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Abstract. The underlying Boltzmann characteristics of
motility-related gating currents of the outer hair cell
(OHC) are predicted to generate distortion components
in response to sinusoidal transmembrane voltages. We
studied this distortion since it reflects the mechanical
activity of the cell that may contribute to peripheral au-
ditory system distortion. Distortion components in the
OHC electrical response were analyzed using the whole-
cell voltage clamp technique, under conditions where
ionic conductances were blocked. Single or double-
sinusoidal transmembrane voltage stimulation was deliv-
ered at various holding voltages, and distortion compo-
nents of the current responses were detected by Fourier
analysis. Current response magnitude and phase of each
distortion component as a function of membrane poten-
tial were compared with characteristics of the voltage-
dependent capacitance, obtained by voltage stair-step
transient analysis or dual-frequency admittance analysis.
The sum distortion was most prominent among the dis-
tortion components at all holding voltages. Notches in
the sum (f1+f2), difference (f2−f1) and second harmonic
(2f) components occur at the voltage where peak volt-
age-dependent capacitance resides (VpkCm). Rapid phase
reversals also occurred atVpkCm, but phase remained
fairly stable at more depolarized and hyperpolarized po-
tentials. Thus, it is possible to extract Boltzmann param-
eters of the motility-related charge movement from these
distortion components. In fact, we have developed a
technique to follow changes in the voltage dependence of
OHC motility and charge movement by tracking the volt-
age at phase reversal of the f2−f1 product. When intra-
cellular turgor pressure was changed,VpkCm and distor-
tion notch voltages shifted in the same direction. These
data have important implications for understanding co-
chlear nonlinearity, and more generally, indicate the use-

fulness of distortion analysis to study displacement cur-
rents.
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Introduction

In linear systems, input and output signals contain the
same in-phase frequency components. In nonlinear sys-
tems, stimulus frequencies (single: f1; two-tone; f1, f2)
produce harmonic and combination distortion compo-
nents, such asnf1, (n+1)f1−nf2 and (n+1)f2−nf1 (n 4
1,2,3, . . .). Distortion is readily perceived by the audi-
tory system despite the purity of acoustic stimuli (Gold-
stein, 1967). Physiological correlates of the perceived
distortion exist in responses of auditory nerve fibers
(Goldstein & Kiang, 1968; Kim, Molinar & Matthews,
1980), inner hair cells (Nuttall & Dolan, 1990), and bas-
ilar membrane vibration patterns (Robles, Ruggero &
Rich, 1991, 1997). Such distortion, which is dependent
upon normal outer hair cell (OHC) function, clearly re-
veals the nonlinear nature of peripheral auditory process-
ing. OHCs are the primary source of distortion compo-
nents in mammals.

The OHC produces voltage-dependent mechanical
responses that provide feedback into the basilar mem-
brane, thereby sharpening the passive mechanical vibra-
tion of the cochlear partition (Brownell et al., 1985; Ash-
more, 1987; Santos-Sacchi & Dilger, 1988; Ruggero,
1992). The cell also possesses a nonlinear gating charge
movement or correspondingly, a voltage-dependent ca-
pacitance, which correlates well with its mechanical ac-
tivity (Ashmore, 1989; Santos-Sacchi, 1990, 1991). The
underlying nonlinear Boltzmann characteristics of the
charge movement and mechanical response are predicted
to generate distortion components in the response to
single and dual sinusoidal transmembrane volt-Correspondence to:J. Santos-Sacchi
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ages. Indeed, OHCs generate mechanical distortions
when stimulated under voltage clamp (Santos-Sacchi,
1993) or transcellularly within a pipette microchamber
(Hu et al., 1994). The purpose of the present experi-
ments is to describe the features of OHC electrical dis-
tortion components that arise from motility-related
charge movement. These electrical distortion compo-
nents reflect the mechanical activity of the OHC and thus
are useful in understanding the generation of mechanical
distortion that is present in the peripheral auditory sys-
tem. While the data have important implications for un-
derstanding cochlear nonlinearity, more generally, they
illustrate the type of behavior expected from nonlinear
membrane charge movement regardless of source (e.g.,
from ionic channels).

