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ABSTRACT The mechanical sensitivity of hair cells, the sensory receptors of the vestibular and auditory systems, is
maintained by adaptation, which resets the transducer to cancel the effects of static stimuli. Adaptation motors in hair cells
can be experimentally activated by externally applying a transduction channel blocker to the hair bundle, causing the hair
bundle to move in the negative direction. We studied the variance in the position of the hair bundle during these displace-
ments and found that it increases as the bundle moves to its new position. Often the variance peaks, and then declines to
a steady-state value. We describe both displacement and variance with a model in which a motor acting on the bundle takes
~3.6-nm steps whose frequency (~22 s~ ") declines with the motor’s load.

INTRODUCTION

Hair cells, the sensory receptors of the vestibular and audi-
tory systems, are graced with a hair bundle, an organelle of
exquisite mechanical sensitivity. The design of the hair
bundle poses a challenge, i.e., how to maintain its sensitivity
to small deflectionsin the presence of large steady offsetsin
the bundle’ s position, which can be caused by static stimuli
such as postural changes. The solution to this problem is
adaptation, which in the hair cell resets the transducer to
cancel the effects of static stimuli.

Adaptation is the result of at least two processes that
differ in their time constants by over an order of magnitude
(for reviews on both types of adaptation see Eatock, 2000;
Holt and Corey, 2000). The fast component (r ~ 1 ms),
which is best understood in turtle auditory hair cells, can be
explained by a model in which Ca®", entering through a
transduction channel, binds to an intracellular site, resulting
in a change in the probability of the channel being open
(Ricci et al., 1998; Wu et a. 1999). The slow adaptation
component (7 of a few tens of milliseconds, depending on
the cell) has been linked to the activity of myosin motors
(Gillespie and Corey, 1997; see model in Fig. 1).

Adaptation motors regulate tension in the tip links, which
are thought to gate the mechanoel ectrical transduction chan-
nels. Therefore, one can infer motor activity from the time
course of transduction currents. Alternatively, one can mea-
sure the mechanical forces that motors exert, providing
insight into aspects of motor function that cannot be ap-
proached electrophysiologically. Here we take advantage of
the open channel blocker gentamicin to prevent the influx of
Ca’* through transduction channels that are open at rest,
thus activating the adaptation motors. In the presence of
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high concentration of gentamicin, a channel that opens is
rapidly blocked. Thus, within a few milliseconds, nearly all
transduction channels are trapped in the blocked state (Jara-
millo and Hudspeth, 1993). The intracellular reduction in
the concentration of Ca®" near the channel, which is prob-
ably sensed by calmodulin, results in an increase in motor
activity that causes the motors to climb, increasing the
tension in the tip links, and causing the hair bundle to
undergo a slight movement in the negative direction (toward
the shorter stereocilia).

It is believed that every tip link is coupled to a motor
complex, which, in turn, is thought to comprise at least
several dozen myosin molecules. In mice vestibular hair
cells, this motor role is currently attributed to Myolc (Holt
et al., 2002). However, Myo7a has been implicated in
adaptation in mouse cochlear hair cells, although its func-
tion there might be more complex, involving not only a
motor activity but a membrane-to-cytoskeleton anchoring
role (Kroset al., 2002). Because the mechanical cycle of the
myosins is a stochastic process, we anticipated that their
activity would cause random fluctuations in the position of
the hair bundle. Furthermore, one would expect that an
increase in motor activity would cause an increase of such
fluctuations. To test this idea, we subjected hair bundles to
multiple presentations of gentamicin, and measured not
only the bundl€e' s displacement, but the displacement’ s vari-
ance as afunction of time. The results presented here, which
confirm our prediction, are consistent with a simple model
of motor function.

MATERIALS AND METHODS
Preparation

Experiments were performed in the isolated saccular macula of bullfrogs
(Rana catesbeiana), using techniques described previously (Howard and
Hudspeth, 1988; Jaramillo and Hudspeth, 1993). The saccular macula was
isolated, and digested for 10 min with 75 pg/ml protease XX1V (Sigma, St.
Louis, MO) at room temperature (20—-25°C) in a perilymph-like saline
((mM) 110 NaCl, 2 KCl, 0.1 CaCl,, 3 glucose, 5 HEPES, pH 7.25 with 1IN
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FIGURE 1 Slow adaptation in hair cells. A hypothetical mechanism of slow adaptation, which, in the Rana catesbeiana hair cell, resets the transduction
apparatus within afew tens of milliseconds following astimulus. (A) The hair bundl€e' s stereocilia are joined near their tips by tip links (only two stereocilia
shown), which are thought to regulate the gating of transduction ion. The top transduction channel is coupled to a cytoskeletal complex containing a
multimolecular motor, which is thought to be composed of about 100 myosin molecules (three are shown for illustration, molecules not drawn to scale).
The activity of these myosins is regulated, via calmodulin, by the intracellular concentration of Ca2*. (B) The increase in tension of the tip link, which
results from a myosin’s climbing step, 8, pushes the hair bundle and the attached probe in the negative direction (toward the left in the figure) a distance
ho,. The y and x axes, which are not orthogonal, represent the axis along which the motor complex moves, and the bundle's axis of mechanoel ectrical

sensitivity, respectively.

NaOH). After digestion, the macula was washed twice in fresh saline
(minus the protease), attached to the glass bottom of a recording chamber
using biologica glue (Cell-Tak, BD Biosciences, Bedford, MA), and the
othalitic membrane carefully removed using fine forceps. The chamber
was then transferred to a fixed, rigid stage (Meridian Manufacturing Inc.,
Kent, WA) for recording. An upright microscope (Nikon, E600 FN),
mounted on a translation stage, was used to observe the preparation.
Imaging was performed under Nomarski optics, using a 60X, water im-
mersion objective (numerical aperture 1.0). Recordings were performed in
the perilymph-like saline described above. For control experiments (see
Fig. 4) the saline was supplemented with either 100 uM gentamicin sulfate,
or 5 mM BAPTA (1,2-bis(o-aminophenoxy)ethane-N,N,N’,N’'-tetraacetic
acid).

