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If the electromotility of outer hair cells (OHC) is
to reduce the mechanical impedance of the
cochlear partition, it must not only deliver a force
of sufficient magnitude, but the force must be ex-
erted at the correct moment in the stimulus cycle.
The amplitude and phase of the receptor potential
of OHCs in response to direct mechanical stimu-
lation of the stereocilia bundle were measured for
cells isolated from along the entire length of the
adult guinea-pig cochlea. Irrespective of their
place of origin, the frequency response of the re-
ceptor potential, for 20-nm stereociliary displace-
ment per spectral point, was governed by the OHC
electrical inputimpedance measured near the rest-
ing potential. The response was a low-pass filter
with amplitude that decreased by 6 dB/oct and
phase that lagged stereocilia displacement by 90°.
The corner frequency of the response decreased
exponentially from 546 Hz for the shortest OHC
(20 pm) with an exponential length constant of 25
pm, or equivalently 0.58 oct per 10 um increase of
cell length. The tonotopy was achieved by an ex-
ponential decrease in the total specific conduc-
tance with increasing cell length, beginning at 66
pS/um? for the shortest OHC; the specific capaci-
tance was constant (2.0 pF/cm?). The corner
frequency was 3-6 oct below the presumed place-
frequency.
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ALTHOUGH THE MECHANISM of cochlear tuning
and sensitivity remains elusive, there is strong evi-
dence that the outer hair cells (OHC) are a necessary
ingredient (Brown and Nuttall, 1984; Dallos and
Harris, 1978; Dolan and Nuttall, 1994) and that active,
stimulus-induced length changes of the cell body are
involved, producing forces on the cochlear partition
sufficient to partially cancel frictional losses (Ashmore,
1987; Brownell, et al., 1985; Dallos et al., 1991, 1993;
Evans et al., 1991; Huang and Santos-Sacchi, 1993;
Santos-Sacchi, 1989, 1991, 1992; Santos-Sacchi and
Dilger, 1988; Zenner, 1986; Zenner et al., 1985, 1987).
Not only must these forces be of sufficient magnitude,
but they must have the correct phase. For example, if
the OHC were to produce a maximal contractile force
at the moment when the direction of the basilar mem-
brane (BM) motion changed from scala vestibuli to
scala tympani then the OHC would actively “brake”
BM motion—the effective damping of the cochlear par-
tition would be increased, resulting in a loss of tuning.
This moment must be determined, amongst other
things, by the phase of the electromechanical force rel-
ative to the displacement of the stereocilia. This phase
difference is unknown. The somatic displacement of
isolated OHCs, driven by changes of the transmem-
brane potential (Dallos et al., 1991, 1993; Huang and
Santos-Sacchi, 1993), is capable of following sinusoidal
extracellular field potentials (Brownell et al., 1985;
Dallos et al., 1991, 1993; Dallos and Evans, 1995; Evans
et al., 1991; Reuter and Zenner, 1990; Reuter et al., 1992;
Zenner et al., 1987) and intracellularly injected current
under voltage clamp (Ashmore, 1987; Santos-Sacchi,
1989, 1991, 1992), cycle-by-cycle up to high frequen-
cies, without either attenuation or phase delay up to
at least 22 kHz (Dallos and Evans, 1995). Therefore, if
there is no phase delay between somatic displacement
and transmembrane potential, as implied by the data
of Dallos and Evans (1995), then for an isolated OHC
any phase difference between the electromechanical
force and stereocilia displacement must be due to: i)
the phase of the receptor potential relative to stere-
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ocilia displacement and ii) the phase of the contractile
force relative to somatic displacement. The former is
known only for OHCs isolated from the apical part of
the cochlea (Preyer et al., 1994) and the latter, which is
specified by the mechanical impedance of the cell, is
unknown.

Therefore, the aim of this paper is to determine ex-
perimentally the amplitude and phase, relative to stere-
ociliary displacement, of the receptor potential of OHCs
isolated from along the entire length of the adult guinea-
pig cochlea. This information is particularly important
for cells from the basal region where the cochlea is ex-
quisitely tuned (Evans, 1972; Dallos and Harris, 1978)
and the demands on the OHCs greatest.

METHODS

The experimental methods are similar to those de-
scribed previously (Preyer et al., 1994), but with modi-
fications essential for obtaining intact cells from the
basal half of the cochlea.

Cell Preparation

Pigmented, adult guinea-pigs with positive Preyer’s re-
flex (Preyer, 1900) were decapitated after cervical dis-
location, their temporal bones removed, placed in
standard Hanks’ balanced salt solution (HBSS) and
chilled in ice. The composition of the HBSS was (in mM):
137 NaCl, 5.4 KCl, 0.34 Na,HPO,, 0.44 KH,PO,, 0.81
MgSO,.7H,0, 1.25 CaCl,, 5.5 D-Glucose, 4.2 NaHCO,
(Seromed). After 30 min. the cochlea was opened, stria
vascularis and tectorial membrane were peeled from
the underlying epithelium, which was then loosened
from the bone and placed in four separate groups cor-
responding to each of the cochlear turns. Each group
was transferred to 150 uL of HBSS for the purpose of
either enzymatic digestion or mechanical dislocation
and recording; the exact protocol depended on the
cochlear turn. For cells from the apical half of the
cochlea, enzyme digestion was not used and the os-
molarity of the HBSS was 300 mOsm (Preyer et al., 1994).
In this case, the cells were simply isolated by gentle me-
chanical dislocation by aspirating in an Eppendorf
pipette. For cells from the basal half of the cochlea, how-
ever, it was necessary to include an intermediate step
of enzymatic digestion—in this case the HBSS con-
tained 1 mg/mL type IV collagenase (Sigma) in which
the epithelia were placed for 10 min. before being trans-
ferred to 150 pL of collagenase-free HBSS for mechan-
ical dislocation by aspiration; the osmolarity of the
solutions was 320 mOsm, adjusted with 4M NaCl.
Although collagenase aided dislocation of OHCs from
the supporting cells and also enabled a giga-seal with
little or no application of a negative pressure to the cell
wall, the lifetime of the isolated cells was approximately
halved. Therefore, with the exception of control exper-

