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SUMMARY

1. Receptor currents in response to mechanical stimuli were recorded from hair
cells in the excised epithelium of the bull-frog sacculus by the whole-cell, gigohm-seal
voltage-clamp technique. The stimulus-dependent transduction current was separated
from the cell's stimulus-independent K+ and Ca2+ currents; the K+ currents were
blocked with an internal solution containing Cs+ while the Ca2+ current was reduced
by holding the membrane potential below -70 mV. The temperature of the
preparation was maintained at about 10 0C to slow the kinetics of the cells' trans-
duction channels.

2. Calibrated displacements of hair bundles of individual hair cells were made with
a probe coupled by suction to the kinociliary bulb and moved with a piezoelectric-
bimorph stimulator. The root mean square noise of probe motion was less than 2 nm.
The mean, I, and the variance, o.2, of the receptor current were measured from the
response to saturating (± 0 5 ,m) displacements of the hair bundle. I was corrected
for current offsets and o-2 for the transduction-independent background variance.

3. The relation between o.2 and I is consistent with the predictions of a two-
conductance-state model of the transduction channel, a model having only one
non-zero conductance state. The relation between o.2 and I was fitted by the equation
-J2= Ii-I2/N, where N is the number of transduction channels in the cell and i is
the current through a single open channel.

4. The conductance of the transduction channel is approximately ohmic with a
reversal potential near 0 mV. The estimated conductance of a single transduction
channel, y, is 12-7+227 pS (mean+s.D.; n = 18) at 10 'C. y is independent of the
maximum transduction conductance of the cell, Gmax.

5. The number of transduction channels, N, is proportional to Gmax. N ranges from
7 to 280 in cells with Gm. ranging from 0-08 to 2-48 nS. The largest values of N
correspond to a few, perhaps four, active transduction channels per stereocilium.

6. Control experiments show that transduction by the hair cell of two artifactual
sources of hair-bundle stimulation, noisy or discontinuous motion of the probe, do
not contribute substantially to the measured variance, o.2.

7. Displacement-response curves are generally sigmoidal and symmetrical; they
reasonably fit the predictions of a two-kinetic-state model, comprising one open state
and one closed state. The estimated displacement-sensitive free energy, Z, is
5-7 + 1 1 kcal/mol ,m (mean+ S.D., n = 18).
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8. Power-spectral densities of the receptor current were measured in response to
steps of displacement. On the assumption of the two-kinetic-state model, the data
suggest that a bundle displacement that gives 300 ofmaximum response corresponds
to a mean lifetime of the channel in the open state of 0-9 ms at 9-5 0C or 130,us at
37 0C.

INTRODUCTION

Hair cells, the sensory-receptor cells of the acousticolateralis system, transduce
imiechaniical stiilnti incident on their hair bundles into receptor potentials (for review,
see Huidcspeth. 19S3). The key ev-eit inl this inechainoelectrie trainsdcietioin process is
the change in ionic conductance that occuirIs iin a imechanically sensitive transimembrane
pore, the 'transduction channel' as a result of applied force. AManiy of the basic
properties of the transduction channel are unknown, or have been estimated only
indirectly; for example, it is not known how many transduction channels occur in
a cell, what the conductance of a single channel is, or precisely what the kinetic
properties of the channel are.

In our experiments, which have been presented in preliminary form (Holton &
Hudspeth, 1984, 1985), we have employed the whole-cell, gigohm-seal voltage-clamp
technique (Marty & Neher, 1983) to measure currents from transduction channels in
single hair cells of the saccular macula. Neither of the conventional physiological
techniques used in previous experiments for recording receptor currents, the
transepithelial voltage clamp (Corey & Hudspeth, 1983a, b) and the two-electrode
voltage clamp (Corey & Hudspeth, 1979), has a band width wide enough or a
background noise level low enough to resolve the currents from a small number of
rapidly gated transduction channels in a single cell. Using the ensemble-variance
method of data analysis (Neher & Stevens, 1977; Sigworth, 1980), we demonstrate
that the receptor-current data reasonably fit the predictions of a two-conductance-
state model of the transduction channel. On the assumption of this model, we
estimate several fundamental biophysical properties of the transduction process,
including the number of transduction channels in a single hair cell and the
single-channel conductance. We also demonstrate that a description of the trans-
duction channel comprising two kinetically distinguishable states adequately describes
the receptor-current data. On the assumption of this model, we estimate basic kinetic
properties of the channel: the displacement-sensitive free energy and the mean
lifetime of the channel in the open state.

METHODS

Animal preparation
Experiments were performed on an epithelial preparation of hair cells from the saccular macula

of the bull-frog (Rana catesbeiana) (Hudspeth & Corey, 1977). Each labyrinth was dissected from
a pithed adult frog and maintained at 22 TC in an oxygenated external saline solution containing
10 mM-Na', 2 mM-K+, 4 mM-Ca2+, 118 mM-Cl-, 3 mM=D-glucose and 5 mM-HEPES buffer with
pH adjusted to 7-25. The saccular macula was dissected free and the otoconia removed. To aid in
detaching the otolithic membrane that surmounts the hair bundles, the preparation was digested
at 22 TC for 30-40 min in external saline to which was added 50 ,ug/ml subtilopeptidase BPN '
(Sigma Chemical Company, St. Louis, MO, U.S.A.). The otolithic membrane was then removed with
forceps and the preparation was transferred to the recording chamber, where it was held securely
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with four fine tungsten clips. The chamber was mounted under a Zeiss WL microscope equipped
with differential-interference-contrast optics. The preparation was continuously superfused with
external saline at a rate of about 1 ml/min with a peristaltic pump (Minipuls 2, Gilson, Villiers-le-Bel,
France). The superfusate was microfiltered (0-2 1am Acrodisc, Gelman, Ann Arbor, MI, U.S.A.) and
chilled to less than 10 TC by a Peltier cooling device (Cambion 806-1000-01, Midland-Ross,
Cambridge, MA, U.S.A.). Temperature was monitored to an accuracy of 01 0C (BAT-8, Bailey
Instruments, Saddle Brook, NJ, U.S.A.) with a miniature thermocouple immersed in the chamber
within 2 mm of the preparation. Temperature fluctuations in the chamber were observed to be less
than + 0 I 'C.

Recording procedures
Gigohm-seal electrodes were fabricated from 1-2 mm borosilicate glass (50 u1 Microcaps,

Drummond Scientific, Broomall, PA, U.S.A.) using standard techniques (Hamill, Marty, Neher,
Sakmann & Sigworth, 1981). Each was pulled with a modified electrode puller (700D, David Kopf
Instruments, Tujunga, CA, U.S.A.) and bent slightly to enable it to fit under the 40 x,
water-immersion objective lens so that the orifice of the pipette was nearly parallel to the
cell's apical surface. The pipette was coated with silicone plastic (Sylgard 184, Dow Corning,
Midland, MI, U.S.A.) to within 100 ,sm of the tip and heat polished to a tip diameter of 1-2 /sm.
In initial experiments electrodes were filled with our 'standard' internal solution, which con-
tained 118 mM-Cs+, 2 mM-K+, 78 uM-Ca2+, 2 mM-Mg2+, 85 mM-aspartate, 4 mM-Cl-, 1 mM-ATP,
1 mM-EGTA and 5 iM-HEPES buffer, buffered to pH 7-25. This solution provides a buffered Ca2+
concentration of 10 nim, Cs+ to block the outward K+ A-current and Ca2+-activated K+ current
observed in these cells (Lewis & Hudspeth, 1983), and ATP and Mg2+ to maintain cellular
metabolism. The bath ground electrode was an agar-filled glass pipette which contacted an
AgCl-plated silver wire.
Forming gigohm seals between recording electrodes and the apical surfaces of hair cells proved

much more difficult than forming seals on the basolateral surfaces of isolated cells (Lewis &
Hudspeth, 1983). Seals occasionally formed with pipettes containing the standard internal solution
described above, but these seals were generally evanescent and broke down when suction was
applied to establish the whole-cell recording condition. We investigated the possibility that
polycationic substances added to the internal solution would facilitate the formation ofgigohm seals
on the apical cellular surfaces, possibly by bridging the negatively charged groups on the surfaces
of the glass and the membrane. Because aminoglycoside antibiotics are known to interact with the
apical surfaces of hair cells, and indeed to cause the stereocilia within their hair bundles to fuse
(Wersill, Bjorkroth, Flock & Lundquist, 1973), we tried these compounds. The distal tips ofpipettes
were filled with approximately 1 utl of standard internal solution to which had been added
1 mM-gentamicin or dihydrostreptomycin sulphate (Sigma Chemical Company, St. Louis, MO,
U.S.A.); the pipette was then backfilled with standard internal solution. Stable, high-impedance
seals on hair cells could be made routinely using these pipettes. Pipettes were advanced towards
the preparation under pressure (see below), so that effectively all of the drug in the tip was expelled
from the pipette before it contacted the cell, a conclusion confirmed by observing pipettes with
dye-filled tips. This suggests that the enhanced ability of aminoglycoside-treated pipettes to seal
onto cells results, not from a bulk effect of the drug on the cell, but from molecules that adhere
to the glass after the bulk of the drug has been ejected. Both gentamicin and streptomycin are
known ototoxins which reversibly block transduction when applied iontophoretically to the apical
surfaces of hair cells (Hudspeth & Kroese, 1983). But since the experimental chamber was
continuously perfused with standard saline solution throughout recordings, it is unlikely that the
transduction channels were permanently blocked by drugs expelled from the pipette prior to the
formation of the gigohm seal. We were concerned about possible intracellular effects of any drugs
remaining in the pipette. We found, however, that the amplitude and sensitivity of receptor
currents recorded with pipettes treated with aminoglycosides were comparable to those measured
in preliminary experiments using standard internal solution only. In addition, some recordings were
made with pipettes whose tips were treated with 500 ,M each of spermine and spermidine (Sigma
Chemical Company, St. Louis, MO, U.S.A.) in the internal solution. These polyamines are normally
present in nervous tissue at comparable concentrations (Seiler & Schmidt-Glenewirikel, 1975).
Recordings made with these pipettes were also comparable to those made with untreated pipettes
and with those treated with aminoglycosides.
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The configuration of the recording electrode and the stimulus probe is shown in Fig. 1. Recording
electrodes were attached to the headstage of the clamp (Mark V, Yale University Physiology Shop,
New Haven, CT, U.S.A.) and advanced towards the epitheliuim with a Huxley-type micro-
manipulator (Frederick Haer, Brunswick, ME, U.S.A.). Slight positive pressure was applied to the
electrode during its approach towards the cell to prevent contaminants at the air-fluid interface
or in the bath from coating the tip of the electrode. When the electrode contacted the apical surface
of the cell near the hair bundle, slight suction was transiently applied to form a gigohm seal. The
stray capacitance of the electrode was then electrically neutralized, and further suction (5 kPa) was
applied to rupture the membrane patch under the electrode, thereby establishing electrical and fluid

