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The Extent of Adaptation in Bullfrog Saccular Hair Cells
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Positive deflection of the sensory hair bundle of a vertebrate
hair cell opens transduction channels to depolarize the cell.
In bullfrog saccular hair cells, there is a subsequent adap-
tation process, whereby the proportion of transduction chan-
nels that are open, and thus the receptor current, declines
toward the resting value. This occurs because the sensitivity
curve, relating open probability to bundle deflection, shifts
along the deflection axis in response to bundle deflections,
in a manner consistent with a relaxation of mechanical ten-
sion on transduction channels. In this study we determined
the extent of adaptation, measured as the shift of the sen-
sitivity curve following deflection of the hair bundle. The shift
was determined both by comparison of the receptor current
in the adapted state to the resting sensitivity curve, and by
comparison of pre- and postadapted sensitivity curves. The
adaptive shift approached steady state with a time constant
of 20-30 msec, and was at steady state within 150 msec.
For all positive and for small negative deflections, both meth-
ods showed a shift that was ~80% of the deflection. For
larger negative deflections, the shift reached a fixed limit
that was 100-500 nm negative to the freestanding bundie
position. The limited extent of adaptation confers a time-
dependent sensitivity: the cell has an instantaneous or pha-
sic sensitivity curve that is steep, and steady-state or tonic
sensitivity curve that is about five times broader. It also
suggests the existence of two additional structural elements
within the transduction apparatus. A revised quantitative
theory accommodates these elements.

[Key words: sensory transduction, sensory adaptation,
mechanical sensitivity, hair cell auditory system, vestibular
system, sacculus]

The mechanical transduction system in vertebrate hair cells
responds, on a time scale of tens of microseconds, to extremely
small deflections of the stereociliary bundle (for reviews, see
Hudspeth, 1989; Pickles and Corey, 1992). The sensitive range
of hair cells, taken as the nonsaturated part of the current—
deflection or “I(X) curve, generally measures 50-500 nm in
species such as frog and turtle, and behavioral thresholds are
more than an order of magnitude smaller (see Hudspeth, 1989).
The conversion of mechanical to electrical signals relies on the
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activation of transduction channels by tension in “gating springs”
(Corey and Hudspeth, 1983b; Howard and Hudspeth, 1988),
which probably correspond to the tip links at the distal ends of
stereocilia (Pickles et al., 1984; Assad et al., 1991).

The transduction mechanism also adapts, on a time scale of
tens of milliseconds, to sustained deflections of the bundle. Ad-
aptation acts by shifting the I(X) curve in the direction of the
stimulus, thus compensating for static and potentially saturating
deflections (Corey and Hudspeth, 1983a; Eatock et al., 1987,
Assad et al., 1989; Crawford et al., 1989; Hacohen et al., 1989;
Assad and Corey, 1992). The adaptation mechanism also pro-
vides resting tension to the channels, setting their steady-state
open probability at a steep region of the I(X) curve and allowing
them to register both positive and negative deflections. In bull-
frog saccular hair cells, adaptation is essentially mechanical,
possibly involving an adjustment in the position of one end of
the tip link to restore it to a constant tension (Howard and
Hudspeth, 1987; Assad and Corey, 1992). The accumulated
evidence suggests that this is an active process, most likely me-
diated by a mechanoenzyme (Assad et al., 1989; Assad and
Corey, 1992; Gillespie and Hudspeth, 1993).

The existing adaptation model (Howard and Hudspeth, 1987,
Assad and Corey, 1992) supposes that steady-state gating-spring
tension is set by a balance between slipping and climbing. Unless
the balance is perturbed, for example, by changing the calcium
ion concentration, steady-state tension is independent of bundle
position in this model. There is no intrinsic set point, and ad-
aptation is complete; the shift of the I(X) curve equals the bundle
deflection. There is reason to suspect that there is a set point,
however. Experimentally, it is common practice to make deli-
cate adjustments in the probe position, to obtain the most sen-
sitive responses. Also, it is evident in most preparations that
adaptation fails to return the receptor current completely to the
resting level. Incomplete adaptation is noticeable in hair cells
from bullfrog sacculus (Corey and Hudspeth, 1983a; Eatock et
al., 1987; Howard and Hudspeth, 1988; Hacohen et al., 1989;
Assad and Corey, 1992), bullfrog utriculus (Baird, 1992), turtle
basilar papilla (Crawford et al., 1989), mouse cochlea (Kros et
al., 1992), and chick auditory organ (Kimitsuka and Ohmori,
1992).

We measured the extent of adaptation, defined as the shift of
the I(X) curve following bundle deflection, to determine its time
course and steady-state value. In bullfrog saccular hair cells
bathed in 4 mm Ca?+, adaptation reaches its final extent within
150 msec. It occurs with a constant efficiency, as a proportion
of the bundle deflection, of ~80% over most of its range, but
there is also a negative saturation that limits negative-going
adaptation to less than about —500 nm. Physiologically, the
incompleteness of adaptation would endow the hair cell with a
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Figure 1. Resiliency of transduction
and adaptation. Bundles were deflected
from the resting position (4) to extreme
positive (B) or negative (C) positions.
The sensitivity, measured at the resting
position with a fast triangle-wave stim-
ulus, was the same before (light current
trace in D) and after (bold current trace
in D) the procedure. Adaptation also
survived, as shown by the family of re-
sponses in E.

low steady-state sensitivity to mechanical stimuli, in addition
to the high instantaneous sensitivity characterized previously.

Some of these results have appeared in preliminary form
(Shepherd et al., 1991).