Photodiode detector

To monitor the position of the translucent hair bundles, a gold-coated
flexible glass probe was attached to the bundle' skinociliary bulb. Care was
exerted to prevent biasing the bundle when the probe was attached.
However, the absolute position of the bundle at the time of contact was not
determined. Probes (0.5-1.0 um in diameter at their tip) were manufac-
tured from 1 mm borosilicate stock using a horizontal electrode puller
(P-80 PC, Sutter, Novato, CA), and trimmed with iridectomy scissors to
atain a tiffness at the tip comparable to that of a hair bundle (~1
mN m™?, range 0.39-1.1 mN m™~%). The image of the probe's distal end
was magnified 1000 and projected onto a dua photodiode (EG-G Op-
toelectronics, Vaudreuil, QC, Canada), and the photocurrents converted to
voltages by current-to-voltage converters with an effective bandwidth of
5.3 kHz. The photocurrents difference was amplified, low pass filtered at
1.0 kHz (four-pole Bessel), and sampled at 2.5 kHz by a computer using a

12 bit data-acquisition board (National Instruments, E-series) using Lab-
View. The stiffness of the flexible probe was estimated from the probe’s
variance of motion, which, in turn, was estimated from the photodiode’s
output (Howard and Hudspeth, 1988). Positioning of the probe's image
with respect to the photodiode was accomplished by projecting the pho-
totube's image onto a small screen. Immediately before iontophoretic
stimulation, the photodiode was automatically centered on the flexible fiber
and a series of 5-um displacements imparted on the photodiode for
calibration purposes.

To reduce mechanical noise, the microscope was placed on a vibration
isolation table (Technical Manufacturing), standing on a 12 X 12-foot
concrete platform separated by a 1-inch gap on its sides from the building’s
concrete floor. Fig. 2, obtained by monitoring fluctuations of a stiff probe,
gives an indication of the residual, uncontrolled mechanical vibrations. In
general, residual mechanical noise was ~1 nm (root mean sguare) in the
1.0-kHz bandwidth.

lontophoresis

lontophoretic electrodes were used to apply gentamicin to the hair bundle
as described previously (Jaramillo and Hudspeth, 1991, 1993). Although
other transduction channel blockers such as amiloride, La®*, etc., can be
applied iontophoretically, their relatively high mobility, lack of solubility,
and relatively low affinity for the channel would require enormous currents
to produce an effective blocking concentration. Although adaptation mo-
tors can also be activated by lowering extracellular Ca?* with chelators
such as BAPTA, these also cause tip links to break (Assad et a., 1991;
Jaramillo and Hudspeth, 1993). Thus, aminoglycosides such as gentamicin
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FIGURE 2 Power spectrum of fluctuations observed for a stiff glass
probe. Noise around 40 Hz could not be entirely removed. The root mean
square of motion for this probe was 1.0 nm. This gives an indication of
residual uncontrolled mechanical noise in our setup.

provide the best means to rapidly block transduction channels with mini-
mal mechanical disturbance. Conventional capillary-filled glass microelec-
trodes were filled with a 500-mM aqueous solution of gentamicin sulfate
(Sigma). This solution was supplemented with 20 mM KCI to prevent the
polarization of the AgCl electrode. The electrode filling solution had a
slightly acidic pH, which ensures that the drug’s amino groups are proton-
ated. lontophoretic electrodes, when filled with the aminoglycoside solu-
tion, had resistances of ~300 MQ).

In general, ~50 iontophoretic pulses (150 ms each) were applied to a
given cell at a frequency of ~2 Hz. The frequency of stimulation was
adjusted from cell to cell to ensure that the bundle had returned to its
original position before administering a new pulse. Occasionaly, a pulse
series had to be interrupted if it appeared that the cell was fatiguing, or
when the iontophoretic el ectrode became blocked. However, in most cases,
there was no apparent declinein a cell’ s responses during a stimulus series.
lontophoretic currents (0—100 nA, —2 nA retaining current) were delivered
using an lon-100 iontophoretic generator with ==130-V compliance (Dagan
Corporation, Minneapolis, MN). Negative current pulses were applied as a
control. Negative iontophoretic pulses often produced a small probe motion
in the positive direction. This motion, whose amplitude was less than 10%
of the response to positive pulses, was an artifact that could be €elicited in
the absence of abundle. Similarly, very large positive pulses (I > 100 nA),
delivered with KCl-filled electrodes, caused a small motion in the negative
direction. Therefore, these large amplitudes were not used in our experi-
ments. When a cell gave unusually good responses, we carefully moved the
cell away, leaving the probe and iontophoretic electrode in place. The data
was accepted if the observed artifact was less than 10% of the response
obtained with the hair cell. In many cases, we obtained responses without
artifact (see also Fig. 4).