A preliminary presentation of these data has been
made (Takahashi & Santos-Sacchi, 1997).

Materials and Methods

GENERAL

OHCs and supporting cells were freshly isolated from the organ of
Corti of the guinea-pig cochlea and transferred to a 700ml perfusion
chamber (Kakehata et al., 1995) filled with an external standard solu-
tion. The external standard solution contained (in mM): 142 NaCl, 5.37
KCl, 1.25 CaCl2, 1.48 MgCl2, 10 HEPES and 5 dextrose, pH 7.2, 300
mOsm. OHCs were whole-cell voltage clamped using an Axon 200B
amplifier with patch pipettes having initial resistances of 2–3MV.
Residual series resistance ranged from 3–7MV. To remove voltage-
dependent ionic conductances, the external standard solution was re-
placed with an ionic blocking solution during electrical recording.
The external ionic blocking solution contained (in mM): 100 NaCl, 20
TEA, 20 CsCl, 2 CoCl2, 1.52 MgCl2, 10 HEPES and 5 dextrose, pH
7.2, 300 mOsm (adjusted with dextrose). The patch pipette solution
contained (in mM): 140 CsCl, 2 MgCl2, 10 EGTA and 10 HEPES, with
pH 7.2 and osmolarity 300 mOsm (adjusted with dextrose). Thus,
capacitive currents could be analyzed in isolation (Santos-Sacchi, 1991;
Huang & Santos-Sacchi, 1993; Kakehata & Santos-Sacchi, 1995).
Salicylate (10 mM) or lutetium chloride (3 mM) was used to reduce

motility related gating charge movement in some experiments (Ka-
kehata & Santos-Sacchi, 1996).

Pipette pressure was modified with a syringe connected to the
Teflon tubing attached to the patch pipette holder. Pressure was moni-
tored via a T-connector to a pressure monitor (WPI, Sarasota, FL).
dz, longitudinal strain, a unit-less metric, was calculated asDL/L0,
whereDL is the change of cell length due to turgor pressure change and
LO is the original cell length. All experiments were performed at room
temperature (∼23°C).

EVALUATION OF MEMBRANE CAPACITANCE

Detailed evaluation of membrane capacitance was made at different
potentials by transient analysis of currents induced by a voltage stair
step stimulus (−150 to +50 mV, 10 mV increments; Huang & Santos-
Sacchi, 1993), or by FFT-based admittance analysis of dual voltage
sinusoidal stimulation (Santos-Sacchi et al., 1998); the capacitance data
were fit to the first derivative of a two state Boltzmann function relating
nonlinear charge to membrane voltage (Santos-Sacchi, 1991),

Cm = Cv + Clin = Qmax

ze

kT

b

~1 + b!2
+ Clin

Eq (1)

where

b = expS−ze~Vm − VpkCm!

kT D
Qmax is the maximum nonlinear charge moved,VpkCm is voltage

at peak capacitance or equivalently, at half maximal nonlinear charge
transfer,Vm is membrane potential,z is valence,Clin is linear membrane
capacitance,e is electron charge,k is Boltzmann’s constant, andT is
absolute temperature. Series resistance,Rs was estimated from the de-
caying time constant and integrated charge of the voltage step-induced
current, as fully described elsewhere (Huang & Santos-Sacchi, 1993).
Membrane resistance,Rm, was evaluated from steady state current.
Clin was estimated from the fit to above capacitance (Cm) equation, and
indicates the intrinsic linear capacitance of the membrane upon which
rides the bell-shaped voltage-dependent capacitance (Cv).