Recording
electrode -

--

Stimu lus probe

r D

Fig. 1. A schematic diagram of the apical surface of one saccular hair cell with a recording
electrode and stimulus probe in place. The recording electrode contacts the cell near the
hair bundle, where it forms a gigohm seal. Calibrated displacements of the hair bundle
are made with the glass stimulus probe moved by a piezoelectric-bimorph element. The
stimulus probe is coupled by slight, constant suction to the kinociliary bulb of the hair
bundle, which is approximately 7 ,am above the surface of the cell. Positive displacement
of the hair bundle, defined as motion towards the kinocilium, elicits an inward receptor
current.

continuity with the cell, that is, the whole-cell recording configuration. A constant suction of 2 kPa
was maintained in order to prevent a resealing ofthe membrane patch. Electrodes usually had series
resistances during recordings of 4-10 MCI, much of which was compensated by the voltage-clamp
circuit. Control experiments confirmed that hair cells are not electrically or dye coupled to one
another or to supporting cells; therefore, the currents that are measured from a single cell using
the whole-cell voltage-clamp technique originate in that cell.

After establishing the whole-cell recording condition, we generally set the command voltage of
the clamp to -60 mV. This holding potential was sufficiently negative to deactivate the hair
cell's Ca2+ conductance (Lewis & Hudspeth, 1983; R.S. Lewis & A.J. Hudspeth, unpublished
observations), yet not so negative as to activate the cell's inwardly rectifying conductance (Corey
& Hudspeth, 1979). The actual membrane potential, Vm, was taken to be the command voltage
plus the electrode-tip diffusion potential, which was measured using a KCl-filled agar bridge to be
-13 mV. Except for the data of Fig. 4, we have not attempted to compensate Vm for the
Donnan-equilibrium potential between the electrode and the cell due to the large, slowly diffusing
anions in the cytoplasm (Fenwick, Marty & Neher, 1982; Marty & Neher, 1983). For most cells,
the value of this potential is not known, although a slow shift in the voltage dependence of
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inactivation ofthe hair cell's K+ A-current (R. S. Lewis & A. J. Hudspeth, unpublished observations)
suggests a value of up to -15 mV. Had we corrected Vm for a Donnan-equilibrium potential of
-15 mV, our estimates of the single-channel conductance would have been about 20% higher.
The band width of the voltage-clamp amplifier, determined to first order by the uncompensated

series (access) resistance of the electrode and the cell's membrane capacitance (Sigworth, 1983),
was estimated in several cells from the rise time of the response to command-voltage steps of 10 mV
to be at least 3 kHz. The noise floor ofmeasurement is determined primarily by the series resistance
of the electrode and the cell's impedance (Marty & Neher, 1983). Because of the appreciable
membrane capacitance of the hair cell (about 15 pF), the noise floor rises near 1 kHz and limits
our ability to resolve high-frequency, low-amplitude components in the power-spectral density of
receptor-current noise.

Stimnudation procedures
Stimulus probes were pulled and heat polished using procedures similar to those for making

recording electrodes, but were not coated with Sylgard. Probes were filled with external saline,
attached to a micromanipulator and advanced to contact the bulbous tip of the hair bundle's
kinocilium (Fig. 1), which lies approximately 7 jsm above the apical surface of the cell. Slight
constant suction (2 kPa) was applied and maintained on the probe to keep it tightly coupled to
the hair bundle. Calibrated displacements of the bundle, generally sinusoidal and 0-5 ,um in peak
amplitude, were made by moving the probe with an electrically shielded piezoelectric-bimorph
stimulator (Corey & Hudspeth, 1980). The axis of motion of the stimulator was adjusted to be
parallel to the epithelium's apical surface and to coincide with the hair bundle's plane of symmetry;
the hair cell is maximally sensitive to stimulation along this axis (Shotwell, Jacobs & Hudspeth,
1981). A positive mechanical stimulus is defined as one that displaces the hair bundle towards the
kinocilium, producing an inward receptor current. The peak displacement amplitude of 0-5 jsm was
chosen to saturate the receptor current at its maximum inward value for positive displacements
and at zero for negative displacements.

Vibration i8Olation
To prevent unintentional mechanical stimuli such as vibration from the building and mechanical

equipment from being coupled through the stimulus probe to the hair cells, the microscope,
manipulators and associated components were magnetically fixed to the steel top of an air table
(Serva-Bench IV, Barry Controls, Watertown, MA, U.S.A.). The micromanipulators used to
position the stimulus and recording probes were also modified to increase their stability and were
mechanically damped by the attachment of packets of lead shot.

Mechanical noise of the stimulus probe, defined as probe motion in the absence of intentional
mechanical stimuli, was measured with a calibrated photodiode system (Corey & Hudspeth, 1980).
The power-spectral density of probe noise (Fig. 2) reaches a maximum value of about 10-20 m2/Hz
at the lowest frequency measured (40 Hz) and falls below the noise floor of measurement (imposed
by the illuminance level and the characteristics of the photodiode) for frequencies above 150 Hz.
The root mean square (r.m.s.) value of the noise is 2 nm in the frequency range 40 Hz-1 kHz;
since most of the spectral components of the noise are below the measurement noise floor, this value
is an over-estimate of the probe's true noise.

Data acquisition
Measurement of the receptor current. Receptor currents were obtained in response to continuous

sinusoidal stimuli produced by an oscillator (4100A, Krohn-Hite, Avon, MA, U.S.A.). The
frequency of stimulation ranged from 20 to 40 Hz, with the exact frequency chosen to synchronize
the stimulus with the computer's acquisition of response data; one period of the stimulus
corresponded to an integral multiple of the interpoint time of the computer's analog-to-digital
(A/D) converter, which ranged from 50 to 100 ,s. A minimum of 128 samples was obtained per
period of the stimulus; each data record comprised up to 4096 points, generally fourteen to sixteen
cycles of response. Five to fifty data records were collected sequentially in each recording epoch
and stored on disk for later analysis. Acquisition of each data record was synchronized to start
at a zero crossing of the stimulus. Synchronization of the oscillator and computer remained within
10 ss at the end of the data record. In some experiments, gated sinusoidal stimuli with durations
of 205-410 ms were generated by the computer synchronously with data sampling. The stimuli
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consisted of five to ten cycles of a sinusoid, digitized at 256 points per cycle, with rising and falling
portions shaped by a Gaussian envelope.

Aliasing of sampled data was limited by filtering the analog signal with an eight-pole active
Butterworth filter (901F, Frequency Devices, Haverhill, MA, U.S.A.) with a cut-off frequency equal
to half the sampling frequency. The output of the voltage-clamp amplifier, a voltage proportional
to membrane current, was amplified and an offset was subtracted so that the peak-to-peak response
of the cell filled a substantial fraction of the dynamic range of the 12-bit A/D converter. The
quantization error expected to result from digitization of a 100 pA response is less than 0 05 pA.
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Fig. 2. Sx(f) (lower continuous trace) is the power-spectral density of the motion of the
tip of the stimulus probe in the absence of an intentional stimulus. The noise floor of the
measurement (dashed line) is determined with the probe tip removed from the field of the
photodiode. SI(f) (upper continuous trace) is the power-spectral density of the receptor
current in response to a static displacement of the hair bundle that evokes a mean receptor
current of 03 imax, SI(f) is obtained by subtracting from the spectrum of membrane
current the background-noise spectrum, which is taken to be the spectrum of membrane
current measured in response to a large, saturating displacement of the hair bundle. The
ordinate scales are aligned to show the relation between Sx(f) and SI(j) that would exist
if the receptor-current noise were to result solely from transduction of probe motion by
a cell whose peak slope sensitivity was 500 pA/,tm.

Construction of displacement-response curves. Displacement-response curves were constructed by
plotting the instantaneous magnitude of the receptor current against the position of the hair bundle.
We did not measure the motion of the hair bundle; we assumed that the bundle was coupled tightly
to the probe so that the bundle's position, x(t), followed the driving voltage of the stimulus
probe, x(t) = A cos (2nft + 0), where A is the peak amplitude of the probe's motion, f is the stimulus
frequency and qS is the phase of the probe's motion with respect to the driving signal. A and 0,
measured using a photodiode on one stimulus probe in a control experiment, were determined to
good approximation by the filtering characteristics of the bimorph-stimulator electronics. A was
adjusted to be 0-5 ,um at 5 Hz, and decreased less than 50 over the frequency range 5-40 Hz. When
the stimulus wave form was corrected for qS at a given frequency, the resulting displacement-response
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curve showed little hysteresis, that is, the response evoked by the positive- and negative-going phase
of the probe's motion were almost superimposable. WVe took this as evidence that the probe was
well coupled to the stimulus probe, and therefore that the receptor current was an instantaneous
function of the probe's position that is, there was no memory of the probe 's previous position.
We did not calibrate A and 0 for each stimulus probe, but adjusted the phase correction of the
stimulus wave form to minimize the observed hysteresis of the displacement-response curve. The
value of 0 obtained by this method rarely differed from the value measured in the control
experiment by more than 0-02 rad. XWhen the hysteresis had been minimized, the difference between
the responses to positive- and negative-going phases of the stimulus did not exceed 80O0 of the
maximum receptor-current amplitude at any position of the hair bundle.