Materials and Methods

Electrophysiological recording and mechanical stimulation. As previ-
ously described (Assad and Corey, 1992), single hair cells were disso-
ciated from the sacculi of adult bullfrogs (Rana catesbeiana), and mem-
brane currents were measured with standard whole-cell patch-clamp
methods, at a holding potential of —80 mV. The pipette solution con-
tained (in mm) 120 CsCl, 2 MgCl,, 10 EGTA, 2 Na,ATP, and 5 HEPES.
The bath solution contained (in mm) 120 NaCl, 2 KCl, 4 CaCl,, 5 CsCl,
3 dextrose, and 5 HEPES, oxygenated at 22°C. Stimuli were generated
and responses recorded and analyzed with an 80486-based computer
and laboratory interface (LM-900, Dagan) running the programming
language AxoBasic (Axon Instruments). Receptor currents were sampled
at 2 kHz. Individual hair bundles were deflected by a one-dimensional
piezoelectric bimorph stimulator whose 10-90% rise time was below
1.0 msec (Corey and Hudspeth, 1980); a two-dimensional stimulator
that settled in under 2.0 msec was used in a few early experiments.
Hollow glass stimulus probes were coupled to the kinociliary bulbs of
hair cells with light suction (Holton and Hudspeth, 1986). Care was
taken to engage bundles at their freestanding position. To present stim-
ulus protocols away from the initial resting position, the bundle was
biased by manual adjustment of the micromanipulator (Physik Instru-
mente, Germany). Cells were imaged at 10,000 x with a CCD video
camera, and all stimulus presentations were recorded onto videotape.
Stimulus protocols. Adaptation at short times was studied with a
family of eight 150 msec adapting steps, to 0, 200, —200, 400, —400,
600, —600, and 800 nm. The interval between steps was 650 msec, and
the entire protocol lasted 6.4 sec. Adaptation at longer times was studied
with a family of twenty 4.0 sec adapting steps, whose amplitudes grew
from + 100 nm to =+ 1000 nm in 100 nm increments, alternating between
positive and negative values. The interval between adapting steps was
a 4.0 sec baseline step, and the entire protocol lasted 160 sec. During
the last 1.5 sec of each adapting and baseline step, a set of 16 test
deflections was presented to measure the instantaneous /{X) relation.
These test deflections lasted 10 msec, and were spaced at 90 msec to
allow recovery from any adaptation they caused. For baseline I(X)
curves, the test deflection amplitudes were 100, 0, 200, —100, 300,
—200, 400, —300, 500, —400, 600, —500, 900, —800, 1200, and —1100
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nm. To ensure adequate sampling for adapted I(X) curves, the test step
pattern was broadened and shifted by half the value of the adapting
step magnitude.

Analysis of current traces. Experiments were analyzed only if the
videotape showed firm coupling of the probe and bundle, and very little
or no rocking of the bundle or cell, since either would mimic adaptation
and increase its apparent extent. The tight adhesion of the cells to the
clean glass coverslip, plus the stabilization provided by positioning the
patch electrode near the cuticular plate, usually prevented rocking. Ex-
tremely large test deflections sometimes induced a tiny amount of rock-
ing, but from video records we estimated that it was < 5% of the bundle
deflection at worst, and much less or undetectable for the majority of
cells. Traces were analyzed only for cells with =100 pA of transduction
current at —80 mV (in 4 mm Ca?*). Most currents were 150-300 pA,
and the largest were ~400 pA. A few traces were filtered at 1-2 kHz by
digital gaussian filtering before further analysis.

Current values for /(X) plots were obtained by averaging over selected
regions of traces. For the 150 msec adapting steps, instantaneous current
values were obtained by sampling over the 1-2 msec encompassing the
peak current levels, and steady-state current values were obtained by
averaging the last 10-20 msec of the step response. These short-duration
current traces were also used for the inferred-shift method, as described
below. For the 4.0 sec adapting steps, the region for averaging was
selected individually. Steady-state current levels were obtained by av-
eraging over a selected ~0.4 sec region starting 1.0-1.4 sec after step
deflection.

Curve-fitting procedures. Instantaneous I(X) relations were fitted with
a form of the Boltzmann distribution for a three-state system (Corey
and Hudspeth, 1983b):

1
T 1+ explNAUS, — Zo(X, — X))k T %
{1 + exp[NAUY, — Zy(X, — X )V ks T}

P, (1

Channel open probability is p,, N is the number of channels per cell,
X, is bundle position, X, is the extent of adaptation, and kT is the
Boltzmann constant times temperature (taken at room temperature).
The AUY terms represent the intrinsic (zero-deflection) energy difference
of each channel between the states i and j, and the Z, terms represent
the deflection sensitivity of the energy difference. Curves were fitted by
least-squares minimization. A manual fitting procedure proved most
expedient, particularly when augmented with an audio tone whose cal-
culated frequency represented the sum of the squared differences. Av-
erage values of the parameters for a sample of 14 cells in these exper-
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Figure 2. Qualitative features of ad-
aptation. 4, Typical response to a step
deflection (+200 nm, 150 msec), show-
ing the characteristic return of the re-
ceptor current toward the resting level
(dashed line) after the instantaneous re-
sponses to both the onset and offset of
the stimulus. B, Typical family of re-
sponses to step deflections varying in
amplitude. Larger deflections elicited
larger initial currents up to a saturating
step size, and the ensuing adaptation
process appeared to be increasingly in-
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complete. Rebound transients gener-
ated at the offset of negative steps reflect
the extent of adaptation during the step;
here, they mostly overlapped and, at
their peak, reached only a fraction of
the maximal current. C, A cell with a
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iments were NAUS, = 7.1 £ 4.6 x 10-2]J; Z,, =14 £ 0.5 x [0~ N;
NAUS, = —0.34 + 40 x 102 J; Z,, =28 £ 1.6 x 10-" N,

Integrity of transduction and adaptation after extreme deflections.
Because the long pulse protocol involved bundle deflections of more
than 1900 nm from the rest position, it was important to test whether
these damaged transduction or adaptation. Bundles were deflected as
far as they would go in the positive and negative directions by manual
adjustment of the probe (Fig. 14-C). We often held the bundle in such
extreme positions for over a minute. As seen in Figure 1C, large negative
excursions even caused stereocilia to splay as their bases came into
contact. Positive excursions often pulled the kinocilium away from the
bundle, but the bundle could be moved still further by repositioning
the probe on the negative side of the bundle and pushing positively. In
20 out of 20 cells, no systematic diminution in the peak transduction
current was detected even after several such treatments (Fig. 1D). In a
few cases, rapid (<1 msec) deflections from —2000 to +2000 nm were
tested, and even these failed to affect transduction. Adaptation also
survived overstimulation, as seen in four out of four cells (Fig. 1E).
Moreover, the extent of adaptation was unaffected; for example, it re-
mained at ~80% for the family in Figure 1. In bundles examined ul-
trastructurally following overstimulation, the tip links and their dense
sites of attachment to stereocilia were indistinguishable from those in
control bundles (G. M. G. Shepherd, K. E. Rock, and D. P. Corey,
unpublished observations).

Results

Qualitative features of adaptation

The primary features of adaptation to a sustained bundle de-
flection are illustrated by the step response in Figure 24. At the
onset of the 200 nm deflection, an inward current abruptly
developed, which declined from its peak value back toward the
baseline current level. After 150 msec, the response had dimin-
ished to about one-third of its initial amplitude. At the termi-
nation of the step, the current abruptly decreased, falling well
below the baseline level before gradually returning to it. The
time course of the current change has been shown to reflect
shifting of the instantaneous /(X) curve along the deflection axis
(Corey and Hudspeth, 1983a; Eatock et al., 1987; Assad et al.,
1989; Hacohen et al., 1989; Assad and Corey, 1992).

stimulus family, in which the resting
current was a larger proportion of the
maximum, and the rebounds following
negative deflections indicated greater
negative-going adaptation (same cell as
in A). D, This cell had almost no resting
current, and almost no rebound tran-
sients. Traces are averages of 3-12
traces. Deflection scale in 4 applies to
all panels; current scales in 4 and B
apply to C and D, respectively.