iments, enzymatic digestion was avoided in the apical
half of the cochlea. After aspiration, the isolated cells
settled and adhered to an uncoated glass coverslip,
without the addition of adhesive agents. The difference
inosmolarity of the HBSS bathing solution used for cells
from the basal and apical halves of the cochlea corre-
sponded approximately to the endolymphatic osmo-
larity gradient reported in vivo by Sterkers et al. (1984).
Control experiments showed that the membranes of
apical OHCs tended to lose their bifringence in 320
mOsm HBSS, taking on a wrinkled appearance, and
that basal OHCs swelled in 300 mOsm HBSS. The pH
was 7.4, adjusted with 1M NaOH and the room tem-
perature was controlled at 20-23°C. Cells were viewed
under an inverted microscope (Leitz Labovert) with a
total magnification of 788x with a Zeiss 63x oil immer-
sion objective. The microscope was coupled to a video
system with contrastenhancement (Hamamatsu, 2400);
the image of a contacted cell was recorded continuously
(Sony U-matic Videocasette recorder). The length and
diameter of the cell in the unpatched condition were
measured from the video-screen.

Whole-Cell Recording

Whole-cell recordings were made in current clamp
(Hamill et al., 1981) using a List EPC-7 amplifier and
soda-glass pipettes filled with standard internal K* so-
lution (in mM): 140 KCl, 2 MgCl,, 11 EGTA, 1 CaCl,, 10
HEPES). All data were corrected for the frequency re-
sponse of the patch-clamp amplifier (Preyer et al., 1994).
The electrode resistance in extracellular fluid was typ-
ically 1.5-2 MQ and the series resistance in whole-cell
configuration 3-4 MQ (estimated from the measured
electrical input impedance of the patched cell).
Electrodes were designed to have low resistance in
order to maximize the recording bandwidth. Cells were
patched apical to their nucleus and basal from the sub-
cuticular space, with a tendency to patch in the apical
half of this region to ensure mechanical stabilization
during hair-bundle deflection. Resting potentials are
given as zero-current potentials after correction for the
liquid junction potential (4 mV). Only cells with a rest-
ing potential negative to -39 mV were used for the ex-
periments. The majority of recordings were stable for
10-15 minutes, with some stable up to 30 minutes.

Properties of the Pseudorandom Noise Stimulus

Frequency responses were measured with pseudoran-
dom noise stimuli instead of sinusoidal stimuli to min-
imize the measurement time. The function generator of
a spectrum analyzer (AD 3525, A&D Co., Japan) was
used for producing noise stimuli. The stimulus and re-
sponse signals were averaged in the time domain.
Although the stimulus signal was derived from a ran-
dom process, the same sample function was employed
for each stimulus presentation used to form an average



OUTER HAIR CELL RECEPTOR POTENTIAL 147

frequency response. The frequency response was given
simply as the Fourier transform of the time-averaged re-
sponse relative to the Fourier transform of the time-av-
eraged stimulus. A different sample function was used
for subsequent evaluation of a frequency response.

A stimulus sample function was derived from a zero-
mean Gaussian random process, N(t), which was simu-
lated as a sequence of harmonically related sinusoids
with equal amplitudes, a, but random phases, ®; (i =
1,...,ip,), uniformly distributed on the interval [0,2rt];
namely,

N() = uif':sin(Zﬂ: f, it + D;)

i=1

where f, is the fundamental frequency. In our applica-
tion, N(t) was sampled at 512 equally spaced instants.
In order to minimize aliasing errors and to ensure a flat
amplitude spectrum, the function generator automati-
cally set the maximum number of spectral components,
ipae to 200, rather than to the theoretically allowable
Nyquist value of 256. That is, the amplitude of each
spectral component with frequency from £, to the user-
specified maximum frequency, f,,,, = 200f, was equal
to a, and as such was a sample function from a band-
limited, zero-mean Gaussian (white-noise) process. For
512 time samples, a was on average 31.4 dB below the
user-specified maximum voltage output (1 V). The
variance, 62, of a random process with zero-mean can
be estimated in the usual manner as the integral of the
power spectral density function, S(f), over all frequen-
cies (Wozencraft and Jacobs, 1965). Since the power in
a sinusoid of amplitude, 4, is equal to /242, we have S(f)
= Yaa2/f, for every spectral component. Then, 62 = /242
f . /f =Ya2i_,,. Therefore, for 200 spectral points, the
standard deviation of N(t), was estimated as 6 = 10a.
An example of a sample function from N(t) is illustrated
in Fig, 1 for f,,, = 500 Hz and a = 0.0243 V. Also shown
is the normalized histogram of sample values, together
with the probability density function of a Gaussian ran-
dom variable. A X>-test (p <0.01, 9 degrees of freedom)
showed that the sample function was indeed drawn
from a zero-mean Gaussian random process; the sam-
ple standard deviation of 0.245 V was approximately
equal to the theoretical value of 102 = 0.243 V.