Computation of power-spectral density. Power-spectral densities of receptor-current noise were
computed from records of receptor current measured in response to step stimuli generated by the
computer. Each stimulus consisted of a staircase displacement from the rest position (defined as
O jtm) to either the maximum positive displacement (+0'5um) or the maximum negative
displacement (-0-5 jtm) in one to three equal steps, followed by a return to 0 yum. The transition
between steps was smoothed by a Gaussian envelope with a rise time (10-9000 of maximum
amplitude) of 8-1 ms. For each step, an integral multiple of 256 points of the receptor current was
digitized at an interpoint time of 100 Its. Power-spectral densities were then computed from the
steady-state portion of the data at each step. The duration of each staircase stimulus was 380-410 ms
and the time between successive stimuli was at least 300 ms.

Data analysis
Computation of the receptor-current mean and variance. The total measured membrane current.

IMn is assumed to consist of two statistically independent components,

Im = I+n. (1)
I is the 'transduction-dependent' (receptor) current which arises from stochastic gating of the hair
cell's transduction channels, modulated by stimulation of the cell's hair bundle. The mean of I with
respect to time is denoted I and its variance is a-. n is the 'transduction-independent' background
noise. The mean of n, denoted IO, is termed the mean offset current; it derives primarily from d.c.
instrumentation offsets and from the cell's leakage current. The variance ofn, denoted a0 2, is termed
the background variance. The principal source of background variance in whole-cell recording
(Marty & Neher, 1983) arises from the access resistance of the recording pipette (4-10 MQ) in series
with the membrane capacitance of the cell (about 15 pF). From theoretical calculations or from
noise measurements of the electrical equivalent network, the magnitude of this component of a-o2
can be determined to be at least 5-6 pA2 over the frequency range 40 Hz-1 kHz. Other sources of
background variance exist, but are probably substantially less important than the preceding one.
For example, given a hair-cell input impedence in excess of 200 MQ (Corey & Hudspeth, 1979),
we calculate that the total thermal noise due to current across the cell's membrane is less than
0'5 pA2; given a maximum hair-cell transduction conductance of about 2-5 nS (see below), the
thermal noise of ions flowing through open transduction channels alone is not likely to exceed
0-2 pA2. Another possible source of background variance, whose magnitude we have not estimated,
arises from current flowing through unblocked K+ and Ca2+ conductances. From eqn. (1), the mean
(Im) and variance (a'M2) of the membrane current are given by

Im= I+I, (2)

am2 = a2 +a02. (3)

By measuring Im and a'm2 from a cell and estimating Io and a'02, I and a'2 can be obtained from
eqns. (2) and (3).

and a' 2 were measured from records of membrane current by the method of Sigworth (1980).
For each data record, a local mean was computed by averaging all fourteen to sixteen response
cycles in the record. The local variance was then computed by averaging the mean square difference
between the local mean and each response cycle. The reason for computing local means and
variances was to minimize the effect of drifts in current that could occur in recordings over the
course of minutes. Grand averages of the membrane-current mean (In) and variance (a'm2) were
formed by averaging the local means and variances over all records. Records were excluded from
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the computation of the grand averages ofim and 0.m2 if transient noise or discontinuities produced
an unusually high local variance. Records were also excluded if the response amplitude changed
markedly during the recording epoch, namely if the peak amplitude of the record's local mean
differed by more than 10% from the peak amplitude of the local mean measured from the first record
of the series.
The computation ofI0 and 0.02 is based on the assumption that the mean (I) and variance (0.2)

of the receptor current approach zero for large, negative hair-bundle displacements. For a channel
described by the two-conductance-state model (see Appendix), this assumption is equivalent to
assuming that p(x), the probability of a channel's being open, is effectively zero for large, negative
displacements. Given measurements of the minimum ((crm2)min) and maximum ((0.m2)max) values
of the membrane-current variance and an estimate of the background variance (ro2), it can be
shown that the minimum probability of the channel's being open, Pmin, has an upper bound

1mn (0.M2)min-00.2Pmin ~4(om 2)maX -o2 (4

Substituting typical valuesof (om2)max = 55 pA2, (0.m2)min = 8 pA2 and 0o.2>6 pA2 (Fig.5D) into
eqn. (4) gives a lower boundof Pmin < 0-01. This result supports the assumption that all the
transduction channels are effectively closed for large, negative hair-bundle displacements, so that
the mean and variance of the receptor current approach zero. From eqns. (2) and (3), this implies
that1I and 0.02 are respectively the mean and variance of the membrane current measured at these
large, negative displacements. Records were chosen for analysis only if the membrane current
saturated at its minimum value for the largest negative displacements. For these records, we
calculated L0 by determining the range of displacements over which Im was within 2% of
the minimum value;I0 was the average ofim over this displacement range. 0.02 was either the
minimum or the average value of 0.m2 over the same range.

En8emble-variance analysis. The ensemble-variance method of analysis (Sigworth, 1980) involves
measuring I and 0.2 and then, on the assumption that the two-conductance-state model of the
transduction channel applies (see Appendix), fitting a parabola to plots of 0.2 against i (mean-
variance plots) according to eqn. (9) to derive values for N, the number of transduction channels
in a cell and i, the single-channel current. The ensemble-variance method does not require
stationarity of the membrane current and is therefore appropriate for studying displacement-
modulated conductances such as the transduction conductance of the hair cell. As discussed above,
we have estimated the mean and variance of the receptor current (eqns. (2) and (3)) on the
assumption that Pmin = 0. If Pmin >0, it can be shown that the estimated value of i is lower than
the true value by at most a factor of (1-2 Pmin) while the estimated value of N does not differ from
the true value. Given a value of Pmin < 001, our estimate of i differs from the true value by less
than 2%.

RESULTS

The following sections detail properties of the receptor current recorded with
gigohm-seal electrodes from thirty-three hair cells in over fifty saccular maculae. The
first section demonstrates that the relation between the mean and variance of the
receptor current agrees with the predictions of the two-conductance-state model of
the transduction channel described in the Appendix. The ensemble-variance technique
is used to arrive at estimates for the number of transduction channels in a single cell
and for the conductance of a single channel. The second section demonstrates that
receptor-current data, such as displacement-response curves, are reasonably fitted
by a particular two-conductance-state model of the channel, the two-kinetic-state
model. The mean open time of the channel on the assumption of this model is
estimated from the power-spectral density of receptor-current noise.
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The two-conductance-state model of the transduction channel
Measurement of the hair-cell receptor current. Fig. 3 shows four cycles of the receptor

current evoked by displacing the hair bundle of a hair cell with a 25 Hz sinusoidal
stimulus. In most cells, a 1 #sm peak-to-peak sinusoidal stimulus was sufficient to drive
the receptor current essentially into saturation, evoking a maximum inward current,
Imax' for positive displacements, and zero response for negative displacements. The
maximum response amplitude obtained in this study was -221 pA, and most
amplitudes were between -50 and -150 pA. The maximum response sensitivities

100 pA

1 ,uM| =
15 ms

Fig. 3. Four cycles of the receptor current (upper trace) evoked by displacing the hair
bundle with a 25 Hz sinusoidal stimulus (lower trace). Inward (negative) receptor current
is plotted downward. The stimulus trace is the electrical signal to the probe, with phase
adjusted to minimize the hysteresis of the response as described in the text. A +0-5 #sm
probe displacement at the level of the kinociliary ball corresponds, on average, to a + 71
mrad angular displacement of the stereocilia.

exceeded 500 pA/,um. These response amplitudes and sensitivities are comparable to
those measured in hair cells voltage clamped with two conventional micro-electrodes
(Corey & Hudspeth, 1979). Thus it appears that the whole-cell recording method does
not grossly compromise the cells' response properties. Response amplitudes were
generally greatest at the moment of initial recording and often remained stable for
several minutes thereafter, drifting less than 5% over the recording period. Except
where noted, the results presented here are derived from stable recording intervals.

Current-voltage relation. In two cells we measured current-voltage relations of
receptor current in response to gated sinusoidal stimulation of the hair bundle. For
the cell whose data are shown in Fig. 4, it was possible to estimate the Donnan-
equilibrium potential (approximately -7 mV) from the difference in reversal potential
of current-voltage curves obtained in the same cell approximately 15 min apart; this
correction has been applied to values of Vm in Fig. 4. The current-voltage relation
is approximately linear over the range -110 to + 20 mV and has a reversal potential
of about +3 mV. Linear current-voltage relations with a reversal potential near
0 mV have also been obtained by voltage-clamp recordings with two conventional
micro-electrodes from bull-frog hair cells (Corey & Hudspeth, 1979) and with
gigohm-seal electrodes from solitary chick hair cells (Ohmori, 1985).

Adaptation. One feature ofour recordings was the absence ofadaptation in receptor
currents during protracted stimulation. Adaptation was not observed in response to
sinusoidal stimulation at frequencies ranging from 20 to 40 Hz (Fig. 3). Had such
adaptation been present, it would have produced an asymmetry between the
responses to alternate half-cycles of the stimulus. Adaptation was also not observed
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in response to step stimulation (Fig. 10A), even for step durations exceeding 400 ms,
during which it would have been expected to produce a gradual decay of the initial
response amplitude. Finally, adaptation did not occur at the onset of the response
to gated sinusoidal stimulation (Fig. 4A).

Mean-variance plots and the two-conductance-state model. We found no evidence of
the discrete opening of single transduction channels in our experiments; for this
reason, we could not directly measure the conductance of a single channel or the

Vm (mV)

A +20 B
0 /(pA) +20

~ -20 Vm (mV)
I_ -40 -110 +20

NJIV8Ivv0/-80

50pA AV 1 -100 -80

1 fim L.
50 ms

Fig. 4. Current-voltage relation. A, receptor-current wave forms measured at different
values ofmembrane potential, Vm, in response to stimulation of the hair bundle by a gated
sinusoid of05 sum peak amplitude (lowest trace). The stimulus frequency was about 39 Hz
and the stimulus duration was 256 ms. Wave forms have been digitally smoothed. Vm has
been corrected for a Donnan-equilibrium potential of about -7 mV, a value measured
in this cell from the difference in reversal potential of current-voltage curves acquired
15 min apart. B. current-voltage curve for the same cell. Vm was increased from -110
to + 20 mV in 10 mV steps, followed by a return to -80 mV. At each value of Vm, the
receptor current was measured in response to a gated sinusoid and the amplitude of the
steady-state portion of the response was computed from the average of several response
cycles. The continuous line, fitted to the data by minimum mean square error criteria,
indicates a reversal potential of + 3 mV.

number of transduction channels in a hair cell. We did observe, however, that
receptor currents were noisy. Accordingly, we used the technique ofensemble-variance
analysis to estimate the number of transduction channels and the single-channel
conductance on the assumption that the transduction channel is governed by a
two-conductance-state model. The two-conductance-state model of the transduction
channel is derived in detail in the Appendix. The basic notion of this model is that
the measured receptor current, I, is the sum of the currents through a large number,
N, of identical, statistically independent channels, each of which can be in either a
conducting (open) state with probability p, or a non-conducting (closed) state with
probability I-p. When a channel is open, the single-channel current, i, flows. The
model predicts that the mean and variance of the receptor current are related by a
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parabolic function (eqn. (9)). In this section, we test this prediction and estimate
values ofN and i.