The extent of adaptation may be inferred qualitatively from
such traces as the difference between the resting current level
and the current remaining at the end of the step. The adapted
current did not reach the initial baseline level, so the I(X) curve
apparently did not shift by the full extent of the deflection.
However, it is not clear from this trace how complete the adap-
tive shift was, because in the I(X) curve, receptor current is not
a linear function of deflection.

The response of another cell to a family of deflections varying
in amplitude is shown in Figure 2B. With larger positive de-
flections, an increasing amount of current remained at the end
of the step. Negative deflections caused a decline in receptor
current to the minimum value, which is probably zero (Holton
and Hudspeth, 1986). Even when the current remained minimal
for the duration of the step, any adaptation occurring during
the step was revealed in the form of a rebound current at the
end of the step, which subsequently adapted back to the resting
current level. The amplitudes of the rebound transients reflect
the extent to which the I(X) relation shifted during the steps.
Note that the termination of most negative steps produced re-
bound transients whose peak current levels were very similar.
Adaptation for these negative steps was apparently the same,
even though the step amplitude varted.

The responses shown in Figure 2 are typical of bullfrog sac-
cular hair cells (Corey and Hudspeth, 1983a; Eatock et al., 1987,
Assad et al., 1989), but there was some variability to this general
pattern. Figure 2C shows a cell with more resting current than
that in Figure 2B. In this cell there was observable adaptation
during negative deflections, and the rebounds indicating nega-
tive-going adaptation were not all the same. In Figure 2D, in
contrast, there was essentially no resting current. The positive
steps failed to reach saturation, suggesting that the sensitive
range of the bundle was shifted rightward along the deflection
axis, and the negative steps all failed to elicit much of a rebound
transient at their termination. Apparently, the adaptation mech-
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Figure 3. Inferring the adaptive shift of the I(X) curve. 4, An instan-

taneous /(X) curve was obtained by plotting the initial receptor current
(O) elicited by a family of deflection steps, and fitting these points with
a three-state model for channel activation (solid curve). A 150 msec
deflection of +400 nm (upper arrow) was then given, eliciting the re-
ceptor current shown in B. For each point in the current trace, the I(X)
curve was shifted by the extent (lower arrows) that gave that amount of
current at +400 nm. Two examples of shifted curves are shown as
dashed lines in A, at 20 msec (M) and 130 msec (®). In C, the current
trace was replotted as an X,(¢) trace, showing the time course of the
inferred shift. Also shown are the shifts, X,, at 20 msec (Ml and arrow)
and 130 msec (@ and arrow), and the deflection stimulus, X (large arrow
and square wave). Current scale in 4 and time scale in C both apply
to B.

anism encountered a limit for all negative deflections in this
cell.

Inferring the adaptive shift

While these traces illustrate some interesting features of adap-
tation, they also demonstrate the difficulty in understanding the
adaptation process on the basis of receptor current records alone.
Previous studies assayed the adaptive process by measuring
complete I(X) curves many times during a sustained deflection,
and determined the underlying mechanism of adaptation to be
a shift of the I(X) curve (Corey and Hudspeth, 1983a; Eatock
etal., 1987, Assad et al., 1989; Hacohen et al., 1989; Assad and
Corey, 1992). Such protocols can be very time consuming, how-
ever, raising concerns about the stability of the preparation and
limiting the complexity of the stimuli that may be used.

To interpret the traces in Figure 2, we converted current trac-
es, I(?), into traces representing the shift of the I(X) curve, X,(¢),
using a rapid method to infer the position of the I(X) curve at
any time (Fig. 3). First, a continuous I(X) relation was obtained
by fitting a three-state I(X) curve (Eq. 1, with X, = X, = 0) to
the peak currents elicited by a family of deflection steps. An
adapting receptor current, I(¢), was then mapped against the
I(X) curve to give the apparent shift of the I(X) curve at each
point in the response. In essence, Equation 1 was solved for X,
the shift of the I(X) curve (with p, derived from the recorded
receptor current 7). The resulting X,(¢) trace shows the shift of
the I(X) curve over time.

The inferred-shift method has the advantage of providing a
continuous assessment of the /(X) shift during an adapting re-
sponse. It also has the advantage of speed, requiring only one

burst of test pulses to map the I(X) curve before an adapting
step. The method works best for currents that are in the steepest
portion of the I(X) curve; for currents close to the minimum or
maximum levels the calculated shift becomes noisy or even
indeterminate. It also assumes that the value of the maximum
current stays constant with time, and that the shape of the /(X)
curve does not change as it shifts. In agreement with previous
studies (e.g., Corey and Hudspeth, 1983a; Eatock et al., 1987),
these assumptions appeared to hold in the present experiments.

Kinetics of inferred shift

A family of X (¢) traces is shown in Figure 44 for the stimulus
family and original 7(r) traces shown in Figure 2B. As suggested
by the original currents, the adaptation seen in the X,(z) traces
was largely complete after 150 msec for steps of all amplitudes.
The steady-state position was in all cases less than the magnitude
of the step; that is, the curve shifted incompletely toward the
new bundle position. Time constants for single exponential curves
fitted to the traces were in the range of 1540 msec.

To determine whether the time course depends on deflection
amplitude, the X () traces were scaled to the same stimulus size
(Fig. 4B). The superposition of traces of different amplitudes
suggests that the kinetics are largely independent of step size,
although there was some tendency for smaller steps to have
shorter time constants. A similar analysis is shown in Figure 4,
C and D, for two other cells. The completeness of adaptation,
as a proportion of the deflection, was again constant for each
cell, and the kinetics were roughly constant.

To examine the kinetics over much longer times, responses
to individual steps lasting 1.5 sec were analyzed in a similar
way. A typical response to a positive step is shown in Figure 3;
it has a brisk shift and a flat steady-state level. This behavior
was seen in over 100 responses in 12 cells, for a wide variety
of step amplitudes.

We attempted to fit the time course of the I(X) shift with
exponential curves. Many traces could not be fitted, because
steps that opened or closed most of the channels produced sat-
uration or excessive noise in the X (¢) traces. Of the fitted traces,
most were adequately described by a single exponential. In some
cells, a better fit was obtained by summing two exponential time
constants of 6-10 msec and 100-120 msec. There was no evi-
dence of a relaxation with a time constant longer than 300 msec,
although a very slow component of adaptation is not ruled out
by these experiments. The average time constant for all the
single-exponential fits was 25 + 12 msec (£SD; N = 126 traces;
range, 6-65 msec). Time constants for positive- and negative-
going steps were not significantly different.