Since the noise stimulus was to be used to estimate
the frequency response of the linear component of the
system, it was important to choose the maximum volt-
age output of the signal generator so that the system was
rarely, if ever, driven into its nonlinear operating region.
Because the sample functions were drawn from a
Gaussian random process, N(t), the probability that a
sample value, N(1), at some instant, T, exceeded a given
value, N, is given as:

Prob[N(z) > Ny] = % erfc(N, /v20)

where erfc(.) is the complementary error function
(Wozencraft and Jacobs, 1965). Three cases are of inter-
est. First, 68% of the sample values were expected to lie
within the range of o, which is equal to +10a for 200
spectral points. Second, the probability that N(t) was
greater than 4.16 is 1/512, meaning that only one of the
512 sample values, on average, was expected to exceed
4.10, or 41a for 200 spectral points. In practice, it was
found that only one of the 512 sample values, on aver-
age, exceeded 324. Third, the probability that at some in-
stant all spectral components had the same phase and,
therefore, produced a sample value of magnitudei,,,a,
is given as V2 erfc(\iy,,), which for 200 spectral points
is infinitesimally small (2.7 x 10-%). In practice, it was
found that the sample values did not exceed 37a.

Hair-Bundle Stimulation

Deflection of the hair bundle was achieved with a short,
rigid borosilicate glass pipette with a tip diameter of
about 5 um, driven by a low-voltage piezoelectric crys-
tal (Type PSt 15/4/15 Pickelmann GmbH, Munich). After
registration of a stable resting membrane potential, the
stimulus pipette was placed against the apical region of
the stereociliary bundle and its position adjusted so as to
maximize the receptor potential for low-frequency sinu-
soidal stimulation. The frequency response of the stim-
ulus pipette was flat from 0 Hz to 5 kHz (11 dB), with
resonant frequency near 9 kHz, as measured with a laser
Doppler velocimeter (Polytec OFV-302). The electrical
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FIGURE1 Sample function from the zero-mean, Gaussian ran-
dom process used for stimulus generation. The function con-
tains 512 sample values equally spaced in time. The random
process was produced using a series of 200 sinusoids with fre-
quencies equally spaced from 2.5 Hz to 500 Hz, each with ampli-
tude of 0.0243 V and random phases uniformly distributed on
[0,2x]. The histogram of sample values contains 20 bins of equal
width on the interval from -1 V to +1 V. The histogram is nor-
malized to unity area; the largest bin has value of 1.8. The curve
drawn through the histogram is the probability density function
of a Gaussian random variable with mean and standard devia-
tion equal to their sample values of ~0.0013 V and 0.2446 V, re-
spectively; (X2 = 3.25).
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signal driving the piezoelectric crystal was either a 1 Hz
sinusoid (multifunction synthesizer, HP 89049) or band-
limited zero-mean white noise generated by a spectrum
analyzer (AD 3525, A&D Co., Japan). The amplitude for
sinusoidal stimulation was 1 um peak-to-peak to produce
a maximal, saturated receptor potential. The displace-
ment noise signal contained 200 equally spaced spectral
points, each with amplitude of 20 nm, giving a standard
deviation for the noise of 200 nm. The noise process was
sampled at 512 equally spaced instants. On average, 68%
of the sample values were within 200 nm and one of the
512 values was greater than 640 nm, but always less than
740 nm. Therefore, most displacement values were
within the linear operating range of the input-output
function of the receptor potential (Preyer et al., 1994).

Electrical Input Impedance

The electrical input impedance of the patched cell was
evaluated by measuring the change in membrane po-
tential in response to intracellular injection of bandlim-
ited, zero-mean white-noise current with the cell clamped
to zero current (Preyer et al., 1994). The current noise sig-
nal contained 200 equally spaced spectral points, each
with amplitude of 8 pA, giving a standard deviation for
the noise of 80 pA. The noise process was sampled at 512
equally spaced instants. On average, 68% of the sample
values were within +80 pA and one of the 512 values was
greater than 256 pA, but always less than 296 pA.

The ratio of measured voltage to injected current was
corrected for the frequency response of the patch-clamp
amplifier, both in amplitude and phase. For this pur-
pose, a test circuit with known impedance, Z, was sub-
stituted for the patched hair cell. The test circuit was a
simplified model of the electrical input impedance of a
patched cell, having a resistance (4 MQ) in series with a
parallel combination of a resistance (50 MQ) and a ca-
pacitance (39 pF). The voltage, V7, at the amplifier out-
put was measured in response to a current, I;, at the
input of the test circuit. Simple circuit analysis shows
that to correct the impedance data for the frequency re-
sponse of the amplifier, the ratio V/I measured in the
patched-cell configuration need only be multiplied by a
factor I;Z;/ V. The analysis assumes that Z; is much
smaller than the input impedance of the amplifier. For
frequencies up to 5 kHz, this correction factor resem-
bled a low-pass filter with corner frequency of 2.1 kHz.

The electrical input impedance of the cell was esti-
mated by fitting the measured amplitude and phase re-
sponses to those of an impedance formed by a resistance
(the series resistance of the electrode), in series with the
parallel combination of a resistance and a capacitance
(the presumed electrical input impedance of the isolated
cell), (Santos-Sacchi, 1989; Preyer et al., 1994). The re-
spective amplitude and phase functions were fitted to
the impedance data with the Marquardt-Levenberg al-
gorithm (SigmaPlot).