Fig. 5 illustrates the calculation of the mean, I, and variance, 0., of the receptor
current. Individual cycles of the response to sinusoidal hair-bundle displacement
(Fig. 5A) were averaged to obtain the mean receptor current, I (Fig. 5B). The
magnitude of I is maximum for large, positive hair-bundle displacements and
approaches zero for large, negative displacements. The difference between each cycle

A C

> < of|25 pA

B D

L /pA 125 pA2
5 ms

Fig. 5. Computation of the mean receptor current, I, and variance, 0-2. A, individual cycles
of the receptor current in response to a sinusoidal stimulus. B, the mean receptor current,
I, formed by averaging 136 cycles of the response. The response approaches zero for
negative displacements and attains the maximum inward current value for positive
displacements. C, the difference between the single receptor-current traces from A and the
mean current I, plotted on a magnified amplitude scale. The fluctuations of the receptor
current about the mean are greatest at those times when the mean current is midway
between positive and negative saturation. D, -2, the average variance of receptor current,
computed by squaring and averaging the traces of C. o.2 has two peaks, corresponding to
the times when the mean current is not in saturation. A continuous line is drawn at o.2 = 0.
The dashed line is drawn at 0-02 = 6 pA2, the lower bound suggested by an analysis of the
sources of noise in whole-cell recording, as described in the text.

of the receptor current and the mean current appears greatest at times when the
response is between its maximum and minimum saturated values (Fig. 5C).
The average fluctuation of the individual cycles about the mean is measured by the
receptor-current variance, 0.2, which is defined as the sum of the mean square
differences between individual traces and the mean (Fig. 5D). The variance trace has
two peaks at times corresponding to the rising and falling phases of 1.
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Fig. 6. Mean-variance plots for two half-cycles of the response. A, the mean receptor
current, I. The dashed line is the zero-current value, J0. B, the receptor-current variance,
a2. The dashed line is the zero-variance level, -o02. C, the mean-variance plot produced by
plotting the instantaneous values of o2(t) against 1(t). Consistent with the previous
literature of ensemble-variance analysis, we have plotted increasing magnitude of inward
current along the positive abscissa. The open symbols are produced by plotting 0r2 against
I for the falling phase of the receptor current (whose range is denoted by in A and B);
the filled symbols are for the rising phase of the receptor current (whose range is denoted
by A in A and B). In accordance with the predictions of the two-conductance-state model,
a parabola (eqn. (9)) has been fitted to the data from the superimposed plots by minimum
mean square error criteria. From this parabola, values of the number of channels, N, and
the single-channel current, i, can be estimated. For this cell, N = 160 and i = -100 pA.

The relation between I and o-2 is demonstrated in the mean-variance plot of
Fig. 6 C, in which the instantaneous value of o2(t) is plotted against the instantaneous
value of 1(t). The relation between o-2 and I is a double-valued function: the same

value of o-2 occurs twice for each complete cycle of I, once during the falling phase
of I evoked by positive-going displacement, and once during the rising phase due to
negative-going displacement. It is therefore possible to produce a mean-variance plot
from each of the two half-cycles of the averaged response. These two sets of data are
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TRANSDUCTION CURRENT IN HAIR CELLS
superimposed in Fig. 6C (open and filled symbols) demonstrating that, within the
temporal resolution of these measurements, the relation between o.2 and fin this cell
is instantaneous and without memory. In subsequent Figures we consider only data
from those eighteen cells in which estimates of N and i obtained by fitting each
half-cycle of the mean-variance plot separately were within 12% of the values
obtained by fitting data from both half-cycles taken together.
The two-conductance-state model predicts that the relation between 0-2 and I is

a parabolic function (eqn. (9)): o.2 approaches zero as I approaches either zero or its
maximum (inward) value, Imax* In addition, cr2 is maximum for I = Imax/2. This
makes some intuitive sense, since by the model one would expect the variance in the
receptor current to approach zero when all the transduction channels in a cell are
either open (I = imax) or closed (I = 0). These predictions are borne out in the data.
Fitting a parabola to the data in Fig. 6C according to eqn. (9) gives estimates of the
values for two model parameters, the single-channel current, i, and the number of
transduction channels per cell, N. For these data, N = 160 and i = - 1-00 pA. The
values of N and i obtained by fitting separately the data for either half-cycle of the
response (open or filled symbols) are within 5% of these numbers. The single-channel
conductance, y, computed from the data of Fig. 6C on the assumption that the
channel has a reversal potential of 0 mV (eqn. (10)), is 11-8 pS.
For the two-conductance-state model, the maximum probability that a trans-

duction channel is open, Pmax, is equivalent to the peak fraction of channels open for
a maximum positive hair-bundle displacement. Pmax can be determined from eqn. (7)
given estimated values of N and i, since Imax = Nipmax. The value OfPmax measured
from the data in Fig. 6 is 1-00. The average value of Pmax for all cells in which
mean-variance plots were obtained is 0-99+0-08 (mean+S.D., n = 18). This means
that essentially all the transduction channels in a hair cell are simultaneously opened
by the largest positive mechanical stimulus.

Fig. 7 shows mean-variance plots for four cells, with maximum mean receptor-
current amplitudes ranging from -28 to - 160 pA. Data from each cell have been
fitted with eqn. (9), from which values ofN and y have been estimated. These results
illustrate two generally valid points. First, the single-channel conductance does not
vary systematically with the maximum receptor-current size. The average value ofy
in these four cells is 12-4+07 pS (mean±+S.D.) at 10 'C. Secondly, the value of N is
proportional to response size, as expected from eqn. (7). Cells with smaller response
amplitudes do not have smaller single-channel conductances, but only fewer active
transduction channels. The relation between the maximum response size and number
oftransduction channels for all eighteen cells is shown in Fig. 8A. In order to compare
data from cells held at different membrane potentials, Vm, the maximum receptor-
current amplitude of each cell has been normalized by Vm to obtain the maximum
conductance Gmax, The data support the prediction of the two-conductance-state
model, derived from eqn. (7), that Gmax is proportional to N: Gmax = NYPmax.
Fig. 8B shows that the value of y is not correlated with Gmax. The average value ofy
for the eighteen cells studied in detail is 12-7 + 2-7 pS (mean +S.D.). Fig. 8 includes
data for one cell in which Gmax decreased by a factor of two over the course of several
minutes of recording. In this cell, the estimated value of N also decreased by about
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Fig. 7. Mean-variance plots for four cells with different maximum response amplitudes.
The leftmost data, replotted from Fig. 6C, are from a cell with a maximum receptor
current of - 160 pA. The other three traces, plotted on the same scale, are from cells with
maximum responses of -102, -73 and -28 pA. Each plot has been fitted with eqn. (9)
from which values of N and y have been estimated. For these cells, the values of N are

160, 106, 68 and 30; the values of y are 11-8, 12-3, 13-4 and 12-1 pS. This suggests that
N varies in proportion to response size, whereas y does not vary systematically.
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Fig. 8. The relation N and y to Gmax, the maximum transduction conductance of a cell.
A, values of N and B, values of y estimated from mean-variance plots for eighteen cells,
plotted against the maximum conductances of the cells, Gmax. These data show that N
is proportional to Gmax while y does not appear to vary systematically. The open symbols
show values of N and y estimated in one cell at different times as its response decreased.
The straight line in the upper panel is a regression line fitted according to Gmax = NYPmax
with Pmax = 0-99.
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TRANSDUCTION CURRENT IN HAIR CELLS

a factor oftwo while the estimate ofy varied by only about 10 %. This finding suggests
that the receptor current declines as the number of transduction channels decreases,
possibly as the channels become mechanically disrupted by over-stimulation.

False-variance artifacts. We have assumed that the receptor-current variance we
measure arises solely from stochastic properties of the transduction channel as
expressed by the two-conductance-state model. This assumption underlies the
estimation of N and i by fitting mean-variance plots with eqn. (9). There are, how-
ever, several possible artifacts in these experiments that could generate a 'false'
receptor-current variance, whose dependence on mean current resembles that
expected from the model, but which does not reflect the stochastic properties of the
channel. In this section we consider the two most important false variance artifacts.