Extent of adaptation measured by inferred shift

The foregoing kinetic analysis indicated that adaptation pro-
ceeded to its final extent within 150 msec; for an average time
constant of 25 msec, the shift was within 0.3% of its final value
at that time. We therefore measured the extent of adaptation at
150 msec using the inferred-shift method. From a total of 41
stimulus families measured in 17 cells, we chose nine families
from eight cells according to the analysis criteria (see Materials
and Methods, Analysis of current traces). Data were analyzed
essentially as described in Figure 3, except that current was
averaged before comparison to the resting I(X) curve to deter-
mine the shifted position of the curve: for positive deflections,
currents were averaged at steady state, between 130 and 150
msec; for negative deflections, the peak of the rebound current
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Figure 4. Kinetic features of adaptation. 4, Deflection stimuli (square
waves) and X (¢) traces are shown for deflections of +800, +600, +400,
+200, and —200 nm; traces are also drawn for just the initial and
rebound responses to deflections of —400 and —600 nm. For all positive
deflections the I(X) curves shifted incompletely toward the new bundle
position. During deflection to —200 nm, X, was mostly indeterminate,
due to saturation of the I(X) curve (gaps in trace). The rebounds fol-
lowing negative deflections shared a common amplitude and time course.
B, The X (¢) traces in A were scaled to a common deflection amplitude,
and appear to be scaled versions of each other. Examples from two
different cells are shown in C and D, representing the range of responses
observed.

was measured by averaging over about 2 msec following the
termination of the step.

The extents of the I(X) shifts X, were plotted against the
deflection amplitudes X,; one example is shown in Figure 64.
The proportional extent of adaptation is the ratio X,/X,. The
dashed line indicates complete adaptation—the line expected if
the shift of the I(X) curve is exactly equal to the deflection,
giving a proportional extent of 1.0. The data fall into two groups.
First, over the range of bundle positions between +800 nm and
about —200 nm, the points appear to follow a straight line whose
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Figure 5. Adaptive response to a long step deflection. Upper trace
shows the current elicited by a +600 nm step lasting 1.5 sec. Lower
trace shows the calculated X (¢) trace and stimulus. The trace was fitted
with a single exponential curve ( = 16 msec). Within 150 msec, the
shift reached a stable plateau at 77% of the stimulus amplitude.

slope is slightly below unity; the slope of a line fitted to these
points (not shown) was 0.82. Second, the points negative to a
bundle position of about —200 nm in this cell fall along a straight
line whose slope is close to zero.

The responses of all nine families are shown superimposed
in the plot in Figure 6B. Again, the data fell into two regions,
one with a slope just below unity, the other with a slope close
to zero. The plots differed somewhat in the position of the
transition point between the two regions. Since the absolute zero
position is not well defined, we normalized the bundle position
to this transition area (see Fig. 6 legend).

The normalized plots for all families are shown in Figure 6C.
The slope of the positive-side best-fit line was 0.79, while that
of the negative-side line was 0.05. That is, adaptation proceeded
with 79% and 5% efficiency to the right and left, respectively,
of the transition point. The average X value of the transition
point was —145 + 68 nm. Because little or no adaptation oc-
curred beyond the transition point, it appeared to constitute a
negative limit for the adaptation mechanism.

Extent of adaptation measured by 1(X)-curve comparison

The assumption that adaptation plateaus within 150 msec was
based on the short time constant (25 msec) of the initial phase
of adaptation. The X,(¢) traces inferred from the responses to
1.5 sec deflections (Fig. 5) also indicate little if any slow com-
ponent of adaptation. However, the inferred-shift method is
indirect, and we considered it important to check more directly
for slow components and to obtain a measure of the extent of
adaptation by an independent method.

The adaptive shift of the I(X) relation was measured directly
by comparing the positions of instantaneous /(X)) relations sam-
pled before and during long adapting steps. We used an adapting
step pattern based on multiples of 100 nm steps, maintained
for 4.0 sec (Fig. 74). A resting I(X) relation was sampled just
before each step. Another /(X) relation was sampled after 2 sec.
Resting instantaneous /(X) points were fitted with the activation
curve of Equation 1 (with X, = 0); X, was then varied to fit the
shifted I(X) points. Unlike the inferred-shift method, this meth-
od was effective in fitting positive and negative I(X)-curve shifts
of any magnitude (Fig. 7B,C). The X, values obtained in this
way were plotted against the amplitude of the deflection X, (Fig.
7D). Had the shifts been complete, the points would have fallen
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Figure 6. Extent of adaptation at 150 msec, measured by the inferred-shift method. 4, For a family of deflections, X,, the adaptive shift at 150
msec was plotted against X, the deflection amplitude. The dashed line represents complete (100%) adaptation. For positive deflections, X, appears
to be in constant proportion to X. For larger negative deflections, adaptation proceeded only up to a distinct limit. B, The subunity slope in the
positive direction and the limit in the negative direction were consistent features for all cells, as shown by superimposing data for nine families.
C, To compare different cells with different negative limits, the data were normalized as follows. For each family, lines were fitted by least-squares
minimization to data points on either side of the position of the apparent negative limit; the process was reiterated for other positions to find that
which minimized the total sum of the two fits. The intersection of the fitted lines was calculated, and its x- and y-values subtracted from all the
data as a way of normalizing them to a common origin. Best-fit lines have slopes of 0.79 in the positive region and 0.05 in the negative region.

along the unity slope line, as before. Figure 7D shows a typical
run, in which the slope fell slightly below unity for positive
deflections, and a definite negative limit occurred at —333 nm.
In this cell, the extent appeared to saturate for the largest positive
deflections as well. Although such data initially led us to spec-
ulate that there was also a positive limit (Shepherd et al., 1991),
this was not a consistent finding; rather, the average extent was
linear in the positive direction.

From a total of 71 families in 44 cells, 15 families from 11
cells met the analysis criteria. Four families are shown super-
imposed in Figure 7E. The families show most of the same
features of the extent seen at short times, including a positive
region with near-unity slope, and a negative region with near-
zero slope. The position of the negative limit differs substantially
among cells, however.

To compare the plots from different cells and bundle positions
we used the same normalization technique employed with the
short-duration families. All 267 data points thus derived are
plotted in Figure 7F. Several key features are evident. The tran-
sition zone, at the origin, is strikingly sharp. The slope of the
line fitting all positive points was 0.83. Slopes measured for
smaller distances (0 to +400 nm) varied by only a few percent,
indicating that there was no apparent saturation for positive-
going adaptation. The slope of the line fitting all negative points
was 0.14, but was close to zero for many of the individual
families. Four cells were stable enough for two or more long-
duration families to be recorded. These, too, gave extent plots
that closely resembled each other both in the slopes of the two
regions and in the point of intersection (the negative limit). In
several cells, both the short- and long-duration protocols were
tested. The extent plots generated by either method all resem-
bled each other closely.

In some particularly stable cells, we were able to collect com-
plete data sets for the long-duration family at several different
resting bundle positions, by manually giving a static bias to the
bundle between families. In such cases, the slopes of the two
regions remained the same, but the negative limit (relative to
the resting position) was shifted by the amount of the static bias.