Data Acquisition and Statistics

The spectrum analyzer (AD 3525, A&D Co., Japan) was
used to provide the stimulus signal sample, average,
store and analyze the data. Both the noise stimulus and
the response signal were averaged in the time domain.
For a maximum frequency of 500 Hz, the average con-
tained responses to 8 stimulus presentations; the num-
ber of presentations was doubled for each doubling of
maximum frequency. The averaging time was 6-8 sec.
Complete frequency responses were formed by super-
imposing the average frequency responses derived from
successively wider stimulus bands; the maximum fre-
quencies were 500, 1000, 2000 and 5000 Hz. There were
always 200 spectral points per frequency band, equally
spaced on a linear frequency axis. The first frequency
was f,,,/200. A complete frequency response was con-
structed in approximately 60 sec. This paradigm en-
abled high resolution and also provided checks on the
reproducibility of the responses.

Frequency responses and scatter diagrams were fit-
ted in the least-mean-square sense with the Marquardt-
Levenberg algorithm (SigmaPlot). The parameter
estimates of a fit are quoted as mean +s.d. Statistical sig-
nificance of i) parameter estimates (t-test), ii) differences
between parameter estimates (t-test) or iii) correlation
coefficients was evaluated at the 99% level.

RESULTS

Complete frequency responses were obtained from 46
OHCs and of these the electrical input impedance was
measured for 42. The cell length ranged from 20 um for
the most basal segment to 87 um for the most apical seg-
ment of the cochlea. OHCs with lengths as small as 15
um were observed, but successful recordings were not
achieved. Resting potentials ranged from 78 mV to —40
mV (-64 £ 10 mV; N = 46). None of the parameters re-
ported here were found to be correlated with the resting
membrane potential. It was difficult to obtain complete
sets of data from the shortest OHCs, as should be ap-
preciated from the comparison of the long OHC and the
short OHC shown in Figure 2. First, the longest stere-
ocilia of a hair bundle were much smaller for short OHCs
(2 pm) than for the long OHCs (8 pm), meaning that it
was more difficult to attain or maintain suitable contact
with the hair bundle. Although trial experiments using
a fluid jet rather than a glass probe yielded relatively
more cells with a detectable receptor potential, the fluid
jet was not used for frequency-response experiments be-
cause of the uncertainty of the frequency response of the
force delivered to the hair bundle, particularly at high
frequencies where fluid viscosity and mass mustbecome
appreciable. Control experiments showed that the in-
creased yield with the fluid jet was not due to mechan-
ical damage by the glass probe, but rather to the
geometry of the experimental set-up restricting the
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FIGURE 2 Comparison of the recording configuration for a
short (30 um) and a long (71 pm) OHC.

stimulus probe to a narrow range of approach angles to
the hair bundle. All data are for stimulation in the di-
rection of the longest stereocilia. Second, the length of
cell membrane along which a receptor potential was
found was comparatively short for the basally located
OHCs: if the cells were patched too high in the region of
the subcuticular space, no receptor potential was ob-
served, possibly because of a disturbance of the trans-
duction apparatus; if patched too low towards the
nucleus, the recording was mechanically unstable.
Third, smaller OHCs did not adhere as readily to the
glass cover-slip, thus precluding their being patched.

The most useful indicator of a mechanically and elec-
trically stable preparation was a non-random phase re-
sponse for noise stimulation. In the absence of controlled
stimulation, the amplitudes of the membrane potential
resembled wideband noise filtered by a low-pass filter,
consistent with the power spectral density analysis of
Denk and Webb (1992) for frog sacculus hair cells, but
the phase was randomly distributed between +180° (Fig.
8a, b). Therefore, when using noise stimuli, only the
phase can be used as a stability criterion.

Frequency Response of the Receptor Potential

Irrespective of their cochlear origin, the frequency re-
sponse of the receptor potential relative to displacement
of the hair bundle resembled that of a first-order low-
pass filter: i) the amplitude was constant up to a corner

frequency, above which it decreased at 6 dB/ oct (Fig. 3a,
4a) and ii) the phase was zero at low frequencies, de-
creased to —45° at a frequency corresponding to the cor-
ner frequency of the amplitude response and tended to
-90° at higher frequencies (Fig. 3b, 4b). The frequency
responses illustrated in Figs. 3 and 4 are for two OHCs
of different lengths.

For the quantification of the relevant frequency-re-
sponse parameters, the amplitude and phase data were
fitted separately with the amplitude and phase re-
sponses of a first-order low-pass filter; namely with the
respective fit functions:

A=Ay /[1+(/fs)2 V%
and
® = @, — arctan(f/fs-)

where the low-frequency asymptotic amplitude, A, and
phase, @, together with the 3-dB frequency, f;45, and the
45°-frequency, f,s., were estimated with the Marquardt-
Levenberg algorithm (SigmaPlot). The estimated f;;3 and
f,s frequencies were not significantly different, implying
that the recorded frequency responses are due to the stim-
ulus and not to random fluctuations of the membrane
potential. Therefore, in future discussion the mean value
of f,45 and f 5. will be referred to as the corner frequency.
In these examples the corner frequencies were 70 Hz and
239 Hz, respectively, for lengths of 80 um and 38 pm.