Potentially the most serious false variance artifact can occur if noise in the motion
of the stimulus probe is transduced by the hair cell into variance in the receptor
current. Probe-motion noise could result if sound or vibration, generated by the
equipment or in the building, were coupled to the probe through the air or through
an imperfect vibration-isolation table. It could also result from electrical noise in the
driving circuitry for the probe stimulator, from thermal motion of the probe and from
convective currents in the solution in the experimental chamber. This small probe
noise would be added to the large, intentionally applied sinusoidal motion of the
probe. Fig. 9 shows a simulation of this false-variance artifact. In the simulation we
have assumed that the relation between hair-bundle displacement and receptor
current is instantaneous and non-stochastic so that all the variance in the receptor
current results from transduction of probe noise. At any position of the hair bundle,
x, the r.m.s. amplitude of the receptor-current noise, on(x), will be proportional to
the slope ofthe displacement-response curve, dI(x)/dx, which is a function of x. Thus,
the receptor-current variance, o-n2(X), is given by

on2(x) = (opdI(x)/dx)2, (5)
where op is the r.m.s. noise of the probe's motion. For large positive or negative
hair-bundle displacements, I(x) is in saturation either at its maximum value or at
zero. At these extremes of displacement, dI(x)/dx approaches zero, so o- 2(x) also
approaches zero. However, for hair-bundle displacements between these two
extremes, probe-motion noise is transduced into receptor-current noise that reaches
a maximum where dI(x)/dx is maximum. Plotting on2(x) against 1(x) produces a false
mean-variance plot. The shape of this false mean-variance plot resembles to some
extent the real mean-variance plot expected from inherent properties of the
transduction channel. If the magnitude of the false variance were substantial,
estimates of the number of transduction channels and the single-channel current
obtained by mean-variance plots would be incorrect.
To determine the extent to which probe-motion noise is a source of the receptor-

current variance we used a photodiode as described in the Methods section and found
UP, the noise of probe motion in the absence of intentional stimulation, to be at most
2 nm (r.m.s.). Then we computed (dI(x)/dx)2 from displacement-response curves for
representative cells, used eqn. (5) to estimate on,2, and compared this false variance
with o-2, the receptor-current variance actually measured in the same cells. Fig. 9A
shows the displacement-response curve for the cell whose mean variance plot is shown
in Fig. 6C. The maximum sensitivity of this cell is approximately 500 pA/,um. Given
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Fig. 9. Simulation of the false-variance artifact caused by transduction of noise in the
motion of the stimulus probe. A, a displacement-response curve, a plot ofreceptor-current
magnitude against probe position, taken from the cell whose mean-variance plot is shown
in Fig. 6. B, the wave form of probe motion simulated by adding random noise with a
nominal r.m.s. amplitude of 2 nm to a sinusoidal stimulus motion with a nominal peak
amplitude of 0 5 ,sm. C, the wave form of receptor current anticipated from the
transduction of the stimulus in B by a cell whose displacement-response relation is shown
in A. D, the variance of the simulated receptor-current wave form, on, due entirely to
transduced probe-motion noise. o-2 approaches zero as I approaches zero or Imax and is
greatest where the slope of the displacement-response curve is maximum. E, a false
mean-variance plot, which is a plot of or2 against the mean receptor current, I, on the
assumption that the r.m.s. amplitude of the probe motion is 2 nm. In order to make them
clearly visible, the probe noise in B and the receptor-current noise in C have been
exaggerated 10-fold.

an r.m.s. probe noise of 2 nm, the expected false variance, op2(dI(x)/dx)2, will have
a peak amplitude of 0-9 pA2 (Fig. 9D). A false mean-variance plot (Fig. 9E) can be
generated by plotting the false variance against the mean current, I(x). Comparing
this false mean-variance plot with the real mean-variance plot for this cell (Fig. 6C)
shows that the maximum variance expected from transduced probe noise is over
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Fig. 10. A test for false variance due to slipping ofthe stimulus probe. A, the receptor-current
wave form (upper panel) evoked by stimulation of the hair bundle with a staircase
displacement of three equal steps, alternately negative-going (lower panel) and positive-
going (not shown). B, mean-variance plots constructed from this cell's response to two
stimulus paradigms: sinusoidal stimuli (-) and step stimuli (0). The mean-variance plot
for step stimuli was obtained by calculating the mean and variance of the steady-state
portion (the last 70 %) of the receptor current evoked by each step. The parabola is fitted
by eqn. (9) to the data for sinusoidal stimuli.

50-fold lower than the maximum receptor-current variance actually measured.
Moreover, the false mean-variance curve of Fig. 9E is bell shaped whereas the real
mean-variance plot of Fig. 6C is parabolic. These results indicate that transduction
of probe noise is not the mechanism responsible for the experimentally observed
variance in the receptor current. The same conclusion can be reached by determining
what amplitude of probe-motion noise would have to exist if all the measured
receptor-current variance were due to transduced probe noise. Given a peak
receptor-current variance of50 pA2 and a maximum hair-cell displacement sensitivity
of 500 pA/,um, eqn. (5) suggests that o-p would have to be 14 nm. This amplitude of
motion is almost an order of magnitude above our measurement noise floor; we would
have been able to detect such a noise of probe motion had it been present.
A second artifact of probe motion that would produce a false receptor-current

variance can occur if the probe slips with respect to the hair bundle, so that the
receptor current evoked by an individual cycle or group of cycles differs substantially
from the average current derived by summing the responses to a number of cycles.
The response of the aberrant cycles would then contribute disproportionately to the
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variance, distort the mean-variance plots, and lead to incorrect estimation of N and
i. To test for this artifact, we measured land o-2 during the steady-state portion of
the response to a staircase displacement of the hair bundle (Fig. 10A). In the steady
state, neither the bundle nor the probe is moving, so the receptor-current variance
we measure should be due solely to intrinsic properties of the channel. Although this
step-stimulus paradigm yields fewer points than the sinusoidal-stimulus paradigm,
the relations between I and 0.2 derived from these two paradigms overlap (Fig. 10B).
For this reason, we believe it is unlikely that variations in probe coupling contribute
substantially to the variance in receptor current we have measured in response to
the sinusoidal-stimulus paradigm.

A B C D p

0-25Mm
Fig. 1 1. Normalized displacement-response curves for four cells. Normalized displacement-
response curves provide an estimate of p(x) as described in the text. The superimposition
of the rising and falling phases of the receptor current in response to a sinusoidal stimulus
reflects the close coupling between the hair bundle and the probe. These examples show
the variability in the shape ofp(x) encountered in this study. A, symmetrical. This curve
has been fitted with a two-kinetic-state model (eqn. (16)), with Z = 5-8 kcal/mol lam.
imax = -151 pA. B, asymmetrical. This curve has been fitted with a three-kinetic-state
model (eqn. (27)), with Z, = 6x7 and Z2 = 3x8 kcal/mol jum. imax = - 128 pA. C, irregular.
Imax = -48 pA. D, unstable. The three displacement-response curves were obtained from
one cell several minutes apart. The data are plotted on a common scale, normalized to
the initial response amplitude of -114 pA.

Gating of the transduction channel
Because we cannot detect the openings of single transduction channels, we cannot

measure directly the kinetic properties of single channels. However, we can infer
important gating properties from our receptor-current data. In the next section, we
estimate the equilibrium probability that the channel is open as a function of
displacement, p(x), from displacement-response curves; we find that p(x) is con-
sistent with the predictions of a simple 'two-kinetic-state' model of the transduction
channel. On the assumption of this model, we estimate the mean open lifetime of the
channel from the power-spectral density of the receptor-current noise.

Displacement-response curves. Displacement-response curves were produced by
plotting the instantaneous magnitude of the receptor current against the position of
the hair bundle. Fig. 11 shows the range of shapes of displacement-response curves
recorded from thirty cells in fourteen experiments. In this and subsequent Figures,
both half-cycles of the response have been superimposed to demonstrate that
hysteresis is negligible. In most (twenty-two) cells, the displacement-response curves
were symmetrical and saturating, as in Fig. 1 A. More asymmetrical, saturating
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curves were recorded in three cells, as shown in Fig. 11 B, and there were four cells
in which the displacement-response curves were neither symmetrical nor saturating,
as shown in Fig. 11 C. In a few cells, the shape of the displacement-response curve
changed with time; the shape of the curve was initially symmetric, but became
increasingly irregular as the response size diminished (Fig. 11 D). This effect may be
a consequence of long, high-amplitude stimulation, during which the connexions of

p

01
025 im

Fig. 12. Symmetrical displacement-response curves from cells with different response
amplitudes. Examples of symmetrical normalized displacement-response curves are
shown for five cells with maximum response amplitudes (reading from top left to bottom
right) of -202, -160, -85, -54 and -28 pA. These curves have been fitted with the
two-kinetic-state model (eqn. (16)). The values of Z for the cells are 5.9, 5 6,2, 5*4 and
5.7 kcal/mol ,um.

stereocilia to each other or to the kinocilium (for review, see Hudspeth, 1983) become
more compliant. If this were to happen, the stereocilia would not move synchronously
and the transduction channels would not be simultaneously activated with the result
that the displacement-response curve is irregular. In the following sections we
concentrate on the symmetrical, saturating displacement-response curves which were
measured in the majority of cells.

Fig. 12 shows normalized displacement-response curves from five cells with
response amplitudes ranging from -28 to - 202 pA. By the two-conductance-state
model, 1(x) is directly proportional to p(x), the probability that a given single channel
is open (eqn. (7)). Therefore, normalizing the displacement-response curve by
Imax = Nipmax-Ni gives an estimate of p(x). The shapes of the normalized
displacement-response curves in Fig. 12 are independent of the maximum response
amplitude. This result is consistent with a premise of the two-conductance-state
model, namely that p(x) is not itself a function of N or i.
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The two-kinetic-state model. The symmetrical, saturating and sigmoidal form ofp(x)
in Fig. 12 suggests that a simple kinetic model might be sufficient to describe the
behaviour of the transduction channel. One such model, termed the two-kinetic-state
model, is described in detail in the Appendix. This model treats the transduction
channel as having only two kinetically distinguishable states, one open and one closed,
with the energy barrier between the open and closed states modelled as being linearly
proportional to the displacement of the hair bundle (Corey & Hudspeth, 1983 b). For
this model, p(x) is given by eqn. (16). Fitting eqn. (16) to the data of Fig. 12 allows
us to estimate Z, the displacement sensitivity of the free-energy change between the
open and closed states. The value ofZ for the curves in Fig. 12 is 5-7 + 0-3 kcal/mol ,sm
(mean +s.D._ n = 5). Fits of eqn. (16) to the displacement-response curves from cells
with response amplitudes ranging from -20 to -202 pA yielded values of Z ranging
from 4-4 to 8-4 kcal/mol #m (5-7+ 1'1 kcal/mol ,tm, or 39-7 + 7-7 fN/molecule,
mean +S.D., n = 18). The value of Z did not correlate with response amplitude, again
suggesting that p(x) is not a function of N or i. The range of Z values we measured
is comparable to that obtained by fitting the two-kinetic-state model to transepithelial-
current data (Corey & Hudspeth, 1983b).
Most of the displacement-response curves in these experiments, such as those