DISTORTION MEASUREMENT

To evoke distortion components, single or two summed sinusoidal
membrane voltages were delivered to OHCs under whole-cell voltage
clamp at various holding potentials. Peak amplitude of input stimuli
was set between 5 and 26 mV. Input stimulus frequencies and fre-
quency ratios (f2/f1) were also varied. The AC stimulus duration was
fixed at 51.2 msec, with the sampling at 10msec. Data were filtered at
5 kHz (4-pole Bessel). Steady-state current responses were analyzed
by Fast Fourier Transform (FFT) to extract the magnitude and phase of
distortion components at 2f1 ± f2, 2f2 ± f1, f2 ± f1, 2f1, and 3f1.
All data collection and analysis were performed with an in-house de-
veloped Window’s based whole-cell voltage clamp program, jClamp
(www.med.yale.edu/surgery/otolar/santos/jclamp.html), utilizing a
Digidata 1200 board (Axon, CA).

Results

After blocking nonlinear conductances in the OHC, the
predominant electrical nonlinearity that remains is a volt-
age-dependent capacitance, which derives from motility-

Fig. 1. Outer hair cell voltage-dependent capacitance determined from
FFT-based dual-sinusoidal technique (Santos-Sacchi et al., 1998). Fit to
Eq. 1 indicatesVpkCm: −52.6 mV; z: 0.71;Qmax: 3.22 pC; andClin: 29.6 pF.
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related nonlinear charge movement (Fig. 1). Due to this
nonlinearity, delivery of single or dual sinusoidal volt-
ages across the OHC membrane elicits current responses
that contain the original frequency components as well as
distortion components. Fig. 2 (left panels Aand B)
shows typical spectra obtained by FFT analysis of cur-
rent responses evoked by 25 mV AC transmembrane
voltage stimuli (f1: 963 Hz and f2: 1156 Hz). In addition
to the peaks at the input stimulus frequencies (f1, f2),
quadratic distortions (f2±f1), cubic distortions (2f1±f2,
2f2±f1), and second and third harmonic distortions (2f1,
3f1) were detected above the noise floor. The noise floor
associated with our measuring system averaged approxi-
mately −46.7 dB re 0.1 nA in the 5 kHz bandwidth. Sec-
ond harmonic, sum (f1+f2) and difference (f2−f1) dis-
tortion components were largest. For example, the larg-
est sum component averaged 27 dB down from f1
response magnitude. Theright panels in Fig. 2 show
averaged magnitude responses as a function of holding
potential. Second harmonic, sum and difference distor-
tion components exhibit magnitude notches near −40

mV, whereas notches in the other distortion component
magnitudes appear at voltages above and below that volt-
age.

Distortion in cochlear supporting cells, e.g., Deiters
cells, which lack the voltage-dependent capacitance
characteristic of OHCs, was close to the noise floor (Fig.
3), supporting the view that the extensive distortion aris-
ing within the OHC is related to its lateral membrane
sensor-motors. Indeed, the voltage dependence of dis-
tortion components derives from the Boltzmann charac-
teristics of the robust OHC motility-related nonlinear
charge movement and is evident in the representative
data (n 4 10) of Fig. 4 where voltage-dependent capaci-
tance is plotted along with distortion component magni-
tude and phase. The voltage where magnitude minima
are observed in second harmonic, sum and difference
components corresponds to the voltage at peak capaci-
tance (Vpkcm). Associated with the magnitude minima
are abrupt phase reversals. The other distortion compo-
nent minima are also associated with abrupt phase rever-
sals. Changes in stimulus frequencies (f2: 0.6–1.4 kHz)

Fig. 2. Left panels:Typical frequency spectra of OHC current responses to AC transmembrane voltage stimuli measured under whole cell voltage
clamp. Spectra were obtained by fast Fourier transform. Input stimulus frequencies were set at 963Hz (f1) and 1156Hz (f2); magnitudes were 25
mV peak. Induced currents contained (A) harmonic distortion components (2f1, 3f1) and (B) combination distortion components (f2−f1, f1+f2,
2f1−f2, 2f2−f1), as well as peaks at the primary frequencies. Theright panelsillustrate the average effects of holding voltage (−120 to 120 mV,
in 20 mV increments) on distortion component magnitudes (dB re: magnitude at f1). Averaged series and membrane resistances were 4.0 and 259
MV, respectively.