Electtical Input Impedance

Since the frequency response of the receptor potential
for long OHCs (70-90 um) from the apical region of the
cochlea has been shown (Preyer et al., 1994) to be gov-
erned predominantly by the electrical input impedance
of the cell, the impedance of the patched OHC was de-
termined after measuring the receptor-potential data.
This was achieved by recording the change in mem-
brane potential as a result of intracellular injection of
bandlimited, zero-mean white-noise current, with the
cell clamped to zero current. Results for a short and a
long OHC are shown in Figures 3 and 4, respectively.
The amplitude and phase of the electrical input imped-
ance, after correction for the series electrode resistance,
had a low-pass filter form with corner frequencies of 70
Hz and 200 Hz, respectively, for the long and the short
OHC. These values are not significantly different from
those of the receptor potential.

Corner Frequency

In general, irrespective of cochlear origin, the frequency
response of the receptor potential was defined almost ex-
clusively by the electrical input impedance of the OHC.
This is illustrated in Figure 5 where the corner frequen-
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FIGURE 3 Receptor potential and electrical input impedance of an OHC of length 38 pm isolated from the first-to-second turn of the
adult guinea-pig cochlea. The hair bundle was stimulated in the direction of the longest stereocilia with bandlimited, zero-mean white
noise with 20 nm per frequency point and 200 frequency points per overlapping frequency band; there were three bands extending re-
spectively to 500, 1000 and 2000 Hz. The receptor-potential response (a, b) resembles a first-order low-pass filter, as indicated by the full
lines, which were derived by fitting the data to the ideal amplitude and phase functions (see text). Fitted filter values: A, =27 + 1 pV, @,
=113 deg, f3y5 = 207 £ 16 Hz, f,5. = 270 + 35 Hz. The estimates for f,45 and fs. are not significantly different and @, is not significantly
different from zero, as required of a first-order low-pass filter. The increased amplitude slope and additional phase lag above approxi-
mately 1 kHz occurred because it was not possible to fully correct for the frequency response of the patch-clamp system above 1.6 kHz.
The electrical input impedance (c, d) was measured near the resting potential with the cell clamped to zero current. The impedance was
derived from the change in membrane potential resulting from intracellular injection of bandlimited, zero-mean white-noise current with
amplitude of 8 pA per frequency point and 200 points per overlapping frequency band. Upper lines in ¢ and d: fitted line assuming that
the impedance of the patched OHC is given by the series resistance, R, of the electrode in series with the parallel combination of a re-
sistance, R;, and capacitance, C;, which represent the input impedance of the isolated OHC (ie cell without electrode). Lower lines in c and
d: electrical input impedance of the isolated OHC (ie after correcting for the series electrode resistance); the result is Ry = 3.2+ 0.1 MQ, R,
=282+0.2MQ, C; =28 +1 pF. Resting potential: -68 mV.

cies of the receptor potential (N =46) and electrical input not the case for alogarithmic presentation. The datashow
impedance (N = 42) are collected. The corner frequen- a well-defined, monotonic decrease in corner frequency
cies are plotted on a logarithmic axis because of cochlear with increasing cell length. The two data sets can be ac-
tonotopy. The length axis is linear rather than logarith- curately described by regression lines with almost
mic because for the linear axis the data were randomly identical parameters. For the receptor potential, the ex-

distributed about the regression lines, whereas this was ponential decrease of the corner frequency with cell
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FIGURE 4 Receptor potential and electrical input impedance of an OHC of length 80 um isolated from the fourth turn of the adult
guinea-pig cochlea. Details as for Fig. 3. Fitted filter values: A, = 13.5+ 0.9 uV, ®,=-0.9 +3.2 deg, f345 = 64 £ 7 Hz, f,5. = 76 £ 14 Hz. The
estimates for f,45 and f,;. are not significantly different and ®, is not significantly different from zero, as required of a first-order low-pass
filter. Rg=3.3+0.1 MQ, R, = 46.4 + 0.3 MQ, C; = 49 + 2 pF. Resting potential: 41 mV.

length, L, was estimated as 1211 exp(-L./25) Hz; the value
of 25 um in the exponent will be referred to as the expo-
nential length constant. In other words, the corner fre-
quency for the receptor potential decreased by 0.58 oct.
per 10 pm increase of cell length, beginning at 546 Hz for
the shortest recorded OHC of length 20 pm. Therefore,
if the extremes of cell length were derived from OHCs
from the extremes of the cochlea, the corner frequencies
for the apical-most and basal-most OHCs were about 2.6
octand 6.2 oct. below their respective place frequencies.

Electrical Input Conductance and Capacitance

The decrease of corner frequency with increasing cell
length was correlated with increasing resistance and ca-
pacitance of the cell. Although both parameters were

dependent on the surface area of the cell, the density of
conducting channels appeared to be larger for the shorter
OHCs. This is illustrated in Figures 6 and 7, where not
only are the conductances and capacitances collected, but
also their specific values. The specific conductance and
capacitance were calculated by dividing the absolute val-
ues by the surface area, assuming a cylinder of height
equal to the cell length, L, and without taking account of
the apical surface of the cell (Housley and Ashmore,
1992). The diameter of the cell was independent of its
length and ranged from 8.3 pm to 12.5 um (10 £ 1 pm).
Surface area was calculated from the cell’s dimensions,
not from the mean dimensions of all cells. The measured
specific conductances and capacitances give an indica-
tion of the density of conducting channels and the charge
concentrationnear the resting potential. The conductance
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FIGURE 5 Corner frequency of the receptor potential (circles)
and the electrical input impedance (triangles) of isolated OHCs
as a function of their length. Shortest cells are from the basal and
longest cells from the apical segments of the cochlea. Linear re-
gression lines for the receptor potential (full line) and electrical
input impedance (broken line), with logarithmic frequency axis,
have respective slopes of 0.058 + 0.005 oct/pm and 0.053+ 0.004
oct/pm, intercept of 546 + 27 Hz and 491 + 24 Hz at 20 um, and
correlation coefficients (r) of ~0.89 (N = 46) and -0.91 (N = 42).
The slopes are equivalent to exponential length constants of 25 +
2 um and 27 + 2 um, respectively. These regression lines are not
significantly different, implying that the frequency response of
the receptor potential is governed by the electrical input imped-
ance of the cell. No attempt has been made to separate data points
for visual presentation purposes.