The cell in Figure 7F (square) that appears to have no negative
limit had been given a + 1000 nm static bias just prior to testing.
When it was tested at more negative resting positions, the neg-
ative limit was observed. This illustrates that the negative limit
is fixed in position, relative to the absolute bundle position; it
does not move with static bundle deflections, at least over a
time of minutes. It also indicates that the extent of adaptation
is a linear function of deflection over a very large range, at least
up to +2000 nm.

In some cells, the peak amplitude of the transduction current
appeared to diminish by 10-20% with the largest positive de-
flections, although this was not a very consistent effect. Con-
sequently, we fitted the shifted 7(X) curves in two ways: either
allowing the amplitude to vary or not. There was no significant
difference between the two methods in the measured extent of
adaptation.

Steady-state 1(X) curves

The basis of incomplete adaptation is a shift of the I(X) curve
that is less than the sustained deflection of the bundle. Its most
obvious manifestation is a transduction current that fails to
return to the resting value at steady state. For the families of
150 msec deflections, we plotted the steady-state current, ob-
tained by averaging the last ~20 msec in the steps, against the
deflection to generate “steady-state /(X) curves.” These are shown
in Figure 8. For comparison, we also plotted the instantaneous
I(X) curve, derived from the peak instantaneous currents. If the
extent of adaptation is a simple linear function of the amplitude
of the adapting step, as the data of Figures 6 and 7 strongly
suggest, then the steady-state I(X) should be identical to the
instantaneous I(X) relation, scaled in proportion to the extent
of adaptation. The scaling is equivalent to “stretching” the in-
stantaneous /(X) curve around the zero-deflection position, by
a factor of 1/(1 — X,/X}), where X,/ X, is the proportional extent
of adaptation.

Typical examples of steady-state and instantaneous /(X) re-
lations are presented in Figure 8 4-C. The extents of adaptation,
measured as the value of X,/ X, providing the best least-squares
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Figure 7. Extent of adaptation after 2.0 sec, measured by comparing I(X) curves before and during deflections. A, The stimulus protocol (see
Materials and Methods) started with a burst of test deflections to obtain an I(X) curve at the resting position (). The bundle was next deflected,
and receptor current recorded for 1.5 sec (b). Another burst was delivered to obtain the I(X) curve in the adapted state (c; only one burst pattern
drawn, for the +800 nm step). The rebound response generated as the step was terminated was recorded (d). The cycle was repeated until all
deflections up to +1000 nm were tested. B, The extent of adaptation was measured by fitting Equation 1 to the initial 7(X) data (@), then shifting
it to fit it to the adapted I(X) data (O). The example shows a deflection, X,, of +700 nm and a shift, X, of +500 nm. The actual shifted curve
(long dashes) may be compared with a 100% shifted curve (short dashes). C, Negative-going adaptation was evaluated by the same method. The
example shows a deflection, X,, of —500 nm and a shift, X,, of —245 nm. A 100% shifted curve is shown for comparison. D, For a family of
deflections, the adaptive shift at 2 sec, X,, was plotted against the deflection amplitude, X,. The points occur in two regions, one in which adaptation
proceeded fairly efficiently (positive to arrow), and one in which adaptation was almost completely absent (negative to arrow). Lines represent least-
square fits to the first five data points to either side of the arrow, which points to the intersection of the lines. E, Data from four cells are shown,
indicating the variability in the negative limit. F, Fifteen plots from 11 cells are shown, normalized as in Figure 6 by aligning the intercepts. The
263 points segregate into two regions to either side of zero. Best-fit lines have slopes of 0.83 in the positive region and 0.14 in the negative region.

fit to the steady-state 7(X) data, were comparable to the extents
measured by the inferred-shift method. The curves were well
fitted by the stretched instantaneous /(X) curves, and only slight-
ly better fits were achieved by allowing NAUY,, Z,,, NAUY,, and
Z,,in Equation 1 to vary independently. Among seven families
that were analyzed, the extent of adaptation measured by fitting
the steady-state /(X) curves varied from 69% to 90%, with an
average extent of 83%. This agreed closely with the average value
of 79% obtained from the inferred-shift method.

Similar plots (Fig. 8D-F) were generated for the responses
measured about 1.5 sec after adapting steps in the 4.0 sec de-
flection protocol (at the end of interval b in the protocol shown
in Fig. 74). Data were noisier because there was no averaging
of traces, but the larger number and wider range of deflections
provided a broader measurement of the steady-state current.
The data shown represent typical fits and extents. The extents
measured at 1.5 sec by fitting the steady-state I(X) curve were
comparable to the extents measured with the same protocol by
curve comparison. The proportional extents for 10 families an-

alyzed with several different resting positions varied from 60%
1o 93%, with most values falling between 76% and 84%.

Thus, a cell’s sensitivity appears to be characterized by both
an instantaneous and a steady-state I(X) relation, where the
steady-state relation is roughly fivefold less sensitive but the
response range is fivefold broader.

“Resting”’ transduction current

An implication of the steady-state I(X) curve is that the pro-
portion of the transduction current that is activated at rest de-
pends on the static bundle position. This complicates the in-
terpretation of experiments that use direct coupling of a stimulus
probe, since there is unavoidable deflection of the bundle in the
process of attaching the probe and there is subsequent drift in
the bundle position. The data in Figure 8 indicate that a static
bias of only a few hundred nanometers can change the resting
current substantially due to the incompleteness of adaptation.
Unfortunately, even with high-resolution video observation, it
can be hard to detect a drift of this amount. Moreover, the angle
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Figure 8. Extent of adaptation at 150
msec and 1.5 sec measured from steady-
state I(X) curves. Instantaneous /(X)
currents (@) were fitted with Equation 300
1, and steady-state /(X) currents (O) were

fitted with the same curve stretched

along the x-axis. Currents were mea- C
sured 150 msec after deflections of —600

to +800 nm (4-C), or 1.5 sec after de- 1000 00 0
flections up to +1000 nm (D-F). The
extent of adaptation measured by
stretching the instantaneous I(X) curve
is shown as a percentage of complete
adaptation. Shown for comparison are
extents (parentheses) and negative lim-
its to adaptation (arrows) measured by
inferring (4-C) or directly measuring
(D~F) the I(X) shift.

of the bundle relative to the cell body does not offer a reference,
since it varies considerably among cells even within the same
epithelium. For example, Figure 9 shows a cell whose hair bun-
dle was given static deflections of —900, 0, and +900 nm; for
each “resting” bundle position the corresponding instantaneous
I(X) curve is also shown. The proportion of transduction current
active at rest varies between 0% at —900 nm, 15% at 0 nm, and
68% at +900, yet all three bundle positions would be considered
within the normal range for unrestrained bullfrog saccular hair
cells. Note the limited negative-going shift, due to the negative
limit.