201S. Takahashi and J. Santos-Sacchi: Gating Charge Distortion



or frequency ratios (f2/f1: 1.1–1.4) did not alter distor-
tion components. Figure 5 shows the intensity functions
for the sum and difference components at three holding
potentials, −60, 0 and 60 mV. Distortion decreased at a
rate greater than stimulus intensity. Other distortion
components showed similar decreases, but in the low
range of stimulus intensities disappeared into the noise
floor.

Further evidence implicating OHC motility-related

nonlinear charge movement as the source of distortion is
derived from charge blocking experiments. Both lan-
thanides and salicylate blocked voltage-dependence ca-
pacitance and distortion. Figure 6 illustrates the effects
of 3 mM lutetium chloride on nonlinear capacitance and
distortion products. The drop in capacitance is mirrored
by a decrease in all distortion components. In the case of
salicylate, the reductions were reversible (data not
shown). The correspondence between distortion prod-

Fig. 3. Distortion components generated in a Deiters supporting cell obtained as in Fig. 2.Left panelshows distortion components close to the noise
floor. Inset illustrates the linear capacitance of the cell. Theright panelshows the effect of holding potential. It is clear that supporting cells do not
present the degree of nonlinearity that characterizes the OHC.

Fig. 4. Relationship between nonlinear
capacitance and distortion component
magnitude and phase. (A) OHC
capacitance was determined by the stair
step technique. The solid line indicates
a fit of this cell’s capacitance to Eq. 1:
VpkCm: −12.0 mV; z: 0.59;Qmax: 3.17
pC; andClin: 20.3 pF. The bottom
panels plot the magnitude and phase of
the second and third harmonic. Lines
are only connections between symbols.
Symbols are as in Fig. 2A. Note that
the minima in magnitudes correspond
to abrupt phase reversals. (B) The solid
line indicates a fit of this cell’s
capacitance to Eq. 1:Vpkcm: −40.6 mV;
z: 1.0;Qmax: 2.61 pC; andClin: 26.0
pF. The bottom panels plot the
magnitude and phase of the
combination distortion components.
Symbols are as in Fig. 2B. As above,
magnitude minima correspond to abrupt
phase reversals.
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ucts and nonlinear capacitance can be used to predict
alterations in the Boltzmann characteristics. Figure 7
shows the utilization of f2−f1 phase reversal to track
peak capacitance andVpkcmduring changes in OHC tur-
gor pressure. As intracellular pressure is decreased, in-
dicated by the change in OHC longitudinal strain (dz),
Cm increases andVpkcmshifts in the negative direction as
observed previously using other techniques (Kakehata &
Santos-Sacchi, 1995).

Discussion

The present results indicate that membrane-bound non-
linear charge movement, in this case due to motility volt-
age sensors residing in the OHC lateral membrane, can
lead to distortion component generation under whole cell
voltage clamp. Classical studies have used linearized
impedance analysis to characterize ionic channel gating
charge movement (Fishman, Moore & Ponssart, 1977;
Takashima, 1978; Bezanilla et al., 1982; Fernandez, Be-
zanilla & Taylor, 1982). Indeed, similar analyses have
been made on OHC motility-related gating charge (San-
tos-Sacchi, 1991). However, those studies did not evalu-
ate distortion generation. In the OHC, single frequency
voltage stimulation generates harmonic distortion and
two-frequency stimulation generates combination distor-
tion in the current responses. The largest components
were at the second harmonic (2f), sum (f1+f2) and dif-
ference (f2−f1) frequencies, but significant responses
were obtained at the more complex combination frequen-
cies. The voltage dependence of the distortion compo-
nent magnitude and phase derive from the Boltzmann
characteristics of the OHC’s motility-related gating
charge. Thus, it was possible to track changes inVpkcm,
or equivalentlyVh, the voltage at half-maximal charge

displacement, by monitoring the phase reversal of the
f2−f1 distortion component.

