it is probable that the only channel in the apical
membrane of hair cells is the stereociliary transduction chan-
nel, a variety of ionic channel types is found in the basolateral
membrane, including voltage-dependent K*, and Ca?*
channels (Santos-Sacchi and Dilger, 1988; Ashmore and
Meech, 1986; Nakagawa et al., 1991; Housley and Ashmore,
1992), as well as ligand gated channels (e.g., Housley and
Ashmore, 1991). In addition to these nonlinearities, there
exists the unique motility-related voltage-dependent capaci-
tance of the OHC (Ashmore, 1989; Santos-Sacchi, 1990,
1992; Iwasa, 1993). Thus, the intrinsically nonlinear receptor
potential registered in the OHC cell may be further affected
by the nonlinear RC properties of the basolateral membrane.

It would be useful to have an estimate of the contribution
of these basolateral membrane nonlinearities to the mechani-
cal response in the in vivo state. Because the membrane non-
linearities which can potentially affect OHC motility on a
cycle-by-cycle basis? are voltage and time-dependent, hence
stimulus level and frequency-dependent, it is possible to rule
out specific contributions based on stimulus parameters. That
is, considering stimulus frequencies above 200 Hz and sound
pressure levels below that required to generate 5-mV Pk AC
receptor potentials, certain basolateral characteristics can be
ignored. This is not an unreasonable approach, since the feed-
back effects of OHC muotility are presumed to be most im-
portant at low stimulus magnitudes, where tuning is greatest.
In order to evaluate whether a basolateral membrane char-
acteristic can be ignored given these stimulus constraints, the
time- and voltage-dependent nature of that characteristic
must be considered. It becomes readily apparent, then, that
the contribution of many of the basolateral conductances can
be ignored in a model analysis at the typical in vivo resting
potential of —70 mV (Dallos et al. (1982); see Footnote 3 in
Santos-Sacchi (1989)). For example, the outward K* con-
ductance, which dominates the basolateral membrane con-
ductance, can be ignored because the activation time constant
is on the order of tens of milliseconds at potentials near its
activation voltage of about -50 mV (Santos-Sacchi and
Dilger, 1988; Housley and Ashmore, 1992). The same rea-

2 Ligand gated channels typically are slower in their action than voltage or
mechanically gated channels, and may be considered to have mainly steady
state effects on membrane potential and or V;, . For example, the effects of
efferent transmitters on the OHC may produce hyperpolarization (Housley
and Ashmore, 1991) or shifts of V}, (Huang and Santos-Sacchi, 1993).

3 A 5-mV Pk response from the OHC is obtained with moderate intensities

at the cell’s characteristic frequency (Dallos, Santos-Sacchi and Flock,
1982).
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FIGURE 8 Nonlinearities of the in vivo model. (A) Conductance of the
apical membrane of the OHC, including transducer conductance (max 5.3
nS) and leakage conductance (2 nS). The form is that observed by Kros et al.
(1992). However, the resting conductance is shifted to the right so that about
25% of the transducer conductance is active. Under these conditions the
model generates voltage responses which are similar to those obtained in
OHCs from the 3rd turn of the guinea pig cochlea (Dallos, 1986). (B) V-86L
function with parameters as in Results. (C) Voltage-dependent capacitance
function with parameters as in Results. (D) In vivo electrical model. Reijia,
resistance of apical OHC membrane whose conductance is depicted in A;
R.,, basolateral membrane resistance of 40 M{); V., endolymphatic po-
tential of +90 mV; Vi, potassium reversal potential of -90 mV; Cy;y, linear
membrane capacitance of 20 pF; C,, voltage-dependent membrane capaci-
tance depicted in C. Stimulation of the model is via transducer conductance
changes induced by sinusoidal deflection of the strereociliar bundle as in A.
Resting potential under these conditions is near 67 mV.

soning holds for the basolateral Ca?* conductance (Santos-
Sacchi and Dilger, 1988; Nakagawa et al., 1991). While it is
known that a nonlinear leakage conductance remains even
after considerable attempts to block the OHC voltage-
dependent conductances (Santos-Sacchi, 1991; Huang and
Santos-Sacchi, 1993), the slope conductance near resting po-
tential is fairly linear. In fact, Housley and Ashmore (1992),
have shown that even with “normal” intra- and extracellular
solutions the slope conductance between -50 and -85 mV
is nearly constant for a given cell under voltage clamp, al-
though it varies as a function of cell length. Thus, with the
given stimulus parameter constraints, it seems acceptable to
model the OHC as an electromechanical system comprised
of only three nonlinearities—the transducer conductance, the
voltage-dependent capacitance, and the V-8L function.