shown in Fig. 12, were adequately fitted by the two-kinetic-state model. In order to
assess the sufficiency of this model, we also attempted to fit the predictions of a
three-kinetic-state model to these data. This model, which is detailed in the
Appendix, consists of one open state and two closed states; access to each of the closed
states is assumed to be dependent on the position of the hair bundle. The equilibrium
probability of the channel's being open is then described by an equation with four
free parameters (eqn. (27)), including two displacement sensitivities of free-energy
change, Z, and Z. This model has been shown to fit displacement-response curves
of transepithelial current (Corey & Hudspeth, 1983a). A measure of the symmetry
of the displacement-response curves is the ratio Z2/Zl In curves that are completely
symmetrical, Z2/Zl is zero and the three-kinetic-state model becomes equivalent to
a two-kinetic-state model (eqn. (16)) with Z1 = Z. As displacement-response curves
become increasingly asymmetrical Z2/Zl increases. The curve in Fig. 11 A is the most
symmetrical seen in these experiments: Z2/Zl= 4 x 10-3. The curve in Fig. 11 B is
one of the most asymmetrical: Z2/Zl= 0-6. In only three cells was Z2/Zl greater than
0-6. In these cells, the three-state model with its additional two free parameters fit
the data somewhat better than did the two-state model. But in most cells, Z2/Zl was
below 0-2 (for example, for the data in Fig. 12, Z2/Zl = 0-2+ 0-1 (mean + S.D., n = 5)).
For these cells we concluded that the two-kinetic-state model was sufficient to fit the
displacement-response curves. In a few cells (e.g. Fig. 11 C) neither the two- nor the
three-state model fit the data adequately.

In a previous section, we found that the relation between the mean receptor current
l, and the receptor-current variance, a-2, is predicted by the two-conductance-state
model of the transduction channel (eqn. (9)). The two-kinetic-state model makes a
further prediction about the relation between I and 0.2. As derived in the Appendix
(eqn. (19)), the two-kinetic-state model predicts that 0.2 is directly proportional to
the derivative of mean current with respect to displacement, dI/dx, with a constant
of proportionality equal to Z/iRT, where R and T have their usual thermodynamic
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meanings. Fig. 13 shows a test of this prediction for two cells; values of Z/i of - 6-3
and -6-4 keal/mol ,sm pA were obtained by fitting straight lines to the data of
Fig. 13C. For each cell, Z/i can also be computed by dividing the value ofZ obtained
from the displacement-response curve by the value of i obtained from the mean-
variance plot. For the data shown in Fig. 13, the estimates of Z/i obtained in this
way are- 57 and -5'6 keal/mol #sm pA. Although the analysis of the data in Fig. 13
does not produce independent estimates of the values of either Z or i, it does serve
to check the consistency of the two-kinetic-state model with the data

A 25 pA/ms

8 2 5 pA2 Mm/ms

10Ms 10Ms

C A

2-5 pA2 Mm/ms

25 pA/ms

Fig. 13. Plot of dI/dt against cr2 for two cells. A, dI/dt, the derivative of the mean receptor
current. The derivative has been digitally smoothed. The data in the left panels are from
the cell whose mean-variance plot is shown in Fig. 6C. B, -A sin (Wt+ 0) o-2(t), which
by the two-kinetic-state model (eqn. (20)) is proportional to dI/dt. C, a plot of dI/dt (from
A) against -Aw sin (Wt +0) o-2(t) (from B); the data fall on a straight line with slope
-Z/iRT. The values of Z/i measured from the slope of the regression lines fitted to these
data by minimum mean square error criteria are - 6-3 and - 6-4 kcal/mol lum pA.

Power-spectral desity. Power-spectral densities of receptor-current noise were
obtained in only three cells from records of the receptor current evoked in response
to displacement steps, as in Fig. 1OA. These data were not adequate to attempt
accurate fits of different kinetic models of the transduction channel, but they were
sufficient to suggest a value of the mean open time of the channel on the assumption
that the two-kinetic-state model is valid. The data in Fig. 2B derive from a cell in
which Z2/Z1 = 0-2, indicating that the displacement-response data from this cell were
adequately fit by this model. The corner frequency of the spectrum in Fig. 2B, ft,
is approximately 250 Hz. These data were obtained in response to a step displacement
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that elicited a mean current of approximately 0 3 Imax' corresponding to an open-
channel probability, p = 0-3. Given these values for f* and p, eqn. (23) can be used
to estimate a mean open time, to = 0 9 ms at 9-5 'C. If the rate constants governing
the two-state model have a Q10 of approximately 241 (Corey & Hudspeth, 1983b), the
estimated mean open time of the transduction channel for p = 0 3 would be 130 /ts
at 37 'C. At lower values of p (i.e. more negative hair-bundle displacements), the
mean open time of the channel would be expected to decrease.

DISCUSSION

The conductance of the transduction channel
In this study, we have employed the whole-cell, gigohm-seal voltage-clamp

technique to record receptor currents from individual hair cells and have used
ensemble-variance techniques to infer properties of the transduction channel. The
data obtained are consistent with a two-conductance-state model of the transduction
channel; the average single-channel conductance is 12 7 pS at 10 'C. As expected from
the model, there appears to be no systematic relation between the single-channel
conductance and the cell's maximum conductance. The transepithelial receptor
current of hair cells is known to be carried well by the alkali cations, but less well
by other ions of slightly larger hydrated radius. These results and the permeability-
ratio measurements made with the gigohm-seal technique (Ohmori, 1985) suggest
that the transduction channel is a hydrated pore with a diameter near 0 7 nm (Corey
& Hudspeth, 1979). Assuming, then, that the channel is an aqueous pore whose
conductivity increases with increasing temperature with a Q10 of about 1-3 (Hille,
1984, p.49), the transduction-channel conductance should be about 17 pS at room
temperature (22 TC), and about 25 pS at 37 'C. This value of conductance is similar
to that of another poorly selective channel, the acetylcholine receptor, which has a
range of 20-40 pS (for review, see Hille, 1984, p.222).

In the inner ear, the transduction current is probably carried primarily by K+
(Corey & Hudspeth, 1979; Crawford & Fettiplace, 1979; Russell, 1983). In our
recordings, with Na+ the predominant cation in the extracellular fluid, the trans-
duction current was carried largely by Na+. To assess accurately the channel's
conductance in its normal ionic environment, it is necessary to correct for the
difference in the channel's permeabilities to the two ions. Transduction-current
measurements in the bull-frog's sacculus (Corey & Hudspeth, 1979) and reversal-
potential determinations in the chick's vestibular system (Ohmori, 1985) show that
Na+ and K+ carry transduction current equally well to within 10 %. The conductance
of transduction channels in situ is therefore likely to be near that estimated in this
study. In our recordings, the cytoplasmic cations were largely replaced by Cs+. Since
Cs+ carries transduction current efficiently (Corey & Hudspeth, 1979; Ohmori, 1985),
it is unlikely to have blocked the influx of Na+ significantly.

The number of transduction channels
The number of transduction channels per hair cell, N, ranges from several dozen

to several hundred and is proportional to Gmax It is not clear whether this variability
in N and Gmax represents the inherent variation among normal cells or, more likely
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in our view, differing degrees of damage to cells which natively would have had
uniformly large responses. It is clear, however, that the largest transduction currents
observed in this study are comparable with those found in voltage-clamp recordings
with two conventional micro-electrodes (Corey & Hudspeth, 1979) and would produce
receptor potentials in the range of amplitudes encountered in single-electrode
recordings (Hudspeth & Corey, 1977). Accordingly, we believe that data from cells
with the largest responses provide a reasonable estimate ofthe number oftransduction
channels natively present in saccular hair cells of the bull-frog. We note that there
may be additional channels in the cells, chemically similar to the transduction
channel, which are not activatable by mechanical stimuli.

It has been suggested (Hudspeth, 1982; Pickles, Comis & Osborne, 1984) that the
transduction channels are located at or near the tips of the stereocilia. Our estimate
of the maximum number of transduction channels is intriguing because, were the
channels equally distributed among the stereocilia, this number would correspond
to only a few, perhaps four, channels per stereocilium. Morphological approaches such
as freeze-fracture electron microscopy might well be able to demonstrate membrane
specializations corresponding to this small number of transduction channels.
The band width of the variance measurements in these experiments generally

extended from a low frequency of 20-40 Hz (imposed by the duration of the average
of 0.2) to a high frequency of 5 kHz (imposed by the sampling interval). Had we been
able to extend the low-frequency limit of the measurement to 0 Hz, we would expect,
on the assumption of the two-kinetic-state model, that the measured values of 0-2
would have been 5-10% higher. Estimates of i obtained by fitting eqn. (9) to mean-
variance plots would also have been higher by this amount, and estimates of N
commensurately lower. Most of the spectral energy in the receptor current occurs
below 1 kHz (Fig. 2) while most of the spectral energy of the background noise occurs
above 1 kHz. Thus, although we usually used a high-frequency band width limit of
5 kHz, it would have been possible to have chosen a limit nearer 1 kHz in order to
increase the signal-to-noise ratio of our recordings. Reducing the band width would
not have changed any of our conclusions, though it probably would have further
reduced our estimate of the upper bound on Pmin (eqn. 4).