We estimate the concentration (C) of gentamicin at a distance (r) from
the tip of the iontophoretic electrode according to C(t) = (¢i/4wFDr)erfc(r/
V4Dt (Berg, 1983). Here { is an estimate of the ratio of gentamicin’s
transference number to its valence (0.03) obtained for similar microelec-
trodes (Jaramillo and Hudspeth, 1991), i is the iontophoretic current, F
is Faraday’'s constant, D is gentamicin’s estimated diffusion coefficient
(~ 4.010"°m? s, (Jaramillo and Hudspeth, 1991)), and erfc represents
the complementary error function. We estimate that, within a span of 10
ms, the concentration of gentamicin at a distance of 5 um from the
electrode rises from negligible values to 70 uM, avalue sufficient to block
90% of the transduction channels, given gentamicin’s Kd for channel
blocking of 8 uM (Kroese et al., 1989). By the end of the pulse, the
concentration of gentamicin should be near 400 uM. These values are
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FIGURE 3 Hair bundle responses to gentamicin. The cell was subjected
to 80-nA, 150-ms applications of gentamicin (trace 7). After the pulse, the
bundle moved in the negative direction (sample traces 1-4). Responses
were averaged (trace 5) and the variance (trace 6) computed by subtracting
the mean from each one of the 82 displacement traces and averaging the
squared differences.

about one order of magnitude lower than those calculated by others, but the
values obtained by these authors rely on a relatively high estimate of
gentamicin’s diffusion coefficient and a high estimate (rather than an
experimental determination) of the aminoglycoside's transference number
(Denk et a., 1992).

Data analysis

Displacement traces were inspected individually. A few tracesin every run
were discarded if they seemed to be corrupted by artifactual motions due
to uncontrolled mechanical noise. Such artifacts were elicited by occa-
sional disturbances in the recording room: door slamming in the building,
building equipment coming on, etc. Traces were averaged, and the variance
computed by subtracting the mean from every accepted trace, and averag-
ing the squared differences. Data are presented as mean + SD.

RESULTS
Response to gentamicin

We measured the response of hair cells to iontophoretic
applications of gentamicin. Hair bundles (96 out of 124
tested) moved in the negative direction, with a nearly ex-
ponential time course, after the onset of the iontophoretic
pulse (Fig. 3). We assume that cells that failed to respond to
gentamicin had a damaged transduction apparatus, which is
relatively common after dissection and enzymatic digestion
(also see Specificity of Gentamicin Action below). Bundle
motion followed the pulse with a delay of a few millisec-
onds, consistent with the time required for diffusion of
gentamicin from the electrode’ stip to the transduction chan-
nels. This delay is longer than seen previously (Jaramillo
and Hudspeth, 1993) because, to avoid iontophoretic arti-
facts, the tip of the iontophoretic electrode was placed at
least 5 wm away from the bundle. This increased distance



Adaptation Motors

tends to produce a more graded increase in blocker concen-
tration, instead of a step, therefore distorting (in effect
smoothing out) the fast mechanical transient due to channel
block (Jaramillo and Hudspeth, 1993). This effect, which
consists of a small decrease in the tip link tension as
channels open (a channel must open before it is blocked)
produces a minor deflection of the bundle in the positive
direction. This component of motion was not considered
further (see Transduction Channel Gating Effects in the
Discussion).

Specificity of gentamicin action

A significant fraction of the cells (28/124) failed to respond
to gentamicin, an observation consistent with the fact that
some hair cells undergo hair-bundle damage during enzy-
matic digestion and peeling of the otholitic membrane. In
the majority of these cells, there was no discernable motion
associated with iontophoresis, indicating that responses de-
pend on the specific actions of gentamicin (i.e., transduction
channel blocking) on a healthy transduction apparatus. To
test this further, we recorded responses from a hair cell (Fig.
4 A), and then we gently perfused the recording chamber
with saline supplemented with 5 mM BAPTA, a treatment
known to destroy the hair cell’s tip links (Assad et d.,
1991). The efficacy of the treatment in destroying the tip
links was confirmed by a significant decrease in bundle
stiffness from 1.15 mN m~* to 0.38 mN m ™%, in agreement
with previous work (Jaramillo and Hudspeth, 1993). This
treatment completely and irreversibly destroyed the cell’s
ability to respond to gentamicin. Figure 4 B, which displays
the variance of motion before and after BAPTA treatment,
argues against the possibility of the variance being cor-
rupted by artifact. This experiment was repeated in three
other sacculi with identical results: a chosen cell displayed
a strong response to gentamicin before BAPTA, and the
response was entirely lost after treatment. Eight additional
healthy-looking cells were tested after BAPTA. Although
we did not record their response before BAPTA, they
showed none after treatment.

A similar experiment was performed by perfusing a sac-
culus with saline supplemented with 100 uM gentamicin
(Fig. 4C). As expected, in the continued presence of a
near-saturating concentration of gentamicin, this hair cell
reversibly lost most of its ability to respond to iontophoretic
application of gentamicin. This experiment was repested for
three other cells. In all cases, the continued presence of 100
1M gentamicin blocked the response to iontophoretic ap-
plications, although the cells' recovery following the wash
was not as complete as for the cell in Fig. 4 C.

Time course of the variance

The variance in the attached probe’s motion preceding the
pulse was consistent with that expected from the combined
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stiffness of the probe and its coupled hair bundle. However,
after the onset of bundle motion, the variance increased
significantly for al cells (e.g., Fig. 3). Notice that, in sub-
sequent figures, displacements in the negative direction are
plotted as positive, allowing for easier comparison of the
displacement and variance time courses. In addition, in
figures in which the displacement and variance are smul-
taneoudly plotted in multiple panels (e.g., 5, 7, and 8) the
variance can be easily identified as the noisier trace.

In 76 of the 96 active cells, the variance increased mono-
tonically with aroughly exponential time course (Fig. 5). In
the remaining twenty, the variance clearly reached a peak,
and in sixteen of these the variance then declined to a new
steady-state level (e.g., Figs. 3 and 6). In preliminary ex-
periments, roughly similar results were observed in 47 out
of 88 saccular hair cellsin Rana pipiens. However, because
responses were generally weak, we decided to switch to the
more robust R. catesbeiana preparation (only R. catesbei-
ana data is presented here).