FIGURE 9 (A) Magnitudes and phases of receptor potentials (Vy,) and
mechanical responses (8L ) generated by sinusoidal stereociliar deflections
of 5- and 50-nm Pk in the in vivo model with only the transducer nonlin-
earity. A fixed membrane capacitance of 30 pF and a linear V-8L function
were employed. Note the generation of fundamental, second, and third har-
monics in the voltage and consequently in the mechanical response. Mag-
nitudes (responses were scaled to set fundamentals equal) and phases are the
same for voltage and mechanical response. (B) As above, except that the
nonlinear capacitance has been introduced. At the voltages generated, little
or no effect of the nonlinear capacitance is observed. (C) As above, except
that the nonlinear V-8L function is added. Only slight changes in the mag-
nitudes and phases of the harmonics are evident, indicating that the dominant
nonlinearity which influences distortion in the mechanical response is due
to the transducer function.
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The forms of these nonlinearities and the in vivo electrical
model are displayed in Fig. 8. The form of the transducer
conductance of the OHC is that determined by Kros et al.
(1992). However, the resting point has been shifted to the
right to correspond more closely with in vivo measures (Fig.
8 in Dallos (1986)). Fig. 9 a presents a comparison between
receptor potential (at 625 Hz) and induced mechanical re-
sponses when the voltage-dependent capacitance and V-8L
function are linearized. It is clear that harmonic distortion
(evident as a second and third harmonic) is present in the
receptor potential, and that mechanical response distortion
simply mirrors this voltage distortion. In Fig. 9 b, the non-
linear capacitance is introduced. At the magnitudes of the
receptor potential generated by the 50- and 5-nm Pk stereo-
ciliar displacements (~7 and ~1 mV peak-to-peak, respec-
tively), the voltage-dependent capacitance induces minimal
additional distortion in the voltages and mechanical re-
sponses (compare Figs. 9 a and 9 b). Finally, when the the
nonlinear V-8L function is added (Fig. 9 ¢), it is observed that
the mechanical response displays only slight differences in
the magnitudes and phases of the mechanical response har-
monics viz a viz the voltage. It is clear from this modeling
effort that the dominant factor contributing to distortion pro-
duction in the mechanical response in vivo will be the trans-
duction process nonlinearity.

Patuzzi et al. (1989) have previously argued that the trans-
ducer mechanism nonlinearity of the OHC dominates in the
in vivo cochlea. While this is in accord with the present
modeling effort, it cannot be dismissed that the magnitude
and/or effectiveness of the mechanical nonlinearity may be
different in vivo. For example, it is clear that the position of
the V-6L function is not static—it can be shifted along the
voltage axis (Santos-Sacchi, 1991; Huang and Santos-
Sacchi, 1993; Evans et al., 1991). That is, the operating point
can be placed in a more or less linear portion of the function.
Clearly, in vivo estimates of this nonlinearity are necessary.

SUMMARY

The voltage-induced mechanical properties are believed to
provide the means whereby the auditory system enhances its
frequency sensitivity and selectivity (Dallos, 1992). Non-
linearity in the peripheral auditory system is believed to be
the hallmark of the enhancement mechanism. It is demon-
strated here that under voltage clamp, OHC mechanical re-
sponses possess nonlinear attributes. The mechanical har-
monic components observed are effected by the nonlinear
nature of the V-8L function, since through modeling it is
shown that the voltage harmonic distortion generated under
nonideal voltage clamp of the OHC contributes minimally.
While these conclusions hold for the data obtained with large
voltage clamp stimuli, modeling efforts indicate that in vivo,
at moderate sound pressure levels and below, the dominant
factor which contributes to nonlinearities of the OHC me-
chanical response resides within the process that translates
stereociliar movement into receptor potentials.
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