Gating of the transduction channel
The results of this study are consistent with a model of the transduction channel

(Appendix) in which the gating of the channel is directly controlled by a mechanical
linkage with the hair bundle. Such a linkage, for example a bridge between adjacent
stereocilia (Pickles et al. 1984), might be particularly vulnerable to mechanical
trauma, such as that resulting from over-stimulation of hair bundles. Our findings
that the maximum transduction conductance of a cell correlates with the number of
transduction channels (Fig. 8A), both in a population of cells and within an individual
cell, suggests that the response decreases as transduction channels or their mechanical
linkages become disrupted due to over-stimulation. This disruption may be the
molecular correlate of the acoustic trauma that follows exposure to loud sounds.
The minimum probability that a transduction channel is open, Pmin, is approxi-

mately zero and the maximum probability that the channel is open, Pmax, is
approximately one. These results suggest that saturating, physiological stimuli can
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completely modulate the channel's open probability: large negative displacements
simultaneously close all channels, and large positive displacements simultaneously
open them. In this sense, the transduction process is highly efficient. As detailed in
the Appendix, the observation thatPmax =1 also implies that the displacement-
controlled step of the transduction process is between the open state of the
transduction channel and the immediately adjacent closed state (C1 and 0 in eqn.
(24)). The response latency of a channel operating according to such a model can be
shorter than that ofa channel described by a model in which the displacement-sensitive
step occurs between two closed states. Our results do not, however, rule out the
possibility that other open or closed states exist, with displacement-independent rate
constants governing their transitions.
The power spectra of the receptor current show that the gating of the transduction

channel is rapid. These data are consistent with those from the transepithelial current
in the saccular macula evoked by en masse step displacements of the hair bundles
of many cells, which show an increase within 15,us of stimulation and can reach a
steady state in less than 100 ,s (Corey & Hudspeth, 1983b). This fast gating of the
transduction channel seems necessary to explain the ability of some hair cells to
transduce mechanical stimuli at frequencies exceeding 100 kHz.
The transduction channel in the hair cell appears to be different from the

stretch-sensitive ion channel found in a tissue-cultured preparation of embryonic
chick skeletal muscle (Guharay & Sachs, 1984). In contrast with our results from hair
cells, analysis of single-channel data in the muscle preparation is consistent with a
kinetic model having one open state and three closed states, with the mechanically
sensitive transition between two of the closed states (C3 and C2 in our notation).

Displacement-responwe curves
Most displacement-response curves recorded in this study were symmetrical, as in

Fig. 12. A kinetic model of the transduction channel comprising one open state and
one closed state appears sufficient to fit these displacement-response curves. However,
as mentioned above, the data do not rule out the possibility that other, displacement-
independent, open or closed states exist, with transitions between these states
governed by displacement-independent rate constants. The effect of the additional
states on the displacement-response curve would depend on the values of these rate
constants. If the rate constants were fast compared with the frequency of hair-bundle
stimulation, the effect of the additional states would be to change the value ofa in
eqn. (16), which is equivalent to shifting the curve along the x axis. These other states
would not affect the shape of the curve, which is determined by Z. If, on the other
hand, the rate constants were slow, one would expect different relaxation times for
channel opening and channel closing. This effect would produce displacement-
response curves whose rising phase has a steeper or shallower slope than the falling
phase. It is difficult to determine from our data (Figs. 11 and 12) whether or not this
effect occurs.

In a few cells the displacement-response curves were asymmetrical. For these cells,
a model having two displacement-controlled transitions, between C1 and 0 and
between C2 and C1, fits the displacement-response curves somewhat better than did
the simple two-kinetic-state model. It is possible that these few cells were the only
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ones in which some or all of a natively present asymmetry in the transduction process
was preserved. However, the results for these cells are well within a large range of
shapes of displacement-response curves, from highly symmetrical to highly irregular,
seen among cells or within a single cell as a function of time (Fig. 11). We therefore
do not wish to exaggerate the importance of the curves that were somewhat better
fitted by a three-state model.

In contrast to the generally symmetrical displacement-response curves obtained
in this study, displacement-response curves derived from receptor potentials
(Hudspeth & Corey, 1977; Crawford & Fettiplace, 1981) and from transepithelial
currents (Corey & Hudspeth, 1983a) are markedly asymmetrical. It is difficult to
compare directly the data from the present study of individual voltage-clamped cells
with the transepithelial-current data representing the summed currents of a number
of cells of somewhat different orientation. Furthermore, there are no compelling data
from two-electrode voltage-clamp studies ofhair cells that demonstrate an asymmetry
in displacement-response curves. Hence, we are unable to resolve the possible
discrepancy between the present data and those of other studies. However, in the
discussion that follows, we will assume that the displacement-response curves of hair
cells are natively asymmetrical, and suggest ways in which the process of making
whole-cell recordings could alter the transduction process, making these curves more

symmetrical. Even if this assumption were correct, the two-conductance-state model
would still apply to the data, and the estimates of the number of transduction
channels in a cell and of the single-channel conductance would be unchanged.

If displacement-response curves become symmetrical as a consequence of gigohm-
seal recording, they must do so either upon contact of the electrode with the cell,
or within a minute after the rupture of the membrane patch, which is the time it takes
us to compensate for the electrode's series resistance, attach the stimulus probe and
start recording from the cell. The response could become symmetrical immediately
as a result of a mechanical distortion of the cuticular plate, or upon formation of the
gigohm seal. Such a distortion might also occur as a consequence of rupturing the
membrane under the recording electrode. Alternatively, the response might change
as a result of the rapid replacement of the cytoplasmic fluid of the cell by the internal
solution in the electrode after the membrane is ruptured. Based on the rate at which
Cs+ blocks the cell's K+ channels, equilibration of the cell's interior for small ions
is appreciable within a minute after establishing fluid contact with the cell. The
internal solution contains low, buffered concentrations of free Ca2+ and H+, whereas
the normal concentrations of these ions in the cell are unknown. Thus, it is possible
that a change in the concentration of Ca2+ or H+ in the neighbourhood of the
transduction channels alters their properties. The diffusion of large cytoplasmic
factors from the cell is a slower process (Fenwick et al. 1982) and is therefore less likely
to play a role in altering the displacement-response curves.

There are several ways one can imagine that mechanical or chemical effects might
make displacement-response curves symmetrical. One view is that the transduction
channel is natively described by a kinetic model with several displacement-controlled
transitions between states. The process of whole-cell recording might remove or alter
access of the channel to some states, thereby making the channel act as if there were

only a single displacement-sensitive transition. The data from transepithelial-current
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recordings (Corey & Hudspeth, 1983b) suggest that the number of natively present
displacement-controlled transitions would have to be large for such a model to explain
the response kinetics. Accordingly, for this view to be correct, the process of making
the whole-cell recordings must selectively make displacement independent all transi-
tions between states except that between C1 and 0 (eqn. (24)). Another, perhaps more
economical, interpretation is the feed-back model of the transduction channel
detailed in the Appendix (eqns. (28) and (29)). By this model, the transduction
channel natively has only one displacement-dependent transition, between C1 and 0,
and one displacement-independent transition, between C2 and C1; we allow the rate
constant (k21) governing the transition between C2 and Cl to depend on the
concentration of a rapidly diffusible messenger substance, S (which could, for
example, be Ca2+ or H+). For this model, the steady-state flow of S into the cell
through the transduction channels is proportional to the receptor current, which is
a function ofp(x); increasing the concentration of S in turn increases the value p(x).
This means that there is a positive feed-back between the concentration of S and the
amplitude of the receptor current. Such a process can produce highly asymmetrical
displacement-response curves when the feed-back loop is intact, and symmetrical
curves when the loop is broken. Thus, if the process of recording from cells acts to
cut the feed-back loop, for example by keeping the concentration of S constant (i.e.
by buffering the internal concentration of Ca2+ or H+), the displacement-response
curves will be made more symmetrical.

Adaptation
In this study, the receptor current showed negligible adaptation to continuous or

intermittent sinusoidal stimuli or to step stimuli, even for durations exceeding
400 ms. By contrast, transepithelial currents (Eatock, Corey & Hudspeth, 1979;
Corey & Hudspeth, 1983a), receptor potentials and receptor currents of single cells
(Eatock & Hudspeth, 1981) all show marked adaptation to sinusoidal and step stimuli
with durations under 100 ms. The source ofthis discrepancy is unknown. It is possible
that the lack of adaptation in the whole-cell recordings is due to the loss of
cytoplasmic constituents or to the buffering of the H+ and Ca2+ concentrations in
the internal solution. There is evidence (Eatock et al. 1979) that the effect of
adaptation is to shift the displacement-response curve along the abscissa. In terms
of the two-kinetic-state model, this is equivalent to changing G (eqn. (16)), and
thus can be viewed as a change in p(x). Adaptation need not act by producing an
inactivation of channels (a change in N) or a change in conductance, y.

Discrete openings of single transduction channels?
We have not observed discrete, single-channel events in our recordings. Moreover,

we would not expect to resolve such single-channel openings under our experimental
conditions: the single-channel currents are small, the number of channels in a cell
is large and their mean open time is brief. These conclusions differ from those reached
in studies of whole-cell recordings from solitary hair cells of the chick (Ohmori, 1984,
1985), in which step discontinuities in the receptor current were evoked by low-
frequency stimulation of the hair bundle. These steps in current were interpreted as
resulting from the opening of individual transduction channels. If this interpretation
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is correct, chick hair cells have only about ten activatable transduction channels; the
conductance of each channel is about 50 pS at 28-32 'C. In addition, records of the
receptor current evoked by step stimuli (e.g. Fig. 11 of Ohmori, 1985) suggest that
the mean open time of the transduction channel in chick hair cells exceeds 100 ms
at 37 0C.
An alternative explanation of these data is that the step discontinuities in receptor

current represent, not openings and closings of individual transduction channels, but
the conjoint gating of larger numbers of transduction channels. This interpretation
is suggested by two observations. First, step discontinuities in the current do not
appear to occur at random times, as would be expected for a channel with
stochastically distributed openings; rather, they occur at nearly the same points in
each cycle of the response (e.g. Figs. 2, 4 and 8 in Ohmori, 1985). This suggests that
a repeatable artifact of the hair bundle's motion is being transduced into
discontinuities in the receptor current. Secondly, the current steps evoked by
hair-bundle deflexion are not uniformly square in shape as would be expected for
single-channel openings, nor do they approach the steady state exponentially, as
might be expected if the receptor current were filtered by the characteristics of the
recording system. The current steps instead show an unusual overshoot suggesting
either that the transduction channels in chick hair cells have multiple subconductance
states, or that the recorded currents result from transduced artifacts of hair-bundle
motion. We believe it is possible that the stimulus paradigm used in the experiments,
which involves grazing the tips ofthe stereocilia with the stimulus probe, sequentially
activates either individudal stereocilia, or ranks of stereocilia of similar length. As
more stereocilia are recruited, the receptor current would increase proportionally
(Hudspeth & Jacobs, 1979). Thus, the steps in the current recordings may actually
represent the activation of several transduction channels of smaller conductance and
shorter mean open time than reported.