Since the bundle position does not provide an absolute in-
dication of the resting current level, we measured the “true”
resting current level in freestanding hair bundles by deflecting
them with a fluid-jet stimulator. While the transduction current
was recorded with whole-cell patch clamp, a puffer pipette was
brought up to the bundle, a series of saturating positive and
negative fluid-jet stimuli were delivered, and then the pipette
was removed. In 14 cells measured in extracellular solution
containing 4 mM Ca?*, the average resting current was 9 + 4%
(£SD) of the maximum. This value was similar to that obtained
with a mechanical probe when care was taken in coupling it to
the bundle.

Discussion

We have measured the extent of adaptation in three ways: (1)
receptor currents before and after adaptation were compared

500 nm -1000 -500 0 500 nm
T ]

F
500 nm -1000 -500 0 500 nm

pA

using the resting instantaneous /(X) curve to infer the adaptive
shift, (2) instantaneous I(X) curves obtained before and after
adaptation were compared to give a more direct measure of the
shift, and (3) instantaneous I{X) curves were stretched to fit
steady-state /(X) currents, the magnitude of stretch indicating
the extent of adaptation. In each case, the adaptive shift of the
instantaneous I(X) curve was a constant proportion of the de-
flection, for deflections positive to the negative limit.

Possible artifacts

We considered whether the limited extent of adaptation could
be an artifact. One possibility is that the cells were inadequately
attached to the substrate, since any movements of the cell bodies
during deflections would be interpreted as shifts of the I(X)
curve. However, we took great pains to study only cells that
showed no movement on a high-magnification video monitor.
More importantly, movement would tend to make the measured
adaptation more rather than less complete.

Another possibility, that the cells were unhealthy and unable
to adapt normally, may be ruled out for several reasons. The
cells were morphologically normal and survived for as long as
several hours in a bath solution that was well oxygenated and
refreshed frequently. Moreover, the limited adaptation and neg-
ative limit were seen both early and late in an experiment, and
in all cells. The cells whose adaptation was studied all had robust
transduction currents (100400 pA). Within that range, there
was no particular correlation of current magnitude and the ex-
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tent of adaptation. Even in cells disqualified from further anal-
ysis due to cell-body rocking or small transduction currents, the
limited extent of adaptation was qualitatively similar.

One might expect more variation in the extent of adaptation
among different bundles and at different times during an ex-
periment if incompleteness is an impairment of normal func-
tion. The limited adaptation was not due to a lack of ATP,
which was present in the internal solution. Besides, the exchange
of ADPSS for ATP arrests adaptation entirely (Gillespie and
Hudspeth, 1993). Under pathological conditions, one might ex-
pect the kinetics to be hindered more than the final extent, but
the kinetics were comparable to those of receptor currents re-
corded previously in different preparations, such as the more
intact saccular microphonic preparation (Eatock et al., 1987).
Not surprisingly, the same limited extent of adaptation was seen
in cells with or without a kinocilium (data not shown); neither
transduction (Hudspeth and Jacobs, 1979) nor adaptation (As-
sad and Corey, 1992) requires an intact kinocilium.

Resilience of mechanosensitivity

The incompleteness of adaptation observed in these studies was
also not an artifact induced by the large deflections used in the
stimulus protocols, since transduction and adaptation were un-
affected by even the largest stimuli. Conversely, extreme de-
flections neither induced nor changed the magnitude of the in-
completeness of adaptation. That transduction survived extreme
mechanical distortions is perhaps surprising, given the re-
knowned sensitivity of the bundle. If the tip links are the gating
springs that convey tension to the mechanical transduction
channels (Pickles et al., 1984; Assad et al., 1991), then they
apparently tolerate stretching to at least twofold their resting
length. For example, the largest stimuli used to push bundles
in the positive direction were well over 5000 nm (and well over
45° of angular rotation around the basal insertions of stereocilia).
An extent of adaptation of 80% implies an effective steady-state
stimulus of over 1000 nm; the instantaneous stimulus was even
larger. Taking into account the geometry factor of 0.12-0.14,
which relates bundle position to shear along the sides of stereo-
cilia (Howard and Hudspeth, 1988; Corey et al., 1989), this
amounts to at least 120 nm of stretch of the tip link, beyond its
resting length of ~150 nm (bullfrog saccular hair cells; Jacobs
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Figure 9. Dependence of the “rest-
ing” I(X) curve on bundle position. A
dissociated hair cell’s bundle was held
at its freestanding position, and an f(X)
relation was measured with a family of
short deflections. The bundle was then
given static deflections that were still
within the “normal” range of bundle
positions, and after several seconds a
new instantaneous /(X) curve was mea- -
sured at the offset positions. A-C show
static deflections of —900, 0, and +900
nm and the corresponding instantane-
ous I(X) relations (fiduciary arrows mark
the same x-position). A curve was fitted
to the data at the nominal resting po-
sition in B. A shift of —360 nm (40%)

o provided the best fit to the data in 4,
200 and a shift of +746 nm (83%) provided
PA a best fit to the data in C.

and Hudspeth, 1990; Shepherd et al., 1991). In a few cells,
transduction current also survived fast deflections to a position
of +2000 nm, which stretched tip links by at least 240 nm.
Failure to destroy mechanosensitivity by extreme mechanical
deformations is consistent with structural and functional studies
of sound-induced damage in cochlear hair cells, in which the
loss of tip links was seen only in disrupted bundles (Pickles et
al., 1987), and impairment of auditory responses was associated
only with abnormal bundle morphologies and damage to the
stereociliary rootlets in particular (Liberman, 1987).

1.0 pm

Homogeneity of components

A single cell contains 50 or so transduction units (tip link, one
or more channels, and motor). Do all units fail to adapt by the
same proportion, or does some subset fail to adapt at all while
the rest adapt completely? In the latter case, adapted I(X) curves
would be the sum of a fully adapted and a nonadapted com-
ponent, and the shape would be broader than the resting /(X)
curve. While slight broadening is sometimes seen, it is far less
than would be expected from a heterogeneous population of
adaptation units. Also, a nonadapting component does not ex-
plain the negative limit, beyond which no part of the I(X) curve
adapts. It is most parsimonious to assume a homogeneous pop-
ulation.