Many cells showed variance traces that were too noisy to
be suitable for quantitative analysis. In general, this hap-
pened when responses were too small (<10 nm), when not
enough pulses were delivered to the cell (giving rise to
noisy variance traces), and when recordings were contami-
nated with extraneous mechanical noise. Twenty three cells
were considered suitable for further quantitative analysis, 9
of which showed a clear peak in the variance, and 14 that
did not.

Mathematical model and quantitative analysis

To develop a detailed model of adaptation, we would need
to know the number of myosins per motor complex, the
myosin's working distance, ATPase rate, the precise geo-
metrical arrangement of the myosins comprising a motor
complex, the mechanical properties of the myosin (i.e., its
stiffness), the mechanical interactions between myosins,
and the dependence of the myosin’s working distance and
ATPase rate on the load. One would also need detailed
information about the regulation of the myosin’s activity by
Ca?*, and therefore, on the regulation of intracellular Ca®*
concentration. Unfortunately, although we know that doz-
ens of Myolc molecules are associated with the electron-
dense insertional plagues, which are thought to anchor tip
links to the stereociliary cytoskeleton, a detailed description
of adaptation motor complexesis simply not available (Gar-
cla et a., 1998; Steyger et al., 1998). Thus, to develop a
detailed stochastic model of adaptation is beyond our cur-
rent capability. However, the basic characteristics of the
observed displacement and variance during gentamicin ap-
plication can be described by a model of adaptation in
which a motor complex climbing along a stereocilium ex-
erts a force on the hair bundle and attached probe via an
elastic linkage, which is either the tip link or some other
elastic element in series with it (Howard et al., 1988).

Biophysical Journal 83(6) 3188-3201
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In the following equations, x refers to a projection of the
displacement of the adaptation motor along the stereocilium
onto the axis of mechanoelectrical sensitivity (Fig. 1). The
reference point, x = 0, is selected such that there is no
tension in the gating spring at this point. Let us assume that
adaptation is characterized by two processes: an active one,
due to adaptation motors climbing along the actin cytoskel-
eton, and a passive one, slipping, due to the tension in the
gating spring. Leét vg;, and Vyin, represent the velocities of
slipping and climbing adaptation, respectively (see Table 1
for alist of model and hair cell parameters). At rest, climb-
ing and slipping equilibrate each other, so that Vi, +
Vgip = 0.

We now consider adaptation after a gentamicin pulse.
Notice that the model makes no assumption about the extent
of blocking after a gentamicin pulse. Thus, incomplete
blocking has few implications for our discussion. However,
for simplicity, we assume that blocking (to whatever extent
it occurs) is instantaneous. Our calculations suggest that
blocking is nearly complete within a span of 10 ms (see
Materials and Methods).

Slipping adaptation

Let the velocity of slipping adaptation after gentamicin
be proportional to the extension of the gating spring,
which is x,

VSlip = —aX. (1)

Climbing adaptation

Let us visualize climbing adaptation as consecutive steps of
length h, and random frequency f (note, again, that h, refers
to aprojection of the displacement of the adaptation motor
along the stereocilium onto the axis of mechanoelectrica
sensitivity. See Fig. 1 B). If we assume the motor’ s stepping
frequency to be constant, f,, then the climbing adaptation
speed would simply be foh,, and then we would expect both
displacement and variance to follow a single exponentia
time course (see Derivation below). However, because the

FIGURE 4 Specificity of gentamicin action. (A) After the displayed
responses to gentamicin (50-nA pulses) were recorded, the sacculus was
perfused with recording saline supplemented with 5 mM BAPTA, whichis
known to destroy tip links. This treatment irreversibly destroyed the cell’s
ability to respond to iontophoretic gentamicin application. The stiffness of
the hair bundle declined from 1.15 mN m~* before BAPTA to 0.38
mN m~?* after treatment. (B) Variance corresponding to the displacement
traces shown in panel A. (C) Treatment of a different hair cell with saline
supplemented with 100 uM gentamicin blocked the cell’s response to
25-nA iontophoretic application of the same drug. After a thorough wash,
the cell recovered fully. The bundle stiffness was estimated at 1.28
mN m~* before, 1.3 mN m~* during, and 0.97 mN m™* after bath appli-
cation of gentamicin.
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variance did not display asingle exponential time coursefor ~ model. We can explain both types of variance, those char-
asignificant fraction of the cells, we decided to expand our  acterized by a single exponential time course, and those
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Then one can write t
hence,
Velimb = hOf(l BX) (2)
X
— = —aX + hf(1 — Bx). (4)

TABLE 1 Adaptation model and hair cell parameters

a Slipping adaptation rate constant

B Parameter that accounts for a reduction in the climbing frequency
as a function of tip-link tension (see Eq. 2)

) Motor’s step size (along y-axis)

kp  Stiffness of the bundie (~1 mN m™?)

Stiffness of the probe (~0.75 mN m™%)

Stiffness of a single tip link (~0.5 mN m™?%)

y Geometrical gain, defined as the rate of change of the distance, |,
between the tips of neighboring stereocilia with displacement,
x, of the hair bundle: y = dl/dx; usualy this value is ~0.14.

N Number of stereocilia (~50)

¢ Force exerted by a single tip link along the stereocilia (y axis)

Fy Net force exerted by al pivots in the bundle along x axis at the
level of the probe

Fo Force exerted by the probe along x axis

Fy Net force exerted by al gating spring along x axis

hg Bundle/probe displacement resulting from motor taking a step

X Bundle position along its axis of mechanoelectrical sensitivity. In

the model equations, 1-9, the motion of the motor along the
stereocilium is projected onto this axis.

Y Position of a motor at a stereocilium

¥ (Coordinate system aong the stereocilium, y axis). Same when
there is no tension in the spring; depends on displacement x.