decreased in direct proportion to cell length, with slope
of 0.48nS/pm (Fig. 6a), and the specific conductance, Ggp,
decreased exponentially from 66 pS/um? for the shortest
OHC of length 20 um (Fig. 6b). The dependence of spe-
cific conductance on cell length means either that the con-
centration of conducting channels is larger for the smaller
OHC:s or that channels with higher conductivity are pre-
sent in these basally located cells. The capacitance in-
creased in direct proportion to cell length by 0.45 pF/um
(Fig. 7a); however, the specific capacitance was indepen-
dent of cell length with value 2.0 pF/cm? (Fig. 7b), im-
plying that the charge concentration was the same for all
OHCs. (If the condition for statistical significance of the
correlation coefficient for specific capacitance versus cell
length were relaxed from 99% to 95%, a tendency for in-
creased specific capacitance with decreasing length
would be concluded, which was mainly evident below
40 pm). The exponential length constant for the specific
conductance was 22 um, which is not significantly dif-
ferent (t-value = 2.2) from that of the corner frequency (25
um), implying that the dependence of corner frequency
on cell length was governed by the specific conductance.

Low-Frequency Receptor Potential

The amplitude of the receptor potential at low frequen-
cies tended to increase with cell length (0.46 + 0.09
UV/um; r = 0.64), or equivalently 23 dB between the
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FIGURE 6 OHC electrical input conductance (a) and specific
conductance (b), measured near the resting potential, for cells
of different length (N = 42). The straight regression line in a has
slope of —0.48 + 0.05 nS/pm and conductance of 43 + 2 nS for a
20-pm OHC (r = -0.82). The exponential regression curve in b
has length constant of 22 + 1 um, and value of 66 + 6 pS/pm? at
20 pm. The larger values of specific conductance for short OHCs
implies either that the density of conducting channels was larger
for cells located more basally in the cochlea or that they pos-
sessed channels with larger conductivity. The broken line in a
is the regression curve assuming that the conductance, G,, is pro-
portional to the cell length, L, multiplied by a specific conduc-
tance with exponential dependence on cell length: G, = (4.55 +
0.51) L exp(-L/B) nS, where B = 24 + 1 pm is not significantly
different to the length constant for the specific conductance.
However, this fit cannot be statistically distinguished from the
straight line regression.

cochlear extremes (not illustrated). Although this in-
crease is consistent with the finding of larger resistances
for longer OHCs, as predicted by Housley and Ashmore
(1992), a direct comparison cannot be made because for
all OHCs the stimulus was a constant displaccment
rather than a constant rotation of the hair bundle. Thus,
if transduction current is proportional to angular dis-
placement of the stereocilia, then the effective stimulus
for the shortest OHCs (2-um stereocilia) would have
been about four times larger than for the longest OHCs
(8-um stereocilia).
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FIGURE 7 OHC electrical input capacitance (a) and specific ca-
pacitance (b), measured near the resting potential, for cells of
different length (N = 42). The straight regression line in 4 has
slope of 0.45 + 0.04 pF/pum and capacitance of 17 + 2 pF for a 20-
pm OHC (r = 0.85). The specific capacitance was not correlated (r
= 0.43) with cell length (1.99  0.47 pF/cm?), implying that the
charge density was the same for all cells along the cochlea.

Effect of Damaging the Hair Bundle

That the frequency response of the receptor potential
was governed exclusively by the electrical input im-
pedance was demonstrated by controlled mechanical
damage to the hair bundle. Damage was produced by
moving the tip of the stimulus probe back and forth
through the hair bundle with the micromanipulator.
The result is illustrated in Figure 8. Damage of the hair
bundle abolished the receptor potential (Fig. 8a,b) with-
out affecting the electrical input impedance (Fig. 8c,d).
The variations in amplitude of the membrane potential,
but not the phases, could still be fitted by the amplitude
response of a first-order low-pass filter. This filter had
the same corner frequency as the receptor potential but
its amplitude was attenuated by 23 dB. Most impor-
tantly, after damage, the phases were random and bore
no relation to the amplitudes, implying that the ampli-
tudes were simply due to fluctuations of the membrane
potential.

DISCUSSION

These experiments have shown that the receptor po-
tential of isolated OHCs, measured near their resting po-
tential, varies systematically along the cochlea and that
its frequency response is shaped by the electrical input
impedance of the cell.

Electrical Input Impedance

The electrical input impedance was characterized by a
first-order low-pass filter, with conductance and capac-
itance that varied with cell length, the conductance de-
creasing by 0.48 nS/um from 43 nS at 20 um, and the
capacitance increasing by 0.45 pF/um from 17 pF at 20
um. On average, the corner frequencies decreased from
491 Hz for the shortest cells to 41 Hz for the longest cells;
the measured range was 27-613 Hz. These values are in
complete agreement with those reported by Housley
and Ashmore (1992) using the customary method of
electrical stimulus steps (-0.59 nS/pum, 0.47 pF/um,
with 38 nS and 17 pF at 20 um; average corner frequen-
cies decreasing from 270 Hz to 88 Hz and measured
range of 53-1060 Hz).