Functional significance of limited extent

The generation of the steady-state /(X) relation is illustrated in
Figure 104, which shows the shift of the instantaneous I(X)
curve (bold) in response to deflections incremented by 500 nm.
Shifted I(X) curves are shown for a proportional extent of 80%,
and the steady-state current at each deflection is indicated by
an open circle. The steady-state I(X) curve, shown by a dashed
line, is a fivefold broader version of the instantaneous curve.
Figure 10B shows steady-state (X) curves calculated with dif-
ferent proportional extents. For 100% adaptation, the instan-
taneous curve shifts completely, giving a steady-state curve which
is simply flat and a resting current which is constant and de-
flection independent. For 25% or 50% adaptation, the shift of
the instantaneous /(XX) curve is substantial, yet the steady-state
curve appears very similar to the instantaneous curve, and the
resting current is near saturation for all but the smallest deflec-
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Current

Figure 10. Relationships of instantaneous and steady-state /(X) curves.
A, The resting instantaneous I(X) curve (bold) has a resting current level
at the zero bundle position indicated by the solid circle. Shifts of the
instantaneous curve are shown for 80% extensive adaptation to deflec-
tions incremented by 500 nm. The arrows indicate an 800 nm shift for
a 1000 nm deflection. The steady-state currents after adaptation (O)
form the steady-state I(X) curve (dashed), which is a fivefold stretched
version of the instantaneous curve (see Discussion). B, Steady-state /(X)
curves are drawn for different values of the extent of adaptation. Again,
the solid circle indicates initial resting current, and open circles indicate
the steady-state currents. For the 1000 nm deflection shown, the steady-
state current is very sensitive to changes in extent from about 50-95%.
In the negative direction, adaptation encounters a negative limit (open
arrow). For >90% adaptation, further negative deflection would be
expected to cause a decline in current to zero with the shape of the
instantaneous J(X) curve. Experimentally, the negative limit was always
at a steady-state current level close to zero, and therefore this effect
would not have been apparent in the steady-state curve.

tions. Thus, the extent of adaptation must be in the 70-100%
range for adaptation to be very obvious with simple stimulus
protocols.

The major consequence of the limited extent is that the adap-
tive response seen at the level of the receptor current is clearly
phasic—tonic in character: the current during a maintained de-
flection shows a large initial change declining to a smaller steady-
state value. Such a response contains information about both
the rate of change and the final amplitude of the stimulus. It is
interesting that the nonlinear nature of the I(X) curve causes
the level of the tonic response to depend on the size of the
stimulus. For small stimuli within the linear range of the I(X)
curve, the tonic value will be (1 — 0.8) = 0.2 times the peak.
However, for larger stimuli, the phasic response is saturated
while the tonic response is not, making the tonic portion pro-
portionally larger. This can be seen in Figure 10, where the tonic
response to a + 1000 nm stimulus, even for 80% complete ad-
aptation, is more than half'the phasic component. For the largest
stimuli, both phasic and tonic components are saturated and —
even though the 7(X) curve shifts by 80%—there is no observable
adaptation of the receptor current.

Adaptation resembling that recorded in bullfrog sacculus oc-

curs in hair cells from turtle basilar papilla (Crawford et al.,
1989) and mammalian cochlea (Kros et al., 1992). In both,
adaptation of receptor currents is clearly incomplete. Among
the four types of bullfrog utricular hair cells, adaptation of re-
ceptor potentials varies considerably in extent (Baird, 1992). In
goldfish sacculus, adaptation of microphonic potentials is ap-
parently limited, although the magnitude of the instantaneous
response is unclear, due to the slow onset of the sinusoidal
stimulus (Furukawa and Matsuura, 1978). In otolith organs from
a variety of species, adaptation seen in afferent fiber responses
often spares a tonic component (e.g., Lewis et al., 1982; Gold-
berg and Fernandez, 1984; Baird and Lewis, 1986; Eatock et
al., 1987). Regardless of where the primary adaptation process
occurs in hair cell sensory pathways, any nonadapting compo-
nents must originate in the bundle as incomplete adaptation of
the transduction current.

Revised model for adaptation

A model for the adaptation process was previously developed
based on an active motor element that generates tension in the
gating spring (Assad and Corey, 1992). This motor was char-
acterized by a zero-tension climbing rate, C, and a tension-
dependent slipping rate, S X,. S and C were derived from the
initial rates of adaptation, measured in the first few milliseconds
following a bundle deflection; X, is the stretch of the gating
spring. Resting tension in the gating spring was determined by
the balance between slipping and climbing, as suggested by How-
ard and Hudspeth (1987). The model successfully predicted a
shift of the I(X) curve with voltage, and voltage-dependent
movement of freestanding hair bundles.

The model assumes that adaptation is complete, faithfully
restoring X, and p, to their resting values following deflections
of any magnitude. While the observations in this paper do not
invalidate the conclusions of Assad and Corey, it is clear that
the model is insufficient. To account for our new results—spe-
cifically, the incompleteness of adaptation and the negative lim-
it—two new elements must be added to the mechanical model
(Fig. 11). The incompleteness requires an extent spring, K, in
parallel with the motor. The stiffness of the extent spring is some
fraction, ¢, of that of the gating spring: K, = ¢ K,. Thus, if ¢ =
0.25, the proportional extent of adaptation is 1/(1 + ¢) = 0.8.
The negative limit, a deflection beyond which adaptation does
not occur, requires a stop. This is characterized by a distance,
X,,, such that shortening of the extent spring X, cannot be greater
in magnitude than X,, In these experiments, X,, is typically
—100 to —500 nm, and the stop is indicated by setting X, =
X . In addition, balancing the new force terms added by these
elements requires that we define the motor more specifically.
The “black-box” motor previously characterized by the param-
eters C and S is now recast as a force source, F,, in parallel
with a dashpot, £,,. The number of free parameters remains the
same, and the new parameters, F,, and E,, can be defined in
terms of the old C and S. Also, this characterization suggests
comparison to motile systems that are characterized in terms
of an isometric force, F,,, and a zero-tension velocity, F, /5,
(Hill, 1938). Lastly, a minor change from the previous model
is that the motor position is specified as the stretch of the extent
spring, X,, rather than an arbitrary X,,, so that slipping in re-
sponse to positive bundle deflection, which causes a positive
shift of the I(X) relation, results in a positive change in X,, in
contrast to the negative change in X,,. Details of the revised
model are presented in the Appendix.
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Figure 11. Mechanical model for ad-
aptation, extended from Assad and
Corey (1992) and Howard and Hud-
speth (1987). The dashpot =, represents
viscous damping of the bundle. Intrin-
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sic (pivoting) stiffness of the stereocilia
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the stereociliary bundle is X,. The stim-
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sition of the distal end, the “drive,” is
X, 80 X, = X; — X,. The gating spring
has stiffness K,; its stretch from its zero-
tension length is X,. In series with the
gating spring is a “catch,” to indicate
that it does not work in compression,
and a mechanically gated transduction

channel, whose open probability p, re-
sponds to the tension F, = K .X,. The
extent spring, with stiffness K,, con-
nects to the gating spring at X, so its
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Some physical properties of K, may be listed. As shown in
the Appendix, its elastic stiffness constant (in 4 mm Ca?*) is
about 120-160 uN/m, if K.’ is 400-500 uN/m (Howard and
Hudspeth, 1987, 1988; Jaramillo and Hudspeth, 1993). At steady
state, the range of tensions it experiences is the same as that of
the gating spring, since they are in series. The range of extensions
it experiences is also similar to that of the gating spring, since
a rapid positive deflection would stretch the gating spring, but
then would stretch the extent spring by almost the same amount
as the gating spring relaxed during adaptation. At steady state,
the stretch of the extent spring will be fourfold that of the gating
spring.