9 Elongation of a gating spring (Y, — Y2)

For hair cell parameters, see Howard and Hudspeth, (1988).
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dt

We consider the process of climbing (and dlipping) as a
stochastic one. This can be done by considering the fre-
quency of climbing steps as a random parameter with an
average value of f,. Then the displacement x is a random
function and Eq. 5 gives the average displacement:

foh
=" 1-em, )
where A describes the adaptation rate, and the variance is
th2
o= |51-97 - (1 —§(1+3pe ™
+ ENte M+ 261 - He M|, (6)
where

BthO

(7)

Eqg. 6 was derived by standard methods of the theory of
stochastic processes (van Kampen, 1997).
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In the majority of the cells that responded to gentamicin,
there was no evident decline in the variance during the pulse
(Fig. 5). It is reasonable to assume that, in their case, the
frequency of motor stepping was nearly independent of
tension (B ~ 0). In this case, the model simplifies to

_fh 1 —at 8
x=_(1-e") (8)
and
fh?
2 _ A 2at
U—Za(l e %), 9

These cells had a mean displacement of 52 = 30 nm (range
20-120 nm), and a mean time constant for displacement of
32 = 30 ms (range 7-111 ms, n = 14). The displacement
and variance traces for these cells were fitted to Egs. 8 and
9, respectively (Fig. 5). Using these fits, the motor’s step
length, hy, and stepping freguency, f,, were estimated at
4,17 = 2.23 nm, and 540 + 530 s %, respectively (n = 14).

Although the majority of cells displayed a monotonically
increasing variance, a significant fraction showed a clear
peak followed by a decline to a new steady state. The
proposed model provided good fits for both displacement
and variance for these cells (Fig. 6). Displacement traces
were fitted according to Eq. 5, yielding estimates for fgh,,
and A. Variance traces were fitted to Eg. 6 with two param-
eters (A and hy), and using the values of fohy and A obtained
from displacement to constrain the fits. The motor’s step
length, hy, and stepping freguency, f,, were estimated at
4,15 + 2.17 nm, and 297 *+ 240 s *, respectively (n = 9).
Notice that the estimate for hy is similar to that obtained in
cells whose variance did not show a clear peak, whereas f,
is about half as large, athough a t-test showed this differ-
ence to be not significant (p > 0.05).

The time course of displacement was relatively consistent
from cell to cell. However, for these cells, variance was
quite heterogeneous. A representative sample of these re-
sponsesis shown in Fig. 7. For some cells (e.g. Fig. 7, Eand
F), the variance fit was poor when it was constrained to use
the values of fyhy and A obtained from the displacement
trace. The fits shown for these cells (Fig. 7, bottom) were
obtained according to Eq. 6, using four free parameters (f,,
ho, A, and &). An increased number of free parameters
obviously alows for better fits, but at the expense of an
increase in the variability of the parameter estimates. Fits
obtained for these cells were not included in our average. In
afew other cases (Fig. 7 B), the variance declined to alocal
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minimum, and then rebounded. Such a pattern indicates
that, a some point Bx > 1, which can be interpreted as
tension causing the motorsto stall, and then causing them to
reverse (Eg. 2). In at least one case (not shown), such
rebound was accompanied by a partial (although small)
reversal of bundle motion. Although the model formally
describes these results, it seems highly unlikely that the
motor could be run in reverse. Again, these fits were ex-
cluded from our averages, although the values obtained are
quite comparabl e to those obtained for other cells (legend of
Fig. 7 B).

Frequently, the variance during a gentamicin pulse ex-
hibited strong oscillations (Fig. 7). These oscillations were
absent or greatly reduced before the pulse, indicating that
they are related to the activity of the adaptation machinery.
It is not possible to say whether these oscillations are
physiologically significant because their frequency (~40
Hz) is similar to that of the main source of uncontrolled
mechanical vibrations in the probe (Fig. 2). Thus, variance
oscillations, even if they reflect the activity of adaptation
motors, could be induced by a periodic oscillation in the
glass probe. The observed variance oscillations might be
explained by expanding the model to include other aspects
of adaptation, (e.g., Ca" regulation in the stereocilium
could lead to Ca®* oscillations). An alternative source of
oscillations could be oscillations in the membrane potential,
and therefore in the driving force for Ca?", after channel
blocking (Lewis et al., 1988). However, it is not simple to
predict how factors such as these would affect displacement,
or even less, variance. Note that even a simple model of
adaptation produces a fairly complex expression for vari-
ance (Eqg. 6). Thus, we gave variance oscillations no further
consideration, athough we acknowledge that the model
proposed captures only the essential features of the dis-
placement and variance time courses. Ideally, one would
conduct these experiments under whole-cell clamp, which
also alowsfor theintroduction into the cell of reagents such
as ADP analogs, which can block the adaptation machinery
(Holt et al., 2002). However, frog epithelia cells (as op-
posed to dissociated cells with exposed basolateral surfaces)
are difficult to patch clamp. This difficulty, in addition to
the simultaneous managing of iontophoresis and stimulus
praobe control, poses an experimental challenge that we were
not able to meet.