The magnitude and phase data are readily predicted
from an electrical model of the OHC-patch-clamp sys-
tem, which includes an electrode resistance in series with
a parallel combination of membrane resistance and ca-
pacitance, the capacitance being comprised of a linear
and voltage-dependent component (see Santos-Sacchi,
1993 for details). The voltage-dependent capacitance
component is the only nonlinearity in the system. Figure
8 illustrates the response of the model to the same pro-
tocols, i.e., single- and two-frequency voltage stimula-
tion, that we used in the experiments on OHCs and sup-
porting cells. The fitted parameters of the two OHCs
depicted in Fig. 4 were used in the model to generate the
distortion components. The model response compares
favorably with the biophysical data (compareFigs. 4 and
8), confirming that distortion magnitude minima and
phase reversals result from the characteristics of the non-
linear capacitance function, or equivalently, the nonlin-
ear Q-V function. Notably, the nonlinearity in the OHC
that we studied is similar to that of ionic channel gating,

Fig. 5. Sum and difference distortion magnitude as a function of AC
stimulus level. Results at three holding potentials are plotted: −60 mV,
closed triangles; 0 mV, filled circles; 60 mV, open circles. Both com-
ponents decrease at a rate greater than the stimulus. The dashed line
illustrates a linear relationship. The dotted line is the noise floor.

Fig. 6. Effects of charge blocking lutetium chloride on OHC capaci-
tance and distortion. (A) Capacitance (measured with dual frequency
admittance technique) of OHC before and after 3 mM LuCl3. Fit of
control capacitance to Eq. 1 indicatesVpkcm: −53.3 mV;z: 0.59;Qmax:
3.68 pC; andClin: 23.4 pF. After treatment the function could not be fit
reliably, however, at −60 mV nonlinear capacitance is halved by the
treatment. (B) After treatment, distortion components measured at a
holding potential of −60 mV were down about 6 dB (halved). Symbols
are the same as in Fig. 2B.
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and therefore it is expected that channel gating will pos-
sess a distortion signature that characterizes its voltage-
dependent behavior. Indeed, the small distortion compo-
nents detected in supporting cells may arise from gating
of ionic channels. A more selective and detailed analysis
directed within an ionic channel’s activation voltage
range may prove more revealing.

Intermodulation distortion characteristics derived
from the form of the mathematical function describing
the excited nonlinearity; the magnitudes and phases of
distortion are given by the Fourier expansion of the ex-
citation products and are predictable (Dallos, 1973). In
the case where a function can be expressed mathemati-
cally as a polynomial, AC distortions correspond to the
order of the polynomial. Functions of quadratic order
produce “quadratic distortions,” namely (for dual exci-
tation) f2±f12, and those of cubic order produce “cubic
distortions,” namely, 2f1±f2, 2f2±f1. Since our data
show both types of distortion, it is clear that the two-state
Boltzmann function can be characterized by the sum of
polynomials with even and odd orders, the relative con-
tribution depending on the holding potential level. Thus,
the distortion that we obtained empirically and verified
through modeling and experimental perturbation with
charge blockers is simply a consequence of the form of
an OHC’s Q-V function. It should be noted, however,

that memory-less characterizations such as this, as in our
model, do not take into account the recently observed
dependence of the Q-V function on initial voltage con-
ditions (Santos-Sacchi et al., 1998). Thus, the slight dif-
ferences between model and data may arise from this
dependence.

Our data also indicate the need for caution when
performing dual sinusoidal capacitance measures
(Rohlicek & Rohlicek, 1993; Donnelly, 1994). Because
of the large AC voltages typically used with these tech-
niques, it is possible that distortion generated by mem-
brane nonlinearities can interfere with capacitance mea-
sures. We used an FFT-based variation of this technique
(Santos-Sacchi et al., 1998), but our signal levels were at
10 mV pk, where little distortion was generated in the
OHC.