APPENDIX

Model8 of the hair-cell transduction channel
In this section, we analyse two models of the transduction channel and detail the

properties of these models that bear on our experimental results. The 'two-
conductance-state model' is a general formulation which makes predictions about
the number oftransduction channels in the cell and their single-channel conductance.
The 'two-kinetic-state model' is a specific example of a two-conductance-state model
which makes predictions about the form of the displacement-response curve and the
kinetic properties of the transduction channel. In addition, we briefly consider some
properties of channel models having more than two kinetic states.

The two-conductance-state model. The chief assumption of this model is that the
receptor current, I, measured in a hair cell in response to displacement of the hair
bundle, is the sum of the individual currents, qp, of N identical, statistically
independent, transduction channels:

N
I= i q1. (6)

j=1
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At any instant, a given transduction channel exists in either one of two conductance
states: a conducting state with probability p, or a non-conducting state with
probability I-p. In the conducting state, the current through the single channel,
q1, equals the single-channel current, i; in the non-conducting state, q1 = 0. The
two-conductance-state model does not specify how many kinetically distinguishable
open and closed states a channel has, only that all open states have the same
conductance, and that all closed states have zero conductance. The probability that
the channel is open, p, is an instantaneous function of hair-bundle displacement, x,
but a precise specification of p(x) is not necessary for this analysis.
By taking the mean and variance of eqn. (6) it is easily shown that

I = Nip, (7)
0r2 = Ni2p(1-p), (8)

where I is the mean receptor current and o.2 is the variance of the current. Eqns. (7)
and (8) can be combined to eliminate the explicit dependence on p:

0J2 = IX-P/N. (9)

Eqn. (9) predicts that a plot of 0-2 against I, which we term the mean-variance plot,
follows a parabola. By fitting a parabola to the mean-variance plot, values ofN and
i can be estimated. On the assumption that the channel is ohmic, the single-channel
conductance can be estimated by dividing the estimated single-channel current by
the driving force on the ions that carry the transduction current:

Y = i/(Vm -Vrev), (10)

where Vm is the membrane potential and Vrev is the reversal potential for ions flowing
through the channel, which we take to be zero (Fig. 4).

The two-kinetic-state model. The observation that the displacement-response curves
measured in this study are generally symmetrical, saturating and sigmoidal suggests
a particularly simple kinetic model of the transduction channel (Corey & Hudspeth,
1983 b). This model is a specific case of the two-conductance-state model that has only
two kinetically distinguishable states, one closed state, C1, and one open state, 0:

klo
C1.O, (11)

kol

where k1o and kol are, respectively, the opening and closing rate constants of the
process. To allow us to extend our descriptions of kinetic-state models to include those
with a number of closed states (see below), our nomenclature for the state names (i.e.
C1 and 0) and for the rate constants (i.e. kol and k1o) differs from that of Corey &
Hudspeth (1983 b). The rate constants are assumed to depend on the energy required
for the transduction channel to make a transition between the open and closed states:

k1o = (kT/h) e-(Gi+AG)/RT, (12)

kol = (kT/h) e-(Gr-(1-8)AG)RT (13)
where G1 is the height of the intrinsic energy barrier of the transition, AG is the energy
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difference between open and closed states and a (O < a < 1) is the fraction
of AG that contributes to the energy barrier between C1 and 0; h, k, R and T have
their usual thermodynamic meanings. The energy difference, AG, is assumed to be
linearly related to hair-bundle displacement, x:

AGG=G-Zx, (14)

where G is a displacement-independent term and Zx is a displacement-sensitive term,
with Z being the displacement sensitivity. For the two-kinetic-state model, the
equilibrium probability that the channel is in the open state, p, is given by
(Colquhoun & Hawkes, 1977):

P= (1+°) (15)

Substituting eqns. (12) and (13) into eqn. (15) gives:

p(x) = (1 +eAG/RT)1 = (1 +e(GZx)/RTf1. (16)

Eqn. (16) is the explicit functional relation between p and x predicted by the
two-kinetic-state model. p(x) has a symmetrical, sigmoidal shape, with
Pmin = P(-oo0) = 0 and Pmax = P(+ 00) = 1.

Eqns. (16) and (7) predict the shape ofthe displacement-response curve. From eqn.
(7), the displacement-response curve, I(x), is proportional to p(x). When I(x) is
normalized by dividing it by its maximum value, Lmax = NiPmax = Ni, the resulting
normalized displacement-response curve is p(x); by fitting eqn. (16) to this curve,
we can estimate the values of G and Z.
The relation between the mean and variance of the receptor current for the

two-conductance-state model (eqn. (9)) was derived without specifying p(x). Eqn.
(16) gives p(x) for the two-kinetic-state model and thus imposes a further constraint
on the relation between o.2 and I. Differentiating eqn. (7) gives

di-=Nidp (17)dx dx'

dp/dx is obtained by differentiating eqn. (16):

dp Z - ) (18)

Combining eqns. (17), (18) and (8) yields
di Z pZ/y2
dx= RTNip(l-p) = RT O' . (19)

This equation states that, for a transduction channel described by the two-kinetic-
state model, the derivative of the receptor current with respect to displacement is
directly proportional to the receptor-current variance. By fitting a line to a plot of
r,2 against dI/dx, the ratio Z/i can be estimated. In our experiments the hair bundle
was displaced as a sinusoidal function of time (Fig. 3), x(t) = -A cos (2irft+ s), where
f is the stimulus frequency and 0 is the phase of the probe's motion with respect to
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the driving signal, and A is the peak amplitude of the probe's motion. Hence, eqn.
(19) can be written

di = Z/i 2A2nf sin (wt+qS). (20)

The two-kinetic-state model also makes predictions about the mean length of time
the channel spends in the open state, the mean open time. The power-spectral density
of the receptor-current noise, SI(f), for the two-kinetic-state model (Colquhoun &
Hawkes, 1977) is

20.2 1 (1SI(f) = r* I +(/f*)2' (21)

where ff* is the corner frequency of the spectrum,

f* k +2k(o -)ol (22)

SI(f) depends on hair-bundle position because both 0-2 andf* are functions of x. The
mean open time of the channel, to) is equal to kol-1. From eqn. (22),

t = -= (27T(l-p)f)-1. (23)

The analysis leading to the derivation of eqns. (16) and (19) is based on the
assumption that the channel is in equilibrium at each value of x. This assumption
is valid as long as x changes slowly compared to the equilibrium time constant for
the system. This time constant, (kol+ klo)-l= (27Tf*)-l, is the rate at which p
approaches its equilibrium value (given by eqns. (15) and (16)) following a perturba-
tion. In these experiments ft exceeds 200 Hz and the frequency of stimulation is at
most 40 Hz. It is therefore reasonable to conclude that the channel 's open probability
is effectively in equilibrium throughout a displacement of the hair bundle.

Models with more than two kinetic states. The two-kinetic-state model of eqn. (11)
can be extended to include more than one closed state:

k2l k1o
* * * C2=C1c- =°I- (24)

k12 kol

For such models, the equilibrium probability of the channel being open is

(k/k
( -1+ 1 + -12(1+ )- (25)

If only one pair of rate constants in eqn. (25) is dependent on displacement (e.g. ko0
and k1W or k12 and kil) in the manner described by eqns. (12) and (13), then eqn.
(25) can be reduced to the form

p(x) = Pmax(1 + e(G'-Zx)/RT)-1 (26)

where Z is identical to the value in eqn. (16) and G' differs from G in eqn. (16) by
an amount that depends on ratios of the rate constants for displacement-independent
transitions between closed states. If the first pair of rate constants (i.e. kol and k10)
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is the only displacement-dependent pair of terms, Pmax = 1 and the effect of
displacement-independent transitions between closed states on p(x) is to change the
value of G in eqn. (16), which is equivalent to shifting the displacement-response
curve along the x axis. If kl2 and k2l are the only displacement-dependent terms, the
displacement-response curve will be shifted along the abscissa and in addition
Pmax < 1. The observation in our receptor-current data that Pmax is approximately
one suggests that the transition between C1 and 0 is the displacement-sensitive one.

If two pairs of rate constants, kjl/kol and k21/k12, are displacement-sensitive, eqn.
(25) can be written as

p(x) = (1 +eAGl/RT(1 +eAG2/RT))-1 (27)
where AG1 = G1-Zix and AG2 = G2-Z2x. Normalized displacement-response curves
that are fitted by eqn. (27) can be asymmetrical. For large positive displacements
(at which exp(AG2/RT) << 1). Eqn. (27) asymptotically approaches eqn. (16) with
AG= AG1. For large negative displacements, eqn. (27) approaches eqn. (16) with
AG = AG1 + AG2. For this model, the degree ofsymmetry ofthe displacement-response
curves can be summarized by the ratio Z2/Z1.

Finally, we briefly consider a feed-back model of the transduction channel. This
model has three states, C2, C1 and 0, as in eqn. (24). The rate constants for the
transition between C1 and 0 are displacement sensitive, as given by eqns. (12) and
(13). The rate constants for transitions between C2 and C1 are not explicitly
displacement sensitive; however, the forward rate constant, k2l, is made a function
of the intracellular concentration of a substance, S, that diffuses through the open
transduction channel or whose concentration is otherwise altered by channel opening.
If changes in the intracellular concentration of S are rapid compared to the time
course of hair-bundle stimulation, the concentration ofS will be directly proportional
to p. We can then write k12/k2l in the form

k1- = (aO +a, pm)-l, (28)
121

where ao and al are constants and we permit the possibility that k2l depends on the
simultaneous binding ofm molecules of S. Substituting eqns. (12), (13) and (28) into
eqn. (25) gives

pm+l _ a-pm +p(aO-a + 1)/al -aao/al = 0. (29)

where a = (1 + exp(AG/RT)-l. Solving eqn. (29) for each position of the hair bundle
gives p(x), the normalized displacement-response curve. This is a feed-back model
because the concentration of S is a function of p, while the value of p depends on
the concentration of S. This model produces displacement-response curves whose
symmetry depends on the strength of the feed-back, as determined by the constants
ao and al. For a given value of a,, the displacement-response curve is symmetrical
for large values of ao and becomes increasingly asymmetrical as ao decreases.
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