In further agreement with their data, the specific ca-
pacitance was independent of cell length (2.0 uF/cm?).
A similar value of specific capacitance (1.9 uF/cm?) was
reported by Housley and Ashmore (1992) and, as
pointed out in their paper, is higher than typical values
for lipid membranes because of the voltage-dependent
capacitance of OHCs. Nevertheless, the capacitance val-
ues were not correlated with the resting membrane po-
tential, presumably because most (83%) were within a
narrow range (+10 mV) of the mean (-64 mV).

Although the dependence of specific conductance on
cell length was also similar to that reported by Housley
and Ashmore (1992), we chose to fit our data with an ex-
ponential function, a, exp(-L/a,), instead of the hyper-
bolic function, a, + a,/L. There were two reasons for this
choice. First, for long cells the exponential function tends
asymptotically to zero, whereas the hyperbolic function
tends to a,, which for both data sets was (significantly)
negativeand, therefore, nonsensical. The parameters for
the hyperbolic function for their data are a, = -16.9
pS/um? and a, = 1450 pS/um and for our data are a, =
-15.5 £ 1.9 pS/um? and a, = 1663 + 82 pS/um. The pa-
rameters from the two data sets are in good agreement.
(Their parameter values were derived by dividing their
linearly fitted conductance data (G;, = -0.585 L + 50.1
nS) by the cell surface area (2 nrL), using for the cell ra-
dius, r, their quoted mean value of 5.5 um). Second, we
found an exponential dependence of corner frequency
on cell length which, for the observed constancy of spe-
cific capacitance, suggested an exponential dependence
of specific conductance on length. It should be empha-
sized, however, that although there were physical rea-
sons for fitting the specific-conductance data with an
exponential rather than a hyperbolic function, there was
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FIGURE 8 Controlled mechanical damage of the hair bundle abolished the receptor potential (a,b) and had no detectable effect on
the electrical input impedance (c,d). The resting potential was not affected (-68 mV). The frequency response of the receptor potential
before damage (circles) was fitted by the parameters of a first-order low-pass filter: A, =113+ 4 uV, f,,5 =28 + 1.6 Hz, &, = -0.78 £ 7.8
deg., f,5. = 31+ 11 Hz. After damage (triangles), the phase of the membrane potential fluctuations was random, indicating the absence of
a stimulus-controlled change of the membrane potential; nevertheless, the amplitude fluctuations were described with a first-order low-
pass filter with A, =8+ 0.6 uV, fyy5 = 24 + 2.5 Hz. The corner frequencies before and after damage were not significantly different, con-
sistent with the electrical input impedance being unaffected by stereociliary damage. For the membrane potential fluctuations, points at
2.5 Hz (not shown) and 5 Hz have been omitted from the amplitude fit for the damaged case because their relatively large values sug-
gested that they derived from an additional noise source, presumably 1/f background noise. For the electrical input impedance, R = 3.9
+02MQ, R; =98 £ 1 MQ, C; = 49 + 2 pF. Number of spectral points: 200.

no statistical basis for this choice. Finally, an exponen-
tial fit to the data of Housley and Ashmore (1992), their
Fig. 4b, yielded a length constant of 19 + 1 pm, and spe-
cific conductance of 54 £ 5 pS/pum? at 20 um (not illus-
trated); again, these values are not significantly different
from our values.

The dependence of specific conductance, but not spe-
cificcapacitance, on cell length means that the larger cor-
ner frequency for shorter OHCs is due to either a larger

concentration of conducting channels or to channels
with larger conductivity, rather than to a reduction of
the surface area of the cell. Clearly,, if there were no con-
centration gradient, then for the same channel species
the conductance and capacitance would both change in
direct proportion to surface area, thus maintaining a
constant corner frequency. Quantitatively, if the same
channel species were active near the resting potential ir-
respective of cell length, then according to the expo-
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nential dependence (Fig. 6b), to achieve the 4.5 oct. range
of corner frequencies, a 20-um OHC must express a 23
times greater concentration of conducting channels than
a90-um OHC.

Comparison With In-Vivo Conditions

In general, the receptor potentials measured under these
isolated cell conditions were lower than found for OHCs
in-vivo (Dallos, 1985; K6ssl and Russell, 1992). Based on
the results of control experiments and with sufficient ex-
perience in preparing the OHCs, we will argue in this
section that the difference was mainly due to the effi-
ciency of coupling the stimulus probe to the stereocilia
rather than to damage to the stereocilia.

The saturating value of the receptor potential, which
was not considered in detail in this experimental series,
was shown in an earlier report (Preyer et al., 1994) to
range between 0.4 mV and 5.2 mV (mean 1.5 mV) for
cells of length 70-90 um. Control experiments in the pre-
sent series showed that the saturating receptor poten-
tials, evaluated with 1-Hz sinusoidal stimulation, were
approximately twice as large when using a fluid jet as
stimulus instead of a glass probe. When using the fluid
jet, the values compared with the AC receptor poten-
tials of OHCs in the basal (Kossl and Russell, 1992) and
apical (Dallos, 1985) turns of the in-vivo guinea-pig
cochlea, as well as in the organotypic culture of the
neonatal mouse cochlea (Russell and Richardson, 1987);
the reported values ranged typically between 4 mV and
10 mV. Moreover, in another series of control experi-
ments, mechanical damage to the hair bundle was
shown not only to cause an overall loss of receptor-po-
tential amplitude, but also to cause the phase to vary
randomly between +180° (Fig. 8b). The electrical input
impedance was exceedingly robust, remaining unaf-
fected by the assault on the hair bundle. Therefore, the
frequency content of the randomly fluctuating mem-
brane potential was still given by the electrical input
impedance. Finally, provided the resting potential re-
mained stable, there was never evidence of fatigue, ei-
ther in the response to sinusoidal stimuli (1 Hz) or in
response to high-frequency noise stimulation. Based on
these control experiments, itis suggested that the region
of the hair bundle stimulated by the glass probe was too
localized to ensure opening of the normal contingent of
transducer channels and that any disturbance to the in-
tegrity of the hair bundle was minimal.