The negative limit represents a point beyond which the motor
cannot climb. Although it could represent the point where the
motor force balances the force in the extent spring, this is un-
likely: when the gating spring is slack, this point would occur
at a distance X, = F, /K, = —1000 nm. Since the resting com-
pression in the extent spring (with K,) is ~200 nm, adaptation
could proceed as far as —800 nm before reaching this limit. Yet,
X, was generally between —100 and —500 nm, and was more
negative than —500 nm only if the bundle was given a large
positive offset. In terms of movement along the side of a stereo-
cilium in the tip-links model, —500 nm corresponds to an up-
ward distance of 60 nm. This is the movement of the attachment
point expected if the tip links are cut; a similar value was found
in preliminary experiments (Shepherd et al., 1991). The negative
limit behaves as a fixed barrier to the adaptation mechanism,
and is unmoved by the forces accompanying large deflections,
at least on the time scale studied in these experiments.

The extent spring and the negative limit presumably lie close
to the structures mediating adaptation, perhaps as elements as-
sociated with the density marking the tip link’s upper attach-
ment. There are otherwise no obvious ultrastructural candidates
for either component. The extent spring could consist of a mesh-
work of membrane and glycocalyx molecules, while the negative
limit might be an actin-to-membrane linker. Alternatively, both
components may correspond to specific molecular connections

stretch is X, = X, — X,. The motor is
characterized by a dashpot, E,, in par-
allel with a force source, F,,; positive
force is directed to the right, so it acts
to stretch the gating spring and com-
press the extent spring. The negative
limit of adaptation is represented as a
“stop” of dimension X,,, such that X,

Xy s

= X, at all times.

between the putative mechanoenzyme and the actin substrate;
their dimensions are compatible with the possibility that they
are individual molecules.

Appendix
Balance of forces
The forces acting on the position of the stereocilia, X, are

F,, = —E,dX,/dt
F. = -K/X,
F,= —-K,X, = -K X, — X,)

Fp - Kpo = Kp(Xd - Xx)
Fu+F,+F,+F,=0.

The viscous damping of the stereocilia, =,, is small in these
experiments, allowing us to drop the term F,,. The motor com-
plex is in series with the gating spring, so tension in it is equal
to gating spring tension and is represented by F,. Then at any
time

KX, + KX,

X’_K3+Kg+Kp'

@

The forces acting on the gating spring at position X, are
F,, = —E.dX,/dt
F, =KX,
F =

4

—K,X, = KX, — X,)
F,+F, +F,+F,=0.

Substituting for X, from Equation 2 above and solving for X,
gives
XKK(1-e")—-F.(K +K, +K)

X0 = K + K, + K)K, +K)— K2

3)
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with a time constant r = &, /K,,,, where K, = K, + K, — K./
(K, + K, + K,). The force generator F,, contributes a constant
offset in the extension of X,.

Stiff probe

If the probe is very stiff, as was the case for the experiments in
this report, then K, > K,, K,, and K,. Consequently, X, = X,
at all times. Then

XK,( —e")-F,
K, + K, ’

X0 = @

and

p—t
~
—tyy

KAk

T

(%)

At steady state, X, = (KX, — F,)/(K, + K,). It can be seen,
then, that the extent of adaptation, expressed as a proportion
of the bundle deflection, is X,/ X, = 1/(1 + ¢), or 0.8 if ¢ = 0.25.

Adaptation may be similarly described as the stretch of the
gating spring X,: X (?) = [X(K, + Ke~") + F,J/(K, + K,), with
the same time constant as Equation 5. At steady state, X, =
(XK, + F,)(K, + K,). Note that the force on the transduction
channels is F, = K_X,, and this is the essential stimulus to the
cell.

If X, < O the tension in the gating spring goes to zero in this
model, indicating that the gating springs do not act in com-
pression. The movement of the motor’s position is then X,(¢)
= X, e ", where 7 = E,/K,, and X is the initial value. This
implies that the initial rate of adaptation for a negative deflection
past the gating spring’s slack point should grow with the “pre-
loading” of the extent spring. The ensuing relaxation should
follow an exponential time course governed by =,/K,, until K,
1s engaged again; thereafter Equations 4 and 5 apply. If the gating
springs did not reengage, or were removed from the system, the
steady-state stretch of the extent spring would be X, = —F,/K,,
or X, whichever is limiting.

Freestanding bundle

If the bundle is freestanding (K, = 0), then for any perturbation
that changes X, X (1) = X " — F, (K, + K,)/K,,, where X,
is the initial value, K, = KK, + K, K, + K ,K,, and the time
constant is 7 = E, (K, + K,J/K,,. At steady state, then, X, =
-F, (K, + K,)/K,,. Alternatively, this can be expressed in terms
of the bundle position X, X(t) = X,e~" — F,K./K,,, with the
same time constant as for X,. At steady state, X, = —F, K/
K., Lastly, the stretch of the gating spring for a freestanding
bundle is X, = X, — X,, so at steady state, X, = F,K/K,,.

Calculation of spring constants

An interesting problem raised by this model is that the spring
constants K, and K, are not the same as those estimated by
Howard and Hudspeth, from a simpler model without K,. They
applied the equivalent of a force F to a hair bundle, and mea-
sured the initial X; and final X, bundle positions, before and
after adaptation. In their model, X; = F/(K,’ + K/') and X, =
F/K/', where the primed spring constants indicate the Howard
and Hudspeth values. In this model, X; = F/(K, + K,) but X,
= F(K, + K ))K,,. These can be rearranged to give K, = (1 +
#)K, and K, = K — ¢ K./, where ¢ = K_/K,. The new K, and
K, differ from the previous K.’ and K,’ by roughly 25%: taking
K,  as 430 uN/m and K’ as 535 uN/m (Howard and Hudspeth,

1987, 1988; Jaramillo and Hudspeth, 1993) gives K, as 538
uN/m and K as 428 uN/m. This gives a value for K, of 134
uN/m, for ¢ = 0.25.

Definitions of F,, and E_,

How do the new motor parameters compare with expressions
from the Assad and Corey (1992) model? With a stiff probe,
the time constant of adaptation was + = 1/S. Under the same
conditions, in this model, r = &, /(K, + K,), so B, = (K, + K,)/
S. Using the values for K, and K, from above, =, has a value
of 8.3 uN sec m~!, at —80 mV in 4 mm Ca?*. Also, the resting
stretch of the gating spring was X, = —X,, = —C/S in the pre-
vious model. Here the motor supplies a constant offset, X, =
—F, /K, + K),s0o F, = (K, + K)C/S = E,C. Inserting the
values obtained above, we get F,_ = 130 pN, or about 22 pN
for each transduction and adaptation unit in a bundle of 60
stereocilia.
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