In general, cells clearly belonged to one of the two
categories described, i.e., when subjected to several trials,
cells displayed either a monotonically increasing variance

FIGURE 7 Representative examples of cellsin which the variance peaked, and then declined. The displacement baseline (determined as the average for
the 50 ms preceding the iontophoretic pulse) was subtracted. The traces, which, in this figure, begin at the point at which a significant departure from the
baseline occurred, were preceded by aflat baseline. (A) f, = 326 7%, hy = 8.7 nm, 8 = 0.006, A = 0.041. (B) f, = 420s™%, hy = 4.11 nm, B = 0.124,
A =0.015. (C) f, = 126 s %, hy = 1.36 nm, 8 = 0.015, A = 0.016. (D) f, = 780 s *, h, = 6.0 nm, 8 = 0.007, A = 0.056. (E and F) were fitted with
four free parameters (see Results). In every panel, the variance is the noisier trace.
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FIGURE 8 Time-dependent changesin hair bun-
dle responses. This figure illustrates the responses
of one of the three cells for which the decline in
variance became more pronounced for successive
stimulus runs. Every run consisted of ~50 pulses,
and successive runs (from top to bottom) were
started within a couple of minutes of the previous
run’s end. Estimates for h, for the three successive
runs were 4.25, 5.28, and 5.85 nm respectively,
whereas the estimates for f, were 196, 140, and 126
s (the runs for the other two cells that showed a
similar behavior were aso best fitted with succes-
sively reduced estimates for f,). In every panel, the
variance is the noisier trace.
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or one with a clear peak, and this behavior was maintained
from trial to trial. However, in three cases, we observed a

|
50 100 150 200
Time (ms)

“dual” behavior (one example is shown in Fig. 8). In these
three cells, the earlier runs (each consisting of several dozen
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pulses) displayed a variance that showed no evident decline.
However, subsequent runs obtained within a few minutes
displayed a progressively more pronounced peak in the
variance. These cells also showed a certain fatigue, as
evidence by reduced displacements in response to the same
iontophoretic pulses. For the cell shown in Fig. 8, the
estimates for h, for the three successive runs were 4.25,
5.28, and 5.85 nm, respectively, whereas the estimates for f,
were 196, 140, and 126 s~ . The runsfor the other two cells
that showed a similar behavior were also best fitted with
successively reduced estimates for fg, but, notice that, for
this cell, the step-size estimates change in the opposite
direction. The variability of these estimates is considerably
lower than for the entire cell population, suggesting that the
variability in our overall estimates reflects the heterogeneity
of the cell population, rather than the uncertainty of indi-
vidual run estimates.

DISCUSSION
Motor activity

Consistent with previous observations, after the application
of gentamicin, the hair bundle moves to a new steady-state
position with an exponential time course (Jaramillo and
Hudspeth, 1993). At this new position, the higher activity of
the motor is balanced by an increase in slippage (see Eq. 4).
Similar bundle movements are elicited when resting Ca®*
influx is prevented by depolarizing the cell to a potentia
near Ec, (Assad et al., 1989). At the steady state, the motor
activity settles to a value intermediate between that preced-
ing the gentamicin pulse and that immediately following it.

Fast adaptation in Rana hair cells occurs when transduc-
tion channels open, allowing Ca?* to permeate through the
transduction channel and to promote a fast transition to the
closed state (Howard and Hudspeth, 1987b). This form of
adaptation is greatly diminished at the low Ca®" concentra-
tion used for our recordings (Jaramillo et a., 1990). Fur-
thermore, the blocking of the channels by gentamicin pre-
vents Ca?* entry, preventing any fast adaptation from
taking place. So, fast adaptation can be ignored here.

The model we present here explains the time course of
bundle motion. Furthermore, the model aso predicts agrad-
ual decline in motor activity as tension in the gating spring
gradually increases (Eq. 2). Such a decrease cannot be
inferred from the bundl€’ s time course of motion (the model
predicts an exponential time course regardless of ), but
only from the time-dependent decrease in the bundl€'s
variance. Cells in which both displacement and variance
increase monotonically can be simply explained by the
motors independence from their load (i.e., B ~ 0).

We attribute the variance's decline to a reduction in the
motor’s stepping frequency, f, and therefore, ultimately to
the ATPase rate of the myosins. This interpretation is con-
sistent with the Fenn effect in muscle, which is thought to

Biophysical Journal 83(6) 3188-3201

Frank et al.

reflect a decrease in myosin’s ATPase rate with an increas-
ing load (Howard, 2001). A similar effect has been observed
for kinesin, whose ATPase rate declines as the load in-
creases, without an observable decline in the motor’ s work-
ing distance (Crevel et a., 1999; Meyhofer and Howard,
1995; Visscher and Schnitzer, 1999).

How would the model change if we assumed a decrease
in the motor’s working distance with increasing load? Al-
though there is no precedent for such areduction in working
distance with load, the solution of the model would be
identical because the action of 1 — Bx on Eg. 2 can be
aternatively viewed as acting on the working distance, h.

Alternative sources of variance
Flicker block

Gentamicin leads to the activation of the adaptation machin-
ery by acting as an open channel blocker (Denk et a., 1992;
Kroese et al., 1989) to prevent the entry of Ca®" through
transduction channels open at rest. Thus, rapid “flicker
block” could, in principle, create rapid fluctuations in the
concentration of intracellular Ca?*, which in turn could
result in fluctuations in the activity of adaptation motors.
Several arguments suggest that thisis an unlikely possibil-
ity: a rest, and in the absence of blockers, transduction
channels rapidly fluctuate between their open and closed
states, maintaining an average open channel probability of
~0.15. Yet, these rapid fluctuations do not result in any
significant increase in Brownian motion of the hair bundle,
which can be accounted for by the bundle's passive me-
chanical properties (Denk et a., 1989; Howard and Hud-
speth, 1987a). Furthermore, an analysis of bundle fluctua-
tions in the presence of gentamicin using laser
interferometry revealed no component of hair bundle vari-
ance that could be attributed to flicker block (Denk et al.,
1992).