There was no evidence that the receptor potential
adapted to the noise stimulus. In response to an excita-
tory force step, the receptor current and potential of
mouse OHCs adapt with a time constant of about 6 ms.,
matching the time constant for mechanical relaxation of
thehairbundle (Krosetal., 1992; Russell et al., 1989;1992).
In other words, the adaptation process acts as a first-
order high-pass filter with f, ;5 of about 27 Hz. Therefore,
if mechanical relaxation and electrical adaptation to the

noise stimulus were occurring in the present experi-
ments, it would have been evident as a phase lead of 90°
at very low frequencies, rather than the observed phase
of zero.

Several of the electrical, mechanical and chemical
conditions present in the cochlea cannot be reconsti-
tuted for an isolated hair cell surrounded by artificial
perilymph, which may explain the small receptor po-
tentials. In particular, the endocochlear potential, or its
equivalent, is not available, so that the driving potential
for the transducer current is reduced to about one half
of its in vivo value (Johnstone and Sellick, 1972; Ashmore
and Meech, 1986). The electrical input impedance of the
OHCis influenced by loading due to the electrical input
impedance of the organ of Corti (Dallos, 1984), as well
as by the mechanical input impedances of the organ of
Corti and the OHC (Mountain and Hubbard, 1994).

Parameters of the Frequency Response

Three parameters of the frequency-response of the OHC
receptor potential and their systematic variation along
the cochlea influence the efficacy of OHC electromotil-
ity asa cochlear tuning mechanism: i) the low-frequency
amplitude, ii) the corner frequency, iii) the asymptotic
phase lag of 90°. Since the transmembrane potential is
the stimulus for synchronous electromotility (Dallos et
al., 1991, 1993), the observation of increasing corner fre-
quency with basal location is an essential feature of
OHC:s from a tonotopically organized cochlea. This de-
mand has been met partially by increasing the specific
conductance of the OHC membrane with basal position
in the cochlea. Whether this has been achieved at the ex-
pense of low-frequency gain cannot be decided conclu-
sively until simultaneous measurements of stereocilia
displacement and receptor current or potential are
made. Although for a given bundle-rotation the gain is
expected to decrease with increasing membrane con-
ductance (Housley and Ashmore, 1992), it is not known
whether, for constant stereocilia displacement, this can
be compensated by the larger rotation of the shorter hair
bundle of basally located OHCs. Moreover, the kinetics
of basally located OHCs does not appear capable of
keeping pace with the high-frequency demands of that
region of the cochlea, where the corner frequency was
as much as 6 oct. below the characteristic frequency, as
opposed to only 3 oct. for OHCs from the apex of the
cochlea. For a membrane filter with slope of 6 dB/oct. 6
oct. amounts to an amplitude attenuation of 36 dB rela-
tive to the low-frequency value. Not only is the drive to
the electromotor thereby severely compromised, but
such a relatively low corner frequency means that the
phase lag, relative to hair-bundle displacement, is 90°
for the frequency region relevant to enhanced cochlear
tuning by the electromechanical action of the OHCs.
To understand the functional relevance of a phase lag
of 90°, consider the dynamics of a point on the BM for a



156 S.PREYER ET AL.

sinusoidal fluid pressure with a stimulus frequency that
is characteristic for that cochlear place. If the tectorial
membrane is elastic, maximum displacement of the BM
into scala vestibuli causes deflection of the OHC stere-
ocilia in the excitatory direction (Rhode and Geisler,
1967) and a depolarizing receptor potential with maxi-
mum occurring 90° later in the cycle, when the BM is
crossing the zero-displacement position from scala
vestibuli towards scala tympani. At this moment, BM
velocity is maximal and the fluid friction force, which is
proportional to velocity, is maximal and directed against
the BM towards scala vestibuli. A depolarizing recep-
tor potential causes OHC contraction (Mammano and
Ashmore, 1993), which is in-phase with the receptor po-
tential (Dallos and Evans, 1995). If the OHC is elastic,
the resultant contractile force is also in-phase with the
receptor potential. Consequently, the maximal contrac-
tile force on the BM acts at the same moment and in the
same direction as the fluid friction force. Therefore, in-
stead of OHC contraction actively amplifying BM mo-
tion, itactively attenuates it—the OHC actively “brakes”
the motion of the BM.

Based on these mechanoelectrical properties of iso-
lated OHCs, one must conclude that electromotility
alone is not sufficient to guarantee enhanced cochlear
tuning. An additional mechanism, such as a resonant
tectorial membrane (Allen, 1980; Mammano and Nobili,
1993; Zwislocki 1980) or extracellular potential gradi-
ents (Dallos and Evans, 1995), is required to provide the
appropriate amplitude and phase conditions.
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