RELEVANCE TO THE AUDITORY SYSTEM

In the mammal, the range of auditory sensitivity spans
greater than 100 dB. In order to process this immense
range, the system response (e.g., basilar membrane am-
plitude) grows nonlinearly with stimulus level. As a re-
sult, distortion is generated and is the hallmark of the
normal auditory system response; it is indicative of an
active process that enhances the mammal’s ability to
detect and analyze spectral content in the environment,
especially near threshold, at high acoustic frequencies
(>10 kHz; seeRuggero and Santos-Sacchi (1997) for
review). Damage to OHCs interferes with this process,
and reduces system nonlinearities.

It is widely held that the active process involves
voltage-driven mechanical responses of OHCs which
provide feedback into the basilar membrane (Dallos,
1996). The molecular motors that reside in the lateral
membrane of the OHC are bidirectional inasmuch as
either membrane voltage or tension can evoke gating
currents (Santos-Sacchi, 1991; Iwasa, 1993; Gale & Ash-
more, 1994; Kakehata & Santos-Sacchi, 1995; Takahashi
& Santos-Sacchi, 1998). Furthermore, the cell’s voltage-
dependent capacitance correlates well with its mechani-
cal activity (Ashmore, 1989; Santos-Sacchi, 1990, 1991).
It is expected, then, that nonlinear distortions that char-
acterize the motility-related gating currents also describe
concurrent mechanical responses. Indeed, harmonic me-
chanical responses and harmonic current responses have
been observed in response to single sinusoidal stimula-
tion of the OHC under whole cell voltage clamp (Santos-
Sacchi, 1993).

Two-frequency evoked distortion components have
been measured in the force of stereociliar bundles of
Bullfrog saccular hair cells (Jaramillo, Markin & Hads-
peth, 1993). From the bundle’s resting position, AC
stimulation produced distortion responses that were simi-
lar to those reported here. Sum and difference compo-

Fig. 7. Utilization of phase data to track changes in Boltzmann char-
acteristics of OHC capacitance. The voltage at which f2−f1 phase
reversed (Vpkcm) was tracked by altering holding potential in 2 mV
increments until a phase reversal occurred, whereupon holding poten-
tial was decremented until reversal occurred. The tracking process was
continuous while OHC turgor pressure was altered. When turgor pres-
sure was reduced, indicated by an increase in longitudinal strain (dz),
Cm increased andVpkcm shifted in the negative direction, in line with
previous studies (Kakehata & Santos-Sacchi, 1995).
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nents were greatest in magnitude. It might be expected
that in an analogous manner to the holding voltage ma-
nipulations reported here, stereocilia bundle biasing
would produce magnitude and phase alterations in the
force distortion components. Since the characteristics of
OHC stereociliar bundles are basically the same as those
of the lower vertebrate (Russell, Kossl & Richardson,
1992), it is expected that OHC stereocilia will likewise
support distortion generation.

Despite the generation of distortion in single hair
cells, significant differences exist between the character-
istics of single cell distortion and distortion found in the
intact auditory system. Indeed, while OHCs may ulti-
mately underlie distortion found in the basilar mem-
brane, inner hair cells and neural elements of the auditory
system, it is unlikely that any single nonlinearity in a
single hair cell can fully and simply account for the level
and frequency-dependent behavior of distortion in the
intact system. For example, in the basilar membrane,
distortion levels decrease as the f2/f1 ratio is increased
(Robles et al., 1997), but this ratio dependence is absent
in isolated cells. One simple explanation for the in vivo
dependence, alluded to by Robles et al. (1997) is the
requirement for the two frequencies to reside within the
excitation region of the cell. Thus, while delivery of
disparate frequencies to single isolated cells is guaran-
teed experimentally, delivery to a single cell in vivo de-
pends on the tuning characteristics of the basilar mem-