Previous observations indicate that blocking in response
to iontophoretic administration of gentamicin is in equilib-
rium with transduction channel gating (Jaramillo and Hud-
speth, 1991). This is confirmed by measurements in the
presence of varying nonsaturating concentrations of genta-
micin, where one observes varying peak transduction cur-
rents (unpublished observations). These observations indi-
cate that blocking is in equilibrium with the opening of
transduction channels (i.e., the binding rate is much faster
than changes in the binding site exposure that results from
gating), which, in typical experiments, is limited by the
bandwidth of hair bundle stimulation (at least 1 kHz). Com-
pare this with the low characteristic frequency of slow
adaptation (~10 Hz), or with the catalytic rate of Myolc at
saturating ATP concentrations (0.75 s %) (Gillespie et d.,
1999). Therefore, the simplest explanation for the lack of a
“flicker block” effect is that blocking by gentamicin is
characterized by frequencies that exceed the time respon-
siveness of the adaptation machinery.
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Transduction channel gating effects

When a closed transduction channel opens in the pres-
ence of gentamicin, blocking causes it to keep the chan-
nel gate open, because the channel cannot close while
blocked. This shift in the position of the gate causes the
appearance of a channel “gating force,” which acts on the
bundle (Denk et al., 1992; Jaramillo and Hudspeth,
1993). Therefore, fluctuations in the position of multiple
gates, due to the random binding and unbinding of gen-
tamicin, cause a fluctuating force in the hair bundle that
can be measured experimentally (Denk et al., 1992).
Several lines of reasoning strongly suggest that the con-
tribution of these forces to our resultsis negligible: First,
the cumulative impact of gating forces, even if synchro-
nously exerted when the channels are blocked en masse,
is minor, that is, peak gating forces are several-fold
smaller than those exerted by adaptation motors (Denk et
al., 1992; Jaramillo and Hudspeth, 1993). Second, in the
presence of concentrations of gentamicin sufficient to
abolish the gating compliance (the change in bundle
stiffness associated with channel gating), these fluctua-
tions are actually suppressed, causing a reduction in hair
bundle fluctuations to levels below those observed in the
absence of the drug (Denk et al., 1992). As discussed in
Materials and Methods, we estimate that, by the end of
the iontophoretic pulse, the concentration of gentamicin
at the bundle should be near 400 uM, much larger than 8
1M, the estimated Kd for drug binding to the hair bundle
(Kroese et al., 1989). So, one would expect bundle fluc-
tuations at the end of the pulse to be below those ob-
served before the pulse’s onset! However, we observed
no such disappearance in bundle fluctuations with time.

Third, to discount the significance of these gating
effects, it is not necessary to make assumptions about the
efficacy of channel blocking. Consider atypical saccular
bundle with a stiffness of 1.35 mN m~* resulting from
the summed contributions of passive elastic elements
(0.81 mNm™ 1) and of the “gating springs’ (0.54
mN m~ 1) (Howard and Hudspeth, 1988), attached to a
typical glass probe with a stiffness of 0.75 mN m~*. An
approximation of the variance in the position of this
ensemble follows from the equipartition theorem: given
the stiffness of the hair bundle and attached probe, Ky,
the variance of motion, ox?, can be estimated as ox* =
KT/Kqp, Where k and T have their usual thermodynamic
meaning, yielding an estimate 1.9 nm?, which is in good
agreement with our observations. How much could fluc-
tuations increase if, per chance, we had the nonsaturating
gentamicin concentration that maximizes the contribution
of gate fluctuations? To estimate this, we can repeat these
calculations, but now omitting the contribution of the
gating springs to the bundle’s stiffness (0.54 mN m™1).
In other words, let us imagine that we have the full
weight of the gating compliance working against us
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(Howard and Hudspeth, 1988). In this case, the variance
would increase to 2.6 nm?, an overall increase of 37%.
Contrast this with the increases in variance (at least
ten-fold) described in the Results.

Variability in the bundle’s time course of movement
between trials

The model of adaptation that we have presented here
predicts hair bundle fluctuations that occur during a
single trial. However, the model also implies that the
time course of successive trials should also be different.
Thus, variability in the time course of bundle movement
between trials is expected. Furthermore, it is unlikely that
random differences in the time course of motion could
account for the peak in variance observed in numerous
cells, because, generally, cells displayed a consistent
variance type from trial to trial (see Results, and Dual
Behavior below).

Time course variability is superimposed on the Brownian
motion due to the passive mechanical properties of the
bundle and probe. In general, the step size of molecular
motors is well above this Brownian motion. Thus, we ex-
pected that motor activation would cause the increase in the
variance of motion that we have reported here. However,
our findings do not prove that the only source of variance
following motor activation is the motor’s intrinsic noise (as
assumed in our model). Different sources of variance such
as variability in the concentration of gentamicin near the
bundle, membrane potential, Ca®" buffering, etc., can con-
ceivably be responsible for asignificant part of the variance.

During the past decade, a strong yet circumstantial case
for the involvement of myosin in slow adaptation has been
built (Gillespie and Corey, 1997; Gillespie and Walker,
2001). Recently, a direct link between Myolc and adapta-
tion has been established by experiments that studied adap-
tation in hair cells expressing a mutated form of Myolc that
conferred sensitivity to N®-modified ADP analogs (Holt et
al., 2002). Thus, an understating of the action of adaptation
motors in vestibular hair cells must take into account the
stochastic properties of the individual myosin molecules
that almost certainly comprise it. If adaptation motors are
coupled to tip links, then it is inescapable that the random
fluctuations that Myolc molecules undergo must result in
changesin tension in the tip link, and therefore, must result
in increased bundle fluctuations. Even if the details of our
model are incorrect, it seems plausible that the observed
increases in variance reported here have their origin in the
action of myosins.

Dual behavior

Estimates for fy for cells whose variance did not show a
clear peak were about twice as large as for those who did.
Although the difference is not statistically significant (as
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determined by an unpaired t-test), the same trend was ex-
hibited by individual cells that displayed both behaviors. In
these cases, the cells started with variance timecourses that
reached a steady state (without an obvious decline), but
gradually shifted to variance timecourses showing a clear
peak. It is possible that this shift reflects agradual fatigue
in the adaptation machinery, a fatigue that would be
reflected in reduced motor stepping frequencies. It is
possible that those cells showing a clear variance peak
represent a subpopulation of cells with relatively de-
pleted ATP levels, which are unable to sustain motility as
effectively as the rest. Thus, the sensitivity of the motor
to tension, B, might depend on the intracellular ATP
concentration. An alternative explanation is that the
forces generated in response to repeated stimulation dis-
rupt the adaptation machinery. In this regard, it is worth
noting that gentamicin can permeate through the trans-
duction channel (although the extent is unknown, C. J.
Kros, U. of Sussex, personal communication), perhaps
damaging the adaptation machinery.

Model parameters

Hair bundle displacement and variance are reasonably
well explained by the stochastic operation of a single
motor. The notion of a lumped motor can be extended to
N motors operating independently. In that case, the con-
tributions of a motor to the bundle’'s variance could add
linearly to that of its independent neighbors. This view
describes more accurately the situation in the hair bundle
in which numerous motors, each coupled to an individual
tip link (about 50 in R. catesbeiana saccular hair cells),
are able to operate largely independently from each other.
Although all motors experience similar loads, which de-
pend on the bundle position, the operation of a particular
motor has little effect on the state of its neighbors. If we
assume our cells to have ~25 intact tip links (and the
same number of motors), a reasonable number following
dissection and digestion (Assad et al., 1991), then alinear
contribution by them would imply a stepping frequency
per motor complex of ~540/25 s~ 2, that is ~22 s . A
motor complex’s stepping frequency could be equated
with its total ATPase rate, due to the combined ATPase
activity of its constituent myosins. Myolc’'s ATPase rate
invitrois ~0.75s * (Gillespie et al., 1999), placing it in
the low extreme for myosin (Howard, 2001). Nonethe-
less, fewer than 29 Myolc molecules could account for
the observed stepping frequency of a motor complex.
Because it is thought that each motor is composed of 100
or so myosins (Garcia et al., 1998; Steyger et al., 1998),
the data presented here suggest that only a relatively
small fraction of the myosins are engaged at any one
time, consistent with the view of myosin as a low duty
ratio motor (Howard, 2001).

Biophysical Journal 83(6) 3188-3201

Frank et al.

The step size for the motor, h,, was estimated at 4.2 nm.
Thisis an apparent (i.e., projected) motion registered by the
probe along the axis of mechanical sensitivity (seeFig. 1 B).
The relationship between the motion of the motor complex,
6, and the apparent motion measured with the probe, hy, is
(see Appendix)

5= ('y + K;’\I:k: ") ho. (10)

Here y (~ 0.14) isthe lever ratio of bundle displacement to
change in tip link extension, also known as the geometrical
gain, k, isthe stiffness of the glass probe, «, is the stiffness
of asingletip link (~0.5 mN m™), and N is the number of
stereocilia (Howard et al., 1988). With the assumed value of
25 for N our estimate of 6 would be 3.6 = 2.17 nm (n = 9).
Thus, the apparent working distance of a single motor is
comparable to that of myosin (~5 nm) (Howard, 2001).
Smaller values (down to ~1.4 nm) would be obtained if a
larger number of intact tip links (up to 50) is assumed. A
working distance for adaptation motors somewhat below
that observed for individual myosins is reasonable because
amyosin’'s step does not fully translate into motion of the
entire motor, because of the stiffness contributed by other
myosins that are attached while an active one undergoes its
power stroke.

The combination of step size (3.6 nm) and stepping
frequency (22 s 1) leads to an estimate for the climbing
rate of the motor along the stereocilium of 79 nms %,
which is considerably lower than the 1000—2000 nm s~ *
obtained from the time course of adaptation of mechano-
electrical transduction currents (Hacohen et al., 1989).
However, these larger values are maximum estimates for
the rate at which the unloaded motor might climb,
whereas, in our case, the motor experiences a significant
load due to the resting tension in the tip links. This
tension, which depends on the extracellular concentration
of Ca?*, is considerable: in the presence of 100 uM
CaCl, the probability of transduction channels being
open is ~0.5 (Hacohen et al., 1989). Our climbing rate
can also be compared with the rates at which Myolc can
support actin motility in vivo. Our estimate is interme-
diate between the rates obtained for rat Myolc (33
nms %, Gillespie et al., 1999) and bovine Myolc (300—
500 nms %, Zhu et al., 1996).

Fluctuations in the position of adaptation motors have an
effect on the state of transduction channels. How does noise
in the adaptation machinery affect the quality of mechano-
electrical transduction? Experiments on isolated hair cells
indicate that, for very small signals, Brownian motion of the
hair bundle enhances the signal-to-noise ratio of transduc-
tion (Jaramillo and Wiesenfeld, 1998). Whether a similar
effect is observed as a consequence of adaptation motor
fluctuations remains to be determined.
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APPENDIX: DERIVATION OF EQUATION 10

Mechanical relationships in the system are expressed by the following
equations (see Table 1 for parameter definitions):

de = —kgdly = —kQym + KAy, (A2)
dy?, = —ydx, (A2)
dFy = yNdp = —yNkdy, — ¥*Nkgdx,  (A3)
dF, = — kpdX, (A4)
dF, = —ky0Xx, (A5)
d(Fy + F, + Fp) =0, (A6)
— YNkgdym — Y*Nkgdx — kpdX — kpdx = 0. (A7)

Let us suppose that dy,, = 8, and dx = h,, then we obtain Eq. 10,
o= —(y—I—Kb+Kp>h0. (A8)

Nk
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