brane. Only when frequencies are close enough to be
within the excitatory bandwidth at a given stimulus level
will an OHC receive two-tone stimulation. Another dif-
ference between system and cell is that distortion in vivo
is robust at low stimulus levels. Nonlinearities in single
cells are measured and predicted to decrease precipi-
tously as stimulus levels decrease (Santos-Sacchi, 1993).
This is shown here for the sum and difference distortion
components (Fig. 5), where the rate of drop in magnitude
is greater than that of the stimulating frequencies. Es-
sentially, nonlinearities vanish at very small signal lev-
els. In this regard, it should be stressed that the stereo-
cilia transduction (displacement to receptor potential)
function has a more significant nonlinearity near thresh-
old than does the OHC motility function, indicating that
the former is more likely to underlie the generation of
nonlinearities in OHC mechanical responses that im-
pinge on the basilar membrane (Santos-Sacchi, 1993).
Thus, stereocilia may dominate distortion product gen-
eration whether or not stereocilia themselves are capable
of mechanically influencing the cochlear partition. It is
certainly conceivable, however, that alteration in the
OHC motility nonlinearity may be observable in distor-
tion components should the stereociliar nonlinearity re-
main stable. That is, modifications to the OHC lateral
membrane motor alone will likely influence system non-
linearities.

Finally, a difference between single cell and basilar

Fig. 8. Model simulation of OHCs under
voltage clamp. The model consisted of an
electrode resistance (Rs) in series with a
parallel combination of membrane resis-
tance (Rm) and capacitance (Cm), the ca-
pacitance being comprised of a linear (Clin)
and voltage-dependent component (Cv).
Thepanels AandB correspond to those of
Fig. 4, whose fitted cell parameters were
used to generate the model distortion prod-
ucts shown here. Data were generated us-
ing the same stimulus protocols as in Fig.
4. In panelA, the membrane capacitance
was modeled as in Eq. 1 withVpkcm: −12.0
mV; z: 0.59;Qmax: 3.17 pC; andClin: 20.3
pF. Rs was 5MV andRm was 180MV. In
panel B, the membrane capacitance was
modeled as in Eq. 1 withVpkcm: −40.6 mV;
z: 1.0;Qmax: 2.61 pC; andClin: 26.0 pF.Rs

was 7MV and Rm was 160MV. The top
panels illustrate the capacitance of each
model cell, taken from Fig. 4 top panel fits.
The symbols of the bottom panels show the
generated distortion components as in Fig.
4. The lines simply connect the symbols.
Note the similarities between model and
biophysical data (Fig. 4).
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membrane distortion that cannot be easily explained is
the difference in the magnitude of distortion components.
While the simple difference and sum components (f1+f2,
f2−f1) were greatest in our single cell data, the stereo-
ciliar force production data (Jaramillo et al., 1993), and
the OHC motility data (Hu et al., 1994), the greatest
responses observed on the basilar membrane were the
combination components, 2f2−f1 and 2f1−f2.
Additionally, single cell distortion products were over an
order of magnitude less than the stimulus frequency re-
sponses, while basilar membrane distortion could be
greater — a result dependent upon tuning characteristics
of the basilar membrane (Robles et al., 1997). Thus, it
may be argued that the observed differences between
intact system and single cell distortion call for an inter-
action of OHC assemblies to account for system nonlin-
earity characteristics. In line with this concept, we have
recently shown that intact adjacent OHCs are mechano-
electrically coupled through supporting cells (Zhao &
Santos-Sacchi, 1998). Furthermore, under dual voltage
clamp, independent single sine wave stimulation in each
cell generates combination distortion components in both
cells (Zhao & Santos-Sacchi, 1999). In vivo, the extent
of basilar membrane excitation distributions in the high
frequency region of the cochlear can be taken to support
interaction within OHC assemblies (Russell & Nilsen,
1997).

This work was supported by NIH-NIDCD grant DC00273 to JSS. We
thank Margaret Mazzucco for technical help.
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